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ARRANGEMENT OF SOFT CLAYEY SOILS AND THEIR STRESS 

ANALYSIS UNDER DIFFERENT CONDITIONS 
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Abstract - Development of structural designing constructions on delicate clayey grounds expects architects to consider the 
combination conduct of these stores. On account of the regular thickness of clayey soils, their combination is significantly 
affected by vertical pressure and furthermore because of natural substance. Because of an ever increasing number of 
developments being focused on in profoundly populated metropolitan territories, there is a developing requirement for 
development of structures and geotechnical structures on delicate clayey surfaces, that normally produce unmistakable drag 
misshaping. Notwithstanding an immense exploration work being done related to the optional combination conduct of a 
characteristic dirt materials, there are as yet numerous inquiries regarding this marvel. 

Keywords - Delicate Earth, Solidification, Creep, Thickness. 

I. INTRODUCTION

Increasing population and dire shortage of land area 
has caused its reclamation in many of the developed 
countries. For the ease of sea transport, many big 
cities worldwide are located on clayey deposits 
around coastal areas, hence large number of structures 
are constructed on soft soils. For all the civil 
engineering projects related to soft clayey deposits, 
engineers of necessity have to contemplate the 
consolidation behaviors of a deposit. Consolidation 
generally is a phenomenon by which a soil mass 
decreases in volume by squeezing out pore water by 
means of slow dissipation of the excess hydrostatic 
pressure due to an imposed total stress. As per Karl 
Terzaghi’s theory, "consolidation is a process which 
is characterized by reduction in water content of the 
saturated soils without the replacement of water by 
air.” Terzaghi shown the consolidation process in a 
clay soil subjected to loading is analogous to the 
behavior of the spring – piston model. Springs 
represent soil skeleton. Spring surrounded by water 
represents saturated soil. Perforations in a piston are 
analogous to the voids which provide permeability to 
soil. As the stress is withdrawn from the consolidated 
soil, it rebounds, restoring some of its volume it had 
lost in the consolidation process. On stress being 
applied again, the soil will consolidate again but now 
along the recompression curve, represented by the 
recompression index.  The soil  with its load removed 
is referred as over-consolidated, while highest stress 
to have acted upon it is referred to as the pre- 
consolidation stress. 

1.2 Need and Scope: 

The importance of secondary consolidation is 
predominant for highly plastic soils. Fundamental 
understanding of the compressibility of soil with a 
wide range of plasticity index is essential for 
developing theories of consolidation data  for any 

foundation project. An assessment of the behavior of 
secondary compression index Cawith time is urgently 
wanted. Determination of the primary compression 
index (Cc) and secondary compression index (Ca) of 
soils with wide margin of plasticity indices (Ip) may 
help in this regard. 

1.3 Literature Review: 

Hanna (1950) carried out research at Fouad I 
University, Cairo. The calculated and the theoretical 
settlements, according to the results from 
consolidation tests were relatively very close; but 
numerically,  theoretical settlements in many  
buildings  were  3–4  times  the observed values. 
Mesri (1973) investigated considerable importance of 
secondary or delayed compression and noted that 
coefficient of secondary compression is the powerful 
tool to explain the secondary compression. Mineral 
composition and physicochemical environment have 
significant influences on the co-efficient of secondary 
compression. Sridharan and Jayadeva(1982) 
explained that the compressibility of the pure clay 
soils under external loading not only relies on the 
negative charges and the crystallite structures of 
clayey minerals but it also relies on the ion 
concentrations, temperature , dielectric constants and 
cationvalency of the pore fluid. Barbour and  
Fredlund (1989) stressed on smectite behavior of 
clay, which is significantly controlled by pore liquid 
composition. The interactions of clay soil with pore 
fluid cause changes in volume and shear strength by 
ion diffusion under constant external stresses. 
Sridharan and Prakash (1998) proposed estimation of 
secondary settlement based on secondary 
compression factor (m = ∆loge/∆log t) is more 
realistic for soil which exhibit non-linear secondary 
compression behavior. Muntohar (2003) carried out 
laboratory one- dimensional consolidation tests and 
stressed on the swelling and compressibility 
characteristics of soil–bentonite mixtures. The 
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swelling and compressibility characteristics generally 
increase with increase in bentonite percentage in 
bentonite, kaolinite and sand mixtures. Bhattacharya 
and Basack (2011) suggested Installation of 
prefabricated vertical drains, followed by preloading 
that accelerates the consolidation of soft soil having 
low hydraulic conductivity and low shear strength 
thereby reducing the timeperiod. 

1.4 Experimental Investigation: 

Material used in this study are Na bentonite and 
Cabentonite that are commercially available in 
market, along with silt. 

1.5 MaterialCharacterization: 

1.5.1 Atterberg limits: 

Atterberg limits were determined as per IS: 2720-Part 
5 (1985) and the results are tabulated below. 

Soil Liquid limit 
(wl %) 

Plastic 
limit 

(wp%) 

Plasticity 
Index 
(Ip %) 

Na-Bentonite 407 42 365 
Ca- Bentonite 140 61 79 

Silt 27 22 5 

1.5.2 Special gravity: The specific gravity of Na- 
bentonite and Ca-bentonite, silt were determined as 
per IS: 2720-Part 3 (1980) and their values were 
found to be 2.7, 2.67 and 2.6 respectively. 

1.6 Apparatus Used: 

The mineral composition of bentonite is obtained by 
using X- ray diffraction method. According to 
Bragg’s law, the XRD identifies the minerals based 
on the relationship between the angle of incidence of 
X-rays (θ) to the c-axis spacing (d). A Philips
automated powder diffractometer was used for XRD
analysis in this study. Consolidation test under varied
load and plasticity indices is done by using a one-
dimensional consolidometeroroedometer.

1.6.1 X-ray diffraction method(EDX): 

Fine grained bentonite power and silt of 1.5 g was 
kept in oven drying for 2 hours and allowed to cool in 
room temperature. Then, sample is filled in the 
sample holder of diffractometer and the XRD pattern 
is obtained by scanning over angles between 5° to 
90°, 2θ at 5°/min. In the step mode, a 0.05° - 2θ step 
for 2 s was given. Results are analyzed using X-pert 
High Score software. From the results of XRD 
analysis mineral composition such as Illite, Kaolinite, 
Montmorillonite, Muscovite are found in Na 
bentonite sample. Similarly, the analyses were carried 
out for Cabentonite and silty soil and the mineral 
composition were determined. 
1.6.2 One-dimensional consolidometer Test: 

One-dimensional consolidation testing method was 
first given by Terzaghi in 1925. The test is carried out 

using a consolidometeror (oedometer). Figure 3.14 
represents a one dimensional consolidometeror 
oedometer. The soil specimen is kept in a metal ring 
having two porous stones, one is at top of the said 
specimen and another one at the bottom of it. The 
load is imposed by a lever arm, and compression is 
read through t h e dial gauge. The specimen remains 
under water during the coarse of test. Every load 
increment is normally kept for at least 24 hours. 
Following that the load is doubled and the 
compression measurement is done and continued. 

1.6.2.1 Test Procedure: 

One-Dimensional consolidation test was done in in 
conformity with ASTM D2435/ (ASTM, 1999). 
Standard fixed ring type consolidometer was used 
with ring diameter 75mm and 25mm height to 
perform the experiment. The soil specimen was kept 
inside the metal ring having a porous stone at the top 
and bottom. All specimens were tested at moisture 
content of extracted soil sample. Utmost care was 
taken to prevent air entrapment in soil specimens 
remolded in the rings. The specimen was kept under 
water throughout the test. The load to the specimen 
was exerted through a leverarm, and the compression 
of the specimen was measured by a dial gauge. The 
deformation of the soil sample was noted from the 
dial gauge starting from 0 s, 30 s, 1min, 1.5min, 
2min, 4min, 6min, 8min, 10min, 15min, 30 min, 60 
min, 90 min, 120 min, 150 min, and 1440 min. The 
load was usually doubled every 24 h (i.e. incremental 
loading of 60, 120, 240, 480, 960, 1920 kPa were 
applied). 

1.7 Result: 

Various tests were carried out  on  ten  different  type 
of clays based on their plasticity, prepared by having 
different proportions of silt mixed in commercially 
obtainable  sodium and calcium bentonite to aquire 
representative samples of various plasticity indices. 
As one dimensional consolidation tests were done for 
each of these soil samples at different vertical 
effective stresses. Dial gauge readings corresponding 
to each incremental loading were  noted down. The 
primary compression index (Cc) was calculated from 
the slope of e versus log σ′ curve and the secondary 
compression index(Ca) was obtained from the slope 
of settlement versus time plot (𝛿-logt). 
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II. CONCLUSION AND FUTURESCOPE

Tests reported in this thesis suggest primary 
compression index (Cc) increase with increase in the 
plasticity of the soil. Also a correlation was made 
between primary compression index (Ca) and 
plasticity index (Ip). The equation so developed can 
be considered to be reasonably accurate for 
consolidation problem. Secondary compression index 
(Ca) decreases with rise in stress range but the case is 
opposite with increase in plasticity index. Based on 
the outcome of this investigation following future 
works may be suggested: 

 More investigation is required to establish
correlation between primary compression
index (Cc) and secondary compression index
(Ca) with permeability (k), coefficient of
consolidation (Cv), coefficient of volume
compressibility(mv).

 Tests may be conducted to study different
minerals, pore fluid present in soft soil and
their effect on primary and secondary
consolidation.

 Tests may be conducted at low and elevated
temperature.
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Abstract - Concrete increases improve the presentation of granular soils. Be that as it may, most writing instances of 
concrete augmentations are in inadequately evaluated sands, either to imitate the conduct of sandstones or to complement the 
mechanical differences among established and uncemented soils. In this article, the conduct of an all around evaluated 
granular soil, utilized for base and sub-base of streets, was concentrated by doing triaxial tests on solidified and uncemented 
tests. Tests were compacted to accomplish a thick texture and tried at stresses ordinarily utilized in prac-tice. Sieving was 
utilized to comprehend if breakage is significant and to decide the grain size disseminations of the examples after 
compaction and shearing. The outcomes show that the expansion of little rates of concrete extraordinarily increment stiffness 
and widening. Along these lines, creating bigger qualities; this is especially significant at low confining stresses in streets 
and stopping regions, where this material is usually utilized. Everywhere strains, the outcomes show that different Critical 
State Lines exist for both the uncemented and solidified soils. Each line has a different slant, which is accepted to be the 
aftereffect of the development of the grain size appropriation of the established soil. The standardized information 
demonstrate that an extraordinary state limit surface can be resolved for every one of the three tried soils. 

Keywords - Cemented soil; Compacted soil; Triaxial test; Critical state; Base and sub base; Granular soil 

I. INTRODUCTION

Research in uncemented granular material has 
highlighted the importance of breakage, where the 
onset of breakage in the NCL is a function of the 
mineralogy of the grains [12]. Breakage is important 
as it also marks the location of the CSL, and many 
researchers have shown that by changing the grain 
size distribution, the CSL will also change 
(Thevanayagam et al., 2002, Carrera et al., 2011; 
Xiaoet al., 2016). In structured sands, only a few 
researchers considered the changes in particle size 
distribution (PSD) and its effect on altering the 
location of the CSLs and NCLs, when compared to 
the uncemented samples (Cuccovillo and Coop, 
1997a; Marri et al., 2012). Certain results have shown 
that due to cementation, the resultant CSL would 
have a reduced gradient (Cuccovillo andCoop, 
1997a), whilst others have shown that the cementa- 
tion increases the gradient of CSL (Schnaid et al., 
2001). In the aforementioned research, it is not clear 
if the alterations of the CSL gradient are due to 
particle breakage, bond degradation or a combination 
of both. Different critical state lines for the same 
samples with different cement con- tents are also 
reported by Cruz et al. (2011). The DEM results have 
shown that alterations in the CSL are due to the 
breakage of the bonds and the generation of a 
different grain size distribution, as some of the 
particles are still cemented together (Yu et al., 2014; 
Yu et al., 2015). The alteration of the CSL due to 
breakage was also investigated by Ghafghazi et al. 
(2014), where they claimed that break- age causes a 
downward parallel shift in the CSL, and according to 

Bandini and Coop (2011), large amounts of 
breakageareneededforsignificantchangestooccur. 

In the majority of the research encountered so far, the 
samples were prepared using poorly graded granular 
mate- rials (sands of aeolian origin) or with lower 
densities; this was done in order to accentuate the 
breakage or the improvement caused by the binding 
agent added. In a cou- ple of articles (Rios et al., 
2014; Consoli et al., 2014) well graded residual soils 
are reinforced with cement, however some of them 
have fines and there is no attempt to measure or 
determine the breakage. 

When well graded soils are used the research tends to 
concentrate on the mechanical properties of the 
material at small strains i.e. stiffness and strength up 
to peak, using multiple-step loading triaxial tests 
(Kongsukprasert and Tatsuoka, 2007and Taheri et al., 
2012). These tests have the advantage of allowing the 
use of a single sample to cover a large range of 
stresses, however it is unclear what the effect of 
damage to the cement bonds and particle breakage is 
from the previous loading steps. Hence, the effect of 
the addition of cement on manmade materials used 
forengineeringpurposesisnotverywellunderstood. The 
purpose of this paper is then to study the effect of 
small levels of cementation on a very dense fabric, 
created by compaction of a well graded granular 
material, under monotonic loading, on commonly 
used soils. The improve- ment of the mechanical 
properties and examines the effects of cementation 
within the Critical State framework is also explored. 
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II. MATERIAL TESTED

The soil used in this research was a crushed limestone 
with 88% CaCo3, collected from a depot in South 
London and is currently used commercially for the 
bases of roads in Southern England. The soil was wet 
sieved and each parti- cle size range was stored in 
separate bags. The main prop- erties of this material 
are summarised in Table 1, with the particle size 
distribution (PSD) shown in Fig. 1, together with the 
range defined by the UK Highways Agency 
(2016)forabaseandsub-basetype. 
The idealised grading curve proposed by Fuller 
andThompson (1907) is based on the idea that when 
larger par- ticles are in contact with each other, larger 
voids are gener- ated and occupied by intermediate 
particles; this procedure is then followed to the 
smallest size available. Theidealised curve generates 
dense fabrics and was then used to correct the initial 
grading curve of the soil, given that the particles are 
not spherical, it is argued that it then does not 
generate the densest possible fabric. Given the sizes 
of the particles available, the PSD named ‘‘Adjusted 
grading” (Fig. 1) was used for all the tests. This curve 
follows the Fuller curvefor the largest sizes, and 
below the size 3.35 mm it was trans- lated 
downwards as not enough material was available. For 
the same reason, sizes below 0.425 were chosen to 
make sure that all samples would have the same grain 
size distribution and the grading within the Type 1, as 
defined by the UK Highway Agency (2016)for a base 
and sub- base. As the triaxial equipment used is 
capable to test sam- ples up to 100 mm diameter and 
200 mm high, the grain size distribution was 
truncated at 20mm. 

Cemented samples were created by adding Portland 
cement classified as CEM1, in accordance to the 
British Standards (BSEN 1197-1:2011). Given the 
high strength of the compacted samples, only small 
percentages of cement (1 and 2%) were used to 
generate modest changes
instrengththatcouldbetestedinatriaxialequipment. 

III. APPARATUS AND SAMPLE 
PREPARATION

A computer-controlled triaxial apparatus, with a local 
strain measurement system capable of measuring 10-
6 strain, similar to Cuccovillo and Coop (1997b), was 
used for the conventional triaxial tests (Fig. 2). The 
system uses RDP electronics LVDTs (model 
D6/05000) attached to a modulator/demodulator 
(model S7DC) that allow the full configuration of the 
output electric signal. At the beginning of the 
shearing, the local instruments are reset to zero to 
take advantage of the 16-bit auto scale of the data 
logger. The volumetric strain was measured using the 
volume gauge and the localinstrumentation. 

The desired amount of each fraction of soil was thor- 
oughly mixed in a tray, with different moisture 
contents, before being compacted in 5 layers, using 
27 blows of a 5 kg hammer falling from a height of 
450 mm (BS1377-4, 1990). A compaction curve for 
the uncemented soil was determined inorderto 
definethe optimum moisture 

Table 1 
The index properties of research material from dry sieving. 

Fig. 1. Particle size distributions: Initial grading; Fuller and 
Thompson(1907) and the Adjusted grading. The grey band 

defines the range of type1 (UK Highway Agency,2016). 

content. Given that the cemented and uncemented 
sampleswere tested, a decision was made to compact 
all sampleswith a moisture content of around 10%, 
providing enoughwater for cement hydration at the 
cost of a lower dry den- sity. Table 2 contains the 
properties of every sample tested.After compaction, 
the uncemented samples were trans-ported to the 
pedestal of the triaxial equipment for testing. Suction 
maintained that the sample was intact before 
theconfining pressure was applied and the percolation 
proce- dure started. The cemented samples were 
prepared with two different percentages of cement 
(45 g for 1% and 90 g for 2% cement); where an 
equivalent mass was removed from the smallest 
grading of the samples’ PSD. The sample prepara- 
tion followed a similar procedure to the one described 
above, except that the cement and dry soil were 
thoroughly 
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Fig. 2. Picture of the equipment and samples: (a) triaxial 
equipment in the lab; (b) compacted sample in the pedestal and 

sample with local instrumentation before closing the triaxial 
chamber. 

mixed together before adding the same wateramount, 
mix-ing was then continued until homogeneity was
achieved. After compaction the sample and mould
were put inside of a plastic bag and allowed to cure
for24 h. The sample was then placed inside of a tank
withwaterat22◦Candallowedtocure,submerged,foranot
her4days.Atday5the sample was removed from the
tank, mounted onthetri-axial pedestal and prepared
for testing. This procedure was followed to guarantee
that the cement couldhydratefully. 
Avolumeinexcessof2000ccofwaterwaspercolatedthro

ughthesampletoremoveairbubbles.Thepressureapplied 
was around 18 kPa, caused by thedifferencein height 
between a water containerlocatedapproximately2 m 
above the sample and the outlet from 
thepedestal.Thewatercomingfromthesamplewascleara
ndtheauthors believe that no cement 
particleswereremovedfromthesampleduringpercolatio
n.Thesamplewasthensaturated, maintaining an
effective stress of 15 kPa.AB-
parametertestwasperformedatdifferentbackpressures,f
rom 100 to 350 kPa on the first sample.
Whilstitincreasedslightlyupto250kPa,theincreasesat30
0and350kPawhere negligible (values measured were
of the orderof 0.86to0.92).
Itisimportanttomentionthatthevolume gauge only
changed slightly during the increase in pres- sures,
being fairly constant once the required pressures were
maintained. This indicated that the sample was satu- 
rated and the B-parameters would not reach the
required value. Therefore, a minimum back pressure
of 250 kPa was used in all drained tests and
monitored by another transduceratthetopofthesample.

In the consolidation stage the effective stress was 
raised to the value used in the test. This procedure 
would take around 2 to 3 days before shearing; 
however, the cemented samples were all sheared in a 
drained way at the end of day 7. 

Table 2 Properties of the samples tested: the name indicates the cement percentage and the confining stress used during shearing. 

Fig. 3. Particle size distributions of the samples: original and 
after the compaction and monotonic shearing. 

Therefore, the consolidation stage was extended even 
if the volume change wasnegligible. During drained 
shearing a constant confining pressure was 
maintained throughout the test. The sample was 
sheared at a constant rate of strain of 0.016 mm/min, 
this was determined based on the capacity of the data 
acquisi- tion system to interpret strains of 10-6. Well 
after peak strength, the speed was doubled until the 
test was termi- nated. Tests were terminated either by 
achieving a constant strength and a constant volume, 
or by reaching an axial strain of30%. The moisture 
content was determined by using left over soil from 
the tray, and the initial void ratio of each sample was 
calculated in five different ways: an average of the 
ini- tial dimensions, the volume of voids and solids, 
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the dry unit weight and the final water content. 
Outliers were removed and an average of the values 
deemed acceptable was used. Although the samples 
were carefully prepared, a variation in the initial void 
ratio was unavoidable (Table 2). 

IV. BREAKAGE

The idea of having a balance between particle 
breakage and particle rearrangement at critical state 
has been reported by many authors [(Chandler 1985, 
Daouadjiet al. 2001, Coop et al. 2004, Salim and 
Indraratna 2004,Muir Wood and Maeda 2008; Rubin 
and Einav 2011). The literature review has also 
shown that the level of breakage in dense granular 
materials, at lower pressures, is rarely investigated. It 
is often disregarded and assumed not to affect critical 
state, particularly when a large number of contacts is 
expected. Therefore, samples were sieved to evaluate 
breakage after shearing, whilst extra samples were 

prepared to determine if compaction caused particle 
break- age (Fig.3). The results showed that after 
compaction small amounts of breakage can be seen in 
all sizes. Breakage was alsoseen after shearing, where 
the largest changes in PSD were seen in sizes ranging 
from 1 to 7 mm, where the increase inpass- ing 
percentage is in the order of 8%. The smaller sizes 
have also increased, perhaps indicating the shearing 
of the asper- itiesatthesmallconfiningstressesused. 
An attempt to determine the PSD for the cemented 
sam- ples was carried out by breaking the cement 
bonds before sieving, samples were put on individual 
sealed bags andthe bonding destroyed by hand. 
Larger pieces that were kept intact were removed by 
hand, and only the soil that seemed not to have bonds 
was used. The results showed that the PSD curve of 
sample M 2%-200 is slightly above the original curve 
for sizes above 3 mm and below the orig- inal curve 
for sizes below 3 mm; whilst the M 2%-20 is below 
the original size tested (Fig. 3). Thisdemonstrates 

Fig. 4. Stress-strain and volumetric response of the soils tested with: a) 0%, b) 1% and c) 2% cement content. 
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the effect of the confining stress on the destruction of 
the bonds and the difficulty to destroy by hand, the 
bonds on the smallest sizes, even after a monotonic 
shearing has taken place. 

V. TRIAXIAL TESTS (STRESS-
STRAINBEHAVIOUR)

The triaxial test results are shown on Fig. 4, where 
the stress-strain and the volumetric curves of 15 tests 
are plot- ted. As expected, all samples showed a 
strain-softening behaviour towards a constant 
strength after peak stress. The volumetric behaviour 
is similar; after a large dilation that reduces with the 
confining stress, it is possible to visu- alise a steady 
state, where no change in volume and strength is seen 
with the increase in shear strain. Large vol- umetric 
strains are also seen particularly at low stresses, 
where there are sharp changes in the volumetric 
behaviour, possibly indicating the occurrence of 
localisation. How- ever, all samples have failed in 
barrelling and only in a few samples signs of 
localisation were noticed. A couple of tests were 
terminated earlier, due to small punctures on the 
membrane given the large strains. The axial strain, ea, 
was measured by two local displacement transducers 
up to a certain point (usually peak stress) switching to 
the external transducerafterwards. 
The effect of the addition of cement in the strength is 
clear, as the peak values increase with the addition of 
cement for all confining stresses tested. 
Simultaneously, there is also an increase in the 
brittleness index (the ratio between the peak shear 
strength and the shear strength at large strains) of the 
samples. Fig. 5shows the brittleness index calculated 
for all of the samples. The samples with 2% cement 
have a much larger brittleness index when com- pared 
to the other samples. It is also clear that the values of 
brittlenessindexcalculatedforthe1%cementsampleshav
e little deviation from the 0% samples; i.e., the 
addition of 
1%cementcausessmallchangestothisparameter. 

Fig. 5. The relationship between brittleness index and confining 
pressure. 

The results also show that increasing 
thecementcontentreduces the level of strain required 
to reach
thepeakstress.Thisistrueforeveryconfiningstresstested,
confirmingthatthereisanincreaseinstiffnesswiththeaddi
tionof cement. Fig. 6shows a direct 
comparisonbetweenthecemented and uncemented 
samples forcertainconfiningstresses, to better show 
the effect of cementation
inthepeakshearstrengthandthevolumetricbehaviour,w
herehigher cement content generates larger 
dilativevolumetricstrains.For the uncemented soil, the 
area correspondenttothemaximum rate of dilation 
directlycorresponds to
thepeakstrength,whilstthecementedsamplesexperience
peakslightly before the maximum rate of 
dilation.Thechangeseen is not large, but enough to 
demonstratethatsmalladditions of cement can 
generate a structure that
affectthestrengthofevenverydensefabrics,asshowninFi
g.7.Fig.8showsthetangentstiffnesscurves(slopeofthest
ress-strain curves) with arrows indicating
thepointswereachangeinshearingratewasperformedtoa
cceleratethetests. The gross yield points, regarded as
the onsetofbond-ing degradation and the locus
wheresignificantplasticdeformations start to occur,
are also indicated inthecurveswith the use of a black
square. Theseweredeterminedusing the method
proposed by Malandraki and Toll(1996) and
Alvarado et al. (2012b)and are marked bythe start of
the change in direction of the
stiffnesscurve.Itisclearthattheadditionofcementincreas
esthetangentstiffness;thetangentstiffnessoftheunceme
ntedsamplesstartatvalueslowerthan1GPa,whilstthesa
mpleswith1%cementstartatvalueslowerthan2to3GPa,a
ndthesampleswith2%showvalueslowerthan7or8GPa.It
canalsobeseenthatincreasingthestrainreducesthetan-
gent stiffness and that the rate of reductionin
stiffnessisrelatedtothepercentageofcement(i.e.lowerce
mentper- centages lower reductions and
highercementpercentageshigher reductions).
Comparing tests in each group, itis also
seenthatincreasingtheconfiningpressurealsoresultsin
higherstiffnesses,despitethefactthatincertainsamplesth
isisnotveryclearanditislikelytobetheeffectofthe scales
used in the graph.

5.1. Stress-Dilatancy 

A stress-dilatancy analysis was performed and Fig. 
9contains the plots of all 15 uncemented and 
cemented sam- ples, shown with the respective 
cement percentage. Oneach graph, the peak strength, 
the gross yield and last test point are represented by 
different symbols. The uncemented sam- 
plesshowanincreaseintheratioq/p0withdilation,uptoap
eak, reached at the same time as the highest dilation 
rate. From that point onwards, dilation rate reduces 
together with the q/p0ratio.
Asthevolumestopschanging,auniquevalue of M = 
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1.76 can be determined, corresponding to a friction 
angle at critical state u΄cs =43◦. 
Theeffectofthecementpercentagecanbeseenbythe 

initial change in the shape of the curve. At the start of 
shearing,asdilationdevelops,thesamplesquicklyreach 

Fig. 6. Comparison of the stress-strain and volumetric responses of the samples with 0%, 1% and 2% cement, under different 
confining pressures. 

Fig. 7. Relationship between peak stress and maximum rate of dilation for 50 and 200 kPa confining stress: 0% cement on the left; 
1% in the middle and 2% on the right. 

higherratiosofq/p0,indicatingthatthecementationisnow 
active and allowing a stiffer response from the 
sample. This difference is proportional to the cement 
percentage; i.e., the 
highercementpercentage,thehighertheratioq/p0.Theeff
ects of cementation are also visible in the location of 
the peak stress, as it occurs before the maximum rate 
of dilation; this is similar to what was observed 
previously in Fig. 7and described by Leroueil and 
Vaughan (1990). 
However,thedifferencebetweentheratioq/p0,measured
at the peak stress and at the maximum rate of dilation 
is 
verysmall,indicatingthatthepeakislargelygovernedby 

dilation rather than by cement content. The samples 
with 1% cement do not show this as clearly as the 
samples with 2% cement. Another expected 
behaviour is the reduction in dilation rate with the 
confining stress, seen in all cement and uncemented 
samples, similar to the behaviour of cemented sands, 
demonstrated by Coop and
Willson(2003),Consolietal.(2012)andAlvaradoetal.(2
012b). 
The same authors have pointed out that after the max- 
imum dilation rate the samples seem to follow a 
linear fric- tional trend, however, as the stress ratio 
reduces, the
dilationrateseemstoreducemuchquicker,i.e.volumetric 
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Fig. 8. Tangent stiffness against axial strain in log scale, 
together with the gross yield points for: (a) 0%, (b) 1% and (c) 

2% cement. 

strainschangeatalargerrate,andthepathmovesinwardsa
nd away from the frictional trend. 
Theauthorsattributethisbehaviourtotheoccurrenceoflo
calisationandtherapidreductionofvolumetricstrains.Int
hecaseofthesamplestestedhere,asimilarbehaviourwaso
bservedafterpeak, however, as the shearing continues 
thistrendisreversedandthesamplesseemtoconvergetoau
niquevalueofM:M=2.00for1%cementandM=2.05for2
%cement.AscanbeseeninFig.9band9c,ifthelineartrend 
line is followed, a higher value of Misdeterminedfor 
the same percentages of cement, whilst in 
thecaseofCoopandWillson(2003),alowervaluewouldb
edefined.TheworkdonebyMu¨hlhausandVardoulakis(
1987)andFinnoetal(1997),showthatthethicknessofthes
hearband is proportional to the particle 
sizedistribution. 

Fig. 9. Stress-dilatancy analysis: (a) 0%, (b) 1% and (c) and 
2% cement content. 

Authors mention values of 16 and 10 to 25 times d50 
respectively. Given that the triaxial sample has a 
finite vol- ume this implies that the volumetric strains 
measured in a triaxial sample are a function of the 
grain size distribution. Therefore, variations in the 
grain size distribution during shear, will cause large 
changes in the dilation ratio. The samples tested are 
lightly cemented and the grain size dis- tribution 
curve obtained after shearing, shows that the final 
grading has larger intermediate particles than the 
original grading. This indicates that there is an 
evolution of the par- ticle size distribution during the 
shearing process. The DEM work done by Wang and 
Leung (2008a, 2008b), clearly shows that despite the 
shearing, there are still clus- ters of particles that 
remain intact within the sample. The authors, 
therefore, believe that as bonds degrade due to 
shearing there is a constant change in the particle size 
dis- tribution. The consequence are seen as different 
volumetric strain rates that bring the dilation path 
inwards. As shear- ing continues, a more stable 
grading is achieved and a dif- 
ferentvalueofMisreachedatcriticalstate. 

VI. CRITICAL STATE

The points correspondent to the peak strength and the 
end of tests were plotted in Fig. 10, together with the 
results obtained from the Indirect Tensile tests (ITS) 
(BSEN13286-42:2003), as well as Unconfined 
Compressive tests (UCS) (BSEN 13286-41:2003), on 
samples of the same size, prepared using the same 
methodology. These samples are not shown on Table 
2 but fall within the same 
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Fig. 10. Peak envelop on q versus p΄ diagram; the inset shows the small stresses region. 

Table 3 Specification of peak and critical state line. 

average values. These results served to plot the peak 
envel- opes, as the cemented samples have a small 
tensile strength 
anditmustbeconsideredwhendefiningthepeakenvelope
s of the cemented soils. The failure envelopes 
plottedsuggest values of M that are very similar to the 
values determined in the dilation plots above. Fig. 
10b shows the small stress area with more detail. It is 
also important to point out that the peak envelope for 
the uncemented soil is curved and 
seemstojointheCSLatp0ofaround1100kPa.Theprop- 
erties of the strength envelopes are shown on Table 3, 
where the peak friction angle for the uncemented soil 
was calculated assuming nocohesion. 
Been et al. (1991)have shown that within the normal 
range of engineering stresses, sands show a steady 
stateline at small stresses that is much shallower than 
at high stres- ses. Therefore, the paths followed by 
the tested samples whereplottedonthespecific 
volume,lnp0spaceonFig. 11, with the final point of 
each test indicated by a sym- bol. Although the 
arrows indicate the direction the tests were following 
when they were terminated, Fig. 4shows that the 
magnitude of this movement was very small for most 
of the tests. The results show that there is no unique 
CSL for the cemented and uncemented soils. Instead, 
the results point clearly to the location of three 
distinct CSLs, one for each type of soil tested. The 

results also show that the addition of cement 
increases the slope of the CSL when compared to the 
uncemented soil. The larger dilative beha- viour seen 
in the cemented samples is responsible for the steeper 
curve gradient shown by the cemented samples. A 
summary of the parameters obtained for the steady 
state lines in Fig. 11 is shown in Table 3. 

Fig. 11. Location of critical state lines for samples with 0%, 1% 
and 2% cement content on the specific volume ,m, 

versusthelogarithmofthemean effectivestress,ln(p0). 
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Thesteadystatelinesdeterminedforthecementedsoils 
seem to reach a common point at stresses of around 
p0=1000kPa.Thisiscompatiblewiththeresultsshown 
by the grain size distribution curves, where the PSD 
of 
cementedsamplesshearedatlargestressesisverysimilar 
tothePSDoftheuncementedororiginalgrainsizedistri- 
bution. As the percentages of cement content used 
inthis research were very small, the effect on the 
strength of the samples is likely to be felt only at 
small stresses. At larger confining stresses, the 
resultant frictional strength mobi- lised is much larger 
than the contribution of the cement. At that point the 
changes in the critical state lines caused by the 
cementation are verysmall. 

6.1. Normalisedbehaviour 

Given that the stresses used to consolidate the 
samples were very low and it was not possible to 
determine a Nor- mal Compression Line (NCL), each 
set of tests was nor- malised with respect to M and 
the equivalent pressure on the CSL, by using Eq. (1) 
(k is the slope of the CSL, C is 
thespecificvolumeatp0=1kPaandmisthespecificvol- 
ume, on the CSL and p΄cs is the mean effective stress 
on theCSL):  

        (1) 
The normalised stress paths show that it is possible to 
determine a state boundary surface for the peak states 
for each set of test up to the critical state line (broken 
line on Fig. 12). The normalised gross yield points 
determined from the stiffness curves for each set of 
tests was also plot- ted in Fig. 11. The gross yield 
envelopes are fully enclosed within the respective 
SBSs indicating that the cement per- centages 
generated a very weak bonding. At low stresses, the 
yield surface seems to coincide with the SBS, 
however, as the stresses increase the yield surface 
moves inside and
awayfromtheSBS.Theeffectofthecementpercentage 

Fig. 12. Normalised yield and strength envelopes: (a) 0%, (b) 
1% and (c) 2% cement. is seen in the proximity between the 

gross yielding surface and the SBS, as the larger cement 
content keeps the yield surface closer to the SBS. 

In Fig. 13 all the state boundaries and yield surfaces 
wereplottedtogether.Theresultsshowthatthesearevery 

Fig. 13. Comparison of the normalized data for the uncemented 
and cemented soils. 

similar, and a unique SBS could be used to represent 
the effect of the cemented and uncemented tests, 
when nor- malised by the CSL and the value of M. 
The gross yield surface of the uncemented and the 
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1% cement are coinci- dent, however, a unique 
surface cannot be assumed as the 2% cement results 
have shown a significantly higher gross yieldsurface. 

VII. CONCLUSIONS

This work presents the findings of a study conducted 
in cemented and uncemented samples of a well 
graded com- pacted granular material, used for base 
and sub-base con- struction in the UK. The following 
conclusions can be drawn from thiswork: 
The mechanical properties of a well graded 
compacted granular material traditionally used in 
construction, can be further improved with the 
addition of small per- centages ofcement. 
The addition of cement also increases the dilative ten- 
dency of these soils, providing better results 
particularly when small confining stresses are used as 
is the case of base and sub-base for road construction. 
The results show that it is possible to determine a 
unique Critical state line for the uncemented material 
and that the addition of cement will increase the slope 
of this line within the range of stresses commonly 
observed in engineering practice. 
When the data is normalised by the equivalent 
pressure on the CSL and the value of M, it is possible 
to deter- mine a unique state boundary surface for the 
cemented and uncemented soils used in this research. 
The gross yield surface, however, is not unique and 
will depend on the cementpercentage. 
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Abstract - 
Corrosive initiation is a synthetic treatment generally utilized on dirts, normally bentonites in hydrochloric or sulphuric 
corrosive, to get mostly broken down materials with upgraded surface properties appropriate for new applications or 
showing intriguing new conduct. This paper depends generally on the aftereffects of long-running experiments in our 
research centers, enhanced by distributed information from somewhere else. An audit of ongoing writing shows that interest 
in these materials stays far reaching, with a few new improvements of ecological importance and in the region of mud 
polymer nanocomposites. Corrosive treatment of vermiculites and of non-growing mud materials is likewise included. 

I. INTRODUCTION

One application of calcium bentonite with a 
significant market is the decolourization of vegetable, 
animal and mineral oils. Most of the calci- um 
bentonite used for filtering and decolourizing oils is 
acid activated (Odom, 1984). Acid treatment with 
sulphuric or hydrochloric acid removes the calcium 
cations from the surfaces and edges of the layers, 
which increases the overall negative charge. In 
industry, sulphuric acid is preferred to hydrochloric 
because it is less expensive and is not as harsh as HCl 
(Murray, 2007). This makes the acid-activated clays 
more effective at removing coloured anions from 
theoil. 
The term ‘acid-activated clays’ has generally been 
reserved in the in- dustrial literature for partly 
dissolved bentonites. Bentonite has always had a 
multitude of markets, and acid-activated bentonite 
has been a standard product for many decades. 
Usually a Ca2+-bentonite is treated with inorganic 
acids to replace divalent calcium cations with 
monova- 
lenthydrogenionsandtoleachoutferric,ferrous,aluminiu
m,and mag- nesium cations, thus altering the smectite 
layers and increasing the specific surface area (SSA) 
and porosity. The overview of the abbrevia- tions 
used in this contribution is in Table 1. This results in 
the produc- tion of bleaching earths, that is, clays 
suitable for a range of bleaching or decolourizing 
applications, in which they compete against naturally-
occurring bleaching earths (Siddiqui, 1968; Kendall, 
1996;Christidisetal.,1997;Falarasetal.,1999;Hussineta
l.,2011).Themech- anism of decolourization of crude 
maize and sunflower oils has been studied by means 
of adsorption of β-carotene by a low-grade bentonite, 
containing 50–60% mixed-layered illite (I)-smectite 
with80–85% expandable layers. The decolourization 
depended on temperature, being a two-step process 
(Christidis and Kosiari, 2003). 

Salemetal.(2015a,b)investigatedindetailthetreatments
ofused 
oils.Intheregenerationofwastelubricantoil(Salemetal.,
2015a)the nano-
porousadsorbentswereinitiallyproducedbyacidtreatme
ntof 
naturalclay.Theeffectsofseveralfactors,suchasacidtype
,concentra- 
tionandresidencetime,ontheporousstructureoftheadsor
bentwere 
evaluated.Areductionofabout0.27nmwasobservedinth
edistance 
betweenmontmorillonitelayersinthepresenceofsulfuric
acid,due 
toprotonationofthelayers.Promisingresultsconcerningr
eductionof 
adsorbentcontentintheregenerationofwastelubricantoil
wereob- 
tained.FortheregenerationofwasteengineoilbyactiveCa
-bentonite
powder,theporousadsorbentswerepreparedbyacidificat
ionusingni- 
tricandsulfuricacidsolutions.Theoptimumpropertiesfo
rmethylene
blueadsorptionbyclaysactivatedinthepresenceofnitrica
ndsulfuric acids were specific surface areas (SSA) of
109 and 89 m2 g−1, respec- 
tively.ThechangeinSSAvalues(obtainedfromtheN2ads
orptioniso- therms) on treatment with acid was due to 
the formation of new nano-pores of size 10–12 nm 
(Salem et al.,2015b). 
Taxiarchou and Douni (2014)activated a bentonite 
from Milos,
Greece,withoxalicacidandinvestigatedtheeffectofacid
activation 
conditionsonthebleachingofsunfloweroil.Theactivated
materials 
hadexcellentbleachingpropertiesandweresuitableforin
dustrialuse as bleaching earths. Optimum bleaching 
properties were achieved using a variety of 
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combinations of reaction parameters, sometimes with 
bleaching ability equivalent to that of the known 
commercial bleaching earth Tonsil Optimum 210FF. 
HarveyandMurray(1997)declaredintheiroverviewofth
ehistory 
anddevelopmentofindustrialclaysthatacidactivationisa
veryuseful 
procedureforobtainingsophisticatedclaymaterials,even
inthe21st 

Table 1 
The abbreviations used. 

centuryinthedevelopingcountries.Murrayreassertedan
dsupported 
thisconclusionseveraltimesinhispapersandbooks(Murr
ay,1999,2000, 2007; Harvey and Lagaly, 2013). This 
treatment is one of the 
mostcommonchemicalmodificationsofclayminerals,us
edforbothin- 
dustrialandscientificpurposes(KomadelandMadejová,
2013–arefer- 
encewhichformsthebasisofthecurrentcontribution,sup
plemented by inclusion of several manuscripts 
published in2013–2015). 
Acid activation consists of the reaction of clay 
minerals with a min- eral acid solution, usually HCl 
or H2SO4. The goal of this is to obtain a 
partlydissolvedmaterialwithincreasedSSA, porosity 
andsurfaceacid- ity (Komadel, 2003; Carrado and 
Komadel, 2009). The materials thus manufactured are 
widely available, relatively inexpensive solid sources 
ofprotons,andeffectiveinanumberof 
industriallysignificantreactions and processes. Clay 
minerals are affordable adsorbents for the removal of 
industrial contaminants (Zhao et al., 2015b). The 
authors used HCl as an acid modifier to activate 
Akadama clay, and adsorption experi- ments were 

conducted to evaluate the Cr(VI) adsorption. The 
optimum application pH was broadened from 2 to3–
9. 
Acidattackonclaymineralsalsooccursnaturally,forexa
mpleinthe 
interactionofacidminedrainagewithclayminerals(Galá
netal.,1999;Dubíkováetal.,2002).Miningwastecontaini
ngsulphidesisthemost 
commonandmostsignificantanthropogenicsourceofaci
dity.Progres- sive oxidation leads to the production of 
protons and sulphates in
leachingwaters,whichgenerallyalsomobilizelargeamo
untsofmetal 
cationsbydissolutionofminerals.Thesewatersinfluence
thecomposi- 
tionofsurfacewatersbutalsohaveanimpactonthesurroun
dingsoils and terrestrial ecosystems (Komadel and 
Madejová,2013). 
Very early acid-dissolution studies based on solution 
analysis of
dioctahedralsmectitesinHClbyOsthaus(1954,1956)ind
icatedfaster dissolution of octahedral than tetrahedral 
sheets. However, in the
1990s,assaysofsolidreactionproductsemployingadvan
cedspectro- 
scopictechniquesprovidedclearexperimentalevidencet
hatacidtreat- ments dissolved central atoms from the 
tetrahedral and octahedral
sheetsatsimilarrates.LucaandMacLachlan(1992)studie
dthedissolu- 
tionoftwonontronitesin10%HClbyMössbauerspectros
copy,fitting 
thespectraeitherwithtwooctahedralFe3+doubletsonly,o
rwithan 
additionaltetrahedralFe3+doublet.Acidtreatmentremov
edoctahe- dral and tetrahedral Fe3+from the structure 
at about the same rate. 
MössbauerandIRspectroscopiesandXRDindicatedthatt
heremaining 
undissolvedparthadthestructureoftheuntreatednontroni
te.A27Al and29SiMAS-
NMRstudy(Tkáčetal.,1994)onremovaloftetrahedral 
and octahedral Al3+ from Mt by 6 M HCl led to very 
similar conclusions. The rates of dissolution of 
tetrahedral and octahedral Al3+ were also comparable. 
Three different types of structural units were 
identified in acid-treated samples, including 
(SiO)3SiOH units which, as a result of poor ordering 
of the framework, have no possibility of cross-
linking. 
Upon acid treatment, protons penetrate into the 
mineral layers and attack the structural OH groups. 
The resulting dehydroxylation is con- nected with the 
successive release of the central atoms from the 
octahe- dra as well as with the removal of Al from the 
tetrahedral sheets. Simultaneously,  a  gradual 
transformation  of  the  tetrahedral sheets intoathree-
dimensionalframeworkproceeds.Dependingontheexte
nt of acid activation, the resulting solid product 
contains unaltered layers
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andamorphoussilica,whiletheambientacidsolutioncont
ainscations 
accordingtothechemicalcompositionoftheclaymineral
andtheacid 
used.Thereareseveralclaymineralsincludingtrioctahed
ralsmectites (Vicente et al., 1995a; Komadel et al., 
1996b), dioctahedral smectites 
(Komadeletal.,1990;Tkáčetal.,1994;Heetal.,2002),illit
e-smectite
(Pentráketal.,2010),sepiolite(Vicenteetal.,1995b)andp
alygorskite (Suárez Barrios et al., 1995), and the final
product consists of amor- phous, porous, protonated
and hydrated silica with a three- dimensional cross-
linked structure (Komadel,1999).
A complex approach to investigation of acid
activation of clays is seen in the papers of Kooli and
co-authors. Kooli and Jones (1997)acid-activated a
natural saponite at room temperature (RT) or 90 °C
with different acid/clay ratios and characterized the
products by XRD, 
IRspectroscopyandthermogravimetry.Theleachingof
Mgfromtheoc- tahedral sheets was enhanced by
increasing the acid/clay ratio and by raising the
temperature at which the process was carried out.
Textural properties were strongly correlated to the
presence of a noncrystalline silica phase formed
during the acid activation process. Kooli and
Jones(1998) used acid-treated saponite for the
preparation of Al- and Zr- pillared acid-activated
clays, which incorporated less Al and Zr than the
parent saponite, in consequence of the reduced cation
exchange ca- pacity (CEC) of the matrix
followingacid-activation.
Koolietal.(2005)reportedontheintercalationproperties
ofacid- 
activatedmontmorillonitestreatedatdifferentacid/clayr
atioswith
thecationicsurfactantcetyltrimethylammonium(C16T
MA)hydroxide.
Theacidactivationcausedareductioninthenumberofcati
onexchange sites and improved the exfoliation of the
silicate sheets at higherpH 
values.Thebasalspacingincreasedfrom1.54to3.80nm,d
epending
ontheextentofacidactivation.The13CCP/MAS-
NMRspectraindicated
thattheintercalatedsurfactantsexhibitedasignificantdeg
reeofgauche conformation in the acid-activatedclays.
FurtherstudyoftheintercalationofC16TMAintotheinter
layersofa synthetic layered silicate, Na-magadiite,
was made by Kooli et 
al.(2006a)inthepresenceofdifferentanions,resultingine
videncethat
theamountofintercalatedhexadecyltrimethylammoniu
m(C16TMA) cation depends on the anion type, the
maximum content achieved 
being1.16mmol/g.TherawNa-
magadiiteexhibitedabasalspacingof
1.54 nm, increasing to 3.12 nm on intercalation of
C16TMA cations.

Koolietal.(2006b)discussedporousclayheterostructure
s(PCH)as 
anewclassofsolidacidsexhibitingporesizesintherarely-
observed 
supermicroporetosmallmesoporeregion,formedbythes
urfactant- directed assembly of mesostructured silica 
within the two-
dimensionalgalleriesofsmectites.Acidactivationwaseff
ectiveinim- 
provingtheacidityandthemesoporosityoftherawclaymi
neral.The effect of the clay mineral type on the 
properties of porous acid- 
activatedclayheterostructures(PACHs)wasanalysed.In
mostcases, 
softextractionofthesurfactantsviachemicalmethodsdid
notimprove 
thestabilityandthepropertiesofPCHandPACHmaterials
. 

Kooli et al. (2009) analysed the acid-activated 
montmorillonites pre- pared from the Ca2+-
montmorillonite STx-1 and H2SO4 at different 
acid/montmorillonite ratios. On reaction with 
C16TMA bromide solu- tion, the acid-treated Mt 
incorporated smaller amounts of the surfac- tants than 
the parent Mt, due to the lower CEC after acid 
treatment. The powder XRD patterns exhibited a 
similar basal spacing of 3.80 nm but with a less 
ordered structure at higher acid\montmorillonite 
ratios. Some conformational heterogeneity was 
observed by 13C CP NMR spec- 
troscopyduetodifferentlocalenvironmentsoftheC16T
MA+cationsin the interlayer space. The stability of 
the surfactant decreased when in- tercalated into the 
montmorillonites, compared to that of pure 
C16TMABr. This indicates that the interlayer space 
influenced the de- composition steps. 
KooliandYan(2013)consideredthechangesthatacidacti
vationef- fectsonthephysico-
chemicalpropertiesoftherawclayminerals.The 
extentofthesemodificationsdependedonthetypeandorig
inofthe 
claymineralsandtheconditionsoftheacidactivation.Inth
eirstudy, 
abentoniteexhibitedstrongstabilitytowardsacidtreatme
ntat90°C 
andathigheracid/claymineralratios,withslightdepletion
ofMg2+, 
Fe3+andAl3+cations(about5%).Theresultingorgano-
acidactivated clays, prepared after reaction with 
C16TMA hydroxide solution,
containedbetween0.80and0.70mmol/gofsurfactantand
exhibited 
interlayerspacingof2.20nmand1.80nm,independentoft
heinitial 
concentrationsoftheorganicmolecules.Theseorganocla
yswerestable 
inacidicandbasicsolutions.However,onheatingto200°
C,theinter- 
layerspacingshrank,withthermogravimetricanalysisin
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dicatingthis 
tobeduetothedegradationoftheorganicsurfactants.Ther
ehydration 
ofthecalcinedorganoclaysattemperaturesbelow200°Cd
idnotleadto 
anincreaseofthebasalspacing,duetochangesintheconfig
urationof theC16TMA+cations. 
Kooli (2015) explored the thermal stabilities of 
polyvinylpyrroli- done (PVP)-organoclays and 
organo-acid-activated clay composites 
preparedbychemicalexchangereactions.Therawclaymi
neralwas acid-
activatedpriortoexpansionbycetyltrimethylammonium
surfac- 
tants.Theacidactivationprocessaffectedtheintercalated
amountof 
C16TMA+cationsintheresultingorganoclays,andthus,t
heamount 
ofPVPinthecomposite.Thecationcontentdecreasedwit
hextent of 
acidactivation.Theorganophilicmodificationoftheclay
mineralwas an important step in the intercalation of 
the PVP molecules and, 
hence,intheexpansionofthesilicatesheetsfrom3.80nmt
o4.20nm. 
Thecompositesexhibitedbettercrystallineorderthanthes
tartingma- 
terial,withintensereflectionsatlowerangles.Thethermal
stabilityof organoclays,acid-
activatedclays,andcompositeswasstudiedusing 
thermogravimetricanalysisandinsituX-
raydiffraction.Thedecompo- 
sitionofintercalatedsurfactantsoccurredatlowertemper
aturesthan 
thatoftheneatsurfactantsalt,andthebasalspacingoftheor
ganoclays (oracid-
activatedclays)shrunkto2.0nmat215°C.However,theba
sal 
spacingofcompositesexhibitedgreaterstabilityandcolla
psedto 
2.0nmonlyat300°C.Thistypeofmaterialcouldofferanalt
ernative stable product for engineering purposes in 
the design of new composites. 
Koolietal.(2015a,b)investigatedremovalofthedyebasic
blue41 
usingmodifiedclaymaterials.Modificationofbrickwaste
byacidor 
basesolutionswascarriedouttoenhanceitsphysicochemi
calproper- 
ties.Treatingbrickwastewithaciddidnotimproveitscapa
cityforre- moval of basic blue 41. However, treatment 
with base increased the removal capacity twofold. 
The adsorption capacity decreased from 
100%to10%whentheinitialconcentrationsofbasicbluea
nddoseof 
thebrickwasteincreasedfrom25to900mg/L.Theparticle
sizeofthe untreated brick waste also affected the 
removal capacity – for the 
sameinitialdyeconcentrations,moredyewasremovedwi
thasmaller particle diameter. The resulting 

experimental equilibrium data were well-
representedbytheLangmuirisotherm,andthekineticdata
fita pseudo-
secondordermodelwell.Themaximumremovalofbasicb
lue 41dyewas60–
70mg/g(Koolietal.,2015a).Koolietal.(2015b)alsoac- 
tivatedaclayfromtheKhulaisareaofSaudiArabiaat90°C
atdifferent acid to clay mineral ratios. The clay 
contained mostly smectite, with ka- olinite and quartz 
admixtures. Upon acid activation, structural changes 
occurred for the smectite only; the other phases were 
not affected, as in-
dicatedbypowderXRDandFTIR.AdecreaseintheAl2O3,
MgO,Fe2O3, and Na2O contents accompanied a 
relative increase in SiO2. The acid- activated clays 
exhibited a lower CEC and higher SSA. These 
changes in chemical composition and other properties 
were related to the extent of the acid activation 
process. The acidity was enhanced up to a certain 
level of activation, and then it decreased gradually. 
The increase in sur- face area was not the main factor 
in the removal capacity of the acid ac- tivated clays 
for basic blue-41 dye. Up to a certain point, acid 
activation improved the removal capacity of the raw 
clay, from 50 mg/g to a max- 
imumof73mg/g.Higheracid/clayratiosdecreasedthisca
pacity,dueto the destruction of the removal sites 
during the acid activation. The recycling of spent acid 
activated clay was achieved by sulphate radical 
oxidation, and about 85% of dye removal could still 
be retained after six recycle runs (Kooli et al.,2015b). 
Theextentofthedissolutionreactiondependedonboththe
clay 
mineraltypeandthereactionconditions,suchastheacid/cl
aymineral ratio, acid concentration, time and 
temperature of the reaction
(Komadel,2003;Sakizcietal.,2011).Thecompositionoft
heclaymin- 
erallayerssubstantiallyaffectedtheirstabilityagainstaci
dattack; 
trioctahedrallayersdissolvedmuchfasterthantheirdiocta
hedralcoun- 
terparts.Theresultsofseveralstudiesapplyingcomplexse
tsoftech- niques showed that higher substitutions of 
Mg2+and/or Fe3+for 
Al3+indioctahedralsmectitesincreasedtheirdissolutionr
ateinacids 
(Vicenteetal.,1994,1995a,1995b;Komadeletal.,1996b;
Madejováetal.,1998,2009b;Steudeletal.,2009a),suppor
tingthefindingsof 
Novák  and  Číčel,  (1978),  who  found  a  good 
correlation  ofthe 
Mg2+and Fe3+ contents in  dioctahedral  smectites 
with  the  half-time of dissolution in HCl. Similar 
half-times (or dissolution rates) were ob- tained for 
reactions in 6 M acid for a Mg-rich Mt at 95 °C and 
an Fe- beidellite at 60 °C. More details are given in 
the original paper and in Table 10.1.1 of Komadel 
and Madejová (2013). 
Thispaperwillmainlyreviewtheacidtreatmentofsmectit
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es,the 
dominantmineralsinbentonites.Butwewillalsoconsider
othermin- 
eralswhosetreatmentwithacidyieldsenvironmentally-
benigncata- 
lystsortheirsupports,andwhichhavebeenusedinvarious
chemical reactions such as Friedel–Crafts alkylation 
and acylation, dimerization and polymerization of 
unsaturated hydrocarbons (Adams, 
1987;Brown,1994),andascolourdevelopersincarbonles
scopyingpapers 
(FahnandFenderl,1983).Morerecenttrendsincatalysisal
soinclude green catalysts in which the properties of 
certain chemicals are en- 
hanced.Modificationoftheclaystructurebyacidactivatio
nandim- pregnation of transition metals, such as 
chromium and vanadium,
enhancedtheredoxpropertiesandincreasedtheLewisand
Bronsted acidities. Various samples of vanadia 
supported on chromium- containingacid-
activatedbentonitewerepreparedandcharacterized 
bydiffuse-reflectanceUV–
visspectroscopy,surfaceacidity(determined byFT-
IR),XRD,N2adsorption-
desorptionisotherms,andSEMcoupled 
withEDX.Thebehaviourofthesecatalystswasstudiedint
hecyclohex- eneepoxidationreactionusingtert-
butylhydroperoxideastheoxidant (Belaidi et al.,2015). 
Zaghouane-Boudiaf et al. (2014) 
spectrophotometrically  investigat- ed the adsorption 
of 2,4,5 trichlorophenol (TCP) from aqueous solution 
onto the surface of organo-bentonites. Natural 
bentonite was activated with H2SO4 at 90 °C and 
exchanged with a series of four 
alkyltrimethylammonium bromides (alkyl = C12, 
C14, C16 and C18) to evaluate the effect of carbon 
chain length on the TCP adsorption. XRD was used 
to study the change in the structural properties of the 
samples. The basal spacing of the activated bentonite 
(AB) was in- creased from 1.34 to 2.15 nm by 
intercalation of the cationic surfactants into the 
interlayer space. The intercalated cationic surfactants 
were characterized by FTIR. The surface areas of the 
organo-bentonites  were much lower than that of AB. 
The adsorption of TCP onto organo- bentonites 
followed pseudo-second-order kinetics, and 
theadsorption 
isothermsfitwellwiththeLangmuirmodel.Theadsorptio
ncapacityof organo-bentonite increased with 
increasing alkyl chain length. TCP strongly interacted 
with AB exchanged with 
octadecyltrimethylammonium+(C18)cations. 

The hydrolysis of hemicellulosic oligosaccharides 
(OS) was investi- gated using acid-activated clays as 
catalysts by Vilcocq et al. (2015). Acid activation was 
performed in HCl solution or with aluminium ex- 
change. The clay catalysts were characterized by 
XRD, N2 adsorption isotherms, CEC, FTIR, titration 
of acid sites in water, and adsorption of sugars and 

disaccharides. The HCl-activated clays were the most 
effi- cient catalysts for maltose hydrolysis. Hydrolysis 
of OS into monomer sugars over a clay catalyst 
proved technically feasible, yielding simpler xylo-
oligosaccharide chains. 

Acid-treated clay minerals pillared with (hydr)oxy 
aluminium spe-
cieshavealsobeenusedtoprepareclaymineral-
modifiedelectrodes 
(Falarasetal.,2000a),asadsorbentsforoilclarification(M
okayaetal.,1993; Falaras et al., 2000b; Pagano et al., 
2001), and as catalysts (Mokaya and Jones, 1994; 
Bovey and Jones, 1995; Bovey et al., 1996;Zhao, et 
al.,2015a). 

II. METHODS OF INVESTIGATION

Themethodsemployedtocharacterizetheacid-
activatedsilicates includechemicalanalysis;X-
raydiffraction(XRD);Fouriertransform infrared 
(FTIR), magic angle spinning nuclear magnetic 
resonance (MAS-NMR), and Mössbauer 
spectroscopies; scanning (SEM), transmis- 
sion(TEM),andhigh-
resolutiontransmissionelectron(HRTEM)mi- 
croscopies; and acidity, surface area, and pore-size 
measurements. 
Usually,acombinationofseveralmethodsisneededforsu
fficientchar- acterization of the materials obtained 
(Číčel and Komadel,
1994;Vicenteetal.,1994,Vicenteetal.,1996b;Breenetal.
,1995b;Komadelet al., 1996b; Gates et al., 2002; 
Klika et al., 2011; Scarletti et al.,2011; 
Ramesh et al., 2012, Khalili et al., 2015). 
Chemicalanalysesofsolidand/orliquidreactionproducts
andMAS- 
NMRandIRspectroscopiesareverysensitivetothenature
andcontent 
oftheoctahedralsitesandthusalsotothechangesthatoccur
indiffer- 
entstagesofacidattack(Breenetal.,1995a,b).Theextento
fthedisso- lution of different chemical components of 
the sample can be
determinedbychemicalanalysisofthestartingmaterialan
dbyanalysis 
oftheacidsolutionsreactedforspecifictimes.Thefiltratea
ndwashing solutions are combined and usually 
analysed by atomic absorption spectroscopy (Pentrák 
et al.,2010). 
Spectroscopyinthemid-
IR(MIR)regionisaroutinecharacteriza- tion technique 
for acid-treated clay minerals. As protons penetrate 
intotheclayminerallayersandattacktheOHgroups,there
sultingde- 
hydroxylationconnectedwiththesuccessivereleaseofth
eoctahedral 
atomscanbereadilyfollowedbychangesinthecharacteris
ticabsorp- 
tionbandsattributedtovibrationsofOHgroupsand/oroct
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ahedralcat- 
ions.ComparativeIRstudiesofacidtreatedsmectites(Ma
dejováetal.,1998) as well as saponites, sepiolite and 
palygorskite (Vicente et al.,1996a) have been 
published. 
InadditiontothespectraobtainedintheMIRregion,thespe
ctra measuredinthenear-
infrared(NIR)regioncanprovideusefulinforma- 
tionaboutthedecompositionofclaymineralsininorganic
acidssince 
theobservedbandscorrespondingtothevibrationsofOHg
roupsare 
sensitivetovariationsinthemineralstructure.However,d
espitethe non-destructive character of NIR 
spectroscopy and the simplicityof sample preparation, 
its application to acid-treated clay minerals re- mains 
rather rare (Madejová et al., 2007, 2009a; Pentrák et 
al., 2009,2010; Tomić et al.,2012). 

III. H+-EXCHANGED CLAY THINERALS

The acidity of non-acid-treated smectites has two 
sources: (i) the 
compensatingcations,whichmayhaveastrongpolarizin
geffectonco- 
ordinatingwatermolecules,mostofwhichareintheinterla
yerspaces and may not be easily accessible and (ii) 
specific sites at the layer 
edges,whichmaybecompensatedbyOHgroupformation
,leadingto Brønsted acid sites such as Si–OH. Also, 
coordinativelyunsaturated Al3+and Mg2+are easily 
formed at the edges and act as Lewis acid sites 
(Lambert and Poncelet,1997). 
Duringacidtreatment,theprotonsfirstreplacetheexchan
geable cations; after that they attack the layers (Číčel 
and Komadel, 1994). 
Theexchangereactionwasfastifthesmectitehadalargesu
rfacearea for the acid to interact with, and if the 
quantity of available protons 
wassufficient.Thesubstitutionratewasindependentofth
esmectite 
iftheclaymineralcontainedonlyswellinglayers.Incontra
sttosmec- titessaturatedwithmetalcations,proton-
saturatedsmectiteswereun- stable. The layers were 
attacked by surface and interlayer hydrated 
protons,evenafterdryingtheseparatedactivatedmineral,
similarlyto 
whatoccurredinsolution.Thisprocess,knownas‘auto-
transformation’, spontaneouslychangedH+-
smectitestotheirAl3+,Fe3+,orMg2+formsonageing(Bars
hadandFoscolos,1970).Inaqueousdispersion at 90 °C, 
the process was completed within 4 days (Janek 
andKomadel,1999). 
TostudythepropertiesofH+-
clayminerals,maximalsaturation by protons and 
maximum stability of the product were required. 
Various preparation methods were tested. The best 
results were ob- 
tainedbypassingtheclaydispersionthroughasuccession
ofH+, OH−,andH+ion-exchangeresins.H+-

formsofb2mmfractionsof bentonites with various 
Fe3+contents were thus prepared. Potenti- ometric 
titrations of proton-saturated fine fractions of 
bentonites were used to characterize the acid sites at 
the smectite–water inter- face in dispersions. The 
titration curves revealed that the number of 
strongacidsitesvaried,andaccountedfor60–
95%ofthetotalacidity inthefreshlypreparedH+-
forms(Janeketal.,1997).Thelayer- charge (LC) 
distributions of all samples were inhomogeneous. 
This distribution changed after oxalate pre-treatment 
of the samples,
duetotheremovalofreadilysolublephasesthatmighthave
blocked exchange sites. After auto-transformation, 
the alkylammonium ex-
changemethod(Lagaly,1994)revealedinhomogeneous
chargeden- sity distributions; the fraction of layers of 
the highest charge decreased. Comparison of the CEC 
obtained frompotentiometric
curvesandtheCECcalculatedfromthemeanLCconfirme
dthatthe 
protonattackoccurredattheparticleedges.However,fors
everal samples, the structural attack may also occur 
from within the inter- layerspace.Auto-
transformationoftheH+-smectitesalsodecreased 
themeanLC.Protonspreferentiallyattackedtheoctahedr
alMg2+during the auto-transformation. The number of 
strong acid sites de- creased and the number of weak 
acid sites increased onageing. 

The titration data obtained were used in a 
thermodynamic calcula- tion of proton affinity 
distribution. Numerical solution of an integral ad- 
sorption equation indicated a continuous distribution 
of proton interaction sites. The proton affinity 
distributions clearly showed up to five different 
proton interaction sites in the smectite–water systems, 
within the accessible experimental range of pH 
between 2 and 12. The strongest acid “sites” were 
those of the free protons present in the dis- persion, 
while the weaker acid sites were the released 
structural Al3+, Fe3+, or Mg2+ cations and/or their 
hydrolyzed species and deproton- ation of SiOH 
groups. These results indicated the sources of acidity 
in acid-activated bentonites (Janek and Komadel, 
1993). Hydrated alumin- ium cations in fresh proton-
saturated dispersions contributed to a group of weak 
acid sites, which also included oligomeric 
hydroxoaluminum cations. The number of these sites 
increased during auto- transformation. Freshly 
prepared proton-saturated dispersions showed low pH 
values and the particles interacted by edge-to-face 
contacts. This increased the viscosity in comparison 
with the sodium forms which had pH close to 7 
(Janek and Lagaly, 2001). A kinetic study of proton-
promoteddissolutionofK+-
MtinsolutionswithconstantKCl concentrations, using 
both titration and batch equilibration experiments, 
showed that adsorption of protons and dissolution of 
Al3+occurred (Zysset and Schindler,1996). 
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IV. ACID DISSOLUTION OF STHECTITES

Acidtreatmentofclaymineralswithstronginorganicacid
sresulted in solid products containing unaltered layers 
and amorphousthree- dimensionalcross-
linkedsilica,dependingontheextentofacidactiva- 
tion.TheIRspectraoftheSWy-
1(smectiteWyoming,fromtheClay Minerals 
Repository of the Clay Minerals Society) Mt after 
reaction 
with6MHCl(KomadelandMadejová,2013)indicatedch
angesofthe 
chemicalbondsintheMtstructure.Thegradualdecreasei
ntheintensi- tiesoftheOHbending(930–
800cm−1)andAl–O–Si(524cm−1)bands 
indicateddecompositionoftheoctahedralsheets.Change
sinthetetra- hedral sheets were reflected in the 
position and shape of the Si–O stretching band. In 
addition to the tetrahedral Si–O band  near 
1048cm−1,theMIRspectraoftheacid-
treatedsamplesshowedapro- nounced absorption near 
1100 cm−1, assigned to Si–O vibrations of 
amorphoussilicawithathree-
dimensionalframeworkformedduring acid treatment. 
The position of the Si–O band at 1103 cm−1together 
with the weak inflection near 524 cm−1 observed for 
the sample dis- 
solvedfor30hreflectedsignificantyetincompletedissolut
ionofMt 
in6MHCl(Madejováetal.,1998).TheNIRspectrumofS
Wy-1Mtpre- 
sentedabroad,complexbandat7083cm−1correspondingt
othefirst 
overtones(2νOH)ofthestructuralOHgroupsandH2Omole
cules.The intense band near 5251 cm−1was attributed 
to the combination mode (ν + δ)H2O of the water 
molecules and the band at 4533 cm−1 to combination 
modes (ν + δ)OH of the structural OH groups 
(KomadelandMadejová,2013).Uponacidtreatment,the
intensities 
ofthesebandsgraduallydecreasedasaresultofthedecomp
ositionof 
theMtlayers.Anewbandat7311cm−1assignedto2νSiOHco
nfirmed the presence of SiOH groups (Pálková et 
al.,2003). 
Li+dissolvedslightlyfasterthanMg2+fromhectoritelayer
satlow 
acidconcentrations(Komadeletal.,1996b).Thus,proton
swereprefer- 
entiallyattractedbythemorenegativesitesclosetoLi+(int
heoctahe- dral sheet) rather than by the sites adjacent 
to Mg2+. This difference 
disappearedathighacidconcentrationswherethereaction
rateswere high.Similarly,octahedrally-
coordinatedMg2+cationswerepreferen- tially released 
by HCl in comparison with Fe3+and 
Al3+(Christidisetal.,1997;Gatesetal.,2002).Theeffectof
theacidanionondissolutionof hectorite is complex and 
uncertain (Komadel et al., 1996b; 
VanRompaeyetal.,2002).Theeffectsofsmectitetype,aci

dconcentration, andtemperatureonthehalf-
timeofdissolutionin0.2LHCl/gsmectite 
acid/claymineralratioinclosedsystems(nosubstancesbe
ingaddedor 
removed)appearintheoriginalpaperandtheyarealsosum
marizedby 
KomadelandMadejová(2013).Therateofdissolutionofv
ariousatoms 
obtainedfromchemicalanalysisoftheliquidreactionprod
uctsprovid- 
edinformationondifferentphasesoratomtypesinthestruc
ture,byin- 
dicatingtherelativeamountsofoctahedralandtetrahedral
substituents 
which were readily soluble even without acid, soluble 
on treatment
withacid,andinsoluble(ČíčelandKomadel,1994).There
adilysoluble 
portionsincludedexchangeablecationsandeasilysoluble
admixtures such as goethite (Komadel et al., 1993) 
and calcite (Komadel et
al.,1996b).Themostcommon‘insoluble’phasesfoundin
thefinefractions of bentonites were kaolinite, quartz, 
anatase and volcanic glass.
Halloysitewasthemostdecomposedmineralafterreactio
ninsulphuric acid of different concentrations, 
followed by montmorillonite,pyro- 
phylliteandkaolinite(Katoetal.,1966).Theobservedlow
dissolution 
rateofpyrophyllitecomparedwithMtwasduetolowoctah
edralsub- 
stitutionandthepresenceofcollapsednon-
swellinginterlayerspaces in pyrophyllite. 
Pentrák et al. (2010) investigated the influence of 
chemical compo-
sitionandswellingabilityofthreedioctahedralclayminer
alsfromthe Mt-
Iseriesontheirdissolutionin6MHCl.Mtwascompletelyd
issolved within 18 h, while after 36 h the residues of 
non-decomposed illite
couldbedistinguishedinbothsampleswithprevailingnon
-swellingin- 
terlayerspaces.Thechemicalcompositionofdioctahedra
lclayminerals
hadagreatereffectonthedissolutionratethanswellability
.Thepureil- lite, with a higher degree of substitution
of Mg2+ and Fe3+ for Al3+in the octahedral sheets and
of Al3+for Si4+in the tetrahedral, was
moreeasilysolubleinHClthantheillite-
smectitewith30%swellingin- 
terlayerspaces.Aseriesofreduced-
chargeMtwaspreparedviaLi+fix- ation at elevated
temperatures (the Hofmann–Klemen effect) to
explorehowtheexpandabilityoftheinterlayerspacesinfl
uencedthe
extentofdissolution.AsthenegativeLCdecreased,theno
n-swellingin- 
terlayerspacecontentincreased(Komadeletal.,1996a).T
hedissolu- tion of reduced-charge Mt in HCl
indicated that pyrophyllite-like
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layerssurroundedbynon-
swellinginterlayerspacesdissolvedmore 
slowlythanMtlayersofsimilarchemicalcompositionloc
atedbetween 
swellinginterlayerspaces(KomadelandMadejová,2013
).Thisclearly showed that protons attacked the layers 
from the swolleninterlayer spacesalso.Non-
swellingilliteandkaolinitewerealsomoreresistant 
toHClattackthanMtorvermiculite(JozefaciukandBowa
nko,2002). 
Bentonites are widely available and abundant natural 
materials, serving as low cost adsorbents for water 
and wastewater treatment 
(Tooretal.,2015).Onestudywasdirectedtowardsidentif
yingacost- 
effectiveactivationprotocolforenhancingtheadsorption
capacityof 
AustralianbentoniteforremovalofCongoredfromwaste
water.Com- 
binedacidandthermalactivationprovidedverypromisin
gresultsfor this purpose. Bhattacharyya et al. 
(2014)and Bhattacharyya et al.(2015) activated 
kaolinite and montmorillonite with 0.25 and 0.50M 
H2SO4toremoveRhodamineBandCongoredfromwater.
Theyfound 
thatthedyemoleculeswereheldtotheclaymineralsurface
byweak bondsandtheacid-
treatedclaymineralsshowedbetteradsorptionca- pacity 
for the dyes than did the parent clays. Cottet et al. 
(2014) pre- pared a montmorillonite modified with 
iron oxide for use as an 
adsorbentofmethylenebluedye.TheymodifiedthepHoft
hesolution 
fortheadsorptionexperimentsandusedasetoftechniques
toobtain also the activationparameters. 
An in situ observation by AFM showed that the 
dissolution of hectorite and nontronite in acid 
solutions occurred inward from the 
edges;thebasalsurfaceswereunreactive.Thehectorite(0
10)facesdis- 
solvedmoreslowlythanthelathends.Theedgesdissolved
onallsides androughened.Therate-
limitingstepofthedissolutionprocesswasthe breaking
of the bonds of connecting oxygen atoms (Bickmore
et al.,2001).

V. ACID DISSOLUTION OF ORGANO-
STHECTITES

Thehydrophilicsurfaceofswellingclaymineralshasbeen
rendered 
hydrophobicbyexchangingthenaturallyoccurringinorg
aniccations with organic (mostly alkylammonium) 
cations. The size and the 
amountoftheorganiccationssignificantlyaffectthedissol
utionrate of smectites in acids (Breen et al., 1997a). 
Both the MIR spectra and 
thecarboncontentrevealedthatonlyasmallproportionof
dodecyl- or octadecyl trimethylammonium was 
displaced during HCl treatment of organo-smectites, 

and the remaining alkylammonium cations protected 
the smectite from acid attack. The long-chain 
alkylammoniumcationsrestrictedtheaccessofprotonsto
thelayers, and the extent of acid attack wasreduced. 
Dissolutionoforgano-
smectitesinHClcouldalsobeeffectively 
followedbyNIRspectroscopy(Madejováetal.,2009b;To
mićetal.,2012).ThespectraofSAz-
1(smectiteArizona,fromtheClayMinerals Repository 
of the Clay Minerals Society) Mt saturated with 
tetramethylammonium(TMA+)andhexadecyltrimethyl
ammonium 
(HDTMA+)cationsshowedthe2νOHand2νH2Obands(706
0cm−1), (ν + δ)H2O (5246 cm−1), and (ν + δ)OH (4515 
cm−1), as well as the first overtones (6100–5500 cm−1) 
and combination modes (4500–4000 cm−1) of the CH3 
and CH2 groups (Madejová et 
al.,2009b,KomadelandMadejová,2013).Thespectrumo
fTMA+-SAz-
1Mtdissolvedfor2hin6MHClat80°Cshowedthedisappe
aranceof all bands in the 2νCH3 region, but the 
shoulders near 4445 and
4321cm−1indicatedthatnotallTMA+cationswereexchan
gedbypro- 
tons.Theappearanceofaweak2νSiOHbandat7316cm−1co
nfirmed theacidificationoftheTMA+-SAz-
1Mtsurface.After6hofdissolution, 
theabsenceofCH3bands,theincreasedintensityofthe2νSi

OHband,the 
reducedintensityofthestructuralOHovertoneband,andt
heappear- 
anceofthe(ν+δ)SiOHbandat4551cm−1,confirmedthatTM
A+-SAz-
1Mthadbeenconvertedtoprotonatedamorphoussilica. 

VI. ACID ACTIVATION OF VERTHICULITES

Likesmectites,vermiculitesareexpandableminerals.Th
eexpansion 
ofvermiculitesismorerestrictedbecausetheirlayercharg
eishigher 
andthischargeislargelylocatedinthetetrahedralsheet.Th
edistinc- 
tionofvermiculitefromsmectiteisarbitrary,basedonalay
ercharge 
of0.6eq/O10(OH)2.Thesetwogroupsofswellingminerals
canbetreat- 
edasacontinuum,foralthoughMtisadioctahedralminera
lwhilemost vermiculites are trioctahedral (de la Calle 
and Suquet, 1988),
dioctahedralvermiculitesareknown(MallaandDouglas,
1987).How- ever, there is enough to be said about 
vermiculites for them tomerit their ownsection. 
Themostwidelyacceptedoperationaldefinitionofavermi
culiteis that of the ca. 1.45 nm basal spacing for the 
Mg2+-exchanged form
aftertreatmentwithglycerol,togetherwiththecollapseoft
heK+- 
formto1.0nmonheatingat300°Cfor1h.Purevermiculite
shoulddis- 



Corrosive Initiated Muds: Materials in Ceaseless Interest 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

23 

playarationalseriesofverynarrowreflections,butsuchmi
neralsare very rare. The glycerol test distinguishes 
vermiculite from smectite, and the heating test 
distinguishes vermiculite from chlorite (the 1.4- 
nmbasalspacingofchloriteisnotaffectedbyheatinginsuc
hcondi- 
tions).Theheatingtestcanbeusedtodetectvermiculiteint
hepresence 
ofchlorite.Theapplicationofdifferentteststosoilvermic
uliteshasbeen described in detail by Malla and 
Douglas(1987). 

TwosamplesofpristinevermiculiteswerereactedwithH
NO3under controlled conditions. Structural and 
textural studies were performed using chemical 
composition analysis, XRD, 29Si and 27Al NMR, 
adsorp- tion/desorption nitrogen measurements, SEM 
and TEM. Acid activation 
increasedthespecificsurfaceareaandporosityofthesamp
lesandledto partial leaching of Fe, Al and Mg from 
the octahedral sheets. Acid leaching of the two 
vermiculite samples with 3 and 4 M HNO3 at 80 °C 
for 4 h removed nearly all the MgO, Al2O3 and 
Fe2O3, and left behind a SiO2-containing residue, as 
could be expected. Low-crystallinity prod- ucts were 
obtained for both vermiculites when treated with high 
acid concentrations (Santos et al.,2015). 
Grindingofclaysmodifiestheirsurfacesandcansignifica
ntlyaffect 
theirleachingbehaviour.Thereactionofvermiculitefrom
SantaOlalla (Huelva, Spain) with HCl at various 
concentrations was affected by 
grindingandacidconcentration.Theacidleachingofgrou
ndvermiculite 
for3minwith1MHClsolutionat80°Cfor24hremovedMg
OandAl2O3almostcompletely,leavingaresiduecontaini
ngSiO2andFe2O3.XRD 
analysisshowedthepresenceofakaganeite(β-
FeOOH)andanamor- 
phoussilicaphase.Porositystudiesshowedaveryhighspe
cificsurface 
areaforgroundsamplescomparedwithungroundvermic
ulite,attribut- 
edtothepresenceofstructuralironintheresidue.Highreso
lutiontrans- 
missionelectronmicroscopy(HRTEM)confirmedthepr
esenceofiron 
oxyhydroxidesembeddedinthesilicamaterial.Thepartic
lemorphology 
oftheironoxidescorrespondedwelltothatofakaganeitem
icrocrystals precipitated from solution. The leached 
vermiculite residue also contained Cl−and a small 
amount of Ti4+, which were incorporated into the 
akaganeite microcrystals (Maqueda et al.,2009). 
Afterannealing,thematerialobtainedafteracidtreatment
ofground 
vermiculiteconsistedamorphoussilicaandakaganeite.T
heXRDpat- terns of the starting sample, measured at 
temperatures from 30 to 1200 °C, showed that the 
crystalline phase was present until about 300 °C, 

whereas between 300 and 800 °C the sample was 
practically amorphous. This is in agreement with 
previous observations thatβ- 
FeOOHdecomposestoanamorphousorpoorlycrystallin
ephase,β- 
Fe2O3,andtransformsonlyslowlytocrystallineα-
Fe2O3.At850°Cthe 
firstsignsofacrystallinephasewererecognized,whichwa
sfullydevel- 
opedby1050°C,consistingofquartz,cristobalite,α-
Fe2O3andε-Fe2O3. Thiseffectshowedthatwell-
crystallizedironoxidenanoparticles 
embeddedinthesilicamatrixareusuallyformedat~1000°
C.Element
mappingofaparticleofthecompositeobtainedbyanneali
ngthesam- pleatthehighesttemperatureshowedwell-
separatedFe2O3andSiO2particlesinacompositematerial
.AlandMgimpuritiesfromtheoriginal
vermiculiteaccompaniedthesilicacomponents,andthep
resenceof TiO2 associated with Fe2O3 grains (Perez-
Rodriguez et al., 2011). Perez-
Maquedaetal.(2012)provedthatacidleachingofvermicu
lite
isaprocedurewhichleadstothepreparationofporoussilic
awitha
highsurfacearea.Thethermalbehaviourofgroundandun
groundver- 
miculitesaftertheacidtreatmentwasanalysed.Fortheaci
d-treatedun- 
groundvermiculite,dehydratedvermiculite,enstatiteand
cristobalite were formed during the heating, while for
the ground mineral the only phases observed wereof
iron oxides and cristobalite.
Chmielarzetal.(2012)reactedvermiculitewith0.8Msolu
tionsof HCl and H2SO4 for up to 24 h, characterized
the obtained materials
witharangeofmethods,andconfirmedpartialleachingof
Fe3+,Al3+and Mg2+ cations from the octahedral sheets.
The efficiency of the
leachingprocessdependedonitsdurationandtheacidused
.Thetreat- 
mentstronglymodifiedthevermiculitestructure,leadingt
oadistinctin- crease of its catalytic activity in the
selective catalytic reduction of nitric
oxide.Thebestcatalyticperformancewasfoundforvermi
culitereacted
withsulphuricacidfor8h.Temuujinetal.(2003)obtained
highsurface
areasilicabyselectivelyleachingvermiculite.Leaching
with2MHClat 80 °C for 2 h produced a maximum
value of surface area (672 m2/g)
withtotalporevolumeof0.44ml/g.The29SiMASNMRsp
ectraofthe
leachedproductsindicatemainlyQ3andQ4structuralunit
s,assigned
aslayerandframeworkstructures,respectively.Thelayer
structureisre- 
sponsibleforformingmicroporesandtheframeworkstruc
tureforms
mesopores.Thenumberofmicroporesdecreasedwithlon
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gerleaching 
time,themicroporescondensingtoincreasetheframewor
kstructure. 
Thecharacteristicsoftheporoussilicaobtainedfromverm
iculiteare compared with those from other 
clayminerals. 
Kupkováetal.(2015)treatedtwovermiculiteswithsimila
rchemi- 
calcompositionsandslightlydifferentlayerchargeswith
differentcon- 
centrationsofHClsolutionstoanalysethechangesintheir
structural and chemical properties. Both (untreated) 
samples represented a mixed-
layerstructureafterincompletetransformationofbiotitet
over- 
miculite.Theacidificationwasmoreeffectiveatleaching
Mg2+cations 
fromthelessvermiculatedsample,andatleachingFe2+and
Fe3+from the octahedra and Al3+ from the tetrahedra 
of the othervermiculite. 
Hashemetal.(2015)chemicallyactivatedvermiculitefro
mEgyptby leaching with 0.5 M HCl or with 30% 
H2O2 solutions. SEM andXRD 
showedthatleachingwithHClresultedinpartialtransfor
mationofits 
orderedlayersintoadelaminatedstructure,whilereaction
withH2O2 
ledtoseparationandfragmentationofthelayersbutwithou
tstructural 
change.Thechemicallyactivatedvermiculitetreatedwit
hCd2+orPb2+cationsshowedhigherthermalstabilitythant
herawvermiculite.The removalefficiencyofperoxide-
activatedvermiculitewashigherthan that of the acid-
activated vermiculite for bothcations. 

Jin and Dai (2012) treated vermiculite with H2SO4 
and HNO3 aque- ous solutions of different 
concentrations. The modified materials were used as 
supports to immobilize TiO2. The TiO2/vermiculite 
composites were characterized by X-ray diffraction, 
scanning electron microscopy, and nitrogen 
absorption. Their photocatalytic activity was 
evaluated by removal of MB. The anatase-type 
crystalline phase was well deposit- ed on the 
supports. The concentrations of acid for treatment had 
a sig- nificant influence on the pore sizes and surface 
area of vermiculite.  The treatment process changed 
the microstructure of vermiculite, mod- ified its 
characteristics, and improved the catalytic activity 
and absorp- tion capacity of the composites. The 
effect of  treatment  with nitric acid was superior to 
that of sulfuricacid. 

VII. PROPERTIES OF ACID-ACTIVATED
STHECTITES

Mudrinicetal.(2015)examinedhowadditionofNiaffects
theelec-trochemicalactivityofFeinHCl-
treatedMacjiDobentonite(Serbia). 

Incorporation of nickel into acid-treated bentonite at 
70 °C for 30 min was achieved. A wealth of 
information on the system was obtained via 
application of a set of analytical methods. The 
electrocatalytic test showed that the current response 
of the Fe2+/Fe3+oxidation/reduction process increased 
on GC electrodes separately modified with each of 
the acid treated samples, in comparison with the 
current obtained on the
GCelectrodemodifiedwithanuntreatedsample.Theappl
iedacidtreat- ment probably increased the 
accessibility of the electroactive iron with- in 
smectite. Further modification of the selected acid-
treated sample with nickel species resulted in a 
decreased current response of the 
Fe2+/Fe3+oxidation/reductionprocessandimprovedther
eversibility of thisprocess. 

7.1 Layer charge(LC) 

The structural modification of smectites upon acid 
treatmenthas 
beenfoundtobecloselyconnectedwiththeLCalteration.
LCinacid- treated samples was compensated mostly 
by the protons that had 
substitutedtheexchangeablecations.UV–
visspectroscopyofthesmec- 
titedispersionswithmethylenebluewasusedforexamini
ngthemod- 
ificationofLC(Madejováetal.,2007;Pentráketal.,2012).
Differentdye species – monomers, dimers, H-
aggregates and J-aggregates – were 
adsorbedonthesamplesasaresultofthevariationsinLC.A
saconse- quence of the acid treatment, the amount 
and/or size of the H- 
aggregatesofMBdecreased,whilethecontentofthemono
mericform 
oftheadsorbeddyecationincreased.ThechangesinLCob
servedin 
thesmectitespectrashowedthattherateofdissolutioninH
Clvaried 
withthetypeofcentralatoms.TheMBspectraofSWy-
2Mtrevealed 
apronouncedheterogeneityoftheLCdistributioninthislo
w-charge Mt.
Thechargeoftheclaymineralstructure,alreadyhighlyvar
iable,was
furthermodifiedbydecompositionofthestructureuponac
idoralka- 
linetreatment(Jozefaciuk,2002).Differentclayminerals
werereacted
withHClorNaOHatroomtemperature(RT)for2weeks.B
othtreat- ments increased the surface charge, but the
overall chargeincreased or decreased depending on
the mineral and the reaction conditions. Charge-
generatingsurfacegroupswereheterogeneous.Duringac
id treatment, the number of weakly acidic surface
groups increased,
whilethenumberofgroupsofstrongeracidiccharacterdec
reased.
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7.2 Specific surface area 

Themostimportantphysicalchangesinacid-
activatedsmectitesin- 
cludeincreaseoftheSSAandaverageporevolume.Theex
tentofthese 
changeshasbeenfoundtodependontheacidstrength,leng
thofthe 
treatmentandontheheatingmethod.Microwaveirradiati
on-assisted 
acidactivationofsmectiteswasfasterthanconventionalh
eating.The 
SSAandporosityofthesampleswassimilarforcomparabl
ydissolved materials (Korichi et al., 2012). A 
mathematical modelincorporating 
therelationshipsbetweentime,acidconcentration,micro
waveheating 
powerandthestructuralandtexturalpropertiesofacidacti
vatedben- 
toniteshowedthatthedurationofmicrowaveirradiationw
aslesssig- nificantthantheothertwofactors 
(Petrovićetal.,2012). 
Acid activation of bentonites caused a splitting of the 
particles along with an increase of the SSA and 
decrease of CEC of the bentonites (Tomić et al., 
2011). The SSA of acid activated samples was 
several times larger than for untreated materials. 
Christidis et al. (1997) report- ed a 4- to 5-fold 
increase of the SSA of two HCl-activated bentonites. 
As in some cases mentioned above, treatment 
increased the SSA only up to a point (typically under 
intermediate activation conditions), then de- creased 
with further treatment. 
Twosaponitesandaferroussaponite(griffithite)werereac
tedwith b2.5% HCl at 25 °C for periods of up to 48 h. 
Most of the octahedral 
sheetsofthemineralsweredissolved,aswasindicatedbyt
hehighex- 
tentofremovalofMg2+,thechangesintheIRspectra,andth
eTGA-DTA 
curvesoftheactivatedsaponites.Destructionofthesaponi
testructure yielded free silica, and the SSA of the 
saponites doubled even after mild acid activation 
(Vicente et al., 1996b; Suárez Barrios et al., 2001). 
The SSA of griffithite samples increased massively 
after activation, with values of up to ten times higher 
than the SSA of the untreated sam- ple. The creation 
of microporosity had a substantial influence on the 
SSA. Free silica had a very important contribution to 
the SSA of leached samples (Vicente et al., 1995b). 
The high SSA of 197 m2/g of a natural saponite was 
related to the very small particle size because of its 
sedi- mentary origin. Reaction of sedimentary 
saponites at RT with 0.62% 
HClforupto48horwith1.25%HClforupto6hproducedpa
rtialdis- solutionoftheclaymineral. Amixture 
ofunalteredsaponiteandfreesil- ica was obtained. The 
solid products consisted mainly of delaminated 
layers, free silica, and insoluble impurities. The SSA 
was 462 m2/g and 

thenumberofacidcentreswas0.98mmolH+/g(Prietoetal.
,1999). 

7.3 Porous structure 

Texturalcharacteristicssuchasporevolumeorporesizedi
stribution have played a significant role in the 
applications of clay minerals. 
JovanovićandJanaćković(1991)foundthattheporestruct
ureandad- sorption properties of an HCl-activated 
Serbian bentonite at 75 °C 
dependedontheconcentrationoftheacidused.Theratioof
themass 
ofclaytothevolumeofacidsolutionwas1:10g/cm3andthe
adsorbent 
withoptimalporosityandadsorptionpropertieswasobtai
nedfrom 
treatmentwith2Macid.Babakietal.(2008)reportedthatth
ephysical 
andchemicalpropertiesofbentonites,suchasadsorptiona
ndcatalytic activity,dependedextensivelyonthemicro-
andmesopores.Though 
themacroporeswereaccessiblefromthesurfaceofthepart
icles,their 
effectontheadsorptivepropertiesofasolidwasminorcom
pared to
thatofthemicroporesandmesoporeslocatedwithinthepa
rticles.Var- 
ioustechniquessuchasacidtreatmentorpillaringhavebee
nusedto improve smectitemesoporosity. 
Short-
timesynthesisroutesforpreparationofmesoporousorFol
ded 
SheetMaterials(FSM)havebeendevelopedfromHCl-
leachedsaponite 
samples.Theacidtreatmentwasperformedunderstirring
for24hat25 and100°Cin6–10and3–
7MHClsolutions.Theleachedsilicatepow- 
derswerewashed,dispersedinhexadecyltrimethylammo
niumbro- mide solution as a structure-directing agent, 
stirred at pH =12.3 for 3 h at 70 °C and afterwards at 
pH = 8.5 for an additional 3 h at RT, 
andfinallycalcinedat550°Ctoobtainthemesoporousmat
erials.Agen- 
eralimprovementofthemesoporousFSMstructurewaso
btainedwhen 
afiltrationstepwasaddedtothesynthesisrouteafterthedis
solutionat 
pH=12.3,byremovingalldissolvedsilicatesandthusprev
entingthe formation of amorphous silica. The material 
synthesised after acid
leachingby8MHClatRThadthemostcondensedstructur
e,thehighest 
unitcelldimensions,SSAandporevolume,andthenarrow
estpore-size 
distribution(Linssenetal.,2002).ThepropertiesoftheFS
Mprepared from saponite samples by different HCl 
treatments are reported in
Table10.1.2ofKomadelandMadejová(2013).Formostp
reparations 
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obtainedat25°C,theBETSSAweremuchhigherandmore
sensitive to the acid concentrations than for the 
materials prepared at 100 °C. 
Thematerialobtainedafterleachingwith5MHClat100°C
hadthe highest porevolume. 
AcidactivationofaCa2+-Mtbyreactionwithsulphuric-
acidsolu- 
tionsandsubsequentpillaring(intercalationofoligomeri
cAl(hydr)ox- ides – ‘Keggin ions’ – and calcination 
at temperatures up to 500 °C) 
producednewmaterialsforbleachingcottonseedoil,with
bleaching 
propertiesdependentontheextentofactivationpriortopill
aring.The pillaredacid-
activatedMtpossessedahigherbleachingefficiencythan 
the pillared non-activated clay minerals. Mild 
activation of the Mt 
followedbypillaringproducedmaterialswiththebestfrac
tionaldegree of bleaching (Falaras et al.,2000b). 
FaghihianandMohammadi(2014)preparedpillaredcatal
ystsby 
pillaringofMtandcharacterizedthembyXRD,FTIR,N2a
dsorptioniso- therms, NH3temperature programmed 
desorption, SEM, and elemental 
andthermalanalysistechniques.Theacid-
treatedsamplehadalower Al content and its total pore 
volume and SSA were higher. The acid- activated 
pillared catalyst, due to its higher surface acidity, 
showed en- hanced catalytic activity for the 
alkylation of benzene with linear olefins compared to 
the untreated sample. 
DetailedstudyofpreparationandcharacterizationofanAl
PILCde- rived from an acid-treated Mt showed that 
careful selection of the 
levelofacidtreatmentwasnecessarytooptimisetheSSA,
porevolume, 
surfaceacidityandthermalstabilityofthefinalPILC.Theo
ptimumlevel 
ofacidtreatmentcorrespondedtotheremovalofbetween1
9and35% 
oftheoctahedralcations.However,thesevaluesdepended
ontheclay mineral.ThePILCmadefromacid-
activatedmaterialshadsignificantly 
higherporevolumeandaciditythanconventionalPILC,b
utsimilar 
basalspacings,SSAandthermalstability.Thehigheracidi
tywasmainly 
duetoanincreaseofBrønstedacidsitesarisingfromthetre
atmentbe- 
forethepillaringprocedure.Thehigheracidityoftheprevi
ouslyacid- activated PILC was reflected in better 
catalytic activity for acid- 
catalysedreactionsthandisplayedbyotherPILC(Mokay
aandJones,1995). Porous clay heterostructures (PCH) 
with enhanced acidity 
couldalsobepreparedfromsuitablyacid-
activatedMt.Theirhighacid- 
ityarosefromBrønstedacidsites(PichowiczandMokaya,
2001). 
PCHexhibitedporesizesintherarely-

observedsupermicroporeto 
smallmesoporeregion,formedbythesurfactant-
directedassemblyof 
mesostructuredsilicawithinthetwo-
dimensionalgalleriesofsmectites 
(Koolietal.,2006a,b).Acidactivationofthesmectiteisane
ffectiveway 
toimprovetheacidityandthemesoporosityoftherawclay
mineral. 
Thetypeoftheoriginalclaymineralaffectedtheproperties
ofporous acid activated heterostructures (PAAH). 
Synthesis of PACH was achieved and the samples 
were characterized by powder XRD, N2 adsorption-
desorptionandacidityusingcyclohexylamineasaprobe 
molecule.Ashort-
rangeorderinthestructurewasrevealedbyXRDof 
PACHmaterials.Theoriginortypeofclaymineralaffecte
dthefinal properties of the derivedmaterials. 

7.4 Catalytic properties 

Acid-activated clay minerals are well established as 
both solid acid catalysts and catalyst supports. The 
nature of the exchangeable cations substantially 
affects the acidity of clay mineral catalysts. The high 
cata- lytic activity of A13+-exchanged Mt has been 
attributed to the en- hanced polarization of water 
molecules in the primary coordination sphere around 
the Al3+ cations, giving rise to strong Brønsted acidity 
(Varma, 2002; Jankovič and Komadel, 2003b). 
H+-
saturatedMtofconsiderablecatalyticactivitycouldbepre
pared by thermal decomposition of ammonium-
exchanged clay minerals
(JankovičandKomadel,2000,2003a).However,amoret
ypicalmethod 
wasacidactivationofclaymineralswithamineralacid.Ac
id-activated 
claymineralsareofinterestashighsurfaceareasupportsfo
renviron- 
mentallybenigncatalysts.Commercialproductsarenorm
allyreacted 
withafixedamountofacid,sufficienttoremovetherequire
dnumber 
ofoctahedralcationstooptimisetheSSAandBrønstedaci
dityforapar- 
ticularapplication.However,onlyafewsystematicstudie
shavebeen 
reportedonhowtheextentofacidactivationoftheparentm
ineralcon- tributes to the catalyticactivity. 
Several studies have illustrated the application of 
commercial acid- activated Mt (K-10) catalysts. 
Flessner et al. (2001) investigated the sur- face 
acidity of a series of K-catalysts (commercial Süd 
Chemie acid- treated montmorillonite clays) using a 
wide range of complementary experimental 
techniques. The different methods applied allowed a 
com- prehensive characterization of the surface 
acidity. The strength and density of Brønsted acid 
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sites were correlated with trends in isobutene 
conversion. Further activation of the K-10 Mt 
commonly used as a het- erogeneous acid catalyst 
(Wallis et al., 2007) with HCl of varying con- 
centrations increased its catalytic activity in three test 
reactions: tetrahydropyranylation of ethanol, 
diacetylation of benzaldehyde, and esterification of 
succinic anhydride. 

The catalytic activity of acid-activated Mt for 
Brønsted acid-catalysed reactions was highly 
dependent on the extent of acid treatment. Two 
contrasting model reactions were used. The first, 
involving highly polar reactants, was the acid-
catalysed addition of 3.4-dihydropyran to meth- anol. 
The dihydropyran molecule was protonated to give a 
stabilized carbocation that reacted with methanol to 
form tetrahydropyranyl ether as the only product. The 
second reaction, involving a non-polar, hydrophobic 
reactant was the acid-catalysed rearrangement of α- 
pinene to camphene. The optimum activation 
conditions depended on the type of reaction being 
catalysed (Rhodes and Brown, 1994). 
AcidactivationofCa2+-
Mtsignificantlyincreaseditseffectivenessas 
asupportforZnCl2Friedel-
Craftsalkylationcatalysts.Optimumtreat- 
mentconditionswereestablishedandtherewasevidencef
orasyner- gistic interaction between the adsorbed salt 
and the acid-activated 
claymineral(Rhodesetal.,1991).Thehighestactivitywas
associated with long acid treatment times. Structural 
characterization by XRD, 29SiMAS-
NMRspectroscopy,andelementalanalysissuggestedtha
t the amount of residual clay mineral in the most 
active supportswas small (Rhodes and Brown,1992). 
Aseriesofacid-
activatedmontmorilloniteswerepreparedandeval- 
uatedasactivecatalystsforthecrackingofrosinbyTonget
al.(2014). 
AllthesampleswerecharacterizedbyXRD,FTIR,nitroge
nadsorption- desorption, temperature-programmed 
desorption of NH3, SEM and 
thermalanalysis.Theacidtreatmentofmontmorillonitei
mprovedthe 
specificsurfaceareaandtheamountofsurfaceSi+groups.
Themod- erateBrønstedacidityontheacid-
activatedmontmorillonitemightbe responsible for the 
cracking ofrosin. 
Differentclayminerals,suchasmagnesium-
oraluminium-richMt,a ferruginous smectite, an iron-
rich beidellite, and a hectorite, were leached with 
H2SO4 or HCl. The extent of activation was 
controlled by the acid concentration and temperature. 
The elemental composition of the starting materials 
did not significantly influence the catalytic reac- tion 
of 2.3-dihydropyran and methanol to 
tetrahydropyranyl ether. The Brønsted acidity and 
catalytic activity of the activated clay minerals were 
highest for the samples prepared with the mild acid 

treatments but decreased with increased leaching of 
octahedral cations. The acid sites of acid-activated Mt 
were strong enough to produce tetrahydropyranyl 
ether in 80% yield. However, the acid-activated 
hectorite showed no catalytic activity. The octahedral 
depletion corre- lated well with the acidity 
(determined from thermal desorption of cy- 
clohexylamine) and the catalytic activity for the 
chosen test reaction
(Breenetal.,1995a,1995b,1997b;Komadeletal.,1997). 
Thecatalyticactivityforthedimerizationofoleicacidincr
easedafter 
mildactivationofMtinHCl.However,theactivityoftheac
tivatedMt 
withabout50%ofoctahedralAl3+removedwascomparab
letothatof 
theuntreatedmineral(Číčeletal.,1992).Acidactivateds
mectitescan 
convertalkenesformedbythermaldecompositionofhigh
-densitypoly- ethylene into light gases and aromatic
species. Total conversion in- creased with both the
extent of acid treatment and the temperature.
Theproportionofaromaticproductswaslargestforcataly
stsprepared using short activation (Breen et al., 2000).
Acid-activated bentonite
(andkaolin)coulddebutylate2-tert-
butylphenolandshoweddifferent
debutylationvsisomerizationselectivitydependingonth
epreparation
conditions.Theresultingcatalyticactivityofthesesample
swasdepen- 
dentonthetypeofacidused.Samplesactivatedwithacetic
acidshowed
relativelylowconversion,whereasthosetreatedwithhydr
ochloricor phosphoric acids were very active catalysts
(Mahmoud and Saleh,1999).
doNascimentoetal.(2015)consideredacidtreatmentofcl
aymin- 
eralsoneofthemosteffectivemethodsforproducingactiv
ematerials.
Theydiscussedtheroleofactivatedclaysintheproduction
ofbiodiesel, 
arenewable,biodegradableandenvironmentallyfriendly
fuel,which
canbeobtainedfromesterificationreactions,transesterifi
cation,and pyrolysis. A Brazilian montmorillonite
was treated with 0.2–0.8 M
H2SO4,characterizedbyXRDandFTIR,andappliedinthe
catalyticester- ification of oleic acid. The results
revealed that the clay treatedwith
0.8MH2SO4hadpromisingcatalyticactivityinthestudied
reaction,
withamaximumconversionofoleicacidof65%at30°C.
Two Terra Rossa soils collected in the Mediterranean
region of
CroatiaandTurkeywerecomprehensivelytestedbyStipi
cevicetal.(2014)intheirnatural,acid-
activated,andsurfactant-modifiedforms as sorbents for
hydrophobic triazine groundwater pollutants with a
viewtopotentialapplicationinthemulti-
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minerallandfillbarriers.The 
soilswerepredominantlycomposedofkaolinite,followe
dbyquartz, calcite,iron-
bearingoxides/oxyhydroxides,andotherclayminerals. 
Thenaturalsoilswerepoorinorganiccarbon,similarinche
micalcom- 
position,anddifferentinCEC.Sorptionexperimentswere
conducted with hydrophobic, weakly basic and 
ionisable triazine herbicides 
(atratone,ametryn,andatrazine)andthreedealkylatedde
gradation products of atrazine. The enrichment of 
natural soils with hexadecyltrimethylammonium 
(HDTMA) bromide was more efficient in soil with 
higher CEC. The sorption capacities of the HDTMA- 
modifiedsoilsweregreaterformostcompoundsthantheca
pacitiesof the acid-activated soils. The acid-activated 
or surfactant-modified forms of Terra Rossa soils 
could be applicable as components of an 
organophiliclayerinmulti-
mineralbarriersforretentionoftriazines and similar 
chemicals (Stipicevic et al.,2014). 
Acidactivationoftetralkylammonium(TMA+)-
smectitesproduced 
hybridcatalystsfortheisomerisationofα-
pinenetocamphene.This 
catalyticactivitywasattributedtotheenhancedhydropho
bicityofthe organo-smectites.Acid-activatedTMA+-
smectiteswerethemostactive catalystsandyielded60–
90%conversionofα-pinene.Theyieldswere 
comparablewiththoseobtainedwithothersolidcatalystss
uchaszeo- litesandPILCs.Theiron-
substitutedsmectitesweremoreactivethan the 
aluminium counterparts. The dodecyl 
trimethylammonium and octadecyl 
trimethylammonium smectites were generally less 
active (Breen et al., 1997a). SWy-2 Mt and SAz-1 Mt 
loaded with various amounts of the polycation 
magnafloc were reacted with 6 M HCl at 
95°C.Thesesmectiteswereactivecatalystsfortheisomeri
sationofα- 
pinenetocampheneandlimonene.Theconversionbythep
olycation- exchangedSAz-
1Mtwaslargerthanbytheunloadedactivatedcounter- 
partbecausetheformermaterialwasmorehydrophobic.F
orSWy-2Mt 
theyieldsintheabsenceandpresenceofpolycationsweres
imilar,sug- 
gestinggooddispersionofbothsamplesintheunpolarα-
pinene.The yields,basedontheinitialamountofα-
pinene,forthemostactivecat- 
alystswerebetween80and90%.Theseyieldsweredirectl
ycomparable with those obtained by using zeolites 
and PILC, although the acid- activatedpolycation-
treatedclaymineralsweremarginallylessselec- tive 
towards camphene (Breen and Watson, 1998). 
Catrinescu et al.(2013, 2015) reported in detail on the 
selective synthesis of α-terpinyl 
methyletherfromlimoneneandα-
pinene.Acidsitesandtheirstrength 
playacrucialroleinthesecatalysts.Mildacidactivationwi

th1MHCl for 30 min and with reflux of the raw SAz-
1 clay leads to a material 
withagoodcatalyticbehaviour,whileanyincreaseinthese
verityof theacid-
treatmentcausedamarkeddecreaseincatalyticactivity.T
he catalyst based on the high layer-charge SAz-1 
montmorillonite was themostactive.Ion-
exchangewithAl3+,followedbythermalactivation 
at150°C,affordedthehighestnumberofBrønstedacidsite
s-asignif- 
icantproportionofwhichwerelocatedintheclaygallery-
andthisco- 
incidedwiththemaximumcatalyticactivity,whileanyinc
reaseinthe severity of the acid-treatment caused a
marked decrease in catalytic properties.
TheSTx-1andSWy-
2Mtwereactivatedwithdifferentamountsof
12MHClandthenexchangedwithafixedamountof1MT
MA+chlo- 
ridesolutionatRT,givingrisetoH+/TMA+montmorilloni
tes.Inaddi- 
tion,TMA+/H+sampleswereobtainedbyacidactivationo
fTMA+-
exchangedMt.Theaciditywasdeterminedbyadsorption
ofcyclohexyl- amine and the catalytic activity by the
isomerization of 1-butene at 300 °C to yield cis- and
trans-2-butene. The total conversion for the
isomerizationof1-butenewas higherfortheTMA+/H+-
samplesthan fortheH+/TMA+-
catalysts.TMA+cationsadsorbedontheclaymin- 
eralswereextremelyresistanttoexchangebyprotons,but
protons
wereeasilydisplacedbyTMA+cations(Morontaetal.,20
02).BreenandMoronta(1999)investigatedtheeffectofla
yerchargeofmontmo- rillonitesSWy-2,STx-1,SAz-
1andsaponiteSap-Catreatedwithdiffer- ent amounts of
12 M HCl and 1 M tetramethylammonium chloride
solution at room temperature. The catalytic activity of
these hybrid acid-
activatedorganoclays(AAOC)wasmeasuredusingtheis
omeriza- tion of α-pinene at 120 °C for 1 h to yield
camphene, limonene, and
otherminorproductsandcomparedtoacid-
treatedclaysintheabsence
ofTMA+cations.Thetotalconversionfortheisomerizatio
nofα-pinene wasexcellentforAAOCformedfromSWy-
2(88%)andSTx-1(73%), moderateforSap-
Ca(50%),andlowforSAz-1(20%).Samplestreated
withTMA+alonehadnomarkedcatalyticactivity.Acid-
treatedSap-CaandSTx-
1,whichcontainednoTMA+cations,werealsoeffectivec
at- 
alysts.TMA+cationswereunexpectedlyresistanttoexcha
ngebypro- tons. Breen and Moronta (2000)used the
same three
montmorillonitesandasaponiteastheydidintheirpaperB
reenandMoronta (1999). Here they were activated
with different amounts of
Al3+andtetramethylammoniumTMA+cationstoobtain
materials
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withacombinedAl3+andTMA+contentequaltotheirCEC
s.Thecata- lytic activity was evaluated by reacting α-
pinene at 120 °C for 1 h to 
yieldcamphene,limonene,andotherminorproductsandc
ompared
toclayspreparedwithoutTMA+.Thetotalconversionove
rSap-Ca, STx-1,SWy-2,andSAz-
1was90%,80%,65%,and25%,respectively,in samples
treated with Al3+alone. Similar yields were obtained
over theAl3+/TMA+-
exchangedformswhentheTMA+contentwasb20%
CEC,butthepresenceofTMA+significantlyreducedthet
otalconver- sion.TheactivityoftheAl3+-
exchangedclaysforthetestreactionwas attributed to
their ability to remain expanded at the temperature of
theactivationprocess,thuspermittingeasyaccessofthere
agent.SAz-
1montmorilloniteshowedthelowestcatalyticactivity,fo
rwhichtwo
differentreasonscouldbegiven.Firstly,thehighMgconte
ntinthemin- 
erallayersgaveitthelowestlayerstabilityduringactivatio
nbyHCl.Sec- ondly, its high layer charge of SAz-1
caused cations to attach to the 
layers,restrictingaccessofthereagentstotheactivecentre
sinthein- terlayer galleries.
The effect of short alkyl chain cations on the
modification of the structural, surface and textural
properties of organo-montmorillonites 
uponacidtreatmentwasinvestigatedbyPálkováetal.(201
1).Samples preparedfromCa-
SAzmontmorilloniteandtetramethylammonium
(Me4N

+-),tetraethylammonium(Et4N
+-

).tetrapropylammonium (Pr4N
+-

)andtetrabutylammonium(Bu4N
+-)saltsweretreatedin

6MHClat80°Cfor2–
8handanalyzedbydifferentmethods.Acidtreat- 
mentoforgano-
montmorillonitescausedgradualreleaseofAlandMg
fromtheoctahedralsheetsanddestructionoftheirlayereds
tructure. The extent of the changes depended
significantly on the size of the 
organocation.Whilethelargeplate-likeparticlesofCa-
SAzandMe4N- SAz were disintegrated during acid
treatment, creating smaller fine
grains,themorphologyofBu4N-
SAzwasmodifiedonlyslightly.Pore size analysis 
showed generation of a pore network upon organo- 
montmorillonitedissolution.Withlongeracidattack,por
evolumein- creased and the pore size distribution
curves were shifted, showing 
poreswithdiameterN2.5nm.Thesurfaceareaofacid-
treatedsamples
increasedduetodestructionofthemontmorillonitelayers
andforma- tion of the SiO2-rich reaction product. A
maximum value 475 m2/g wasobservedforMe4N-
SAzafter4hoftreatment.Thesurfaceareas ofEt4N-
SAz,Pr4-SAzandBu4N-
SAzwere441,419and293m2/g,respec- 
tively,after8htreatments.Asimilardecompositionlevel

wasobserved forCa-SAzandMe4N-
SAz,withlesslayerdestructionfoundforEt4N- SAz,Pr4-
SAzandverylittleforBu4N-SAz.ThoughBu4N

+isashort- 
chainalkylcation,itssizeislargeenoughtocovertheinner
andouter surfaces of montmorillonite and thus to 
protect the clay layers from acidattack. 
Madejováetal.(2012)investigatedtheeffectofsurfactant
sizeon the extent of montmorillonite decomposition 
in HCl. Na-SAz montmo- rillonite and 
tetraalkylammonium salts of varying alkyl 
chain(from 
methyl,Me4N,topenthyl,Pe4N)wereusedforpreparation
oforgano- 
montmorillonites.Decreasingintensityofthed001diffract
ionindicated 
thedestructionofmontmorillonitestructureduetogradua
lsurfactant 
release.AshiftoftheSiOstretchingbandto1097cm−1con
firmedthe 
formationofanamorphoussilicaphase.Anewbandnear7
315cm−1correspondingtotheSiOHovertoneindicatedth
epresenceofprotonat- 
edsilica.Thisbandwasobservedinthespectraofallacid-
treatedsam- 
ples,includinginthosewithminordecompositionofthela
yers.Thesize 
ofthecationssignificantlyaffectedthedecompositionof
montmorillon- itesintheacid.TheleaststablewereNa-
SAzandMe4N-SAz,inwhich the octahedral atom 
content dropped to around 5% of their original values 
upon 8 h treatments. Et4N-SAz and Pr4N-SAz were 
slightly more resistant at short treatment times. Bu4N-
SAz and Pe4N-SAz 
showedtheleaststructuralmodifications,asonly50%and
35%ofocta- 
hedralatoms,respectively,werereleasedintosolutionove
r8hoftreat- 
ment.Thisobservationprovedthatthebulkyalkylammon
iumcations 
obstructingtheinnerandoutersurfacesofmontmorillonit
eareeffec- 
tiveatpreventingprotonaccesstothelayers,protectingthe
mineral from degradation by theacid. 
Pálkováetal.(2013)examinedtheeffectoftetrabutylamm
onium 
(Bu4N

+)andtetrapenthylammonium(Pe4N
+)cationsont

hemodifica- tion of the organo-montmorillonite 
structure upon acid treatment. 
SampleswerereactedwithHClfor2–
12h.Theprincipaltoolforfollow- 
ingstructuralchangeswasMAS-
NMRspectroscopy.The29SiMAS-NMR 
spectraoftheinitialNa-saturatedform(Na-
SAz)showedagradualde- 
creaseoftheintensityoftheresonanceassignedtoSiO4cro
ss-linkedin 
thetetrahedralsheetsQ3(0Al),whilesignalsarisingfromt
hereaction products Q31OH and Q4(0Al) became 
more pronounced upon acid 
treatment.TheQ3(0Al)signalalmostcompletelydisappe
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aredforNa- SAztreatedfor8h,unlikeBu4N-
SAzandPe4N-SAz,whichdisplayeda 
signalofrelativelyhighintensityevenafter12hofreaction
.The27Al MAS-NMR measurement showed that more 
than one half of the Al 
remainedinthereactionproductofBu4N-SAzandPe4N-
SAzafter8h 
treatments,whileAlcontentdroppedbelow5%forNa-
SAz.Theforma- 
tionofacidsiteswasinvestigatedviapyridineadsorption.
Onlyphysi- cally adsorbed and H-bonded pyridine 
was detected for acid- 
untreatedsamples.Incontrast,theIRspectraofthesample
spartially 
decomposedinHClrevealedbandsofpyridineadsorbedo
nBrønsted 

Fig.1.ThisfigureisbasedonthedataprovidedbyPálkováetal.(2013)
andMadejováetal.(2015). MIR DRIFT spectra of acid treated 

and not acid treated Na–SAz and Bu4N–SAz 
beforeandafterpyridineadsorption;moredetailsareinthefigure.A

/Na-SAznotacid treated, B/ Na-SAz-2h, acid treated for two 
hours, C/ Bu4N-SAz not acid treated, D/ Bu4N-SAz-12h acid 

treated for 12 h, a - prior to pyridine adsorption, b - after 
pyridine adsorption,c-

afterpyridineadsorptionandsubsequentheatingat230°C. 

acid sites. The pyridine was strongly bonded and did 
not desorb even on heating to 230 °C. 
TheeffectofHCltreatmentincreationofacidsitesinMtwa
sinves- tigated by NIR spectroscopy using pyridine as 
a probe molecule (Madejová et al., 2015). The Na-
form of SAz-1 Mt was treated in 6M HCl for 2–8 h at 
80 °C. A gradual decrease of the intensities of the 
bandsrelatedtostructuralOHgroupsinboththeMIRandN
IRspectra 
reflectedthereleaseoftheoctahedralatomsfromNa-
SAzuponproton attack. A new band near 7315 
cm−1due to the SiOH overtone con- firmed the 
formation of protonated silica. After exposure of the 
Na- SAz to pyridine vapours the intensity of the (ν + 
δ)H2Ocombination 
banddiminished,indicatingthepartialreplacementofwat
ermolecules by pyridine. More details appear in 
(Madejová et al.,2015). 
Fig. 1 is based on the data provided by Pálková et al. 

(2013) and Madejová et al. (2015) from their 
investigation of the spectra in the 1700–1400 
cm−1region after pyridine adsorption. The acid sites in 
un- treated and acid-treated Na-SAz and Bu4N-SAz 
were analyzed. The spectrum of Na-SAz-py 
contained well-resolved bands at 1593, 1573, 1487 
and 1441 cm−1 (Fig. 1A, spectrum b). The most 
intense bands at 1441 and 1593 cm−1 corresponded to 
the hydrogen-bonded pyridine, and the band near 
1487 cm−1indicated the presence  of  weak  BA sites. 
The vibration at 1573 cm−1 has been attributed to the 
physisorbed 
pyridine(Yariv,2002).TheIRspectrumofSAz-2h-
py(Fig.1B,spectrum 
b)showedadecreaseoftheintensitiesofthebandsrelatedt
oH-bondedandphysisorbedpyridinecomparedtoNa-
SAz-py.Inaddition,thewell-
resolvedbandat1539cm−1wasassignedtotheN+–
Hdeformationvi- 
brationofthepyridiniumcation(Yariv,2002).Thepyridin
emoleculesacceptedprotonsfromH3O

+,presentinthesa
mpleafterHCltreatment,
thusconfirmingtheexistenceofstrongBAsitesontheSAz
-2hsurface.Though the reaction product contained
also
silanolgroupstheiraciditywasnotstrongenoughtoproton
atepyridine.Instead,itisbe-
lievedthatthesilanolOHgroupsweremerelyH-
bondedtopyridine.Afterheatingthesampleat230°C(Fig.
1)noabsorptionbandsofpyri-
dinecouldbeobservedinthespectrum.TheexchangeofN
a+withBu4N

+cationsmodifiedtheshapeoftheIRspectru
mintheregion
wheretheringvibrationsofpyridineoccurred(Pálkováeta
l.,2013).Inadditiontothebroadwaterbandnear1630cm−1

,bandsrelatedtodeformation (δ) vibrations of CH3

(1481 cm−1) and
CH2(1462cm−1)groupswerealsoobservedforBu4N–
SAz(Madejováetal.,2012).Afterpyridineadsorption,ba
ndsrelatedtotheringvibrationsofpyridineap-
pearedinthespectrum.Thebandsat1594and1443cm−1w
ereduetoH-bonded pyridine. A broad shoulder in the
1580–
1570cm−1regionarosefromphysisorptionofpyridineont
oseveraldifferentactivesitesonBu4N–
SAz,thesamplewiththemorehydrophobicsurfacecomp
aredtoNa–
SAz.Theidentificationofthebandnear1487cm−1asrelate
dtoweakBAsiteswasdifficulttomakeduetothestrongδCH

3band.Theforces holding the pyridine on the surface
of Bu4N–SAz wererather
weak, as shown by the spectra after thermal
treatment.
Acid treatment changes the IR pattern in the 1650–
1400 cm−1 re- gion(Fig.1).TheIRspectraofBu4N–
SAz–12hafterpyridineadsorption
showedthebandspreviouslyassignedtoskeletalvibratio
nsofpyridine
partiallyoverlappingthebandscorrespondingtodeforma
tionCH3and CH2 vibrations. The well-developed band
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at 1581 cm−1belongs to physisorbed pyridine, while 
the bands at 1594 and 1443 cm−1are due to pyridine 
hydrogen-bonded to the residual water molecules 
and/or to the SiOH groups of the reaction product. 
The band at 
1539cm−1unambiguouslyconfirmstheformationofthep
yridinium cation.StrongBAsitesariseathydratedH+-
donorsitesonthemineral surface, as well as from metal 
cations released from the octahedral 
sheetsofmontmorilloniteuponacidtreatmentandentrapp
edonthe 
surfaceoftheparticlesofthepartlydecomposedsample.T
hechanges tothepyridinebandsuponheatingBu4N–
SAzfor8hweresimilarto 
thosefoundfor2hheatingofNa–
SAz,with29SiMASNMRshowing 
thesameextentofdecompositioninbothcases(~55%).Th
eIRspec- trumofBu4N–SAz–
8hheatedto110°Cshoweddisappearanceofthe 
1581cm−1bandduetodesorptionofphysisorbedpyridine
anda decrease of the intensities of the 1594 and 1443 
cm−1bands 
resultingfromaslightdecreaseintheamountofH-
bondedpyridine. In addition, a new shoulder can be 
seen near 1610 cm−1due to the shrinking of the 1596 
cm−1band. This band is even better resolved after the 
release of H-bonded pyridine upon heating to 170 °C. 
Be- cause the 1610 cm−1band remains in the spectrum 
even after heating to 230 C, and because of the 
diagnostic band of strong BA sites at 1539 cm−1, the 
absorption at 1610 cm−1can be attributed   to the ring 
vibration of pyridiniumcation. 
Although upon 12 h acid treatment of Bu4N–SAz the 
amount of 
decomposedmontmorillonitelayersincreased(Fig.1B),t
hechanges observed in the spectra of pyridine-treated 
samples were almostthe sameasfoundforBu4N–SAz–
8h.ItfollowsthattheBrønstedacidity 
ofthesamplewithb40%ofmontmorilloniteishighenoug
htoproton- ate pyridine, which is strongly 
physisorbed onto the sample evenat 230°C. 
Zimowskaetal.(2013)discussedthepreparationandprop
ertiesof Al-containing porous clay heterostructures 
(PCH). These were synthe- sised from laponite by 
post-synthesis alumination usingaluminium 
isopropoxideandaluminiumnitrateasAlsources(Si/Al=
30and10). 
Thesolidswerecharacterizedby27Aland29SiMAS-
NMR,FTIR,nitrogen adsorption/desorption at −196 
°C, NH3-TPD-MS, pyridine adsorption 
monitoredbyFTIR,andcatalyticdecompositionofethan
ol. 
Alumination resulted in substitution of Al for Si in 
the mesoporous silica component of PCH and in 
formation of extra-lattice Al species. A more uniform 
distribution of Al sites was obtained with the use of 
alu- minium nitrate. Alumination caused a decrease in 
the textural parame- ters, which was more 
pronounced upon impregnation with Al- 
isopropoxide. The parent PCH-L possessed little 

capacity for sorption of basic molecules. Alumination 
enhanced the sample acidity. Pyridine adsorption 
showed that the acidity, especially at elevated 
temperatures, was primarily determined by the 
presence of Lewis acid sites. Brønsted acid centres 
were less abundant and rather weak. 
Clay–polymer nanocomposites are heterogeneous 
materials in
whichatleastoneofthecomponentdomains,thereinforci
ngphase, 
hasadimensionontheorderofnanometres.Thesematerial
sareattrac- 
tivebecausetheirpropertiescanbesignificantlydifferentf
romthoseof 
theindividualcomponents,withtheresultantcomposites
sometimes 
displayingsynergisticproperties,e.g.CarradoandBerga
ya(2007)and Carrado and Komadel(2009). 
Zha et al. (2014) showed that strong interfacial 
interaction and nanodispersion were necessary for 
polymer nanocomposites to have good mechanical 
performance. Mt was first structurally modi- fied by 
acid treatment to produce more silanol groups on the 
layer 
surface.Thiswasfollowedbychemicalmodificationbyco
valently grafting the gamma-methacryloxy propyl 
trimethoxysilanemole- cule on the silanol groups. 29Si 
and 27Al MAS-NMR resultsrevealed microstructural 
changes in Mt after acid treatment andconfirmed the 
proliferation of silanol groups on acid-treated Mt 
surfaces. Thermogravimetric analysis indicated an 
increase in the grafted amount of organosilane on the 
Mt surface. XRD showed that the functionalization 
process changed the highly-ordered stacking 
structureoftheMtintoahighlydisorderedstructure,indic
atingsuc- cessful grafting of organosilane to the 
interlayer surface of the
sheets.Styrenebutadienerubber(SBR)/Mtnanocomposi
teswere further prepared by co-coagulating SBR latex 
and grafted-Mt aque- ous suspension. During 
vulcanization, a covalent interface between modified 
Mt and rubber was established through peroxide 
radical- 
initiatedreactions,andlayeraggregationwaspreventedef
fectively. 
TheSBR/Mtnanocompositeshadhighlyanduniformlydi
spersedMt layers, and covalent interfacial interaction 
wasachieved. 
D'Amico et al. (2014) analysed different strategies for 
modification 
ofanArgentinianbentoniteofCEC=0.939meq/g,combin
ingthereac- tions of cationic exchange, silylation, and 
acid activation with H2SO4. XRD, TG, FTIR and 
water absorption tests were used to characterize the 
samples prepared. A combination of all three –acid-
activation, silylationandcationicexchange–
providedthebiggestbasalspacing, 
aswellaslowequilibriumwateruptake,makingtheresulti
ngbentonite a promising material for clay-
polymernanocomposites. 
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Lin et al. (2014)prepared bentonite-supported 
nanoscale zero- 
valentironforthepurposeofremovingacidvioletredBfro
maqueous 
solution.Bentonitedecreasedtheaggregationoftheironn
anoparticles 
andincreasedtheirreactivity,leadingtotheremovalofN9
5%ofacidvi- 
oletredBcomparedtoN75%removedbythenanoscalezer
o-valentiron in the absence ofsmectite.
Borah et al. (2014)described in situ generation of
Cu0- nanoparticles into the nanopores of modified
montmorillonite and 
theircatalyticperformanceinthethree-
componentcouplingreactions of aldehyde, amine and
alkyne to synthesize propargylamines. The
modificationofmontmorillonitewascarriedoutwithHCl
undercon- 
trolledconditionsinordertogeneratenanoporesintothem
atrix,and these pores acted as a “host” for the in situ
generation of Cu0- nanoparticles.
Rasouli et al. (2014)activated commercial K10 Mt
with H2SO4, followed by modification with
cetyltrimethylammonium bromide 
(CTAB).Theconditionsoftheactivationprocesswereopt
imizedfor
decolourizationefficiency,withthemostfavourableactiv
ationparame- 
tersforMtfoundtobeacontacttimeof2.2hwith3.6MH2S
O4at50°C. TheMt-
K10thusobtainedwascharacterizedbyFTIR,XRD,SEM
and TEM. FTIR analysis confirmed that acid
activation andmodification
causedtheintercalationofCTA+cationsintotheMt-
K10interlayers and an increase inSSA.
JeenpadiphatandTungasmita(2014)evaluatedtheperfor
manceof variousacid-
activatedbentonitesascatalystsintheesterificationreac- 
tions of oleic acid with methanol and of a high acid
content palm or Jatropha oil with methanol or
ethanol. Na-bentonite was acid- 
activatedbyeitherH2SO4atvaryingconcentrationsfrom0
.25to2.0M 
orby0.5MHNO3.Thecharacterizationoftherawandacid-
activated bentonites was then conducted by nitrogen 
adsorption, XRD, XRF, SEMandacid-
basetitrationanalysis.The0.5MH2SO4acid-activated 
bentoniteexhibitedthebestcatalyticactivitywith100%m
ethyloleate yield and 99% free fatty acid conversion 
in the esterification of pure 
oleicacidandoleicacidinpalmoilwithmethanol.Bothcon
versions were higher than that obtained by 
esterification via the commercial Amberlyst-
15catalyst. 
Various2:1typeclaymineralswereactivatedbyH2SO4tre
atment andtheirsolidaciditieswereevaluatedbyNH3-
TPD.Clayminerals 
withvariousdegreesofAlsubstitutioninthetetrahedralsh
eetswere 
usedasthestartingmaterials.Theseincludedmontmorillo

nite(ideally 
notetrahedralAl),saponite(lowtetrahedralAlcontent),v
ermiculite 
(intermediatetetrahedralAlcontent)andphlogopite(hig
htetrahedral 
Alcontent).Allofthesesamplesshowedincreasedsolidac
idityafter selective leaching, the solid acidities 
varying in the order
phlogopitebmontmorillonitebvermiculitebsaponite.Th
eNH3-TPD spectra were deconvoluted into two 
peaks; the L-peak at b 200 °C corresponded to a weak 
acid site and the H-peak at N 250 °C 
correspondedtoastrongacidsite.ThetemperatureoftheH
-peakwas
lowestinphlogopite(252°C)andhighestinsaponite(305°
C).Thegen- 
erationofsolidacidityinthesesampleswasfoundtoberela
tedtothe
evolutionofnewtetrahedralAlsitesshowingaslightlydiff
erent27Al MAS NMR chemical shift from the original
tetrahedral Al NMR resonance.

VIII. ACID DISSOLUTION OF NON-
SWELLING CLAY THINERALS

8.1 Aciddissolutionofnon-
swellingclaymineralssuchasillites,ka- olinites or 
fibrous clay minerals (sepiolite and palygorskite) has 
been a widely studied method for improving their 
surface and cata- lytic properties (Cai et al., 2007; 
Lenarda et al., 2007; Steudel et al.,2009b; Bibi et al., 
2011; Valášková et al., 2011; Worasith et al.,2011; 
Yanik et al.,2012). Kaolinite group minerals 

The dissolution rates of natural kaolinites of different 
origins, of
halloysite,andofilliticclaysinH2SO4andHClweredeter
minedbymea- suring the release rate of aluminium. 
The dissolution rate of kaolinitein 
0.5MH2SO4at25°Cwasapproximatelythreetimeshigher
thaninHCl 
ofequivalentprotonconcentration.Thedissolutionin5M
H2SO4was eight times faster when the solid phase 
was periodically separated
fromtheacidsolution,washedbydistilledwateranddried.
Thealumin- 
iumreleaseratedecreasedastheamountofclay-
sizemicasinkaolinitic 
claysincreased.Theratewasalsoaffectedbythecrystallin
ityoftheclay 
mineral(Hradiletal.,2002).Forlessorderedkaolinite,the
dissolution 
processwasfaster,notonlyinHClbutalsoinKOHsolution
(Pentrák et al.,2009). 
Thesolubilityofkaoliniteinacidsvariedwiththenaturean
dcon- centrationoftheacid,theacid-to-
kaoliniteratio,thetemperature,and 
thedurationoftreatment.Thereactionofnaturalkaolinrefl
uxedwith 1 M–10 M H2SO4 at 110 °C for 4 h 
followed by calcination at 500 °C 
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for2hyieldedamorphoussilica.TheleachingofAl3+catio
nsincreased 
withacidconcentration.Treatmentwith10Macidincreas
edtheSi/Al 
ratiofrom0.65to8.09,theSSAfrom23to143m2/g,andthe
porevol- 
umefrom0.36to1.18cm3/g.Thesolidsphasesthusobtain
edshowed promise as adsorbents and catalyst 
supports (Panda et al.,2010). 
Proton adsorption and desorption could be computed 
from potenti- ometric titration data over the range of 
pH 2–12 using surface complex- ation models. The 
pH for zero proton charge was close to 5.5. The 
positive charge that developed below pH 5.5 was due 
to proton adsorp- tion on aluminium sites of the 
octahedral sheet. The external hydroxyl groups of the 
octahedral sheet were the first to be protonated, while 
secondary protonation took place on either the inner 
hydroxyl groups or the edge aluminol groups. Above 
pH 5.5 the kaolinite surface underwent two 
successive deprotonations, the first at about pH 5.5 
and the second at around pH 9 (Huertas et al., 1998). 
The dissolution mechanism of kaolinite was mainly 
determined by the aluminol surface sites (external 
and internal structural hydroxyl groups and aluminol 
groups at the particle edges) under both acidic and 
alkaline conditions (Huertas et al.,1999). 
KaolinitedissolutionratesatpH2to4andtemperaturesof2
5,50 and70°Cwereobtainedusingstirredandnon-
stirredflow-throughre- 
actors.Theratesincreasedwithincreasingstirringspeeda
ndthestir- 
ringeffectwasreversible.Theeffectofstirringspeedonth
ekaolinite 
dissolutionratewashigherat25°Cthanat50and70°Canda
tpH4 than at pH 2 and 3. Stirring induced the 
formation of fine particles. 
TheratioofreactivesurfaceareatoSSAincreased,andthe
dissolution 
rateofkaolinitewasenhanced.Anequilibriumbetweenth
eproduction 
anddissolutionofthefineparticlescouldexplaintherevers
ibilityas 
wellasthetemperatureandthepHdependenceofthestirrin
geffect (Metz and Ganor,2001). 
PyridineandNH3adsorptionindicatedthatthestrongacid
siteson activated kaolinite were of the Lewis type 
(Tabak and Afsin, 2001). 
Acidactivationincreasedtheamountofprotonatedspecie
sonakaolin- itesurfaceattheexpenseofcoordinatively-
boundNH3.Thepresenceof 
NH+cationsonanactivatedsampledidnotprovetheprese
nceofpro- 
tonicacidsitesonitsown,sincetheaddedprotoncouldhav
ecomefrom 
theresidualwaterintheinterlayerspace.Progressivedehy
drationof 
thesurfaceresultedinastrongincreaseinchemisorbedNH
3. 
Solidacid-

activatedmetakaoliniteshaveshownpromiseasadsor- 
bentsandcatalystsupports.Metakaoliniteswereprepared
bycalcina- tion of kaolinites at 600–900 °C and were 
more reactive than the
parentkaoliniteafteracidactivationwith6MHClat90°C.
6hofreac- 
tionwithacidremovedmostoftheoctahedralAl3+cationsa
ndyielded 
anamorphoussilicaphasewithhighSSA.Acidtreatmentf
or24halso 
removedtheoctahedralcations,butledtotheformationof
amorphous 
silicawithamuchlowerSSA.Metakaolinitepreparedbyc
alcinationat 
900°Chadalowerreactivitythanthematerialsobtainedatl
owertem- peratures (Belver et al.,2002). 

Theactivatedmetakaoliniteswereactivecatalystsforthea
lkylation of benzene with benzyl chloride, giving N 
75% conversion of the
alkylatingagent.Metakaoliniteactivatedwith4MHNO3

achieved87% 
conversionofbenzylchloridetodiphenylmethanewith10
0%selectivity 
within30minofreactiontime.Thismightbetheresultofth
egreater 
surfaceacidityofthissample.Extremelyefficientsolidcat
alystswithre- markable acidic properties could be 
produced by the activation of 
metakaolinitewithH2SO4,HNO3andHClO4(Sabuetal.,1
999). 
Aungetal.(2015)investigatedtheeffectofacidactivation
ofkaolin 
intermsofaluminalosses,surfaceareachanges,andoilble
achingper- 
formance.Groundkaolinwastreatedwithhydrochloricor
citricacid 
andbleachingtestswereperformedonricebranoil.Adsor
ptionstudies 
showedthattheoptimalbleachingachievablewas~83and
~81%forac- 
tivationwith0.5Mhydrochloricorcitricacid,respectivel
y,whereas bleaching with a commercial clay was ~ 
82%. The highest bleaching 
valuewasnotassociatedwiththemaximumclaysurfacear
eaorporos- ity–
theformationofhighlyamorphoussilicawasactuallyfavo
urable 
fortheadsorptionofanionicpigments,suchaschlorophyll
-a.
Aung et al. (2014) focused on the effects of thermal
treatment be- tween 80 and 700 °C of kaolins from
Thailand and chemical activation with 0.3–2 M
H2SO4, regarding the ability to remove the
undesirable colour of rice bran oil. The mineralogical,
physical and physicochemical properties of the initial
and activated kaolins were discussed in relation to the
bleaching effectiveness of the activated sample.
Generally, the greater the temperature used before the
activation step and the greater
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theconcentrationofsulfuricacidusedduringactivation,th
egreaterwas the structural degradation of the 
kaolinite. Al was removed from the oc- tahedral 
sheets of kaolinite and amorphous SiO2dominated in 
the sam- ples. The measured maximum bleaching 
capacity was not necessarily obtained when using the 
activated kaolin of the highest specific surface area 
and pore volume; rather, the bleaching capacity was 
dependent on boththealuminacontentandtheproportion 
ofkaoliniteinthesamples. Partial preservation of the 
kaolinite structure was crucial for obtaining good 
bleaching capacity, as this meant the preservation of 
the aluminol sites likely to be involved in the 
adsorption of unsaturated molecules present in the 
rice bran oil. Partial leaching of Al from the 
octahedral sheets of kaolinite was also an important 
factor in obtaining good bleaching capacities. 
Several physico-chemical methods, including XRD, 
ATR FTIR spec- 
troscopy,andwavelengthdispersiveX-
rayfluorescence,wereusedin 
thecomplexstudyofSzczepaniketal.(2015)tocharacteri
zethepro- 
cessofchemicalmodificationofhalloysitefromthePolish
stripmine 
Dunino.Halloysite,kaolinite,hematite,andcalcitewerei
dentifiedin 
therawsample.Bleachingthehalloysiteremovedorsigni
ficantlyre- 
ducedthecontentofothermineralspresentintherawhallo
ysite.Mod- ification with 4-chloro-aniline caused 
progressive incorporation of amine into thesample. 
Wang et al. (2014) systematically investigated the 
effects of acid- and heat-treatments on the 
physicochemical properties, structure and 
morphologyofhalloysiteusingXRD,FTIR,SEMandTE
M.HCltreatment had no influence on the tubular
mineral structure, but it became amor- phous after
calcination at N500 °C. Ofloxacin (OFL) was
adsorbed onto halloysite via electrostatic interaction
between the protonated  OFL and the negative
halloysite surface. Acid-activation proved an
effective way to improve mineral's rate of adsorption
and release of cationic drug molecules.
Al Bakain et al. (2014) activated kaolin with 1.0
MH2SO4 at mini- mumliquid-to-
solidratiousingmicrowaveheating.Theoptimumcon- 
ditionsforactivationwereanL/Sratioof3.0mL1MH2SO4

pergram kaolin, microwave input power 500–600 W
and heating time of 5– 
10min.ActivationatlowerL/Swasinefficient,indicatingt
hatthesol- vent played a role by absorbing
microwaves more intensively and thus improving
activation. Microwave-heated kaolin had better
adsorp- 
tionoftartrazinedyeduetoimprovementsinthetexturalan
dchemical
propertiesofthekaolinite.Fillingtheporesofkaolinbyaci
dsolutionin- creasedthemicrowaveabsorptionandde-
aluminationofkaolinite.

8.2 Sepiolite and palygorskite 

Thefibrousclaymineralssepioliteandpalygorskitehaveh
adwide- 
rangingindustrialandmedicalapplications,particularlya
sadsorbents, 
catalystsandcatalystsupports,becauseoftheirstructuralc
haracteris- tics and physico-chemical properties. 
Heating and acid activation have often been used to 
enhance their properties (Valentín et al., 2007). 
Donmezetal.(2015)foundthattheadsorptivepropertieso
fnaturalse- 
pioliteintheremovalofCu2+ionfromaqueoussolutioninc
reasedwith 
theinitialcopperconcentration,contacttime,andsolution
pH.Adsorp- 
tionatdifferentoperatingconditionsfollowedapseudo-
secondorder model. The equilibrium adsorption 
results were fitted better with a 
Langmuirisothermthanbyothermodels;theLangmuirm
onolayerad- 
sorptioncapacityofsepiolitewas9.64mg/gatpH6.0and2
0°C.Increas- 
ingthetemperatureassistedthesorptionprocess.Acidacti
vationof 
palygorskitefollowedbyinsituhydrothermaltreatmentw
assuccess- fully utilized in zeolite A synthesis 
(Jianget al., 2012). 
When sepiolite and palygorskite were activated by 
HCl, the octahe- dral sheets progressively dissolved. 
The content of silica increased, and that of octahedral 
cations decreased, with the acid strength. In both 
cases, fibrous free silica was obtained. Sepiolite 
decomposed more rap- idly than palygorskite because 
its octahedral sheets contained more Mg2+and the 
structural microchannels were larger. The removal of 
the cations and disaggregation of the particles, as well 
as the increase in the micropore  volume,  caused 
enlargement of  the  SSA (Myriamet al., 1998). A 
substantial increase in the SSA was observed for 
HCl- treated palygorskite. The obtained free silica 
had the fibrous morpholo- gy of natural palygorskite 
but no microporosity was detected (SuárezBarrios et 
al.,1995). 
LalhmunsiamaandLee(2015)reportedonacidactivation
ofsericite,amica-
basednaturalclay.Itwasannealedat800°Cfor4hfollowe
dbyacidactivationwith3.0MHClat100°Ctoobtainactiva
tedsericite(AS).Theactivationofsericitecausedasignific
antincreaseinthespecificsur-
facearea.Further,SEMimagesoftheASshowedadisorde
redandhet-
erogeneoussurfacestructurewithmesoporesonitssurfac
e,whereasthepristinesericitepossessedacompactlayere
dstructure.Themate-
rialswerefurtheremployedintheremovalofSr(II)fromaq
ueoussolu-
tionsinabatchreactorsystem.RemovalofSr(II)wasstudi
edasafunctionofpH,concentrationofadsorbate,contactti
me,backgroundelectrolyteconcentrationanddoseofads
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orbentusingpristinesericiteandAS.TheremovalofSr(II)
wasenhancedbyincreasingthepHofthesolutionandthee
xtentofSr(II)removalwasincreasedbyincreas-
ingthesorbateconcentration.ThisstudysuggestedthatA
Scanbepro-
ductivelyappliedtotheremovalofSr(II)fromtheaquatice
nvironment.OndissolutionofsepiolitesamplesinHCl,th
eproductsoftreatmentwithmildacidwerenotinfluenced
muchbythepresenceoffreesilica.However,theinfluence
ofsilicabecameimportantwhensamplesweresubjectedt
omoreintenseacidtreatment(Vicenteetal.,1995b).Asthe
amountofironandaluminiumextractedfromsepioliteinc
reased,theSSAofthemineralgrewfrom195to306m2/gan
dtheoriginalmicropo- 
rous structure became mesoporous. 
TheCECofsepiolitewaseliminatedbyacidtreatment,wh
ichhad 
theeffectofprogressivelytransformingthemineralstruct
ureintoan amorphoussilica-
alumina(Dékanyetal.,1999).TheSSAoftheoriginal 
sepioliteincreasedfrom148to263m2/ganddecreasedafte
rwards.Ap- 
proximately16%ofthetotalvolumewastakenupbymicro
pores.Acid activation restricted particle deformation 
during thermal treatment.
Themicroporevolumeincreasedby20%andtheSSAreac
hedvalues N500 m2/g for the acid-treated samples 
(Balci, 1999). 
Naturalandacid-
activatedsepiolitesandpalygorskiteshaveoften 
beenusedasadsorbentsfortheremovalofheavymetalsfro
maqueous 
solutions(Chenetal.,2007,Wangetal.,2007).Frini-
SrasraandSrasra(2008)studied the surface acidity of 
raw and acid-activated palygorskite using acid-base 
potentiometric titrations. The average 
numberofprotonsreactedpersurfacesitewerecalculated,
showing 
thatthetreatmentincreasedtheclayacidityandmodifiedth
esurface 

charge.Frini-
SrasraandSrasra(2010)reportedapronouncedincrease 
oftheSSAofHCl-
treatedTunisianpalygorskiteduetodissolutionofoc- 
tahedralsheetsandthecreationofmesoporosity.Theacid-
activated 
samplesshowedahigheradsorptioncapacityofCd2+thant
henatural palygorskite. 

IX. CONCLUSIONS

Acidactivationofclaysandclaymineralsremainsanattrac
tivemod- ification for research and applications. 
These include the traditional bleaching and 
decolourization of vegetable and other oils by 
materials based on bentonites, but numerous other 
clays can be profitably modi- fied in this way, such as 
swelling vermiculites and various non-swelling 
minerals. The final reaction products contain 

amorphous, porous, pro- tonated and hydrated silica 
with a three-dimensional cross-linked structure. 
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Abstract - 
In the current examination, the powerful reaction of square establishments of various comparable range to mass (Ro/m) 
proportions under coupled vibrations is researched for different homogeneous and layered frameworks. The recurrence 
subordinate solidness and damping of establishment laying on homogeneous soils and shakes are resolved utilizing the half-
space hypothesis. The unique reaction attributes of establishment laying on the layered framework considering rockerock 
mix are assessed utilizing finite component program with sending limits. Frequencies versus adequacy reactions of square 
establishment are acquired for both translational and rotational movement. Another approach is proposed for assurance of 
dynamic reaction of square establishments laying on soil rock and endured rockerock framework as conditions and diagrams. 
The varieties of dimensionless characteristic recurrence and dimensionless full sufficiency with shear wave speed proportion 
are examined for various thicknesses of top soil/endured rock layer. The powerful practices of square establishments are 
likewise examined for various rockerock frameworks by thinking about sandstone, shale and limestone underlain by basalt. 
The varieties of firmness, damping and amplitudes of square establishments with recurrence are appeared in this 
investigation for different rockerock mixes. In the examination, two thunderous pinnacles are seen at two distinct frequencies 
for both translational and rotational movement. It is seen that the dimensionless thunderous amplitudes abatement and 
characteristic frequencies increment with increment in shear wave speed proportion. At long last, the parametric examination 
is performed for block establishments with measurements of 4 m × 3 m × 2 m and 8 m × 5 m × 2 m by utilizing summed up 
charts. The varieties of regular recurrence and pinnacle relocation adequacy are likewise read for various top layer 
thicknesses and unpredictable minutes. 

I. INTRODUCTION

The geology of the Earth consists of all types of soils, 
rocks and minerals belonging to different geological 
periods. Due to its diversity in nature, geotechnical 
engineers and geologists are  exposed to completely 
new set of problems. They encounter the problem 
related to nonhomogeneity because of the presence of 
discontinuities such as bedding planes of varying 
strength, fissures, joints and faults. Due to the 
presence of such geological structures, the studies 
related to the foundations constructed on such 
surfaces become most important. Normally, block 
foundations are required 
tosupportmachines,machinetoolsandheavyequipment
onsuch nonhomogeneous surfaces. These types of 
machinefoundationsareprovided in heavy industries 
like nuclear 
powerplant,hydropowerplant,andpetrochemicalindust
rytoensurethesatisfactoryoper-
ationofthemachines,whichhaveawiderangeofoperating
speeds, dynamic loads and operating conditions. 
Todesignthemachinefoundationsuccessfully,itiscrucia
ltocarryoutcareful engineering analysis to understand 
the responseof blockfounda-
tiontothedynamicloads.Theblockfoundationsaresubjec
tedtoeitherstaticload,orcombinationofstaticanddynami
cloadrepetitivelyoveralongperiodoftime.Thisloadlead
stothegen-
erationofdynamicforcessuchasbalancedandunbalance
dforcesdue to the operation of rotating type or 
reciprocatingtypema-
chinery.Inthecaseofthecoupledvibrations,horizontalan

drocking motions are generated simultaneously under 
theactionofunbalanced horizontal dynamic forces of 
rotating typeofmachines.In the Indian scenario, most 
of the heavy constructionisinprogress on the Deccan 
trap rocks. These rocksaremostlycomposed of 
weathered basalt underlain by fresh basalt.Apart from 
this, the rocks which are slightly weathered at present 
may become weaker in future due to the 
environmental action. Many researchers (Xiao et al., 
2014a, b, 2015; 2016; Xiao and Desai,2016) 
investigated the characteristics of the weathered 
rocks and granular soils related to their dilatancy, 
particle breakage and transitional behaviors. It is 
found that the density and pressure have great 
influences on the strength and stressestrain 
behaviorsofweatheredrocksandgranularsoils.Thesema
terials exhibit strain hardening, postpeak strain 
softening, volumetric contraction, and expansion with 
a range of densities and pres- sures. Hence, the shear 
wave velocity, stiffness and damping values are 
significantly influenced by the state of the material, 
which varies from hard rocks to highly weathered 
rocks or granular soils. Therefore, the foundations for 
heavy machinery and structures on such type of 
ground conditions must be
studiedthoroughlyforthefuturesafety.Ingeneral,thesela
yered combinations can be classified as (i) 
soilerock/weathered rockerock system and (ii) 
rockerock system. The dynamic analysis of block 
foundations resting on these layered systems is very 
complex.Fewstudiesareavailableintheliteratureregardi
ngthe methodology of determination of the natural 
frequencies and resonant amplitudes of block 
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foundation under coupled hori- zontal and 
rockingvibration. 
Hence,inthepresentstudy,anattemptismadetoanalyzeth
e effect of various soilerock and rockerock 
foundation systems on dynamic response of block 
foundations of different mass and equivalent radii 
under coupled mode of vibrations. Thedynamic 
response characteristics of foundations are studied by 
using the 
theoriesproposedbyVeletsosandWei(1971)andKausel(
1974)for homogenous and layered system, 
respectively. The variations of 
naturalfrequencyandresonantamplitudewithshearwave
velocity are investigated for different top layer 
thicknesses. The dynamic 
behaviorsofblockfoundationsareanalyzedfordifferentr
ockerock 
systemsbyconsideringsandstone,shaleandlimestoneun
derlain by basalt. The variations of stiffness, damping 
and amplitudesof foundation with frequency are 
shown in this study for various rockerock 
combinations. The variations of natural frequencyand 
peak displacement amplitude are also studied for 
different top layer thicknesses and eccentric 
moments. Finally, the parametric study is carried out 
to determine the natural frequency and reso- nant 
amplitude  for  block  foundations  with 
dimensionsof     4 m 3 m 2 m and 8 m 5 m 2 m using 
generalized relations proposed in thestudy. 

