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Abstract: Shear modulus (SM) and damping ratio (DR) are significant in seismic design and the
performance of geotechnical systems. The evaluation of soil reactions to dynamic loads, such as
earthquakes, blasts, train, and traffic vibrations, necessitates the estimation of dynamic SM and DR.
The aim of this research is to determine the cyclic parameters of unsaturated soils in and around
Peshawar, and how these properties depend upon the varied confining pressures and shear strains.
Undisturbed samples were collected using Shelby tubes from five boreholes at different locations
along Jamrud Road, Peshawar. The index properties (grain size distribution, plasticity index, and
specific gravity) and dynamic properties of these samples were determined. Three samples of
100 mm in height and 50 mm in diameter were obtained from each Shelby tube. After preparing
and mounting the sample in the triaxial cell, the sample is first saturated by increasing the cell and
back pressures in increments of 50 kPa until the value of Skempton’s pore pressure parameter (B)
reaches > 0.96. Samples were consolidated at confining pressures of 150, 200, and 300 kPa, then
subjected to cyclic shear strains of 0.2, 1, 2, 2.5, and 5%. Shear stress—strain hysteresis loops were
plotted, and the values of SM and DR were calculated for each cycle. Generally, at shear strains of
0.2 and 1%, the slope of the loops is steep, and gradually becomes gentler at higher strains of 2, 2.5,
and 5%. It is found that, with an increasing number of cycles, the SM and DR decrease. The SM
decreases with increasing shear strain, whereas the DR increases at shear strains of 0.2-1%, then
decreases for strains of 2, 2.5, and 5%. The confining pressure has more influence at a shear strain of
0.2-1%, while little effect has been observed at a shear strain of 2.2-5%. The values of SM are higher
at higher confining pressures at a given shear strain. The results show higher stress values during
the initial cycles because of the greater effective stress that developed in response to shear strain
while, with an increase in the number of cycles, the pore water pressure gradually increases, thereby
reducing the effective stress and weakening the bonds between soil particles. In dynamics, when the
confining pressure increases, particles are closer to contact, so the travel paths of waves increase. The
energy loss will increase, so DR will decrease.

Keywords: dynamic properties; shear modulus and damping ratio; hysteresis loops; cyclic triaxial
test; high cyclic strains 3

1. Introduction

Geotechnical engineers are concerned with the assessment and design of earthquake-
resilient structures. The general concern about seismic site effects, which can amplify
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earthquake movements of soil deposits, has increased after several natural disasters caused
loss of lives and economic damage. The case of the earthquake in Mexico City in 1985
exemplifies the consequences of site amplification [1]. After the succession of different
amplification events, it is now recognized that human and material losses could be avoided
by better understanding soil behavior under dynamic loading conditions. Therefore, the
assessment of dynamic deformation characteristics of soil is critical for computing the
seismic response in any region [2]. Dynamic shear modulus, damping, and soil density
are the main variables that control the seismic response of a soil layer [3]. Indeed, seismic
site response analysis uses dynamic shear modulus and damping as input parameters to
assess soil stresses and strains, as well as the displacements and accelerations when a soil
deposit undergoes dynamic effects caused by an earthquake [4]. The dynamic response of
soil during an earthquake has increased the demand for calculating the dynamic properties,
both at large and small shear strains [5].

The soil characterization of a region holds importance in the application of ground
response analysis (GRA). In the absence of the dynamic response of the regional soils,
it is common practice to use the standard dynamic models for GRA [3,6,7]. However,
Kumar et al. [8] showed that cohesionless and fine-grained soils of an area can exhibit
substantially different dynamic behaviors as compared to the standard models for similar
soils. The shear modulus, SM (representing the soil stiffness), and damping ratio, DR
(percentage of energy loss per cycle of vibration) are largely affected by the shear strain,
confining stresses, and the number of cycles [8]. The soil behaves as an elastic material at
low shear strain (around 10~°) and plastic at large shear strain (>0.01%), and generally
demonstrates low SM and high DR with an increase in shear strain [9].

