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Abstract Shear modulus and damping are of the 
most important dynamic characteristics of soil in seis-
mic geotechnical engineering. Improving the dynamic 
properties of soils by adding cement content, and then 
replacing a part of cement, which its production is 
one of the most important sources of carbon dioxide 
emissions in the world, with natural materials such as 
nanoclay is of particular importance. In the present 
study, the cyclic behavior of silty sand was compared 
with the cyclic behavior of cemented sand containing 
cement and nanoclay additives. The soil used in this 
research was Firuzkooh mountain sand and silt, clas-
sified as ML type based on the unified classification 
system. All the samples were made by wet complac-
tion method and cyclic triaxial tests were performed 
with three different confining pressures of 50, 100 
and 150 kPa in the medium shear strain range. The 
results showed that the values of the shear modulus of 
cemented sand samples with a water to cement ratio 
of 1 are greater than the values of the shear modulus 
of the silty sand samples in all ranges of shear strains. 
The values of shear modulus increased by substituting 

nanoclay instead of cement in the cemented samples, 
and vice versa, the damping of the samples decreased 
with the addition of cement. By substituting part of 
the cement with nanoclay, the damping decreased 
with a lower rate. On the other hand, with the increase 
of confining pressure, the shear modulus values of 
all the considered soils increased and their damping 
decreased.

Keywords Cyclic triaxial test · Cement-treated silty 
sand · Shear modulus · Nanoclay

1 Introduction

Soil dynamic parameters, including shear modulus 
and damping ratio, are widely used in the analysis and 
design of geotechnical structures. These parameters 
are very important in linear and nonlinear analysis of 
geotechnical structures subjected to dynamic loads 
such as earthquake and wind. One of the phenom-
ena in granular soils that causes significant changes 
in soil properties, such as shear strength parameters 
and deformation modules, is the soil cementation. 
Natural cementation of granular soils is a phenom-
enon occurring over time due to the compaction and 
deposition of natural chemicals among soil particles. 
As with many other countries, Iran has experienced 
many earthquakes due to its high seismicity. In order 
for human beings to be able to coexist with this phe-
nomenon, engineering knowledge and basic study 
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in the field of earthquake engineering as well as soil 
dynamics should be developed, so understanding the 
dynamic parameter is of special importance.

In a large part of the coastal areas of north and 
south of Iran, which are located in a zone with rela-
tively high earthquake risk, according to Iranian code 
No. 2800 regulations, the dominant soil materials 
are silty sand and low-density silt, where there is a 
high probability of resistance reduction of these satu-
rated soils during earthquakes and undrained cyclic 
loading condition. Since it is not always possible to 
implement the dynamic compaction method for soil 
improvement in urban areas, one of the substitute 
methods of soil improvement in these areas is add-
ing cement to the poorly saturated silty granular soils, 
which includes deep mixing and pre-mixing methods.

In recent years, many studies have been performed 
on the sand stabilization methods using cement 
injection (Fernandez and Santamarina 2011; Mol-
lamahmutoglu and Yilmaz 2011; Pantazopoulos 
and Atmatzidis 2012; Markou and Droudakis 2013; 
Yildiz and Soganci 2015), sand stabilization with 
crumb rubber grains (Nakhaei 2012), and sand sta-
bilization with nanomaterials (Choobbasti 2015) in 
order to enhance the soil properties. Abbasi et  al. 
(2018) showed that it was found that the addition of 
nanoclay to dispersive clayey soils could decrease 
their dispersivity potential considerably. Changizi and 
Haddad (2016) showed that Add nano-SiO2 resulted 
in increase in the angle of internal friction, the cohe-
sion, the unconfined compression strength and maxi-
mum dry unit weight of the clayey soils.

Pantazopoulos and Atmatzidis (2012) investi-
gated the dynamic properties of injected sands by 
ordinary cements and very fine particles through 
the Resonant column and flexural element experi-
ments. They evaluated the effect of confining pres-
sure, shear strain, water to cement ratio and type and 
grade of the cement on the soil dynamic properties. In 
their research, three types of Portland cement, Port-
land composite, and Pozzolanic cement were used. 
They also presented the dynamic properties within 
the small strain range of 0.0001–0.01%. Their results 
showed that the shear and Young’s modulus increased 
with augmenting the confining pressure and decreas-
ing shear strain, while the damping ratio varied dif-
ferently. Smitha and Rangaswamy (2020) investigated 
the dynamic properties of silty sand improved with 
agar biopolymer using a cycle triaxial strain test. 