II. THEORETICAL INVESTIGATION

The classical work on vibratory response of 
foundations was carried out by Lamb (1904). 
Subsequently, Reissner (1936) devel- oped an 
analytical solution to periodic vertical displacement at 
the centerofthecircularloadedareawithelastichalf-
spacemathe- 
maticalmodel.Arnoldetal.(1955)extendedtheelastichal
f-space
theorytoincludeothermodesofvibrationsusingrigidbase
type contact stress distribution and weighted average
displacement condition. Hsieh (1962) obtained the
expressions for the frequency- dependent stiffness
and geometrical damping in terms of displacement
functions. Lysmer (1965)and Lysmer and
Richart(1966)showed that vertical vibration of a
rigid  circular  footing can be represented by a
simplified analog consisting of a simple damped
oscillator with physical parameter that gives good
agree- ment with the response curve obtained from
the elastic half-space theory. It is well established
now that the dynamic response of foundations
depends on several factors, i.e. size and shape of the
foundation, depth of embedment, soil profile, soil
properties, fre-quency of loading, and mode of
vibration (Richart et al., 1970;Gazetas and Stokoe,
1991). The finite element approach has been
usedtocalculatethestiffnessanddampingofembeddedfo
unda- 

tionsbyanumberofinvestigators(UrlichandKuhlemeyer
,1973;Kausel and Ushijima, 1979). Beredugo and 
Novak (1972)and Novak and Sachs (1973)presented 
the stiffness and damping for 
thecoupledandtorsionalmodeofvibrationofembeddedf
ootings, and it was found that both the stiffness and 
damping values in-
creaseduetotheembedmentoffooting.VeletsosandVerb
iˇc(1973)andVeletsosandNair(1974)proposedstiffness
anddampingpa- rameters of embedded footing for 
different modes of vibrations. Furthermore, 
Warburton (1957), Hadjian and Luco(1977)and 
Kagawa and Kraft (1981)studied the dynamic 
response of foun- dations considering the 
heterogeneities of thesoil. 
The dynamic impedance of block foundation resting 
on ho- mogenousdepositconsideredashalf-
spaceisevaluatedusingthe theory proposed by 
Veletsos and Wei (1971). Furthermore, the theory 
proposed by Kausel(1974)is used for the layered 
system 
analysisinwhichtoplayeristreatedasstratumandbottoml
ayeris consideredashalf-
space.Dynamicresponsesofblockfoundationin 
soilerock and rockerock system under vertical 
vibrations were studied by Kumar et al. (2013)and the 
natural frequency and
amplitudewerecorrelatedwithshearwavevelocityratio.
Dimen- 
sionlessgraphsandvariousequationswereproposedtodet
ermine the stiffness and damping of block foundation 
under vertical vi- brations in soilerock/rockerock 
system. However, there are no 
similarstudiesmadetoinvestigatethedynamicresponseo
fblock foundation in soilerock and rockerock system 
under coupled vi- brations (horizontal and 
rockingmotion). 

2.1 Homogenous medium 

In the present study, an approximate solution 
proposed by Veletsos and Wei (1971) is used to study 
the steady-state response of rigid circular disk of 
infinitesimal thickness supported at the surface of a 
non-dissipative, homogeneous, linear elastic half- 
space. The weight of the disk is assumed to be 
negligible. The exciting forces considered include a 
harmonically varying lateral force directed along the 
x-axis, and harmonically varying moment acting
about they-axis. The following assumptions are
proposed:
(i) the normal component of the contact pressure is
assumed to be zero due to horizontal force, and (ii)
the horizontal or shearing components of the interface
pressure are assumed to be zero due to overturning
moment. Thus, it permits the horizontal translational
motion of the disk to be evaluated independently. The
surrounding region of disk is assumed to be stress
free.
In order to compute the coupled displacements, the
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amplitudes of the steady-state horizontal 
displacement and rotation of the disk,uandf,stateas 

wherefandg 
arethedimensionlessflexibilitycoefficients;iisthe 
imaginary unit, satisfying i2¼ —1; ust is the 
horizontal displace- 
mentbystatichorizontalforce,P;fstistherotationofdiskdu
eto 
staticmoment,M;nisthePoisson’sratioformaterialofhalf
-space; ro is the equivalent radius; and G is the shear
modulus. The flexi- 
bilitycoefficientsfandgarethefunctionsofnanddimensio
nless 
frequencyparameter(ao),andao¼uro/Vs,whereuisthecir
cular frequency of the excitation, and Vs is the shear 
wave velocity in the half-space. 
The force amplitudes, P and M, corresponding to the 
displace- mentamplitudes,uandf,canbeexpressedas 

wherek and c are the dimensionless stiffness 
coefficient and damping coefficient, respectively, 
depending on ao and ro; Kxrep- resents the horizontal 
static force necessary to produce a unit horizontal 
displacement of the disk, and Kx P/ust. 
If the off-diagonal terms of the flexibility matrix 
areneglected, f12, f21, g12, and g21are assumed to be 
zero, the forceedisplacement relationship for the disk 
can be obtained from thefollowing equations: 

whereKfrepresentsthestaticmomentnecessarytorotatet
hedisk 
byaunitamountwithnorestrictiononthevalueofthehoriz
ontal displacement,andKfM/fst. 
The stiffness function for horizontal and rocking 
motion are calculated from Eq. (5). The above 
methodology is used to inves- tigate the dynamic 
response of block foundation resting on ho- 
mogeneous medium by using the computer program 
DYNA 5 (Novak et al., 1999). 

2.2 Layered medium 

The analysis is carried out using finite element 
method based formulation and computer program 
developed by KauselandUshijima (1979). A three-
dimensional (3D) axisymmetric finite element model 
with transmitting boundaries is used to model a 

rigidcircularfoundationrestingonahomogeneousrockst
ratumof finite depth lying on a much stiffer rock-like 
material. The trans-
mittingboundariesusedweredevelopedbyKausel(1974)
tothe3D case with axisymmetricgeometry. 
Kausel and Ushijima (1979) presented a numerical 
method for the dynamic analysis of axisymmetric 
foundation resting on viscoelastic soil layers over 
rock of infinite horizontal extent. The solution 
technique developed by Lysmer and Waas (1972)was 
extended for the analysis of axisymmetric systems 
subjected to arbitrary non-axisymmetric loading 
using Fourier expansion method. 
For the plane symmetric displacement modes, the 
forced hori- zontal displacement is referred to as 
swaying and the forced rota- tion about horizontal 
axis is referred to as rocking. The stiffness functions 
can be given as  

whereKsisthehorizontalstiffnessfunction,Kjistherocki
ng 
stiffnessfunction,KsoandKjoaretherealpartsofthestiffn
ess functions in the static case, and bis the internal 
damping coefficient. 
Using the methodology proposed by different 
researchers, the 
analyses are carried out to determine the dynamic 
response of block foundation in soilerock system, 
weathered rockerocksystem and rockerock system. 
The methodology involved in this study is 
incorporatedinthecomputerprogramDYNA5(Novaket
al.,1999). This program is used to present the 
dynamic behavior of block foundation in terms of 
frequency response curves fordisplacement, 
stiffness, and damping constants for layered system. 

III. RESULTS AND DISCUSSIONS

Theanalysesarecarriedoutforthreeeccentricmoments,i.
e. 0.45 N m, 0.366 N m, 0.278 N m for both
homogeneous and layered media. The results of
translational amplitude, rotational amplitude and
frequency are then respectively plotted in
dimensionless form using the following equations:

wherex is the amplitude of system, m is the total mass 
of the
footingandmachine,Ijisthemomentofinertia,meisthema
ssof 
eccentricrotatingpartofoscillator,eistheeccentricityofr
otating 
partofoscillator,joistherotationalmoment,anduistheang
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ular operatingfrequency. 
Two different ratios of equivalent radius to mass of 
block foundation, i.e. (Ro/m)1 2.85 10—5and 
(Ro/m)21.74 10—5, are considered to study the effect 
of mass and size of foundation on the dynamic 
response of block foundation, where Ro is the 
equivalent radius of footing in meter. The properties 
of soil and rocks 
consideredfortheanalysisareshowninTable1(Zhao,201
0). 

3.1 Homogeneous medium 

In the case of homogenous medium, the theory 
proposed by Veletsos and Wei (1971)has been used 
for the analysis of block foundation resting on 
homogeneous soil and four types of homo- geneous 
rocks, i.e. sandstone, shale, limestone and basalt. The 
stiffness and damping constant are normalized as 

wherekoisthenormalizedstiffnessconstant,whichisterm
edaskh 
andkrforhorizontalstiffnessandrockingstiffness,respect
ively;co is the normalized damping constant, which is 
ch and cr for hori- 
zontaldampingandrockingdamping,respectively;andks

oil(ao¼0) is the stiffness of soil at ao¼0. 

Table 1 
Properties of soil and rocks (Zhao, 2010). 

The variations of normalized horizontal stiffness (kh) 

with dimensionless frequency (ao) for all types of 
homogeneous soil and rocks are shown in Fig. 1a and 
b for (Ro/m)1 and (Ro/m)2, respec- tively. The 
variation of normalized rocking stiffness (kr) with 
dimensionless natural frequency (ao) are shown in 
Fig. 2a and b for (Ro/m)1 and (Ro/m)2, respectively. It 
has been observed that both horizontal and rocking 
normalized stiffness values are maximum for the 
basalt among all materials considered here. Hence, 
the foundation resting on basalt has higher resistance 
for both hori- zontal and rocking displacements as 
compared to other rocks and soil. 
The variations of normalized horizontal damping (ch) 
with dimensionless frequency (ao) are shown in Fig. 
3a and b for (Ro/m)1 and (Ro/m)2, respectively. The 
variations of normalized rocking damping (cr) with 
dimensionless frequency (ao) are also shown inFig. 4a 
and b for (Ro/m)1 and (Ro/m)2, respectively. It is noted 
that 
the normalized damping increases significantly as 
dimensionless frequency decreases at low frequency 
condition for both horizontal and rocking motion 
because of the conversion of frequency- independent 
material damping (b) to the equivalent viscous 
damping coefficient (c) as c 2b/u. It is also observed 
that the normalized horizontal and rocking damping 
values for soil are much lower than those of the 
homogeneous rocks. 
The variations of dimensionless translational 
amplitude (Ax) and
dimensionlessrotationalamplitude(Aj)withdimensionl
essfre- quency(ao) are shown in Fig. 5a and b for both 
(Ro/m)1and (Ro/m)2, respectively. It is observed from 
these figures that there are two dimensionless 
amplitude peaks at two different dimensionless fre- 
quencies. For (Ro/m)1, the maximumvalue of 
dimensionless frequency is lower and the maximum 
dimensionless amplitude is higher than the (Ro/m)2for 
both horizontal and rocking motion. The maximum 
value of dimensionless amplitude is higher for soil as 
compared to 

Fig. 1. Variations of normalized horizontal stiffness (kh) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 
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Fig. 2. Variations of normalized rocking stiffness (kr) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 

Fig. 3. Variations of normalized horizontal damping (ch) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 

Fig. 4. Variations of normalized rocking damping (cr) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 
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those of the rocks for both translational and rotational 
cases. It can also be seen that the dimensionless 
frequency (ao) corresponding to 
themaximumvalueofdimensionlessamplitudeforsoilisl
owerthan those of the rocks for both translational and 
rotationalmotion. 

3.2 Layered medium 

By using the theory proposed by Kausel (1974), the 
analyses are carried out to study the dynamic 
response of block foundations resting on layered 
soilerock and rockerock systems. In the case of 
layered medium, the dimensionless parameter which 
appreciably influences the dynamic response of block 
foundation is the H/B ratio, where H is the depth of 
top layer and B is the width of foundation. In the 
present study, three different H/B ratios, i.e. 0.5, 1 

and 1.5, are considered. The results of dynamic 
impedance of foundations, pertaining to all possible 
translational and rotational modes of vibration, are 
plotted in the form of dimensionless pa- 
rametersofstiffness,dampingandamplitude.Theratiosof
stiffness and damping of the layered system to the 
stiffness of homogeneous igneous rock are taken to 
obtain the normalized stiffness and damping of 
layeredsystem: 

Fig.5.Variationsof(a)dimensionlesstranslationalamplitude(Ax)and(b)dimensionlessrotationalamplitude(Aj)withdimensionlessfrequen
cy(ao)for(Ro/m)1and(Ro/m)2ratios. 

3.2.1 Soilerock and weathered rockerock systems 
It is well established that the shear wave velocity is 
greatly influenced by the state of the material, which 
varies from hard rock to highly weathered rock or 
granular soils. Therefore, in the case of soilerock and 
weathered rockerock systems, the analyses are carried 
out by considering shear wave velocity as an 
important parameter. In the layered system, the soil or 
weathered rock layeris normally underlain by hard 
rock and hence the layered medium can be defined by 
two shear wave velocities, i.e. Vs1 and Vs2 (where Vs1 
is the shear wave velocity of top layer, and Vs2 is the 
shear wave velocity of bottom half-space). Therefore, 
in the present study, the dynamic behavior of block 
foundation on layered medium is 
investigatedintheformofshearwavevelocityratio(Vs1/Vs

2). 
Three different shear wave velocity ratios, i.e. 0.8, 0.6 
and 0.3, are considered in the analyses to represent 
limestoneebasalt, 

shaleebasaltandsandstoneebasaltsystems,respectively.
Thenthevariations of natural frequency and resonant 
amplitudeof 
translational and rotational modes of vibration are 
obtained for H/ B 0.5, 1 and 1.5. The maximum 
dimensionless amplitude with its subsequent 
dimensionless natural frequency is obtained for all 
shear wave velocity ratios. The trend lines are plotted 
for twocases: 
(i) natural frequency and shear wave velocity, and (ii)
resonant amplitude and shear wave velocity ratios.
The shear wave velocity ratio (Vs1/Vs2)  0.5 is
normally considered to represent  the soilerock and
weathered rockerock systems (Gupta and Rao, 1998).
Therefore, the extrapolation is done for shear wave
velocity ratio
(Vs1/Vs2)upto0.5byusingtheequationoftrendline.
The variation of dimensionless natural frequency for
the first peak with shear wave velocity ratio is shown
in Fig. 6a for both (Ro/ m)1 and (Ro/m)2. Similarly, the
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variation of dimensionless natural frequency for the 
second peak with shear wave velocity ratio is shown 
in Fig. 6b for both (Ro/m)1 and (Ro/m)2. The trend 
lines shown in the graph are the variations of the first 

and second natural fre-
quencieswithshearwavevelocityratiosforthecoupledvi
bration.It 

Fig. 6. Variations of dimensionless natural frequency with shear wave velocity ratio (Vs1/Vs2) for (Ro/m)1 and (Ro/m)2: (a) First peak, 
ao1, and (b) Second peak, ao2. 

is observed from the figures that the trend lines show 
decrement with the decrease in shear wave velocity 
ratio. The variations of 
dimensionlesstranslationalamplitude(Ax)withshearwa
ve velocity ratio is shown in Fig. 7a and b for (Ro/m)1 
and (Ro/m)2, respectively.
Similarly,thevariationsofdimensionlessrotationalampl
itude(Aj) with shear wave velocity ratio is shown in 
Fig. 8a and b for (Ro/m)1 and (Ro/m)2, respectively. It 
can be seen from these figures that the values of 
dimensionless natural frequency are higher and 
dimen- sionless translational and rotational 
amplitudes are lower for (Ro/ m)2 as compared to 
(Ro/m)1. It can be seen from Figs. 7 and 8 that as H/B 
ratios increase, the dimensionless rotational and 
translational 
amplitudesdecrease.Aconvergingtrendisfoundforthetr
endlines representing resonance frequency and 
amplitudes for various H/B ratios as the values of 
Vs1/Vs2 increase. Therefore, the effect of H/B ratio 
reduces as the shear wavevelocity ratio increases. 
It  is  observed  that  with  the  increase  in  shear 
wave velocity ratio, the dimensional natural 
frequencies increase and the dimensionless resonant 

amplitudes decrease. Therefore, the dimensionless 
natural frequencies are found lower and the 
dimensionless resonant amplitudes are found higher 
in the case of soilerock system than those in 
weathered rockerock system. 

3.2.2 Rockerock system 
In the present study, the rockerock combinations 
considered are limestoneebasalt, shaleebasalt and 
sandstoneebasalt with shear wave velocity ratio of 
0.8, 0.6 and 0.3. The variations of dimensionless 
frequency, dimensionless translational and rota- 
tionalamplitudesarestudiedforvariousH/Bratiosandshe
arwave velocityratios. 

The variations of normalized horizontal stiffness (kh) 
with 
dimensionlessfrequency(ao)areshowninFig.9aandbfor
(Ro/m)1 and (Ro/m)2, respectively, for 
sandstoneebasalt, shaleebasalt and
limestoneebasaltsystems.Similarly,thevariationsofnor
malized 
rockingstiffness(kr)withdimensionlessfrequency(ao)ar
eshown 
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Fig. 7. Variations of dimensionless translational amplitude (Ax) with shear wave velocity ratio (Vs1/Vs2) for (a) (Ro/m)1 and (b) (Ro/m)2 
ratios. 

Fig.8.Variationsofdimensionlessrotationalamplitude(Aj)withshearwavevelocityratio(Vs1/Vs2)for(a)(Ro/m)1and(b)(Ro/m)2ratios. 

inFig.10aandbfor(Ro/m)1and(Ro/m)2,respectively.Itcan
beseen that the normalized horizontal and rocking 
stiffness values are 
higherforlimestoneebasaltsystemthanthoseforothertw
orockerocksystems,becauseofhighershearwavevelocit
yratiooflime- 
stoneebasaltsystem.Also,thenormalizedhorizontalandr
ocking 
stiffnessvaluesofshaleebasaltsystemarelargerthanthos
eofthe sandstoneebasalt system. It is also observed 
that the normalized stiffness values decrease with the 
increase in H/B ratios approxi- 
matelyuptodimensionlessfrequency(ao)of1.5forbothh
orizontal and rockingmotion. 
The variations of normalized horizontal damping (ch) 
with dimensionless frequency (ao) are shown in Fig. 
11a and b for (Ro/m)1 and (Ro/m)2 respectively for all 
rockerock systems. Similarly, the variations of 
normalized rocking damping (cr) with dimensionless 

natural frequency (ao) are shown in Fig. 12a and b for 
(Ro/m)1 and (Ro/m)2, respectively. It is found that both 
normalized horizontal and rocking damping (ch and 
cr) values increase as shear wave velocity ratio 
increases. It is also noted that the normalized 
dampingisverylowforsandstoneebasaltsystemascompa
redto those for other rockerock systems. It can also be 
seen that the
variationsofnormalizeddamping(chandcr)valueswithH/
Bratio are very less for lower dimensionless 
frequency, ao<0.2. The
normalizeddampingincreaseswiththeincreaseinthickne
ssoftop layer approximately up to dimensionless 
frequency (ao) of1.5 for both horizontal and 
rockingmotion. 
Thevariationsofdimensionlesstranslationalamplitude(
Ax)and 
rotationalamplitude(Aj)withdimensionlessfrequency(a
o)for
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sandstoneebasaltsystemareshowninFig.13aandbforbot
h(Ro/ m)1 and (Ro/m)2, respectively. Similarly, the 
variations of dimen- sionless translational and 
rotational amplitudes withdimension- 
lessfrequencyareshowninFig.14a 
andbrespectivelyforshaleebasaltsystem.Further,thevar

iationsofdimensionlesstranslational 
androtationalamplitudeswithdimensionlessfrequencya
reshown 
inFig.15aandbrespectivelyforlimestoneebasaltsystem.
Itis 

Fig. 9. Variations of normalized horizontal stiffness (kh) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 

Fig. 10. Variations of normalized rocking stiffness (kr) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 

Fig. 11. Variations of normalized horizontal damping (ch) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 
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Fig. 12. Variations of normalized rocking damping (cr) with dimensionless frequency (ao) for (a) (Ro/m)1 and (b) (Ro/m)2 ratios. 

found that in most of the cases, the response is 
dominated by the first resonant peak and the second 
resonant peak is entirely sup- pressed for both 
translational and rotational motion. It is alsofound 
that the dimensionless natural frequencies increase 
and the dimensionless resonant amplitudes decrease 
with the increase in shear wave velocity ratio. It is 
observed that the maximum value of dimensionless 
frequency is lower and the maximum dimensionless 
amplitude is higher for (Ro/m)1 than that for (Ro/m)2 
for all rockerock systems in the case of both 
horizontal and rocking motion. 

IV. PARAMETRIC STUDIES

The parametric study is carried out for two block 
foundations with dimensions of 4 m   3 m    2 m and 8 
m    5 m    2 m, sub- jected to coupled horizontal and 
rocking vibrations. The values of horizontal and 
rotational amplitudes corresponding to their natural 
frequencies are shown in Tables 2 and 3 for block 
foundationswith 

dimensions of 4 m   3 m   2 m and 8 m    5 m    2 m, 
respectively.   
Thefrequencyandamplitudevaluesarepresentedfortwo
different eccentric moments (mee0.028 N m and 
0.045 N m). The values listed in Tables 2 and 3 are 
obtained with the help of generalized graphs 
proposed in the presentstudy. 
The natural frequencies for soilerock and weathered 
rockerock systems are found by using Fig. 6a and b. 
Similarly, Fig. 7a and b are used for determining the 
values of translational am- plitudes and Fig. 8a and b 
are used for rotational amplitudes for soilerock and 
weathered rockerock systems. It is observed from 
Tables 2 and 3that the values of both natural 
frequency and maximum amplitude vary with mass 
and size of block founda- tions. For soilerock system, 
the  resonant  amplitudes  are  found higher and the 
natural frequencies are found lower as compared to 
those for other rockerock systems. It is also observed 
that the values of natural frequencies are higher and 
theresonantamplitudesarelowerforlimestoneebasaltsys
tem 

Fig.13.Variationsof(a)dimensionlesstranslationalamplitude(Ax)and(b)dimensionlessrotationalamplitude(Aj)withdimensionlessfreque
ncy(ao)forsandstoneebasaltsystem for (Ro/m)1 and (Ro/m)2 ratios. 
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Fig.14.Variationsof(a)dimensionlesstranslationalamplitude(Ax)and(b)dimensionlessrotationalamplitude(Aj)withdimensionlessfreque
ncy(ao)forshaleebasaltsystemfor (Ro/m)1 and (Ro/m)2 ratios. 

as compared to those for all other systems. Therefore, 
the lime- stoneebasalt system can be considered as 
the best foundation medium for block foundation 
among all other systems consid- ered in this study, 
because the limestoneebasalt system is suit- able for 
machines with high operating frequencies and low 
amplitude of vibration. 

V. CONCLUSIONS

In the present study, an effort is made to study the 
dynamic response of block foundations resting on 
homogeneous andlayered media under coupled 
horizontal and rocking vibrations. Two different Ro/m 
ratios are considered to investigate the effect of size 
and mass of block foundation. Analyses are carried 
out to studythe variations of stiffness, damping and 

amplitude with frequency of block foundation for 
three different media: (i) homogeneous soil and 
rocks, (ii) soil/weathered rockerock system, and (iii) 
rockerock system. For all the cases, the response is 
dominated by the first resonant peak and the second 
peak is entirely suppressed in the case of translational 
motion. However, the reverse trends are found in the 
case of rotational motion. 
In the case of homogeneous medium, it is found that 
the normalized horizontal and rocking stiffness values 
for block foun- dations on soil are lower than those 
for the block foundations on 
rocks.Itisalsoobservedthatthenormalizedhorizontaland
rocking damping values for soil is much lower than 
those for the homo- geneous rocks. Therefore, the 
dimensionless translational and rotational amplitudes 
for soil are found higher than those forrocks 

Fig.15.Variationsof(a)dimensionlesstranslationalamplitude(Ax)and(b)dimensionlessrotationalamplitude(Aj)withdimensionlessfreque
ncy(ao)forlimestoneebasaltsystem for (Ro/m)1 and (Ro/m)2 ratios. 
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× × × × 

Table 2 
Observed natural frequency and resonant amplitude for different eccentric moments for foundation with dimensions of 4 m × 3 m × 

2 m. 

Table 3 
Natural frequency and resonant amplitude for different eccentric moments for foundation with dimensions of 8 m × 5 m × 2 m. 

and the dimensionless natural frequencies for soil are 
found lower than those for rocks. 
In the case of layered medium, i.e. soilerock and 
weathered rockerock systems, different equations are 
proposed to calculate the dimensionless natural 
frequency and resonant amplitudes for both 
translational and rotational motion in terms of H/B 
ratios and shear wave velocity ratio. It is observed 
that the dimensional nat- ural frequencies increase 
and the dimensionless resonant ampli- tudes decrease 
with the increase in shear wave velocity ratio. 
Therefore, the dimensionless natural frequencies are 
found higher in the case of weathered rockerock 
system than those for soilerock system and the 
dimensionless resonant amplitudes are foundhigher in 
the case of soilerock system than those for the 
weathered rockerock system. These parameters are 
presented in the form of shear wave velocity, as the 
testing for strength parameters of these weathered 
rocks is very difficult in laboratory. The graphs pre- 
sented can directly be used by the practicing 
engineers for esti- mation of natural frequency and 
resonant amplitude of block type machine 
foundations resting on different layered combinations 
like soilerock and weathered rockerocksystems. 
For rockerock systems, it is observed that the 
normalized stiffness decreases and the damping 

increases with increase in thickness of top layer 
approximately up to dimensionless frequency of 1.5 
for both horizontal and rocking motion. It is found 
that both normalized stiffness and damping increase 
with increase in shear wave velocity ratio. Therefore, 
the dimensionless resonant ampli- tudes decrease and 
the natural frequencies increase with increasein shear 
wave velocity ratio for both translational and 
rotational motion. It is also found that both the 
dimensionless resonant am- plitudes and natural 
frequencies decrease with increase in H/B ratio. 
The effect of Ro/m ratio on the frequency-
amplituderesponseis 
alsoinvestigatedforhomogeneousandlayeredsystems.It
is observed that the maximum value of 
dimensionlessfrequencyis lower and the maximum 
dimensionless amplitude is
higherfor(Ro/m)1thanthosefor(Ro/m)2forbothhorizontal
androckingmotion.Theparametricstudyisalsocarriedou
tforthecaseofblock foundation with dimensions of4 m

3m 2 m and8m 5m 2 m, 
using normalized graphs proposed in the 
presentwork.Thevaluesoftranslationalandrotationalam
plitudescorrespondingtotheir natural frequencies are 
presented. It is observed
fromTables2and3thatthenaturalfrequenciesareloweran
dtheresonantamplitudesarehigherforsoilebasaltsystem
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ascomparedtothosefor all other rockebasalt systems, 
because of the 
lowshearwavevelocityratioofsoilebasaltsystem.Thebe
stpossibleoptiontobeconsideredasfoundationmediumf
orblockfoundationistheonehaving high natural 
frequency and low resonantamplitude. 
Therefore,thelimestoneebasaltsystemcanbeconsidered
asgood foundation medium for the blockfoundation. 
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Abstract - 
Piezoceramic components are the electro-mechanical transducers which produce shear and pressure waves. Utilization of 
these piezoceramic drinking spree/extender components is an arising pattern in geotechnical designing for deciding different 
soil properties. Nonetheless, wave speeds utilizing piezoceramic elements are influenced by different factors, for example, 
the drinking spree soil communication, sorts of info waves, molecule size and shape, measurement of soil example, contact 
conduct, reflection and refraction wonders and different hardware boundaries, for example, recurrence, plentifulness, electro-
mechanical properties and math of drinking spree/extender components. Keeping this in view, a point by point audit and 
examination of the outcomes from drinking spree/extender component testing as accessible in writing was done and is 
introduced in this paper. Butt-centric ysis of the test outcomes accessible in writing has been finished regarding different 
components influencing wave speed and the strategy for translation. Result from the current work should be helpful for 
determination of different estimating boundaries during drinking spree/extender tests in soils. 

I. INTRODUCTION

The concept of piezo-electricity was first discovered 
by Jacques and Pierre Curie in 1880 [1]. Based on 
this concept later on, var- ious Piezoceramic actuators 
and sensors were developed which 
havewideapplicationsinvariousfieldsofengineering,me
dicaland interdisciplinary research for non-destructive 
testing of different materials [2]. Bender/extender 
elements are one of these electro- mechanical 
transducers which work on piezo-electric effect 
[3,4].These are small sized cantilever beams made up 
of pure semicon- ductors such as quarts (natural) or 
Lead zirconate-titanate/Barium titanate (man-made) 
to generate shear and compression waves in the 
laboratory [5,6]. The material experiences a change 
inits physical dimensions in the form of bending or 
extending with the application of electric potential 
across it and vice-versa [4,7–9].Behaviour of the 
element, thus acting as a bender or extender (and 
hence generating shear and compression waves, 
respectively) depends upon the direction of 
polarization (same/opposite) and the types of 
connection (series/parallel) of two individual piezo- 
ceramic plates sandwiched to a central electrode. 
During theinitial stages of research, one set of 
piezoceramic elements (trans-mitter and receiver) 
was used to act either as a bender or an extender. 
Later on, some of the researchers developed novel 
ben-der/extender element that allows a single set of 
transducers to function both as bender and extender 
with the help of a master control box[10]. Since last 
few decades, use of these piezoce- ramic bender 
elements is becoming more and more popular in 
advanced geotechnical investigations because of its 
simplicity and non-destructive nature [11–14]. 
Researchers have incorporated the bender elements in 
various laboratory testing equipments like tri- axial 

cell, oedometer, resonant column apparatus and 
torsional shear testing devices [14–20]. Shear wave 
velocity thus obtained,
hasbeencorrelatedwithvariousengineeringpropertiesof
soilsviz., unconfined compressive strength, undrained 
shear strength, pois- son’s ratio, shear modulus, SPT 
(Standard Penetration Test) valueetc [16,21–23]. 
Moreover, researchers have developed empirical 
relationships between the shear wave velocity and 
various index properties of soil viz, void ratio, 
compression index, liquid limit etc. [24]. 
However, applicability of bender/extender elements 
for in-situ testing is still questioned by many of the 
researchers due to itsfunc- 
tioninthesmallstrainrangeandthepresenceofhighnoisel
evelsin the signals caused by surrounding effects. 
Nonetheless, some of the researchers [25]. have 
proposed the use of portable bender element device as 
a non-destructive technique in the field for sample 
quality assessment of soft clayey soils. On the other 
hand, bender element tests have been performed by 
some of the researchers on different soil specimens 
with various confining stresses to simulate the real 
field conditions in the laboratory [21,26–29]. 
However, interpreta- tion of waves obtained from the 
bender/extender elements in these soils has been a 
challenging task always because, there are many 
factors which largely affect signal interpretation viz., 
soil proper- ties and its geometry, material properties 
of bender element and its dimensions, 
reflection/refraction of waves from boundary wall of 
soil sample and various electro-mechanical 
parameters like fre- quency, amplitude etc. 
[14,16,17,21,30]. Influence of these factors causes 
various types of complications in the waveforms like 
sig-nal noise, wave attenuation, electro-magnetic 
coupling, near field effect etc., which in turn make it 
difficult to interpret the signals in a proper manner. 
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As such, no guidelines, standards or any method- 
ology exists as on date to overcome these limitations. 
Therefore, it is highly recommended to study the 
parameters affecting wave velocities and get the 
solutions related to problems in wave inter-pretations 
in different types of soil and under different 
laboratory conditions. This will help to come up with 
some outputs that 
canbeacceptableuniversally.Forthispurpose,itisveryes
sentialto 
assemble,compileandanalysetheavailabledatafromliter
aturein a precisemanner. Keeping this in view, an 
extensive review of literature related to 
bender/extender testing and signal interpretation in 
different types of soils was carried out and data 
collection was done for further analysis. The 
properties of soil samples and its geome- 
try,soilfabricanisotropy,geometryofbender/extenderel
ement, frequency of excitation and its amplitude, 
types of input waves, soil-
elementinteraction,wavereflectionandrefractionhaveb
een 
studiedinrelationtodifferentwavevelocitymeasuringtec
hniques such as time domain, frequency domain and 
cross-correlation. Problems associated with travel 
time measurement such as wave attenuation,electro-
magneticcoupling,nearfieldeffectshavebeen discussed 
briefly and efforts have been made to minimize these 
problems from literature survey. The outcome from 
the present
workissupposedtobeveryusefulinselectingdifferentme
asuring parameters during bender/extender tests 
insoils. 

II. WORKING PRINCIPLE OF 
PIEZOCERAMIC BENDER/EXTENDER 
ELEMENTS

Forthefirsttime,piezo-
electricmaterialwasusedbyShirleyand Hampton in 
1978 [5,31–33] as bender/extender elements in exper- 
imental soil mechanics. As mentioned earlier, 
bender/extender elements are the transducers used to 
transmit and receive shear (S-) and compression (P-) 
waves through soil sample [10,32]. It com- prise of 
two strips/plates of ceramic material bonded together 
by a conductive central metal shim and two 
conductive outer electrodes as shown in Fig. 1(a). 
Depending upon the elemental polarization and 
wiring configuration, the transducers can act as a 
transmitter (actuator) or receiver (sensor)[34]. 
When, an instantaneous and strong electric field is 
applied to the ceramic plates, it get polarized [13,33]. 
Direction of this polar- ization (same or opposite) in 
two plates of the bender/extender and its wiring 
configuration (series or parallel) has been 
investigated by many of the researchers [34,35] for 
optimization of results in differ- ent soils under 
different laboratory testing conditions. It has been 
foundthat,wiringconfigurationinparallelandpolarizatio

ninsame direction makes the piezoceramic elements 
to behave as bender and it can be used as a 
transmitter (actuator) for S- waves as shown 
inFig.1(b).Similarly,wiringconfigurationinseriesandp
olarization in opposite direction also makes the 
elements to behave as bender but that can be used as 
a receiver (sensor) for S- waves as shown in Fig. 1(c). 
On the other hand, elements with wiring 
configuration in parallel and polarization in opposite 
direction act as P- wave trans- mitter (extender) as 
shown in Fig. 1(d) whereas; elements with wiring 
configuration in series and polarization in same 
direction acts as P- waves receiver (extender) as 
shown in Fig. 1(e). Stud- ies reveals that the elements 
with parallel type connection exhibit twice the 
displacement as that of series type connection and 
hence the parallel type connection is best suited to act 
as a transmitters and series type as receiver [35]. Fig. 
1 shows bender/extenders and its motions upon 
triggering the transmitter for S- and P- waves. 
However,itcanbementionedherethatthestrainlevelcaus
edin 
thesoilsamplesduetopropagationofwavesfrombender/e
xtender is very less and is in the range of 10−4 which 
does not induce any deformation in the soil specimen. 

III. 
MEASUREMENTOFWAVEVELOCITYUSINGB
ENDER/EXTENDER ELEMENT 

Bender/extender elements are generally incorporated 
in con- ventional apparatus in order to measure the P- 
or/and S- wave velocity [5,36,37]. The transmitter 
and receiver elements are
insertedatthetwooppositeendsofsoilspecimensandtheti
me lag (t), between the input and output wave signals 
are measured by triggering and propagating a wave 
impulse through the soil spec- imen at certain 
frequency and voltage [11]. Wave velocity is then 
computed using Eq. (1) as follows: 
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Fig. 1. Piezoceramic Elements [10]: a>) General Schematic representation, (b) Bender transmitter (c) Bender receiver (d) Extender 
transmitter (e) Extender receiver. 

Fig. 2. Schematic representation of bender element test setup. 

Some researchers have considered end-to-end length 
of thesoil specimen for calculating the wave velocity, 
while a few of them have adopted the tip-to-tip 
distance [34,35,41]. As the ben- 
der/extenderelementprotrudesintosoilspecimenfromsu
rfaceof 
theendcap,itisdifficulttodecidewhetherthetravellengthi
scon- 
sideredasfullspecimenlengthortiptotipdistanceorsome
other 
intermediateeffectivedistance.Inthisregard,Dyvicand
Madshus in 1985[42]through their studies concluded 
that, tip-to-tip dis- tance measurement technique 
gives best agreement as compared to other 
techniques. This is due to the reason that waves first 
get transferred from the tip of transmitter element to 
the soil speci-
menandisfirstreceivedbystrikingtothetipofreceiverele
ment. 
ViggianiandAtkinson[4]havealsoperformedtestsbyvar
yingthe 
lengthofsoilspecimensandreachedthesameconclusion. 
Thetestsetupsformeasuringwavevelocities(VpandVs)co
m- 
priseofafunctiongeneratortosupplyandcontroltheinput
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voltage and excitation frequency to the transmitting 
element. To pro- cess the output signal from the 
receiver, a filter-amplifier unit is required so as to get 
a clear waveform which is free from noise 
anddistortion.Interpretationoftheseinput(I/P)andoutpu
t(O/P) signals from the transmitter and receiver can 
be done by simple 
eyeobservationsusinganoscilloscope.Further,analysiso
fwave- 
formusingdigitalfilterprogramsthroughnumericalanaly
siscan 
beperformedbyusingFastFourierTransformation(FFT)
andCross 
Correlation(CC)techniquesasexplainedinthefollowing
sections [34,43]. Moreover, the circuitry system can 
be modified so as to measure the wave velocities in 
two different directions, simulta- 
neously.SuchatestsetupisillustratedinFig.3[44]thatcon
sistsof two sets of transmitters and receivers, inserted 
both laterally and 
vertically.Ontheotherhand,someoftheresearchershave
adopted 
disctypepiezoceramicelements,wherethediscsaremade
ofLead Zirconate-
Titanate(PZT)material(20mmdiaand2mmthick).A 
typical test setup using disc type piezoceramic 
element is illus- trated in Fig. 4(a) [28]. Bending 
discs are generally modelled to 
transmitandreceivecompressionwavesbutitisworthme
ntioning that the mounting technique for bending 
discs is totallydifferent from bender/extender strip 
element. Bender element ismounted 
asafixedcantileverbeamwhereasbendingdiscisrestraine
dlike 
hingealongthecircumferenceasshowninFig.4(b).When
bending 
discisexcited,centreofthediscmovesbackandforthsoast
oapply 
impactonthematerialgeneratingcompression(P-
)waves[45].In future, bending discs can be proved to 
be useful for testing rock 
specimensifpropercouplingbetweenthediscandrockspe
cimen is achieved. This is because of making groove 
in rock specimens for bender element insertion is 
difficult and hence there aremore chances of getting 
unrealisticwaveforms. 

IV. STRAIN LEVEL IN 
BENDER/EXTENDERTESTING

The shear (S-) and compression (P-) wave velocities 
depend mainly on soil stiffness and hence are related 
to the shear modu- 
lus(G)andconstrainedmodulus(M),respectively[46–
48].Onthe otherhand,theelasto-
plasticbehaviourofsoilincludingtheshear 
andconstrainedmoduluslargelydependsuponappliedstr
ainlevel 
[49].Since,thereisavariationintheappliedstrainlevelexh
ibited 

bydifferenttechniques;theresultobtainedfromdifferent
methods 
alsovariesfromeachother.Variousfieldtestssuchasthed
ownhole seismic tests, cross hole test, seismic 
reflection and refractiontest 

andthespectralanalysisofsurfacewaves(SASW)generat
esdata athigherstrainlevels[49–
51].Resonantcolumntestandthecyclic 
triaxialtestsuptosomeextent,measuresoilpropertiesats
mallto 
mediumstrainslevel.Ontheotherhand,bender/extendere
lement test is non-destructive in nature which 
measure soil properties at
verysmallstrainlevel.Therangeofstrainlevelduringthe
measure- 
mentofsoilpropertiesinvariousfieldandlabtestsisdepict
edin 
Fig.5.Itistomentionherethatmaterialbehavesalmostasli
nearly elastic within very small strain range and it 
behavesnon-linearly 
withfurtherincreaseinshearstrain.Finally,thematerialte
ndsto fail at larger strain at which the deformation is 
non-recoverable [52,53]. Hence, shear modulus that 
is related to the shear wave velocity, Vsin bender 
element tests is comparatively higher than the shear 
modulus obtained from other 
methods[11,27,37,54,55]. 

V. GEOMETRY OF BENDER/EXTENDER
ELEMENTS USED BY PREVIOUS
RESEARCHERS

Depending upon the physical and electrical properties 
of piezoceramic materials, different dimensions and 
shape of ben-
der/extenderelementshavebeenadoptedorfabricatedby
different researchers for their experimental studies. It 
is found that, for a given configuration of 
bender/extender element, tip deflection and hence the 
output signal strength depends upon the protrusion 
length as well as the width (w) of bender/extender 
elements [21].As such, length of the bender/extender 
elements adopted by the previous researchers varies 
from 7 to 31.8 mm and the width from2 to 17 mm. 
The dimensions of a list of bender elements used by 
previous researchers during the last three to four 
decades are pre- sented in Table. 1. Moreover, a 
graphical representation of aspect ratio corresponding 
to the numbers of articles available in litera- ture is 
presented in Fig. 6. The larger the width of 
bender/extender, higher will be the transmitting force 
but lower the output voltage  at receiver. On the other 
hand, narrow width of receiver element causes higher 
output voltage for the given input force [21]. Simi- 
larly, larger the thickness of bender/extender element, 
lower willbe the deflection  of  tip  element  and  
hence  the  output  voltage  at receiver. As such, the 
thickness of bender/extender elements adopted by the 
previous researchers ranges from 0.38 to 6.1 mm, 
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although, most of them have adopted a thickness of 
0.5–0.7 mm. Moreover, it is reported that the bender 
elements with higher aspect ratio yield low resonance 
frequency [33]. Nonetheless, some researchers have 
suggested to use bender element with higher aspect 
ratio enabling it to exhibit different resonant 
frequency in different soils and thus enhancing  its 
energy  transmission  abil- ity [3]. Measurement of 
wave velocity in soil samples with higher length 
requires high power waves to reach the receiver. In 
such cases, higher aspect ratio of the piezoceramic 
elements is required to generate high input power and 
excitation frequency to achieve large deflections [45]. 
In addition, the length to thickness ratio of  the 
bender element governs its stiffness and behaviour as 
trans- mitter, whereas, the length to width ratio 

governs the output voltage at receiver element, which 
ultimately affects its perfor- mance during the 
experiments. However, it is also to be noted that the 
performance of bender element depends mainly on 
the types   of piezoceramic material, its 
microstructure and porosity [56,57].Also, resonant 
frequency of bender/extender element affects the size 
of near field in travel time determination and hence is 
an important design parameter for bender/extender 
installations [48].Likewise, resonant frequency (fr), 
length of bender/extender ele- ment (Lb), moment of 
inertia (I) and elastic modulus (Eb) are  largely 
dependent on physical and mechanical properties of 
ben- 
der/extenderelements.Whenbenderelementdeflectsinai
r(ref 

Table 1 
Soil and bender/extender element properties and wave parameters adopted by various researchers 
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Fig. 3. Schematic representation of modified bender element 
test setup [44]. 

Fig. 4. (a) Disc type piezoceramic element housed in pedestal 
(b) working mechanism of disc element [28].

Fig. 7), its resonant frequency can be described with 
fixed-free boundary conditions for first mode [48] as 
follows: 

Where, kbis the equivalent spring constant, mbis the 
cantilever mass of piezoceramic element (mb= mLb), 
Lbis the cantilever
length,mismassperunitlengthandaistheeffectivelengthf
actor affected by the anchor efficiency (a = 1 for 
perfectly rigid anchor
andgreaterthan1forsoftanchor)andkb=1.8754EbI/(˛Lb)
3.Themassofbenderelementismb=pbbt.where,(aLb)wh
ere,bandtare width and thickness of benderelement.

The behaviour of the bender element when buried in 
soil sample gets affected by several soil parameters 
such as density, stiffness, modulus of elasticity etc. 
The soil stiffness kscan be obtained by using Mindlins 
solution for point load integrated to rectangular 
geometry [58] as follows: 

Where,μ=2andisthemeandisplacementinfluencefactor
atthe soil–
elementinterface.Esistheelasticmodulusofsoilwhichca
nbe 

Fig. 5. Normalized stiffness degradation curve with increasing shear strain. 
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Fig. 6. Graphical representation of aspect ratio as used by previous researchers. 

calculatedfrompoisonsratio(T)anddensity(p)ofthesoil.
Then,theequivalentspringconstantKswillbecome 

However, performance of the bender/extender 
element is largely affected by  the  material 
properties,  insertion  technique  in soil, shielding and 
grounding processes and obviously the anisotropic 
nature of the soilsamples. 

VI. BENDER/EXTENDER AND SOIL
INTERACTION

The bender/extender element configuration in 
experimental test setup creates various uncertainties 
due to mechanical and electrical defects [59]. The 
measurement of wave travel time is therefore largely 
affected by the electro-mechanical behaviour of soil-
elementsystem.Although,theelectricaleffectscanbeass
essed by placing the bender/extender elements in 
direct contact with eachother(tip-to-
tip)andgettingtheresponseoftraveltime[15], 
mechanicalpropertiesaredifficulttoassessduetoenergya
bsorb- 
ingcapacityofsoilandthesoilanisotropy.Assuch,theresp
onse of bender element as transmitter is controlled by 
the properties of piezoceramic material, unsupported 
length of the elementand its fixity to soil, properties 
of surrounding soil and the coupling between bender 
element and soil [48]. The response of receiver 

element,ontheotherhand,isnotonlyaffectedbystiffness,
energy absorption characteristics and dispersive 
nature of soil but also by the attenuation phenomena, 
distance between transmitter and receiver element, 
boundary wall reflection, refraction and wavelength 
of the signals [60,61]. Moreover, impedance 
mismatch is a common problem associated with 
bender element testing in stiff soil [62]. Hence, 
researchers have investigated the effects of ben- der 
element installation in clay soil specimen and 
observed that 

Fig. 7. Piezoceramic bender element and its movement w.r.t. 
applied voltage. 

thebenderelementcausessomelocaldisturbanceswhenit
bends 
andthusaffectingthesurroundingsoil.Asaresult,thebend
erele- ment also generates a P-wave component at 
sides of sample that disturbs the original S-wave. 
Hence, sometimes it is suggestedto 
addsomesaltsurroundingthebenderelementthatcanstre
ngthen 
thesoil.Moreover,benderelementstudiesonfullandhalf-
length samples have been performed by some of the 
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researchers and existence of some local effects 
(called near field effect) close to bender elements has 
been found resulting in lower velocities of 
about20%inhalf-
lengthsamples[63].Incaseofsurfacemounted bender 
elements with side to side measurement of wave 
veloc- 
ity,benderelementlengthisfoundtoinfluencethewaveve
locity when centre-to-centre distance between 
transmitter and receiver
wereadopted.Insuchcases,howeveracombinedbenderel
ement 
andaccelerometerisfoundtominimizetheimpedancemis
match between transducer and tested materials. 
However, in all these
cases,waveattenuationisgenerallyfoundtoincreasewith
increase in soil stiffness[64]. 

VII. METHODS FOR DETERMINATION OF
WAVE TRAVEL TIME

Wave velocity can be determined by knowing the tip-
to-tip distance between transducer and receiver and 
time required to
travelthisdistance.Dependinguponthelevelofcomplexit
iessuch as crosstalk effect or electro-magnetic 
coupling [35], near field effect [48,65] and wave 
attenuation [61] observed in different soil 
specimens,severalwavemeasuringapproacheshavebee
ndevel- 
oped.Basedonthemodeofoperation,thesemethodsarecl
assified as time domain analysis, frequency domain 
analysis and cross-
correlation[11,36,49,66,67].Assuch,nostandardmetho
dhasbeen 
developedtilldatefortestingandinterpretationofthetestr
esults. 
Hence,theresultsobtainedfrombender/extendertestsare
highly 
subjectiveinnatureandinvolveshighdegreeofuncertaint
y. 

7.1 Time domain analysis 

Time domain (TD) analysis is the most commonly 
and widely accepted method for determination of the 
travel time in ben-
der/extendertests[49,65,66].Inthismethod,thefirststart-
to-start, firstpeak-to-peak,firsttrough-to-
troughorzerocrossingofinput- 
outputwavesareusedtodeterminethetraveltimeofwaves
as 
showninFig.8.Thismethodprovidesreasonableresultsfo
rtravel 
timebutislargelyaffectedbythenearfieldeffectinlowinp
utfre- 
quencyrange[61,68].However,ithasalsobeenfoundthat,
when 
frequencyoftheinputsignalapproachestheresonantfreq
uencyof bender-

soilsystem,thefirstarrivalmethodisnotmuchinfluenced 
by the input frequency and yields quite good results 
[49].  

Fig. 8. Typical input and output wave: (A, A) first start-to-
start; (B, B) first charac- teristic peak; (C, C) zero crossing; (D, 

D) first characteristic deflection.

More- over, traveltimeobtainedfromthe 
firstarrivalmethodisfoundto be in good agreement 
with the cross-correlation method in sand 
samplesforboththesurfacemountedandtip-to-
tiparrangement of bender elements [3]. The first 
arrival method is still debatable due to the existence 
of near field effect which creates barrier in obtaining 
clearer waveform [5]. In addition, the S- wave 
velocity 
measurementusingfirstarrivalmethodisquietcumberso
medue to downward movement of output wave 
indicating the presence
nearfieldcomponent[16].Inthisregard,however,somec
ontradic- 
torystatementsarepresentedinliterature.ViggianiandAt
kinson 
[4]haveconsideredthefirstarrivalofshearwaveasthepoin
toffirst deflection,whereas,Sanchez-
salinero[61]concludedthispointof first detection as the
arrival of near field components. Further, it
issuggestedtoconsiderasuitableLtt/hratiotominimizethe
near field effect [69]. However, in the absence of any
particular crite- ria for wave identification, time
domain analysis is not suitable in stiff geo-materials
as reported in literature [37,44,50]. Further, if the
output wave signal is distorted with noise, the first
arrival method is found to be unsuitable for
determination of the travel time. Some of the
researchers [17,54] have adopted the peak-to-
peakmethodorevenconsideredthesecondarrivalofoutpu
twave for the determination of traveltime.

7.2 Frequency domain analysis: 

The time domain method is not an effective technique 
to describe the dispersive nature of waves which is 
more or less frequency dependent [70]. On the other 
hand, frequency domain
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analysis(FD)recognisesthefrequencycontentofthetrans
mitted and received signals as cross-spectrum using 
Fourier transfor- mation [8]. This method generally 
assumes identical frequencies of input and output 
waves and compares the phase difference between 
corresponding Fourier components of the signals 
from 
transmitterandreceiverelements[50,54].Thetraveltime(
tt)can be computed by considering the best fitted 

slope of frequency (f) and unwrapped phase (∗) of 
transfer function [54] as follows: 

Although, the frequency domain method is found to 
yield lower velocities as compared to the time domain 
method [5,50,54,71], it provides an improved 
understanding of the behaviour of bender-soil 
interaction [4]. A term named as coherence function 
(μ2) is normally used to describe linearity and 
dependencies between transmitted x(t) and received 
y(t) signals [72].The value of coher- ence function 
varies  from  0  to  1,  whereas,  the  ideal  constant 
for linear system of single input x(t) and single output 
y(t), it is restricted to 1. Maximum value of coherence 
does not ensure the unwrapped phase function with 
constant slope [50]. Wave veloc- ity is decoded 
directly from the relative phase of transmitted and 
received waves signal as illustrated in Fig. 9(a) and 
(b) [54,72]. In case of frequency domain analysis,
higher frequencies are more ideal as it mainly focuses
on spectral frequency breakdown and the phase
shifts[18].

7.3. Cross-Correlation 

Similarity between the input and output signals as a 
function of the lag of one signal relative to the other 
can be determined usingcross-correlation.Thecross-
correlationbetweentwosignals is given by Eq. (12) as 
follows: 

Where, x(t) and y(t) are the transmitted and received 
signals, Tis the total travel time and ı is the time shift 
between two signals. Alternatively, the cross-
spectrum of input-output signals can be expressed by 
Eq. (13) as follows: 

Where,CCxy(f),X(f)andY(f)aretheFouriertransformsof
CCxy(v), x(t) and y(t) respectively and the asterisk 
denotes complex con- jugate [3,44,50].The inverse 
Fourier transform of Eq. (13)yields cross-correlation 
between the two signals. However, this method 
isconsideredasatimedomaininterpretationtechnique,alt
hough, calculations need to be executed in frequency 
domain [37].The measurement assumes the presence 
of plane wave fronts and therefore the absence of 

reflected and refracted waveforms 
[17].Insoftsoils,wheresignalinterpretationisverydifficu
lt,thecross- 
correlationmethodcanyieldreasonableresultsforthetrav
eltime 
bymaximumpeakpoints,iftheinputfrequencyandcharac
teristics 
pointscorrespondingtothewavesarrivalischosencorrect
ly.Some researchers have validated the applicability 
of cross-correlation
techniquewithtimedomaintechniquebyexaminingthesi
milarity between the transmitted and received 
waveforms [21,73].How- ever, the first peak point 
method in cross-correlation technique 
doesnotprovidereasonableresultsinsandysoilsandinsuc
hcases the first peak method is considered to be more 
effective [5,37,71].Also, it is observed that the cross-
correlation technique does not 
workasanalternativetotimedomaintechniqueincaseofsa
ndand artificially treated soil due to discontinuities in 
waveformsignals 
duringexperimentalinvestigations[5].Itisnoteworthyto
mention that, velocity obtained from cross-correlation 
technique is gener- ally lower than that obtained from 
the peak to peak method at higher 
excitationfrequencies[5]. 

VIII. FACTORS AFFECTING WAVE
INTERPRETATION AND REMEDIAL
MEASURES

8.1 Wave attenuation 

Spreading of wave energy generally called as radial 
damping 

andtheenergydissipationresultingfromfrictionallossesi
nmate- rial causes amplitude reduction, known as 
wave attenuation or
damping[61].Likewise,amplitudeofthearrivalsignalde
caysas the distance between source (transmitter) and 
target (receiver)
increases.Characteristicsofmaterialandthetypesofwav
elargely 
affecttheattenuationphenomena.Thedampingcharacter
istics of different materials depends upon the capacity 
of the material to
storeelasticstrainenergy[61].Becauseofthedampingcha
racter- istics of soils, it makes the high energy 
transmitted waves to low
energyoutputwavesignalscausingreductioninwaveamp
litude [74]. Damping in soils generally increases with 
increase its mois- turecontent[75].Moreover,theP-
waveattenuationislargerthan S-
waveattenuationasobservedbyresearchersinKaolinand
mud- 
stonesoilspecimenatdifferentconfiningpressure.Howe
ver,shear wave shows multiple wave attenuation 
characteristics than the
compressionwaves.Further,theattenuationisfasterathig
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herexci-tation frequencies and thus creating problems 
to measure travel 
timeinsoilslikesediment,wherehigherfrequencyisrequi
red[51].SimilarobservationhasalsobeenmadebyChani
n2012[76].Itis 
reportedinliteraturethat,inputwaveswithhigherexcitati
onfre- 
quency(>29kHz)leadstotheovershootingofwaveswhic
hresults 
inimproperfunctioningoftheelements[30,35].Ontheoth
erhand, 
instiffandcompactedsoil,thewaveattenuationisfoundto
bemore because of the greater stiffness impedance 
between transducers
andtestedmaterials.Thisphenomenaisillustratedin 
Fig.10(a) [68]and Fig. 10(b) [27,35]. The attenuation 
generally decreases with increase in confining 
pressure [51]. In order to minimize wave attenuation, 
some of the researchers have suggestedadopt- 
inghigherlengthtothicknessratiotohavelowresonantfre
quency [33]. 

8.2 Electro-magnetic coupling 

As already mentioned, in bender/extender elements 
(either 
transmitterorareceiver)theoutersurfaceofthetwopiezoc
eramic plates are provided with conductive electrodes 
which converts electrical energy into mechanical 
energy and vice-versa, causing elements to bend or 
extend. Electro-magnetic coupling generally takes 
place due to the capacitive, inductive or conductive 
cou- pling from one element to another [77]. It is also 
called as the crosstalk phenomena because of the 
undesirable effect of trans- mitted waves. The cross 
talk is nothing but the leakage between 
transmittedandreceivedchannelwhichcontaminatesthe
received 

signalwithsomecontentsofthetransmittedone[78].Thec
rosstalk effect is more prominent in wet soil which 
are highly conductive [35,48,79]. In such cases, the 
transmitted signal is electricallycon- 
ductedthroughwaterpresentinsoil,andthusreachingther
eceiver element almost instantaneously [78].Fig. 
11(a) shows a typical
crosstalkeffectobservedincaseofdrysand[35].Fig.11(b)
showsa similar effect when both the transmitter and 
receiver are inseries connections[48]. 
In order to minimize the electro-magnetic coupling, 
various 
researchershaveappliedshieldingandgroundingtothepi
ezoce- 
ramictransducerswithpolyurethanecoatinganditisprov
edtobe very useful [48,77,80]. In some cases, 
researchers have suggested to adopt a frequency in 
the range of 2–5 kHz and the Ltt/h ratio 
(whereLttisthetiptotipdistancebetweentransmitterandre
ceiver 
andhisthewavelength)aslessthan1inordertogetclearsig
nals 
[35,48].Inaddition,paralleltypeofconnectionhelpstored
ucethe effectofelectro-
magneticcoupling.Thewavelengthratiosadopted 

Fig. 9.  Wave signals from (a) Transmitter and (b) Receiver in 
frequency domain[26]. 

Fig. 10.  Typical S-wave attenuation phenomena in (a) stiff clay [68] (b) soft clay[35]. 
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bypreviousresearcherstominimizetheeffectofelectro-
magnetic coupling are summarized in Table2. 

8.3 Near field effect 

Problem occurs in shear (S-) wave travel time 
determination, 
whenanunknowncomponentofwavetravellingwiththes
peedof compression (P-) wave encounters the 
transmitting wave 
[14,65].Thisphenomenonisknownasnearfieldeffect.Th
enearfieldcom- 
ponentofwavecausestransmittedwavetobedistortedatit
sorigin point and wave starts with downward or 
upward deflection as observed in Fig. 
11[35,48,54,65]. 
Whentheshearwavetravels,twodifferentwavesignalsap
pear, one component of this signal wave travels in 
longitudinal direc- 
tionandtheothertravelsasshearwave,makingitdifficultt
o 
distinguishtheS-wavetraveltimeduetoearlyarrivalofP-

wave component [48,61].This effect is more 
prominent when transmit-
terandreceivercomescloser.Wang[65]hassuggestedasp
acing 
equalto2hbetweenthetransmitterandreceiverinordertoa
void thenearfieldeffect.Ontheotherhand,Sanchez-
Salinero[61]has developed a closed form solution for 
transverse and longitudinal
movingwavesignalsinlinearelasticandhomogenousme
dia.Some have suggested to adopt cross-correlation 
technique tointerprets
thesignalandtominimizethedispersivecomponentstoob
tained clearer waveforms [61,69]. The near field 
effect obtained bysome
researcherindrysandsample,whenmeasuringtheS-
waveveloc- ity is presented in Fig. 12(a) [16]. 
Similarly, a typical waveform 
havingnearfieldcomponent,whenmeasuringP-
wavevelocityis 
presentedinFig.12(b)[35].Nearfieldeffectcanalsobeobs
erved 

Fig. 11. Typical crosstalk (Electro-magnetic coupling) phenomena in S-wave for (a) Wet sand [35] (b) Dry Sand [48]. 

Table 2 
Wavelength ratio for different types of soils as suggested by 

previous researchers 

inreceivedwaveasshowninFig.12(c),whenusingmultire
ceiver transducers during the bender element 
tests[65]. 
Someauthors[15,61,74,81]havesuggestedtousehigheri
nput frequency and wavelength ratio to minimize the 
near field effect
[65].Clearwaveformsareobtainedinsilicasandspecime
nwhen 
thetriggeringfrequencyiskepthigherthan2kHz[3].Apar
tfrom 
this,theLtt/hratiomustbegreaterthan4tocompletelysepar
ate theP-andS-
wavesignals[61].ItisduetothefactthatgreaterLtt/h 
ratioincreasesthedifferencebetweenP-andS-
wavearrivaltime and thus helps to get clear S- wave at 
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the receiver [5,15,30,61,82].The values of wavelength 
ratio (Ltt/h) in different types of soils 
usedbypreviousresearchersaresummarizedinTable2.It
canbe observed that, most of the researchers have 
adopted wavelength ratio value between 1 and 4 
[17,21,35,48,61,66,74,76,83,84]. Some of the 
researchers have suggested to keep the wavelength 
ratio greater than 1.6 to minimize near field 
effect[83], whereas, some 
otherhavesuggestedittokeepmorethan2[65,74].Assuch
,studies have been done to know the combined effects 
of frequency andamplitudeonwaveattenuation,electro-
magneticcouplingand 
nearfieldeffectduringthemeasurementofS-
wavevelocityindif- 
ferenttypesofsoils.Thesuggestedcombinationofthesefr
equency 
andamplitudeforbetterresultshasbeensummarizedinTa
ble3. It is to mention here that, different materials 
exhibit dissimilar arrangement of particles and fabric 
anisotropy and hence shows different responses to the 
transmission of waves [85]. From the graphical 
representation of the data in Fig. 13, it is observed 
that near field effect can be minimized by adopting 
frequencies rang- ingfrom5–6kHzandamplitude15–
20V(peaktopeak)inCHsoils [8,18,35,44]. In case of 
SP type soils, the range of frequency and 
amplitudeare3–8kHzand4–
20V,respectively.Veryfewexperi- 
mentshavebeenperformedincaseofCL,SMandSCtypes

ofsoil 
andhenceitrequiresfurtherinvestigationinthisdirection. 

IX. EFFECT OF THE TYPES OF WAVEFORM
ON WAVEVELOCITY

Severalmethodologiesviz.,timedomain,frequencydom
ainand cross-
correlationhavebeendevelopedbyresearchersfortheinte
r- 
pretationofwavevelocities.However,someoftheresearc
hersare in favour of using different waveforms to 
ascertain clear output waves. Different waveforms as 
adopted by previous researchers are summarized in 
Table 4. Although, the square wave in ben- 
der/extender test is adopted by some researchers 
[19,41,42], it is least favourable. This is because, the 
square wave contains spec- trum of different 
frequencies and hence the received signalsdoes not 
resembles the output signal of similar nature. 
Moreover, the received square wave signal seems to 
be more distorted at the 
beginningandthusmakingthesignalinterpretationmored
ifficult. 
Contrarytothis,someresearchers[21]haveobtainedclear
signals in kaolin clay using square waves. On the 
other hand, sine wave has been more popular due to 
reliable results, in spite of the fact 
thatitcausesgreaterambiguityinthetraveltimedetermina
tionas compared to square waves[4,21,30,86,87]. 
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Fig. 12. Typical near field effect in sands as observed by different researchers [16,35,65]. 

Table 3 
Frequency and amplitude for different types of soils as suggested by previous researchers 
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Table 4 
Types of input waveform adopted by previous researchers. 

Fig.13.Rangeof(a)frequencyand(b)amplitudeasreportedbyvario
usresearchers for different types ofsoils. 

X. EFFECT OF REFLECTION AND
REFRACTION OF WAVES

Inbenderelementtest,reflectionandrefractionfromthesp
ec- imen boundaries may produce some waves other 
than thedirect S wave. Identification of these multiple 
reflected and refracted waves becomes most difficult 
due to the near field effect, wave attenuation and 
dispersion of waves [61,88]. S- wave generates in the 
direction of bender element plane and P- wave in the 
direc-   tion perpendicular to the bender element 
plane upon deflection of the piezoceramic element 
(refer Fig. 14). The reflected P- wavestravel faster 

than the S- waves due to lateral boundaries which in 
turn causes disturbance in S- wave measurements [6]. 
This effect of boundary reflection/refraction depends 
upon the poisson’s ratio of soil [48]. In case of highly 
confined or stiff geo-materials, refracted waves with 
higher velocities that travel along the rigid boundary 
wall mask the S- wave arrival when the distance 
between trans- mitter and receiver increases. The 
refraction phenomenon of waves through soil 
specimen is illustrated in Fig. 14. Since, the measure- 
ment of S- wave velocity assumes a straight travel 
length between transmitter and receiver, there may be 
a wrong interpretation in the arrival of direct S-wave 
due to boundary wall refractions. Hence, it is 
suggested to place the bender elements at a minimum 
distance  of 0.4 times the length of the soil specimen 
to avoid the effects      of refracted waves [89]. 
Moreover, some of the researchers have 
usedthermocolaroundtheboundarywallsofsampletoavo
idwave reflections [7]. Researchers have found the 
effect of wave reflection higher in sandy soils than in 
soft soils because of long replications and lower 
damping[5]. 

XI. EFFECT OF PARTICLE SIZE, SHAPE AND
CONTACT BEHAVIOUR ON
WAVEVELOCITY

Rearrangementofparticlesandthefabricstructuretakespl
ace with application of loading in medium to large 
strain levels. This rearrangement of particles and 
fabric structure depends on sur- face roughness, 
particle size distribution, inter-particle contact and the 
material properties [41,90,91]. In this regard, some of 
the researchers have studied the effect of wave 
velocity at low strain
levelfordeterminingthestiffnessandenergydissipationu
singpar- 
ticlecontactbehaviourbyassumingelastic,visco-
plasticandbrittle 
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Fig. 14. Schematic illustration of wave refraction from 
boundary wall of soil speci- men. 

contacts behaviour [90]. The soil fabric structure 
appears to have
verylowimpactonshearwavevelocityofsoftkaolinitesed
iments with water content in the range of 0.6 to 6 
times its liquid limit [19,92]. A study on the effect of 
particle surface roughness shows 
that,increaseinsurfaceroughnesscausesdecreaseinshea
r 
wavevelocity[93].Also,asperastudyinfineglassbeads,
mediumcoarse glass beads and coarse glass beads 
[16,80] the characteristic sig- 
naloutputandhencewavevelocityisfoundtobeaffectedb
ythe frequency of input signals, mean particle size of 
the material and confining stress level. Moreover, the 
small strain shear modulus 
(G0)isfoundtodecreasewithincreaseincoefficientofunif
ormity (Cu=D60/D10), where, D60 and D10 denotes the 
mean diameter of 
soilparticlesforwhich60and10percentoftheparticlesare
finer than D60 and D10,respectively[94,95]. 

XII. EFFECT OF SAMPLE GEOMETRY AND
BOUNDARY CONDITIONS

Shear waves are generally affected by the boundary 
wall reflec- tions which results in signal distortion 
[83]. Moreover, it has also been observed that when 
waves interact with boundary walls of the specimens, 
it results in conversion of shear wave to compression 
wave and vice-versa [21]. Distortion due to this 
signal reflection 
mainlydependsupontheaspectratioandhencethediamet
erofsoil specimen. Zhou et al. [3] have concluded that 
a change in different travel distances does not cause 
any change in shear wave velocity but it is the 

distance between the bender/extender element and 
lateral boundaries which creates signal distortions and 
makes it difficult for interpretation of test results. 
Table 1 shows the geome- tries of different soil 
samples considered by previous researchers.  It can 
be noted that the aspect ratio of soil specimen as used 
by the researchers generally varies from 0.4 to 2.28 in 
different types of soil. However, most of the 
researchers (about 70%) have adopted the aspect ratio 
as 2 that can be also observed in Fig. 15. Studies 
reveal that the boundary wall effects can be 
minimized by inser- tion of bender element at the 
centre of soil specimen duringtesting  

Fig. 15. Sample aspect ratio in soils with different shear wave 
velocity. 

[65]. Assuming the specimens as an infinite medium, 
ASTM D 2845 
[96] suggests the specimen diameter as 5 times the
wavelength of transmitted waves.

XIII. EFFECT OF SOME SOIL PARAMETERS
ON WAVE VELOCITY

Wave velocity depends on various soil parameters 
viz., con- fining stress, void ratio, moisture content 
etc. Confining stress represents the real time field 
conditions which create an impact     on the strength 
of signal waveforms. Although, shear wave veloc- ity 
generally increases with increase in confining stress, 
quality ofwaveforms progressively get degraded. 
Some of the researchers have found the shear wave 
velocity to decrease with increase in 
confiningstressinsoilwithfinecontent(<0.075mm)lesst
han20% [14]. However, this effect has not been 
observed in case of compres- sion waves[10,28]. 
Moreover, higher confining stress yields higher shear 
modulus in soil specimens and results in decreased 
Poisson’s ratio [16,81]. As per a research on saturated 
Fujian sand, a compo- nent of compression wave is 
always found to travel through the soil samples that 
reach the receiver element before the arrival of shear 
wave [14]. Hence, in saturated sands, sometimes it 
becomes morecomplicated to interpret the shear wave 
velocity from bender ele- 
menttests.Studieshavealsorevealedthattheeffectofvoid
ratio 
(e)onshearmodulus(G0)ismoreprofoundthanconstraine
dmod- ulus (M0) in sands[16], where, G0 and M0 can
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be calculated from 
shearwaveandcompressionwavevelocities,respectivel
y. 

XIV. CONCLUSION

Some of the major findings from the present review 
are as follows: 

1. Discshapedpiezoceramicelementscanbeusefu
lformeasuring
wavevelocitiesinstiffsoilsandrockspecimensif
modifications
aredonetoachieveadequatecouplingbetweens
oil/rockspeci- mens and theelements.

2. Function of bender/extender element largely
depends upon its geometry and material types.
Length and thickness are the governing factors
when the element vibrates in air. But,after
insertion in soil specimen, width of the element
governs the transmitting capacity of the element
and the output signal strength. The effective
length, width and thickness of piezoce- ramic
elements are limited to 9.0–13.0 mm (length),
6.0–8.0 mm (width) and 0.5–0.7 mm (thickness).
Depending upon the length
ofsoilspecimenandhencethewavetravellingdistanc
e,elements can be manufactured with higher
aspect ratio for high power input waves and thus
giving larger deflections. Eq. (6) and (10)
canbeusefultodetermineresonantfrequencyandint
urnthegeometry of bender/extender element,
when the element is in air and when embedded in
a soil specimen, respectively.

3. Timedomainanalysisusingfirstarrivaltechniqu
eissuitablefor measuring travel time of P-
waves but not for S- waves due to presence
of near fieldcomponent.

4. Nearfieldeffectandtheeffectofelectro-
magneticcouplingcan
becontrolledbyadoptingasuitablewavelengthr
atio.

5. Wave attenuation, electro-magnetic coupling
and near field effect can be minimized by
adopting a suitable combination of
frequencyandamplitudebaseduponthetypesof
soil.

6. An aspect ratio of 2 for soil specimen is
found to be ideal in minimizing the effect of
boundary wallreflections.

Itisbelievedthattheoutcomeoftheanalysisfrompresentw
ork will help the upcoming researchers to develop 
properguidelines 
andsuitablemethodologyforbenderelementtestinginsoi
ls. 
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Abstract - Arsenic tainting in water, particularly groundwater, has been perceived as a significant issue of cataclysmic 
extents. As the total populace builds, quite possibly the most key assets for human endurance, clean water, is diminishing. 
The rising requests for water frequently can't be met by surface water supplies. This has prompted expanded reliance on 
ground-water assets in numerous pieces of the world. Arsenic is available in the world's outside, the outcomes of ground-
water improvement frequently incorporate over drafting, land subsidence. Arsenic can be effectively solubilized in ground 
waters depending onpH, redox conditions, temperature, and solutioncomposition and henceforth it is available in ground 
water in some arsenic affected areas.Arsenic in drinking water past breaking point can do mischief to human wellbeing and 
the utilization of ground water ill suited for human utilization in those territories. Anthropogenic wellsprings of arsenic 
incorporate modern cycles (specifically, mining and purifying), debris deposits from power plants, pesticide and compost 
applications, wood additives, inorganic arsenical pesticides and herbicides mechanical and city waste, and sewage sludge.In 
this paper, a wide outline of the accessible innovations for arsenic expulsion has been introduced based on writing study. The 
principle treatment strategies included coagulation-sedimentation, adsorption division, particle trade, film strategy, which 
have the two points of interest and weaknesses. It reasoned that the determination of treatment cycle ought to be site explicit 
and winning conditions and no interaction can fill the need under different conditions as every innovation has its own 
restrictions. 

I. INTRODUCTION

Arsenic (atomic number 33, atomic weight 74.9; 
specific gravity 5.73, melting point 817oC (at 28 
atm), boiling point 613oC and vapor pressure 1mm 
Hg at 372◦C.) is a silver- grey brittle crystalline solid. 
Arsenic exists in the −3, 0, +3 and +5 oxidation states 
[6,8]. Two forms are common in natural waters: 
arsenite (AsO3 3−) and arsenate (AsO4 3−), referred 
to as arsenic (III) and arsenic(V)[3,5,8]. Arsenic 
contaminants present in our drinking water supply 
may be from natural (geogenic) and/or anthropogenic 
sources. Naturally arsenic is present in the earth‘s 
crust as the 20th most abundant element, it is 
typically associated with igneous and sedimentary 
rocks in an inorganic form, such as arsenopyrite and 
Anthropogenic sources of arsenic include industrial 
processes (in particular, mining and smelting), ash 
residues from power plants, pesticide and fertilizer 
applications, wood preservatives, inorganicarsenical 
pesticides and herbicides industrial and municipal 
waste, and sewage sludge[6]. However, the main 
cause of groundwater contamination is geogenic.The 
World Health Organization (WHO) had 
recommended a maximum contaminant level (MCL) 
of arsenic in drinking water of 10 ppb [3, 11,12]. The 
acute toxicity of arsenic at high concentrations has 
been known about for centuries. It was  only 
relatively recently that a strong adverse effect on 
health was discovered to be associated with long-term 
exposure to even very low arsenic concentrations. 
Drinking water is now recognized as the major source 
of human intake of arsenic in its most toxic 

(inorganic) forms. The presence of arsenic, even at 
high concentrations, is not accompanied by any 
change in taste, odor or visible appearance of water. 
The presence of arsenic in drinking water is therefore 
difficult to detect without complex analytical 
techniques. The effects of arsenic are serious and 
ultimately life-threatening. Arsenic in drinking water 
is a global problem affecting countries on all five 
continents. The most serious damage to health has 
taken place in Bangladesh and West Bengal, 
India[12].Several treatment technologies have been 
adopted to remove arsenic from drinking water under 
both laboratory and field conditions. 
Technologyshouldprovidecommunities with 
asustainable,continuous, affordable, safewater supply 
in all cases and also technologies should not have 
anundueadverse effect on the environment. 
Technologies meeting these technical criteria 
canbeevaluated underseveralsocioeconomiccriteria. 
First,thesystemsmust be economically feasible. 

II. METHODS FOR ARSENIC REMOVAL

Most of arsenic present in the nature water is in 
inorganic forms. The most common valence states of 
arsenic, As(V) or arsenate is more prevalent in 
aerobic surface waters and As(III) or arsenite is more 
likely to occur in anaerobic ground waters. As(V) 
includes H3AsO4, H2AsO4

-, HAsO4
2-, AsO4

3- in which 
the negatively charged arsenate accounts for more 
and As(III) includes H3AsO3, H2AsO3

-, in which the 
uncharged H3AsO3accounts for more [2].Knowledge 
of the speciation of arsenic i.e. the repartition of the 
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different species as a function of pH, is fundamental 
to understand the removal process. In the typical pH 
range of natural waters, arsenate ions are present as 

H2AsO4
-,HAsO4

2- and AsO4
3-and arsenite is found 

mostly as the uncharged species H3AsO3, which is 
shown in the following figures. 

Figure 1: As(V) species repartition as function of pH [4]. 

Figure 2: As(III) species repartition as function of pH [4]. 

Removal efficiencies for As(III) are poor compared to 
removal As(V) by any of the technologies evaluated 
due to the negative charge on As(V) and hence the 
technologies under review perform most effectively 
when treating arsenic in the form of As(V). If not so 
then As (III) may be converted through pre-oxidation 
to As(V). Data on oxidants indicate that chlorine, 

ferric chloride, potassium permanganate, ozone and 
hydrogen peroxide are effective in oxidizing As(III) 
to As(V). Pre-oxidation with chlorine may create 
undesirable concentrations of disinfection byproducts. 
Ozone and hydrogen peroxide should oxidize As(III) 
to As(V), but no data are available on 
performance[5]. 

Table 1: Showing performance and limitations of arsenic oxidants[13]. 
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All of the technologies for arsenic removal rely on a 
few basicchemicalprocesses, most common methods 
used for arsenic removal are elaborated here: 

Precipitation processes: Precipitation processes 
involving coagulation/ filtration have been studied 
extensively for the removal of arsenic from water. 
Adsorption co-precipitation with hydrolyzing metals 
such as Al3+ and Fe3+ is the most commonly used 
treatment technique for removing arsenic from water. 
The precipitate formed after coagulation or in situ 
oxidation of iron and manganese present in water 
could be removed by sedimentation followed by rapid 
sand filtration or direct filtration or 
microfiltration.Coagulation with iron and aluminum 
salts and lime softening has been considered the most 
effective treatment process for removing arsenic from 
water to meet the interim primary drinking water 
regulations standard. Oxidation of As(III) to  As(V) 
and removal using one of the processes described 
above has been recommended (USEPA 2000a & b). 
Atmospheric oxygen, hypochlorite and permanganate 
are commonly used for oxidation of As(III) to As(V). 
However, oxidation with air (atmospheric oxygen) is 
very slow. The effectiveness of this technology is less 
likely than other treatments to be reduced by 
characteristics and contaminants other than arsenic. It 
is also capable of treating water characteristics or 
contaminants other than arsenic, such as hardness or 
heavy metals. Systems using this technology 
generally require skilled operators, for this reason, 
precipitation/co- precipitation is more cost-effective 
at large scale where labour costs are spread over a 
larger quantity of  treated water. The As is removed 
in the formation of the insoluble compounds 
Al(AsO4) orFe(AsO4)[12]. 

Sorption Technology:Sorption is a common word use 
for both adsorption and absorption. Some materials 
with big specific surface area and high surface energy 
which have strong adsorption ability can separate and 
remove the contaminant to purify water in the process 
of adsorption. This adsorption action may be 
chemistry effect such as surface chemistry 
coordination or complex or physical effect such as 
static-electric attraction. Adsorption is one of the 
most effective methods to remove the arsenic in the 
water; the common adsorbents included activated 
alumina, activated carbon, function resinand metal 
oxide, etc.[2].Adsorption involves the use of granular 
adsorptive media for the selective removal of arsenic 
from water with or without pH adjustment and with or 
without spent media regeneration. Several granular 
adsorptive filter media have shown high effectiveness 
in arsenic removal from water. These include 
activated alumina, activated carbon, iron oxide coated 
or based filter media including some commercial 
media like Aqua-Bind MP, ArsenX,Bayoxide E33 
ferric oxide, Granular Ferrichydroxide (GFH), 
MEDIA G2, manganese greensand etc. These 

technologies are consistently capable of removing 
arsenic to below the required standard level (USEPA 
2002).The effectiveness of adsorption for arsenic 
treatment is more likely than precipitation processes 
to be affected by characteristics and contaminants 
other than arsenic. Small capacity systems 
usingthesetechnologiestendtohaveloweroperatingand 
maintenance costs and require less operator expertise. 
Adsorption and ion exchange therefore tend to be 
used more often when arsenic is the only contaminant 
to be treated, for relatively smaller systems, and as an 
auxiliary process for treating effluent from larger 
systems[12]. Several adsorptive media like activated 
alumina, activated carbon, iron and manganese coated 
sand, kaolinite clay, hydrated ferric oxide, activated 
bauxite, titanium oxide, silicium oxide and many 
natural and synthetic media have been reported to 
remove arsenic from water. The efficiency of 
adsorptive media depends on the use of oxidizing 
agents as aids to provoke the adsorptive of arsenic on 
the media[10]. 

Activated Alumina: 
Activated alumina (Al2O3) has a good adsorptive 
surface, in the range of 200-300 m2/g. The large 
surface area gives the material a very large area for 
adsorption of arsenic. When water passes through a 
packed column of activated alumina, the impurities 
including arsenic present in water are adsorbed on the 
surfaces of activated alumina grains. Eventually, the 
columnbecomes saturated, first at its upper zone and 
later downstream towards the bottom end, and finally 
the column gets totally saturated. Regeneration of 
saturated alumina is carried out by exposing the 
medium to 4% caustic soda (NaOH) either in batch or 
by flow through the column resulting in highlyarsenic 
contaminated caustic wastewater. Arsenic removal by 
activatedalumina is controlled by pH and the arsenic 
content of water. The efficiency drops as the point of 
zero charge is approached and at pH 8.2 where the 
surface is negatively charged, the removal capacities 
are only 2-5% ofthe capacity at optimal pH.Some 
examples of activated alumina basedadsorptive media 
are: the ―BUET Activated
Alumina‖,the―AlcanEnhancedActivatedAlumina‖andt
he 
―ApyronArsenicTreatmentUnit‖[10]. 

Metal (hydrogen) oxide: 
Iron oxide with high surface energy and surface area 
hasstrong adsorption capability with respect to many 
inorganicions and organic matters. Lots of literatures 
have reportedthat heavy metal ions and organic 
contaminate can  beremovedby iron (hydrogen) 
oxide. Several iron oxides removedarsenic effectively 
such as amorphous hydrous ferricoxide, crystalline 
hydrous ferric oxide (ferrihydrite), hematite, 
magnetite and goethite. The iron hydroxide and its 
polymer with high adsorption and fast kinetic 
whichhave the biggest capability of adsorption were 
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the mosteffective. However, some shortcomings with 
iron hydroxidestillexists,for example, some anions 
have an adverseinfluence on the arsenic removal such 
as SO42-, Cl-, F-,PO4- and SiO3-. The latter two 
have relatively strongerimpact than the former three. 
In addition, the arsenic removalwas influenced by pH 
markedly. The removal efficiencydecreased quickly 
as pH is over 8.5. Arsenateremoval is much better 
than arsenite by iron hydroxide. Also iron hydroxide 
had poor adsorption to arsenite. Lakshmipathiraj et al 
(2006) combined the advantages of Mn and Fe, 
synthesize a suitable adsorbent, Mn-substituted iron 
oxyhydroxide (MIOH), which could remove both 
arsenite and arsenate from aqueous solutions with 
considerable efficiency[8]. 

Activated Carbon: 
Activated carbon (AC) has been extensively used for 
the removal of organic contaminants in water. Results 
regarding arsenic removal are quite controversial but 
most of them show that activated carbon can remove 
As(V) but not As(III). However, As(V) uptake 
capacities were low, reaching 20 mg/g on granular 
activated carbon. The performance of Activated 
carbon depends on its chemical composition. It has 
been demonstrated that a fly ash content of activated 
carbon was a critical parameter in arsenate removal. 
In another study, As(V) sorption was correlated to 
Activated Carbon zeta potential values but fly ash 
content was not consistent with As(V) removal. 
As(III) was removed significantly only at high initial 
concentration (.700 mg/L), which was explained by 
an oxidation from As(III) to As(V) by the oxygenated 
functional groups present at the surface of the 
sorbent. Furthermore, Jubinka and Rajakovic 
demonstrated that activated carbon did not remove As 
(III) in the pH range of2–10[4]. Chemically treated
activated carbon exhibits high adsorption capacity for
arsenic. The factors (such as solution pH, carbon type
and carbon pretreatment and elution of the arsenic
from loaded carbon) that affect the mechanism of the
adsorption of arsenic species on activated carbons. It
is found that As(V) is more effectively removed from
solution by using activated carbon with high ash
content and pre-treatment of the carbon with Cu(II)
solutions improves its arsenic removal capacity. In
these studies, commercially available activated
carbons were used. The use of commercial activated
carbon is not suitable for developing countries
because of its high cost[13].

Strong Base Anion (SBA) Exchange Resin: 
Strong base anion (SBA) exchange resins have 
quaternary ammonium groups connected to the 
polymer matrix and differ by the nature of the group 
attached to the nitrogen. They can be classified in two 
classes: type I resins with three methyl groups 
connected to the nitrogen and type II with two methyl 
and one ethanolamine group. Anion exchange resins 
have more affinity for divalent anions than 

monovalent anions, therefore, HAsO42-will be 
preferentially adsorbed over H2AsO4-. Thus, 
according to the speciation diagram reported in Fig.1, 
arsenate removal is expected to increase between pH 
6 and 9. On the other hand, due to its weak 
dissociation constant, As(III) cannot be removed. A 
pre- oxidation step is necessary to treat an arsenite 
solution with ion exchange technology[4]. 

Metal-Loaded Polymers: 
Metal-loaded polymers were described four decades 
ago by Helfferich to separate ligands of different 
coordination. These materials have been used only 
recently for the treatment of water contaminated with 
toxic anions like arsenic, selenite, or fluoride. 
Another domain of application is analytical 
chemistry, where these sorbents are used to pre- 
concentrate very dilute solutions of arsenic before 
analysis. One attractive feature of these polymers is 
that most of the time, they overcome interferences 
with chloride and sulfate ions generally observed 
with strong anion exchange resins. Due to the strong 
interaction between the metal bound onto the polymer 
and arsenic, uptake capacities can alsobe increased. 
The most interesting property may be the possibility 
to remove both As(III) and As(V). Operating pH 
conditions can also be less restricted than with SBA 
because arsenic species do not have to be negatively 
charged to be removed. However, sorbent has to be 
carefully designed to avoid any release of the metal in 
solution and  adversely affect the quality of water. 
Metal-loaded polymers are usually prepared by 
passing a metal ion solution at a given concentration 
and pH through a packed column of resins in a down 
flow or up flow mode. With this method, the operator 
has control ofthe pH and concentration of the feed 
solution. pH is one of the most important parameter 
to study because it affects both the nature of arsenic 
species in solution and the surface of the adsorbent. 
Whenever possible, buffers should be avoided as they 
can interfere with Sorption Technologies for Removal 
of Arsenic in Water. Some of metal loaded polymers 
are: Fe(III)-Resins, Cu(II)-Resins, Zr(IV)-Resins, 
La(III)-Resins, Ce(IV)-Resins etc. [4]. Most of the 
work on metal-loaded polymers has been done with 
Fe(III) but these sorbents have limitations for 
drinking water treatment due to their low operating 
pH for As(V) removal and a low affinity for As(III). 
Zr(IV)-loaded chelating resins are promising because 
they are selective and have an high affinity for 
arsenite ions at neutral pH[4]. 
Granular Ferric Hydroxide: 
Granular ferric hydroxide is also used for the 
adsorptive removal of arsenate, arseniteandphosphate 
from water. Granular ferric hydroxide reactors are 
fixed bed absorbers operate like a conventional filter 
with a downward flow of water. The water containing 
high dissolved iron and suspended matters should be 
aerated and filtered through a gravel/sand bed as a 
pretreatmentto avoid clogging of the adsorption 
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bed[10]. 
Hydrous Cerium Oxide: 
Hydrous cerium oxide is also a good adsorbent. 
Laboratory test and field testing of the materials at 
several sites showed that the absorbent is highly 
efficient in removing arsenic fromgroundwater[10]. 
Iron Coated Sand and Brick Chips: 
Iron coated sand and iron coated brick chips are 
effective in removing bothAs(III) and 
As(V).The―Shaplaarsenicfilter (Shapla arsenic    filter 
has    been     developed    and  tested widely use in 
Bangladesh. This is flow through system in which 
arsenic contaminated water flows through a bucket 
containing  active  arsenic  removal   material 
prepared   by a specialized chemical treatment of 
ordinary brick particles to incorporate activated  iron 
oxide in  the brick  particles)‖  and 
―SurokkaArsenic Filter(TheSurokkafilter is a house 
hold arsenic filter made out of local components and 
materials. The filter operates on the properties of 
locally available iron containing  yellow   sands   to 
absorb   arsenic   from  ground water. The water flows 
through the filter at a predetermined rate so that 
almost 100% removal of As(III) and As (IV) is 
obtained.  The  operation  of  the  filter  is  very 
simple, just pouring water to the container containing 
20 kg active material and collecting water in a 
receiver)‖ are example of a household arsenic removal 
filter based on iron coated brick chips developed and 
promoted by the International   Development 
Enterprises   (IDE).   Thebrick chips are treated with 
ferrous sulphate solution for iron coating. The water 
collected from contaminated tube wells passes 
through the filter media placed in earthen container 
having a drainage system underneath. The Na2CO3-
rich water may be used for leaching of arsenic from 
As loaded brick chips/sands. 

Membrane filtration: Membrane processes can 
remove arsenic through filtration, electric repulsion, 
and adsorption of arsenic-bearing compounds. The 
effectiveness of microfiltration and ultrafiltration as a 
technique for arsenic removal is highly dependent on 
the size distribution of arsenic bearing particles in the 
source water. Nano-filtration membranes are capable 
of removing significant portions of the dissolved 
arsenic compounds in natural waters. Reverse 
Osmosis (RO) is a technology proven through several 
bench- and pilot-scale studies, and is very effective in 
removing dissolved constituents. Since arsenic in 
groundwater is typically 80- 90% dissolved, RO is a 
suitable technology for arsenic removal in 
groundwater. Membrane filtration is effective in 
removing both As(III) and As(V) species. However, 
efficiency in removing As(V) is higher than for 
As(III).The effectiveness of membrane filtration for 
arsenic removal is sensitive to a variety ofuntreated 
water contaminants and characteristics. It also 
produces a larger volume of residuals and tends to be 
more expensive than other arsenic treatment 

technologies. It is therefore used less frequently than 
precipitation/ co-precipitation, adsorption, and ion 
exchange (USEPA2002). 

Biological removal processes:In the present study, an 
alternative technology for the removal of both 
trivalent and pentavalent arsenic species was 
examined based on the established biological iron 
oxidation from groundwater.Iron oxidation can be 
catalyzed by several microorganisms, which are 
indigenous in most groundwater, such 
asGallionellaferruginea and Leptothrixochracea. 
Arsenic can be removed by direct adsorption or co-
precipitation on the preformed biogenic iron oxides, 
whereas there was anindicationof As(III) oxidation by 
iron oxidizing bacteria, leading to improved overall 
removal efficiency. The objective of the present 
research was to study the mechanism of As(III) 
removal during biological iron oxidation, as well as to 
establish the optimum conditions for efficient arsenic 
(IIIand 
V) removal, in order to meet the new standard of 10
mg/L. Furthermore, investigations using living, dead
or resting cells have been performed, in order to
obtain additional information regarding the role of
bacteria and the mechanism of trivalent arsenic
removal. In addition, the removal of pentavalent
arsenic has been examined, in order to obtain an
integrated view on the applicability of this technology
in groundwater treatment, when both inorganic forms
of arsenic are present. It is considered as an
innovative treatment approach,   which   can   be
summarized   under   the  term
‗‗biological adsorptive filtration‘‘.The removal of
arsenic was examined simultaneously to biological
iron oxidation. The treatment process was based on a
fixed-bed up flow filtration unit. A
schematicdiagramof experimental set-up is shown  in
Fig.  3.  The  apparatus  consisted  of  a(Plexiglas)
column, which was filled with appropriate filtration
media (polystyrene beads). The indigenous
microorganisms after 3 months of operation have
been deposited and accumulated in the filtration
column. The oxidation of iron resulted in the
formation of a biofilm. In particular,
Gallionellaferruginea forms stalks
andLeptothrixochracea sheaths, when present in an
oxidizing environment rich in ferrous iron. It is
proposed that the formation of stalks and sheaths may
serve as a protective mechanism against the
increasing reducing capacity of ferrous iron as it
becomes unstable in an environment that becomes
oxidized. By this way these bacteria accumulate in
the filtration media and grow by obtaining their
energyeither by the oxidation of ferrous iron
(Gallionella) or by consumption of organic matter
(Leptothrix)[7].

Figure 3: Schematic representation of biological 
oxidation and filtration unit [7]. 
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(1) Continuous flow of contaminated groundwater,
(2) arsenic stock solution, (3) peristaltic (feeding)
pump, (4) influent sampling vessel, (5) air injection,
(6) aeration column, (7) filtration column and
(8)effluent.

Column characteristics: active height: 1m, inner 
diameter: 68 mm, surface area: 0.0036m2, bed 
volume: 3.6 L, total bed porosity: 0.37, bead diameter 
3–4mm. 

Table 2: Efficiency of conventional arsenic removal 
techniques[11]. 

Emerging Physico-Chemical Technologies: 
The conventional technologies for arsenic removal 
referred above are fairly well documented, although 
some of the systems have only come into prominence 
in recent decades. Nowadays, extensive research has 
been conducted towards identifying new technologies 
for arsenic removal. These focus particularly on low-
cost systems that can be applied to smallwater 
supply systems, in order to increase efficiency and 
improve the cost-benefit balance of arsenic removal. 
Technology research has also focused on the 
improvement of existing conventional technologies 
such as adsorption, by modifying or using novel 

adsorbent materials, or by introducing new chemical 
oxidation processes. Most of these technologies rely 
on the oxidation of arsenite followed by filtration 
through a porous material, where arsenic is removed 
through adsorptionand co-precipitation. TiO2 
immobilization, on a PET (poly ethylene 
terephthalate) surface, combined with co-
precipitation of arsenic on iron (III) hydroxides 
(oxides), could be an efficient way for total inorganic 
arsenic removal from waters. Because of their very 
strong affinity for arsenic, iron compounds are used 
by many removal systems. This is also the case for 
the application implemented and described in the case 
study presented below. Recent research work was 
developed to find a suitable iron (II) to arsenic ratio 
in water to reduce arsenic to 5 ppb (or lower) through 
slow sand filtration. It was found that a ratio of 40:1 
was necessary to ensure the desired arsenic 
concentration in the treated effluent[11]. 

Alternative Technologies: Some alternative safe 
water options applied in West Bengal and Bangladesh 
include clay filters, deep tube wells, dug wells, 
surface and rainwater harvesting and solar 
distillation. Solar distillation techniques use the sun's 
energy to evaporate water, which is then re- 
condensed. This process of evaporation and re-
condensation separates all chemicals, including 
arsenic, from the water. The SORAS (Solar Oxidation 
and Removal of Arsenic) process has been used in the 
rural Andes regions in Latin America. It is based on 
the adsorption of As(V) onto iron oxides and 
hydroxides using UV radiation and the addition  of 
citrate as a catalyst for the formation of oxidizing 
radicals that allow the conversion of arsenite to 
arsenate. In this context, the combination of solar 
oxidation with one of the conventional adsorption 
processes might be a pertinent development towards 
yet another promissory alternative to arsenic removal. 
The goal would be to optimize the SORAS process by 
incorporating complementary conventional 
techniques, thereby increasing its reliability. To that 
effect, it was proposed that a UV radiation 
measurement cell be programmed so that the water to 
treat is automatically re- routed to a chemical 
oxidation process, whenever the available UV 
radiation is less than that required for arsenite 
oxidation. This alternative technology appears as 
particularly suitable for small and medium-size water 
supply systems. By integrating a solar radiation 
(renewable energy source) oxidation technology with 
conventional reactive filtration or adsorption 
processes, it is also aiming for the reduction of arsenic 
removalcosts[11]. 

II. SLUDGE DISPOSAL

All the arsenic treatment technologies ultimately 
concentrate arsenic in sorption media, sludge or 
liquid media and indiscriminate disposal of these 
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mayleadto environmental pollution.Hence, 
environmentally safe disposal of sludge, saturated 
media and liquid wastes rich inarsenic is of high 
concern. Experiments were conducted to assess 
transformation of arsenicfrom aqueous solutions in 
the presence of cow dung. Some studies suggested 
that bio‐chemical(e.g., bio‐methylation) process in 
the presence of fresh cow‐dung may led to significant 
reduction of arsenic from arsenic rich treatment 
wastes. Another optionwould be to blend the arsenic 
contaminated material into stable waste or 
engineeringmaterials such as glass, bricks, concrete 
or cement blocks. However, there is also possibility 
of air pollution or water pollution downstream of 
kilns burning bricks containing 
arseniccontaminatedsludgedue to volatilization of 
arsenic during burning at high temperature [10]. 

III. CONCLUSION

To remove arsenic from wastewaters, the most 
commonly used technologies are adsorption onto 
activated alumina, and precipitation or adsorption by 
metals oxides, predominantly Fe(III) and membranes. 
These technologies for removal of arsenic from 
wastewaters are most suited to dealing with relatively 
low concentrations of arsenic, i.e. the low μg/l level. 
However, the technique of precipitation, generally 
using Fe (III) or lime softening is suited to higher 
concentrations, normally at the low mg/l levels. 
Adsorption is a method that has been an important 
method used in arsenic removal. Most studies are 
focused on the type of adsorbent mediums and the 
economics of their regeneration. Membrane 
technology, especially Nano filtration, becomes a 
promising method in arsenic removal and is also 
widely considered as the methods that can be used to 
meet regulations for lowered arsenic concentrations in 
drinking water. Also the biotic oxidation of iron by 
the microorganisms is found to be a promising 
technology for effective removal of arsenic from 
groundwater. During this process, iron oxides were 
deposited in the filter medium, along with the 
microorganisms, which offer a favorable environment 
for arsenic to be adsorbed and removed from the 
aqueous streams. This technology offers several 
advantages towards the Conventional 
physicochemical treatment processes, applied in the 
removal of arsenic. It avoids the use of chemical 

reagents for the oxidation of trivalent arsenic; 
therefore, it is more economical and environment 
friendly. Other alternative methods also studied for 
their feasibility in replacing the current available 
methods. Future needs on arsenic removal technology 
should take into considerations of reducing the 
treatment cost, simplifying the operational 
complexity of the technology and disposal of arsenic 
bearing  treatment residual. 
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Abstract - In the Middle East locale, inside dividers of structures are generally put with gypsum. Hence, the destruction 
squanders are presumably gypsum sullied, which may prompt inward sulfate assault in new cements containing reused 
concrete. This examination gives the findings of a test examination on cement made with reused solid totals defiled with 
development gypsum (unhydrous calcium sulfate). For this, four gatherings of blends were readied. In the first gathering, the 
characteristic sand was part of the way and completely supplanted by tainted fine reused solid total. In the subsequent 
gathering, the regular rock was incompletely and completely subbed by debased coarse reused solid total. In the third 
gathering, both sand and rock were subbed by polluted reused solid total, while the fourth gathering was coordinated to 
examine the impact of silica rage on cement made with reused solid total. The deliberate properties were development, 
compressive strength, parting rigidity and modulus of burst. The outcomes demonstrated that the higher the rate level of 
tainted reused totals the lower the strength and the higher the extension. The best outcomes were recorded for the second 
gathering of blends. In all cases, the development didn't surpass the restriction of 0.05%. 

Keywords - Contaminated; Aggregate; Recycled Aggregate; EXPANSION; Strength; Gypsum; Silica Fume 

I. INTRODUCTION

Theoutputofhugeamountsofsolidwastesisoneofthemos
tunfavorableconsequencesoftheglobalpopulationand 
economygrowth.ConstructionandDemolitionWastes(
CDW)areoneofthemostcommonandlargestmunicipalw
astes 
thatimposeenormouscostsoflandfillmanagementandtra
nsportationbesidestheirnegativeimpactontheenvironm
ent.In Europe for example, 34% of more than 2500 
million tons of annual solid wastes is CDW [1]. On 
the other hand, the huge 
constructionworksleadtoconsumehugequantitiesofnat
uralfineandcoarseaggregates.Thedemandofnaturalagg
regate for construction industry has been doubled 
during the last 10 years reaching an annual of 40 
billion tons [2]. A remedy solution to these problems 
is the recovery and the recycling of old concretes to 
produce concrete aggregates. The annual global 
CDW output exceeds 2000 million tons with an 
average recovery percentage of more than 50% [2]. 
The recovery percentage ranges from less than 10% 
in some developing countries to more than 90% in 
countries like Taiwan, Japan, Denmark and 
Netherlands[2,3]. 

ThepropertiesofnewconcretemadewithRecycledConcr
eteAggregate(RCA)mayvarydependingon(1)thestreng
thof 
oldconcretefromwhichtheRCAisderived,(2)theproced
ureofproducingRCA,and(3)themoistureconditionofthe
RCA. Accordingly, there is a contradiction between 
the authors regarding some properties of concrete 
produced withRCA. 
Thevastoftheliteraturereviewshowedthatusing50%RC
Aormorewouldadverselyaffectthemechanicalpropertie

sof 
concrete.However,somestudiesshowedthattheuseofR
CAinconcreteisnotalwaysunfavorableandgoodproperti
esmay be achieved when the mix proportions are 
selected carefully [4–8]. Indeed, the material 
characteristics like strength,
modulusofelasticity,dryingshrinkage,waterabsorption,
totalporevolumeandcarbonationarenotsignificantlyalte
red 
whenabout20%ofvirginaggregateisreplacedbyRCA[9
–
15].Otherpreviousresearchersshowedthatcompressive
strength may be comparable or slightly greater when 
recycled aggregate from better quality concrete 
sources is used [16–20].
However,theuseoffineRCAmayincreasethetimedepen
dentstrainsincludingcreepanddryingshrinkagebecauset
his 
typeofrecycledaggregatecontainsoldmortarsandcemen
tpastes[10]. 
Somereinforcedconcretememberssuchaswallsandslabs
arefinishedwithconstructiongypsumandplasterofParis.
Therefore,thedemolitionwastesderivedfromthesemem
bersarecontaminatedwithgypsum.Thepresenceofgyps
ummayleadtocompositioninducedinternalsulfateattack
.Thistypeofattackisgeneratedatnormaltemperaturesdu
etotworeactions.Thefirstreactiontakesplaceandoccursb
etweengypsumandC3Awiththepresenceofwaterproduc
ingettringite,whilethesecondhappensbetweencalciums
ulfatefromgypsumandthemonosulfatephasethatpresent
inthehydratedcementpasteproducingexpansiveettringit
e.Theformerreactioninitiatesdirectlyaftermixinganditi
snecessarytocontrolsetting, it becomes unfavorable
when it generates beyond setting stages because of
the formation ofexpansiveettringite.Some previous
researches were found in the literature about the
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effect of internal attack of sulfate 
onthemechanicalpropertiesanddurabilityofconcretesan
dmortars[9,21–
23].Astudycarriedoutontheexpansionofmortarsincorp
oratedwithfineRCAshowedthattheexpansionofmortars
didnotexceedtheexpansionlimitof0.1%availableintheli
teraturethoughtheSO3contentinthesandwas2.9%[9].Th
isencouragingfindingwasvalidirrespectiveofthetypeof
cementused.Otherstudies[22,23]usedfineaggregatewit
hdifferentgypsumcontaminationcontentsasareplaceme
ntofsilicasandinultra-
highperformanceconcrete.Theyshowedthatlowgypsu
mcontentscouldslightlyincreasethecompressiveandspl
ittingstrengthsofconcretesamples,whilesuchresultswas
notobservedforordinarymortars.Theyalsoshowedthatt
he 
expansion of contaminated mortars was noticeably 
higher as the gypsum content increased. 

II. RESEARCH SIGNIFICANCE

Asintroduced,manystudieswerecarriedoutoneitherRC
Aorgypsum-
contaminatedaggregate.However,verylimited 
informationisavailableregardingthebehaviorofconcret
ewhenRCAiscontaminatedwithgypsum.Theselimiteds
tudies were focused on mortars rather than concretes. 
Besides, the effects of RCA contaminated with 
gypsum on the strength properties were not 
previously studied. Therefore, further information is 
still required dealing with the strength and 
durabilityofthistypeofconcrete.Thepresentstudyhasinv
estigatedthestrengthanddurabilitycharacteristicsofcon
crete made with gypsum contaminated fine and 
coarse RCA with different replacement dosages 
ranging from 0 to 100%. The 
sourceofthecontaminatedrecycledaggregatewascrushe
dgypsum-
plasteredconcretecubes.Theinvestigatedproperties 
wereexpansion,compressivestrength,splittingtensilestr
ength,andmodulusofrupture. 

III. EXPERIMENTAL WORK

3.1 Materials 

TheordinaryPortlandcement(ASTMtypeI)havingafine
nessof312m2/kgandspecificgravityof3.15g/cm3wasuse
din 
thisstudy,whilesilicafumewithafinenessof21,100m2/kg
andspecificgravityof2.2g/cm3wasalsoutilizedinsomem
ixes. 
LocalgradednaturalfineandcoarseaggregatesfromWasi
tprovince/Iraqwereadoptedintheexperimentalwork.Gy
psum- 
contaminatedRCAswerealsousedasfineandcoarseaggr
egates.Inordertosatisfytherequiredworkability,highran
ge water reducer admixture was added to somemixes. 

Fig. 1. Gypsum-plastering of cubes made as source 
contaminated recycled concrete. 

3.2 Preparing gypsum contaminated RCA 

Theproducingmethodofgypsum-
contaminatedRCAwasasfollows:(1)asufficientnumber
ofconcretecubeswerecast 
fromnaturalaggregatetoproduceaconcretewithacubeco
mpressivestrengthof25MPa.(2)Thecubeswerecuredup
to28 
days,thentheywereplasteredwithgypsum(unhydrousca
lciumsulfate)fromaonesidewithathicknessof12mm.Fig
.1showstheprocessofpreparationandplasteringoftheso
urceconcretecubes.(3)Afterthat,thecubeswerecrushedt
oobtain thegypsum-
contaminatedRCA.Toassurethatalltheplasteringgypsu
misincludedintherecycledaggregate,thecubes 
werefirstkeptinplasticbagsandcrushedinacompression
machinebeforecrushingtofinerparticles.Fig.2showsapa
tchof sourcegypsum-
plasteredcubes,whileFig.3showstheinitialcrushingpro
cessofthesecubes.ThegradationofRCAswas adjusted 
manually so that it became similar tothat of natural 
aggregates. The sieve analysis of the recycled 
aggregates is
presentedinFig.4.Thecontentofacidsolublesulfates,SO
3inthegypsumcontaminatedRCAwas1.5%byweight.In
orderto 
compensateforthehighwaterabsorptionofRCAs,theyw
erepre-soakedinwaterfor24hpriortocasting. 

3.3 Preparing, mixing and testing 

Thereferencemixhasbeendesignedwithatargetcompres
sivestrengthof25MPa.Theconcretemixesareclassifiedi
nto 
fourgroups.AsshowninTable1,threetypesofaggregater
eplacementmethodswereadopted,namelysandreplace
ment, 
gravelreplacementaswellasbothsandandgravelreplace
ment.Thereplacementlevelswere20,40,60,80,and100
%.In 
otherwords,thenaturalsandwaspartiallyandfullyreplac
edbyfineRCAinaGroupAmixes.InGroupBmixes,thegr
avel 
wassubstitutedbycoarseRCAatvariouslevels.InGroup
C,bothsandandgravelwerereplacedwithfineandcoarse
RCAs.In 
thefourthgroup(GroupD)andtomonitortheinfluenceofs
ilicafume,itwasincorporatedinthemixeswiththehighest 
replacementlevel. 
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The concretes were mixed in a drum type mixer of 
0.1 m3 capacity. Initially, aggregates with a small 
quantity of water were mixed. Thereafter, the cement 
and silica fume with the rest of water were added and 
mixing was resumed until a homogenous mixture 
wasachieved. 
The testing methods of hardened concretes involved 
expansion, compressive strength, splitting tensile 
strength, and modulus of rupture for third point 
bending samples. The specimens used were 100 mm 
cubes for compressive strength, 
150 300 mm cylinders for splitting tensile strength 
and 100  100  400 mm for both expansion and 
modulus ofrupture. The strength properties were 
measured after 7, 28, and 90 days of curing in water, 
while the expansion was measured at specified ages 
up to 6 months of curing in water. Immediately after 
demolding, two demec points were glued on each 
expansionsampletomeasurethelengthchangeviaextens
ometeratthespecifiedages. 

IV. RESULTS AND DISCUSSION

4.1 Compressive strength 

Figs.5–
7toshowtheeffectofreplacementlevelofsand,graveland
bothofthembyRCAonthecompressivestrengthof 
concrete.Itcanbeseenthat,thecompressivestrengthdecr
easedwithincreasingtheRCAreplacementlevelirrespect
iveof 
thereplacementtype.However,thehighestdecrease,whi
chvariedfrom6to38%,wasrecordedformixesofGroupC
in 
whichboththesandandgravelwerereplacedbyrecycleda
ggregates.ThespecimensofgroupA,inwhichsandwasre
placed 
byfineRCA,showedthesecondhighestdecreaseincompr
essivestrengthof7to31%.Ontheotherhand,thecompress
ive 
strengthoftheGroupBmixeswaslessaffectedbythesubst
itutionofcoarseaggregatebycoarseRCAsuchthatthehig
hest recorded percentage decrease was27%. 

Fig. 2.  A batch of source gypsum-plastered cubes. 

Fig. 3.  Initial crushing of source cubes. 

Fig. 4. Sieve analysis of fine and coarse RCA. 

Thecompressivestrengthbehaviorofthenewconcreteder
ivedfromRCAcouldberelatedtothelowqualityofsource 
concreteaswellastheporousinterfacialtransitionzonebet
weenaggregateandcementpaste.Manypreviousstudiesa
lso 
provedtheadversenessofthestrengthofconcretemadefro
mrecycledconcreteaggregate[11,12,14,24–26]. 
Inthepresent 
studythecombinationeffectofgypsumandrecycledconc
reteaggregatealsoledtodecreasethecompressivestrengt
hofthe new concrete. Furthermore, the decrease in 
compressive strength was higher in sand replacement 
as comparedto gravel replacement. Gesoglu et al. [23] 
reported a continuous decrease with the increase of 
gypsum content in the compressive 
strengthofcementmortarsmadeofcontaminatedfineaggr
egates.Theyshowedthatthestrengthdecreasereachedupt
o 
approximately40%foragypsumcontentof11.5%.Thehi
gherspecificsurfaceareaofgypsumparticlesthatwerepre
sentin fine recycled aggregate compared to those 
present in coarse aggregate accelerates the interaction 
between fine gypsum
particlesandC3Aandleadstoproducemoreettringite.Furt
herstrengthdeteriorationoccurredwhenbothsandandgra
vel were substituted by contaminated RCA because 
of the accumulated higher gypsum content in 
theseaggregates. 
When the strength development of the mixes was 
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considered, it can be seen that all the mixes even 
those with high gypsum content developed strength 
with age as shown in Figs. 5–7. The growth in 
strength could be related to the 
continuousinteractionofcementandcuring 
water.Moreover,someporeswereeventuallyfilledwithet
tringite.Ouyang et al. [27] found that the compressive 

strength increases with age initially and then dropped 
depending on the C3A and cement content in the mix. 
The apparent contradiction between both studies 
could be related to the much higher SO3 
contentusedinthepreviousone(7%)ascomparedtothecu
rrentone(2%). 

Table 1 
Mix proportion of concrete (kg/m3). 

Fig. 5. Variation of compressive strength with contaminated 
fine RCA. 

4.2 Splitting tensile strength and flexural strength 

Concrete is known for its weakness in tension. One of 
the tests used to evaluate the tensile strength of 
concrete is the 
splittingtest.Thesplittingtensilestrengthofconcreteisse
nsitivetotheaggregatetypeandisrelatedtothecompressiv
e strength. On the other hand, the flexural beam test 
(modulus of rupture) can be used as an indicator for 

both theflexural 
strengthandindirectlythetensilestrength.Therefore,bot
hthesplittingtensileandtheflexuraltestswereconductedi
nthis 
researchtoevaluatetheeffectoftheincorporationofsulfat
e-contaminatedRCA.
Thetestresultsofthesplittingtensilestrengthfortheconcr
etemadewithcontaminatedRCAarepresentedinFigs.8–
10.
Aswiththecompressivestrength,thesplittingtensilewas
adverselyaffectedbytheinclusionofRCAandthehighert
he substitution level the lower the retained strength.
In all cases, the reduction in strength was increased as
thesubstitution level increased. Fig. 8 shows that for
fine RCA replacement and for the three ages of
concrete, the reductions in splitting
tensilestrengthwereintherangesofapproximately9–
13%,17–20%,21–28%,28–35%and31–
35%forreplacementlevelsof
20,40,60,80and100%,respectively.Ontheotherhand,lo
werreductionlevelswererecordedforcoarseRCAreplac
ementsas
showninFig.9.ForcoarseRCAreplacementlevelsof40,6
0,80and100%andforthethreetestages,thepercentage

reductionsinsplittingtensilestrengthwereapproximatel
yintherangesof8–17%,16–21%,20–31%and22–
33%,respectively, while strength gain was recorded 
for some samples at a replacement level of 20%. The 
better results of the specimens in 

whichthegravelwaspartiallyandtotallyreplacedbyconta
minatedcoarseRCAareattributedtotheslowdissolutiono
f 
coarsegypsumparticlesinwater,whichisnotenoughtopr
omoteettringiteformation. 



Extension and Strength Properties of Cement Containing Reused Solid Total 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

82 

Fig. 6. Variation of compressive strength with contaminated 
coarse RCA. 

Fig. 7. Variation of compressive strength with contaminated 
mixed RCA. 

Fig.10showsthedeclinedsplittingstrengthofspecimens
withmixedsubstitutionoffineandcoarseRCA(GroupC).
This 
caseofreplacementledtothehighestlevelsofstrengthred
uctionamongthethreegroupsofspecimens.Forthethreet
est ages, the strength reduction values were 7–39% 
when both natural aggregates were replaced by fine 
and coarse RCA comparedto9–
35%foronlyfineRCAreplacementand6–
33%forcoarseRCAreplacement. 

Fig. 8. Variation of splitting tensile strength with contaminated 
fine RCA. 

Fig. 9. Variation of splitting tensile strength with contaminated 
coarse RCA. 

Figs.11–13 
showthattheflexuralstrength(modulusofrupture)showe
dsimilartrendofdeclinewiththeincreaseofRCA 
replacement level. Similar to the splitting tensile 
strength, the fine RCA replacement was found of 
larger impact on the
flexuralstrengththanofcoarseRCAreplacement,whileth
elargestreductionlevelsinflexuralstrengthwererecorde
dforthe 
caseofmixedRCAreplacement.Forthethreecuringages,
therangesofpercentagereductionintheflexuralstrength
were6–33%,0–28%and6–
41%forfine,coarseandmixedRCAreplacements,respect
ively.Thisagaincanbeattributedtothefaster dissolution 
of the fine gypsum particles, which maximizes their 
negative impact by the formation of the undesirable 
ettringiteformation. 
It is worth noting that the RCA which is resulting 
from old concrete contains both original particles as 
well as mortar
adheredonthem.ThenewmortarincorporatedwithRCA,
therefore,consistsoftwointerfacialtransitionzones;one
ofthem 
ispositionedbetweentheoriginalparticlesandtheadhere
dmortarwhiletheotheroneislocatedbetweenthenewmor
tar 
andRCA.Thisgeneratestheweaknessregionsinthemicro
structureofthenewconcretesparticularlyunderthebendi
ng loads, and thus reducing the flexural strength and 
fracture energy of concrete. Some recent researches 
have investigated
theseinterfacialtransitionzonesusingadvancedtechniqu
es[28–31]. 

Fig. 10. Variation of splitting tensile strength with 
contaminated mixed RCA. 
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Fig. 11. Variation of modulus of rupture with contaminated 
fine RCA. 

4.3 Expansion 

Figs.14–
16showthevariationofexpansionofconcretemadewithR
CAwithage.Obviously,theexpansionofconcrete 
increasedwithtime.Thisisbecausewhilemaintainingthe
concretesamplesinwater,theCSHgelabsorbswaterandt
he 
moleculesofwatercausetheparticlesofgeltofurtherapart
.Withcuringtime,furthersmallswellingoccursasaresult
of 
decliningthesurfacetensionoftheCSHgel[32].Ineachgr
oupofmixes,theexpansionstrainwashigherwithincreasi
ng 
thereplacementlevelofvirginaggregatebycontaminated
RCA.However,thehigheststrainswereobservedforGro
upC 
mixes,wheremixedRCAwasused,becauseoftheirhighe
stSO3contentinaggregatefollowedbythegroupoffineRC
A (Group A), while the specimens of the Group B 
where coarse RCA was used showed the lowest 
strains. The maximum
recordedexpansionsforthethreegroupswithreplacemen
tsoffineRCA,coarseRCAandmixedRCAwere0.046,0.0
26,and 0.048%, respectively. Thus, the results of 
expansion test fully support the results trend of the 
compressive and tensile strengths discussed earlier. 
Indeed, increasing gypsum content in the mix leads to 
form further ettringite. The ettringite generated at 
early ages 
(beforesetting)isnotharmfulandevennecessarytocontro
lsetting.However,itbecomesadversenesswhenitdevelo
pslater 
(athardenedstage)becauseexpansionofhardenedmatrix
developscracksandhenceweakensthesystem[32].Asrep
orted by [33], the use of recycled concrete aggregates 
instead of natural aggregate increases the expansion 
of concrete, so the
relativelyhigherexpansivestrainsofmixeswithcontamin
atedaggregatesascomparedtocontrolmixeswerenotonl
ydue to the existence of excessive sulfates in 
aggregate but also due to recycled concrete 
aggregates. However, it is difficult to 
distinguishtheeffectoftheadheredmortarontherecycled

aggregateparticlesfromtheeffectofthegypsumbecausee
ach oneofthemmayincreasetheexpansionstrain.  

Fig.12.VariationofmodulusofrupturewithcontaminatedcoarseR
CA. 

Fig. 13.  Variation ofmodulus of rupture with contaminated 
mixed RCA. 

Fig. 14. Expansion with time for concrete with different 
contaminated fine RCA contents. 

Fig. 15. Expansion with time for concrete with different 
contaminated coarse RCA contents. 
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Somestandardsprovidelimitsforsulfatecontentinaggreg
ateexpressedasSO3.Regardingnaturalaggregate,thislim
it is
0.5%forfineaggregateand0.1%forcoarseaggregateinth
eIraqistandards[34],whileASTMandENstandardsdono
tprovide any limitations. The reason may be due to 
the absence of appreciable sulfates in the natural 
aggregate of their regions. However, the EN standard 
requires that the SO3 content in recycled aggregate 
must not exceed 1%. On the other hand, researchers 
[9,35,36] have adopted the expansion strain to 
determine the quality of concrete made with gypsum 
contaminated aggregate even in all cases the SO3 
level in aggregate exceeds the standard limits. They 
reported that the concrete or mortar is acceptable 
whenever the expansion is not higher than 0.1% after 
one year of immersing in water or 0.05% after 6 
months of immersing in water. In the present study, 
the expansion did not exceed 0.048% in all cases, 
morepromisingresultswereachievedingroupsAandBw
hereeithersandorgravelwerepartiallyorfullyreplacedby
RCA.Otherstudyalsosuggestedagreatpotentialforuseof
contaminatedrecycledaggregateinconstructionindustry
thoughthatstudywasfocusedonexpansionofmortarsonl
y[9]. 

Fig. 16. Expansion with time for concrete with different 
contaminated mixed RCA contents. 

4.4 Effect of silicafume 

Silica fume is a very reactive pozzolanic material 
because of its physical and chemical features. When 
using this by- product material in concrete, a 
significant development in compressive and tensile 
strengths is expected. Figs. 17–19illustrate the 
influence of silica fume on the compressive strength, 
splitting tensile strength and modulus of rupture of 
concrete when sand, gravel and both of them were 
fully replaced by recycled fine (F), coarse (C) and 
mixed (M) RCA 
aggregates.Thefiguresshowcomparisonsbetweenthestr
engthofconcretewith100%contaminatedRCAwithand
without 
the10%cementsubstitutionbysilicafume.ThelittersSFi
nFigs.17–19refertothepresenceofsilicafume. 

Fig. 17. Effect of silica fume on compressive strength of 
specimens with 100% RCA. 

Fig. 18. Effect of silica fume on splitting tensile strength of 
specimens with 100% RCA. 

Fig. 19. Effect of silica fume on modulus of rupture of 
specimens with 100% RCA. 

Figs. 17–19 show that the retained compressive 
strength, splitting strength and modulus of rupture 
were significantly 
improvedbytheadditionofsilicafume.Obviously,thesili
cafumecompensatedforthestrengthreductioncausedbyt
he present of waste concrete aggregate such that both 
traditional concrete and that made with RCA showed 
almost similar strengths. The enhanced aggregate-
matrix interfacial transition zone could be the reason 
behind such behavior because 
silicafumemakesthiszonedenserandstructurallystronge
r.Thepercentagedevelopmentincompressivestrengthdu
eto
silicafumeadditionforthethreegroupswithfine,coarsean
dmixedcontaminatedRCAandforthethreeagesrangesfr
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om 
approximately25to50%.Similarly,thedevelopmentsins
plittingtensilestrengthandmodulusofrupturerangefrom
24to 
62%and30to61%,respectively.Theresultsofthecurrentr
esearchareinconsistentwithpreviousresearches[37,38]t
hat 
showedbetterstrengthanddurabilityperformanceofRC
Aspecimensincorporatedsilicafumecomparedtothosew
ithout silicafume.  

V. CONCLUSIONS

1. Fromtheresultsoftheexperimentalworkconductedi
nthisstudy,thefollowingsconclusionscanbedrawn,

2. The compressive strength was lower with
increasing the replacement level of virgin
aggregate by contaminated RCA. However, the
lowest strengths were recorded for Group C
mixes in which the sand and gravel were
replaced by 
contaminatedRCA,followedbyGroupAinwhichsa
ndwasreplacedbycontaminatedRCA.Ontheotherh
and,GroupB
showedthebestresultsamongthethreegroupsofmix
es.

3. The splitting tensile strength and flexural
strength generally exhibited trend similar to
compressive strength. The maximum reductions
in splitting tensile strength due to the use of fine,
coarse and mixed RCA were 35%, 33% and
39%,
respectively,whiletheywere33%,28%and41%for
flexuralstrength,respectively.

4. IncreasingthereplacementlevelofcontaminatedRC
Aledtoincreasetheexpansionstrainofconcreteofthe
threegroups
ofmixtures.However,thelargeststrainsweregenera
llyobservedforGroupCmixesbecauseoftheirhighe
stSO3content in aggregate, followed by group A
and Group B. In all cases, the maximum
recorded expansion was0.048%.

5. The use of silica fume counterbalanced the
strength reduction and strain increment due to the
replacement of natural
aggregatebycontaminatedRCA.Thepercentagede
velopmentincompressive,tensileandflexuralstreng
thsduetosilica fume inclusion ranged from 24
to62%.
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Abstract - Endless supply of power through warm course including combination of pounded coal, simultaneous age of fly 
debris in enormous amounts involves genuine concern not just on account of issues related with its removal and usage yet 
additionally in view of its danger to public security and nature. As of now, enormous amount of fly debris is being unloaded 
in slurry structure in huge territories close to the force plants without being put to profitable use in India. Just an extremely 
low rate (<49) of fly debris produced in India is being utilized for profitable applications though the relating figures of 
different nations may fluctuate from 45% to 67%. 

Albeit fly debris offers ecological points of interest, it additionally improves the exhibition and nature of cement. Fly debris 
influences the plastic properties of cement by improving usefulness, decreasing water interest, lessening isolation and dying, 
and bringing down warmth of hydration. Fly debris expands strength, decreases penetrability, lessens erosion of fortifying 
steel, builds sulfate opposition, and diminishes soluble base total response. Fly debris acquire its greatest strength more 
lower than concrete made with just portland concrete. The technique for working with this sort of cement are standard for the 
plant and won't influence the spending plan of working . As a Civil Engineer we attempt to utilize fly debris in development, 
as it assists protection climate with decreased its unfriendly effect with numerous different favorable circumstances, however 
now question ascends how much or rate fly debris could be utilized in cement for development works, and to answer this 
current investigation have been made. 

I. INTRODUCTION

Concrete, typically composed of gravel, sand, water, 
and Portland cement, is an extremely versatile 
building material that is used extensively worldwide. 
Reinforced concrete is very strong and can be cast in 
nearly any desired shape. Unfortunately, significant 
environmental problems result from the manufacture 
of Portland cement. Worldwide, the manufacture of 
Portland cement accounts for 7-9% of the total carbon 
dioxide (CO2) produced by humans, adding the 
greenhouse gas equivalent of 330 million cars driving 
19,900 miles peryear. 

A waste part Fly Ash could be for large portions of 
Portland cement, significantly rising concrete’s 
environmental characteristics. Fly Ash, carrying 
mostly of silica, alumina forms a compound similar to 
Portland cement when mixed with lime and water. 
Fly ash is a non- combusted by-product of coal-fired 
power plants and generally ends up in a landfill. 
However, when high volumes are used in concrete 
(displacing more than 35% of the cement), it creates a 
stronger, more durable product and reduces 
concrete’s environmental impact considerably. Due to 
its strength and lower water content, cracking is 
reduced. 

In the HVFAC mechanism, physical and chemical 
factors combine at all ages to densify and bind the 
paste. In the early age of concrete, the important 
factors of strength developmentare 
(i) Physical effect - fine particles of fly ash act as
micro aggregates and densify themass
(ii) Chemical contribution of the formation of
ettringiteor related sulpho-aluminate production.
25% (weight of cement) would be considered high

volume fly ash concrete. With high volume fly ash 
concrete, you will see less early age strength, but the 
long-term strength is about the same as with normal 
concrete. investigated the influence of activated fly 
ash on the compressive strength of concrete. Various 
activation techniques, such as physical, thermal and 
chemical were adopted. Concrete specimens were 
prepared with 13, 19, 28 and 47% of activated fly ash 
replacement levels with cement. Compressive 
strength was determined at 7, 14, 21,28 and 90days. 
1) Activation of fly ash improved the strength of
concrete. However, the compressive strength of fly
ash concrete was less than that of ordinary portland
cement even after 87 days ofcuring.
2) Among the activation systems, chemically
activated coal fly ash (CFA) improved the
compressive strength to a certain extent, only with 10
and 20% replacements. Since the CFA surface layer is
etched by a strong alkali to facilitate more cement
particles to join together and also the addition of CaO
which is further promoting the growth of CSH gel
and Ca(OH)2 which is more advantageous to enhance
have a 28- day cube compressive strength of 26.4
MPa. Based on the results, it was concluded that:
1) Compressive strength of fine aggregate (sand)
replaced fly ash concrete specimens was higher than
the plain concrete (control mix) specimens at all the
ages. The strength differential between the fly ash
concrete specimens and plain concrete specimens
became more distinct after 28-days.
2) Compressive strength continued to increase with
age for all fly ash replacementlevels.
3) The maximum compressive strength occurs with
50% fly ash content at all ages. It was 40.0 MPa at
28-day, 51.4 MPaat 91-day, and 54.8 MPa at365-day.
4) Splitting tensile strength, and flexural strength of
fine aggregate (sand) replaced fly ash concrete
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specimens was higher than the plain concrete (control 
mix) specimens at all the ages. The strength
differential between the fly ash concrete specimens
and plain concrete specimens became more distinct
after28-days.
5) Both splitting and flexural strengths continued to
increase with age for all fly ashpercentages.
6) At all the ages, the maximum splitting tensile
strength was observed with 50% fly ash content. It
was 3.5 MPa at28-day, 4.3 MPa at 91-day, and 4.4
MPa at 365-days.
7) Maximum flexural strength was found to occur
with 50% fly ash content at all ages. It was 4.3 MPa
at 28-day, 5.2 MPa at 91-day, and 5.4 MPa at365-
days.
8) Modulus of elasticity of fine aggregate (sand)
replaced fly ash concrete specimens was higher than
the plain concrete (control mix) specimens at all the
ages. The differential between the fly ash concrete
specimens and plain concrete specimens became
more distinct after28-days.
9) Modulus of elasticity of fine aggregate (sand)
replaced fly ash concrete continued to increase with 
age for all fly ash percentages. 
10) At all ages, the maximum value of modulus of
elasticity occurs with 50% fly ash content. It is 24.5
GPa at28-day, 28.0 GPa at 91-day, and 29.0 GPa at
365-day.

Atis et al. (2004) in their paper " Strength and 
shrinkage properties of mortar containing a 
nonstandard high-calcium fly ash" assessed the 
drying shrinkage of mortar mixtures containing high 
calcium nonstandard fly ash up to the age of 5 
months. Five mortar mixtures including control 
Portland cement and fly ash mortar mixtures were 
prepared. Fly ash replaced cement on mass basis at 
the replacement ratios of 10, 20, 30 and 40%. Water–
cementitious materials ratiowas 0.4. Mixtures were 
cured at 65% relative humidity and 20 ± 2O C. They 
reported that shrinkage of Portland cement mortar at 5 
months was 0.1228%. Shrinkage of fly ash mortar 
decreased with the increase in fly ash content. 
Shrinkages of mortar containing 10, 20 and 30% fly 
ash were 25, 37 and 43%, lower than the shrinkage of 
Portland cement mortar at the end of 5 months. The 
reduction in shrinkage with the use of fly ash in 
mortar could be explained by the dilution effect of fly 
ash. The expansive property of fly ash most probably 
contributed to the reduction in dryingshrinkage. 
investigated the Thermal Conductivity (TC) of HVFA 
concrete at the age of 28 days. Cement was replaced 
with 0, 50, 60, and 70% of Class C fly ash. They 
concluded that TC of concrete decreased to 32, 33, 
and 39% for 50, 60 and 70% fly ash replacement, 
respectively.Siddique, R. (2003) in his paper " Effect 
of fine aggregate replacement with class F fly ash on 
the abrasion resistance of concrete " studied the 
abrasion resistance of concrete proportioned to have 
four levels of fine aggregate replacement (10, 20, 30 

and 40%) with Class F fly ash. A Control mixture 
with ordinary Portland cement was designed to have 
28 days compressive strength of 26 MPa. Concrete 
specimens were made for the purpose. The abrasion 
resistance of concrete mixtures was determined at the 
ages of 28, 91, and 365 days in accordance with 
Indian Standard Specifications. It was measured in 
term of depth of wear. The variation of depth of wear 
versus percentage of fine aggregate replacement with 
Class F fly ash, at 60 min of abrasion time concluded 
that with the increase in fly ash content, depth of wear 
decreased, which indicated that the abrasion 
resistance of concrete increased with the increase in 
fly ash content. Thisshowed that for a particular 
percentage of fine aggregate replacement with fly ash, 
depth of wear decreased with increase in age, which 
means that abrasion resistance increased with age. 
This could be primarily attributed to the increase in 
compressive strength resulting from increased 
maturity of concrete with age. 

Chalee et al. (2007) in their paper " Effect of W/C 
ratio on covering depth of fly ash concrete in marine 
environment" studied the effect of W/C ratio on 
covering depth required against the corrosion of 
embedded steel of fly ash concrete in marine 
environment up to 4-year exposure. Fly ash was used 
to partially replace Portland cement type I at 0, 15, 
25, 35, and 50% by weight of cementitious material. 
Water-to- cementitious material ratios (w/c) of fly ash 
concretes were varied at 0.45, 0.55, and 0.65. Tests 
were conducted for corrosion of embedded steel bar 
after being exposed to tidal zone for 2, 3, and 4 years.  

Based on the tests, they concluded that: 

1) Covering depth required for the initial corrosion
of embedded steel bar in concrete could be reduced
with fly  ash.
2) Decrease in W/C ratio resulted in reducing the
covering depth required for initial corrosion, and
generally affected the cement concrete rather than the
fly ashconcrete.
3) Fly ash concretes with 35 and 50% replacements
and W/C ratio of 0.65, provided the result of
corrosion resistance at 4- year exposure as good as
cement concrete with W/C ratio of 0.45.
4) Concrete with compressive strength of 30 MPa
could reduce the covering depth from 50 to 30 mm by
using fly ash to replace Portland cement of 50%.
From the above observations, it can be seen that there
is an immense need to carry out systematic and
comprehensive research on the utilization of fly ash
and other industrial wastes,  like gypsum, to develop
a binder of sufficient strength by exploiting their
inherent pozzolanic /cementing characteristics at
normal temperature and evaluate the strength and
durability characteristics of concrete, based on such a
binder, to determine the potential use, in Civil
Engineering constructions.
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II. IMPORTANCE OF TODAY STUDY

The scope of present study aims at providing the M40 
concrete with that optimum quantity of fly ash 
content which could be used in structure or road 
construction with acceptable strength values so, that 
the cost of construction can be reduced to a great 
extent and also by achieving this the harmful impact 
of fly ash on environment could be reduced. 

III. REQUIREMENT

Consequent upon increased generation of electricity 
through thermal route involving combustion of 
pulverized coal/ignite, concurrent generation of fly 
ash in bulk  quantities is a matter of serious concern 
not only because of issues associated with its disposal 
and utilization but also because of its threat to public 
health and ecology. At present, large quantity of fly 
ash is being dumped in slurry form in 
largeareasclosetothepowerplantswithoutbeingputto 
gainful use in India. Only a very small percentage 
(<35%) of fly ash generated in India is being used for 
gainful applications whereas the corresponding 
figures of other countries may vary from 60 to 100% 
Although fly ash offers environmental advantages, it 
also improves the performance and quality of 
concrete. Fly ash affects the plastic properties of 
concrete by improving workability, reducing water 
demand, reducing segregation and bleeding, and 
lowering heat of hydration. Fly ash increases strength, 
reduces permeability, reduces corrosion of 
reinforcing steel, increases sulphate resistance, and 
reduces alkali-aggregate reaction. Fly ash reaches its 
maximum strength more slowly than concrete made 
with only portland cement. The techniques for 
working with this type  of concrete are standard for 
the industry and will not impact the budget of a job. 
So as a Civil Engineer we should effectively try to 
use fly ash in construction, as it helps in saving 
environment with reduced construction cost along 
with many other advantages, but now question rises 
to what extent or percentage fly ash could be used in 
concrete for construction works, and to answer this 
present study have beenmade. 

3.1 BENEFITES OF FLY ASH INCONCRETE 
The advantages of the fly ah in concrete are listed 
below: 
1) Fly Ash is a pozzolana: A pozzolana is a
siliceous or luminosities product that, in finely
divided form and in the presence of moisture,
chemically reacts with the calcium hydroxide
released by the hydration of Portland Cement to form
additional calcium silicate hydrate and other
cementitious compounds. The hydration reactions are
similar to the reactions occurring during the hydration
of Portland Cement. Thus, concrete containing Fly
Ash pozzolana becomes denser, stronger and
generally more durable long term as compared to

straight Portland Cement concrete mixtures. 
2) Fly Ash improves concrete workability and
lowers water demand: Fly Ash particles are mostly
spherical tiny glass beads. Ground materials such as
Portland Cement are solid angular particles. Fly Ash
particles provide a greater workability of the powder
portion of the concrete mixture which results in
greater workability of the concrete and a lowering of
water requirement for the same concrete consistency.
Pump ability is greatlyenhanced.
3) Fly Ash generally exhibit less bleeding and
segregation: than plain concretes. This makes the use
of Fly Ash particularity valuable in concrete mixtures
made with aggregates deficient infines.
4) Sulfate and Alkali Aggregate Resistance: Class F
and a few Class C Fly Ashes impart significant
sulfate resistance and alkali aggregate reaction
resistance to the concrete mixture.
5) Fly Ash has a lower heat of hydration: Portland
Cement produces considerable heat upon hydration.
In mass concrete placements the excess internal heat
may contribute to cracking. The use of Fly Ash may
greatly reduce this heat build up and reduce
externalcracking.
6) Fly Ash generally reduces the permeability and
adsorption of concrete: By reducing the permeability
of chloride ion egress, corrosion of embedded steel is
greatlydecreased. Also, chemical resistance is
improved by the reduction of permeability and
adsorption.
7) Fly Ash is economical: The cost of Fly Ash is
generally less than Portland Cement depending on
transportation. Significant quantities may be
substituted for  Portland Cement in concrete mixtures
and yet increase the long-term strength and durability.
Thus, the use of Fly Ash may impart considerable
benefits to the concrete mixture over a plain concrete
for lesscost.

IV. ACCUSATIVE OFSTUDY

The main objective of the present study is to compare 
the strength characteristics of M40 concrete by using 
sample of different percentages of fly ash by mass of 
cementitious material, and also comparison is made 
between there cost.  To achieve this objective 
following step are to befollowed: 
1) Design of M30 concrete mix to gain the ratio of
different components ofconcrete.
2) By using the above calculated ratio samples for
compressive and flexural strength test for 27%, 47%,
75% replacement of cement by fly ash is to bemade.
3) Compressive strength of 3,7 and 21 days is to be
calculated by casting cubes for M30 mix at 28%, 50%
and 70% fly ash replacement bycement.
4) Flexural strength of 28 and 56 days is to be
calculated by casting beam shaped samples of M30
mix at 26%, 54% and 68% fly ash replacement
bycement.
5) Comparison of the compressive and the flexural
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strength obtained at different percentages of fly ash is 
to bemade. 
6) Cost comparison of 26%, 40% and 75% fly ash
concrete is to bemade.

V. EXPERIMENTAL PROGRAMME

The following test programme was planned to 
investigate the results: 
1. To obtain the physical properties of the

concrete constituents i.e. Pozzolanic Portland
cement ,fine aggregates, coarse aggregate and
flyash.

2. Development of various mix combinations
forconcrete.

3. Casting andcuring.

5.1 SUBSTANTIAL. 
The properties of product used in concrete are 
determined in laboratory as per relevant code of 
practice. Different materials used in the present study 
were cement, coarse aggregates, fine aggregates, fly 
ash, water and admixture. Result of the test conducted 
to determine physical properties of materials are 
reported and discussed in the section. The materials 
used were having the following characteristics: 
5.1.1 Cement 
Cement is a fine, grey powder. It is mixed with water 
and materials such as sand, gravels and crushed stone 
to make concrete. The cement and water forms a 
paste that binds the other materials together as the 
concrete hardens. The ordinary cement contains the 
two basic ingredients namely argillaceous and 
calcareous. In argillaceous materials clay 
predominates and in calcareous materials calcium 
carbonate predominates. The basic composition is 
provided in table 1.1.  

In the present work Ambuja PPC was used for casting 
cubes and beam samples for all concrete mixes. The 
cement was of uniform colouri.e grey with a ligh 
greenish shade and was free from any hard lumps. All 
tests on cement were conducted, as per procedure laid 
down in code IS: 1489 (Part-I): 1991[36]. Summary 
of the results of various tests conducted on cement is 
provided in table1.2 

Table 1.1 Composition Limits of Portaland Cement Ingradient 

Ingradients Percent of Ingradientst

Lime 61-65
Silica 18-26

Alumina 2-9
Iron Oxide 0.8-8 
Magnesia 0.2-5
Alkalies 0.5-1.5
Sulphur 1-2
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Abstract - The target of this paper is to characterize a blend plan methodology permitting the execution of geopolymer in 
powder bed 3D printing. In a particular cover approach, an aluminosilicate powder bed is enacted through the store of a basic 
silicate arrangement. We first show that, in contrast with projecting, this innovation requires dominating the spreading of the 
fluid into the powder bed to guarantee that the response happens where it is required. A progression of examinations at the 
drop level, emulating the 3D printing measure, were performed to decide the printing arrangement piece for a given powder 
bed pressing. We at that point feature the connection between the compressive strength of the printed geopolymer and the 
powder bed immersion, constrained by the printing boundaries. At last, SEM/EDX examination affirm the development of 
geopolymer with wanted Si/Al and Na/Al proportions in the subsequent literature. 

Keywords - Powder bed 3D printing Geopolymers, Mix design Sustainability 

I. INTRODUCTION

Construction industry is a large consumer of 
resources. More than 
40%ofresourcesconsumedworldwideareusedforconstr
uction[1]and good quality resources such as gravel or 
sand are becoming scarce in 
someplaces[2,3].Areductionofresourceconsumptionha
sthereforetobecombinedwithareductionofgreenhouseg
asemissions.Overthelast decades, efforts have been 
made to build more energy efficient build- ings, 
which has reduced the energy needed for operating 
the buildings. However, the embodied energy 
associated with the production of building materials 
was not thoroughly considered [4–6], and its 
reduction is becoming the new challenge in 
sustainable construction [7,8]. To reduce the 
greenhouse gas emissions, we can use lessmaterial by 
better designing the structure [9–11], extend the 
service life of the existing structure to avoid the use 
of new materials (work on durability ofbuildings[12–
15])orusematerialswithlowercarbonintensity,such as 
earth, bamboo or straw[16–20]. 
3D printing represents a promising technique to meet 
thesere- quirements [10]. Parts can be built locally 
and material is efficiently applied where it is needed, 
which allows to use less of it by optimizing the 
design. 3D printing is an additive technique, not 
subtractive; therefore, less waste is produced during 
the production. Small complex 
partscanbeprintedallowingfortargetedreplacementwhi
chcanextend 
theservicelifeofstructures[21].Furthermore,itopensalar
gevarietyof potential materials to be used. Because 
the technology allows theirusein a controlled 
environment, materials or processes that would be too 
complexortoodangeroustouseonsitecanbeprefabricate

d.Thesystem is very flexible (sake binder and plaster
based powder [22] as well as many types of waste
such as plastic, construction waste or paper pulp [23–
25]):itshouldthusbepossibletoprintmaterialswithlower
carbon intensity.
In construction, a lot of research is done on extrusion
based 3D printing [26–28], where a material paste is
extruded through a nozzle and deposited layer by
layer to build up the object. This is the most spread
3D printing technique because it is cheap and
prototypes or replacement parts can easily be printed.
The drawbacks of this method are that overhangs can
only be printed with the help of support struc- tures
and the accuracy is low due to the layered structure.
These printing limitations are not problematic with
binder jet 3D printing, where a powder bed is glued
layer by layer at given positions. Actually, the
underlying powder serves as a support structure for
over- hangs and may be reused if it has not been
printed. In construction,
researchisdoneonpowderbed3Dprintingwithcement[2
9,30]aswell as on sand with phenolic binders. The
latter one is used to print struc-
turallyoptimizedelementsthatareassembledtoafloorsys
tem[9]ortoprintlostformworksforcomplexelementsfill
edwithhighperformance concrete[10].
Commerciallyavailablebindersforbinderjettingaremos
tlyorganic[31].Theepoxybasedresinsarehardandsetfast
.However,theyarenotfireresistantandtheyreleasevolatil
eorganiccarbon(VOC)duringtheiruse [32–34], which
makes them quite difficult to apply in construction.
Alternatively, sodium silicate is used as an inorganic
binder [31] for
sandpowderbeds,butitneedsheattosetanditiswater-
soluble.Forthe current application in metal moulding,
this is perfectly fine (the mould
canbedissolvedandthesandreused),butnotforconstructi
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onpurposes. To combine lower CO2 emissions with a 
reduction of material con- sumption, the raw 
materials currently used in 3D printing need to be 
replaced by materials with a lower carbon footprint: 
recycled or waste materials as a powder bed and an 
inorganic binder, which does not require energy for 
setting. A good candidate that fulfills the criteria in 
termsofperformanceandembodiedenergyisgeopolymer
binder,since 
itcanbebuiltfromwastematerialssuchasslag,flyashorgla
sswasteas 
aluminosilicatesource.Thegeopolymerreactionisdescri
bedasfollows: 
analuminosilicateisactivatedwithanalkalinesolution,w
hichallowsto dissolve and rearrange the aluminates 
and silicates [35]. Geopolymers have indeed many 
advantages for powder bed 3D printing. They havea 
low embodied carbon intensity [36], they are water 
and fire resistant 
[37],strongerthantheorganicbinder,theycausenoVOCe
missions,no heat is needed for curing and they can be 
synthesized from waste ma- terials [38,39]. For 
instance, waste materials like blast furnace slag 
[40,41], fly ash [42], glass waste [43], brick powder 
[44,45] and many more are regularly used as 
aluminosilicates in geopolymer concrete 
applications.Thefinalpropertiesofgeopolymerslikestre
ngthorsetting time strongly depend on the silica, 
alumina, sodium and water ratios, 
whichhavetobetakenintoaccountinthemixdesign[46,47
]. 
Previous work has been done in using geopolymers 
for powder bed 
3D printing applications [48–50]. D-Shape [50] 
developed a printer to prints building parts by 
distributing a geopolymer slurry on a powder bed. 
Xia et al. [48] showed that it is possible to reach a 
strength of 0.9 
MPaafterprintingand16.5MPaafterapost-
processingwithanhydrous sodium metasilicate at 
elevated temperatures. In these applications, the 
authorsmixthealuminosilicateaswellasthealkalineactiv
atorwiththe aggregates in the powder bed and print by 
adding water only. Thereare some limitations in this 
method as it means that the powder canalready react 
when exposed to air humidity and makes it difficult 
to reuse the non-printedpowder. 
Other possibilities of mixing or separating 
aggregates, aluminosili- 
catebinderandactivatorscanbetested:theactivatorcanbe
inthesolid phase or in the liquid phase [30]. As the 
activator is often theexpensive part of the mix (from 
an economic and environmental perspective), it 
seemsinterestingtohaveitintheliquidpartratherthandisp
ersedinthe 
sandbed.Furthermore,inordertoavoidtheproblemofthes
ettingtime limitation when activator and binder are 
mixed together, it might be 
bettertoseparatethebinderandtheactivator,followingabi
nderjetting approach [30]. Therefore, in this work, the 

aluminosilicate binder is mixed in the powder bed 
and the activator, in liquid form, is deposited 
onit.AccordingtotheRILEMMAPP[51],thismethodcan
beclassified asparticle-
bedbinding,whichisanadditiveshapingprocesstoprodu
ce freeform parts out of geopolymer offsite. 
Powder bed 3D printing allows to produce complex 
formwork and therefore to save structural material. Its 
use with alkali activation of 
wastematerialcanfurtherreducethecarbonintensityofth
estructureas well as its virgin materialconsumption. 
The objective of this research is thus to define a mix 
designstrategy 
toallowtheimplementationofgeopolymersinpowderbe
d3Dprinting. In the mix design of geopolymers, the 
silica, aluminum, sodium and water ratios are 
important for the workability of the paste as well as 
the final properties of the geopolymer [46,47]. 
Contrary to a casting pro- cess, in 3D printing, these 
ratios depend on the penetration behavior of 
theprintingsolutionintothepowderbed[52,53].Tomodel
theprinting 
process,experimentswithsingledropsonpowderbedswe
reperformed 
andtheliquidtosolidratioinasingledropwasdetermined.
Fromthis 

II. MATERIALS

2.1 Mineral powder 

Alltheexperimentswereconductedonmineralpowdermi
xesoffine quartz sand (FS003 from Strobel Quartz 
Sand GmbH) and metakaolin sourced from Imerys 
(referred to here as MK) mixed at varying mass 
ratios. Their respective mean grain size (d50) analyzed 
with a laser particle-sizeanalyzer(ParticaLA-
950,Horiba,Germany),specificden- sity (SG) 
determined by helium pycnometry (AccuPyc II 1340 
Micro- 
meritics)specificsurfacearea(SSABET)measuredbynitro
genadsorption (Micromeritics Tristar II 3020) and 
SiO2 and Al2O3 contents obtained through X-ray 
fluorescence spectrometry (XRF), are given in 
Table1. 

2.2 Activating solution 

An alkaline solution (sodium silicate solution, 
referred to here as
NaSil)wasusedastheactivatingsolutionforthemetakaoli
n.TheNaSil solution was prepared by mixing
deionized water at 20 ◦C to sodium hydroxide
(NaOH) in pellet form and to silica gel, both sourced
from Sigma Aldrich (Switzerland), in a closed plastic
bottle to prevent evap- oration and cooled for 24 h.
The solution was prepared with a SiO2/
Na2Omolarratioof1.69,optimalmolarratioforafastinitia
lstrengthof
thegeopolymer[47],requiredfortheprintingofthenextla
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yerinthe3D 
printingprocess.However,toensureconnectionbetween
consecutive 
layers,anintermediatefinalsettingtimeisneeded:aH2O/
Na2Oratioof 
12.93waschosen[47].Thespecificdensityofthesolution(
1.46g/cm3) was measured with a Densito 30 PX from 
Mettler Toledo andits apparent viscosity (0.06 Pa.s at 
20 ◦C) was measured using a Malvern Kinexus Lab 
stress-controlled rheometer equipped with 
parallelplates (Malvern Instruments,Switzerland). 