Many field, laboratory tests and numerical models have been developed to measure
soil shear modulus for a particular strain level [2,10-14]. The cyclic triaxial test (CT) is
a common laboratory procedure to measure the dynamic properties of the material at
different strain levels. The cyclic triaxial test measures the dynamic young modulus and
damping at high strain levels by applying a vertical cyclic load on a cylindrical sample.
Usually, to measure the complete relationship between dynamic shear modulus, damping,
and strain, it is necessary to determine the dynamic properties using a cyclic triaxial test [15].
The cyclic triaxial test offers numerous advantages in the assessment of soil behavior under
dynamic loading conditions. It provides a realistic simulation of complex loading scenarios,
enabling a more accurate representation of soil responses to earthquakes, vibrations, and
other dynamic forces. The test directly measures the shear modulus, a crucial parameter
for understanding soil stiffness and its response to cyclic loading. Additionally, it allows
the estimation of the damping ratio, which quantifies energy dissipation in soils. The
test’s versatility makes it applicable to various soil types, facilitating comprehensive soil
characterization. Many researchers around the world have determined the SM and DR
by performing undrained CT tests on various soils. Undrained and partially drained CT
tests on normally consolidated Champlain clay in Rigaud, Quebec, Canada, and found
that the clay would undergo wide settlement and serious damage to bearing capacity, or
perhaps fail when loaded under cyclic conditions [8,16-21]. While aggregate content and
shear strain have a greater influence on DR, it is less affected by the number of cycles.
Mohtar et al. [10] carried out a cyclic triaxial test to measure strain-dependent SM, in which
they found that SM has low values at higher shear strain. Similar results were also obtained
by Thirugnanasampanther [22] who performed small and large strains to investigate the
SM and DR of clays and Fraser River sand. Test results show that the shear strength of
clays is influenced by consolidation stress, over-consolidation ratio, and clay content.

Kumar et al. [8] performed strain-controlled CT tests on sands for a strain range of
0.015%—4.5%, at a loading frequency of 1 Hz. The specimens were prepared at relative
densities of 30-90% and confining pressures of 50-150 kPa. They found that the SM was
lower with increasing shear strain, while the values of DR reached a peak value at a strain
of 0.5%, 1%, and the values of DR decreased at a higher strain level. This is typically
different from that observed in the DR from previous studies [3,23-25]. For most studies,
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tests were conducted up to a strain of 1%. Few researchers measured the DR above
1% strain [26,27].

Considering the need to recognize the cyclic behavior of unsaturated soils, and to
provide more comprehensive experimental data in this field, the aim of this research is
to determine the cyclic parameters of unsaturated soils (shear modulus and damping
ratio). Therefore, further comprehensive studies are needed to fully clarify the effects of
the cyclic triaxial test in identifying the dynamic properties of the regional silty clayey
soil in and around Peshawar city. Only limited literature is available about the dynamic
characterization of soils in this region (Peshawar). This research provides documentation
of the dynamic response of the fine-grained soil available in the region, something which
has not been investigated before.

2. Study Area

Peshawar is the capital city of the Khyber Pakhtunkhwa province of Pakistan and
has an important background in the history of the Indian subcontinent. It is located
at 710043.40 N, 330093.70 E, in the western Himalayan region. Peshawar is charac-
terized by high seismicity rates due to its proximity to the active plate boundary be-
tween the Indian and Eurasian plates, which are converging at a rate of 37-42 mm yr~!
(Chen et al., 2000). The faults influencing the region of Peshawar are the Main Mantle
Thrust (MMT), Hazara-Kashmir Syntax, Punjal fault, and faults with reverse faulting mech-
anisms in the Kohat ranges. Most of the earthquakes that affect Peshawar have their origin
in the Hindu Kush region of Afghanistan or the northern areas of Pakistan [28-30]. The
Hazara-Kashmir syntax is connected to the Punjal fault, Jhelum fault, and Main Boundary
Thrust (MBT) [31-33]. It is a very active fault and contributes to most of the seismic-
ity of Peshawar. The Muzaffarabad earthquake (2005) occurred on this fault, and it is
one of the highest magnitude earthquakes ever recorded in this region [34]. The Punjal
fault originates from the Hazara-Kashmir syntax and extends towards the Peshawar region
in the westward direction. The Kohat region lies on the southern border of the Peshawar
region and contains many faults with reverse faulting mechanisms. This fault does not
have much high seismicity; however, its distance relative to Peshawar is very small, and it
may affect the Peshawar region. All the above-mentioned faults contribute to the seismicity
of the Peshawar region. Therefore, due to the high seismicity, the testing was performed
at high cyclic strains. The estimation of dynamic properties (SM and DR) of soils from
Jamrud Road, Peshawar has never been assessed before. The study presents the dynamic
properties of the typically available cohesive soil from Jamrud Road, Peshawar, which can
be useful for the proper assessment of GRA in this region.