They reported that in the specimen improved with 2% 
biopolymer during 7 days of curing time, up to 317% 
increase in shear modulus was observed compared to 
the unmodified specimen. Using a simple cyclic shear 
test, Madhusudhan et al. (2020) found that 10% of tire 
crumbs improved the dynamic sand properties well. 
Also, Jijo and Pandian (2018) studied the effect of 
lime admixture on soil stabilization and indicated that 
the ultimate strength of the soil was more enhanced in 
compare to the early age strength. 

Mola Abasi et al. (2021) investigated the Use of a 
GMDH-type neural network to model the mechanical 
behavior of cement-treated sand. And they concluded 
that the two-hidden layer model can accurately pre-
dict the q–ε and u–ε behavior for the testing data, 
compared to other machine learning methods. By 
and large, GMDH modeling is suggested as a potent 
method to estimate the soil mechanical properties like 
brittle index (IB), maximum strength (qmax), fail-
ure strain (εf) and stiffness (E50). Mola Abasi et  al. 
(2022) conducted an experimental and environmental 
study on the stabilization of low-plasticity clay with 
cement and zeolite. Unconfined (UCS) compres-
sive strength results indicated that up to 15% cement 
content replacement with zeolite, strength increased. 
Ahmadi et  al. (2020) stated that in clay, unconfined 
compression tests show that nano-MgO can signifi-
cantly increase the stiffness of the soil and the und-
rained cohesion of the clay. Adding 0.2% nano-MgO 
raises the undrained cohesion by approximately 45%. 
Fattahi Masrour et al. (2021) showed that adding the 
optimum amount of 1% nanosilica to the dispersive 
clay altered the soil characteristic into non-dispersive. 
The liquid limit (LL), plastic limit (PL), and optimum 
moisture content (OMC) of the treated soil specimens 
increased.

Lang et  al. (2020) used the Resonant column 
experiments to investigate the dynamic shear modu-
lus of small strain (G) and the damping ratio (D) 
for silty clay specimens reinforced by cement and 
cement-fly ash compositions. The results indicated 
that the performance of 5% cement along with 30% 
fly ash as a stabilizer was more effective in improving 
G and D than using 15% cement alone. Subramaniam 
and Banerjee (2020) inspected the shear modulus and 
damping ratio of the cement improved sea-clay using 
Resonant column and cyclic triaxial experiments. The 
results showed that at confining pressure of 100 kP, 
the shear modulus for improved specimens with 5, 
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7.5, and 10% cement increased by 88, 131, and 282%, 
respectively. In addition, the increase in shear modu-
lus was more prominent at small strains and longer 
curing time.

With the increasing growth of economic and 
industrial development in the world, especially in the 
developing countries, there will be a need to optimize 
the materials and components of additives in the soil 
stabilization methods. On the other hand, considering 
this growth and the progressive demands, the crisis 
of limited energy and natural resources is too obvi-
ous nowadays and the importance of the environmen-
tal protection cannot be ignored. Extensive energy 
has been consumed to produce cement products and 
this yet produces 7% of the  CO2 contents in the world 
(Gjorv and Sakai 2000). In addition, cement-stabi-
lized soils have shown brittle behavior (Lothenbach 
et al. 2011; Scrivener and Nonat 2011; Ramezanian-
pour et al. 2012; Mola-Abasi et al. 2016a Mola-Abasi 
et al. 2016b). Thus, there will be a need to optimize 
the materials and components of additives in soil sta-
bilization approaches.