III. EXPERIMENTAL PROCEDURES

Experiments on two scales were performed in this 
work. In order to get an insight of the local liquid to 
solid ratio in powder bed 3D printed parts, single 
droplets of printing solution were dropped on 
powderbeds 
withvaryingcomposition.Thefindingsofthisdropexperi
mentshelped to set up the printing parameters at 
bigger scale. With the help of SEM/ EDX analysis of 
single drops, 3D prints and casted geopolymer, the 
validity of the use of single drops as a model for 
prints will betested. 

3.1 Powder bedpacking 

To determine the optimal powder bed composition in 
3D printing, the random loose and dense packing of 
powder mixes containing different proportions of 
sand and MK were measured according to 
Sedranetal.andL´ed´eeetal.[54,55].Tomeasuretheloose
packing fraction, the powder mix was filled in a 
metallic cylinder of a given volume and the weight 
wasrecorded. 
ForpowdermixeswithalowMKcontent(below20wt%),t
hedense packing fraction was obtained following the 
protocol of [55]. The cyl- 
inderwasfilledinthreetimes:aftereverytime,thecylinder
wasplaced on a shocking table and twenty shocks 
were applied. After the last 
filling,aweightof5kgwasplacedonthepowdersurfacean
dadditional 
fortyshockswereapplied.Attheendoftheprocedure,the
massandthe 
finalvolumeofthepowderVtweredetermined,andthepac
kingfraction (ϕ) wascalculated. 

Table 1 
Specification of the mineral powders used in this study. 

Since MK is a very fine powder, the measurement of 
the dense packing according to Sedran et al. [54] is 
more appropriate for mixes with a high MK content. 

An increasing amount of water was added to 
250gofpowderandmixedwithafourbladedmixingtoolco
nnectedto a mechanical stirrer (Heidolf, Switzerland) 
during 2 min at 350 rpm. 
Aftermixing,theVicattruncatedcone(Vicatronic,Mates
t,Switzerland) 
wasfilledwiththematerialandplacedundertheconsistenc
yneedle(10 mm diameter). The penetration depth of 
the needle in free fall was 
measured.Accordingtotheprotocolfrom[54],amixwith
apenetration depth of 6 mm is at the maximum 
packing. The amount of added water for a 6 mm 
penetration is extrapolated and the maximum packing 
fraction of the mix can be calculated. The dense and 
random loose
packingofthedifferentpowdermixesareplottedinFig.1a
safunction of the MKcontent. 

3.2. Sample Preparation 
3.2.1. Drop Experiment 
Togetaninsightofthespreadingoftheliquidintodifferent
powder bed compositions [53,56,57], first 
experiments consisted in simulating the 3D printing 
process by dropping NaSil solution on different non- 
compacted quartz sand/MK mixes (Fig. 2). The 
volume of the NaSil
solutionwascontrolledto5,10and20μlwithanaccuracypi
pettefrom 
EppendorfResearchPlus(Switzerland),displayingasyst
ematicerrorof 0.12 μl. Accordingly, dried geopolymer 
drops were produced and characterized. Through the 
analysis of the dried drop weight after removal and 
knowing the powder bed composition, the liquid to 
solid ratio as well as the theoretical Si/Al and Na/Al 
molar ratios in the dried geopolymer drop were 
calculated. The height and the diameter of the final 
drops were determined with image analysis (Matlab, 
ImageJ) on
picturestakenwithaDSLRcamera(CanonEOS500D)fro
mthesideand 
amicroscope(LeicaS9i,LeicaMicrosystemsAG,Switze
rland)fromthe top. The images were transferred into 
binary images before analysis. In 
thesideview,theheightofeachdropwasdeterminedbyev
aluatingthe 
maximumdistancebetweenthelowestandthehighestpix
elofthedrop. In the top view, the surface of the drop 
area was determined and the corresponding diameter 
assuming a circle was calculated. The mea- surements 
were repeated on three samples of each mix (Fig.3). 
With an envelope density analyzer (Geopyc 1360, 
Micrometrics, 
Germany), the average volume of the dried drops 
(Vdd) was measured and with the dry drop weight 
(mdd), the packing state of the powder in the drop 
Cdwas calculated as following: 



From Projecting to 3D Printing Geopolymers: A Proof of Idea 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

95 

Fig. 1. Random loose and dense packing fraction of the 
different powder bed compositions. 

massofthewetdrop,andmH2Othemassoftheevaporated
waterduring the dryingprocess. 
The microstructure was qualitatively studied in X-
Ray micro to- 
mography(RXSolutions,France),usingavoxelsizeof25
μmanda160 kV X-ray source applying 70 kV and 
70μA. 
3.2.2. 3D printedsamples 
Samples were printed with a custom-built binder jet 
3D printer [58,59] (Fig. 4) with a selective binder 
activation approach [30]: a liquid binding agent 
(alkaline solution) is deposited on a powder bed 
(mixofMKandsilicasand)previouslydistributedonaplat
form(Fig.4). Where the alkaline solution gets in 
contact with MK, a geopolymer is built. Overtime, 
layers of powder are bonded with the geopolymer to 
form anobject. 
The custom-built printer allows the control of 
different parameters (Fig. 4): 
 NozzlediameterDn(mm):anynozzlecanbemounte

dontheprinter. 
 Moving speed V (m/min): the current setup can 

be safely operatedatlinear speeds up to 20 m/min 
along X and Y axes. The Z axis is notparticularly 
relevant as it is actuated only once per layer and 
forrelatively short travel distances (layer height 
h): to avoid misalig- ments of the printing frame 
it was operated at2 m/min. 

 Injectionvolumeperdistancel(μl/mm):theflowrate
canbeadjusted 

 between <0.005 ml/min and >40 ml/min by 
controlling therotating speed ( 100 rpm) and the 
tubing diameter 

 Layer height h (mm): no specific limitations are 
derived from thesetup itself, rather the process 
requires a layer thickness that isminimum 2–3 
times the average diameter of the inertgrains. 

 -Spacing s (mm) between the printed lines: it 
controls the overallsaturation of the print bed and 
is usually indicated as a multiple ofthe nozzle 
diameter. The resulting saturation is function of 
themovingspeedV,theinjectionvolumeperdistance
l,andthespacing s. 

In this study, most of the parameters were kept 
constant and two
werevaried.TheoptimalnozzlediameterDnisaffectedby
theviscosity and by the surface tension of the injected 
solution: a valid compromise between achievable 
resolution and practical machine operation was 
foundin0.25mm.Theprintedlayerheighthdependsonthe
penetration depth of the liquid in the powder bed, 
which in turn depends on the powder bed 
composition. As seen in the drop experiment, with 
increasingmetakaolincontent,thepenetrationdepthincr
easesupto 3.4 mm until 20 wt% MK and decreases 
afterwards. To ensure the interconnection between 
two layers, a layer height of 3 mm waschosen 
forthepowdermixcontaining20wt%MK.Themovingsp
eedVofthe printheadwassetto30m.min—
1.Eitherthevolumeperdistancelorthe

Bars of dimension 4 4 16 cm3 were printed (Fig. 5) 
and  demoulded from the powder bed after 24 h. The 
bars were stored at ambient room temperature and 
humidity, and were subjected to me- 
chanicaltestssevendaysafterprintingwithoutanypostpr
ocessing.The compressive strength was measured 
with a mechanical press equipped with a 50 KN cell, 
applying 0.1 KN/mm perpendicular to the printing 
planes,inz-
direction(Matest,Switzerland),accordingtoASTMC34
9. 

3.3. Phaseidentification 
Static Nuclear Magnetic Resonance (NMR) 27Al measurements 

Fig.  2.  Production of geopolymer drops. 
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Fig. 3.  Height, diameter and volume of dried drops produced on powder beds with varying compositions. The dashed line 
represents the transition to water  proofdrops. 

Fig. 4. Deposition of alkaline solution on powder bed with the custom-built 3D printer and the variable parameters. 

Fig. 5. 3D printed geopolymer bar with 0.2 μl/mm3. 

(Bruker Avance500 spectrometer at 11.74 T) were 
performed on raw and produced materials to prove 
that a geopolymer is built in each considered process. 
With a scattering electron microscope (Quanta 200 
3DSEM-
FIB)includinganEDAXSystemthelocalelementcompo
sition 
ofthedrops,piecesof3Dprintedandcastsampleswasdete
rmined.The sampleswerecut,embeddedinepoxy(EPO-
TEK®301)andpolishedto 1 μm. For ideal 
conductivity, a carbon coating was applied. An EDX 
point analysis with an accelerating voltage of 15 kV 
was performed on up to 10 points on the geopolymer 
matrix of each sample to determine the Si, Al and Na 

atomic percentages. From these values, the Si/Al and 
Na/Al ratios on the corresponding points 
werecalculated. 

IV. RESULTS AND DISCUSSION

4.1. Porosity and liquid penetration 

In Fig. 6.a, the dried drops produced with 10 μl NaSil 
solution deposited on loosely packed powder beds 
containing an increasing MK amount are presented, 
as well as the corresponding images obtained by X-
Raymicrotomography(Fig.6.b).Itcanbenotedthat,when
noMKis 
introducedinthemix,theresultingdropisnotspherical(di
skofaround 

3mmthickness)whereasintroducing10wt%and20wt%o
fMKinthe mix results in the formation of more 
spherical drops. Above 20 wt% of MK in the mix, the 
volume of the resulting drops decreases with an 
increasing MK content. The decreasing volume with 
increasing MK content is in line with the compacity 
measurement of the powder bed, which shows lower 
packing for higher amounts of MK. The lower 
packingresultsinmorevoids,thereforethesameamounto
fliquidfinds 

Fig. 6. a) Dried drops produced with 10 μl NaSil solution deposited on powder beds containing an increasing MK amount. b) X-Ray 
Microtomography images of the dried drops in the x y plane indicated in a). 
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place in a smaller powder volume. From an 
ecological and economical point of view the 
metakaolin content should be minimized [36,60,61]. 
To evaluate the minimum amount of metakaolin 
required to build a geopolymer, an easy qualitative 
test was conducted: the drops were immersed in 
water. Since geopolymer is supposed to be 
waterproof, 
dropsthatsustaintheimmersioninwatercanbeconsidered
tocontaina 
geopolymerbinder.Dropsproducedfrommixescontaini
ng10wt%MK and less totally dissolve when 
immersed in water. The lack of water resistance 
shows that 10 wt% of MK is not enough to properly 
build a geopolymer. This observation suggests that 20 
wt% of MK is the opti- 
mumMKcontentforthecurrentapplication,sincetheuseo
fMKshould be reduced to a minimum. Additionally, 
the sample with 20 wt% MK results in the largest 
volume of the final drop, which helps to increase the 
printingspeed. 
This decision is also supported by the trend of the 
Si/Al ratio with varying MK content. The Si/Al ratio 
obtained in produced drops canbe calculated from the 
mass of the introduced solution and from the final 
mass of the dried geopolymer drop (Fig. 7). On 
powder bed mixeswith MK contents higher than 20 
wt%, the Si/Al ratio in the resulting geo- 
polymerdropremainsconstantaround2.Therefore,itcan
besuggested 
that20wt%MKistheminimumamountleadingtoastrong
geopolymer. 
However,thesystemgivesusthefreedomtoincreasetheM
Kcontentin 
ordertoadaptthedropsizewhilekeepingtheSi/Alratiocon
stant. 
Considering the X-Ray microtomography images 
(Fig. 6.b), it is 
possibletoconfirmthattheincreasingcontentofMKinthe
mixleadsto 
adensificationofthedropinternalstructure.Novoidsaren
oticedinthe center of the drops: locally, at small scale, 
the material is in a dense 
compactstate.Below20wt%MK,theinternalstructureis
notfully compact, voids are observed. As the 
penetration of a single drop into a porous substrate 
depends on the structure of the substrate (the 
porosity, the size of the pores, the orientation of the 
pores, and the surface chemistry [53,56,57]), the 
observed behavior can be explained by the shape of 
the particles. The MK particles have a platelet shape 
[62] and, consequently, bond across large flat
surfaces. The binder has to wet a bigger surface
compared to spherical particles, where the binder
onlystaysattheneckbetweentwograins[56].Inordertore
ducetheamount of MK to a minimum but still build a
strong geopolymer and a dense
packedpowderbedformaximumstrength,aMKcontento
f20wt%was chosen for the following
printingexperiments.

By comparing the dense packing fraction of the 
different powder mixes with the calculated packing 
fraction of the powder mix in the 
drops(Fig.8.Comparisonbetweenthedensepackingfract
ionmeasured for the powder bed and the calculated 
packing fraction in the drops.), a correlation can be 
found. It can be seen that the calculated packing 
fraction in the drops corresponds to the dense packing 
of the corre- sponding powder mix. Since the powder 
bed is in a random loose packing state when the drop 
is placed, the conclusion can be drawnthat 
theliquidpenetrationintothepowderbedleadstoadensifi
cationofthe material. This densification can be 
explained by the presence of the platelet like shape of 
the metakaolin powder. As stated by Sachs et al. [56], 
the platelets will be bond across the flat surfaces, 
allowing for a denser packing. The internal structure 
of the mixes prepared with more than 20 wt% MK is 
full of matter and no voids are noticed (cf. Fig. 6). 
This dense state is thus taken into consideration for 
the following 

Fig. 7. Si/Al ratio ingeopolymer  drops  with  varying  MK  
content  in  pow- derbeds. 

Fig. 8. Comparison between the dense packing fraction 
measured for the powder bed and the calculated packing 

fraction in the drops. 
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experiments even if, initially, the powder bed is 
loosely placed in the printer. The packing of the 
powder bed seems then to control the final internal 
structure of the material, as the porous network 
influences the ability of the liquid to penetrate. 
Thankstotheseresults,itispossibletoassumethat,forthis
mixand during the printing process, the liquid 
deposited at the surface of the powder bed penetrates 
and fills all the voids existing between the par- ticles. 
The porosity ε is the ratio of the volume of voids 
Vvbetween 
particlestothetotalvolumeofthepackingVtandtheyareli
nkedbythe following relationship: 

4.2. Optimal mix design composition 

Thankstothepreviousexperimentsandassumingthatloca
lly,atthedropscale,theliquidpenetratesandfillsallthevoi
dsinthepowderbed,theamountofliquidtosolidcontentfo
ragivenpowderbedcomposition is determined to be 
equal to0.4. 
Thisratiowasusedtocastandprintcomparablesamples.In
casting, all the components are combined: the NaSil 
solution was added to the powder mix (20 wt% MK 
80 wt% sand) and mechanically mixed with 
a stirrer during 3 min. The obtained geopolymer paste 
was cast in three moulds of dimension 4  4  16 cm3 
and demolded after 2 days. To  
reachtheliquidtosolidratioequalto0.4intheprintedsamp
le,the printing parameters were adapted to reach the 
right amount of printed 
liquidpervolumeofpowder.Withthespecificdensityofth
eliquidand the density of the dense packing of the 
powder bed (ρm), Eq. (2) canbe expressed in terms of 
mass: 

The maximum liquid per distance l is limited by the 
capacity of the pump, whereas the lower limit is 
given by the maximum moving speed 
oftheaxis.Asapreliminarytest,anlof0.6μl/mmandalines
pacingsof 0.5 mm (a 2) was chosen. 
InFig.10,thecompressivestrengthoftheprintedandcaste
dsamples are compared to geopolymer printed in 
selective binder activation [48] and organic binder 
printed in a commercial powder bed printer [9].The 
casted samples exhibit the highest strength (35 MPa) 
whereas 3Dprin-ted bars reach 5.3 MPa with a 
standard deviation of 0.7 MPa. The 
densitiesintheprintedandthecastedpartsaresimilar,1.6g
/cm3and1.8 g/cm3, respectively. Therefore, the 
difference in strength cannot be explained only with 
the density. It can be suggested that the heteroge- 
neities or defects created during the printing process 
predominantly influence the strength. Further 
experiments have to be performed to improve the 
bonding between lines and layers. 
Withapost-processingstep, 
Xiaetal.[48]showedthatitispossible 
toincreasesignificantlythestrengthoftheprintssfrom0.9
to16.5MPa. In the present work, the environmental 
impact of the print is kept to a 
minimum,thereforenopost-
processingwasapplied.Incomparison,the resulting 
parts are five times stronger than parts printed with 
selective binderactivationwithoutpost-
processing[48].Sincetheorganicbinder exhibits a 
compression strength of only 5 MPa [9], the 
presentedbinder jetting technique with geopolymers 
is suitable to print building parts 
loadedonlyoncompression,eventhoughthe3Dprintedsa
mplesare less strong than the casted geopolymer. 

However, even if the printed sample reaches the 
required compres-
sivestrength,thecriteriaintermsofdimensionandshapeo
fthesample isnotfulfilled(Fig.11).Comparedtoa4  
4cm2square,thecrossSectionoftheprintedbarshowsina
ccuraciesespeciallyinthebottomof the sample. Indeed, 
at sample scale, it seems that the amount of liquid 
deposited, calculated from the local material at the 
drop scale, is in excess and cannot penetrate all the 
available porosity. 
Therefore, only the locally printed material can be 
considered to have a similar composition as the 
casted material. For printing, the overall liquid to 
solid ratio is thus not the only parameter to take into 
account,likeincasting.Incasting,thelocalgeopolymerco
mpositionis the same as the overall mix, whereas in 
3D printing, the overall composition differs from the 
local geopolymer composition due to the inclusion of 
voids with unprinted powder (Fig.12). 
In comparison with the casting process of 
geopolymer, where the local liquid to solid ratio 
depends on what is initially introduced in the mix, the 
overall liquid to solid ratio in 3D printing depends on 
the penetration behavior and distribution of the liquid 
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through the powder bed. 
The penetration of the liquid in the powder bed then 
results in a certain saturation (S) of the powder bed, 
which can be defined as the fraction of the pore 

volume (Vv) that is filled with liquid (Vl) [63]: 

Fig. 9. Liquid penetration in powder bed filling all accessible voids. 

Fig. 10. Compressive strength of printed and casted samples compared to geopolymer printed with selective binder activation and 
organic binder printed with commercial binder jetting (dotted line) [9,48]. 

Fig.11.Printedsample(left)andcastedsample(right).Shapeanddimension-flooding. 
Theblacksquarerepresentsthetargeteddimensionandshape(section4 4cm2). 

Fig. 12. Close up sketch of a 3D printed sample (left) compared to a cast of the same material (right). 

Below saturations of 100%, the powder bed behaves 
like a porous solid, partially filled with liquid. Getting 
closer to, or even exceeding, 100%, the liquid starts 

to be the dominating medium and the slurry can flow. 
In 3D printing, this flow leads to excessive 
dimensional inaccuracies. 
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Consequently, by varying the amount of liquid 
deposited per dis- tance l and the spacing s between 
the printed lines, samples with decreased powder bed 
saturations were printed. The different printing 
parameters allowing these variations are gathered in 
Table 2. Asshown 
inFig.13,thecompressivestrengthincreaseswithincreasi
ngsaturation of the powder bed with liquid. The 
higher saturation of the pores in the 
powderbedwithprintingsolutionleadstoaprintelementw
ithahigher 

density, therefore a higher compression strength. 
However, with satu- rations exceeding 70% the liquid 
starts to dominate the system and the dimensional 

accuracy drops. As the 3D printed parts in Table 2 
show, saturations below 70% lead to more accurate 
prints. 
Whereasinthecastedsampleweconsiderthatafullsaturati
onofthe porosity in the powder is reached, in the 
overall volume of the printed sample the unreacted 
powder between layers and the remaining 
porosityhastobetakenintoaccount,leadingtoaporousfin
alpart. 
It is well known that an increasing porosity leads to a 
decreasing compression strength. For engineering 
materials, several models were developed in order to 
relate the porosity of a part with its strength [64,65], 
such as Ryshkewitch [66] or Balshin [67]. Therefore, 

Table 2 
Printingliquidperpowdervolume(inbrackets:powderbedsaturationin%)forvaryingprintingparametersandthe 

sectionofthecorrespondingprintedsamples.Theblacksquarerepresentsthetargeteddimensionandshape(section4 × 4 cm2). 

Fig. 13. Compression strength of printed bars with varying 
saturation. 

Assumingthatthelocallyprintedmaterialisthesamegeop
olymerasthecastedmaterial,itwasfoundthatthestrength
oftheprintedpartsuntil 70% powder bed saturation can 
be modelled with the Balshin equation [67]: 

where σ is the compression strength of the print, σ0 
the compression
strengthofthesamematerialbutcasted,ϵthemacroporosit
yoftheprint and b a constant (here b4). 
Above 70% powder bed saturation, the compression 
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strengths are
lowerthanexpectedfromtheBalshinmodel(Fig.13).This
fallstogether with the transition to the liquid 
dominated state of the powder bed, where it starts to 
flow out. The behavior of the printed sample is thus 
controlled by the amount of liquid per volume, which 
is related to the printer parameters, and not only to 
the initial liquid to solid ratio as for casting. 
The line spacing s and distributed liquid per distance l 
parameters were combined in one parameter, the 
liquid per volume, assuming that different parameter 
combinations will lead to the same saturation level. 
The fact that the strength of a print with 92% 
saturation is lower than optimized printing 
parameters, a trade-off between strength of the part 
with72%saturation,showsthatthisassumptionmightnot
holdtruefor saturations higher than 70%. Extensive 
work on the influence of the single parameters line 
spacing s and liquid per distance l should be 
performed. 

4.3. Proof of concept 

As shown in Section 4.2, the compressive strength of 
a 3D printed geopolymer strongly depends on the 
printing parameters, and with optimized printing 
parameters, a trade-off between strength of the part 
and dimensional accuracy can be found. In general, 
the strength of a geopolymer depends on the Si/Al 
and Na/Al ratios [46]. Therefore, it is expected that 
with the optimization not only of the printing 
parameters but also of the geopolymer composition, 
the strength of a 3D printed geopolymer should 
further increase. From the mass calculation, deter- 
mined with the drop experiment, it was shown that 
the Si/Al ratio is 
independentfromthepowderbedcompositionwithMKc
ontentshigher 
than20wt%.Thus,theprintingsolutionneedstobeadapte
dinorderto obtain stronger geopolymer. Assuming 
that the composition of the 
locallyprintedgeopolymercorrespondstothecompositio
nofthesingle 
drop,fromEq.(7)thelocalliquidtosolidratioisknown.Wi
ththisdata and a fixed aluminosilicate content (here 
MK) in the powder bed, the composition of the 
printing liquid can be adapted to obtain Si/Al and 
Na/Al ratios that should lead to highly resistant 
geopolymer. The Si/Al and Na/Al ratios can be 
expressed asfollow: 

TheexpectedSi/AlandNa/Alratiosintheprintedpartfrom
agiven 
printingsolutioncanthenbecalculated,aswellastherequi
redsolution 
compositionfordesiredSi/AlandNa/Alratios.Theexpect
edSi/Al,and 
Na/Alinthegeopolymerfortheprintingsolutionusedinthi
sworkwere calculated to be 2, and 1.2, respectively. 
These values are close to the optimum ratios 
providing the highest geopolymer strength according 
to [46]. To test whether the calculated values meet the 
compositions in
singledrops,printsandcasts,SEMimagesweretakenofcr
osssectionsof 
thecorrespondingsamples(Fig.14).WithEDXtheeleme
ntcomposition in several points was measured. In Fig. 
15, the average of themeasured Si/Al and Na/Al 
ratios for the singledrop (2.20.3;0.7 0.4), the 3D 
printedbar(2.1 0.1;0.6 0.1), and the castedbar(2.2 
 0.2; 0.8 
0.2)areplotted.TheyshowaclosefittothecalculatedSi/Al
valueof2, 
whereasthemeasuredNa/Alratioislowerthanexpected(0
.7insteadof 1.2). 
TheSi/AlandNa/AlratiosmeasuredwithEDXaresimilar
inallthe 
threesamples,theylayineachother’sstandarddeviation.
Thereforethe same composition is present, no matter 
whether only a single drop or a 
fullpartisprinted,andthesingledropcanbeusedasanexa
mpleforfast testing of solutions. The fact that the 3D 
printed andthe casted sample 

Fig. 15. Si/Al and Na/Al ratios of single drops, printed and 
casted samples, measured by EDX. 
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have the same composition confirms the theoretical 
assumption for the liquid to solid ratio in the 3D 
print. However, it is important to note that this only 
applies to a local level of the print (cf. Fig. 12). 
Overall, the print is more porous than the casted 
material, due to the unreacted 
powderpresentinthesample.Nevertheless,theresultssho
wthatwhere the binder is printed, the composition can 
be modelled by the behavior of a singledrop. 
The calculated values for Si/Al and Na/Al ratios 
correspond to the 
initialmixcompositionofthecastedsamples.Thediscrep
ancybetween this value and the values measured with 
EDX is similar as found by Rowles et al. [46]: the 
Si/Al ratios are higher, and the Na/Al ratios lower as 
expected form the initial composition of the mix. The 
slight shift to- 
wardshigherSi/Alratioscouldbeexplainedbythepresenc
eofnotfully reacted MK. The measured Na/Al ratios 
are lower than the calculated 
value.Duetotheevaporationoflightweightatomsunderel
ectronbeam impact, the Na content might be 

underestimated, resulting in a measured Na/Al ratio 
lower thanexpected. 
With EDX the elemental composition of the samples 
could be determined, but not the conformation of the 
elements. To prove thatthe present elements build the 
structure of a geopolymer, an Al-NMRanal- ysis of 
unprinted powder mix, a printed and a casted bar 
wasconducted (Fig. 16). In the geopolymer reaction, 
aluminum (V) is rearranged into 
aluminum(IV)conformation,whichischaracteristicfort
hegeopolymer structure. Indeed, this shift is present 
for the casted and for the printed bars: a geopolymer 
is properly built even in the printedsample. 
Thanks to these results, we could successfully proof 
the concept of powder bed 3D printing geopolymers 
in an approach where the binder and the activator are 
separated. The new mix design strategy, wherethe 
composition of the printed binder is calculated 
depending on the com- pacity of the powder bed and 
the desired composition in the printed 
geopolymer,helpstooptimizethepropertiesonthemateri
allevel.On 

Fig. 14. SEM images of single drop (a), 3D printed bar (b), and a casted bar (c). 

Fig.16.27AlNMR spectrum of the 3D printed sample and of the 
casted sample. 

the larger scale, the hardware of the printer needs to 
be upgraded in order to ensure more homogeneous 
printing. The printing parameters need to be refined 
in order to improve the binding between lines and 
layers and therefore decrease the porosity and 
improve the strength of the printed parts. More 
experiments with varying printing parameters, such 
as nozzle diameter or layer height, will be conducted. 

V. CONCLUSION

The mix design in 3D printing differs from usual mix 
design in casting. In casting, the desired ingredients 
are mixed to the right pro- portions and the final cast 
has the same composition. In powder bed3D printing 
the mix design of the material is more complicated, 
since the ratio between the liquid part and the solid 
part depends on the pene- tration behavior. To get an 
insight on the penetration behavior, the 
printingprocesswasmimickedbysingledropsofliquidon
powderbeds. 
Theresultsoftheseexperimentsperformedatthedropscal
eshowedthat the addition of liquid to the powder bed 
with 20 wt% MK compactsthe powder to a dense 
packing. From micro tomography images of the 
drops,itcanbeassumedthattheliquidoccupiesallvoidspr
esentinthis dense packing, allowing the determination 
of the local liquid to solid 
ratiobythepackingdensityofthepowderbed.Knowingth
elocalliquid 
tosolidratioaswellasthepowderbedcompositionandthef
ormulation  
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+ 

oftheliquid,theSi/AlandNa/Alratiosintheresultinggeop
olymercan 
bedetermined.Thenewproposedmixdesignstrategyuses
thistheother way round: knowing the composition and 
the packing of the powder 
bed,thecompositionoftheliquidcanbeadaptedtoobtaind
esiredSi/Al and Na/Al ratios in the 
resultinggeopolymer. 

Nevertheless, the printed material is characterized by 
a poorer me- chanical response than the 
corresponding casted material, due to the high 
porosity. The macro porosity in the printed part can 
be controlled by the printing parameters. The strength 
of parts increases with increasing powder bed 
saturation but, once reached the critical value, the 
precision decreases. Until this point, the strength can 
be modelled with a Balshin equation taking into 
account the casted strength and the macro porosity of 
the printed material. Further research should be 
performed to analyse the void distribution and its 
influence on the
mechanicalperformanceof3Dprintedgeopolymer.This
newmixdesign strategy allows us to potentially 
replace the metakaolin and the sand 
easilybymoreenvironmentallyfriendlyalternative,possi
blyrecycledor waste materials such as slag, fly ash, or 
brick waste for the aluminosil- icate and gneiss 
quarry or concrete waste for the solid particles. As a 
result, it is possible to combine a material efficient 
manufacturing pro- cess with a low carbon 
footprintmaterial. 
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Abstract - This paper present the impact of plastic waste as a strips on the strength of clayey soil and dirt fly debris blend and the outcomes 
are introduced in term of compressive strength, shear strength, california bearing proportion CBR) attributes. The distinctive level of plastic 
waste 0.5%, 1.0%, 1.5% and 2.0% by dry load of 10mm length also, 5 mm width) and 5%, 10%, 15% and 20% fly debris by weight were 
blended into the clayey soil. With increment in level of waste plastic there is expanding pattern in MDD upto the 1.5% of waste plastic after 
that diminishing pattern in MDD is noticed. However, an expansion in OMC has been seen with increment in level of waste plastic. The 
expansion in fly debris rate the MDD having expanding pattern up to 10% and assist expansion of fly debris the MDD shows diminishing 
pattern. However, an expansion in OMC has been seen with increment in level of fly debris. With increment in level of waste plastic there is 
expanding pattern in UCS upto the 1.5% of waste plastic after that diminishing pattern in UCS is noticed. The increment in fly debris rate 
the UCS having expanding pattern up to 10% and assist expansion of fly debris the UCS shows diminishing pattern. With increment in level 
of waste plastic there is expanding pattern in CBR upto the 0.5% of waste plastic after that diminishing pattern in CBR is noticed. The 
increment in fly debris rate the CBR having expanding pattern up to 10% and advance expansion of fly debris the CBR shows diminishing 
pattern .The current examination will help in burning-through the significant amount of waste plastic in this manner decreasing the natural 
danger. 

I. INTRODUCTION

Soil Stabilization is the process of blending and 
mixing materials with a soil to improve certain 
properties of the soil. The process may include the 
blending of soils to achieve a desired gradation or the 
mixing of commercially available additives that may 
alter the gradation, texture or plasticity, or act as a 
binder for cementation of the soil. The long term 
performance of any construction project depends on 
the soundness of the under laying soils. Unstable soil 
scan create significant problems for pavements. Lack 
of adequate road network to cater to the increased 
demand and increase distress in road leading to 
frequent maintenance have always been big problem 
in our country. Evolving new construction materials 
to suit various traffic and site conditions for economic 
and safe design is a challenging task in road 
construction. Effective utilization of local weak soils 
by imparting additional strength using stabilization 
materials enable reduction in construction cost and 
improved performance for roads. Fly ash is the 
residue produced from the thermal power plants. Its 
composition basically depends on the type of coal 
which is fused during combustion in the power plant. 
It is a pozzolanic material. Nowadays fly ash has 
found its application in many areas like 
manufacturing of cement and bricks, landfiiling, 
construction of roads and embankments etc. and is 
thus moved from the category of ―hazardous waste‖to 
―useful waste material‖in the year 2009 by the 
government of India. Similarly a large percentage of 
tile waste is produced in the country arising the need 
of its proper disposal. Stabilization of poor soil is a 
rapidly emerging area which can be used for proper 
utilization of wastematerial. 
The Properties of a soil are very uncertain when it is 

subjected to variable moisture. It shows huge 
volumetric change when exposed to dry and wet 
conditions. This is due to presence of active clay 
mineral. When water occupies large space in the 
voids of soil the strength of soil changes. These 
changes create challenges for civil engineers doing 
work on site specially while constructing foundations. 
Though black cotton soil is unfit for infrastructural 
development, they are useful to protect environment 
and waste disposal. For the construction of any kind 
of structure resting on weak soil, various available 
methods are used to improve the bearing capacity and 
reduce the settlement of soils. One of the methods is 
using reinforcement. The concept reinforcement of 
soil by using fibres was developed in the 19th century. 
The main objective  of reinforcing the soil was to 
upgrade its properties. The reinforcing material 
introduced in the soils alters the strength and 
deformation characteristics of the soil. Plastic is 
considered as one of the best invention in many 
aspects of life. The amount of plastic waste is 
increasing year by year. Due to this the need of plastic 
waste management has increased so that it can be 
used as soil stabilizer and in other ground 
improvement techniques as it behaves like reinforcing 
material. Hence to make the development path 
sustainable the use of plastic waste in geotechnical 
engineering needs to be encouraged. By doing so, 
Properties of soil will be improved and reuse of 
plastic can also be madeefficiently. 

Plastics waste is of two types: 
 Pre-use plastic (productionscrap)
 Post-use plastic Pre-useplastic

That plastic which does not fulfil the desired 
requirement during casting and assembly i.e. material 
that has the mismatching colour, undesirable 
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hardness, or wrong processing characteristics are 
called Pre-use plastic waste. This material is easy to 
use for other applications and has the property to get 
recycled. Pre-use plastic waste is the ultimate source 
of plastics which are suitable for reprocessing from 
manufacturers of plastic products. Processing of Pre-
used plastic is less as compared to post-use hence 
Pre-use is more valuable then Post-use plastic. 

II. OBJECTIVE OF THESTUDY

To check and improving the CBR and shear strength 
value by adding plastic waste and fly ash. Moreover 
pavement on clayey soil requires a greater thickness 
of base and sub-base course which results increases 
the expenditure of project. To set right this problem it 
becomes mandatory to increase the strength of the 
soil which in-turn will help in lessening the thickness 
of the pavement layers and thus project cost.The 
common additives which are widely used in 
stabilizing the soil are cement and lime. Lime is 
preferred over cement stabilization because lime is 
cheaper than cement and Carbon-Di-Oxide (C02), 
which causing detrimental to the environment, is 
emitted during the production of cement. Lime 
stabilization is requires adequate clay content and a 
relatively high curing temperature and hence it is 
more suitable for tropical and sub-tropical countries 
like India. Cement is generally used where clay 
content in soil is comparatively less and the 
temperature is relatively less. Researchers are going 
on for alternative by-products to cement ,fly ash and 
lime which not only satisfy the engineering 
requirements and cause no pollution but also be cost 
effective. Present thesis makes the use of plastic 
waste and fly ash with the soil and finds the changes 
in the soil properties. 

III. LITERATUREREVIEW

PalakChopra , G.S Bath , Amanpreet Singh Virk [1] 
In this study, Fly ash, by-product of thermal power 
plant, is used for stabilization of expansive soils. The 
disposal of Fly Ash is a big problem for environment, 
so it should be used for good cause. In this research 
paper, fly ash is added in the clayey soil in the 
proportion of 5%, 10%, 15%, 20% and 25% by 
weight of soil and the properties are compared with 
parent soil. The properties studied are liquid limit, 
plastic limit, plasticity index, california bearing ratio 
(CBR) and unconfined compressive strength. With 
the increase in Fly ash OMC is decreased from 
20.75% 17.18% , whereas MDD of the soil has shown 
an increasing path from 1.614 gm/cc to 1.693gm/cc 
Saket Dixit [2]. In this study different types of waste 
plastic were randomly mixed with the soil, then a 
series of California Bearing Ratio (CBR) tests were 
conducted to evaluate the strength of subgrade soil. 
High density polyethylene (HDPE), Low density 
polyethylene (LDPE) and Polypropylene (PP) at 

various percentages were used for improving soil 
strength. Results from the CBR tests established that 
addition of these materials in subgrade soil gives 
efficient strength to subgrade soil. It was observed 
that the CBR value increases with increase in fiber 
content up to a certain percentage but decreases with 
further addition of waste plastic content. The 
pavement sections has been designed with the 
modified subgrade using HDPE, LDPE & PP and the 
critical strain values at the top of the subgrade and at 
the bottom of the bituminous layer has been 
analysedand 
compared with the allowable values as per IRC: 37-
2012 for the traffic loading of 150 msafor the four 
lane divided state highway project. The reduction in 
the crust thickness and saving in the project cost has 
been compared for the different subgrade with 
different waste plastics and by varying plastic 
contents. 
Vijay Kumar Patidar, Dr. SuneetKaur [3]. Soil 
stabilization alters the physical properties of soil in 
order to improve its strength, durability, or other 
qualities to meet the engineering requirements. It can 
be achieved by adding suitable admixtures like 
cement, lime and waste material like fly ash, gypsum 
etcor by other suitable stabilization method. the cost 
of adding these additives has tremendously increased 
in past few years; there for there is need for the 
development of other kinds of soil additive such as 
plastic, bamboo etc and these new techniques of soil 
stabilization using plastic waste which can be 
effectively used to solve the challenges of society, 
thereby reducing the amount of waste plastic material. 

Wajid   Ali   Butt,   Karan   Gupta   and   J.N.Jha   [4]. 
This experimental studyhas revealed that the 
addition of SDA results a significant increase in CBR 
and unconfined compressive strength. 
Furthermore the values of CBR obtained are  within 
the limits recommended by the Asphalt Institute for 
Highway sub-base andsub-grade. Thus from the 
present study it is concluded that SDA, an industrial 
waste, is a cheap satisfactory stabilizing agent for 
sub-baseandbase course in  clayey  fills;  although 
its  performance  can  be improved by combining it 
with other bonding materialssuch as lime, and 
becomes an alternatives use of industrial waste to 
reduce the construction cost of road particularly in the 
rural areas of the country 
Dr. A.I. Dhatrak [5] after reviewing performance of 
plastic waste mixed soil as a geotechnical material, it 
was observed that for construction of flexible 
pavement to improve the sub grade soil of pavement 
using waste plastic bottles chips is an alternative 
method. In his paper a series of experiments are done 
on soil mixed with different percentage of  plastic 
(0.5%, 1%, 1.5%, 2 % & 2.5%) to calculate CBR. on 
the basis of experiments that he concluded using 
plastic waste strips will improve the soil strength and 
can be used as sub grade . It is economical and eco-
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friendly method to dispose waste plastic because 
there is scarcity of good quality soil for embankments 
andfills. 
Akshat Malhotra and HadiGhasemain [6] studied the 
effect of HDPE plastic waste on the UCS of soil. In a 
proportion of 1.5%, 3%, 4.5% and 6% of the weight 
of dry soil, HDPE plastic (40 micron) waste was 
added. They concluded that the UCS of black cotton 
soil increased on addition of plastic waste. When 4.5 
% plastic waste mixed with soil strength obtained was 

287.32KN/m2 which is maximum because for natural 
soil it was71.35KN/m2. 
Babita Singh , Amrendra Kumar and Ravi Kumar 
Sharma[7] In this paper an attempt has been made in 
the direction of improving the lacking geotechnical 
properties of locally available clayey soil by adding 
admixtures i.e. sand, fly ash and tile waste in suitable 
proportion. The suitable proportion in which the 
admixtures are to be added in the clay is  decided 
with the help of proctor compaction test to obtainthe 

optimum mixes. These optimum mixes obtained 
through the experimental investigation carried were 
further checked for strength characteristics through 
California bearing ratio test. A considerable 
improvement in the CBR value was obtained for 
these optimum mixes in comparison to that of pure 
clay. The results of experimental investigation reveals 
that soil:sand::70:30,soil:sand:flyash::63:27:10 and 
soil:sand:flyash:tile waste::63:27:10:9 are the best 
optimum mixes on the basis of compaction 
characteristics and for every optimum mix CBR value 
shows an increasing trend. Basic purpose of this 
study is to use the waste materials (river sand, fly ash 
and tile waste) as additives so as to solve the problem 
of disposing them and producing a cheaper 
construction material. Also, the gainful effects of 
these waste materials when used in a composite form 
on the  geotechnical properties of locally available 
clayey soil can be visualized from thisstudy. 
Murat Olgun[8] Anexperimental investigation was 
conducted to evaluate the effects of polypropylene 
fiber inclusions on the geotechnical characteristics of 
a clayey soil that was chemically stabilized with 

cement and fly ash. For all stabilized soils, cement 
and fly ash were added at 8% and 30%, respectively. 
Reinforced stabilized soil specimens were prepared at 
four different percentages of fiber  content (0.25%, 
0.50%, 0.75%, 1.0%) and three differentfiber 
lengths (6 mm, 12 mm, 20 mm). Unconfined 
compressive  and split tensile strength tests were 
carried out after 7- and 28-day curing periods. The 
volume change characteristics of the reinforced 
stabilized soil were determined using shrinkage limit 
and crack reduction values. The interactions between 
the fiber surface and the stabilized soil were analyzed 
by means of scanning electronmicroscopy. 

IV. MATERIAL USED

SOIL :- Nearly 100 Kg of locally available clayey 
soil was collected from Mathana. Then the soil was 
sieved through 4.75mm sieve to remove the gravel 
fraction. The soil is classified as Intermediate 
compressible clay, CI, as per IS: 1498 (1970). The 
physical properties of soil are reported in Table 1. 

Table 1 physical properties 

WASTE PLASTIC 
Waste Plastic have been purchased from the market 
of Ambala. The Plastic are cut into pieces of 
approximately 10mm lengths & 5mm width and are 
mixed in percentage of 0.5 %, 1.0%, 1.50% and 2.0% 
by dry weight ofsoil. 
FLY ASH 
The fly ash was collected from the Thermal Power 
Plant, Panipat. The fly ash was oven dried and was 
passed through 300 micron sieve. The fly ash was 
mixed with parent soil in percentage of 5%, 10%,15% 
and 20%. The chemical properties of Fly ash is given 
in Table 2. 

Table 2 chemical properties 

Sr. No. Parameter %age 

1 SiO2 56.33

2 Al2O3 23.45

3 Fe2O3 5.19

4 TiO2 0.94

5 CaO 3.47

6 MgO 0.63

7 SO3 0.44

8 K2O 1.30
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EXPERIMENTAL PROCEDURE 
Following are the tests which have been carried out in 
laboratory: - 

CHARACTERISTICS TESTS 
 Moisture ContentDetermination.
 Atterberg LimitsDetermination.
 Specific Gravity Test byPycnometer.

STRENGTH TESTS 
 Heavy Compaction Test - IS : 2720 (Part 8) -

1983
 Unconfined Compression Test - IS : 2720

(Part10) – 1991

 California bearing ratio (CBR) test - IS : 2720
(Part 16) – 1987

V. METHODOLOGY

Compaction Test 
This Phase of Study involved a detailed investigation 
of the compaction characteristics of the parent soil 
and blended sample containing different percentage 
of waste plastic and fly ash contents, in order to 
obtain the optimum moisture contents and maximum 
dry densities. The optimum moisture contents thus 
obtained is used in preparing samples for CBR 

Test & Unconfined Compressive Strength Test. This 
test confirms to IS: 2720 (Part 8) 1983. 

SAMPLE PREPARATION 
For parent soil 5 kg of oven dried soil sample is taken 
on tray and thoroughly mixed with water. For the 
blended mixtures the quantity of soil depends upon 
the ratio at which it is desired to be mixed with other 
additives. The amount of water mixed at first trial 
may vary according to the soil samplecomposition. 

PROCEDURE 
The mixed sample is placed in previously weighted 
(migm) mouldof capacity 2250 cc. in five layers. Each 
layer is given 25 blows with a 4.9 kg rammer with 
free fall height of 450 mm. After five successive 
layers collar is removed and  excess soil is trimmed 
off. The weight of mould with soil is taken (m2gm). 
This process is repeated for other water content also 
until there is a decrease in m2value. For each trial a 
portion of soil is taken for moisture content 
determination. 

CALCULATION 
Bulk density of soil, γ = (m2-ml)/2250 Dry density of 
soil, ‗γa 
= γ/ (1+w) 
Where w = moisture content present in soil. 

UNCONFINED COMPRESSIVE STRENGTH 
TEST 
This test confirms to IS 2720 (Part 10): 1991 

SAMPLE PREPARATION 
Cylindrical specimen is compacted by static 
compaction in 3.8 cm diameter and 7.6 cm high 
mould. The inner surface of the mould is lubricated 
with mobile oil so as to extrude the sample from 
mouldwith minimum disturbance. The sample is 
placed inside the specimen mould in seven layers 
using spoon, leveled and gently compacted. Pressure 
pad will be inserted into the mould and the whole 
assembly will be statically compacted in loading 
frame to the desired density. The sample is to be kept 
under static load for not less than 10 minutes in order 

to account for any subsequent increase in height of 
sample due to swelling. The sample will then be 
removed from the mouldwith the help of sample 
extruder. Initial dimensions aremeasured. 

PROCEDURE 
The sample is placed on the pedestal of the Strain 
controlled tri-axial cell with non- pervious discs at the 
top and bottom.  A loading platen will be placed at 
the top which is connected through loading piston to 
the proving ring. The sample arrangements are 
brought in the contact of deformation dial gauge. The 
axial strain rate is chosen as 1.0 mm/minute by 
appropriate setting of turret lever and strain setting 
lever. The compressive stress taken by the sample 
will be recorded at various strain levels until the 
sample fails. The dimensions are noteddown. 
For measurement of compressive stress taken by the 
sample,  50kg capacity
provingringwithprovingringconstantof 0.25
kg/division. Proving ring and deformation dial gauge 
installed  in  the testing  programme  is having  least 
count of 0.002 mm and 0.01 mm respectively. 

CALCULATION 
Axial strain, e = (ΔL / Lo) 
Where, ΔL = change in length after failure L = initial 
length of the specimen 
Average cross-sectional area afterfailure, 
Where, Ao = Initial Average cross-sectional area of 
Specimen. Compressive Stress, σo=(P/A) 

CALIFORNIA BEARING RATIO (CBR) TEST 
The CBR is a measure of resistance of a material to 
penetration of standard plunger under controlled 
density and moisture conditions. The CBR test may 
be conducted in re- mouldedor undisturbed specimen 
in the laboratory. The test is simple and has been 
extensively investigated for field correlations of 
flexible pavement thickness requirement. The test is 
conducted by causing a cylindrical plunger of some 
diameter to penetrate a pavement component material 
at 1.25mm/minute. The loads, for 2.5mm and 5mm 
are recorded. This load is expressed as a percentage 
of standard load value at a respective deformation 
level to obtain C.B.R. value. The values are given in 
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SCOPE OF FURTHER RESEARCH 

A number general research suggestions are listed 
herein that should increase this knowledge and enable 
the waste plastic and fly ash to become more useful 
engineering materials. 

 For advance research, it is recommended
that the effect of combining the waste plastic
with additives such as lime or cement can be
investigated that can further improve the
properties of stabilizedsoil.

 Comparative study on soil treated with waste
plastic and man-made fibres may bedone.

 Further research may be done in this
direction to know the exact cause and
remedial measures against the failure of
structures resting on expansivesoils.

 Experimental studies can be done on soil
stabilized waste plastic to determine other
properties such as strength, permeability etc.

REFERENCES 

[1] IS:1498(1970),―IndianStandardMethodsofTest for Soils:
Classification and Identification of Soil for General
Engineering Purposes‖, Bureau of IndianStandards. 

[2] IS:2720(Part8)-1983―IndianStandardMethods of Test for
Soils: Determination of Moisture Content-Dry Density
Relation using Heavy Compaction‖, Bureau of
IndianStandards. 

[3] Singh, Alam and  Chowdhary, G.R. (1994), ―Soil Engineering
in Theory and Practice‖, Geotechnical Testing and
Instrumentation, Vol. 2, CBS Publishers and
Distributors,Delhi.

[4] Ranjan,GopalandRao,A.S.R.(2000),―Basicand Applied Soil
Mechanics‖, New AgeInternational (P) Ltd., New Delhi.

[5] Ru,ZhangJiandXing,Cao,(2002),―Stabilization of Expansive
soil by Lime and Flyash‖, Journal of Wuhan University of
Technology, Vol.17,No.4. 

[6] Cai, Yi,Shi, Bin, Ng, Charles W.W., Tang, Chao- sheng
(2006), ―Effect of polypropylene fibreand lime admixture on
engineering properties of clayey soil‖, Engineering Geology,
87, pp230–240. 

[7] Tang, Chaosheng, Shi, Bin, Gao, Wei, Chen,
Fengjun,Cai,Yi(2007),―Strengthandmechanical behavior of
short polypropylene fiber reinforced  and cement stabilized
clayey soil‖, Geotextiles and Geomembranes, 25, pp194–202. 

[8] Naeini, S.A. and Sadjadi, S. M. (2009), ― Effect of waste
polymer materials on shear strength of unsaturated clays‖,
2ndInternational Conference on New Developments in Soil
Mechanics and Geotechnical Engineering, Near East

University, Nicosia, North Cyprus, pp.350-358. 
[9] Maheshwari, KalpanaVinesh, Desai, Atul K. and Solanki,

ChandreshH.  (2011),  ―Performance  of Fiber Reinforced
Clayey  Soil‖,  EJGE,  Vol.  16, pp.1067-1082. 

[10] Estabragh, A. R.,Bordbar, A. T. andJavadi, A. A. (2011)
―Mechanical  Behavior  of  a  Clay  Soil Reinforced with
Nylon Fibers‖, GeotechGeolEng, 29, pp. 899–908. 

[11] Pradhan, Pradip Kumar, Kar, Rabindra Kumar and Naik,
Ashutosh   (2012),   ―Effect   of   Random Inclusion of
Polypropylene Fibers on Strength Characteristics of Cohesive
Soil‖, GeotechGeolEng, 30, pp.15–25.

[12] Sharma,R.K.(2012),―SubgradeCharacteristicsof Locally
Available Soil Mixed With Fly Ash and Randomly
Distributed Fibers‖, International Conference on  Chemical,
Ecology and Environmental Sciences (ICEES'2012),
Bangkok, pp. 177-181. 

[13] Sayyed Mahdi Hejazi, Mohammad Sheikhzadeh,
SayyedMahdi Abtahi, Ali Zadhoush(2012), ―A simple review
of soil reinforcement by using natural and synthetic fibers‖,
Construction and Building Materials, 30, pp.100-116.

[14] AkshatMehrotra, HadiGhasemian, D.R. Kulkarni, and N.R.
Patil(2014):"effect of HDPE plastic on the unconfined
compressive strength of black cotton soil" IJIRSET January
2014/vol. 3/issue1

[15] Babita Singh, Amrendra Kumar, Ravi Kumar Sharma
(2014):"effect of waste materials on  strength characteristics
of local clay " International Journal of Civil Engineering
Research 2014 vol.5. 

[16] Dr. A.I. Dhatrak, S.D. Konmare (2015): "performance of
randomly oriented plastic waste in flexible pavement"
IJPRET march 2015/vol. 3/no. 9/193-202.

[17] Vijay KumarPatidar,  Dr. SuneetKaur  (2016) ―A Review
Literature on the Use of Waste Plastic to Improve
Geotechnical Properties of Soil‖, International Research
Journal of Engineering and Technology (IRJET), Volume: 03
Issue:06.

[18] PalakChopra , G.S Bath , Amanpreet Singh Virk
(2017),―Influence   of   Waste   Fly   Ash    on Characteristics
of Clayey Soil‖,  International Journal of Engineering Science
andComputing.

[19] SharanVeer   Singh,   MahabirDixit   (2017),― Influence
Stabilization of Soil by Using Waste Plastic Material‖,
International Journal of Innovative Research in Science,
Engineering and Technology, Vol. 6, Issue 2, February2017.

[20] SaketDixit(2017),―EffectofWastePlasticon the Strength
Characteristics of the Subgrade for the Flexible Pavement‖,
Global Research and Development Journal for Engineering,
Vol. 2, Issue 11, October2017.

[21] TinkuKalita,AnitaSaikia,BhaskarjyotiDas (2017),― Effect of
Fly ash on the Strength Behaviourof the Clayey Soil‖,
International Research Journal of Engineering and
Technology (IRJET), Volume:04 Issue: 07. July 2017

[22] R.R   Pandya,  A.J  Shah  (2017),―Effect  Alkali activated Fly
ash on the Strength of Clayey Soil‖, Indian Geotechnical
Conference , December2017 





Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

113 

IMPACT OF WASTE MARBLE POWDER TO IMPROVE 
ENGINEERING CHARACTERISTICS OF EXPENSIVE SOIL 

ASHES DAS 

Asst Prof, Department of Mechanical Engineering NMIET BBSR 

Abstract - Expansive soils happening in bone-dry and semi-dry environment locales of the world reason major issues on 
structural designing constructions. Such soils swell when given an admittance to water and therapist when they dry out. A 
few endeavors are being made to control the swell-recoil conduct of these dirts. Soil adjustment utilizing synthetic 
admixtures is the most seasoned and most far and wide strategy for ground improvement. In this investigation, squander 
limestone residue and waste dolomitic marble dust, results of marble industry, were utilized for adjustment of extensive 
soils. The sweeping soil is set up in research facility as a combination of kaolinite and bentonite. Squander limestone residue 
and waste dolomitic marble dust were added to the sweeping soil with foreordained level of stabilizer shifting from 0 to 30 
percent. Grain size dissemination, consistency cutoff points, synthetic and mineralogical organization, expanding rate, and 
pace of swell were resolved for the examples. Growing rate diminished and pace of swell expanded with expanding 
stabilizer rate. Likewise, tests were restored for 7 days and 28 days prior to applying swell tests. Relieving of tests influences 
swell rates and pace of swell in certain manner. 

Keywords - Expansive Soil, Soil Stabilization, Swelling Potential, Waste Limestone Dust, Waste Dolomitic Marble Dust 

I. INTRODUCTION

Expansive soil deposits occur in the arid and semi 
arid regions of the world and are problematic to 
engineering structures because of their tendency to 
heave during wet season and shrink during dry season 
(Mishra et al.2008). 
Expansive soils are a worldwide problem that poses 
several challenges for civil engineers. They are 
considered  a potential natural hazard, which can 
cause extensive damage to structures if not 
adequately treated (Al-Rawas, 2002). Expansive soils 
cause more damage to structures, particularly light 
buildings and pavements, than any other natural 
hazard, including earthquakes and floods (Jones and 
Holtz,1973). 
During the last few decades damage due to swelling 
action has been observed clearly in the semi arid 
regions in the form of cracking and breakup of 
pavements, roadways, building foundations, slab-on-
grade members, and channel and reservoir linings, 
irrigation systems, water lines, and sewer lines 
(Çokça, 2001). 
Clay Mineralogy 
The term clay can refer both to a size and to a class of 
minerals. As a size term, it refers to all constituents of 
a soil smaller than a particular size, usually 0.002 mm 
in engineering classifications. As a mineral term, it 
refers to specific clay minerals that are distinguished 
by (1) small particle size, (2) a net electrical charge, 
(3) plasticity when mixed with water and (4) high
weathering resistance (Mitchell and Soga,2005).
The basic idealized crystalline structural unit of a clay
mineral is composed of a silica tetrahedron block and
an aluminum octahedron block. Aluminum
octahedron block may have Aluminum (Al3+) or
magnesium (Mg2+). If only aluminum is present, it is
called gibbsite [Al2(OH)6]; if only magnesium is
present, it is called brucite [Mg3(OH)6]. Various clay

minerals are formed as these sheets stack on top of 
each other with different ions bonding them together 
(Oweis and Khera, 1998). A silica tetrahedron and a 
silica sheet, also an octahedron and an octahedron 
sheet are presented in Figure 1.1. Also, these figures 
consist of schematic representations of silica and 
octahedronsheets. 

Figure 1.1 A Silica Tetrahedron and a Silica Sheet Kaolinite 
group 

Kaolinite crystals consist of tetrahedron and 
octahedron sheets. The bonding between successive 
layers is by van der Waals forces and hydrogen 
bonds. The bonding is sufficiently strong that there is 
no interlayer swelling in the presence of water 
(Mitchell and Soga,2005). 

Mica-like group 
Illite has a basic structure consisting of a sheet of 
alumina octahedrons between and combined with two 
sheets of silica tetrahedrons. In the octahedral sheet 
there is partial substitution of aluminum by 
magnesium and iron, and in the tetrahedral sheet 
there is partial substitution of silicon by aluminum. 
The combined sheets are linked together by fairly 
weak bonding due to (non - exchangeable) potassium 
ions held between them (Craig, 1997). 
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Smectite group 
Montmorillonite is formed from weathering of 
volcanic ash under poor drainage conditions or in 
marine waters. The 
basicbuildingsheetsforsmectitearethesameasforillite 
except there is no potassium ion present. The space 
between the combined sheets is occupied by water 
molecules and exchangeable cations. There is a very 
weak bond between the combined sheets due to these 
ions. Considerable swelling of montmorillonite can 
occur due to additional water being absorbed between 
the combined sheets (Craig, 1997; Oweis and Khera, 
1998). 

Mechanism of Swelling 
Swelling of clay minerals is directly related with 
diffused double layer and cation exchange capacity of 
them. 

Double Layer of Clay Minerals 
The negatively charged clay particle surface and the 
concentration of positive ions in solution adjacent to 
the particle form what is referred to as a diffuse 
double layer or DDL (Bohn et al. 1985). Overlapping 
DDLs between clay particles generate interparticle 
repulsive forces or microscale “swelling pressures”. 
Interaction of the DDL and, hence, swelling potential, 
increases as the thickness of the DDL increases 
(Mitchell, 1976). The thickness of DDL is associated 
with valence of cations, concentration of cations, 
temperature and pH. 

II. LITERATURE REVIEW

Al-Rawas, A.A., Taha et al, “A Comparative 
Evaluation of Various Additives Used in the 
Stabilization of Expansive Soils”. Geotechnical 
Testing Journal, Vol. 25,2002 :- This paper 
investigates the effectiveness of using cement by-pass 
dust, copper slag, granulated blast furnace slag, and 
slag- cement in reducing the swelling potential and 
plasticity of expansive soils. The soil used in this 
study was brought from Al-Khod (a town located in 
Northern Oman) where structural damage was 
observed. The first stage of the experimental program 
dealt with the determination of the chemical, 
mineralogical, and geotechnical characteristics of the 
untreated soil. The soil was then mixed with the 
stabilizers at 3, 6, and 9% of the dry weight of the 
soil. The treated  samples were subjected to liquid 
limit, plastic limit, swell percent, and swell pressure 
tests. Furthermore, the cation exchange capacity, 
exchangeable cations (Na+, Ca++, Mg++, and K+), 
and pH of the treated samples were also measured. 
Almeida N. et al.“Recyclingof Stone Slurry in 
Industrial Activities: Application to Concrete 
Mixtures, Building and Environment”, Vol. 42, 
2007:- In recent years, large amounts of stone waste 
have been generated in natural and artificial stone 
industry with significant environmental impacts. To 

solve the problems, stone waste in different forms 
could be used in different industrial activities in 
particular construction industry and other activities 
such as paper, ceramics industry (faience), paints, 
plastics and polymers, glass. Rubber, siderurgy, 
sugar, pharmaceutics, textiles or in articles such as 
soaps or candles. Further it could be applied as 
agriculture soil corrective, acid water treatment and 
dumpsites sealing . This paper reveals an overview of 
current solutions of reducing environmental and 
economical disadvantages of this kind ofby-product. 
Çelik, M.Y. at all “Marble Deposits and the Impact of 
Marble Waste on Environmental Pollution”, Journal 
of Environmental Management, Vol. 87, 2008:- The 
Portland cement manufacturing process is a major 
contributorto greenhouse gas emissions and depletion 
of natural resources. Waste Marble Dust (WMD) on 
the other hand is cheap and environmental demeaning 
form of marble processing units, which if used in 
civil works will create Sustainable Structures (SS) 
and will save our environment from degradation with 
positive impact on our country’s Gross Domestic 
Product(GDP). 

Çetiner, S. et al. Stabilization of Expansive Soils 
byÇayırhan Fly Ash and Desulphogypsum, M.S. 
Thesis, METU, Turkey, 2004 :- Expansive soils are 
one of the most serious problems which the 
foundation engineer faces. Several attempts are being 
made to control the swell-shrink behavior of these 
soils. One of the most effective and economical 
methods is to use chemical additives. Fly ash and 
desulphogypsum, both of which are by-products of 
coal burning thermal power plants, are accumulating 
in large quantities all over the world and pose serious 
environmental problems 
Çokça, E. et al. “Use of Class C Fly Ashes for the 
Stabilization of an Expansive Soil”, Journal of 
Geotechnical and Geoenvironmental Engineering, 
Vol. 127, 2001 :- Excessive heave associated with 
swelling of expansive soils can cause considerable 
distress to lightweight civil and highway engineering 
structures. Several methods have been suggested to 
control this problem. 

III. METHODOLOGY

Chemical Stabilization 
Soil stabilization using chemical admixtures is the 
oldest and most widespread method of ground 
improvement. Chemical stabilization is mixing of soil 
with one of or a combination of admixtures of 
powder, slurry, or liquid for the general objectives of 
improving or controlling its volume stability, strength 
and stress-strain behavior, permeability, and 
durability (Winterkorn and Pamukçu, 1990). 

Pozzolanic Reactions 
Time depending pozzolanic reactions play a major 
role in the stabilization of the soil, since they are 
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responsible for the improvement in the various soil 
properties (Show et al., 2003). Pozzolanic 
constituents produces calcium silicate hydrate (CSH) 
and calcium aluminate hydrate (CAH). 
Ca2+ + 2(OH) - + SiO2 (Clay Silica) @ CSH Ca2+ + 
2(OH) - + Al2O3 (Clay Alumina) @CAH 
The calcium silicate gel formed initially coats and 
binds lumps of clay together. The gel then crystallizes 
to form an interlocking structure thus, strength of the 
soils increases (Hadi et al, 2006; Sivapullaiah, 2006). 

Marble and Production of Waste Marble Dust 
Stone-masons often apply the term marble to any rock 

which can be easily polished (Oates, 1998). 
Limestones, schistes, travertinesor even granites can 
be considered as marble in the business world 
(Onargan et al., 2005). Waste marble dust produced 
from marble plants can be either of these natural 
stones’ dust. Thus, in order to distinguish the 
stabilizers used, stabilizers were named as waste 
limestone dust and waste dolomitic marble dust in 
thisstudy. 

Marble (Real Marble) 
Marble or real marble is a metamorphic rock that 
consists 

predominantly of calcite and/or dolomite (cited in 
Dietrich and Skinner, 1979). Marble may be 
considered as metamorphosed limestone (i.e. 
limestone which has been fully re-crystallized and 
hardened under hydrothermal conditions) (Oates, 
1998). In this study waste dolomitic marble dust 
wasused. 

Production of Waste Marble Dust 
The production of fine particles (<2 mm) while 
cutting marble is one of the major problems for the 
marble industry. When 1 m³ marble block is cut into 2 
cm thick slabs, the proportion of fine particle 
production is approximately 25 % (Kun, 2000). 
While cutting of marble blocks water is used as 
cooler. But, the fine particles can be easily dispersed 
after losing humidity, under atmospheric conditions, 
such as wind and rain. Thus, fine particles can cause 
more pollution than other forms of marble waste 
(cited in Çelik and Sabah,2007). 

Soil Stabilization Using Waste Marble Dust 
Extensive literature is available on soil improvement 
by the application of additives, notably cement and 
lime. Lately, many researchers have reported on 
additives that could substitute lime as a soil modifier. 
Such materials include fly ash (Çokça, 1999; 
Indraratna et al. 1991, 1995), rice husk (Muntohar, 
1999); (Muntohar and Hantoro 2000), marble dust 
(Okagbue and Onyeobi, 1999), and limestone ash 
(Okagbue and Yakubu, 2000) (Cited in 
Okagbue,2007). 
Oedometer Methods to Determine Swell Properties 
The most satisfactory and convenient method of 
determining the swelling properties of an expansive 
clay is by direct measurement. Direct measurement of 
expansive soils can be achieved by the use of the 
conventional one-dimensional consolidometer (Chen, 

1975). 
According to ASTM D4546 - 03 (Standard Test 
Methods for One- Dimensional Swell or Settlement 
Potential of Cohesive Soils), test methods for swell 
properties can be grouped into three; Method A, 
Method B and Method D. Initially, the terminology of 
experiments is presented. 
Swell, L = Increase in elevation or dilation of soil 
column following absorption of water 
Free swell, % = Percent heave, � h hx/100 water at 
the seating pressure. 
Primary swell, L = An arbitrary short-term swell 
usually characterized as being completed at the 
intersection of the tangent of reverse curvature to the 
curve of a dimensional change-logarithm of time plot 
with the tangent to the straight line portion 
representing long-term or secondary swell (Fig. 3.2). 
Secondary swell, L = An arbitrary long-term swell 
usually characterized as the linear portion of a one 
dimensional change-logarithm of time plot following 
completion of short-term or primary swell (Fig. 3.2). 
Swell Pressure, kPa: A pressure preventing the 
specimen from swelling. 

IV. EXPERIMENTAL INVESTIGATIONS

Purpose 
The purpose of this experimental study is to 
investigate the effects of the addition of waste 
limestone dust and waste dolomitic marble dust on 
Atterberg limits, grain size distribution, swell 
percentage, and rate of swell of an expansive soil 
sample; and also, to investigate the effect of curing on 
swell percentage and rate of swell of an expansive 
soil stabilizated with waste limestone dust and waste 
dolomitic marble dust. 
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SampleA. 
 Activity of samples decreased by addition of

stabilizers. Activity of Sample A decreased
more as waste limestone dust percentage
increased. However, there is no consistent
relationship between activity and the
percentage of waste dolomitic marbledust.

 Free swell ratio of Sample A decreased with
addition of stabilizers. As the percentage of
stabilizer increased, free swell
ratiodecreased.

 By addition of stabilizers, the swelling
percentage decreased considerably. The
reduction was higher for waste limestone
added samples having more limecontent.

 By addition of stabilizers, the t50 values were
decreased. In other words, samples having
more stabilizers reached the 50 % of total
swellquicker.

 Swelling percentage and rate of swell of
samples decreased by curing. Curing was
more effective for waste limestone dust
added samples. Also, curing was more
effective for rate of swell of samples than
swelling percentage.
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Abstract - 
Concrete is the universal material whereupon present day civilisation is assembled, giving long haul strength, impermeability 
and sturdiness for lodging and foundation. The central compound connections which control the design and execution of 
concretes have been the subject of extreme exploration for quite a long time, yet the complex, crystallographically scattered 
nature of the key stages which structure in solidified concretes has brought difficulty up in getting nitty gritty data about 
nearby construction, response instruments and energy. Strong state atomic attractive reverberation (SS NMR) spectroscopy 
can resolve key nuclear underlying subtleties inside these materials and has arisen as a critical instrument in portraying 
concrete construction and properties. This audit gives an exhaustive outline of the utilization of multinuclear SS NMR 
spectroscopy to comprehend compositionestructureeproperty connections in concretes. This remembers anhydrous and 
hydrated stages for Portland concrete, calcium aluminate concretes, calcium sulfoaluminate concretes, magnesia-based 
concretes, antacid actuated and geopolymer concretes and manufactured model frameworks. Progressed and 
multidimensional tests test 1H, 13C, 17O, 19F, 23Na, 25Mg, 27Al, 29Si, 31P, 33S, 35Cl, 39K and 43Ca cores, to 
contemplate nuclear construction, stage advancement, nanostructural improvement, response systems and energy. 
Accordingly, the components controlling the actual properties of concretes would now be able to be settled and perceived at 
an uncommon and fundamental degree of detail. 

Keywords - Solid-State NMR; Spectroscopy; Portland Cement; Calcium Aluminate Cements; Calcium Sulfoaluminate 
Cements; Magnesia-Based cements; Alkali-Activated Cements 

I. INTRODUCTION

Modern society is heavily reliant on cementitious 
materials in constructing our built environment. 
Second only to water interms 
ofcommodityuse[1,2],theworldwideproductionofconc
reteex- ceeds10billiontonnesperannum. 
Themostcommoncementused 
toproduceconcreteisPortlandcement(PC)[3],acomplex
material made up of multiple calcium-rich mineral 
phases that react with water and harden to provide 
strength, impermeability and resis- tance to thermal, 
mechanical and chemical stresses over long 
timescales[4].TheexcellentphysicalpropertiesofPChav
eresulted in its incorporation into virtually all of the 
modern built environment. 
However, PC production results in large associated 
CO2 emis-
sions,approximately0.73e0.99tCO2/tPC,whichis~8%
ofcurrent 
globalanthropologicalCO2emissionswhenconsidering
aPCpro- ductionvolumearound4Gtperannum[5,6]. 
Consequently, low- 
moments(i.e.non-zerospin) 
andappliedmagneticfieldsanden- ables determination 
of the local chemical environments of NMR- active 
nuclei, regardless of the level of crystallographic 
order or disorder, and this is essential in its 
application to the study of ce- ments. In cements, 
nuclei of interest include 1H, 13C, 17O, 19F, 23Na, 25Mg, 
27Al, 29Si, 31P, 33S, 35Cl, 39K and 43Ca (Table 1). Solid-
state (SS) NMR is ideally suited to study both 

anhydrous and hydrated solid 
phasesincementitiousmaterials.Itsapplicationtocement
samples 
ofdifferentagesisinvaluableinresolvingthereactionmec
hanisms, kinetics and structural evolution that dictate 
the properties and
performanceofcements(andthusalsoconcretesmadeusingt
hese 
cements).NMRcanalsobeappliedasapowerfultoolprobi
ngthe dynamics of mobile ions and water within 
cementitious materials, in particular through the use 
of 1H NMR relaxometry which pro- vides 
information about water mobility and pore size 
distribution [8,9]. These various applications and 
nuclei will be discussed in detail in the sections which 
follow 
CO2cementitiousmaterialshaveemergedasattractive,m
oresus- 
tainablealternativestoPC[4].Supplementarycementitio
usmate- rials (SCMs) such as coal fly ash (FA), blast 
furnace slag,calcined clays, finely ground limestone 
and silica fume are widely used in 
concrete.ByblendingPCwithSCMs,itispossibletoenha
nceand control physical properties, e.g. strength, 
durability, phaseforma- tion and reaction kinetics, and 
also to improve sustainability by 
reducingassociatedCO2emissionsandvalorisingindustr
ialwastes [7].PC-
freebinderssuchascalciumaluminatecements(CACs)an
d calcium sulfoaluminate (CSA) cements, magnesia-
based cements, alkali-
activatedmaterials(AAMs)andgeopolymers,amongoth
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ers, have also received significant attention from 
academia and in- dustry due to the enhanced technical 
properties and/or sustain- ability that they can 
provide, when compared with PC[4]. 
Thecomplexchemicalnatureofcementsystems,whichof
ten 
involvecrystallographicallydisorderedphasesandwhic
hcontinue to evolve as a function of time for many 
years after initial mixing. 

II. SOLID-STATE NMR SPECTROSCOPY

An NMR experiment involves holding a sample in a 
magnetic 
field(denotedB0)andapplyingpulsesofradiofrequencyr
adiation to induce precession of the nuclear spin and 
measuring theelec- tromagnetic response produced as 
the nuclei relax back to their 
equilibriumstates.Theelectromagneticsignalismeasure
dasafree 
inductiondecay,whichisthenconvertedtoanNMRspectr
umby applying a Fourier transform. The NMR 
spectrum contains reso- nances characteristic of near-
neighbour atomic environments [10,11]. Terms 
representing the magnetic dipolar interaction, 
chemicalshieldingandquadrupolarinteractionsbetween
thenu- cleus and its environment are of particular 
interest in the study of cements. 
NMR spectra of solids are broadened (compared to 
those of liquids) due to dipolar interactions, 
anisotropy of the chemical shielding and quadrupolar 
interactions between the intrinsic nu- clear electric 
quadrupolar moment and the surrounding electric 
field gradient [10]. This necessitates the application 
of sample spinning methods to reduce broadening. 
Magic angle spinning (MAS) requires spinning a 
sample at an 
angleofcos2(qMAS)¼1/3(qMASz54.74○) 
withrespecttothestatic magneticfield(B0) sothat 
dipolar interactionsaresuppressed,and both chemical 
shielding anisotropy and first-order quadrupolar 
interactions are removed [10,11], narrowing spectral 
lineshapes. This means that the local chemical 
environments of spin S ½ nuclei (which do not 
experience second-order quadrupolar in- teractions) 
can be represented in terms of the isotropicchemical 
shift (diso) in MAS NMR spectra. Quadrupolar nuclei 
(S > ½) expe- rience additional second-order 
quadrupolar interactions, so the 
quadrupolarinteractiontermoftheHamiltonianisnon-
zerounder MAS conditions. This limits spectral 
resolution due to anisotropic broadening of the 
signals. However, these second-order quad- 
rupolarinteractionsareinverselyproportionaltothestren
gthofB0 andcanthusbereduced
throughtheuseofhighmagneticfields [10,11]. Owing to 
the disordered structure of many cementitious 
phases,significantlinebroadeningoccursatallpractically
achiev- able MAS rates, and so the spectra for 
relevant nuclei are often poorlyresolved 

The presence of paramagnetic species within 
cementitious materials can limit the applicability of 
SS NMR for their charac- 
terisation;thesespeciesinfluencetherelaxationandchem
icalshift 
ofnearbynuclearspins,whichcanseverelydampenandsh
iftthe NMR signal of these nuclei [10]. This is 
particularly problematic in standard ‘grey’ PC and in 
ferrite-containingsulfoaluminate 
cements, which each contain tetracalcium 
aluminoferrite 
(4CaOAl2O3Fe2O3,C4AF),aswellasinbinderscontain
ingcoalFA (containing Fe2O3) [13]. The use of 
Fe2O3-free cement systems for 
spectroscopicanalysis[14e16]can,therefore,beadvanta
geous. 
Recent advances in this understanding of the 
chemistry and materials science of cements, in which 
the application of SSNMR
hasplayedapivotalrole,arediscussedinthefollowingsect
ion. 

III. TERMINOLOGY USED IN DEFINING THE
LOCAL STRUCTURE OF SILICATES AND
ALUMINATES

Si sites are generally identified using notation of the 
type Qn(mAl) (represented by Q) is bonded to n other 
tetrahedral atoms (m of which are Al) via oxygen 
bridges. Qn(mAl) Si sites within cemen- titious 
materials typically resonate in the  region from   60 
ppm   to120 ppm relative to tetramethyl silane, with 
significant overlap between the broad resonances 
observable in disordered solid phases, but a more 
negative chemical shift induced by a higher 
connectivity (i.e. higher n) (Fig. 1) [11,16e18].Each 
additional tetrahedral Al atom which replaces an Si 
neighbouring aQn(mAl) silicon site also  increases 
the  chemical  shift  by approximately 5 ppm [11], 
and this provides an important point ofdifferentiation 
betweenQn(mAl)sitesasafunctionofnandm,althoughth
eeffects of the two parameters cannot always 
straightforwardly be discriminated without 
application of multinuclear NMR techniques. 
Bridges betweentwotetrahedral Alsitesaredisfavoured 
(acrystallographic and thermodynamic observation 
known as ‘Loewenstein's princi- ple’ [19]). 
Tetrahedral and octahedral Al sites typically resonate 
within the regions 80e50 ppm and 20 - 0 ppm, 
respectively, rela- tive to Al(H2O)3þ(aq), while 
resonances assigned to five- coordinated Al and 
highly distorted tetrahedral Al environments have 
been observed in the region 50e20 ppm, Fig. 
2[11,17,20e22]. 

IV. CHARACTERISATION OF
CEMENTITIOUS MATERIALS

4.1. MAS NMR of anhydrous 
cementitiousmaterials 
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4.1.1. Portlandcement 
PC primarily comprises the ‘clinker’ phases 
tricalcium silicate (3CaOSiO2, C3S, in numerous 
polymorphs), dicalcium silicate (2CaOSiO2, C2S; the 
a and b polymorphs of this composition are 
preferredincementsduetotheirhydraulicnature,whereas
g-C2S
isunreactive),tricalciumaluminate(3CaO$Al2O3,C3A
)andtetra- calcium aluminoferrite. This assemblage of
clinker minerals is
producedfromlimestoneandsilicatemineralsinarotaryki
ln,then rapidly cooled and interground with calcium
sulphate to formPC [23]. Among these clinker
minerals, tricalcium silicate (or a slightly impure
form of this phase, containing Al and/or Mg among

other 
substituents,whichiscommonlydescribedas‘alite’inthe
cements literature [24]) is the predominant 
constituent of modern PC,
definingitshydraulicnatureandhighearlystrengthdevelo
pment 
uponcementhydration.Theexpectedvaluesofdobs,diso
andCQfor different nuclei in various phases in PC are 
shown in Table 2 and discussed in the followingtext. 

4.1.1.1. Tricalcium silicate (alite, hartrurite). C3S is 
known to exist in seven polymorphs: three triclinic, 
three monoclinic and one trigonal. The alite present 
in PC crystallises from the melt in a trigonal form and 
upon rapid cooling, transforms into metastable 

Fig. 1. Typical ranges of 29Si chemical shifts for (a) Qn and (b) Q4(mAl) sites in solid silicates [11]. Si, Al and O atoms are 
represented by grey, blue and red spheres, respectively. 
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polymorphs, predominantly, the two monoclinic 
polymorphs MI and MIII[25]. 29Si MAS NMR 
analysis of the MI polymorph of alite has shown that 
Si exists within nine crystallographically distinct 
sites, approximately within the range from 69  to  75 
ppm  [26,27], while 29Si MAS NMR spectra of the 
MIII polymorph exhibit 
overlappingresonancesbetween—66and—
78ppmcorresponding to eighteen distinct SiO4 
tetrahedra (Fig. 3)[27,28]. 
The calcium silicate chainsinalite can accommodate a 
number of guest ions which substitute for silicon (e.g. 
AlO5—or PO3—for SiO4—[30e32]) or oxygen (e.g 
F—for O2—[31]). Substitution of AlO5—for SiO4—
in C S chains has been identified crystallographically 
since the 1950s [24,33]and was first subjected to 
NMR analysis in 1994 by Skibsted et al. [34] using 
27Al MAS NMR [30], then later confirmed 

unambiguously using 27Al multiple quantum 
(MQ)MAS NMR. 

Reduction of the temperature at which alite forms, 
whichis 
desirableforbotheconomicandenvironmentalreasonsin
cement production, is often achieved by adding 
‘mineralising’ additives such as fluoride and 
phosphate, which substitute into the alite 
structure.Tranetal.[31]used29Siand27AlMAS,19F-
29Sicrosspolarisation (CP) MAS and 19F-29Si CP 
rotational-echo double-resonance (REDOR) MAS 
NMR techniques to show that F—sub- 
stitutesforO2—
ionsinthealitephasealone,accordingtoacoupled 
substitutionmechanismSiO4—þO2—/AlO5—þF—
[35], with a  

Fig. 2. Typical ranges of 27Al chemical shifts for different aluminium sites in aluminates and aluminosilicates [11]. Al and O atoms 
are represented by blue and red spheres, respectively. 

Table 2 
Coordination states, dobs, disoand CQ for different nuclei in the major constituents of Portland cement. 

strong preference for F—substitution into interstitial 
oxygen sites notinvolvedincovalentSi-
Obonds.Poulsenetal.[32]showedvia 31P and inversion 
recovery 31P MAS NMR that PO3—ions substitute 
for SiO4—tetrahedra in alite; a substitution level of 

1.3 mol. % was identified in the sample studied. 
MASNMRspectroscopytoaseriesofCaF2-
modifiedPCscontaining between 0.23 and 0.77wt% 
fluorine, demonstrating that increased fluorine content 
drives increased fluorine substitution into alitevia 
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adoublesubstitutionmechanismandthatF—
andAl3þionsinalite are likely to be clusteredtogether. 
Recently, 17Oe29Si CP heteronuclear correlation 
(CP-HETCOR) 
MAS NMR was used to resolve oxide ion sites 
bonded to one Si4þfrom those bonded to Ca2þin 
synthetic tricalcium silicate for the first time [37]. 
Oxide ion sites bonded to Ca2þplay an important 
roleinthestructureandreactivityofC3Sbuthaveprovendi
fficult to resolve. 43Ca MAS NMR analysis of alite 
was first reported by 
Moudrakovskietal.[38],withthehigh-
field(21.14T)natural abundance 43CaMASNMR 
spectrumofthemonoclinicpolymorph showing a 
broad, asymmetric resonance consistent with over- 
lapping43Caresonancesfromthe36non-
equivalentsitesforCain this phase and deviations from 
a perfect lattice (Fig. 4) [28]. This contrasts with the 
43Ca MAS NMR spectrum of the triclinic poly- 
morph, which exhibited well-separated 43Ca 

resonances despite the29non-
equivalentsitesforCainthisphase[39],suggestingthat 
some of these non-equivalent sites are quite similar. 
This work demonstrates the power of SS 43Ca MAS 
NMR to resolve poly-
morphism,whichisvaluableinidentification,characteris
ationand quantification of metastable polymorphs 
within cement systems, although the time and 
instrumentation required to collect high- 
resolution43Caspectramayprovetobealimitationinapra
ctical sense. Differences in 43Ca MAS NMR spectra 
have also been exploited for spectroscopic analysis of 
the CaCO3 polymorphs calcite, aragonite and vaterite 
[40,41], which are also present in many 
cementsystems. 

4.1.1.2. Dicalcium silicate  (belite,  larnite).  The 
29Si  and  17O  MAS NMR analysis of b-C2S (also 
known as belite and the dominant polymorph of 
dicalcium silicate found in PCs) has shown that Si 

Fig. 3. 29Si MAS NMR spectrum (9.4 T, spinning speed nR¼ 13.0 kHz) of (a) grey PC and (b) its deconvolution, which is composed 
of the subspectra for belite and alite shown in (c) and(d).AdaptedfromPoulsen etal.[29].Parts(e)and(f)showtwodifferentsections 

takenthroughthemonoclinicsuperstructureof theMIIIpolymorphofalite,vieweddowntheb 
axis,showingpolyhedralocatedin(e)andabove(f)thea,0,cplane.AdaptedfromNishietal.[28]. 

Fig. 4. Natural abundance 43Ca MAS NMR spectra (21.4 T) of (a) monoclinic C3S, (b) triclinic C3S, (c) b-C2S and (d) CaO. The 
dotted line below spectrum (c), for b-C2S, shows the spectralsimulationforthesecond-

orderquadrupolarinteractions.Theverticalarrowsbelowspectrum(b),fortriclinicC3S,indicatethepositionsofthesignalsduetoCaOandb-
C2S impurities.AdaptedfromMoudrakovskietal.[38]. 



Nuclear Magnetic Resonance Spectroscopy of Cement in Solid State 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

124 

exists within a single Q0 (isolated SiO4 tetrahedron) 
environment which exhibits a single 29Si resonance 
at 71.3 ppm [27,42e44], 
coordinatedtocalciumviafourSi-O-
Calinkages[43].SomePCsalso 
containtheapolymorphsofC2S,butthesedonotappearto
have been analysed specifically by high-resolution SS 
NMR in theavail- able body of literature, so the focus 
here will be on the bform. 
Despitethefactthattherearefourcrystallographicallydist
inct oxygensiteswithinb-
C2S[42],asinglebroadresonanceisobserved in the 17O 
MAS NMR spectrum [43], suggesting that there is 
some 
degreeofdisorderinthisphase.Asforthecaseofalite,subst
itution of Al3þfor Si4þin C2S has been identified 
crystallographically since the 1950s [45,46]. In 1994, 
27Al MAS NMR was used to providethe in C2S in 
PC [30], which has significant consequences for the 
dissolution and hydration reactions of this phase, 
given the ther- modynamic preference for dissolution 
of Al from calcium alumi- nosilicates [47]. Skibsted 
et al. [30]determined quadrupole coupling parameters 
and the isotropic chemical shift for this unique 
Al3þguest ion in belite, which exhibited the most 
deshiel- ded chemical shift (diso96.1 ppm) yet 
reported for a tetra- coordinatedAl 
environmentbondedtofouroxygenatoms,further 

The 43Ca MAS NMR spectrum of belite was first 
reported by Moudrakovski et al. [38], Fig. 4. The 
high-field (21.14 T) natural
abundance43CaMASspectrumexhibitedtwodistinctres
onances 
consistentwiththecrystalstructureofthisphaseandcalcul
ations from density functional theory (DFT) (Table 
2). Both sites exhibited extensive asymmetry in Ca-O 
bondlengths. 

4.1.1.3. Tricalcium aluminate. The investigation of 
C3A by 27Al MAS
andMQMASNMRatmultiplefieldshasshownthatitcont
ainstwo inequivalent Al tetrahedral sites, which 
resonate at diso79.5 ppm and 78.25 ppm, 
respectively, arranged in six-membered rings of AlO4 
tetrahedra in the cubic (pure) polymorph of C3A (Fig. 
5) [34,49].
disovalueswithin±6ppmofthosedeterminedbySkibsted 
etal.[49]havealsobeenreportedfortheseAlIVsiteswithi
nC3Aby other workers, although with some 
variability in reported reso- nance positions [50e52]. 
Four of the six crystallographically non- equivalent 
calcium sites in C3A were resolved using high-field 
(21.1 T) single-pulse 1D43Ca MAS NMR by 
Moudrakovski et al.[38]. 

4.1.1.4. Tetracalcium aluminoferrite 
(brownmillerite). The analysis of 

C4AFbyNMR,andparticularlyby27AlMASNMR,isco
nstrained by the nuclear-unpaired electron dipolar 
couplings betweenthe 27Al nucleus and paramagnetic 
Fe3þions [53e55], which severely 
broadenthe27AlMASNMRspectraanddampenthesigna
l[52,55], examining Ca2AlxFe2-xO5 with x 0.93, 1 
and 1.33 (Fig. 6). Increasing Fe content dramatically 
dampenedand broadenedtheobserved
resonances,butdespitethesedifficulties, it was possible 
to observe that the central transitions showed a 
dominant resonance for AlIV species at 61 ≤ dobs≤ 
71 ppm, with increased shielding at higher Fe 
content, and AlVI species at 0 ≤ dobs≤ 20ppm. 
Asmentionedinsection2,thepresenceofC4AFinPCalso
has significant implications for acquisition of 29Si 
MAS NMR data for C3S and C2S phases. A dramatic 
decrease in the longitudinal relaxation time, T1, in 
grey PC has been attributed to the close proximity of 
these diamagnetic phases to paramagnetic C4AF 
[56,57]. However, Poulsen et al. [29] attributed this 
effectprimarily 
toFe3þionsincorporatedasguestionswithinCSandCSph
ases, rather than intermixing with ferrite phases. 
These effects need to
beconsideredcarefullywhenattemptingtoquantifyC3Sa
ndC2S phases in PC via deconvolution of 29Si MAS 
NMR spectra as pref- erential incorporation of 
Fe3þions within either of the silicate phases will 
result in a dampening of the 29Si MAS NMR signal 
for 
thatphaseandconsequentlyleadtoincorrectquantificatio
n[57]. Further discussion of methods to mitigate this 
issue is provided insection4.3 dehydrated forms, is 
interground with PC clinker in small quanti- 
tiestocontrolthesettingrateofthehydratingcement.Duri
ngPC 
hydration,C3Areactswithgypsumtoformettringite(AFt
)whichis subsequently converted (in part or in full) to 
monosulfoaluminate (AFm), starting a few hours 
after initial hydration [23]. In the 
absenceofgypsum,C3Awouldhydraterapidlyandsettin
gcould occur within minutes (i.e. ‘flashsetting’). 
The first application of NMR to any of the cement 
phases dis-
cussedinthisarticlewasundertakenbyPake,whoin1948a
pplied 1H NMR to single crystals and powdered 
hydrates of gypsum, demonstrating that the splitting 
observed in the spectrum (the Pake doublet) reflects 
the dipolar coupling of two 1H nuclei and therefore 
the internuclear distance between H atoms within the 
watermoleculesofgypsum[58].Naturalabundance43Ca
MASNMR 
(8.6T,nR¼2kHz)hasrevealedasingleCasiteingypsumre 
of gypsum (both natural abundance and enriched with 
33S) revealed a single S site in gypsum resonating at 
diso328 ppm  (Fig. 7) [59]. However, it was noted 
that acquisition of natural
abundance33SMASNMRspectraforPCsamplesisnotpr
acticaldue to extremely long acquisition times, and 
consequently, this tech- nique does not appear useful 
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for field samples or those without isotopicenrichment. 

Fig. 5. 27Al MAS NMR spectra (9.4 T, nR¼ 18.0 kHz) of cubic 
C3A (3CaO$Al2O3): (a) showing the resonance from the 

central transition. Simulations for each of thetwo AIO4 sites 
are shown in (b) and (c). *Resonances from satellite transitions. 

Adapted from Skibsted et al., 1991[49] 

4.1.2. Innovation in cements to reduce 
CO2emissions 
Commercially produced cements contain a worldwide 
average of~20%, butupto95% insomecases, 
replacementofPCclinker by  

Fig.6. 27AlMASNMRspectra(9.4T) forthesyntheticferrites 
(a)Ca2Al1$33Fe0$67O5, (b)Ca2AlFeO5and

(c)Ca2Al0$93Fe1$07O5,acquiredusingbetween18,000and76,000
scansand spinningspeeds 

of11.6,17.5and11.5kHz,respectively.The spectrain(b) 
and(c)areshownonidenticalintensityscales, 

whichcorrespondtoaverticalexpansion byafactoroftwo 
relativetothespectrumin(a).Theasteriskandsquaresin(a)indicate
theresonancefromthecentraltransitionandspinningsidebandsfor

theAlVIsite.AdaptedfromSkibstedetal. [55]. 

Fig. 7. 33S MAS NMR spectra (19.6 T, nR¼ 6e8 kHz) of (a) 
synthetic, (b) mineral and (c) 33S-enriched gypsum 

(CaSO4$2H2O) and (d) a second-order quadrupolar model of 
the central transition adjusted to the experimental data using 
DMFIT [60] and the NMR parameters reported in Ref. [59]. 

Adapted from d'Espinose de Lacaillerie et al. [59]. 

SCMs, while maintaining similar performance to 
existing cements [61]. The SCMs used are primarily 
fine limestone, ground granu- lated blast-furnace 
slags (GGBFSs), coal FAs and silica fume, with 
recent developments also focussing on ternary blends, 
e.g.those
containingbothcalcinedclaysandgroundlimestone[61].
Theuse of non-PC hydraulic clinkers such as CACs,
CSA cements, belite- ye'elimite-
ferriteclinkersandmagnesia-basedcements,aswellas
non-clinkerebased cements such as AAMs, can also
offer signifi- cant reductions in CO2 emissions.
The materials used as SCMs are often
crystallographically disordered, compositionally
variable and multiphase in nature.SS NMR has
consequently been instrumental in characterising the
local structure of these materials, which are used both
as SCMsin
blendswithPCandalsoasprecursorsforalternativecemen
ts. The expected dobs, disoand CQ for different
nuclei in the main phases
foundincommonSCMsareshowninTable3anddiscusse
dinthe followingtext.

4.1.2.1. Supplementary cementitious materials 
4.1.2.1.1. Limestone. Limestone used as an 
SCM comprises pri-
marilytheCaCO3polymorphscalciteandaragonite,aswe
llassome dolomite (CaMg(CO3)2). Calcite and 
aragonite, as well as the addi- tional CaCO3 
polymorph vaterite, are also generated within ce- 
mentsinserviceasthecalcium-richcement 
hydratephasesreact withatmospheric CO2inaprocess 
knownascarbonation[62].43Ca MAS NMR analysis 
of calcite, aragonite and vaterite [40,41]has revealed 
substantially different chemical shifts and 
quadrupolar coupling  constants  for  each 
polymorph,  diso¼   21.6,   12.6 and 26 ppm and 
CQ1.39, 3.7 and 0.68 MHz for calcite, vaterite and 
aragonite, respectively. 13C MAS NMR spectra of 
crystallo- graphically pure calcite and aragonite show 
single resonancesin each phase at approximately 
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diso168 ppm and 170 ppm, respectively [63,64], 
while crystallographically pure vaterite ex- 
hibitstwo13CMASNMRresonancesatdiso170ppmand
169ppm [65]. 

4.1.2.1.2. Blast furnace slag. GBFS GGBFS 
is generated as a sec- 
ondaryproductofpigironproductioninablastfurnace;the
liquid silicate slag is tapped from the furnace, rapidly 
cooled by 
granulationandthengroundtoaparticlesizesimilartothat
ofPC. It can be blended with PC at replacement ratios 
as high as 95% under current European standards (EN 
197-1) [66]and is also aprimary precursor for low-
CO2 cements[4].
GGBFS consists primarily of depolymerised calcium
silicate glasses, as well as small amounts of low-
crystallinity phases within the melilite group
[18,67e70]. The composition of GGBFS is
dependentonthecharacteristicsoftheironproducedando
reused,
aswellastheoperationaldetailsoftheblastfurnace[69],wi
thCaO, Al2O3, SiO2 and MgO  contents  typically
varying  between 35e42 wt %, 7e13 wt %, 34e36 wt
% and 6e15 wt % respectively [67e69,71e73]. The Al
in the depolymerised silicate glass ischarge balanced
mainly by Ca2þcations, with excess calcium cations
contributing to the depolymerisation of the
aluminosilicate framework [67e69]. As in most
glasses, the reactivity of GGBFS is 
dependentonthelevelofdepolymerisationofthealumino
silicate framework [67,68]. 29Si and 27Al MAS
NMR studies of GGBFS were 
interpretedasindicatingthatsiliconispresentmainlyasad
imeric tetrahedral species, and Al is present in
tetrahedral coordination [74]. Shimoda et al.
[75e78]examined local structures in an amorphous
synthetic slag using isotopic enrichment and multi- 
nuclear MAS and MQMAS NMR, probing 27Al,
29Si, 25Mg, 17O and 43Ca nuclei (Fig. 8), and

showed that the amorphous slag frame- work 
structure can be generally described as a 
depolymerised chain-like network of SiO4 tetrahedra 
branched with AlO4 tetra- 
hedra,withoxygenatomsoccupyingstructurallyinequiv
alentsites 
(dependentontheirbondingnature),andmultisiteoccupa
ncyof Mg and Ca ions. These observations are 
supported by molecular dynamics simulations [79]. 
The structure and chemicalcharacter- 
isticsofGGBFSareanalogoustothoseofnumerousotherc
alcium 
aluminosilicateglasseswhichhavebeenexaminedindeta
ilusing MAS NMR[80e86]. 

4.1.2.1.3. Coal FA. Coal FA, a by-product of 
thermoelectriccoal combustion, comprises primarily 
Al2O3 and SiO2 within an 
assemblageofaluminosilicateglassyphases,withsomea
dditional minor crystalline constituents, which can 
include quartz, mullite, ferrite spinels, calcium 
aluminates and others [87e89]. The char- 
acteristicsofcoalFAs(composition,extentofheterogenei
tyinthe glass and the local structure of each phase 
within the ash) vary
widelybetweensourcesandasafunctionoftimeandarede
pen- 
dentonthetypeofcoalusedandthecombustionprocessthr
ough which it passes [90e92]. Mineral constituents in 
coal (mostly sili- cates and aluminosilicates) are 
melted as the coal is burned, become entrained in the 
flue gas as small droplets and are then 
cooledandcollectedasafinepowder,byelectrostaticpreci
pitators 
inthechimneystacksofthepowerstation.FAisblendedwi
thPCat 
replacementfractionsupto~50%inmanypartsoftheworl
dasits 
reactivesilicatefractioncanreactwithcalciumhydroxide
through 

Table 3 
Coordination type and expected dobs, disoand CQ ranges for different nuclei in various supplementary cementitious materials 
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Fig. 8. (a) 29Si, (b) 27Al, (c) 17O and (d) 43Ca MAS NMR spectra (16.4 T, nR¼ 18 kHz) of synthetic slag enriched in 17O and 43Ca. 
Adapted from Shimoda et al., 2008 [75]. *Spinning sidebands. 

the ‘pozzolanic’ reaction (Ca(OH)2 reactive silicates 
/calcium silicate hydrate) to produce desirable 
binding phases, while 
reducingtheoverallenvironmentalimpactofthecementa
ndalso valorising this ash which would otherwise be a 
problematic high- volume waste requiringlandfilling. 
Phasesegregationuponcoolingoccursoverthemajorityo
fthe relevantcompositional rangeforalumino 
silicateglasses, andsoas the molten aluminosilicate 
materials are quenched rapidly asthe flue gas cools, 
the various phases formed are finely interspersed 
within the FA particles. The result is a highly 
heterogeneous ma- terial,asdifferent 
FAparticlescoolatdifferentratesandarederived from 
different mineral matter entrained in the coal [93], 
resulting in both inter- and intra-particle variation in 
local phase composi- tion [94]. As a result, FA 
reactivity when used as an SCM (i.e. blended with 
PC) or as a precursor for AAM varies significantly 
between ashes, and between phases within each 
particular ash [95e102]. 
The crystalline phases presentin FAoccurinsmall 
amounts;in thelow-calciumasheswhichareconsidered 
mostdesirablefor blendingwithPC, thesephases 
(predominantlyquartz,mulliteand ferritespinels) 
arerelativelyunreactivewhencomparedtothe 
aluminosilicate glassy phase. Consequently, 
knowledge ofthe 

compositionoftheglassyphaseisimportantforcorrectfor
mula- tion when designing cements containing FA, 
and SS MAS NMR (usedinconjunction 
withelectronmicroscopy) isakeytechnique
thatcanprovidethisinformation,aslongastheashisnottoo
rich iniron. 
29Si and 27Al MAS NMR studies of FA have shown 
that the vit- reous aluminosilicate phase contains a 
distribution of Q4(mAl) Si species, with aluminium 
mainly present in poorly ordered tetra- hedral 
coordination, and also revealed the presence of a 
small amount of Al in octahedral coordination in 
mullite-like crystallites and glasses (Fig. 9) 
[20,88,103e105]. The quantity of each Q4(mAl) Si 
species, as well as the distribution of AlIV and AlVI 
sites, is dependentonthelocal
phasechemicalcomposition.17OMASNMR studies 
have shown that alkali and alkali earth metals (mainly 
Na and K in FA) can act as network modifiers and 
form non-bridging oxygen sites if present in high 
enough concentrations in alumino- 
silicateglasses[106]whichareanalogoustotheglassypha
seinFA. 

4.1.2.1.4. Metakaolin. Metakaolin is a layered 
aluminosilicate material which is used in cements as a 
pozzolanic additive andis producedby 
dehydroxylationofkaoliniteclayat temperaturesof 
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500ee800 ○C [107,108]. It is frequently used as an 
SCM in blends 
withPC[61,109].29Siand27AlMASNMRstudiesofmet
akaolinhave 
shownthatitconsistsofalternatingbuckledsilicateandalu
minate layers [68], with silicon in tetrahedral 
coordination (Fig. 10a) [110]and aluminium in a 
distribution of tetrahedral, pentahedral and octahedral 
coordination (Fig. 10b and c) [107,110e113], with 
each 
siteexhibitingasignificantdegreeofasymmetryintheloca
lelec- tric field gradient [113]. It has been suggested 
that metakaolin 
containsapproximatelyequalamountsoftetrahedral(AlI
V),octa- 
hedral(AlVI)andpentahedralAl(AlV)[111,114,115];ho
weverothers 
havefoundthroughcrystallographicanalysisthatsomeof
theAlis tricoordinated[116]. 

Fig. 9. (a) 29Si and (b) 27Al MAS NMR spectra 
(14.1 T, nR¼ 10 kHz) of fly ash. Adapted from 
Bernal et al. [20]. Note that the spectra are 
significantly broadened by the presence of iron (5.2 
wt% represented as Fe2O3 by X-ray fluorescence 
analysis) in the ash. 

4.1.2.1.5. Silica fume. Silica fume is an 
amorphous form of SiO2 with extremely small (tens 
of nm) particle size, produced as a 
byproductofsemiconductorSimanufacture[118].Itisco
mmonly 
blendedwithPCatrelativelylowlevels(upto10wt%)topr
omote strength development and durability. Published 
work examining 
silicafumeviaNMRisfocussedon29SiMASNMRofPC-
silicafume blends, which has shown that silica fume 
comprises a distribution of Si atoms in tetrahedral 
coordination (Q4 units), connected by oxygen bridges 
[8,119,120]. Because silica fume is a pure silica 
source with a 29Si resonance that is clearly distinct 
from that of 
eitherPCoranyofitshydrationproducts,itispossibletoac

curately determine the extent of reaction of silica 
fume within a blended cement through 29Si MAS 
NMR; this is much more accurate for silica fume than 
for any other siliceous SCMs, as the other SCMs 
haveresonanceswhichatleastpartiallyoverlapthesignal
dueto the PC or its reaction products[121]. 

4.1.2.2. Non-PC hydraulicclinkers 
4.1.2.2.1. Calcium aluminate cement. CACs 
consist primarily of
monocalciumaluminate(CaAl2O4,CA),whichtypicall
yaccountsfor40e60%wt.%ofcommercialCACs,along
withsmallerquantitiesof C12A7 and CA2[23,122]. 
While considerably more expensive than 
PC,thesecementsareintendedforuseinapplicationswher
erapid hardening is useful and/or when resistance to 
thermal stresses,
chemical(particularlyacid)attackandimpactorabrasioni
sdesired 
[122],e.g.refractoryconcretes,cementsandconcretesfor
effluent treatment infrastructure, blended cements for 
marine applications and other demanding service 
environments. CACs are now restricted from bulk use 
in structural concrete due to a series of material 
failures in past decades [123], but this does not limit 
theiruseinspecialistapplications.Theexpecteddobs,diso
andCQfor different nuclei in CAC are shown in Table 
4 and discussed in the followingtext. 

4.1.2.2.1.1. Monocalcium aluminate, CaAl2O4 
Monocalciumaluminate, CA ,is the 
principalreactivephase 
whichcontrolstheperformanceofCAC. 
ThecrystalstructureofCA consists of AlO4 tetrahedra 
forming six-membered rings in a tridymite-like 
structure [124]. 27Al MAS NMR isotropic chemical 
shiftsandquadrupolarcouplingparametersforeachofthe
sixnon- 
equivalentAlO4tetrahedrainCAhavebeendeterminedb
y27Al MASNMRatmultiplefields (7.1,9.4 and 
11.7TinRefs.[50,52] and 18.8  T  in  Ref.  [84]), 
giving  81.9  ppm  ≤ diso≤ 83.8  ppm and 

Fig. 10.  (a) 29Si MAS NMR (9.4 T,  nR6 kHz, adapted from Dai et al. [117]), where *indicates a resonance from a quartz impurity), 
(b) 27Al MAS NMR (11.7  T,  nR15  kHz, adapted 

fromDuxsonetal.[111])and(c)27Altriplequantum(3Q)MASNMR(11.7T,adaptedfromKoberaetal.[113])spectraofmetakaolin. 
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Table 4 
Coordination, expected dobs, disoand CQ for different nuclei in calcium aluminate cements. 

2.5 MHz CQ 4.3 MHz by deconvolution of both the 
resonance from the central transition and the spinning 
sidebands. Variations 
inthegeometryoftheAlO4tetrahedra(primarilydifferen
cesinAl- O bond lengths [124]) are primarily reflected 
in the 27Al MAS NMR quadrupolar parameters 
rather than in chemical shifts. This work contrasted 
earlier assertions that the resonance from the central 
transition could be simulated with a single set of 
quadrupolarpa- rameters and two isotropic chemical 
shifts[51]. 
High-field (18.8 T) 17O MAS NMR of CA has 
resolved eight res- onancesduetoOatomsinAlIV-O-
AlIVlinkages[84]withchemical 
shiftsbetween50and90ppmandCQvalueslessthan2MH
z,with the tricluster oxygen site exhibiting the largest 
CQ (Fig. 11). This work demonstrated the benefits of 
utilising high fields which can narrow resonances 
sufficiently to resolve additional sites; eight of 
thetwelvecrystallographicallydistinct17OsitesinCAwe
reabletoberesolvedat18.8T[84],whileonlyfiveofthese1
7Ositescouldbe resolved at 14.1 T[125]. 

4.1.2.2.1.2. Calcium dialuminate,CaAl4O9 
Calcium dialuminate (CA2) is found in relatively 
alumina-rich CAC clinkers that are used as refractory 
cements and is a slowly reacting cement constituent. 
Its structure comprises two tetrahe- drally coordinated 
Al atoms; one AlO4 tetrahedron contains two 
tricoordinated oxygen atoms and the other contains a 
single tri- 
coordinatedoxygenatom,withtheremainingoxygenseac
hcon- nected to two Al atoms (Fig. 12) [126,127]. 
27Al MAS NMR data collected at multiple fields (7.1 
T, nR¼ 18.0 kHz; 9.4 T, nR¼ 18.0 kHz and 11.7 T, 
nR¼ 15.2 kHz) resolved single resonances for each 
tetrahedrally coordinated Al atom, with diso¼ 75.5 
ppm and 69.5 ppm [52], and significant CQ values 
(6.25 MHz and 9.55 MHz, 
respectively)duetoelectricfieldgradient(EFG)asymmet
rycaused 
bythenearbytricoordinatedoxygens.EarlierworkbyMül
leretal. 
[51]determinedsimilardisoandCQvaluesforthesiteneig
hbouring
twotricoordinatedoxygenscomparedtothoseobtainedb

ySkibs- 
tedetal.[52],butthosefortheAlO4tetrahedracontaininga
single tricoordinated oxygen atom exhibited larger 
discrepancies,likely 
becauseoftheinsufficientresolutionandnotabledistortio
nofthe 
centraltransitioncausedbythemuchlowerspinningspeed
utilised in those earlyexperiments. 
17O MAS NMR (18.8 T) resolved four distinct 
oxygen sites in CA, resonating between 40 and 72 
ppm [84], including a tricluster oxygen atom with 
three AlIV neighbours (i.e. an O(AlIV ) site) 
resonating at approximately 40.6 ppm and with 
quadrupolar pa- rameters CQ¼ 2.5 and h ¼0.4. 
4.1.2.2.1.3. Dodecacalcium hepta-aluminate 
(mayenite), C12A7 
Mayenite, (Ca12Al14O33, C12A7), is generally 
present as a minor phaseinmorecalcium-
richCACclinkers.Ithasalsobeendiscussed in the past 
as a potential constituent of PC clinkers but is now 
considered unlikely to form under realistic 
commercial PC pro- duction conditions [23]. 27Al 
MAS NMR at high spinning speed (17.8 kHz) 
resolved  two  distinct  AlIV  sites  within  C12A7, 
with  diso85.9 and 80.2 ppm, respectively, in close 
agreement with the known crystal structure [129]and 
other 27Al MAS NMR in- 
vestigationsofthisphase[50,51].Differencesbetweenth
edisoand quadrupolar parameters (3.8 MHz and 9.7 
MHz) of these two AlIV sites arise due to distortions 
in one of the tetrahedra [50], which result in oxygen 
mobility [130]. Consequently (althoughmaybe 

Fig. 11. 17O MAS spectrum of CaAl2O4 at 18.8 T. Adapted 
from Stebbins et al. [84]. 
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Fig. 12. Illustration of the local environments in the crystal 
structure of CA2, based on information obtained from single-

crystal diffraction data [127]. The two AlO4 tetrahedra are 
denotedbyAl1(containingtwotricoordinatedoxygenatoms)and 

Al2(containingasingletricoordinatedoxygenatoms).Caatomsare
representedbycyanspheres,Alatomsarerepresentedbydarkandli
ghtbluespheres(denotingAl1andAl2,respectively)andOatomsare
representedbyredspheres.PreparedusingtheVESTAsoftwarepa

ckage[128]. 

incidentallyinthecontextofcementchemistry),mayenite
hasalso received significant attention as a high-
performance oxygen ion conductor[131]. 

4.1.2.2.2. CSA cements. CSA cements 
comprise calcium sulfoa- 
luminate(ye'elimite,Ca4(AlO2)6SO4,C4A3$)andothe
rclinkerpha- ses such as belite, C4AF, ternesite 
(C5S2$) and/or calcium aluminates and are typically 
blended with calcium sulphate to regulate the rate of 
their setting [61,132]. 27Al MAS NMR in- 
vestigations of commercially produced CSA and 
synthetic ye'eli- mite showed nearly identical spectra, 
consisting of a single peak (with maximum intensity 
at approximately 68 ppm) with two high-field 
shoulders at approximately 60 and 52 
ppm[34,133e135]. Evidence enabling discrimination 
of two of the eight non-
equivalentAlsitespresentinthecrystalstructureofye'eli
mite (which is an aluminate analogue of the sodalite 
framework)[136]was identified in this broad peak 
[133]. Recent work by Skibsted 
etal.[137]reportedthatthe27AlMASNMRspectralregio
nforAlIV in ye'elimite (~80 50 ppm) is dominated by 
overlapping reso- nances from the eight different Al 
sites. Isotropic projections 
from27AlMQMASNMRspectraobtainedbythesameau
thorsrevealed four distinct resonances with very 
similar isotropic chemical shifts and quadrupole 
coupling parameters[34,138]. 
Ternesite, sometimes also called sulfospurrite, is a 
common minor constituent in modern CSA cements 
that is now being un- derstood to have some 
hydraulic activity but also forms withinPC kilns as an 
undesirable deposit on the refractory that reduces kiln 
performance. Ternesite exhibits a single, well-defined 
29Si MAS NMR resonance at 73.0 ppm [139], 
consistent with its crystal structure [140] in which 
double layers of silicate tetrahedra alter- nate with 
single layers of sulphate tetrahedra, with calcium 7- 
coordinated to oxygenatoms. 
The application of NMR spectroscopy to the belite 
and tetra- calcium aluminate phases present in CSA 

cements has been dis- cussed in detail in sections 
4.1.1.2 and 4.1.1.4, respectively. 

4.1.2.2.3. Magnesia-based cements. 
Magnesium silicate hydrate (M-S-H) 
cementsaretypicallyformedfromasourceofmagnesium 
andasourceofhighlyreactivesilica,suchassilicafume[14
1].The magnesiumsourceistypicallylight-
burnedMgO,andMg(OH)2can also be used [142]. 
Although M-S-H was initially identified as a 
degradationproductinPCexposedtochemicallyaggressi
vecon- ditions [141,143], subsequent work has shown 
that M-S-H gels can also form a cementitious mass to 
generate high compressive strength [144e148]. These 
gels will be discussed in detail in section 4.2.6. 

The25MgMASNMRspectrumofpolycrystallineMgOe
xhibitsa single sharp resonance at diso26 ppm 
[149,150], while the 17O
MASNMRspectrumofthiscompoundenrichedwith17O
containsa single sharp resonance at 47 ppm 
[150,151], consistent with octa- 
hedralMgO6sitesinthecubiccrystalstructureofthisphas
e,andin good agreement with first-principles 
calculations using DFT [152]. The 25Mg MAS NMR 
spectrum of Mg(OH)2 (brucite) exhibits a typical 
quadrupolar  resonance  with  diso¼   14.1   ppm 
and CQ3.15 MHz [153]. Application of NMR 
spectroscopy to silica fume has been discussed in 
detail in section 4.1.2.1.5. Many other magnesia-
based cements also exist, including those based 
onmagnesium carbonates, phosphates and oxysalts 
(both chloride and sulphate) [141]; MgO is the 
primary Mg source used in the production of most of 
thesecements. 

4.2. MASNMRofkeycementitiousbindingphases 

ThevastmajorityofSSMASNMRinvestigationsofceme
ntitious binding phases, which are often complex, 
disordered silicates [17,18,20,21,104,154,155], have 
probed 29Si and 27Al nuclei, yielding information 
about the coordination states of Al and the connec- 
tivityofSi(viaoxygenbridgestoSiorAlortonon-
bridgingoxygen 
sites).Thelownaturalabundanceof29Si(4.7%)resultsth
eneedfor long data acquisition times for non-enriched 
samples, but the wealth of information obtainable 
from this technique has meant that it is nonetheless 
widely used[22]. 

4.2.1. Calcium silicate hydrategels 
Calcium silicate hydrate (C-S-H) is the main product 
of PC hy- dration. It displays low crystallinity and 
variable composition and
comprises(ingeneralterms)Q2Sichainsofvaryinglength
swithQ1 Si sites at chain termination points, as shown 
by 29Si MAS NMR [17,54,156,157]. These silicate 
chains are flanked by an interlayer 



Nuclear Magnetic Resonance Spectroscopy of Cement in Solid State 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

131 

containingconfinedH2Omolecules,aqueouscationicsp
ecies(Ca2þand Hþin pure C-S-H, but with scope for 
substitution, particularly by alkali metals) and a 
calcium oxide sheet (Fig.13) [158,159]. The 
silicatechainsarearrangedina‘dreierketten’structure,ba
sedona 
repeatingchainunitofthreetetrahedralsites,two‘pairing’
andone 

‘bridging’,wherevacanciesinthebridgingsitesleadtocha
racter- istic chain lengths of (3n 1) for integer values 
of n [160]. The two pairing SiIV units (Q2(p)) are 
linked with the calcium oxide sheet [159]. The 
expected dobs, disoand CQ for different nuclei in C-
S-H, aluminium-substituted C-S-H (C-(A)-S-H) and 
alkali-and 

Fig.13. Schematicrepresentationofthestructuralfeaturesofcalcium-silicatehydrate(C-S-
H)gels,adaptedfromProvisandBernal[4].TetrahedralSisitesandCaOlayersare 

shownbybluetrianglesandgreenrectangles,respectively.Circlesdenotevariousinterlayerspecies(waterorcations). 

aluminium-substitutedC-S-H(C-(N,K)-A-S-
H)areshowninTable5and discussed in the 
followingtext. 
Numerous structural models for C-S-H have been 
proposed, including those based on jennite 
[161,162]and tobermorite [159,163], with recent SS 
NMR work probing both 29Si [164e167]and 17O 
[168] nuclei indicating strong structural similarity of
C-S-  H with a distorted tobermorite-like structure.
29Si MAS NMR 
spectroscopyincombinationwithothertechniqueshassh
ownthat C-S-H forms a structural series which shows
both continuity and diversity, with phase-pure C-S-H
exhibiting Ca/Si ratios at least between 0.55 and 2.0
[167,169,170]. Recent work combining dy- namic
nuclear polarisationeenhanced (29Si)29Si double
quantum
coherence(theIncredibleNaturalAbundanceDoubleQu
antum Transfer Experiment, INADEQUATE) and
(1H)29Si HETCOR MAS  
NMRanalysisapproaches,withatomisticmodelling,dete
rmineda series of atomic level structures for C-S-H
based on defective tobermorite with Ca/Si ratios of
1.25e2.0 [170]. These models include a structurally
important interlayer calcium site which
bridgesQ1silicatespeciesandisassociatedwithstronghy
drogen bonding that stabilises the C-S-H, allowing
high Ca/Si ratios to be reached in a phase-pureC-S-H.
Despiteexperimentalandanalyticaldifficultiesarisingfr
omthe
lownaturalabundanceandlargequadrupolemomentof17
O,MAS NMR spectroscopy probing this nucleus has
revealed valuablein- 
formationregardingtheroleofoxygenspeciesinC-S-
Hgels.Cong et al. [43,168] used 17O MAS NMR to 
study C-S-H in both synthetic gelsandhydratedb-
C2S,identifyingtwonon-bridgingoxygensites (linking 
a Si atom with two or three Ca2þions, Si-O-Ca2þ), a 
single bridging oxygen site (linking two Si atoms, Si-

O-Si), oxygen atoms within surface hydroxyl groups
linked with either Ca2þ(Ca-OH) or framework Si
atoms (Si-OH) and a single site corresponding to
oxygenwithininterlayerH2Omolecules.Theobservatio
nsofthese 17O MAS NMR resonances (and their
relative intensities) support
theRichardsonandGroves[159]defect-
tobermoritemodelforC-S-H. Both non-bridging and
bridging oxygen sites were observed to become less
shielded with increasing Ca/Si ratio and decreasing
polymerisation,indicatingadecreaseintheaverageSi-O-
Sibond
angles,consistentwithpreviousobservationsofadecreas
eintheb axis of the pseudo-unit cell of C-S-H [167] at
a higher Ca/Siratio.
As mentioned previously, natural abundance
43CaMASNMRexperiments face inherent difficulties
due to
thelownaturalabundance(0.145%),highquadrupolemo
mentandsmallmagne-
togyricratioofthisnucleus,Table1.Consequently,veryfe
wstudiesprobing 43Ca in C-S-H via MAS NMR have
beenperformed.Mou-
drakovskietal.[38]used43CaMASNMRtostudyaseries
ofC-S-HgelsofdifferingCa/Siratios,aswellasC-S-
Hproducedbyhydratingtriclinic C3S, crystalline 11 Å
tobermorite and
portlandite(Fig.14).ThecoordinationstateofCa2þinC-
S-Hiscomplexandnotyetfullyresolved, but the work of
Richardson [171] indicatestheexpecta-
tionthatthemostprobablecoordinationnumbersinplausi
bleC-S- 
Hstructuresare6or7dependingonthesitetypeandoccupa
ncy.PairedSiO4chainsites(Q2(p))andbridgingSiO4cha
insites(Q2(b)) in C-S-H in hydrated PC exhibit
overlapping
29SiMASNMRresonances[16,172]andthereforecanno
tberesolvedindividually
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Table 5 
Coordination states and expected dobs, disoand CQ values for different nuclei in C-S-H, C-(A)-S-H and C-(N,K)-(A)-S-H. 

Fig. 14. Natural abundance 43Ca MAS NMR spectra of (a) C-
S-H (Ca/Si ¼ 1.5), (b) C-S-H (Ca/Si ¼ 1.2), (c) C-S-H (Ca/Si ¼ 

1.2), (d) 11 Å tobermorite, (e) hydrated triclinic C3S and (f) 
portlandite (Ca(OH)2). The dotted line below the spectrum of 
Ca(OH)2 is the simulation for the second-order quadrupolar 

interactions, and the blue vertical line indicates the centreband 
position of 11 Å tobermorite. Adapted from Moudrakovski et 

al. [38]. 

usingthistechnique;however,thesesitescanoftenberesol
vedby their differing 29Si MAS NMR chemical shifts 
in synthetic C-S-H gels (Fig. 15)[173e177]. 
43CaMASNMRspectraofthesyntheticC-S-
Hgelsshowbroad resonances at approximately 27e31 
ppm, very similar to the 
spectrumof11Åtobermorite[178].AnincreasedCa/Sirat
ioleads 
todecreasedshieldingof43Caions(i.e.resonancesmovet
ohigher 
chemicalshift),consistentwithadecreaseinthemeanchai
nlength (MCL) of the silicate, and also in good 
agreement with 29Si MAS NMR data[167]. 
The43CaMASNMRspectrumofhydratedtriclinicC3Sc
ontainsa 
broadresonanceacrossachemicalshiftrangethatincludes

thatof the main resonances from C-S-H gels with 0.8 
Ca/Si 1.5, indi- catingthatC-S-
Hinhydratedcementsystemsmaycontainvarious 
locallydifferentchemicalcompositions[38].Combining
theseob- 
servationswithanalysisof43CaMASNMRsignalintensi
tyvs.delay 
time,Moudrakovskietal.[38]proposedthatCaintheCa-
Osheets 
resonatesat10ppm≤dobs≤45ppmandinterlayerCa2þion
s resonate at35ppm dobs 85 ppm at a field 
B0of 21.14T. 
BowersandKirkpatrick[179]usednaturalabundance43
CaMAS 

NMRtodemonstratethatdespitebroadspectra,six-
coordinateCa(aspresentinjennite)andseven-
coordinateCa(aspresentin11Å 

Fig. 15. 29Si MAS NMR spectra of synthetic C-S-H (Ca/Si 1) 
showing resonances from pairing(Q2(p)) 

andbridging(Q2(b))silicontetrahedra.AdaptedfromLothenbach
etal., 2015[177]. 

tobermorite) may be resolved by differences in 
chemical shift resonate at35ppm dobs 85 ppm 
at a field B0of 21.14T. 
BowersandKirkpatrick[179]usednaturalabundance43
CaMAS (dobs ¼24ppmvs.—9ppm,at21.1T). By 
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using this approach, itmay be possible to resolve the 
various locally different chemical com- positions (i.e. 
those with differing Ca/Si ratios) within C-S-H gels. 

Despiteseverelinebroadeningin1HMASNMRspectraw
hich resultsfrom1H-
1Hdipolarcouplings,thehighsensitivityof1H,and 
thedevelopmentofmultipulsedecouplingsequenceswhi
chreduce 
linebroadening,haveledtotheapplicationofthistechniqu
eto studyprotonenvironmentsinC-S-
H[157].However,theinforma- 
tionobtainablefrom1HMASNMRspectraofC-S-
Hisgenerally 
limited,duetothedistributionofprotonsacrossmanyche
mical 
sitesandthesmallchemicalshiftrange(approximately20
ppm) over which 1H in solid phases can resonate 
[157]. 1H MAS and combined rotation and multiple 
pulse sequence (CRAMPS) NMR 
techniqueshavebeenusedtomonitorhydrationofsyntheti
cC3S 
duringtheearlystagesofhydrationandatlongerintervalsu
pto28 
daysofcuring[180e182].Itwasdemonstratedthatitisposs
ibleto resolvearesonancefromprotonsinCa-
OHatdobs5.2fromthe overlapping broad resonances 
of protons in Si-OH andmobile water molecules at 
dobs0.5e1 ppm (B07.04 and 9.44 T). 
Recently,quantitative29SiMASand1H-
29SiCPMASNMRexperi- ments have been used to 
monitor hydration of 29Si-enriched triclinicC3Sin-
situoverthefirst24hofreaction[183].Theseresults were 
correlated with isothermal calorimetry measurements 
to identify the previously unobserved phenomenon of 
partial 
passivationofthesurfaceofC3Swhichdrivesdeceleratio
nofthe reaction. 

4.2.1.1. C-(A)-S-H gels. 29Si MAS NMR has 
revealed important in- formation regarding 
incorporation of Al in CeSeH (i.e. forming C- (A)-S-
H) in hydrated PC [16,57,167,172,184e186], 
PCeSCM blends[117,187,188]and2000-
yearoldRomanseawaterharbourconcrete [189]. 
Application of 29Si MAS NMR has allowed 
observation of
resonancesfromQ1,Q2andQ2(1Al)siteswhichmakeupt
hesilicate chainsintheC-(A)-S-
Hgel[16,167,172].TheMCLcanbecalculated 
fromtheintensitiesofQn(mAl)resonancesobtainedfrom
29SiMAS 
NMRspectraldeconvolutionsbyusingequation(1),whil
ethede- greeofAl-
Sisubstitutioninthetetrahedralchainscanbeobtained 
fromtheintensitiesoftheQ1,Q2andQ2(1Al)resonances(
equation 
(2)),asdemonstratedbyRichardsonetal.[184,185]andA
ndersen et al.[186]. 

Using29SiMASNMR,Andersenetal.[186]showedthatt
heAlIV/ Si ratio in C-(A)-S-H in hydrated white PC 
is dependent on the
availabilityofdissolvedAl3þions,butindependentofhyd
ration 
time.Richardsonetal.[190]used29SiMASNMRtodeter
minethat 
AlpreferentiallysubstitutesintoQ2(b)sitesandthattheM
CLof aluminosilicate chains in C-(A)-S-H is 
dependent on both the
availabilityofAl3þionsinsolutionandhydrationtime,fin
dingsthat 
weresubsequentlyconfirmedbyAndersenetal.[184,186]
.Ithas 
alsobeensuggestedthatAlmaysubstituteforSiinsmallam
ounts in pairing sites [188,191,192], although this 
isthermodynamically 
disfavouredcomparedtothebridgingsites[191]. 
Al readily substitutes for Si in the bridging position in 
alumi- nosilicate chains in C-(A)-S-H up to a ratio of 
Al/Si 0.1, while at
higherAl/Siratios,katoiteand/orstr€atlingitearealsofor
med[15]. Analysis by 29Si and 27Al MAS NMR has 
shown that the AlIV/Si ratio in C-(A)-S-H in 
hydrated PC can be increased significantly bythe 
presence of alkali cations (Naþor Kþ) [16]via a 
mechanism in which the charge deficit introduced by 
Al-Si substitution is
balancedbyadsorptionorbondingofalkalicationsinthein
terlayer region. The role of alkalis in these structures 
will be discussed further in section 4.2.1.2. 
27Al  MAS  NMR  experiments,  particularly  at  high 
field   (B014.1 T), have proven particularly useful in 
gaining detailed
structuralinformationregardingtheroleofAlinC-(A)-S-
H,inboth synthetic gels and hydrated PC. 27Al MAS 
NMR experiments at
multiplefields(e.g.Fig.16)haveshowninsyntheticgelsan
dhy- drated PC that the AlIV bridging sites in C-(A)-
S-H are charge balanced by interlayer Ca2þ, Naþor
Hþions (dobs¼ 66 ppm,
B0¼17.5T)[190,193]orbyinterlayerorsurfaceAlVorAl
VIions
(diso¼ 74.6 ppm, CQ¼ 4.5 MHz) [193]. AlV sites in
theC-(A)-S-H
interlayer can potentially substitute for Ca2þions
(diso¼ 39.9 ppm, CQ5.1 MHz) [192e194]. From
these studies, and others, it was
concludedthatAldoesnotentertheCa-
Osheet,northepairing tetrahedral sites in the silicate
chains of C-(A)-S-H [22,172,184,190,193,194].
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4.2.1.2. C-(N,K)-A-S-H gels. Synthesis of C-(A)-S-
H gels in an envi- 
ronmentcontaininghighalkalimetalconcentrations,suc
hasinthe 
productionofAAMsfromGGBFS[154,160],yieldsaC-
(N,K)-A-S- H gel. This is structurally similar to C-S-
H, but with Alsubstitution 

Fig. 16. 27Al MAS NMR spectra of the central transition for 
white PC hydrated for 12 

weeksrecordedat(a)7.05T(nR¼13.0kHz),(b)14.09T(nR¼13.0kH
z)and(c)21.15T (nR¼ 9.5 kHz), using 1H decoupling. Spinning

sidebands are indicated by *. The res- 
onancesfromthecentraltransitionofettringite,monosulphateandt

hethirdalumi- nate hydrate phase (described in section 4.2.8) 
are indicated by E, M and T, respectively. Adapted from 

Andersen et al. [172]. 

inbridgingtetrahedralsitesandintheinterlayerasdiscusse
dinthe 
precedingsection,andwithchargebalancingbyalkalicati
ons(Naþand Kþ) in the gel interlayer, with additional 
alkalis able to sorb to the gel surfaces 
[74,154,185,195e197]. The structural characteristics 
ofthiscomplexgelhavebeenelucidatedlargelybytheappl
ication of SS NMR; representative spectra of alkali-
activated GGBFS are 
showninFig.17,whileaschematicrepresentationoftheC-
(N,K)-A-S-
Hgelexhibitsadisorderedstructuresimilartothatofcrossl
inked 

and/or non-crosslinked, structurally imperfect 
tobermorite 
[17,74,195]. As noted previously, there is a strong 
thermodynamic preference for Al substitution into 
bridging tetrahedra in the C- (N,K)-A-S-H gel [198]. 
29Si MAS NMR has provided extensive evidence of 
thepres- ence of cross-linked (Q3 and/or Q3(1Al)) 
sites within2000-year-
oldRomanseawaterharbourconcrete[189],alkali-
activatedslag cements [20,188,199]and synthetic 
analogues[14,15,200e203]. The structure of these C-
(N,K)-A-S-H gels was described by Myers et al. 
[195]as a mixture of cross-linked and non-cross-
elinked silicate chains within a defect-tobermorite
structure, with crosslinking occurring through
partially Al-substituted bridging sites
[21,188,193,196]. Using this model and 29Si MAS
NMRspectraldeconvolutions,itispossibletocalculateth
eMCL and AlIV/Si ratio of the cross-linked C-(N)-A-
S-H gel structures
usingthefollowingequations(3)and(4)[195].

Crosslinking occurs predominantly in low-Ca C-
(N,K)-A-S-H 
gels,and29Siand27AlMASNMRresultsindicatethatthe
extentof crosslinking is promoted by increased 
overall Al content up to a 
ratioofapproximately1Alper6chainsites[21,204].How
ever,the 
extentofcrosslinkinghasbeenobservedtodecreaseoverti
meas thereactionproceeds,attributedtothelowerAl-
bindingcapacity 
ofcrosslinkedgelcomponents[21].Studyoflaboratorysy
nthesised gels has shown that the amount of Al which 
is able to substitute into the C-(N,K)-A-S-H gel 
appears to be limited toapproximately Al/Si   0.2, 
with C-(N,K)-A-S-H gel compositions typically 
within   the range 0.5 <Ca/(Al  Si)  1 and 0 <Al/Si 
0.2 [15,192,193,205]. The MCL of the 
aluminosilicate chains is often 7e10 tetrahedra for C-
(N,K)-A-S-H gels produced by sodium silicate or 
potassium sili-
cateactivationofslag[18,206];however,thisdependsont
heCa/ (Al Si)ratio. 
Thereareconflictingreportsregardingthemechanismofa
lkali 
uptake and relationship with Al content of the C-
(N,K)-A-S-H gel. 23Na MAS NMR analysis has 
indicated that alkali cations exist in two distinct 
environments within  C-(N,K)-A-S-H  gels 
[164,207,208];   the   spectra   show   a   sharp 
resonance   at dobs¼ —7.6 ppm (7.05 T,  nR¼ 10 
kHz) [164] attributed to either a 
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Fig. 17. (a) 29Si MAS NMR spectra (14.1 T, nR¼ 10 kHz) and 
(b) 27Al MAS NMR spectra (14.1 T, nR¼ 10  kHz) of an alkali-

activated slag cured for 7 days. Adapted from Bernal et al., 
2013[20]. 

Fig.18.SchematicrepresentationofthestructuralfeaturesofC-(N)-
A-S-

Hgels,adaptedfromMyersetal.[195].PairedandbridgingSitetrah
edraarerepresentedbyblueandgreen 

triangles,respectively,andintralayercalcium,charge-
balancingalkalicationsandinterlayerprotonsand/orcalciumcatio

nsbythereddiamonds,orangecirclesandpurplesquares, 
respectively.TheyellowtriangleindicatesAlsubstitutingforSiinab

ridgingtetrahedralsite. 

highly symmetric bound alkali site or mobile alkali 
ions. An addi- tional broad resonance at 
approximately dobs¼ —3 ppm (14.1 T, nR10 kHz) 
[14] to dobs10  ppm (7.05  T,  nR10  kHz)
[164]attributed to low-mobility Na within a
disordered phase, possibly sorbed to the surface of
the nanostructuredgel.
Some observations suggest a direct correlation
between Al content and alkali uptake [16,209],
supported by an intuitive 
rationaleofincreasedAlcontentdrivinganincreaseinalka
liuptake tochargebalancetheAlO—
4tetrahedra.However,otherobservations suggest an
inverse proportionality between Al content and alkali
uptake[210]orthatAlcontentdoesnotaffectalkaliuptakei
nthe C-(N,K)-A-S-H gel [204,211,212]. Alkali uptake
in C-A-S-H gels has been observed to be promoted
by lower Ca/Si ratios and higher alkali concentration
[213], presumably because lower levels of charge
balancing Ca2þincrease the requirement for charge
balancing by alkali cations. It has been suggested that
charge balancing alkali cations in the C-(N,K)-A-S-H
gel interlayerinduce additional structural disorder by
reducing the periodicity of the 
interlayerandreducingtheregularityofthestackingofthel
ayers due to differences in ionic size, indicating that
incorporation of alkalis into C-(N,K)-A-S-H has a
significant effect on gel nano- structure [13,214].
However, when 29Si MAS NMR was used to
investigate compositionesolubilityestructure 
relationships in syntheticC-(N,K)-A-S-
Hgels[204],itappearedthattheC-(N,K)-A- S-H gel
structure was actually becoming more (rather than

less) crystalline in the presence of alkalis, with both 
Na and K incorpo- rated into its interlayer space 
[213]. The additional structural dis- order was 
observed in C-(N,K)-A-S-H gel systems with lower 
pH (~13 [214]) than those in which greater ordering 
was observed (pH >13.5 [204,213]); it is, therefore, 
likely to be the higher pH of the more alkali-rich 
systems which drives rearrangement to more 
crystalline structures, rather than the alkali cations 
themselves. Elevated temperature also drives 
increased polymerisation, ordering and phase purity 
of synthetic C-(A)-S-H gel structures [215]. 

4.2.1.3. Other guest ions in C-S-H  gels  (C-S-(X)-
H).  In  addition  to 
Al3þandNaþ,otherionicspeciesmaybeincorporatedinto
theC-S- H gel structure. Owing to the 100% natural 
abundance and high magnetogyric ratio of 19F and 
31P, SS NMR experiments probing 
thesenucleihavebeenveryusefulinelucidatingthestructu
ralsites in which these atoms can exist within the C-
S-H gel. 19F MAS NMR has shown that interlayer 
hydroxyl species may be substituted by F—[36,216]. 
Further analysis of F—speciation in C-S-Hby 
19F-29Si-
19Fforthandback(FB)CPMASNMR(amodifieddouble
CP 
MAS NMR experiment which transfers polarisation 
forth and back between high- and low-g spin nuclei 
[217]) confirmed the afore- 
mentionedobservationofF—forOH—
substitutionintheinterlayer, 
aswellasrevealingasecondFsiteattributedtoF—
ionsassociated with CaO6 layers of a jennite-like part 
of the C-S-H gel[216,217]. 
PO3—ions can also be incorporated in the interlayer 
of C-S-H
gels.31PMASNMRanalysisofinterlayerPO3—
ionsexhibitsabroad resonance which has the same 
chemical shift as the PO3—ions in 
alite,somustbeselectivelydetectedusing1H-
31PCPMASNMRto enable it to be distinguished from 
the signal of remnant clinker in an incompletely 
hydrated paste[32,34]. 

4.2.1.4. C-S-H e X interactions. SS NMR has also 
found applications investigating sorption of ions onto 
cement binding gels[173,218,219]. Static 35Cl NMR 
experiments and measurement of35Cl spinelattice 
relaxation time constants (T1) and spinespin 
relaxationtimeconstants(T2)wereusedtostudychlorides
orption 
onto jennite (used as a model C-S-H phase) 
suspended in lime- saturated NaCl solution [218]. 
This was intended to simulate hy- 
dratedPCinserviceinmarineenvironmentsandshowedth
at 
chlorideundergoesrapidexchangebetweensurfaceandb
ulkso- lution sites and exists predominantly in a 
hydrated, solution-like chemicalenvironment. 
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High-resolution 29Si, 23Na and 133Cs MAS NMR 
was used to study the interaction of sodium and 
caesium chloride salts with synthetic C-S-H [173]; 
this work is of particular relevance to the nuclear 
industry as some caesium isotopes are important 
fission product radionuclides. This work showed that 
both Naþand Csþcluster in hydrated C-S-H, while in 
dry C-S-H Naþ, formed outer- sphere complexes 
(adsorbed with their hydration sphere) and 
Csþformedinnerspherecomplexes(bounddirectlytothes
urface with no intervening watermolecules). 
1H,13C,27Aland29SiMASNMRhasbeenusedtoinvesti
gatethe 
structureoftheCaCO3polymorphscalcite,aragoniteand
vaterite 
[65,220],aswellasK2CO3[220],andtheirformationinhy
dratedPC 
(i.e.throughcarbonation)andinteractionwithPChydrate
phases 
[221].ThisworkshowedthatcarbonationofhydratedPCo
ccursin twostages:gradualdecalcificationofC-S-
Hbyremovalofcalcium from the interlayer and defect 
sites until Ca/Si 0.67 is reached (corresponding to 
infinite silicate chains in a tobermorite-like structure), 
followed by further decalcification by removal of cal- 
cium from the gel layers and formation of a layered 
or three- dimensional silicate gel. The amount of 
carbonates formed is 
directlyproportionaltotheCa/Siratioofthegel.Theapplic
ationof 13CMASand1H-
13CPMASNMRalsoenabledcarbonateanionsin 
hydrous and anhydrous phases to be 
distinguished[65,220]. 
SS MAS NMR has been used to examine the 
interaction between 
a variety of organic additives and PC during 
hydration. Natural abundance 43Ca and 13C MAS 
NMR was used to examine the interaction between a 
poly(ethylene-vinyl acetate) (PEVAc) 
admixture,addedtocementmortarstoimprovefractureto
ughness 
andimpermeability,andhydratedwhitePCoverthefirst3
months 
ofhydration.PEVAchydrolysisoccursimmediatelyasP

Chydration 
commences,andinducesminorstructuralchangestotheh
ydrated PC, primarily formation of a small amount of 
amorphous, low- coordinated calcium sites [222]. 
This demonstrates that PEVAc admixtures do not 
induce significant structural changes to hy- 
dratedwhitePCandarethereforeunlikelytobedetrimenta
ltothe performance of these cements. Conversely, 1H-
13C CP MAS NMR showed that when mixed with 15 
wt % poly (vinyl alcohol) and  10 wt % mineral 
antiblocking agents, PEVAc does not hydrolysein the 
alkaline solution of hydrating PC and was adsorbed to 
the surface of the cement binder [223,224]. This is 
particularly impor- tant in the context of both 
chemical and physical durability as PEVAc and other 
similar latex dispersions are commonly used as 
waterproofing agents and sealants incements. 

4.2.2. Alkali aluminosilicate ((N,K)-A-S-H)gels 
SS MAS NMR studies of hydrous alkali 
aluminosilicate in the
contextofcementsarerelativelyrecentcomparedtothose
exam- ining C-S-H and related phases in hydrated 
PC, with the first application probing 29Si speciation 
in alkali hydroxide/silicate activated metakaolin 
cements in 1988 [115,225,226]. Since these first 
experiments, SS MAS NMR analysis probing 29Si 
and 27Al has
playedapivotalroleindeterminingthestructureofalkali-
activated 
aluminosilicatecements,includingthoseknownas‘geop
olymers’ [68,227]. The main reaction product of 
alkali activation of alumi- 
nosilicateprecursorshasbeenrevealedtobeathree-
dimensional hydrous alkali aluminosilicate gel, 
consisting of highly crosslinked 
(predominantlyq4/Q4)AlO—
4andSiO4tetrahedralinkedviabridging oxygen atoms, 
with a small number of terminal hydroxyl groups 
forming Q3 sites. This structure is consistent across 
alkali alumi- nosilicate gels produced from reagent 
chemicals [228e231], calcined clays such as 
metakaolin [104,232e235], and aluminosilicate-rich 
waste materials such as coalFA 

Table 6 
Coordination, expected dobs, diso and CQ for different nuclei in (N,K)-A-S-H. 

[104,105,236e238]. This three-dimensional alkali 
aluminosilicate 
gelframeworkisoftendescribedasahighlycrosslinked,di

sordered pseudo-zeolitic structure [13,239e243], and 
nanocrystallinezeolite 
phaseshavebeenobservedaslocalisedregionsofordering
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within the broadly less-ordered gel framework [239]. 
The short-range ordering has been observed by 29Si 
and 27Al MAS NMR spectros- copy 
[20,112,244,245]together with X-ray and neutron pair 
dis- tribution function analysis [246e249] to extend to 
approximately 2e3 nearest neighbour shells. The 
expected dobs, disoand CQ for different nuclei in 
(N,K)-A-S-H gels are shown in Table 6 and dis- 
cussed in the followingtext. 
27Aland29SiMASNMRhaveshownthatAlandSiarepre
sentin tetrahedral coordination, with Si existing in 
Q4(mAl) environments
wheremisbetween1and4dependingontheAl/Siratioofth
egel, 
andAlpredominantlyinq4(4Si)environmentsduetothee
nergetic penalty associated with Al-O-Al bonding 
(Fig. 19) [236,237,250,251]. Reports of the 
observation of AlIV-O-AlIV bonds withinalkali-
activatedmetakaolinhavealsobeenmadeformate- rials 
with Si/Al close to 1.0 using 17O triple quantum (3Q) 
MAS NMR [252], despite these bonds being 
significantly less thermodynami- cally favourable 
than AlIV-O-SiIV bonds, as entropic effects cause 
some violation of strict Si-Al ordering [250]. The 
negative charge
associatedwithAlsubstitutionforSiisbalancedbyhydrat
edalkali 
cations(Fig.20)andisthoughttobedelocalisedacrossallo
xygen 
atoms,withtheoxygenatomclosesttothechargebalancin
galkali cation carrying the majority of this delocalised 
negative charge [114,252]. The (N,K)-A-S-H gel 
nanostructure is significantly influ- 
encedbykineticlimitationsonsilicaandaluminareleasefr
omsolid precursors if these are used [253,254]and 
consequently evolves
overtimeasthereactionprocessproceeds[237].Schemati
crep- resentations of the disordered N-A-S-H gel 
based on recent struc- tural descriptions are shown in 
Fig.20. 
23Na MAS NMR analysis of metakaolin-derived 
(N,K)-A-S-H gels (Fig. 21a) [111,257] identified a 
single disordered Na environment 
withinthegelattributedtoNaþinacharge-
balancingrole,whose chemicalshift(dobs¼—3.5to—
6ppm,B0¼11.7T)wasindependent 
oftheSi/Alratio.AqueousNaþ(dobs¼0ppm,B0¼11.7T)
wasalso observedwithintheporesolution,charge-
balancingAl(OH)—4(aq)species, in samples with 
Si/Al ≤ 1.40. Charge balancing Naþsites resonating at 
a similar frequency (dobs4 ppm, B014.1 T) have 
alsobeenobservedinalkalialuminosilicategelsproduced
from 
synthetic precursors [228]. These sites resonate at 
similar fre- quencies to those of hydrated Naþions in 
hydrothermally altered glass [258], providing 
opportunities to draw structural parallels to 
betterunderstandthenatureofthecementitiousgels.Kþio
nsin 
alkalialuminosilicategelsbalancethechargedeficitfrom

Al3þ⇔ 

Si4þsubstitutionwithinthealuminosilicateframeworka
ndbehave 

similarlytocharge-
balancingNaþions[259,260](Fig.21b),andthe 
incorporation of Kþions into the (N,K)-A-S-H gel is 
preferential compared to Naþions when both 
arepresent. 

Fig. 19. (a) 29Si MAS NMR spectra (7.05 T, nR¼ 5 kHz) and 
(b) 27Al MAS NMR spectra (11.7 T, nR¼ 15 kHz) of N-A-S-H
gels produced by reacting metakaolin with a sodium silicate 

solution (with Si/Al ratios as marked) and curing for 14 days. 
Adapted from Duxson et al.[111,112]. 

Related to this selectivity for larger alkali cations, SS 
NMR has also been applied to study the interaction of 
caesium with alkali aluminosilicate gels, to 
investigate their applicability in nuclear waste 
immobilisation applications. 133Cs MAS NMR 
spectra of Cs- doped alkali aluminosilicate gels 
produced from metakaolin and 
sodiumsilicateexhibitasinglebroadasymmetricresonan
ceat approximately d¼ 0 ppm (B ¼ 9.4 T) [261] 
consistent with that of Cs bound tightly to an 
aluminosilicate surface (such as that in kaolinite and 
illite [208,262]), strengthening the appeal of alkali 
aluminosilicate gels in nuclear waste immobilisation 
applications. 
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Fig. 20. (a) Schematic representation of a section of N-A-S-H 
gel adapted from Walkley et al. [255] showing charge-

balancing sodium, charge-balancing extra-framework Al 
(AlEF), 

bridgingoxygenchargebalancedbyNaþandassociatedwiththreeH
2Omolecules,bridgingoxygenchargebalancedbyAlEFandbridgi

ngoxygenchargebalancedbyNaþand 
associatedwithtwoH2Omoleculesand(b)schematicrepresentatio

nofasectionofN-A-S-HgeladaptedfromRowlesetal.[256]. 

4.2.3. Multiphase C-(N,K)-A-S-H/(N,K)-A-S-
Hgels 
Coexistence of C-(N,K)-A-S-H and (N,K)-A-S-H gel 
frameworks 
occursinmanycementsystems,includingAAMsbasedo
nblendsof high-calcium and low-calcium reactive 
precursors [20,263e265](Fig. 22), and the gels appear 
to be stable in coexistence [14,20,231,266e268], as 
long as there is sufficient alkali content 
[117,266,269e271]. SS NMR has proven particularly 
useful in determiningthestructureand 
compositionofthesecoexistinggel frameworks which 
are otherwise very difficult to discriminate. Owing to 
the structural similarity between these two gels, many 
resonancesintheirSSNMRspectraoverlap;however,the
secanbe distinguished and attributed appropriately 
with sound chemical reasoningandspectral 
deconvolution (discussedinsection4.3). 
Using 27Al and 29Si MAS NMR, the growth of an 
N-A-S-H gel within alkali silicate-PC-dehydroxylated
halloysite blends was shown to preferentially
consume available Si within the system through rapid
reactions involving the initially dissolved silica[270].
27Al and 29Si MAS NMR of AAMs based on GGBFS-
metakaolin blends [266], combined with high-
resolution X-ray diffractometry [272,273], has also
shown significant phase coexistence in these binders,

although the dissolution of Ca2þfrom the GGBFS, 
and subsequentreactionmechanisms, dependson 
bothalkalinity and precursorchemistry. 
Structural analysis via 29Si, 1H-29Si CP MAS, 27Al, 
23Na and 1H MAS NMR of multiphase C-(N)-A-S-H 
and N-A-S-H gel frameworks within synthetic AAMs 
has also revealed strong dependence of reaction 
kinetics, gel composition and structure on precursor 
composition [14]. This work demonstrated that 
increased Cacon- tent of the solid precursor (or blend 
of precursors) promotes the formationoflow-Al,high-
CaC-(N)-A-S-HwithlowerMCL,whereas increased Al 
content promotes Al inclusion and reduced cross- 
linking within C-(N)-A-S-H, formation of an  
additional  N-A-S-H gel and increased presence of 
secondary alumina-rich hydrate phases. 

Fig.21.(a)23NaMASNMRspectraof(i)N-A-S-Hand(ii)N-K-A-S-
HgelswithSi/Alratiosasmarkedand(b)39KMASNMRspectraof(i

)K-A-S-Hand(ii)N-K-A-S-HgelswithSi/Al 
ratiosasmarked.Allmixed-

alkaligelshaveNa:K¼1:1onamolarbasis,andallgelswereproduce
dbyalkaliactivationofmetakaolin.AdaptedfromDuxsonetal.[111]

andDuxson et al.[259]. 

Fig.22.(a)29SiMASNMRspectra(14.1T,nR¼10kHz)and(b)27Al
MASNMRspectra(14.1T,nR¼10kHz)ofanalkali-

activated50%wt.slag/50%wt.flyashblendcuredfor14days, 
withcoexistenceofC-(N)-A-S-Hand(N,K)-A-S-

Hgels.The29SiMASNMRspectrumshownin(a)exhibitsresonance
sduetoQn(mAl)(1≤n≤3andm ≤n)speciesinC-(N)-A-S-H 

andQ4(mAl)(m≤n)inN-A-S-
H,whilethe27AlMASNMRspectrumshownin(b)exhibitsresonan

cesduetoAlIVspeciesinbothC-(N)-A-S-HandN-A-S-
H,aswellasAlVIspeciesin 

unreactedprecursormaterialandtheadditionalreactionproducts
hydrotalcite(HT),thethirdaluminatehydrate(TAH)andkatoite.A

daptedfromBernaletal.[20]. 
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4.2.4. HydratedCACs 
CACs comprising primarily CA (with smaller 
quantities of CA2 and/or C12A7) hydrate to form 
mixtures of the microcrystalline 
metastablephasesCAH10andC2AH8,followedbyconv
ersiontothe 
stablephasesC3AH6andamorphousAH3[122,274].The 
expected dobs, diso and 

CQfor27AlinhydratedCACsareshowninTable7and 
discussed in the following text; information for other 
nuclei within these phases is not available in the 
openliterature. 
Skibsted et al. [52] used 27Al MAS NMR to identify 
overlapping 
resonancesattributedtooctahedralAlenvironmentsinthe
stable  

Table 7 
Coordination, expected dobs, diso and CQ for different nuclei in hydrated calcium aluminate cements. 