3. Material and Methods
3.1. Soil Description

Undisturbed samples were collected using Shelby tubes from five boreholes at different
locations along Jamrud Road, Peshawar. The index properties (grain size distribution,
plasticity index, and specific gravity) and dynamic properties (SM and DR) of these samples
were determined. The moisture content of the samples obtained from the five different
locations ranged from 11.6 to 15.9%, and the PI values from 4.4 to 6.97. This shows that the
soil has low plasticity as, according to the ASTM standard D-4318, soils having a PI below
7 are regarded as low plastic. Similarly, the specific gravity values range from 2.68 to 2.72.

Based on the grain size distribution and plasticity index, the soil samples were classi-
fied according to the Unified Soil Classification System (USCS), based on ASTM D 2487.
The passing percentage from the No. 200 sieve was more than 50% for all five samples;
therefore, the soils are classified as fine-grained. The group symbol for all soil was CL-ML,
and the soil type was sandy silty clay. The overall results of index properties and soil
classifications are given in Table 1.
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Table 1. Summary of index properties and soil classifications.
. i C i . e Plasticity Passing
Sample Moisture Specific  Liquid Limit Plastic Limit Index Percentage Group Soil Type
Content (%)  Gravity (LL)(%) (PL)(%) LL-PL No. 200 Symbol

UDS1 14.8 2.68 229 17.19 5.71 58.6 CL-ML Sandy
Silty Clay

UDS2 15.8 2.70 23.67 16.7 6.97 59.3 CL-ML Sandy
Silty Clay

UDS3 15.9 2.72 21.7 17.3 44 62.1 CL-ML Sandy
Silty Clay

UDS4 11.6 2.69 26.08 22.03 4.05 55.6 CL-ML .Sandy
Silty Clay

UDS5 12.3 2.69 29.7 244 5.3 56.7 CL-ML Sandy
Silty Clay

The results of the sieve and hydrometer analysis are shown in Figure 1 as a curve that
shows how the sizes of the grains vary.
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Figure 1. Grain size distribution curve of soil samples from each Borehole.

3.2. Testing Apparatus

The cyclic triaxial apparatus involves a laboratory testing method to determine the
SM and DR in strain-controlled conditions. The DYNATRIAX Cyclic Triaxial apparatus
(Control group n.d) has full automation that controls all the test parameters to perform a
cyclic triaxial (CT) test (Figure 2). This consists of a 100 kN Tritech compression frame, an
air receiver, a pneumatic actuator having a maximum displacement of 50 mm, a compact
dynamic controller unit (CDC), solenoid (on/off) valves, and a computer, as shown in
Figure 3. The system is controlled by the CDC, to which all the components are connected.
The DYNATRIAX software is connected to the CDC via a high-speed communications and
control network. Commands sent from the software are used by the CDC unit to manage
the movement of the actuator and triaxial frame, the adjustment of pressures to the triaxial
cell, the opening and closing of the pressure lines, and the flow direction of the volume
change device.
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Figure 3. Test result plot at 1% strain, frequency 1 Hz, and C.P 150 kPa. (a) Axial Strain vs. N. (b),
Deviator stress vs. N. (c), Stress vs. strain. (d), Excess PWP ratio vs. N.

3.3. Testing Procedure

The soil samples were extracted by the cutting of Shelby tubes (ASTM-D3999 (2012))
in suitable sections to remove the samples with minimal disturbance. Samples were
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obtained by inserting a sampler with a diameter of 50 mm and a height of 100 mm to
obtain the required sample. The way the specimen is mounted within the cyclic triaxial
cell significantly impacts the test outcomes. The correct alignment and preparation of the
specimen play a crucial role in ensuring accurate and representative measurements. The
mounting procedure directly affects factors such as stress distribution, boundary conditions,
and the specimen’s response to cyclic loading. Any errors or inadequacies during specimen
installation can introduce stress concentrations, boundary effects, and non-uniform stress
distribution, potentially distorting the measured response. Thus, careful attention must
be given to aligning the specimen, achieving proper saturation, and applying suitable
confining pressure, to minimize such effects and obtain reliable and representative results
in cyclic triaxial testing.