The use of nanomaterials as a substitute for cement 
can be a significant option to reduce cement con-
sumption. Today, nanotechnology is widely used in 
various branches of science and industry. Soil nano-
particles, typically between 1 and 100 nanometers in 
size, are the smallest particles in soil environments. 
Due to their significantly small size, they have a very 
high specific surface area, so they effectively react 
with the other soil particles. Given their high spe-
cific surface area and surface loads, even in the case 
of small amounts of these particles in the soil envi-
ronment, they can affect the physiochemical behavior 
and engineering properties of the soil in a very spe-
cial and significant way.

The useful effects of this technology in various 
environmental, energy, and national security areas 
have led to the increasing production of nanoma-
terials and large amounts of investment. For this, 
research in this regard can help the purposeful pro-
duction of nanomaterial products. Nanotechnology 
is an advanced technology in recent years, which 
goes back to half a century ago across the world. 
In this connection, one of the problems caused by 
using soil additives is environmental pollution, 
while nano clays, while being compatible with the 
environment, could leave highly desirable impacts 
on environmentally destructive processes and 

absorbing environmental pollutants. (Majeed and 
Taha 2012; Majeed and Taha 2013; Majeed and 
Taha and Jawad 2014; Ouhadi and Amiri. 2011)

As mentioned above, dynamic parameters includ-
ing shear modulus and damping ratio are widely 
used in the analysis and design of geotechnical 
structures. Variations of these parameters with 
shear strain are one of the most considerable prop-
erties required for the response of soil layers under 
dynamic loads. Proper evaluation of these parame-
ters is of great importance both for the basic under-
standing of soil behavior as well as for its applica-
tion in practical seismic geotechnical problems. By 
performing various laboratory experiments on dif-
ferent types of soils, the dynamic parameters can 
be calculated; one of these experiments used to 
calculate the shear modulus and damping ratio is 
the cyclic triaxial test. As noted, many studies have 
been conducted on the dynamic properties of differ-
ent common and improved soils. One of the most 
important additives in of the soil improvement pro-
cess is the cement whose optimum consumption 
seems necessary due to environmental and eco-
nomic considerations. On the other hand, although 
studies on sands have been very extensive so far, 
fine-grained soils have received less attention. 
Accordingly, in this study, we intend to investigate 
the specifications of the dynamic properties of sand 
with 60% non-plastic silt, improved by cement and 
different percentages of Montmorillonite nanoclay 
(nanoclay will replace some parts of the cement 
contents) using a cyclic triaxial strain control test 
subjected to confining pressure and different strain 
ranges.

High non-plastic fine-grained sandy soils are 
greatly prone to liquefaction and fall under problem-
atic soils in coastal areas. For this, it is required to 
eliminate the soil liquefaction to improve its dynamic 
parameters. One of the ways to improve problematic 
soils is to use additives; to understand the effects of 
this method, it is necessary to properly evaluate soil 
dynamic parameters with and without additives, 
investigate various additives, and also optimize these 
additives.

The novelty of this study comes from its type of 
soil (40% sand and 60% non-plastic silt), and the 
effects of using cement and replacing part of the 
cement with nano clay on the intended soil dynamic 
parameters.
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2  Materials and Methods

2.1  Characteristics of the Considered Soil

In this research, Firuzkuh #161 casting sand (Mar-
zuni et al. 2022) and non-plastic silt have been used, 
whose specifications are presented in Tables  1, 2, 3 
and Fig. 1, respectively.

2.2  Specifications of (Montmorillonite) Nanoclay

The physical and chemical properties of nanoclay 
used in this research are reported in Table 4.

2.3  Specimen Preparation Method

In order to prepare specimens with uniform density 
along its height, wet compaction method with reduced 
density was used according to the method presented 
by Ladd (1978). The procedure was as follows: the 
entire soil (with a weight of 259 gr) was divided into 
five equal parts (59 gr each). Considering the mois-
ture rate of 0.1, 5.9 gr of the water weight was added 
to the samples of each layer. According to the height 
of the soil mold (109.15 mm), the first layer was so 
compacted that the height from the upper mold to the 
surface of the first sample was 87.9 mm. Also, this 

