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Abstract.

Understanding the dynamic properties of soils—particularly their behavior under cyclic or dynamic loading

conditions, such as those induced by seismic events or construction activities—is critical for designing resilient geotechnical
structures and foundations. This study investigates well-graded sand with silt soils from Astana, Kazakhstan, using the Resonant
Column (RC) and Cyclic Torsional Shear (CTS) tests, to characterize their dynamic behavior under varying confining pressures
(0.). Although seismic activity in Astana is generally low, aftershocks from distant earthquakes highlight the importance of
understanding site-specific seismic risks. This study provides site-specific shear modulus reduction (G) and material damping
ratio (D) curves, essential for evaluating seismic hazards and mitigating disasters. These findings address significant gaps in the
dynamic characterization of well-graded sand with silt and have practical applications in seismic risk mitigation, foundation
design, and urban planning, contributing to safer and more resilient infrastructure in earthquake-prone regions.
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1. Introduction

Ensuring the safety and stability of foundations and
buildings requires a comprehensive understanding under
diverse stress scenarios, such as those induced by
construction activities or seismic events. Soil liquefaction -
a phenomenon that weakens the soil and compromises
structural integrity - can lead to road distortions, building
tilting, and bridge collapses (Moon et al. 2024). This
underscores the importance of accurately assessing the
dynamic response of liquefaction-prone sites to guide
appropriate mitigation strategies.

Engineers can select the most effective soil
improvement techniques by comparing the treated site's
dynamic response with that of untreated soil (Khoshemehr
and Bahadori 2023). Addressing geotechnical challenges,
such as liquefaction susceptibility, is a critical prerequisite
before commencing construction, especially in seismic
zones. Such risks necessitate a profound understanding of
dynamic soil properties, which are essential for
geotechnical applications, including probabilistic seismic
hazard assessment (PSHA) and the design of resilient
foundation systems.

Determining the dynamic characteristics of the soils is
crucial when building structures in seismically active zones.
To minimize potential damage, the soil’s response under
cyclic and sustained loads should be thoroughly understood
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and integrated into design considerations (Giiler and Afacan
2023, Cui et al. 2023). By doing so, geotechnical engineers
can develop strategies to enhance soil performance,
ensuring the stability and longevity of structures in
earthquake-prone areas.

Dynamic soil characteristics are typically investigated
using a combination of laboratory and field-testing
techniques. Field methods include seismic refraction,
reflection, and multi-channel analysis of surface waves
(MASW), which provide critical insights into soil behavior
under dynamic conditions (Abdialim er al 2024).
Complementing these, laboratory techniques such as
resonant column tests, bender elements, cyclic triaxial, and
torsional tests offer controlled environments to study soil
response at various strain levels.

Among laboratory methods, the resonant column
apparatus (RCA) is particularly effective for evaluating
dynamic soil properties across a narrow strain range. In
RCA testing, a cylindrical soil specimen is vibrated in
torsional or flexural modes, enabling accurate measurement
of key parameters such as shear modulus (G ), material
damping (D), and shear strain (Sas et al. 2017). By
examining these properties under varying confining
pressures (o) and strain amplitudes, RCA testing provides
valuable insights into factors affecting soil stiffness and
damping behavior.

Despite its effectiveness, limited research has explored
the dynamic soil properties of Kazakhstan, particularly
Astana. Approximately 25% of Kazakhstan's land is
seismically active, with the highest risks concentrated in the
South, Southeast, and East (Zhanabayeva et al. 2023).
Although Astana experiences low seismic activity,
aftershocks from distant earthquakes in China and
Kyrgyzstan have been felt, underscoring the importance of
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evaluating the city’s seismic hazards. Additionally,
residential structures built before the 1990s lack modern
earthquake-resistant features, making them particularly
vulnerable (Rashid et al. 2023).

Kazakhstan’s seismic design framework has evolved
significantly over the past 50 years, transitioning from
Soviet-based standards to updated building codes, such as
the SNiP regulations revised in 1998 to incorporate
advancements in global earthquake engineering research
(Zhanabayeva et al. 2023). Nonetheless, thorough site-
specific soil characterization remains essential, especially in
areas susceptible to seismic activity.