C3AH6 (diso¼ 12.3 ppm, CQ¼ 0.705 MHz) and 
amorphous AH3 
(dobs¼8ppmatB0¼9.4T)phasesinCAChydratedfor28
days;the 
isotropicchemicalshiftforC3AH6wasdeterminedviasi
mulationof the spinning sidebands associated with 
this phase. Analysis of synthetic CAH10 at multiple 
fields exhibited a broad resonance in the octahedral 
Al region of the 27Al MAS NMR spectrum and 
allowed      determination      of      diso¼      10.2 
ppm   and 
1.9  MHz  CQ   2.6 MHz for this site. These results 
are consistent
withpreviousdataacquiredatlowerfield[275]. 
Subsequentwork 
examinedCAChydratephasesusing27AlMAS[50,276]
andMQMAS 
[276]NMR,  enabling  determination  of  diso¼  10.3
ppm  and
CQ¼ 1.2 MHz for the octahedral Al site in the
metastable C2AH8 phase and diso11.9 ppm and CQ
4.3 MHz for the amorphous AH3 phase.
BecauseofthecleardistinctionbetweenAlenvironmentsi
n
hydrated(AlVI)andanhydrous(AlVI)CAC,thedegreeof
hydrationof this  cement  may  be  readily
determined  from  27Al  MAS NMR

(Fig. 23) [44,50,51]. This, however, relies on the 
assumption thatall 
Alresonanceswithinthe27AlMASNMRspectraareobse
rvableand 
quantifiedcorrectly;thisisnotalwaysthecaseduetothepre
sence of ‘NMR invisible’ Al species (see section4.3). 
27Al, 31P and 1H-31P CP MAS NMR has also been 
used to show
thatmodificationofCACbyadditionofphosphateprevent
stheloss of material performance which is caused by 
the conversion from
themetastablecalciumaluminatehydratestostableC3A
H6inhy- drated CAC. Instead, phosphate modification 
yields an apparently
stableamorphouscalciumaluminophosphategelcompri
singboth 

AlIVandAlVIsites[277].Inthesematerials,phosphorusi
spresentin hydrous environments with varying, but 
mostly low, degrees of crosslinking. 

Fig. 23. 27Al MAS NMR spectrum (9.4 T, n ¼ 13.1 kHz) of a 
calcium aluminate cement 

hydratedfor28days.Thedegreeofhydration,estimatedbyintegrati
onoftheAlIV AlVI spectral regions, is 86 ± 1%. Adapted from 

Skibsted et al.[52]. 

4.2.5. Hydrated CSAcements 
Ye'elimite (C A $) hydrates in the presence of 
calcium sulphate  
(C$, added as gypsum or in dehydrated forms) to 
form ettringite (‘AFt’, Ca Al (SO ) (OH) $26H O, see 
section 4.2.8.2), calcium monosulfoaluminate hydrate 
(‘monosulphate AFm’,
3CaO$(Al,Fe)2O3$CaSO4$nH2O, see section 
4.2.8.3) and microcrys-
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tallinealuminiumhydroxide(Al(OH)3),withtheproporti
onofeach 
phasedependentontheC4A3$/C$ratio[278].Thepresen
ceofbelite along with these phases in a CSA cement, 
which is common because of the prohibitive cost of 
Si-free Al sources for cement 
manufacture,resultsintheformation    
ofstra€tlingite(2CaO$SiO2$Al2O3$8H2O;asilica-
substitutedAFmphase,seesec- tion 4.2.8.3) and/or C-
S-H as additional reaction products. As 
mentionedinsection4.1.2.2.2,CSAclinkerscanalsocont
ainC5S2$ (ternesite), which hydrates along with 
alumina-bearing clinker 
constituentstoformstr€atlingite[279,280].Mostcomme
rcialCSAcements also contain C4AF (section 4.1.1.4) 
as the economically 
viablealuminasourcesusedincementmanufacturealsoc
ontain significant quantities of Fe; this will typically 
hydrate (in both CSA and PC cements) more slowly 
than the hydraulic aluminate phases and yields Fe-
substituted forms of many of the same AFm and AFt 
hydrate phases[281e283]. 
SSNMRstudiesofhydratedCSA(syntheticandcommerc
ial)and 
CSA/PCblendshaveshownnarrow27AlMASNMRreso
nancesfor octahedral Al in ettringite and 
monosulphate at approximately 
dobs¼13ppmand10.2ppm(B0¼14.1T),respectively,as
wellasa broad low-intensity resonance at dobs¼ 9 
ppm at the same field which is attributed to 
Al(OH)3[133e135,284,285], consistent with the 
resonances of pure phases in synthetic samples, 
section 4.2.4[52,286,287]. AswithCAC, 
thecleardistinctionbetweenAlenvironments in 
hydrated (AlVI) and anhydrous (AlVI) CSA allows 
the degreeofhydrationofaluminium-containingphases 
tobereadily determined from 27Al MAS NMR. This 
has shown that aluminium- containing phases 
generally react to form hydrates within 24 h 
[133e135,284]. Monitoring the degree of hydration in 
CSA/PC blendsissignificantlymore difficultduetothe 
presenceofAlIVsites inC3AandC-(A)-S-
Hphases[133],aswellasthepresenceofFe which can 
severely dampen and shift the NMR signal of these 
nuclei[10];however,itismadepossiblebyspectraldecon
volution using appropriate models and constraints 
(see section4.3). 

4.2.6. Magnesium silicate hydrate (M-S-H)gels 
Magnesium silicate hydrate (M-S-H) cements are 
commonly 
producedfromMgOandsilicafumeviahydrothermalora
mbient- temperature processes [288e292], and 
generally comprise atalc- like or serpentine-like phase 
[141,293], although there remains 
somedebatearoundthemostappropriatestructuralmodel
forM- S-H. 29Si MAS NMR spectra of M-S-H 
cements exhibit as many as five distinct 29Si MAS 
NMR resonances, attributed to Q1, Q2, two Q3 and 
Q4 sites [142,146,292,294e298]. The major 

component of the 29Si MAS NMR spectra is a Q3 
resonance at approximately  diso93 ppm and the Q1 
and Q2 resonances are typically broad [142,292], 
indicating the disordered nature of the gel. These 
envi- ronmentshavebeenattributedto
Sisiteswithinadisordered phase structurally similar to 
talc (Mg3Si4O10(OH)2) [296]and/or serpentine-
group minerals (polymorphs of Mg3(Si2O5)(OH)4, 
such as chrysotile, lizardite and antigorite) [142], 
with Mg/Si ratios ranging from 0.57 to 
1.3[291,293,298]. 
Alkaline earth aluminosilicate hydrate gel 
(magnesium alumi- nosilicate hydrate, M-A-S-H) has 
also been reported [299]. MAS NMR of these 
materials synthesised from sepiolite 
(Mg4Si6O15(OH)2$6H2O) and chrysotile 
(Mg3(Si2O5)(OH)4) resolved similar Q329Si MAS 
NMR resonances at 90 ppm, and tetrahedral Mg sites 
from 25Mg MAS NMR. 

4.2.7. Magnesium potassium phosphate 
cements(MKPC) 
Magnesium potassium phosphate cement (MKPC) is 
aclinker- free acidebase cement which reacts to form 
struvite-K (MgKPO4$6H2O) as a crystalline main 
strength-giving phase; this phase is structurally 
analogous to the natural mineral struvite, 
NH4MgPO4$6H2O, but without requiring the 
presence of ammo- nium cations for its synthesis 
[141,300e302]. Application of  SS  NMR to 
investigate structural and phase evolution in MKPC is 
relatively recent, with the most extensive analysis 
probing 25Mg, 27Al, 29Si, 31P and 39K nuclei in 
MKPC blended with FA and with GGBFS [303]. 
Struvite-K exhibits a31P resonance at dobs6.2 ppm 
[303], which correlates well with the chemical shift 
of struvite,  dobs6.1 ppm [304]. A shoulder on this 
resonance at dobs4 ppm was observed in MKPC/FA 
blends (but  not  MKPC/GGBFS 
blends)andwassuggestedtoresultfromthepresenceofadi
sor- dered and/or partially substituted struvite-K 
phase. The predomi- nant crystalline struvite-K phase 
exhibits 25Mg and 39K resonances at diso¼ —1.0 
ppm  (CQ¼  3.8  MHz)  and  diso¼  —73.1  ppm 
(CQ 2.2 MHz), consistent with previous observations 
for synthetic versions of this phase [305,306]. An 
amorphous orthophosphate
environmentwasalsoidentified,whichhasnointimateint
eraction with hydrogen and no measurable Al 
interactions[303]. 

4.2.8. Additional reactionproducts 
Manyadditionalreactionproductsarealsoformedalongw
ith the main silicate gels during hydration of the 
cements discussed previously and will be discussed in 
turn in this section. These additional reaction 
products are often intimately mixed with the 
dominant silicate gel frameworks [7,231] and can 
significantly in- fluence the phase evolution and 
nanostructural development of
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thesehydratephases.Theexpecteddobs,disoandCQfordi
fferent 
nucleiintheadditionalreactionproductsobservedinhydr
atedPC, CAC,CSAandmagnesia-
basedcements,aswellascementsbased 
onalkalimetaloralkaliearthaluminosilicatechemistry,ar
eshown in Table8. 

4.2.8.1. Portlandite. Portlandite (CaOH2), also called 
slaked lime, is acommonreaction 
productinhydratedPCandisalsopresentasa reaction 
productorremnantprecursorinpozzolanicorslag-based 
bindersactivatedwithlime.Ingeneral,portlanditeforms
whenthe Ca/Siratioissignificantly higherthancanbe 
accommodatedbyC-S-H or related phases [307]. It 
consists of layers of octahedrally coordinated Ca 
bound to oxygen atoms in tetrahedralcoordination 
[23] with hydrogen occupying a single
crystallographic site. It isa
keyparticipantinlongertermphaseevolutionofC-(A)-S-
Hgelsin blended PC cements via the pozzolanic
reaction [308]. High-field natural abundance 43Ca
MAS NMR of portlandite [179]and 43Ca MAS
NMR of  isotopically enriched  portlandite  at
multiplefields [309]have shown a single quadrupolar
resonance centred at approximately dobs50e60 ppm
(7.04, 11.7 and 21.1 T) corre-
spondingtoasingleCaenvironmentwhereCaisoctahedra
llyco- ordinated by six hydroxyl groups.
Correspondingly, 1H MAS NMR spectra of
portlandite exhibit a single resonance at diso0.7 ppm
from the single Ca-O-H site [180,182,310]. Chloride
sorption onto portlanditeinportlandite
suspensionshasbeenstudiedusingstatic 35Cl NMR
experiments and measurement of 35Cl spinelattice
relaxation time constants (T1) and spinespin
relaxation time con- stants (T2) [218]. Chloride on
portlandite exists predominantly in a hydrated,
solution-like chemical environment and is rapidly
exchanged between the surface and bulk solution.
Portlandite quantification in hydrated cements by
NMR is not usually
attempted,asneither43Canor17Onucleiareparticularlys
traight- forward to use in such studies, and other
techniques such asther- mogravimetry and X-ray
diffraction (XRD) can give reliable
quantitativeresultsforthisphasemuchfasterandlessexpe
nsively.

4.2.8.2. ‘Aluminate ferrite trisulphate’etype phases. 
Ettringite is the archetypal ‘aluminate ferrite 
trisulphate’ (AFt) phase, with a 
columnarhydrousCSAstructureandaveryhighwatercon
tent(up to 32 water molecules per formula unit) [311]. 
Ettringite forms 
rapidlyintheearlieststagesofhydrationofPC,asC3Areac
tswith gypsum, or equivalently through hydration of 
ye'elimite with excess gypsum in CSA cements. Early 
27Al MAS NMR experiments (9.4 T) examining 
ettringite displayed a resonance at diso13 ppm  

Table 8 
Coordination, expected dobs, disoand CQ values for different 
nuclei in various additional reaction products in hydrated PC, 

CAC, CSA and magnesia-based cements, as well as cements 
based on alkali metal or alkali earth aluminosilicate chemistry. 

thatappearedcharacteristicofasingleoctahedrallycoordi
nated AlO6 site [52], which contrasted with the then-
proposed crystal
structureofettringitewhichcontainedtwodistinctoctahe
dralAlO6 sites [312]. Recent work using ultraehigh-
field (22.3 T) 27Al MAS and MQMAS NMR (Fig. 
24) has in fact been able to resolve two distinct
octahedrally coordinated AlO6 sites in
syntheticettringite
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Fig. 24.  27Al MQMAS NMR spectrum (23.3 T,  nR15  kHz,    5 
○C sample temperature) of ettringite showing two distinct 

AlIV sites. Adapted from Skibsted et al.[137]. 

[137], consistent with the now well-accepted crystal 
structure solved by Moore and Taylor [312]. The two 
AlO6 sites resonate at diso¼ 13.08 and 13.51 ppm 
and are highly symmetric, displaying 
verysmallquadrupolarcouplingparametersofCQ0.391
MHzand 
0.337 MHz, respectively. The high symmetry and 
very similar 
isotropicchemicalshiftsoftheseresonancesareduetover
ysmall variations in Al-O bond lengths between sites, 
consistent with high-resolution powder XRD [313], 
single-crystal XRD and DFT calculations [311]. As a 
consequence of the small distinction in isotropic 
chemical shift values, these resonances remained 
unre- solved for more than two decades in 27Al MAS 
NMR spectra ac- quired at lower fields 
[22,52,57,117,135,186,187,314,315]. This 
demonstrates the importance of acquiring high-field 
spectra for quadrupolar nuclei in complex phases, 
even where crystallinity is high (as in the case of 
ettringite) and for relatively ‘accessible’ nuclei such 
as27Al. 
Natural abundance 43Ca MAS NMR analysis of 
ettringite also resolved only a single 43Ca resonance 
(dobs8 ppm) [40] despite the existence of two Ca 
sites in the crystal structure; this can be attributed to 
the structural similarity between the two Ca sites in 
ettringite and the poor signal-to-noise ratio of the 
spectrum 
resultinginpoorlydefinedoverlappingquadrupolarlines
hapesfor each site. High-field natural abundance 33S 
MAS NMR [59]and single-enhanced wideband 
uniform rate smooth truncation (WURST) and 
hyperbolic secant (HS) MAS NMR spectroscopy 
probing  33S  [316]identified   a   single   narrow 
resonance   (diso330 ppm, CQ   0.7 MHz) attributed 
to the single sulphur site in ettringite, which has a 
high degree of symmetry as it is within a discrete 
sulphateanion. 

Thaumasite (Ca3Si(OH)6(CO3)(SO4)$12H2O) is a 
silicate- and carbonate-substituted AFt phase which 
can form by reaction of sulphate and carbonate ions 
with cement minerals (i.e. during sulphate attack of 
PC systems) [317]. This similarity has caused 
difficulty distinguishing thaumasite from ettringite 
using XRD,
infraredspectroscopyorthermogravimetrictechniques.
However, thaumasite    exhibits    a    29Si    MAS 
NMR    resonance     at diso179.6 ppm [318e320], 
corresponding to Si in a veryunusual sixfold 
coordination, meaning that it is readily identifiable by 
this technique. 1H-29Si CP MAS NMR has been 
used to identify and quantify thaumasite in PC 
systems containing carbonate andsul- phate additives 
and revealed that significant quantities of thau- masite 
can form in cements with negligible Al content [320]. 
WURST and HS MAS NMR spectroscopy probing 
33S [316] in thau- masite identified a single narrow 
resonance (diso¼ 330.9 ppm,  CQ 0.95 MHz), 
consistent with its crystal  structure  in  which sulphur 
exists in a single SO2—crystallographic site [321], 
asin ettringite. 

4.2.8.3. ‘Aluminate-ferrite-
monosulphate’etypephases.Calcium 
monosulfoaluminateandsimilarhydrocalumite-
likeAFmphasesare 
observedinmanytypesofcements,includingPC[117,322
,323],CSA cements[133e135,284,285]
andmanyalkali-activatedslagcements 
[154,324e326].AFmphasesarelayereddoublehydroxid
e(LDH)e type structures, with positively charged 
portlandite-like layers con- tainingone-
thirdofAl3þorFe3þcationsassubstituentsforCa2þ, 
balancedbyanionicspecies(commonlySO2—,CO2—
andOH—),and with significant interlayer H2O 
[327e330](Fig. 25). They can be represented by the 
general formula [Ca2(Al,Fe)(OH)6]$X$xH2O, where 
X represents an exchangeable singly charged (e.g. 
OH—) 
anionorhalfofadoublychargedanion(e.g.SO2—
,CO2—)[322].With theexceptionofOH—/SO2—
substitution(upto50mol%)[322],these 
phasesgenerallydonotformextensivesolidsolutionsbutr
athercan 
coexistasseparatephaseswithcloselyrelatedstructuresb
ut differing interlayer anions. Consequently, many 
hydrated cement
systemscontainmixturesofdistinctAFmphases.AFmph
asesin hydratedPCtypicallycontaintheanionsSO2—
(termedmono-sulphate), CO2—(monocarbonate) 
and/or OH—(hydrocalumite, C4AH13) in the 
interlayer [52,117,322,323,331], while those in alkali- 
activatedslagsandmetakaolin-
richPCblendscommonlycontain 
interlayerdivalentaluminosilicateanions,[AlSi(OH)]2
—,formingan 
AFmstructure,whichisalsogiventhemineralnamestra€t
lingite [154,324]. Substitution by multiple anions in 
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ordered positions is also possible, for example, 1:1 
hydroxide and carbonate to form 
hemicarbonateor1:1sulphateandchloridetoformKuzel'
ssalt [322]. Friedel's salt
(3CaO$Al2O3$CaCl2$10H2O) is also observed in 
hydratedPC,whichhasbeenexposedtoasourceofchlorid
e,e.g. 
whenservinginmarineenvironmentsorcoldclimateswit
hroad  
salting. 

Thesephaseseachexhibitasingle 

27AlMASNMRresonanceat 
approximately dobs10e12 ppm, depending on field 
strength [52,117,133], in accordance with their 
crystal structures containing AlVI[327,332]. Owing 
to similarities in structure, each of these AFm 
phasesexhibitsverysimilar27AlMASNMRresonancesa
tstandard 
fieldstrengths,andsotheyaremoreoftendistinguishedfro
meach other via complementary techniques, e.g. 
XRD, where their 
differentbasalspacingscanbeobserved.Themonosulpha
teand monocarbonate 27Al MAS NMR resonances 
are severely over- lapping (dobs12 ppm), but 
evidence for more than one peak in this region has 
been observed by ultraehigh-field 27Al MAS NMR 
(23.3 T) [137], suggesting that it may be possible to 
resolve these 
resonances,andthoseofC4AH13,atultrahighfield.Thes
orptionof 
chlorideontothemonocarbonateAFmphaseC4ACH11
wasinves- tigated by static 35Cl NMR experiments 
and measurement of 35Cl spinelattice relaxation time 
constants (T1) and spinespin relaxa- tion time 
constants (T2) [218], showing that chloride is in rapid 
exchangebetweenadsorbedsurfacesitesandbulksolutio
nsitesin each phase and exists predominantly in a 
hydrated, solution-like chemical environment on the 
monocarbonate surface. This behaviour is similar to 
chloride sorption onto portlandite andonto jennite, as 
discussedpreviously. 
Stra€tlingite(Ca4Al2(OH)12[AlSi(OH)8]2$2H2O)isa
nAFmphase 
which forms as a hydration product of aluminium-
rich cements including PC-metakaolin blends and 
some non-Portland binders.
27AlMASNMRanalysisofhydratedwhitePC-
metakaolinblends 
[117]andhydratedCSA[137],aswellassyntheticstra€tli
ngite[333],
revealedtworesonancesatdobs61ppmand11.3ppm(14.
1T)
attributedtoAlIVandAlVIsites,respectively.Thesereso
nancesare characteristic
ofthecrystalstructureofstr€atlingite[334],which 
containsAlIVinadouble-
tetrahedralenvironmentaspartofthe 

Fig. 25. Illustration of the local environments in the crystal 
structure of the mono- 

carbonateAFmphase[Ca4Al2(OH)12]CO3$5H2Oobtainedfrom
single-crystaldiffraction 

data[329].Caatomsarerepresentedbycyanspheres,Alatomsarere
presentedbyblue 

spheres,OatomsarerepresentedbyredspheresandHatomsarerep
resentedbylight 

pinkspheres.PreparedusingtheVESTAsoftwarepackage[128]. 

aluminosilicateinterlayeranion([(T,,)(OH,O)$0.25HO
]—,T¼Si orAl,,
 vacancy),aswellastheAlVIinthebrucite-
typelayer 
([Ca2Al(OH)6$2H2O]þ)thatdefinestheAFmstructure.
TheAlVIsiteinstr€atlingiteresonatesatasimilarfrequen
cytoAlVIsitesin 
monosulphate,andconsequentlystr€atlingiteismorecon
clusively 
identifiedfromitsAlIVresonance,unlessworkingatextre
melyhigh fields. The 27Al MAS NMR spectrum of 
hydrated CSAcollectedatB022.3 T appears to contain 
contributions from
severalindividualoverlappingAlVIresonances[137],su
ggestingthatmonosulphate,monocarbonateandstra€tlin
gitemaybeabletoberesolvedin27Al 
MASorMQMASNMRspectraacquiredatultra-
highmagneticfield.The29SiMASNMRspectrumofsynt
heticstr€atlingiteexhibitsa broad resonance 
atapproximatelydobs 86.5 ppm,containing 
contributions from resonances resulting from 
Q3(3Al), Q2(2Al), Q2(1Al) and Q2 sites [333,335], 
consistent with the crystal structure 
[334]ofstra€tlingite which
containsdoubletetrahedralsilicatering structures. The 
presence of these resonances is often used to monitor 
hydration in PC-CSA blends [133]. 
Asmentionedpreviously,Friedel'ssaltisanAFmphasewi
thCl—as its interlayer ion. Variable temperature 
static 35Cl NMR has shownthatinterlayerCl—
inFriedel'ssaltexhibitsaresonanceat diso¼   30   ppm 
with   a   quadrupolar   coupling   constant   CQ 
2.22e2.87 MHz, indicating uniaxial symmetry above 
0 ○C resulting from dynamically averaged interlayer 
species [336]. Below0○C,theCl—
inthissiteexhibitsreduced(triaxial)symmetry 
resultingfromarigidcrystalstructure,asindicatedbyares
onance at  diso¼  26  ppm  with   a   quadrupolar 
coupling   constant CQ¼ 3.0MHz. 
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4.2.8.4. Third aluminate hydrate. The ‘third 
aluminate  hydrate’ 
(TAH)phaseisanamorphousnanoscalealuminatehydrat
ephase which precipitates at the surface of the C-S-
Hetype gels formed
duringPChydration[172,194,337]andwhichhasalsobee
nnotedin sodium silicateeactivated GGBFS 
[18,20,155,324]. TAH is to date 
onlyidentifiablebyNMR,andconsequently,thetechniqu
eiskeyto 
thediscoveryofitsexistence.TAHisdescribedasapoorly
ordered Al(OH)3 phase [194,337]which is intimately 
mixed with other hydrate phases. Stoichiometric 
arguments and thermodynamic
modellingsuggestthatthepresenceofTAHislikelytobeli
nkedto high concentrations of available Ca and Al 
[154,338,339], as the
opposingchargesonCeSeHandAFmphasesmayproduce
strong mutual attractions and physically destroy the 
AFm crystals [22,340], which would then result in 
low-crystallinity aluminate (AFm-like) layers being 
dispersed throughout the CeSeH gel while being 
undetectable by XRD [22]. This hypothesis is 
supported by transmission electron microscopy 
observations [337]. TAH phases exhibit a 27Al MAS 
NMR resonance at dobs5 ppm (14.1 T) in the spectra 
of C-S-Hetype gels [172,194,337]and of sodium 
silicate- 
eactivatedGGBFS[18,20,155,324].Broadeningofthe29
SiMASNMR 
resonanceattributedtoQ1Sispeciesinsodiumsilicateeac
tivated slags [155] is attributed to the presence of 
AlVI-O-Si linkages be- tween TAH andC-S-H. 

4.2.8.5. Hydrotalcite-
groupphases.Hydrotalcite(Mg6Al2CO3(OH)16[CO3]
$4H2O),Fig.26)isanMg-
AlLDHmineralwithaprimarylayerof 
positivelychargedbrucite-
likesheets(seesection4.1.2.2.3), 
comprisingoctahedrallycoordinatedMgboundtooxyge
natomsin tetrahedral coordination, with partial 
replacement of Mg2þby
trivalentoctahedrallycoordinatedcations,whichareAlin
thecaseof 
truehydrotalcite[341].TheAlatomsarerandomlydistrib
utedwithin these layers at low concentrations [342] 
but take on a significantly 
moreorderedconfigurationatthehigherconcentrationsw
hichare morecharacteristicofhydrotalcite-
groupphasesobservedince- 
ments[23].AsecondarylayercontainsH2Omoleculesan
danions, mostcommonlycarbonate,CO2—
,andhydroxyl,OH—,whichare intercalatedandcharge 
balancethenetpositivechargesinducedin the sheets by 
incorporation of trivalent cations to replace 
Mg2þ[341,343]. More than 40 identified mineral 
species conform to this 
generaldescription(butwithdifferentcationandanionsu

bstituents 
anddegreesofsubstitution)andarecollectivelydenoted 
hydrotalcite-supergroupphases. 

Fig. 26. Illustration of the local environments in the crystal 
structure of hydrotalcite (Mg6Al2CO3(OH)16[CO3]$4H2O) 

obtained from single-crystal diffraction data [352]. Mg, Al, C, 
O and H atoms are represented by orange, blue, red and light 

pink spheres, respectively. Partial colouring of spheres 
indicates the average proportion of each 

respectiveatomoccupyingaspecificsiteinthehydrotalcitecrystalst
ructure.Prepared using the VESTA software package[128]. 

Quintinite-groupphases, whichareasubsetofthe 
hydrotalcite- supergroup with Mg/Al 2, have been 
observed on a sub- micrometrescaleinhydratedPC-
GGBFSblends[99,220,344]andin cementsproduced 
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frommetallurgicalslagsactivatedwithsodium silicate 
or sodium hydroxide 
[71,72,154,190,324,325,345e348], typically 
occurring when slags with Mg content 5% are used, 
consistent with predictions from thermodynamic 
modelling [349]. 
ThesephasesgenerallycontainhigherAlcontent(Mg/Al
¼2)than true hydrotalcite (Mg/Al ¼ 3) [341]. 
Previous work identified a 
phasethatwasdenoted‘M4AH13’andproposedthatitma
ybean analogue of the AFm-structured C4AH13, 
however, this phase has since been shown to be OH-
quintinite (Mg4Al2(OH)13$4H2O)) [350,351]. 
27AlMASNMRspectraofsodiumsilicateeactivatedslag
cements exhibit a resonance at dobs9 ppm (9.4 T) 
attributed to a hydrotalcite-like phase containing 
AlVI sites [325,353], consistent with 27Al MAS 
NMR analysis of synthetic hydrotalcites [342,353]. 
Simulation of 27Al MAS NMR spectra of synthetic 
hydrotalcite- group phases has determined the 
isotropic chemical shift of this site to be diso11.8 
ppm, attributed to a single Al environment 
surrounded by Mg atoms in octahedral coordination 
[354], with broadening of this resonance indicating 
increased disorder as Al content is decreased. A 
broad shoulder on this resonance at  dobs3 ppm (8.45 
T) is observed when the intercalated anion is CO2—
[354]. High-field (19.6 T) 25Mg MQMAS NMR of
these hydrotalcite-group phases resolved a single
25Mg resonance at diso13.7 ppm assigned to Mg
symmetrically surrounded by 3 Mg and 3 Al ions,
Mg(OAl)3(OMg)3[354]. 1H MAS NMR data
acquired with high spinning speeds have also been
used to resolve two distinct  hydroxyl  resonances  in
these  phases  at  diso¼1.3  and
5.0ppm,respectively,attributedtoMg3OHandMg2AlO
Hwhichare
observedatMg/Al4and3,respectively[354].Recently,1
7OMAS and MQMAS NMR resonances attributed to
oxygen sites in these two hydroxyl groups were also
observed in isotopically enriched synthetic
hydrotalcite-group phases [355]. 1H-13C CP MAS
NMR of synthetic  hydrotalcite  revealed  a  single
13C  resonance   at diso170.9 ppm attributed to a
single CO3 site [220]. This work also utilised 13C
MAS and 1H-13C CP MAS NMR to resolve
carbonate
anionsinanhydrous(e.gCaCO3)andhydrousorhydroxyl
ated(e.g.
hydrotalciteormonocarbonate)phasesinhydratedPCeli
mestone blends. The observation of a 1H-13C CP
MAS NMR resonance in a hydrated PCelimestone
blend exhibiting a chemical shift consis- tent with
that of pure hydrotalcite (diso170.9 ppm) measured
on
thesameinstrumentshowedexplicitlythathydrotalcitefo
rmedin this hydrated cement contained carbonate
anions[220].

4.2.8.6. Hydrogarnets. The hydrogarnet series 

(Ca3(AlxFe(1- x))2(SiO4)y(OH)4(3-y); 0     x     1 
and 0     y     3) describes a group    of garnet minerals 
where the (SiO4)4—tetrahedra are partially or 
completelyreplacedbyhydroxylions.InPChydratedata
mbient temperatures, the formation of siliceous 
hydrogarnet is
minimal[331,356];however,formationofthesephasesha
sbeenobserved in PC hydrated at higher temperatures 
[357e360] or in the pres- 
enceofexcessFespecies[357,361],andwater-
richmembersofthe grossular - katoite  hydrogrossular 
series  (Ca3Al2(SiO4)y(OH)4(3-y); 0 ≤ y ≤ 3) are 
major hydration products in CACs[52]. 
Katoite (Ca3Al2(SiO4)y(OH)4(3-y); 0  y  1.5,  often 
denoted C3AH6) exhibits a 27Al MAS NMR 
resonance with an isotropic chemical shift of diso¼ 
12.4 ppm and a quadrupolar coupling 
constantCQ0.6MHz[52,362]duetooctahedralAlsurrou
ndedby six hydroxyl groups in the hydrogarnet 
structure [51]. Increased substitution of silica into this 
structure results in a 27Al MAS NMR resonance at 
approximately diso¼ 4e6 ppm, with thisresonance 
shifting towards lower frequencies and exhibiting 
increased quadrupolar broadening  with increasing 
silica  content[50,362]. 
27AlMASNMRresonancesattributedtokatoitehavebee
nobserved in CACs [50,52]and alkali-activated slags 
[20,155,197]. 29Si MAS NMR analysis of hydrated 
CAC attributed a broad resonance at approximately 
diso79.9 ppm to Si sites in [Si(OAlVI)4-x] (OCa)x 
species(classifiedasQ0inthenomenclatureofFig.1asthe
reareno 
bondstotetrahedralspecies;alloftheAlsubstituentsareoc
tahedral) 
andusedspectraldeconvolutiontoquantifythisphaseinth
e hydrated CAC[50]. 

4.3. Spectraldeconvolution 
4.3.1.Deconvolutionstrategiesandpitfallsrelatedtospec
traof cementitiousmaterials 
MathematicaldeconvolutionofMASNMRspectraallow
sreso- 
lution of individual resonances which contributeto 
theoverallspectraandcanenablequantificationofthereso
natingspecies[60].Thesimplestcaseinwhichdeconvolut
ioncanbeperformedisfornon-quadrupolar(spins 
½)nuclei,thespectraofwhichcanbedeconvolutedusinga
seriesofGaussian,Lorentzianormixed(Voigtor pseudo-
Voigt) peaks to simulate individual 
resonancesusingaleastsquaresfittingmethod[363].This
isperformedroutinelyinthestudyofanhydrousandhydrat
edcementsandrelatedphases.The most appropriate 
lineshape to simulate theindividualres-onances 
forspinS ½ nuclei depends on the orderinganddy-
namics of the material under investigation 
[364,365];fororderedandrigidSSsystems,aGaussian(st
atistical)distributionbestrep-resents the resonance 
lineshape as
interatomicdistancesaregenerallyconstant.Forhighlyd
ynamicsystems(e.g.solutionsorgases),aLorentziandistr
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ibution(basedoncollisiontheory)bestrepresents the 
resonance lineshapeas mobility is 
high[365].Consequently, resonance lineshapes 
forspinS ½ nucleiindy-
namicSSsystemsmaybebestrepresentedbyVoigtorpseu
do-Voigt distributions weighted heavily towards 
aGaussianprofile.Inreality,dynamicsofsolidsincementi
tioussystemsareextremelyslow  relative  to  those  in 
solution,  and  a  Gaussian distribution 
provides a suitable approximation for the resonance 
lineshapes. 
Deconvolutionofthespectraofquadrupolarnuclei(S>½)
isalsopossible;however,quadrupolarinteractionsmustb
etaken into account when simulating the spectra (Fig. 
27). Quadrupolar parameterscanbeestimated[21]; 
however,owingtothelarge variationinNMR 
parametersacrosssamplesandinstruments,this 
approach is prone to error must be appropriately 
justified. It is oftenmoreappropriate 
todeterminethequadrupolarparameters directly. 
Quadrupolarinteractionscanbedeterminedbyacquiring
sin- gle-pulseMASNMR 
spectraatmultiplefieldsandsimulatingthe NMR 
resonancesobservedforthecentraltransitionateachfield 
withaconsistentsetofNMRparameters(diso,CQandthea
sym- metryparameterh)[30,172]; 
thisisoftenthemostreadilyimple- 
mentableapproachifinstrumentsatmultiplefieldsareava
ilableas itdoesnotrequirecomplex 
experimentsorfittingapproaches. Quadrupolar 
parameters canalsobe determined(alongwithdisoand 
h) at a single field by simulation of manifolds of
spinning
sidebandsobservedforsatellitetransitionsinMASNMRs
pectra

[367e369],typicallyacrossspectralwidthsontheorderof
2MHz. 
Thismethodcanbecomputationallyexpensiverelativeto
simula- tion of single-pulse MAS NMRspectra. 
Two-dimensional experiments such as MQMAS 
NMR tech-
niques[242,255,370]arealsousedtodeterminediso,CQa
ndh,and thus aid in deconvolution of NMR spectra 
for quadrupolar nuclei. MQMAS achieves high 
resolution by conversion of symmetricMQ coherence 
(pQ) to the single quantum (1Q) detectable central 
transition and plotting pQ and 1Q correlations in two 
dimensions 
[371].Consequently,chemicalshiftanisotropyisremove
dfromthe MQ dimension, and disocan readily be 
determined from the two
dimensionalMQMASspectrum.CQandhcanthenbedete
rmined by simulating the two-dimensional MQMAS 
spectrum or the pQdimension of this spectrum using 
readily available software (e.g. 
DMFit[60]orQuadfit[372]),informationwhichcanintur
nbeused to simulate the single-pulse MAS NMR 
spectrum. A suitablemodel which incorporates these 
interactions should be used, e.g. the Czjzek 
model[373]. 
When performing any spectral deconvolution, the 
minimum 
possiblenumberofconstituentsubpeaksshouldbeusedto
enable an accurate and meaningful interpretation of 
the spectra [363].
Subpeakwidthsshouldbesetinarationalmanner,conside
ringthe 
expecteddisorderwithineachsitetype,andtheirpositions
mustbe 
consistentwithliteraturedataforspecificsitetypesinpure 

Fig. 27. 27Al (S 5/2) MAS NMR data of a synthetic (calcium, alkali) aluminosilicate gel deconvoluted using (a) the Czjzek isotropic 
model with quadrupolar parameters determined from 27Al MQMAS NMR data [366]and (b) Gaussian distributions. Deconvoluted 

resonances (bottom curves) attributed to sites within the precursor are shaded in green, deconvoluted resonances attributed to 
newly formed sites in the reaction product are marked in blue, the simulated spectrum is marked in red (middle curve) and the 27Al 

MAS NMR spectrum is marked in black (top curve). The distributions of chemical shifts (as defined by disoand FWHM) are the 
same in the deconvolutions in both (a) and (b); however, the simulated spectrum in (a) correctly accounts for quadrupolar 

broadening by using the Czjzek isotropic model, while the simulated spectrum in (b) is deconvoluted incorrectly usingGaussian 
distributionsanddoes notaccount forquadrupolar broadening.Asaresult,theintensitiesoftheresonancesattributedtoeach 

newlyformedsitediffer 
between(a)and(b),andadditionalresonancesmustbeaddedtothedeconvolutionin(b)toprovideasatisfactoryfit.Consequently,anyquantific

ationobtainedfrom(b)isincorrect.Adapted from Walkley et al.,[366]. 
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materials.Therelativedeconvolutedsubpeakintensitiess
houldbe consistent with a mass balance for all 
elements, the structural 
constraintsdictatedbydatafromadditionalanalyticaltech
niques 
(e.g.quantitativeXRD)andthosedescribedbyrelevantstr
uctural models,e.g.the‘substitutedgeneralmodel’forC-
S-Hgels[159],the ‘crosslinked substituted tobermorite 
model’ for C-(N)-A-S-Hgels 
[195]andthethermodynamicsofastatisticaldistributiono
fSiand Al sites within a Q4 aluminosilicate network
for N-A-S-H products [250].
To provide an accurate representation of binder
chemistry,
andconsideringthattheconversionofsolidcementitious
phasestohydrateproductsisalmostneverfullycompletei
na practical cementing binder (even after decades or
more), the 
contributionoftheremnantunreactedprecursortothespec
tra must be taken into account [13]. This can be
achieved either through selective isotopic labelling of
the binder [371], by subtraction of a scaled
component spectrum for the remnant 
unreactedprecursorduringdeconvolutionifcongruentdi
sso- lution is assumed [18,20,345](Fig. 28) or by
using  the  spec-  trum of a leached residue (obtained
via selective  dissolution)  to represent a residual
precursor component if congruency is uncertain
[315,345]. For quantitative analysis, the congruency
and kinetics of dissolution and reaction processes
involving cementitious precursor materials must be
carefully considered and modelled appropriately
[14,20]as the underlying as- 
sumptionscandramaticallyaffectthefinaldeconvolution
.This 
canbeachievedbyavarietyofmethods,includingthoseus
ed to measure the degree of reaction of SCMs in 
PCeSCM blends
[374].Methodsincludeselectivedissolution[375],scann
ing electron microscopy [323,376], thermogravimetry 
[374]and  XRD with iterative Rietveld refinement
(e.g. the ‘partial or no 
knowncrystalstructure’,PONKCS,method[377])appro
aches.
Inapracticalsense,GGBFSisahighlydepolymerisedglas
sthat is likely to dissolve close to congruently [325],
whereas FA is a much more complex mineral
assemblage that dissolves incongruently[101,102].
Quantificationofindividualresonancescanoftenbecomp
lex,
even with seemingly simple spectra of non-
quadrupolar nuclei
suchas29Si(seethefollowingsection).Quantificationof
27Al
resonancescanbeparticularlydifficultduetothepresence
ofAl
specieswhichexhibitresonancessobroadthattheyareofte
n
undetectable.‘NMRinvisible’Alspecieshavebeendescr
ibed, largely in older literature, in zeolites, minerals

and gels; up to 30% of all Al species in some zeolites 
could not be observed at 9.4 T 
[378].However,theseresonancesweredetectableathigh
field 

(18.8T)[378],highlightingtheimportanceofacquiringS
SNMR 
spectraatthehighestfieldpossibleifquantificationisdesir
ed. 

4.3.2. Complexities in quantification of tricalcium 
and dicalcium silicate inPC 
The29Sispinelatticerelaxationtimeconstants(T01)for 
beliteareapproximately30timesthoseofaliteatthesame 
magneticfield[29],andconsequently,itiscrucialtoensure 
thatsufficientrecycledelaysareusedduringNMRdata 
acquisitiontoallowforcompleterelaxationofbothalitean
d belite.Thiscanbeachievedviainversion-recovery29Si 
spinelatticerelaxationMASNMR[27,29](e.g.Fig.29)or
T01- relaxation-time-
filtered29SiMASNMR[57].Deconvolutionof 
suchdataallowsindependentquantification,andhenceva
li- 
dation,oftherelativeproportionsofaliteandbelitewithin
PC [27,29]. This work has shown that the 
determination of alite
andbelitecontentinPCusingtraditionalBoguecalculatio
ns 
[379]strongly overestimates the belite content at the
expense ofalite,consistentwith
resultsfromXRDandothertech- niques; the modified
Taylor-Bogue calculation [380]provides a much
better match to the alite/belite ratio determined by
29Si MAS NMR spectral deconvolution [27].

4.4. DFT computation of NMR spectra 
andparameters 

Isotropicchemicalshifts,couplingconstantsandelectric 
fieldgradientsofmoleculescanalsobepredictedabinitio 
from calculations using DFT [381,382]and used to 
simulate  NMR spectra. Computation of NMR 
parameters from DFT is
widelyusedtodeterminethecrystalstructure 
andorderingin ceramics, zeolites and other crystalline 
materials; however,
therehasbeenlittleapplicationofthisapproachtothephas
es in cementitious materials. Rejmak et al. 
[165,166]performed simulations of various C-S-H gel 
structures based on 14 Å 
tobermoriteandjennitemodelsandcalculatedtheresultan
t 
isotropic29Sichemicalshifts.Calculatedchemicalshifts
forQ2siteswerefoundtobelargelyindependentofthestru
ctural 
modelused,andQ1andQ2siteseachshowedalargedisper
- sion of calculated chemical shifts. The calculated
29Si MAS
NMRchemicalshiftswerefoundtobeingoodagreement
with those of 14 Å tobermorite. This work also
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showed that ter- 
minalsilicatesites(Q1),andpairedsilicatetetrahedrawith
an AlO4 unit within the first coordination sphere 
(Q2(1Al)), which 
exhibitsimilarisotropicchemicalshifts,maybedistinguis
hed easily by large differences between their 
chemical shift an- isotropies[166]. 

Fig. 28. 29Si MAS NMR spectra (14.1 T, nR¼ 10 kHz) of (a) an 
anhydrous slag and (b) a sodium silicateeactivated slag cement 

(shown in black) with associated deconvolutions 
(individualresonancesareshowninblueandthesimulatedspectru

misshowninred).Theshadedgreenresonanceisarepresentationoft
heunreactedanhydrousslagcomponent andisbased onthe29Si 
MASNMRspectrumofthe anhydrousslag,withtheintensityof 

thisresonancerescaledbyasinglefactorontheassumptionofcongru
entdissolution ofslag. Adapted from Bernal et al.[20]. 

Fig. 29. Inversion-recovery 29Si MAS NMR spectra (9.4 T, 
nR12.0 kHz) of white PC, illustrating the differences in 

spinelattice relaxation for alite and belite. The left and right 
expansionsshowsubspectraofbeliteandaliteobtainedatthezero-

crossingsfor29Siinaliteandbelite,respectively.Therecoverytimes
insecondsareindicatedfortheindividual spectra. Adapted from 

Poulsen et al.[29]. 

Ab initio prediction of NMR parameters from 
calculations using DFT is yet to be applied 
extensively to cementitious materialsand represents 
an important opportunity for further advancement. In 
particular, combining DFT predictions with 
experimental dataac- quired at high field of synthetic 
model systems will reveal impor- tant new structural 
insights which may then be used to untangle many 
remaining questions in more complex, heterogeneous 
systems. 

4.5. Application of advanced NMR experiments 
to cementitious materials 

4.5.1. Spin-echo MASNMR 
MASNMRspectracontainingbroadresonances,suchast
hoseofdisorderedcementitioussystems,canexperiencea
rtefactsanddistortionintroducedinthefirstfewmicroseco
ndsofinstrumentaldeadtimeatthebeginningofthefreein

ductiondecay[10].Spin-
echopulsesequences[383]canbeusedtoovercomethisby
refo-
cussingthespinsystem.Thespinsystemisgivenaninitialn
on- 
selective(90○)pulse,afterwhichthespinsareallowedtop
recess 
anddephase(duetothevaryingprecessionratesofindivid
ualnuclearmomentswithinthesystem).Applyinga180○
pulseaftera 
timeTflipsthespinsystemandrestoresphasecoherenceto
theprecessionatatime2Tafterthefirst90○pulse,refocuss
ingthespin 
system[10,383].Asmallnumberofauthorshaveusedspin
-echo pulsesequencesanalysing
cementitiousmaterialstoaccuratelyquantifythesitespres
entinthesesystems[8,260,299,384]. 

4.5.2. Cross polarisation MASNMR 
CPMASNMRinvolvestransferofmagnetisationfroman
ucleus with more abundant spins to a nucleus with 
less abundant spins, allowing acquisition of the NMR 
spectrum of the less abundant nucleus with a much 
higher signal-to-noise ratio than would be obtained 
by MAS NMR [10]. This is achieved by irradiation of 
the two nuclei at their correct Larmor frequencies in 
fulfilment of the HartmanneHahn condition [385]. 
The signal from the less abun- 
dantnucleusinclosestproximitytothemoreabundantnucl
eusis preferentially enhanced, and so additional 
structural information
canbegainedbycomparisonofCPMASandMASspectra
ofthe samesample.1Histhemostcommonhigh-
abundancenucleusin cementitious materials, and 
consequently, this technique canbe particularly 
advantageous for probing local environments in 
cementitious materials where the structural role of 
water is of interest. 

4.5.2.1. 1H-X CP MAS. 1H-29Si CP MAS was used 
to examine hy- dration of b-C2S and show that the 
initial hydration products contain monomeric silicate 
hydrates, the amount of which de- termines the initial 
hydration rate [386], while 31P MAS and 31P-1H CP 
MAS NMR were used to demonstrate that the very 
small quantity of PO3—ions involved in the 
hydration of white PC are accommodated within the 
interlayer of C-S-H [32,34]. Interlayer PO3—ions 
exhibit a broad 31P resonance with the same 
chemical shift as that of PO3—guest ions in alite, so 
must be selectively detected using 31P-1H CP MAS 
techniques. 1H-29Si CP MAS NMR 
(Fig.30)hasalsobeenusedtoidentifySispeciescloselyass
ociated withwater(i.e.Si-OHlinkages) thatarelikely 
toexistaspart ofthe C-S-H gel [43,167,185,386e392], 
C-(N)-A-S-H gel or AFm phases in alkali-activated 
slag [154,196], metakaolin [242] and synthetic C- 
(N)-A-S-H gels [14], while 1H-27Al CP MAS NMR 
has also been used to identify Al-OH linkages in 
synthetic analogues of PC hydration products[393]. 
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13CMASand1H-13CCPMASNMR 
havealsobeencombinedto studycarbonation 
ofsyntheticC-S-HandC-A-S-Hgels[221]andto 
determinetheNMRparameters ofinorganiccarbonates 
relevantto cement chemistry [220]. During early 
studies of TAH, 1H-27Al CP MAS NMR revealed 
Al(OH)3—units closely associated with C-S-H, 
leadingtotheidentificationoftheTAHasanamorphousal
uminate hydroxide or calcium aluminate hydrate 
produced either as a 
separatephaseorananostructuredprecipitateonthesurfac
eofthe C-S-H gel [194]. 1H-29Si and 1H-27Al CP 
MAS NMR experiments are also particularly useful 
for constraining 29Si and 27Al MAS NMR spectral 
deconvolutions of the C-S-H model system 
tobermorite and C-A-S-H gels[14,393]. 

4.5.2.2. X-Y CP MAS. Studies using X-Y CP MAS 
NMR experiments (thatis,thoseCPexperiments 
whichdonotprobeprotons) tostudy cementitious 
materialsarefewer; however,theyhavestillrevealed 
new insight into the interactions in these materials. 
17O-27Al CP MAS NMR has been used to support a 
claim that Al atoms within 
GGBFSareconnectedonlytobridgingoxygenatomsand
notnon- bridgingoxygenatoms [75].19F-
29SiCPMASand19F-29SiCPREDOR 

Fig.30.(a)1H-
29SiCPMASandMASNMRspectraofblastfurnaceslagactivated

with 
4MNaOHandcuredfor1day.AdaptedfromWangetal.[154].(b)Sin

gle-pulse29Si(grey)and 1H-
29SiCP(black)MASNMRspectraofasyntheticcalciumaluminosil

icateprecursorandofasyntheticalkali-
activatedcementproducedfromit(containingC-(N)-A-S-

H),curedfor 
3days.Allspectraarenormalisedtoconstanttotalintensity.Adapte

dfromWalkleyetal.[14].(c)1H-27AlCP-
MASNMRoftobermorite.AdaptedfromHoustonetal.[393]. 

MASNMRtechniqueshavebeenusedtoshowthatF—
substitutes for O2—ions in only the alite phase in 
white PC, as discussed pre- viously in section 4.1.1.1, 
aligning with the proposed Si4þO2—/ Al3þF—
coupled substitution mechanism [35], with 19F-29Si 
CP REDORMASNMR indicatingastrongpreference 
forF—substitution into interstitial oxygen sites not 
involved in covalent Si-Obonds. 

4.5.3. Multiple quantum MASNMR 
Recently,MQMASspectroscopy[394,395],probinghalf
integer 
quadrupolarnucleiincluding17O,23Na,and27Al,hasbe
enusedto obtain high-resolution NMR spectra of 
synthetic C-S-H [188], CAC [276],   AAM 
[113,242,252,256,276,370,371,396],   related reaction 
products [137,276,354,355,397]and precursors 
[34,36,75,138]. MQMAS achieves high resolution by 
conversion of symmetricMQ coherence (pQ) to the 
single quantum (1Q) detectable central transition, and 
plotting pQ and 1Q correlations in two dimensions 
[371]. Consequently, chemical species with similar 
localstructures 
andcoordinationenvironments,whichwouldotherwiser
esultin overlapping resonances in one-dimensional 
MAS NMR spectra, may be resolved. 
27Al 3Q MAS NMR has been used to examine 
symmetry of Al
siteswithinsyntheticcalciumaluminatehydratesandtoob
tainthe isotropic chemical shift, quadrupolar coupling 
constant and asymmetry parameter of these sites 
[276]. 27Al 3QMAS NMR
spectraofthesematerialsresolvedadditionalAlsitestotho
sethat could not be obtained by 27Al MAS NMR 
alone, including two Al sites within C4AH13[276]. 
27Al 3Q MAS NMR has also been used to probe Al 
substitution in C-S-H gels [276,393], identifying two 
distinct tetrahedral Al sites that were attributed to Al 
substitution forSiintobothbridgingandnon-
bridgingpositions[276],although other studies (as 
discussed in section 4.2.1.1) have shown that bridging 
positions are a strongly preferred environment. 27Al 
3QMASNMRhasprovidedadditionalinsightintocoordi
nationand symmetry of Al environments within N-A-
S-Hetype gels (Fig. 31a and b), including 
determination of the isotropic chemical shift (diso), 
quadrupolar coupling constant (CQ) and asymmetry 
(h) parameter of the electric field gradient tensor

Fig. 31. (a) 27Al MQMAS NMR spectrum (14.1 T, nR¼ 20 
kHz, room temperature) of a synthetic alkali-activated cement 
containing a N-A-S-H gel (adapted from Walkley et al. [255]) 
and (b) a three-dimensional representation of the spectrum 

shown in (a). 
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[113,242,255,256,370,371,396] and also Al 
environments in C-A-S- H/N-A-S-H gel blends [396]. 
Both 27Al 3QMAS NMR [276] and 25Mg 
3QMASNMR[354]havealsobeenusedtoresolveindivid
ualAland Mg sites within Mg-containing LDHs, 
while recent work used 27Al MQMAS NMR to 
resolve for the first time 8 distinct Al sites in 
ye'elimite [34,138] and high-field 27Al MQMAS 
NMR to resolve for the first time two distinct 
octahedrally coordinated AlO6 sites in synthetic 
ettringite [137](see section 4.2.8.2‘Aluminate ferrite 
trisulphate’etype phases). MQMAS NMR, therefore, 
appears to
offersignificantscopeforfutureadvancesintheunderstan
dingthe atomic structure ofcements. 
Processing of MQMAS spectra using standard single-
axial isotropic shearing (iso-shearing) in the indirect 
dimension removes the second-order quadrupolar 
term and leaves the pro- 
jectionofthespectraontotheindirectdimensionaxisasap
ure 
function of isotropic variables such as the isotropic 
chemicalshift (diso)andthequadrupolar-
inducedshift(dQIS), allowingchemically distinct sites 
to be resolved in the indirect (pQ) dimension 
[242,371,398,399].Themorerecentlyintroducedmetho
dofbiaxial Q-shearing [371] in both the indirect and 
direct dimensions allows 
orthogonalseparationofdisofromthequadrupolarparam
etersdQISand the quadrupolar coupling constant (CQ) 
and is particularly useful for disordered materials 
which typically give MQMAS 
spectradisplayingadistributionofchemicalshiftandquad
rupolar parameters, that can be difficult to interpret 
for identification of chemically distinct 
sites[113,371]. 

4.5.4. Multiple resonance experiments 

4.5.4.1. REDOR,     TEDOR,     TRAPDOR      and 
REAPDOR. REDOR [400e402]and transferred-echo 
double-resonance (TEDOR) [403e405] are multiple 
resonance MAS NMR experiments 
whichexploitheteronucleardipolarcouplinginspin-
½nuclei and provide both qualitative and quantitative 
information about the proximity of the two spins. 
Transfer of population in double-reso- nance 
(TRAPDOR) [406,407] and rotational-echo adiabatic 
passage double-resonance (REAPDOR) 
[400,408]experiments extend the 
principlesofREDORandTEDORtoquadrupolarnuclei.I
tshouldbe noted that the X{1H} REDOR and 1H-X 
CP MAS NMR techniques (where X 27Al or 29Si) 
provide  complementary  data;  X{1H} REDOR 
MAS NMR experiments selectively suppress 
resonances of protonatedspecies,while1H-
XCPMASNMRexperimentsenhance 
thesignalsofspeciesexperiencingdipolarcouplingwithri
gid 

Fig.32.Isosheared 
27Al{1H}REDOR3Q/MASNMRspectrum(blackcontours)overla

id onanisosheared 
27AlMQMASNMRspectrum(redcontours)ofasodiumsilicate-

reactivated metakaolin cement. Adapted from Brus et al. [242]. 
The main resonance resultspredominantlyfromAlO—

4tetrahedrachargebalancedbyNaþions,andthe 
shadedorangeandgreenareasindicateregionswhereAlO—

4tetrahedraconnectedto 
SiO4tetrahedraviabridginghydroxylgroups(AlIVeOHþeSiIV)a

ndAlO—4tetrahedra 
chargebalancedbyextra-

frameworkAlspeciesareexpectedtoresonate,respectively. 

proton species (i.e. terminal hydroxyl groups, 
strongly bound H2O etc.) [242]. 
Brus et al. [242] applied 27Al{1H} REDOR 3Q MAS 
NMR (Fig. 32) to identify bridging hydroxyl groups 
connecting AlIV and SiIV tetrahedrainaseriesofalkali-
activatedmetakaolincements,sup- porting the 
identification (see section 4.2.2) of charge balancing 
extra-framework Al species in these systems. 
29Si{1H} REDOR 3Q MAS NMR has also been 
applied to a series of aluminosilicate 
geopolymers[370]toshowthatthesematerialscontainah
etero- geneousdistributionofcharge-
balancingNaionsandassociated water molecules, with 
the Na ions and water molecules preferen- tially 
clustered around fully polymerised Q4(4Al) 
Sispecies. 
Recently, Greiser et al. [409] used 29Si{27Al} 
TRAPDOR NMR, 27Al 
{29Si} and 27Al{1H} REDOR NMR experiments to 
reveal new infor- mation regarding the phase 
assemblage and nanostructure of cementitious sodium 
aluminosilicate gels produced via the one- part alkali-
activation route using variety of silica sources. This 
workshowedtheextentofformationofanamorphoussodi
um aluminosilicate gel, coprecipitation of an 
amorphous hydrous
aluminagel(Al(OH)3)andformationofzeoliticphasesar
edepen- dent on the silica source, despite very similar 
Si/Al of the starting
reactionmixtures.TheidentificationofamorphousAl(O
H)3hasnot
beenpreviouslyreportedanddemonstratestheimportanc
eofus- ing double-resonance NMR techniques to
resolve multiple over- lapping 27Al resonances that
are often present in single-pulse 27Al MAS NMR
spectra (Fig.33).
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Fig. 33.  (a) 27Al{29Si} and (b) 27Al{1H} REDOR NMR 
spectra (S, dashed line) overlaid  with 27Al MAS NMR spectra 

(S0, black line) and difference spectra (DS ¼ S0e S, grey or 
blue lines) of a cementitious sodium aluminosilicate gel 

produced via one-part alkali- activation of rice husk ash. 
Adapted from Greiser et al. [409]. The AlO6 resonance  (dobs¼ 

8 ppm) does not show a discernible 27Al—(29Si) REDOR 
NMR effect and shows a strong 27Al—(1H) REDOR 

interaction, demonstrating that this resonance is due toAlO6 
within a hydrous alumina gel (Al(OH)3) with little or no Si in 

proximity. 

Tran et al. [396] used a 29Si{27Al} REAPDOR 
NMR technique to distinguish between Si-O-Al 
connectivity environments in alkali- activated 
metakaolin and to identify the number of Al atoms 
substituted in the second coordination sphere of each 
probed Si site. The same authors also used 29Si and 
27Al MAS, 19F-29Si CP MAS and 29Si{19F} CP 
REDOR MAS NMR techniques to show that F—
substitutesforO2—
ionsinonlythealitephaseinwhitePC,with29Si 
{19F} CP REDOR MAS NMR indicating a strong 
preference for F—substitution into interstitial oxygen 
sites not involved in covalent Si-
Obonds,demonstratingalimitationontheachievabledeg
reeof fluoridesubstitutionintoalite.31P-
27AlREAPDORNMRhasalsobeenusedtodemonstratet
heexistenceofaluminiumephosphorus interactions 
within phosphate-modified CACs [277], where no 
other analytical technique was able to provide direct 
evidence about the existence (or otherwise) of these 
bonds within the 
disorderedgelsystemsofinterest.TheuniversalREAPD
ORcurve 

[410]which is commonly used to fit REAPDOR
NMR data and
determineinternucleardistancesis,however,specifically
designed
foranisolatedspinpair(i.e.monodentatestructures)whic
hlimits
itsapplicability(inaquantitativesense)tothepolydentate
struc- tures which comprise mostcements.

4.5.4.2. 2D    homonuclear    correlation    MAS 
NMR     spectroscopy.  2D homonuclear correlation 
MAS NMR spectroscopy (COSY) is a multiple 
resonance MAS NMR experiment involving transfer 
of 
magnetisationbetweentwonucleiofthesameisotopeandi
suseful for determining connectivity between 
different sites when many resonances are present. 
Double quantum 29Si-29Si COSY experi- ments on 
synthetic C-S-H isotopically enriched with 29Si has 
resolvedbothdimeric(Q1-Q1)andchainendgroup(Q1-
Q2)Sisites as well as (Q3-Q3) and (Q3-Q2) bridging 
linkages [176], confirming the presence of these sites 
in C-S-H as discussed in section4.2.1. 

4.5.4.3. 2D heteronuclear correlation MAS NMR. 
2D HETCOR MAS
NMRisamultipleresonanceMASNMRexperimentwhic
hinvolves transfer of magnetisation between two 
heteronuclei and isuseful
fordeterminingconnectivitybetweendifferentnucleiwh
enmany resonances are present. This experiment is 
similar to the X-Y CP MAS NMR experiment; 
however, in the X-Y 2D HETCOR experi- ment, the 
magnetisation of nucleus Y is allowed to evolve for a 
(variable) time t1 prior to being transferred to nucleus 
X, whose response is measured directly during the 
detection period t2[10].
Significantsensitivityenhancementcanbegainedbycom
bining MQMAS with the HETCOR experiment 
(HMQC) [411]. Rawal etal. 
[57] used 1H-29Si and 1H-27Al HETCOR MAS
NMR with different 1H spin-diffusion times to probe
correlations between different mo- lecular moieties in
hydrated white PC: both short (10 ms, probing
strongly coupled species with internuclear distance
<1 nm) and long (30 ms for 29Si and 20 ms for 27Al,
probing more weakly coupled species over several
nm), Fig. 33. 1H-29Si HETCOR MAS NMR
experiments were able to resolve chemically bonded -
OH groups,adsorbedwaterandstrongly
hydrogenbonded-OHgroups associatedwith
Q1,Q2andQ2(1Al) Sisites,withchemicallybonded 
-OHgroupsandadsorbed waterprimarilyassociated 
withQ1and 
Q2(1Al)sites,aswellaswaterstronglyadsorbedtosix-
coordinateSi siteswithinathaumasite-
likephasethatwasclaimedtobepresent 
inthehydratedPC[57],althoughtheidentificationofthis
mineral 
incementsthathavenotbeensubjectedtochemicaldamag
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eis extremelyuncommon. 
ResonancesfromprotonsinH2O,Ca-OHandSi-
OHgroupshave also been identified by 1H-29Si 
HETCOR MAS NMR analysis of synthetic C-S-H 
[176], with both types of hydroxyl sites correlating 
with all Si sites in C-S-H and water molecules 
correlating with Q1 and both bridging and pairing Q2 
sites. 1H-27Al HETCOR MAS NMR experiments 
resolved hydroxyl groups chemically bound to AlVI 
sites within ettringite and TAH and an absence of 
correlation be- tween 1H species and four-coordinate 
27AlIV moieties. Enhanced resolution provided by 
the 1H-29Si and 1H-27Al HETCOR MAS NMR 
experiments allowed resolution of 29Si-OH and 
27Al-OH bonds which were not resolved in single-
pulse MASNMR experiments. 

4.5.4.4. Satellite transition spectroscopy. Accurate 
determinationof diso, CQ and h is crucial for an 
accurate and unambiguous interpretation of SS MAS 
NMR spectra. Determination of these parameters 
from single-pulse MAS NMR spectroscopy observing 
the central transition (mS± ½) between nuclear spin 
states, however, is hindered due to the second-order 
quadrupolar shift. Satellite transition spectroscopy 
involves observing the satellite transitions in MAS 
NMR spectra of quadrupolar nuclei, where re- 
sidualsecond-
orderquadrupolareffectsunderMAS(quadrupolar 
broadeningandthesecond-
orderquadrupolarshift)arereduced relative to the 
central transition [367]. The dependence of the 
second-order quadrupolar shift for a particular spin S 
on the nu- clear spin state transition (m) results in a 
different net isotropic 
chemicalshiftforeachm;consequently,bysimulatingall
observed transitions, it is possible to determine the 
isotropic chemical shift from a single spectrum 
[367e369]. Jakobsen et al. [412]and Skibsted et al. 
[368] demonstrated simulation of all transitions in
MAS NMR spectra of crystalline powders
toaccurately determine CQ and h for 17O, 23Na and
27Al in systems with large CQ values (CQ>2 MHz),
as well as applying this method to accurately
determinethe27AlCQvalueof1.9MHzforAlVIinhydrat
edwhitePC [44]. Skibsted et al. [52]also applied this
method to a series of 
calciumaluminatephasesinCACandinPC(Fig.34),deter
mining
27Aldiso,CQandhvaluesanddistributions.Thesewereth
enusedto
describelinearrelationshipsbetweenCQandthemeande
viationof
bondanglefromidealtetrahedralsymmetry,aswellasbet
weenCQandacalculatedestimateofthegeometricaldepe
ndencyoftheEFG tensor. This method has also been
used to identify the two crys- tallographically distinct
octahedrally coordinated Al sites in kaolinite [413],
as specified by its crystal structure[414].

Fig. 34. 1H-29Si HETCOR MAS NMR (11.7 T, nR¼ 6.5 kHz) 
of white PC with 1H spin- diffusion times of (a) 10 ms and (b) 

30 ms. Adapted from Rawal et al. [57]. 

4.5.5. 1H relaxationNMR 
1Histhemostsensitivenucleusincementitiousmaterials
which 
maybeprobedusingNMR;however,1H-
1Hdipolarcouplingscause severe line broadening 
which limits the resolution of 1H MAS NMR spectra, 
which is further compounded by the small 
chemicalshift 
range(approximately20ppm)overwhich1Hnucleiinsoli
dphases resonate. These limitations have impeded the 
widespread appli- cation of single-pulse MAS NMR 
experiments probing 1H in
cementitiousmaterials.However,1Hrelaxationrates(spi
nelattice, 1/T1, and spinespin, 1/T2) are sensitive to 
proton mobility in hy- dration products and water in 
the vicinity of solideliquid interfaces and can 
therefore provide extensive information regarding 
porosity, pore size distributions and tortuosity in 
these cementitiousmaterials. 
EarlyworkusedprotonNMRrelaxometrytomonitorhydr
ation of C3S and PC by measurement of T1 and T2 
relaxation times
[415e421],identifyinganinductionperiod(~3h)[417]as
wellas 
waterinvarioushydratephases[416],mobilewaterinmicr
opores and water with restricted mobility in a solid 
gel component [420,421]. 
Spinespinrelaxationratesaremodulatedbythemotionoft
he 
speciesonwhichthespinsresideandvarybyseveralorders
of 
magnitudeforprotonsinrigid(e.g.solidhydrates)ormobil
e(e.g. molecular water) species. Rapid measurements 
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of spinespin 
relaxationratesare,therefore,particularlyattractivetomo
nitor reactionin-
situ[22].Thisapproachhasbeenusedtomonitorhy- 
drationofwhitePC,andsyntheticC3SandC3A[422e424]
,andled 
toidentificationoffivecomponentswithdistinctT2values
corre- spondingtocapillaryporewater,solid-
likecrystallinewaterand OH—
groups(i.e.inportlandite,gypsum,andettringite),mobile 
water molecules incorporated in CeSeH, water 
moleculeswith 
restrictedmobilityintheCeSeHinterlayerandsecondary
hydra- 
tionwaterreleasedbythedecompositionofettringite(Fig.
35). 
Spinespin relaxation times have also been used to 
observethe 
retardationofPChydrationinthepresenceofvariousorga
nicad- ditives [425]. 1H relaxation rates can also be 
exploited to link the 
structureandkineticsattheatomiclevelofcementitiousm
aterials to microscale and macroscale engineering 
properties such as porosity, pore size distributions 
and tortuosity in hydrated cement pastes, mortars and 
concretes. Measurement of spinelattice 
relaxationrateshasbeenusedtodeveloprelaxationmodel
sforthe 
dependencyofT1ontheporesurfacetothevolumeratioan
dthe presence of nearby paramagnetic ions 

[426e429], while T1-T2[427,428] and T2-
T2[430,431] correlation NMR experiments have been 
used to identify discrete pores (e.g. large capillary 
pores or
smallergelpores,Fig.36)inhydratedwhitePCandsynthet
icC-S- H and measure exchange of water between 
these locations, by
exploitationofthefactthatincreasedporesizeresultsininc
reased relaxation times. Variable temperature proton 
NMR relaxometry experiments have also been used 
to monitor freezeethaw phe- nomena in hydrated PC 
and C-S-H[432,433]. 
More recently, 1H NMR relaxometry has been used 
toquantify 
all the water present, as well as the size and volume 
of discrete population of pores containing this water, 
in hydrated white PC both with [8]and without 
[434,435]silica fume additions. This work showed 
that addition of silica fume alters the chemical 
composition of the C-S-H formed, but does not alter 
the density, and identified four discrete populations of 
liquid water: water in the C-S-H interlayer in pores 
approximately 1 nm in diameter, waterintheC-S-
Hgelinporesapproximately3nmindiameterand 
waterinsmall(~10nmindiameter)andlarge([10nmin 
diameter)capillarypores.Correlationof1HNMRrelaxo
metrywith results from mercury intrusion porosimetry 
(MIP) has shown that
MIPcanaccuratelydeterminetheporosityofcementpaste
s[436]. 

Fig. 35. 27Al MAS NMR spectra of ettringite (C6A$3H32) recorded at (a) 9.4 T, nR¼ 6.5 kHz, and (b) 9.4 T, nR7.5  kHz. 
Simulations of  the satellite transitions in parts (a) and (b) are  shownin(c)and(d).AdaptedfromSkibstedetal.[52]. 
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V. CONCLUSIONS AND PERSPECTIVES

SS NMR spectroscopy has played a pivotal role 
understanding the complex 
compositionestructureeproperty relationships in 

Fig. 36. Proton spinespin relaxation times (T2) vs. hydration 
time of white PC hydrated at 20 ○C. Proton signals come from 

water molecules in the pore solution (triangles), crystalline 
water and OH—groups (filled circles) in C-S-H and 

portlandite, more mobile water molecules in the interlayer of 
C-S-H (squares) and secondary hydration water released  by

the  decomposition   of   ettringite   (diamonds).   Adapted 
from   Holly et al. [422]. 

cementsandrelatedmaterials.Inparticular,SSNMRspec
troscopy 
hasaffordedalevelofinsightintotheiratomicstructure,re
action mechanisms, kinetics of formation and 
structural evolution which 
hasbeenpreviouslyunattainableandhasprovidedthebasi
sforthe 
currentstateoftheartinunderstanding,modellingandpre
dicting compositionestructureeproperty relationships, 
reaction mecha- nism and kinetics in PC, CAC, CSA, 
magnesia-based, AAM and geopolymer-
basedcements. 
ApplicationofadvancedMASNMRexperimentsprobin
g1H,13C, 
17O,19F,23Na,25Mg,27Al,29Si,31P,33S,35Cl,39Kan
d43Canucleihave 
beenusedtostudytheatomicstructure,phaseevolution,na
no- 
structuraldevelopment,reactionmechanismsandkinetic
soccur- ring in these cementitious systems, including 
multidimensional, multiresonance and in-situ 
experiments. Single-pulse MASNMR experiments 
probing 27Al and 29Si nuclei are by far the most 
routinelyappliedNMRexperimentsusedtostudycement
sand have been instrumental in building our current 
understanding. 
However,owingtotheextensivestructuralinformationth
eseex- 

perimentshaveprovidedtodate,theirroleincontinuedadv
ance- ment of the understanding of 
compositionestructureeproperty relationships in 
cementitious materials islimited. 
Performing NMR experiments at high field (B020.0 
T), probing less commonly investigated nuclei such 
as 17O and 43Ca in isoto- pically enriched samples 
and application of less commonly used 
techniquesincludingCPMAS,MQMASandmultiresona
nceexper- iments    (e.g.    SEDOR,    REDOR, 
TEDOR,    REAPDOR    and 
TRAPDOR) presents the best opportunity for 
elucidation of infor-
mationregardingthemechanismswhichcontrolthestruct
ureand physical properties of cementitious materials, 
that has been pre- viously unattainable. The difficulty 
in conducting these experi- 
mentsandinterpretationofthespectraobtained,however,
islikely 
tobethelargestobstacletotheirroutineapplication.Thispr
esents a  key challenge  which  must  be  overcome 
and  will require a
concerted,collaborativeeffortfromboththeSSNMRspe
ctroscopy and cement materials 
chemistrycommunities. 
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Abstract - 
As the utilization of visual soil assessment (VSE) strategies has spread universally, they have been presented to various 
climatic and pedological situations, bringing about the need to explain restrictions, empower refinements and open up new 
roads of examination. The primary target of this paper is to layout the capability of VSE techniques to create novel soil 
structure examination and how this potential could be created and incorporated inside existing exploration. We give a 
concise outline of VSE techniques to sum up the dirt data that is acquired by VSE. More definite VSE techniques could be 
created to give spatial data to soil measure models, for example compaction models. VSE could be joined with detecting 
procedures at the field or scene scale for better administration of fields with regards to accuracy cultivating. Further work 
ought to be never really plant life, roots and soil fauna into VSE strategies to give general pointers of soil quality and for 
assessment of ecological danger factors identified with soil C stockpiling, GHG outflows and supplement filtering, with 
specific reference to fleeting changes. There is an incredible potential in consolidating (instead of contrasting) VSE with 
estimations of soil structure, for example incorporating VSE in soil design and compaction research, as these techniques give 
spatial data that is difficult to acquire with different strategies. 

I. INTRODUCTION

Soil structure comprises the physical habitat of soil 
living organisms, and controls many important 
physical, chemical and biological soil functions and 
associated ecosystem services. Soil structure is 
typically defined as the spatial arrangement of soil 
constituents and voids (i.e. soil pores), which may 
also be defined as the spatial distribution of soil 
properties (Dexter, 1988). However, soil structure is 
more than just the physical arrangement of particles 
and pores (that was referred to as “structural form” by 
Kay and Angers (2001)), and includes structural 
stability (i.e. the ability to resist external stresses) and 
structural resilience (i.e. the ability to recover upon 
stress removal) (Kay and Angers, 2001). 

Different methods can be used to evaluate the 
different aspects of soil structure. For example, 
computed tomography (CT) imaging is excellent at 
visualizing and quantifying the form of soil structure 
(foranoverview,seeTainaetal.,2008;Peth, 2011; 
WildenshildandSheppard, 2013) and can be used to 
study the dynamics of soil  structural pore spaces (i.e. 
the dynamics of the form of soil structure) by 
multiple scanning as demonstrated by Peth et 
al.(2013), but cannot directly assess soil structure 
stability or resilience. Visual soil evaluation (VSE) 
cannot reveal as much information on the geometrical 
arrangement of pores and constituents as CT imaging 
does, but assesses both the structural form and the 
structural stability (e.g. DVWK, 1995a, 1997; ATV-
DVWK, 2001; Boizard et al., 2007; Guimarães et al., 
2011), and may reveal information on the resilience 
through biological indicators (e.g. Boizard et al., 

2017). Unlike the texture of a soil that can be 
considered a static property, the soil structure is a 
dynamic trait. Soil structure is influenced by 
bothnatural and anthropogenic processes. The natural 
processes include abiotic processesinduced by 
drying-wetting and freeze-thaw phenomena, as well 
as biotic processes leading to the creation of new pore 
spaces by the penetration of plant roots and 
burrowing fauna, soil aggregate stabilization by plant 
roots, fungi, and soil fauna (enmeshing, excretions), 
and soil shrinkage due to plant water uptake 
(Kay,1990; Dexter, 1991; Horn et al., 1994; Horn, 
2003; Hallett et al.,2013). Anthropogenic influences 
on soil structure are primarily related to soil 
management including soil tillage, soil compaction 
due to vehicle traffic, incorporation of organic 
fertilizers and amendments, as well as crop selection 
and fertilization (for an overview, see Kay, 1990; 
Bronick and Lal, 2005; Kay andMunkholm, 2011). 
Such aspects have significant influence on structural 
stability and resilience as well as structural form, all 
of which influencesoil function (Horn,1990; 
Hornetal.,1994). 
Despite the recognized importance of soil structure 
for soil functioning, its characterization and 
quantification of the complex interactions (as stated 
above) that drive soil structure formation remain a 
challenge (e.g. Hallett et al., 2013; Peth et al., 2013). 
Visual soil evaluation (VSE) methods have been 
developed to assess the structural state of soil (for a 
review see Boizard et al., 2007). Most VSE methods 
were developed as a practical diagnostic tool in 
agricultural extension service. Various visual 
methods to assess soil structure and soil quality have 
been developed and used for many years in different 
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parts of the world, and these have mainly been 
published in reports, booklets and notes (e.g. 
Görbing, 1947;Peerlkamp, 1959; Preuschen, 1983; 
Gautronneau and Manichon,1987; DVWK, 1995a; 
Shepherd, 2000; Munkholm, 2000; McKen-zie, 2001; 
Nievergelt et al., 2002). More recently, methods have 
been refined, combined, and published in scientific 
journals (for an overview see e.g. Ball et al., 2015). In 
the remainder of this paper, we use ‘visual soil 
evaluation (VSE) methods’ as a general term for all 
methods, whereas specific methods (e.g. ‘Profil 
Cultural’; Gautronneau and Manichon, 1987) will be 
referred to by their specific name. Furthermore, there 
has been a growing interest to (re-)use VSE methods 
in research, that primarily have been used to 
characterize the impact of soil management on soil 
structure and to help identify the type and location of 
measurements for further characterization of soil 
physical properties (Ball et al., 2015; this special 
issue). 

Only a few studies have used VSE methods with 
regards to soil structure dynamics. Roger-Estrade et 
al. (2000)used the ‘Profil Cultural’ method 
(Gautronneau and Manichon, 1987) to quantify the 
temporal evolution of soil structure under contrasting 
tillage systems, and Boizard et al. (2013) used the 
same method to study recovery after compaction in a 
reduced tillage experiment. Ball andMunkholm 
(2015)showed that the ‘Visual Evaluation of Soil 
Structure’ (VESS) method (Guimarães et al., 2011) 
was able to reveal variations in soil quality and 
recovery, over a four-year period of evaluation, when 
assessing compaction by tractor and animal 
trampling. These authors also highlighted that 
repeating VSE measurements over time enables the 
monitoring of soil quality evolution. 
All VSE methods are mainly used within an 
agronomic context, with the purpose of assessing soil 
management effects and providing soil management 
recommendations. Thus, it is impor- tant that VSE 
scores have veracity and are nearly reproducible. 
Therefore, soil structure is systematically evaluated 
according to manuals and instruction videos to reduce 
operator  dependence for most VSE methods. In 
general, different operators  typically find very 
similar scores (e.g. Ball et al., 2007; Guimarães et 
al.,2011). Subjectivity is, however, still considered a 
modest  limitation to VSE methods, e.g. in relation to 
the isolation of structural units and the assessment of 
their properties and efforts to further reduce this 
limitation continue. Other limitations include possibly 
confusing soil moisture effects on soilstrength with 
those of compaction and difficulty in use in soils of 
extreme textures and insufficient emphasis on 
porosity, particularly with spade methods (Ball and 
Munkholm, 2015; Munkholm andHolden, 2015). 
Scale is also an important aspect to take account  for 
any soil structure description method. Babel et al. 
(1995)proposed an initial description of soil structure 

(shape  and surface of the structural units, 
geometrical arrangement, aggre- gate strength, 
bioturbation, etc.) at a given scale, and then to 
reproduce observations at various scales applicable 
across land uses and across scientific disciplines. 
VSE methods yield information on the vertical 
thickness and depth of natural and anthropogenic soil 
layers, and on the spatial arrangement of structural 
features (profile methods) or the size distribution of 
soil fragments (spade methods). Such information is 
not available, for example, from sampling at discrete 
(pre-defined) depths with small volumes (e.g. 
undisturbed cylindrical soil cores that may have a 
typical volume of 100 cm3), which are typically used 
in soil structure research. Several studies have 
demonstrated significant correlations between the 
various structural features (as e.g. obtained by VSE 
methods) and a range of soil properties (mainly soil 
physical properties such as, bulk density, penetration 
resistance, saturated hydraulic conductivity, among 
others; see e.g.Horn, 1990; Shepherd, 2003; Dörner 
and Horn, 2009; Guimarães et al., 2013; Moncada et 
al., 2014; Ball et al., 2017). Moreover, the shape of 
the fragments and an estimate of the tensile strength 
of thefragmentsisobtainablefrom VSEmethods. 
The‘ProfilCultural’ reports detailed information 
regarding the spatial arrangement and distribution of 
soil properties (e.g. aggregates, pores, roots, organic 
residues), whereas other methods such as VESS 
(Guimar- ães et al., 2011), the Visual Soil 
Assessment (VSA) method (Shepherd, 2009) and 
SOILpak (McKenzie, 1998), for example, combine 
this information into a score or soil quality index, 
either for each layer or for a whole soil profile. The 
reason for combining this information into a single 
index is that such an index will be useful for 
assessing the overall physical quality of a soil, for 
comparing soil quality across soils, and for providing 
soil management recommendations. However, 
valuable information  on soil structure can be lost 
through the combination process. We will argue in 
this paper that this information could be useful in 
research aiming at better understanding the impact of 
soil structure on soil functioning (including plant 
growth) and better understanding of soil structure 
dynamics. 

A joint workshop of the ISTRO working groups on 
Visual Soil Examination and Evaluation (VSEE) and 
Subsoil Compaction held in May 2014 brought 
together scientists dealing with characteri- zation of 
soil structure and its dynamics with a focus on soil 
management impacts (soil tillage, soil degradation by 
compac- tion). A main aim of the workshop was to 
jointly discuss and possibly outline (i) research needs 
of visual soil evaluation methods, new approaches (ii) 
to combine VSE methods with “traditional” soil 
physical methods and analysis as well as with remote 
and proximal sensing techniques, and (iii) to integrate 
VSE in soil structure research for better quantification 
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of soil structure and better understanding of soil 
structure dynamics caused by soil management. This 
article summarizes and synthesizes the discussions 
from the workshop. Although the workshop had an 
emphasis on tropical conditions, most of the 
discussions were relevant to all soils. 
The main objectives of this paper are to outline (i) 
research needs for improvement of VSE methods, and 
(ii) the opportunities of VSE methods in soil structure
research. We will provide a brief overview of VSE
methods, in order to summarize the soil information
that is obtained by VSE. We will describe research
needs for further development of VSE methods and
their better integration in soil structure research.
Finally, we propose ways of using and integrating the
spatial information obtained by VSE in research on
soil structure dynamics and soil compaction.

II. BRIEF OVERVIEW OF VISUAL SOIL
ASSESSMENTMETHODS

2.1. General approach of visual soil evaluation 
methods 

Many visual soil evaluation (VSE) methods have 
been developed worldwide to evaluate the soil 
structural quality of topsoils and whole soil profiles. 
As mentioned above, many different methods have 
been developed and used in various parts of the 
world, but description of many methods may not be 
readily available for the international scientific 
community because they are often published in 
institutional reports, notes or as booklets. However, 
most methods share similar soil quality assessment 
criteria related to visible soil porosity as well as the 
size, shape and strength of aggregates. Please consult 
Boizard et al. (2007) for an overview of 10 different 
methods presented at the ISTRO 2005 workshop at 
Péronne, France. The methods generally divide into 
topsoil-focused spade methods and topsoil and 
subsoil focused profile methods. The most commonly 
used spade methods in research are the VSA method 
(Shepherd, 2009) and the VESS method developed 
from the Peerlkamp method (Ball et al., 
2007;Guimarães et al., 2011) (Munkholm and 
Holden, 2015). Among the soil profile methods, 
‘Profil Cultural’ (Gautronneau and Manichon,1987; 
Peigné et al., 2013), SOILpak (McKenzie, 1998) and, 
most recently, the numeric visual evaluation of 
subsoil structure methods (SubVESS) (Ball et al., 
2015) are used in research (Munkholm and Holden, 
2015). These five spade and profile methods are 
described in detail by Batey et al. (2015). It is also 
important to mention methods that integrate 
information from different methods into an overall 
soil quality rating such as the 
MuenchebergSoilQualityRatingsystem(Muelleretal.,2
013). 
The five different VSE methods mentioned above all 
include assessment of size, shape and strength of soil 

aggregates and of visible porosity (Batey et al., 
2015). These features yield information on the quality 
of soil as plant  growth  medium,  habitat for soil 
biology and on conditions for nutrient cycling, and 
water and gas storage and transport. Other commonly 
evaluated features are soil colour (e.g. VESS, 
SubVESS and VSA), earthworms in terms of 
numbers, sizes, species and burrows (e.g. VSA and 
Munkholm spade method (Munkholm, 2000)), 
rooting in terms of proliferation and architecture, 
depth, and distortion (e.g. VESS, VSA, SOILpak and 
SubVESS), porosity (all methods) and water stable 
aggregates (SOILpak). Most methods include an 
evaluation of distinct soil layers or zones but often 
evaluation scores are assessed across different layers. 
The importance of specific evaluation of limiting 
layers such as hardpans is  highlighted  in the profile 
methods (SOILpak, SubVESS and ‘Profil Cultural’) 
and in some spade methods (VESS, Guimarães et al., 
2011). The VSE methods differ markedly in terms of 
the level of details regarding the evaluation. The 
more detailed the analysis (as for ‘Profil Cultural’) 
the longer it takes to complete an evaluation. In 
general the simple spade methods such as VESS are 
fastest (5–15 min per sample) and the detailed profile 
methods take the longest time (1–3 h) (Boizard et al., 
2007; Batey et al., 2015). The fast and easy to use 
spade methods make it possible to make many 
replicates in the same time as it takes to do one 
detailed profile evaluation. Thereby, a larger area and 
more treatments can be covered within the same time 
interval. On the other hand this may be at the expense 
of more detailed understanding of specific land use or 
management effects on soil structure. In many cases a 
combina- tion of fast and simple methods with a few 
more detailed evaluations may be beneficial in order 
to obtain both general knowledge on spatial 
differences and in depth knowledge of the impact of 
specific land use or soil management. Pleaseconsult 
Batey et al. (2015) for more details on similarities and 
differences between the commonly used methods. 

2.2. Application of visual methods inpractice 

VSE methods are used in many countries by 
agricultural advisors, teachers, and farmers, even 
though detailed knowledgeof the use of the VSE 
methods in practice is often lacking. More detailed 
VSE methods will require specialized soil knowledge 
for successful application, while simple spade 
methods only requiresome methodological training 
for successful application by students or farmers, for 
example. Weexpect  that  the  methods are most 
widely used in Western Europe, Australia, New 
Zealand and Brazil, where most of today's known 
methods have been developed. To illustrate the 
interest in VSE methods in practice, the VESS 
manual has been translated into a number of 
languages, including Spanish, French, Portuguese, 
Norwegian and Danish, primarily byadvisors. 
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2.3. Application of visual methods in soil 
research 

The VSE methods are increasingly being used in soil 
research to evaluate effects of land use and soil 
management, primarily. Munkholm and Holden 
(2015)listed 29 VSE papers on arable soil and 
10VSEpapersongrasslandsoilsinarecentreviewandmos
tof them had been published since 2010. In general, 
VSE methods have been useful to detect effects of 
land use and management on soil structure. Most 
VSE papers also include comparative quantitative soil 
structure data e.g. soil pore characteristics, bulk 
density, soil strength, soil structural stability and 
hydraulic conductivity. Strong correlations have been 
found in many cases as outlined by e.g. Batey et al. 
(2015). Significant correlations with crop yield have 
also been shown in some studies (Mueller et al., 
2009; Munkholmet al.,2013). 
The VSE methods have primarily been used for 
comparative studies where effects of land use and 
management has been investigated at a specific time. 
In a few cases the VSE methods have been applied to 
study soil structure dynamics, i.e. spatio-temporal 
changes in soil structure after e.g. animal or field 
traffic induced soil compaction (Ball and Munkholm, 
2015; Boizard et al., 2013).Boizard et al. (2013) 
showed that the “Profil Cultural” was a useful tool to 
assess soil recovery after heavy compaction. They 
detected thedevelopmentofaplaty structurelayerinthe 
yearsafteraheavy compaction treatment. The above 
mentioned studies suggest that there is a great 
potential for more widespread application of VSE 
methods in studies of soil structure dynamics. 
However, VSE methods are destructive by nature and 
this has to be taken into account when choosing VSE 
as a tool to study temporal evolution of soil structure, 
especially within fieldexperiments. 

3. Research needs for further development of
visual soil assessment methods

3.1. Improving the quality of scoring by 
including the impact ofsoil moisture content 
atsampling 

Soil aggregate fragmentation is an integral 
component of many visual evaluation methods (see 
previous section). However, fragmentation is strongly 
affected by the soil moisture (for an overview, see 
e.g. Dexter and Bird, 2001; Munkholm, 2011), and
hence the soil moisture, measured in terms of water
content or in terms of matric potential, at the time of
assessment can influence the result of the test (Fig. 1).
Water strongly affects the consistency and the
strength of soil (e.g. Atterberg, 1911; Horn, 2003),
consequently, a drier soil  is  generally  harder and
more difficult tobreakup, and therefore, extra pressure
is required to fragment

Fig. 1. Schematic illustration of the suitable range of soil 
moisture (expressed as water content or matric potential) for 
visual soil evaluation, in analogy to the relationship between 

soil friability and soil water content. Adapted from 
Munkholm(2011). 

dry aggregates. Especially, it is important that the soil 
is not dried to conditions drier than it has ever 
experienced before, as this is associated with 
irreversible soil structural changes, when smaller 
aggregatesmaybreakupduetoporeweakening(Hornetal.
,2014). This may not be a problem under many 
conditions, but could be crucial when evaluating 
subsoils in temperate climates. A wet soil is weak, 
and beyond a certain moisture content soils no longer 
break-up, instead the aggregates plastically deform 
when a pressure is applied. Both, a too dry and a too 
wet soil may result   in a false interpretation of its 
structure. Soil friability describes the tendency of a 
soil to break down into fragments of desired sizes 
upon application of a stress (Utomo and Dexter, 
1981). A range of water contents can be defined 
within which soil friability is satisfactory (see 
Munkholm, 2011). The upper (i.e. wet) limit of this 
range is typically defined from soil consistency and 
often assumed at w=PL(lowerplasticlimit). 
AshortcomingofusingPLasalimitis that it is 
determined on remoulded soils, and natural soil may 
behave differently. The lower (i.e. dry) limit is less 
well defined but related to energy requirement for 
fragmentation. Soil friability is maximum at 
intermediate soil water contents, with the maximum 
friability at a water content, w, at around 0.9 PL, see 
Munkholm(2011). Similarly, we can define a range of 
suitable water contents for visual soil evaluation (Fig. 
1). It may be assumed that the range of water contents 
for satisfactory friability and satisfactory visual soil 
evaluation coincide. For this reason, it is generally 
recom- mended that visual tests are conducted while 
the soil is within the friable range (Ball et al., 2017), 
to avoid misinterpretation of the sample. The ease of 
fragmenting an aggregate is one of the key factors 
evaluated by VESS. We suggest that the optimum 
range of water contents for visual soil evaluation 
could be investigated in future research. The range of 
suitable water contents may be affected by climatic 
conditions (e.g. rainfall patterns) and soil type 
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(e.g.differentforsandsoilsvsclaysoils).Thelatterproble
mmaybe overcome by specifying a range in matric 
potentials rather than in water content. Another 
strategy could be to develop methods to normalize 
VSE results to a standardized water content (e.g. by 
using w/PL) or matric potential. This would require 
that the water content and/or matric potential at the 
time of VSE is measured, as suggested by Babel et al. 
(1995). Furthermore, it could be interesting to 
perform VSE at various water contents/potentials. We 
hypothesize that the change in soil quality (e.g.score) 
as assessed by VSE as a function of soil water status 
may carry some information on the resilience of a 
certain soil (structure). 

3.2. Extending the scope of VSE by integrating 
biological indicators 

Macrofauna and root activity, which are also assessed 
in VSE methods, play a major role in soil structural 
quality, mainly by improving macroporosity, by 
promoting aggregation, and by stabilizing structures 
(e.g. Lynch, 1984; Kay, 1990; Dexter, 1991;Uteau et 
al., 2013; Han et al., 2015; Pagenkemper et al., 2015). 
Some methods, such as the VSA, include the number 
of earthworms as an indicator of soil quality 
(Shepherd, 2009), while Munkholm (2000)uses the 
number of earthworm holes as another quality aspect 
to be evaluated. Munkholm (2000)highlights the 
difficulty of evaluating soil macrofauna as it can be 
difficult to observe the fauna before they escape the 
soil block extracted for evaluation. VESS does not 
currently include faunal presence as part of its 
evaluation, however, the presence of distinct biopores 
(resulting from earthworm and root activity) is a 
criterion for attributing a score and counting of 
earthworms within the block is proposed as an 
extension of the method. Franco et al. (2017)showed 
positive correlations between VESS and reduction in 
Isoptera and Coleoptera abundance, while earthworm 
activity has been shown to have an important impact 
on soil structural quality (Piron et al., 2012). 
Therefore, the improvement and incorporation of 
faunal assess- ments in visual methods and the 
evidence of their action in soil structure dynamics 
should be a future research goal, as also highlighted 
by Boizard et al. (2007)and Munkholm and 
Holden(2015). 

3.3. Combining visual soil assessment methods 
with remote and proximal sensing and interactive 
tools for mobile devices 

Remote sensing techniques can be used to show 
diagnostic indicators of soil properties, such as soil 
texture (Peng et al., 2014), organic matter content 
(Viscarra Rossel and Hicks, 2015; Aldana-Jague et 
al., 2016), organic matter quality (Ben-Dor et al., 
1997), iron content, soil texture or particle size 
distribution, clay mineralogy, water content,  soil 

contamination  (Peng  et  al.,2016), cation exchange 
capacity and calcium carbonate content through 
imaging spectroscopy  (Ben-Dor  et  al.,  2009; 
Stenberget al., 2010; Soriano-Disla et al., 2014) and 
soil moisture through RADAR sensing (Zribi et al., 
2011). Estimates of these properties by means of 
remote sensing typically rely on 
relationshipsestablished from standard measurements 
on pre-treated and remoulded soil samples in the 
laboratory. However, actual in situ properties of 
structured soils may differ from apparent properties 
measured on homogenized samples. Therefore, there 
is a risk of misinterpreta- 
tionofdata.Forexample,Hartmannetal.(1998)showedth
atthere is a difference in the observed cation 
exchange when comparing homogenized samples 
with in situ structured soil. Multispectral sensing can 
be used to estimate land cover and use, vegetation 
indices and degradation (Dewitte et al., 2012; Mulder 
et al., 2011). Here we differentiate remote sensing 
that is airborne or satellite basedatthelargescale 
fromproximalsensingthatisground-based for finer 
scales (Wulf et al.,2015). 
Proximal sensors utilize a variety of electromagnetic 
radiations to infer information on salinity, organic 
composition, mineralogy, moisture content, topsoil 
thickness and clay content (Samouelianet al., 2005; 
Viscarra Rossel et al., 2006). These and other sensing 
techniques can be used to differentiate the landscape 
or plot intoscaled units of sensory output that can be 
related to site properties through field sampling 
(Paradelo et al., 2016). Good correlations have been 
observed between the results of remote or proximal 
sensing and soil variables such as bulk density, 
penetration resistance, soilorganiccarbonand 
soilmoisture and, forVIS-NIR sensing of soil quality, 
has been related to visual quality scores for VESS 
(Askari et al., 2015). 
A promising area of future study is the correlation of 
electromagnetic spectrum sensing results with visual 
evaluation scores as it would allow the interpolation 
of a limited number ofSq scores (from VESS) over 
the sensed areas, reducing the burden of sampling. 
This would be of particular relevance in precision 
farming where inputs are related to soil variables. 
Aerial photography, now available at low cost using 
Unmanned Aerial Vehicle (UAV/drone) technology, 
could be used to identify areas of compacted or 
degraded soil for further investigation via VSE. 
Combining techniques of remote and ground-based 
sensing and yield mapping could be used to delineate 
areas with similar soil properties and/or adverse yield 
productivity (Fig. 2), and thereby assist in selecting 
locations for more detailed investigation using VSE. 
In addition, use of handheld devices with various 
sensors (e.g. NIR to detect moisture content) could 
complement VSE and make soil quality scoring more 
robust (cf. Section3.1). 
Another promising area of developing technology is 
the use of interactive tools for mobile devices, such as 
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smart phones and tablets, that include instructional 
help videos, methodologies and 
scoringapplications,whichallowfieldobservationstober
elatedto reference photographic guides, to make soil 
quality scoring more relevant or for easy transmission 
to experts available online. This would allow more 
information to be available than from a chart or 
fieldguide,reducingerrorsandtheinfluenceoftheoperato
r. 

3.4. Integrating VSE with other properties to 
provide more holistic estimation of soilquality 

The measurement of soil hydraulic properties is a 
useful indicator of a drainage or aeration limitation of 
the cropping potential, however, inferring these 
properties via visual methods 
canbedifficult.Manysoilfeaturescloselyrelatedtosoilhy
draulics, such as surface crusting, large cloddy 
structure, soil colour, surface deformation, surface 
ponding, soil erosion and surface microrelief can be 

scored visually using ad hoc keys (Murphy et al., 
2013;Guimarães et al., 2015; Shepherd, 2009). 
Including surface features in visual methods could be 
of particular value by enabling improved inferences 
regarding hydraulic properties. For example, 
recordingthepresenceofsealingorsurfacecrustingorplat
ylayers could imply restricted infiltration or water 
drainage. The development of visual assessments 
such as the erosion toolkits that relate soil texture and 
slope to soil structure and thereby to risk of erosion 
(Regan, 2012; Guimarães et al., 2015) could enable 
more objectivity when linking surface features with 
soil structural quality. 
Profile methods, such as SubVESS, “Profil Cultural” 
andSOILpak (topsoil and subsoil) give an overall 
status of soil structure to a greater soil depth than the 
spade methods. A vertical continuous pore network is 
important for soil functions, such as drainage and 
aeration and as a conduit for root growth, all of which 
are key factors for crop productivity and profile 
methods are suitable when  

Fig.2.Conceptualfigureshowingtheuseofremoteandproximalsensingandinteractivetoolsformobiledevicestogetherwithvisualsoilevaluat
ion.Remotesensingand ground-basedsensingcanidentify variationsinsoilpropertiesandyield-

limitingfactors(e.g.soiltexture,nitrogenavailability,soilmoisture,soilcompaction), whileyield mapping reflects the spatial variability of 
productivity. For example, combining areas of poor soil conditions and restricted productivity reveals zones that require further 
evaluation by VSE in order to deduce specified soil management recommendations for soil improvement. Ground-based sensing 

photo from Naderi-Boldaji et al. (2014).VisualsoilevaluationphotofromDr.CraigD.Rogers. 

tracking macropore continuity (Munkholm and 
Holden, 2015). Identifying and distinguishing man-
made from naturally com- pacted layers will enable 
profile methods to be more useful for identifying 
subsoil layers that require loosening. Munkholm 
andHolden (2015) reported that identifying the layer 
that limits plant growth is crucial for subsoils, 

therefore, reporting evaluations for individual layers 
is recommended by Ball et al. (2015)and McKenzie 
(1998). 
Assessment of agricultural land in terms of soil 
quality and soil structure using quick VSA and VESS 
techniques has been shown to provide an indication 
of the potential for soils to store C, release GHGs and 
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lose nutrients, and are therefore important for 
identifying problems as well as to combat 
environmental change 
(Cloyetal.,2015).VSAandVESSwerealsousedtoestima
tetherisk of soil emissions of nitrous oxide from 
pastures where compaction damage was present and 
rates of mineral N fertilizer were high. Visual 
assessments also have the potential to assess the risk 
of surface water runoff and nutrient loss. Such 
assessments which combine detailed soil and crop 
visual evaluations with fertilizer management history 
are areas for potential development. The potential 
role of soil colour was shown for the further 
extension of visual evaluation techniques to a soil 
carbon storage index. These methods show clear 
potential for further development and research to 
provide validation of scored soil and crop qualities 
with measured properties of soil C storage, GHG 
emissions and nutrientleaching (Cloyetal.,2015; 
Balletal.,2017). 

Extending  and  combining  visual  methods  with 
other  simple quantitative or qualitative field methods 
will give a more general soilqualityindicator, 
suchasin VSA and SOILpak(Muelleretal., 2014; 
Munkholm and Holden, 2015). Govaerts et al. 
(2006)proposed a minimum data set to assess soil 
quality that should take into account soil and climatic 
conditions for the specific agro- ecological zone and 
their interaction with land use. Mueller et 
al.(2014)also proposed the combination of 

quantitative and qualitative field based methods with 
visual evaluation of soil methods. Combination of 
VSE methods with visual crop evaluation may also 
extend the agronomic relevance of VSE for 
identifying limiting soilconditions. 

IV. POTENTIAL OF VISUAL SOIL
EVALUATION METHODS TO ADVANCE
SOIL STRUCTURE RESEARCH

4.1. Accounting for spatial variability in soil 
modelling 

Quantification of the form of soil structure can be 
achieved through imaging (e.g. Peth et al., 2013) or 
indirect measurements (i.e. water and gas transport, 
aggregate size distribution, etc.; e.g. Ball et al., 1988). 
All imaging techniques and physical measure- ments 
are limited to a given size of observation, which 
makes our understanding of soil structure 
discontinuous and incomplete. Thus, extrapolation 
from measurements on soil samples to soil profile  or 
to  field  is  uncertain  (e.g.  Etana  et  al.,  2013). 
Usually, averaged measurements on randomly 
sampled soil cores (10—2m) are used to explain soil 
functioning at the profile (100 m) or field scale (102 
m), or to parameterize models. The issue of upscaling 
observations at core or smaller scale to field, 
landscape and global scale was highlighted as one of 
the essential challenges for soil modelling in a recent 
extensive review (Vereecken et al., 2016). 

Fig. 3. Conceptual figure illustrating how the spatial information obtained from visual soil evaluation could be used in soil process 
modelling. We outline two ways of incorporating structural information in  models, either via localization of areas of different soil 
properties (left) or  via a statistical approach (right). Detailed profile  methodscan be used for either method, while spade methods 

are limited to incorporation of spatial information via statistical means. Different levels of grey in the lower left picture 
representdifferentsoilqualityscoresordifferentvaluesofagivensoilproperty.ProfilCulturalphotofromBoizardetal.(2017).VESSphotofro

mRachelM.L.Guimarães. 
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The variability of a soil property can be described 
using probabilistic models (Perfect and Kay, 1994; 
Chun et al., 2008). However, simulation and 
evaluation of the effect of agricultural practices on 
soil functions often need maps of the spatial 
organization of the different structural features. 
Geophysical methods including electrical resistivity 
tomography, ground penetrating radar and seismic 
methods can be used to  obtain  two- or three-
dimensional maps of soil physical properties thatcan 
be related to parameters relevant for soil models 
(Besson etal.,2004; Petersen et al., 2005). Further 
information on spatial variation of soil structural 
features can be readily assessed in situ by visual soil 
evaluation methods. VESS has been used to 
determine the minimum sampling density of VESS 
and of other assessmentsof soilqualitytocapturethe 
spatialvariationinafield. This involved sampling at up 
to 16 points per ha and mapping the data sets by 
kriging at decreasing sampling density to determine 
the optimum sampling density. This was 0.9–1 per ha 
for the two agricultural fields assessed (Laura 
Thomas and Bryan Griffiths, SRUC Edinburgh, 
personal communication). This corroborates 
similarresultsfoundbyRachelM.L.Guimarães(unpublis
heddata), who evaluated 36 blocks per ha and 
concluded that one VESS evaluation per ha was the 
minimum sample density required to accurately 
represent a field's soil quality via VESS, however, it 
is suggested that three replicates should be taken per 
ha for statisticalpurposes. 

Few studies have attempted to integrate soil structure 
spatial variability at the profile scale as described by 
visual soil evaluation methods into models, but some 
exceptions are the studies by Benjamin et al. (1990), 
Coutadeur et al. (2002)and Ndiaye et al.(2007). The 
methodology was the same for all these studies: 
physical measurements were performed in the 
laboratory or in the field for the different structural 
zones as identified on the soil profile by VSE, and 
measured soil parameters were used to model heat or 
water transport in two dimensions. However, none 
ofthese works took into account the temporal 
variation in soil structure, which would need also a 
model of structure dynamics, e.g. ‘Sisol’ developed 
by Roger-Estrade et al. (2009). For the studies 
mentioned above, VSE methods were  used  to  give 
information on the spatial distribution of different 
zones, but soil properties needed to model the process 
in question (e.g. water transport) were obtained by 
measurements. VSE methods were used to choose the 
position of the sampling, which might lead to an 
overestimationofthedifferencesbetween,forexample, 

loose and compacted zones, as transitions between 
these zones might be difficult to sample. 

The DVWK bulletins 234 and 235 (DVWK, 
1995b,1997) showed that prediction of soil functions 
(e.g. soil strength) requires knowledge of in situ soil 
structural features related to aggregation, in addition 
to intrinsic soil properties (e.g. texture). Similarly, in 
a recent study, Moncada et al. (2014)showed that 
pedotransfer functions could benefit from integrating 
a VSE score. All these results might be due to the 
more holistic approach of VSE methods as compared 
with specific physical measurements. It is well known 
that soil structure changes over time due to natural 
and antrophogenic factors. Despite this, dynamic 
changes in soil structureareignoredinmost 
soilmodels(Vereeckenetal.,2016)— most likely due to 
lack of empirical data. VSE methods aresensitive to 
temporal changes (Boizard et al., 2013; Ball and 
Munkholm,2015)andmaybeusedastooltoassessinsituc
hangesataggregate to pedon scale and at different 
depths. Qualitative information from a VSE method 
at different times before and after tillage could be 
successfully used to model soil structural dynamics as 
affected by tillage (Roger-Estrade et al., 2000). Fig. 
3illustrates how the spatial information obtained from 
visual soil evaluation could be used in soil process 
modelling. The qualitative information from VSE 
may be supplemented with quantitative data at 
selected times and depths, which may be used in 
more mechanistic soil  modelling. 

4.2. Improving the description of compaction 
propagation by including spatial description of soil 
structure within the soil profile 

Compaction is a major soil threat due to ongoing 
intensification of agricultural practices: farmers and 
contractors choose large machinery to increase 
efficiency of field operations, and industry designs 
machinery that can perform on weak soils to increase 
flexibility of field operations planning (Schjønning et 
al., 2015). Description of the stress-strain processes 
during compaction of agricultural soils is typically 
based on geotechnical frameworks using continuum 
mechanics (Nawaz et al., 2013). However, 
agricultural soils present a three-dimensional 
organization of various components (mineral and 
organic particles, plant residues, stones) (e.g. Horn, 
1990). Although approaches from continuum 
mechanics have been shown to produce fairly good 
estimations of stress transmission in arable soils 
(Keller et al., 2014), especially tilled topsoils, these 
may rather resemble a granular material 



Openings and Future Headings for Visual Soil Assessment Techniques in Soil Structure Research 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

175 

Fig. 4. The importance of including structure information for predicting stress propagation. Stress transmission in an undisturbed 
soil column (0.2 m high and 0.2 m in diameter) derived from X-ray computed tomography at applied stresses of 275 kPa (A) and 620 

kPa (B). Source: Adapted from Naveed et al. (2016). 

Fig.5.SpatialinformationonsoilstructureprovidedbyVSEcouldpotentiallyleadtoabetterrepresentationofstresspropagation.(A)Aphotoe
lasticviewofaplate,(B)a regularpackingofmono-

sizeddiscsand(C)arandompackingofdiscswiththreedifferentsizes.Allaresubjectedtoapointloadof600N.Theplateandthediscsweremade
of polycarbonate,whichhasaYoung'smodulusof2.0GPaandaPoisson'sratioof0.37. 

(assembly of aggregates) than a continuum. Horn 
(1990)showed that stress transmission is affected by 
soil aggregation, readily assessed in some VSE 
techniques. The model described andapplied by 
Richards et al. (1997)and Richards and Peth 
(2009)could accommodate heterogeneity of soil 
properties and accounts for their evolution due to 
mechanical and hydraulic stresses. Naveedet al. 
(2016) recently observed that, in topsoils, stress 
propagation was heterogeneous and occurred through 
specific paths as long as the macro-structures were 
not deformed (Fig. 4). Thus, mechanics of tilled soil 
layers may be better described by granular matter 
physics than continuum physics. The mechanical 
behaviour of granular materials largely depends on 
grain size distribution (Voivret et al., 2007) and grain 
shapes (Azéma et al., 2009). By analogy, soil 
aggregate size distribution and aggregate shapes are 

expected to influence soil mechanical behaviour. Fig. 
5A illustrates the elastic mode of stress propagation 
under a point load in an isotropic and continuous 
matter as described by Boussinesq(1885), which 
might be enough to describe stress propagation under 
certain soil conditions. Bulk measurements of soil 
physical parameters (such as measurements on soil 
cores) average soil properties for the volume of the 
sample, and measurements on replicated soil samples 
are typically averaged to represent properties at the 
pedon scale. Using average soil properties for a 
collection of aggregates may lead to an 
oversimplified description ofsoilpropertieswithina 
profilethatwould result in an unrealistic stress 
propagation (Fig. 5B). Introducing some information 
about the aggregate properties (size distribution) and 
how the collection of aggregates is spatially 
organized would improve description of stress 
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propagation and therefore help better understanding 
of the mechanical behaviour of structured soil (Fig. 
5C). Therefore, information from VSE methods 
associated with granular physics would help to better 
understand stress-strain relationships of aggregated 
soillayers. 

V. CONCLUSIONS

Since their inception VSE methods have grown to 
become important tools in research. However, VSE 
methods still need better harmonization and reduction 
in subjectivity in aggregate exposure and the 
influence of soil moisture content at sampling for 
more accurate scoring. Handheld sensors and ICT 
devices may also help in this area. The spatial 
distribution of structural features recorded by VSE 
methods is often integrated into a score or soil quality 
index. We argue that VSE provides important 
information regarding spatial distribution of soil 
structure, particularly aggregation and macro-
porosity, which could be disaggregated 
andusedtobetterunderstandvarioussoilprocesses,espec
iallythe process of soil compaction. More detailed 
VSE methods, such as ‘Profil Cultural’, could be 
developed (simplified, disaggregated and made more 
accessible) so that the spatial information is more 
easily provided. VSE could be combined with sensing 
techniques at field or landscape scale for better 
management of fields in the context of precision 
farming. Combining VSE methods with visual crop 
evaluation may extend the agronomic relevance of 
VSE for identifying limiting soil conditions. Further 
work should be done to integrate plant vigour, roots 
and soil fauna into VSE methods to provide general 
indicators of soil quality and environmental 
indicatorsofgreenhousegasemission,carbonstorageand
nutrient transport. Forthispurposemorecomparisons 
betweenscoringand field/laboratory measurements are 
needed. However, we see a great potential in 
combining (rather than comparing) VSE with 
measurementsofsoilstructure,i.e.integratingVSEinsoil
structure research, as these methods provide 
repeatable spatial information on large-scale aspects 
of soil structure that are difficult to obtain with 
othermethods. 
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Highlights - 
DCMD innovation has acquired a gigantic measure of interest throughout the long term. Momentum examination and late 
uses of DCMD are audited in this dad per. Recent concerns, for example, layer fouling and working conditions are talked 
about. Combination of DCMD with environmentally friendly power, for example, sunlight based energy is additionally 
introduced. 

Graphical Abstract - 

Abstract - 
In this paper, the current and latest utilizations of direct contact layer refining (DCMD) are examined. Aside from its quickly 
expanding use for the desalination of profoundly saline feed water, the DCMD is gradually turning into a favored innovation 
for delivered water treatment, purification of groundwater, recovery of modern interaction water, expulsion of micro-
pollutants from drinking water, juice fixation, and creation of synthetic items. The essentials of the DCMD and 
administering conditions (from warmth and mass exchange rules) that portray execution boundaries are first clarified. Recent 
concerns in the DCMD tasks, for example, the influence of layer type, film fouling, and working conditions on the DCMD 
execution or profitability are likewise examined in this paper. Crossover frameworks and environmentally friendly power 
incorporation with DCMD frameworks have been introduced as feasible arrangements that would improve the 
maintainability of the DCMD activities. 

I. INTRODUCTION

Membrane technology is gradually becoming the 
first-line choice for manyphysicalandchemical 
processesintheindustries [1,2].Membrane processes 

are currently of prime importance in the water 
treatment sector oftheeconomiesof manynations 
becauseofthe numerous benefits of membrane 
separation over thermal technologies[3–5]. Some of 
these benefitsincludethe
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avoidanceofcostlyandinefficientthermalenergy [3,6], 
reduction of environmental impacts associated with 
fuel combus- tion for thermal energy production, 
lower pumping and capital require- ments, and huge 
ecological footprints required in many thermal 
distillation plants [7]. However, established 
membrane separation pro- cessesincluding 
reverseosmosis(RO) havealsobeen showntobesus- 
ceptibletochallengessuchasanearinverserelationshipbe
tween membrane selectivity and permeability 
[2,5,8,9], higher levels of energy requirement and 
membrane fouling when membrane technology is 
usedforcertainapplicationssuchasdesalinationofhighly
salinefeed [10], highlevelsoffeed
pretreatmentrequirements[11,12],andinability ofmany 
membrane storemovemicropollutants
andcontaminantsof emerging concern from feed 
water because membranes only concentrate 
thesepollutants(butdonotdestroythem)[13,14].Therefo
re,attempts havebeenmadetointegrate
membraneseparationwiththermaldistilla- tioninorder 
tocombinethe comparativeadvantages 
ofbothapproaches inwhatisknownasmembrane 
distillation(MD)[15–19]. MDisather- mallydriven 
separation processin whichahydrophobicmicroporous 
membraneseparatesafeedstreamandareceivingphaseha
vinga lowertemperature[16]. 
Thedrivingforceofheattransportisthe temperature 
gradient acrossthemembrane 
whichresultsinawatervaporpres- sure differential that 
causes transport of water vapor through the 
membranepores[20].Themaincompetitiveadvantageof
MDisthatdis- tillationoccursbelow thenormalboiling 
pointofthefeedsolution[21]. 
Thisseparationmethodisbased onequilibriumbetween 
the vaporand liquid molecules of the liquid 
mixture[19]. 
Therefore,in MD, separationoccursasaresult 
ofphasechangearising fromthepartialvaporpressure 
differencebetweenthefeedandreceiving phase[22]. 
Thebarrierimposed by themembranetotheliquid(feed) 
phaseallowsonlythevaporphasetopassthroughthemem
branepores. 
Asaresult,volatilemoleculeswillevaporateatthehotliqui
d/vaporinter- face,thevaporswillcrossthe membrane 
pores and condenseonthecold liquid/vaporinterface 
insidethemembranemodule[23–25]. Forfeeds 
containingvolatilesolutes,thesesoluteswillpassthrough
themembrane whentheirboilingpointsare 
lessthanthatofwater[19].Because MDisa 
nonisothermal processinwhichthehydrophobic 
membraneisnotwetted bywater,itislessproneto 
membrane fouling, itexhibitshigherrejection of 
soluteswhencomparedwithconventionalmembranetec
hnologies suchasRO,anditisunaffectedby 
highosmoticpressureofhighlysaline feed[16]. 
Inaddition,whenMDiscompared withfull-
scalethermaldistil- lationapproaches, MDcanbecarried 
outatloweroperatingtemperatures and pressures 
becauseitrequireslowervaporspace(duetomembrane 

barrier),ithasgoodcompatibilitywithwasteheatsources
orrenewable 
energy,anditcanbeusedfordecentralizedapplicationsbe
causeofits 
lesscomplexconfigurations[20,26].Therehasbeenasurg
einMDresearch inthelastdecade.
Fig.1showsasignificantincreaseinthenumberof  

Fig. 1. Number of Google search results since 2000. 

GooglesearchresultsforMDsincethebeginningofthe21s
tcentury.Despitethe increasing researchefforts, 
MDisnotappliedonanindustrial scaleyet.
Themainreasonsarethelackofcommerciallyavailablem
em- branes and energy cost[18]. 
MD membranes are attractive becausetheyallow 
retentionofliquid waterandpassageofwatervapor. 
Theliquidwaterdoesnotenterthe non-polarmembrane 
poreseventhoughtheaverageporesizeofmicro- 
porousmembranesissignificantlyhigherthanthediamete
rofaliquid watermoleculebecauseof high surface 
tension of water[27]. Aconvex meniscusisformed 
inthe membrane poreasaresultofthehighwater 
surfacetension–knownascapillaryaction–which 
restricts themem- brane from porewetting. 
Porewettingoccurswhenthepressureoftheliquidfeedisa
bleto 
propeltheliquidthroughthemembranepores[28,29].Thi
spressure 
isknownasLiquidEntryPressure(LEP).LEPismeasured
bythecontact 
angleandusedtodescribethehydrophobicityofthememb
rane.Some- 
times,itisthemembranesupport,ratherthantheactivelaye
r,thatis 
wetted[28].Thewatercontactangleofhydrophobicmem
branetends 
tobeabove90upto150°(ormoreforsuperhydrophobicme
mbranes) 
toensurethatwaterdropletslieonthemembranesurfacewi
thoutwet- 
tingit[30].HighLEPisfavoredbymembranepropertiesin
cludingsmall 
poresize,lowsurfaceenergy,highsurfaceroughnessandh
ighsurface tension [31,32]. Operating temperature 
and feed composition might 
alsoinfluencetheLEPindirectlybyalteringtheliquidcont
actangle 
andsurfacetension[33].Liquidfeedcontainingorganic,i
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norganicand 
amphiphiliccomponentscanacceleratemembranewetti
ng[29]and 
microstructureevolutionathightemperaturecanenhance
thepropen- 
sityofmembranewetting[34].Therefore,theproductivit
yandselectiv- 
ityofMDmembranesarelimitedbythewettingpressure.
Meanwhile, 
thedepositionofnanoparticlesonmembranesurfaceshas
been 
showntoimprovethesuperhydrophobicityorporewettin
gresistance 
ofmembranes[32,35,36].SiO2nanoparticlesgraftedont
hesurfaceof 
commercialpolypropylene(PP)MDmembranehavebee
nshowntoin- 
creasethesurfaceroughnessandhydrophobicityoftheme
mbrane[32]. When compared with the virgin 
membrane, the nano-coatedmem- 
braneexhibitedhighersurfaceroughnesswhichprevente
dporewet- ting,asinspiredby 
lotusleafeffect[32].Thelotusleafisasocial 
symbolofpurityinBuddhistculturebecauseitresistsdirta
ndmud. Therefore,theimpartationofwater-
repellingpropertiestoamembrane 
throughthemodificationofitssurfaceroughnessinaways
imilartothe 
pronouncedroughnessofalotusleafisknownas―lotusef
fect‖bio- 
inspiration[37].Polyvinylidenefluoride(PVDF)nanofi
bermembranes 
thatweremodifiedwithsilvernanoparticleordopamineh
avealso shown anti-wetting property when compared 
with un-altered mem- 
branes[35].Usinga3.5wt%NaClasthefeedsolution,anin
tegrally- 
modifiedPVDFnanofibermembranewasabletoachieve
astableflux 
of31.6L/m2hbecauseofthemodificationsofitsmorpholo
gyandtopol- 
ogycausedbythehierarchicalnanostructures[35].Theco
atingofnano- TiO2onPVDFmembranesthroughalow-
temperaturehydrothermal 
processandsubsequentfluorosilanizationofthemembra
neshasalso beenshowntoimpartanti-
wettingpropertyonthemembranesbyin- 
creasingthewatercontactanglefrom125to166°[36]. 
CurrentissuesintheuseofMDforseparationprocessesrev
olve 
aroundthelowproductivityofMDmembranesasaresulto
flimitations 
thatmustbeimposedontheexternalpressureloadonthefe
edtoavoid pore wetting [22]. To avoid pore wetting, 
the transmembranehydro- 
staticpressureshouldnotbegreaterthantheliquidentrypr
essure– 
thelowestpressureneededtowetthehydrophobicmembr
ane.Anat- 
tempttoincreasetheexternalpressurebeyondtheaccepta

blelimit 
wouldcausesevereporewetting,membranefouling,andl
owsolutere- jection[23,25].Lackofcustom-
mademembranesspecificallyfabricated 
forcommercialMDapplicationsispartlyresponsibleforc
urrentissues affecting MD membrane performance, as 
membranes designed for con- 
ventionalmembranetechnologies(suchasmicrofiltratio
norMFandul- 
trafiltrationorUF)arecurrentlybeingusedformostMDin
vestigations. 
Inaddition,energyinefficiencyisasourceofconcerninma
nyMD 
applicationscurrentlybecauseenergyislostduetotemper
aturepolar- 
izationatthemembraneandheatofcondensationatthecol
d(perme- ate) side. Although the partial vapor 
pressure of the feed can be 
improvedbyusingrenewableenergy,especiallysolarther
malenergy, 
thethermalenergycontentofthepermeateisnotreusedfori
ncreased 
productwaterrecoveryinmanyapplications[19,28]. 
MDtechnologiesincludedirectcontactmembranedistill
ation(DCMD) 
whereacoldliquidisindirectcontactwiththemembraneat
thepermeate 
side,airgapmembranedistillation(AGMD)whereanairg
apactsasthe 
condensingsurfaceatthepermeateside,sweepgasmembr
anedistillation 
(SGMD)whereagasisforcedthroughthegapatthepermea
tesidetoaid 
theevaporationoflessvolatilesubstancesofinterest,andv
acuummem- brane distillation (VMD) where gap 
channel configuration issubjected to 
vacuum[16,23].DCMDhasreceivedgreaterattentionbe
causeitdoes 
notrequireanexternalcondenseranditismoresuitablefor
water- 
basedapplications[28].DCMDhasthesimplestMDconfi
guration.Theop- 
erationofDCMDisrelativelyeasyandhighfluxcanbeobt
ainedatthe 
rightoperatingconditions[38].However,DCMDischara
cterizedbylow thermal energy efficiency because the 
evaporator and condenser surfaces 
arecloseleadingtoloweffectivedrivingforce(ascompare
dtothemuch 
higherbulktemperaturedifferenceacrossthemembrane)
[39].AGMDex- 
hibitshighefficiencyofthermalenergyutilizationbutlow
flux.SGMDalso 
showshighthermalefficiencybutrequirelargeflowsofsw
eepinggasto 
producehighpermeaterecovery.VMDcanbeusedtoobta
inbothconsid- 
erablethermalefficiencyandpermeateflux[40].LikeDC
MD,theproduc- 
tivityofVMDcanalsobeimprovedbyincreasingthefeedt
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emperatureand 
flowrate[16].ThecascadingofVMDmembraneswiththe
aimofreducing 
feedpressureinamultistagestepwiseconfigurationandre
coveringener- 
gyforfeedpreheatinghasalsobeencarriedoutinordertosh
owtheeco- 
nomicviabilityofVMD[41].However,itisinterestington
oteherethatthe set-
upprocedureforVMDisquitecomplicated,mainlybecau
seofthevac- 
uumandexternalcondensers[38].Thisisaseriousdrawba
ckforVMD. 
VMDremainsoneoftheleastinvestigatedMDconfigurati
onsfordesalina- 
tionbecauseofthisdrawback[38].Also,thecomplexityof
VMDconfigura- 
tion,ascomparedtoDCMD,doesnotguaranteehigherpro
ductivityat 
lowertemperatures.DCMDperformsbetterthanVMDin
termsofperme- 
ateproductionrateatlowtemperaturesinspiteofitssimple
configuration 
[40].TheeffectofvacuuminVMDonlybecomesnoticeab
leathighertem- 
peraturesorhighflowrateconditions.Attheselevels,there
sistanceto masstransfercausedbymolecule-
moleculecollisionisremoved[42].In 
addition,unlikeinDCMD,thedirectcontrolofpermeatete
mperatureis 
notpossibleinVMDbecausethevacuumpressurecanonl
ybeachieved 
throughavacuumpump[3].Asignificantlyhighpressure
variation 
mightalsobenoticedonthemembranesurfaceinVMDbec
auseoftheap- 
plicationofvacuum,whichmighteventuallyresultinwett
ingorreduction 
inhydrophobicityofthemembrane[39].Therefore,mostr
esearchon 
VMDhasfocusedmainlyontheremovalofvolatileorgani
ccompounds 
suchasethanol,withonlyminimalstudiesondesalination
[39]. 
Therefore,inthispaper,thecurrentandrecentlydevisedap
plica- 
tionsofDCMDhavebeendiscussed.Theaforementioned
issuesassoci- 
atedwithMDhavealsobeenpresented(inthecontextofma
inly DCMD). Viable solutions in terms of 
hybridization of DCMD with 
existingtechnologiesandincorporationofrenewableene
rgywith 
DCMDinasustainablemannerhavealsobeenproposed.
Wangand 
Chung[18],Alkhudhirietal.[16],Driolietal.[15]andZha
ngetal.[43]recently reviewed the main principles, 
possible configurations, oppor- 
tunitiesandchallengesofmembranedistillation.Howeve
r,noneof 

thesereviewsdiscussedtheapplicationsofDCMDandcur
rentissuesas- 
sociatedwithDCMDindetail.Eachofthesereviewsdiscu
ssedspecific 
issuesaffectingMDingeneralwithoutanexpositiononthe
currentis- 
sues,applications,challenges,andviableopportunitiesav
ailableto 
DCMDinparticular.Thisreviewprovidesmoredetailsint
otheapplica- 
tionsofDCMDandsummarizestherecentadvancements
ofdifferent 
aspectsofDCMDsuchasmembranematerials,operating
conditions, 
andenergyrequirements.Challengesandopportunitiesa
vailablefor 
improvementofDCMDarealsodiscussedinthisreview.
Asthisreview 
willelaborateontheemergingtrendsinthedevelopmentof
DCMDin 
termsofexperimentalworkandmodeling;thesustainabili
tysectionat- 
temptstoclarifythestrengthsandweaknessesofthetechn
ologyasit 
triestogainafootholdagainstmorecommondesalination
options. 

II. FUNDAMENTALS OF DCMD

MD was first introduced in the 1960s. It was first 
patented by Bodel in1963[22,28]. 
Itwasnotdevelopedformanyyears(Fig.1)duetoun- 
favorableeconomicpurposesandanestimatedlowtempe
raturepolar- izationcoefficient.
Thiscoefficientiscalculatedusing Eq.(1). 

        (1) 
where,Tfmisthetemperatureofthefeedonthemembranes
ide, Tpm isthetemperature ofthe permeateonthe 
membraneside, Tfb isthe temperatureofthebulkfeed 
and Tpbisthetemperatureofthebulkper- meate. This 
coefficientrepresentsthelossofthethermaldrivingforce 
duetothethermalboundarylayerresistances.Anestimati
onofthe temperature polarization effect allows a 
better understanding ofthe heatandmass 
transferresistances. Forexample,inamodeldeveloped 
byJensenetal.[44]aimedatestimatingthetransmembran
ewater fluxduringtheconcentration ofblack 
currantjuice, polarizationeffects wereshowntohave 
decreased the waterflux significantly.  
Later in the 1980s, newmembrane 
developmentallowedforabetter understanding
oftheheat and mass transfer principles through 
research. 
Thispermittednewapplicationssuchaswastewaterinclu
ding producedwatertreatment[45]. Therearefour 
different types of MD thatdifferintwoways:1-
thewayinwhichthevaporpressuregradient 
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ismaintainedand2-thecondensationmethodofthe 
permeatevapor. ThesefourmethodsareDCMD, 
AGMD,SGMD,andVMD. InDCMD, 
boththefeedsolution and an aqueous solutions 
thatiscolderthan thefeedsolution 
willbeindirectcontactwiththemembrane; the former at 
the feed sideandthelatteratthepermeatesideofthe 
membrane.DCMDmethodisthemostwidelyusedinrese
archdue toitssimplicityandeaseofapplication. 
TheAGMDcontainsastag- 
nantairgapbetweenthemembraneandacondensationsur
face wheretheevaporated volatilemoleculescross 
boththemembrane poresandtheairgap tocondenseover 
acoldsurface inthe mem- branemodule. 
AsfortheSGMD, aflowingstreamofgassweepsthe 
membraneatthepermeatesidewhichisfollowedbytheco
ndensa- tionofthevapormolecules outside the 
membranemodule. Inthe VMD, usingavacuumpump, 
vacuumisappliedtothepermeate sidewheretheapplied 
pressureislessthanthevolatilemolecules saturation 

pressure. TheairgapinAGMD,thesweepgasSGMDand 
thevacuumin VMDwereaddedinorderto reducetheheat 
loss dueto conduction and themass 
transferresistance[19]. Configurations of these 
distillation methods are shown in Fig. 2. 
In DCMD, sensibleheatlossresults inadifferenceinthe 
bulk and membrane interface temperatures. Fig. 3 
shows the temperatures of thedifferentpartsofatypical 
DCMD configuration. Duetothe lowering of 
temperature asthefeed movesfromthefeedchannel 
throughthe membranetothepermeatechannel
asaresultoftemperaturepolarization, thedriving forceof 
heattransferbecomesnegativelyaffected. In DCMD, 
thereissimultaneoustransfer of bothheatandmass 
determined bytheheatfluxandtransfer
coefficientsinboth feed and permeate sides[47].  

2.1. Heat and mass transfer equations  
There are three regions within a typical DCMD 
process where heat is transferred (Fig.3).  

Fig.2.ThefourMDconfigurations[46]. 
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Fig. 3. The bulk and membrane interface temperatures where 
Tbfis the bulk feed temperature, 

Tmfisthemembraneinterfacetemperatureatthefeedside, 
Tmpisthe membraneinterface temperatureatthepermeateside, 

and Tbpisthebulkpermeate temperature[48]. 

(2) 

(3) 

(4) 
In Eqs.(2)–(4), hf is the heat transfer coefficient of 
feed boundary layer, HL,f is the enthalpy of the 
feedsolution which is evaluated at the average 
temperature of feed and membrane/feed 
interface(Tbf+Tmf)/2, hm is the heat transfer coefficient 
of the hydrophobicmembrane, hp. is the heat transfer 
coefficient of permeate boundary layer, Jw is the 
permeate flux, Hv is the enthalpy of the vapor and 

HL,p is the enthalpy of the permeate solution which is 
evaluated at the average temperature of permeate and 
membrane/permeate interface(Tbp+Tmp)/2.. 

Asformasstransfer,thereisalinearrelationshipbetweent
hemass flux(Jw) and watervapor pressure difference. 
This relationship is shown in Eq.(5). 

       (5) 
where, Pmf and Pmp are the partial pressures of water 
at the feed and permeate sides which can be 
calculated from Antoine equation shown in Eq.(6). 

       (6) 
where,Pvisthewatervaporpressurein Pa and T is 
theequivalent temperatureinK[47]. Anincreasein 
feedtemperatureresultsina significant increaseinthe 
massflux. The use of higher operating temperatures 
ispreferableforanenhancementintheheatandmasstransf
erof the DCMD[49]. However, thereisalwaysathres 
hold for feed temperature becauseofthe liquidentry 
pressure (or wetting pressure). 

2.2. Recent DCMD models 

Somemodelshavebeendevelopedrecentlybyresearcher
sin ordertoimprovetheunderstanding of the 
fundamentalsof DCMD andestimatesome 
processparameters. Forexample,duetothecom- 
pressiblestructure, changingtheporosity, thicknessand 
poresize of themembraneofacommonly used 
membrane in DCMD (i.e. polytetrafluoroethyleneor 
PTFEmembrane), amodelwaspresented
byZhangetal.[50] forfluxand evaporation 
ratiopredictions. As- sumingthattortuosity remains 
constantduringmembranecom- pression, the DCMD 
model for flux prediction with changing 
pressureswasadvancedthroughmassandheattransferbal
ances. This model is applicable at high temperatures 
where there is a greatvariationinmembrane 
compression.Itwassuggestedthat 
thepressuredropalongtheDCMDmodulecouldbereduce
dbyre- ducingthemembrane lengthandusing 
compressible membranes. Inastudycarried 
outbyMartinezetal.[51],itwasobservedthat thenarrow 
poresize distributionsincommercialmembranesmake 

Themolecularand Knudsen resistances 
tobesignificantin the presence ofstagnantair, 
whereasintheabsenceofstagnantair, viscous and 
Knudsen contributions are important. Still, for 
membranes with smaller pores at low temperatures, 
low vapor pressures, the viscous contribution is 
minimal. Some of the recently developed models can 
becategorized into: blackbox, grey box,and two 
dimensional models. 



Standards and Utilizations of Direct Contact Layer Refining (DCMD): A Far Reaching Survey 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

186 

2.2.1. Black box models 
Raoetal.[52]usedasimplifiedfluxpredictionforDCMD
modeling usingamembrane structuralparameter. 
Theyclaimthatmanyofthe complex models for DCMD 
are based on unreliable mass transferas- sumptions. 
Correlation between 18 structural 
membraneparameters and permeate flux were 
proposed. Four parameters (ε(porosity)/ 
δ(thickness),ε/τδ,1/τδ,andanewparameterintroducedby
them i.e. coupled membrane structural property or 
Cm) were observed tohavethemostsignificant 
influenceonpermeateflux. Cm was developed 
inamannerthatitissimpleandnotcostlyto measure. 
Predictions that weremore accurate thanthe dusty gas 
model(DGM) were obtained. 

Knudsen and Browniandiffusioncoefficients 
havebeencombined withBosanquet'sassumptioninare 
centstudytoinvestigatethefunda- mentalaspectsofheat 
and masstransferin DCMD[53].Asagainstmany 
theoreticalstudieswhichhaveemployedtheuseofsoftwar
eorcompu- tationalapplication, thesolutionof 
Fick'slawwascarriedoutinitsoriginaldifferential form 
inthisstudysoastoobtainthemolarfluxof water vapor 
throughaDCMDmembranepore.An effective diffusion 
Coefficientwasobtainedfromthecombination of 
Knudsen and Brownian diffusion coefficients. 
Theresultsobtainedshowedthattherequired 
heatfluxmonotonouslyincreasedwiththevaporfluxthro
ughmem- braneporesandthetheoretical predictionof 
permeate fluxagrees withexperimentalobservations 
reportedintheliterature. 

2.2.2. Grey-boxmodels 
Amodelingtechniquethathasbeenusedinsomerecentstu
diesfor the evaluation of DCMD performance based 
on some operating param- 
etersisDGM.ThreedifferentformsofDGMhavebeencre
atedrecently 
toinvestigatetheDCMDmasstransportacrossGEAspire
QL833mem- 
brane[54].Theresultsobtainedfromthisstudyshowedtha
tKnudsen- 
moleculardiffusiontransitionmodelyieldedthebestpred
iction.This 
studyalsorecommendedthatheattransfercorrelationsan
dKnudsen- 
molecularmasstransportequationcanbeusedinthepredic
tionof 
heatandmasstransferforflatsheetDCMDexperiments.T
oobtain some parameters, DCMD experiments were 
performed using de- 
ionizedwaterandaqueoussaltsolutionsofNaClwithconc
entration 
levelsupto15pptasfeed.Jensenetal.[44]modeledaDCM
Dvariant 
forblackcurrantjuice.Mostofthephysicalparameterswe
rebasedon 
literatureorcorrelations.Whenliteraturedatawasnotavai
lable,they 

fittedtheirparameterstotheexperimentaldata.Theirmod
elincluded 
aDGMandachievedapredictionoftemperatureandflowi
nexperi- 
mentaldatawithaverageerrorsmallerthan10%.Andrjesd
óttiretal. 
[54]optimized a DCMD model with experimental
data. Up to
15,000ppmNaClconcentrationindistilledwaterwasuse
dasfeed.
TheyevaluatedthreedifferentformsofDGMandconclud
edthatthe Knudsen-
moleculardiffusiontransitionmodelachievesthebestres
ults.
Inaddition,themostaccurateheattransfercorrelationswe
refoundto betheLévêqueequationandtheDittus–
Boelterequationforlaminarflow and turbulent
flow,respectively.
Responsesurfacemethodology(RSM)hasalsobeenused
recently
forthemodelingandoptimizationoftheDCMDprocess.B
oubakri
etal.[55]developedamodelfortheoptimizationofoperati
ngparam- 
etersaffectingwaterdesalinationinDCMDusingRSM.P
Pmembrane
withlowporesizewasused.Thedevelopedmodelforperm
eateflux responsewasstatistically validatedby
theanalysisofvariance
(ANOVA)whichshowedahighvalueofcoefficientofdet
ermination (R2= 0.989). The obtained optimum
operating parameters were
foundtobevaporpressuredifferenceof0.355×105Pa,fee
dflow rateof73.6L/h, permeateflowrateof17.1L/h,
andfeedionicstrength of309mM.
Undertheseoptimumconditions,thepermeatefluxwas
4.191 L/m2 h.
Manawietal.[56]studiedtheeffectofoperationalparamet
ersondistillatefluxinDCMD.Theirmodelwasbasedondi
vidingthemem- 
braneareainto10elements,whichweremodeledashotand
coldcon- 
trolvolumesconnectedbysimultaneousmassandheattra
nsferusinga
flatsheetsystem.Theirmodelwasuniqueinpredictingte
mperature
andfluxprofilesthatarenotmeasurablealongthemembra
ne.Their
modelpredictedtemperaturepolarizationthatcanberedu
cedbyhigh
flowsorbytheuseofspacers.Themodelpredictedthatflux
canbein- 
creasedbyusingcountercurrentflowandspacers.Manaw
ietal.also studied the temperature polarization effect
in DCMD desalination of
highsalinityfeed[57].Thetemperaturepolarizationeffec
tisareduction
influxduetobuildingupofsoluteonthemembranecausing
atemper- ature difference between the liquid and
membrane. This model was
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basedontheirpreviousmodel[56].Thebesttemperaturep
olarization 
coefficient(TPC)valueof0.82wasachievedforaflowrate
of3L/min andafeed–permeatetemperaturesystemof 
60–20°C. Ramezanianpour 
andSivakumar[58]havealsoworkedonafluxdeclinemod
elforfouling 
predictionsinDCMD.Theyintroducedasystemdepende
ntconstantas 
anempiricalfunctionoftemperatureandpressure.Theyv
alidatedtheir 
modelwiththreesetsofexperiments,andverifieditwithtw
osetsof 
experimentsand4setsofliteraturedata.Theyconcludedfr
omtheir 
modelthatrapidfluxdeclinehighlydependsonparticlesiz
eanddensi- ty,aswellastheflowrate.  

2.2.3. Two-dimensional dynamic model 
Most DCMD processes have been modeled as steady-
state one-
dimensionalsystemsusingempiricalheatandmasstransf
erequations. Stationarytwo-
dimensionalDCMDmodelshavebeenconsideredonly 
inveryfewstudies.BinAshooretal.[59]havedevelopeda
dynamic 
modelofadirectcontactmembranedistillation(DCMD)p
rocessin plate-and-frameconfiguration. 
Thismodelaimsatgiving insight into 
theunderlyingcoupledphysicochemicalphenomena.Th
emodelisim- 
plementedinthemodelingpackagegPROMS.InDCMD,
bothmassand 
heattransferoccursimultaneouslyandbothtemperaturea
ndconcen- 
trationpolarizationeffectsshouldbetakenintoconsiderat
ion.Most 
modelingworksinliteratureonDCMDprocessesusuallyf
ocusonthe 
masstransferresistanceofvaporacrossamembraneattrib
utedtothe membrane characteristics (i.e. pore size, 
porosity and tortuosity)and 
heattransferresistancestoobtainthemeantemperatureon
themem- 
branesurface.Theconcentrationpolarizationphenomen
aareusually ignored to simplify the calculation 
procedure. Only few publications 
usestationaryoneortwo-dimensionalheat-
transferequationtosimu- 
lateaparticularapplicationmoreaccurately.Althoughma
nysemi- empiricalmodelshavebeendeveloped, 
adetailedmodelfor temperature polarizationon flat-
plate DCMD processesisstilllacking.Intheir 
study,BinAshooretal.[59]developedadynamictwo-
dimensional flat-
platemathematicalmodelforDCMDprocessesinorderto
obtain 
thetemperatureandconcentrationdistributionsinthehota
ndcold 
channelsandthelocalmassfluxatthemembranesurfaces.

Theavail- 
abilityofsuchamodelforsimultaneousenergyandmassb
alances 
willbeanimportantbasisfortheanalysis,designandoptim
izationof 
DCMDprocessesforsalinewaterdesalination.Table1su
mmarizes these models and their benefits. A 2-D 
dynamic model from advection-
diffusionequationhasalsobeenanalyzedanddiscretized 
viaanunconditionallystablealgorithmandusedforthepre
dictionof 
temperatureprofileinDCMD[60].Temperaturedistribut
ionsalong 
themembraneandfluxvariationswerepredicted.Inadditi
on,temporal 
variationsoftemperatureinthefeedandpermeatecontain
erswereob- 
tained.TheAlternatingDirectionImplicitmethod(ADI)
wasemployed 
andtheerrorbetweenthemodelresultsandexperimentald
atawas 
b5%[60].Inarelatedpaper,Eleiwietal.[61]alsoemploye
dthe2D Advection–
DiffusionEquationtostudythetemporalbehaviorof 
DCMDprocess,especiallywhenitisdrivenbysolarenerg
y.Feed,per- 
meateandmembranecharacteristicsweremodeled.The
modelwasex- 
perimentallyvalidatedinthesteadystatephase.Themode
lresultswere
experimentallyvalidated.Whenthefeedinlettemperatur
eswerevar- 
iedbetween30°and75°withastepincrementof0.1°every
2min, therelativeerrorwaslessthan±5%[61].

III. CURRENT APPLICATIONS OF DCMD

DCMDhasbeenusedformanypurposesotherthanthedes
alination 
ofsalinewaterinordertoproduceproductwaterofhighqua
lity.Some 
oftheseapplicationsarewastewatertreatment,groundwa
terand 
drinkingwaterpurification,productionofchemicals,crys
tallizationof 
salts,concentrationoffruitjuices,removalofwaterfrombl
oodandpro- 
teinsolutionsinbiomedicalindustries,removalofdyesint
extileindus- 
tries,andremovalofboronandarsenicfromaqueoussoluti
ons.For 
wastewatertreatment,DCMDhasbeenappliedforthetrea
tmentof 
producedwater,pharmaceuticalwastewater,andradioac
tivewastewa- 
ter[18].Theuseoftreatedwastewaterisbecomingveryim
portantfor 
thesustainabilityofwaterresourcesandmanyadvancedw
astewater 
treatmenttechnologieshavebeendevelopedrecently[62
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–67].Theap- 
plicationofDCMDforwastewaterinvolvesreductionand
removalof
suspendedsolids,biodegradableorganics,andpathogeni
cbacteria.
ThemodelingofwastewatertreatmentusingtheDCMDpr
ocesshas
alsoshownsomeimpressiveresults.Thecalculationofma

sstransfer 
mechanismsandpermeatefluxinthetheoreticalanalysiso
fradioactive 
wastewatertreatmentusingtheDCMDhasbeencarriedou
t[68]where 
DGMwasusedtoobtainthemodelingresults.Itwasdiscov
eredthatthe  

Table 1 
DCMD models for performance prediction 

DCMDprocesscanseparatealmostallCs+,Sr2+andCo2
+fromradioac- 
tivewastewater.ItwasconcludedthattheDCMDisaprom
isingsepara- tionprocessforlow-levelradioactivewaste
watertreatment. DCMDhas alsobeensuccessfully
appliedtotreatcoolingtowerblowdownwater (CTBD).
Yuetal.[69]examinedtheperformanceofDCMDfordesa
linating simulatedCTBD. Bothsilica-freeandsilica-
containingsimulated waterweretested.
Apermeatefluxofabout30L/m2handsaltrejection
ofN99.95%wereachievedunderafeedsidetemperatureo
fabout60°C. Membranescaling wasstudiedanditwas
foundthatinsolublecalcium carbonatescaleswer
eformed onthemembraneata concentrationfac-torof
about 3.7–4.0 for silica-free simulated CTBD
water(Fig.4). However, forsilica-containingsimulated
CTBDwater,scalesfrom silica, calciumcarbonateand
sulfatewere precipitated togetherunderacon- 
centrationfactorof about 3.2–5.0. Meanwhile, 
anantiscalantwas addedresulting
intheenhancementofwaterrecoverytoabout87%. 
TheapplicationofDCMDforproducedwatertreatmentan
dchemical processesareexemplified inthefollowing 
sections. 

3.1. Produced water treatment 
Asignificantamountofoilywastewaterisstillbeingprodu
cedfrom oilexploitation andprocessing[70]. 
Pollutionresultingfromtherelease 
ofuntreatedoilywastewatertotheenvironmentisstillaco
ncern. However, DCMDprocesshasrecently 
beenappliedforoilywastewatertreat- mentsothatthe 
deleterious components inthewastewatercanbe 
removedbeforethedischargeofthefinaleffluentintothee
nvironment. Producedwater isthenamegiventotheby 
product produced along with thegasand 
oilfrompetroleumcompanies. Thiswatercontainsdis- 
solvedorganiccompounds, heavymetals, and 

radioactive components. Produced waterhasthreemain 
sources: 1-Water injected intotheres-
ervoirtoenhanceoil recovery,2-Flowback
waterfromhydraulicfrac- turingactivities,and3-
Amixtureofboth.Thiswaterisofmainconcern duetothe 
problems associatedwithitsproduction suchassurface 
and groundwater pollution resulting from its 
constituents.  

Fig.4.DCMDfluxandpermeateconductivityfordifferenttypesofsi
mulatedCTBDfeedas afunctionoffeed concentrationfactor. 
FeedA:simulatedsilica-freeCTBD;feedB: simulatedsilica 

watersolutionasbaselineandfeedC:simulatedsilica-
containingCTBD [69]. 