Table 1  Specifications of Firuzkuh #161 sand

No. Properties Index Value

1 Soil type SP –
2 Specific gravity of soil solids Gs 2.61
3 Max. Dry unit weight �

max
16.5 kN/m3

4 Min. Dry unit weight �
min

13.7 kN/m3

5 Max. Void Ratio e
max

0.751
6 Min. Void Ratio e

min
0.49

Table 2  Silt specifications

No. Properties Index Value

1 Soil type M Non-plastic silt
2 Specific gravity of soil solids Gs 2.51
3 Max. dry unit weight �

max
1.48 kN/m3

4 Min. dry unit weight �
min

1.158 kN/m3

Table 3  Characteristics of chemical analysis of Firuzkuh #161 
sand and silt

%K2O %Na2O %CaO %Fe2O3 %Al2O3 %SiO2

0.5–0.7 0.02–0.5 0.5–1 0.5–1 0.5–1 95–98

Fig. 1  Considered soil 
grading curve
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height reached the compaction of 68.21, 48.53, 28.84, 
and 9.15 mm in the second, third, fourth, and fifth 
layers. As a result, a homogenized sample 100 mm 
high was obtained from the sample. In addition, for 
better binding of different layers, the surface of the 
previous compacted layer was grooved after reaching 
the desired height to create a more suitable collision 
with the next layer at the interface.

Specimens containing cement additives were made 
by adding 4% cement of the weight ratio of the base 
soil, dry mixing of the compound by hand and finally 
adding the required moisture as well as re-mixing in 
the same layers. The required moisture was calculated 
as the sum of the required moisture for compaction of 
the silty sand at a certain energy and density (all sam-
ples w = 0.5) along with the water required for hydra-
tion of cement particles with water to cement ratio of 
w∕c = 1 (Saadati et al. 2022). Meanwhile, in order to 
eliminate the effect of water evaporation during the 
mixing process, 1 mg of additional water was added 
to the mixture of each layer.

In the present study, the percentage of nanoclay 
cement replacement was equal to 20 and 40% of 
weight ratio of cement. All specimens containing 
cement and nanoclay in all tests were casted in the 
mold without being subjected to surcharge loads. 
Once placed in sealed bags (to prevent evaporation 
of the internal moisture), they were maintained in a 
humid environment (water bath) for 28 days.

2.4  Test Method

In this study, normal and cemented specimens with 
a diameter of 50 mm and a height of 100 mm were 
prepared for cyclic triaxial experiments using wet 
compaction method. The experiments were executed 

in Geotechnic Laboratory of Islamic Azad University 
Science and Research Branch in Tehran city. As the 
specimens had to reach the desired density at the end 
of the consolidaton phase, the initial density for spec-
imen preparation was lower than the final value. This 
difference depends on the confinement stress, which 
was already approximated by several experimental 
tests for the initial confinement stresses.

The experiments would be divided into two cat-
egories, improved and normal (without improvement) 
samples. In both categories, once the specimen was 
prepared for testing, the cell could be closed and the 
surrounding area would be filled with water. In the 
next step, a confining pressure of about 10 kPa was 
applied to the specimen. And then carbon monoxide 
gas was passed through the specimen and so the satu-
ration capacity of the specimen increased. Then, the 
vacuum distilled water also passed through the soil 
specimen. Thereafter, in order to completely satu-
rate the specimen and achieve a saturation percentage 
above 95% ( Bvalue = 0.95), the cell pressure (confin-
ing pressure) as well as the pressure inside the speci-
men (post-pressure) were elevated. This process was 
repeated in different steps until the specimen reached 
95% saturation, so the pressure applied to the satura-
tion of the pure sand specimen was about 150–200 
kPa while for the cemented specimen was about 
200–250 kPa. Finally, the specimens including silty 
sand, cemented silty, sand and silty sand containing 
cement as well as nanoclay were similarly consoli-
dated under three confining pressures of 50, 100, and 
150 kPa. Finally, they were subjected to the cyclic 
loading up to 50 cycles with different strain ranges. 
Saadati and Overton (2022)

In order to obtain the values of shear modulus, a 
number of cyclic triaxial experiments were performed 
under undrained and identical conditions on pure 
sand, cement, and nanoclay cement specimens with 
a relative density of 50%. After each experiment, a 
soil hysteresis diagram was plotted using the obtained 
data. To plot the hysteresis diagram, the shear stress 
must be plotted in terms of shear strain. Since only 
axial strain and stress can be measured in cyclic tri-
axial experiments, the values of shear stress and shear 
strain were calculated through the axial stress and 
strain using Eqs. 1 and 2, respectively.