This study addresses these challenges by employing the
resonant column apparatus (RCA) and advanced soil testing
techniques to investigate the dynamic properties of well-
graded sand with silt soils from Astana. The primary
objective is to assess shear modulus reduction curves and
material damping ratio (D) curves, which are essential for
improving seismic risk assessment and enhancing the
regional preparedness for seismic events.

The novelty of the study lies in bridging critical gaps in
existing knowledge. To date, the dynamic properties of soils
in Kazakhstan have not been extensively investigated using
RCA, particularly for well-graded sand with silt soils. In
addition, this study marks the first application of RCA in
this region to evaluate soil behavior under dynamic
conditions. By addressing these gaps, the research advances
geotechnical understanding both locally and globally.

The findings have practical implications for engineering
practices. The shear modulus reduction curves and material
damping ratio (D) curves developed in this study provide
essential data for seismic risk assessments, foundation
design, and urban planning. Integrating these dynamic
properties into local seismic design codes will improve the
resilience of critical infrastructure and guide the
development of earthquake-resistant buildings, especially in
rapidly urbanizing regions.

Furthermore, the study’s insights into soil behavior
under dynamic loads can inform urban planning strategies,
such as zoning and site selection, to mitigate seismic risks
in vulnerable areas. These contributions reinforce the
importance of geotechnical research in guiding sustainable
and resilient urban development.

2. Test material

The soil samples for this study were collected from an
active construction site in Astana, Kazakhstan. The near-
surface layer was identified as well-graded sand with silt,
with a maximum dry density (MDD) of 1.868 kN/m3 and
an optimum moisture content (OMC) of 14.0%, determined
by the standard compaction test. According to the Unified
Soil Classification System (ASTM D2487), the soil is
classified as well-graded sand with silt (SW-SM). Table 1
summarizes the key index properties, including dry bulk
density, liquid limit (LL), plastic limit (PL), and plasticity
index (PI), which indicate very low plasticity — a
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Fig. 1 Properties of the tested soil: (a) Particle size
distribution curve, (b) SEM image

characteristic common in sandy soils with fines. The LL
and PL of the tested material were determined in
accordance with ASTM D4318. Given the low fine content
(5%), the standard procedure was modified by conducting
multiple trials to ensure measurement consistency,
minimize variability, and improve result reliability. This
approach was essential to mitigate the potential impact of
low clay activity and limited cohesion, which can affect the
precision of Atterberg limit determinations in coarse-
grained soils.

Scanning electron microscopy (SEM) was employed to
obtain high-resolution images of the sand particles,
revealing their sub-angular shape. Fig. 1 illustrates this
morphology, which is typical of sand found in environments
with minimal transport, such as construction sites or newly
exposed deposits. According to previous studies, particle
shape significantly influences the collapse and settlement
behavior of soil under shearing and wetting conditions
(Mahinroosta and Oshtaghi 2021). The particle size
distribution curve, presented in Fig. 1, and the gradation
parameters (Table 1) further characterize the well-graded
sand with silt.

The chemical composition of the soil highlights a
complex mineral makeup with both major and minor
constituents. The primary components include silicon
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Fig. 2 Resonant Column Apparatus (RCA) with its components and sample testing conditions

Table 1 Physical characteristics of the soil specimen

Type of sand Well-graded sand
USCS classification SW-SM

Liquid limit (LL) 32
Plastic limit (PL) 22
Plasticity index (PI) 10
Dry bulk density (p, Mg/m?) 1.4
D10 (mm) 0.3

D30 (mm) 0.95
D60 (mm) 2
Uniformity coefficient, Cy 6.7
Coefficient of curvature, Cc 1.5

dioxide (SiO2) at 42.06%, iron oxide (FeOs) at 21.16%, and
aluminum oxide (AlOs) at 12.35%, indicating the soil’s high
quartz content — hallmark of sandy soils. The presence of
AlOs and FeOs suggests contributions from clay minerals
and iron compounds, which enhance the soil’s cohesive
properties.