Inaddition, industriesproduceitinlarge quantitieswhere 
there isan estimated dailyglobalproduction 
of250millionbarrels.Thisnumberisestimated 
tobearoundthreetimesthatofproducedoil.Largevolume
sofproducedwaterareassociatedwithwater-stressed 
countries[71]. Produced water resulting from oil 
companies is composed ofaro- maticcompounds, 
cationsandanions,heavymetals,solidsanddis- 
solvedgases. Thearomaticcompounds
presentinproduced waterare ethylbenzene, 
xylenes,naphthalene,phenantherene,polyaromatichy- 
drocarbons,andphenols.Asforthecationsandanions,Na
+,K+,Ca2+,Mg2+,Ba2+,Sr2+,Fe2+,Cl−,SO2−,CO2−,
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HCO– Are the ions present inproduced water. 
HeavymetalssuchasCd,Cr,Cu,Pb,Hg,Ni,Agand 
Zncanbefound.Solidssuchasbacteria,waxesandasphalt
enesanddis- 
solvedgasessuchasCO2,O2andH2Scanalsobefoundinp
roduced 
water[72].Producedwaterresultingfromgascompanies
differsfrom 
thatobtainedfromoilcompaniesbasedonitsacidity,volu
meofproduc- 
tion,treatmentchemicalsandconcentrationofvolatileco
mponents. 
Producedwaterfromgascompaniesaremoreacidicandco
ntainsa 
higherconcentrationofvolatilecomponents.Inaddition,
one-thirdof 
thechemicalsusedingastreatmentsuchasmethanolandet
hylenegly- 
colarepresentinthewater.Furthermore,thevolumeofpro
duced 
waterfromgascompaniesislessthanthatproducedfromoi
lcompanies [72]. 
Inthepast,physical,chemicalandbiologicalmethodswer
eusedto 
treatproducedwater.Thephysicalmethodinvolvedtheus
eofdifferent 
chemicalssuchasactivatedcarbon,copolymersandzeolit
etoadsorb 
carbonandtheuseofsandfilterstoremovemetals.Theche
micalmeth- 
odwasusedtoremovesuspendedandcolloidalparticlesth
rough 
chemicalprecipitation,photocatalytictreatmentandtreat
mentwith 
ozone.Asforthebiologicalmethod,differentaerobicanda
naerobicmi- croorganism treatment techniques were 
employed. However, these 
methodssufferfromdisadvantagessuchashighcost,useo
fhazardous chemicals and their large environmental 
footprint. These drawbacks 
leadtotheproposalofmembrane-
basedmethodstotreatproduced 
waterinthe21stcentury.ExamplesofthesemethodsareM
F,UFand 
RO.Nonetheless,downsidesofthesemethodsareexistent
.MFrequires 
highenergyanditisnotveryefficientfordivalentsalts,mo
novalent 
saltsandviruses.UFundergoesmembranefoulingandisli
mitedto feed containing low molecular weight 
organics and salts, inaddition 
toitshighenergyconsumption.AsforRO,ithasahighpres
surerequire- 
mentandeventraceamountsofoilandgreasecancauseme
mbrane 
fouling[2].Hence,analternativemethodwassuggestedfo
rproduced water treatment that is more feasible for 
this type of application, 
whichisDCMD[72].DCMDisapromisingtechnologybe
causeitoffers 

ahighsoluterejection(N99%)and70%producedwaterre
covery.There- 
fore,thismethodisveryattractiveforproducedwatertreat
ment.Inad- 
dition,duetoitslargemembranepores,itsufferslessfromf
ouling. 
DCMDcanalsobecombinedwithotherseparationproces
sessuchas 
UFandROtherebycreatinganintegratedseparationsyste
manditis 
capableofusingalternativesourcesofenergysuchassolar
energy.It 
effectivelyremovesorganics,heavymetalsandradioacti
vesubstances 
fromaqueoussolutions,makingitasuitablemethodforthi
stypeof treatment[72]. 
ThecapabilityofDCMDtowithstandhighfeedsalinitywi
thoutasig- 
nificantdecreaseinwaterfluxacrossthemembranemakes
itwellsuit- 
edtotreatproducedwater.AnaddedadvantagetotheDCM
Dmethod 
forproducedwatertreatmentisthatitdoesnotrequireaddit
ionalener- 
gyforcoolingthefeed[73].Furthermore,DCMDmethodi
sattractivefor 
thetreatmentofproducedwaterbecauseofitsrelativelysm
allenviron- 
mentalfootprint[74].However,therearesomedrawbacks
associated 
withtheapplicationofDCMDforproducedwatertreatme
nt.Insome 
cases,producedwateriscomposedofsmallorganiccomp
oundsand 
dissolvedgasesexertingpartialvaporpressuresthatmight
exceed 
thatofwaterhence,allowingthemtobetransportedwithth
ewater 
vaporfluxacrossthemembrane.Thismightresultintheco
ntamination 
ofthepermeate;makingtheuseofDCMDtotreatproduced
watera 
challenge.Anotherchallengetothisapplicationisthewett
ingcaused 
bythefeedcomponentssuchasalcoholsandsurfactants,th
erebylow- 
eringthefeedliquidsurfacetension.Thisallowsthefeedso
lutionto 
crossthemembranetothepermeateside,affectingthequal
ityofthe 
permeate.EventhoughmembranefoulingislowerinDC
MD,highlyvol- 
atilecomponentsinproducedwatermightleadtothewetti
ngofmem- 
branepores,reducesofwaterflux,andinterferencewithth
emassand 
heattransfer.Fouling,whetherorganicorbiofouling,wou
ldreduce 
theproductivityofDCMDmethod.Henceforthesecases,
apretreat- 
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mentstepwouldbeneeded.Thispretreatmentstepwouldn
otonly 
maintaintheproductivityofthemethodbutalsoremoveco
mponents 
thatpromotemembranewettingfromtheproducedwater.
Inaddition, 
certainproductwaterstandardsneedtobemet,sotheuseof
post- 
treatmenttoremovevolatilecompoundsfromthefeedsol
utionmight also be a necessary step. As a result of the 
pretreatment, post- 
treatmentandmembranecleaningsteps,thechemicaland
energy 
costsoftheprocesswillbeelevated.Anaddeddisadvantag
eisthevar- iability in the produced water composition 
so the pre- and post- 
treatmentstepsaswellascleaningandthemembranedesig
nwill 
havetobechosenaccordinglybasedonthequalityofthepr
oduced water[74]. 
PolymericmembranessuchasPVDFhavedisplayedstabl
eandreli- 
ableresultsforproducedwatertreatmentinastudycarried
outby 
Macedonioetal.[71].TheresultsobtainedindicatedthatD
CMDisa suitable method for this kind of treatment. 
However, these results
wereobtainedonlyfromalaboratoryscalesetupwithatesti
ngperiod that was roughly about 200 min. The long-
term viability of this ap- 
proachinapilotordemonstration-
scalestudywasnotcarriedoutand 
cannotbeverified.Theoverallsaltrejectionwasfoundtob
eN99% 
withatotalcarbonrejectionN90%.Witha70%recovery,
watercosts 
of0.72USD/m3and1.28USD/m3,respectivelywereobta
inedfromthe 
economicevaluationoftheprocesswhentheproducedwat
ertempera- 
turewas50°Cand20°C,respectively.However,real-
lifedatafromthe 
testedunitwasnotusedfortheeconomicestimationbecau
sethetested 
unitwasnotevaluatedforlonghoursandexperimentswere
carriedout 
foronlyabout200min.Theeconomicdatausedwereassu
medfrom 
previousstudiesandadaptedfora100m3/hDCMDplant.I
naresearch 
articlebySinghetal.[75],DCMDwasusedtotreatdifferen
ttypesof 
deoiledproducedwaterobtainedfromChevronCorporati
on.Thedis- 
tilledwaterobtainedfromthoseproducedwatersamplesc
ontained 
verylowTDSvaluesandwaterrecoverywasaround80%.
TheseTDS 
valueswererepresentedintheformofconductivityatdiffe
renttemper- 

aturesandareshowninFig.5.Withanincreasedfeedflowr
ateat80°C, 
thewatervaporfluxwas15kg/m2h,increasingto20kg/m2
hwhere novelcoatedmembranesandahollowfibercross-
flowmoduledesign wereused. 
DCMDhasalsobeensuggestedforthetreatmentofproduc
edwater 
comingfromSteamAssistedGravityDrainage(SAGD).
Singhetal.[75]designedasteamassistedgravitydrainage
(SAGD)processwithatem- peraturerangeof80–
130°Cforimproveddesalinationofasalinefeed 
with10,000ppmTDS.AporousflatsheetPTFEDCMDm
embranewas testedusingapressurerangeof2–
3atm.Thefeedsolutioncontained 
3000ppmNaCl,45ppmphenol,45ppmcresoland10ppm
naphthenic 
acid.Thecompositionofthewaterproducedwasobtained
throughthe 
SAGDprocess.Thewatervaporfluxachievedwas195kg/
m2hwhich 
wasafewtimeslargerthanthatobtainedfromtheseawater
ROprocess. 

Fig.5.Temporalchangesindistillateconductivityfora1%NaClsolu
tionandChevronA (pre-RO) water at 25 and 50 °C[75]. 

Shafferetal.hasshownthatMDiswellsuitedforthedesali
nationof high-salinityshalegasproducedwater[74]-
thereasonbeingthatan increase in the TDS 
concentration of the feed from 35,000 to 75,000 mg/L 
reduces the permeate flux by only 5%. The ability of 
DCMDtoutilizelow-
gradeheatofthefeedstreamtoproduceaccept- 
ablewaterfluxesmakesthislow-
energytechnologyanattractiveone 
forthiskindoftreatmentshowingfuturepromiseintermso
fthispro- duced water treatmentapplication. 
Recently,DCMDhasbeenattractiveforthetreatmentofR
Obrine 
fromcoalseamgas(CSG).Thecontrolofscalingduringth
eDCMDtreat- 
mentofCSGRObinehasbeenstudiedbyDuongetal.[76].
Theeffectof 
scalecleaningchemicalsonwaterfluxwasinvestigated,w
herebythe 
cleaningpotentialofachemicalagentknownas 
MC3wastested.Scale 
removalisessentialfortherestorationofmembranesurfac
ehydropho- 
bicity.Thisagentwas,however,foundtolacktheabilityof
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chemicalde- 
positremoval.ThiswasduetothecomplexityoftheCSGR
Obrine 
scalants.Therewasanobservedreductionintheperforma
nceofthe 
membraneintermsofthewaterfluxandsaltrejectionasare
sultof 
theremainingscalants.Hence,chemicalscalingshouldbe
prevented 
throughpretreatment,ratherthancuredinordertoavoidth
eneedfor 
chemicalcleaningduringthecourseofsuchatreatment.Te
mperature 
wasalsofoundtoinfluencescaling,i.e.areducedfeedtemp
eraturere- 
ducesmembranescaling.ThroughthetreatmentofCSGR
Obrine 
usingtheDCMD,80%waterwasrecoveredintheabsence
ofanyob- 
servedmembranescalingatafeedtemperatureof35°Cwit
hawater flux of 10 L/m2 h[76]. Theuseofanother 
MDtechnology(AGMD)forCSGRObrinetreat- 
menthasalsoevolvedlatelyanditwouldbeappropriatetod
iscuss the results obtained by researchers in this field 
in the context of 
accessingitsviability.InacombinedUF/ROandspiral-
woundAGMD 
pilotscalestudyperformedbyDuongetal.[77],RObriner
eleased 
fromCSGwastreated.Usingamembraneareaof7.2m2,a
module 
heightof0.5mandmodulediameterof0.4m,anoverallsys
temrecov- 
eryof95%wasobtained.75%ofthefeedCSGwaterwasre
coveredby 
UF/ROwhile80%wasrecoveredbyAGMD.Distillateflo
wrateof10L/ 
hwithaGORof2.5wereobtained.Thermalandelectricen
ergycon- 
sumedwere250kWh/m3and1.1kWh/m3,respectively.I
nastudyper- 
formedonthissysteminNewSouthWales(Australia),1ha
offlat-plate 
solarthermalcollectorarrayswasusedtoachievewaterpr
oductionof 
472m3/dfromCSGproducedwater[77].Thetreatmentof
RObrinepro- 
ducedfromcoalseamgas(CSG)usingAGMDresultsinth
evolumere- 
ductionofthebrine[78,79].Thefabricationofgraphene/P
VDF 
membranesusingthephaseinversiontechniquehasbeenc
arriedout 
forthetreatmentofRObrinefromCSGproducedwaterby
AGMD.The 
performanceofthismembranewasfoundtobebetterthant
hatofthe 
commercialPVDFmembraneintermsoffluxandsaltreje
ction[78]. For a feed temperature of 60.0 °C and 
permeate temperatureof 

20.0°C,afluxof20.5L/m2handsaltrejectionof99.99%w
ereobtained 
fora24hoperation.Furthermore,itwasobservedthatthew
etting  
resistanceaswellasstrengthofthemembranewereincreas
edbyincor- porating graphene in PVDF[78]. 
3.2. Concentration of juice and food wasteeffluent 
Apartfromtheproductionofpurewaterfromsalinewatero
rtreated 
waterfromproducedwater,DCMDhasbeensuccessfully
usedforother 
applicationsovertheyears.Jensenetal.hastheoreticallyu
sedDCMDto 
concentrateblackcurrantjuice[44]whereadustygasmod
el(DGM) 
wasdeveloped.Theconcentrationpolarizationatthemem
branesur- 
facewasestimatedbyempiricalcorrelationsformassandh
eattransfer coefficients.Thismodelwascapable 
ofpredictingfluxesin DCMDon
blackcurrantjuicebasedon 
concentrationpolarizationatthemem- branesurface 
withan averagepercentageerrorbelow10%.Theconcen- 
trationofwasteeffluentshasalsobeencarriedoutusingDC
MD.Kezia etal.hasusedflatsheet PTFEmembranesof
nominalporesizes 0.05mm,0.22mm, and
0.45mminDCMD to concentratethewasteef- fluent
from salty wheyby-
productfromthecheesemakingindustry[80].Afinaltotal
solidsconcentrationof±30%w/wandwaterrecovery
of37–83%wasreported.Thepressure-
dropacrossthechannellength was alsopredicted,
accountingforthefeedspacer.Foranincreaseof
1minthechannellength,theuseofthesmallestmembrane
poresize of0.05μmwouldberequired
fortheDCMDoperation,unlessvery lowcross-
flowvelocitiesareused. Itwasalsodemonstratedthatthe
foulingofthemembraneswasprimarilygovernedbypreci
pitationof calciumphosphatesalt.
Afurtherobservationwasthattheoperation atalow
pHdoesnotsignificantly improvethefluxorthefinalsalt
concentration.
DCMDhasbeenused forapplejuiceconcentration[19].
50%ofthe juicewas concentratedand
apermeatefluxof9kg/m2hwasachieved.
PTFEmembraneswereusedforthisDCMDtreatmentand
alcohol- watersolutionswereused
fortheorangejuiceconcentration.Theef- fectsoffactors
suchfeedflowrate,temperaturedifference,andfeed
concentrationonthetransmembranefluxwerestudied.Th
roughthe increaseinflowrate,
thefluxcanbeimprovedwhilereducingtheim- 
pactofconcentrationpolarization. Throughalcoholic
treatment, hydro- philicmembranescanbe
madeintohydrophobiconeshence,
enhancingthemembranesurfaceforsuchanapplication[1
9]. DCMD hasalsobeenused fortheconcentrationof
wholemilk,skimmilk,
wheyandpurelactosesolution[81]. Flatsheet PTFE
membraneswere testedforthisapplication.
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ThisstudywasperformedinAustraliaand conducted 
fortheevaluationofsustainabilityaspectofdairymilkpro- 
cessing.Afluxof10kg/m2hwasobtainedfortheconcentr
ationof wheysolution. Thisvaluewas 
foundtobetwiceasgreatas that of the treated skim milk 
(5 kg/m2 h)[81]. 

3.3. Chemical production and removal 
DCMDhasbeencoupledwithachemicalreactorinorderto
convert KClintoKHSO4[82]. 
Thefeedtemperatureattheinletofthemembrane module 
mounted to333Kor343Kandthe 
permeatetemperaturewas 293K.PureHClacidreaching 
aconcentrationof43g/dm3wasalsoobtained. 
Theresultsobtainedshowedthattheconversionat343Kw
ith the reaction mixture containing KCl and H2SO4 
in the molar ratio of 1:2 yielded a high efficiency of 
KHSO4 production. Also,DCMD 
hasbeenappliedforheavymetalremovalusinghybridPT
FEmem- brane. Bhattacharya et al. [83] investigated 
different membranes to 
removetoxicchromium(VI)fromsimulatedwater.There
sults 
showedthatthehydrophobicPTFEmembraneincorporat
edwith polyethyleneterephthalate (PET) exhibited 
improved performance in terms of normalized flux. A 
two-dimension mathematical model was developed 
using a modified coupled Knudsenand Poiseuille flow 
models. The modeling results obtained were veri- fied 
with experimental results. The PTFE/PET membrane 
was also compared with PTFE/PP membrane and it 
was shown thatPTFE/ 

Fig.6.ComparisonofnormalizedfluxofPTFE/PETandPTFE/PP
membranesfortoxic chromium (VI) from simulated water[83]. 

PP membrane showed better performance in terms of 
normalized flux (Fig. 6). 
DCMDhasalsobeenappliedforammoniaremoval.Queta
l.[84]car- riedoutacomparativeinvestigation 
foracceleratingammoniaremoval from 
aqueoussolution. Theprocessesusedinthisstudyinclude 
a modifiedDCMD (MDCMD) withreceiving 
solutioninthepermeateside, and a hollow fiber 
membrane contactor (HFMC). Experimental results 
showedthattheammoniaremovalefficiencyofDCMD,H
FMCand MDCMD were 52, 88, and 99.5% within 
105 min, respectively. In 
MDCMD,feedpHvaluewasprovedtobethemostdomina
ntoperating 

factorandtheoptimalfeedpHwas12.20.Itwasalsodemon
stratedthat increaseinfeedtemperatureand
flowrateledtohigherammoniamass transfercoefficient, 
ammoniaremovalefficiency,andpermeateflux. 
DCMDhasalsobeenusedtoremovearsenic,atoxicsubsta
nce,from contaminated groundwater[85].Solar-
drivenDCMD(SDMD) wasap- pliedandthree 
differenttypes ofhydrophobicflatsheetmembranes 
madeofPTFEandPPwithsurfaceareaof120×10−4m2we
retested. Thestudyshowed thatfeedanddistillate 
temperatureconstitutesignif- icanteffectonthefluxand 
almost 100%arsenic separationwasachieved without 
wetting the membrane pores, evenafter120hof 
operation. The PTFE membrane with a 
fluxof49.80kg/m2hwasfoundtobethe best out of 
differenttestedmembranes.Thestudyshowedalsothat 
theSDMDcaneffectivelyseparatearsenicfromgroundw
ater.Arsenic removalfrom contaminatedground 
waterhasalsobeeninvestigated byYarlagaddaetal.[86]. 
Inthisstudy,thecapabilityoftheDCMDpro- 
cesstoremovearsenic, uraniumandfluoridefrom 
contaminatedsaline groundwaterwasexamined 
usingtwotypesofmembranes,PPand PTFE,
underdifferent operating conditionsand 
membranecharacteris- tics.Theremovalofsalts, 
arsenic,fluoride, and uranium fromsynthetic 
brackishwatercontaining1000–10,000ppmsalts,10–
400ppbarsenic anduranium,and1–30ppmfluoridewas 
demonstrated. Itwasfound thatDCMD 
isabletoachieveover99%rejectionofthesalts,arsenic, 
fluorideanduraniumcontaminantswhileproducingahig
hqualityper- meate.Theauthorsalsoobserved that the 
abilityto utilizelowgrade heatsourcesmakesthe 
DCMDprocessaviableoptiontorecoverpotable water 
fromavariety ofimpairedgroundwaterfeeds.
DCMDhasbeenusedfortheremovaloffluoridefrombrac
kish groundwater using a self-prepared PVDF 
membrane [87]. Fluoride, if 
consumedabovetheacceptablelimit,canresultincripplin
gbonedis- easesanddamagetosensitivebody organs 
suchasheart, kidney,and liver.Inthisstudy, 
amaximumpermeatefluxof35.6kg/m2hwasob- 
tainedwiththefeedsolutionat80°Candthecolddistillate
waterat 20°C.
Usingacidifiedgroundwaterasfeed,theexperimentalres
ultsob- tainedshowed thatthepermeateflux 
anddistillatequalitywerekept stablebeforethe
concentration factorreached5.0.Whena300-hcon- 
tinuousfluorideremovalexperimentoftheacidifiedgrou
ndwaterwas carriedoutwiththe concentrationfactor 
of4.0,thepermeateflux remainedstableand
nofluoridewasdetectedintheproducedperme- ate. 
Permeateflux,productwaterquality,andthermalefficien
cywere alsoinvestigatedtheoretically to demonstrate 
the performance of
PVDFDCMDmembraneforfluorideremovalatafeedte
mperatureof 
71°C.Theexperimentaldatawasobtainedusingthetheore
ticalKnud- 
senmoleculardiffusionmodelwherethepermeatefluxan
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dthermalef- ficiencywereobtainedas 
22.38kg/m2hand69.19%respectively. A fluoride 
removal of N98.6% was achieved 
makingthePVDFDCMD mem- branesapplicable 
fortheproductionoffluoride-freewaterforpotable 
andindustrialprocessapplications. 

3.4. Resource recovery 
DCMDhasbeenappliedforphosphorusextractionfromw
astewater. A hybrid FO-DCMD system was able to 
extract phosphorus from digestedsludge[88]. 
Inthecourseofthisprocess,FOwasabletocon- 
centrateorthophosphateandammoniumthroughthereco
veryofphosphorusasstruvite(MgNH4PO4ꞏ6H2O). 
FOwasusedasthepretreatment stepwhileDCMD 
wasusedfortherecoveryofthedrawsolutionaswell 
ascleanwaterextractionfromthesludge.MgCl2wasused
asanFO drawsolution. 
Theobtainedstruvitecrystalprecipitatewasinvestigated 
foritscrystalmorphology,elementalcomposition,andcr
ystalstructure. ItwasconcludedthatFO-DCMDsystem 
isa suitable approachforphos- phorus extraction from 
wastewater[88]. 
DCMDhasalso been investigated foritspotency 
infreshwaterre- coveryfromwastewater. 
DCMDhasbeenusedforthetreatmentofenvironmentally 
hazardousolivemillwastewater(OMW)[89].Duringthe 
courseofthistreatment,threecommercialPTFEmembra
nesofpore sizes0.2μm,0.45μm,and1.0μm 
werestudiedusingdifferentoperatingtemperatures.This
studyaimedattheproductionofpurewateraswell 
astheconcentrationofnaturalpolyphenolspresentinOM
W.Theeffect
ofmembraneporesizeontheseparationcoefficientofpoly
phenols
wasfoundtobeinsignificant.DCMDhasalsobeenusedfo
rtheeffec- 
tivetreatmentofcoolingwaterblowdowncontainingsilic

aand hardness [69]. In this work [69], distillate flux 
of 30 L/m2 h and salt rejection of 99.95% were 
achieved where the feed temperaturewas around 
60°C. 
Ammoniareleasedasapollutantintowaterbodiesfromm
unicipal 
andindustrialwastewaterscauseseutrophicationandoxy
gendeple- 
tion.DCMDhasbeeneffectivefortheremovalofammoni
afromwater 
[46,84,90].Forexample,theuseofcapillaryPVDFmemb
ranewith80% 
porosity,averageporesizeof0.22μm,andLEPof250kPaf
orammonia 
removalfromwastewaterhasbeeninvestigated[84].Am
moniaremov- 
alefficiencieswerecomparedusingthreeapproaches-
conventional DCMD, hollow fiber membrane 
contactor, and a modified DCMD appa- ratus–
andtheresultsobtainedwere52%,88%and99.5%respect
ively. 
ThemodifiedDCMDshowedthehighestammoniaremov
alefficiency 
becauseithadareceivingsolutioncontaining0.01mol/Ls
ulfuricacid 
inthepermeateside.TheeffectsoffeedpH,temperature,fl
owrate, 
andammoniaconcentrationonthesystemperformancew
erealsostud- 
ied.IncreaseinpHallowedimprovementsinremovaleffic
iencyanddis- 
tillateflux.Furthermore,ariseinthefeedtemperatureandf
lowrate 
resultedinenhancedremovalefficiencyofammonia,am
moniamass 
transferrateanddistillateflux[84].Table2summarizesall
thedifferent applicationsofDCMDinthissection. 

Table 2 
Recent applications of DCMD. 
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IV. RECENT ADVANCES AND CURRENT
ISSUES WITH DCMD

4.1. Membrane development, design and fabrication 
Thechoiceofmembranematerialusedisaverysignificant
deter- miningfactoroftheefficiency ofDCMD[18]. 
Duetothewiderange of DCMD applicationssuchas 
ground water, seawater,wastewater,pro- 
ducedwater,radioactivewater,coolingwater,boilerblow
down,and industrialprocesswatertreatment, 
membraneshavebecomeincreas- inglycrucial 
fortheoverallsuccessofDCMDoperations.Hence,de- 
pendingonthetargetcontaminantspresentinspecificappl
ications, hydrophobicmembranesare tobechosen 
accordingly.Severalmem- braneshaverecently 
beendesigned, fabricated, andtestedforprocess 
performanceusingpolymerssuchasPP,PVDF,polysulfo
ne(PSf),and PTFE.PVDFmembraneshave 
moderatethermalstability,goodchemical resistance 
with asurfaceenergyof30.3×10−3N/m.AsforPPmem- 
branes,theyhavealowermembraneperformanceduetoth
eirmoder- atethermalstabilityatelevated 
temperaturesandtheirsurfaceenergy is30.0×10−3N/m. 
PTFEmembranesareoneofthemost commonly used 
membranesinMD.Theyresultinhighwatervaporpermea
bility and highwettingresistancedue
totheirhighporosity,ofabout90%, and high 
hydrophobicity. Theirsurfaceenergyisthelowestwitha 
value of 9.0 × 10−3N/m to 20.0 × 10−3N/m [50]. 
Membranes with lowsurfaceenergy,
highporosity(withlowmeanporesizeandnarrow 
poresizedistribution),andlowthermalconductivityarem
ostpreferredfor MD applications. Low thermal 
conductivity of MDmembrane isdesiredtoavoid 
lossofheatacrossthemembrane. The characteristics 
ofpolymericmaterialsthathavebeentestedforDCMDap
plicationsin 
termsofsurfaceenergy,thermalconductivity,thermalan
dchemical stability are summarized in Table3. 

4.1.1. PVDFmembranes 
PVDFmembranesexhibitrelativelyhighsurfaceenergy.
However, PVDFmembranesshow 
highcontactanglewhichisanecessarycondi- tionto 
preventmembraneporewettingandhighselectivitybuthi
gh contactanglehasnodirect roleintheimprovement 
ofthepermeability ofthemembrane[93]. 
Theuseofnanomaterialssuchasnanofiber membranes 
asmembranepolymermaterialsisofgrowinginterest 
duetotheirpropertiesthatmakethemtobesuitableforDC

MDapplica- tion.Thesemembranesarecharacterized 
bytheirhighporosity,low tortuosity,largesurface 
poresize, andhighsurfacehydrophobicity [94]. 
Therefore,somerecenteffortshavebeengearedtowardst
he functionalizationofthesurfacesof
PVDFmembranesbyintegrating PVDFwithother 
functional groupsandnanomaterialsinordertoim- prove 
thermal diffusivity through the membranes and 
optimize mem- branepermeability.
MembranessuchascompositePVDF-surface 
modifyingmacromolecules(PVDF-SMM)nano-
fibermembraneshave beenfabricatedandtestedfor 
DCMDprocessforthe treatment ofsaline feed 
containing 3.5wt%NaCl[95]. Resultsobtained showed 
that the hydrophobicSMM-modified
PVDFelectrospun nano-fiber membranes are 
verypromisinginDCMD forseawaterdesalination 
afterrunningfora 48 h operational timeframe. 
Electrospun nanofiber membranes consistingofPVDF 
blendedwithclaynanocompositeshavealso been 
prepared andtestedfor DCMDoperation[96]. 
Theresultsobtained showedthat theincorporation 
ofclaynanocompositesincreases the hydrophobicity 
ofthemembranesas doestheincrease in the 

Table 3 
Summaryofmembranepolymercharacteristics[18]. 

concentrationofclaynanocomposite.Theconclusionoft
hestudywas thatthePVDF–claynanocomposite 
nanofibermembranesshowedim- proved performance 
in DCMD applicationsinadditiontothefactthatit 
restrictsporewettingintheDCMDprocess.Recently,the
blendingof multi-walledCNTs(MWCNTs)
withPVDFinflatsheetmembranesby 
phaseinversionmethodhasbeenusedtoproduceDCMD
membranes forthedesalinationofsalty watercontaining 
35g/LNaCl[97]. Ahigher permeate flux of 9.5 × 
10−3kg/m2 s was achieved while using the blended 
membrane, as compared with a commercial PVDF 
membrane thatgaveapermeatefluxofonly
7.8×10−3kg/m2s. PVDFhollow fiberDCMD 
membraneshavealsobeendevelopedbySongetal.[98]us
ingnon-solventinducedphase 
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inversiontechnology.Taguchiexperi- mentaldesign 
witha threelevelL9orthogonalarray(OA)andstatistical 
analyseswereemployedtoidentifytherelationshipbetwe
enthecondi- tionsselectedforthehollow fiber 
membranesformationandthemembrane performance. 
Theresultsshowedthatthehighestwaterflux 
achievedindesalinating3wt%NaClaqueoussolutionwas
higherthan 20kg/m2 hatanaveragefeedtemperatureof 
64.5°Cwith99.9%salt rejection. 
Non-solventinducedphaseinversion 
throughhydrophobiccalcium carbonatenanoparticles 
dispersioninthePVDFcastingsolutionhasalso 
beenemployedforthefabricationofPVDFDCMDmemb
rane[99].This hydrophobicnanoparticle 
additionimproved themembraneporosity, increased 
themembranesurfaceroughnessandcontactangleandled 
tothefurtherenhancementofthecrystallinitydegreeandt
hermalsta- bilityofthehollowfiber. Furthermore, 
thecompositemembranes 
displayedagreatermechanical strengthcompared 
tothefiberswithout thenanoparticles. 
Usingthefabricatedmembranesindesalinatinga 
3.5wt%sodiumchloridesolution,themaximumtransme
mbranepermeatefluxwas foundtobe46.3kg/m2h 
withalowerthermalloss whenthehotfeedinlet 
temperatureand colddistillateinlettempera- turewere 
kept at 80.5°Cand20.0°C, respectively. 
Throughrunning 30dayscontinuous 
desalinationexperiments,thecompositemem- 
braneexhibitedsatisfyingperformancestabilitycompare
dwiththe 
purePVDFmembraneindicatingitsgreatpotentialusefor
desalination using the DCMD[99]. 
Duetotheunsatisfactoryperformanceofthenanofiberme
mbranes 
intheMDprocess,intermsofstability,Liaoetal.[94]devel
opedcom- 
positenanofibermembraneswithrobustsuperhydrophob
icityand 
highporositythatissuitableforMDapplication.Usingthe
semem- 
branes,theDCMDtestsdeterminedastablehighperforma
nceovera 
periodof50h[94].Inanotherstudy,electrospunsuperhydr
ophobicor- 
ganicandinorganiccompositenanofibrousmembranesw
erefabricated 
usingsilicananoparticles(SiO2NPs)andhydrophobicsil
ica/PVDF. 
ThesemembranesdisplayedexcellentDCMDperforman
ce.Themem- branes were characterized by high 
porosity, an extremely highliquid 
entrypressureofwater(LEPw,2.40±0.10bar),robustnan
ofibermor- 
phologyofPVDFimmobilizedSiO2NPs,remarkableme
chanicalproper- 
ties,thermalstability,andcorrosionresistance.Thesefeat
uresresulted inthelong-
termstabilityanddesalinationcapacityofthemembranes. 
Theobtainedresultswerefoundtobebetterthanthoseusin

gPVDF and PVDF ENMs where the permeate vapor 
flux was found tobe
41.1kg/m2hwithastablelowpermeateconductivityofaro
und 
2.45μS/cmusing3.5wt%NaClsaltfeedwithΔT=40°Cov
eraDCMD 
testperiodof24h.Furthermore,membraneporeswetting
wasnotde- tected[100]. 
Inanotherrecentinvestigationaimedatexaminingtheperf
ormance 
ofhybridPVDFmembranesforDCMDoperation,adual-
layeredstruc- tureofpolyvinylidenefluoride-co-
hexafluoropropylene(PVDF-HFP) 
nanofibersandpolyacrylonitrile(PAN)microfiberswere
fabricatedby electrospinning[101].
Morphologicalcharacterizationofthefabricated 
membraneshowedslightlybeadedcylindricalPVDF-
HFPnanofibers 
withporosityofabout90%.ThecontactanglesofPVDF-
HFPandPANfi- 
berswere150°and100°,respectively.Waterfluxesof45a
nd30L/m2h 
wereobtainedusingDL2membrane(i.e.25/75PH/PANt
hicknessratio) 
whendistilledwaterand35gNaClsolutionswereusedasfe
ed, respectively.Inasimilarstudy,flatsheetPVDF-
HFPmembraneshave 
beenpreparedandinvestigatedforDCMDperformanceu
singastatisti- 
calapproach[102].Factoriallinearmodelsweredevelope
dtodescribe 
themaineffectsoffactorssuchaspurewaterpermeationfl
uxandsalt 
rejectioncoefficientofthepreparedmembranesontheDC
MDre- 
sponses.Analysisofvarianceshowedthatallfactorshaves
ignificantef- 
fectsontheresponses.Resultsobtainedshowedthattheint
egrationof 
thepolymericmembranematerialshasthegreatesteffects
onbothper- 
meatefluxandsaltrejectioncoefficient.Optimizationof
membrane 
preparationconditionswascarriedoutusingaminimumn
umberofex- 
perimentsandbyapplyingLagrangemultipliersoptimiza
tionmethod. 
Theobtainedoptimumconditionswere:19.1wt%PVDF-
HFPconcentra- 
tion,4.99wt%polyethyleneglycol(PEG)concentration,
and35°Ccoag- ulation bath temperature. Under these 
conditions, the prepared
membraneexhibitedthehighestsaltrejectioncoefficient
of99.95% 
andapermeatefluxof4.41L/m2h.PVDFelectrospun-
nanofibrous 
membranes(ENMs)withdifferentthicknesseshavealsob
eenfabricat- 
edandexaminedforDCMDperformance[103].Itwasdis
coveredthat 
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membranesasthinas27μmgaveatransmembranefluxash
ighas 
60L/m2h.Amodelwasalsodevelopedfortheestimationo
ftheoptimal 
membranethicknessoftheseENMsforDCMDoperation
s.Theresults
showedthatthevalueofoptimalthicknessincreasedwithr
educed heat transfer coefficients, decreased feed inlet
temperature, increased 
membranepermeability,andincreasedsalinity.Thepredi
ctedoptimum
thicknesswasestimatedtobe13μm.Laliaetal.[104]prepa
redPVDF- 
HFPmembranesthroughelectrospinningusingthreesets
ofmats, with different fiber diameters and physical
properties. Thesemats 
wereobtainedbyvaryingpolymerconcentrationfrom10t
o15wt%.
Themembraneswereformedviahotpressingtheprepared
matsin
ordertofusefibers.Theeffectofthisontheporesizedistrib
ution,poros- 
ity,contactangleandLEPwasstudied.Themeanporesize
wasfoundto
be0.26μmwithaporosityof58±5%,acontactangleof125
°±2.41
andLEPof19.1psi.WhentestedontheDCMDfordesalina
tionpur- poses,thewaterfluxwasfoundtobe20–
22L/m2handthesaltrejec- tion ratio was98%.
Interconnectedsponge-
likestructuresoffabricatedhollow-fiber
PVDFmembraneshavealsoshownhighpermeabilitiesd
uringDCMD
operation[105].Theporesizeandporosityofthesefabrica
tedmem- braneswereintherangeof0.20–
0.40μmand61.07–79.36%,respective- 
lyandthemaximumworkablestrengthobtainedwas6.94
1MPa.The
fluxreached77.6kg/m2husingtheDCMDprocess.Thest
udyconcluded
thatthemembranespreparedfromthismethodaresuitable
forDCMD.
HollowfiberandnanofibrousPVDFmembranesfabricat
edviadry-jet wet spinning and electrospinning
techniques by Ghaffour et 
al.[106]forDCMDapplicationhavealsoshownwaterflu
xashighas31.6L/
m2hand36L/m2hforthehollowfibersandelectrospunna
nofibrous
membranes,respectively.Afeedinlettemperatureof80°
Candperme- atetemperatureof20°Cweremaintained.
ItispertinenttonoteherethatthecommercialviabilityofP
VDF membranesforlarge-
scaleindustrialDCMDoperations(foranopera- 
tionalperiodofupto1000hormore)isstillquestionable.M
anystudiesthathaveemployedPVDFmembranesforDC
MDapplicationsdidnot
providedetailedresultsintermsofoperationalperiodand
membrane
life.ThestabilityofPVDFmembranesforlongperiodsof

DCMDopera- 
tions,rangingfromseveralweekstomonths,canstillnotbe
ascertained 
fromDCMDstudies.Althoughsomecommerciallyavail
ablePVDFmem- 
braneshavebeentestedforDCMDapplications[107–
113],thestability 
ofthesemembranesforcommercialproductioninreal-
lifeplantopera- 
tionswasnotascertained.AlthoughKhayetetal.[110]rep
ortedstable 
fluxeswhileusingaPVDFmembraneforthetreatmentof3
0mg/Lsolu- 
tionofhumicacidunderpHofabout7,experimentaldataw
ereobtain- 
edforaperiodb2000min.Liaoetal.[94]alsoreportedastab
ilityperiod 
ofonlyover50hwhentheirsuperhydrophobicsilica-
PVDFnanocom- 
positemembranewasscouredwithsalinewater.Andaltho
ughGryta 
andBarancewicz[114]triedtousecompositecapillaryPV
DFmem- 
braneswithanadmixtureofPTFEparticlesforlong-
termdesalination 
of1000ppmofsalinefeed(i.e.foraperiodof1000h),theper
meate 
fluxdecreasedbyhalfandthediameterandwallthicknesso
fthemem- braneschangedby10–
20%duringtheprocess.Therefore,thereisneed 
formoreresearchactivitiesinthisareasothattheeconomic
lifeofPVDF membranes for large-scale DCMD 
operations can be ascertained. Some 
commercialPVDFmembraneswhichhavebeenusedfor
DCMDapplica- tions are shown in Table4. 

4.1.2. PTFEmembranes 
OutofallmembranematerialsthathavebeentestedforDC
MDap- 
plications,PTFEshowsexcellenthydrophobicityinaddit
iontoitsgood 
thermalstabilityandresistancetochemicalattack.Howev
er,amajor 
drawbackassociatedwiththeuseofPTFEmembranesfor
DCMDisthe 
degreeofcomplexityinvolvedinitsfabrication.PTFEme
mbranesare 
mostlypreparedbydifficultextrusion,sinteringorstretch
ing[20,28]. 
ArecentattempthasbeenmadetoimprovethefluxacrossP
TFE 
DCMDmembranesthroughmembranesurfacemodificat
ionbyplasma 
treatment[117].CompositePTFEDCMDmembranesde
signedfordesa- 
linationandconsistingofporouswovensupportandadens
ePTFElayer 
havebeenmodifiedusingplasmatreatment[117].Theres
ultsobtained 
indicatedthattheplasmatreatmentstronglyaffectedthesu
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rfacehydro- 
philicityofthemembranesenhancingtheirdesalinationp
erformance. Moreover, extending the plasma 
treatment time and increasing the plasma power 
significantly decreased the water contact angle and 
sig- 
nificantlychangedthesurfacemorphologyofthemodifie
dmembranes. A further discovery was that this 
plasma treatment only slightly 
changedtheroughnessandsurfaceporosityofthemembra
ne.Such changesinthesurface morphologyand 
polarityenhancedthehydro- philicityofthemodified 

membranes significantly improvingtheperme- 
ationfluxwhilereducingthesaltrejection. 
PTFEpolymerhasalsobeen employed for high-
temperature DCMD operation using hollow fibers 
membranes[118].Theresultsobtainedfromthisstudysho
wedthat 
therewasnoleakageofsaltfromtheprocessunderanycond
ition.Inad- 
dition,thehighestwatervaporfluxachievedwas115kg/m
2hat118°C, whichwasclosetothat achieved 
forseawater RO processes. 

Table 4 
TestedcommerciallyavailablePVDFmembranes 

PTFEhasbeenshowntoproducehigherfluxthanPVDFas
aDCMD 
membranematerial[119].Zhangetal.[119]studieddiffer
entmem- 
branesincludingPVDFMFmembranewithanon-
wovensupport layer,PTFEMFmembranewithanon-
wovensupportlayer,andthree 
MDmembranesmadefromPTFEallwithastructuredscri
msupport layerbutwithdifferentporesizes[119]. 
Theresultsobtainedshowed 
thatPTFEmembranesproducedmuchhigherfluxthanPV
DFMFmem- braneatthesameoperatingconditions. 
Itwasdiscoveredthatthesup- 
portlayeraffectednotonlytheflux,butalsotheenergyeffic
iency (0.51–0.24). 
Theresultsalsoshowedthatincreasingthefeedvelocity 
andinlettemperaturefurtherincreasedtheflux,buttherate
offluxim- provementwasreducedatveryhighvelocities. 
Duringthecourseofthis study,therewasan 
improvementin the mass transfercoefficientfor 
thinnersupportandactivelayermembranes,leadingtoflu
xesashigh as46L/m2hat80°C. 
Furthermore,theheattransfercharacteristics 
werefoundtobesuperiorfortheopenscrimbackedmembr
anescom- paredtothenon-wovensupportmembranes, 
resultinginasignificantly greaterthermalefficiency 
forthescrimbackedmembranes. 
Meanwhile,thecombinationofhydrophobicPVDFwith
PTFEparticleshasbeenstudiedto determine the 
influence of PTFEonPVDFmem- brane [114]. 
Hydrophobic PVDF capillary membranes with an 
admixtureofPTFEparticlesweredesignedandtestedfor
DCMD[114]. Long-term DCMDinvestigations 
werecarriedoutanditwas demon- strated that the 

amountof wettedpores wasgraduallyincreasedduring 
theprocess.Asaresult,theprocessefficiencydecreasedsi
gnificantly. AfterrunningtheDCMD processforover 
1000h, thepermeatefluxde- creasedbymorethanhalf 
forthemajorityofinvestigatedmembranes. 
Inspiteofthis,thesaltrejectiondidnotdeteriorate,whichin
dicated thattheporeslocatedmainlyonthe
membranesurfacewerewetted. Aslowerrate of 
wettability was observedforthemembraneswith 
sponge-likestructures. 
TheincorporationofPTFEparticlesintothe polymer 
matrix, however, enhanced the hydrophobicity of 
thePVDF membrane (watercontactangleincreased 
from88to103°). Moreover, itwasfoundthatthediameter 
and wallthicknesso fthe investigated capillary 
membranes changed by10–20% duringthe 
DCMDprocess. 

4.1.3. Other DCMD membrane materials 
OtherDCMDmembranematerialsincludePP,PSf,and 
Polyetherimide(PEI).Manyofthesematerialshavealsob
eenfunction- alizedwithnanomaterials
andspecificfunctionalgroupsinrecentstud- iesinorderto 
improve membrane fluxorsoluterejection.Royetal. 
[120]hasfabricatedandtestedaPP-basedDCMD
membrane integrated withfunctionalized
carbonnanotube(CNT)forwatervaporfluxen- 
hancement.TheeffectofspecificinteractionsofCNTfunc
tionalgroups with water moisture on the enhancement
of water vapor flux in DCMD
(viathealterationofthepolar–nonpolarnatureofthemem- 
branesurface)washighlightedanddiscussed.Thewaterv
aporfluxob- tainedwas36.8kg/m2hat70°CforCNT–
COOH–PPhybrid,whichwas 51.5% higher thanthe
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value obtainedfromanunmodifiedPPmembrane 
atfeedsaltconcentrationof10,000ppm.Saltrejectionwas
foundtobe N99.9%.ThefabricatedCNT–COOH–
PPmembranealsoyieldedanin- creaseofabout1.5-
timesinthemasstransfercoefficient.Theeffective- ness 
of CNTs for improved DCMD operation has also 
been shown throughtheuseself-
supportingCNTBuckyPapers.Duméeetal.[121]studied
membranesmadefromself-supportingCNTBucky-
Papersina DCMD processanddiscovered 
thatthesemembraneswerehighlyhy- 
drophobic(contactangleof113°C),highlyporous(90%),
andexhibited thermalconductivityof2.7kW/m2h.Self-
supportingCNTBucky-Paper 
membranesdemonstratedeffectivenessofuseforDCMD
with99%salt 
rejectionandfluxrateof~12kg/m2hatawatervaporpartia
lpressure 
differenceof22.7kPa.However,theperformanceofthese
membranes 
wasfoundtobelimitingduetotheageingofthemembranes
bydelam- ination. It was recommended that 
membrane ageing may be addressed through the 
fabrication of composite membrane 
materialstructures. CNT Bucky-Paper membranes 
have also characterized for their suitable 
separationpropertiessuchastheirnaturalhydrophobicity
,highporosityandveryhighspecificsurfacearea[122].Ina
studycarried 
outbyDuméeetal.[122],thesenanotubesweremodifiedt
hrough 
(1)UV/ozonetreatmentcreatinghydroxylgroupsand(2)r
eacting
withthosegroupsthroughthesubstitutionwithalkoxysila
nebased
groups.Thisstudyconcludedthatlargercontactanglewou
ldresult from Bucky Papers(140°).
TheenhancementofPSfforDCMDapplicationhasbeenc
arriedout bypreparingaCF4-
plasmaporousflatsheetPSfmembranemodified
atacontactangleof144°[123].Asaresultoftheplasmamo
dification,
anenhancedfluxof53.33kg/m2hwasobtainedacrossthe
prepared
membraneatafeedtemperatureof70.3°C.Thisfluxwas8
0%higher
thanthatobtainedfromacommercialPVDFmembranewi
thcompara- 
bleperformancestability.Heatandmasssimulationmode
lingwascar- 
riedoutinthesamestudyanditwasshownthattortuosityoft
hePSf
membraneswascloseto1incontrastto2.5forthecommerc
ialPVDF
membranes.Pengetal.hasalsofabricatedPSfflat-
sheetmembranes usingavapor-
inducedphaseseparation(VIPS)[124].ThebestPSf
membranehasthefollowingcharacteristics:meanporera
diusof
0.32μm,watercontactangleof106.4°,liquidentrypressur

eofwater of300kPaandtotalporosityof82.1%. 
Theuseofthismembranemate- 
rialinDCMDresultedinafluxof30.0kg/m2hwithafeedsa
linityof 35g/LNaCl.Inaddition,distillatewateroflow-
conductivitywaspro- ducedwithhot-feedandcold-
distillatesidetemperaturesof 73°Cand 25 °C, 
respectively. 
Anothermaterialthathasshowntobeeffectiveforpolyme
ricDCMD 
membranefabricationisPEI.Afluorinatedsurfacemodif
yingmacro- 
molecule(SMM)hasbeensynthesizedandblendedintoth
ecastingso- lution of PEI used as the host polymer in 
order to membrane
hydrophobicityandwatervaporflux[125].Thefabricated
composite 
poroushydrophobic/hydrophilicmembranewasprepare
dby the
phaseinversiontechniqueinasinglecastingstep.During
membrane 
formation,theSMMmigratedtothetopmembranesurfac
e,therebyin- 
creasingitshydrophobicityanddecreasingitsporesize,no
dulesizeand 
roughnessparameters.Thethicknessoftheporoushydrop
hobiclayer 
wasfoundtobearound4mm.Performanceexperimentsw
erecarried out using different aqueous NaCl solutions 
and operatingconditions.
ThewaterproductionratewasfoundtobehighforDCMDd
esalination 
becauseofthelowresistancetomasstransportachievedby
thediminu- 
tionofthewatervaportransportpathlengththroughthehy
drophobic thin top-layer of themembrane. 
Thecharacteristicsandperformanceofsomerecentlydev
eloped 
membranesforDCMDdesalinationintermsoffluxandsal
trejection are summarized in Table5. 
Thefabricationofpolymericmembranesthathavebeenco
nvention- 
allyusedinMDhasbeenperformedusingtechniquessuch
asnon- 
solventinducedphaseseparation(NIPS),thermallyinduc
edphasesep- 
aration(TIPS),meltextrusionstretching,sinteringandele
ctro-spinning 
[18].Lately,inorganicmembranessuchasthoseinvolvin
gtheuseofce- 
ramics,carbonnanotubes(CNTs)andmetalshavebeenst
udiedforMD applications[121,128–
130].Ceramicmembranessuchaszirconia,alu- 
minaandtitaniumhavebeenmodifiedaccordinglyforenh
ancedhydro- 
phobicityandimprovedMDapplication[131,132].Theu
seofself- 
supportingCNTmembranesinDCMDapplicationhasres
ultedina 
fluxof12L/m2hwith99%saltrejection,whenthewaterva
porpartial 
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pressuredifferencewas22.7kPa[121].Theincreaseinpor
ehydropho- bicityasaresultof 
CNTmodificationhasallowed anenhancementof the 
performance ofthe DCMD, asevidentinflux 
improvement by 1.85 times the original flux. Due to 
the observed ageing of the self- supporting 
membrane, surfacegraftingandcoatingcan be 
implemented for improved membrane durability. 
Other surface modified membranes 

includehydrophilicpolyethersufone(PES)ultrafiltratio
n(UF) hollowfibermembranesthat
canbetransformedintohydrophobic MDmembranes 
throughCF4 plasmamodification[133].Themodified 
membranesgaveastablewaterfluxof66.7L/m2hwithsalt
rejection of99.97%at73.81°Cfora
DCMDoperationof54h. Thesurfacetreat- mentof 
polyethersulfone(PES) canbeperformed throughthe 
addition 

Table 5 
PerformanceofrecentlydevelopedDCMDmembranes 

ofgraftingagentssuchastetraethylorthosilicate(TEOS)a
nd 
trimethylchlorosilane(TMSCl).Theidentificationandc
haracterization of these modified membranes was 
performed in a study by 
Rastegarpanahetal.[134]usingmultipletechniques.The
seincludedat- 
tenuatedtotalreflectioninfraredspectroscopy(ATR\\IR)
,scanning electron microscopy (SEM) coupled with 
energy-dispersive X-ray spec- 
trometer(EDX),atomicforcemicroscopy(AFM),andopt
icalcontact angle measurement (OCA). These 
membranes, having contact angle of 
150°,wereusedinDCMDoperationfordesalinationpurp
oses. Asepara- 
tionfactorof99.7%aswellaspermeatefluxesclosetothos
eobtained 
fromacommercialmembranewereobtained[134]. 
MembranemodificationhasalsobeenperformedviaTiO
2nanopar- 
ticlesincorporation[36].Thecontactangleofthismembra
newasfound 
toincreasefrom125°to166°andwastestedonseawateran
dhumic acidsolutions.TiO2-
modifiedmembraneshavealsobeeninvestigated 
fortheDCMD treatment of phenolicsolution[135]. 
Studiesonthesep- arationefficiency 
andfoulingtendency of these membranes were carried 
outinthe presenceandabsenceofsilane. 
TheadditionoftheTiO2 to PVDFcastingsolutionwas 
performed through the method of phase 
inversion.Thepremodifiedmembranehadacontactangle
of151° whereas the post-modified membrane had a 
contact angle of 140°. 

Overaperiodof8h,thesemembranesachieved99%rejecti
onwith membranefluxreductionof17%forthepre-
modifiedmembranesand 12%forthepost-
modifiedones.Thepost-treatedmembranesgavea 
higherpermeatefluxbecausetheyexhibitedhigherporosi
ty.The inner pores within the unmodified PVDF/TiO2 
membrane can be
blockedasaresultofmembranewetting[135]. 
Dependingonthetypeofmembrane,thefluxandconducti
vityof 
permeatedifferforaDCMDoperation.Testedmembrane
scanbechar- 
acterizedintermsofLEP,CA,andgaspermeability.Them
oduleswould 
alsodifferinaccordancewiththetestedoperatingparamet
erssuchas 
flowmode,flowrate,temperature,andconcentration.For
example, 
whiletestingninetypesofcommerciallyavailablemembr
anesfor 
drinkingwaterproductionfromsalinewater,Heetal.[136
]observed 
thatpermeateconductivitywasbelow8mS/cmforallthest
udiedcon- ditions. However, the individual 
performance of the membranes 
dependedonthetypeofsalinewater,hotandcoldsidetemp
erature, andpropertiesofmembranes.
Fluxvalueof23.76L/m2hwasobtained from seawater 
treatment whileusingfeed temperatureof60°C, perme- 
atetemperatureof20°C, andflowratesof0.6L/min for 
PTFE membranes withporesizeof0.22mm. 
Afteraonemonthperiod,thisvalue dropped to 14.36 
L/m2h. Roughpolystyrene(PS)micro/nano-
fibrousmembranes prepared throughthemethod 
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ofelectrospinning haveshownsuperhydrophobicity 
andhighporosity which makethemwellsuitedfor 
DCMDdesalination [137]. Different concentrations of 
the polymer ranging from 15 to 30wt%werestudied. 
TwoPSnanofibrousmembranesofdifferentthick- 
nesses(60μmand120μm)weretestedforDCMDdesalina
tionapplica- tion (Fig.7). 
For thethinner membrane withathicknessof 
60μm,20g/LNaClsalt feedwastreatedresulting inaflux 
of 104.8±4.9kg/m2h. Asforthe thicker membrane 
with a thickness of 120 μm, a feed solution of 
35g/LNaClwastreatedresultinginafluxof51±4.5kg/m2
h.Temper- aturedifferencebetween thehotand 
coldstreams wassetat50°Cfor bothmembranes over 
a10hperiodintheabsence ofsignificantwetting. 
Recently developedmembranesprepared 
fromsurfacemodificationof polymersand 
nanomaterials havebeensummarizedinTable6. 

4.1.4. Measurement and control of membranefouling 
OneofthemainchallengesassociatedwithDCMDisitsfo
ulingeffect 
[139].ThisoccurswhensubstancessuchasCaSO4andCa
CO3knownas scalantsdepositonthesurfaceof 
themembraneorinitsporesreducing 
thepermeatefluxwithtime[140].Otherkindsoffoulantsi
ncludepar- ticulates,organicmatter, 
andbiofilmwhichcanalsocausefluxdecline. Another 
rnegative impactofthesefoulantsin DCMD 
operationsis their tendency to adversely modify 
membrane surface properties and reduce 
thequalityofthepermeate[139].Onetypeoffoulingofseri
ousconcern to DCMD is organicfouling. 

Ononeinstance,Naiduetal.[141]observed a40–
50%fluxdeclinewhenasyntheticsolutionofhumicacid(
HA),al- ginateacid(AA) and
bovineserumalbumin(BSA) wasfedtoaDCMD 
system.OrganicfoulingdevelopmentindicatedthatBSA
andHAshow dominantfoulingtendencies.
TheHAfeedsolutionshowedthermaldis- 
aggregationtolowmolecularweight-HA(LMW-HA) 
organicswithin-creased feed temperature(50to70°C). 
Inaddition,theBSAfeed solution showed more 
significant deposits on the membranesurface 
(35.2%highercarbonmasscompared 
toHAfoulant)withlesssignifi- cant pore penetration. 
However, minimal fouling was observed with 
AAduetoitshydrophilicnature.Thisstudyhighlightsthef
actthat DCMDoperationsarestill
verymuchinfluencedbyorganicfouling 
agentswhichresultinsignificantadverseeffectsonmemb
ranelife andoperatingcost. Theextentof 
foulinghasalsoshowntobeinflu- encedbyDCMD 
operating conditionssuchasfeedandpermeateveloc- 
ities.Differentfeedandpermeateflowvelocitieshavebee
ntestedina DCMDsysteminordertostudy
thesystemperformanceandscaling pattern[142]. 
Ithasbeen concludedthatacombinationsettingi.e. feed 
and permeatevelocities
of0.8m/sand1.1m/s,respectivelyresult- edina30% 
higher recoveryratioand60%lowerpumpingenergy,as 
comparedwith when bothvelocities
weremaintainedat1.1m/s.Mem- braneanalysis 
demonstratedbulkcrystallizationtendencyathighflow 
velocityranges(1.1–2.2m/s) 
whilemembranesurfacecrystallization 

Fig. 7. PS for DCMD treatment of saline feed [137]. 
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wasdominantatlowerflowvelocities(0.5–0.8m/s). 
Moreover,the combination setting showed beneficial 
outcome of reduced tendency 
ofmembranesurfacecrystallization. 
Otherthanorganicfouling,amajorproblemforDCMDme
mbranes 
isscaling,especiallyscalingcausedbycalciumprecipitan
tsathightem- 
peratures.Nghiemetal.[143]investigatedmembranescal
inginDCMD 
andrevealedthatmembranescalingcausedbyCaSO4was
moresevere 
thanthatcausedbyCaCO3orsilicateatfeedtemperatureof
40°Cand 
distillatetemperatureof20°C[143].Atasaturationindexo
fupto1.5, 
CaSO4scalingoccurredonlyafterasufficientlylongindu
ctiontimeof 
upto25h.Theresultsshowedadecreaseintheinductionpe
riodand 
anincreaseinthesizeoftheCaSO4crystalsasthefeedtemp
eraturein- 
creasedwithregularmembraneflushing/cleaninguntilit
was 
completelyfreeofanylargecrystalstoresettheinductionp
eriod.The 
studyconcludedthatthereisinterplaybetweeninductionti
meand 
thesaturationindex.Anotherfactoraffectingthescalingo
faDCMD 
membraneisthebubblesizearoundthemembranewheret
hemixing 
andmembranesurfaceshearratewouldbeenhancedbysm
allmean 

bubblesizeandnarrowdistribution[144].Anoptimalgasf
lowrateof 
0.2L/min,upto2.30and2.13-
foldenhancementcanbereachedfor 
heattransferandtemperaturepolarizationcoefficients(T
PC),respec- 
tivelywhereatahighgasflowrate,negativeeffectcanbeob
served. 
Shearstressandhydrodynamicsinducedbygasbubblesi
mproves local-
scalingresistanceasdeterminedbyChenetal.[144].Thest
udy 
observedthatmeanbubblesizeandnarrowersizedistribut
ionarethe 
preferreddryingconditions.Asaresultofbrineconcentrat
ionprocess, 131%oftotalwaterremovalwasimproved. 
Themodelingoffoulingmechanismsandresistancetotra
nsportin 
thefoulinglayerhasalsobeenstudiedinarecentinvestigati
on[145]. 
Dingetal.[145]studiedthetransportresistanceoffoulingl
ayerformed 
whileconcentratingtheextractoftraditionalChinesemed
icine(TCM) 
byDCMD.Anempiricalmodelwasdevelopedtodescribe
theconcen- trating process. The result showed that 
membrane fouling in this
studywasmainlycausedbythedepositionofsuspendedso
lidparticles 
inTCMextract.Thefluxdeclinesfasterwithincreasingfe
edtempera- 
tureandfeedflowvelocityresultinginafasterincreaseoffo
ulant 

Table 6 
Surface-modified and new DCMD membranes from nanomaterials 

concentrationinthefeed.However,thecomparisonofther
elationships betweenfoulingresistance and 
concentration ratio obtainedunderdif- 
ferentconditionsrevealedthatthegrowthoffoulinglayerc
anbeeffec- 
tivelylimitedbyoptimizingeitherthefeedtemperatureorf
eedflow velocity. 
InastudycarriedoutbyNguyenetal.[139],theeffectsofop
erating 
parameterssuchasthefeedtemperatureandhydrodynami
cconditions 

ontheformationofmembranefoulinglayerwerestudied.
Thecompo- 
sitionandmorphologyoffoulantswerestudiedusingmult
ipleanalyti- caltechniques.
Theseincludescanningelectronmicroscopycoupled 
withenergydispersive X-ray(SEM-EDS),X-ray 
diffraction(XRD), Fou- riertransforminfrared 
spectrometry(FTIR),AFMandcontactangle.The results 
showedtheoccurrenceofmoreseveremembranefoulinga
nd wettingathigherfeedtemperatures. Foulingresulting 
fromtheseawa- terRObrinefeeddisplayed
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alargeamountofbothinorganicfoulants suchas CaCO3 
andCaSO4 andorganicfoulantssuchaspolysaccharides 
andproteins.Furthermore,testsdisplayedareductioninth
efouling andwettingeffectupon theadditionof 
NaOCltothefeed asapretreat- mentstep. Coupling 
thistreatmentwiththerinsingofthemembrane 
witha3%HClsolutionsshowedarestorationoffluxaswell
asagood- qualitypermeateproduction[139]. 
Inanotherstudy, areducedfeed temperatureand 
enhanced feedflowratewerefoundtoreducethe fouling 
effect[146]. 
Across-flowbenchscaleDCMD unithasalsobeentested 
toinvesti- gatetheeffectoffoulingonpermeateflux, 
intermsofchoosingthemost 
suitablemembranefortheunitoperation[31].ThroughSE
Mimagery andcontactanglemeasurements,
themembranecharacteristicsand 
morphologywereobservedinordertostudythesuitability
ofthemem- branesforDCMDoperation. PTFE 
membrane was foundtohaveacon- tact angle of 127° 
with highly porous surface supported with less 
porousandbiggerpore-sizePPmembrane. 
Furthermore,theresults fromthisstudyindicatedthat 
,inthepresenceofantiscalants,themem- 
braneswereoperationalforoveraperiodof17hwithoutse
verefouling [31]. 

4.2. Operating conditions and their effects on DCMD 
productivity 
MajordeterminantsoftheperformanceoftheDCMDareit
sdesign, configuration,andoperating conditions. 
DCMD systemperformancein termsofproductivity 
andcapacityarelargelyaffectedbyflowpathof 
thefeedandpermeate(countercurrentorconcurrent),mat
erialofsys- temconstruction, meansofheatexchange, 
mechanicalandthermal properties offeedandpermeate, 
andsystemconfiguration.Theselected operating 
conditionsaffecttheoverallefficiencyoftheDCMDproc
ess [56].InmanyDCMDstudies,
temperaturegradienthasbeenidentified asan 
importantoperatingcondition.However,valuesoftempe
rature forthehotandcoldsidesare 
veryimportantfactorsashigheroperating temperature 
forthehotsidemightresultintomorefluxes,providedthatl
iquidentrypressureisnotreached.However,thesefluxes
would alsoultimatelydepend onthesourceoffeedwater, 
typeofmembrane, and feed flow rate or 
velocity[74,75,87]. Fig.8(a)and(b)showthevariation of 
fluxwithtemperature,asobtainedfromdifferentstudiesw
ith different temperaturerange. 
Fig.8(a)and(b)showthatalthoughhighfeedsidetemperat
ureis desired for higher flux, feed flow properties 
such as the flow rate 
woulddeterminethefluxataparticularoperatingtemperat
ure.Thein- fluenceofoperating conditions 
suchasfeedtemperature,feedflowrate, coldstream 
flowrate, andfeedconcentrationontheperformanceof 
ninecommerciallyavailablehydrophobicflatsheetPTFE
DCMD membranes hasbeenstudiedby 
Mahdietal.[147]. Theresultsobtained from this 

experimental study revealed that increasing the feed 
temper- 
ature,feedflowrate,andmoduledepthonthecoldsideresu
ltedinan 
increaseinpermeateflux.Bahmanyaretal.[148]simulate
dandstudied 
theeffectofoperatingconditionssuchasfeedtemperature
,feedcircu- 
lationrate,andfeedinletconcentrationonpermeatefluxin
aDCMD process. Mass and energy models were 
developed andsolved. 

Fig.8.(a)Variationofpermeatefluxandthermalefficiencywithfeed
temperature fora typicalcommercialPPmembrane 

(atfeedtemperatureuptoapproximately70°C, permeate 
temperature of 20 °C) [74]. (b). Variation of permeate flux with 

feed temperature and flow velocity[87]. 

numericallyusingMATLAB.Heattransferduetomassfl
ux,heatlost byconduction,aswellastheircontributions 
totheoverallheatflux throughthemembranewere shown 
tobesignificantoperatingfactors. Thisstudyconsidered 
thevariationofphysicalandflowpropertieswith 
temperatureandconsequentlyheattransfercoefficients.
AspenPlus softwarehasalsobeenusedrecently to 
theoretically investigatethe criticalmembraneareaasa 
crucial operatingconditionfortheDCMD process[149]. 
Energyefficiencyandeconomicanalyseswerecarried 
usingtheAspenPlusapplication.Theresultsshowedthata
critical membrane area existed, below which, 
significant increases ofwater productionand 
gainoutputratio(GOR)wereobserved.Operating 
belowthecriticalmembraneareawouldalsoleadtosignifi
cantdrop in waterproductioncost(WPC). 
Whenthetemperaturedifferencein theheatexchanger 
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wasincreasedto6°C,WPCwasconsiderablyre- duced 
because the heat exchanger cost was cut down. 
However,opti- mumfluidvelocities beyondwhichthere 
wassignificantpenaltyof more electrical energy 
consumption resulting from pumpingwere observed. 

4.2.1. Effect oftemperature 
Manawietal.[57]hasalsodemonstratedthattemperaturei
savery important operating factor which needs serious 
considerationduring 
thedesignofDCMDoperationsinordertoavoidtemperat
urepolariza- 
tion.ADCMDmodelwasdevelopedtoestimatethetempe
raturepolar- 
izationcoefficientacrossaDCMDmembrane[57].Thelo
calfluxand 
localtemperaturepolarizationcoefficientsatdifferentop
eratingcondi- 
tionswereobtained.Itwasdiscoveredthatthehighesttem
peraturepo- 
larizationcoefficientof0.82wasachievedataflowrateof3
L/minand 
feedandpermeatetemperatureof60°Cand20°C,respecti
vely.Itwas 
alsoobservedthatthecoefficientincreasedfrom0.66fora
spacer- filledchannelto0.47foraspacer-
freeoperationat1.5L/minflowcon- 
dition,whenthetemperatureofthefeedandpermeatewas
70°Cand 
30°C,respectively.Temperaturepolarizationcoefficient
inDCMDhas 
alsobeenshowntodependlargelyontheintrinsicmasstran
sfercoeffi- 
cientofthemembraneused(Cvalue).Yuetal.[49]hasinve
stigatedthe effect of membrane Cvalue on the 
performance enhancement of both non-
baffledandbaffledmodulesusingCFD.Theresultsobtain
ed 
showedthattemperaturepolarizationcoefficientdecreas
edsignificant- 
lywithincreasingCvalueregardlessoftheexistenceofbaf
fles.However, 
itwasconcludedthattheintroductionofbafflesintoDCM
Dmembrane 
modulecangreatlyenhancethemassfluxandtemperature
polarization 
coefficientforamembranewithahighCvaluewherethem
ainheat 
transferresistanceisdeterminedbythefluidsideboundary
layers. 
Thetemperaturepolarizationcoefficientwasalsoobserve
dtodecrease 
generallywithincreasingoperatingtemperaturesandthe
massfluxin- 
creasedsignificantlywhentheoperatingtemperaturewas
increased. 
Therefore,higheroperatingtemperaturesweresuggested
tobeprefer- 
ableforasubstantialimprovementintheheat/masstransfe
randther- malefficiency

inDCMDoperations,evenwitharelativelysmall 
transmembranetemperaturedifference.SinghandSirkar
[73]alsoob- 
servedthatthethermalconductivityofmembranemateria
lsisastrong
determiningfactorofDCMDperformance.Meanwhile,i
nordertoin- 
vestigatetheeffectofthermalconductivityofhydrophobi
c/hydrophilic
hollowfibermembranesonvaporflux,anexperimentalan
dmathemat- 
icalmodelingstudyhasbeencarriedoutbySuetal.[150].A
significant
increaseinvaporfluxfrom31.4to78.5kg/m2hunderfeeda
nddistillate
temperaturesof80°Cand20°C,respectively,whenthethe
rmalcon- 
ductivityoftheinnerhydrophiliclayerwasvariedfrom0.2
to1.4W/
mKwaspredicted.MWCNTswithgraphiteparticleswere
embedded
intothehollowfiberhydrophiliclayertoimproveitstherm
alconduc- tivity. By incorporating both graphite and
MWCNTs, the thermalcon- ductivity
wasincreasedfrom0.59to1.30W/mK.Thethermal
conductivityobtainedwasstillrelativelylowanditwasfou
ndthat
thisincreaseinthermalconductivity,actualizedthrought
headdition
ofnanomaterials,ledtoasignificantincreaseinvaporfluxf
rom41.2
to66.9kg/m2hwhentheinletfeedanddistillatetemperatu
reswere maintainedat80.4°Cand15.3°C,respectively.

4.2.2. Effect of flowdeflector 
Thedirectionofinletvelocityalsoinfluencestheperforma
nceof 
DCMD.Wangetal.[151]investigatedtheinfluenceofaflo
wdeflector
onDCMDefficiency.Atotalofsevenmodules,including
asmoothmem- 
branemoduleandsixflowdeflectormoduleswerefabricat
edandtest- 
ed.Thesmoothmodulerevealedacomparativelyabruptc
hangeofwaterfluxwhentheinletvelocitywasaround0.25
m/s.Usingthe
samepumpingpower,thetestresultsshowedthatthewater
fluxforsmoothmoduleweresmallerthanthatobtainedfor
allmodulescon- 
tainingaflowdeflectoratalltemperatures.Itwasalsodisco
veredthat
moduleswithmoredeflectorsbecamemorecompetitivea
tahigher
feedtemperaturebutwerelesseffectivewhenthevelocity
washigh.
OperatingaDCMDprocessbyusingroughened-
surfaceflowchannel in a countercurrent configuration
has been shown to enhance heat
transferandsystemperformance[152].Hoetal.[152]enh
ancedheat
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transferinsalinewaterdesalinationviaDCMDbyusingro
ughened- 
surfaceflowchannelonacountercurrentparallel-
plateDCMDmodule. 
Anincreaseinthepurewaterproductivitywasachievedw
hencom- paredwithconcurrent-
flowoperationwithoutroughened-surfaceef- 
fects.Roughened-
surfaceeffectshavedemonstratedthetechnical 
feasibilityofperformanceimprovementsandupto42.11
%ofperfor- 
manceenhancementwasachievedforthiscountercurrent
-flowDCMD
system.Inasimilarstudy,Hoetal.[153]alsotheoretically
proposed roughened-
surfaceflowchannelforenhancementofpurewaterpro- 
ductivityinsalinewaterDCMDprocess.Aheattransferco
efficientcor- 
rectionfactorwasobtainedfromheatandmasstransferme
chanisms
andthisfactorwasincorporatedwiththeexperimentaldat
aobtained.
Thecorrectionfactorwasexpressedasrelativeroughness
andcanbe
usedforpredictingtheheattransfercoefficientforroughe
ned-surface channels.

4.2.3. Effect of membraneproperties 
Certainly,differentoperatingfactorshavedifferenteffect
sonthe performanceoftheDCMDprocess. Therefore, 
effortshave alsobeen directedtowardsthe 
investigationofthesensitivityofDCMDperfor- 
mancetodifferentfactors.ThesensitivityofDCMDtovari
ousoperating 
conditionshasalsobeentheoreticallystudiedbyHayereta
l.[154]using 
theCFDmethodinordertodeterminethemostcrucialcond
itions.The 
globalsensitivityanalysistechniquewasusedtomeasuret
heeffectsof 
differentparametersonthetransmembranefluxandtemp
eraturepo- 
larizationcoefficient.Theresultsobtainedindicatedthatt
hemostsig- 
nificantdesignparametersinDCMDaremembranethick
nessandfeed 
temperature.Raoetal.[155]hascarriedoutamechanistici
nvestigation 
ofthefactorscontributingtohigherwaterfluxusingDCM
D,vacuum- enhanced direct-contact MD (VEDCMD), 
and pressure-enhanced DCMD(PEDCMD) 
configurations.Theonedominantfactorcontributing 
toimprovedwaterfluxwasreducedmembranecompactio
n.Theother
dominantfactorwasthereducedairpressureinsidetheme
mbrane 
pores.Thepressuredifference,inbothPEDCMDandVE
DCMD,was 
foundtohaveaminimaleffectonwaterflux.Asimplified
modelthat 

canbeusedtopredicttherelativemagnitudesofwaterfluxe
swas alsodeveloped[52].
Thefourparametersε/δ,ε/τδ,1/τδ,[relationships 
betweenδ(thickness),ε(porosity)andτ(tortuosity)]andC
mwere foundtobehighlycorrelatedwithwaterflux. 
Thisstudyprovidedade- tailedcollectionof
MDmembranepropertiesandtheirwaterfluxvalues 
thatwillassistothersinmembraneselection,developmen, 
and application. Meanwhile, forgeneralDCMD 
applications, the dominantfactor depends 
onthescaleofoperation,configurationofDCMD,andthe
na- ture of feed to be purified [24]. For DCMD 
integrated with salt- gradientsolarpond(SGSP), 
forexample,thesurfaceareaofthesolar pondwasfound 
tostrongly influencetheproductivityofthesystem [156]. 
AtheoreticalinvestigationbySuarezetal.[156]forthepro
duc- tionofsustainablefreshwater fromatterminallakes 
usinga SGSP- DCMDprocessrevealed 
thatfreshwaterflowswereofthesameorder 
ofmagnitudeasevaporation,andtheintegratedsystemwo
uldonlybe successfuliftheSGSP isconstructed 
insidetheterminallakesothat thereislittleornonet 
increaseinthesurfacearea. Forthestudied
site,waterproductionoftheorderof2.7×10−3m3/m2dwa
sachieved. 
Thestudyconcludedthatthemajoradvantagesofthissyste
mwerethe use of renewable thermal energy, 
requirement of little electrical energy, 
requirementoflow maintenance, and provisionofsalts 
bytheterminal lakessothatstratification canbe 
createdinthe SGSP. 

4.3. Sustainability of DCMD 
4.3.1. Economics and cost of waterproduction 
Througheconomicevaluation,themaincontributingfact
orstothe 
waterproductioncostcanbebetterunderstood.Therelatio
nshipsbe- tweenthewaterflux/production, GORand 
thewater productioncost (WPC)inrelevancetothe 
DMCDsystemdesignandoperatingparame- tershave 
been investigatedby
Zouetal.[149].Itwasshownthatthere existsacritical 
membrane areabelow whichthereisanobservedin- 
creaseofwaterproductionandGOR,whichresultedinasi
gnificant dropintheWPC. Afurtherobservation 
wasthepositiveeffectofin- creasingthefeedtemperature 
onthewaterfluxandtheGOR.Inaddi- tion,thewaterflux, 
waterproductionandtheGORhavebeenshown 
toincreasewithanincreaseinthefeedandpermeatevelocit
ies.This studyconcludedthatthroughreducingthe 
costofheatexchange,the WPCcanbesignificantly 
reduced.Inanotherstudy,theeconomicper- 
formanceofDCMDwasanalyzedfortheestimationofthe
massflux andtheheatefficiencythrough the 
consideration of parameterssuch
asmembranestructural properties. Itwasfoundthattrans 
membrane fluxand thermalefficiencycanbeen 
hancedthroughanincreasein thetemperaturegradient. 
TheestimatedwatercostoftheDCMDwith heat
recovery was1.17USD/m3.
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Thisvaluewasrelativelyclosetothat ofwaterproduced 
byconventionalthermalprocesses,forexample 
costofwaterproducedfromMEDwasaround1.00USD/
m3andcost ofwaterproducedfrom MSFwasaround 
1.40USD/m3.However,the water production cost of 
this low-grade thermal energy methodcan 
besignificantlyreduced approachingthecostof RO 
produced water, about0.50USD/m3, 
henceleadingtomajorsavings[91]. 
An economic study aimed at 
comparingthesolarpowered-MDsys- temshasalsobeen 
carriedoutby Saffarinietal.[157].Threesystems- 
DCMD,AGMD,andVMD-weremodeledand 
economically analyzed. Theresultsshowed a 
significantincreaseinwater productionandre- ductionin 
thecostthrough anincreaseinthefeedinlettemperature. 
Furthermore, itwasobservedthatthewatercostcanbe 
reduced throughamoreeffectivemembranelengthand 
feedchanneldepth. Therefore, 
theselectedoperatingconditionsinDCMDhaveaconside
r- ableimpactonthefinal costofwaterproduction.
However,anincrease infeedinlettemperaturewithouta
corresponding increaseinthermal
energyutilizationefficiencywouldresultinhighercostsof
waterpro- duction,asshowninFig.9.
ForthereductionofwaterproductioncostsinDCMDoper
ations,en- 
ergyconsumptionneedstobereduced.Thismakesenergy
consumption
asignificantfactorthatneedstobeconsideredwhenapplyi
ngDCMDfor
freshwaterproduction[158].Acomputationalframewor
khasbeenfor- 
mulatedbyNguyenetal.[159]forthesimulationandoptim
izationof
DCMDinordertominimizetheenergyconsumedduringt
hisprocess. Thestudyalsousedalab-
scaleDCMDsystemtoconcentratea1.5kg
glucosesolutionfrom30to60%w/w.Dynamicoptimizati
onwasper- 
formedtominimizetheenergyexpensesofthisDCMDpro
cess.Theen- 
ergyconsumedaccountedfortheheatexchangebetweent
hefeedand permeate streams, within the membrane
module, and the pumping
powerforpumpingofstreams,whilemaintainingaminim
ummass flux of 0.5 kg/m2 h. The optimal operating
conditions found in this study
wereobservedtoreducethetotalenergy consumptionby
26.3%.Theresultsobtainedshowedthatthehighestachie
vableenergy
efficiencyofDCMDwithinthetestedrangewasabout49.
9%.Energyef- 
ficiencyinDCMDoperationhasalsobeeninvestigatedthr
oughtheuse ofalow-
gradeheatsource.Linetal.[160]usedlow-
gradeheatcoupled
withaheatexchanger(HX)toevaluatethemassrecoveryr
ate(fraction
offeedwaterrecovered)andspecificheatduty(energyinp

utperunit 
massofproductwater)ofDCMDdesalinationthroughthe
rmodynamic 
analysis.Fromthisanalysis,acriticalrelativeflowratethat
limitsDCMD 
operationbetweenpermeatelimitingregimeandfeedlimi
tingregime 
wasrevealedwhenthemasstransferkineticsarenotlimitin
g.There- 
sultsobtainedshowedthatthehighestmassrecoveryratea
ndlowest
specificheatdutyachievableweredeterminedbythether
modynamic
propertiesofthesystemandoccurredatthecriticalrelative
flowrate.
Thethermodynamiclimitsformassrecoveryrateandspec
ificheat
dutywere6.4%and27.6kJ/kg,respectivelyforseawaterd
esalination bysingle-
passDCMDat60°C.Thestudyconcludedthatheattransfe
r acrossathermally-
conductiveDCMDmembranereducestherecovery
rateandenergyefficiencyoftheprocessandthishasimplic
ationsfor
theoptimizationoftheDCMDprocess.Theuseofmembra
neshaving highheat-
transferresistancewouldhelptoimprovetheGORupto
32%[161]exceptpolymermembraneshavinghightherm
alcanbe

Fig.9.Watercostatvariousfeedinlettemperaturesfordifferentme
mbranes(membrane life-time=5years, 

recoveryrate=70%,permeatetemperature=25°C)[71]. 

incorporated with nanomaterials to improve their 
surface characteris- tics [150]. 

4.3.2. Integration of DCMD with renewableenergy 
4.3.2.1. Solarenergycoupling. Lately,attemptshave 
been madetoincor- porateDCMD withrenewable 
energy inordertorestricttheuseofcon- ventionalfossil-
fuelenergyforthegenerationofthermalenergyin 
DCMD,hencereducingitsenvironmentalfootprint.Solar
energyisone ofthemajorrenewableenergy
sourcesthathavebeenappliedforther- mal energy 
generation in DCMD. Solar-driven membrane 
distillation (SDMD)and
DCMDcoupledwithSGSParetwooftherecentstudies 
thatwerefocusedonsustainableDCMD through 
theexploitation of environmentally-friendly 
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solarenergy[85,156,162]. Threemembranes (C02,C07 
andC12; basedontheporesizesof0.2,0.7,and1.2μm,re- 
spectively)havealsobeenexperimentallytestedfordesali
nationvia the solar-assisted DCMD process [163]. 
Desalination of real seawater 
withouttemperaturecontrolwascarriedoutunderthefollo
wingcondi- tions:feedinlettemperatureof65.0°C, 
permeateinlettemperatureof 
25.0 °C and flow rate of 2.5 L/min. Long-term 
experimental runs (150days)usingbothsolarand 
electricpowershowedthatpermeate 
fluxwasonlyreducedfrom28.48to26.50L/m2hwhensol
arpower wascombinedwithconventionalelectricpower 
toruntheprocess [163]. Shim et al. [164]has developed 
a 2-dimensional model for solar-
assistedDCMDsystemforseawaterdesalination.Themo
delwas verifiedwithexperimentalresults.Thesolar-
DCMDsystemrancontin- 
uouslyforN150daysforseawaterdesalinationinKorea.D
uringday 
time,N77.3%oftheheatingenergywassuppliedbysolare
nergy.Inpar- 
ticular,inthemonthofSeptember,95.3%oftheheatingen
ergywassup- 
pliedbysolarenergy.Inanotherstudy,theperformanceof
asolar 
drivenDCMDplantwasinvestigatedbyBouguechaetal.[
165]using twoarrangements,onewithheatrecovery 
device(HRD)andthe other without. For the 
arrangement without HRD, the distillate per 
modulewasfoundtobe3.31L/handforthatwithHRDwasf
oundto be 4.59L/h. 
Theremovalofarsenicfromacontaminatedgroundwaterr
esource 
hasbeenstudiedusingPVDFmembranesinasolardriven
DMCDconfig- uration. Thisresultedinapproximately 
100%arsenic-freewaterwith highfluxesandreduced 
temperaturepolarization.Duetohighfluxes of 
74kg/m2hata feed water temperatureof40°C 
and95kg/m2hat afeedwatertemperatureof60°C, 
Mannaetal.[85]concludedthat thisdesigncouldbeused 
effectivelyinthevastarsenic-affectedrural areas of 
South-East Asian countries with abundant availability 
ofsun- lightenergy.Furthermore, 
Chenetal.[166]hasdesignedacombined solar 
absorberasan energysourceforwaterdesalinationby 
DCMDpro- cess.Experimentaltestswerecarried 
outatatemperaturerangeof about35–50°C. 
Thesolarabsorber wasinsertedbetweenaglasscover and 
the DCMDmembrane toheattheflowingfluidwhichwas 
passed underneath the absorber plate. A two-
dimensional mathematical ener- 
gymodelandageneralnumericalmethodwerealsousedto
obtainthe waterproductivity, absorberplateand 
flowconduittemperaturedistri- butions. The results 
obtained showed that the theoretical predictions 
agreedfairlywellwiththeexperimentalresultsusingaco
mbination ofKnudsendiffusion andviscousflow 
models formembranecoefficient estimation. The 
maximumtransmembrane flux incrementinthis study 

wasobtainedas16.56%andthedistillationabilitypotentia
lwas4.1kg/ m2h. Renewableenergy(mainlysolar) 
hasproven tobeeffectivefor thermalenergysupplyto 
DCMDsystems.However,thecostsofsolar collectors 
and otherthermalenergycollectingdevicesstillremaina 
hugechallenge[17]andfurtherresearchdevelopmentsint
hisarea areneeded. 
ADCMD system coupled withasolarphotovoltaic(PV) 
cellhasbeen usedinthetreatmentoftapwaterinorder 
toreducethesalinityofthe 
wateranddecreasethehealthrisksassociatingwithconsu
mingthe water[167]. DCMDwasreportedtobe 
themostsuitablefortheproductionofsmallquantityof 
cleandrinkingwaterforhouseholdapplicationsbecauseit
consumeslessenergythanRO.PeopleinIndiarelyontap 
waterfordrinkingpurposeswherethesewaterstendtobehi
ghlycon- 
taminatedwithfluorideandarsenicresultinginassociated
healthrisks [167].
Throughaperformedchemicalanalysisofthewaterprodu
ced fromDCMD, thecleanwaterproduced 
wasfoundtobeofgreatquality. 
Comparingthethermalefficiency ofthePV-
DCMDwithPV-RO, the solarPV-drivenDCMDwas 
foundtoproducemoredrinkingwater 
[167].Afewsolarenergy-drivenplants havealsobeen 
developed. The development of a solar thermally-
driven standalone MD plant witha capacityof200–
20,000L/dhasbeencarriedoutbyFraunhoferInstitute 
forSolarEnergySystemsISE,Germany[168].Theheatso
urceforthis plantcanbeathermal collectorthatis 
corrosionfree, orastandard flatplate, orvacuumtube 
collector integratedwithaheatexchanger. Several 
experimental and simulationstudieswerecarried 
outtoinves- tigatetheapplicabilityofthis systemfor 
potential installation locations. Itwasobservedthat 
thissystemcanbeusedtoprovidepotablewaterto rural 
areasorremotelocations.Forexample,accordingtosimul
ationre- sults,acollectorwithanareab6m2 
withoutheatstoragecanprovide 120to160L/dofwaterin 
thesummerperiod[168].Apilot-scalesolar DCMDunit 
(Fig.10)hasalsobeendevelopedbyFathetal.[169].The 
unitwaslocatedattheMechanicalEngineeringDepartme
ntsite,Alex- andriaUniversity,Alexandria,Egypt. 
Onasunnyday(7.25kWh/d), theunitcanproduceabout 
11.2L/d for everym2ofcollectorarea.A PVpanelwas 
used torunthe feedpumpwhilesolarcollectorswere 
usedtosupplythermalenergytothefeedwater.Condensat
ionenergy wasrecoveredinthe condenserchannelofthe 
membraneinorderto preheatthefeedwater.
Thesolarcollectorefficiencywasabout50% whilethe 
processefficiencywasabout90%.Itwasconcludedthatth
e systemwasverysuitableforuseinaridareas such as 
Arab and North Africanregions. DCMDhasbeen 
integrated withsolarpondsbyUniversityofTexas 
atElPasoinaprojectsponsoredbytheUSBureauofRecla
mationincol- laborationwiththe Swedishfirm 
SCARAB[170].Thesystemhadbeen previouslytestedat 
SandiaNationalLaboratory.Heatwassuppliedby 
hotbrinethatwaspumpedfromthebottomofthesolarpond
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and passedthroughaheatexchanger. Ontheotherhand, 
coldwaterwas suppliedfromthesurfaceof 
thesolarpondand passedthroughaheat 
exchangertoprovide cooling. Processdatawere 
registered byusing DaqView®software. 
Thefluxobtainedrangedfrom0to6L/m2h.The 
fluxwasmeasureddowntohotsidetemperaturesaslowas
13°C, whichmeansthatthesystem canworkeffectively 
withalowgrade heat source[170]. 

Fig.10.ApictureofAlexandria'scompactMDsystem[169]. 

SolarthermalcollectorshavebeenintegratedwithMDpil
otplants inSpainandMexicobythe MEDESOL[171]. 
AmultistagesolarMDsys- temwasexperimentally 
accessed. Thisprojectwasaimedatproducing 500–
50,000L/dofwaterbyminimizingenergyconsumptionin
amulti- stageMDsystem. Anadvancedcompound 
parabolicsolarconcentrator wasdevisedasthe 
heatsourceand thepreventionofscalingthrough 
theuseofanti-foulingcoatingsonmembrane 
surfaceswasconsidered [171]. In a 4-month trial of the 
MEDESOL project, fluxes ofup to 
6.5kg/m2handthermalconsumptionof810kWh/m3wer
ereported [19].  

AquastillNetherlandhasalsodevelopedseveralkindsof
mem- branemoduleswhichcanbeusedinpilot-
scaleDCMDsystems depending onthefeed 
watercompositionanddesiredqualityoftheeffluent[172]
. 
Changingthenumberofchannelsinthemoduleprovidesa 
range of capacities, with membrane surface area that 
can extendfrom 1m2to120m2permodule. 
Flexibilityintermsofmembranelength andcross-
flowvelocityprovidesasystemthatcanbeadaptedtoobtai
n to obtaintheoptimum performance intermsof 
fluxandthermalefficiency. Astate-of-the-artMDsystem 
has been builtby Aquastillinthe beginningof 
2016withacapacityofproducing100m2/d[172]. 

4.3.2.2. Membrane distillation-crystallization. 
Membrane distillation-
crystallization(MDC)methodhasbeenusedtorecoverwa
terthrough theprecipitationof crystalsaltsenabled 
bytheconditionsofsupersatu- rationinacrystallizer. 
Theeffectsofoperatingfactorsontheperfor- 
manceoftheMDCsuchastemperatureandsaturationleve
lhave beenstudiedand foundtobethe
criticalparameters[173]. Fortwo saltsolutions-
sodiumsulfate(Na2SO4) andsodiumchloride(NaCl), 
theimpactoffeedtemperatureonthefluxwasinvestigated
.Athigh saltconcentrationsandfeed temperaturesof 
50and60°C, fluxvalues ashighas20L/m2h 
wereobtained. Whenthecriticaldegreeofsatura- 
tionofthecrystalswasexceeded,scaleswereformedonthe
membrane andthefluxwasrapidlyreducedasaresult 
ofreducedmembraneper- meability.Thismethodwas 
usedfortheproductionofanhydroussodi- 
umsulfatecrystals[173].Brinethatisdischargedasabypr
oductofRO desalinationplantscanbeused
asthefeedforMDC.Thisapproachhas beentested 
onsyntheticRObrineonabenchscaleMDplant[174]. 
Themanufacturingof21kg/m3ofNaClcrystalswasachie
vedthrough thismethodandtherecoveryof
waterfactorwasincreasedupto90%. Fornatural 
RObrines,therewasanobservedreductionof20%inthe 
saltcrystalformationandatransmembranefluxdeclineof
8%dueto theexistenceofdissolvedorganicmatter. 
Therateofgrowthoftheso- diumchloridecrystalswas 
foundtobereducedby15–23%fornatural 
brines.TheMDCoperationswasalsofoundtobestableov
era100hpe- riodduetothecontrolofsupersaturation, 
polarization,nucleation course and
hydrodynamics[174]. 
The use of a recently developed simultaneous 
membrane distillation–crystallization(SMDC) 
technologyfortheproductionof purewaterandsalt 
crystal hasalsobeenstudiedfor NaClcrystallization 
[175].Whileincreasingthefeedtemperaturefrom40to70
°C,anin- creaseinfluxwasobserved butthisincrease 
wassignificantlydimin- ishedattemperaturevaluesof 
60°Cand70°C.Thiswasaresultof membranescalingand 
wettingthatresultedfromtheoversaturation 
ofsaltattheboundarylayer. 
Thismembranescalingchallengecan, however, 
bepreventedthroughcriticalfluxcalculationsusingReyn
olds numbers and crystallizer temperatures. The 
membrane performance can bestabilizedfora 
continuous operationof5000minbymaintaining 
operation belowthecriticalflux.
Overa2000minoperation,anincrease in the 
feedtemperaturefrom40°Cand70°Callowedforanincre
asein NaClcrystalproductionfrom 7.5kg/m3 
solutionto34kg/m3.Thistem- peratureincrease 
inturnincreased thenucleationratereducingthe
crystalsizesfrom87.40μmto48.82μm[175]. 

4.3.2.3. Waste heat coupling. 
Thefuturepotentialofcouplingwasteheat withDCMD 
hasbeenstudiedthroughpilotandbenchscaletests[38,11
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9,170].Wasteheatfromnuclearreactorscanalsobeused[1
76].In pilotandbenchscaletestscarried outby 
Jansenetal., distillateof excellentqualitywasproduced 
therebyreducingtheneedforpretreat- mentand 
primaryenergyforthermalenergyproduction[177].Athe
r- malenergynecessityofabout520MJ/m3 wasrequired
fromwasteheat forpollutedbrackishwaterdesalination.
Asaresultofthelowenergy requirementofthis 
technology, cheapwasteheatcanbeusedforthe 
treatmentof saline streams resulting 
intheproductionofhighquality distillate. 
Withlargescalesystemsforseawaterorbrackishwaterdes
a- lination,theuseofwasteheat canensureenergy 
consumptionofonly 300–400MJ/m3(similartothat 
obtainedinlargescaleMSFandMED
processes)andestimatedproductioncostsof0.3–
0.5USD/m3[177].

4.3.2.4. Geothermal energy coupling. 
Bundschuhetal.[178]observed that 
geothermalcouplingwithDCMDwasabetteroptionthan
solarcou- pling.Thereasonbeingthatlow-
costgeothermalheatprovidesastable 
heatsourcethatisreadilyaccessible,ascomparedtosolare
nergy.The possibilityofup-
scalingduetothesteadyheatsourceforgeothermal 
makesitabetteralternativetosolar.Solar-
geothermalhybridarrange- 
mentshave,however,beensuggestedasanappropriateopt
ionwherev- 
erthesetwosourcesarereadilyobtainabletocushionthepr
oblemsof 
intermittencyassociatedwithsolarenergy.Theuseofgeot
hermal 
waterorheatinthetreatmentofwaterusingtheDCMDis,th
erefore, a feasiblemethod. 
AnexperimentalstudyperformedbyAmalietal.[179]co
mpared 
thecouplingofgeothermalenergywithDCMDandAGM
D.Thiswas
donethroughtheanalysisofoperatingparameterssuchasf
eedconcen- 
tration,feedflow,feedtemperatureandtheairgapwidth.D
uetothe
lowerenergyrequirementsintheAGMD,itwasdeemedas
themore suitable method for seawater desalination
through geothermalenergy 
coupling[179].Resultsobtainedfromseveralworksrelat
edtothecou- plingofrenewableenergywith DCMDare
summarizedinTable7.

4.3.3. Hybrid DCMDsystems 
Duetotheworldwidegrowingissueofwaterscarcityandfl
uctuat- ingfossiloilprice, researchinterestsfocusingon 
hybrid DCMDsystems drivenby 
renewable/wasteenergy andcombining 
DCMDwithother technologiesforenergy 
efficiencyandcostreductionarenecessary [180,181]. 
Onestudyfocusingonafreezedesalinationmembranedist
il- lation,FD–MD,hybridsystemattempted 

tousethewastecoldenergy releasedfromtheprocesso 
fre-gasifyingliquefiednaturalgas(LNG). 
Thiswasdoneusingindirectcontactfreezedesalination(I
CFD)and DCMDconfigurations. Throughthe 
optimizationoftheICFDoperation parameterssuchas 
operationdurationandfeedconcentration,there 
wasproductionofhighqualitydrinkablewaterwithalows
alinity 
around0.144g/L.Simultaneously,theDCMDwasusedto
obtainultra- 
purewaterthroughtheoptimizationofthehollowfibermo
dulelength 
andpackingdensity.Ahightotalwaterrecoveryof71.5%
wasachieved 
wherethequalityofthewaterobtainedwaswithinthedrink
ingwater standards. Furthermore, this hybrid system 
has been proven, through
specificenergycalculations,tobeanenergysavingproces
sthrough 
theutilizationofcoldenergyhence,reducingtheamounto
fconsumed energy[182].Ahybridphotocatalysis–
DCMDsystemwasstudiedfor theremoval
ofibuprofensodiumsalt(IBU) fromtapwater. Overa 
long term process, theeffectofthecomposition 
offeedonthepermeate fluxandmembranescaling 
wasstudied.Aftera54hoperationofthe 
photocatalyticmembranereactor,PMR,thefluxdecline
wasfoundto 
be7%comparedtopurewaterflux.However,aftera188ho
peration, 
thefluxwasreducedby86%.Calciteandaragonitecrystal
sdeposited 
onthemembranesurface'sthinporousTiO2layerwhereth
eCaCO3scaledepositwascleanedwithHClandthefluxre
covered.Therewas 
noobservednegativeinfluenceoftheoperationmodeonth
eproduct 
(distillate)qualityandthisoperationalmethodwasrecom
mendedfor full scale applications[183]. 
HybridsystemofUFandMDwasalsoinvestigatedbyGryt
aetal. 
[184]forthetreatmentofoilywastewater.Watercollected
fromahar- 
borwastreatedwithoutpretreatmentusingPVDFmembr
anesintheUF
moduleandPPmembranesintheMDmodule.Theuseofa
UF/MDhy- 
bridsystemtotreatoilwastewaterresultsinthecompletere
movalof
oil,averyhighreductioninthetotalorganiccarbonof99.5
%andin
thetotaldissolvedsolids,99.9%.Inthisprocess,theperme
atereleased
fromtheUFisheatedinaheatexchangerbeforeitissenttoth
eMD
module.ThefinalproductsofthishybridsystemaretheM
Ddistillate andtheUFretentate.Aforwardosmosis–
membranedistillation(FO–
MD)hybridsystemusedforthefirsttimetoconcentratepro
teinsolu- 
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tions,specificallyabovineserumalbumin(BSA)solution
,hasbeen 
demonstratedbyWangetal.[185].UsingafabricatedPV
DF-PTFEmem- 
brane,aconcentratedNaClsolutionwasusedasadrawsol
utetodehy- 
drateproteinsinFO,whileinMD,thedistillatewaterisaby
-product duringthere-
concentrationofdilutedNaCldrawsolution.Appropriate 
operatingconditionsweredeterminedforthissystemusin
gdifferent 
NaClconcentrationsasdrawsolutesinFOanddifferentfe
edtempera- 
turesinMD.Theresultsshowedsystemstabilitywhenthe
dehydration 
rateacrosstheFOmembraneisthesameasthewatervaporr
ateacross 
theMDmembrane.Throughtheestablishmentofsimple
mathematical 
modelsshowingconsistencywiththeexperimentalresult
s,itwascon- cludedthatthenewlydevelopedFO–

MDhybridsystemdisplaysfuture 
promisefortheconcentrationofpharmaceuticals/protein
solutions.The 
resultsofthehybridMDsystemsarepresentedinTable8be
low. 

V. CONCLUSIONS AND FUTURE DIRECTION

MDtechnologyhasgainedatremendousamountofinteres
toverthe yearsintermsofitsdesign, testingparameters, 
modelingandapplications. Thesimple DCMD 
configuration plays abigroleinthisimproved 
interestwhereitisexpectedtogainfurtherattentionduetoit
sabilityto beusedasasolutionto currentwaterscarcity 
issues. Thismeansthat, notonlyisthistechnology 
deemedsuitablefortheremovalofcontam- inantssuchas 
salts, heavymetals, organics,radioactivesubstances, it 
can also be used to treat wastewater and concentrate 
substances. Wastewate rproduced from 
bothoilandgasindustriesposerealenvironmental threats 
but DCMD displays a strong potential intheir 

Table 7 
DCMD coupling with renewable energy 

Table 8 Applications of hybrid DCMD systems. 

treatment.Producedwaterresultingfromoilindustriesdif
ferfromthat producedfromgasindustriesin termsoftheir 
composition. Thetreat- mentofproducedwaterfrom 
gasindustriesusingDCMDisapotential applicationwith 
futurepromisethathasnotyetbeenimplementedby 
oilandgascorporations.Thispresentsagreatpotentialfor
massive freshwaterrecoveryfromproduced water. 
Thetreatmentofthistoxic rawwaterallowsforthereuseof 
waterfordifferentpurposessuchas drinkingwaterwhich 
isacrucial needofwaterstressedcountries.Dur- ingthe 
course ofthisreview,thetreatmentofthis wastewateras 
well as brinewasbrieflydiscussed butthereisneed 
formore futureworkfor the pilot and commercial 
evaluations of the applications. This article 
hasalsoexaminedthedifferentmembranepolymersandn
anomaterials usedin DCMDaswellasthevarious 
recentapplicationsofDCMD.How- ever,future 

developments onthefabricationofmembranes
throughthe useofnovelmaterials thatwillbe applied 
specifically forthe DCMDpro- cessarerequiredsoasto 
improvethe processperformanceandensure 
widespread commercialandindustrialimplementation 
ofDCMD.In termsofimproving
thepermeatefluxaswellastheoverallperformance 
oftheDCMD, futureresearchthrough theuseofhighly 
permeable membranesandsuitable moduleswith 
improved hydrodynamics needtobeused. 
Furthermore, focusshould bedirectedtowardsthere- 
ductionofDCMDmembranewettingbyimprovingmem
branehydro- phobicity and poregeometry. 
Inregardstotemperaturepolarization,moreresearchneed
stobe carriedoutinordertoimprove theenergy 
efficiencyof DCMDopera- tions.Alargenumberof 
experimentalparametersarealsorequiredtodeterminem
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embraneselectivityandfluxeswithhighaccuracy.Inaddi
- tion, robust mathematical models are essential for
describing the DCMD processandfordevelopinga
bettertechnicalunderstandingofDCMD. Optimization
studies of DCMDshouldbecarriedoutwithrobustde- 
tailedmodelsfordesignandscaleup.Thecapabilityofthe
DCMDtobeintegratedwithwasteheatandrenewableene
rgyfortheminimum useofthermalenergy and
reductioninelectricalenergyrequirementhasallowedDC
MDtogainalotofinterestinthisageofsustainability.
AlthoughtheestimatedcostofwaterproducedfromDCM
Dintegrated withwasteheatenergy orrenewableenergy
islessthancostofwater producedfromRO or
conventionalthermalprocesses, futuredevelop-
mentsshouldbefocusedonsolvingthelowfluxandwettin
gwhich havebeenassociated with DCMD process
integrated withwasteheat.
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STUDIES ON STRUCTURAL BEHAVIOUR OF REINFORCED 
CONCRETED FIBRE STUDIES 
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Abstract - With the headway of innovation and expanded field of utilizations of cement and mortars, the strength usefulness, 
sturdiness and different characters of the normal solid need adjustments to make it more appropriate for a by circumstances. 
Added to this is the need to battle the expanding cost and shortage of concrete. Under these conditions the utilization of 
admixtures is discovered to be a significant elective arrangement. 

Toward this path, an endeavor has been made in the current examination to assess the usefulness, compressive strength, split 
elasticity and flexure strength on expansion of wood squander debris (0 – 30%) alongside pleated steel filaments (0-1%) in 
cement. Wood debris is an admixture: a pozzolana. Wood debris is created as a result of ignition in wood-terminated force 
plants, paper factories, and other wood consuming enterprises. In spite of the fact that a great deal of examination is centered 
in the most recent decade around utilization of different admixtures in delivering concrete, next to no data is accessible on 
wood squander debris added creased steel fiber strengthened cement. Standard 3D shapes of 150 Х 150 Х 150 mm have 
been projected and tried for getting 28 days compressive strength. Standard chambers of 150mm distance across and 300 
mm tallness were projected and tried for Split rigidity. Standard Beams of 500mmx100mmx100mm were projected and tried 
for Flexural strength. M30 concrete has been utilized as reference blend. Results were dissected and ideal rates of Wood 
Waste Ash and Crimped Steel Fibers are discovered to be 20% and 0.75% separately. Nitty gritty portrayal about the 
outcomes was given assistance of charts, and future extension was examined. 

Keywords - Steel Filaments, Admixture, Compressive Strength, Flexural Strength, Split Rigidity. 

I. INTRODUCTION

The current boom in the construction industry has 
caused an exponential increase in the demand of 
cement, which is the primary constituent in the 
production of concrete. The production of cement 
needs a massive amount of raw  material and energy, 
and at the same time releases carbon dioxide into the 
atmosphere. Researchers have shown that for every 
600 kg of cement, approximately 400 kg of CO2 is 
released into the atmosphere. The increasing demand 
of cement leads to higher rate of environmental 
degradation and more   exploitation   of   natural 
resources   for   raw material. Concrete is the world’s 
most consumed man-made material. Also to produce 
1 ton of Portland cement, 1.5 tons of raw materials 
are needed. These materials include good quality 
limestone and clay. Therefore, to manufacture 1.5 
billion tons of cement annually, at least 2.3 billion 
tons of raw materials are needed. Over 5-million 
BTU of energy is needed to produce one tone of 
cement. 
Regular concrete is the lay term describing concrete 
that is produced by following the mixing instructions 
that are commonly published on packets of cement, 
typically using sand or other common material as the 
aggregate, and often mixed in improvised containers. 
This concrete can be produced to yield a varying 
strength from about 10 MPa (1450 psi) to about 40 
MPa (5800 psi), depending on the purpose, ranging 
from blinding to structural concrete respectively. 
Many types of pre-mixed concrete are available 
which include powdered cement mixed with 
aggregate, needing only water. 

II. NEED FOR PRESENT INVESTIGATION

Though a lot of research is focused in the last decade 
on use of various admixtures in producing concrete, 
very little information is available on wood waste ash 
fiber reinforced concrete. As already mentioned, 
Wood ash is an admixture: a pozzolana as it is 
generated as a by-product of combustion in wood-
fired power plants, paper mills, and other wood 
burning factories. Thus this new admixture has lot of 
potential for use in concrete. Hence,  there is need to 
study the strength and workability characteristics of 
wood waste added concrete. Mixing of crimped steel 
fibres increases the various structural properties 
which improve its strength and durability. So far 
there is no work documented on the combined effect 
of addition of wood waste ash and crimped steel 
fibreson the strength and other characteristics. Hence 
it is necessary to study the effect of addition of wood 
waste ash and crimped steel fibreson the strength and 
other characteristics. 
In this project work an attempt is made to study the 
properties of concrete like workability as well as 
compressive strength, split tensile strength, flexural 
strength of concrete with addition of wood waste ash 
and crimped steel fibres in varyingquantities. 

III. MATERIALS USED

Experiments were conducted on concrete prepared by 
partial replacement of cement by wood waste ash of 
particle size 75μm at varying percentages and the mix 
design was prepared. 
In all mixes the same type of aggregate i.e. crushed 
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granite aggregate; river sand and the same proportion 
of fine aggregate to total aggregate are used. For each 
mix, 6 cubes of size 150 x 150 x 150 mm and 6 
cylinders of 150 mm diameter & 300 mm height and 
6 flexural beams of size 500 x100x100mm were cast 
and tested. The test programmed consisted of 
conducting Compressive tests on Cubes, Split Tensile 
tests on Cylinders and Flexural strength on beams. 

CEMENT: Cement is a well-known building material 
and has occupied an indispensable place in 
construction works. Different varieties of cements are 
available in the market and each type is used under 
certain conditions due to its special properties. The 
cement commonly used is Portland cement, and the 
fine and coarse aggregates used are those that are 
usually obtainable, from nearby sand, gravel or rock 
deposits. In order to obtain a strong, durable and 
economical concrete mix, it is necessary to 
understand the characteristics and behavior of the 
ingredients. 53 grade OPC is used in this work 
AGGREGATES: Aggregates are generally cheaper 
than cement and impart greater volume stability and 
durability to concrete. The aggregate is used 
primarily for the purpose of providing bulk to the 
concrete. To increase the density of the resulting mix, 
the aggregate is frequently used in two or more sizes. 
The aggregates provide about 75% of the body of the 
concrete and hence its influence is extremely 
important. 
WATER: Generally, cement requires about 3/10 of its 
weight of water for hydration. Hence the minimum 
water-cement ratio required is 0.35. But the concrete 
containing water in this proportion will be very harsh 
and difficult to place. Additional water is required to 
lubricate the mix, which makes the concrete 
workable. This additional water must be kept to the 
minimum, since too much water reduces the strength 
of concrete. The water-cement ratio is influenced by 
the grade of concrete, nature and type of aggregates, 
the workability and durability. If too much water is 
added to concrete, the excess water along with 
cement comes to the surface by capillary action and 
this cement-water mixture forms a scum or thin layer 
of chalky material known as laitance this laitance 
prevents bond formation between the successive 
layers of concrete and forms a plane of weakness. 
The excess water may also leak through the joints of 
the formwork and make the concrete honeycombed. 
As a rule, the smaller the percentage of water, the 
stronger is the concrete subject to the condition that 
the required workability is allowedfor. 

WOOD WASTE ASH: Wood Waste Ash (WWA) is 
the residue generated due to combustion of wood and 
wood products (chips, saw dust, bark, etc.). It is the 
inorganic and organic residue remaining after the 
combustion of wood or unbleached wood fiber. The 
physical and chemical properties of wood ash vary 
significantly depending on many factors. The 

physical and chemical of wood ash, which 
determining its beneficial uses, are dependent upon 
the species of the wood ash the combustion methods 
that include combustion temperature, efficiency of 
the boiler, and supplementary fuels used. 
Typically, wood ash contains carbon in the range of 
5-30% (Campbell, 1990). The major elements of
wood ash include calcium (7-30%), potassium (3-
4%), magnesium (1-2%), manganese (0.3-1.3%),
phosphorus (0.3-1.4%) and sodium, (0.2-0.5%).
Density of wood ash decreases with increasing
carbon content. The chemical and physical properties
depend upon   the   type   of   wood,   combustion
temperature,  etc.
Typically wood burnt for fuel at pulp and paper mills
and wood products industries may consist of saw
dust, wood chips, bark and saw mill scraps, hard
chips rejected from pulping, excess screenings such
as sheaves and primary residuals without mixed
secondary residuals.

STEEL FIBRES: Fibre reinforced concrete (FRC) 
may be defined as a composite materials made with 
Portland cement, aggregate, and incorporating 
discrete discontinuous fibres. We know that plain, 
unreinforced concrete is a brittle material, with a low 
tensile strength and a low strain capacity. The role of 
randomly distributes discontinuous fibres is to bridge 
across the cracks that develop provides some post-
cracking “ductility”. If the fibres are sufficiently 
strong, sufficiently bonded to material, and permit the 
FRC to carry significant stresses over a relatively 
large strain capacity in the post- cracking stage. The 
real contribution of the fibres is to increase the 
toughness of the concrete, under any type of loading. 
Although every type of fibre has been tried out in 
cement  and concrete, not all of them can be 
effectively and economically used. Each type of fibre 
has its characteristic properties and limitations. Some 
of the fibres that could be used are steel fibres, 
polypropylene, nylons, asbestos, coir, glass and 
carbon. Fibre is a small piece of reinforcing material 
possessing certain characteristic properties. They can 
be circular or flat. The fibre is often described by a 
convenient parameter called “aspect ratio”. The 
aspect ratio of the fibre is the ratio of its length to its 
diameter. 

Typical aspect ratio ranges from 30 to 150. Steel fibre 
is one of the most commonly used fibres. Generally, 
round fibresare used. The diameter may vary from 
0.25 to 0.75 mm. The steel fibre is likely to get rusted 
and lose some of its strengths. But investigations 
have shown that the rusting of the fibres takes place 
only at the surface. Use of steel fibre makes 
significant improvements in flexural, impact and 
fatigue strength of concrete; it has been extensively 
used in various types of structures, particularly for 
overlays of roads, airfield pavements and bridge 
decks. Thin shells and plates have also been 
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constructed using steelfibres. 

IV. METHODOLOGY

To evaluate the strength characteristics in terms of 
compressive, split tensile and flexural strengths, a 
total of 16 mixes were tried with different 
percentages of wood waste ash (0,10,20 & 30%) and 
different percentages of crimped steel fibers 
(0,0.5,0.75 & 1%). In all mixes the same type of 
aggregate i.e. crushed granite aggregate; river sand 
and the same proportion of fine aggregate to total 
aggregate are used. The relative proportions 
ofcement, coarse aggregate, sand and water are 
obtained by IS - Code method. M30 is considered as 
the reference mix.(Appendix-I) 

The strength parameters are studied for the following 
combinations: 

With percentage of Wood Ash – 0, 10, 20 & 30%. 
With percentage of Crimped Steel Fiber – 0, 0.5, 0.75 
& 1%. 

For each mix, 6 cubes of size 150 x 150 x 150 mm 
and 6 cylinders of 150 mm diameter & 300 mm 
height and 6 beams of size 500 x 100 x 100 mm were 
cast and tested. For all test specimens, moulds were 
kept on table vibrator and the concrete was poured 
into the moulds in three layers by tamping with a 
tamping rod and the vibration was effected by table 
vibrator after filling up moulds. The moulds were 
removed after twenty four hours and the specimens 
were kept immersed in clean water tank. After curing 
the specimens in water for a period of 7 days, 28 days 
the specimens were taken out and allowed for drying 
under shade before testing. The test programmed 
consisted of conducting Compressive tests on Cubes, 
Split Tensile tests on Cylinders and Flexural strength 
on beams at 28days. 

V. RESULTS AND DISSUSSION 
COMPRESSIVE STRENGTH

Fibres do little to enhance the static compressive 
strength of concrete, with increases in strength 
ranging from essentially nil to perhaps 25%. Even in 
concrete members that contain conventional 
reinforcement in addition to the steel fibres, the fibres 
have little effect on compressive strength. However, 
the fibres do substantially increase the post-cracking 
ductility, or energy absorption of the material. The 
test results obtained from the compression of cubes 
under the compression test machine are given in the 
Table below. The variations of 28 days cube 
compressive strength of WWA- CSF mixes are 
presented in Figures below. From Figure it can be 
observed that the 28 days compressive strength 
increases with the increase in the percentage of wood 
waste ash up to 20% additionlevel. 

Table 1: 28 days Compressive Strength values in N/mm2 

S.No
% of 
CSF 

Compressive Strength (MPa) 
0% 

WWA 
10% 

WWA 
20% 

WWA 
30% 

WWA 

1 
0.00% 
CSF 

38.9 41.1 42.9 33.0 

2 
0.50% 
CSF 

40.1 43.8 45.6 33.9 

3 
0.75% 
CSF 

42.9 45.3 48.0 36.7 

4 
1.00% 
CSF 

41.6 44.8 46.9 35.3 

SPLIT TENSILE STRENGTH 
Fibres aligned in the direction of the tensile stress 
may bring about very large increases in direct tensile 
strength, as high as 133% for 5% of smooth, straight 
steel fibres. In  the present work crimped steel fibre 
were used and split tensile strength was tested with 
varying quantities of WWA and CSF. 

Table 2: 28 days Split Tensile Strength values in N/mm2 

S.No
% of 
CSF 

Split Tensile Strength (MPa) 

0% 
WWA 

10% 
WWA 

20% 
WWA 

30% 
WWA 

1 
0.00% 
CSF 

4.26 4.67 4.76 3.65 

2 
0.50% 
CSF 

5.45 5.61 5.91 4.43 

3 
0.75% 
CSF 

5.57 5.90 6.33 4.65 

4 
1.00% 
CSF 

5.32 5.72 6.10 4.45 
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FLEXURAL STRENGTH 
Steel fibres are generally found to have aggregate 
much greater effect on the flexural strength of SFRC 
than on either the compressive or tensile strength, 
with increases of more than 100% having been 
reported. The increases in flexural strength are 
particularly sensitive, not only to the fibre volume, 
but also to the aspect ratio of the fibres, with higher 
aspect ratio leading to larger strength increases. 

Table 3: 28 days Flexural Strength values in N/mm2 

S.No
% of 
CSF 

Flexural Strength (Mpa) 
0% 

WWA 
10% 

WWA 
20% 

WWA 
30% 

WWA 

1 
0.00% 
CSF 

5.25 5.56 5.62 4.33 

2 
0.50% 
CSF 

6.23 6.56 6.81 5.21 

3 
0.75% 
CSF 

6.67 6.89 7.33 5.72 

4 
1.00% 
CSF 

6.52 6.67 7.21 5.51 

VI. CONCLUSIONS

The following conclusions may be drawn from the 
experimental study on the characteristics of concrete 
with addition of wood waste ash (WWA) and 
crimped steel fibres(CSF). WWA is added at 0%, 
10%, 20% and 30%, where as CSF is added at 0%, 
0.5%, 0.75% and 1.0%.The workability of concrete 
with varying quantities of WWA and CSF are 
measured from compaction factor test. It was clearly 
understood from the test results that, as the 
percentage of wood waste ash and crimped steel fibre 
increases in the mix compaction factor decreases, and 
hence the workability decreases. This is due to the 
absorption of water from the mix by the WWA and 
subsequent loss of moisture from the mix, along with 
the obstruction and frictional resistance caused by the 
CSF in the concrete mixture. Hence it can be 
concluded that with the increase in the WWA and 

CSF content, workability decreases.The compressive 
strength of concrete cubes made with varying 
percentages of WWA and  CSF were estimated using 
compression test machine after 28 days curing. From 
the test results it was found that compressive strength 
started increasing with addition of WWA and CSF; 
however this increase was found to be ceased after 
20% increase of WWA and 0.75% increase of 
CSF.The increase in compressive strength due to 
addition of WWA is because of contribution of silica 
present in WWA to the CSH gel formation. The 
reduction of compressive strength with increase in 
percentage of WWA beyond 20% can be interpreted 
as the loss of water due to absorption by WWA and 
corresponding loss in degree of workability and 
hence compactability. The increase in compressive 
strength due to addition of CSF is because of 
contribution of fibres in bond and arresting the micro-
crack development. The reduction of compressive 
strength with increase in percentage of CSF beyond 
0.75 % is due to severe loss of degree of workability 
and there by poor compactability. It is also very clear 
that excess fibres will reduce the bond and integrity 
of the concrete mass. The flexural strength of the 
standard size beams tested under flexure after 28 days 
curing. The test results show that flexural strength of 
concrete got increased with increase in percentage of 
WWA and CSF. But the increase in flexural strength 
did not continued with increase in WWA and CSF 
content. Optimum percentages of WWA and CSF are 
20% and0.75% respectively. Finally it was concluded 
that addition of WWA and CSF will reduce the 
workability. But the combined effect of both WWA 
and CSF will increase the compressive strength, split 
tensile strength and flexural strength. The optimum 
percentages of WWA and CSF are 20% and 
0.75%respectively. 
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Abstract - 
Present investigation deals with development of glass fiber reinforced polymer (GFRP) composite with a matrix composed 
of a polymer blend of epoxy and vinyl ester. The evolved Interpenetrating polymer network (IPN) 
formedduetoblendingofthepolymersresultedinimprovedtensile,flexuralandinterlaminarshearproperties of the hybrid 
composite than that of both glass fiber/epoxy (GE) and glass fiber/vinyl ester (GVE)composites. Resinburn-
offtestrevealedthattheglassfibervolumefractiontobealmostidenticalinallthreecomposite laminates,whichwas~45%. The role of 
curing temperatures (140,170,200and230◦C) on thecurekinetics of the composites wasexamined based 
ontheflexuralpropertiesofthecomposites,whichisalsosupportedwiththe dynamic mechanical thermal analysis (DMTA) results. 
The glass fiber reinforced epoxy-vinyl ester inter- penetrating polymer network (GEVIPN) composite led to 21.83%, 22.54% 
and 13.43% improvement in inter- laminarshearstrength(ILSS),tensileandflexuralstrengthrespectively, 
overGEcompositeatoptimalpostcure temperature.Further,chemicalrestructuringof GEVIPN composite was analysed by 
Fouriertransforminfrared spectroscopy (FTIR). From scanning electron microscopy (SEM), it was comprehended that strong 
interfacial bonding between the matrix and fiber made GEVIPN composite exhibit better mechanical properties. 

Keywords - Mechanical Testing, Thermomechanical Testing, Fourier Transform, Infrared Spectroscopy Analysis, 
Interpenetrating Polymer Network (IPN), Fractography 

I. INTRODUCTION

In the present generation, thermoset composites 
reinforced with 
fiberarerecognizedasoneofthemostimportantmaterials.
Thereliable mechanical performance exhibited by 
Fiber-Reinforced Polymer(FRP) composites has 
gained huge acceptance because of its inherent 
proper- ties like high resistance to corrosion, high 
strength and modulus-to- weight ratio and improved 
fatigue resistance. These properties of FRP 
compositesaresuperiorbecausethesepropertiesrelyonin
terfacial 
bondingandcrosslinksbetweenthematrixandthefiber[1
–6].Buton the other hand, the thermoset FRP
composites have lower toughness compared to that of
ductile metals and alloys. The pertinent solution is
tomodifythematrixsince,inFRPcomposites,toughnessi
susually regulated by matrix [7–10]. Thermoset
matrices like epoxy, vinylester, and polyester are
commonly used as polymer matrices [11]. Among
these,epoxyresinhasbeencommercializedasastructural
adhesiveand as a polymer matrix for FRP composites.
But the major concern onthe use of epoxy resin lies in
the strength, which depends on the level of crosslinks
influenced by the cure kinetics [12–16]. However,
once the epoxy is cured with the hardener, the matrix
exhibits brittle behavior [17], thus the resulting
composite will be of lower toughness [18]. It has
already been reported that in order to drive out the
problemof lowertoughness, epoxyisusuallyblended
witheitheranelastomeror with thermosetor 
withthermoplasticpolymer[19–21]. Typically,the 

epoxy resin modified by introducing various 
tougheners results in the loss of strength, stiffness and 
thermal properties [22–24]. Therefore thermoset-
thermoset blends have emerged as better technique 
sinceit possesses higher strength and thermal stability 
[25,26]. The mixture of epoxy-vinyl ester results in 
the formation of Interpenetrating polymer networks 
(IPNs) consisting of two or more polymers wherein 
the network formed is held by permanent 
entanglements [25,27]. 
Karger-Kocsis et al. [26] have reported the 
toughening mechanism ontheformationof IPN 
resulting fromepoxy-vinylestermixtureandthe 
typeofepoxyaffectingthetoughnessoftheepoxy-
vinylestersystem. 

Their group found that cycloaliphatic or aliphatic 
epoxy yielded very hightoughnesswhen 
theepoxywascuredby thesamediamine. Jiaetal.[14] 
reported that the epoxy and vinyl ester polymer blend 
was pro- cessed by mixing of both polymers and 
respective hardeners simulta- neously using stirring 
process, and the resulting polymer blend enhanced 
the thermal stability, mechanical and damping ability 
prop- erties.M´esza´rosetal.[7] reportedthatbyusing 
thesimultaneously blended epoxy-vinyl ester polymer 
as matrix in carbon fiber reinforced composite, 
increment of 10% and 7% in flexural and impact 
strength, respectively, could be obtained compared to 
that when epoxy was used as matrix. Hence, it can be 
believed that reinforcing the glass fiber into the IPN-
structured thermoset matrix would yield a composite 
of improved properties, especially mechanical 
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properties compared tothat
ofglassfiberreinforcedepoxy(GE)andglassfiberreinfor
cedvinylester 
(GVE)composites.Hereaftertheglassfiberreinforcedep
oxy-vinylester interpenetrating polymer network will 
be abbreviated asGEVIPN. 
On the other hand, the matrix being viscoelastic in 
nature, there is significant change in the properties 
with the change in temperature. Specifically, for IPN-
structured thermoset matrix, the mechanical and 
thermomechanical properties are greatly affected by 
the curing process [28]. The curing process involves 
two steps i.e., gelation and vitrifica- tion [29]. During 
gelation, the liquid resin gets converted to gel once 
hardener is added and subsequently, if the curing 
temperature reaches the glass transition temperature 
(Tg), the polymer may then vitrify [25, 30]. K. Dean 
et al. [27] have reported that matrix made up of 
epoxy-vinyl ester system underwent premature 
vitrification because of the slower curing of the epoxy 
component during the low temperature isothermal 
curing. Their group also recognized that by post-
curing the IPN system at elevated temperature, near 
full cure could be attained. Hence optimization of 
curing temperature for GEVIPN composite is 
required so that it yields a perfect crosslinked epoxy-
vinyl ester IPN-structured matrix leading to enhanced 
mechanical properties. K. 
Deanetal.[27]alsoanticipatedthatbymixingtheepoxyres
inandvinyl ester, both containing the bisphenol-A 
diglycidyl structure would enhance the miscibility in 
the IPN formed. In this research study, a 
matrixofepoxy-
vinylesterIPN(EVIPN)systemwaspreparedbyusing 
bisphenol-
Adiglycidylstructuredepoxyandvinylesterresinintherat
io of 1:1. Then, the respective hardener and catalyst 
i.e., triethylenetetr- amine and peroxide were added to
prepare a homogenous mixture. The present study
deals with the effect of EVIPN matrix system on the
me- chanical and thermomechanical response of the
GFRP composite. Additionally, there is a dearth of
open reports on the cure kinetics of GEVIPN
composite. Therefore, the main aim of this work is to
investi- 
gatetheeffectofcuretemperatureonflexuralbehaviourof
GE,GVEand
GEVIPNcomposites.Thecurekineticstudyisalsodonefo
robtainingthe
optimalcuretemperatureofallexperimentedcomposites.
Further,to
identifythemechanicallybestperformingGFRPcomposi
tematerial
amongallexperimentedcomposites,comparativeanalys
isofshortbeam shear (S.B.S), tensile and flexural tests
were conducted at resulting optimal cured
temperature. The chemical restructuring and post
failure analysisofallexperimented composites 
wereconductedusing FTIR and SEM, respectively.

II. EXPERIMENTAL DETAILS

2.1. Materials 
One of the resins used for mixing was bisphenol-A 
diglycidyl ether grade of epoxy polymer, for which 
the curing agent was triethylene- tetramine (TETA), 
available as Lapox L-12 and K-6 as trade names, 
respectively,suppliedbyAtulIndustriesLtd.,India.Anot
herresinused was vinyl ester polymer (bisphenol-A 
diglycidyl based) and catalyst (free radical) was 
methyl ethyl ketone peroxide (MEKP), which were 
suppliedbyPliogripResins&ChemicalsPvt.Ltd,India.E
-glassfiber(3K
plainweave;15μmfilamentdiameter;arealdensity360gs
m),purchased from Owens Corning, India, was used
as reinforcement. Table1 represents theessential
properties of the reinforcement and matrices.

Table 1 
Essential properties of the reinforcement and matrices. 

2.2. Fabrication of compositelaminates 
Threedifferenttypesofcomposites,i.e.,GE,GVEandGE
VIPNwere fabricatedbythehandlay-
upmethod.Alltheselaminatesconsistedof6 
pliesofglassfibermatfortheflexural,tensile,DMTAandr
esinburnoff 
testwhereas,12pliesofglassfibermatfortheS.B.Stest.Int
hecaseof epoxy matrix preparation, 10 wt % of curing 
agent TETA was mixedin
theepoxypolymer,whileinthecaseofvinylestermatrixpr
eparation, 
1.5 wt % of free radical MEKP was mixed in the 
polymer as per the in- structions provided by their 
respective manufacturers. Fig. 1represents 
the schematic of the fabrication of GEVIPN 
composite. The prepared laminates were then hot 
pressed for 20 min at 80 ◦C temperature with 
10kg/cm2pressure[31–
33].Thehotpresscompressionprocesspro- 
vides uniform thickness with a certain degree of cure 
temperature and
appliedpressure,whichisessentialforfurtherhandlingoft
hecomposite laminates[34]. 
Epoxy and Vinyl ester polymers act as primary 
constituents in forming IPNs. The curing reactions of 
thermoset resin components do not interfere with one 
other, and that their relative amount is well balanced, 
close to the weight ratio of 1:1 for IPN formation 
with ther- moset resins, and this thermoset IPN 
system resulted in enhanced properties [26]. The 
other investigators also studied the cure, rheolog- ical 
and microstructural behaviour of epoxy/vinyl ester at 
1:1 ratio-based thermosets of IPN network structure. 
Furthermore, they have suggested that the VE (vinyl 
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ester)/EP(epoxy) systems at 1:1 ratio exhibited a clear 
IPN structure, which became more miscible with 
increasing curing temperature [25,27,35,36]. By 
consideration of re- ported advantages and reliable 
properties from literature, the same 1:1 wt ratio of 
epoxy and vinyl ester composition was used for the 
prepa- ration of the IPN matrix system. The 
preparation of IPN-structured thermoset matrix was 
done using the following steps: 
In a flask, the weight ratio of epoxy resin and vinyl 
ester resin is maintained as 1:1 ratio. 
ToprepareEVIPNmatrix,theepoxyresinispouredintoafl
ask.Then vinyl ester resin is also poured into the same 
flask. Then thecatalyst 
MEKPisaddedfirst,andhardenerTETAisalsothenpoure
dintothe flask. 
By using stirrer, the suspension is mixed thoroughly 
until a homo- geneous mixture is obtained, which 
took approximately 5 min. 

2.3. Post-curing 
Before post-curing the samples, the diamond wheel 
cutter was employed to prepare the samples 
according to the ASTM standards for flexural (ASTM 
D7264), tensile (ASTM D3039), Dynamic 
mechanical thermal analysis (DMTA) (ASTM 
D7028), Short beam shear (S.B.S) 
(ASTMD2344)andResinburnoff(ASTMD3171)testsfr
omthefabri- catedlaminates followedbyfine 
polishingusingseriesofemerypapers. For post-curing 
purpose, all these composite samples were kept ina 
hot air oven. It is well recognized that the post-curing 
process is carriedout to increase the crosslinking 
density which results in improved me- 
chanicalandthermomechanicalproperties.Therearetwo
maincuring 

Fig. 1. Schematic of fabrication of GEVIPN composite. 

parameters that shall determine the optimal post-
curing process. One is the temperature and the other 
is the time. In this study, curing time was kept 
constant as 6 h and the post-curing temperature was 
varied. The 
reasonforkeepingthecuringtimeconstantfor6hisexplicit
lyexplained by kumar et al. [29]. Their group varied 
both temperature and time,and reported that, at 140 
◦C temperature, there was no furtherimprovement
inILSSofGEcompositeafter6hofcuring.Kumaretal.[29
]groupalso reported that lower post cure temperature
yielded lower ILSS of GE composite due to the
unavailability of sufficient thermal energyto further

enhance the fiber/matrix interface’s wettability at 
before 140◦C 
postcuringtemperature,whichinturnresultedinalowerI
LSSvalueat 110 ◦C. Avadesh et al. [37] have 
investigated the effect of curekinetics 
onglassfiber/vinylestercomposite.Theyhavereportedth
attheGVE composite exhibited better mechanical and 
thermal responses at 140◦C cure temperature with 6 h 
time duration than other cure temperaturesof 
80◦Cand110◦C.Also,theystatedthatforobtainingoptima
lglass transition (Tg) value, high cure temperature is 
the most favourable due to enhanced cross-linking 
among polymer chains. Dean et al. [38] re- 
portedthattheslowercurebehaviouroftheDGEBAcomp
onentlowers 
theextentofcureoftheepoxysystemintheIPN.Moreover,
post-curing at elevated temperature is favourable for 
attaining near full cure of the IPN system. Katherine 
et al. [25] suggested for a full/complete cure of IPNs 
is not available until the cure temperature is above the 
glass transition (Tg) of both epoxy and vinyl ester 
components. Aruniit etal. 
[39] have reported that the low-temperature post
cured composites exhibited relatively low
performance than high-temperature post cured
composites. Furtos et al. [40] group also suggested
that the cure tem- perature significantly influences the
mechanical and thermal properties of the GFRP
composites. In order to ensure completereaction and
obtaining the composite’s optimal mechanical
properties, it is required to post cure the composite at
a higher temperature. Therefore, the optimization
study was conducted by keeping the curing time
constant andthepost-
curingtemperaturesexperimentedwere140◦C,170◦C,
200 ◦C and 230 ◦C. After the completion of post-
curing, the samples
wereleftintheovenuntiltheroomtemperatureisreachedi
norderto prevent the composite samples from thermal
shock effects.

2.4. Materialcharacterization 

2.4.1. Mechanical and thermomechanical 
characterization 

Flexural testing was done to observe the influence of 
cure tempera-
tureontheflexuralbehaviourofGE,GVEandGEVIPNco
mpositesasper ASTMD7264standardusinga3-
pointbendingfixtureofInstron5967. 
Fortheflexuraltest,thetestspecimens’dimensionswere
maintainedas 
40 mm length 12.7 mm width 2 mm thick. The 
supported span-to-
thicknessratioof16:1waskeptforallcompositeflexurals
pecimens,and 
thespanlengthwassetat32mm.Theflexuraltestwascarrie
doutatan ambient environment and at 1 mm/min cross 
head velocity. As per the 
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ASTMD7028,theviscoelasticpropertiesoftheGEVIPN
compositepost- curedatdifferent temperatureswere 
evaluated using DMTA.Forthis analysis, 
therangeoftemperature chosenwasfrom40◦Cto200◦C 
and was performed at 5 ◦C/min heating rate. The 
frequency wasmaintained at1Hz.ThetensiletestofGE, 
GVEandGEVIPNcompositeswascon- 
ductedinuniversaltestingmachine(Instron5967)withten
silefixtureat 1 mm/min cross head velocity and at 
ambient environment. ILSS of GFRPcompositeswere 
evaluated fromS.B.Stestusingthesamemachine 
asperASTMD2344.FortheS.B.Stest,thetestspecimens’
dimensions were maintained as 32 mm length 8 mm 
width 4 mm thick. The supportedspan-to-
thicknessratioof6:1waskeptforallcompositeS.B.S 
specimens,andthespanlengthwassetat24mm.Furtherm
ore,theS.B.S test was carried out at an ambient 
environment and at 1 mm/min cross head velocity. 
According to their respective ASTM standards,five 
specimenswerechosenfromeachexperimentedcomposi
tegroupofthe 
tests, as mentioned above [41–43]. Fourier transform 
infrared (FTIR) study helps in understanding the 
molecular components and chemical structure of 
materials by the infrared absorption bands. Using 
Fourier-transform infrared spectros- copy (Infra-red 
range: 350 to 7800 cm—1 Shimadzu IR P-
21)chemical restructuring and material compounds of
the GEVIPN composite was studied. The post failure
analyses of fractured samples were conducted
usingFieldEmissionScanningElectronMicroscope(FE
SEM),(FEINova nano SEM 450). Before performing
the test, platinum coating wasdone on the fracture
surface of the specimens using a sputter coater. This
platinum coating makes the surface of tested samples
conductive to prevent the static electric charge
accumulation and is also done for better resolution of
fractographs. The Resin burnoff test was performed
toevaluatethevolumefractionoftheglassfiber(vf),matrix
system(vm), and voids (vv) in all experimented GE,
GVE and GEVIPNcomposites.
Fivetestsampleswerepreparedfromeachgroupoflamina
teswith25х 25 mm2 and kept in cleaned ceramic
crucibles. Later these ceramic crucibles were placed
in a muffle furnace at 55015 ◦C for 6 h [44,45].
Furthermore, the calculated volume fraction of
constituents and the presence of void content in all
experimented composites are mentioned in Table 2.
The volume fraction of glass fiber was obtained
almost the same in all three experimented composites.
Moreover, a slightdecrease 
invoidvolumefractioncanbeseeninGEVIPNcomposite
materialthan other homopolymer based composite
material. This lower voidcontent

Table 2 
Volumefractionofconstituentsintheexperimentedcomposites. 

resultsfromtheexistenceofenhancedwettabilitybetwee
nfiberandthe hybrid IPN matrix system, which is 
essential for improving composite material’s 
overallperformance. 

III. RESULTS AND DISCUSSION

3.1. Simultaneous IPN formation 

Fig. 2shows the possible reaction between bisphenol-
A diglycidyl structured epoxy and vinyl ester, which 
intimately take part in forming the networks and the 
crosslinks resulting into IPNs. To result into 
simultaneousIPNs,thecrosslinkersandthemonomersare
presentatthe start ofpolymerisation. The vinyl ester 
resin is obtained by reacting the bisphenol-A digly- 
cidyl ether grade of epoxy polymer with methacrylic 
acid. The reactive diluent used in such systems is 
styrene monomer of 30–50% byweight. 
Inthecaseofvinylester,crosslinkingcantakeplaceonlyatt
hechain 
ends because the reactive sites are positioned only at 
the ends of the
molecularchain,whilestyrenehasonlyone.Therefore,st
yreneprovides only the linear chain extension, 
whereas crosslinking capacity and branch points are 
provided by the vinyl ester monomer[46,47]. 
Individually, the free radical copolymerization 
reaction is followed by vinyl ester curing, initiated by 
MEKP initiator [46], while a poly- 
additionmechanismisfollowedbyepoxycrosslinking,in
whichTETAis used as the hardener. Because of these 
independent reactions, there is a possibility of 
development of simultaneous IPN structure [48]. 
Howev- 
er,somesidereactionsmaytakeplacebutKarger-
Kocsisetal.[26]have reported that their effects are 
mostlynegligible. The reaction may take place in such 
a way that the secondary –OH 
groups present in vinyl ester may react with oxirane 
group of epoxy resin, resulting into chemical links 
between epoxy and vinyl ester [26]. 
ThisfactwillfurtherbesupportedwithFTIRanalysis.Furt
hermore,the combined effect of thermoset epoxy and 
vinyl ester hybrid resin is allowed to get strongly 
bonded to the glass fiber. Additionally, once proper 
wettability is achieved, there are chances of the 
thermoset based hybrid matrix interacting since the 
reinforcement material, i.e., glass fiber used is of a 
thin layer. This interaction results in the formation of 
IPN,theevidenceofwhichisexplainedinsubsequentsecti
on3.8(FTIR 
analysis).So,theobtainedIPNwillfurtherassistindevelo
pingnetworks andcross-
links,whichwillallowthemaximumstresstransferwithin
the constituent materials of the GEVIPN composite, 
which is evident from section 3.7 (fractography 
analysis). This efficient stress transfer maybe 
ascribed to the resistance to crack generation and 
delay the crack propagation, resulting in the improved 
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mechanical performance of GEVIPN 
compositematerial. 

3.1.1. Impact of post cure temperature on 
flexuralbehaviour of GE 

Fig. 3(a) represents the flexural stress-strain plot of 
GE composite post-cured at different temperatures. 
Increasing the post curing tem- perature from 140 ◦C 
to 170 ◦C does not seem to have anyappreciable 
impact on the flexural strength of GE composite. This 
can be attributed to the lower availability of thermal 
energy for it to exhibit better 
crosslinking.Butafterpost-
curingtemperaturetheGEcompositeat 200 ◦C, there 
was significant improvement in the flexural 
strengthover 
140◦C(Fig.3(b)).Thiscanbeduetotheenhancedwettabili
tybetween fiberandmatrixattainedatthatpost-
curingtemperatureresultinginto better 
interfacialbonding. Additionally, this can also be 
supported by the fact that at that high temperature 
there was sufficient amount of thermal energy for the 
crosslinking to take place between fiber and matrix. 
The GEcomposite was further subjected to high 
temperature post-curing, i.e., 230 ◦C,but 
theimprovementwhichcouldbeobtainedwasonly1.23%
over200◦C. 
Ifthetestsampleswerepostcuredbeyond230◦C,itishighl
yexpected 
thattherateofincrementwillbemuchlessduetoits 
slowcurerate behaviour [38,49]. At higher post cure 
temperature, the polymeric 
compositematerialhasledtohighercrosslinkingdensity.
Nevertheless, such high crosslinking density is also 
not adequate since it results in brittle failure, and this 
results in the lower strain at the peak, which is 
evidentfromFig.3(d)[23,50].Straintofailureisoneofthe
crucial characteristicsofthematerial. Ifitisdroppedthen 
thatmightbea threat to the material. Therefore 200 ◦C 
post-curing temperature can be considered as the 
optimum post-curing temperature for GE composite. 
The flexural modulus followed the same trend as that 
of flexural strength, buttherewasnosignificant 
variation (within~1GPaasshown in Fig.3(c)). 

3.1.2. Impact of post cure temperature on 
flexuralbehaviour of GVE 

The GVE composite was also post-cured at same 
temperatures in order to obtain the optimal post-
curing temperature as can be seen in 
(Fig.4).Thetrendobtainedafterconductingtheflexuralte
stofdifferent post-
curedsamplesofGVEcompositewasalmostthesameaso
btained in the GE composite case. This may be 
attributed by the fact that the mechanical response of 
composite material depends on various factors such 
as chemical bonding, wetting, adsorption, and 
exchange reaction bonding [33]. P Siva et al. [51] and 

Ganesh et al. [52] groups also re- 
portedthattheflexuralandILSSresponsesofglassfiberrei
nforcedvinyl ester composite was significantly 
influenced by vinyl ester resin struc- ture, chemical 
composition, reinforcement type and styrene content. 
Moreover, similar types of results were also reported 
by Murthy et al.
[53].Theyfoundthatthereisnomuchdifferenceinflexural
strengthof 
GE(glass/epoxy)andGVE(glass/vinylester)composites
,whereasCVE (carbon/vinyl ester) based composite 
exhibited relatively higher strength than CE 
(carbon/epoxy) composite at ambienttemperature 
condition.Exceptatpost-
curingtemperatureof230◦C,wheretheGVE 
composite exhibited drastic drop in the flexural 
strength of 329.38 
1.87 MPa over 351.232.52 MPa at post-curing 
temperature of 200 ◦C. This can be explained due to 
the higher curing rate of GVE composite over GE 
composite [54]. Because of the high curing rate of 
GVE com- posite which happens at higher post-
curing temperature, it attains 
highercrosslinkingdensitywithextremebrittleness[28].
Thisisevident from Fig. 4(c) and (d), where in it 
exhibits high flexural modulus and low strain to 
failure at post-curing temperature of 230 ◦C. 

3.1.3. Impact of post cure temperature on flexural 
behavior of GEVIPN 

Fig. 5(a) represents the flexural stress-strain plot of 
GEVIPN com- posite post-cured at different 
temperatures. The fact that crosslinking 
reactionrequiressufficienttemperaturecanbeobservedfr
omtheplotof flexuralstrengthversuspost-
curetemperature(Fig.5(b))whereinthe 200 ◦C post-
cured GEVIPN composite shows highest 
flexuralstrength 
compared to other post-curing temperatures. K. Dean 
et al. [27] have reported that to attain near full cure of 
epoxy-vinyl ester IPN system, hightemperaturepost-
curingistobecarriedout.Additionally,toobtain such a 
remarkable effect on the flexural performance, 
chemical reac-
tivationisrequiredwhichcanbeobtainedbyheatingtheco
mposite 
aboveglasstransitiontemperature(Tg)[30].Inthisregard
,200◦C post-curing temperature acts as optimal 
temperature since higher chemical conversions are 
attained at that temperature within the epoxy-vinyl 
ester IPN-structured thermoset. As the post-
curingtemper- 
atureisincreasedfurtherto230◦C,theremightbechancest
hatthe 
GEVIPNcompositemaypossesshighercrosslinkdensity
.Butthebitter side of such higher crosslink density 
leads to lower flexural strength 
(Fig.5(b)).Thisaspectofcrosslinkingdensitywillbeexpl
ainedmorein DMTA analysis, and it will be revealed 
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that high temperature curing would lead to 
highercrosslinks. 
Variation in the flexural modulus is insignificant and 
the trend fol- lowed by it is the same as that of 
flexural strength (Fig. 5(c)). For the 
synthesisofIPNs,thekineticsofthecrosslinkingisimport
antduetoits slow curing behaviour [38,55]. Higher 
synthesis is achieved at higher 
temperaturewhichmayresultintheformationofhigheren
tanglements, which in turn acts as the potential 
energy absorber [7]. These entan- glements restrict 
the crack propagation and hence can be attributed for 
thehigherfailurestrainofthe200◦Cpost-
curedGEVIPNcomposite 

Fig. 2. Plausible chemical reaction which yields IPN structure. 

Fig.3.FlexuralpropertiesofGEcompositeatvariouspost-
curingtemperatures (a)stress-straincurves (b)flexuralstrength 

(c)flexuralmodulus (d)strainatpeak.
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Fig.4.FlexuralpropertiesofGVEcompositeatvariouspost-
curingtemperatures(a)stress-straincurves (b)flexuralstrength 

(c)flexuralmodulus (d)strainatpeak.
Fig. 5. Flexural properties of GEVIPN composite at various 
post-curing temperatures (a) stress-strain curves (b) flexural 

strength (c) flexural modulus (d) strain at peak. 

(Fig. 5(d)). Therefore, it can be deduced that for all 
the composite sys- tems, 200 ◦C post-curing 
temperature acts as the optimal post-curing 
temperatureforthemtoexhibithigherflexuralstrength,w
hichisrepresented in Fig. 6. It also depicts that, the 
epoxy-based GE composite
showedslightimprovementevenatahighercuretemperat
ureof230◦C due to its slow cure rate behaviour 
[38,49]. Moreover, the obtainedrate of increment is 
around 1.23%, which is very negligible. 
Whereas,vinyl ester based GVE composite exhibited 
poor performance at 230 ◦C cure 
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temperatureover200◦Ccuretemperatureduetoitshighcu
rerate. Because of this difference in the cure rate 
behaviour of respective polymeric materials, the 
flexural strength trend of GE and GVE 

Fig. 6. Variation in flexural strength with post-curing 
temperature for GE, GVE and GEVIPN composites. 

composites at post-curing temperature 230 ◦C is 
different from each other.” Moreover, at any of the 
post-curing temperatures, the GEVIPN 
compositealwaysexhibitedhighestflexuralstrengthover
GE,andGVE 
composites.section3.6explainsmoreabouttheflexuralp
erformanceof fabricated composites and its 
comparativeanalysis. 

3.2. Dynamic mechanical thermal analysis(DMTA) 

Viscoelastic properties of GEVIPN composite over 
the temperature rangefrom40◦Cto200◦C have been 
reportedinFig.7. DMTAisa perfect method to 

examine the viscoelastic behaviour of composite 
materials[56].InDMTA,theviscoelasticpropertiessuch
asdamping 
factortanδ,storagemodulus(E′)andlossmodulus(E′′)are
obtainedby 
applying a dynamic stimulus to the composite 
material, and the corre- sponding dynamic 
displacement is recorded over the range of temper- 
ature. The plot of storage modulus (Fig. 7(a)) reveals 
that, all GEVIPN composite post-cured at different 
temperatures experience a transition from glassy state 
to rubbery state. But before the start of the transition, 
the trend shown by the storage modulus response 
remains identical as that of flexural modulus response 
which acts as reliable verification undoubtedly. The 
Tg is taken as that temperature when there is a 
maximum change in the storage modulus [57]. As the 
post-curing temperature is increased to higher 
temperatures in order to attain near full cure of 
epoxy-vinyl ester system, the Tg also increases (Fig. 
7(d)) and accordingly explains that at higher 
temperatures higher cross- linking density is 
attained[28]. 
Fig.7(b)explainsthelossmodulus,anditrevealsthevisco
usnature of the polymeric composite. Usually, it is the 
matrix that dissipates maximum heat to the 
surrounding when the load is applied to the 
composite. But when the fiber is reinforced in the 
composite, then ma- trix present around it gets 
adsorbed on the fiber surface. This adsorbed matrix 
will not be available for heat dissipation since, after 
applying load,thedeformationofthis adsorbedmatrixis 
lesscomparedtothe 

Fig. 7. DMTA results of GEVIPN composites post-cured at different temperatures. 
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bulk matrix [57]. So, if the curing temperature is 
higher, then more matrixgetsadheredto 
thefibersurface, whichisthereas on behindfor 
the200◦Cpost-curedGEVIPN compositetoexhibit 
lowerpeakheightof lossmodulus.Duetopost-
curingat200◦C, onecannoticethatthereis a shift in Tg 
(Fig. 7(c)) toward higher temperatures, which 
indicates the formation of new crosslinks [26]. 
Additionally, the lower tanδ peak heightof200◦Cpost-
curedGEVIPNrevealsgoodadhesionbetween matrix 
and fiber at the interface. 

3.3. Short beam shear (S.B.S)testing 

Thehistogram(Fig.8)depictsthattheuseofepoxy-
vinylesterIPNas a matrix in glass fiber reinforced 
composite enhanced the ILSS of 
GEVIPNcompositecomparedtotheuseofhomopolymer
asamatrixin glass fiber reinforced composite. The 
order of increment in the ILSSis GE, GVE and 
GEVIPN, respectively. The GEVIPN composite 

could exhibit a considerable improvement of 21.83% 
(37.83 0.33 MPa) of ILSS over (31.05 0.27 MPa) GE 
composite (Fig. 8(b)). It can be deduced that the 
matrix has a primary role on ILSS of the composite 
material [54]. Indeed, it is recognized that 
interlaminar shear failure between fiber and matrix is 
one of the critical failure modes [54]. Therefore, at 
the time of loading, generation of large interfacial 
shear stress between matrix and fiber results in the 
debonding between fiber and matrix [58]. On the 
basis of this theory, GE and GVE composites 
exhibited lower ILSS value owing to the lower 
generation ofinterfacial shear stress compared to that 
of GEVIPNcomposite. 
For GEVIPN composite to exhibit such remarkable 
increment was due to the strong interfacial bond 
existing between the IPN matrix and fiber. Also, the 
ionic sites of silicon and oxygen atoms present on the 
surface of glass fiber in the form of silane sizing, 
impart strong polar 

Fig. 8. S.B.S of various GFRP composites (a) stress-strain curve (b) ILSS. 

active sites resulting into the strong glass fiber and 
IPN matrix inter- molecular adhesion [59]. 
Apart from the strong adhesion, the improved 
interlocking resulting from the synergism of the 
mutually entangled networks could also be one of the 
reasons for such increment [60,61]. The 
improvedinterfacial 
interactionresultingfromthepresenceoflowviscousIPN
couldwetthe surfaceofglassfiberefficiently, 
whichcanbelaterconfirmedfrom SEM micrographs. 
Therefore, for the structures under bending loads 
where ILSS is considered as important design criteria 
[54], selection ofmatrix becomes very crucial and to 
which GEVIPN can act as a potential candidate. 

3.4. Tensiletesting 

Depicts the tensile response of the experimented 
GFRP composites. The tensile stress-strain plot is 
represented in Fig. 9(a) and the tensile 
strengthandmodulusarededucedfromthisplotandaresho

wninFig.9(b) and (c), respectively. The tensile test 
indicated that GEVIPN com- posite exhibited better 
tensile strength over GE and GVE composites. The 
increment in the tensile strength of GEVIPN 
composite was about 22.54% (423.20 3.0 MPa) over 
GE composite (345.34 1.90 MPa). This performance 
can be attributed to the formation of entanglements 
within epoxy-vinyl ester IPN which absorb sufficient 
energy before transferring it to the fiber during the 
tensile loading. Additionally, low viscosity of this 
hybrid resin would impart excellent wet-out on the 
fibrous surface leading to a better adhesion between 
fiber and matrix [62]. Although, tensile strength is 
mostly decided by the nature and 
volumepercentageofthefiberinthecomposite,buthoww
ellthematrix present around the fiber is adhered to it 
also plays a crucial role in the ultimate fiber pull out 
strength. Therefore, relatively low fiber/matrix 
adhesion was the reason for GE and GVE composites 
to exhibit lower tensile strength compared to 
GEVIPNcomposite. 
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On the other hand, 11.15% improvement in the 
tensile modulus (Fig. 9(c)) of GEVIPN composite can 
also be seen over GE composite. 

This improvement can be due to the higher number of 
crosslinks be- tween the fiber and matrix and same 
can be the reason for the slight increment in the 
toughness (Fig. 9(a)) [63]. Additionally, tensile 
modulus of any composite depends on the modulus of 
matrix and 
modulusoffiberwhereinmodulusismaterial’sinherentpr
operty.Here, althoughthefiberusedwassameforallthe 
GFRPcompositesbutthe matrix used was different in 
the GFRP composites. Therefore, the po- 
tentialimprovementinthetoughnesscanalsobeduetothel
owmodulus of the epoxy where in the crack may 
continue to grow in the epoxy 
networkleadingtobifurcationatthevinylesternetworkre
sultingintoa longer crack path [64]. Fig. 9(d) indicates 
that there is no significant change in the tensile strain 
to failure among the experimented GFRP 
composites.Although,slightimprovementincaseofGE
VIPNcomposite can be due to the hindrance provided 
by the mutual entanglements of the network on the 
propagation of crack or due to the blunting of the 

crack as it propagates from vinyl ester network to low 
modulus epoxy domain[64]. 