(1)� =
�
1
− �

3

2
=

qa

2

Table 4  Specifications of (Montmorillonite) nanoclay

Mineral type Montmorillonite

Density 0.5–0.7 gr∕cm3

Grain size 1–2 nm
Special area 220–270 ( m2∕gr)
Electricity conductivity − 25MV
Ion Exchange rate 48 (meg/100 gr)
Intergranular free space 60 A0

Color Pale yellow
Moisture 1–2%
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 where, � represents the shear stress, �
1
 and �

3
 reflect 

the main stresses, � shows shear strain, �a denotes 

(2)� = (1 + �)�a
the axial strain, and � is the Poisson’s ratio. In Eq. 2, 
since the test was conducted under the undrained con-
ditions and the specimen was completely saturated, 
the Poisson’s value was considered to be 0.5. After 

Table 5  Test program

Stage Soil type Additive Confining pressure Age Dr Test

Cement NanoClay

1 M6S4 0 0 50,100,150 (kpa) 0 50% Cyclic triaxial test
2 M6S4+C 4% 0 50,100,150 (kpa) 28 days 50% Cyclic triaxial test
3 M6S4+C+NC20 4% 20% 50,100,150 (kpa) 28 days 50% Cyclic triaxial test
4 M6S4+C+NC40 4% 40% 50,100,150 (kpa) 28 days 50% Cyclic triaxial test

Fig. 2  Deviatoric stress results in terms of number of loading 
cycles: a M6S4 soil; b M6S4 soil plus 4% cement; c M6S4 soil 
plus 4% cement plus 20% nanoclay cement; d M6S4 soil plus 

4% cement plus 40 Percentage of nanoclay cement with confin-
ing pressure of 100 kPa with a strain of 1%
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Fig. 3  Hysteresis loop results in terms of number of loading 
cycles: a M6S4 soil; b M6S4 soil plus 4% cement; c M6S4 soil 
plus 4% cement plus 20% nanoclay cement; d M6S4 soil plus 

4% cement plus 40 percentage of nanoclay cement with confin-
ing pressure of 100 kPa with a strain of 1%

Table 7  Shear modulus 
with shear strain: confining 
pressure of 100 kPa

G(MPa) Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 79.074315 102.030543 104.0305433 108.1305433
0.1 19.67316 37.0094949 39.125888 40.023578
1 0.5243749 6.72045165 8.123075745 8.123525884

Table 6  Shear modulus 
with shear strain: confining 
pressure of 50 kPa

G(MPa) Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 39.983921 61.6351741 66.5954202 76.6439516
0.1 8.1912455 23.7324626 26.55567873 26.76748885
1 0.4156207 10.617388 12.09576628 12.39576628



3382 Geotech Geol Eng (2023) 41:3375–3387

1 3
Vol:. (1234567890)

drawing the hysteresis curve, the shear modulus was 
calculated using the slope of the hysteresis rings. In 
Table 5, the abbreviations which indicate the type of 
the soil and additives are listed.

In the following, soil specimens and percent-
age of nanoclay are named by the following 
abbreviations:

M6S4: 60% silt, 40% sand
NC%: Percentage of nanoclay to cement
C%: Cement percentage

3  Analysis Results

3.1  Initial Results

Figures  2 and 3, respectively, depict the results of 
deviatoric stress and hysteric loops versus the number 
of loading cycles of silty sand, cemented silty sand, 
and cemented silty sand containing nanoclay with a 
relative density of 50% plus an effective confining 
stress of 100 kPa with uniform consolidation at strain 
of 1%. As observed, due to the strain-control loading 
process, a high amount of stress is observed in the 
first cycles, whose value diminishes with increasing 
the load, and finally reaches a constant value.

At the beginning of loading, due to the device’s 
noise, the value of the deviator stress was non-con-
ventional at the beginning of the first cycle.