After carefully preparing and mounting the sample in the triaxial cell, the sample is
first saturated by increasing the cell and back pressures in increments of 50 kPa until the
value of Skempton’s pore pressure parameter (B) reaches > 0.96. The B-value is given as

Au
B ter = — 1
parameter Aoc )
where,

Au = change in Pore Water Pressure
Aoc = change in Cell Pressure

After the completion of saturation, to consolidate the specimen, a uniform applied
back pressure (BP) was maintained and the cell pressure (CP) was increased until the
difference between the CP and the BP was equal to the desired consolidation pressure.
The sample was isotropically consolidated at the three different confining pressures of
150, 200, and 300 kPa. Once the sample was consolidated, it was then subjected to an
undrained cyclic shear stage. This stage was performed according to ASTM D-3999, and
the sample was sheared cyclically at five different shear strains (0.2, 1, 2, 2.5, and 5%) at
a confining pressure of 150, 200, and 300 kPa (Table 2). The varied parameters were the
confining pressure and shear strain to find out how these dynamic properties depend on
these parameters. Each test was performed with 40 cycles of strain-controlled loadings at a
loading frequency of 1 Hz.

Table 2. Testing program to perform the cyclic triaxial test.

Sample Confining Pressure, kPa Strains %

UDSla 150

UDS1 UDS1b 200 02,1,2,25and 5
UDSlc 300
UDS2a 150

UDS2 UDS2b 200 02,1,2,25and 5
UDS2c 300
UDS3a 150

UDS3 UDS3b 200 02,1,2,25and 5
UDS3c 300
UDS4a 150

UDS4 UDS4b 200 02,1,2,25and 5
UDS4c 300
UDS5a 150

UDS5 UDS5b 200 02,1,2,25and 5

UDS5c¢ 300
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4. Results and Discussion
4.1. Undrained Cyclic Shear

The consolidated specimens underwent strain-controlled CT examinations. Forty
cycles of strain-controlled loading were performed on each test specimen. Figure 3a—-d
displays the response obtained at a shear strain of 1% and a cell pressure of 150 kPa.
Figure 3b illustrates the exponential decrease in deviator stress with increasing cycle
number, which is related to the deformation of the soil specimen. As shown in Figure 3c,
the degradation of the soil’s damping ratio and shear stiffness with increased loading cycles
(N) is represented by the fluctuation of deviator stress with axial strain (hysteresis loops).
Figure 3d, which depicts the rise in excess pore water pressure (PWP) generation, shows
that the excess PWP ratio gradually increased to 1 throughout the cyclic loading. As PWP
increases in saturated soil under undrained cyclic loading, inter-granular forces decrease,
lowering effective stress and soil stiffness [35]. Several cyclic tests were performed at
different peak axial strain (¢) levels, and the results were the same for all samples. These
tests were then used to measure the dynamic properties of the soils.

The graph of shear stress vs. shear strain is generally called the hysteresis loop.
The shear stress vs. shear strain hysteresis loop was plotted, where the shear stress was
calculated by load per unit area whereas the shear strain was calculated by a change
in displacement per unit height of the sample. Figure 4 shows hysteresis loops of UDS
1 for 150 kPa at shear strains of 0.2, 1, 2, 2.5, and 5%, with the shear strain plotted on
the horizontal axis and shear stress on the vertical axis. Generally, at shear strains of
0.2 and 1%, the slope of the loops is steep and gradually becomes gentle at higher strains
of 2, 2.5, and 5%. The results show higher stress values during the initial cycles because
of greater effective stress developed in response to shear strain while, with the increase
in number of cycles, the pore water pressure gradually increases, thereby reducing the
effective stress and weakening the bonds between soil particles. This trend is consistent for
all the hysteresis loops of five samples at all confining pressures.