3.5. Flexural testing 

OneofthemechanicalperformanceofGEVIPNcomposit
eisevalu- ated by comparing the flexural properties of 
the fabricated composites and the details of which are 
illustrated in Fig. 10. It can be noticed that the effect 
of blending the polymers has a direct influence on the 
stress- straincurve(Fig.10(a)).Afterperformingthe3-
pointbendtest,GEVIPN 
compositeyieldedthehighestflexuralstrengthcompared
toGEandGVE composites (Fig. 10(b)). The increment 
in the flexural strength of GEVIPN composite was 
about 13.43% (384.58 2.20 MPa) over GE composite 
(339.02 2.30 MPa). The reason behind the GEVIPN 
com- posite exhibiting such high flexural strength 
solely depends on the for- 
mationofIPNssincetheentanglementsformedabsorbsuf
ficientenergy before the breakage [7]. Additionally, it 
may even be becausethe
crosslinksformedbetweentheepoxy-
vinylestermatrixsystemandfiber 
allowsbetterstresstransferfromthematrixtothefiber.Si
milaristhe 

Fig. 9. Tensile properties of various GFRP composites (a) stress-strain curve (b) tensile strength (c) tensile modulus (d) failure 
strain. 
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Fig. 10. Flexural properties of various GFRP composites (a) stress-strain curve (b) flexural strength (c) flexural modulus (d) strain 
at peak. 

case in flexural modulus too (Fig. 10(c)) [28]. In case 
of strain at peak, the GVE composite exhibits lower 
strain to failure than the GE com- posite. However, 
compared to GVE composite, GEVIPN composite 
exhibited relatively higher value. Therefore, this 

suggests that vinylester network may fail prior to 
epoxy network failure. Hence as the system is 
deformed, the remaining epoxy network may lead to 
crack bridging and result in to additional energy 
absorption. 

Fig. 11. Fractography images of Flexural tested samples of (a) GE (b) GVE (c) and (d) GEVIPN composites. 
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3.6. Fractography 

The failure morphology of the flexural tested GFRP 
composites was studied by observing the fracture 
surface under SEM (Fig. 11). SEM micrograph 
clearly depicts that the failure of GE composite 
wasmainly 
duetofiberpull-
out(Fig.11(a))becauseoftheweakinterfacialbonding 
between the matrix and fiber. Whereas, although 
GVE composite
exhibitedbetterflexuralstrengththantheGEcompositeb
utasthe loading increased, GVE composite also 
experienced failure becauseof the interfacial 
debonding between the fiber and matrix (Fig. 11(b)). 

Thesebothsuggestthatinorderforcompositetoexhibithig
herflexural strength, strong interfacial bonding should 
exist between the matrix and 
fiber.Thiscanexistifthepolymerwetsthefibers’surfaceu
niformlyand 
completely[65].Byblendingthepolymers,onecanseeinF
ig.11(c)that strong interfacial bonding existed 
between the fiber and matrix, which 
revealsthatblendexhibitedhigherwettabilitycomparedt
otheindividual polymer. Also, in Fig. 11(d), coarse 
river lines indicate that the blend matrix underwent 
large deformation before failure revealing higher 
stress transfer from matrix to the fiber. 

3.7. Fourier transform infrared spectroscopy(FTIR) 

The presence of any organic compounds in a polymer 
can be easily detected from FTIR analysis. The FTIR 
spectra of GE, GVE and GEVIPN composites is 
shown in Fig. 12. In this study, the range analysed 
was mid-IR spectra. Table 3 shows various 
stretchings associated with the FTIR spectra of GE, 
GVE and GEVIPN composites. 

The peaks at ̴ 2871 cm—1 and  ̴2968 cm—1 of GE, the 
peaksat̴2890cm—1 and ̴ 3000 cm—1 of GVE and the 
peaks at ̴ 2871 cm—1 and 2968 cm—
1ofGEVIPNarethealiphaticC–Hstretching[66]. The 
presence of thepeakat̴1725cm—1 confirmed 
theexistenceofC–Ostretchingofthe carbonyl group in 
GEVIPN composite. However, in the spectra of 
GEVIPN composite, the formation of the IPN-
structured thermoset ma- trix is confirmed by 
witnessing the decrease in the peak intensity at 1508 
cm—1, ̴ 1608 cm—1 and ̴ 3040 cm—1 [27]. 
Additionally, it is alsoconfirmed with the vanishing 
of the peak at  ̴910 cm—1 of the C–Ostretching of the 
oxirane group of epoxy [19]. It may also be noticed 
that peak ̴ 3638 cm—1 resembling the –OH stretching 
of GVE composite, doesn’t appear in GEVIPN FTIR 
spectra. Therefore, disappearance of the peaks at ̴ 910 
cm—1 and  ̴ 3638 cm—1 in GEVIPN FTIR 
spectra,explains that the –OH group of vinyl ester 
takes part in the reaction with oxirane group of epoxy 

to form simultaneous IPN structure. 

Fig. 12. FTIR spectra of various GFRP composites in the mid 
IR range. 

Table 3 
Respective absorption wave numbers of GE, GVE and 

GEVIPN in the mid IR. 

IV. CONCLUSIONS

The present investigation reports on how the 
formation of IPN in- fluences the overall performance 
of the GFRP composite. In this study, epoxy has been 
mixed simultaneously with vinyl ester, both having 
bisphenol-A diglycidyl structure, which resulted into 
the formation of IPN-structured thermoset matrix. 

1. The experimental results suggested 
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thatEVIPNmatrixsystemismost suitable matrix for 
GFRP composite material, and this IPN matrix 
significantly enhanced overall performance of 
conventional GFRP composites by strong 
interpenetrated crosslinking network and possible 
potential IPN toughening mechanisms (crack 
bifurcation, crack bridging, network interactions, 
crack tip blunting), which was 
developedbyindependentpolymericreactionsandcurem
echanism. 
Moreover,duetothereliableperformance,thisEVIPNma
trixsystem is appropriate and suggestable for other 
synthetic and natural fiber- basedcomposites. 

2. Thecurekineticstudyon GE,GVEandGEVIPN
compositeshasbeen done in order to know the optimal
cure temperature. This cure ki- netic study is essential
for obtaining optimal performance of experimented
composites and acts as a base for furtherdevelopment
in composite material. Among various post-curing
temperatures, 200 ◦C post-curing temperature
resulted into optimal flexural per- formance for all
experimented composite materials.

3. Additionally, cure kinetic of GEVIPN composite
was supported by DMTA analysis. It suggested that
storage modulus trend beforethe onset of glass
transition temperature was in sync with flexural
modulus trend. It also favoured the results that at
higher tempera- tures higher crosslinking density is
attained.

4. TheformationofIPNwithinGEVIPNcompositemade
it exhibitthe highestILSS,tensileandflexuralstrength,
comparedtoGEandGVE composites at optimally
cured temperature. A figures of 21.83%, 22.54% and
13.43% improvement in ILSS, tensile and flexural
strength was recorded by GEVIPN composite over
GE composite. Moreover, better reliability has been
gained on GEVIPN composite over the homopolymer
based composites due to strong interfacial bonding
betweenconstituents.

5. The IPN matrix in the GEVIPN composite leads to
effective stress transfer between constituents and
enhances mechanical perfor- mance. Moreover, this
thermoset IPN approach can yield the best
solutionfordesignengineers,wherethehigh-
performancestructural material with cost-saving is of
primaryconsideration.

6. SEM results showed that strong interfacial bonding
existedbetween the matrix and fiber for GEVIPN
composite, since by blending the epoxy and vinyl
ester polymers, proper wettability existed between the
matrix andfiber.

7. FTIR spectra confirmed the existence of the
reaction between–OH Groupofvinylester and
oxiranegroupof epoxytoform simultaneous IPN

structure. Italsoconfirmedthattherewasno9̴10cm—
1peakinGEVIPN spectra which resembled the C–O 
stretching of oxirane group ofepoxy. 
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Abstract - Aluminium molten metal used widely for making aluminium product. This study discusses an investigation into 
the metal composition effect upon the metal density. But other factor also involved inside it. In this experiment we changed 
metal composition and other factor remains constant than we find out the effect of composition element upon density. 
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I. INTRODUCTION

Rotary degassing of liquid aluminium alloys is a 
widely used commercial process to control levels of 
hydrogen, alkali metals and inclusions in the melt 
prior to casting. A comprehensive theoretical 
understanding of the kinetics of aluminium degassing 
has been established in the past twenty years. Whilst 
there have been some published experimental tests of 
degassing theory in molten aluminium, in many cases 
key pieces of information are not reported or 
determined, such that a critical assessment of the 
underlying theory is compromised. Similarly, 
practical implementation of such understanding in 
usable shop-floor process models has met with 
difficulties owing to lack of knowledge concerning 
some key parameters. These include the stirring 
intensity dissipated in the melt, and its relationship to 
the average gas bubble size, and the mass transfer 
coefficient at the free surface of the melt. A selection 
of different degassing rotors have been characterised 
in a comprehensive experimental program. The study 
resulted in Internet based simulation software for the 
degassing processes in foundries; the elements of this 
simulation are presented. Density is the mass of an 
object per unit of volume. In other words metals with 
the same mass will occupy less or more space 
depending on their density. A metal with a high 
density will occupy a smaller space than a metal with 
a low density. A metal with a low density will occupy 
a larger space than a metal with a higher density. 
Density- Mass divided by volume. M=D/V 
Aluminum (also known as aluminium) is the most 
abundant metal element in the earth's crust. And it's a 
good thing , too, because we use a lot of it. About 41 
million tons are smelted each year and employed in a 
wide arrange of applications. From auto bodies to 
beer cans, and from electrical cables to aircraft skins, 
aluminum is a very big part of our everyday lives. 
Properties: 

 Atomic Symbol:Al
 Atomic Number:13
 Element Category: Post-transitionmetal

 Density: 2.70g/cm3
 Melting Point: 1220.58 °F (660.32°C)
 Boiling Point: 4566 °F (2519°C)
 Moh's Hardness:2.75

Characteristics: 
Aluminum is a lightweight, highly conductive, 
reflective and non-toxic metal that can be easily 
machined. The metal's durability and numerous 
advantageous properties make it an ideal material for 
many industrial applications.A major breakthrough in 
aluminum production came in 1886 when Charles 
Martin Hall discovered that aluminum could be 
produced using electrolytic reduction.Until that time, 
aluminum had been rarer and more expensive than 
gold. However, within two years of Hall's discovery, 
aluminum companies were being established in 
Europe and America.During the 20th century, 
aluminum demand grew substantially, particularly in 
the transportation and packaging industries.Although 
production techniques have not changed substantially, 
they have become notably more efficient. Over the 
past 100 years, the amount of energy consumed to 
produce one unit of aluminum has decreased 70%. 

II. PROPOSED EXPERIMENTAL SETUP

Melt Treatment or liquid prior to pouring in to die 
plays an important role towards the quality of the 
casting in term of microstructure, strength, mach 
inability, freedom from porosity, etc. the melt 
treatment comprises of 

1. Slag/ dross coagulation and their removal
using cover fluxes /drossingfluxes.

2. Degassing using tablets or nitrogengas
3. Determination of hydrogencontent.
4. Grainrefining
5. Modification

2.1 EQUIPMENTSUSED 
2.1.1 MTS (DEGASSINGMACHINE). 
The main used of degassing m/c is to remove 
hydrogen content from melt. In this machine flow 
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rate, degassing time, rotor r.p.m set early and these 
are changeable also. In this machine a rotor lance is 
also used in which inert gas coming from cylinder 
and its goes inside the melt. 
2.1.2 N2 OR ARGONGAS 
These two types of gas basically used in degassing 
process because of low cost and good output. In this 
process basically inert gas is used. The pressure range 
is 2-3 bar used according to other factor. 
2.1.3 LADLE 
Ladle is a vessel contains molten metal inside it. Its 
capacity 450-500 kg. The molten metal tapping inside 
the ladle for degassing purpose and then pouring 
inside the die. 
2.1.4 DENSITY INDEX TESTER:- Two sample 
made one in air and another in vacuum . Air sample 
solid in air and vacuum sample 80 Mbar pressure and 
4 minute time for solid. Density index tester measure 
gas content in the sample. Computer also connected 
with this density index tester for keeping record. 
2.1.5 SPECTROMETER 
The spectro meter is used for the composition 
checking of the metal. The spectro meter analysis the 
element percentage of the given sample. The 
spectrometer required room temp. 22- 28 degree. The 
metal sample granding first and then checking the 
composition. 

2.1.6 MOLTEN METALCOMPOSITION 
Composition of aluminium molten metal 

ELEMENT %

ALUMINIUM 89.5
SILICON 6.44 

Fe .55
Cu 2.52 
Mn .147
Mg .468 
Cr .012 
Ni .0095
Zn .268
Ti .019 
Ca .450
Sr .010

TOOL FOR METAL CLENAING AND SAMPLE 
MAKING. 

1. Skimmer- it’s used for metal cleaning and
dross removing from metal.

2. Spoon with long handle it’s used for sample
taking from ladle.

3. Die is used for making sample for checking
metal composition.

4. Grinding machine is also used for sample
grinding for metal composition checked.

Element concentration: The element concentration is 
shown by the following data table in which different 
% of different components are shown. 

Fig.: element concentration 

Additions Calculation:- (Req. Element % - actual 
element %) x total metal weight/100 . It is the 
formula used for the correction in metal composition. 

Fig.: element concentration with min. and max. value 

Fig.: element concentration addition calculation 

Table: calcium %and density index come. 
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III. PROJECT RESULTS ANDDISCUSSIONS

After establishing the value of calcium with density 
index we can plot a graphical representation as 
following: 

Fig: Density index & calcium % 

Fig: Graph of calcium % &density index up warding 

Fig: Graph of calcium % &density index down warding 

IV. CONCLUSIONS

Based on the results obtained in this study, the 
following can be conclude; 

1. When density index is less than 1% porosity
defect eliminated completely

2. Calcium also found in the silicon with
different -different range.

3. The aluminium molten metal composition in
which calcium less than 100 % surface
appearancegood.

4. Higher calcium % near 700 not good for
densityindex.

5. Tensile strength increase when density index

less than1%. 
6. Influence of different alloy compositions on

degassing efficiency.

Thus, it can be safely concluded that the output 
quality characteristic is greatly improved by the used 
of less than 100 % calcium in aluminium 
moltenmetal. 
The project work is successfully completed. 
It is clear from this study by every element in the 
aluminium molten metal composition having its 
impact upon the mechanical properties. From this 
study scope for future work in many field like 

1. Automobile parts like cylinder head and
other automobile parts.

2. In Aerospace manufacturing.
3. Construction (windows, doors, siding,

building wire, sheathing, roofing,etc.).[
4. Transportation (automobiles, aircraft, trucks,

railway, cars, marine vessels, bicycles,
spacecraft, etc.) as sheet, tube, and castings.

5. Packaging (foil, frame ofetc.).

REFERENCES 

[1] AluminiumAlloyCastings; JG Kaufman and EL Rooy(2005) 
[2] The effects of Hydrogen in Aluminium and its Alloys; DEJ

Talbot, Maney(2004) 
[3] The treatment of Liquid Aluminium SiliconAlloys; 
[4] JE Gruzleski and BM Closset, AFS 
[5] Melting technology for aluminium gravity die casting
[6] Treatment ofaluminiummelt ;R.VApshankar 
[7] Metallurgy of cast aluminium alloys ;Sharad Prakash
[8] L.F. Mondolfo, Aluminium alloy: Structure and properties,

Butterworth and Co ltd, London, (1976) 253. 
[9] X.Yang, J.D. Hunt and D.V. Edmonds, Aluminium,

69(2)(1993)158. 
[10] B.Zluticanin, S.Duric, B.Jordovic andB.Radonjic, 
[11] ―Characterization of Microstructure and properties of Al-

CuMg alloy‖, Journal of mining and etallurgy, 
[12] Vol39, 2003, 509526 
[13] A.Garg and J.M. Howe, ―Grain boundary precipitation Al-

CuMg-Ag alloy‖ Journal of actametarilia, Vol 40, 1992,2451-
2462. 

[14] F. Bron, J. Besson, A. Pineau, ― Ductile Rupture in thin
sheets of two grades of 2024 aluminiumalloy‖, 

[15] Journal of material science &EnggA,2004,356-364 
[16] Yang C.Y., Lee S.L., Lee G.K., Lin J.G., Effect of Sr and Sb

modifiers on the sliding behaviour of A357 alloy under
varying pressure andspeed conditions, Wear, 2006, 261, p.
1348-1358. 

[17] Harun M., TalibI.A., DaudA.R., Effect of element additions
on wear property of Eutectic aluminium Silicon alloys, Wear,
1996, 194,p.54-59. 

[18] DwivediD.K., Wear behaviour of cast hypereutectic
aluminium silicon alloys, Mater Des., 2006, 27(7), p. 610-
616. 

[19] Davis F.A., Eyre T.S., The effect of silicon content and
morphology on the wear of Aluminium-silicon alloys under
dry and lubricated sliding conditions, Tribology International,
1994, 27(1), p.171-181. 





Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 240 

FIBROBLAST/OSTEOBLAST CO-CULTURE DERIVED BIOACTIVE 
ECM WITH UNIQUE MATRISOME PROFILE FACILITATES BONE 

REGENERATION 
1MOHAMMAD ISRAR, 2KISHAN DASH, 3BISWAJIT MOHAPATRA 

1Department of Mechanical Engineering, NMIET, Bhubaneswar, 751019 
2Department of Mechanical Engineering, REC Bhubaneswar 
3Department of Mechanical Engineering, CEC Bhubaneswar 

E-mail: 1pradyut.swain@nmiet.ac.in

Abstract - 
Extracellular matrix (ECM) with mimetic tissue niches was attractive to facilitate tissue regeneration in situ via recruitment 
of endogenous cells and stimulation of self-healing process. However, how to engineer the com- plicate tissue specific ECM 
with unique matrisome in vitro was a challenge of ECM-based biomaterials in tissue engineering and regenerative medicine. 
Here, we introduced coculture system to engineer bone mimetic ECM niche guided by cell-cell communication. In the 
cocultures, fibroblasts promoted osteogenic differentiation of osteoblasts via extracellular vesicles. The generated ECM 
(MN-ECM) displayed a unique appearance of mor- phology and biological components. The advantages of MN-ECM were 
demonstrated with promotion of multiple cellular behaviors (proliferation, adhesion and osteogenic mineralization) in vitro 
and bone regeneration in vivo. Moreover, proteomic analysis was used to clarify the molecular mechanism of MN-ECM, 
which revealed  a specific matrisome signature. The present study provides a novel strategy to generate ECM with tissue 
mimetic niches via cell-cell communication in a coculture system, which forwards the development of tissue-bioactive ECM 
engineering along with deepening the understanding of ECM niches regulated by cells for bone tissue engineering. 
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I. INTRODUCTION

Tissue lost caused by disease, trauma or congenital 
abnormalities is often beyond self-healing and 
required transplantation to replace missing form and 
function [1,2]. Though auto-transplantation is con- 
sideredasthe“goldstandard”,thehighriskofdonorsitemo
rbidityand limited source of donor tissues still 
restricted its application in clinic [3]. To address this 
issue, tissue engineering was developed to recreate 
functional biological replacement tissues and organs 
for theirdamaged counterparts via constructions of 
biomaterials and signaling cues [4,5]. Among these, 
the tissue microenvironment has emerged as a key de- 
terminant of cell behavior and function for the 
development of func- tional and biomimetic materials 
[6]. The engineered constructs should provide 
physical support and biological signals, as well as 
mobilized endogenous cells for tissue repair [1,2]. 
Based on these, naturally de- rived materials with 
appropriate microenvironment are attractive due 
totheirbiophysicalandbiochemicalcues,andtheirpotenti
alin 
modulation of cell-cell and cell-extracellular matrix 
(ECM) interactions [4,7–10].These biomaterials 
providing physiological fashion have been drawn 
attention as a new generation of biomaterial and 
biomaterial modification for tissue engineering to 
induce the formation of func- tional tissue by 
harnessing endogenous regenerative capacity in situ 
[3,11]. 
ECM, secreted by multiple cells in tissues or organs, 
is a naturally fibrous network of proteins, 
glycosaminoglycans and proteoglycans precisely 

arranged in a tissue-specific 3D architecture and 
provides specialized local microenvironments [12]. 
Increasing evidences de- monstrated advantages of 
ECM in tissue engineering and regenerative medicine 
[3,12,13]. Intrinsic biochemical and mechanical cues 
in ECM regulated cell phenotype and function in 
development, in homeostasis and in response to 
injury [12,14]. Communications between en- 
dogenous cells and matrix directed the process of 
tissue regeneration [15–17]. However, the challenge 
of ECM-based biomaterials is what kind of ECM is 
the most suitable for specific tissue regeneration and 
how to obtain the ECM preserving the tissue specific 
biochemical composition and ultra-structure to 
promote the formation offunctional tissues for clinical 
application. Many efforts have been made,including 
ECM fabrication from different kinds of cell culture, 
or from whole tissues and organs [18]. Compared 
with tissue-derived ECM, cell-cul- ture-derived ECM 
shows faster, easier, cheaper production and more 
controllable pattern [19]. Less vigorous 
decellularization also made
muchmorepreservationofECMcomposition/structurei
ncell-culture- derivedECM. 
Though ECM from various cells (such as human 
dermal fibroblasts, pre-osteoblasts and BMSCs) have 
been applied to coat biomaterials for tissue 
engineering [12,14], the physiological niche in vivo 
should be a complex system which is comprised of 
complex ECM affected by cell- cell signaling 
networks, and further guides multi cellular tissue self- 
organization and regeneration [20,21]. ECM from 
single type of cells is hard to mimic tissue 
microenvironment without cell-cell signaling in- 
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teractions. While it's common to understand that 
cellular neighbor- hoods during cell interactions 
influence cell behavior and have im- portance to stem 
cell biology and regeneration [21–24], the influence 
of cell-cell communication on ECM organization and 
the role of the gen- erated ECM on tissue 
regeneration was rarely investigated. Coculture 
system provides a possible way to investigate cell 
communication in direct or indirect manners [25–27]. 
Bone remodeling is a highly coordinated process 
involving com- munication between multiple cell 
types present in the bone tissue, in- cluding 
osteoblasts, osteoclasts, fibroblasts, endothelial cells 
and im- mune cells [28]. Amongst them osteoblasts 
forming a continuous membrane surrounding bone 
secrete bone organic matrix and control the matrix 
environment for mineralization [29]. Osteoblasts at 
the apical membrane continuously communicate with 
outsides, including multiple cell communication and 
signaling transportation, which fi- nally influence 
bone remodeling and bone regeneration in vivo. One 
of these influences should be fibroblasts, which are 
abundant around os- teoblasts in bone tissue and mass 
accumulated at the beginning ofbone regeneration. 
Moreover, ECM secreted by fibroblasts has also been 
demonstrated to promote tissue regeneration, 
including muscle, nerve, artery and bone tissue 
[3,30]. However, the communication between 
osteoblasts and fibroblasts and ECM secreted by them 
were rarely re- ported. 
Here, we cocultured osteoblasts and fibroblasts at 
different ratios directly to generate complicated ECM 
to mimic bone local micro- environment. 
Arrangement and cell-cell communication between 
two 
celltypesweremonitoredduringcoculturing.Structurean
dmatrisome composition of the complicated bone 
mimetic ECM (BM-ECM) were characterized 
comprehensively. The effect of BM-ECM on cell pro- 
liferation, cell adhesion and osteogenic differentiation 
were in- vestigated respectively. Moreover, SIS 
scaffolds coated with BM-ECM 
wereimplantedintomousecalvarialdefectstoassessthea
bilityofBM- ECM for bone regeneration invivo. 

II. MATERIALS AND METHODS

2.1. Cell culture ANDGENERATION of 
DECELLULARIZEDECM 

MC3T3-E1 cells were cultured in αMEM 
mediumsupplemented 
with10%fetalbovineserumandpenicillin(100U/ml)-
streptomycin 
(0.1mg/ml).NIH/3T3cellswereculturedinDMEMmedi
umsupple- mented with 10% bovine calf serum, 0.1 
mM NEAA (non essential amino acid) and penicillin 
(100U/ml)-streptomycin (0.1 mg/ml).To obtain the 
coculture of MC3T3-E1 and NIH/3T3 cells (MC/NIH 
co- 

cultures),thesetwokindsofcellsweretypsinizedintosing
lecellsand mixed together in coculture medium 
(MC3T3-E1medium:NIH/3T3 
medium=1:1,v/v)atthedensityof1.6×105cells/mlwithd
ifferent ratios of cell number (MC3T3-E1:NIH/3T3 = 
9:1, 7:3, 5:5, 3:7,1:9). 
The mixed cells were seeded and cultured in tissue 
culture plates for10
days.Freshmediumwaschangedeveryotherday 
DecellularizedECMfromMC3T3-
E1,MC/NIHcoculturesandNIH/ 3T3 cells was 
prepared following the decellularization process as 
re- ported previously [19]. Briefly, Cells were treated 
with pre-heated triton X-100 at 37 °C for 5 min, and 
washed with PBS for 3 times. After that, cells were 
frozen at −80 °C for 40 min and thawed in pre-heated 
PBS at 37 °C for 40 min, following with PBS 
washing for 3 times. The freeze/thaw (−80 °C/37 °C) 
cycles was repeated twice again. All samples were 
treated with DNase (50 U/ml)/RNase (50 μg/ml) for 
2hat37°C,andsubsequentlywashedwithPBSfor3times. 

2.2. GeneexpressionASSAY(mRNAANDprotein) 

Total mRNA isolation and real-time qPCR 
performance were oper-
atedaspreviouslyreported[31].Briefly,cellswererinsed
withPBSand lysed in RNA-Solv Reagent (R6830-02, 
Omega, Guangzhou, China) according to the 
manufacturer's instruction. The concentration and 
purity of mRNA were assessed by UV absorbance at 
230 nm, 260 nm and 280 nm using a microplate 
spectrophotometer. The first-strand 
cDNAwassynthesizedusingtheTransScriptOne-
StepgDNARemoval and cDNA Synthesis SuperMix 
kit (TransGen Biotech Co. Ltd, Beijing, 
China).TherelativegeneexpressiononmRNAlevelwasa
ssessedby 
real-time qPCR with SYBR reagent from TransGen 
Biotech Co. Ltd and calculated by comparative Ct 
method (2-(ΔΔC(t))). Actin was introduced as an 
internal control. 
Alkaline phosphatase (ALP) staining was used to 
assay the activity level of ALP protein in cells as 
described previously [31]. Immuno- fluorescence 
staining (IF) was used to visualize protein distribution 
pattern and protein expression level. Primary 
antibodies for COL1A1 (ab21286, Abcam, Shanghai, 
China) and Ocn (ab93876, Abcam) were used. F-
actin for cell adhesion assay was stained by 
phalloidin (Beijing Solarbio Science & Technology 
Co., Ltd, China) following the manu- facturer's 
instruction. Working solution of phalloidin was 150 
nM. 
SecondaryantibodiesconjugatedwithAlexaFluor®555
orAlexaFluor® 488 (CST, Shanghai, China) were 
applied. DAPI was used to show nu- 
clei,andantifadesolutionwasusedforsamplestocking. 

2.3. Fluorescence protein LABELINGAND cell-cell 
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COMMUNICATIONASSAY 

Toidentifytheintercellularcommunicationbetweenfibr
oblastsand osteoblasts, green fluorescence protein 
(GFP) and red fluorescence protein (RFP) were used 
to label cells. MC3T3-E1 and NIH/3T3 cells were 
cultured on a 24-well plate at the density of 3 × 104 
cells/well. 
Onnextday,300μLfreshmediumwereaddedintoeachwe
ll, following 
with1μLauxiliarytransfectionreagentand10μLlentiviru
scontaining GFP or RFP expression sequence 
(ViGene Biosciences, Shangdong, China). Three days 
later, the labeling cells were passaged and selected 
bypuromycin(MC3T3-
E1,8μg/ml;NIH/3T3,2μg/ml)for7days.GFP- MC3T3-
E1 and RFP-NIH/3T3 were imaged under 
fluorescence micro- scope. 
To investigate intercellular communication in 
MC/NIH cocultures, flow cytometry and transwell-
cell culture were introduced. For flow cytometry, 
GFP-MC3T3-E1 and RFP-NIH/3T3 were cocultured 
at the ratio of 9:1 (MC:NIH, cell number). The cells 
in four groups (GFP- MC3T3-E1, RFP-NIH/3T3 and 
labeled MC/NIH cocultures on day 1or 
day10)wereseededinto6-wellplate.Thecelldensitywas 
1.6 × 105 cells/ml and 2 ml cell suspension solution 
was added into each well. The cells were typsinized 
into single cells after culturing and run in a flow 
cytometer (CytoFLEX, BECKMAN COULTER, CA, 
USA). The results were analyzed with Flowjo 
software. For transwell-cell culture, GFP-MC3T3-E1 
cells were cultured on the wells in a 24-well plate, 
while RFP-NIH/3T3 cells were cultured in transwells. 
Reversely, RFP-NIH/3T3 cells on a 24-well plate and 
GFP-MC3T3-E1 cells in transwells were performed. 
The cells on plates were imaged under fluorescence 
microscope on desired time. 

2.4. Morphology of ECMASSAY 

Scanning electron microscope (SEM) and atomic 
force microscope (AFM) were used to observe the 
surface of ECM. Samples were fixedin 4% 
paraformaldehyde PBS for 30 min at room 
temperature, following with PBS washing. After that, 
the samples were dehydrated in 50%, 70%, 90%, 
95% and 100%  ethanol for 15 min each, and dried in 
a  frozen vacuum. For SEM scanning, the samples 
were sputter-coated with platinum and examined 
under an SEM (SU-70, Hitachi, Japan). AFM (Oxford 
Instruments, Cypher S) was utilized to determine the 
height of ECMsurface. 

2.5. QUANTIFICATION of ECM proteins 
ANDGLYCOSAMINOGLYCANS(GAG) 

ThetotalECMproteins,collagenproteinsandGAGwereq
uantified respectively. The ECM from decellularized 
cells was mechanically de- tached from tissue culture 

plates, and UA buffer (8 M urea, 150 mM Tris-HCl, 
pH8.0) was added to lyse the ECM pallet under 
agitation at 37 °C for 2 h. After cooling, the lysate 
was sonicated (80W, 10 s on/15 s off, 10 cycles), and 
then boiled for 15 min. After centrifuged at 14,000 g 
for 40 min, the supernatant were transferred to a new 
tube and quan- tified with BCA Protein Assay 
Kit(Bio-Rad, USA). 
CollagenousproteinswerestainedandquantifiedbySiriu
sRed/Fast Green collagen staining kit (Chondrex, 
Inc.) as previously [19]. ECM in a 24-well plate was 
fixed in Kahle fixative (26.7% ethanol/3.7% for- 
maldehyde/2% glacial acetic acid in distilled water) 
for 10 min at RT, stained with dye solution for 30 
min at RT, and eluted with dye ex- traction buffer in 
the kit. OD540 and OD605 was measured and used to 
calculate the amount of collagenproteins. 
For GAG content quantification, cells were cultured 
on a 24-well plate and decellularized. GENMED 
GAG quantification kit via DMMB 
(GENMEDscientificsInc.,Wilmington,DE)wasusedto
determineGAG content in ECM according to the 
manufacturer's instructions. Standard GAG samples 
in the kit were assayed in the meantime to prepare a 
standardcurve. 

2.6. PREPARATION of ECM/SISSCAffolds 

Small intestinal submucossa (SIS), a natural 
collagenous ECM, was
usedasanidealbiomaterialwithmultiplemodificationsfo
rbonetissue engineering in our previous papers [32–
36]. In the present study, wealso introduced SIS 
scaffold as a basic biomaterial to investigate the 
effects of coculture-ECM on bone regeneration in 
vivo. First, SIS scaf- folds were cut into round 
constructs measuring 4 mm in diameter by biopsy 
punches. Lyophilized SIS scaffolds (Cook Biotech, 
Inc., Weat Lafayette, IN) were rehydrated in 
complete culture medium for at least 24 h before cell 
culture. MC3T3-E1, MC/NIH and NIH/3T3 cells 
were seeded on SIS scaffolds in 96-well plates at 5 × 
104 cells/well and culturedfor10days.M-
ECM/SIS,MN-ECM/SISandN-ECM/SISscaf- folds 
were obtained after decellularization and stored at 
−80°C.

2.7. Mouse CALVARIAL defect model 

Healthy adult male C57 mice (8 week) were 
purchased from SFP Biotechnology Co., Ltd. 
(Beijing, China). The mice were randomly di- vided 
into three groups (n = 5). The animals were 
anesthetized by an intraperitoneal injection of sodium 
pentobarbital (1%, 50 mg/kg) on a super clean bench. 
Critical-sized (4 mm) defects were created on the 
skull, following with implantation of different 
scaffolds. The mice were sacrificed at 3 and 6 weeks. 
After that, the skulls were collected sur- gically and 
fixed in formaldehyde (4%) overnight. Soft X-ray 
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photo- graphs were taken for radiological analysis 
under IVIS® Lumina XRMS Series Ⅲ. 

2.8. ETHICALSTATEMENT 

All experimental procedures involving animals in this 
study were 
conductedincompliancewiththeChineselegislationrega
rdingtheuse and care of laboratory animals and were 
approved by the Animal Care and Use Committee of 
NingboUniversity. 

2.9. 
SAMPLEHARVESTINGANDHISTOLOGICALST
AINING 

The samples were rinsed with PBS and decalcified in 
10% (w/v) sodium citrate/22.5% (v/v) formic acid 
(Morse's solution) for 2 days, neutralized with 5% 
sodium sulfate for 6 h, and washed with water for 6 h. 
The samples were then dehydrated, embedded in 
paraffin, and sectioned(5μm). 
Hematoxylinandeosin(H&E) stainingwasperformed 
under standard procedures. Masson's trichrome 
staining (MTS) was performed according to the 
manufacturer's instructions of staining kit (Solarbio). 

2.10. TANDEMMASSTAG (TMT) technology 
for QUANTITATIVE proteomic ANALYSIS 

TMTlabeledtechnologycouldprovideabetterunderstan
dingofthe relative expression levels of proteins and 
proportion of different com- 
ponentsindifferentgroupsasawhole.ECMfromMC3T3-
E1,MC/NIH 
coculturesandNIH/3T3werecarefullyscrappedfrom6c
mplates, and lysed in UA buffer as described in the 
method of total ECM proteins quantification. The 
dissolved ECM solution was filtered with 0.22 μm 
filters and stored at −80 °C. The proteins were 
separated on a SDS- PAGE gel and visualized by 
coomassie blue staining. After that, the proteins were 
undergoing enzymolysis process following filter-
aided sample preparation (FASP digestion) [37]. 
Peptide mixture of each sample (100 μg) was labeled 
using TMT reagent according to the manufacturer's 
instructions (Thermo Fisher Scientific). Pierce high 
pH reversed-
phasefractionationkit(Thermo)wasusedtofractionateT
MT- labeled digest samples into 10 fractions by an 
increasing acetonitrile step-gradient elution. Each 
fraction was injected for nano LC-MS/MS analysis 
on a Q Exactive mass spectrometer (Thermo) which 
was cou- pled to Easy nLC (Thermo) for 90 min. 
MS/MS spectra were in- vestigated with MASCOT 
engine (Matrix Science, London, UK) em- bedded 
into Proteome Discoverer 1.4. For GO mapping and 
functional annotation, the protein sequences of 
differentially expressed proteins were retrieved from 
UniProtKB database and locally explored against 

SwissProt database (mouse). Normalization (−1, 1) of 
the studied protein relative expression data was used 
to performing hierarchical
clusteringanalysis.ShortTime-
seriesExpressionMiner(STEM)analysis was used to 
investigate the expression tendency of ECM proteins 
in differentgroups. 

2.11. STATISTICALANALYSIS 

All quantitative data were expressed as the means ± 
standard deviation. Statistical analyses were 
performed using SPSS® software (Chicago, IL). 
Statistical significance was determined using a one-
way 
analysisofvariance(ANOVA)followedbyaposthoctest(
Bonferroni). 
Apvaluelessthan0.05wasconsideredstatisticallysignifi
cant. 

III. RESULTS

3.1. Coculture of
OSTEOBLASTSwithfiBROBLASTSENHANCEDos
teogenic diffERENTIATION 

Osteoblasts and fibroblasts were cocultured directly 
on tissue cul- ture plates as illustrated in Fig. 1a. 
Morphology and osteogenic differ- entiation assay 
were valued at different time points. Special spatial 
arrangement in the cocultures was observed on day 2, 
which was not observed on the first day after cell 
seeding (Fig. 1b). Fibroblasts were 

Fig.1.Cocultureofosteoblastsandfibroblastspromotedosteoge
nicdifferentiation.(a)SchematicdiagramofMC/NIHcoculture

s.MC3T3-E1(osteoblasts)andNIH/ 3T3 (fibroblasts) were
cocultured and characterized as time lime shown. (b) 

Morphology of coculture cells at different ratios was imaged 
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by a phase contrast 
microscopeonday1and2.Green“M”indicatedMC3T3-

E1cells;Red“N”indicatedNIH/3T3cells;yellowdottedlineindi
catedtheedgebetweenMC3T3-E1and NIH/3T3cells.(c)Real-

timeqPCRanalysisofosteogenicassociatedgenes(RUNX2,ALP
,BSPandOCN)atdifferenttimepointsasindicatedin(a).MC:M

C3T3-E1; 
NIH:NIH/3T3.ProteinlevelsofALP(blue)andOCN(red)wasan
alyzedbyALPstaining(d)andIFstaining(f)respectively.Theact
ivityofALPindifferentgroupsin 24-well plates was quantified 
by ImageJ software (e). Images and data are representative 
of n = 3 individual experiments, and bar heights and error 

bars were represented as means ± SD. Scale bars: 100 
μm(b&e). 

presented as vimineous and tended to grow around 
osteoblast popula- tion. Osteoblasts were separated 
into smaller population along with higher ratio of 
fibroblasts. Moreover, osteogenic differentiation 
was also promoted by coculture, especially at the 
ratio of 9:1 (MC3T3- E1:NIH/3T3, MC/NIH). The 
expression of RUNX2 and osteogenic 
markers(ALP,BSPandOCN)wasthehighestintheMC
/NIH(9:1)cells at mRNA levels (Fig. 1c–f). ALP 
staining was used to analyze the ac- tivity of ALP 
in different groups (Fig. 1d), and quantification of 
the staining showed the highest activity of ALP in 
MC/NIH (9:1) cells 
(Fig.1e).Consistently,theproteinlevelofOCNwashig
herinMC/NIH (9:1) cells than other groups (Fig. 
1f). Therefore, our later investigation 
wasmainlyfocusedonthecocultureofMC3T3-
E1andNIH/3T3cellsat the ratio of 9:1 (MC:NIH), 
the abbreviation of which was MC/NIH co- 
cultures. However, mineralization was not obvious 
in all kinds of cell cultures yet (Fig. S1). 

3.2.
 EXTRACELLULARvesiclesMEDIATEce
ll-cellCOMMUNICATIONfromfiBROBLASTS to
OSTEOBLASTS incocultures

Cell-cell communication is essential for cell 
arrangement and cel- lular activities, and 
contributes specific ECM formation. To further in- 
vestigate the intercellular communication in 
MC/NIH cocultures, os- teoblasts and fibroblasts 
were labeled with green fluorescence protein 
(GFP) and red fluorescence protein (RFP) 
respectively, following with coculture of labeled 
cells (Fig. 2a). As shown in Fig. 2b, little 
fibroblasts were found on the first day, while more 
fibroblasts were observed and arranged around 
osteoblast population on day 2 in cocultures, con- 
sistent with bright field images (Fig. 1b). 
Fibroblasts grew much faster than osteoblasts in 
cocultures with the special arrangement pattern 
until overgrowth on osteoblasts, and orange cells 
with both FPs (GFP
andRFP)wereobservedonday10.However,theappear
anceoforange cells may be caused by overlapped 
cells. To avoid the inaccuracy and 
makesuretheFPsexpressionprecisely,thecoculturedc

ellsonday10 were separated into single cells and 
double positive cells (GFP/RFP) were still visible 
(Fig. 2c). Moreover, flow cytometric analysis 
revealed that almost all fibroblasts retained their 
original red label, while more than half osteoblasts 
were shifted to become double positive (Fig. 
2d&e). The results indicated osteoblasts absorbed 
RFPs from fibroblasts, which was further 
determined by transwell assay in Fig. 2f&g. Extra- 
cellular vesicles (EVs) with RFPs were secreted by 
fibroblasts, pene- trated through transwell 
membrane and observed around osteoblasts 
underlayer (Fig. 2f). Conversely, no EVs with 
GFPs were observed around fibroblasts underlayer 
(Fig. 2g). Moreover, double positive cells were 
observed in GFP-MC3T3-E1 cells underlayer (Fig. 
S2a), but still not observed in RFP-NIH/3T3 cells 
underlayer on day 26 (Fig. S2b). Thus, short 
distance in direct cocultures enhanced cell-cell 
commu- nication efficiency, compared with long 
distance in indirect cocultures (transwell 
coculture). 

3.3. PREPARATIONAND 
CHARACTERIZATION ofMN-ECM 

The specific cell arrangement, cell-cell 
communication and en- hancement of osteogenic 
differentiation in MC/NIH cocultures ne- cessarily 
affected ECM secretion and organization, which 
might be better to mimic microenvironment in vivo 
than ECM from single cell 
type.Todemonstratethehypothesis,ECMfromcocult
urecellsorsingle cell type was obtained via 
decellularization after 10 days as illustrated by Fig. 
3a. During decellularization, N-ECM showed low 
binding affi- nity to tissue culture plates and was 
easier to be washed away than other two kinds of 
ECMs. After that, the composition and structure of 
MN-ECMwerecharacterized(Fig.3b–
g).ThemorphologyofMN-ECM was obviously 
different from M-ECM and N-ECM when scanned 
by bright field, SEM and AFM (Fig. 3b). Bright 
field showed most dense structureofMN-
ECMbutmostloosestructureofN-ECM,whichreflects 
the difference of refraction index in ECMs. Under 
the SEM and AFM scanning,M-
ECMwasdensewithroughsurface,whileN-
ECMwasflat 
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Fig. 2.  Extracellular vesicles mediated cell-cell communication 
from NIH/3T3 to MC3T3-E1. (a) Fluorescence protein labeling 

of cells via virus transfection. MC3T3-  E1 was labeled with 
GFP, and NIH/3T3 was labeled with RFP. (b) IF images of 

labeled coculture cells (MC/NIH) under a fluorescence 
microscope. Green cells were MC3T3-E1 (MC), and red cells 
were NIH/3T3 (NIH). (c) MC/NIH cocultures were tripsinized 

into single cells, and were imaged under a fluorescence 
microscope. Yellow arrows indicated double positive cells. (d–
e) Flow cytometry analysis of GFP-MC3T3-E1, RFP-NIH/3T3 

and GFP-MC/RFP-NIH cocultures on day 1 and 10. GFP-
MC3T3-E1 cells in cocultures on day 10 were smeared, and 

shifted into double positive area (d), the number of which was 
~20% (e). (f–g) GFP-MC3T3-E1 and RFP-NIH/3T3 were 

cocultured indirectly via transwell system: RFP-NIH/3T3 cells 
cultured in transwells and GFP-MC3T3-E1 cells cultured on 
tissue culture plates (f); or GFP-MC3T3-E1 cells cultured in 
transwells and RFP-NIH/3T3 cells cultured on tissue culture 
plates (g). Cells on tissue culture plates were imaged. Images 

and data arerepresentativeof 
n=3individualexperiments,andbarheightsanderrorbarsreprese

ntmeans±SD.Scalebars:100μm. 

withlittleholes. MN-
ECMcombinedandreorganizedthesetwokindsof 
ECMs.Consistently,thedistributionof 
COL1A1fibersinMN-ECMalso 
combineddenseappearanceinM-
ECMandlooseappearanceinN-ECM 
withacertainorganization(Fig.3c).OCN,animportantE
CMproteinin bone tissue, was not expressed in N-
ECM, and the distribution was distinct between M-
ECM and MN-ECM. We further quantified total 
protein content (Fig. 3d) and GAG content (Fig. 3e) 
in three kinds of ECM. MN-ECM showed the highest 
level among them. Moreover, the distribution of 
whole collagen proteins were differed from each 
other (Fig. 3f) and the collagen content was 
quantified accordingly (Fig. 3g). The collagens were 
schistose in M-ECM, while they were loose in N- 
ECM. In MN-ECM, the collagens were presented as 

net shape with the highest content. The specific 
morphology and structure of MN-ECM might be 
caused by the alteration of cellular activities, which 
were affectedbycell-
cellcommunicationinthecocultures. 

3.4. Cell BEHAVIORS REGULATED by MN-ECM 
in vitro 

To investigate the guiding effect of coculture ECM on 
cells in
comparisontothatofECMfromsinglecelltype,BMSCsa
ndosteoblasts were seeded on M-ECM, MN-ECM 
and N-ECM respectively and cell behaviors including 
cell proliferation, cell adhesion and osteogenic 
differentiation were assessed (Fig. 4a). At first, we 
assessed the effect of coculture ECM at different 
ratios (MC:NIH)  on  cell  proliferation  (Fig. 4b–c, 
Fig. S3). Consistent with cell behaviors in coculture 
system (Fig. 1a), MN-ECM at the ratio of 9:1 showed 
the best promotion on BMSCs proliferation on day 3 
and 5 (Fig. 4b), and on osteoblasts pro- liferation on 
day 4 and 7 (Fig. 4c), compared with other ratios and 
single cell type secreted ECM. Proliferation rate was 
highest on MN-
ECMat9:1inbothBMSCsandosteoblastsatearlyandmid
dlestage, but was similar in all groups at a low level 
at late stage in osteoblasts (Fig. S3a&b). No 
significant difference was observed in fibroblasts 
cultured on different ECMs (Fig. S3c). Thus, we also 
mainly focused on guiding effects of cell behavior on 
MN-ECM at 9:1 ratio later. 
Cell adhesion was assessed by F-actin staining at 
different time points (1 h, 4 h and 24 h) (Fig. 4d–i). 
Cells on MN-ECM exhibited specific appearance, 
which was different from that on other two kinds of 
ECMs. For BMSCs, much more pseudopodia were 
apparent in the cellsonMN-ECMthanthoseonM-
ECMandN-ECMat4h(Fig.4d).By 24 h, the cells on 
MN-ECM were vimineous, while the cells on M-
ECM andN-
ECMwerespreading(Fig.4d).Consistently,perimeterof
cellson MN-ECM was much longer than that on M-
ECM or N-ECM (Fig. 4f), though no significant 
difference of area was observed between three 
groups(Fig.4e).SimilartoBMSCs,osteoblastsonMN-
ECMalsoshowed a unique appearance which was 
vimineous at 24 h (Fig. 4g). The dif- 
ferencewasthatpseudopodiawereapparentinosteoblasts
onMN-ECM asearlyas1h,whichwasmorethanthatonN-
ECMandnotapparentin the cells on M-ECM. 
Moreover, statistical analysis showed higher area of 
osteoblasts on MN-ECM at 1 h, and lower area by 4 h 
and 24 h, compared with M-ECM group (Fig. 4h), 
while perimeter of cells was longest in MN-ECM 
group (Fig.4i). 
Mineralization is important for osteogenic 
differentiation in vitro
andboneregenerationinvivo.AlizarinredSstainingwasu
sedtoassess 



Fibroblast/Osteoblast Co-culture Derived Bioactive ECM with Unique Matrisome Profile Facilitates Bone Regeneration 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 246 

themineralizationinBMSCsandosteoblastsculturedond
ifferentECMs (Fig. 4j-m). MN-ECM significantly 
enhanced the mineralization of 
BMSCsat2and4weeks(Fig.4j&k).Forosteoblasts,calci
umdeposition was also the highest in the cells on 
MN-ECM at 4 weeks, but the mi- neralization ability 
of osteoblasts was lower than that of BMSCs (Fig. 4l 
&m). 

Fig. 3. Generation and characterization of ECM from secreted 
single cell type or cocultured cells. (a) Schematic diagram of 

cell-secreted ECM generation. Single cell type (MC3T3-E1 or 
NIH/3T3) or MC/NIH cocultures were cultured on tissue plates 
for 10 days to generate ECM. Complicated ECM was secreted 

by MC/NIH cocultures because of cell-cell communication. 
Decellularization was introduced to remove cells and ECM was 

left. (b) ECM morphology was characterized by phase 
contrastmicroscope(brightfield,BF),scanningelectronmicroscop
e(SEM)andatomicforcemicroscope(AFM).Scalebars:50μm(BF);

2μm(SEMandAFM). 
(c)IFstainingofCOL1A1andOCN.Scalebars:20μm.

BothdenseandloosecollagenfiberswereobservedinMN-
ECMandseparatedbywhitedottedline.(d–f)Total 

proteincontent (d)andGAGcontent (e) inECMson24-
wellplateswereassessed. 

(f–
g)Collagenfiberswerestainedasred(f).CollagencontentinECM

son24-well plates was quantified according to the
instructions of Sirius Red/Fast Green collagen staining kit.
Scale bars: 40 μm. Images and data are representative of n
= 3 individual experiments, and bar heights and error bars

representmeans ± SD. 

3.5. Bone REGENERATION promoted by ECM 
modified SCAffoldsinvivo 

SISscaffoldswereornamentedwithM-ECM,MN-
ECMandN-ECMin situ, and the complex constructs 
were implanted in a mouse calvarial 
defectmodel(Fig.5a).X-
rayanalysisshowedsignificantcalcifyingnew bone 
formation in the middle of the defects with MN-ECM 
scaffolds implantation (Fig. 5b). Statistical analysis 
revealed MN-ECM was the most beneficial for 
calvarial bone regeneration in comparison to the 

ECMs secreted by single cell type (M-ECM and N-
ECM) (Fig. 5c). His- tological evaluation with H&E 
(Fig. 5d) and Masson trichromestaining (MTS) (Fig. 
5e) further demonstrated the promotion of MN-ECM 
in bone repair. The newly formed bone with typical 
structure as sparse osteocytes embedded in lacunas 
with osteoblasts lining the outer edge of the bone 
tissue was observed in all three ECM scaffolds at 6 
weeks (Fig. 5d). However, marrow cavities or blood 
vessels were only pre- sented in the defects with MN-
ECM scaffolds (Fig. 5d). Bone formation ratio was 
also higher after implantation of MN-ECM scaffolds, 
com- paredwithimplantationofM-ECMorN-
ECMscaffolds(Fig.5f).Newly formed collagenous 
fibers in MN-ECM scaffolds were much more than 
thatinM-ECMandN-
ECMscaffoldsat3weeks(Fig.5e&g).By6weeks, 
newlyformedcollagenousfiberswereobservedinallkind
sofECMs(M- ECM, MN-ECM and N-ECM) (Fig. 
5e). Consistent with H&E staining, 
marrowcavitiesorbloodvesselswereapparentinthedefec
tswithMN- ECM scaffolds (Fig. 5e). The results 
indicated MN-ECM provided the most suitable 
microenvironment to mimic bone tissue niche for 
bone regeneration invivo. 

3.6. ECM secreted by MC/NIH cocultures 
DISPLAYEDA specific MATRISOME 
SIGNATURE 

To investigate the molecular mechanism of the 
generated complex ECM in coculture system (MN-
ECM), the protein composition inECMs was 
comprehensively characterized by proteomic analysis 
(Fig. 6). Quantitative proteomic approaches by 
labeling TMT was performed to evaluate the relative 
abundance of ECM proteins among three kinds of 
ECMs. Total 178 ECM proteins were identified, of 
which 80 proteins were core matrisome proteins and 
98 proteins were matrisome-asso- ciated proteins 
(Fig. 6a). Though the number of core matrisome pro- 
teinswaslessthan50%,theproteinabundance(PSMs)oft
heseproteins was more than 80%. In addition to the 
core matrisome proteins, the ECMs served as a 
reservoir for regulators, secreted factors and other 
ECM-affiliated proteins were less abundant but with 
more kinds of proteins. Statistical analysis showed 
124 proteins were assessed with significant difference 
among three kinds of ECMs (M-ECM, MN-ECM and 
N-ECM) (Fig.6b).
The expression of ECM proteins was presented in the
format of a heat map (Fig. 6c), and short time-series
expression miner (STEM) was introduced to analyze
the results (Fig. 6d). In the present study, the ECM
proteins were separated into four clusters according
to their ex- pressiontendency.Sixty-
twoproteinswereexpressedhighestinM-ECM with
major core matrisome proteins (cluster 1), while only
19 proteins were expressed highest in N-ECM with
major matrisome-associated proteins (cluster 4).
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Interestingly, 28 proteins were assessed as highest 
expression (cluster 2) and 12 proteins were assessed 
as lowest expres- sion (cluster 3) in MN-ECM. The 
STEM in each sub-category of ECM proteins was 
also presented and each ECM protein was listed 
(Figs. S4–S9). The ratio of proteins in cluster 2 was 
higher in collagens, proteoglycans, regulators, 
affiliated proteins and secreted factors than the ratio 
of that in total proteins, only except glycoproteins 
(Fig. S10). To further define the specific protein 
composition in MN-ECM, thefold change of ECM 
proteins in cluster 2 and cluster 3 was listed from 
high to low in Fig. 6e&f respectively. The top 17 
ECM proteins expressed highest in MN-ECM were 
mainly matrisome-associated proteins, be- 
sides3corematrisomeproteins(VTN,DCNandCOL24A
1).Theresults indicated core matrisome proteins 
mainly depended on cell type, and the expression of 
these proteins tended to be stable relatively without 
great changes. The function of MN-ECM might be 
mainly regulated by matrisome-associatedproteins. 

 
Fig. 4. Bone mimetic ECM engineered by cocultured cells 

facilitated cell proliferation, adhesion and osteogenic 
differentiation. (a) Schematic diagram of cellular guiding 

effects of ECM on cell proliferation, adhesion and osteogenic 
differentiation. M-ECM, MN-ECM and N-ECM were 

prepared, following with seeding of BMSCs and osteoblasts to 
assess the effects. (b–c) MN-ECM promoted cell proliferation 
of BMSCs (b) and MC3T3-E1 (c), especially at the ratio of 9:1 
(MC:NIH) (n = 6). (d–i) Cell spreading morphology of BMSCs 
(d–f) and MC3T3-E1 (g–i) on MN-ECM (9:1) was unique. F-
actin of BMSCs (d) and MC3T3-E1 (g) was stained by FITC- 

phalloidin. Representative images were shown. Scale bars 
represented 50 μm. Cell area (e&h) and cell perimeter (f&i) 

were calculated based on images by ImageJ software. Twenty 
cells (n = 20) were measured for each individual samples and 
four individual experiments (n = 4) were performed for each 

group. (j–m) MN-ECM (9:1) promoted osteogenic 
mineralization of BMSCs (j&k) (n = 3) and MC3T3-E1 (l&m) 
(n = 4). BMSCs were cultured in osteogenic induction medium 
(100 nM dexamethazone, 50 μg/ml ascorbic acid and 10 mM β-
glycerophosphate). Mineralization was stained by Alizarin red 

S and captured by a camera (j&l). The stained   
dyewasextractedwithcetylpyridiniumchlorideandmeasuredat56

0nm(k&m). 

GOanalysisofproteinsincluster2and3suggestedMN-
ECMmight contribute to multiple biological process 
of cells (including biological adhesion, cell 
proliferation, cell differentiation, cell migration, 
angio- genesis and immune system) (Fig. 6g, Table 
S1&S2) and molecular functions (including protein 
binding, iron binding and ECM binding) (Fig. 6h, 
Table S3&S4). Moreover, 15 ECM proteins in cluster 
2 and 3 were specifically associated with calcium iron 
binding among iron binding, which might contribute 
to osteogenic mineralization (Table S3 &S4). 

IV. DISCUSSION

Accumulated researches introduced ECM-like 
scaffolds with tissue mimetic niches for tissue 
regeneration via recruitment of endogenous cells 
[2,38]. Compared with artificial ECM with single or a 
few com- positions, natural ECM secreted by cells 
harbored a complex network including collagen 
fibers, glycoproteins, cytokines and proteoglycans 
under ordered arrangement, and contributed the 
process. Here, we
coculturedfibroblastsandosteoblaststogenerateacompl
exECMunder guidance of unique cell arrangement 
and cell-cell communication (Figs. 1–4), which 
effectively regulated proliferation, attachment and 
osteogenicdifferentiationofBMSCsandosteoblastsinvit
ro (Fig.5),and enhanced bone regeneration in vivo 
(Fig. 6). The complex ECM gener- ated in a coculture 
system represents several unique advantages: (1) 
betterguidanceofmultiplecellarrangementthansinglece
llculture; (2) tissue mimetic niche organized by 
multiple cells under cell-cell communication; (3) easy 
operability and controllability with low 
immunogenicity after implantation in vivo; (4) 
extensive application with different cell composition 
depended on tissue properties and (5) surface 
modification on multiple biomaterials as “off-shelf” 
implants after decellularization. 
Tissues are composed of ECM with mechanical and 
physiological support, and multiple cells with 
accurate organization. The arrange- ment of different 
cells is essential for tissue ECM generation with un- 
ique microenvironment. In the present study, 
fibroblasts and osteo- blasts were cocultured together 
and unique cell arrangement was formed along with 
alteration of cellular activities (Fig. 1). In the co- 
culture system, fibroblasts grew fast around 
osteoblasts and osteogenic maturation of osteoblasts 
was stimulated by surrounding fibroblasts due to the 
specific cell order and cell-cell communication. 
Previously, a gold standard coculture model was 
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tranwell culture. The model was beneficial to 
investigate paracrine pathways between different 
cells,but 
blockedcellinteractionandcellarrangementwhichlimite
dapplication in tissue regeneration. Later studies ever 
did efforts to arrange different cells together in a 
specific order artificially. For example, HUVEC and 
MSCs were mixed into fibrin bioinks and printed 
HUVEC fibers and MSCs fibers alternately in a round 
shape [26]. Here, we found fibro- blasts and 
osteoblasts could form circle-surrounding construct 
sponta- neously via their own activities which should 
be closer to clarify cell- cell communication 
naturally. Accordingly, recent studies introduced 
coculture of multiple cells direct together to mimic 
tissues in vivo [27,39,40]. Myoblasts were cocultured 
with hMSCs to induce trans- differentiation under 
electric field stimulation [27]. Coculture of glio- 
blastomacellsandendothelialcellsmimickedtumornich
etoincrease 

 
Fig. 5. Bone mimetic ECM engineered by cocultured cells 

enhanced bone regeneration  in  vivo. (a) Schematic diagram of 
ECM ornamented SIS scaffolds  implanted  into mouse cavarial 

defects (Ф = 4 mm). The tissues with defects were collected 
after 3 or 6 weeks. (b–c) X-ray images of defects implanted 

with ECM-SIS scaffolds (M-ECM, MN-ECM and N-ECM) (n = 
5) at 6 weeks (b). The relative new bone formation was 

calculated by normalization to new bone formation area in the 
defects with M-ECM scaffolds at 6 weeks, which was measured 
by ImageJ software (n = 5) (c). (d) H&E staining of the cross-

sections to show the histological morphology of the regenerated 
defects at 6 weeks. Green dotted region represented newly 

formed bone (NB) (black arrow). The blue boxes were 
magnified to present the details of  NB. HB: host bone; yellow 

arrow: marrow cavity. (e) MTS staining of the cross-sections of 
the regenerated defects at 3 and 6 weeks. Newly formed 

collagens were visualized as blue and newly formed mature 
bones were visualized as red. (f) Bone formation ratio was 

measured by ImageJ software based on H&E staining of cross- 
sectionsofthedefectsat6weeks.Sectionswithnewlyformedbonewe
remeasuredforeachmouseand5micewereanalyzedforeachgroup.

(g)Collagenareawith blue color and the whole scaffold area
were measured by ImageJ staining, and the ratio was 

calculated. Five random fields were measured for each mouse 
and 5 mice were analyzed for each group. Scale bars 

represented 50 μm. 

glioblastoma cell proliferation and to decrease 
endothelial cell expres- sion of cell adhesion proteins 
[39]. 
The advantage of coculture in vitro is convenient to 
regulate the cell ratio to achieve the best effects. In 
this study, we designed multiple ratios of osteoblasts 
and fibroblasts, and 9:1 (MC:MIH) of the seeding 
ratio was demonstrated to be the best with the highest 
expression of osteogenic differentiation markers. The 
advantage of coculture in vitro is convenient to 
regulate the cell ratio to achieve the best effects. In 
this study, we designed multiple ratios of osteoblasts 
and fibroblasts, and
9:1(MC:MIH)oftheseedingratiowasdemonstratedtobet
hebestwith the highest expression of osteogenic 
differentiation markers. Inthe cocultures, osteoblasts 
and fibroblasts were undergoing different cell fates. 
Osteoblasts were mainly undergoing osteogenic 
differentiation, along with up-regulation of 
differentiation markers and alteration ofcell 
morphology (Figs. 1 and 2b). However, proliferation 
of osteoblasts was inhibited at the meantime. Then, 
fibroblasts in the cocultures were mainly undergoing 
cell proliferation (Fig. 2). The cellular activities of 
osteoblasts and fibroblasts during the coculturing led 
to the ratio al- teration as the higher ratio of fibroblats 
and lower ratio of osteoblasts on day 10 (Fig. 2d&e). 
Even though, the seeding ratio of 9:1 (M:N) was 
demonstrated with the highest activities of osteogenic 
differentiation (Fig. 1) and the derived ECM was 
considered as the best for cell pro- liferation (Fig. 
5b&c).There are two possibilities: (1) A small 
amount of fibroblasts at the beginning is important to 
trigger the activities of os- teoblasts. Then, the 
proliferation of fibroblasts and cell-cell commu- 
nications further promotes the events. (2) Osteoblasts 
secrete the major functional ECM proteins for bone 
regeneration. Higher amount of fi- broblasts diluted 
the roles of osteoblasts. Proper ratios of osteoblasts 
and fibroblasts are essential for the functionsof the 
cocultures. 
IntheMC/NIHcoculturesystem,it'sinterestingtofindthat
thecell- cell communication was not bi-directional, 
but mainly unidirectional from fibroblasts to 
osteoblasts via EVs (Fig. 2). Double staining cells 
mainly shifted from GFP-osteoblasts after absorbing 
RFP secretedby fibroblasts. Transwell coculture 
demonstrated EVs as messengers from fibroblasts to 
osteoblasts. However, the communication was much 
slower than coculture together (Fig. S2), which 
indicated other inter- actions occurred between the 
two cell types. It's common that cell-cell 
communication is the key for higher-order biological 
functions inmulticellular tissues [41,42]. Coculture 
system provides the opportu- nity to study the 
mechanisms of cell-cell communication and multi- 
cellular behaviors. In coculture system, cell fate in 
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recipient cells was directed by the cell-cell 
communication to support a differentiated function, 
including paracrine, exosomes or EVs, and direct 
cell-cell in- teractions via transmembrane proteins 
[41]. Consistent with our study, 
juvenilechondrocytes(CHs)incoculturewithadultmese
nchymalstem cells (MSCs) improved chondrogenesis 
of MSCs via EVs from CHs to MSCs and promoted 
cartilage engineering[25]. 
Our previous studies focused on the effects of single 
cell type be- havior on ECM secretion and ECM-
ornemented biomaterials for bone regeneration [34–
36]. Compared with ECM from single cell type, ECM 
from multiple cells presented multiple advantages due 
to multiple cell organization and cell-cell 
communication mentioned above. Cumula- tive 
evidences have demonstrated the interactions 
between two cell
typesimprovedECMremodeling[25,43].ECMprovidin
gcomplexlocal heterogeneous microenvironments 
modulated cellular activities via cell-matrix 
interactions [44,45]. The composition and structure of 
ECM 
dependedoncelltype,localenvironment,availabilityofs
ubstratesand shear forces [46,47]. Spatial, chemical 
and mechanical cues in ECM influencedcell-
ECMinteractionsviaactivationofintracellularsignaling 
cascades and further affected cellular behaviors [48]. 
Consistently, our
presentstudydemonstratedtheECMgeneratedbyMC/NI
Hcocultures possessed unique structure and 
molecular composition (Figs. 3 and 4) and was 
beneficial for cell proliferation, adhesion and 
osteogenic dif- ferentiation (Fig. 5), and further 
promoted bone regeneration in vivo (Fig.6). 

Fig. 6. Quantitative proteomic analysis of ECMs secreted by 
cocultured cells (MN-ECM) revealed a unique matrisome 

signature. (a) Matrisome signature of cell secreted ECM as 
presented by pie chart. Distribution of ECM proteins was 

calculated by protein numbers (left) and protein abundance  
(PSMs, right) of each  matrisome protein sub-category, 

respectively. (b) Distribution of protein numbers with or 
without statistical significance among three kinds of ECM. (c) 
Heatmap of quantitative proteomics using TMT labeling. The 
fold-change in protein detection levels normalized to the mean 

of M-ECM in log2 scale was shown. (d) Short-time series 
expression miner (STEM) of ECM proteins with statistical 
significance. According to the expression tendency, ECM 

proteins were divided into four clusters. Distribution of protein 
numbers was presented for each cluster. (e–f) ECM proteins in 
cluster 2 (e) and cluster 3 (f) were listed  from highest changes  
to  lowest  changes. The color of proteins was consistent with 

the sub-category in pie chart. (g–h) GO analysis of ECM 
proteins in cluster 2 and cluster 3, including biological process 
(g) and molecular function (h). Red color represents the ECM 
proteins expressed highest in MN-ECM in cluster 2 and blue 

color represents the proteins expressedlowestinMN-
ECMincluster3.Triplicateindependentexperimentswereperfor

medforeachgroup. 

Though ECM has been realized as a functional 
biomaterial with various biochemical components to 
recapitulate complicated micro- environments and 
broadly applied for tissue regeneration [49,50], the 
furtherquestionwaswhytheyworkedinspecificity.Many
effortshave been made to rationalize the specific 
functionalities of ECM biomater- ials, including 
proteomic analysis [51–53]. Proteomic 
analysisprovided a powerful way to understand ECM 
matrisome comprehensively, in- cluding the 
compositions and potential biological functions 
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[54,55]. Proteomic composition of stem cell-derived 
ECM has been character- ized, including ECM from 
bone-marrow-derived MSC [54], adipose- derived 
MSC [54] and osteoblast-differentiated MSCs [56]. 
However, proteomic composition of ECM from 
fibroblasts or osteoblasts, espe- 
ciallycoculturedcells,wasrarelyreported.Here,wefigur
edoutunique ECM matrisome from MC/NIH 
cocultures and single cell type (fibro- 
blastsorosteoblasts)respectivelyviaproteomicanalysis.
It'sinteresting that the levels of ECM proteins in MN-
ECM were not only between M- ECMandN-
ECM,butwithgreatchange.InMN-
ECM,28proteinswere expressed highest and 12 
proteins were expressed lowest. The results might be 
caused by the activity alteration of osteoblasts, which 
was guided by fibroblast in the cocultures (Fig. 2). 
The most abundance of ECM proteins in N-ECM 
were matrisome-associated proteins. Con- sistently, 
fibroblasts greatly increased matrisome-associated 
protein 
secretionofosteoblastsinthecocultures(Fig.6e),includin
gANGPTL4, S100A4, SERPINH1, S100A11 and so 
on (from high to low).These 
geneswerereportedtoplayessentialrolesinbiologicalpro
cessand might contribute to the function of MN-
ECM. For example, ANGPTL4 was a key factor in 
the modulation of angiogenesis and in bone re- 
generation [57]. The expression of ANGPTL4 was 
increased in miner- alizing periodontal cells on day 
14 of culture and was induced by hy- poxia in 
periodontal fibroblasts [58]. SERPINH1 encodes the 
collagen chaperone HSP47 that binds to the type I 
precollagen trimers and regulated the folding and 
stabilization of triple helical domain. SER- PINH1 
mutations have been associated with osteogenesis 
imperfect [59]. Thus, the results also provided 
orientations to investigate ECM matrisome in depth 
in future. 

V. CONCLUSIONS

In conclusion, the present study developed a novel 
strategy to generate tissue mimetic ECM with 
excellent bioactivities for bone re- generation. In the 
coculture system, existence of fibroblasts promoted 
osteoblasts undergoing osteogenic maturation. The 
cell communication betweendifferentcelltypesguided 
thetissuemimeticECMengineering with specific 
morphology and molecular components. The 
generated ECMfromcoculturecells provided 
uniquebiophysical andbiochemical cues for cell-
matrix interactions and regulated cell behaviors. 
Furthermore, the complicated ECM ornamented 
scaffolds withsuitable microenvironment promoted 
collagen regeneration and new bone for- mation, 
which might be caused by the recruitment of 
endogenouscells and stimulation of self-healing 
process. The “off-shelf” products with higher 
bioactivities in ECM from multiple cell types than 

that from single cell type should be a bright choice 
for biomaterial decoration for tissue engineering and 
regenerative medicine. 
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Abstract - Nanostructured powders of Fe50Ni25Al25 were prepared by mechanical alloying in argon atmosphere from 
elemental Fe, Ni and Al powders. The obtained powders were characterized by, X-ray diffraction, Transmission Electron 
Microscopy and 57Fe Mossbauer Spectroscopy. A detailed analysis of the diffraction patterns reveals a fast decrease of the 
crystalline size in the first hour of milling, after we obtained a stationary state. The final lattice parameter of this structure is 
close to 0.2895 nm. For the first milling time, Mossbauer spectra are composed of magnetic contribution characteristic of 
alpha iron and paramagnetic contribution attributed to Fe-Al (rich in Al). The formation of disordered solid solution 
Fe50Ni25Al25 is complete after 48 hours of milling. 

I. INTRODUCTION

Mechanical alloying MA is a process used to produce 
alloys at room temperature having a fine 
microstructure; furthermore, it can be applied to alloy 
incompatible materials. Also, MA is a promising 
route to synthesize nanocrystalline alloys, amorphous 
alloys, structural intermetallics, and ceramic materials 
[1-5], in other words, materials with unusual 
structural properties [6]. Several physical properties 
of materials are strongly affected by the grain size. 
For instance, in metallic systems the yield stress 
increases with decreasing grain size over a 
considerable range as described by the Hall–Petch 
equation [7]. An analogous effect is the strengthening 
of a ferromagnetic material, with decreasing grain 
size in the micrometer to the tens of manometer 
range. When the dimensions of the grains become 
comparable with the characteristic length of the 
physical phenomenon involved, conventional scaling 
laws often break down and may even reverse [8]. 
These results strongly suggest that both functional 
and mechanical properties can be adapted by 
controlling the grain size of the material. The 
intermetallic show a clearly better behavior in the 
high temperature range especially regarding their 
creep-resistance and strength connected with low 
density compared to conventional materials. The 
large number of technological fields where Fe-Ni-Al 
interrnetallic compounds, have found useful 
applications makes these systems particularly 
attractive from an experimental point of view. In the 
previous papers, phase formation and nanometer 
order grained microstructures and their formation 
process were reported for the Fe-Ni-Al alloys by 
Mechanical alloying. It was found that the process of 
gradual refinement into nanometer order of crystal 
size and the formation of homogeneous solid solution 
take place concurrently. Another aspect of the present 
work is the opportunity to study the availability of 
homogeneous synthesis by mechanical alloying, 

starting from multi-elemental initialcomponents. 
Only, very few papers have been found to be 
concerned with mechanical alloying of more than two 
elementary initial components. 

II. EXPERIMENTALPROCEDURE

In order to prepare the alloys required for these 
studies, a mixture of appropriate amounts of Fe 
(99.9%,  powder,  grain   size  <60   m),  Ni (99.9%, 
grain size <100 m) and Al (99,  97 grain  size <100 
m) powder, were ball milled in a vial with balls. 
Both the vials (45 ml in volume) and the balls (12 
mm in diameter) were made stainless steel. The 
powders were sealed in the vials under a pure argon 
atmosphere. Mechanical alloying was performed with 
a planetary ball mill type Fritsch-Pulverisette 7 with 
powders to ball weight ratio R= 1/35 and a rotating 
speed of about 1000 rpm. The total milling time was 
either 48h, interrupted for either 15 min every 30mn, 
respectively, in order to minimise excessive 
temperature rise and to limit the adherence of the 
powders to the vial walls. The investigation methods 
were X-ray diffraction patterns (XRD) and 
Mössbauer Spectrometry. Structural characterization 
was done by means of X-ray diffraction (XRD) using 
Cu-K ( =0.154056nm) radiation at room 
temperature in the 2 range from 25° to 130°. We 
also used the MAUD procedure [9] for 
microstructural  XRD   analysis,  based   on RietVeld 
[10] method combined with Fourier analysis, which is
well adapted for broadened diffraction peaks. This
version permits a more detailed analysis of the
material thus since it can take in account the
anisotropy of shape of diffraction domains coherent
and of micro-deformations [11] as well as possible
effects of texture [12]. The RietVeld’s method was
successfully applied for determination of the
quantitative phase abundances of the mixture
powders [1]. There is a simple relationship between
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the individual scale factor determined, considering all 
refined structural parameters of individual phases of a 
multiphase sample, and the phase concentration in the 
mixture. The weight fraction for each phase was 
obtained from the refinement relation as adopted by 
earlier [13]. The structure refinement along with size- 
strain broadening analysis was carried out 
simultaneously by adopting the Maud procedure [9] 
as mentioned previously, The Maud procedure can 
take in account the anisotropy of shape of diffraction 
domains coherent and of micro-deformations by 
fitting the reflections of these phases with POPA 
anisotropic model [11]. For the powders milled more 
or equal than 4 hours, the crystallite size and 
microstain values of disordered phase �-Fe (Ni, Al) 
are fitted with POPA anisotropic model [11]. 
Mossbauer spectroscopy, which probes the local 
atomic structure of the alloys, has proven to be useful 
in studies of mechanical alloying [14-17]. 57Fe 
Mossbauer spectra were recorded at room 
temperature in transmission geometry with a constant 
acceleration apparatus. The spectra were analysed by 
means of the MOSFIT program developed by F. 
Varret et al [18], which extracts an hyperfine mean 
field distribution, P (H), from an experimental 
spectrum. The isomer shift (IS) at the 57Fe nuclei is 
given relative to α-Fe at roomtemperature. 

III. RESULTS ANDDISCUSSIONS

3. 1. X-rays analysis

X-ray diffraction spectra for the Fe50Ni25Al25 powders
are shown in Fig.1. Only narrow range of diffraction
angles is presented (35-115°), but it contains the all
lines of all components. The diffraction patterns
indicate that the unmilled powders contains only the
element Fe, Ni and Al. Analysis of X-rays patterns
with MAUD program reveal that the  concentrations
of the elements Fe, Ni, and Al are close to the initial
proportions i.e. 50%Fe, 25%Ni and 25%Al. For short
milling time (30mn) (Fig.1), only relatively sharp
diffraction peaks of elemental powders are observed
on the XRD patterns and it’s observed a fast decrease
of the intensity of the (111) diffraction peak of �-Al.
For a powders mixture milled for 1h and 2h the X- 
rays diffraction patterns are fitted by using 3
components, because it takes into account the two
various distributions of the ��Fe(Ni, Al) crystallites
sizes and those is due to the fact that the lines
diffraction peaks are asymmetrical and justify our
choice clearly whatever the crystallite shapes, on the
another hand, all the possibilities were explored to
improve the fitting of mixture powders milled for 1h
and 2h with two components but without success
(fig.2). The broadening of the Bragg peaks with
milling time (fig.3) indicates a progressive decrease
in crystallite size and accumulation of microstrains
induced by repeated fracturing and cold welding of
the powder particles. After 1h of milling,  crystal

peaks of �-Al seem to disappear and the peaks of �- 
Fe become lower and broader, and the powders are 
mainly in the FCC form ( �-Ni (Fe, Al)) rich onNi, 
there is only 22% of Fe in the BCC form (�- Fe(Ni, 
Al)) rich on Fe. 

Figure 1: X-rays diffraction patterns of mechanically alloyed 
Fe50Ni25Al25 powders milled at various times. 

Fig.2: XRD patterns of mechanically alloyed Fe50Ni25Al25 
powdersmilledfor1hwith3components. Experimental(dots) and 

calculated (fullline). 

Fig.3: Evolution of the pick situated to the surrounding 45° as 
function of the milling time showing the broadening and the 

displacement toward the left of the peak. 

The best fitting is obtained with 3 components:  1 
FCC and 2 BCC with different crystallite sizes and 
microstrains. This means that some Fe atoms, which 
have the smaller atomic radius than Ni are diffused in 
Ni matrix, with Al atoms witch have better affinity 
with Fe atoms than Ni. Neither superstructure 
reflections nor peaks corresponding to DO3 structure 
or B2 ordered structure have observed in these 
mechanically alloyed Fe50Ni25Al25 powders. We 
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noted that the crystallite size is in nanometric range 
after only one hour of milling, and is about 10 nm for 
48  hours  of   milling.  The  progress  of   alloying  is 
illustrated in Fig.4, which shows the change of BCC 
and FCC lattice parameters for -Fe(Ni, Al) and - 
Ni(Fe, Al). The -Fe(Ni, Al) lattice parameter 
increases strongly at the first hours of milling and 
approach a saturation value with longer processing, 
but the -Fe(Ni, Al) lattice parameter increases until 
one hour of milling after its decreases and reached a 
quasi-stationary state . It is necessary to note that the 
percentage of -Fe(Ni,Al) phase decreases in a 
continuous way. This indicates that alloying takes 
place mainly within the first 4 hours, reaching a 
steady state after12heures. 

Fig.4: Lattice parameters of -Fe(Ni,Al) and -Fe(Ni,Al) as 
function of milling time. 

3.2 MET analysis 

Fig.5: Bright field transmission electron micrographs (TEM) at 
different magnifications and of the Fe50Ni25Al25 powder 

milled for 12hours and (d) selected area diffraction rings of the 
region in (c). 

Direct observation of the individual grains within the 
deformed powder particles by TEM indicates that the 
crystallites sizes are in the manometer range. TEM 
bright-field micrographs of a particle of a 
Fe50Ni25Al25powder milled for 12 h at different 
magnification are shown in Fig. 5. The presence of 
nanocrystallites in this particle is best evidenced 
considering that the selected area diffraction (SAD) 
pattern Fig.6 d shows a ring-like pattern due the 
distinct orientations of the crystallites. The 
corresponding SAD pattern shows whose radii agree 

with the bcc Fe structure and fcc Ni structure. Such as 
view of the diffraction pattern can brought about 
coexistence of amorphous and nanocrystalline phases, 
the latter of which is -Fe and -Ni. Chemical 
compositions of the obtained milled products were 
analyzed using energy dispersive X-ray spectroscopy 
(EDS) methods, equipped in TEM. The EDS analysis 
have shown inhomogeneous Ni and Al distribution in 
the Fe particles formed (see Figure 6) indicating that 
the homogenous alloy is not closed. 

Fig.6: Bright field transmission electron micrographs (TEM) 
(a), map of Ni (b), and Al (c) of the Fe50Ni25Al25 powder 

milled for 12 hours 

3.3 Mossbauer analysis 

Magnetic structure can be determined by Mossbauer 
spectroscopy that allowed obtaining information 
about local interactions between iron nuclei and their 
nearest-neighbourhood, observing the process  of 
alloy formation and change of its magnetic properties 
at every stage of the milling. The Mossbauer spectra 
for Fe50Ni25Al25 alloy prepared by high-energy ball 
milling process are shown in Fig.7.a for various 
milling times. Three mains components can be seen 
on these spectra. The observed Mossbauer  spectrum 
is composed on two sextuplets and one doublet. At 
short milling times, the first sextuplet is characteristic 
of pure iron or iron slightly substituted, and it’s 
predominant. The second sextuplet characterized by a 
hyperfine field lower than 330 kG and a broad line- 
width which increases with the milling time. This 
component is come significant gradually with 
increasing milling time. At the same time, the 
intensity of the first sextuplet decreases gradually. 
The doublet which characterizes the Fe largely 
substituted by Al, its intensity goes through a 
maximum at 1h. However, it is necessary to note that 
the doublet is unimportant at 4h of milling; it is no 
longer observed in powders ground for 12h and more. 
The variation of the average hyperfine field < H > 
according to the milling time is shown on Fig.7.c. 
That can be divided into three stages: a fast reduction 
at the beginning of milling indicating that the 
combination with aluminium is very important and a 
light increase indicating that the Ni atoms gradually 
integrate the first coordinate sphere of the Fe atoms, 
certainly in the BCC structure and finally quasi- 
stationary state. The process of MA, in binary alloys 
is generally made up of two stages which occur 
simultaneously: refinement of the grains and 
formation of the multi-layer structures (stage 1)and 
then finally formation of alloy (stage 2) as reported 



Fabrication of Nanostructured Fe50Ni25Al25 Powders Prepared by Mechanical Alloying 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 263 

by several authors[19-21]. 

Fig.7: 57Fe room temperature Mossbauer spectra (a) , some 
associated HFD (b) and average hyperfine field (c) ofpowders 

mixture FeNiAl as millingtime. 

IV. CONCLUSION

The TEM and the electron diffraction results confirm 
the nanocrystallites nature of the as –prepared sample 
in accordance with both broads XRD peaks and 
hyperfine field distributions. On the basis of the X- 
rays analysis, transmission electron microscopy and 
Mossbauer Spectroscopy, the process of 
nanocrystallization appears to be composed by 3 
stages: progressive refinement of elements Fe, Ni and 
Al grains within the sandwich type microstructure 
(stage 1), formation of the binary FeAl, FeNi and 
NiAl presumably at the interfaces between Fe, Al, Ni. 
(stage 2) followed by the formation of the ternary 
FeNiAl (stage 3).The X-rays and Mössbauer 
spectroscopy results showed that three stages take 
place almost simultaneously. The X-rays diffraction 
analysis indicates there is a rapid nanocrystallization 
of Al; the formation of ternary alloy occurs in a 

progressive way and Mössbauer spectrometry shows 
that the formation of FeAl tens to start after short 
milling times. 
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Abstract - This paper presents a novel multi axis inductive displacement sensor design and analysis. The proposed sensor 
capable to measure the displacement and also tilt angle of the objects without contact. First, an analytical model is developed 
to express the measurement principle. Then 3D finite element analysis (FEA) is performed to verify analytical model by 
using Ansys Maxwell software. In the analysis, 0-5 mm linear movement and 0-3° tilt angle are considered. Finally, an 
experimental setup is built and performance tests are performed. 

Keywords - Inductive Sensor, Displacement Measurement, Tilt Angle 

I. INTRODUCTION

With developing technology, the need for accurate 
position and/or displacement measurement in the 
micrometer level has increased significantly. In the 
industry, different type of applications about position 
and displacement sensing can be found. For many of 
these, sensors based on mechanical contact are 
sufficient to position measurement. But, some of 
these applications are require non-contact 
measurement. Inductive displacement sensors are 
widely used for contactless measurement [1-3]. 
In the literature, many kinds of measurement 
applications were investigated using inductive and 
eddy current sensors for displacement and proximity 
sensing [3-10]. These studies mostly focused on 
thermal stabilities and electronical interfaces of the 
sensor to improve measurement quality of the sensors 
[4-7]. Moreover, most of the studies are dealt with 
single axis position measurement [4-6]. Although 
some studies have done about angular measurement 
and two axis tilt measurement by using multi coil 
printed circuit board technology and combining flux 
gate sensor principle with magnets [8-10], there is no 
study about multi axis tilt angle measurement by 
using inductive displacement measurementprinciple. 
In this paper, a novel multi axis inductive 
displacement sensor which has one excitation coil 
and two sensing coils, will be presented. Firstly, 
sensor structure is introduced and analytical solution 
based on Lenz Law is carried out. Then the sensoris 
analyzed to verify the analytical results by using 3D 
finite elements method. Finally, a sensor is built and 
tests are carried out to verify the theoretical results. 

II. ELECTROMAGNETIC ANALYSIS

A. System Description and Model Development
A novel structure has one excitation coil in the
middle of the square base and two sensing coils at the
corners as shown in Fig. 1. This structure allows us to
sense tilt on the target metal by evaluating the voltage
cause voltage induction on sensing coil. Induced

voltage is amplified and then filtered to get linear 
analog output. 

Fig 1: CAD model of the proposed sensor. 

Any change in the magnetic environment of a coil of 
wire will cause a voltage (emf) to be "induced" in the 
coil. No matter how the change is produced, the 
voltage will be generated. The change could be 
produced by changing the magnetic field strength, 
moving a magnet or metal toward or away from the 
coil, moving the coil into or out of the magnetic field, 
rotating the coil relative to the magnet, etc. says 
Faraday’s law and presents this phenomenon as 
follows; 

The sensor gets excited by an excitation circuit which 
creates sine waves.  
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where, i is the excitation current and Rgapis the 
reluctance of airgap between sensor head and target 
can be calculated as follows; 

In this study, magnetic circuit principle is used in 
order to derive induced voltages. 
Magnetic circuit equivalent of the system can be seen 
from the Fig. 2. 

Fig 2: Equivalent Circuit 

Analtical results are found by solving this equivalent 
circuit. And results are presented in section. 

B. Finite Elements Analysis
Finite element analyses are performed using Ansys
Maxwell Software. Linear displacement and tilt angle
effects are examined. The model is designed on
Ansys Maxwell. A ferrite core used as sensor base
and coils are designed as solid copper whichhas 4mm
thickness. To prevent the skin effect, steeltarget
thickness has chosen as 5 mm in the analysis.

Fig 3: Symbolic representation of dimensions 

After completing the design, mesh operations are 
performed separately on core, coil and target. And 
mesh parameters are listed on the following table. 
Mesh distribution on the sensor and the target is 
shown in theFig.4 

TABLE I. MESH PAREMETERS 

Fig 4: Mesh Distribution 

After completing mesh operations and setting solving 
parameters, the analysis has been run. 

Fig 5: Magnetic Flux Distribution 

When the excitation coil is excited magnetic flux is 
created and starts to flow form excitation coil through 
target, sensing coils and the sensor core respectively. 
Magnetic flux density is maximum on the excitation 
coil as expected and lowers down while going 
through target and sensor core. Finally, it increases 
when completing to circuitry as seen in the Fig.5. 
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III. EXPERIMENTAL SETUP

In this section experimental setup is presented. At 
first a sensor is built which has similar structure used 
in the analysis. The sensor structure built in for 
experimental tests has an excitation coil in the middle 
and two sensing coils around it. The sensor is built 
form a ferrite core and 0.4mm copperwire. 

Fig 6: The Sensor Built for Experimental Tests 

Dimensions of the excitation coil is Ø10x10mm, 
dimensions sensing coils are 5x10x10mm. Total 
length of the sensor is 30mm and all coils have 44 
turns. 
By using this sensor structure experimental tests are 
performed. A gauge tester which has 0.1mm 
thickness is used to measure the displacement. 
A function generator is used as an excitation source 
and an oscilloscope is used to measure the voltage 
changes on sensing coils. 

Fig 7: Experimental Setup 

IV. RESULTS ANDDISCUSSION

In this section a detailed results of analytical model 
results, FEA results and test results are presented. 
Results achieved from these methods are compared 
and discussed. 
FEA analysis and analytical model are performed for 

the parameters listed in the following Table 2 and 
Table 3. 

TABLE II. SENSORPARAMETERS 

TABLEIII.SENSORDIMENSIONS 

TABLE IV. ANALYSIS PARAMETERS 

Fig 8: Comparison of FEA and Analytical Results – Induced 
Voltage vs Linear Displacement 
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Fig 9: Comparison of FEA and Analytical Results – Induced 
Voltage vs Tilt Angle 

Fig. 8. and Fig. 9. show comparison of the results 
between analytical and FEA results. It can be seen 
that there is difference between analytical and FEA 
results. In analytical results the mechanical 
instabilities, eddy current losses and other losses to 
environment doesn’t considered and that caused that 
difference between these results which is expected. 
Since two sensing coils are identical, the induced 
voltage on four sensing coils are also identical. But 
the induced voltage is nonlinear because of the 
Faraday’s Law. 
Fig. 9. shows the change the induced voltage on the 
sensing coils against tilt on target It also shows a 
nonlinear change on coils as expected. It is also 
expected that the excitation voltages on both coils 
should be decreasing because when one side of the 
target getting away from the sensing coil other side is 
also getting away as seen Fig.9. However, while the 
target gets far away from the one of the sensing coils 
(l), the displacement change on other target becomes 
really smaller (k). Because of the sensor resolution 
this change can not be observed; and the voltage 
change on that coil keeps constant. 

Fig 10: Tilt change of target -Exxagerated illustration 

Fig. 11. shows the induced voltage on sensig coils 
against linear displacement. And it shows similar 
nonlinear characteristics as FEA and analytical results 
as expected. 

Fig11:TestResults–InducedVoltagevsLinearDisplacement 

It can be seen from the Fig. 11. that builted sensor 
can be linearized between from 0-1.2mm. AndFig. 
12.shows that voltage change against tilt on
sensingcoils are almost linear up to 3°. Fig. 12. shows
theinduced voltage on sensig coils against tilt
anglechange on each coil separately. While
performing tiltangle measurement, one side of the
target kept fix asseen in Fig. 10. and voltage change
on senging coilswere measured. So while the voltage
on one of thesensing coil is decreasing other didn’t
change

Fig 12: Test Results – Induced Voltage vs Tilt Angle 

V. CONCLUSION

This paper presents a novel multi axis inductive 
displacement sensor analysis. The sensor is analyzed 
by analytically and FEA. Preliminary results show 
that the voltage output can be linearized for 0-1.5 mm 
displacement and for 0° to 3° tilt angle. Experimental 
results show thattheproposedstructureisachivable. 
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Abstract - Faced with intense global competition and to enhance the expected targets of production and productivity, every 
industry is constantly looking to maintain the equipment in an efficient and effective manner. Hence, it is more essential to 
predict the performance of the equipment. By keeping this in view, the present research work deals with an artificial neural 
network (ANN) modeling of the underground mining equipment such as load haul dumper (LHD) to predict the percentage 
of reliability, availability and preventive maintenance time schedules. The input data for network training was collected from 
the field visit. The prediction model was developed based on feed-forward-back-propagation Levenberg-Marquardt training 
algorithm. The performance of the equipment was validated by comparing computed data sets with predicted data. The 
predicted outcomes demonstrate that the ANN model provided good agreement with the computed data with highaccuracy. 

Keywords - LHD, ANN, Performance, Reliability, Availability and Preventive Maintenance. 

I. INTRODUCTION

In the present competitive business environment, all 
the industries have made the survival fight extremely 
tough due to serious competition among them. The 
increase in productivity aims at efficient and effective 
utilization of resources. As the production time has 
cost implications, many of the producers are 
motivated towards an additional reduction of time 
loss of production. [1]. In the meantime, as 
consumers are more worry about the safety and 
reliability of the systems the workers also desire a 
safe and sound work atmosphere [2]. In the time past, 
testing and investigation used to be strategies to 
measure reliability, this is no longer obtainable. The 
emphasis is on predicting the components that lead to 
breakdown and make sure that such factors are kept 
from occurring frequently using a robust design [3]. 
This can be accomplished by estimating the overall 
system performance of the equipment [4]. The 
investigation of execution attributes of any equipment 
in the industry plays a vital job in ensuring the 
smooth running of the production procedure since it 
ensures production continuity as well as product 
quality[5]. 
The performance analysis of Load-Haul-Dump 
(LHD) machines using analytic and statistic 
approaches will be taking more time to solve a 
complex problem as compared with software basis 
approach. Nowadays, soft computing techniques 
catch the attention of researchers for resolving a 
variety of non-linear problematical issues. Ingeneral, 
for such analysis, most of the conventional 
approaches cannot be resolved without the utilization 

of equations of fundaments, traditional correlations, 
or developing distinctive intends from investigational 
records through trial and error [6]. To maintain a 
strategic distance from these issues, the artificial 
neural network (ANN) technique has been executed 
in different sorts of confounding issues which are not 
comprehended by regular strategy and in different 
fields. This method processes information with not so 
much time but rather more precisely anticipated [7]. 
ANN has the capability to model both the linear and 
non-linear frameworks without the need to make 
suspicions as are understood in most customary 
measurable methodologies [8]. Hence, this tool has 
been becoming increasingly popular in various 
Engineeringfields. 

II. CASE STUDY

The field investigation was carried out in one of the 
underground metal mines of the southern part of 
India. known as M/s The Hutti Gold Mines Company 
Limited and located in Raichur, Karnataka state, 
India. Drilling and blasting operations used to extract 
the ore, and for ore handling and transportation, 
LHDs are utilized as the major workhorse. LHDs are 
used to scoop the extracted ore, with a bucket, load it 
into the bucket, and dump it in the bottom of the mine 
to undergo a primary crushing operation before being 
hoisted to the surface out of the mine. Currently, the 
mine is operating with 7 numbers of LHDs with a 
capacity of each is about 3 Cu.M made by M/sEmico 
Elicon and Sandvick. A typical LHD machineatthe 
operating environment is shown in Fig1. 
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Fig 1. A typical LHD machine at the operating environment 

III. DATA COLLECTION AND 
CLASSIFICATION

Before performing the analysis of a complex 
repairable system, it has to be categorized into a 
number of sub-assemblies in order to classify the 
breakdown modes. In the this investigation, each 
LHD was treated as an independent system and are 
named as LHD1, LHD2, LHD3, LHD4, LHD5, 
LHD6, and LHD7, and each LHD-system has been 
classified into eight numbers of sub-systems such as 

Sub-System of Engine (SSE), Sub-System of Braking 
(SSBr), Sub-System of Tyre (SSTy), Sub-System of 
Hydraulics (SSH), Sub-System of Electrical (SSEl), 
Sub-system of Transmission (SSTr) and Sub-System 
of Mechanical (SSM). Three major steps are known 
as the collection of required data, classification after 
collection and manipulation if necessary needs to be 
considered before performing the analysis. The 
collected data of Time Between Failures (TBF), Time 
To Repair (TTR) and Failure Frequency (FF) for each 
sub-system of the LHDs are given in TableI. 

Table I. Failure and repair data of LHDs from field investigation 
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IV. COMPUTING AND PREDICTION OF
PERFORMANCECHARACTERISTICS
A. Kolmogorov-Smirnov (K-S)Test

The next step in this study is to analyze the goodness- 
of-fit (best-fit) approximation for TBF datasets. The 
best fit analysis was accomplished by utilizing the 
Kolmogorov-Smirnov (K-S) approach. The principle 
behind this is to see, how far the selected distribution 
is from the actual dataset, or in other words how well 
the selected distribution signifies the observed 
distribution. Four statistical probability distribution 

functions (Exponential, Weibull 1-Parameter, 
Weibull 2-Parameter, and Weibull 3-Parameter 
functions) were examined for the best-fit 
approximation. 
The parameters for the appropriations were evaluated 
utilizing the Maximum Likelihood Estimate (MLE) 
strategy. These two tests were conducted by utilizing 
'Isograph Reliability Workbench 13.0' software. The 
goodness of fit (best fit) approximations of the K-S 
test in accordance with TBF data and estimated 
factors of MLE are given in TableII. 

Table II. Kolmogorov-Smirnov (K-S) Test Results of LHDs 

B. Estimation ofAvailability

Availability is one of the important measures in 
performance analysis. It can be measured by 
downtime losses, which includes any events that stop 
planned production for an appreciable length of time 
known as “breakdown time” and “idle time” such as 
machine failures, spare part shortages, and change 
over time. 

Change over time may not be possible to eliminate 
but in most cases, it can be reduced. The remaining 
available time is called operating or working time [9]. 
On the basis of collected data, these were computed 
(Table III) as from (1) [10]. Due to maintenance and 
operational issues, the percentage of availability was 
reduced and observed as 70.00%(approximately). 

Table III. Computed Results of Availability 

C. Estimation of Reliability
Dependability is characterized as the likelihood of a
machine or its parts can play out its pondered activity
over a period of time in recognized conditions [11].
These were determined in Accordance with the best- 
fit approximation for particular an MTBF value.

From the computed results (Table IV) it was noticed 
that the highest reliability was observed as 78.28% 
(LHD3) and least level as 60.14% (LHD2) compared 
with others. Frequently occurring failures with fewer 
TBFs are the reasons for the drastic reduction of 
reliability percentage. 
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Table IV. Computed Results of Reliability 

D. Estimation of Preventive Maintenance (PM)
Schedules
Preventive maintenance can be characterized as the
activities performed in an endeavor to hold the
components in an indicated condition by giving an
efficient assessment, identification furthermore
avoidance from claiming early failure [12].
Forecasting of PM intervals is essential in order to

improve the reliability. These were computed with 
respect to the expected reliability (Table V). From the 
results, it was understood that if the requirement of 
reliability as 90% for LHD1, then PM should be 
performed for every 18 hours. Similarly for LHD2 to 
LHD7 are 21, 71, 69, 77, 66 and 68 hours 
respectively. 

Table V. Computed Results of PM Time Intervals 

E. Neural Network Modelling

Artificial intelligence (AI) tools find vast applications 
in different forms for the mining industry. Especially, 
knowledge and expert-based systems are the most 
popular AI tools, that have a number of computer- 
based applications in day to day mining operations 
[13]. Nowadays, these techniques are utilized for the 
selection of machinery, optimization of operating 
procedures, decision making in a critical problem, 
etc. These AI frameworks together with a regularly 
expanding number of complex reason constructed PC 
programming bundles have made an entirely good 
condition for the presentation of one more dominant 
AI techniques, the Artificial Neural Network(ANN). 
ANN is one of the simulation tools in MATLAB, 
intended to work with qualified functions as that of 
the working of brains in human beings [13]. The 
modeling and, the preparation of the system model 
was done utilizing the Neural Network Toolbox of 
MATLAB programming. The ANN displaying 
contains two stages: the primary stage is to prepare 
the system model, while the second stage is to 
approve the system model with new information 
which was not utilized for preparing. TheANN 
technique contains three numbers of layers: such as 
information layer for input, shrouded layer for mixing 
and yield layer for output. An example of a feed- 
forward ANN system is given in Fig 2 and 
demonstrated that each result of entering components 

(ai) and weights (wij) are feed to adding intersections 
and is added with bias (bj) of neurons. 

Fig 2. The basic structure of the ANN model (Source: [10]) 

ANN can also be defined as a complex information 
processing system, which is organized from 
interconnected segmental handling components, 
called neurons. These neurons discoverthe 
information data from different sources and perform 
commonly a non-linear operation on the outcome and 
after that give last outcomes as yield. A MATLAB 
based simulation tool can be utilized to estimate the 
responses from the modeled and trained input data. 
Infeed forward back propagation ANN model each 
component input data along with weights are fed to 
summing junction and summed with neurons of bias 
until it reaches to the threshold value given to (2) as 
follows [12]-[13]: 
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Where, 
The total number input data are denoted as n, Wij be 
the interconnecting weights of input data (ai) and the 
bias for the neurons was denoted as bj. The value of 
X then passes through transfer function (F) of the 
model, referred to as in (3). 

TANSIG and LOGSIG functions are the commonly 
used transfer functions for hidden layers. When the 
output response lies in between 0 to 1 SIGMOD non- 
linear activation function (4) has been used. 

The TANSIG transfer function has been utilized 
when there is an existence of any negative values in 
output response and is referred to as in(5): 

The representation of the performance index for 
various training algorithms was made based on the 
mean square error (MSE) and is represented as in (6): 

In this research work, availability, reliability and PM 
parameters of 10 numbers of LHDs were predicted 
from ANN tool (Fig 3 to 5). In order to assess the 
availability of the system, two numbers of parameters 
such as MTBF and MTTR were given as input. 
Whereas in the case of prediction of reliability, four 
numbers of parameters like MTBF, scale parameter 
(η), shape parameter (β) and location parameter (γ) 
were given as input. Similarly, for prediction of PM, 
percentage of reliability (R), scale parameter (η), 
shape parameter (β) and location parameter (γ) were 
given as input. 
Hence these three predicted values from the output 
layer of MATLAB based ANN model were recorded 
for the discussion. 

Fig 3. ANN model for availability Fig 4. ANN model for reliability 

Fig 5. ANN model for PM 

F. Development of ANN Simulation Model for
Reliability
ANN model of reliability was developed by the
utilization of MTBF and MTTR metrics. The learning
function called as TRAINLM has been utilized for
training procedure. Once the selection of training
function was completed, the learning function known
as Gradient Descent with momentum weight and bias
learning function (LEARNGDM) has also been
selected in this process. For hidden layer TANSIG

transfer function and for output function linear 
function (PURELIN) was chosen. The model was 
tested by selecting the number of neurons as from 4 
to 12 and trained up to 1000 iterations for obtaining 
the best optimum results. The selection of optimum 
value R2 was done based on the Root Mean Square 
Error (RMSE) (Eq.7) value. The developed network 
model for reliability is shown in Fig 6. From the 
results (Table VI) it was noticed that R2 (0.992) (Fig 
7) was optimum at 0.1655 (RMSE) for LM-10.
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Fig 6. Developed an Optimum Network Model for Reliability 

Table VI. Trainined results of the reliability of various neurons 

Fig 7. Regression plot of LM-10 

G. Development of ANN Simulation Model for
Availability
ANN model of availability was developed by the
utilization of MTBF and MTTR metrics. The utilized
functions for learning, training, testing, transfer, and
output in this model are the same as that of the
developed reliability model. The developed
availability model was tested by selecting the neuron
number from 2 to 9 and trained up to 1000 iterations
to obtain the best optimum results. The selection of
optimum R2 value was done based on the Root Mean
Square Error (RMSE) value. The developed network

model for reliability is shown in Fig 8. From the 
obtained results it was noticed that R2 (0.9988) (Fig 
9) was optimum at 0.0226 (RMSE) for LM-3. The
predicted values related to the optimum R2 are then
recorded (Table VII) for the further validation
process.
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Fig 8. Developed an Optimum Network Model for Availability 

Table VII: Trained results of the availability of various neurons 

Fig 9. Regression plot of LM-3 

H. Development of ANN Simulation Model for
Preventive Maintenance(PM)
ANN model of PM was developed by the utilization
of MTBF and MTTR metrics. The utilized functions
for learning, training, testing, transfer, and output in
this model are the same as that of developed
reliability and availability model. The developed PM
model was tested by selecting the number of neurons
as from 4 to 11 and trained up to 1000iterations for

obtaining the best optimum results. The selection of 
optimum R2 value was done based on the Root Mean 
Square Error (RMSE) value. The developed network 
model for reliability is shown in Fig 10. From the 
obtained results it was noticed that R2 (0.9993) (Fig 
11) was optimum at 0.1311 (RMSE) for LM-9. The
predicted values related to optimum R2 are then
recorded (Table VIII) for the further validation
process.

Fig 10. Developed an Optimum Network Model for PM 
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Table VIII. Trained results of the PM for various neurons 

Fig 8. Regression Plot of LM-8 

I. Validation of Computed Results with Predicted
Results
After successful completion of development and
simulation of performance characteristics (reliability,
availability, and PM), the validation of computed

results was made on the basis of MATLAB based 
ANN predicted values (Table IX). From the 
comparison, it was noticed that the computed and 
predicted values of performance characteristics were 
in satisfactory with the highest R2 value. 

Table IX. Validation of Computed Results with ANN Predicted Results 

IV. CONCLUSIONS

Enhancement of continuous operation of equipment 
can be achieved by the plan and organization suitable 
managerial practices. The following conclusions were 
made based on the analysis: 

i. Availability is one of the Key Performance
Indicators (KPI) of the machine. LHD5 (72.47%) has
the highest availability percentage as compared with
other systems. Unavailability and unproductive
utilization lead to reduces production rates. This will
be improved by strict adherence of PM schedules,
effective management of equipment and crew, skilled
operating team and effective and efficient

management of machinery. This can be possible to 
increase at 25-30% by shiftoverlapping. 

ii. Reliability estimation plays a vital role in
performance evaluation. the highest reliability has
observed as 78.28% (LHD3) and least level as
60.04% (LHD2). Frequently occurring failures with
fewer TBFs are the reasons for the drastic reduction
of reliability. Hence, it is recommended that poor
efficiency equipment should be maintained at an
adequate level by designing the optimal maintenance
practices.

iii. Reliability-based PM time intervals were
estimated to forecast the early failure of the system. If
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the reliability requirement is 90% for LH21, then PM 
should be performed for every 18 hours. Timely 
conduct of PM enables to achieve the projectedlife. 

iv. For ANN reliability model R2 (0.9927) was
optimum at 0.8655 (RMSE) for LM-10. For ANN
availability model R2 (0.9988) was optimum at
0.0226 (RMSE) for LM-3. Similarly for ANN PM
model R2 (0.999) was optimum at 0.1311 (RMSE)
for LM-15. The predicted performance characteristics
( availability, reliability, and PM) with the highest R2
value gives satisfactory results compared with
computed results. It was concluded that ANN is an
appropriate technique for the developed network
models.
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I. INTRODUCTION

Any person on this planet comes into contact with 
various elements of infrastructure. We spend hours in 
tall building buildings made of concrete, we cross 
bridges made of concrete and steel. We use electricity 
received through high voltage power lines that stretch 
through countries. The electricity is generated with 
enormous turbines and nuclear power plants, 
thermoelectric power-plants even let us get warmth 
for our dwellings. Water and natural gas reaches us 
through complex net of pipelines. All units of this 
infrastructure, as well as any of the many more other 
buildings, every Thing that is Made will eventually 
brake, bend, skew or crash- will come to a faulty 
state. 
To avoid this, this entire infrastructure has to be 
maintained; their state- monitored. We have to know, 
if the houses we live in, the bridges we cross are safe- 
If our lives are safe. 
Monitoring of constructions is made “all the time”, 
that is to say-any interval it is deemed  necessary; 
from the point of view of statistics- when the variable 
“chance it all would crash” meets variable “this much 
money can be spent on inspection”. So- some faults 
still occur. Manufacturing plants stop, trains derail, 
bridges collapse. To make such occurrences less 
often, automated monitoring systems should be 
introduced. Systems, that would really be able to 
monitor all the time- constantly and without any 
intervals; that would let us know when the first sign 
problem occurs instead of the best that can be done 
with manual maintenance at intervals- to find when 
actual problems have already showed up or even 
clustered together, forming a biggerproblem. 
Inventing and introducing such systems always come 
with certain limitations. Firstly-he system should be 
safe, secondly- the monitoring system should cost 
considerably less than the object it will be 
monitoring. 
This article will check on some methods that can be 
used to monitor the state of constructions and the 
base elements of these systems and their sensory 

elements. 

II. SHORT REVIEW OF NON-DESTRUCTIVE
TESTING (NDT)

2.1 Radiography 
Use irradiation with radioactivity to make detailed 
scans of structure of the monitored construction. The 
method provides results with high precision and level 
of detail, making it highly reliable to determine the 
safety of the construction. Unfortunately the devices 
for irradiation and radioactive isotopes are expensive, 
bulky and there are various very strict limitations to 
use of such devices and elements. And a very large 
downside- radiation quickly reaches harmful state to 
living organisms, thus drastically limiting the use if 
this method to monitor the state of constructions. The 
method can be used for periodic monitoring of 
separate elements of the construction and in best 
case- inside specialized laboratory- much like x-ray is 
used inmedicine. 

2.2 Eddy-currenttesting 
A rather perspective method, the phenomenon it is 
based on was discovered back in 1824–1850 and still 
can be used to this day. As sensory elements are used 
Hall sensors and SQUID sensors (Superconducting 
Quantum Interference Device) that have up to a 
thousand times higher resolution. The principle does 
have its limitations- it can be only used on electro- 
conductive materials and it has strict limitations on 
depths of the measurements. The most limiting factor 
of this method is the limited area where each 
measurement can be made at a time. As a result- the 
surface would need to be “scanned” by making 
subsequent measurements one such small area after 
another small area till all the construction is combed. 

2.3 Magnetic AdaptiveTesting 
An interesting method based on magnetic induction. 
The principle used is very similar to how an isolating 
electric transformer functions Fig.1. The primary coil 
gives energy impulse and on the secondary coil it is 
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During a research (Venu Gopal MadhavAnnamdas, 
2010) a testing of concrete constructions was 
commenced using Embedded PZT Sensor, the 
research confirmed that 100 kHz frequency was 
optimal for the tests on the concrete and maximal 
measurement range was 200mm. 

IV. CONCLUSION

By gathering information on various NDT methods, 
analysing their cons and pros; conclusion can be 
made, that Automated construction monitoring 
system with low costs and high safety is plausible, 
but their current limitations would make their use 
riddled with problems; most noticeable  problem at 
the moment is lack of pre-set solutions based on 
empiric results from tests of actual constructions and 
materials. Results and, as a proxy, price, of any 
method used will highly depend on how well-placed 
sensory elements and modules would be and how 
effective would they work together. A similarity of 
the sensor placement can be drawn with demolition of 
constructions using explosives- well placed charges 
on well prepared for this task construction would 
drastically decrease material expenditure when 
compared to brute-forcing the process or guess-work 
of where to place charges. And we need it tolast. 
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Abstract- The Levenberg-Marquardt Method (LMM) is utilized to determine the optimum design variables for a stepped 
solar still with a glass cover water film cooling device to maximize the productivity of the distillate. The design algorithm is 
based on the minimization of the functional of the problem and estimation of the optimal design variables of glass cover 
water film cooling devices. 
The accuracy of the present numerical solution for distillate is first verified by comparing the values with those provided by 
El-Samadony and Kabeel. Next, four different designs are considered in the present work, and the resultant daily amount of 
distillate for each stepped solar still with glass cover water film cooling device are examined. The results indicate that 
utilizing the optimal design variables for glass cover water film cooling devices can indeed increase the productivity of 
distillate, and the percentages of increase are calculated as 1.81%, 4.85%, 4.27%, 3.88%, and 2.93% for cases A, B, C, D, 
and E, respectively. 

Keywords - Optimum Design, Stepped Solar Still, Maximize the Productivity 

I. INTRODUCTION

Of the many types of solar stills, stepped solar stills 
were found to have better effectiveness than the con- 
ventional solar stills (El-Zahaby et al., 2010). Omara 
et al. (2013) experimentally found that the distillate 
production of the stepped solar still was higher by 
approximately 57% than that for conventional solar 
still. Abu-Hijlew and Mousa (1997) studied numeri- 
cally that using glass cover water film cooling can 
improve the efficiency of a conventional solar still by 
approximately 20%. Additionally, Abu-Hijleh (1996) 
found numerically that poor combinations of design 
variables for a glass cover water film cooling device 
can reduce the still efficiency significantly. 
Recently, El-Samadony and Kabeel (2014) consi- 
dered theoretically the performance of a single basin 
stepped solar still with glass cover water film cooling. 
To obtain the best combinations of film cooling de- 
sign variables, i.e., film cooling thickness, water film 
cooling volumetric flow rate and glass cover length, 
an optimization algorithm is utilized to yield the op- 
timum design variables and thus the maximum dis- 
tillate productivity. 

The objective of this study is to re-examine the work 
of El-Samadony and Kabeel (2014) using the Leven- 
berg-Marquardt method (LMM) (Marquardt, 1963) 
and seek a better combination of film cooling design 
variables. LMM was utilized as an efficient optimiza- 
tion algorithm because it has been proven to be a po- 
werful tool for design problems in engineering appli- 
cations. For example, Huang et al. (2015) applied 
LMM and a general purpose commercial code, CFD- 
ACE+ (CFD-ACE+ user’s manual, 2005), in an op- 
timal design problem to determine the optimum per- 
foration diameters for a pin fin array. Huang and 

Wang (2017) used LMM in a design problem to de- 
sign the optimal fin shape of LED lighting heat sinks. 
Therefore, the LMM is considered as the optimization 
algorithm in this work. 

II. METHODOLOGY

2.1 The direct problem 
A schematic diagram of a stepped type solar still with 
glass cover water film cooling device is shown in 
Figure 1. This module will be considered to illustrate 
the methodology for designing of optimum design 
variables for a glass cover water film cooling device 
to maximize the productivity of the stepped solar still 
by using the LMM [6] and CFD-ACE+. 

The energy balance for the stepped-type solar still can 
be applied to four regions: (1) basin plate, (2) saline 
water, (3) glass cover and (4) film cooling regions. 
The basin plate temperature Tb, saline water tempera- 
ture Tw, glass cover temperature Tg and water film 
temperature Tf can be evaluated accordingly. 
The solar still is assumed to be in a steady-state con- 
dition, and the film cooling and glass cover are both 
assumed thin; as a result, no incident radiation will be 
absorbed by both of them, and evaporation from the 
film cooling is negligible. 

The mathematical formulation of the steady-state 
energy balance equations for four regions can be ob- 
tained in El-Samadony and Kabeel (2014); therefore, 
they are not presented in this discussion paper. 
The relevant parameters regarding the dimensions, 
material properties and ambient conditions are also 
identical to those utilized by El-Samadony and Ka- 
beel (2014) and will be provided in Section 6 for cal- 
culation purpose. 
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2.2 The design problem 

2.3 The Levenberg-Marquardt Method (LMM) 
for minimization 

2.4 Iterative process 

III. RESULTS

The accuracy of the numerical solutions for the 
productivity of the stepped solar still plays an 
important role in this optimum design problem. For 
this reason, it is necessary to show that the accuracy 
of the com- puted productivity obtained in the present 
work is adequate by comparing it with the 
productivity pro- vided by El-Samadony and Kabeel 
(2014). 

The physical and operating parameters used in this 
study are identical to those used in El-Samadony and 
Kabeel (2014). The distribution function of the solar 
radiation with time was not given in (2014); it can be 
obtained directly from the Hong Kong Weather Web- 
site which is utilized in this study. The daily produc- 
tivities given in Table 2 of El-Samadony and Kabeel 
(2014) are re-calculated in this work; the computed 
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results are summarized in Table 1. 
Table 1 reveals that the maximum error among five 
daily productivities is less than 2.22% because the 
function of solar radiation with time used in this  
study is not exactly identical to that utilized in Sama- 
dony and Kabeel (2014); however, the trends of the 
computed productivities are similar. 
The objective of this work is to examine whether the 
use of the LMM can further improve the daily 
amounts of distillate of the stepped solar still. To illu- 
strate the validity of the LMM in estimating the op- 
timal design variables of the stepped solar still with 
glass cover water film cooling device by minimizing 
the objective functional, the numerical experiments 
used for determining the optimal design variables are 
presented below. The constraints for three design 
variables are as follows (Samadony and Kabeel, 
2014): 

The stopping criterion is chosen as � = 10-3 and  a 
10% increase in the daily productivity of distillate of 
the stepped solar still from five initial design condi- 
tions, i.e., cases A to E, is required in the five design 
cases considered here. It is impossible to obtain the 
optimum design to yield the desired daily productivi- 
ty ; however, the optimal still variables with the best 
daily productivity can be obtained. 
Table 2 presents the optimum design variables of the 
stepped solar still for cases A to E. The results show 
that film cooling thickness xf will approach its lower 
limit whereas the water film cooling volumetric flow 
rate Volf and glass cover length L will both approach 
their upper limits for optimal still daily productivity. 
This result occurs because, as the film cooling thick- 
ness becomes thinner and film cooling volumetric 
flow rate becomes larger, more solar energy can pe- 
netrate to the saline water. When the glass cover 
length increases, the surface area for solar energy 
transfer increases; as a result, more solar energy can 
reach the saline water, thereby increasing the produc- 
tivity of the stepped solar still. 
The resultant daily productivities using the present 
optimal design variables and the design variables of 
Samadony and Kabeel (2014) for cases A to E are 
also given in Table 2. The optimal still daily produc- 
tivity for cases A to E with different temperature dif- 
ference, ta-tf1, are all the same. This implies that the 
variationoftemperaturedifference(ta-tf1)considered in 
this work can hardly affect the productivity, whe- 
reas the design variables can indeed affect the prod- 
uctivity. 

IV. CONCLUSION

The daily distillate productivity obtained in the 
present work is clearly better than that using the de- 
sign variables of Samadony and Kabeel (2014). 

Based on the above results, it can be concluded that 
the present design algorithm can indeed increase the 
daily productivity of the distillate and the percentages 
of increasing distillate for cases A, B, C, D, and E are 
1.81%, 4.85%, 4.27%, 3.88%, and 2.93%,respective- 
ly. 
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Figure 1. Schematic of the experimental setup 

Figure 2. Solar radiation with time 
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Table 1. Comparison of the daily productivities between El-Samadony and Kabeel [1] and the present study using the design 
variables of Reference [1] 

Table 2. Comparison of the daily productivities between El-Samadony and Kabeel’s [1] design variables and the present optimum 
design variables 
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Abstract - Various methods for hydrogen storage have been proposed by many researchers. Magnesium (Mg) was known as 
one of the most famous hydrogen reservoir materials due to its low cost and good stability when reacting with hydrogen. 
However, the energy and temperature used for hydrogen adsorption of Mg was quite high. In order to improve these 
disadvantages, alloying method was used by adding Mg into Ti-based quasicrystal (Ti-Zr-Ni) . The Ti-based quasicrystal 
was a high capability material for hydrogen absorption due to a large number of interstices in the icosahedral quasicrystal (i- 
phase).This study was to investigate the icosahedral quasicrystaland crystal phase of mixed materials between Ti-based 
quasicrystals(Ti-Zr-Ni)andMagnesium(Mg).Mechanicalalloyingprocesswasconductedundertwoconditionsincluding; 
(i) rotation speed of 600 rpm with 20 hours milling time and (ii) rotation speed of 630 rpm with 30 hours milling time. The
nominal composition was Ti45-xZr38Ni17Mgx (x = 2, 4).The results from XRD analysis indicated that i-phases and crystal
phase were appeared for both conditions that the proposed materials could be used as a hydrogen storagematerial.

Keywords - Quasicrystal, Mechanical Alloying, Hydrogen Storage Material, Magnesium. 

I. INTRODUCTION

The quasicrystalis a new type of translational long- 
range order; however, it is a non-crystallographic 
which shows rotational symmetry patterns. For 
tetrahedral interstitial sites of quasicrystals contain 
more than normal crystals due to the structure of 
quasicrystals has Bergman two-shell atomic cluster. 
Takasaki et al. [1, 2]indicatedthatBergman two-shell 
of quasicrystalscontain 20 tetrahedral interstitials 
within its inner shell and 120 between its inner and 
outer shells. A large number of interstices were also 
found in the icosahedral quasicrystal (i-phase)and 
these interstices may provide appropriate sites for 
hydrogen storage. This result was consistent with the 
result reported by Tomoki et al.[3], whichicosahedral 
quasicrystal was appropriate properties for hydrogen 
storage. 
Quasicrystal was discovered by Shechtman et al.[1, 4, 
5]. Ithas been found in an aluminum alloy and 
laterhave been found to be thermodynamicallystable 
in many alloys[4].One of the famous compound was 
a Ti-based quasicrystal (Ti-Zr-Ni. Ti-based 
quasicrystalwas the second largest group of the stable 
quasicrystals,which wasthe thermodynamic 
stability,strong chemical affinity with hydrogen and 
low cost. Especially, Ti45Zr38Ni17shows a very high 
hydrogen storage capacity (H/M)of1.5[6,7]. 
There were two phases of Ti-based quasicrystal; (i) 
icosahedral quasicrystal and (ii) crystal phase (Ti2Ni). 
Icosahedral quasicrystal contained large number of 
tetrahedral interstices which couldadsorbmore 
hydrogen than normal crystals. For crystal phase 
(Ti2Ni),it contained a large number of interstitial sites 
for hydrogen storage[8]. However, crystal phase 
(Ti2Ni) was sensitive to react with oxygen, thus 
controlling the oxygen in the process became critical 

parameter[1]. 
Magnesium (Mg) was known as one of the most 
famoushydrogen reservoir materials, in the form of 
MgH2, due to its low cost and good stabilitywhen 
reacting with hydrogen. The structure of magnesium 
hydride (MgH2) hadhigh thermodynamic stability 
ability to storage hydrogen of7.6 wt. %[9, 
10].However,the energy and temperature for 
hydrogen adsorption were very high.In 2017,Wang et 
al.[9]has reportedthat there were manymethods for 
improving magnesium hydride including(i)alloying 
(ii) nano scaling (iii) nano confinement (iv) adding
catalysts and (v) mixing with other metal hydrides.
When Magnesiumwas added  into Ti-based
quasicrystal, Mg2Ni crystal phase could be found to
appearafter annealing process[11, 12].Thecrystallized
phase (Mg2Ni)was one of the most important
hydrogen storagematerials. The advantage
ofMg2Niwas high hydrogen capacity up to 3.6 wt. %
[12]. It was also reported thatabsorbing hydrogen of
Mg2Nihas relatively highkinetic compare to other
form of Mg crystals. However,Mg2Nicannot absorb
hydrogen under normal conditions.The usual
hydrogenation condition of Mg2Niwas between 250
and 350°C.
This research was aimed to studythe appearing of
quasicrystal in Ti-based Ti-Zr-Ni-Mg compound
materials mixing by mechanical alloying method. The
benefit of this research was to achievepotential of Ti-
Zr-Ni-Mg compound materials as ahydrogen storage
material.

II. MATERIALS ANDMETHODS

Commercially pure Ti (99.9%), Zr (99.9%), Ni 
(99.9%) and Mg (99.9%) elemental powders were 
used as starting materials. The nominal composition 
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of compound was Ti45-xZr38Ni17Mgx (x = 2, 4). A 
weight of powder totally 10.34 g was weighted, 
mixed and poured into a stainless steel vial which 
contained five stainless steel balls. Weight of ball to 
powder ratio was 8:1. All the operations was 
performed under argon atmosphere. Allsamples were 
mechanically alloyed using planetary ball mill 
machine. The parameters for MA were given  in 
Table 1. The structures ofTi45-xZr38Ni17Mgx (x = 2, 
4)were analyzed by using X-ray diffraction
(XRD).Takasaki et al. [13] reported that the i-phase
cannot be obtained directly by MA. However, the
amorphous phase wastransformed into i-phase
andTi2Ni crystal phaseafterannealingprocess.
The powders after MA were analyzedby using
Differential Scanning Calorimetry measurements
(DSC)under argon atmosphere.3 milligrams of the
powder was usedfor DSC analysis. Heating rate of
5oC/min was carried out in this study[14].The
temperature for annealing process can be observed
from the peak of DSC result.For annealing process,
powder sample was annealed under vacuum condition
for 2hours.
Quasicrystals (i-phase), crystal phase (Ti2Ni) and
(Mg2Ni) of Ti45-xZr38Ni17Mgx(x = 2, 4) after
annealing process were analyzed by using X-ray
diffraction (XRD).

Table1: Materials Composition and Parameters 

III. RESULTS AND DISCUSSION
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IV. CONCLUSIONS

This research was undertaken to investigate the 
icosahedral quasicrystal (i-phase)and crystal phase of 
mixed materials between Ti-based quasicrystals (Ti- 
Zr-Ni) and Magnesium (Mg) by using mechanical 
alloyingprocess. 
This process was conducted under two conditions 
including; (i)rotation speed of 600 rpm with 20 hours 
milling time and (ii) rotation speed of 630 rpm with 
30 hours milling time.The followingconclusion can 
be drawn from thisstudy: 
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Abstract - This work was aimed at investigate the mechanical properties of rolled and semi-solid casted aluminium alloy 
2024, T6 heat treatment as follows : solution treated at 505 ºC for 4 h followed by quenching in water at room temperature 
and then artificially aged at 190 ºC for 12 h,15 h and 18 h, was carried out Rockwell hardness scale B (HRB) and tensile 
tests were investigated for mechanical properties. Optical Microscope was used to illustrate the microstructure. It was found 
that maximum hardness was observed at 15 hours aging time for both Al2024.Maximum strength of rolled Al2024 was 
found to higher than that of semi-solid casted Al2024. It might due to influence of cold work of the rolledAl2024.  

Keywords - Aluminum alloy 2024, Aging, Precipitation, Mechanical property 

I. INTRODUCTION

The use of aluminium alloys in industry are widely 
and replacing steel usage in aerospace and aviation 
industries owning to their light weight, excellent 
thermal stability, and good corrosion resistance and 
high strength/ density ratioetc. [1-2]  
The strength of the Al alloys were usually come out 
with heat treatment processes.In heat treatment 
process, the second phase was precipitated within 
matrix phase. The values of hardness and strength 
increase as a result of a new precipitate due to period 
of time and heat from supersaturated solid solution. 
[2,3] Alloy 2024 is an aluminium alloy which 
containing copper, magnesium, manganese some 
minor alloying elements.  
It’s used in engineering applications widely such as 
aeroplane constructions, orthopaedic soles, rivet and 
pulling wheels.[2,4] The strength of alloys arises 
mainly from the nanoscaled precipitates as a results 
of natural or artificial aging. After solution treating, 
quenching and aging S phase (Al2CuMg) was 
identified as the equilibrium phase of the aluminium 

alloy 2024. The several stages were typically given as 
the following sequence [5-7]:  
SSS → G.P. zone → S′′→ S′→S  
The investigation of serveral aging times and 
temperature on mechanical properties of Aluminium 
alloy 2024 has been reported by Y.C. Lin et al [8]. 
However, studies of aging influence on semi-solid 
casted Aluminium Alloy is very rave. Therefore, the 
present study, influence of T6 heat treatment was 
investigated on rolled and semi-solid casted Al2024.  

II. MATERIAL ANDMETHODS

2.1. Materials 
Rolled 2024 Aluminium Alloy with a dimension of In 
the present study, the raw material with a dimension 
of 370 mm x 370 mm x 12 mm semi-solidcasted 
aluminium alloy with a dimension of 100 mm x 100 
mm x 20 mm were used in this study.The 
composition of the rolled plate and semi- solid casted 
2024 aluminium alloy was provided in Table 1. 
andTable 2. 

2.2 Samples preparation 
Artificial aging (T6) of the alloy was performed using 
an electric muffle furnace. The aging specimens were 
cut with a dimension of 10 mm x 20 mm x 12 mm by 
Horizontal Band Saw machine. Tensile test 
specimenswerecutbywire electrode into shape 

according to the ASTM E8 specification. The 
specimens were solution treated at 505 ºC for 4 hrs, 
and quenched in water at room temperature. 
Thereafter artificially aged at 190 ºC for 12, 15 and 
18 hrs and quenched in water at room temperature 
was carriedout.  
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2.3 Characterization of materials 
The sample for optical microscopic examination were 
prepared using conventional metallographic 
techniques and alumina powder. The aged specimens 
were evaluated in hardness, Rockwell Scale B, and 
tensile strength.  

III. RESULTS AND DISCUSSION

Fig.1 showed microstructure of as receives (a) rolled 
Aluminium2024and (b)semi-solid casted aluminium 
2024priorto process of heat treatment. It was obvious 
that microstructure was different. Fig.1a. Showed the 
columnar grains of rolled Aluminium while Fig.1b 
illustrated the globular structure of semi-solid casted 
Al2024.However, both structures were consisted of 
primary phase α-Al and eutectic mixture of Al and Cu 
surrounding around grain boundaries. 

Fig.2Show themicrostructure of samples after 
solution treated at 505 ºC for 4 hrs. Both 
microstructureswere consisted of α-Al and secondary 
phase (Al2Cu) in which secondary phase 
(Al2Cu)locatedalong the grain boundary becomes 
discontinuous and round in shape. It was considered 
that secondary phase (Al2Cu) was dissolved intothe 
α-Almatrix. After quenching the soluted atoms in the 
matrixwere in the supersaturated condition and tend 
to precipitate out duringfurther aging stage.It can be 
observed from Fig.3that specimen’s hardness was 
increased as aging time increase due to increasing of 
precipitate phase. The hardness was found to reach 
the highest around 15 hours aging time with 81 HRB 
for rolled Aluminium2024. 

Table 1 shows the Rockwell hardness scale B (HRB) 
of rolled and semi-solid casted aluminium alloy 2024 
that was solution treated at 505 ºC for 4 hoursan 
followed by quenching in water temperature and 
aging at 190 ºC for 12, 15 and 18 hours. The hardness 
of rolled Al2024, as solution treated samples, was 
quite higher that of semi-solid cased Al2024. It 
should be due to cold work effect on the rolled 
Al2024. The hardness was becomed maximum at 15 
hours aging time for both of Al2024 with closed 
value of maximum hardness. Then, when time aging 
further increaseto18 h,the hardness was revealed to 
over aging caused by coarsening of precipitate. 

The initial increase in hardness wasexplained by the 
diffusion from secondary phase (Al2Cu) particles. At 
the beginning of aging treatment the soluted atoms 
diffuse and locally cluster to form the GP-zone 
throughout in the matrix.The GP-zone yielded 
mechanical property improvement due to the higher 
stress required to force dislocation through the 
coherent zone.With increase aging time the GP-zone 
was transformed and the intermediate sʹ precipitates 
might be formed. Along the aging time, the 
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intermediate precipitate phases were growed and 
transformed, finally, to s phase incoherent.As the s 

phase growingnumber of dislocation was decreased 
and resulting to drop of hardness.[9] 

Fig.4 to Fig.5 showed the microstructure of samples 
aging for rolled and semi-solid cased aluminium alloy 
2024, respectively. It was revealed that 
microstructure of solution treated specimens, Fig.4 
(a) and Fig.4 (a) indicated the small eutectic phase
along the grain boundary. The eutectic phase was
considered to dissolve into α-Al during solution
treatment. The phase transformation to form
secondary phase (Al2Cu) during aging stage yield
fine and disperse of secondary phase (Al2Cu)
(Fig.4(b)(c) and Fig.5(b)(c)) until reaching the
maximum at 15 hour aging time. Then, it was found
that coarsening of secondary phase (Al2Cu) was
illustrated in Fig.4(d) and Fig.5(d)and lead todroping
of mechanical properties.Table 2 showed results of
tensile testson as received samples and maximum
cases. It was shown that the strength and hardness of
semi-solid casted Al2024 were improved by huge
effect compare to the rolledAl2024.
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It may due to influence of cold work on rolled 
Al2024 that resulted in quite high strength and 
hardness for as received rolled Al2024. Ductility of 
specimen was found to drop in proportion of 
increasing of strength. Consequently, rolled Al2024 
exhibited remarkable higher strength than semi-solid 
casedAl2024. 

IV. CONCLUSIONS

Rolled and semi-solid cased Al2024 were T6 treated, 
the following conclusions could be drawn from the 
tested results: 
1. Strength and hardness of rolled and semi-solid

casted Al2024 were increased as longer aging

time and reached the maximum at 15 hours aging 
time  

2. Rolled Al2024 exhibited higher strength than
semi- solid casted Al2024 at 15 hours aging time.
It could be considered as the influence of cold
rolling processes.
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Abstract - Experimental program Development of high-temperature heat exchangers using advanced manufacturing 
technologies, mechanical design and materials was focused on the prototype production of the heat exchangers by means of 
conventional and progressive manufacturing methods. Developments in the additive manufacturing (AM) processes and the 
introductionofnewand/or modifiedalloysgaveengineers libertynotonlyinthedesign. Metallographiccharacteristicsofthe nickel-
based alloys were the main objectives of the research. The results will contribute to the design and construction of the plate 
heatexchanger. 
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I. INTRODUCTION

The main objectives of the projectDevelopment of 
high-temperature heat exchangers using advanced 
manufacturing technologies, mechanical design and 
materials is to design new types of the high-
temperature gas/gas heat exchanger for 
applicationsinindustrialandenergysectors,aswellas for 
the new generation of nuclear reactors. The 
materials,whichareappliedinthesesectors,areeither 
stainless steels or nickelsuperalloys. 
Nickel-based alloys have become standard for high-
temperatureapplications. These alloys generally offer 
high corrosion and wear resistance when exposed to 
high temperatures. Conventional production of these 
alloys is well established;however boom in the field 
of additive manufacturing has opened a new way of 
the manufacturing procedure. The investigated 
components were processed from Incoloy alloy 800 
HT (1.4959) and Inconel 718, materials ideal for 
high-temperature applications such as gas turbine 
parts, instrumentation parts, power and process 
industry parts up to 700 - 800 °C[1] - [3]. 
Materials produced by AM exhibit specificities 
comparedtocommonlyproducedcomponents.Froma 
material perspective, AM products show a strong 
dependence on the process parameters.The entire 
process chain of the additive manufacturing, which 
will be in near future similarly important to 
conventional methods, also highly influences the 
microstructure of the component. AM products are 
composed of tiny weld beads so-called “melt pools”, 
generated by the laser. A certain pattern of texture 
can be expected due to the fast and directional 
solidification. The resultant heat transfer and fluid 
flow affect the size and shape of the meltpools, 
the       cooling       rate,       and the transformation 
reactions in the melt pool and heat-affected zone[4] - 
[7]. Metallographic characteristics were performed by 

means of optical and scanning electron microscopy 
enhanced by electron backscattering diffraction 
analysis, a unique tool for assessing the material 
texture. After the literature search on the materials 
used nowadays for high-temperature heat exchangers, 
austenitic steels
andnickelalloyswereproposedforthisresearch.This 
contribution will deal with the analysis of nickel 
alloys. 

II. EXPERIMENT DESCRIPTION

The experiment consisted of two main parts. In the 
first part, microstructural characteristics of the 
conventionally produced nickel-iron-chromium alloy 
Incoloy 800 HT (1.4959), was tested and analysed in 
as - received and aged conditions at 650 and 850 °C 
with 150 hours holding time. As not every material 
was found to be suitable for additive manufacturing, 
further tests were performed withthe material Inconel 
718. Direct Metal Laser Sintering (AM) methodwas
involved in the second part of the experiment.The
additively manufactured Inconel 718 was stress-
relieved at 980 °C for 1 hour and air cooled.
The chemicalcomposition of the alloys was measured
by optical emission spectrometer BRUKER Q4
TASMAN. The results are given in Legend: LM
(Light microscopy). Hardness HV 10 was measured
according to ISO 6507 – 1on Struers Durascan 50
(SeeTable II).
Legend: LM (Light microscopy)
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A. Microstructural analysis
The analysed samples were subjected to standard
metallographic preparation – i.e. grinding and
subsequent polishing. The microstructure of
thesample was revealed by etching in the V2A
reagent and documented using a Carl Zeiss-
Observer.Z1m optical microscope. The
microstructure was also analysed by SEM analysis
performed on the Jeol JSM 6380 scanning electron
microscope. The local chemical composition was
measured using the INCAx-sight EDX analyser.
The homogeneous microstructure of Incoloy 800 HT
consists of an austenitic matrix with carbide
precipitates in grains and at the borders of austenitic
grains (Fig. 1). With increasing temperature and
ageing, carbides precipitated inside the grain. Grain
coarsening trend with increasing time and the ageing
temperaturewasnotobservedinthisalloy(Fig.2,Fig. 3).
Specimens were subjected to EDX analysis for
identification of intermetallic particles and secondary
phases.EDXanalysisofIncoloyrevealedthepresence
ofcomplexcarbidescomposedofCr,NbandTiwithin the
grains and chromium carbides (likely Cr23C6) on
thegrainboundaries(Fig.4).Additivelymanufactured
Inconel 718’smicrostructureconsisted of an austenitic
matrix with small, uniformly dispersed ’ and ’’
precipitates, δ phase plates and discontinuous M23C6
grain boundary carbides (see Fig. 5 and Fig.6).
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B. Electron Backscatter Diffraction Analysis (EBSD)
The microstructure of Inconel 718 consists of an
austenitic matrix with thepresence of columnar grains
intheZ-buildingdirection.Fig.7showsbandcontrast
- image quality. This indicates the "sharpness" of the
Kikuchi lines for each index point. The lighter the
point in the image (in the grayscale), the diffraction
pattern of the Kikuchi line is sharper at that point. By
default, the smallest sharpness (and hence the darker
points in the picture) is achieved by indexing at grain
boundaries, phase intervals, pores, inclusions,etc.
Fig. 8 shows the orientation of the individual grains
of phases using the Inverse Pole Figure (an inverted
pole pattern). In the Inverse Pole Figure are projected
spheres aligned with the directions of the crystals.
Sketched directions are a stereographic design of the
directions of the crystals parallel to the normal
direction(ND), the parallel direction (RD) or the
transverse direction (TD) in the sample. An inverse
pole pattern can help to visualize certain types of
textures. Thus we can determine that, for example,the
grain has the same orientation of the crystal lattice as
several grains coloured with an identical colour.Fast
and directional coolingduring the AM 
processingresulted in a certain degree of texture,
which is obvious from Fig.9.

III. CONCLUSION

Two nickel alloys were selected for experiment 
dealing with microstructural properties of 
conventionally and additively manufactured 
superalloys.The grain size of conventionally 
manufactured Incoloy 800HT was not affected after 
ageingat two temperatures 650 and 
850°C.Nevertheless, the precipitation of carbides 
within the grains  and on the boundaries was 
observed in  this  material.  The microstructure of 
additively manufactured materialconsiderably 
differed from that of conventionally produced alloy, 
as fast and directional coolingtook place during the 
processing. Presence of precipitatesin the nickel-
chromium alloy Inconel 718 microstructure, 
contributed to the strengthening of the matrix, which 
was reflected in the increase in hardness values.The 
DMLS processed heat exchangerwill be tested in the 
experimental helium loop. The test results will serve 
mainly for the design and construction of a short-time 
service helium-helium heatexchanger. 
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Abstract - Fused Deposition Modeling rapid prototyping technology consists in applying a melt of thermoplastic material 
with the print head layer by layer until the complete physical object is created. With the decrease of the 3D printers’ price, 
FDM was also used in the production of final products or spare parts. Thanks to the low price of 3D printers and print 
materials for this technology, it is currently the most widespread 3D printing technology in the world. This paper presents 
the application of FDM technology for part production of the super-efficient car Eco Arrow 3.0 which took part in the Shell 
Eco Marathon competition in the prototype class. The use of 3D printing technology to produce many elements of the car 
designed especially for its construction allowed to significantly reduce the cost and time of their implementation at the stage 
of prototypes and finalmodels. 
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I. INTRODUCTION

Fused Deposition Modeling (FDM) is one of the 
oldest 3D printing technologies, it was invented in 
1988 by Scott Cramp who founded one of the most 
known companies in the 3D printing industry – 
Stratasys [1]. This rapid prototyping technology 
consists in applying a melt of thermoplastic material 
with the print head layer by layer until the complete 
physical object is created. Originally, due to the high 
prices of 3D printers, it was mainly used to 
manufacture prototypes in large industrial companies. 
At the beginning of the 21st century, with the 
expiration of key patents protection, much cheaper 
FDM printers began to appear on the market. With 
the decrease of the 3D printers’ price, FDM was also 
used in the production of final products or spare parts. 
Thanks to the low price of 3D printers and print 
materials for this technology, it is currently the most 
widespread 3D printing technology in theworld. 
This paper presents the application of FDM 
technology for part production of the super-efficient 
car Eco Arrow 3.0 which took part in the Shell 
EcoMarathon competition in the prototype class. This 
car was built by Iron Warriors – a team of students 
from the Technical University of Lodz. A 
characteristic feature of this type of projects is 
necessity to fabricate single copies of many different 
parts. It often happens that after testing it is essential 
to introduce some modifications in the component 
and remake it. The time needed to complete the 
production of parts is also important. Printing real 
models yourself, self-owned 3D printer is much faster 
than ordering the parts at an external company. It can 
takeseveralweekstosendthedocumentationofthe 
designed part to receive the finished product. This is 
much too long, especially for prototypes that may 
need iterative improvements. Service at external 

companies also generates high costs. Self-made parts 
on 3D printer are much cheaper solution. Using your 
own printer in the case of FDM technology, the only 
cost is electricity and print material as thermoplastic- 
material wire wound on a roll [1, 2]. 

II. PRINTED MODELS

Designing models for fabricating on a 3D printer 
gives a lot of freedom in their shape. The 3D printer 
makes it also possible to cheaply produce parts that 
cannot be produced using traditional methods or very 
expensive in single copies. An additional advantage 
of FDM technology is the ability to choose the 
internal structure of the model. In cases where high 
mechanical strength is required, a high filling density 
can be used, and when it is not necessary, can be low 
and a much lighter element is obtained, what further 
reduces the cost and time of its production. The use 
of low density of the model fill gives the greatest 
savings in the case of large volume components. For 
very slim models, the weight reduction when printing 
the hollow part will be small, due to the fact that in 
such a model, the surface to volume ratio is large, and 
the external parts of the model are printed with full 
filling to a depth of 1-2 mm. The space in which the 
low-density fill is applied will besmall. 

Below we present examples of model parts with 
different characteristics and desirable properties that 
have been printed from one of the most popular 
materials used in FDM technology – ABS 
(Acrylonitrile butadiene styrene)[3]with the 3D 
Ultimaker 2 Extended 3D printer. They were used 
during the construction of a car competing in Shell 
EcoMarathon race. The winning aim is to achieve the 
least fuel consumption by a constructed vehicle. 
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2.1 Drive beltguard 
The model shown in the Picture 1 is a part of the 
transmission system in the car. Six pairs of such 
elements connected with bolts protect against falling 
of the toothed drive belt from the receiving 
gearwheel. The modular design of the gearwheel with 
the use of printed parts enables cutting out a central 
part of the 40 cm in diameter sprocket with a flat 
sheet metal in 2D, which significantly reduces the 
cost of manufacturing such a large gearwheel. This 
model is characterized by very low thickness, so 
reducing the density of the filling does not 
significantly reduce the weight of the finished part. 
Due to the appearance of a large flat surface, this 
model has a large contact surface with the printer's 
work platform. The amount of necessary supports 
during printing was verysmall. 

Picture 1. Drive belt guard design drawing. 

2.2 Safety switchholder 
In each car that competes in the Shell EcoMarathon 
competition, a safety switch must be placed to enable 
cut off power from the outside. Picture 2. present 
such a safety switch holder. This element has to have 
high mechanical strength due to its additional 
function: the top of the car’s body is partly based on 
it. Therefore, it has thick walls and struts, as well as it 
has been printed with a very high fillingdensity. 

Picture 2. Safety switch holder design drawing. 

2.3 Speed sensorholder 
Model presented in the Picture 3 does not have to 
have high mechanical strength, but it has to maintain 
high rigidity, so that the sensor placed in it does not 
get vibrations which could disrupt its operation. It has 

been designed with relatively thick walls. However, it 
can be printed with a fairly low filling density that 
reduces its mass while not significantly reducing the 
rigidity of the part. This model has a simple geometry 
so it could be easily made using traditional methods, 
however, the use of 3D printing thanks to the low 
density of the model fill ensures lower mass of the 
finished part. The car has two such components with 
rotational speed sensors installed there to control the 
clutch that disconnects the rear wheel of the car when 
the engine in the vehicle is turned off and the car is 
rolling due toinertia. 

Picture 3. Speed sensor holder design drawing. 

2.4 Magnet holder for speedsensor 
The model shown in the Figure 4, similarly to the 
speed sensor holder, doesn’t have to have high 
mechanical strength, so it was printed with low filling 
density. Magnetic fields of the magnets mounted in it 
are received by the sensor placed in the speed sensor 
holder. 

Picture 4. Magnet holder for speed sensor design drawing. 

2.5 Servomotor holder 
Servomotor holder presented in the picture 5 as the 
name suggests is used to mount servo in it, which is 
responsible for automatically disconnecting the drive 
while the vehicle's engine is not turned on. This aims 
to reduce the rolling resistance of the car. This part 
must have high mechanical strength, so they have 
been printed with a high filling density. 
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Picture 5. Servomotor holder design drawing. 

2.6 Part of engine air intake system 
Model presented in the Picture 6 is a part of engine 
air intake system. An air filter is mounted in this part 
to protect the engine from dirt. A characteristic 
feature of this element are thin walls, similarly to the 
drive belt guard reducing the density of the model 
filling, does not achieve a significant mass reduction. 
Another important feature of this part is a 
complicated geometry. For this model to be printed 
correctly it is necessary to use a large amount of 
supports. It is important to keep the flow resistance in 
this part as small as possible. To achieve that it is 
necessary to use low layer height, which gives a 
better surface quality, but unfortunately significantly 
extends the printing time. Due to the complicated 
shape of the model, manufacturing it with traditional 
methods is much more expensive than using additive 
technology. 

Picture 6. Part of engine air intake system design drawing. 

2.7. Phone holder 
The phone holder presented in the Picture 7 make 
possible to install the phone on the steering wheel as 
a speedometer and a counter helping the driverto 
control the travel time using a special mobile 
application. The grip with the phone is mounted on 
the steering wheel using magnets placed in the 
bottompartofthegrip. Itallowseasilyremoveit from the 
car if necessary. This model was printed with a low 
filling density which allowed to significantly reduce 
mass of thispart. 

Picture 7. Phone holder design drawing. 

III. COSTS, PRINTING TIME AND WEIGHT
OF THEMODELS

Table 1 presents basic printing parameters for 
individual models. These values were selected to 
achieve optimal results depending on the desired 
characteristics of the part. The density value of the 
filling was set from 20% for mechanically unloaded 
parts up to 90% for parts that need to be durable. In 
case of printed parts with a low filling density, it was 
possible to achieve even more than 50% reduction in 
the weight of the printed part. Total weight reduction 
for all printed parts reached over 20% in comparison 
to parts made of solid ABS, and70% compared to 
parts made of aluminum. The height of the printed 
layer for the model with the desired surface quality 
was set at 0.1 mm, in the other models a 0.3 mm layer 
was used to achieve greater mechanical strength[4]. 
The use of a lower layer height of applied material 
results in a practically linear increase in printing time 
relative to the weight of the material used to print the 
model. The total printing time of all parts used for 
building a car sums up to almost 44 hours. The 
printing time of a single part depends on its size and 
set parameters. The shortest printing time of single 
part was about an hour, the maximum printing time 
was 12 hours. This is a time short enough that in the 
case of damage to any of the printed elements, the 
spare part is ready even on the same day. Using 
traditional methods this is in most cases impossible. 
Apart from the purchase price of a 3D printer and 
assuming self-service of the printer the total cost 
consists of the price of the material and electricity. 
The total cost of producing all of the presented parts 
was less than 15 USD. This price is many times lower 
than using traditional methods. 
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Volume of the model 
[cm3] 211 50 35 52 60 22 104 534 

Infill density [%] 90 60 90 40 30 90 20 - 

Layer height [mm] 0,2 0,1 0,3 0,3 0,3 0,3 0,3 - 

Print time [min] 1212 716 134 139 160 77 185 2623 

Model mass [g] 228 44 37 34 39 24 49 455 

Used material [g] 230 76 42 43 40 25 50 506 

Material cost [USD] 5,98 1,98 1,09 1,12 1,04 0,65 1,30 13,16 

Electricity cost [USD] 0,61 0,36 0,07 0,07 0,08 0,04 0,09 1,31 

Total cost [USD] 6,59 2,33 1,16 1,19 1,12 0,69 1,39 14,47 

Table 1. Print parameters, parts features and costs 

IV. CONCLUSIONS

All printed parts were mounted in the vehicle and 
successfully fulfilled their tasks while participating in 
the Shell EcoMarathon competition. ABS is a 
sufficiently durable material for many parts mounted 
in the Shell EcoMarathon vehicle. The use of 3D 
printing technology to produce many elements of the 
car designed especially for its construction allowed to 
significantly reduce the cost and time of their 
implementation at the stage of prototypes and final 
models. An additional advantage of using printed in 
3D parts is their lower mass than parts made using 
traditional methods, thanks to which it was possible 
to reduce the weight of the car. An additional aspect 

that supports the use of additive technologies is the 
small amount of generated waste, which is beneficial 
for the natural environment. 
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Abstract - Numerical analyses is using Phase 2.8 program performed study the effects of overburden properties and opening 
depth on the subsidence configurations under sub-critical condition. The computer simulation results indicate that the 
maximum subsidence decrease with increasing roof thickness. The maximum subsidence is constant if the roof thickness-to-
opening width ratio are more than 0.4. The trough width decreases with increasing elastic moduli of overburden and 
decreasing opening depths. 
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I. INTRODUCTION

Surface subsidence due to underground mining can 
impact the environment and surface structures within 
the mine area [2]. In practice, the mining processesdo 
not allow collapse of the underground opening, the 
overburden however may deform and move due to 
mine extraction. In this case, the surface subsidence 
deformationdoesnotexceedthecriticalpoint,referred as 
sub-criticalcondition. 