3.2  Shear Modulus

In order to explore the effects of cementation process 
on improving the dynamic properties of the soil as 
well as the effects of the replacing the cement com-
ponent with nanoclay , cyclic triaxial tests were per-
formed on the silty sand, cemented silty sand, and 
cemented nanoclay silty sand specimens with water 

to cement ratio of 1. In all cyclic triaxial tests, the 
percentage of cement used for cemented specimens 
was 4% of the weight ratio of the base soil and the 
percentages of nanoclay used for the cemented nano-
clay specimen were 20% and 40% of the weight ratio 
of cement. The results of shear modulus for different 
improved and unimproved samples at confining pres-
sures of 50, 100, and 150 kPa are shown in Tables 6, 
7, and 8, respectively.

According to Fig. 4, the shear modulus values of 
the silty sand specimen for confining pressure of 50 
kPa have lied within the range of 39.98–0.41 MPa in 
the shear strain range of about 0.01–1%. On the other 
hand, the shear modulus values of cemented silty 
sand and 20% nanoclay cemented silty sand speci-
mens for confining pressure of 50 kPa were 61.63 to 
10.61 MPa and 66.59–12.09 MPa respectively, within 
the shear strain range of 0.01–1%. In addition, the 
values of shear modulus of 40% nanoclay silty sand 
specimen were 76.64–12.39 MPa. It can be concluded 
that for all specimens including silty sand, cemented 
silty sand, and nanoclay silty sand, the values of shear 
modulus diminished with increasing the shear strain. 
Under stress-controlled harmonic loading conditions, 
pore pressure generation and structural change can 
cause the shear strain amplitude of a soil specimen 
to increase with increasing number of cycles. If clay 
or saturated sand specimens are loaded harmonically 
under strain-controlled undrained conditions, the 
shear stress amplitude would be observed to decrease 
with increasing number of cycles. (Kramer 1996)

The shear modulus values of the cemented sand 
specimens within all ranges of shear strains were 
greater than the shear modulus values of the silty 
sand specimens. The shear modulus values of the 
cemented silty sand specimen and the nanoclay 
cemented silty sand specimen increased with aug-
menting the strain compared to the silty sand. On the 
other hand, at the strain of 1%, the values of shear 

Table 8  Shear modulus 
with shear strain: confining 
pressure of 150 kPa

G(MPa) Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 82.578001 112.436153 122.1747701 123.839276
0.1 20.126495 36.1574036 38.07937595 39.26931047
1 0.4183222 7.81221016 8.028967914 8.19321182
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modulus increased from 0.52 MPa for silty sand to 
6.72 MPa for cemented silty sand and 8.12 MPa for 
cemented silty sand with 20% nanoclay as well as 
silty sand with 40% nanoclay. The shear modulus 
has increased with raising the cement contents and 
then replacing cement with nanoclay 20 and 40%. 
Fig.  4 indicates the shear modulus has grown with 
increasing confining pressure. Modulus reduction 
behavior is also influenced by effective confining 
pressure perticuly for soils of low plasticity (Kramer 
1996)

3.3  Damping

Damping ratio of the silty sand specimens and 
cemented specimens with 4% cement content and 
water to cement ratio of 1% plus nanoclay cemented 
silty sand were evaluated to compare and determine 
the improvement of dynamic properties due to the 
addition of nanoclay material. the damping results 
of silty sand and silty sand with cement, and silty 
sand with cement and nanoclay samples are shown in 
Tables 9, 10 and 11 for different strains.

Figure 5 reveals the damping ratio values of silty 
sand within different shear strain ranges. In contrast 
to the stiffness (shear modulus), the damping ratio of 
all specimens diminished with increasing the confin-
ing pressure. This can be attributed to bond weak-
ness between the sand grains and cement particles by 
increasing the shear strain and thus higher energy dis-
sipation by enhancing the mobility of the soil grains 
the stiffness was higher in the case of using nanoclay 
comparing to the cementitious soil and the damping 
is lower as well.

Figures  6 7, 8 and 9 shows the variations of the 
damping ratio of silty sand, silty sand with cement, 
and silty sand with nanoclay for confining pressures 
of 50, 100 and 150 kPa in different shear strains. As 
shown in Figure 8, the damping ratio decreases with 
the increase of confining pressure.