Minor components include Sulfur Trioxide (SOs),
Calcium Oxide (CaO), Potassium Oxide (K:O), Titanium
Dioxide (TiO:), and Magnesium Oxide (MgO). While
present in smaller quantities, these constituents may
influence the soil’s chemical reactivity and durability under
various environmental conditions.

3. Methodology
3.1 Sample preparation

Several methods for sample preparation, including
spooning, raining, wet tamping, moist vibration, and air
pluviation, have been proposed for geotechnical testing
(Ishihara et al. 1978). The selection of a preparation method
is critical as factors such as sample preparation and testing
procedures significantly influence soil strength (Silver et
al. 1980). Previous studies have shown that cyclic strength
is affected by variations in specimen dimensions; for
instance, specimens with a diameter (d) of 300 mm

exhibited approximately 10% lower strength compared to
those with d = 70 mm (Wong et al. 1975). Based on these
findings, a sample size of 70 mm in diameter and 140 mm
in height was chosen for this study.

Soil samples were collected from the Astana
construction site and carefully prepared to preserve their
original composition and structure, which is essential for
reliable testing. The samples, classified as well-graded sand
with silt, were compacted to maintain their MDD and OMC
of 14.0%, ensuring the accuracy and consistency of the
subsequent testing results. Proper labeling, categorization,
and regulated storage were implemented to prevent
contamination or alterations to the samples.

The sample preparation process followed the standards
outlined in ASTM D4015 (2014) to ensure compliance with
established guidelines. This involved forming the samples
into consistent sizes required for the dynamic soil property
tests. Maintaining the original density and moisture content
throughout the preparation process was critical to accurately
simulate field conditions. By adhering to these procedures,
the preparation process enhanced the precision of dynamic
soil property testing, enabling a comprehensive
understanding of soil behavior under various loading
conditions.

3.2 Experimental setup

The resonant column apparatus (RCA) is a widely used
tool for evaluating dynamic soil properties, capable of
performing both resonant and cyclic torsional shear tests. It
applies small cyclic torsional forces to a prepared soil
specimen through an electromagnetic mechanism. Dynamic
parameters, such as shear modulus (G), shear wave velocity
(V;), and damping ratio (D), are calculated by measuring the
soil's response with an accelerometer and adjusting the loading
frequency to match the resonance frequency (Sakshi and
Sebastian 2023). This method allows for the detailed analysis
of soil behavior under varying confining pressures and strain
levels, typically ranging from 107 to 1072 %.

For this study, the RCA from GDS Instruments was utilized
to investigate the effects of confining pressures (50-200 kPa)
on well-graded sand with silt from Astana. As shown in Fig. 2,
the fixed-free configuration of the RCA was selected as the
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Table 2 Results of the calibration of the drive system

1 (Hz) w(rad/s) w?( rad/s)? 1/w? - 107° (1/rad?) Iy, Intercept
Top plate 73.5 461.814 2132723 4.689
15 mm bar
Weight #2 71.2 447.362 200133.5 4.997
Weight #3 70.6 443.592 196774.6 5.082
Top plate 522 327.983 107572.4 9.296
Weight #1 51.5 323.584 104706.6 9.55
12.5 mm bar -0.003370528
Weight #2 50.2 315.416 99487.2 1.055
Weight #3 50.1 314.788 99091.2 1.009
Top plate 33.8 212.372 45101.7 2217
Weight #1 333 209.231 43777.2 2.284
10 mm bar -0.00384692
Weight #2 32.8 206.088 42472.5 2.354
Weight #3 324 203.575 41442.9 2.413
Average -0.003742178

*f, — resonant frequency of the calibration bar; w-natural circular frequency of vibration of the sample

most suitable setup, as it allows for the application of
sinusoidal torque via an electromagnetic drive mechanism. The
setup includes a four-arm rotor equipped with magnets and
wire coils securely attached to the soil sample.