To minimize the adverse impacts of subsidence a 
reliable prediction is essential. Several parameters 
affect the magnitude and extent of subsidence that 
occur due to underground mining [3]-[7]. The 
observed data and theoretical research demonstrated 
that the subsidence of underground mining is related 
with the following factors: mining depth, mining 
thickness, degree of extraction, methods of working, 
near-surface geology, physical and mechanical 
properties of overburden strata and ore seam [8-10]. 

Overburden strata and ore seam properties is one of 
the important factors that can affect the surface 
subsidence characteristics [8]. Most researchers tried 
to correlate the subsidence characteristic (maximum 
subsidence and angle of draw) with overburden strata 
andoreseampropertiesforundergroundminingunder 
sub-critical, critical, and super-critical conditions 
using physical and numerical methods[11]-[13]. 

Theseareresearchconsideredtheoverburdenstratato 
behomogenousandonlyonetypeofoverburdenrock. 
Multi-layers of overburden rock strata and the 
difference in their mechanical properties are not 
emphasizing as the key parameter for the study. Even 
though numerous studies have been carried out to 
analyze and simulate the surface subsidence as 
affected by configurations of underground opening, 
rare attempt has been made to assess the effects of 
overburden properties, in particular, modulus of 

deformation (for sub-critical condition).Theobjective 
of this study is to determine the relationships between 
the deformation modulus (E) of the overburden with 
the subsidence components (angle of draw ) and 
subsidence magnitude (Smax)). 

The tasks involve performing numerical simulations 
andtodeterminetherelationshipsabove.Theeffectof 
overburden inter-layer is alsostudied. 

II. NUMERICALSIMULATION

The finite difference method program – Phase 2.8 [1] 
is used to simulate the surface subsidence profiles 
correlated with the overburden properties and 
underground opening configurations because of 
simplify of geometry creation. 

The results are represented in term of the maximum 
subsidence (Smax), angle of draw () and limit trough 
width (B). The limit trough width can be readily 
derived using a predefined subsidence limit with 1% 
of the maximumsubsidence. 

III. MESHMODELS

To cover the entire range of the opening dimensions, 
over8,000mesheswithuniformmeshandthreenoded 
triangles element types have been constructed to 
obtain accurate simulation results. The analyses are 
performed in plane strain condition. The distance 
between the left and right boundaries edges from the 
center is 1010m. 

The left and right boundaries are fixed in the x-axis, 
and the bottom boundary is fixed in the x, y – axis. 
The upper boundary can move freely in both 
directions,whereDisthedepthofopening,Smaxisthe 
maximum subsidence, B is the limit trough wide,  is 
the angle of draw, W is the width of opening and H is 
theheightofopening,tisthethicknessroofofopening 



Investigations of Overburden Mechanical Properties on Subsidence Characteristics 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 301 

(Fig.1). 

Fig. 1 Variables used in numerical model simulation 

IV. MATERIAL PROPERTIES

Theinfluenceofthevariantoverburdenstrataandroof 
thickness (ti) on surface subsidence is studied here. 
The elastic modulus and density (Table I) of the 
overburden selected in this study represent four 
different rock sequences in the northeast of Thailand 
where most salt mines have been developed. The 
model simulation as shown in Fig.2. The average 
modulus (Eavg) and density (□avg) are calculated as 
follow: 

when ti is thickness of rock unit from above 
calculation, the average elastic modulus is 7 GPa and 
the average rock density is 2,360 kg/m3. The 
measurement results are presented in terms of the 
maximum subsidence (Smax) and trough width (B). 
Figure 3 compares the results obtained from the 
modelling of variant E of overburden strata (Eeach) 
with those of the modelling of average E of 
overburden (Eavg). Two models show virtually 
identical relation (trends) between subsidence 
components and the opening configurations, 
especially when the t/w ratios are beyond 0.4. The 
maximum subsidence decreases with increasing roof 
thickness. The maximum subsidence are constant, 
when the roof thickness-to-opening width ratios are 
more than 0.4. 

Table I Estimation of average density (ave) and average 
elasticity (Eave) for the study (Fig.3). 

V. EFFECT OF ELASTICMODULUS

Studying the effect of elastic modulus of overburden 
on subsidence limit characteristics has been carried 
out using a finite difference method program. The 
elastic modulus of overburden (roof of opening (Eob’)) 
are 0.1, 0.5, 1, 5, and 10 GPa and the elastic modulus 
of ore is constant as 1 GPa. Figure 4 shows boundary 
condition for this study. The simulations are 
performed in plane strain condition. Figure 5 shows 
normalized maximum subsidence (Smax/H) as a 
function of normalized roof thickness (t/w) under 
various elastic modulus of ore ratios (Eob/Eob’) from 
0.1 to 10 GPa. The results indicate that increasing of 
elasticmodulusoftheoverburdenreducethevaluesof 
maximum subsidence (figure5 and 6). The 
observation also agrees reasonably well with those 
obtained by Yao et al. [8] and Sartkaew et al.[12] 

Fig. 4 boundary condition for simulation 
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VI. EFFECT OF OPENING DEPTH

The computer simulation is performed to investigate 
the effects of opening depth. All cases are simulated 
under constant opening height at 8 m and opening 
width at 20 m. The depths of opening (D) are 80, 180, 
280, 380, and 480 m (Fig.7). The results show that 
increasing of the opening depth would reduce the 
values of maximum subsidence (Fig.8 and 9). This 
agrees with the postulation given by Singh [14] which 
suggests that under sub-critical subsidence condition 
the angles of draw tends to be constant and the 
maximum subsidence sensitive to opening height, 
depth. 

Fig. 7 boundary condition for simulation 

VII. CONCLUSION

From the above analysis the following conclusions 
can be draw: 
1. The maximum subsidence decreases with

increasing roof thickness. When the roof
thickness of opening-to-width of opening (t/W)
are more than 0.4 times, the opening width and
maximum subsidence will beconstant.

2. The main factor controlling the maximum
subsidence are overburden properties and the
opening depth, the function of elastic modulus of
overburden to elastic modulus of ore ratio
(Eob’/Eore).

3. The maximum subsidence decreases with
increasing opening depths. Conversely,
decreasing of opening depth tend to increase the
extent of surface subsidence.

4. A function of elastic modulus of overburden to
elastic modulus of ore ratio (Eob’/Eore) increase in
the overburden tends to decrease the extent of
subsidence at the surface.
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Abstract - Development of the polymer hybrid composite as a sustainable alternative materials for some engineering 
applications, particularly in aerospace application and automobile applications are being investigated. The role of natural 
fibers reinforced hybrid composite are growing in a field of engineering and technology due to favorable properties. In the 
present unsustainable environmental condition natural fibers are serving better materials in terms of biodegradability, low 
cost, high strength and corrosion resistance when compared to conventional materials. The main objective is to prepare the 
Kenaf/Glass fiber hybrid composite filled with graphene as nano filler and to investigate the mechanical properties of hybrid 
composites. The different types of hybrid composites laminates are fabricated without filler, 0.5, 1 & 1.5Wt % of graphene 
by using kenaf and glass fiber as reinforcing material with epoxy resin. The specimen were prepared as per the ASTM 
standards and results shows that the mixing of graphene in epoxy resin improves the mechanical properties of hybrid 
composites and also the performance of kenaf/glass fiber composites is more than banana/glass fibercomposites. 

Keywords - Kenaf Fiber, Banana Fiber, Nano Filler, Hybrid Composite Material 

I. INTRODUCTION

Since from past two decades, there is tremendous 
growth in development of FRP composites with high 
strength to weight ratios, as it has acquired the 
various fields of application, ranging from 
shipbuilding, aerospace, automotive, to recreation 
equipment, furniture, office products, biomedical 
devices and implants, construction and building 
industry etc. With the increase in requirements, there 
is a demand to develop the stronger and cost effective 
composites. The fiber/matrix interface plays a vital 
role in determining the mechanical properties of glass 
fiber composites[1]. When the addition of filler 
materials to Epoxy/Glass fiber composites is 
increased then the thermal expansion coefficient of 
the corresponding composite getsreduced[2]. 

The tensile strength and the tensile modulus of Glass 
fiber/Epoxy composite increases in fiber loading and 
the addition of Nano filler particles to the Glass fiber/ 
Epoxy composite increases the tensile strength and 
the tensile modulus of the composite. Also, the 
addition of Nano filler particles to the Glass 
fiber/Epoxy composites increase the flexural 
properties of the Glass fiber composite[3] It has been 
reported that the addition of Nanoclay to Glass 
fiber/Epoxy composites increases the interfacial shear 
strength tremendously[4].The fiber/matrix interface 
plays a vital role in determining the mechanical 
properties of glass fiber composites[5]. When the 
content of Nanoclay is increased beyond an optimal 
level then the mechanical properties of the resultant 
composites decreases[6]. The percentage of Nanoclay 
to be used should be restricted to 5 wt% in order to 
get good mechanical properties of thecomposites[7]. 

II. DETAILSEXPERIMENTAL

2.1. Materials used 
Kenaf, banana and glass fiber with (0˚/ 
90˚orientation) is used as reinforcing material, Epoxy 
resin (LY 556) and hardener (HY 951) is used as the 
matrix material and nano filler (Graphene) used as a 
filler material with different weight percentage to 
increase mechanicalproperties. 

2.2 Preparation ofResin 
A measured amount of epoxy is taken for different 
volume fraction of fiber and mixed with the hardener 
in the ratio of 100:10 and Graphene filler is added 
into that mixer with weight percentage of (without 
filler, 0.5, 1, 1.5wt.%) 

2.3 Preparation of the reinforcingmaterial 
The kenaf, banana and glass fabric is spread on the 
flat surface and required dimension of 300 mm x 300 
mm is marked using the marker pen on the fabric 
spread and cut using a scissor manually. Required 
such layers of fabric were cut to get the required 
thickness oflaminate. 

Fig.1. Kenaffibermat        Fig.2. Glass fiberMat 
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2.4. Hand layup technique 
The composite laminates are fabricated by hand layup 
technique. Kenaf and glass fibers mat were cut into 
the dimensions of length and breadth is of 
300×300mm and 4mm thick was used to prepare the 
laminate. The composite laminate consists of total 6 
layers of glass fiber and 5 layers of kenaf fibers for 
the fabrication of different samples. The layers of 
fibers were fabricated by adding the required quantity 
of epoxy resin. The glass fiber is mounted on the 
table and then epoxy resin is applied on it. Before the 
resin gets dried, the second layer of kenaf fiber is 
mounted over the glass fiber. The process is repeated 
till six layers of glass fiber and five layers of kenaf 
fiber got over. The epoxy resin is applied to the entire 
surfacebymeansofaroller. Theairgapsformed during 
the processing between the layers were removed out. 
Finally these laminates are kept in press for over 
24 hours to get the required shape and thickness. Two 
types of composite laminates were prepared with 
addition of graphene filler (0, 0.5, 1, 1.5, wt. %) 

 Kenaf/Glass/Graphenecomposites
 Banana/Glass/Graphenecomposites

2.5 Preparation of test specimens 
The test specimens are prepared as per ASTM 
standards from the composite laminates using water 
jet machine as shown in fig. 1, 2 &3. 

III. RESULTS AND DISCUSSION

All tests were carried out on tensometer as per the 
ASTM standards 

3.1. Comparison of UTS for Kenaf/Glass and 
Banana/Glass fiber composites 



Effect of Mechanical Properties of EPOXY based Kenaf/Banana/Glass Fiber Hybrid Nano Composites 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 306 

3.2. Comparison of compressive strength for 
Kenaf/Glass and Banana/Glass fibercomposites 

3.3. Comparison of flexural strength for 
Kenaf/Glass and Banana/Glass fibercomposites 

IV. CONCLUSIONS

 Fabrication of Kenaf/glass and Banana/glass
fiber hybrid polymer composites withdifferent

 Better Compressive properties are obtained with
kenaf/glass fiber composites than banana/glass
fibercomposites.

 Kenaf/glass fiber reinforced with 1% graphene
possesses good flexural strength of 14Mpa when
compared to banana/glass fiber composites
of13Mpa.
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Abstract - 
Testofbendingstrengthsectionobtainedthroughlongitudinalconnectingwoodenelementswascarriedoutbyan experimental 
method. The test samples were formed of fir/spruce and using polyurethane adhesive PURBOND HB S609, a total of 
243 samples has been formed. Testing the effects of the amount of adhesive on the bending strength of linear coupled 
sections was carriedoutonthreelevels(180,200,
220)g/m2.Thispaperattemptstoproveassumptionthatexcessiveincreaseinthequantity of adhesive in theadhesive film
comesto impairmentgluedjointstrength. 
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I. INTRODUCTION

Length connecting of wood elements, among others, 
is performed in the production of laminated beams in 
the segment forming sections required length of the 
beams from shorter elements. Elements that enter into 
the process of forming sections should be formed 
without significant errors anatomical structure of 
wood and mistakes  from  previous processing. As 
part of production the laminated beams, especially 
when forming sections bonded through finger-
jointing, an important parameter from the regime of 
bonding represents the amount  of  adhesive.  This 
parameter directly reflects the strength of the 
bondedjoint. 

The amount of adhesive that is applied to the surface 
of the wood should be sufficient to provide: the 
amount that penetrates into the wood, the amount that 
fills a variety of unevenness caused by surface 
processing and the amount which is necessary to 
achieve the joints thin, continuous and unbroken film 
of dried glue. The necessary amount of glue to be 
applied dependson: 

 adhesive properties (dry substances content,
viscosity and adhesiveproperties),

 properties of wood that is glued (structural
unevenness, fines - surface roughness caused
by processing, craters on the surface,etc.).

In addition, the strength of glued joint depends on the 
cohesion of the adhesive and its adhesion to  wood, as 
well   as the internal stresses in the bonded joint. 
Increasing the thickness of the adhesive layer reduces 
the cohesion and strength of the bondedjoint. 
Considering the prominence of different sizes, 
craters, holes, etc. around the glued joints, glue 

shrinkage in percentage is similarly but also because 
of different thickness and volume of the glue  in some 
places  in absolute terms is very different. This means 
that the internal stress in the joints, because of 
shrinkage of the adhesive, is different. Bearing in 
mind the fact that the shrinkage  is done across the 
width, length and thickness of the joint and  the 
thickness in some places is very different, it is clear 
that the internal stress due to the shrinkage of the 
adhesive is complex and diverse. Therefore, 
maximum attention should be paid to the preparation 
of surfaces for bonding wood and ensure that the 
areas with the lowest possible roughness and 
unevenness. You also need to give maximum 
attention to the choice of adhesive should have 
adequate flexibility when cured, it can be successful 
without the destructionthataccompanies 
theirshrinkageanddeformationsduetoswellingorshrink
ageofwood[1]. 
The quantity of deposited adhesive and the 
deformation of wood under the influence of external 
pressure significantly affects the temperature at which 
bonding is performed, which is directly or indirectly 
reflected in the necessary amount of glue and internal 
stress in the joints. 
In the case of glued laminated beams for building 
construction should be applied (170 ÷ 220) g/m2 glue. 
This amount is dependent on the type of used 
adhesive used, the content of dry substances and 
viscosity. Dry substances must be provided to create 
a continuous uninterrupted film of dried glue with 
sufficient penetration of the adhesive  into thewood. 
In previous research related to the amount of adhesive 
or adhesive film thickness was  determined  that  an 
excessive amount of adhesive adversely affects the 
strength of the bonded joint. Interpreting  the 
complementary effect, the amount of adhesive, it can 
be quite complex. [2] Below are presented some facts 
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related to the  impact of  the amount of adhesive on 
the strength of adhesivejoint. 
The nature and dimensions of the destruction caused 
by the low strength of the bonded joint can be 
different depending on the thickness of the adhesive 
film. Visual and microscopic evaluation of 
destruction can be significant  for the assessment of 
this phenomenon. The structure of the adhesive film 
can vary depending on the amount of adhesive and 
bonding requirements. Heterogeneous temperature 
changes, such as different temperature distributions, 
are influenced by the distance from the thermally 
conductive substrate. Analyses of the heat  balance 
and  measuring the thermal properties of surfaces that 
come in contact with the glue joints can help solve 
the  problem structure changes of adhesivefilm. 
The interface between the substrate and the adhesive 
properties can be changed if it increases the thickness 
of the adhesive film. This may be caused by the 
internal stresses that develop in the joint with 
migration of oxide from surfaces for bonding or 
stoichiometric changes within the adhesive and 
substrate [3]. The results of this experiment 
confirmed that the technological process of gluing 
affects on the physical and mechanical properties of 
gluing elements [4]. The migration of oxide from 
surfaces for bonding or stoichiometric changes within 
the adhesive and substrate. Roche and associates are 
thoroughly investigated this phenomenon [5]. Many 
techniques are used to detect properties of interfaces, 
based on changes in the chemical  state (infra-red 
spectroscopy or micro-thermal analysis)   and 
mechanical testing (extraction,  nano-indentation and 
laser-acoustic  method). For bonded  timber elements 
such as glued laminated timber beams, it is assumed 
that the adhesive in use does not significantly 
influence the resistance of structural timber beams.[6] 
Energy of dissipation can be changed by changing the 
distance between the substrates. Careful mechanical 
testing can be used to introduce this phenomenon. By 
changing the geometry of the sample with increasing 
thickness of t adhesive layer can cause a change in 
the state of stress within the joint, so that the tests on 
samples of different sizes  do not provide the same 
features bondedjoint. 

II. MATERIALS AND EXPERIMENT

The paper examines through an experimental method 
the effect of the amount on adhesive  strength  of  the 
adhesive finger joint in length connecting the wooden 
elements in sections for the production of glued 
laminated beams. Testing was carried out according 
to standard EN 408: Timber structures - Structural 
timber and glued laminated timber - Determination of 
some physical and mechanicalproperties. 
During the experiment has been used glue 
PURBOND HB S609. PURBOND HB S609 is 
fluent, one-component, polyurethane adhesive based 
on isocyanatic prepolymers, without additives of 

solvent and  admixture  of formaldehyde. Bonding is 
done under the influence of humidity and moisture in 
the wood creating a strong adhesive joint that is not 
brittle. Under the influence of chemical reactions that 
occur in the process of bonding becomes a 
slightfoaming. 
In the experiment has been used a fir/spruce timber. 
Relative humidity of the wood is  reached  (11  ± 
2)%. Adjacent elements had no difference in moisture 
content  greater  than  3%.  Bonding elements in 
sections is carried out at a temperature (20 ± 2) ° C 
and relative humidity (60 ± 5) %. Visual assessment 
of the class the sections was   C24 (80%) and 
C30(20%). 
Testing of bending strength as a function of the 
quantity of adhesive is done by forming 243 samples 
size (115x35x700) mm for the next levels of amount 
of adhesive: 

 180 g/m2 : 81sample,
 200 g/m2: 81sample,
 220 g/m2: 81sample.
In addition to these sample groups, formed an
additional group of 10  samples of  solid  wood size
(115x35x700) mm   in   order   to   compare   the
results   obtained   by   testing   bending   strength   of
finger    joint.    Dimensions of the finger (Figure 1)
formed by used device  are: length of finger:  l = 10
mm,  step of finger: p = 4  mm, thewidthofthegap
:bt=1mm,thelengthofthegap: lt=1mm.
Centrelineoffingerismarkedwith1).

Fig. 1. Dimensions of the finger. 

Testing of samples was performed in the climatic 
conditions in accordance with EN 408, temperature 
(20 ± 2) ° C and relative humidity (60 ± 5) %. 
Humidity test of samples (Figure 2.) amounted to (11 
± 2) %. During the testing process of bending 
strength were recorded visual assessment of 
destruction of samples. 
Values obtained for bending strength was performed 
and statistical analysis of data using the student's t-
test by testingtheequalityofmeans
twobasicasetofasdoublesideddistribution (t-
TweostS: aTmpleAssumingEqual Variances). 
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Based on tables 2. and 3. for the tested samples can 
be concluded that between first and second level of 
amount of adhesive there is a significant difference, 
while the  first and third level of amount of adhesive 
there is obtained a    high significant difference. On 
the other hand, we can see that between the second 
and third level there was no significant difference 
(null hypothesis). Comparison of values of bending 
strength of finger joint with the values of bending 
strength of solid fir/spruce was performed in order to 
obtain the information that  glued  finger  joints 
increases or decreases the value of strength of 
sections. For comparision has been taken 3 mean 
values of bending strenghtfromeverylevel 
amountofadhesive, sowehad9meanvalues. 
Thesevaluesarepresentedinfigure5.and 6. Based on 
the figure 5. and 6. it can be concluded that the 
strength of the finger joint conected sections becomes 
more uniformly and a few percent higher value of 
bending strenght than the value of the bending 
strength of solid wood. 

Fig. 5. Scattering of bending strength values of solid wood 
and finger joint samples. 

Fig. 6. Comparing the values of bending strength of 
solidwood and finger joint samples. 

IV. CONCLUSION

On the basis of this study it can be concluded  that 
the proven assumption that an  excessive increase in 
the  quantity of adhesive in the adhesive film is 
coming to a reduction in the value of the glued joint 
strength.  The  optimum value of the quantity of 
adhesive for a given test is 180 g/m2. Increasing this 
value leads to a significant reduction in bending 
strength of adhesive joint. Compared to solid wood, 

length merging or forming  finger glued   joint is an 
increase in the value of bending strength with 
uniformlyvalues. 
For a given sample, in future research should be 
oversized the finger joint and examine the lower 
levels of the amount of adhesive to establish the 
minimum allowable value of the quantity of adhesive 
to achieve  maximum strength of the bonded joint in 
longitudinal connectingelements. 
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Abstract - 
An engineering method is developed for the prediction of dynamic flow through a wind power plant, in the presence of 
turbine control actions. The model is composed of a simplified steady-state boundary layer model of velocity deficits and 
turbulence, a dynamic wake model relating the rotor induction to an effective "dynamic" value of thrust, and a flow 
convection model which is simply a time delay function. A partial validation is conducted, using wake measurements at the 
Nørrekær Enge wind farm. The model is implemented in the STAS WPP program for wind power plant analysis. 
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I. INTRODUCTION

To study the control of a wind power plant requires a 
model for the atmospheric flow, which is coupled 
with the operation of the wind turbines. There are two 
rather distinct flow regimes [1]. On the upwind side 
of the turbine array, a concentrated wake forms 
behind individual wind turbines, and this may 
impinge, or not, on the turbines immediately 
downwind. These local wakes are often modelled by 
a Gaussian-shaped velocity deficit [2], which decays 
as higher-velocity air is entrained by turbulent 
mixing. Deep in a large wind power plant, there are 
still local wakes, but the presence of the wind 
turbines is also felt throughout the atmospheric 
boundary layer, to an elevation much higher than the 
tops of the rotors. Energy recovery occurs "top-
down" as higher-velocity air in the upper portion of 
the boundary layer is mixed into the lower levels. 
Interestingly, methods based on boundary-layer 
analysis provide good predictions of the average 
velocity deficits, even near the upwind side of a wind 
power plant [1,3]. That is, the local wakes may 
meander back and forth, with the second row of 
turbines seeing a velocity deficit which fluctuates 
abruptly [4]; yet in the mean, the boundary layer 
experiences the turbines as, effectively, an increased 
surface roughness, like a forest canopy [5]. The 
influence of  the local wake on stochastic loads may 
be approximated by an increased turbulence 
intensity[6]. 

The goal is to assemble, from existing parts, a simple 
engineering method for predicting the influence of 
turbine control actions on the flow through a wind 
power plant. The method must be compatible with a 
state-space model of the turbines, electrical grid, and 
controls comprising the wind power plant. CFD 
analyses of the complete flow domain are ruled out, 
for the time being. This leaves an approach based on 

one or both of the above perspectives: superposition 
of local wakes, or a simplified boundary-layer 
analysis. 

Here it is proposed to use a method based partly on a 
two-dimensional boundary-layer analysis, specifically 
the Viper software [3]. The boundary-layer approach 
has the advantages of being scalable from small 
turbine arrays to large wind power plants, or even 
plant clusters; and of not attempting to explicitly 
resolve the local wake, where the result becomes 
sensitive to small changes in the wind direction. In 
other words, the control algorithms so developed will 
be applicable in bulk, rather than for specific wind 
directions. 

II. STATE-SPACE REPRESENTATION OF
FLOW

A state-space model of the flow is built up from the 
following elements: 
a. The dynamic induced velocity, which is obtained

from Øye's second-order filter model [7], built
into the STAS Turbine module [8]. The second-
order filter, like the real wake dynamics, has the
feature that rapid control inputs have little
influence on the wake flow: the amplitude decays
with frequency in a realistic manner.†

b. A steady-state boundary layer analysis [3]
relating the induction at an upwind location to
the velocity deficit at a downwindlocation.

c. A convection model for signals (velocity
deficits) in the flow. Convection is modelled as a
state-space approximation of a time delay, based
on the hub-height windspeed. As simple as the
time-delay  assumption is, it has been validated
by wind tunnel experiments[10].

d. A model for the effective turbulence intensity
including wake effects, based on Frandsen[6].
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2.1 Transient induction and the boundarylayer 

Let us begin the story with the induced velocity, and 
its connection to the flow, in the context of boundary 
layer analysis. Momentum balance applied to a 
control volume of air flowing through the rotor gives 
the well-known relationship 
The theoretical relation (1) must be augmented with 
an empirical trend for values of a above about 0.4. 
Burton et al. [11] propose a linear trend, Alternative 
formulas for (3) are also available. Regardless, the 
main point here is that for steady flow there is a 1:1 
correspondence between the rotor-average induced 
velocity and the thrust. 
The relationships (1) through (3) between induced 
velocity and thrust do not hold under transient 
conditions. The induced velocity lags changes in the 
rotor loading, with an amplitude that decreases at 
high frequencies. Physically, this is due to the time it 
takes to convect the wake vorticity – which is 
responsible for the induced velocity – downstream 
away from the rotor. A slow fluctuation in the rotor 
load gives the wake time to develop, and the induced 
velocity follows the steady-state trend. A fast 
fluctuation in the rotor load produces a pattern of 
vorticity in the wake whose net effect tends to cancel 
out, except near the tips of the blades. A method 
attributed to S. Øye, described by Snel & Schepers 
[7], captures these trends by a second-order filter, 
Here Vi satisfies (2) instantaneously, whereas the 
filtered Vi is taken as the true value at the rotorplane. 

The time constants in (4) are a function of the radius, 
but the equations may be integrated, or an effective 
value at r R � 0.7 taken, in order to represent the 
rotor average. 
This same line of thought can be extended to 
boundary-layer analysis. Namely, that a slow 
fluctuation in the  rotor load will produce a well-
developed wake which, upon subsequent breakup and 
diffusion of the momentum deficit, will influence the 
atmospheric boundary layer; whereas a fast 
fluctuation in the rotor load will lead to local features 
in the flow which will tend to cancel out, from the 
broader perspective of the boundary layer. To put it 
another way, we connect the development of the 
boundary layer with the wake, represented by the 
induction,and not the instantaneous loading on the 
rotor. We suggest the use of (4) to obtain Vi , and 
then (2) to obtain a "wake- equivalent" value of rotor 
thrust, which is experienced by the boundary layer. 

2.2 Steady-state perturbations in the boundarylayer 
Totheextentthattheboundarylayerisinfluencedbytherot
orthrust��̅��,orequivalently��̅��,thisdecayswiththe 
distance downstream. In other words, if one should 
begin with a boundary layer in a steady-state 
condition, make a 
constantperturbationtotherotorthrust����=��̅��atsomelo
cation,andallowtheflowtoreachanewsteadystate, then 

the velocity profile of the perturbed flow will 
asymptotically approach the original, far downstream. 
The decay is due to the fact that, given a uniform 
rotor thrust loading, the boundary layer tends to reach 
an equilibrium over long distances. At equilibrium, 
the turbulent diffusion of momentum from the high-
velocity air at altitude balances the momentum 
removed by the rotor thrust and surface friction. The 
higher the loading on the air at low altitudes, the 
greater the shear in velocity with height, and the 
greater the mixing in of momentum from above. 
As an illustration, consider a wind power plant 
consisting of a uniform grid of DTU 10 MW wind 
turbines [12], with spacing sx = sz = 8D. (The X 
direction is along-wind, the Z direction is cross-wind, 
and the Y direction is straight up.) The remote 
incoming windspeed is 10 m/s. Figure 1 shows the 
hub-height velocity profile from the  first through the 
21st row of turbines.  The velocity profile as a 
function of height, just upstream of Turbine Row 6, is 
also shown. The effect of shutting down Turbine Row 
5 is illustrated by the dashed curves. Immediately 
downstream there is recovery of windspeed, which 
diminishes far downstream as the boundary layer 
approaches equilibrium. 

Figure 1: The hub-height velocity, and the velocity profile with 
altitude at Turbine Row 6, for two scenarios: one in which all 

the turbines are operating normally, and another (dashed lines) 
in which Turbine Row 5 is shut down. The velocity profile with 
altitude (shaded gray) does not correspond to the units on the 

axes. For an idea of scale, the uppermost elevation shown is 500 
m, and the windspeed at 500 m is about 10.9 m/s. 

The profiles in Fig. 1 are generated by solving 
nonlinear differential equations for a turbulent 
boundary layer. In order to make a useful low-order 
state-space model of the boundary-layer flow, we 
must identify simple linear models that capture the 
effect of perturbations about a given operating 
condition. Intuitively, and consistent with elementary 
boundary-layer theory, we can say that the 
perturbation in hub-height windspeed seen by the kth 
turbine is some function of the loading, or induction, 
of the upstream turbines. Assuming that this 
relationship is linear for small enoughperturbations, 

Equation (6) is global, in the sense that in order to 
solve for δVk we would need to know all the 
influence  coefficients ∂Vk/∂Vi,j and induced 
velocities δVi,j for the upstream turbines. In the 
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steady-state case, this is a computation involving a 
lower-triangular matrix, which is no problem. 
However, it becomes a problem in the dynamic case, 
because there is a unique time delay between each 
upstream-downstream pair of turbines; and, as will be 
seen in Section 2.3, an accurate representation of a 
long time delay requires a lot ofstates. 
It is much more convenient if we can write 

That is, if we associate with each wind turbine an 
incoming windspeed Vk and a (downstream-side) 
induced velocity Vi,k, and say that the windspeed at 
the next turbine downstream is a function of these. 
Indeed, (6) is recovered from (7), provided that 
and δV1 = 0. In other words, (8) holds true if the 
decay in a perturbation is multiplicative as one 
proceeds from station to stationdownstream. 

Figure 2: The station-to-station decay of a perturbation to the 
boundary layer. Multiple analyses were run, each time 

perturbing the operation of a different wind turbine. The 
downstream turbine index indicates the location relative to the 
turbine whose operation was perturbed. The trend is relatively 

independent of the depth in the wind power plant. 

As it turns out, this is not strictly true; but it is close 
enough to be a useful assumption. Furthermore, the 
influence of a perturbation in turbine operating state 
δVi,k appears to be nearly independent of the 
downstream location. To illustrate this, consider 
again the example of a 10 m/s remote windspeed and 
a uniform 8D spacing. Figure 2 shows the results of 
introducing a perturbation in the operation of a wind 
turbine – specifically, decreasing the thrust by 10%. 
Referring to the indices of Fig. 2, the operation of 
Turbine -1 is perturbed, such that Turbine 0 
experiences a change in the incomingwindspeed 
The curve shows subsequent values of ∂Vk/∂Vk-1 for 
k = 1,2,… The trend is nearly independent of the 
location in the plant at which the perturbation is 
introduced. The trend is also independent of the 
amplitude: Fig. 3 shows reductions in thrust from 
10% to 100% (shut downturbine). 
The value of ∂Vk/∂Vi,k-1 is also remarkably 

consistent, and is equal to about 0.08 in the case of a 
10 m/s remote windspeed and a uniform 8D spacing. 
Still, Fig. 2 and Fig. 3 are not enough. If ∂Vk/∂Vk-1 is 
a function of the downstream turbine index – relative 
to where the perturbation was introduced – then one 
still must formulate individual values for each 
upstream- downstream combination of turbines. We 
really need ∂Vk/∂Vk-1 to be constant, such that we 
can say how the perturbation to the windspeed δVk-1 
will evolve downstream into δVk, independent of how 
δVk-1 was created. If we take the approximation 
∂Vk/∂Vk-1 ≈ 0.75, then this provides a good estimate 
of the flow over a distance of several turbines 
downstream of the perturbation. In addition, 
superposition applies. Figure 4 shows an example 
where the thrust of turbines 2, 5, and 10 has been 
reduced. The perturbation in hub-height windspeed is 
well-predicted by (7), with a constant ∂Vk/∂Vk-1; 
except that the perturbation decays too fast far 
downstream. 

Figure 3: The influence, or lack thereof, of the perturbation 
amplitude on the trend in the station-to-station decay of the 

perturbed velocity. 

The values of ∂Vk/∂Vk-1 and ∂Vk/∂Vi,k-1 may 
depend on the size of the wind turbine, the remote 
windspeed, and the spacing between turbines, and 
should be generated, or obtained from a database, for 
each load case being analyzed. 

2.3 Convection of flowperturbations 
The transmission of a signal – that is, a perturbation 
in the flow – from an upwind to a downwind turbine 
can be modelled as convection at the hub-height 
windspeed [10]. The frequency dependence is 
handled by the dynamic wake method of Section 2.1, 
while the diffusion part is handled by the boundary-
layer calculations – or the simplified approximation – 
of Section 2.2. The convection model is therefore a 
pure time delay. 
A time delay of  is simple to model as a transfer 

function,
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simple to model in (discrete) time domain 
simulations, although x(T) must be stored for t – τ ≤ T 
≤ t; and difficult to model in state space. The storage 
requirement for (11) hints at the problem. How many 
values are required to store a segment of a continuous 
function? An infinite number; that is, an infinite 
number of states is required in order to represent (10) 
or (11) exactly. With a finite number of states, a time 
delay may be approximated by a rational 
transferfunction, 

It is common to use m = n, as this gives a transfer 
function with a uniform unit amplitude. The 
alternative, m <n, results in a low-pass behavior. 

Figure 4: The approximation to the perturbed velocity that is 
obtained from (7), compared with the full boundary-layer 

analysis, for a case with multiple perturbations. 

The higher the frequency of the signal to be 
transmitted, in relation to the delay time, the more 
states are required. The use of too few states, for a 
given frequency and time delay, will either transmit 
the signal with insufficient lag (m = n), or transmit 
nothing (m <n). Our situation is unfortunately one in 
which the time delay is long in comparison with the 
timescale of the signal. The latter is the timescale of 
the dynamic wake, which can be obtained from (4). 
(Higher frequencies are negligible due to the low-
pass behavior.) In the present example of a 10 MW 
wind turbine, τ1 ≈ 16 s. If the spacing between 
turbines is 8D, or 1426 m, and the windspeed is 10 
m/s, then the time delay is 143 s, an order-of-
magnitude greater. We now see why it is so important 
to use (7), instead of (6), even at the expense of some 
accuracy: we do not want to track a velocity 
perturbation over a distance farther than the 
separation betweenturbines. 
A state-space form of (12), for m = n, is At high 
orders n – say, 10 or higher – (13) exhibits poor 
numerical conditioning. This effectively limits the 

bandwidth. Continuing with the example of a 10 m/s 
windspeed and 8D spacing, Fig. 5 compares the 
phase angle obtained using different orders of (13) 
against the exact value θ = −ωsx/V∞. The maximum 
condition number C of the matrix iωI − A, 
representing a frequency-domain solution of the state 
equations, is also listed. This condition number is that 
obtained after employing a balancing operation, 
intended to improve the numericalconditioning. 

Figure 5: The phase angle, in multiples of π, of the time delay 
exp(−iωsx/V∞), compared against different orders of the 

approximation (13) 

The numerical conditioning can be greatly improved 
by breaking the spacing sx between wind turbines 
into sub- intervals, and employing a low-order form 
of (13) over each sub-interval. The downside is an 
increase in the  number of states required for a given 
accuracy ofapproximation. 
The time delay must be accurately represented over 
the bandwidth of the wake dynamics. Figure 6 plots 
the magnitudeofthetransferfunction �̅∕
from(4).Areasonablecriterionforaccuracyis,say,thatthe
phaseof the time delay is within 1% of the exact value 
at a frequency of 0.1 Hz. Phase errors at a higher 
frequency than this will have a limited influence on 
the dynamic response of the wind turbines, since the 
relative magnitude of the velocity perturbations is 
small. 

Figure 6: The magnitude of the transfer function between 
steady-state and transient induced velocity, according to (4), 

for a windspeed of 10 m/s. 
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Table I shows combinations of the number of sub-
intervals Ns and the order of approximation n from 
(13) that satisfy the stated criterion for accuracy. The
condition number is also shown. Increasing the
number of sub-intervals improves the numerical
conditioning. An increased number of states is
required; but this has the additional benefit, seen in
Fig. 7, that the accuracy is improved at higher
frequencies.

Table I: Combinations of the number of sub-intervals Ns and 
order of approximation n that satisfy the criterion for 

accuracy. 

Figure 7: The approximate and true phase of a time delay, with 
various numbers of sub-intervals and orders of approximation, 
satisfying the criterion that the error in phase is less than 1% 

at a frequency of 0.1 Hz. 

2.4 Turbulence 

The level of turbulence within a wind power plant is a 
function of the terrain, atmospheric conditions, and 
turbine operation. Terrain effects are specific to each 
location; here we assume that the terrain is flat 
enough that its influence can be represented by an 
empirical surface roughness length y0. Then, under 
conditions of neutral stability (no thermal convection 
or stabilization), the standard deviation of turbulent 
velocity fluctuations can be estimated as [6] 

where h is the elevation above the ocean or land 
surface. In other words, if we know the wind shear 
∂V∕∂h, then we may directly estimate the level of 
turbulence. The velocity profile with height, and 
hence the wind shear, is computed as part of the 
steady-state boundary-layer analyses of Section2.2. 
Figure 8 shows an example of the levels of turbulence 
so obtained. The ambient value of the turbulence 
intensity is about 8%. Deep inside the wind power 
plant, it is around 13% to 14%, depending on how the 
effective value is computed from the profile. These 
values of turbulence intensity are based on the local 
mean hub-height windspeed, which is lower than the 
ambient value upwind of the turbine array. Relative 
to the ambient hub-height windspeed, the turbulence 
intensity is about 12%, which is in agreement with 
the value given by Frandsen [6] for an infinitely large 
turbinearray. 
If the level of turbulence follows from the velocity 
profile, and the profile is convected dynamically at 
the mean hub-height windspeed, then it can be 
assumed that under dynamic conditions, the level of 
turbulence evolves according to the time delay 
functions of Section 2.3. 

Figure 8: The turbulence intensity as a function of height, for 
turbines progressively deeper inside a large wind power plant. 
Here V∞ = 10 m/s, sx/D = 8, and y0 = 0.001 m. The dashed gray 

lines indicate the bottom and top elevations of the rotor. 

2.5 Preliminary comparison with data 

The Nørrekær Enge wind power plant, described by 
Hansen [13], offers a partial field validation of the 
simple turbulence model (14). Frandsen [6] provides 
some normalized windspeed and turbulence 
measurements, as a function of elevation, for wind 
directions within ±15° of southwest. The plant layout 
is sketched in Fig. 9, with the axes in units of meters 
from the met mast at which data was collected. Two-
dimensional boundary-layer analysis was performed 
along three lines: one oriented to the southwest, and 
one each at ±15°. Profiles of windspeed and 
turbulence intensity were obtained as averages from 
these three lines, weighting the middle linetwice. 
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Figure 9: The layout of the Nørrekær Enge wind power plant, 
showing the met masts and lines along which boundary-layer 

analyses were conducted. 

The measured and computed profiles are plotted in 
Fig. 10. There is some uncertainty in both the data 
and the analysis. In the case of the data, Frandsen 
gives profiles with height for ambient windspeed 
ranges of 8-9 m/s (plot  at left) and 12-14 m/s (plot at 
right), and subsequently the same values at a single 
elevation of 58 m, for integer windspeeds between 
cut-in and cut-out. The values do not exactly agree, 
and no explanation is offered; presumably, they were 
based on different sets of measurements. Uncertainty 
in the analysis is related to the effective surface 
roughness length. The wind farm was located in 
grassy terrain. Some kilometers upstream the terrain 
was hilly, and closer upstream there were obstacles 
such as farm buildings. For comparison, the analysis 
was run with roughness values of 0.03 m, 
representative of flat grassy terrain, and 0.2 m, 
representative ofhedges. 

Figure 10: Windspeed and turbulence profiles as a function of 
elevation, presented as a ratio of the value measured within the 
wind turbine array to that measured immediately upstream of 

the array. 

Overall, the comparisons in Fig. 10 indicate that the 
simplified boundary-layer analysis predicts 
reasonable trends in the development of wake 
velocity deficits and turbulence in a wind power 
plant. At the same time, there are clearly factors 
which influence the atmospheric flow, which are not 
taken into account. 

Wind tunnel tests [14] also exhibit the pattern of 
turbulence predicted in Fig. 10. A full validation 
exercise is left to future work. 

III. STEADY-STATE POWER SET-POINTS

Consider the problem of optimizing the pitch – or 
equivalently, the axial induction – of an array of wind 
turbines, in order to maximize the total production. 
Simplified methods based on local wake analysis, 
such as Jensen  [15]  and its derivatives, predict that 
the maximum power is obtained when the production 
of the upstream turbines is curtailed [16]. On the 
other hand, recent analyses using large eddy 
simulation [17] fail to reproduce this result: the 
maximum power of a two-turbine pair is obtained 
when both turbines are set to their respective 
maximum aerodynamic efficiencies. It is of interest to 
see how boundary-layer methodsfare. 
According to the methods of Section 2, each turbine 
is represented as a distributed thrust over an 
equivalent volume of air. Lateral mixing of the wake 
is assumed to be negligible in comparison with 
vertical mixing, giving a two-dimensional boundary-
layer flow. In the case considered, the layout consists 
of DTU 10 MW wind turbines arranged with a 
uniform 8D spacing, and the ambient windspeed is 10 
m/s. 
Figure 11 shows the results for a single 
upwind/downwind turbine pair. In this case, 
curtailing the operation of the upwind turbine is 
always detrimental to the totalproduction. 
On the other hand, for a large wind power plant 
consisting of many rows of turbines, curtailing the 
operation of the upwind turbines may provide a slight 
benefit. Table II compares the baseline and optimal 
blade pitch set-points, to the nearest 0.2°, for a wind 
power plant with 11 turbine rows. The total power 
output is increased 0.5% by derating the upwind 
turbines. The turbulence intensity is also decreased by 
a couple percent. This hints that there may be 
something to be gained from the strategy; though the 
margin of uncertainty in the analysis is larger than the 
potential effect. 

Figure 11: Axial induction control of a single 
upwind/downwind pair of turbine rows, according to the 

distributed-thrust boundary layer model of flow through a 
wind power plant. 
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IV. CONCLUSIONS

An engineering method has been developed for 
predicting the influence of control actions on the flow 
through a wind power plant. The physics are 
simplified, not by superposing axisymmetric wakes 
as in Jensen-type methods [15], but by representing 

the turbines as a distributed drag on the atmospheric 
boundary layer. This perspective –  this way of 
representing the physics – gives windspeed and 
turbulence profiles which capture some of the 
important trends seen in experiments and high-
fidelity CFD analyses. The resolution of the 
simplified boundary-layermethod 

Table II: A comparison of default (at left) and optimal (at right, to the nearest 0.2 deg) pitch settings in a large turbine array, with 
the objective of maximizing production. The array is 11 turbines deep, and infinitely wide. The terrain is flat, the ambient hub-

height windspeed is 10 m/s, and turbine spacing is a uniform 8D. Pitch angles are given in degrees, hub-height windspeed in m/s, 
and power in MW per column of turbines. 

is coarse, not accounting for the precise placement of 
turbines relative to the wind; rather, it gives results 
which are valid for winds averaged over a sector of 
some degrees. This is not as severe assumption as it 
may seem, since the wind direction in a large wind 
power plant is, in reality, not a perfectly consistent 
and definable quantity. 
Approximating the influence from one turbine to the 
next by constant coefficients, whose values are a 
function of the particular turbine operation, spacing, 
and mean flow conditions, a linear approximation to 
the boundary-layer analysis is obtained. Dynamic 
flow is added to the linear steady-state analysis by, 
first, using an effective value of thrust, based on 
dynamic induced velocity in the rotor wake; and 
second, considering the convection delay from one 
turbine to the next. 
The present engineering method is intended for 
preliminary design and tuning of wind power plant 
controllers, as well as for generating hypotheses 
which may be tested by experiments and more refined 
analyses. 
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Abstract -  
Ammoniahasbeenusedinrefrigerationinstallationsforyears.Itisanaturalrefrigerantandisreplacingother 
syntheticfluidsasithaszeroozonedepletionpotentialandnoglobalwarmingpotential;however,anammonia 
leakinarefrigerationplantcancausedamagetotheenvironmentandhumanhealthaswell.Hereweevaluatethe quantitative risk 
analysis of using ammonia in real industrial refrigeration in Rio de Janeiro. This work’s 
methodologyusedPHASTtoachievetheassessmentmodelofsevenscenariosofammonialeakage,whichallowed 
theunderstandingofquantitativeriskforammonialeakage.Foreachscenario,threeammoniaconcentrations 
weresimulated,andthegasdispersiondistancesandtheirzoneofinfluencewereanalyzed.Resultsindicatedthe 
worstscenarioreached2677mand665mandallaccidentscenariosshowedthatindividualandsocietalriskwere 
abovethelimitallowedbytheRiodeJaneiroenvironmentalagency.Toreachthelimitstolerablebytheagency, 
twomitigationmeasureswereproposed,guaranteeingareductioninammoniadispersionbetween41and48% and 100% for each 
measure. Although the use of environmentally friendly refrigeration fluid is desired, the 
assessmentneedstoconsiderindividualandsocietalriskstoensurethatitwillnotaffectthefacility. 

Keywords - Quantitative risk analysis Environmental risk Individual risk Societal risk FN Curves PHAST Industrial 
refrigeration 

I. INTRODUCTION

Ammoniaisachemicalsubstanceusedinseveralchemical
industry 
segments,suchasthefertilizer,pharmaceutical,textile,an
dindustrial 
refrigerationindustries.Ontheonehand,asarefrigerant,it
hasseveral characteristics that make it extremely 
attractive. For example, it has 
betterheattransferproperties,thevolumetricrefrigeratin
geffectis 
higherthanotherfluidswithsimilarvaporpressure,andha
snoozone 
depletionpotential(ODP)andextremelylowerGW.Onth
eotherhand,it 
istoxicandcombustible[1].Besides,becauseitisanatural
andenvi- 
ronmentallyfriendlyrefrigerant,ammoniahasbeenusedt
osubstitute 
halogenatedhydrocarbonsrefrigerantssuchasCFC,HCF
C,andHFC.The 
firstonehadbeenbannedunderMontrealprotocol(1987),
andtheother 
twohavebeenphasedoutasstipulatedbytheKyotoProtoc
ol(1997).For 
thosereasons,researchershavebeenstudyingalternativer
efrigerants[2] 
andammoniahaswidespreaduseasarefrigerantfluidinm
ediumand 
largefood,beverage,andpreservationindustry[3].Dueto
itssmall 
molecularstructureandmolecularstrengthbetweenmole
cules,itcan 

easilyspreadwhenreleasedintotheenvironment[4].Thel
eakageand 
dispersionofammoniacancausethesurroundingpopulati
on’spoisoning and result in severe environmental 
pollution [5]. Despite being an 
environmentallyfriendlyrefrigerant,itcancausemassive
damageto the
environmentandhumanhealthifanaccidentalreleaseocc
urs.Thus,itis 
essentialtodevelopaquantitativeriskassessment(QRA)
oftheriskof ammonia leakage in 
refrigerationinstallations. 
Thereleaseanddispersionofammoniahavebeenstudiedf
requently. 
Itmainlyfocusesonthetoxicgasleakageanddispersionm
odel,espe- 
ciallysinceitisoneofthereplacementrefrigerantsforthec
urrent halogenated hydrocarbons fluids used, HCFC 
and HFC [6,7]. According
toPandyaetal.[7],thedispersionmodelscanbeclassifiedi
ntothreemaincategories,rangingfromlesstomorecompl
ex:Gaussianmodels, integral-type models, and 3D or 
computational fluid dynamics(CFD)
models.Thefirstoneisbasedonthediffusionequationand
observations 
inexperimentalstudies.Thesecondoneisasimplification
ofthecon- servation equations for mass, momentum 
and energy. ALOHA(Areal Locations of Hazardous 
Atmosphere), DEGADIS (DEnse GAs DISpersion), 
HEGADAS,andPHAST(ProcessHazardAnalysisSoft
wareTool)arethe mostpopulardispersionintegral-
typemodelsandwidelyusedinsafety engineering 
applications, which provide relatively easy and fast 
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disper- 
sionestimations.Thelastonehasbeendevelopedforyears
andallows the users to have a three-dimension 
analysis. Some standard CFD codes are CFX, 
FLACS, FDS, and FLUENT[7]. 
Amongallthemodelspresented,ALOHA,PHASTandC
FDcodesare 
themostcommonlyusedtostudythegasdispersion.Orozc
oetal.[8] 
usedALOHAtoquantifytheeffectsofammoniareleasean
dtheresults 
showedtheworstscenariowasthetoxicvaporcloud.Forin
stance,Zhang 
etal.[9]combinescenariosetandcomputationalfluiddyn
amics(CFD) 
toevaluatingtheindividualriskduetotheammoniarelease
.Rajeevetal. 
[10] evaluated and mapped the population
vulnerability using the ALOHA software package and
geographical information system (GIS).
PHASTisasoftwarethatgathersasetofcomprehensivem
odelsand
allowsthestudyofanaccidentsequence.Itanalyzesfromt
hereleaseof chemical material to the explosion and/or
the toxic dispersion.Although 
itdoesnotrequirelargeamountsofinputdataandcalculati
ontimeisnot time-
consuming,itstillgeneratestherequireddataandinformat
ionfor
evaluatingtheriskandsafety[11].PHASTsoftwareisamo
ngthemost
popularandwidelyusedinsafetyengineeringapplication
s.Besides,itis one of the most comprehensive
computer programs for modeling acci- dental
releases, used by companies and the competent
authorities [7]. Many researchers have been using it
to predict the gas dispersion of
hazardousmaterial.Forinstance,Zhangetal.[12]usedPH
ASTtostudy
thedispersionandtoxiceffectofliquefiedammoniainthec
aseofan
instantaneousrelease.Quetal.[13]alsoadoptedPHASTt
oanalyzethe liquefied ammonia leakage accidents
quantitatively. However, in both
works,itwasevaluatedonlyonescenarioofleakageinatan
kfilledwith ammonia. 
Inordertoachieveaquantitativeriskanalysis,manyresear
chersand
engineershavebeenadoptingtheQRAmethod.Itisacom
montoolused forplanningandapprovalofhigh-
riskprocessfacilitiesglobally.The
QRAresultsareanalyzedusingindividualriskcontoursan
dsocietalrisk contourorF–
Ncurve[14].AvasthyandSiddiqui[15]estimatedtherisk
offatalityduetoanoperationalammonialoadingfacilitys
urroundedby
aresidentialpopulation.Althoughthisstudyconsidersthe
riskcontours,
itonlyconsidersthreescenarioswithoneammoniaconcen
trationfor

eachone.Zolt´anetal.[16]discussedthepotentialthreatsp
osedby 
ammoniaincoldstoragefacilitiesanddescribedanexamp
leofapo- tential event involving ammonia dispersion 
and depicts it on a map 
togetherwiththesolution.Nevertheless,thisworkdidnote
valuatethe risk contourseffectively.
Thisarticleaimstofeatureaquantitativeriskanalysis(QR
A)method in industrial facilities with toxic gas
release hazards that combine the scenarios and
PHAST software. Based on the subject matter experts
(SME’s)opinions,sevenpotentialequipmentfailures,an
dtoxicgas
releasescenariosareconstructed.Theindividualandsoci
etalriskofeach
releasescenarioareestimated.Furthermore,threeammon
iaconcentra- 
tionlevelsaresimulated,andthedispersionfeaturesandi
mpacteddis- 
tanceofammoniaarepredicted.Theseoutcomesarecomp
aredwiththe tolerablelimitsfromtheregulatoragency–
environmentstateinstitute (INEA)–
inRiodeJaneiro.Besides,weproposemitigationmeasure
sto reduce the distance of ammonia dispersion and
reduce individual and
societalrisk.Inthisstudy,arealcaseofacoldstorageunitco
ntaining
ammoniaasrefrigerantfluidisprovidedtoillustratethism
ethod.Afood
factoryindustrylocatedinanindustrialareaatCampos,Ri
odeJaneiro,
Brazil,isselectedasanempiricalfieldofapplication.
Thisarticleaimstofillthegapsfoundinotherarticlesandpr
ovide a
completeanalysisofarealindustrialfacility,whichusesa
mmoniaasa
refrigerant.Thisarticle’snoveltyisthequantitativeanalys
isofammonia throughout the refrigeration process,
which takes into account different
incidentscenariosandthreelevelsofammoniaconcentrat
ion.

II. THEORETICAL FOUNDATION

Ammoniaisachemicalmaterialcomposedofonenitrogen
atomand 
threehydrogenatoms,representedbythechemicalformul
aNH3.Ac- 
cordingtoReyes[17],ammoniahaschemicaladvantagesf
oritsusein 
refrigerationinstallationsduetoitslightmolecularweight
(17.03g),low 
boilingpoint(28○F),andhighlatentheatofvaporization(
1371.2J). 
Anotheradvantageisthatmanyresearchershavestudieda
mmoniasince 
the19thcentury,whichprovidesavastdomainoveritspro
pertiesand managementexperiences. 
According to the document provided by the INEA 
[18],ammonia 
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qualifiesinalmostallconceptsofagoodrefrigerantgasdes
piteits 
toxicity.Themainconceptsthatmakeagasagoodrefriger
antareshown in Table1.
Tofacilitatethetransportandstorageofammonia,itispres
surizedto 
achievethestateofliquefiedammonia.Whenaleakageoc
curs,theliq- 
uefiedammoniaisquicklyvaporized.Ammoniainitsgase
ousstateisnot 
flammable,butifitisinlargequantitiesandthepresenceof
anintense 
energysource,itcanbeignitedandcauseanexplosion.Ho
wever,therisk 
offlammabilityofammoniamanifestsitselfonlyinextre
mefirecondi- 
tionsandinconfinedplaces.Additionally,ifincontactwit
hwater,an 
exothermicreactionisproduced,producingheatthat,inco
ntactwith 
othergases,cancausefireorexplosion.Ithastoxiccharact
eristicscon- 
cerninghumanhealthifinhaled,causingburnsandseverei
njuriestothe skin and eyes. Therefore, an ammonia 
leakage can have serious conse- 
quencesdependingontheconcentrationreleasedandthee
xtentofthe vaporcloud. 
Althoughammoniaisnotconsideredaflammablesubstan
ce,con- 
centrationsinavolumeofaround15%and28%canformaf
lammable 
mixturecapableofignitingorexploding[7].Ammoniava
porisdifficult 
tobeignitedintheairatmospherebecauseofitshighMinim
umIgnition Energy (MIE 680 mJ) [4]. However, the 
presence of oils or other combustible materials 
increases the risk of fires and explosions. 
Furthermore,ammoniaistoxic,combustible,possessesa
pungentodor 
andaggressivenesstocopperalloy[1].However,compare
dtoother refrigerants, ammonia presents no damage to 
the ozone layer anddoes not intensify the 
greenhouseeffect. 
Regardingthetoxicity,theregulatoryagencyarguesthata
mmoniaisabasewithmanyaffinitiesforwater,whichcanc
auseirritatingeffectsonthe eyes, skin, respiratory tract, 
and mucousmembranes of 
thenasalpassagesandlungs.Nevertheless,ammoniahasa
powerfulcharacteristicodor, making it easy to 
recognize when breathed 
byhumans.Smallconcentrationsstartingat10ppm,amm
oniaisalreadynoticeable.Intherangesbetween150and40
0ppm,italreadycausesirritationanddiscomfortinthenas
almucousmembranes,anditisverytoxicincon-
centrationsabove1500ppmandcandestroytissuesofthen
asalcavities. 
Thebiggestconcernofcompaniesthatuseammoniaasaref
rigerantshouldberelatedtoleaksthattriggertheformation
oftoxicclouds,andthatcancauseexplosions.Accordingt
oINEA,themostcommoncausesofaccidentsarefailuresi

nthedesignofthecoolingsystemanddamagetotheequip
mentcausedbyheat,corrosion,andvibration,aswellasdu
eto 

Table 1 
Maincharacteristicstobearefrigerant. 

Table 2 Main causes of ammonia leakage 

impropermaintenanceorlackofmaintenanceofitscompo
nents,suchas relief valve pressure, compressors, 
condensers, pressure vessels, purging equipment, 
evaporators, pipes, pumps and instruments in general. 
INEA 
listssomeofthecausesthatusuallygenerateammonialeak
s,asshownin Table2.
AmmoniahasanODPandGWPcorrespondingtozero,wh
ichmeans 
nodamagetotheozonelayerorcontributiontoglobalwar
ming. 
Therefore,ammoniaisanidealgastobeusedinrefrigeratio
nsystems 
consideringonlytheenvironmentalriskrequirements. 

III. METHODOLOGY

The work methodology adopted in this study is 
composed of four
phases,asindicatedinFig.1.Asaninitialstep,therefrigera
tionplant’s 
installationandprocessneedtobespecifiedbyanalyzingit
sconstructive and operational aspects. Besides, the 
vicinity description is also essential 
toidentifyanyaspectthatmayinterfereinanyaccidentalsc
enario. 
The second step herein is the identification and 
description ofthe
accidentalscenariosofammonialeakage.Aftercompleti
ngthehazards 
identificationstep,inthethirdstep,acriterionmustbeesta
blishedfor 
selectingaccidentalhypothesesthatwillbestudiedindetai
linthenext 
stepsoftheAQR.Thecriterionmustbeestablished,consid
eringthe 
severityofthedamageresultingfromtheidentifiedfailure
.Theselected 
accidentalhypotheseswillbestudiedintermsoftheircons
equences,that 
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is,theirimpactsanddamagescausedduetoapossiblemate
rializationof 
theaccidentalscenarios.ThispartisperformedbyusingPr
obitfunction 
thatitdefinestheammoniaconcentrationthatwillreachth
eprobabili- 
tiesof1%and50%ofdeaths.Then,duetothecomplexityof
thecal- culations involved, PHAST’s computational 
models are run in order 
toestimatetheconsequencesofaccidentalscenarios.Inthi
spart,itispossibletoobservetheeffectsandthevulnerabili
tyoftheregionwhenit 
isexposedtoatoxiccloud.Theestimationofthefrequencie
softhe accidental scenarios requires the use of 
frequency calculation methods and models. This 
study is based on the use of the event tree and 
componentfailureratesinaccidentalscenarios. 
Thelaststepconsistsofcalculatingandcomparingtherisk
withthe previously established criterion. The risk 
assessment results are
expressedintermsofindividualrisk(IR)andsocietalrisk(
SR),whichare 
comparedwiththelimitrequiredbytheRiodeJaneiroenvi
ronmental 
agency,INEA.Itsguidanceforriskanalysis[19]establish
esamethodto 
developariskanalysisstudy.Thedevelopmentofaquantit
ativerisk 
assessmentintermsofIRandSRisbasedontherelationbet
weenthe 
inventoryoftoxicmaterialandthedistancetoaresidential
area.The final project must exhibit lower IR and SR; 
if either fails, mitigation measures must be 
proposed[14]. 
Inthiswork,weanalyzedsevenpossiblescenariosofamm
onia 
leakageinarefrigerationinstallationinRiodeJaneiroande
valuatedthe extent of dispersion of the generated 
ammonia plume, the societal and 
individualrisk.WeusedPHASTRisksoftware(version7.
01)toassess
thesescenarios’effectsandevaluatetheregion’svulnerab
ilityaround the refrigerationinstallation.

3.1. Estimation of consequences 
Estimationofconsequencesconsiderstheimpactanalysis
,whichis 
appliedtoestimatethepotentialfordamageorinjuryfroms
pecificac- 
cidents.Itallowscalculatinghumanexposuretoacloudoft
oxicgas. 
Then,outcomescanbecomparedwithguidelinesorstand
ardstoesti- 
matetheprobabilityofharmtoanexposedindividualorpo
pulation.The 
probabilityoffatalityiscalculatedusingtheappropriatepr
obitfunction 
toestimatetheprobabilityofdamageforeachexposuretyp
e.Probit functions (Equation (1)) exist for almost any
hazardous chemical but are typically available for

thermal radiation, toxic gas
release,andblastoverpressureeffects.Itestimatestheperc
entageof injured persons living in the impacted areas 
[8]. In this study, the probability of fatality is 
calculated using the appropriate Probit 
function,described as[20]: (1) 
WhereYisthevaluecorrespondingtotheprobabilityofde
ath;Cisthe 
concentrationofthetoxicmaterial(ppm);tisthetimeofex
posure 

Fig. 1. Work methodology. 

(minutes);andn,K1,K2areconstants,whichareexclusive
anddepend onthetypeofchemicalsubstanceevaluated. 
Inthisstudy,theequationfindstheconcentrationofammo
niathat 
willreachthepointswithaprobabilityof1%and50%ofdea
thsaround the refrigerationplant. 

3.2. Estimation of frequencies 
Frequencyestimationofaccidentalscenarioscanbeobtai
nedeither 
fromhistoricalrecordsmadeavailablebySME’sorfroma
nalyzesof 
previousaccidents.Thisdirecttechniqueprovidestheinci
dentfrequencyforthemaineventwithouttheneedfordetai
ledfrequencymodeling. 
However,mostaccidentsanalyzedinanAQRaresorareth
atitis 
necessarytousefrequencycalculationmethodsandmode
ls. 
Eventtreesaretypicallyusedinriskassessmentstudiestoq
uantify 
thefrequencyofdifferentpossiblescenarios.Itconsistsof
atechniqueto 
analyzetheconsequencesofanunwantedeventbydescrib
ingthetem- poral sequence of the facts. To determine 
the frequency estimation ofa 
finalevent’soccurrence,itisnecessarytoperformtheprod
uctofallthe probabilities of the branches previously 
covered. Therefore, a simple event tree of the 
refrigeration plant was developed to calculate the fre- 
quencyofaccidentalscenariosrelatedtotheammoniarele
ase.Thiswork 
usedtheequipmentfailureratestocalculatethefrequency
ofinitiating events, as shown in Table3. 

3.3. Estimation of individual and societalrisk 
Individualrisk(IR)isdefinedastheprobabilityofdeathper
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yearifanindividualisexposedtoahazardinthevicinityofa
ninstallation[10,22].IRisausefulcriteriontounderstanda
ndmanagetheriskforaspecificperson or group of 
people according to the geographic  
locationofthesourceofthetoxicsubstancereleasedandth
epeoplearoundthefacility.Thetotalindividualriskatage
ographiclocationclosetoanindustrialplantwithcoordina
tesx,yassumesthatisequaltothesumoftheindi- 
vidualrisksatthatpoint.Then,thisinformationisusedtoge
neratein-
dividualriskcontours.AccordingtoCCPS[23],thetotalin
dividual risk can be calculated by Equation (2) and 
Equation (3): 

(2) 
Where,fiisthefrequencyofeachincidentandpf;iisthepro
babilityofthe incident that will result infatality. 
Societalriskconsiderstheindividualrisktoestimatethepo
pulation 
densityaroundthesourceofthereleasedhazardousmateri
al.Itssignif- icance is in describing the severity of the 
accident, showing therela- 
tionshipbetweentheaccumulatedprobabilityandtheexp
ectednumber 
ofdeaths,thenumberofpeopleaffectedforeachoftheriska
reas.The societalriskisusuallyrepresentedbyF–
Ncurves,whichisatypeofrisk 
indicatorthatplotsthevariablesF(annualfrequencyofacc
idents 
involvingnandmorefatalities)andN(thenumberoffatalit
ies)inatwo- 

Table 3 
Equipment failure rate [21]. 

dimensionalcoordinatesystemtoexpresstherelationship
betweenthem. Usually,riskcurvesareshowninalog-
logplotwiththeannualfrequency 
ontheordinateaxisandthenumberoffatalitiesontheabsci
ssaaxis[24, 
25].Toassesstheseverityoffatalaccidentsinammonialea
kage,the mostcommonlyusedmethodistoplottheF–
Ncurve,showingthe 
relationbetweentheaccumulatedprobabilityandthenum
berofdeaths, which can be provided as follows[26]: 

Where,fNðxÞistheprobabilitydensityfunctionoftheann
ualfatalities; FN x represents the cumulative 
probability distribution function ofthe 
annualfatalities,representingtheprobabilityoflessorequ
altoxfatal- itiesperyear.Inreal-
worldpractice,theprobabilityofaccidentsisusu- 
allyreplacedbythefrequency,andtheaccidentsaregroup
edaccording to the number ofdeaths. 

IV. CASE STUDY
Thiswork’scasestudyisarefrigerationinstallationlocate
dinRiode
Janeiro,whoserefrigerantusedisammonia.Theinstallati
onislocated
500mwestofapopulatedareawithapopulationuniformly
distributed over 452 occupations, including
residential occupations and small com- mercial
establishments. Therefore, this work aims to assess
individual
andsocietalrisksgivensevenscenariosofliquefiedammo
nialeakage.To
estimatethenumberofpeoplepresentinthevicinityofthef
acility,this
workconsideredthepresenceof3.24inhabitantsperresid
enceinthe studied region.

4.1. System description 

Fig.2showstheprocessdiagramoftherefrigerationinstall
ation 
usingammoniaastherefrigerantfluid.Themainreservoir
(V-01)hasa 
storagecapacityof7700LofNH3.TheflowofNH3intheli
quidphase 
leavesthemainreservoirandthenfeedstheseparatorvesse
latatem- peratureof—10○C(V-02) 
andtheintermediatecooler,whichwillsupply 
theseparatorvesselatatemperatureof—35○C(V-
03).Fromthesepa- 
rator vessels, the liquefied ammonia is pumped into 
the rooms of refrigeratedproductsat—
10○Candfrozenproductsat—35○C.Afterthe 
heatexchangebetweentheammoniaandtherooms,NH3r
eturnstothe 
separatorvessels.Fromtheseparatorvessels,NH3isaspir
atedintothe 
compressorsystem,consistingoftwocompressorsforthe
systemwitha temperatureof—
10○Candtwoforthesystemwithatemperatureof—35 
○ 
C.Then,NH3leavesthecompressorsandissenttothecond
ensation system composed of one condenser. Finally, 
NH3 leaves the condenser,
goestothecoolingtower,andthenreturnstothemainreser
voir. 

4.1.1. Accidental scenarios and weatherconditions 
Asstatedpreviously,sevenaccidentalscenariosweredefi
nedbased 
ontheopinionsofSME’s.SME’sismadeupofrefrigeratio



Quantitative Risk Analysis Applied to Refrigeration’s Industry using Computational Modeling  

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 323 

nplantworkers 
withexperienceintherefrigerationsystem.Table4shows
theaccidental 
scenariostakingintoaccountthedifferentfailuremodesin
thecooling 
system.Intypicalcases,accidentalreleaseofammoniaisu
suallydueto 
releasesinvessels,suchascontinuousleakageorcatastrop
hicruptures 
[22,27]orduetobrokenpipeorequipment,andsoon[28].It
isassumed 
thatammoniaescapesintotheatmosphereindifferentsitu
ationsinall 
scenarios,i.e.,ammonialeaksduetoruptureofthevesselor
hole- 
s/ruptureinthepipeorequipment.Furthermore,whenana
ccidentoc- 
curs,itisassumedthat100%oftheamountofammoniainth
epipesor vessels is released into theatmosphere. 
TorunthePHASTsoftware,eachleakscenariocanbedefi
nedbythe 
amountofhazardoussubstance,storagepressure,holedia
meter,the 
heightoftheleak,andweatherconditions.Therefore,alar
genumberof 
releasescenarioscanbegeneratedbyvaryingtheseparam
eters[29]. 

Fig. 2. Process flow diagram of the installation. 

Table 4 Accidental scenarios considering different modes of 
failure in the refrigeration plant. 

Table5presentsthesevenpotentialaccidentscenarioswit
hammonia leakage. In each scenario, the conditions 
are specified, which was later 
insertedintoPHASTtoperformthemodeling.Thecalcula
tionofthe 
massofammoniareleasedtookintoaccountsomefactors,
suchasthe 
volumewithintheline(scenario1),thetotalvolumeofthe
mainreser- voirV-01(scenario2–

5)orthevolumeoftheseparatorvesselV-02and V-03
(scenario6–7).
Then,aspreviouslyindicatedintheflowchart(Fig.2),thei
ndividual
risk(IR)aroundtheinstallationneedstobeestimatedafters
electingthescenarios. PHAST software was used to
calculate the population’s vulnerability levels if one
of the seven release scenarios occurred.
Themeteorologicalinputforthemodelingwasmadeusing
theaverage of climatological data gathered from
Campos
meteorologicalstationandisdepictedinTable6.Dispersi
oncalculationsareexecutedassumingastabilityclassD.T
hestabilityclassesarebasedonPasquill’s
sixstabilityclasses,classesAtoF,todepictdifferentatmos
pherictur- 
bulencelevels[30].Inthisstudy,classDcharacterizesaco
nditionof
neutralstability,whichmeansthatthewindturbulencema
ycause

Table 5 
Parameters to define the mass of ammonia released from each 

accident scenario 

Table 6 Weather conditions. 

dispersionoftoxicgasoveragreaterdistancefromtherelea
sesource. 

4.1.2. Ammoniaconcentrations 
Thisworktakesintoaccountthreeammoniaconcentratio
nlevels. The first level corresponds to the 
concentration Immediately Dangerous 
toLifeorHealth(IDLH)that,accordingtotheNationalInst
itutefor Occupational SafetyandHealth 
(NIOSH),is300ppm.Theothertwo 
levelsconsidertheprobabilitiesofdeathof1%and50%oft
hepopula- 
tionaroundtheinstallationfor30minofexposure.Table7s
howsthe 
ammoniaconcentrationlevelsforIDLHandthedeathpro
babilitiesof1% 
and50%.Weevaluatedascenarioofatoxiccloudformatio
nafterthe 

Table 7 Ammonia concentration levels. 
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Fig. 3. Ammonia leakage event tree. 

Table 8 Ammonia release frequency estimation. 

ammonia leakage inside the plant for each level. The 
physicaleffect 
developedisthetoxicconcentrationofthiscloudthatcanle
adtodeathif the population is exposed for a longtime. 
4.1.3. Ammonia dispersionfrequencies 
Thefrequencyofoccurrenceofaccidentalscenarioswase
stimatedby 
applyingtheeventtreetechnique(Fig.3).Theestimationis
madefrom 
thecompositionofthefrequencyofoccurrenceoftheinitia
tingevents 
andthedifferentpossibilitiesfortheevolutionofaccidents
.Thefre- 
quencyestimationtakesintoaccounttheequipmentfailur
erateandthe 
winddirectiontowardstheresidentialarea.Table8showst
hefrequency estimation of accidentalscenarios. 

V. RESULTS AND DISCUSSION

5.1. The distance achieved of the ammoniacloud 
Basedonthedatapresentedabove,accidentalscenariosw
erechar- 
acterizedbymodelingandcalculatingthescopeofthehar
mfulphysical 
effectsofatoxicammoniacloud.Table9showsthedistanc
esreachedby the ammonia concentrations specified 
for the accidental scenarios postulated. 
Fromtheanalysisoftheresults,itcanbeseenthatthegreate
rrangeoflethalconcentrationsisrelatedtotheoccurrence
ofammoniareleaseinthe section between the separator 
vessel containing 
liquidammoniaat10○Candthecoldroomsduetoaholeora
linebreak,scenario6.Inthiscase, the level of ammonia 
concentration corresponding
tothe1%probabilityoffatalityoftheexposedpopulationr

eaches665m,and50% of fatality reaches a distance of 
428 m.
Itappearsthattherearesensitiveoccupationswithinthera
ysofthe 
cloudforthedifferentlevelsofammoniaconcentration. 

5.2. Individual and societalrisk 

Table 9 
Distances reached by three ammonia concentrations 

Table 10 
Distances corresponding to the individual risk 

As previously stated, the individual risk (IR) reflects 
the annual 

probabilityofanindividualdeathlocatedintheinfluencea
reaofthe accidental scenarios’ effects postulated. The 
calculation of each acci- 
dentalscenario’scontributiontothetotalindividualriskre
latedtothe release of ammonia was made based on the 
results obtainedpreviously
foritsfrequencyofoccurrenceandthereachofthelevelsof
physical effects corresponding to the different 
probabilities of people death exposed. 
Table 10 presents the calculated distances that 
correspond to the in-
dividualrisklevelswithoneorderofmagnitudevariation.
Theindividual 
riskprofileachievedisshowninFig.4.Therefrigerationin
stallation’s respectiveiso-
riskcontoursareillustrated,wheretheprojectionofthe 
iso-
riskcontourswaselaboratedfromthemachineroomsincet
hisareais 
associatedwiththemostcriticalaccidentalscenarios. 
Theobservationoftheiso-
riskcontoursindicatesthattheindividual 
risklevelof1.00E06/year,consideredbyINEAasthetoler
ablelimit 
fornewinstallations,reachessensitiveresidentialoccupa
tionsaround theinstallation. 
Aspreviouslyindicated,thecalculationofsocietalriskis
madefrom 
thefrequencyofeachaccidentalscenarioandtheestimate
ofthenumber 
ofdeathsamongtheexposedpopulation.Theresultsarepr
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esentedinan F–
Ncurve,whichprovidesthecumulativefrequencyofacci
dentswithN 
ormorefatalities.Theestimateofthenumberofdeathsam
ongthe 
populationexposedtothesescenarios’effectswasbasedo
ntheestimateofthenumberofpeoplepresentintheinstalla
tionsurroundings. 

Fig. 4. Individual risk profile achieved. 

Fig. 5. F–N curve plotted for the model selected. 

Theestimatednumberofdeathswasobtainedbyconsideri
ngthe following probabilities: 
75%probabilityofdeathforpeoplelocatedintheareacorre
sponding 
totheperimeterofthecircle,foreachdirectionconsidered,
delimited 
bythescopeoftheconcentrationregardingtheprobability
ofdeathof 50% of the exposed population; 
25%probabilityofdeathforpeoplelocatedintheareacorre
sponding to the circle perimeter, relative to each 
direction considered, 
delimitedbytherangeofconcentrationsreferringtothepr
obabilities 
ofdeathof50%and1%oftheexposedpopulation. 

Fig.5showstherespectiveF–
Ncurve.Thehorizontalaxisshowsthe 
numberofdeathsandtheverticalaxisshowstheprobabilit
yperyearfor 

Fig. 6. Iso-risk curve concerning to distance of 644 m 

anaccidentduetotheammoniareleasethatwouldcausem
orethanthe 
numberofvictims.Thegraph’sobservationshowsthatthe
curverepre- 
sentingthesocietalriskislocatedabovetheacceptabilityli
mitfornew 
installations,accordingtothecriterionadoptedbyINEA. 

5.3. Risk tolerability 
Thecalculationoftheindividualriskindicatedthattheleve
lof1.00 
E06/year,consideredbyINEAasthelimitofacceptability
fornew installations, reaches areas with the presence 
of sensitive residential occupations. The calculation 
of societal risk indicated that the accept- 
abilitylimitconsideredbyINEAfornewinstallationsisex
ceeded.Fig.6illustrates the 1.00 E 06/year radius 
plotted in Google Earth for the 
refrigerationplant.Therefore,duetoindividualandsociet
alrisks,itwill be necessary to reassess the risks after 
the implementation of preventive and 
mitigatingmeasures. 

5.4. Mitigating measures 
Afterinvestigatingthedistancesreachedbythetoxicamm
oniacloud, two mitigating measures were proposed to 
reduce the extent of the 
cloud’sradiusofinfluenceoverthehabitablepartnearthei
nstallation 
boundary.Thefirstmitigationmeasure(MM1)represents
theimple- 
mentationofleakcontainmentvalves.Table11showsthes
evenpossible scenarios of ammonia release accidents 
with the implementation of the 
MM1measure.Fortheelaborationofthesescenarios,som
efactorswere 
considered,suchasthereleasepressure,theamountoftotal
ammonia and ammoniareleased.
Thepressureofreleaseofthetoxicammoniacloudtookint
oaccount 
theshutdownofpumpsandcompressors,reachingavalue
of1kgf/cm2.  
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Thetotalammoniaamountwasconsideredthetotalmasso
fammoniain 
therefrigerationsystem,whichcorrespondsto3700kg.To
calculatethe 
ammoniareleasedineachscenario,thevolumequantityw
ascalculated 
accordingtothespecificationsofthepipelineandthevesse
ls’size. 
Afterdescribingthenewscenarioswiththeimplementatio
nofMM1, 
thenewtoxicammoniacloudsweremodeled,andthedista
ncereached 
byeachofthescenarioswasobtained,ascanbeseeninTabl
e12.From 
theanalysisoftheresults,itcanbeseenthatthegreaterrang
eoflethal 
concentrationsafterMM1isrelatedtotheoccurrenceofN
H3(l)release 
inthesectionbetweentheseparatorvesselat10○Candthec
oldrooms 
duetoaholeorlinebreak.Inthiscase,theammoniaconcent
rationlevel 
correspondingtothe1%probabilityoffatalityoftheexpos

edpopulation 
reachesadistanceof395m,andthe50%fatalityreachesadi
stanceof 255 m. The presence of sensitive 
occupations is verified withinthe 
ammoniaconcentrationlevels’reachaftertheimplantatio
nofMM1. 
The second mitigation measure 2 (MM2) consists of 
enclosing the
installationusingagasabatementsystem.Aftertheimple
mentationof 
MM2,theaccidentalscenarioswereremodeled.Somepre
miseswere 
consideredfortheapplicationofMM2,suchassheddimen
sionsof9000 
m3,exhaustrateof3000m3/h,exhaustfandiameterof120
0,exhaustion 
oftheabsorptiontowerfortheabatementsystem,andthere
leaseofthe 
ammoniawillonlyoccuriftheabatementsystemfails.Asi
napplyingthe 
firstmitigatingmeasure,Table13presentsthepropertiesc
onsideredfor 

Table 11 
Parameters to define the mass of ammonia released from each accident scenario applying MM1 

Table 12 
Distances reached by three ammonia concentrations applying 

MM1. 

Table 13 
Parameters to define the mass of ammonia released from each 

accident scenario applying MM2. 

modeling in PHAST using MM2. 
Table14showsthedistancesreachedbythetoxicammoni
acloudfor 
theaccidentalscenariospostulatedconsideringtheabate
mentsystem’s 
failure.Fromtheanalysisoftheresultsofthedistancesreac
hedwiththe 

implementationofMM2,itwasfoundthatthegreatestreac
hofthelevel 
ofammoniaconcentrationcorrespondingtothe1%proba
bilityoffatality 
oftheexposedpopulation(B)reachesthedistanceof48ma
nd50% 
fatality(C)reachesadistanceof28m.Withthis,itappearst
hatthereis 
nopresenceofsensitiveoccupationswithintheraysofreac
hofthelevels of ammoniaconcentration. 
5.5. Reassessment of individual and societal risk with 
MM1 and MM2 measures 
AfterimplementingthemitigatingmeasuresMM1andM
M2,thein- dividual and societal risks were reassessed 
considering the imple- mentation of these measures in 
the refrigeration system. Table 
15presentsthedistancescorrespondingtotheindividualri
sklevelswithan 
orderofmagnitudevariationandtheirpercentagesrelated
totheamount 
ofriskmitigatedbyMM1.Itcanbeseenthattheindividualr
iskprofile 
showninFig.7isinacertainpartabovetheleveloftoleranc
eadoptedby 
theenvironmentalagencyinRiodeJaneiro.Theobservati
onoftheiso- 
riskcontoursindicatesthattheindividualrisklevelof1.00



Quantitative Risk Analysis Applied to Refrigeration’s Industry using Computational Modeling  

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 327 

E06/year, 
consideredbyINEAasalimitofacceptabilityfornewinsta
llations, 
reachessensitiveoccupationsaroundtheinstallation. 
A new model for societal risk was made according to 
theaccidental 
scenarios’frequenciesimplementingtheMM1measure.
Thenumberof 
deathsestimationwasmadefromthenumberofpeoplepre
sentinthe 
rangeofaccidentalscenarios,consideringtheprobabilitie
sof25%and 75%.Fig.8showstherespectiveF–
Ngraphswiththeimplementationof MM1. The graph’s 
observation shows that the curve representing the 
societalriskislocatedbelowtheacceptabilitylimitfornew
installations, 
accordingtothecriterionadoptedbyINEA.Thecalculatio
nofsocietal 
riskafterMM1indicatedthattheacceptabilitylimitconsid
eredbyINEA for new installations is notexceeded. 
AftertheimplementationofMM2,theindividualriskswer
ereas- 
sessedandareshowninTable16,whichpresentsthedistan
cescorre- sponding to the individual risk levels with 
an order of magnitude
variation.Fig.9presentstheindividualriskprofilewithM
M2andthe 

Table 14 Distances reached by three ammonia concentrations 
applying MM2 

Table 15 
DistancescorrespondingtoindividualrisklevelsapplyingMM1an

dmitigation percentage. 

Fig. 7. Individual risk profile applying MM 1. 

tolerancecriterionadoptedbyINEA.Comparingtheindiv
idualrisk 
profile,itisobservedthatitiswellbelowtheadoptedcriteri
onof1.00 
E06;thelimitofacceptabilityfornewinstallationswasnot
reached. 
Therefore,thepercentageofmitigationforthevaluesfoun
dinthein- 
dividualrisk’sinitialprofilewas100%.Thesocietalriskaf
terMM2was 
notcalculatedduetotheabsenceofsensitiveoccupations
withinreachof toxic ammoniaclouds. 
ThisworkcarriedoutanammonialeakQRAbasedonthree
different 
concentrationsofitandtookintoaccounttheindividualan
dsocietalrisk 
asindicatorsofthelevelofriskthatthepopulationnearthea
reaofthe 

Fig.8.F–NcurvegraphapplyingMM1. 

Table 16 
DistancescorrespondingtoindividualrisklevelsapplyingMM2an

dmitigation percentage. 

Fig. 9. Individual risk profile applying MM 2. 

facility was exposed to. First, seven possible 
ammonia leak scenarios were evaluated, which 
indicated the possibility of exposing the popula- 
tiontoatoxicammoniacloudifoneoftheaccidentsoccurre
d.Although
ammoniaisanaturalrefrigerant,exposureofpeopletoam
moniaclouds in certain concentrations can have
serious health consequences. Some
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studiesusingQRAtoassesstheriskofaccidentsinvolving
ammoniacan be found in the literature. For instance, 
Avasthy and Siddiqui [15] applied QRA to identify 
the accident scenarios of an ammonia loading 
facilitysurroundedbyaresidentialpopulation,andthecon
sequencesof the predictions were compared with 
accepted internationalcriteria. 
OtherworkalsoappliedQRAtoevaluatethedispersionan
dtheeffectsof 
liquefiedammoniatankinthecaseofaninstantaneousrele
ase[12].Both 
worksdemonstratethatthisrefrigerationplantstudyisinli
newiththe 
procedurescarriedoutinotherworkswithtoxicmaterials,
suchas ammonia. The former showed the maximum 
IR to which the general 
publicisexposedwasestimatedas4.03E-
06/year,andSRfellmostly above and near the 
intolerable region. This study indicated that the 
maximumIRtowhichtheresidentialareaisexposedwases
timatedas 1.00E-
05/year,andSRfellmostlyabovetheintolerableboundary
.The 
latteronlytookintoaccountthetoxiceffectdistancesofthr
eeconcen- 
trationsofammonia.AlthoughZolt´anetal.[16]describe
danexampleof 
apotentialaccidentinvolvingammoniainacold-
storagefacility,their 
workdidnotperformacompletequantitativeriskanalysis.
Thisstudy 
presentedtheadvantageofanalyzingagreaternumberofa
ccidentsce- 
nariosandthreeammoniaconcentrationstoassesstheeffe
ctsoftoxic cloud dispersion, which demonstrated that 
the toxic ammoniacloud 
reachedtheresidentialareawithoutmitigatingmeasures. 
Inthisstudy,itwasproposedtwomitigatingmeasures,whi
chare 
basedonapreliminaryriskanalysiscarriedoutbySME’si
nrefrigeration 
plants.Botharecommonmeasuresandeasilyachievableb
yBrazilian companies that use some type of gas in 
their process. The proposed 
mitigatingmeasuresaimedtoreducetheIRandSR.IftheS
Risabovethe 
intolerableboundary,itisnecessarytoadoptmeasurestor
educetherisk. Theresponsibleenvironmentalagency-
INEAdefinesthelimitsofboth 
IRandSR.Observationoftheiso-
riskcontoursindicatesthattheindi- 
vidualrisklevelof1.00E-
06/year,consideredbyINEAasthelimitof 
acceptabilityfornewinstallations,reachestheresidential
area.Ifthereis 
anysensitiveoccupationwithinthe1.00E-06/yeariso-
riskboundary,the 
riskisconsideredunacceptablebyINEA,andmeasurestor
educetheriskaremandatory. 
Comparingthethreegraphsreferringtoindividualrisk,we

verified 
thatonlythesimulationusingMM2presentsvaluesbelow
theintolerable 
boundarystipulatedbyINEA.Theothertwosimulations
withoutany 
measurementandusingMM1presentedacceptablevalue
sonlywith distances greater than 644m and 382m, 
respectively. Therefore, the only acceptable condition 
is the case using MM2, as it presents all values 
belowthetolerancelimit.Regardingthesocietalriskindic
atedbythe F–
Ncurve,itisobservedthatonlythefirstsimulationindicate
dvalues 
abovethelimitstipulatedbyINEA.TheuseofMM1andM
M2reduced the extent of the risk, ensuring the 
absence of sensitive occupations 
withintheradiusofdistancereachedbythetoxicammonia
cloud. 

VI. CONCLUSIONS

Thisworkaimedtoevaluatetheriskofammonialeakage,u
sedasa 
refrigerantinanindustrialfacilitylocatedinRiodeJaneiro
.Theanalysis 
usedPHASTcomputationalmodeling,wheresevenamm
onialeaksce- 
narioswiththreedifferentconcentrationsweredescribedf
orthesimu- 
lation.Aftercalculatingtheriskanalysis,itwasfoundthatt
heriskof 
leakageandformationoftoxicammoniacloudamongthes
evensce- 
nariosisabovethetolerancelimitforindividualriskandso
cietalrisk stipulated by INEA. The most critical 
scenario, indicating sensitiveoc-
cupationswithintheradiusofthetoxiccloud,wastheaccid
entalsce- nario with leakage between the separator 
vessel V-02 and the
refrigeratedproductsroom.Thisscenarioreachedadistan
ceof2677m (IDLH), 665 m (1% probability death), 
and 428 m (50% probability death). The individual 
risk tolerance limit stipulated by the INEAof 1.00E-
06/yearachievedadistanceof644m,indicatingthatitreac
hed 
occupationsclosetotheinstallation.Besides,thesocietalr
iskgraphalso showedthattheF–
Ncurvewasabovetheacceptablelimit. 
Thus,twomitigatingmeasureswereproposed(MM1and
MM2)to 
reducetheriskuptothespecifiedtolerabilitylimitandwere
simulated 
againinPHAST.MM1alsoreachedtheresidentialareaclo
setothe 
installation,whichachievedthedistancesof1474m(IDL
H),395m(1% 
probabilitydeath),and255m(50%probabilitydeath).Th
eIRlimitfor 
thiscasereachedadistanceof382m,anditalsoreachedther
esidential area.Nevertheless,theSRindicatedthattheF–
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Ncurvewasbelowthe 
requiredlimit.Ontheotherhand,MM2showedamoresign 
ificantrisk reduction and did not reach the residential 
area around the installation; 
themostcriticalscenariowasthescenariowiththeleakage 
inthemain 
reservoirandindicatedthedistancesof155m(IDLH),48 
m(1%prob- 
abilitydeath)and27m(50%probabilitydeath).Besides,I 
RandSR 
indicatedvalueswaybelowthetolerancelimits.Therefor 
e,MM2metthe 
limitsofINEAandensuredthateveninpossibleammonial 
eakagesce- 
narios,toxicammoniacloudsdidnotreachtheresidentiala 
reacloseto 
thefactory,whichindicatedgreatersafetyfortheuseofthis 
refrigerant in theinstallation. 
Thispaperdoesnotpresentananalysisofuncertaintyinthe 
analysis 
ofQRA,thereforeitpresentslimitationsrelatedtoasensiti 
vityanalysis, which can generate great uncertainty. 
For future work, the authors 
suggestapplyingasensitivityanalysisorconsideringtheu 
seofother tools 
fortheanalysisoftoxicclouddispersion,suchasCFD.  
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Abstract - 
Lavalnozzleisthecriticalpartofsupersonicseparatortoproviderefrigerationenvironment.Due 
tothebackpressureattheoutletofsupersonicseparatorindehydrationprocess,thecondensation 
characteristicsofwatervaporandtherefrigerationperformancesofthenozzlesareaffectedby 
theshockwave.Herein,mathematicalmodelsforthesupersoniccondensationandflowofthe methane-watertwo-
phaseflowmodelwereestablished,whichwereverifiedbytheexperimental 
data.Theeffectsofdifferentdivergentanglesontherefrigerationandcondensationbehaviorin 
theLavalnozzlewerestudiedconsideringshockwave.Theresultsshowthattherefrigeration 
performanceofthenozzlewillbeworsenunderthepresenceofshockwaves.Withthedivergent 
angleofthenozzleincreasedfrom2◦to8◦,thelowesttemperaturewasdecreasedfrom304.4Kto 
291.8K,theliquidmassfractionatthenozzleoutletwasdecreasedfrom0.84%to0.133%,the 
maximumdropletradiusthatcanbeobtainedwasreducedfrom2.54×10—7mto1.69×10—7m 
duetotheforwardmovementsoftheshockwaves.Thedivergentangleofthenozzleisrecom-mendedtobedesignedto4◦–
6◦inconsiderationoftherefrigerationperformance. 

Keywords - Lavalnozzle Supersonic condensation Refrigeration Divergent angles Shock wave 

I. INTRODUCTION

Innaturalgasextraction,alargeamountofsaturatedwater
vaporisoftenaccompaniedwithnaturalgasflowingoutoft
hewell- 
head.Whenthetemperatureofnaturalgasislowerthanthe
dewpointtemperature,thesaturatedwaterinthenaturalga
sisseparated 
andthepipelineiscorrodedwiththeacidicgas.Thesupers
onicseparatorisanemergingtechnologyinthefieldofnatu
ralgaspro- 
cessing[1,2],whichcanbeappliedfornaturalgasdehydrat
ion[3].Thewholeprocesshastheadvantagesofairtight,hi
ghefficiency, 
environmentalprotection,noadditionalchemicalagents,
noexternalpower,etc.Thescholarshaveperformedexten
siveresearchand 
furtherexpandedtheapplicationsofsupersonicseparatori
nnaturalgasliquefaction[4,5],acidgasremoval[6,7],and
heavyhy- drocarbons extraction[8,9]. 
Lavalnozzleandswirlingdevice[10]arecriticalpartsofth
esupersonicseparator[11,12].ThedesignofLavalnozzle
affectsthe 
gasexpansionandrefrigerationofthenozzle[13].Therefo
re,multipleexperimentalstudieshavebeenperformedont
hesupersonic 
flowandcondensationofgasinthenozzle.Yellott[14]det
erminedthelocationofWilsonpointbystudyingtheflowo
fsupersaturated 
steamintheLavalnozzle.Prandtl[15]capturedthe“X-
shock”shockwavephenomenonintheexperimentsviaflo
wvisualization 

methodandobservedtheflowfielddisturbanceduetocon
densationinthenozzle.Wegener[16]andWyslouziletal.[
17]usedLaval nozzlewithrectangularcross-
sectiontoconductexperimentsandmeasurethecondensat
ionandflowparametersinLavalnozzle. 
Matsuoetal.[18]observedthecondensationshockwavet
hroughopticalexperimentsandclarifiedtheformationme
chanismof 
condensationshockwave.Setoguchietal.[19]conducted
anexperimentalstudyontheimpactofcondensationonsh
ockwavesand 
boundarylayerinthesupersonicflowfieldandfoundthatc
ondensationhasasignificantinfluenceonthepositionofs
hockwaves. 
MajidiandFarhadi[20]studiedtheeffectsofdifferentpara
metersontheshockwavepositionthroughexperimentsan
dnumerical 
simulationsandconcludedthatthecondensationefficienc
yintheseparatorcanbeenhancedbyincreasingtheinletpre
ssureand reducing the inlettemperature. 
Intermsoftheoreticalresearchandnumericalcalculations
[21,22],Ryzhov[23]studiedshockwavesintheLavalnoz
zleandanalyzedthecausesofshockwaves.Learetal.[24]s
imulatedthetwo-
phaseflowintheLavalnozzleconsideringtheheattransfer
betweenthephasesandthedissipationeffectsofsliding,an
danalyzedthethermalanddynamiccharacteristicsofthet
wo-
phaseflowinthenozzle.Dykasetal.[25]consideredtheim
pactoftheshockwaveintheLavalnozzleandexploredthei
mpactofshockwavesontheevaporationofliquidphaseun
dersupersonicflow.Chengetal.[26,27]studiedtheaerod
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ynamiceffectsofcondensationandanalyzedtheinfluence
ofcondensationflowfieldparameters.Wenetal.[28,29]e
stablishedawetsteamcondensationmodeltostudytheinfl
uenceofshockwavesandcondensationphenomenaonthe
ejectionefficiencyandentropylossesinthesteamejector,t
heestablishedmodelcouldaccuratelypredictthelowestte
mperatureintheejector[30].Yangetal.[31,32]developed
awatervaporcondensationmodeltostudythespontaneou
scondensationphenomenoninsupersonicflows,atthesa
metime,thetwo-
phaseflowcharacteristicsofwetsteaminthesteamejector
werestudied.Yangetal.[33,34]performedsimulationson
thethermodynamic 
processesofspontaneouscondensation,dropletgrowth,a
ndcondensationshockinLavalundernon-
equilibriumconditions.Bianetal. [35–
37]improvedthestructureoftheseparatortolowertheimp
actoftheshockwaveontheflowfield.Also,fugacitywasin
troducedtocalculatethechemicalpotentialdifferenceand
theinfluenceofactualgasoncondensationwasconsidered
.ShooshtariandShahsavand[38]designedthenozzlestru
cturewithdifferentdivergentanglesandperformednume
ricalsimulationtoelucidatetherelationshipbetweentheo
utletandinletpressureratioandshockwaveposition.Jassi
metal.[39,40]studiedthenaturalgasflowcharacteristicsi
nLavalnozzleonthebasisofrealgaseffectandanalyzedth
eimpactofnozzlestructureontheshockwaveposition.Int
heactualproduction,tomaintainthepipelineconveyingpr
essuredownstreamofthesupersoniccyclone,acertainbac
kpressureisgenerallysetattheoutletofthesupersoniccycl
one.ThebackpressuremaycauseshockwavesintheLaval
nozzle[41],whichhasagreatimpactontheflowandconde
nsationcharacteristicsofwetnaturalgasinthenozzle.Wh
enthenozzlestructurechanges,thepositionoftheshockw
aveswillmove,affectingthecondensationgrowthofdropl
ets.However,therearelimitedstudiesontheimpactofsho
ckwavesonthesupersonicflowandcondensationcharact
eristicsofwetnaturalgas.Herein,methaneandwaternon-
equilibrium phase change numerical models were
established considering the impact of the shock
wave.Thesupersoniccondensationflowcharacteristicso
fwetnaturalgasunderdifferentdivergentangleswereobta
ined.Also,thelocationofshockwaveinLavalnozzlewase
lucidatedandtheeffectsofshockwaveongasnon-
equilibriumcondensationflowparametersinthenozzlew
erestudied.Thisworkcanprovidetheoreticalbasisfordesi
gningtheLavalnozzlelineandguidanceonthelocationoft
heseparationdevice,thereby,reducingtheimpactofshoc
kwavesondropletcondensationanddropletseparation,a
ndimprovingtheseparation efficiency of the entire
supersonic separator.

II. SIMULATION METHODOLOGIES

2.1. Detailed dimension and design for Laval nozzle 
Lavalnozzlestructureprimarilyincludesfourparts,name
lystraightsection,convergentsection,throat,anddiverge
ntsection.The 
naturalgasflowisinahighdegreeofturbulenceinthepipeli
ne,whichisnotconduciveforgascontractionintheconver

gentsection. 
Therefore,astraightsectionissetbeforethenozzleconver
gentsectiontoensuretheuniformdistributionofinletvelo
city. 
TheWitozinskycurve,Bicubicparametriccurve,andQui
nticcurvewereoftenadoptedinthedesignofconvergentse
ction[42]. 
TheWitozinskycurveshrinksfasteratthenozzleinletsecti
on,andthecurveisgentlerwhenapproachingtheconverge
ntsection 
outlet.Thisisbeneficialforrectificationbeforethenozzlet
hroatandensuresuniformgasflowdistributionatthenozzl
ethroat. 
Therefore,theWitozinskycurvewasemployedforthedes
ignoftheconvergentsection.Liuetal.[43]providedadetai
ledderivation 
forthethroatradiusoftheLavalnozzle.Herein,BWRSequ
ationwasusedtocalculatethenozzlethroatbyconsidering
therealgas 
effectandthethroatradiuswasrt8.5mm.Theinletradiusw
asdesignedtobe8timesthatoftheradiusofthenozzlethroa
t.The
divergentsectionisoftendesignedwithcircularandstraig
htline,Foelsch[44]analyticalmethodandstraightline,an
dtaperedtube

Table 1 Detailed dimension for the Laval nozzle. 

structure.ThetaperedtubestructuredesignedbyBianetal.
[13]effectivelyenhancestheseparationperformanceofth
esupersonic
separatorbysmallerthedivergentangleoftheLavalnozzl
eandextendingthelengthofthedivergentsection.Therefo
re,thetapered
tubestructurewasadoptedinthiswork.Theparametersoft
henozzlearelistedinTable1,andthestructureispresented
inFig.1.

(1)Thegasreachesacriticalflowstatewhenflowsthrough
theLavalnozzlethroat,andtheMachnumberis1,andthee
quationis expressed as follow[45]:

(2) Theconvergentsectionequation



Supersonic Refrigeration Performances of Nozzles and Phase Transition Characteristics of Wet Natural Gas Considering Shock wave effects 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 333 

(3) Thedivergentsectionequation

2.2. Governingequationsofmathematicalmodel 

Whensimulatinggascondensation,asourcetermwasnee
dedinFluenttocalculatetheliquidflowofthecondensatio
ndroplet. Therefore,User-
DefinedScalar(UDS)wasrequiredtodefinethecondensa
tiondroplet,andtheentirecondensationprocesswas 
simulatedbyaddingtheUser-
DefinedFunction(UDF)[46].Asthewatervaporinthenat
uralgascondensesintoliquiddrops,thegas 
andliquidflowcontrolequations[47,48]wereestablished
separately. 
(1)Thegasphasecontrolequationsareexpressedasfollow
s:
Continuity equation:

Momentum equation: 

Energy Equation: 

Fig. 1. Laval nozzle structure diagram. 

(2)Theliquidphasecontrolequationsareexpressedasfoll
ows:

(3)Thesourcetermintheequationsareexpressedasfollow
s:

(4)Inthisprogram,theUDSparametersusedintheconden
sationmodelaremainlyInternallyConsistentClassicNuc
leationTheory
model(ICCT)[49,50]anddropletgrowthrate,whichwere
programmedintheUDFfunctiontoobtainotherparamete
rs:

2.3. Turbulencemodel 
SeveraltypesofturbulencemodelsareavailableinFluents
oftware,includingSpalart-Allmarasmodel,k-εmodel, 
andk-ωmodel 

Fig. 2. Grid independence verification results. 

[46].Themostwidelyusedturbulencemodelsmainlyincl
udestandardk-εmodel,realizablek-εmodel,standardk-
ωmodel,Shear StressTransportmodel(SST)k-
ω,ReynoldsStressmodel(RSM)etc.ThelowReynoldsnu
mberflowistakenintoaccountinthe standardk-
ωmodel,andthecompressibilityandshearflowofthefluid
wascorrected.Thestandardk-
ωmodel[51]forcompressible 
gasflowinthenozzlehadhigheraccuracythanothermodel
s.Therefore,thestandardk-
ωmodelwasadoptedinthispapertosimulate
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thecondensationofwatervaporincompressiblenaturalga
s. 

2.4. Meshing and independenceverification 
Thestructuredgridwasusedtomeshthetwo-
dimensionalLavalnozzle.Asthenumberofgridsmayaffe
ctthefinalcalculation,the 
8,685,12,528,19,788,25,974,and35,308numberofgrids
wererespectivelyusedtoverifythegridindependence.Th
etemperature 
distributionatthenozzleaxisisshowninFig.2.Thetemper
aturemeasurementerroronaxisatx0.256mforthegridnu
mber8685 
and35,308was1.041%,whilethatthegridnumber19,788
and35,308wasonly0.368%.Theoveralldeviationwassm
alland 
relativelyaccuratecalculationresultswereobtained.Con
sideringthecalculationefficiencyinactualoperation,thes
tructuredgrid 
withacellnumberof19,788wasusedinsimulations. 

2.5. Experimentalvalidation 
Themathematicalmodelandcalculationmethodwereem
ployedinthecalculations.Thenozzlestructureemployed
byMosesand 
Stein[52]wasusedinthespontaneouscondensationexper
imentofwatervaporintheLavalnozzlefornumericalcalc
ulations.Inthe 
experiment,anozzlewasusedbyMoses,whichthroatwas
0.010.01m(x0.0822m),asmoothtransitionofacircularar
cwitha 
radiusof0.053mwasadoptedinthesubsonicsectionandth
esupersonicsectionwascomposedofanarcwitharadiusof
0.686m.In 
thecase410,theinletwatervaporpressurewas70,727Pa,t
heinlettemperaturewas377K,andtheoutletbackpressur
ewas0Pa.The 
comparisonbetweenthecalculationresultsandexperime
ntaldataofMosesaredisplayedinFig.3andTable2.Atx0.
103m,the 
phenomenonofsuddenincreaseinaxialpressurecausedb
ythewatervaporcondensationwaswell-
capturedwiththenumerical 
simulationresults,whichisbasicallyconsistentwiththee
xperimentalresults,indicatingthereliabilityofthesimula
tionresults. 

III. RESULTS AND DISCUSSION

3.1. PerformanceanalysisoftheLavalnozzleunder 
backpressure 
Whenthemixedgasnozzlereachedsupersonicspeedinth
edivergentsection,theheatexchangebetweenthefluidint
henozzle 
andoutsidewasignoredatthistime,anditwasconsidereda
sanisentropicadiabaticflow.Thecalculationswereperfo
rmedbasedon 
thenumericalmodeldescribedinSection2,nozzleinletpr
essureas800,000Pa,inlettemperatureas353.15K,outlet
pressureas 
550,000Pa,methanemolefractionas95%,andwatervapo
rmolefractionas5%.Theflowfielddistributionandconde
nsation 
parameterdistributioninthenozzleareshowninFig.4. 
ThedistributionsoftheflowparametersareshowninFig.4
(a)–
(d).Intheconvergentsectionofthenozzle,asthecross-
sectional 
areaofthenozzlecontinuedtoshrink,theMachnumberinc
reased,andthepressureandtemperaturecontinuedtodecr
ease.The 
internalenergyandpressurepotentialenergygraduallytra
nsformedintokineticenergyandtheMachnumberattheth
roatreached1. 
Atthistime,thedegreeofsupercoolingofthenozzleincrea
sedcontinuously.Inthedivergentsectionofthenozzle,the
gascontin- 
uouslyexpandedandthedegreeofsupercoolingcontinue
dtoincrease,atx=0.228m,thedegreeofsupercoolingreac
hedthe 

Fig. 3. Comparison of simulation and experimental results. 

Table 2 
Relative error of p/p0 under different location between simulation and experimental data 
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Fig. 4. Distribution of flow and condensation parameters in Laval nozzle with 2◦ divergent angle. 
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Fig. 5. Axial flow parameters distribution diagram with different divergent angles. 
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Fig. 6. Distribution of condensation parameters at different divergent angles. 
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maximum26.8K.Thewatervaporinthemethane-
watertwo-
componentbecamesaturatedorevensupersaturatedfrom
theunsat- 
uratedstate,andthepressureandtemperaturecontinuedto
droptotheWilsonpoint.Therefore,thesteamreachedthen
ucleation 
condition.Asthegasexpandsnearthewallmorerapidlyan
dviolentlythanatthecentralaxis,thedegreeofsupercooli
ngatthewall 
washigherthanthatatthecentralaxis.Thewatervapornear
thewallfirstreachedthenucleationconditions,condense
dand 
nucleated(asshowninFig.4(h),themaximumnucleationr
atewas4.381020m—3s—
1).Therewasareleaseofthelatentheatof 
condensation,whichdestroyedthenucleationconditions,
andthenthenucleationratedroppedto0.Then,thegascont
inuedto 
expandandthetemperaturedecreased,watervaporcontin
uedtoaccumulateandgrowonthesurfaceofthecondensat
ionnodules, 
andthedropletradiuscontinuedtoincreaseto2.5410—
7m.Duetothenozzleoutletbackpressure,theshockwavea
ppearedatx 
0.362mbehindthethroat,whichdestroyedtherefrigeratio
nconditionsinthenozzle,leadingtotemperaturerise,pres
surerise,Mach 
numberdrop,degreeofsupercoolingdrop,dropletevapor
ation,dropletradiusdecrease,andcontinuousloweringof
liquidmass 
fraction.Tillthenozzleoutlet,theradiusofthedropletatthe
nozzleaxiswasreducedto1.58×10—7m. 

3.2. Effectofdifferentdivergentanglesonflowparameter 
Theboundaryconditionsofthenozzlearepresentedinsect
ion3.1.Thepressure,temperature,Machnumber,andsho
ckwave 
positionsintheLavalnozzleatdifferentdivergentangles
wereanalyzed,andtheresultsaredisplayedinFig.5. 
Thenozzlepressure,temperature,andMachnumberdistri
butionofdifferentdivergentangleswerebasicallythesam
einthe 
convergentsection,buttherewerehugedifferencesinthed
ivergentsection. 
AsshowninFig.5(a),whenthedivergentangleswere2◦,4◦
,6◦,and8◦,thecorrespondingminimumtemperaturesatth
enozzle 
axiswere304.4K,297.4K,292.6K,and291.8K,respectiv
ely.Withthelargerdivergentangle,thetemperaturedropi
nthenozzle 
continuedtoincreaseandthelowesttemperatureposition
continuedtomovetowardsthenozzlethroat,whichcanpr
ovidealow 
temperatureenvironmentfordropletnucleationandgrow
thearlier.Undertheconditionofthenozzleoutletbackpres
sureof550,000 
Pa,theshockwaveswereclearlygeneratedinthenozzle.W
henthedivergentangleswere2◦,4◦,6◦,and8◦,theshockwa
velocations 

obtainedbynumericalsimulationswerex0.362m,0.322
m,0.306m,and0.290m.Theshockwavelocationsconsta
ntlymoved towards the nozzlethroat. 
AnalyzingthepressuredistributionatthenozzleaxisinFig
.5(b),whenthedivergentangleincreasedfrom2◦to8◦,thec
orre- 
spondingminimumpressuredecreasedfrom237,080Pat
o177,816Pa.Asthedivergentangleincreased,therewasg
reaterpressure 
dropinthenozzle.Howeverwhenthedivergentangleswer
e6◦and8◦,themaximumpressuredropdifferencewasonl
y1573Pa. 
Fig.5(c)showsthedistributionofMachnumberatthenozz
leaxis.Asthedivergentangleincreasedfrom2◦to8◦,them
aximum 
Machnumberincreasedfrom1.38to1.54.Whenthediver
gentanglesofthenozzlewere6◦and8◦,thehighestMachn
umberinthe 
nozzlewasbasicallythesame.Inthelatterhalfofthediverg
entsectionofthenozzle,theMachnumbercurvesofthetw
onozzles 
almostcoincided.Increasingthedivergentanglecanleadt
ogreaterpressuredrop,thelowertemperature,andgreater
Machnumber, 
whiletheMachnumberandtemperatureatthenozzleoutle
tgraduallyapproachedthesamevalue. 

3.3. 
Effectofdifferentdivergentanglesoncondensationpara
meter 
Thecondensationparametersandshockwavepositionsin
Lavalnozzleswithdifferentdivergentangleswereanalyz
ed,andthe results are shown in Fig.6. 
Fig.6(a)–
(d)showthedistributionsofcondensationparametersford
ifferentdivergentangles.Withthelargerdivergentangle,t
he
numberofdropletsatthenozzleaxiskeptincreasing,them
aximumliquidmassfractioncontinuedtorise,themaximu
mdropletradius
thatcanbeobtainedcontinuedtodecrease,andthemaximu
mdegreeofsupercoolingwasalmostthesame.
Whenthedivergentanglesofthedivergentsectionwere2◦,
4◦,6◦,and8◦,themaximumliquidmassfractionsthatcould
be
obtainedwere3.7%,4.02%,4.3%,and4.28%,respectivel
y.Whenthedivergentanglewas8◦,themaximumliquidm
assfractionwas
slightlydecreasedrelativetothedivergentangleof6◦.Ho
weverwiththeincreaseinnozzledivergentanglefrom2◦to
8◦,theliquid
massfractionatthenozzleoutletwasdecreasedfrom0.84
%to0.133%,andthemaximumdropletradiusthatcanbeo
btainedwas
reducedfrom2.5410—7mto1.6910—
7m.Thisisbecausetheincreaseindivergentangleandthef
orwardmovementoftheshock
wavedestroyedthelowtemperatureenvironmentintheno
zzleandreducedthedegreeofsupercooling.Whenthediv
ergentanglewas
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2◦,thedegreeofsupercoolingwasfirstreducedtobelow0
Kat0.366m,andwhenthedivergentanglewas8◦,thedegre
eof 
supercoolingwasfirstreducedtobelow0Katx0.294m,wh
ichshortenedthedropletgrowthspaceandthemaximumd
ropletradius 
thatcouldbeobtainedwascontinuouslyreduced.Especial
ly,aftershockwave,thedegreeofsupercoolingdroppedsh
arply,destroying 
therefrigerationenvironmentofdropletgrowth.Thedrop
letunderwentsecondaryevaporationandtheliquidmassfr
actionofthe outlet liquid phase was greatlyreduced. 
Fig.6(e)showsthenucleationratedistribution.Withthein
letpressureandcontentofcondensablecomponentsremai
ningun- 
changed,thenucleationratepositionwasbasicallythesam
e.Thisisbecauseasthewatervaporcontentwasconstant,t
hewatervapor
partialpressuredidnotchangeandthelocationinthenozzl
ereachedthesupersaturationdegreeofcondensation,hen
ce,thelocation
ofnucleationwasalmostunchanged.However,thelargert
hedivergentangle,thehigherwasthedegreeofgasexpansi
oninthe
divergentsection.Theminimumtemperaturethatcouldb
eobtainedincreased,andthenucleationrateincreased.W
henthedivergent
anglewas2◦,themaximumnucleationratewas4.38
1020m—
3/s,whilewhenthedivergentanglewas8◦,themaximumn
ucleation rate was 3.31 1021 m—3/s, an increase in
the nucleation rate by an order of magnitude.
Thelargerthedivergentangle,themoreintensethegasexp
ansion,whichcanprovidealowtemperatureenvironment
fordroplet
nucleationandgrowthearlier,butitwillalsocausetheshoc
kwavelocationsconstantlymovedtowardsthenozzlethro
at,shortenthe
lengthoftherefrigeratedsectioninthenozzle,andcauseth
econdenseddropletradiustodecreasesgradually,whichi
snotconducive
tosubsequentdropletseparation.Whenthedivergentangl
eis6◦and8◦,thehighestdegreeofsupercoolingis27.4Kan
d27.6K,
respectively,themaximumMachnumberandminimumt
emperatureatthenozzlegraduallyapproachedthesameva
lue.Therefore,
whenthereisbackpressureatthenozzleoutlet,thediverge
ntangleisrecommendedtobedesignedto4◦–
6◦inconsiderationofthe subsequent swirling separation
ofdroplets.

IV. CONCLUSION

Herein,numericalsimulationsofthenon-
equilibriumphasetransitionofmethane-watertwo-
componentwereperformed.By 
changingtheangleofthedivergentsection,therefrigerati
onperformancesofthenozzleandcondensationparamete
rsofwatervapor 

werestudied.Also,theimpactoftheflowfieldandshockw
avepositioninthenozzleunderdifferentdivergentangles
wereanalyzed. The results showthat: 
Therefrigerationconditionsinthenozzlewouldbedestro
yedbyshockwaves,leadingtotheriseoftemperatureandp
ressure,the 
dropofMachnumberanddegreeofsupercooling,andthed
ecreaseofdropletradiusandliquidmassfraction. 
Withtheincreaseinnozzledivergentanglefrom2◦to8◦,th
eshockwavelocationsconstantlymovedfromx0.362mto
x 
0.290m,thelowesttemperaturewasdecreasedfrom304.4
Kto291.8K,themaximumdropletradiusthatcanbeobtain
edwas reducedfrom2.5410—7mto1.6910—
7m.Aftershockwaves,thedegreeofsupercoolingdroppe
dsharply,destroyingthe 
refrigerationenvironmentofdropletgrowth.Thedroplet
underwentsecondaryevaporationandtheliquidmassfrac
tionatthenozzle 
outletwasgreatlyreducedfrom0.84%to0.133%.Therefo
re,whenthereisbackpressureatthenozzleoutlet,thediver
gentangleof thedivergentsectioncanbedesignedto4◦–
6◦inconsiderationofthesubsequentswirlingseparationo
fdroplets. 
Intheactualproduction,thebackpressureofnozzleoutlet
willcauseshockwavesintheLavalnozzle.Theshockwav
escausethe 
watervaporpressureandtemperatureofwatervaportorise
sharplyinashortduration,causingthecondenseddroplets
tore- 
evaporate.Bysimulatingtheperformanceofthenozzleun
derdifferentdivergentangles,theimpactofshockwaveso
nthenozzle 
flowparameterswasanalyzed.Byreasonablycontrolling
thedegreeofthedivergentangle,theshockwavepositionc
anbemoved 
backwardtoensurethegrowthspaceofthedroplets,thereb
y,ensuringthedehydrationefficiencyoftheLavalnozzle.
Therefore,some 
measuresmustbeadoptedtoeliminatetheinfluenceofenv
ironmentshockwave.Theeffectsofshockwavesshouldb
econsideredin the nozzledesign. 
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Abstract - In recent years, high strength and low cost conductive polymer composites have attracted a considerable attention 
of worldwide researchers due to their wide range of applications. Usually, they are being made by adding high volume 
fraction of conductive reinforcing fine particles in polymers, which is expensive and also causes some problems as it reduces 
the moldability and draw ability of the composites. Binary polymer matrix with binary conductive particle reinforced 
composite could be a solution to overcome the challenges. This study is designed to develop a conductive binary matrix 
polymer composites composed of polymers of high strength (polypropylene, PP) and soft but conductivity friendly 
(ethylene-co-vinyl acetate, EVA) with relatively lower amount of conductive binary nano filler materials (carbon black and 
alumina powder). For doing this, samples were prepared by mixing all ingredients (PP 60wt%, EVA 40wt%) and their 
thermal conductivity values were measured. After detailed experimental study, it has been revealed that the thermal 
conductivity of the developed binary nano particle reinforced composite is nearly 12 times higher than that of the pure PP 
and 10 times higher that of pure EVA, whereas the conductivity is significantly lower if the reinforcing particles (carbon and 
alumina) are usedseparately. 

Keywords - Polypropylene, Ethylene-Co-Vinyl Acetate, Binary Matrix, Binary Filler, Thermal Conductivity 

I. INTRODUCTION

Among different types of polymers used, 
polypropylene is light, low cost, easy of processing 
and excellent chemical stability with high mechanical 
strength [1,2]. This polymer is not only used in 
plastic industries, but it is also used in bulk volume as 
fibres in textile industries. On the other hand, 
polymers like polyanylene, polyvinyl alcohol, 
polyethylene-co-vinyl acetate, etc have moderate to 
high thermal conductivity. Conducting polymeric 
materials also have a wide range of uses for making 
antistatic coatings, electromagnetic shielding 
materials, biomaterials, semiconductors and batteries 
[3,4,7,8]. As we know, PP has good mechanical 
properties, however, its conductivity is relatively 
poor. On the other hand, compared to PP, EVA has 
better thermal and electrical conductivities, but it is 
relatively soft. In this situation, binary matrix (PP and 
EVA) polymer could be a good choice for a more 
balanced mechanical and thermal property 
combination [9-11]. EVA added PP binary polymer 
has also drawn considerable attention to be used in 
smart fabric, which can give comfortness as well as 
high durability because of its relatively high strength 
[3-7]. Different particles are increasingly being used 
as additives in polymers to simultaneously enhance a 
variety of properties without sacrificing other useful 
qualities of the base polymers. Carbon black,activated 
carbon and alumina, for example, have very high 
thermal and electrical conductivities. As a 
consequence,thesefillerscanbeusedto convertthermally 
and electrically insulating polymers into conductive 
materials [12-14]. 

II. MATERIALS AND EXPERIMENTAL
PROCEDURE
For making binary polymer matrix PP and EVA
along with two different fillers as carbon black and
alumina powders were collected from the local
market.
In development of the composite, at first, the
ingredients of the binary polymer matrix (PP 60wt%
and EVA 40wt%) along with 6wt% (compared to the
total weight of PP and EVA) the nano filler particles
(carbon black and alumina of particle size less than
100nm, Fig.1) singly or in combination (as binary
filler material) were melted and blended in a simple
polymer melting and blending unit having rotational
speed range from 0 to 60 rpm and temperature range
up to 450°C. To begin, all compounds ingredients
were mixed at 190°C in the blending unit using a 30
rpm speed for 10min.

The molten polymer from the blending machine was 
then transferred to an aluminum mold and the mold 
was then placed under a hot press. Thereafter, the 
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samples were molded to plate shape by hydraulic 
compression press at a pressure of approximately 
30kN for 5min at 190°C. After cooling, the cast 
sample was taken out from the mould (the overall 
operation in hot press is shown in Fig.2). The 
prepared samples were characterized by FTIR 
analysis, FEGSEM and thermal conductivitytests. 

III. RESULTS ANDDISCUSSION

3.1. FTIR Spectroscopy 
Figure 3 represents the FTIR spectra for the blended 
PP/EVA and filler materials, where all characteristics 
peaks have been found. The peaks found like 
2914cm-1, 2847cm-1, 1730cm-1, 1464cm-1, 
1375cm-1, 1300cm-1 and 720cm-1, respectively, 
represent methylene asymmetric C–H stretching, 
methylene symmetric C–H stretching, aliphatic C=O 
ester group of EVA, methylene scissoring, methyl 
symmetrical C–H bending, methylene wagging and 
methylene rocking respectively. From the spectra 
resented in Fig.3 no new peak other that the 
characteristic peaks related to EVA and PP has been 
observed. This finding is a proof that after melting 
and blending of the binary polymer matrix of PP and 
EVA did not form any new type of polymer, rather 
than they just remain as co-continuous phases. 
Similar observation has also been mentioned by some 
other investigators [10,15]. 

Microstructural Observation in FEGSEM 
The FEGSEM observation is presented in Fig.4. 
From this photomicrograph taken on tensile fracture 
surfaces, it is very clear that the two phases of PP and 
EVA are not in mixed condition, they just overlapped 
with each other creating a mating interface. PP is 
relatively brittle, which has been identified by its 
nature of brittle type of fracture, whereas EVA phase 
has been identified from its ductile nature of fracture 
mode. This observation figures out that these two 
polymers remain immiscible in the case of their 
binarymatrix. 

Thermal Conductivity 
Throughout the study binary matrix system of 
polypropylene (PP, 60 wt%) and ethylene vinyl 
acetate (EVA, 40 wt%) were used. The samples were 
designed in such way that single to binary particle 
effects on thermal conductibility of the developed 
composites could be possible to observe. Figure 5 
indicates that the thermal conductivity of the binary 
polymer composites increase with the increase in the 
activated carbon filler content and that after adding 
about 8% of carbon particles the thermal conductivity 
increase from the value of base binary polymer 
matrix 0.16 to 0.9w/m.k. This increase might have 
been attributed due to continuous thermal pathways 
created in thecomposites. 



Coaction Of thermal Conductivity Enhancement in Binary Polymer Matrix Binary Nano Particle Reinforced Composite 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 344 

Similar to activated carbon, alumina particle 
individually also has low effect on thermal 
conductivity of the composite (Fig.6), where the 
thermal conductivity increased from 0.16 to 1.0w/m.k 
after addition of 6% of filler particle. Slightly better 
conductivity increase has been possibly due to its 
higher thermal conductivity compared to that of the 
activated carbon particle. From Figs.5 and 6, it is 
clear that the effect of 6% alumina particle is very 
close to that of 8% carbonparticle. 

For binary polymer matrix with binary particle 
reinforcement composite system the seneriois 
somewhat different, Fig.7. In the latter case, initially 
the thermal conductivity increases slightly similar to 
the single particle reinforced composite due to 
isolated alumina particle segregation in activated 
carbon particle. However, the trend has been changed 
when the alumina content is gradually increased as 
higher alumina created more continuous networks in 
immiscible interfacial zone of EVA. This is because 
EVA is polar materials, whereas PP is non-polar, 
where alumina particles tend to remain preferentially 
distributed in EVA phase, Fig.7. Consequently, more 
and favourable easy thermal pathways have been 
created in the composite. The carbon particles also 
create more contact between the alumina networks, 
which also accelerated the thermal conductivity of the 
composite. In this case the thermal conductivity has 
been increased to 1.7w/m.k from the base value of 
0.16w/m.k, which is about 12 time higher than that of 
pure PP and 10 higher than that of pure EVA. Some 
other researchers have also mentioned similar 
observation [15,16]. Here it is to be noted that the 
thermal conductivity of pure PP and EVA are, 
respectively, 0.14w/m.k and 0.16w/m.k[17]. 

IV. CONCLUSION

In the present research, binary matrix by single 
particle and binary matrix by binary particle 
composites were fabricated with hot press technique 
following pre melting and blending of fixed 6wt% of 
filler. After development of the composite; it was 
characterized by FTIR spectroscopy, FEGSEM and 
thermal conductivity tests. After the detail 
investigation the followings outcome can be 
concluded from thiswork: 
a. The polymer composite containing single filler
either organic particle (activated carbon) or inorganic
particle (alumina) have lower effect on thermal
conductivity of polymer composite than
binaryparticle.
b. It is revealed from experimental result that in the
binary matrix immiscible co-continuous phase of
binary matrix of PP/EVA has been formed that
helped to particle distribution in immiscible
interfacial zones of the binary matrix. This creates
thermal conductive pathways of filler that caused
significant enhancement in the thermal conductivity.
The ultimate thermal conductivity of this study is
nearly twelve times of the pure PP and ten times of
pure EVA having 6wt% of filler in the binary
matrixsystem.
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Abstract - Austempered Ductile Iron (ADI) has found vast applications in over the decades due to its high strength and 
hardness, coupled with essential ductility and toughness. Ductile iron replaced steel in most applications. The applications of 
ADI include the manufacture of crankshafts, engine mounts, camshafts, track guides for bulldozers, drive mechanism for 
carpet looms, camshafts, gears etc. Corrosion studies play an important role in the field of production industry. Various 
corrosion testing methods available are electrochemical test, salt spray test, total immersion tests etc. The selection of the 
corrosion testing method depends upon various factors such as condition of environment, condition of exposure, type of 
specimen etc. The wear test will be carried out on pin on disc type machine for different condition i.e. varying speeds at 
constant load and varying loads at constant speed. In the present research investigation, ductile iron castings conforming 
according to the ISO-standard No. 1083 (1976) there are four main grades of as-cast ductile iron denoted as 700/2 and  
400/12 grade was examined in as cast and heat treated condition. The ductile iron castings were subjected to standard 
austempering heat treatment cycle to bring about the changes in the microstructure and hence the mechanical properties,  
wear and corrosion properties wereexamined. 

Keywords - Austempered Ductile Iron (ADI), Ductile Iron (DI), Corrosion, Wear, Mechanical Properties. 

I. INTRODUCTION

Ductile Iron consists of graphite in the form of 
nodules or spheroids in a matrix of either ferrite or 
pearlite. The properties of ductile iron combine the 
properties of cast iron and steel. Iron with varying 
microstructure can be obtained by varying the 
treatment conditions during melting, after treatment 
and also by heat-treating the castings. By altering any 
one of the parameters, a suitable iron as per 
requirements and application can be obtained. In 
order to improve the properties of ductile iron, the 
material can be treated with alloying elements or can 
be heat-treated to bring about change in the 
microstructure of the material. Commonly, 
austempering heat treatment is carried out on ductile 
iron; hence the name “Austempered Ductile Iron” or 
“ADI”. ADI has found its way in a wide range of 
components for many engineering sectors as in gears, 
crank shafts, transmissions, suspensions, earth- 
moving and construction equipment, railways etc[1]. 

Wear is an important property, which is evaluated in 
materials to find out its response to undergo loss of 
material. It is a progressive, unintentional loss of 
material when two surfaces come in contact under 
normal load and there is relative motion between the 
surfaces. Wet abrasive wear test is one method for 
evaluating the material behaviour to wet abrasive 
action [1]. Different corrosion testing methods are 
available viz. Electrochemical test, salt spray test, 
total immersion test etc. The choice of the corrosion 
testing methods as reported depends upon many 
factors such as nature of environment, nature of 
exposure, type of specimen etc. Salt Spray Fog test is 

one of the corrosion testing methods, whichinvolves 
the exposure of the specimens to fine spray as mist of 
a solution of sodium chloride at a specified 
temperature. The spray particles settle upon the test 
surface (which is preferably inclined) and constantly 
replenish and replace the film of solution on the 
surface. The extent and nature of the corrosion of the 
metal or coated surface after a specified period of 
exposure serve as a measure of quality/corrosion 
resistance. To accelerate corrosion the temperature of 
the media or the pH of the media or the concentration 
of the media can be varied [10]. 

Corrosion studies were carried out using standard salt 
spray fog type testing machine. Corrosion testing 
apparatus conforming to ASTM standard B117 
specification was used. The corrosion rate of the 
specimen was calculated using the formula: 

Corrosion Rate (mpy) = (534xW) / D A T Where 
W = Weight loss inmg, 
D = Density of the specimen in gm/cc, A = Area in 
squaremm, 
T = Exposure time in hours mpy = mils per year 

Weight loss method was employed to assess the 
corrosion of the specimen. At regular intervals, the 
specimen was taken out and the weight is determined 
for calculation of loss in weight or corrosion. The 
weight loss of specimen in as-cast condition is more 
than heat-treated condition for any given temperature. 
The weight loss in specimens subjected to corrosion 
at higher temperature is more. This may be attributed 
to higher reaction involved at higher temperature of 
the fog mixture. The corrosion rate for specimenin  
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as-cast condition is more than heat-treated condition 
for any given temperature. The corrosion rate is more 
at higher temperatures of the fog mixture. This may 
be attributed to more resistance offered by the heat- 
treated specimens and higher reaction rate involved at 
higher temperature [10]. 

Much of the annual production of ductile iron  is in 
the form of ductile iron pipe, used for water  and 
sewer lines. Ductile iron is specifically useful  in 
many automotive components. Other major industrial 
applications include off-highway diesel trucks,  class 
8 trucks, agricultural tractors, oil well pumps, fully 
machined piston for large marine diesel engine, bevel 
wheel, hydraulic clutch on diesel engine for heavy 
vehicle and Fittings overhead electric transmission 
lines[2]. If ductile iron is heated at 7500C, then it is 
quenched (mineral oil or vegetable oil or water or any 
other quenching media), then its properties are vary 
depending upon the micro constituents present in 
particular metal. In general heat treatment processes 
involving heating, holding and continuous cooling, 
due to this graphite nodules are transformed into a 
ferrite matrix or upto 10% pearlite although it does 
not contain carbides[2]. 

Factor that affect heat treatment process: 

 Austenising temperature andtime.
 Casting quality and size ofcastings.

II. HISTORY OF DUCTILE IRON

It was Chinese who first invented cast iron in the 5th 
century BC by archaeologists. To make ploughshare, 
pots and weapons they poured the cast iron into the 
mould which is the replica of the desired component. 

Because production costs of pig iron are relatively 
low as compared with other alloys, and since no 
expensive refining process is necessary, cast iron is a 
cheap metallurgical material which is particularly 
useful where a casting requiring rigidity, resistance to 
wear or high compressive strength isnecessary. 

Other useful properties of cast iron include: 

1. Good machinability when a suitable composition
is selected

2. High fluidity and the ability to make good
castingimpressions

3. Fairly low melting range (1130-1250°C) as
compared withsteel

4. The availability of high strengths
when additional treatment is given to 

suitableirons, 
e.g. spheroidal-graphite iron, compacted-graphite
irons or pearlitic malleable irons.

The structure and physical properties of a cast iron 
depend upon both chemical composition and the rate 
at which it solidifies following casting [5]. 

III. PRODUCION OF DUCTILE IRON

Ductile iron is made by the treatment of molten iron 
with nodulizing (spheroidizing) material. During this 
treatment, graphite changes from flakes to nodules or 
spheres. The treatment process is a key operation in 
the production of ductile iron that ensures a 
predetermined microstructure, and mechanical and 
engineering properties of castings. Production of 
ductile iron is influenced by a large number 
ofmetallurgical, technological, heat transfer and 
designing parameters. The first step of the production 
of ductile iron castings is the careful selection of the 
charge materials. Manganese and chromium have the 
most influence on all mechanical properties [3]. For 
this reason, their concentration in metal is of 
particular importance. These elements arise in the 
charge from steel scrap, pig iron and foundry returns. 
It is a recommended practice to select steel scrap so 
that the average Cr content remains below 0.1%. 
Ideally, the same advice would be given for Mn but, 
unfortunately, all steel scraps contain Mn, the 
majority being at 0.5% level. The amount of steel 
scrap in the charge must be such that the castings 
produced are free of carbides as much as possible [3]. 
It is particularly important for the production 
offerritic ductile iron. Charge materials result in the 
average size of graphite spheroids. For instance, if the 
amount of steel scrap in the charge is higher than 
50%, then an average spheroids diameter is 33 μm 
and if it is 30%, then the average diameter is 57 μm. 
The amount of steel scrap affects metallic matrix 
structure too. It increases the pearlite formation. The 
graphite structure is affected by the carbon content as 
well. If initial metal does not contain enough carbon 
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then graphite particles will be of compact shape. The 
metallic matrix structure is affected not only by 
carbon equivalent but by C/Si ratio too. As this ratio 
increases in ductile iron, the proportion of ferrite 
decreases and the proportion of pearlite increase [3]. 
Ductile iron production accounts for about 42% of all 
iron castings and is still growing. While a number of 
elements, such as cerium, calcium and lithium are 
known to develop nodular graphite structures in cast 
iron, magnesium treatment is always used in practice. 
The base iron istypically: 

Having high carbon equivalent value (CEV) and very 
low sulphur, sufficient magnesium is added to the 
liquid iron to give a residual magnesium content of 
about 0.04%, the iron is inoculated andcast. 

IV. FAMILY OF DUCTILEIRON

With a high percentage of graphite nodules present in 
the structure, mechanical properties are determined 
by the Ductile Iron matrix. The importance of matrix 
in controlling mechanical properties is emphasized by 
the use of matrix names designate the following types 
of ductileiron. 
Austenitic Ductile Iron: Alloyed to produce and 
austenitic matrix, this ductile iron offers good 
corrosion and oxidation resistance, good magnetic 
properties, and good strength and dimensional 
stability at elevated temperatures. 
Ferritic Ductile Iron: Graphite spheroids in a matrix 
of ferrite provide and iron with good ductility and 
resistance and with a tensile and yield strength 
equivalent to a low carbon steel. Ferritic Ductile Iron 
can be produced “as-cast’ but may be given and 
annealing heat treatment to assure maximum ductility 
and low temperature toughness. 
FerriticPearlitic Ductile Iron: These are the most 
common grade of Ductile Iron and are normally 
produced in the “as cast condition. The graphite 
spheroids are in a matrix containing both ferrite and 
pearlite. Properties are intermediate between ferritic 
and pearlitic grades, with good machinability and low 
production costs. 
Pearlitic Ductile iron: Graphite spheroids in a 
matrixofpearlite result in an iron with high strength, 
good wear resistance, and moderate ductility and 
impact resistance. Machinability is also superior to 
steels of comparable physical properties. The 
preceding three types of ductile iron are the most 
common and are usually used in the as-cast condition, 
but Ductile iron can be also bealloyed and/or heat 
treated to provide the following grades for a wide 
variety of additionalapplications. 
Martensitic Ductile iron: Using sufficient alloy 
additions to prevent pearlite formations, and a 
quench-and-temper heat treatment produces this type 

of ductile iron. The resultant tempered martensite 
matrix develops very high strength and war resistance 
but with lower levels of ductility and toughness. 
Bainitic Ductile iron:This grade can be obtained 
through alloying and/or by heat treatment to produce 
a hard, wear resistantmaterial. 
Austempered Ductile iron: ADI, the most recent 
addition to the Ductile Iron family, is a sub-group of 
ductile irons produced by giving conventional Ductile 
iron a special austempering heat treatment. Nearly 
twice as strong as pearlitic ductile Iron, ADI still 
retains high elongation and toughness. This 
combination provides a material with superior wear 
resistance and fatigue strength. 

V. MICROSTUCTURE

Engineering applications of cast iron have been 
traditionally based upon gray (Flake graphite) irons 
providing a range of tensile strengths between about 
150 N/mm2 and 400 N/mm2withrecommended design 
stresses in tensile applications of 0.25 × Tensile 
strength. Despite their limited strength gray irons 
provided very useful combinations of properties, 
which have ensured there wide continuing use. In fact 
gray irons still account for nearly 65 % of all iron 
castings produced. In contrast ductile irons have 
tensile strengths ranging from 350 to 1500N/mm2 
with good elongation and high toughness. They now 
account for about 30 % of iron casting production 
serving in safety critical applications where they have 
replaced steel casting, forging and fabrications with 
technical and cost advantage.[6] Ductile iron and gray 
iron differs in morphology of graphite present in the 
structure. Ductile iron has graphite in the form of 
spherical nodules which is achieved by suitable 
treatments on the melt. The major micro structural 
constituents of ductile iron are: the chemical and 
morphological forms taken by carbon, and the 
continuous metal matrix in which the carbon and/or 
carbides are dispersed[6]. 

The following important micro-structural components 
are found in ductile iron: 
Graphite 

Fig.1 Typical shapes of graphite from ASTM A 247 standard. 
I) spheroidal graphite, II) imperfect spheroidal graphite,III) 

temper graphite, IV) compacted graphite, V) crabgraphite, VI)
exploded graphite, VII) flake graphite 
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This is the stable form of pure carbon in cast iron. Its 
important physical properties are low density, low 
hardness and high thermal conductivity and lubricant 
property. Graphite shape, which can range from flake 
to spherical, plays a significant role in  determining 
the mechanical properties of cast irons. Graphite 
flakes act like cracks in the iron matrix, while 
graphite spheroids act like “crack arresters”, giving 
the respective irons dramatically different mechanical 
properties [7]. 

Carbide: 
Carbide, or cementite, is an extremely hard, brittle 
compound of carbon with either iron or  strong 
carbide forming elements, such as Chromium, 
Vanadium or Molybdenum. Massive carbides 
increase the wear resistance of cast iron, but make it 
brittle and very difficult to machine. Dispersed 
carbides in either lamellar or spherical forms play in 
important role in providing strength and wear 
resistance in as-cast pearlitic and heat-treatedirons. 

Ferrite 
This is the purest in phase in a cast iron. In 
conventional Ductile iron ferrite produces lower 
strength and hardness, but high ductility and 
toughness. In Austempered Ductile Iron (ADI), 
extremely fine-grained acicular ferrite provides an 
exceptional combination of high strength with good 
ductility and toughness. 

Bainite 
When austenite is cooledto large super saturations 
below the nose of the pearlite transformation curve, a 
new eutectoid product called bainite is produced. 
Like pearlite, bainite is mixture of ferrite and carbide, 
but it is by microstructural behaviour quite distinct 
from pearlite and can be characterized by its own C 
curve on a TTT diagram. In plain carbon steels this 
curve overlaps with the pearlite curve so that at 
temperatures around 500°Cboth pearlite and 
bainiteformcompetitively. 

In the case of pearlite the cementite and ferrite have 
no specific orientation relationship to the austenite 
grain in which they growing, whereas the cementite 
and ferrite in bainite do have an orientation 
relationship with the grain in which they are growing. 
Bainite is a mixture of ferrite and carbide, which is 
produced by alloying or heattreatment. 

Pearlite 
When austenite containing about 0.8% wtCarbon is 
cooled below the A1 temperature (710°C) it becomes 
simultaneously supersaturated with respect to ferrite 
andcementiteandaeutectoidtransformationresults, 
i.e. ᵞ→ᵅ+Fe3C.In the case of Fe-C alloys the resultant
microstructure comprises lamellae, or sheets, of
cementite embedded in ferrite. This is known as
pearlite.  Both  cementite  and  ferrite  form  direly in

contact with the austenite. Pearlite nodules nucleate 
on grain boundaries and grow with a roughly constant 
radial velocity into the surrounding austenite grains. 
At small undercooling below A1 the number of 
pearlite nodules that nucleate is relatively small, and 
the nodules can grow as hemispheres or spheres 
without interfering with each other. At larger 
undercooling the nucleation rate is much higher and 
site saturation occurs, that is all boundaries become 
quickly covered with nodules which grow together 
forming layers of pearlite outlining the prior austenite 
grain boundaries. A common constituents of cast 
irons, pearlite provides a combination of higher 
strength and with a corresponding reduction in 
ductility which meets the requirements of main 
engineeringapplications. 

Martensite 
Martensite is a supersaturated solid solution of carbon 
in iron produced by rapid cooling. In the untempered 
condition it is very hard and brittle. Martensite is 
normally “tempered”- heat treated to reduce its 
carbon by the precipitation of carbides-to provide a 
controlled combination of high strength and wear 
resistance. 

Austenite 
Normally, a high temperature phase consisting of 
carbon dissolved in iron, it can exist at room 
temperature in austenitic and austempered cast irons, 
in austenitic irons, and austenite is stabilized by 
nickel in the range 18-36%. In austmepred iron, 
austenite is produced by a combination of rapid 
cooling which suppresses the formation of pearlite 
and the super saturation of carbon during 
austempering, which depresses the start of the 
austenite-tomartensite transformation far below room 
temperature. In austenitic irons, the austenite matrix 
provides ductility and toughness at all temperatures, 
corrosion resistance and good high temperature 
properties, especially under thermal cycling 
conditions. In austempered Ductile Iron stabilized 
austenite, in volume fractions up to 38 % in lower 
strength grades, improves toughness and ductility and 
response to surface treatment such filletrolling. 

VI. CONCLUSION

Ductile cast irons are materials having strength, 
impact toughness and ductility comparable to those of 
many grades of steel while exceeding by far those of 
standard gray irons. In addition, they have the same 
advantages of design flexibility and low cost casting 
procedures of cast irons. The combination of good 
mechanical properties and casting abilities of ductile 
cast iron makes it economical choice for many 
applications. This paper discusses about ductile iron 
and analysis of mechanical properties, wear and 
corrosion characteristics of different grades of ductile 
iron casting for its application in production 
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industries. It also includes history of ductile iron, 
production of ductile iron and family of ductile iron 
and theirmicrostructures. 
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Abstract - 
This study aimed to find the high energy efficiency standard (HEPS) and minimum energy efficiency standard (MEPS)  
of industrial refrigeration compressors that suitable for Thailand. The energy efficiency data of each sample product was 
obtained from the specification providing by its manufacturer. The energy efficiency data of 1,006 products were found and 
used for study HEP and MEP values in this study. They were categorized into 2 groups consists of 344 products and 662 
products for low and medium evaporating temperature groups, respectively. All of them were coefficient of performance 
(COP) measured according to the EN13771-1:2016 and describing the results in accordance with EN12900:2013. The results 
show    that evaporating temperature has dominant effect on COP. It was found that the COPs of low and medium 
evaporating temperatures  should  not  below  0.7911+0.7392 [Cooling 
capacity/(Cooling capacity + 1.049)] and 1.3774 + 1.2934
[Coolingcapacity/(Coolingcapacity+1.785)];respectively,forHEPsand0.4307+0.7392 [Cooling
capacity/(Cooling capacity+1.049)]and0.8354+1.2934 [Cooling capacity/(Cooling capacity + 1.785)]; respectively, for 
MEPs. It is noted thatcoolingcapacity’sunitiskW. 

Keywords - Refrigeration Compressor; High Efficiency Performance Standard; Minimum Efficiency Performance Standard 

I. INTRODUCTION

The DEDE has a duty to promote and support the 
production, distribution and use of high-
performancemachines, materials and equipment. 
Recently, the DEDE has studied more than 60 high-
performance products for promoting the high 
efficiency products[1]. 
Industrial refrigeration compressor is an important 
component which consumes the largest portion of 
energy use in industrial refrigeration. It is commonly 
used in food and beverage industrial cluster in which 
the total energy saving potential is about 5370 
ktoe/year or 62,453 GWh/year [2]. Therefore, the 
study to find the MEPS and HEPS 
ofrefrigerationcompressorisnecessaryforpromotingthe
production,saleandusageofthehighefficiencyproducts. 
Hence,thecountryenergysavingpotentialcanbeachieve
diftheHEPSandMEPShasbeenenforced. 

II. METHODOLOGY

The technical and marketing information of the 
refrigeration compressors were surveyed. It was 
found that EN13771-1:2016[3]iswidelyusedby 
manymanufacturersfortestinganddescribingthecoeffici
entofperformance of their refrigeration compressors. 
The coefficient of performance (COP) Eq. (1) refers 
to a ratio of the amount of 
heatabsorbed(QL)fromtherefrigeratedspacetoaworkinp
ut(W)andcanbeexpressas[4] 

The energy efficiency data of each sample product 
were obtained from the specification providing by its 
manufacturer. All of them were measured according 
to EN13771-1:2016 and describing the results in 
accordance with EN12900:2013 [5]. The results were 
lead to find the right MEPS and HEPS with the 
consent from the related. The methodology details are 
described as follow. 

2.1 Datasurvey 

There are 17 familiar brands of industrial 
refrigeration compressors in Thailand. In 2020, the 
data from the Custom Department reveal that the 
average cost and quantity for the past 5 years of 
imported industrial refrigeration compressors for 
selling in Thailand (HS-CODE 8414-3040 
Refrigeration capacity exceeding 21.10 kW, or with a 
displacement per revolution of 220cc or more) were 
about 976,961,722 Baht per year and 36,107 unit per 
year, respectively [6]. However, it was insisted by 
related parties (e.g. dealers and importers) that only 
half of imported cost was industrial refrigeration 
compressors with cooling capacity exceeding 100 
kW. Thus, the actual quantity of imported industrial 
refrigeration compressors would be 617 units per year 
as shown in Table 1. 
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The energy efficiency data of 1006 products were 
found and used for study HEP and MEP values in this 
study. They were categorized into 2 groups consists 

of 344 products for low evaporating temperature 
group and 662 products for medium evaporating 
temperature group as shown in Table 2. 

2.2 Draft of MEPS andHEPS 

To increase the energy efficiency of refrigeration compressors, the DEDE decided to support 30% of products 
that have the energy performance higher than HEPS and will be encouraged 5% of products that have the energy 
performancelowerthan MEPStoimprovetheproductefficiency. 

III. RESULTS AND DISCUSSION

The total of 1006 energy efficiency data of refrigeration compressors categorized into low and medium 
evaporating temperature refrigeration compressor groups were analyzed. It was found that the average COPs 
were 1.37 W/with standard deviation of 0.2 and 2.39 with standard deviation of 0.32 for low and medium 
evaporating temperature groups, respectively. The distributions of energy efficiency data for each group are 
shown in Fig. 1. 

Fig. 1. Distributions of energy efficiency data for (a) low evaporating temperature and (b) medium evaporating temperature. 

Fig. 2. The relationship between cooling capacity and COP of 
refrigeration compressor. 

Fig. 2 show the relationship between cooling capacity 
and COP of refrigeration compressor for low and 
medium evaporating temperature groups. 

It could be seen that COP increases when the cooling 
capacity increases. Thus, the average COPs should 
bebased on the refrigerating capacity of the 
compressor [7]. It is also clear that the evaporating 
temperature has dominant effect on COP so the 
average COPs were expressed in low and medium 
evaporating temperature according to EN13771-
1:2016 by the equations shown inTable 3. 
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To find the suitable HEPS and MEPS. The DEDE 
committee and related parties agree to define the 
HEPS by specifying HEP of refrigeration 
compressors as the COP values in which number of 
compressors lies in an area above HEP line is about 
30% of total number of refrigeration compressors in 
the market. It was found that 103 models and 8 
brands pass the HEP value for low evaporating 
temperature compressors. While there are 199 models 
and 7 brands pass the HEP value for medium 
evaporating temperature compressors. 
Similarly, the committee and related parties decided 

to define the MEPS by specifying MEP of 
refrigeration compressors as the COP values in which 
number of compressors lies in an area below MEP 
line is about 5% of   total number of refrigeration 
compressors in the market. It was found that 17 
models and 4 brands do not meet the MEP value for 
low evaporating temperature compressors. While 
there are 33 models and 3 brands do not meet the 
MEP value for medium evaporating temperature 
compressors. The HEP and MEP lines of refrigeration 
compressors are shown in Fig.3. 

Fig. 3. HEP and MEP lines for (a) low evaporating temperature and (b) medium evaporating temperature compressors. 

The HEP and MEP values of refrigeration 
compressors are summarized in Table 4 and Table 5, 
respectively. 
The difference between the minimum value of HEP 
and the average value of current COP was used to 
calculate the energy saving potential. It was estimated 
from the survey of 21 cold rooms that the average 
cooling capacity of refrigeration compressors for low 
and medium evaporating temperature were 331.18 
kW and 558.31 kW; respectively, with the load factor 
of 1.00 and 0.46. If HEPS has been enforced, it is 
estimated that 6000 high   energy efficiency 
compressors will be sold during the next 10 years and 
yearly electrical saving potential will be 
606,177,751kWh/yearwhichequivalentto52.12kiloton
sofoilequivalentperyearandequivalenttoCO2reduction 
of 101,101 tons peryear. 

IV. CONCLUSION

Fromthisstudy,theCOPsoflowandmediumevaporatingt
emperaturesshouldnotbelow0.7911+0.7392[Coolingc

apacity/(Coolingcapacity+1.049)]and1.3774+1.2934 
[Cooling capacity/(Coolingcapacity+1.785)];
respectively, for HEPS and 0.4307 
+0.7392[Coolingcapacity/(Coolingcapacity+1.049)]a
nd0.8354
+1.2934[Coolingcapacity/(Coolingcapacity+1.785)];r
espectively,forMEPS.Itisnotedthatcooling capacity’s
unit iskW. 
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Abstract - 
Exergy analysis has been widely used to assess refrigeration systems by evaluating exergy losses or exergy efficiency. The 
latter is mostly used as an indicator to determine the system performance, whichrequires the comparison of the actual system 
with its idealized reversible version, but not the practical achievable efficiency. Therefore, a practice-oriented evaluation 
method for refrigeration plants in free cooling operation is proposed, based on exergy analysis and technical standards as 
baseline. By considering the exergy input of auxiliary devices, the overall design of hydraulic circuits can be assessed on 
subsystem level. The achievable optimization potential compared to the state of the art in technology and the performance is 
revealed with the introduced optimization potential index (OPI). The application is demonstrated on a case study, where the 
analysis reveals an adequate operation of the field plant in general.Mostcoolinglocationsshow 
potentialforimprovement,whichisindicatedbyanOPIsuperiorto zero. Moreover, the auxiliary electrical exergy input shows the 
same magnitude as the thermal exergy input, which emphasizes the importance of reducing the electrical energy usage of 
auxiliary devices in refrigeration plants to increase theperformance. 