Damping behavior is also influenced by effective 
confining pressure, particularly for soils of low plas-
ticity (Kramer 1996).Fig. 4  Variations of shear modulus with shear strain: a con-

fining pressure of 50 kPa, b confining pressure of 100 kPa, c 
confining pressure of 150 kPa
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4  Conclusion

In this study, initially, the dynamic parameters (shear 
modulus and damping ratio) of the fine-grained silty 
soil were investigated by cyclic triaxial experiments. 
Then, the parameters of shear modulus and damping 
were compared by adding 4% cement and then replac-
ing cement with nanoclay 20% and 40%. The results 
revealed that, in general, the shear modulus dimin-
ished, and damping increased with increasing the 
strain. In addition, the results showed that adding the 
cement and replacing a part of it with nanoclay had 
a positive effect on the shear modulus and a negative 
effect on the damping ratio of the silty soil. Further, 
the shear modulus rose, and the damping declined 
with increasing the confining pressure.

Pantazopoulos and Atmatzidis (2012) by examin-
ing the dynamic properties of sands improved with 
ordinary and very fine types of cement, concluded 
that the shear modulus was enhanced with increas-
ing confining pressure and decreasing shear strain, 
while the damping ratio behaved differently, which 
is consistent with the results of the current study.in 
the present study, the cyclic behavior of fine-grained 

silty sand improved by nanoclay and Zanjan type 2 
Portland cement between medium shear strains was 
investigated using a cyclic triaxial device. The main 
results are summarized:

– With increasing shear strain, the stiffness 
imparted because of the intergranular contact 
surfaces diminished and caused the loosen-
ing and rupture of the cement paste joints. This 
event also freed the confinement caused by the 
stiffness and ultimately by increasing the strain 
levels, it rapidly reduced the shear modulus. In 
addition, shear modulus values decrease, and 
damping increases for all specimens, includ-
ing silty sand, cemented silty sand and nanoclay 
cemented silty sand specimens, with increasing 
shear strain.

– For all specimens, including silty sand, cemented 
silty sand, and nanoclay cemented silty sand 
specimens, the shear modulus values increased, 
and damping diminished by elevating the confin-
ing pressure.

– Adding cement at 4% by weight of soil enhanced 
the shear modulus and reduced the damping.

Table 9  Damping ratio 
with shear strain: confining 
pressure of 50 kPa

D% Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 11.409 5.7430306 4.394751481 4.494303056
0.1 13.261 6.8163687 5.901247 5.693262201
1 23.814 13.318846 12.02226234 11.37473574

Table 10  Damping ratio 
with shear strain: confining 
pressure of 100 kPa

D% Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 7.8235 5.4015184 4.381216313 4.127304511
0.1 8.6623 6.6111342 5.027065684 5.344442629
1 17.393 11.400316 10.39856726 10.50215

Table 11  Damping ratio 
with shear strain: confining 
pressure of 150 kPa

D% Strain% M6S4 M6S4+C M6S4+C+NC20 M6S4+C+NC40

0.01 6.3677 4.6254592 4.227681234 4.227559886
0.1 7.7024 5.8352014 4.87843676 4.658160166
1 17.013 10.626974 9.902157 8.585211792
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– By replacing 20% of cement with nanoclay in 
the cement specimen, the shear and damping 
modulus increased. However, by replacing 40% 
of cement with nanoclay compared to 20% of 
nanoclay, no significant change was observed in 
the shear and damping modulus. This indicates 
that the replacement of 20% of cement with 
nanoclay is optimal for improving the dynamic 
parameters of the considered soil.

– damping ratio decreases with the increase of 
confining pressure.

Fig. 5  Variations of damping with shear strain: a confining 
pressure of 50 kPa; b confining pressure of 100 kPa, c confin-
ing pressure of 150 kPa

Figure 6  variations of the damping ratio of silty for confining 
pressures of 50, 100 and 150 kPa in different shear strains

Fig. 7  variations of the damping ratio of silty sand with 
cement for confining pressures of 50, 100 and 150 kPa in dif-
ferent shear strains
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