4.2. Shear Modulus and Damping Ratio

The values of SM and DR were calculated by the DYNATRIAX software during the
tests for each cycle and were further processed in Python (phycharm and matplotlib) to
generate their graphs against the number of cycles and shear strain. The DYNATRIAX
software produced the shear modulus and damping ratio. Figure 5 depicts a symmetrical
hysteresis loop (SHL), illustrating the conventional approach for calculating dynamic
properties [30]. In this method, the dynamic shear modulus (G) is determined using the
secant Young’s modulus (Esec), which is obtained by connecting the peak compressive and
tensile stress—strain points. The damping ratio is derived from the stored strain energy
within the triangle in the first quadrant, considering the symmetrical nature of the loading
cycle. The SM was calculated from the secant Young’s modulus (E), measured by the slope
of the line joining the points of peak stress—strain points, while the DR was calculated from
the stored strain energy by the triangle (Figure 6).

These values were calculated for 40 cycles, so for further processing, the average
values of SM and DR of all five samples were obtained for shear strains of 0.2, 1, 2, 2.5, and
5%, and confining pressures of 150, 200, and 300 kPa (Tables 3 and 4).

The SMs and DRs were plotted to generate graphs with the number of cycles at
prescribed shear strains and confining pressures. The values of SM and DR decreased with
an increase in the number of cycles after the initial cycles, due to the development of pore
water pressure and the reduction of effective stresses. In Figures 6 and 7, at 1% strain of
UDS 1 at 150 kPa, the initial value of SM, 2.88 MPa, was reduced to 1.23 MPa, and the DR
from 19.55% to 11.34%. Similar trends were observed for all other samples.
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Hysteresis Cycle of UDS1 at 0.2% strain for 150 kPa
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Figure 4. Hysteresis loops of shear stress vs. shear strain of UdS1 for 150 kPa.
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Table 3. Average and Gmax values of shear modulus.

G(Avg.) Gmax
Strains(%) 0.2 1 2 2.5 5 0.2 1 2 2.5 5
UDS1 6.43 1.77 0.85 0.63 0.52 6.76 2.88 1.53 1.23 1.20
UDS2 7.40 2.52 1.43 1.08 0.76 7.95 3.39 2.16 1.73 1.29
UDS3 7.46 1.81 0.94 0.67 0.40 7.81 3.32 1.76 1.30 0.90
UDS4 7.75 2.51 1.40 1.04 0.57 8.36 3.52 221 1.68 0.99
UDS5 7.78 2.23 1.11 0.75 0.51 8.43 3.23 1.93 147 1.11
UDS1 7.52 247 1.18 0.89 0.61 8.59 478 2.40 1.83 1.38
UDS2 11.08  3.28 1.57 1.11 0.82 13.00 5.01 2.90 2.25 1.85
UDS3 1025 247 1.11 0.72 050 11.05 449 2.37 1.70 1.29
UDS4 8.68 2.62 1.47 1.15 0.78 9.74 3.73 247 1.99 1.31
UDS5 9.24 2.85 1.72 1.34 0.80 1053 411 2.64 2.35 1.78
UDS1 10.81 357 1.93 1.41 093 1219 466 2.83 2.31 1.57
UDS2 15.82  4.26 2.15 1.54 1.07 1689  6.88 4.34 3.43 2.96
UDS3 13.65 3.15 1.57 1.13 086 1516 538 2.88 2.20 1.74
UDS4 1543  5.02 2.56 1.92 1.30 1818 719 423 3.27 2.23
UDS5 13.40 527 1.84 1.29 072 1372 852 3.35 2.58 1.56
Table 4. Average values of DR (%) at 150, 200, and 300 KPa.
Strains(%) 0.2 1 2 2.5 5
150 kPa
UDS1 12.40 13.24 11.05 10.41 11.27
UDS2 13.19 1443 12.70 11.12 10.47
UDS3 12.22 13.54 11.59 10.09 9.23
UDS4 12.21 14.01 12.47 11.07 11.06
UDS5 13.20 15.30 12.67 10.88 10.82
200 kPa
UDS1 9.84 14.47 13.42 13.43 15.76
UDS2 13.63 14.73 12.08 10.34 9.59
UDS3 13.85 14.26 11.31 9.74 9.73
UDS4 13.45 14.37 12.81 11.51 11.72
UDS5 13.76 13.92 12.34 11.31 11.62
300 kPa
UDS1 12.97 15.61 14.41 13.04 13.17
UDS2 13.78 14.87 12.73 11.23 11.80
UDS3 15.33 15.25 11.97 9.92 9.41
UDS4 12.68 14.53 13.29 12.65 14.77
UDS5 12.79 15.36 12.42 10.87 10.04
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Figure 7. The values of DR vs. number of cycles of UDS1 at different confining pressures.