Keywords - Optimization potential assessment method Exergy analysis Refrigeration plants Free cooling Optimization 
potential index OPI 

I. INTRODUCTION

In order to evaluate and reduce the energy 
consumption inbuildings, e.g. heating, ventilation and 
air-conditioning (HVAC)systems, different 
approaches were applied. One suitable method is the 
concept of exergy. In the last couple of years, several 
exergy-based investigations were carried out in the 
field of buildingtechnologies, namely heat pumps 
[1,2], HVAC [3,4], photovoltaics[5,6], building 
energy systems [7,8] and refrigeration systems 
[9,10].From a thermodynamic viewpoint, exergy can 
be seen as theunrestrictedly convertible portion of 
energy (maximum mechani-cal energy), which can be 
obtained from any form of energy byreversible 
interaction with the environment [11]. Exergy can 
also beidentified as the quality of energy or available 
energy. In compar-ison to energy, exergy is destroyed 
in real (irreversible) thermo-dynamic processes, such 
as heat transfer in a heat exchanger. Thisrepresents a 
loss in energy potential to produce work. Such 
lossesare the key for optimization, as their location 
and magnitude can be By comparing the measured 
(actual) cooling system power con- sumption to a 
simulated (reference) one, the key figure may be used 
to assess the cooling efficiency of the system or to 
realize a model-based fault detection, which reduces 
the risk of cooling device failure. Fan et al. evaluated 
the performance of an HVAC system in an airport 
terminal building and determined the influ- ence of 
different control strategies on the system performance 
[4]. By means of a simulation model of the building 
and HVAC system and exergy analysis, it was found 
that the air handling unit (AHU) has the highest 

optimization priority, followed by the chillers. In 
order to evaluate the system performance over a 
certain time period in the setting of different control 
strategies with respect to an ideal operating level, the 
control perfect index (CPI) was intro- duced. Three 
different control strategies were assessed, where the 
highest yearly CPI value of 0.82 was reached with the 
optimal load allocationstrategyincomparisonto 
0.77withtheoriginalone. 

II. NOMENCLATURE
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Regarding vapor compression refrigeration plants, the 
interest extents from the refrigeration machine itself 
to the neighboring system structures. In practice, a 
well-suited hydraulic integration of the chiller or free 
cooling module is crucial in order to achieve a highly 
performing plant. Furthermore, it can be beneficial to 
partition the refrigeration plant into different 
subsystems, where each of them can be assessed 
individually. The influence of auxil- iary devices on 
the exergy destruction was considered in a study of 
Kazanci et al., where different cooling systems were 
compared [15]. The authors showed that the electrical 
exergy input of auxiliary devices can be significant, 
which reveals the importance of reducing the latter to 
increase the system performance. Another 
studyinvestigatedtheenergysavingsifvariablefrequenc
ydrives for cooling tower fans are implemented [16]. 
Results showed that with a variable frequency drive, 
the water consumption was shortened by 13% and for 
the same cooling load, the overall energy 
consumption of the refrigeration plant was reduced 
by 5.8%. The approach to partition the investigated 
system into subsystems was applied by Harrell et al. 
to assess the performance of a chilledwater system of 
a campus [9]. The authors found the highest system 
exergy efficiency of 13% at an evaporator cooling 
load of 70%. By dividing the refrigeration plant into 
four different subsystems, the most significant exergy 
losses of 42 and 31% were discovered in the stream 
turbine and refrigeration subsystem, respectively. A 
detailed exergy analysis of a ground-source heat 
pump was carried out by Menberg et al. [2]. The 

system was evaluated with 8 sub- systems in heating 
as well as 6 subsystems in cooling operation. The 
exergy flow path was examined from the input to the 
output, where the exergy consumption in cooling 
mode is mentioned to be approximately 2.71 kW 
compared to 7.62 kW in heating mode. The authors 
state the need of additional research regarding 
variable boundary and system conditions, the 
investigation of different reference environment 
definitions and dynamic exergy evaluation. Another 
study focused on measuring concepts in order to 
evaluate the efficiency of refrigeration plants with an 
exergy-based approach [17]. Typically, an exergy 
analysis requires an increased amount of measured 
quantities. Therefore, they suggest using adequate 
system boundaries for the calculation and to use ther- 
modynamic relations to compute missing variables 
where possible. Further, they state the need of 
achievable reference values in order to allow an 
absolute comparison, as they can vary across different 
refrigerationplants. 
Accordingtotheliteraturesearch,theinvestigatedrefrige
ration 
systemsaremostlysplitintoreasonablesubsystemswithr
espectto the available measurement data in order to 
allow a detailed assessment. The performance and 
optimization potential is then 
evaluatedintermsofkeyfigures.Typically,energyorexer
gyper- 
formanceindicatorsarereferredtoathermodynamicideal
,which is not achievable in practice. However, it is 
relevant for plantop-
eratorstoidentifytherealizableimprovementsandtohave
refer- ence values for an absolute comparison. 
Optimization potentials
shouldberevealed,asmeasureswhichimprovethesystem
effec- 
tivenessmostlikelypreventfrequentshortcomingsdurin
grefrig- 
erationplantoperation.Itshouldnotrequirespecialistsino
rderto 
determinewhetherthereisaneedtotakeactiononaninstall
ation. Therefore, a practice-oriented assessment 
method with technical standards as baseline is applied 
[18]. The objective of the present work is to introduce 
the method for refrigeration plants in free 
coolingoperation,which,tothebestofourknowledge,has
never 
beenappliedbeforetosuchsystems.Toensureabroadappl
icability in practice and to avoid high retrofitting 
costs by installing addi-
tionalmeasurementequipment,thepresentedevaluation
method aims to consider the most common measuring 
concepts of real refrigeration plants. First, the plant is 
divided into four different
subsystems:drycooler,freecooling,coldwaterstorage&t
ransport 
andcoolinglocation.Anexergyanalysisisthencarriedout
andthe 
optimizationpotentialindex(OPI)isproposedforthefree
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cooling 
configuration.Thisallowsastraightforwarddeterminati
onofthe 
performanceandoptimizationpotentialofeachsubsyste
min the 
refrigerationplant.WiththeOPI,acomparisonbetweendi
fferent refrigeration systems is possible and the 
reference can vary depending on the technological 
requirements, which is of great importance in 
practice. The assessment system is applied and its 
functionality demonstrated on a field plant as a 
casestudy. 

II. REFRIGERATION PLANT

Fig. 1 shows schematically a typical refrigeration 
plant with coldwater distribution and free cooling. 
Usually, multiple refrigeration machines are set up in 
parallel (e.g. redundancy) and multiple cooling 
locations are present. The piping &instrumentation 
dia- 
gramisnotintendedtoshowtheidealconfiguration,buttor
eveal 
theassignmentoftheauxiliarydevicestothedifferentsubs
ystems. The definition of the latter is based on 
investigations regarding existing systems but can be 
chosen differently according to the needed degree of 
detail. The present study focusses only on the 
refrigerationsystem,meaningotherbuildingcomponent
ssuchas 
ventilationsystemsorthebuildingenvelopearenotconsid
ered. In refrigeration machine operating mode, the 
cooling is realized by a refrigeration cycle (subsystem 
refrigeration machine RM), where the chilled water is 
distributed over a secondary hydraulic circuit 
(subsystem cold water storage &transport CST) to the 
cooling locations, e.g. air-handling units (subsystem 
cooling loca-
tionCL).Theheatfromthecycleprocessisdischargedove
ranother secondary hydraulic circuit (subsystem dry 
cooler DC) with the aid of dry coolers. If the 
surrounding air temperature is substantially lower 
than the temperature in the refrigeration system, the 
use of free cooling is feasible. Typically, a free 
cooling module (subsystem 
freecoolingFC),inthesimplestformconsistingofaheatex
changer, is arranged in parallel to the chillers. In free 
cooling operation, the 
couplingofthesubsystemdrycooler(DC)andcoldwaterst
orage&transport (CST) allows an indirect cooling of 
the cooling location (CL) without the use of the 
refrigeration machines (RM). Thus, the electrical 
energy of the compressors can be economized. This 
free cooling operating mode is mostly present in the 
colder monthsover 
theyearandissubjectofthepresentanalysis. 
Moreover, the exergies of every subsystem in free 
cooling 
operationaswellasthemeasuredquantitiesforthecomput
ation are depicted in Fig. 1(for details see Tables 1 

and 2). The arrows
indicatetheexergyflowsandBLdescribestheexergylossi
nevery 
subsystem.Thecoolinglocationanddrycoolerthermalex
ergy,BCLand BDC, are not needed for the assessment 
but shown for completeness. Tambrepresents the 
ambient airtemperature. 
For the present study, a field plant is examined, from 
which measurements were collected during the year 
2018. The refriger-
ationplantislocatedinWinterthur,Switzerlandandincor
porates 

Fig. 1. Simplified piping &instrumentation diagram of a typical 
refrigeration plant with cold water distribution and free 

cooling divided into different subsystems. The exergy inputs 
and outputs in free cooling operation are depicted with arrows 
and measured variables shown in italic (for details see Tables 1 

and 2). 

Table 1 
Measuredvariablesineachsubsystemfortheexergycalculation 

five refrigeration machines with a total cooling power 
of approxi- mately 5 MW and ammonia (R717) as 
refrigerant. The plant sup- plies seven buildings with 
chilled water, where the cooling locations represent 
air-handling units of ventilation systems in the 
different buildings, three of which were integrated 
into the system
inApril2018.Thetemperaturerequirementofallcoolingl
ocations 
isanaveragevalueofz13○Cbetweenthecoldwatersupply
and return flow according to the design. Additionally, 
12 circulating pumps are present, from which three 
are winter pumps for thefree cooling operation, in 
order to transport the cold water through the 
underground distribution network. One free cooling 
heat exchanger is integrated to the system, while 
three dry coolers discharge the heat to the 
environment. As a result, 10 different subsystems are 
defined to analyze the free cooling operation. No data 
was registered of the circulating pumps in free 
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cooling oper- ation (winter pumps). As an approach, 
the electrical energy input is calculated under the 
assumption that they behave similarly as the 
circulating pumps in refrigeration machine operation. 

III. ASSESSMENT APPROACH

3.1. Exergy balance and keyfigures 

The rate of change of exergy dB/dt over a control 
volume, e.g. over a subsystem in the refrigeration 
plant, can be written as [19,20]: 

By definition, mechanical energy is pure exergy, as it 
can befully transformed into any other form of energy 
(e.g. heat). In contrast, thermal energy contains only a 
portion of exergy and cannot be fully transformed. By 
assuming steady-state, incompressible flow (liquid in 
the hydraulic circuits) and neglecting pressure 
lossesover thesystemboundaries, Eq.(1)canbe 
expressedasfollows[8,21]: 

Table 2 
Exergy inputs and outputs of each subsystem 

in the exergy analysis. A detailed hydraulic 
evaluation could be carried out in a further evaluation 
step, assuming that the required technical data is 
available. The exergy efficiency hex is mostly used to 
assess the exergy performance of thermodynamic 
systems. The key figure can be evaluated by 
balancing the total exergy output 
B_outtotheinputB_in[22]: 

which indicates how much exergy leaves the system 
compared to the input. The key figure reaches a value 
of 0 if the energy is completely degraded (only losses 
present) and 1 if a thermody- namic ideal process (no 
exergy losses) is considered. Since every real process 
is irreversible, exergy losses are to be expected and 
the need to know the best process possible is 
appearing. This indicator allows a relative 
comparison between different processes with re- gard 
to the thermodynamic ideal, but there are no 

reference values available stating which exergy 
efficiency should be achieved with a certain process. 
Thus, the quantification of the performance and 
possible optimization potentials according to the state 
of the art in technology is problematic, which is of 
great importance in practice. For this reason, the 
optimization potential index (OPI) is applied which 
has the following general form [18]: 

The OPI balances the effective exergy efficiency hex 
according to measurement data with a reference 
efficiency h*. The key figure describes the behavior 
of the real system in comparison with a reference 
system under identical operation conditions while the 
sameexergyoutputB_outisachieved.Thus,theevaluatio
nofasubsystemiscarriedoutwiththeassumptionthatthea
djacent *subsystems perform identically. B_ andB_ 
describe the actual exergy input according to 
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measurements and the reference exergy input, 
respectively. As a first approach, the reference values 
are defined according to technical standards (see 
subsection 3.3). This represents an achievable 
technological baseline, where the speci- fied 
conditions can be fulfilled or exceeded if the 
refrigeration plant is properly engineered and 
maintained. Typically, such standards are specified in 
tenders or contracts and should be fulfilled at the 
stage of commissioning. Any other appropriate 
standards or limits (e.g. performance parameters) 
could find application, i.e. the baseline can depend on 
the technological requirements in different countries 
orregions. 
With the OPI, the results are straightforward to 
interpret (see Fig. 2). No specialists are required to 
reveal eventual issues or improvement potentials, 
which is of great importance in practice. 

Fig. 2. OPI scale with the corresponding operating conditions. 

For example, plant operators can easily evaluate the 
system oper- ation by tracking the key figure over 
time. A colored indicator as depicted in Fig. 2 could 
be realized and implemented in monitoring systems, 
which helps also to raise awareness for an efficient 
refrigeration plant operation. If the actual exergy 
input of the subsystem is larger than the reference 
(meaning an increased input is required to achieve the 
same output), the OPI is larger than 0 and points out 
improvement potential. For example, assuming a 
fouled heat exchanger of the dry cooler. As a 
consequence, the cooler fans 
needtooperateatahigherfrequencytoensuretheneededh
eat transfer, while consuming an increased amount of 
electricalenergy. 
The actual exergy input of the subsystem DC will be 
larger compared to the reference and the OPI reveals 
the issue with a value superior to 0. Conversely, if the 
dry cooler is correctlymaintained and operated, the 
actual exergy input is lower than the reference, where 
the OPI delivers a value inferior to 0. Thus, no 
optimization potential according to the state of the art 
in technol- ogyispresent.
AnOPIof0indicatesthatthetechnicalrequirements are 
met. Therefore, the OPI delivers a first localization of 
eventual issues and optimization potentials on 
subsystem level. In a second evaluation step, the 
malfunction can be further narrowed down with a 
more detailed analysis. Eventually, by including a 
cost analysis, it is revealed if adjustments to the 
system are worthwhile, not only from a technical but 
also an economical aspect. Plant op- erators can then 

initialize the appropriate corrective measures by 
specialists. 
As for technical reasons, typically no physical data is 
available in real systems for the calculation of B (see 
Fig. 1) of the subsystem CL.Therefore,analternative 
approachisappliedforthelatterin 
freecoolingoperation.Namely,theexergyinputissettobe
the sameintheactualandinthereference
condition,whiletheexergy output varies according to 
the technical standards. The latter is 
plausiblefromathermodynamicviewpoint,asitisfavorab
lefor the subsystem, if more exergy is extracted 
compared to the reference operating condition. Thus, 
the interpretation of the OPI remains the same for the 
subsystemCL. 

3.2. Reference environment 
Exergy describes the energy potential with respect to 
an envi- ronmental reference. Therefore, exergy 
evaluations require a proper definition of the latter. 
Torío et al. investigated different reference states for 
the building environment, where they recom- mend 
using the surrounding ambient air as reference [23]. 
The variable outdoor temperature was applied in 
other studies [24,25]. However, other research stated 
to use a fixed and constant refer- ence in order to 
carry out a consistent and reliable exergy analysis 
[26,27]. Therefore, as a first approach, a constant 
referencetem- peratureT0of5○C 
isusedinthepresentstudy,whichrepresents 
theaveragedoutdoortemperatureofthemonthsJanuaryto
April andNovembertoDecember2018,
accordingtomeasurementsfrom the investigated field 
plant. While the definition of the reference 
environment may influence the absolute values of the 
exergy,the effect on the OPI is assumed to be small, 
as the same reference temperature is used for the 
actual and reference exergy. 

3.3. Subsystemevaluation 
With the goal to achieve a daily assessment of 
refrigeration plants in free cooling operation, as the 
cooling load in air- conditioning applications 
typically exhibits a daily rhythm, a quasi-stationary 
approach is chosen. The exergy flow rates are 
determined and balanced over each subsystem. The 
needed quantities are calculated from measurement 
data, obtained with reference values from technical 
standards or determined with an 

Table 3 Proposed OPI definitions of every subsystem in free 
cooling operation of the refrigeration plant. 
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exergy balance (see Eq. (2)). Subsequently, the 
exergy flow rates are numerically integrated with the 
trapezoidal rule over the present measurement 
interval of 5 min. The corresponding exergies of each 
interval are then summed up over 24 h and the 
optimization po- tential index is evaluated on a daily 
basis. Each subsystem of the field plant in free 
cooling operation is 

assessed separately with the described procedure. 
Table 3 lists the proposed definitions of the 
optimization potential index of each subsystem under 
consideration, with the exergies according to 

Table 2. The exergies marked with an asterisk 
represent reference
valuescomputedwithtechnicalstandards.Thedetailedap
proachis introduced below using the subsystem dry 
cooler (DC) as an
example,wherebytheOPIfortheothersubsystemsisdeter
mined similarly using the corresponding measured 
variables fromTable1.TheOPIDC
isproposedaccordingtoEq.(6)(seeTable3),wheretheele
ctricalexergyinputofeachpresentcirculatingpumpanddr
y coolerfanissummedup.
ThefreecoolingexergyontheDCside 

Table 4 
Amplification factors for auxiliary devices according to the 

technical standard SIA 382/1 [29]. 

IV. RESULTS AND DISCUSSION

The investigated field plant exhibits free cooling 
operation if the measured compressor electrical 
energy WCPRis equal to and the free cooling thermal 
energy QFClarger than 0 J, respectively. This is the 
case from January to mid-March as well as from end 
of October to December 2018. Mixed operation of the 
refrigeration machines and the free cooling module, 
e.g. precooling overnight, is not considered in the
present work. The daily OPI (y-axis) of every
subsystem in the refrigeration plant in function of the
date (x-axis) is depicted in Fig.3.
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4.1. Subsystem FC 

To begin with, the subsystem FC shows an average 
OPIFCof 0.30 and exhibits almost a steady-state 
behavior over the investigated time period (see Fig. 
3a). The minimum of 0.45 is achieved on December 
25th and the maximum of 0.21 on November 21st. 
The key figure is 100% of the time lower than 0 and 
thus, the technical requirements according to the 
applied technical standards are exceeded. This leads 
to the assumption that the implemented heat 
exchanger is well designed according to the 
specifications, which results in an adequate operation 
and performance. 

4.2. SubsystemCST 
The subsystem CST reveals a similar behavior, where 
the tech- nical requirements are fulfilled. The 
OPICSTis 100% of the investi- gated time period 
lower than 0 and shows an average value of 0.30 (see 
Fig. 3a). The hydraulic circuit is apparently well 
designed and the circulating pumps correctly 
operated, resulting in a low electrical power 
consumption and a low exergy input compared to the 
reference, respectively. Interestingly, the perfor- 
mance indicator reveals an increase of approximately 
0.2 from mid- March to end of October. A possible 
reason are the three additional 
coolinglocationswhichwereintegratedattheendofApril,
and 

Fig. 3. Optimization potential index (OPI) of the subsystem DC, FC and CST (a) as well as subsystems CL,1 to CL, 7 (b). 

thus, the actual exergy input of the subsystem is 
increased. Most likely, the circulating pumps exhibit 
an increased electrical energy 
usage,duetotheadditionalpipinginstalledinthehydrauli
ccircuit. 

4.3. SubsystemCL 
The cooling locations CL reveal a differentiated 
behavior (see 
Fig.3b).Coolinglocation1performsbest,hasanaveraged
OPICL;1of approximately 0.04 and is 92% of the 
time lower than 0. Cooling locations 2, 4, 5 and 7 
operate close to the technicalrequirements 
with an average OPI of 0.19, 0.16, 0.13 and 0.12, 

respectively. Accordingly, these cooling locations 
should be observed closely during further operation. 
An increase of the key figure would indicate a 
possible malfunction. In contrast, the cooling location 
3 performs worst with an average OPICL;3 of 0.36 
and cooling location 6 reveals an averaged OPICL;6 
of 0.25. Therefore, both cooling loca- tions show an 
increased potential for improvement. A possible 
reason can be a fouled or suboptimal heat exchanger, 
which results in a decreased cold water distribution 
temperature to achieve the needed heat transfer, 
compared to the chosen reference (see subsection 
3.3). Also, a different dimensioning might be present 
in the refrigeration plant compared to the initial 
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design, meaning that the cooling locations supply an 
air-conditioning application with a different 
temperature level as assumed in the reference 
conditions (e.g. an air-conditioning application 
without dehumidification). Asa consequence, the 
mentioned cooling locations should be inspected to 
determine eventual issues and to initiate counter- 
measures in order to achieve an increased 
performance. 

4.4. SubsystemDC 
The subsystem DC operates according to the 
technical re- 
quirements,similarlytothesubsystemsFCandCST,ande
xhibitsan average OPIDCof 0.87 (see Fig. 3a). Three 
outliers with a value superior to 0 are present on 
November 15th as well as December 8th and 21st. 
However, such outliers should not be overly consid- 
ered, as only a constantly high or rising key figure is 
a possible indication of a faulty operation. By 

investigating the daily exergy sums, the reason for the 
adequate performance of the subsystemDC is 
revealed (see Fig.4). 
The exergy input of the circulating pumps (see Fig. 
4b) is all the time lower than the reference. Also, the 
exergy input of the dry cooler fans (see Fig. 4c) is 
substantially, around factor 2, lower than the 
reference. This is favorable for the refrigeration plant 
operation. The actual dry cooler fan input is increased 
by approximately a factor of 6 the same days the OPI 
reveals a potential for improve- ment, and thus, the 
behavior of the dry cooler fans determines the 
outcome. The thermal exergy input of the free 
cooling module (see Fig. 4a) exhibits values 
according to the technical standards. It is revealed, 
that a decreased electrical exergy input is more 
favorable for the subsystem than an adequate 
temperature level. The refer- ence electrical exergy is 
roughly factor 2 higher than the reference 

Fig. 4. Daily exergy sum of the subsystem DC input from the free cooling module (a), circulating pumps (b) and dry cooler fans (c). 

thermal exergy and, interestingly, the actual electrical 
exergy in- puts of the auxiliary devices exhibit a 
similar magnitude as the actual thermal exergy input. 
In energetic considerations, their input would account 
only for roughly 4.7% of the thermal load according 
to technical standards. This outcome emphasizes to 
reduce the auxiliary electrical energy input where 

possible, e.g. with an
adaptivespeedcontrolofthecirculatingpumpsanddryco
olerfans, 
inordertoachieveahighlyperformingrefrigerationplant. 
5. Conclusions andoutlook
The introduced optimization potential indices for free
cooling operation of refrigeration plants allows an
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assessment of the per- formance and the 
corresponding optimization potential in every 
subsystem at a glance. The identification of possible 
optimization potentials is relevant, as measures which 
improve the system effectiveness most likely prevent 
frequent shortcomings during refrigeration plant 
operation. The functionality of the methodology was 
shown by applying it with experimental data from an 
existing field plant as a case study. With defined 
reference values according to the state of the art in 
technology, an absolute comparison be- tween 
different refrigeration plants is feasible. The 
interpretation of the results is straightforward, which 
is of great importance in practice. Laypersons can 
easily determine the system operating state and 
initiate countermeasures by specialist if needed. A 
simple red/green indicator could be realized to 
facilitate the monitoring of the plant operation. 
Furthermore, the exergy-based assessment system 
helps to sensitize all involved actors, e.g. plant 
operators, regarding an efficient operation of 
refrigeration plants. The pre- sented method finds 
possibly also application in other building energy 
systems, such as heatpumps. The investigated field 
plant reveals a performance according to the technical 
requirements in general, whereby it can be concluded 
that the overall design of the hydraulic circuits is 
adequate and the auxiliary devices properly 
controlled. Two out of seven cooling locations show 
significant potential for improvement. The latter 
could be realized by e.g. ameliorating the heat 
transfer or including another hydraulic circuit for the 
cold water distribution on the desired temperature 
level according to the air-conditioning appli- cation. 
Moreover, the analysis shows the importance of 
reducing the energy usage of auxiliary devices to 
achieve an adequate per-formance of theplant. 
Further investigations are needed regarding the 
determination of the cooling location exergy. As no 
measurements were available for the present study, an 
alternative approach was used for the subsystem 
cooling location to determine the optimization 
potential index. To allow a consistent definition of 
the latter, the temperature and the corresponding air 
humidity of the cooling location circuit(e.g. 
ventilation system) needs to be measured in the 
future. This includes the determination of the exergy 
of humid air, which is typically present in air-
conditioning applications or evaporative coolers, e.g. 
cooling towers. Likewise, if further technical 
informa- tion would be available, a hydraulic analysis 
could be integrated to the proposed method in order 
to evaluate the specific flow exergies and to consider 
occurring pressure losses in detail. While no cost 
analysis was considered in the present work, it could 
be carried out in a subsequent evaluation step in order 
to determine if the found optimization potential is 
also worthwhile from an economic point of view. 
Furthermore, the exergy-based assessment system 
should be applied to other field plants, preferably 

with a different cooling power and other subsystems 
such as heat utilization. This helps to identify 
interrelationships between various refrigeration 
systems and to use them for future evaluations. 
Further technical reference values should be 
determined, as it is currently not possible to es- timate 
which values of the optimization potential index close 
tothe 
limit of 0 still represent a permissible operation. 
Ideally, these limits are specified with statistically 
sound, representative mea- surements and with the 
help of experts. Not only technical and methodical 
but also strategic aspects have to be considered 
together with all actors in the industry. This involves 
long term investigations of different real systems. In 
addition, future in- vestigations should analyze the 
influence of the reference envi- ronment on the 
optimization potentialindex. CRediT authorship 
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Abstract - Twin roll strip casting of aluminum alloy AC7B using commercial scale machine was operated. Twin roll casting 
process is able to produce a strip from molten metal directly. Thus this process has a possibility to reduce total cost of sheet 
making comparing to conventional rolling process. Strip casting process has some disadvantages. Casting speed depends on 
the material properties. It is difficult to determine the casting conditions. 
Theaimsofthisstudyistoinvestigatetheeffectoftheinitialrollgaponthestrip.Continuousstripcouldnotbeproducedatthe 
rollspeedof10m/min.Continuousstripwasproducedattherollspeedof20m/min.Thestripconsistedofanopaquepartand a metallic 
luster part. However, cracks were observed. Continuous strip was produced at a roll speed of 30 m/min. However, cracks 
were observedtoo. 

Keywords - Twin Roll Casting Process, Aluminum Alloy AC7B, Castability, Surface Condition, Strip Thickness 

I. INTRODUCTION

It is important that the improvement of fuel efficiency 
of transport machine such as automobile through the 
viewpoint of the global environment and the resource 
protection. The methods of improving fuel efficiency 
are the several ways such as improving of power 
drive system and reduction of running resistance and 
weight. Among them, weight saving of car weight is 
an effective method of improving fuel efficiency. 
Therefore, Aluminum for car structural material is 
attracted attention from the view point of the weight 
reduction. The Demand of aluminum is increasing for 
recent years in Japan. Especially the demand of 
aluminum for transport machine is increasing in last 
years. [1] Therefore, it is necessary to reduce the cost 
of manufacturing Aluminum strip. 
This paper describes a vertical type twin roll strip 
casting process for producing aluminum alloy strip of 
AC7B. Aluminum strip[2] is generally produced by 
multi process such as DC casting, scalping,hot rolling 
of 200 mm ~ 600 mm thickness slab, repeated cold 
rolling and annealing. Form the above, the 
manufacturing cost of Aluminum strip become high 
because of the number ofprocesses. 
Theverticaltwinrollstripcasterwasusedinthisstudy. It is 
possible to produce an Aluminum strip continuously 
from molten metal directly by twin roll strip casting. 
The molten metal was solidified on the roll surface 
and formed to strip. Strip thickness is 
about1~3mm.Stripcastingprocessisarapidcooling 
solidification process. So that the mechanical 
properties improve. The roll speed is generally high 
in twin roll casting such as 60 ~ 150 m/min. Thus, it 
is possible to reduce the strip manufacturing cost 
compared with the conventional rolling process 
because of the highly productivity. Strip casting 
process has some disadvantages. Casting speed 
depends on the material properties. It is difficultto 

determine the casting conditions. 
Aluminum alloy AC7B is contained high Mg. A lot of 
studyoftwinrollcastingisreported[3]-[6]. Inthisstudy, 
continuous casting method of vertical twin roll strip 
of aluminum alloy AC7B using large equipment for 
practical use of strip casting was studied. In this 
study, the influence of the roll speed was investigated. 
The continuity, surface condition, sheet thickness, 
rolling load, internal structure of the strip 
wereevaluated. 

II. EXPERIMENTAL DEVICE AND 
CONDITION

Fig. 1 (a), (b) and (c) show photographs of the 
experimentalapparatus.Fig.1(a)isafrontviewofthe 
device. Fig. 1 (b) is a top view. Fig. 1 (c) is an overall 
view. This device was manufactured by IHI Co., Ltd. 
and transferred to Gunma University Ota Campus. 
This device was manufactured for magnesium alloys. 
In this time, some modifications were made in 
conducting experiments on aluminum alloys. The roll 
material is SKD 61, the roll diameter is 1,000 mm,the 
roll width is 240 mm, it is a solid material. The 
maximum rolling load on the design is 75 tons, and it 
is possible to apply loads up to 312.5kgf / mm when 
converted per unit width. The roll gap is fixed type. 
The roll speed is variable using an inverter and can be 
variedfrom3m/minto100m/min.Thecapacityofthemoto
ris3phases400V,80kW,andtherollisrotated through the 
gear box and the universal joint. Fig. 2 
showsaphotographoftheloadcell.Twoloadcellsare 
installed and it is possible to successively measure the 
rollingloadduringtwinrollcastingthatchangesevery 
minute. In this study, only the maximum load in the 
experimentisshown.Fig.3showsaphotographofthe side 
dam. The side dam is formed from a mild steel strip 
and five layers of heat resistant cloth. Heat resistant 
cloth was pasted to mild steel strip using spray glue 
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(3M, 88). Approximately 2 kg ofAC7B alloy was 
melted in a crucible furnace. Fig.4 shows a 
photograph of the pouring mechanism. We installed a 
wire in the crucible box and pour the molten metal by 
tilting the box by pulling the wire from the mezzanine 
level of the laboratory for safety. Fig. 5 shows a 
photograph of the nozzles. The nozzles are formed of 
aluminum sheet and heat resistant cloth. The nozzle 
was used to control the coagulation distance. No 
release agent to the roll was used. The experimental 
conditions are shown in Table 1. The initial roll gap 
was 2.0 mm. Roll gap was adjusted by tightening the 
nut. We checked it with thickness gauge. The pouring 
temperature was 611 ° C (5 ° C on the liquidus). The 
roll speed were 10 m/min, 20 m/min and 30 m/min. 

Table 1 Experimental conditions 

III. RESULTS ANDDISCUSSION

Fig. 6(a), (b), and (c) show photographs of the 
produced strips. Table 2 shows the measurement 
results of thickness, length and maximum load of the 
strips. The width of the strips are the same as the roll 
width. At the roll speed of 10 m/min, no cracks were 
observed and the surface condition of the strip is 
metallic luster. 

At the roll speed of 20m/min, the surface condition of 
the strip is metallic luster part and white turbid part. 
Fig7and8showtheenlargedphotographsofthestripsurfa
ceat20m/min.Fig.7showstheedgeoftheplate, 
andhotcrackswereobservedatthemetalliclusterpart of 
the edge.That is because the amount of solidification 
near the edge increased. Therefore partial draft 
increased. Fig. 8 shows a white turbid part. 
Solidification cracks were observed in the white 
turbid part. In the turbid part, the contact between the 
rollandthemoltenmetalisinsufficient,sothecooling 
becomes insufficient. 

It is considered that cracks occurred because the 
solidification was not completed and the rolling force 
oftherollwasreceived. Attherollspeedof30m/min, the 
strip was composed of the white turbid. This is 
because there was a difference between the roll speed 
and the speed of discharged strip. 

Thereforethefillingofthemoltenmetalinthegapwas 
insufficient. Solidification cracks were observed too. 
The initial roll gaps were differfrom the strip 
thicknesses because of insufficient skill in the 
equipment. It is considered that this problem can be 
solved by setting the initial roll gap to the target strip 
thicknessinconsiderationoftheelasticdeformationofthe
device. 

Table 2 Strip thickness and rolling load 



Dual Roll Casting of High Mg Contained Aluminum Alloy 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 367 

ACKNOWLEDGMENT 

This work was supported by the subsidy of the 
association for the advancement of Science & 
Technology, Gunma University. And this study was 
operated at Monodukuri Innovation Center, Gunma, 
Japan. And this study was supported by the Light 
Metal Educational Foundation, Inc.. 

REFERENCE 

[1] Light Metal Society edition: Microstructure and properties of
aluminum(1991) 

[2] Engler,C.Schäfer,H.J.Brinkman,J.Brecht,P.BeiterandK. 
Nijhof, Journal of Materials Processing Technology, 229
(2016),139-148. 

[3] T.Haga,H.Inui,H.WatariandS.Kumai,JournalofMaterials 
Processing Technology, 191, 1-3 (2007),238-241. 

[4] T. Haga, M. Ikawa, H. Watari and S. Kumai, Journal of
Materials Processing Technology, 172, 2 (2006),271-276. 

[5] T.Haga,K.Takahashi,M.IkawaandandH.Watari,Journalof 
Materials Processing Technology, 153-154 (2004),42-47. 

[6] T. Haga and S. Suzuki, Journal of Materials Processing
Technology, 143-144 (2003),895-900.





Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 368 

RESEARCH ON MECHANICAL PROPERTIES OF EPOXY BASED 
KENAF/BANANA/GLASS FIBER HYBRID NANO COMPOSITES 

1VENUGOPAL T, 2ISWARANJAN BISWAL, 3KRUSHNAPRIYA MOHAPATRA 

1Department of Mechanical Engineering, NMIET, Bhubaneswar, 751019 
2Department of Mechanical Engineering AIET Bhubaneswar 
3Department of Mechanical Engineering REC Bhubaneswar 

E-mail: 1subhasis.sarkar@nmiet.ac.in

Abstract - Development of the polymer hybrid composite as a sustainable alternative materials for some engineering 
applications, particularly in aerospace application and automobile applications are being investigated. The role of natural 
fibers reinforced hybrid composite are growing in a field of engineering and technology due to favorable properties. In the 
present unsustainable environmental condition natural fibers are serving better materials in terms of biodegradability, low 
cost, high strength and corrosion resistance when compared to conventional materials. The main objective is to prepare the 
Kenaf/Glass fiber hybrid composite filled with graphene as nano filler and to investigate the mechanical properties of hybrid 
composites. The different types of hybrid composites laminates are fabricated without filler, 0.5, 1 &1.5Wt % of graphene 
by using kenaf and glass fiber as reinforcing material with epoxy resin. The specimen were prepared as per the ASTM 
standards and results shows that the mixing of graphene in epoxy resin improves the mechanical properties of hybrid 
composites and also the performance of kenaf/glass fiber composites is more than banana/glass fibercomposites. 

Keywords - Kenaf Fiber, Banana Fiber, Nano Filler, Hybrid Composite Material 

I. INTRODUCTION

Since from past two decades, there is tremendous 
growth in development of FRP composites with high 
strength to weight ratios, as it has acquired the 
various fields of application, ranging from 
shipbuilding, aerospace, automotive, to recreation 
equipment, furniture, office products, biomedical 
devices and implants, construction and building 
industry etc. With the increase in requirements, there 
is a demand to develop the stronger and cost effective 
composites. The fiber/matrix interface plays a vital 
role in determining the mechanical properties of glass 
fiber composites[1]. When the addition of filler 
materials to Epoxy/Glass fiber composites is 
increased then the thermal expansion coefficient of 
the corresponding composite getsreduced[2]. 

The tensile strength and the tensile modulus of Glass 
fiber/Epoxy composite increases in fiber loading and 
the addition of Nano filler particles to the Glass fiber/ 
Epoxy composite increases the tensile strength and 
the tensile modulus of the composite. Also, the 
addition of Nano filler particles to the Glass 
fiber/Epoxy composites increase the flexural 
properties of the Glass fiber composite[3] It has been 
reported that the addition of Nanoclay to Glass 
fiber/Epoxy composites increases the interfacial shear 
strength tremendously[4].The fiber/matrix interface 
plays a vital role in determining the mechanical 
properties of glass fiber composites[5]. When the 
content of Nanoclay is increased beyond an optimal 
level then the mechanical properties of the resultant 
composites decreases[6]. The percentage of Nanoclay 
to be used should be restricted to 5 wt% in order to 
get good mechanical properties of thecomposites[7]. 

II. DETAILS EXPERIMENTAL

2.1. Materials used 
Kenaf, banana and glass fiber with (0˚/ 
90˚orientation) is used as reinforcing material, Epoxy 
resin (LY 556) and hardener (HY 951) is used as the 
matrix material and nano filler (Graphene) used as a 
filler material with different weight percentage to 
increase mechanicalproperties. 

Preparation of Resin 
A measured amount of epoxy is taken for different 
volume fraction of fiber and mixed with the hardener 
in the ratio of 100:10 and Graphene filler is added 
into that mixer with weight percentage of (without 
filler, 0.5, 1, 1.5wt.%) 

Preparation of the reinforcing material 
The kenaf, banana and glass fabric is spread on the 
flat surface  and required dimension of 300 mm x 
300 mm is marked using the marker pen on the fabric 
spread and cut using a scissor manually. Required 
such layers of fabric were cut to get the required 
thickness oflaminate. 

Fig.1. Kenaffibermat Fig.2. Glass fiberMat 
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2.4. Hand layup technique 
The composite laminates are fabricated by hand layup 
technique. Kenaf and glass fibers mat were cut into 
the dimensions of length and breadth is of 
300×300mm and 4mm thick was used to prepare the 
laminate. The composite laminate consists of total 6 
layers of glass fiber and 5 layers of kenaf fibers for 
the fabrication of different samples. The layers of 
fibers were fabricated by adding the required quantity 
of epoxy resin. The glass fiber is mounted on the 
table and then epoxy resin is applied on it. Before the 
resin gets dried, the second layer of kenaf fiber is 
mounted over the glass fiber. The process is repeated 
till six layers of glass fiber and five layers of kenaf 
fiber got over. The epoxy resin is applied to the entire 
surfacebymeansofaroller.Theairgapsformed during 
the processing between the layers were removed out. 
Finally these laminates are kept in press for over 24 
hours to get the required shape and thickness. Two 
types of composite laminates were 
prepared with addition of graphene filler (0, 0.5, 1, 
1.5, wt. %) 

 Kenaf/Glass/Graphenecomposites
 Banana/Glass/Graphenecomposites

2.5 Preparation of test specimens 

The test specimens are prepared as per ASTM 
standards from the composite laminates using water 
jet machine as shown in fig. 1, 2 &3. 

III. RESULTS ANDDISCUSSION

All tests were carried out on tensometer as per the 
ASTM standards 

3.1. Comparison of UTS for Kenaf/Glass and 
Banana/Glass fiber composites 
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3.2 Comparison of compressive strength for 
Kenaf/Glass and Banana/Glass fibercomposites 

3.3 Comparison of flexural strength for 
Kenaf/Glass and Banana/Glass fibercomposites 

IV. CONCLUSIONS

 Fabrication of Kenaf/glass and Banana/glass
fiber hybrid polymer composites withdifferent
percentage of graphene were prepared
successfully by hand lay-up process.

 Performance of kenaf/glass fiber composites is

more than banana/glass fiber composites with 
graphene. 

 Kenaf/glass fiber reinforced with 0% graphene
possesses good ultimate tensile strength of
130Mpa when compared to banana/glass fiber
composites of117Mpa.

 Better Compressive properties are obtained with
kenaf/glass fiber composites than banana/glass
fibercomposites.

 Kenaf/glass fiber reinforced with 1% graphene
possesses good flexural strength of 14Mpa when
compared to banana/glass fiber composites
of13Mpa.
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Abstract - By increasing the growth of various industries such as automotive industries as well as the need to build more 
parts with improved properties and a decrease in production costs, the die-casting method is more concerned. The die-casting 
method is capable of producing complex parts, reducing machining time and high-speed production rate. The aim of this 
paper is producing brass parts by pressure casting method then improving its mechanical properties by reducing its porosity. 
For this purpose, the effective parameters such as alloying elements, molten temperature, and injection pressure were 
improved by utilizing Orthogonal Array L9 of the Taguchi method and using Minitab software. It was found that lower 
molten temperature (1000 ° C), moderate injection pressure (140-ton), and 60% Cu had the best fulfilling, and lower 
porosity. 

Keywords - Die-Casting Process, Brass Alloy, Taguchi Method, Injection Pressure, Molten Temperature, Casting Defects 

I. INTRODUCTION

Die casting is a popular casting process that is 
specified by forcing liquid metal under high pressure 
into the mold cavity. These castings are made from 
light alloys, especially magnesium, copper, 
aluminum, zinc, etc. by use of the hot or cold- 
chamber machine. Not only this process is suited for 
rapid production rates, but also it has some other 
benefits such as very good surface finish, excellent 
dimensional accuracy, and reduced final 
machining[1]. 
One of the prominent problems in the die casting 
process is porosity in final products so the main 
objectives of this study are decreasing porosity 
percentage and increasing mechanical properties of 
brass parts in this process by use of the Taguchi 
method. Firstly, it was attempted to understand the 
effects of process parameters on the die casting 
process. It was found that alloying elements, molten 
temperature, and injection pressure have the most 
influential effects on the process[2&3]. Hence to 
solve the problem of high porosity and low 
mechanical properties of brass parts, it was decided to 
optimize the parameters by using the Taguchi 
method. Then, by doing some experiments and 
analyzing casting samples, obtained results were 
verified. 

II. EXPERIMENTAL DETAILS

This research is divided into three main sections 
including experiment design, conducting experiments 
and analyzing them. 
Orthogonal array L9 of the Taguchi method was 
utilized with Minitab software as a statistical and 
process improvement tool to analyze data and 

approach the most effective parameters on output 
[4].Taguchi designs is based on signal-to-noise ratio 
Control factors are those design parameters that can 
be controlled but noise factors are uncontrollable 
factors that should be minimized. It means higher 
values of the signal-to-noise ratio (S/N) identify 
control factor settings that minimize the effects of the 
noise factors [5].These parameters arealloying 
elements (55%, 60%, 65% Cu), molten temperature 
(9000c, 10000c, 11000c), and injection pressure (120, 
140, 160 ton). Based on these influential parameters 
and their interaction, practical experiments then 
microstructural and mechanical tests were 
conducted.All designed experiments according to the 
Taguchi method are given in table l. By using this 
method not only time and costs of experiments were 
saved but also more accurate results were obtained. 

Table1: Designed experiments according to Taguchi method 
Cu%= Copper percentage (%), PT=pouring temperature (oC), 

IP=injection pressure (ton) 

A prepared copper-zinc alloy according to table 2 
specification was melted in an induction furnace. The 
melt temperature was measured by the use of type K 
thermocouple inside the furnace and also before 
pouring it into the chamber. Then the liquid metal 
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was poured into the chamber of the horizontal cold 
chamber machine with 200-ton capacity and the 
filling was adjusted by plunger speed. The mold was 
machined from hot work tool steel (H13) and the 
inner surface was coated by Nano-coating. After 
cooling, the casting was removed from themold. 

Table 2: Casting alloy elemental analysis 

In the next step, cast samples were extensively 
analyzed for casting integrity, microstructure and 
hardness test [6]. For casting integrity, all castings 
were evaluated by the naked eye and also a digital 
camera to detect surface defects, incomplete filling, 
deficient edges and corners (Fig 1). 

Fig 1: casting defects 

Then, samples were prepared by cutting them in 
halves, grinding and polishing them, then porosities 
were detected and evaluated by equipped microscope 
with Image analyzer software.The microstructural 
analysis was focused on examining the main features 
such as internal shrinkage, area fraction and 
percentage of internal porosity (Fig 2). To find 
information about the mechanical behavior of the 
samples, a hardness test through cross-section of it 
was performed according to the Rockwell hardness 
test B scale. 

Fig 2: Determining method for porosity area fraction; a) 
captured image, b) detected porosity 

III. RESULTS ANDDISCUSSION

In this section, the results of the Taguchi method in 
addition to experimental results will be introduced, 

analyzed and explained. For this purpose, influential 
parameters including casting defects, porosity 
percentage and hardness tests will be presented 
separately. Table 3 illustrates experiment results 
including porosity percentage and hardness. 

Table 3: Experiment results including porosity percentage and 
hardness 

3.1. Effect of Copper percentage on casting 
defects, porosity and hardness 
Percentage of Copper is one of the influential 
parameters to determine the characteristic of liquid 
metal and brass final products. It directly affects on 
pouring temperature, the fluidity of molten metal and 
mechanical properties. By increasing Cu percentage, 
the brass melting point is increased that causes 
increasing ofmelt fluidity and finally creates 
turbulence during injection into the mold.This 
phenomenon decreases the solidification rate and as 
results die casting defects will be increased. Fig 3 
illustrates theS/N ratio of casting defects for different 
percentages of Cu. 

Fig 3: S/N ratio of casting defects for different percentage of 
Cu, 1:55%, 2:60%, 3:65% Cu 

As can be seen, 60% Copper has the optimum value, 
it may be explained in this way that Brass is a 
mixture of Zn and Copper, so by decreasing Cu, the 
percentage of Zn will be increased. Furthermore, Zn 
has a lower melting point whichtempered mold 
evaporates parts of it that creates remained gases in 
the final product [7]. 
Moreover, by increasing Cu in the alloy, the porosity 
percentage in casting is increased. Even though 
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increasing Cu results in decreasing other alloying 
elementsand less produced gas in the mold, but a 
higher amount of Cu in the liquid metal needs more 
temperature for adequate fluidity that by increasing 
more fluidity leads to a higher percentage of porosity 
in the final products [8]. 
Alloy hardness not only depends significantly on Cu 
percentage but also depends on other effective 
parameters such as grain size, microstructure, and 
porosity percentage. According to table 3, a lower 
percentage of Cu has the highest amount of hardness 
because of the existence of other alloys such as Zn, 
Al, Pb, etc. It also can be noticed that Cu has a 
highheat transfer coefficient that causes higher 
solidification rate and as a result finer grain size and 
better mechanical properties [3]. By putting all the 
results together, it can be concluded that 60% of 
Copper is the best percentage for this experiment. 

3.2. Effect of Pouring temperature on casting 
defects, porosity and hardness 
Brass casting is mainly a mixture of Cu and Zn so the 
pouring temperature should be selected based on a 
higher melting point (Cu) and due to the huge 
difference between the melting point of alloying 
elements, this parameter is an influential factor on 
producing casting defect. In one hand increasing 
pouring temperature, cause the Cu to be melted easily 
thatincreasesfluidity but on the other hand, other 
alloying elements with a lower melting point will be 
evaporated to gas and smog in the mold[7]. Fig 4 
shows the S/N ratio of casting defects for different 
pouring temperatures. 

Fig 4: S/N ratio of casting defects for different pouring 
temperature, 1:9000c, 2:10000c, 3:11000c 

From fig 4, it is obvious that by increasing 
temperature,casting defects have been increased 
which is due to increased evaporated elements in the 
alloy as well as higher turbulence in the liquid metal. 
Furthermore, lower temperature causesan inadequate 
mixture of alloy elements as well as a shortage of 
fluidity which all of these lead to more porosity. 
According to obtained results, the pouring 
temperature of 10000c has the optimum amount of 
hardness. By increasing temperature, liquid 

turbulence, as well as solved gas in it, will be 
increased which leads to lower mechanical properties. 
Qualified property in 10000c temperature refers to 
the optimized fluidity of alloying elements in this 
temperature. 

3.3. Effect of injection pressure on casting defects, 
porosity andhardness 
Injection pressure is a required pressure for the die 
casting process and is an effective parameter in this 
process. This pressure causes the mold to be filled by 
molten metal. During injection pressure, liquid metal 
flows with turbulence which decreases the casting 
quality. By increasing this pressure, the force on 
liquid metal is increased significantly and this means 
higher turbulence during mold filling which leads to 
more entrapped gases. Fig 5 shows the S/N ratio of 
casting defects for different injection pressure. 

Fig 5: S/N ratio of casting defects for different injection 
pressure, 1: 120 ton, 2:140 ton, 3:160 ton 

The dropin sample number 1 can be explained by the 
lack of pressure to force the liquid metal to flow into 
the mold which finally causes misrun and defects. 
According to table 3, in 120-ton injection pressure 
there will be a higher amount of porosity in final 
casting because there is not enough force for 
evacuating gas porosity from the liquid metal or 
pressing them [8]. On the other hand, in 160-ton 
pressure, due to increased turbulence in liquid metal 
and more entrapped gases, the porosity percentage 
will increase and hardness decrease. 
It should be noticed that an increase in injection 
pressure should be applied based on the casting 
dimensions and alloying elements. By applying 
optimized pressure, most of the entrapped gases will 
be evacuated and some of them will be compressed 
during pressure process, therefore less porosity 
percentage in the final casting will remain [7]. Finally 
by comparing Taguchi design and experimental 
results, it can be said that the optimized injection 
pressure for this research is 140 tons. 

IV. CONCLUSION

In this research, effective parameters of the die 
casting process including alloying elements, molten 



Porosity Reduction and Development of Mechanical Properties of Die-Cast Brass Products using Taguchi Method 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 

2017 374 

temperature, and injection pressure were improved by 
utilizing the Taguchi method. Then, by doing 
experiments and analyzing casting samples, obtained 
results were verified. 

From the obtained results it can be concluded higher 
turbulence and evaporated gases may be created by a 
lower percentage of Cu,  higher pouring 
temperature and high injection pressure. On the other 
hand, a lower amount of these parameters may lead to 
misrun and unfilled mold so both situations can cause 
more casting porosity and less mechanical properties. 
Finally, it was found that lower molten temperature 
(1000 ° C), moderate injection pressure (140-ton), 
and 60% Cu had the best fulfilling, and lower 
porosity. 
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Abstract - Modern four stroke engines are used on large scale because the power to weight ratio and reliableness of four 
stroke engines are greater. The disadvantages of the four stroke engine are that there is excess amount of heat energy 
produced. This heat energy has been wasted through the walls of the container of the engine and ejected as the additional 
energy during the exhaust stroke of the cycle. To increase the efficiency of the 4 stroke engine there is need to develop a six 
stroke internal combustion engine which uses the heat energy for additional power stroke. So to raise the brake thermal 
efficiency of the engine, few of the fundamental changes have been performed in four stroke internal combustion engine. 
The changes are also made to reduce the pollution and for betterscavenging. 

Keywords – Heat Energy, Scavenging, Brake Thermal Efficiency, Pollution 

I. INTRODUCTION

With the passage of time, it is understood that the 
fossil oil and residual oil would not be sufficient and 
they would be expensive. Different experiments are 
performed for the betterment of fuel efficiency of 
engines. As the demand and availability of diesel and 
petrol is not balanced and there is a need to balance 
that is happened due to increase in number of 
vehicles. If the same scenario continues then petrol 
and diesel would be prove more expensive and 
restricted. Now a days much of the importance has 
been given to the secondary fuels with enhanced 
usage and the consumption of the remainingfuels. 

In the cylinder of the piston the additional energy 
from the four stroke engine has been used as the 
second power ad exhaust stroke in the initial method. 
For the second power stroke, air can be used as the 
working fluid. Similarly the engine is cooled by 
second power stroke second power stroke cools the 
engine and removes the need for a cooling system  
and increase 40% brake thermal efficiency over the 
Otto or diesel cycle. For each insertion of the fuel the 
piston goes to the top and bottom six times in the six 
stroke engine. There are 2 power strokes in these six 
stroke engines: One by fuel that is first power stroke 
and second is by fuel that is the working fluid. In 
second method there is another conflicted piston that 
drives off at half the cylinder rate of the main piston 
that brings about six motions of piston per cycle. The 
second piston exchanges the valve mechanism of the 
schematic engine and the compression ratio is 
increased. 

II. LITERATUREREVIEW

In the six stroke engines high octane fuels are 
preferred to increase the efficiencies of the engines. 
Due to high efficiency, less fuel is consumed and low 

atmospheric emissions are produced by the engines. 
In six stroke engines methanol is a preferred fuel 
because high engine efficiency is obtained by these 
fuels. In six stroke engine, the power to weight ratio 
and power to volume ratio is increased.[1] 
The investigation and research for an engine having 
same or greater power and higher fuel efficiency has 
led to the concept of a six stroke engine. Almost all of 
the internal combustion engines have one feature in 
common, combustion occurs after compression, 
which is resulted in the expansion of gas that acts 
directly on the piston and is limited to 180 degrees of 
the crankshaft angle. On the worldwide sector, the 
automotive industry has adopted the discipline. There 
will be a great effect on the worldwide sector. This 
technology has been resulted in minimizing the fuel 
depletion up to 40% and the pollution is also reduced 
up to 60% to 90%. This pollution is dependent on the 
kind of fuel used.[2] 

In the internal combustion engine, two totally diverse 
formulation has been briefly explained by the theory 
of six stroke engine that were formulated in 1990 so 
that the efficiency of the engine might become better 
and the radiations are also minimized. This engine 
results in the dramatic reduction of pollution as well 
as fuel consumption. In order to get the more work 
per cycle, the fuel efficiency of the engine can be 
raised and also the valve timing can be efficaciously 
ordered.[3] Four strokes engines have high power to 
weight ratio and are reliable. In four strokes engines 
excess amount of heat energy is released from the 
cylinder walls and this heat energy is eliminated as 
additional energy during the exhaust stroke of the 
cycle. In six stroke engine there is less fuel is 
consumed and less polluted.[4] 

One of the major and necessary concerns in engines 
is to raise the brake thermal efficiency of an engine. 
Four stroke diesel engines and those working on the 
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Otto cycle has very less brake thermal efficiency 
because large amount of energy gets missed in the 
exhaust stroke due to which engine is cooled. Better 
scavenging becomes possible due to the air intake 
occurring in the 5th stroke and exhaust stroke in the 
6th stroke.[5] 

Six stroke engines are developed because there is a 
need to raise the efficiency of the engine by reducing 
the fuel consumption and contamination of the engine 
without any influence on the performance of the 
engine. In six stroke engine, two additional strokes 
are fifth stroke also called water injection stroke and 
sixth stroke is called exhaust stroke. As power of 
sixth stroke engine is more than that of four strokes 
so it is more efficient and it reduces pollution. In six 
stroke engine, 60%-90% pollution and 40% fuel 
consumption of engine is reduced. In six stroke 
engine compression ratio is increased by valve 
mechanism.[6] 

There must be two power strokes in the six stroke 
engine. The scope of development is huge in six 
stroke engine. Six stroke engines have huge influence 
on the economy of the world. According to the 
mechanical design of six stroke engine, combustion 
does not occur in the cylinder. The combination of 
two stroke and four stroke engine is named as six 
stroke engine. The six stroke engine helps in the 
betterment of the world economy and support the 
advancement of automobile industry. [7] 

Six stroke engine produces more power and it has 
high efficiency than four stroke engines. Six stroke 
engines are used in heavy load carrying vehicles 
where focus is on load carrying capacity than fuel 
economy. The two additional strokes in these engines 
raised the work which has been removed per unit 
input of energy which causes an energy efficiency of 
up to 30% higher than that of four stroke engine.[8] 

III. TYPES OF SIX STROKEENGINE

A. Single pistondesigns
In single piston designs, single piston per cylinder is
used which is similar to two stroke or four stroke
engine. A minor non-fulminating coolant is added in
to the assembly and the heat which is remained from
the combustion process causing the assembly to
spread out for a second power stroke carried out by
another exhaust stroke.

A.1 Griffin six-strokeengine
The important law of working of Griffin six stroke
engine was heated exhaust-jacketed outward
vaporizer. The fuel was dispersed in the heated
exhaust-jacketed outward vaporizer. The temperature
of the vaporizer was kept around 550 °F. This
temperature is quite enough to evaporate the oil but at
this temperature the oil was not split up chemically.

The use of dense oil fuels is held by the fractional 
distillation. The useless tars and minerals throwing 
out in thevaporizer. 

A.2 Bajulaz six-strokeengine
The design of Bajulaz six stroke engine is same as
systematic combustion engine. There are, still,
alternations to the cylinder head, with two secondary
attached volume assemblies:
Above every container there is a combustion
assembly and an air preheating assembly. The
combustion assembly gets an assess of warm air by
the container; the thermal efficiency is increased by
the constant volume (isochoric) ignition of the fuel as
compared to the ignition in thecontainer.

A.3 Velozeta six-strokeengine
Warm air is vaccinated into the container during the
exhaust stroke in the Velozeta engine. This warm air
spreads by the heat and due to this piston takes an
extra stroke. The intersection of the valves
havebeencut off and for better gas scavenging, two
extra strokes are supplied by using thevaccination.

A.4 NIYKADO Six StrokeEngine
This engine is classified as a fully working model. In
2004, the first model was formulated. This model had
used only two valves. In 2007, another model was
formulated. This model had cleared the design by
using four valves.

A.5 Crower six-strokeengine
Bruce Crower developed a six stroke engine in the
United States. After the exhaust stroke, water is
vaccinated into the container and the water is
immediately converted in to vapors. The vapors
disperse and due to this dispersion, an extra power
stroke is taken by the piston. So, useless heat is seized
which is needs an air or water cooling system to eject
in most of the engines.

B. Opposed pistondesigns
The two pistons per container are used by this type of
design which are working at different rates with
explosion occurring between the pistons.

B.1 BeareHead
Malcolm Beare, the discoverer of the Beare Head
coined the term six stroke engine. The profession
unite a four stroke engine bottom part with a conflict
piston in the container head working at fifty percent
of the alternating rate at the lower position of the
piston. Practically, the valve mechanism is substituted
by the second piston of a schematicengine.

B.2 M4+2
The M4+2 engines are quite similar to the Beare
Head engines, uniting two opposite pistons in the
identical container. One piston works at fifty percent
alternating rate of the other piston, so the important
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role of the other piston in a Beare Head engine is to 
substitute the valve mechanism of a schematic four 
stroke engine, the M4+2 assumes the law one more 
step. 

B.3 Piston chargerengine
The Piston charger engine has the design which is
similar to the Beare head, a "piston charger"
alternates a valve design. The work of charging the
important container is conducted by the piston
charger and at the same time the internal and external
opening is controlled by thepiston charger that results
in no utilization of air and fuel in the exhaust stroke.
The ignition process is held as in two stroke engine in
the main container, and coating similar the four-
stroke engine.

Fuel vaccination could be occur in the piston charger, 
in the fuel delivery passage or in the ignition 
assembly. 

IV. WORKING OF SIX STROKE ENGINE

Different working strokes of a six stroke engine are: 

1st stroke (suction stroke) 
The air-fuel mixture or solution has been drawn from 
the carburetor in to the container by the inlet valve 
and motion of the piston is from top dead center 
position to the bottom dead center position during the 
first stroke. 
2nd stroke (compression stroke) 
During the second stroke both inlet and outlet valves 
are closed and piston moves from BDC to TDCduring 
which the mixture of air and fuel remains tight. The 
compression ratio remains same as in 4 strokeengine. 
3rd stroke (1st power stroke) 
In power stroke, because of the combustion of the 
tight air-fuel mixture power is obtained using a spark 
plug. Both valves remains closed as motion of the 
piston is from top dead center to the bottom dead 
center. 
4th stroke (exhauststroke) 
In this stroke exhaust valve remains open as burnt 
gases are eliminated through the container. In 4th 
stroke the motion of the piston is from bottom dead 
center to the top deadcenter. 
5th stroke (2nd power stroke) 
In that stroke exhaust valve remains closed while 
working fluid valve that is either steam or water is 
opened. So fresh working fluid from the inlet valve 
enters the cylinder through the secondary air 
simulation system. In the 5th stroke the motion of the 
piston is from top dead center to bottom dead center. 
6th stroke (2nd exhaust stroke) 
In that stroke air exhaust valve is opened so that air 
induced during the fifth stroke is expelled to the 
atmosphere through the exhaust valve. Piston moves 
from BDC to TDC and six stroke cycle is completed. 

V. CONCEPT OF SIX STROKEENGINE

Six stroke internal combustion engine is advancement 
over four stroke internal combustion engine which 
works also on the same principle. In six stroke the 
heat exhausted in the exhaust stroke is used as the 
second power stroke input which moves the piston 
downward so by spinning the crankshaft for another 
half cycle. In 4th stroke engine the demand for a 
cooling system is excluded as the heat evolved in the 
4th stroke engine is not lost. 

In six stroke engine, the fuel injection or fuel 
vaccination occur only once in after 3 full cycles of 
the crank shaft and it is best at any rate as compared 
to four stroke engine where fuel injection or fuel 
vaccination occur in after 2 full cycles of the 
crankshaft. It should be known that six stroke engine 
has higher brake thermal efficiency as compared to 
the four stroke engine. Working fluid used in six 
stroke engine are either air orsteam. 

VI. BASIC PARTSMODIFICATION

1. Crankshaft to camshaft ratio Modification:
In four stroke internal combustion engine crankshaft
rotates 720 degree while the camshaft rotates 360
degree in six stroke engine to complete one cycle so
crankshaft must rotate 1080 degree to rotate the
camshaft 360 degree and complete cycle. Hence
crankshaft to camshaft ratio is 3:1.

Figure 01 Crankshaft modification 

2. CamshaftModification:
Since camshaft rotates 360 degree in six stroke
engine so it can be divided as 60 degree. In six stroke
engine exhaust cam has two lobes one to open the
exhaust valve at 4th stroke (first exhaust stroke) and
also at the six stroke to expel out the hotsteam.

Figure 02 Camshaft modification 
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3. Cam follower Modification:
In four stroke engine the regular follower has a flat
pattern of bottom shape which is suitable. While in
six stroke engine due to reducing the valve opening
from 9000 to 6000 the shape of the follower must be
changed from flat to roller or sphericalshape.

4. Modification in Inlet and Exhaust Manifold:
There is a pipe by which the needed amount of air is
drawn from the region by the motion of the piston
and mixed with the fuel for ignition in the four stroke
engine.

Figure 03 Inlet and Outlet exhuast modification 

The common internal piping of four stroke engine as 
shown in diagram the common inlet manifold of four- 
stroke engine parted by fastening a plate between the 
common internal piping. 
There are two cylinders in six stroke engine. In the 
first cylinder, fuel is provided. The fuel is not 
provided in the second cylinder. The internal piping 
of the second cylinder is used to deliver the exhaust 
system of the first cylinder to the secondcylinder. 

VII. RESULTS

The results of analysis are given below in graphs. 

Figure 04. Comparison of PV diagram of 4- stroke and 6-stroke 
engine for Otto cycle. 

Figure 05. Comparison of PV diagram of 4- stroke and 6-stroke 
engine for Dual cycle. 

Figure 06. Torque angle diagram of 6-strokeengine. 

Figure 07. Volume angle diagram of 6-strokeengine. 

VIII. CONCLUSION

There is no wonder solution for the replacement of 
the inner combustion engine. Solely enhancements of 
the present technology will facilitate it progress 
inside affordable time and money limits. The 
sixstroke engine fits absolutely into this read. Its 
adoption by the auto trade would have an amazing 
impact on the surroundings and world economy. The 
six stroke engine guarantees dramatic reduction of 
pollution and fuel consumption of an indoor 
combustion engine. Assuming up to 40% reduction in 
the fuel consumption and 60% to 90% in polluting 
emissions, depending on the type of fuel being used 
and the second piston replaces the valve mechanism 
of a conventional engine and also it increases the 
compression ratio. After modifications to four stroke 
engine the results differences are veryeffective i.e. 
thermal brake efficiency, torque transmitted, 
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pollution effects, fuel consuming capability etc. 
results can also be verified with the help ofgraphs. 
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Following are the reactions that take place at cathode 
and at anode in an electrochemical cell when 
appropriate potential is reached between the inter- 
electrode gap. 

Reactions at the cathode (Tool) Plating of metal ions: 
M+ + e- → M, where M represents any anode 
material. 
Evolution of hydrogen gas: 
2H+ + 2e- → H2 ↑ (in acidic solution) 
2H2O + 2e- → 2(OH)- + H2 ↑ (in alkaline solution) 
Reactions at anode (auxiliary electrode) Dissolution 
of metal ions: 
M → M+ + e- (in acidic solution) Evolution of oxygen 
gas: 
2H2O→ O2↑ + 4H+ + 4e- (in acidic solution) 4(OH)- 
→ 2H2O + O2 ↑ + 4e- (in alkaline solution)

II. MECHANISM OF DISCHARGE 
GENERATION

The phenomenon of discharge generation in an 
electrolytic system could be explained as, “in view of 
high supply voltage compared to ECM process, 
hydrogen bubble density increases substantially to 
constrict the current path at cathode (tool)-electrolyte 
interface. This constriction causes an increase in the 
resistance and ohmic heating of electrolyte solution in 
the local region and hence leads to blanketing of the 
tool by vapour generation and hydrogen gas bubbles. 
At a critical value of applied potential, this insulating 
bubble bridge blows off instantly due to intense 
heating. Consequently, the current suddenly drops to 
zero through the circuit and discharge takes place 
along the locations of the bubble bridge” and the 
process repeats. To have an overview of these three 
situations in an electrolytic medium, Ghosh A. [13] 
showed the range of current density Vs voltage used 
in ECM, ECAM&ECDM processes with their 
respective state of applied potential (Figure 2a&2b). 

(a) 

(b) 
Fig. 2. (a) Voltage and current density ranges used in 

electrolytic process. (b) Different state of applied potential in 
an electrochemical cell [13]. 

Mechanism of discharge generation in an electrolyte 
is a complex phenomenon; confusion often arises 
over the difference between arc and discharge which 
influences surface integrity and dimensional accuracy 
of the machined surface to a great extent. The 
principle and application of ECDM process for 
machining electrically conductive materials was first 
reported by Rudroff [14]. ECD phenomenon was 
described as a sudden transient and noisy spark of 
approximately 1µs - 1ms duration, randomly 
positioned between the two electrodes, while an arc is 
a thermionic phenomenon of approximately 0.1s 
duration and occurs at fixed position between the two 
electrodes. McGeough [15], analyzed EDE process 
more precisely as electrochemical spark discharge 
(ECSD) & electrochemical arc discharge (ECAD). 
The frequency and distribution of discharge among 
spark and arc affects the material removal rate and 
the surface finish. High frequencies lead to a more 
condensed energy over a short period of time 
resulting in a small crater volume, i.e. a smooth 
surface and thin heat affected zone on the machined 
part. 

Crichton and McGeough [16-17] explained that both 
spark and arc discharges were possible in the 
electrolyte across localized region of gas and / or 
electrolyte vapour. The type of discharge may have to 
be distinguished from the energy of the emitted radio 
frequencies or by the study of the light emitted. 
Crichton and McGough [17] performed streak 
photography to get insight into the various stages of 
discharge by applying the 85 V pulse for a duration of 
200 µs. They concluded that the electrical discharge 
between cathode tool and electrolyte interface 
occurred due to: (i) generation of electrolytic gas at 
the surface of electrodes; (ii) the growth of layers of 
low ionic concentration near the electrodes and 
formation  ofoxide  films  on  the anode  surface;and 
(iii) the local variations in the electrolyte flow
pattern caused by flow stagnation and eddy. They also
categorized the electrochemical action followed by
discharge between the electrodes (i.e. ECAM) into
four stages, i.e. (i) high frequency oscillations (160-
170 KHz), (ii) high rate ECM at 30 volts and 50
ampere, (iii) low rate ECM due to gas generation and
(iv) electric discharge action,asshowninfigure3.
Stage 1 represents un-productive period, which can
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beeliminated by circuit configuration. Stage 2 & 3 
together represent an ECM phase. Stage 4 represents 
an EDM phase. The durations of these phases 
respectively increase and decrease with increasing the 
gap width and vary with electrolyte type, 
concentration and conductivity. Hence, these phases 
could be controlled to get the desired effect on the 
components machined by ECDM as shown in figure 
3. 

Basak [18] proposed that the electrical discharge in 
electrolyte occurred due to switching action and not 
due to dielectric break down of the medium. In view 
of high supply voltage compared to ECM, hydrogen 
gas bubbles density increases substantially to 
constrict the current path at tool-electrolyte interface. 
This constriction causes an increase in the resistance 
and ohmic heating of electrolyte solution in the local 
region and hence leads to blanketing of the tool by 
vapour generation and hydrogen bubbles. At  a 
critical value of applied potential, this insulating 
bubble bridge blows off instantly due to intense 
heating. Consequently, the current suddenly drops to 
zero through the circuit and discharge takes place 
along the locations of the bubble bridge. This has 
been claimed as analogous to switching-off effect of 
an electrical circuit (Figure 4 (a) & (b)), based on 
Paschen’s Curve from an electric contacttheory. 

Fig. 3. Electrical phenomenon during ECAM with a square 
wave pulse [17]. 

Fig.4. (a) Discharge locations with bubble distributionat critical 
condition. (b) Idealized switching-off situation[18]. 

Jain [19] claimed that the switching-off theory 
proposed by Basak [18] had certain inconsistencies 
and proposed “Valve Theory” with several 
assumptions regarding diameter of the  bubble, 
electric field intensity, frequency of spark, etc. in 
conjugation with the finite element method to 
compute material removal rate. They considered each 
gas bubble as a valve, which after its breakdown due 
to high electric field produced discharge in the form 
of arc. The process was explained by constructing an 
equivalent circuit and it was concluded that the 
sparking during ECSM process was the result of arc 
discharge. Kulkarni [20], proposed that ECD was a 
discrete phenomenon. The breakdown is similar to 
the one that occurs in a gas due to a large electric 
field of the order of 107V/m which gets generated 
locally. By a time-varying current measurement 
method it has been observed that when an isolating 
film of hydrogen gas bubbles cover the cathode tip 
portion in the electrolyte, a large dynamic resistance 
is created and the current through the circuit becomes 
almost zero. A high electric field of the order of 107 
V/m gets generated across the cathode tip and 
isolated electrolyte causing an arc discharge within 
the gas layers covering the tip. The electrons flow 
towards the workpiece kept near the cathode tip. This 
flow of electron is seen as a current spike of about 20 
A or more for a short duration of few milliseconds. 
This bombardment of electrons raises the temperature 
of the workpiece momentarily and then the 
temperature decreases due to quenching. 

It could be observed that due to complexity involved 
in this process, different theories have been used to 
explain the ECD phenomenon. Despite this, the 
mechanism of material removed in electrically 
conductive materials has been well explained in the 
literature by different machining methods (i.e., 
drilling & die sinking) [21-26] while for electrically 
non conductive materials, thermo-mechanical and 
chemical action have been considered by many 
researchers which depend very much on the property 
of the material being processed. The studies related to 
mechanism of material removal from electrically 
conductive and non-conductive materials have been 
discussed in this section to identify the influential 
parameters in ECDM while machining electrically 
non-conductive HSHTR engineering ceramics. 

III. MECHANISM OF MATERIAL REMOVAL
IN ELECTRICALLY CONDUCTIVE
MATERIALS

The experimental investigation of ECAM for drilling 
hole on mild steel plate with high feed rate i.e. 15 
mm/min to 25 mm/min (max. as high as 80 mm/min) 
was carried out by Kubota [21]. It was suggested that 
the bulk of metal removal is achieved by a sparking 
action in an electrolyte, whilst electrochemical action 
act as finishing operation which depends on the 
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quality of electrolyte used. In a parametric study, 
Drake [65] reported that the ferocity of the sparks in 
ECAM could cause greater metallurgical damage to 
the workpiece than that normally associated with 
EDM. The dimensional accuracy achieved by ECAM 
was poor compared to EDM, the reason being, former 
process produced sparks / arc of greater intensity than 
those found usually in EDM to erode metal. 

In an extensive study on drilling holes on different 
alloys (low carbon chrome steel, cobalt alloy, nickel 
alloy, low alloy steel), De Silva [23] reported similar 
findings i.e., material removal at the frontal gap was 
due to electric discharge erosion while at the side gap 
electro chemical dissolution of the material occurred. 
The metallurgically damaged layers, caused by the 
discharge erosion phase, were wholly or partially 
removed by the electrochemical dissolution phase. 
Therefore, a right balance of EDE &ECD controls the 
surface integrity (Figure 5) and produce smooth, 
damage free surface finish without sacrificing the 
metal removal rate. 

Fig. 5. Electrochemical arc drilling, (I) almost EDE, (II) 
combined ECD and EDE and (III) almost ECD [23]. 

The experimental verification of the above facts were 
further studied to have better control on the process 
by investigating the effect of different process 
parameters such as machining voltage, frequency and 
amplitude of tool oscillation, electrolyte type and 
concentration and the relationship between the tool 
oscillation and the voltage waveform on  
surfacefinish and surface integrity of moulds and dies 
[24- 26]. It was reported that machining at 12 -16 
volts improved the flatness of the machined surfaces, 
while above 16 volts showed the evidence of tool 
wear & undercut on the machined surface, metal 
removal efficiency increased with increase in 
frequency  oftooloscillation while it decreased with 
the increase in amplitude of tool oscillation. Under the 
effect of 20 wt% concentration of NaNO3, single 
phase full-wave rectified unsmooth DC (0-60 V., 200 
Amps.) showed high surface finish with low metal 
removal rate while low surface finish with high metal 
removal rate was observed with smooth DC (0-30 V., 
200 Amps.). The phase relationship between the tool 

vibrationand machining voltage was shown to be an 
influential factor in ECAM. To enhance machining, 
ignition of the discharge was made to occur just 
before the voltage reached its maximum value on 
each cycle, this ensured stable machining in which 
discharges and high current density ECM occurred 
simultaneously. 

IV. MECHANISM OF MATERIAL REMOVAL
IN ELECTRICALLY NON CONDUCTIVE
MATERIALS

Mechanism of material removal in electrically non 
conductive materials such as glass, quartz, composite, 
ceramics, etc., has been explained with the help of 
ECDM phenomenon. Similar to ECAM, mixed state 
of electric discharge (ED) and electro chemical (EC) 
machining which includes thermo-mechanical 
(vaporization, melting, erosion, cavitation, pitting, 
etc.) and chemical (chemical etching, dissolution) 
action depending upon the nature of material being 
processed has been proposed. 

The phenomenon of electrical discharge in electrolyte 
was first utilized by Kurafugi and Suda [27] in 1968. 
Holes upto the depth of 0.31 mm was drilled on glass 
plate with cell voltage of 34 volts at 15wt% 
concentration of NaOH electrolyte. However, the 
mechanism of material removal was not identified but 
later it was proved as the most suitable process to 
machine non conductive materials. In an extensive 
study on machining of glass and other non conductive 
materials, Cook et al. [28] reported the process to be 
polarity dependent and electrolyte sensitive. It was 
observed that machining rate and depth of cut 
increased with the increase in supply voltage, 
electrolyte concentration and temperature, but for a 
given voltage the rate of machining was found to 
decrease with time (Fig. 6). The possible mechanism 
of material removal was explained as thermo 
mechanical, chemical, electric field and due to some 
other unknown effects. Experiments were conducted 
with DC pulsed power supply, where pulse in micro 
second range increased by a factor two and also 
produced better surface finish compared to smooth 
DC power supply. 

Allesu [29], conducted an extensive experimental 
study on ECDM process while machining glass and 
categorized the mechanism of material removal 
process into three phases: 
i) Electrochemical phase, where the current is
carried by the electrolyte without any discharge
(Figure 7(a)).
ii) Discharge phase, where the discharge occurs
across the vapour / bubble, the surface activity
operates because of the adsorbed electrolyte  layer on
the work surface. The current flows through the
adsorbed layer and discharge takes place across the
gas bubble (Figure 7(b)).
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iii) Electrochemical phase occurs when the
impressed voltage approaches zero (at the end of the
pulse), the electrolyte is back into its original state.
The hot surface of the glass undergoes quenching
leading to thermal cracking or thermal spalling
(Figure 7 (c)). This shows that mechanism depends
very much on the workpiece material where thermal
heating, cavitation and electro chemical action
removes thematerial.

Fig. 6. Effect of parameters on material removal rate and 
machined depth while machining glass [28]. 

Fig. 7. Proposed mechanism of material removal in glass by 
ECDM process [29]. 

Apart from this, Allesu [30] discussed associated 
problems like “limiting depth characteristic” in 
ECDM. It was explained as a result of loss of 
potential between the tool electrode and bulk 
electrolyte with the tool penetration in the workpiecs, 
which was caused by the accumulation of gas 
bubbles, machined debris and electrolyte under 
confined conditions inside the hole. It was reported 
that discharge voltage increased with the increase in 
flow of electrolyte and upward shifting of discharge 
zone was observed when tool depth inside the 
electrolyte / workpiece increased. Basak [31], 
formulated a mathematical model to predict the 
material removal rate by varying input parameters 
and explained that, “machining occurs due to the 
transmission of a fraction of the spark energy to the 
workpiece, which raises the temperature of the spot 
quickly to a very high value and melts the work 
material spontaneously. A part of the molten portion 
of the workpiece is removed from the region due to 
the mechanical shock resulting from sudden phase 
change and the electrical shock due to the discharge. 
Figure 8 shows the mechanism of material removal in 
glass by ECDM process which is based on idealized 
model of discharge (switching-off situation [18]). In 
addition, the effect of inductance (in external circuit) 
on material removal rate was studied to improve the 
efficiency of the process[32]. 
Based on ECD phenomenon i.e. “evolution of heat 
due to sparking”, Jain et al. [33] reported that the 
material removal process in glass-epoxy and Kevlar- 
epoxy composites involved evaporation, melting, 
mechanical erosion due to cavitation (rupture of gas 
bubble on the workpiece surface) and electrochemical 
reactions. It was reported that material removal rate, 
tool wear rate and overcut increased with increase in 
applied voltage and increase in specific conductivity 
of electrolyte. Specific conductance of NaOH 
increased upto 15wt% concentration, beyond that it 
decreased gradually. They reported the need of 
further investigation into the mechanism of this 
process. Material removal mechanism while 
machining ceramics is more difficult to explain, 
because they disintegrate instead of melting at high 
temperature. 

Fig. 8. Mechanism of material removal while machining glass 
by ECDM process [31]. 
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Tokura et al. [34] reported that material removal in 
ceramics could be due to chemical etching and 
spalling (cavitation) effect. This is greatly influenced 
by the applied voltage, so it could not be increased 
beyond a certain value as ceramics show 
susceptibility towards crack due to thermal shocks at 
high voltage. With a stationary gravity fed Ni 
electrode of 0.5 mm diameter as cathode, a small pit 
formation was noticed under the influence of full 
wave rectified DC. Results obtained showed that the 
pit could be formed on ceramics (Al2O3&SiC) while 
its depth apparently varied with the ceramic material. 
It was observed that the volume of material removed, 
size and depth of the pit increased with increase in 
voltage and electrolyte concentration. 20wt% 
concentration of NaOH was found to result in 
maximum material removed. However, the rate of 
machining was found to be very low while machining 
ceramics and concluded that deep drilling of fine 
holes may not be feasible due to occurrence of abrupt 
spark which increased with the increase in tool depth 
inside theelectrolyte. 

Bhattacharya et al. [35], reported that the machining 
in ceramics took place mainly due to spark discharge 
action across the gas bubble layers formed on the 
workpiece surface. Each electrical discharge causes a 
focussed stream of electrons to move with a very high 
velocity and acceleration from the cathode (or tool) 
towards the workpiece and ultimately creates 
compressive shock waves on the workpiece surfaces. 
The phenomenon is accomplished within a few 
microseconds and the temperature of the spot hit by 
electrons could rise to a very high value. As this 
temperature reach above the melting point of the 
workpiece material, it melts and finally evaporates 
the material. The high pressure of the compressive 
shock waves creates a blast, causing metallic vapours 
to form wear products in the shape of metallic 
globules, leaving craters in the workpiece surface. 
The material removal from the workpiece surface 
during electrical spark discharge is proportional to the 
pulse energy of the spark, which is released as heat 
during machining. Some researchers have pointed out 
that the heat generated by the electrical sparking 
rather than melting of the hard and brittle ceramics 
may cause the ceramic materials to spall. This 
phenomenon is known as thermal spalling, where the 
material removed is due to mechanical failure without 
melting. A complex temperature gradient is 
established due to the sudden temperature change in 
the machining area of the ceramic materials. It creates 
internal stresses that may be sufficient to overcome 
the bond strength of the ceramic grains, resulting in 
mechanical erosion. The proposed gas bubble 
formation and sparking phenomenon are exhibited in 
figure 9. They conducted an experimental study on 
Al2O3 to find the effect of applied voltage (70-90 V), 
electrolyte concentration (i.e., NaOH at 20wt%, 
25wt%, 30wt% concentration) and tool tip 

shape(i.e.,flat front – straight side wall / taper side 
wall, curvature front – taper side wall shown in figure 
10) on material removal rate and radial overcut under
the effect of pulsed DC. It was observed that material
removal rate & radial overcut increased with the
increase in applied voltage & the increase in
electrolyte concentration.

Machining at high voltage developed micro-crack 
while at higher concentration, overcut was increased. 
The effective range of parametric combination for 
moderately higher machining rate and dimensional 
accuracy was centered around 80 V applied voltage 
and 25wt% NaOH electrolyte solution. Similar results 
were obtained while machining ZrO2 and Si3N4 with 
NaOH / KOH electrolytes [36-39]. It was observed 
that applied voltage had more significant effect on 
MRR, ROC and HAZthan other parameters [40]. Tool 
tip was also reported as a prominent factor for 
controlling spark generation in ECDM. Taper side 
wall-curvature front tool tip causes maximum amount 
of electrolyte availability in sparking zone which 
creates maximum number of sparks and thus 
increases MRRcompared to flat front - straight side 
wall tool tip / flat front – taper side wall tool  tip 
where the availability of electrolyte in the gap 
between tool and job is very less as they are always in 
contact with each other due to the gravity feed force 
and thus causing occurrence of lower number of 
sparks. 

Fig. 9. Material removal mechanism of ECDM operation. 

Fig. 10. Different geometrical shapes of the tool tip used [35]. 

Moreover, the mechanism of material removal in the 
ECDM process is very complex in nature and is 
governed by various process parameters that are still 
not very clear to researchers. In order to achieve 
effective and controlled machining, researchers have 
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reported various predominant input parameters while 
machining low temperature materials such as glass, 
quartz, composites etc. using different machining 
techniques like drilling, grooving, cutting / slicing 
etc. On the other hand machining of ceramics is more 
difficult because they do not have melting 
characteristic and pose high hardness, high 
brittleness, chemical inertness at elevated temperature 
and also susceptible towards crack at highvoltage. 
Wire electrochemical discharge machining of glass 
and ceramics was first reported by Tsuchiya [41]. 
Similar to the concept of wire EDM, wire ECDM was 
used to study the effect of polarity of electrodes, duty 
factor, supply voltage, electrolyte concentration and 
electrolyte flow rate on cutting rate and overcut was 
examined. It was observed that negative polarity of 
wire gave higher cutting rate than positive polarity. 
Cutting rate increased with the increase in  voltage 
and electrolyte concentration. At high voltage & 
electrolyte concentration, MRRincreases but wire 
melts frequently at high voltage & low concentration 
and the micro cracks appeared over the machined 
surface. Cutting rate also increased with increase in 
duty factor and it became larger with low pulse rate. 
Glass (soda-lime, silica and borosilicate) and ceramic 
(Al2O3, Si3N4 and SiC) plates of 1.2 mm thickness 
were cut in the range of 2.5 mm / min to 4.0 mm / 
min and 0.12 mm / min to 0.14 mm / min 
respectively. Similar findings were reported by Jain et 
al. [42] while machining piezoelectric ceramic 
material (i.e. lead zirconatetitanate) of 2–3 mm 
thickness. MRRwas found maximum at 22.5wt% 
concentration of NaOH and average  diametric 
overcut was reported as 0.67mmwith 0.5 mm 
diameter ofwire. 
In order to increase the volume of material removed 
and machined depth in ceramics, researchers have 
tried different machining possibilities such as step 
drilling [43], vibrating tool [44], gas filled ECDM 
with side insulated tool [45], introducing external 
inductor into the circuit for constant supply of power 
input [46], SiC / graphite powder mixed electrolyte 
[47-48], rotary and trepanning action of copper 
electrode [49], etc. and were able to show some 
improvement. It was observed that rotary motion of 
electrode gave better results than stationary electrode. 
This electrode configuration was further modified to 
machine larger size holes on Al2O3& Quartz [50] by 
the orbital motion (trepanning) of the tool with 
comparatively smaller size electrode. 
Jain et al. [51] used abrasive electrode with rotary 
motion under smooth DC voltage to drill holes on 
Al2O3. Results showed that the volume of material 
removed and depth of cut increased with the increase 
in supply voltage and electrolyte temperature. But the 
volume of material removed could not exceed 20 mg 
at 70 volts and the material showed tendency to 
cracking beyond these operating conditions. 
However, these limitations were partially relaxed by 
introducing pulsed DC power supply with an abrasive 

electrode that has reduced the tendency of crackingat 
high voltage and has reduced the taper on vertical 
surface while drilling deep holes in ceramics. Results 
obtained indicate that volume of material removed 
from the workpiece increases with increase in supply 
voltage, duty factor and electrolyte conductivity. The 
pulsating nature of current has reduced the could have 
helped in eroding the work material by intermittent 
focusing of thermal shocks while the use of an 
abrasive electrode simultaneously removed the recast 
layer at the local region and provides additional 
electrical discharge beneath the tool electrode which 
improves the machining conditions [52]. 
Apart from these findings, researcher also tried to 
develop mathematical models (based on different 
assumptions) to estimate the critical voltage & critical 
current using different electrolytes [53], temperature 
measurement at different radii of the workpiece [54] 
and electrolytic concentration & energy partition over 
material removal rate by finite element method [55]. 
It was observed that with the increase in electrolyte 
concentration from 10% to 30%, and with the 
increase in energy partition, material removal rate 
increased significantly especially in soda lime glass 
while machining Al2O3, similar trend had been 
observed with low variation in results due to its high 
hardness at elevatedtemperature. 
On the other end, this process has also shown the 
different possibilities to machine electrically non- 
conductive HSHTR materials when the configuration 
of electrodes is modified. Though comparatively low 
machining efficiency was obtained, but researchers 
have made successful use of this process to machine 
such materials by different techniques like, 3D micro 
structuring of glass (Fig. 11) [56-60], slicing (cutting) 
of glass / quartz / glass &kevlarfibre epoxy 
composites (Fig. 12) [61-64], drilling of composites / 
glass / quartz (Fig. 13) [64-71], chemical engraving 
of glass (Fig. 14) [72-76] etc. Apart from machining / 
trueing & dressing of metal bonded diamond grinding 
tools by centerless grinding (Fig. 15) [77-79], micro 
welding (Fig. 16) [80] and ECD fused deposition for 
rapid prototyping (Fig. 17) [81, 82] are the variants of 
ECDM that is used for developing precision 3D 
micro structureslayerby layer similar to additive 
manufacturing, but they are less discussed in the 
literature. 

Fig. 11. 3D micro structuring of glass: (1) tool electrode with 
the holder mounted on a voice coil motor, (2) anode (3) glass 

sample.(4) electrolyte (5) XYZ stage [56]. 
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Fig. 12. Schematic line diagram of the ECDMwirecut 
experimental setup for slicing / cutting [63]. 

Fig. 13. Schematic diagram of the ECDM experimental 
apparatus for drilling [71]. 

Fig. 14. Chemical engraving of glass by ECD phenomenon [74]. 

Fig.15. Schematic diagram of the ECDM Centerless 
Grinding[79]. 

Fig.. 16. Micro welding by ECD phenomenon [80] 

Fig.17. Scheme of electrochemical fused deposition for rapid 
prototyping[81]. 

V. HYBRID MACHINING PROCESSES

Compared to electrically conductive materials, 
machining of HSHTR engineering ceramics is more 
difficult because they pose high hardness and 
brittleness at high temperature. Despite their 
outstanding characteristics, applications of these 
ceramics is limited to only specialized fields due to 
inherent machining problems such as, low material 
removal rate, high tool wear rate, possible damage to 
the workpiece, high surface roughness and poor 
dimensional accuracy. Due to these reasons, efficient 
processes like electrochemical machining (ECM) and 
electric discharge machining (EDM) are not suitable 
to machine these ceramics, while other non- 
traditional / hybrid machining processes need 
thorough investigation on important aspects like 
surface integrity, dimensional accuracy, heat-affected 
zone, etc. of the machined surface. 

The recent trend of combining different 
physiochemical action on the material being removed 
has shown improvement in machining. In particular a 
mechanical action, which is used in conventional 
material removal processes can be combined with 
respective interactions applied in unconventional 
manufacturing processes to make use of the 
combined or mutually enhanced advantages, and to 
reduce some adverse effects the constituent processes 
produce when they are individually applied. This 
trend of hybrid machining process (HMP) has now 
been extended to develop the processes like abrasive 
electric discharge grinding (AEDG), abrasive electro 
chemical grinding (AECG), abrasive electric 
discharge machining (AEDM) / powder mixed 
electric discharge machining (PMEDM), ultrasonic 
assisted electrical discharge machining (USEDM), 
ultrasonic assisted electro chemical machining 
(USECM), electro chemical discharge machining 
(ECDM), abrasive electro chemical discharge 
machining (AECDM), powder mixed electro 
chemical discharge machining (PMECDM), etc. for 
improved productivity / diversified applications, as 
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shown in thefigure18. 

Fig.18. Schematic diagram of some methods of abrasive 
electrical machining. 

Abrasive assisted electrical machining methods are 
becoming popular, as it facilitates additional cutting 
action, removal of recast layer / oxide film and 
improved surface finish during machining. This 
technique is now been effectively used by many 
researchers to machine electrically conductive &non 
conductiveHSHTR materials such as carbide / 
magnetic alloy / steel / titanium alloy / metal matrix 
composite / Al-SiC / cemented carbide by AEDG 
[83-85], sintered carbides / creep resisting alloys / 
titanium alloys / metallic matrix composites (e.g. 
PCD-Co, Al-SiC, Al-Al2O3) by AECG [86, 87], 
ferrous alloys by PMEDM [88, 89] and by AECF 
[90]. 

Among these methods, abrasives assisted ECDM 
process is gaining more popularity especially  in 
micro machining of electrically non conductive 
materials, because it involve combined action of 
electrical discharge, chemical etching and abrasive 
cutting. Yang et al. [47] claims that loose abrasives 
particles disrupt the bubble accumulation to form an 
isolating layer around the tool electrode in ECDM.  
As a result, the measured critical voltage is higher in 
the electrolyte with abrasives than in the pure 
electrolyte. More energy is wasted in the bubble 
isolation layer and less energy is released during the 
removal of material by discharge heating, thus it 
reduces the overcut. It is observed that diametric 
overcut and surface roughness increased with 
increase in grit size. Material removal rate also 
increased with increase in abrasive concentration but 
saturates beyond 100gm/L. Smaller abrasive grit size 
improves the dimensional accuracy and surface finish 
of the product. Higher power frequency with smaller 
size abrasives also helps to refine / remove the micro- 
cracks and the melted zone formed by the discharge 
heat. The lapping force exerted by the relative motion 
between the abrasives and the workpiece promotes 
surface finish. Thus quality of slit produced on Pyrex 
glass by wire ECDM can be well controlled (KOH 
with 300g/L SiC, #200, 100Hz, Duty factor0.25). 

Min et al. [48] claims that the use of fine abrasive 
graphite powder in ECDM helps to improve the 
surface integrity of the machined surface. By the use 
of 1.0 wt% graphite powder concentration in 30% 

NaOH, the number of microcracks was significantly 
reduced and the surface roughness was improved 
from 4.86 to 1.44 µm. Graphite powderpossesses 
good thermal and electrical conductivity therefore it 
intensifying the local electric field that reduces the 
spark initiation voltage [91]. The dielectric strength 
of hydrogen film depends on the condition of 
conductive particle such as number, size, chain shape 
of the particles [92]. When a particle is subjected to 
an electric force, it tends to detach itself from the 
electrode [93]. This charged particle attached to or 
moves between the electrodes, the potential between 
the electrodes decreases [94]. A micro discharge is 
caused if the detached particle approaches to the 
opposite electrode and likewise successive micro 
discharges in the hydrogen film results in the 
electrical breakdown [95] Figure19. 

Fig. 19. Schematic diagram of series discharge in powder 
mixed electric discharge machining process (PMEDM) [95]. 

VI. CONCLUSION

This study reveals that much has been discussed 
about the electrochemical discharge phenomenon and 
its application while machining electrically 
conductive and electrically non conductivematerials. 
Since material removal in ECAM has been well 
explained, continuous improvement for its 
development is in progress and it is being effectively 
used to machine electrically conductive HSHTR 
materials with higher material removal rate and 
improved dimensional accuracy than ECM& EDM. 
This discharge phenomenon has also been used to 
machine electrically non conductive materials and the 
process was named as ECDM. It was observed that 
ECDM had low machining efficiency due to inherent 
machining problems, therefore materials like glass, 
quartz, composites etc. those having ability to melt(at 
discharge temperature) were machined by this 
process. Researchers have also reported that ECDM 
could be a viable solution for machining electrically 
non conductiveHSHTR ceramics, but realizing low 
efficiency of the process hybrid machining especially 
involving abrasives or electrically conductive powder 
mixed electro chemical discharge machining may 
further improve the machining performance. This 
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process could be used for diversified applications 
such as 3D micro structuring, electro chemical 
discharge based fused deposition for rapid 
prototyping, slicing / grooving of glass / 
quartz/composites, trueing / dressing / centerless 
grinding of metal bonded diamond grinding tools, 
micro welding etc. 
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Abstract - The Fe-Al Oxide Precipitation Hardened (OPH) alloy is new generation of Oxide Dispersion Strengthened (ODS) 
alloys which is famous group of material based on their high temperature properties. The general production process of OPH 
alloys consists of a mechanical alloying process to create a material with a ductile matrix and hard oxide dispersion. Two 
variants of Fe-Cr-Al based OPH alloys developed by the authors to investigate the thermomechanical properties under 
different conditions. The results show that the heat treatment has a significant role on the mechanical properties of OPH 
alloys as well as microstructure development. It can improve the ultimate tensile strength (UTS) up to 100%  while 
improving the elongation to almost20%. 

Keywords - OPH Alloys, Fe-Al, Heat Treatment, ODS Alloys 

I. INTRODUCTION

Iron Aluminum based OPH alloys are so nowadays 
interested because of low-cost and improved 
mechanical properties. By additional Cr contents of 
around 15 wt.%, it could be one of the leading 
candidates for structural components of future power 
plants [1-3]. Several advantages are considered when 
employing ferretic Fe-Cr-Al alloys in high 
temperature applications. In addition of lower raw 
material and preparation costs and of course superior 
oxidation resistance, the alloys have a higher melting 
point, lower density and lower thermal expansion 
compare to the current nickel or cobalt base alloys [4, 
5]. Besides the oxidation resistance of Fe-Cr-Al ODS 
alloys is attributed to the presence of the yttrium as a 
reactive element and in fact this element leads to the 
formation of an adherent and slow growing Al2O3 
film exhibiting highly protective properties for the 
underlying material up to 1200oC [6]. However, the 
mechanical strength of these alloys in the cast and 
wrought condition at elevated temperatures were too 
low to make them outstandingforsuch a purpose, 
that’s why the dispersion strengthening with stable 
oxide particle used to improve their higher 
temperature strength without sacrificing the excellent 
surface stability of the matrix alloy [7, 8]. ODS steels 
usually have reasonable creep resistance rather than 
their non-reinforced counterparts, however it usually 
suffer from poor toughness[9-11]. Therefore it is very 
important to optimize the microstructure of ODS 
steels to achieve an improved thermomechanical 
behavior. The author’s previous experience showed 
that the use of Y2O3 is effective to adjust the oxygen 
content in Fe-Cr-Al OPHAlloys[12, 13]. In addition, 
this could also enhance the impact properties of 
OPHferritic steels [14]. However, there exists little 
information about the annealing effect on the 
microstructure and tensile properties of these 
materials at elevated temperatures. Thustheauthors 

tried to manufacture two variants of Fe-Cr-Al OPH 
alloys differing in milling time to investigate the 
effect of annealing on the thermomechanical 
properties of this group ofalloys 

II. EXPERIMENTALPROCEDURE

The OPH alloy was prepared based on Fe-Cr-Al 
matrix under a controlled mechanical alloying (MA) 
process. A particular advantage of the process is that 
the stored energy introduced to powders by high 
energy milling, can contribute to the production of a 
large elongated grain structure during subsequent 
high temperature heat treatments. However, special 
care should be considered for the milling time and 
rotation speed. The components consist of 
(wt.)%71Fe-15Cr-6Al-3Mo-1Ta-4Y2O3 in a form of 
atomized powder which then mixed with the specific 
amount of O2 in form of gas in a low energy ball 
mill. The mill which is developed by the authors is 
capable of evacuation and filling by oxygen in 
addition of adjusting rotation speed. The milling 
lasted for 150 h for first variant (V1) and 230 h for 
the second variant (V2), both at 70 rpm. Then the 
powder became a solid solution and transferred to the 
rolling container in a vacuum condition. At the same 
time, it has been evacuated by suction pump and then 
sealed by means of welding. The final semi products 
went through two step hot rolling at 900oC and the 
final thickness of 6 mm covered by 1 mm steel 
container was achieved. Based on the type of tests, 
the desired sample shape then cut by means of 
waterjet, parallel to the rollingdirection. 
In order to investigate the effect of annealing on the 
thermomechanical properties of OPH alloys more in 
details, both variants were put under heat treatment 
described on table 1.Both variants then went through 
the tensile and hardness tests at room temperature 
(RT) to see how they were effected from the different 
heat treatment. A metallographic analysis was also 
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Figure 11: OPH alloys microstructure (1200oC, 20 hours), 
(a) V1 and (b)V2

Following Fig. 8, the recrystallization also starts for 
V1 holding at 1100oCfor 20 hours (Fig. 8a) while it 
was started at the same temperature for 5 hours for  
V2 (Fig. 7b). The recrystallization progress almost 
completed for both variants after 1 hours at 1200oC 
(Fig. 9) and followed by Fig. 11 that shows the 
longest holding time of 20 hours at 1200°C,  which 
the structure was completely recrystallized. The 
results also showed that the grain size is bigger for 
theV2 materials with longer millingtime. 
To have a better understanding of chemical 
composition of the occurring particles in the 
microstructure of initial state, an EDS spectrum 
analysis were performed on both variants using 
scanning electron microscope (Zeiss Crossbeam 340- 
47-44) (Fig. 12, Fig. 13) In the material V1 two types
of particles were found. The bigger particles were
darker and the EDS analysis showed that they are
molybdenum, chromium, aluminum rich (Fig. 12).
The second type were smaller lighter particles, which
also contained tantalum.

Figure 12: EDS spectrum analysis results for V1 

On the other hand, the bigger particles in V2 (Fig. 13) 
were tantalum rich and the rest of the particles were 
are Fe-Cr-Al rich. Molybdenum and chromium as a 
refractory element increases significantly the 
cohesive strength of the grain boundaries, stabilize 
bcc-lattice and increase the oxidation resistance at 
high temperatures. However, both elements increase 
the stability of carbides precipitating at grain 
boundaries provoking intergranularfracture. 

Figure 13: EDS spectrum analysis results for V2 

IV. CONCLUSION

This paper described a preliminary investigation on 
the effect of annealing on the thermomechanical 
properties, hardness and microstructural of two 
variants of OPH alloys, differing in milling time, 
using a number ofdifferent tests. The results show 
that the heat treatment at elevated temperatures has a 
significant role on the mechanical properties as well 
as microstructure development of these alloys. The 
optimum annealing condition could be reported as 
1100oCfor 20 hours which has the optimum effect on 
both UTS and elongation. Besides, it was found out 
that longer milling time (V2) has a negative influence 
on the mechanical properties which caused the late 
starting of recrystallization process. Base on that, the 
V2showed less sensitive to heat treatment even at 
higher temperature with longer holding time. On the 
other hand, the hardness value (HV10), shows a 
decrease to almost 50% of initial value while the heat 
treatment temperature increased from 1000oC to 
1200oC. Also higher reduction was observed from the 
second step of temperature increasing (1100oC to 
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1200oC) compare to the first step (1000oC to 1100oC). 
The microstructure observation showed that the 
recrystallization, which leads to grain growth, started 
after holding for 5 hours (V1) and 20 hours (V2) at 
1100oC. Before this critical temperature, the structure 
was composed from very fine grains of about 100 nm. 
Over critical annealing temperature, a full 
recrystallized structure with coarse grains was 
obtained. Besides, the EDS analysis confirmed the 
presence of chromium and molybdenum in the 
biggest particles and tantalum was found in the 
smaller, which showed a positive behavior within the 
microstructures of OPHalloys. 
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Abstract - One of the useful areas for power generation is employing thermoelectric generators that can convert the 
temperature difference to electrical energy. The efficiency of thermoelectric generators (TEGs) can be enhanced by 
providing the conditions for raising the temperature difference between the hot and cold poles. There are various ways to 
raise thisrequired temperature difference, among which the use of natural convection is of great importance due to its low 
initial costs. However, TEGs, which utilize natural convection, suffer from low efficiency. Furthermore, to the best of our 
knowledge, all thermosyphons have the disadvantage that the storage tank needsto be elevated slightly higher than the heat 
sink to increase the efficiency. In the present numerical study, the effect of using a thermal sink, made of a flat plate 
withcylindrical finson the thermal efficiency of the natural convection heat transfer is investigated and the optimum fin 
height is determined. 

In addition, the effect of tank storage height on the heat transfer has been evaluated, and the optimum height is determined. 
A new design with a similar level of the storage tank and heat sink is introduced, which has a comparable efficiency with 
traditional designs. 

Keywords - Thermoelectric Generator, Thermosyphon Storage Tank, Heatsink, Natural Convection, Cylindrical Fins 

I. INTRODUCTION

The production of environmental pollutants caused by 
fossil fuel burning has promoted researchers to step 
up the energy efficiency of systems [1].Many 
researchers study ways to produce energy without 
using fossil fuels such as solar and photovoltaic cells, 
wind energy and thermoelectric generators 
(TEGs).Thermoelectric generators fall in a solid-state 
and semiconductor material category, which can 
convert temperature difference and thermal flux 
directly to electricity, known as the Seebeck effect 
method [2]. If a temperature difference is present 
atthe poles of a semiconductor, they will act like 
batteries, and if they are connected to a battery, there 
would be a temperature difference between them.The 
function of the TEG is similar to thermal engines, 
with the difference that their heat sink can be 
provided using the exhaust heat of cars or power 
plants or other wasted heats[3]. 
Compared to conventional heat engines, TEGs haveat 
least three advantages: i)they have no moving 
components and are completely silent, ii) their total 
thermal efficiency can be readily increased by 
increasing temperature difference iii) theyare small in 
size and are environmentally friendly components[4]. 
The main disadvantage of the TEGs is their low 
efficiency[5].Moreover,the storage tank needs to be 
placed higher than the heat sink, to provide the head 
needed for the circulation of the fluid. This is 
considered as a thermosyphon problem, which has 
remained unstudied [5, 6] andimposes a constrainton 
the component configuration of a TEG. This situation 
is similar to photovoltaic cells. Thebest and easiest 
way to improve the efficiency of TEGs is to provide a 

higher temperature difference between hot and cold 
poles. Moreover, if thermoelectric semiconductors 
are placed in such a way that they are electrically 
connected in series, but are thermally parallel, they 
provide a suitable voltage for amplifying the 
efficiency. The temperature difference between the 
poles and the height difference between the heat sink 
and storage tank are both drivers of water circulation 
in the system. As it will be shown later, the 
temperature difference could be sufficient for the 
circulation of the flow in the thermosyphon-heat sink, 
hence, the tank storage and heat sink can be placed at 
the samelevel. 
The fluid in thermosyphon-heatsink structures can be 
circulated by active or passive means. The active 
method requires pumping power and is not a cost- 
effective way.In the passive method, fluid derives its 
momentum from the buoyancy and temperature 
difference. This methodis both reliable for fluid 
circulationand has almost no cost. Although the 
active method is not economical, it is still widely 
used in the TEGs. The active method is used for 
instance in solar cells[7]. Besides, the active method 
is also commonly utilized in other areas including 
cooling systems requiring forced convection for 
different purposes such as vehicles[8], marine [9], 
industrialand householdapplications.Achieving high 
efficiency for TEGs coupled with active forced air 
convection cooling systems requiresa high flow rate 
for the cooling fluid, which needs more energy 
[11].In some cases, thisenergy could bemore than the 
electricity produced by theTEG. 
Use of natural water-flow convection method, as a 
coolant of a TEG, was first investigated by Champier 
et al. [10].An aluminum heat sink with fins, which 
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well absorbs the heat generated by the hot air from 
the combustion of fossil fuels was used in their study. 
It is worth mentioning that the heat sink was located 
lower than the water storage tank. Ashwin et al. [11] 
investigated energy efficiency and performance of 
TEGs by air cooling through three different methods 
and compared the results. They found that the use of 
fins and bare plates through the heat pipes, allowed 
lower temperaturesto be reached at cold pole of the 
TEG. As reported by Elghool et al. [12], under 
identical conditions, the natural convection heat 
transfer coefficient of a liquid coolant is much higher 
than that of a gaseous fluid for cooling TEGs.Deasy 
et al. [5],both experimentally and 
numericallydesigned a passive pure water 
thermosyphon system for cooling TEGs.They 
observed that the passive method could provide 
appropriate and effective cooling. Ahmed et al. [13], 
experimentally investigated the performance of TEGs 
by three different passive cooling liquids. In their 
study, natural convection by air, water, and vapor 
were studied. They used rectangular fins that had 
been parallel with the coolant flow for better heat 
dissipation from the TEG. They found that vapor 
phase change aided by fins showed the best 
performance compared to othertechniques. 

Fig. 1. Schematic of the TEG-thermosyphon geometry. 

Purpose of this study 

Anobjective in this study, is to find the optimum 
height of the storage tank relative to the lower surface 
of the heat sink and to address this height difference 
problem, which has not been examined for the TEGs 
before. Another aim, is to examine the impact of 
different fin heights, with the same circular cross- 
section, on the performance. In addition, an 
appropriate fin height for the presented configuration 
is determined. 
The remaining of the paper is organized as follows. In 
section 2, problem definition is given. Numerical 
method is presented in section 3. Results are 
discussed in section 4, followed by the concluding 
remarks in section5. 

II. PROBLEMDEFINITION

2.1. Schematic and boundary conditions 

A schematic of thecurrent thermosyphon geometry is 
shown in Fig.1. This thermosyphon benefits from a 

passive cost-effective approach. In this approach, the 
fluid circulates between the thermosyphon and the 
heat sink using the buoyancy effect. The storage tank 
in the thermosyphon has a volume of 12 liters, filled 
with pure water. 

The heatsink is shown in blueat the bottom leftin 
Fig.1. A constantheat flux is applied to the ceramic 
coated section in the hot part of the thermoelectric 
generator,seeFig.1. Hence, the heat flux is applied at 
the hot surface of the thermosyphon-TEG 
system,referred to as the heatsink. The heatsink has 
32 pin fins mounted separately. The fins havea height 
of 9.625 mm and a hydraulic diameter of 1.25 mm.To 
investigate the influence of the fin height,valuesfrom 
2.5 mm to 14.5 mm with 2.5 mm intervals are used.A 
schematic of the height changes is shown in Fig.2. 

Fig.2. Schematic view of the extent of the storage tank elevation 

(a) 0.00 mm, (b) 0.75 mm, (c) 1.50 mm, (d) 2.25 mm, (e) 3.00

mm, (f) 3.75 mm, (g) 4.50 mm and (h) 5.25 mm. 

The heat flux, generated by the fins, enters the fluid 
in the thermosyphon-heatsink system. A wall is 
considered above the surface of the storage tank. To 
consider the fluid evaporation at this surface, an 
approach similar to the oneused by Deasy et al. [5] is 
employed, wherea constant heat transfer coefficient, 
80 W / m2 K in this case, is assumed. On this basis, 
the evaporation heat at the surface of a given wall in 
contact with air, Qevaporation with no shear stressis 
assumed.The lateral walls of thestorage tank are 
isothermal with the ambient temperature. The feed 
and thermosyphon discharge pipes, as shown in 
Fig.1., have a diameter ofD=2.5 mm. The TEGis 
located at the bottom of the heat sink, whose pole is 
connected to the heat sink by a ceramic coated part. 



Configuration of the Teg-Thermosyphon with Similar Heatsink and Storage Tank Levels 

Proceedings of 9th International conference on Smart Manufacturing and Environmental Engineering, 18th – 19th December, 2017 

399 

The semiconductors presented in the TEGs of this 
research, are chosen as Bi2Te3. All components of the 
thermosyphon-heatsink are made of alumina. The 
selection of this alloy is due to the suitable heat 
transfer of aluminum within the operating 
temperature range. 

Table 1: Boundary condition description 

The boundary conditions are given in Table 1. It is 
worth noting that adiabatic conditions are used for 
both heatsink sides as well as the feed and discharge 
pipes, which is identical to those found in prevalent 
thermosyphon-heatsink systems. The bottom area of 
the heatsink is 25mm×30mm.The lateral part of the 
hot pole of the TEG iskept at 70°C.It is worth noting 
that the Bi2Te3 alloy, used in the present TEG, can 
endure temperatures up to 300°C [5]. The cooling 
system efficiency, based on the heat transfer to the 
fluid by natural convection, of the TEG was 
evaluatedusing different fin heights, with a fixed 
finarrangement. Auniform flux with a temperature of 
70 °C is applied to the lower part of the heat sink. 

The expansion coefficient 𝛽 = 0.00044 (1/𝐾) is used 
for water in the simulations, which is based on the 
average ambient temperature (26 °C) and hot part of 
the heat sink temperature (70 °C) . Other water 
properties are considered to betemperature dependent. 

III. NUMERICALMETHOD

Although the problem has a transient-state behavior, 
the results are similar to a  steady simulation. This  
has also been verified previously [5]. Hence, 
simulations are carried out as steadystate. 

3.1. Governing equations 

The significant temperature differencesin the 
TEG,produces buoyancy forces that helps the fluid to 
circulatein the thermosyphon system.The fluid flow 
inside the thermosyphon is single-phase, laminar, 
incompressible and Newtonian.The density, thermal 
conductivity, viscosity and specific heat vary with 
temperature. 

The continuity, momentum and energy equations 
using the Boussinesq approximation are as 

follows[14]: 

Where 𝜌 is the fluid density,𝑉 is the velocity vector, 
𝑃is the pressure, 𝜇is the dynamic viscosity, 𝐶𝑝is the
specific heat at constant pressure, 𝐾is the thermal 
conductivity and 𝑇is the temperature. 

3.2 Flow parameters 

Due to the small Grashof number, the flow is laminar 

Moreover, Newton’s cooling law is used to calculate 
the average heat transfer coefficient for the heat sink 
as 

where, Q is the heat flux from the TEG, Aws isthe 
wetted surface area of the heat sink, Tfeed is the 
temperature of the water in the feed pipe and Twsis 
the average temperature inthe wetted regionof the 
heatsink. 

3.3 Numerical scheme 

The finite volume method is used for the 
discretization of equations (1-3). The numerical code 
used in this study, has a second-order accuracy in 
time and space with the QUICK scheme used for the 
convective terms. 

3.4 Validation of the numerical method and Grid 

independence examination 

To assess the validity of the numerical method for the 
current problem, simulations are carried out for the 
geometryof the experiment carried out in [5].The 
experimental data is for constant heat fluxes of 60, 
120, and 180 W, thermal convection heat transfer 
with h=80 W/m2 K at top of the storage tank, and 
adiabatic conditions for other boundaries. 
Comparison of the results with the experimental data, 
given in Table 2, shows a reasonable agreement. 

Fig.3. Bottom view of the selected fins polyhedral mesh with a 

polygonal mesh for the circular fin shape geometry. 
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Table 2: Comparison between experimental [5] and present 

numerical results for the thermal resistance of the heat sink 

In this work, the effect of height difference between 
the heat sink and storage tank on the heat transfer 
performance is examined. Hence, in comparison with 
the experiment in [5], the heat sink is replaced with a 
new configuration. Furthermore, circular fins  are 
used in a staggered configuration to increase the heat 
transfer and reduce the thermal resistance.A sample 
view of the mesh is given in Fig. 3, showing the 
polyhedral meshused. 

Table 3: Discharge temperature and error for different grids 

To examine the mesh dependence of the simulation 
results, three different meshes are used, see Table 
3.Simulations are carried out at the operating thermal
heat fluxof 180 W. The differences in discharge
temperature predictions for grids A, B and C are less
than 1%.

IV. RESULTS ANDDISCUSSION

4.1 Velocity and temperature contours 

Velocity contour plot for a lateral cross section is 
given in Fig.4. Figure shows a maximum velocity of 
0.022m/s. Water flows from the storage tank to the 
heat sink. 

Fig.4. Velocity magnitude contours in a lateral cross section. 

Fig.5. Temperature contours in a lateral cross section. 

In Fig.5, a contour plot of the temperature is given. 
Figure shows that cold water enters the heat sink. 
After cooling the heat sink, water at a higher 
temperature enters the storage tank. This process is 
due to the buoyancy forces and natural convection 
mechanism. The hot water flowing out from the 
discharge pipe entersthestorage tank, where its 
temperature drops to almost the ambient condition. 
This process goes until a steady-state is reached. 

4.2 Effect of the finheight 

Effect of the fin height on the average convection 
heat transfer coefficient for the coolant is shown in 
Fig. 6. The efficiency increases monotonically with 
the fin height. An economically optimum fin height 
of 9.5 mm is indicated in thefigure. 

4.3 Effect of the storage tankelevation 

In Fig.7, variation of the average heat transfer 
coefficient with the storage tank elevation is given. 
Figure shows that the average heat  transfer 
coefficient drops with increasing tank storage 
elevation. A minimum value occurs for an elevation 
of about 5.2 mm, which is the optimum value, where 
thermosyphon-heat sink system has its maximum 
efficiency. 

Thermal resistance variation with respect to the 
storage tank elevation, see Fig.8, shows almost the 
same behavior as the average heat transfer coefficient 
in Fig.7. 

Fig.6. Effect of the fin height on the average heat transfer 

coefficient. 
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Fig.7. Effect of storage tank elevation on the on the average 

heat transfer coefficient. 

Fig.8. Effect of storage tank elevation on the thermal 

resistance. 

Thermal resistance variation with respect to the 
storage tank elevation, see Fig.8, shows almost the 
same behavior as the average heat transfer coefficient 
in Fig.7. Similarly, a minimum value occurs at about 
5.2 mm tank elevation. 
In Fig.9. the efficiency is given with respect to the 
storage tank elevation. The efficiency increases and 
reaches a maximum at about 5.2 mm storage tank 
elevation. A further increase in elevation, decreases 
the efficiency. 

Fig.9. Effect of the storage tank elevation on the efficiency. 

As can be observed, the increase inefficiency due to 
the change in the storage tank elevation, ismuch less 

than the efficiency changes due to the increase in the 
fin height in the thermosyphon-heat sink. This 
suggests that the change in elevation has a rather 
small influence on the entire system  
efficiency.Hence, the storage tank and heat sink can 
be place at almost the same level and maintain an 
optimum efficiency. This new configuration is more 
suitable, optimal, less bulky and more efficient, 
compared to other thermosyphon configuration[5,6]. 

V. CONCLUDING REMARKS

In this study, the effect of storage tank level on the 
heat transfer performance of thermosyphon-TEGheat 
sink was numerically investigated. It was found that 
the optimum efficiency for the thermosyphon-TEG 
heat sink, considered in this study, was reached for a 
storage tank elevation of 5.2 mm.A new design, 
where the storage tank and heat sink are placed at 
almost the same level was proposed and numerically 
tested. The new design would allow for a better 
configuration of the TEG components. 

Furthermore, to increase the heat transfer efficiency 
of the passive cooling system, a staggered 
configuration of circular fins was employed in the 
cooling system and its efficiency was numerically 
tested. 
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Abstract - Much has been said in research literature about how innovation contributes to sustainability of business both in 
service and manufacturing contexts. Nevertheless, not many of those researches consider the influence of these two aspects 
on organizational performance. To address this gap, this research focusses on the role played by innovation in promoting 
organizational performance in manufacturing industries with sustainability as the mediating factor. The research is based on 
positivist paradigm and has adopted empirical approach for testing nine hypotheses using structural modelling technique 
using a sample size of 211 based on convenience sampling. The respondents for the questionnaire survey were managers 
from manufacturing industries. The hypothesis testing has indicated that while both product and process innovation 
contribute to social, economic and environmental sustainability, only economic sustainability contributes to the 
organizational performance. Based on the results, implication have been drawn to the managers of manufacturing industries 
to enhance their organizational performance. 

Keywords - Manufacturing Performance, Product Innovation, Process Innovation, Social Sustainability, Economic 
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I. INTRODUCTION

One of the prime areas of research in manufacturing 
management today is sustainability as manufacturing 
is associated with environmental, social, and 
economic aspects. While manufacturing is essential 
to the economic growth of any country, it is also 
necessary that the process does not affect the 
environment adversely, alter the valued social norms 
and disturb the wellbeing of the members of the 
society. In an attempt to meet these challenges, the 
manufacturing management philosophy has shifted 
focus from production management, to flexible 
manufacturing and now to lean, clean and green 
manufacturing (Herrmann et al., 2014). It also makes 
manufacturing multi-disciplinary subject as it 
demands creativity in thinking and imagination, 
understanding of scientific phenomena, knowledge of 
material science, abilities to create value through 
optimized processes and latest technologies, 
imagination about tangible and intangible products, 
and ideas about the possible services which can be 
associated with manufactured products (Abdullahi& 
Abdullah, 2015; Tonelli, Evans &Taticchi,2013). 
The challenges to be faced by the manufacturing 
sector in the years to come are umpteen. To name a 
few, it is estimated that by the year 2050, 
manufacturing industries are expected to double their 
output using only half of current resources by 
generating only 20% of current Carbon Dioxide 
(Tonelli, Evans &Taticchi, 2013). The mandate of 
Kyoto Protocol is a legal commitment from the 
manufacturers to reduce greenhouse gases emission at 
least 5% each year (Wiktorsson, Bellgran, & Jackson, 
2008). Looming labour shortage would be a challenge 

as Baby Boomer generation is now on the verge of 
retirement and they take their vast experience in 
manufacturing with them and it is estimated that by 
the year 2025 there would be a shortage of 3.5 
million jobs in the field of manufacturing 
(Deloitte, 2017). So, filling the manufacturing skill 
gap would be a challenge. Meeting stiff timelines 
of product delivery would pose a challenge to 
sustainability of the manufacturing industry in the 
years to come (Xu, David & Kim, 2018). Replacing 
the traditional value proposition by sustainable 
value proposition would pose another challenge to 
manufacturing (Tonelli et al., 2013). In addition to 
all these challenges to be faced by the sustainable 
manufacturing: minimization of resource 
consumption in all stages of manufacturing; 
lesser material usage in production, package, 
distribution and recovery; extension of product 
life-cycle; improving the perceptions of the 
customers about the product on a continual 
basis; extension of modular designs; usage of 
highly standardized interfaces to facilitate 
assembly; increased use of smart-materials; and 
increased use of biodegradable materials would be 
the challenges to be faced by the sustainable 
manufacturing in the years to come. 
The solution to all these aforementioned 
challenges would be to constantly innovate and find 
newer ways of doing things which would 
contribute to all the dimensions of sustainability. 
In the manufacturing scenario there are two 
distinct innovations, namely product innovation 
and process innovation both of which have been 
tried very widely. Innovation in general focuses 
on newer methods, practices, processes and 
technology in manufacturing. Product innovation 
specifically refers to the upgradation of 
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manpower utilization, material saving, machine 
upgradation and utilization and method refinements 
to bring about newer products (Romero et al., 2017). 
Product innovation also deals with re-engineering and 
developing an organizational culture which is 
sensitive to the issues related to lean and green 
manufacturing (Jaw, Chen & Chen, 2012). On the 
other hand, process innovation deals with the 
development of newer technical principles and 
production modes so as to minimize energy 
consumption and manufacture goods and services in a 
sustainable manner (Wang et al., 2017). 

II. LITERATURE REVIEW

Research in manufacturing innovation and 
sustainability have taken many different forms. The 
research focus in these researches have been mainly 
based on the context in which the research has been 
undertaken. While one group of researchers have 
focussed on manufacturing efficiency enhancement, 
in contrary to it another group has focussed on 
environmental protection. While one group of 
researchers have focussed on innovative ways of 
manufacturing, in contrary to it another group has 
focussed on sustainability of such newer ways of 
manufacturing. A brief review of literature in the 
context of research constructs of specific interest to 
this research has been given in the subsequent 
paragraphs. 
Wang et al., (2017) have designed a hierarchy 
evaluation index system for process innovation using 
fuzzy linguistic computing in micro-turbine 
machining. The model helps in process innovation 
through the evaluation of the existing knowledge 
related to the problem solving in the manufacturing 
scenario with sustainability in focus. The computing 
tool has successfully identified the core value of 
knowledge in manufacturing innovations and 
successfully met the need of rapid evaluation and 
selection of relevant knowledge from high volume 
multiple knowledge available in innovation 
environments. 
Jaw, Chen & Chen (2012) through their exploratory 
study provided a cultural dimension for product 
innovation in creative industries. The focus was on 
product innovation and found that it is not 
technological innovations alone which provide 
sustainability, but the three interrelated management 
practices: organizational development, customer 
interface and optional technology application have a 
role to play in promoting sustainability. The research 
has provided a comprehensive framework with a 
wider perspective on innovation leading to 
sustainability. 
Protogerou, Kontolaimou & Caloghirou (2017) have 
undertaken a comparative study of production and 
process innovation in both creative and non-creative 
industries. The findings through the empirical 
investigation was that Creative industries outperform 

the Non-creative industries in product innovation; 
however, the latter shows better performance in 
process innovation. The key finding in this study is 
that human capital of founders have a major role to 
play in promoting innovation leading to the 
sustainability of business. 
Padilha & Gomes (2016) focused on the cultural 
influence on both production and process innovation 
leading to sustainability of manufacturing. The 
empirical study was based on 287 respondents from 
textile industry chosen based on simple random 
sampling. Analysis was based on structural equation 
modelling and results indicated a positive correlation 
between culture and both production and process 
innovation. Further, innovation culture was found to 
have a greater influence on process innovation than 
on Product innovation. It was also revealed that both 
production and process innovation were independent 
of the size of the manufacturingorganization. 
Soni, Lilien& Wilson (1993) were among the 
pioneers who adopted structural equation modelling 
to study the innovation dynamics. The approach was 
to study the influence of innovation on firm 
performance leading to sustainability. Sample was 
drawn from 40 chemical industries. The results 
indicated that on the overall basis innovation drives 
firms’ performance; however, intermediate levels of 
market concentration promote performance. Smaller 
firms as well as less diversified firms indicated higher 
levels of innovation leading towardssustainability. 
Tomoyose, Santos &Faria (2017) used the PINTEC 
2014 innovation survey data to study the influence of 
open innovation on sales of the new products using 
SEM. As anticipated open innovation did have an 
influence on sales of the new products; however, 
there were mediating factors: product quality and 
expansion of new portfolios, involved in the 
enhancement of sales particularly in domestic 
environment. It was found that among 5,107 firms 
manufacturing clothing and accessories which had 
adopted open innovation about 78% of the firms had 
shown higher performance in sales of their products. 
Çakir (2017) conducted a comparative study between 
the generation of new knowledge and industrial 
innovation activities on their relative impact on 
innovation outcomes in the chosen manufacturing 
industries in European Union. The results indicated 
that the Networked Readiness Indicator (NRI) which 
included several factors including – business and 
non-business sector expenditures, number 
of doctorates, government expenditure on education, 
number of scientific publication etc., was the major 
predictors of  innovation outcome. Innovation 
activities in the manufacturing firms also has a direct 
influence on innovation outcomes and also larger 
impact on the innovation outcome than that of the 
generation of new knowledge factor. 
Behnam &Cagliano (2017) conducted an extensive 
research using the data collected from 860 
manufacturing plants in 22 countries using self- 
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administered questionnaire. Their study revealed that 
innovation and sustainability were positively 
correlated. The study was based on the three 
dimensions of innovation and sustainability: priority, 
action programme and performance. The results 
indicated that innovation and sustainability were 
related significantly at all the three dimensional 
levels. Further, it was also observed that innovation 
action programmes and sustainability action 
programs, and also, innovation performance and 
sustainability performance relationships were 
bidirectional which means the higher the innovation 
action programmes the better would be sustainability 
action programs and the higher the innovation 
performance the better would be the sustainability 
performance. 
Cherrafi et al., (2018) studied the moderating 
influence of process innovation between lean 
management and green practices on green supply 
chain performance using the SEM approach. The 
sample of 374 was collected from 11 manufacturing 
industries spread across 13 countries. The results 
indicated that process innovation had a statistically 
significant moderating influence on individual as well 
as collective basis between the two endogenous 
variables: lean management and green practices and 
the exogenous variable supply chain performance. 
Hami, Muhamad &Ebrahim (2015) used the survey 
data collected from 150 Malaysian manufacturers to 
empirically investigate the relationships among 
sustainable manufacturing practice (internal and 
external), innovation performance (product, process, 
organizational and marketing), and economic 
sustainability using the SEM approach. Results 
indicated that external sustainable manufacturing 
practice and economic sustainability relationship was 
not significant on the overall basis; however, product 
and process innovations had significant influence on 
economic sustainability. 
Research literature in the field of sustainability are 
diversified into various domains and there is evidence 
that innovation has been linked to sustainability in the 
context of manufacturing. It can be noted that both 
innovation and sustainability are multi-dimensional 
constructs. While there are several dimensions in use 
primarily in the context of manufacturing Product 
innovation and process innovation have emerged out 
to be the dimensions which have been researched into 
depth. Similarly, in case of sustainability it is 
economic sustainability, social sustainability and 
environmental sustainability which are widely being 
considered. In the aforementioned articles, while 
some have developed models to link innovation to 
sustainability (e.g., Wang et al., 2017). Another group 
of researchers has undertaken exploratory research on 
specific dimension of innovation such as Product 
innovation and linked it to sustainability (e.g., Jaw et 
al., 2012). There are also research studies which have 
compared the two dimension of innovation in the 
context of manufacturing (e.g., Protogerou et al., 

2017). Researchers have also explored the 
antecedentsofinnovationandithas been identified that 
cultural aspects also have a role to play on the 
effectiveness of the dimensions of innovation (e.g., 
Padilha& Gomes, 2016). While both qualitative and 
quantitative approaches have been adopted in the 
research on sustainability, Structural Equation 
Modelling (SEM) is becoming popular and 
researchers have made attempts to test the 
relationships between the dimension of innovation 
and sustainability using this tool (e.g., Çakir, 
2017; Soni et al., 1993; Tomoyose et al., 2017). 
However, there is a need to explore further 
on the organizational performance with 
innovation and sustainability as its determinants. 
This is because, while sustainability in terms of its 
three dimensions is necessary and research shows 
that dimensions of innovation have the 
ability to meet these sustainability 
requirements, it is the organizational performance 
which the manufacturing industries look forward to 
achieve. Unless the organizational performance 
is ensured, the former two would only be the 
statutory requirements to the manufacturing 
industries. Thus, in this research an attempt is 
made to fill this research gap by 
investigating the interrelationships between the 
dimensions of innovation, sustainability and 
organizational performance. 

III. OBJECTIVES

The main objective of this research is to study 
if innovation can drive organizational 
performance under the mediating effect of social, 
economic and environmental sustainability. 
Specifically, following are the target objectives of 
this research: 

 Explore the linkages between the 
dimensions of innovation, sustainability and 
organizational performance. 

 Determine the significance of relationships
between the above referreddimensions.

 Make suggestions to the managers of
manufacturing industries to enhance
organizational performance.

IV. RESEARCH METHODOLOGY

4.1 Conceptual Model and Hypotheses 

The conceptual model of the research has been 
developed based on the research literature which 
included both qualitative and quantitative studies 
which have made attempts to link the various 
dimensions of the research constructs. 
Following are some of the prominent studies which 
have related the dimensions of innovation and 
sustainability in both service and manufacturing 
industries. 

Innovation and Social Sustainability 

Buchegger & Ornetzeder (2000) on studying the 230 
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project initiatives in Ausria, Germany and 
Switzerland found that innovation can contribute to 
the social sustainability. Piccarozzi (2017) found that 
start-ups in Italy have contributed to social 
sustainability through Social Impact Assessment and 
the innovative measures to contribute towards 
sustainability. It was observed that among the 61 
start-ups which were considered for the analysis 89% 
could contribute towards social sustainability through 
innovation. Several authors including Dawson & 
Daniel (2010) and Morais & Silvestre (2018) have 
associated innovation and social sustainability as 
innovation often considers the community goals as 
one of the objectives to be achieved through it. 
However, literature has no much of evidence on the 
empirical investigation of the impact of innovation on 
social sustainability at its dimensional level and the 
following hypotheses have been formulated. 

H1: Product innovation has positive significant 
relationship with social sustainability in 
manufacturing industries. 
H2: Process innovation has positive significant 
relationship with social sustainability in 
manufacturing industries. 

Innovation and Economic Sustainability 

Brettel & Cleven (2011) theorize that innovations 
come through external knowledge from all the stake 
holders of business and it has the potential to 
contribute to the economic sustainability of business. 
Chesbrough (2003) suggested that diverse range of 
collaboration partners in open innovation can 
contribute to the economic sustainability. Rauter 
et al., (2017) have proved that open innovation 
had a positive significant correlation with 
economic sustainability in manufacturing 
context. The manufacturing industries considered 
in the research included: automation, industrial electronics, 
construction, automobile, food, information 
technology, and timber. The recommendation of the 
research was that collaborating with customers, 
universities, and other stakeholders in innovation 
initiatives would enhance the economic sustainability 
to a considerable extent. Matthies et al., (2017) 
have established a strong positive linkage 
between innovation and economic sustainability in 
the context of both product and service 
organizations. Despite these studies there is no 
evidence on the investigation of the influence of 
innovation at its dimensional level on economic 
sustainability in manufacturing sector. Thus, 
following hypotheses have been formulated in the 
context of manufacturing companies. 

H3: Product innovation has positive 
significant relationship with economic 
sustainability in manufacturingindustries. 
H4: Process innovation has positive significant 
relationship with economic sustainability 
in manufacturingindustries. 

Innovation and Environmental Sustainability 

Joyce & Paquin (2016) have found that as innovation 
demands the bringing of the entire supply chain in 
manufacturing and by and large the society together 
towards a common goal it has the potential to 
contribute to environmental sustainability in business. 
Srivastava (2007) claims that innovations in 
manufacturing have green innovation as a component 
of their innovation process and thus it can contribute 
to environmental sustainability. Silvestre &Ţîrcă 
(2017) have proposed a detailed typology on how 
innovation can lead to environmental sustainability 
both in the service as well as manufacturing contexts. 
Kishawy, Hegab&Saad (2018) claim that all three 
types of innovation (product, process, and system) 
have the potential to contribute to the environmental 
sustainability because all the three have their bearing 
on one way or the other on environment and 
innovative efforts do consider the environmental 
impact during the design. Despite these studies there 
is little evidence on the study of the impact of 
innovation at the dimensional level on environmental 
sustainability and hence the following hypotheses 
have been formulated. 
H5: Product innovation has positive significant 
relationship with environmental sustainability in 
manufacturing industries. 
H6: Process innovation has positive significant 
relationship with environmental sustainability in 
manufacturing industries. 

Sustainability and Organizational Performance 

Akram et al., (2018) opine that knowledge and 
resource based views promote innovating abilities 
and sustainability of business which can provide a 
boost to the organizational performance. Maletič et 
al., (2014) have provided empirical evidence to the 
point that sustainability oriented innovative practices 
can lead to the organizational performance. Côté, 
Booth & Louis (2006) have found that process 
innovation can result in reduced consumption of 
energy  and materials thus contributing to 
sustainability, which can lead to environmental 
sustainability. Rennings et al., (2006) have identified 
that Product innovation can enhance rework, recycle 
and remanufacturing thus contributing to 
sustainability which can lead to the environmental 
protection. There are many such studied which have 
established the path of linkage between innovation, 
sustainability and organizationalperformance; 
however, there is no empirical evidence for the 
relationships at the dimensional level and hence the 
following hypotheses have been formulated. 
H7: Social sustainability has positive significant 
relationship with organizational performance in 
manufacturing industries. 
H8: Economic sustainability has positive significant 
relationship with organizational performance in 
manufacturing industries. 
H9: Environmental sustainability has positive 
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significant relationship with organizational 
performance in manufacturing industries. 

Considering the earlier studies, it is evident that both 
product and process innovation have bearing on the 
three types of sustainability which in turn has the 
potential to drive organizational performance. 
Drawing from this the following hypothetical (Figure 
1) model has been developed in this research.

The Metric Development  

4.2The Metric Development 

As most of the dimensions used in this research are 
very well established dimensions with readily 
available scales of measurement the items have been 
chosen from those scales. But some of these scales 
were used in many different contexts other than 
manufacturing and in different geographic location 
and time. So, these scales have been subjected to 
confirmatory factor analysis to confirm their 
representativeness in the present context. 

Dimensio

n 

Contributing 

Authors 
Description 

1. Product
innovation

Arkolakis et 
al., (2018), 
Breznitz 

&Cowhey 
(2012), 
Löfgren, 

&Williams 
(2016), 

Lundvall (2002), 
Tohidi& 

Jabbari(2012), 
Wejnert(2002) 

Re-engineering 
the entire 

system and 
organisational 
culture so as to 
bring out the 

new 
products/servi
c es which are 

sustainable. 

2. Process
innovation

Amit, Zott 
(2012); 

Andraszewicz 
et al., (2015); 
Belvedere et 
al.,(2013), 

Länsisalmi et 
al.,(2006), 

Snihur&Wikl
u nd (2017)

It is the 
introduction of a 

new 
technology/met 

hod for 
manufacturing to 
gain competitive 

advantageand 
aim towards 

sustainability. 

3. Social
sustainability 

Bacon at al., 
(2012); 

Colantonio & 
Dixon (2011); 
Dempsey at 
el., (2011); 

Dillard et al., 
(2011); 

Eizenberg 
&Jabareen 

(2017); 
Griessler & 

Littig (2015); 
Woodcraft 

(2015); 

Is a state in 
which formal and 

informal 
processes, 

systems, policies, 
structures, and 

relationships are 
in alignment with 

the needs of 
current and 

future 
generations. 

4. Economic
sustainability

Armeanu et 
al., (2018); 

Bockermann 
et al., (2005); 

Hanushek 
&Woessmann 

(2008); 
Spangenberg 

(2008); 
Tomislav 
(2018). 

It is the practices 
that provide 
long- term 

economic growth 
without 

adversely 
affecting social, 
environmental, 

and cultural 
aspects ofthe 
community. 

5. Environ
mental

sustainability 

Abatenh et al., 
(2018); 

Abhilash et 
al., (2016); 

Arora 
et al., (2018); 

Di Vaio, 
&Varriale 

(2018); 
Giddings et 
at;, (2018); 

Puig et 
al., (2015) 

It is the ability to 
meet the needs of 

the present 
without 

compromising 
the ability of 

future 
generations to 
meet their own 
needs without 

adversely 
affecting 
earth’s 

ecosystem. 

6. 
Organizational 
Performance 

Kutucuoglu et 
al. (2001) and 
Wordsworth 
(2001), Jung 

&Hong 
(2008), 

(Salaheldin, 
2009), Kumar, 

Garg and 
Garg 2009), 
Chiang Han, 
& Chuang 

(2012). 

It is the 
indicators of 

performance of 
an organization 
can be broadly 

categorized in to 
Operational 

performance, 
Financial 

performance and 
Non- financial 
performance 

factors 

The initial questionnaire had 30 items of 
measurement and a pilot study was undertaken using 
a sample size of 30 to test the questionnaire and make 
sure the items did not have jargons of management 
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and was easy to understand in the context of 
manufacturing company. The data was subjected to 
confirmatory factor analysis to test the reliability and 
validity and was reduced to 18 simple questions 
which were easy to answer and a quick response can 
be ensured without losing its ability to measure what 
the metric was intended tomeasure. 

4.3 Research design 

This is basically an empirical study with quantitative 
approach based on convenience sampling. The 
research is cross-sectional type of design and the 
method of data collection is through self-administered 
questionnaire. This research design has been chosen 
specifically as this research aims to explore the 
interrelationships of the dimensions of innovation, 
sustainability and organizational performance. The 
exploration is facilitated through the testing of the 
hypotheses which have been developed based on the 
existing literature in the area of study. The analysis of 
the data is through SEM which essentially has: 
Measurement Model and Structural mode. While the 
former provides the reliability of the data and 
validates the metric the latter tests the hypotheses 
using the partial least square technique. SEM has 
been very successful in addressing the issue of multi- 
collinearity that exists between the variables of study 
and hence been used in thisresearch. 

4.4 Sample Design 

The data used in this research is from randomly 
chosen manufacturing companies which are medium 
scale industries located in Bangalore the capital of 
Karnataka State in India. There are 1618 registered 
medium scale industries with in Bangalore which 
include agro based, soda based, cotton textile, jute 
based, ready-made garments, wooden furniture, paper 
products, chemical products, rubber and plastic 
products, minerals, steel fabrication and electrical 
machineries. From these industries according to the 
standard sample size formula (Igwenagu, 2016), 169 
industries were randomly chosen and the 
questionnaire were distributed through the HR 
Managers to the manufacturing managers. In the first 
round a total of 400 questionnaires were served and 
124 filled questionnaires were received. But as SEM 
demands a minimum sample of 180 which is based 
on the principle of ten times the number of manifest 
variables in research (Kline, 2001). So in the second 
round again 200 questionnaires were served and after 
repeated visits to these industries a sample size of 227 
could be achieved out of which 211 were selected and 
the rest were discarded as they were either incomplete 
orerroneous. 

V. RESULTS AND ANALYSIS

5.1 Measurement Model 

The Cronbach’s alpha coefficient (Table 2) in this 
research varies from 0.7 to 0.8, and composite 

reliability estimate also ranges from 0.6 to 0.9, both 
indicating a moderate to high level of internal 
consistency (cut off value of 0.6 for both these 
measures) (Ahmad, Zulkurnain & Khairushalimi 
2016). The convergent validity is assessed through 
factor loading and in the present research they are 
above 0.6 which indicate a strong effect of the factor 
on the variable of study (cut off 0.6 Ahmad et al., 
2016) (Table 3, Figure 2). Table 4 shows acceptable 
discriminant validity as the square roots of average 
variance extracted of a dimension is greater than the 
correlation of the item with the remaining 
dimensions. Thus, the measurement model indicates 
that the data has the required reliability and the metric 
has the desirevalidity.  

Cronbach's 
Alpha rho_A Composite 

Reliability 
Average Variance 
Extracted (AVE) 

ECS 0.67 0.68 0.82 0.60 
ENS 0.66 0.68 0.81 0.59 
ORS 0.66 0.69 0.71 0.48 
POI 0.71 0.67 0.66 0.42 
PRN 0.67 0.79 0.77 0.54 
SCS 0.78 0.69 0.74 0.48 

Table 2: Reliability and Validity 

ECS ENS ORS POI PRN SCS 
ECS1 0.77 
ECS2 0.80 
ECS3 0.76 
ENS1 0.81 
ENS2 0.81 
ENS3 0.69 
ORS1 0.81 
ORS2 0.79 
ORS3 0.85 
POI1 0.91 
POI2 0.73 
POI3 0.70 
PRN1 0.61 
PRN2 0.79 
PRN3 0.79 
SCS1 0.76 
SCS2 0.63 
SCS3 0.70 

Table 3: Factor Loading 

ECS ENS ORS POI PRN SCS 

ECS 0.78 

ENS 0.56 0.77 

ORS 0.46 0.32 0.69 

POI 0.45 0.40 0.38 0.65 
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PRN 0.31 0.28 0.30 0.25 0.73 

SCS 0.34 0.18 0.25 0.30 0.48 0.70 

Table 4: Discriminant validity Values in bold indicate the 

square root of AVE 

5.2 Structural Model 

The structural model in SEM facilitates the testing of 
the hypotheses (Table 5, Figure 3). The path 
coefficients between the latent variables is shown in 
Figure 2. 
The following hypotheses are supported: 
H1: Product innovation has positive significant 
relationship with social sustainability in 
manufacturingindustries. 
H2a: Process innovation has positive significant 
relationship with social sustainability in 
manufacturingindustries. 
H3: Product innovation has positive significant 
relationship with economic sustainability in 
manufacturingindustries. 
H4: Process innovation has positive significant 
relationship with economic sustainability in 
manufacturingindustries. 
H5: Product innovation has positive significant 
relationship with environmental sustainability in 
manufacturingindustries. 
H6: Process innovation has positive significant 
relationship with environmental sustainability in 
manufacturingindustries. 
H8: Economic sustainability has positive significant 
relationship with organizational performance in 
manufacturing industries. 
Following hypotheses are not supported: 
H7: Social sustainability has positive significant 
relationship with organizational performance in 
manufacturing industries. 
H9: Environmental sustainability has positive 
significant relationship with organizational 
performance in manufacturing industries. 

Table 5: Hypothesis TestResults 

Fig 2: Path Model 

Fig 3:Structural Model 

VI. IMPLICATIONS TO THE 

MANUFACTURING MANAGERS

Hypothesis testing has indicated that both product 
innovation and process innovation have positive 
significant relationship with social sustainability, 
economic sustainability and environmental 
sustainability in manufacturing industries. This 
finding is in agreement with some earlier studies in 
various other contexts (e.g., Brettel & Cleven, 2011; 
Buchegger & Ornetzeder, 2000; Morais & 
Silvestre, 2018; Rauter et al., 2017; Matthies et al., 
2017). The implication of this study is that if the 
company has to achieve sustainability in their 
business they need to strengthen both product and 
process innovation. Speaking about product 
innovation, the managers in manufacturing 
industries need to bear in mind the concept of 
user-centric-innovation in both product and 
process innovation through a well-defined 
innovation strategy (Pisano, 2015). An 
effective strategy should start with specific 
objectives and the objectives need to 
incorporate all the three dimensions of 
sustainability in the formulation stage itself. It 
has been observed that while many 
manufacturing organizations have a very 
highly matured innovation strategy the missing 
factor is sustainability of aspects. This is one of 
the reason why many of the fortune 500 companies 
of the past have lost their market standing and have 
been forced to adopt exit strategy. The need of the 
hour is to have a paradigm shift from the over 
emphasis laid on technology to the social, economic 
and environmental aspects of manufacturing. The 
demands of the customers keep changing from 
time to time and as the 
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products evolve the demands of the customers also 
keep changing and today’s customers are more 
conscious about the environmental, social as well as 
cultural aspects associated with the product. So, the 
innovation strategy with objectives linked to 
sustainability issues could enable the manufacturing 
companies to ensure competitive advantage in the 
market. 
Value creation to the customers during the product 
and process innovation could be another aspect which 
needs attention in the present manufacturing scenario. 
Value creation to the customers not only refers to the 
higher level of performance of the product, but ensure 
healthy environment with clean water, fresh air, 
healthy food and harmony in the society. These are 
the demands of present day customers as it has been 
realized that manufacturing industries have been 
responsible for the pollution of environment and 
WHO has declared some of the major destinations of 
the world to be not safe anymore for healthy 
living (WHO, 2017). Thus, the product innovation 
should necessarily consider making the product 
cheaper, durable, reliable, serviceable, and reusable 
but at the same time sensitive to the social, 
economic and environmental issues. 
Finally, manufacturing industries need to focus more 
on disruptive innovation, which is not mere 
technological in nature, but more of business model 
re-engineering (Pisano, 2015). The product and 
process innovation should essentially disrupt the 
existing way of doing things the best example being 
Android as an operating system which is also free and 
inbuilt to the mobile. So, there is a need for the 
manufacturers to have a paradigm shift from radical 
innovation to disruptive innovation for the simple 
reason that sustainability is better addressed in the 
latter. 
It was surprising to note through the results of the 
study that only the economic sustainability had a 
significant positive influence on organizational 
performance and both social and environmental 
sustainability had no significant influence on the 
organizational performance. The finding does not 
mean that only economic sustainability should be the 
target of the manufacturing managers to achieve 
higher level of organizational performance, but it is 
evident that it has a higher level of contribution. This 
result is in agreement with the findings of many 
researchers who have proved that economic 
sustainability has higher contribution to 
organizational performance because it is mainly 
technology driven. The higher the technology the 
better is the economic sustainability and higher the 
organizational performance (Maletic et al., 2015; 
Pisano, 2015; Wagner, 2010). The implication to the 
managers is that they may give higher focus on to the 
economic sustainability aspects of manufacturing 
without sacrificing the social andenvironmental 
aspects of manufacturing. Some researchers have also 
proved that economic sustainability and 

environmental sustainability are inversely 
proportional (Schaltegger, S., &Synnestvedt, 2002). 
Even though social and environmental sustainability 
does not contribute significantly to the organizational 
performance as indicated through this research they 
cannot be ignored completely as they are statutory 
requirements and also controlling the license to 
operate. 

VII. CONCLUSION

This research is an attempt to provide a holistic 
model of innovation, sustainability and business 
performance. While the research literature is 
inundated with studies on individual aspects of these 
three research constructs not much has been done to 
study the interdependencies of these three constructs 
at their dimensional level. So, this research is a step 
forward in that direction. 
Through this study it was found that innovation in the 
context of manufacturing was a multi-dimensional 
construct and the product and process innovation 
cannot be studied in isolation but they need to be 
holistically linked to the dimensions of sustainability. 
Thus, the conceptual model related the product and 
process innovations to the social, economic and 
environmental dimensions. It was found that in the 
context of manufacturing industries there were 
studies which have empirically tested the 
relationships between innovation and sustainability, 
but the linkage can be complete only when 
sustainability was linked to organizational 
performance. That provided completeness to the 
hypothetical model provided in thisresearch. 
Through the quantitative analysis using questionnaire 
survey with a sample size of 211 spread over the 
medium scale manufacturing industries in Bangalore 
which is the capital of Karnataka State of India, it 
could be concluded through the hypothesis testing 
that while both product and process innovation 
contributed to social, economic and environmental 
sustainability, only economic sustainability 
contributed to the organizational performance. 
Accordingly, implications were drawn for the benefit 
of the managers of manufacturing industries so as to 
enhance their organizational performance. Two 
important aspects of innovation: innovation strategy 
and value creation have been briefed for the benefit 
of managers highlighting the need for a change in the 
existing radical innovation which is focussing mainly 
on technology ignoring other aspects for 
sustainability. 
In today’s customer driven market of manufacturing, 
it is important for the manufacturers to be mindful 
about the social, economic and environmental 
awareness of the customers and align their products 
as well as manufacturing processes to meet the 
customer demands. It can be concluded that while 
economic sustainability should be the main aim of the 
manufacturers to achieve organizational performance 
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but the importance of social and economic 
sustainability should not be undermined as they are 
indirectly the ‘license to operate’. Well-planned 
corporate social responsibility demonstrated through 
clearly defined action plans and measures taken to 
demonstrate sensitiveness to environmental 
protection could surely pave the way tosucceed. 
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