4.3. Effect of Shear Strain on SM and DR

Generally, the SM tends to decrease and the DR to increase as shear strain amplitude
increases [10,24,36]. This is because, at higher values of shear strain, the strength of soil
reduces to resist deformation, and more energy is released to yield high deformation.
Similar results are also reported by Ghayoomi et al. [37] and Kumar et al. [8].

The average values of SM and DR were plotted with the shear strains of all samples
at confining pressures of 150, 200, and 300 kPa. At 150 kPa, the average values of SM
of UDSI1 at shear strains of 0.2 to 5% were 10.61 to 0.52 MPa, which shows the values of
SM decreased with an increase in shear strain (Figure 8). The modulus reduction curve
(G/Gmax) is plotted as shown in Figure 9. A modulus reduction curve is used to represent
the degradation of shear modulus with shear strain in terms of a reduction in modulus ratio
(G/Gmax). For the present study, the values of Gmax are given in Table 3. It can be observed
that, at low strain levels, the values of G/Gmax have very close values irrespective of the
confining pressure, while the values change for different samples. The DR is increased
from 0.25% strain to 1% strain and then decreases to a strain of 2, 2.5, and 5% as shown in
Figure 10.
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Several studies have been conducted, including works by Hardin and Drnevich [23],
Ishihara [24], and Seed et al. [25]. In most of these studies, tests were carried out up to
a strain of 1%. However, a limited number of researchers have measured the DR above
1% strain [25,26]. This is because of the rise of pore water pressure at a higher strain,
which reduces the inter-granular forces, resulting in a decrease in effective stresses, so the
damping ratio is also decreased. The comparison of the shear modulus and damping ratio
for various researchers is given in Figures 11 and 12.

The trend of the curve is the same, but the values of each point are different from those
of another researcher because it is obvious that different soils behave differently and have
different values of DR at varying parameters. As in this research, the soil type is sandy silty
clay, and the parameters are 150, 200 and 300 kPa confining pressure and the strain rates
are 0.2, 1, 2, 2.5, and 5%, while other researchers worked on different types of soil and at
different confining pressures, and it was already mentioned that the dynamic properties
are different for different soils at varying parameters. The variations in curve shapes and
values of shear modulus and damping ratio among different soils can be attributed to
factors such as soil composition, soil structure, stress history, saturation level, soil fabric,
and differences in testing methodology. Variances in particle sizes, mineralogy, compaction,
and stress conditions lead to diverse mechanical properties. Additionally, variations in
water content, consolidation history, and testing protocols contribute to differences in shear
modulus and damping ratio values. Understanding these factors is essential for accurate
geotechnical analysis and design, as it allows for the consideration of the specific behavior
of each soil type under different loading conditions.
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Figure 11. The value of G/Gmax of different soils from the available literature [3,8,35,38—42].
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Figure 12. The value of DR of different soils from the available literature [3,8,35,38-42].

5. Conclusions

The research findings suggest that strain-controlled cyclic triaxial testing, conducted
according to ASTM D-3999, on subsoil samples along Jamrud Road in Peshawar yielded
valuable insights. The samples were classified as sandy silty clay (CL-ML) based on the
USCS and exhibited low plasticity. The shear stress vs. shear strain hysteresis loops
demonstrated a trend of becoming gentler with increasing shear strain. The value of SM
decreased with higher shear strain, while DR initially increased up to 1% strain, then
decreased for higher strains. The effect of confining pressure was more pronounced at
lower strains (0.01% and 0.2%), while it was less significant at higher strains (1%, 2%,
2.5%, and 5%). These findings provide important implications for future studies and the
understanding of subsoil behavior.
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