During testing, the height of the supporting cylinder was
carefully adjusted to center the magnets within the coils,
ensuring precise and consistent results. The RCA’s fixed-free
configuration allowed for accurate measurement of dynamic
soil properties across a range of strain amplitudes and
confining pressures. A typical resonant frequency graph
generated during testing is shown in Fig. 3, highlighting the
soil's response and resonance characteristics under controlled
conditions.

The RCA system offers several design enhancements to
improve measurement accuracy. For instance, the device
minimizes errors caused by equipment damping, as the
movement of magnets in the coils during free vibration
decay generates an opposing electromagnetic field,
reducing measurement inaccuracies (Szilvagyi 2018).
Additionally, the RCA features stiff connections between
coils and the base plate, enclosed within a Perspex jacket,
which ensures structural stability and precision. These
improvements, combined with the ability to simulate
realistic cyclic loading conditions, make the RCA an ideal
tool for studying the dynamic behavior of well-graded sand
with silt.

3.3 Testing procedure

3.3.1 Calibration procedure

To accurately compute the mass polar moment of inertia
(Ip) and moment of inertia (/) of the resonant column drive
system, a calibration procedure was conducted using
aluminum calibration bars of known stiffness. This calibration
was performed in compliance with ASTM D4015 (2015) by
replacing the test specimen with metal bars whose mechanical
properties were pre-established.
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Fig. 4 Calibration results using added masses for
aluminum bars for varying diameter

The test involved running three trials for each aluminum
bar under varying calibration weights attached to the drive
system. For each trial, the resonance frequency and peak
amplitude were recorded at a specified input voltage (Shinde
and Kumar 2021). The resonant frequencies for aluminum
specimens were observed to range from 32.4 Hz to 73.5 Hz
(Table 2).

As shown in Table 2, the resonant frequency increases with
the bar diameter. Using the calibration results, the mass polar
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Table 3 Calculated values for shear modulus
determination

Parameter Value
Iy (m) -0.003742178
I (m) 0.00042875
1/1, -0.114571642
B 0.10469
Dry bulk density (p, Mg/m?) 1.4

moment of inertia of the added mass (I,,,,,) was plotted against
1/w?, and a straight line was generated with k as the gradient
and I as the intercept (Fig. 4).

Establishing the shear modulus (G) of the soil samples
requires precise determination of I,. Since I, is frequency-
dependent, it is calculated over the entire frequency range for
the soil being tested. The shear wave velocity (V;) is computed
before determining the shear modulus (G) using the following
equation

2nfL
s = B
where, f is the resonant frequency, L is the sample length, 5
is determined using Eq. (2)
I

== tan (8) @
0

(1)

The value of I, was determined from calibration to be
-0.00374 (Table 2). The mass polar moment of inertia of the
sample (I) is calculated as

md?
8

Finally, the shear modulus (G) is is calculated using the
following formula, with values derived from Table 3

G=p v? 4)

| = (3)

3.3.2 Main procedure

Data acquisition for the cyclic torsional shear (CTS),
damping, and resonant column (RC) tests was performed
using the GDSLab and GDSRCA software. Prior to testing, the
specimen underwent saturation and consolidation following a
detailed procedure. The preparation began with thorough
cleaning of the testing equipment to remove any residue that
might affect accuracy. De-aired water was then introduced into
the pore pressure mechanism to eliminate air gaps and ensure a
bubble-free system. To facilitate efficient water distribution
throughout the system during the consolidation process, filter
papers were placed on the top and bottom surfaces of the soil
specimen.

The soil specimen was encapsulated within two latex
membranes to prevent air infiltration. It was then placed in the
testing cell for saturation using the back-pressure technique. In
this process, the cell pressure and back pressure were gradually
increased until Skempton’s B-value exceeded 0.95 (Sas et al.
2017). This ensured that the well-graded sand with silt

specimen was fully saturated, with all air removed from the
intergranular spaces.

Following  saturation, the consolidation process
commenced at a confining pressure (o) of 50 kPa. This step
was maintained for a duration of 24 to 48 hours, allowing the
sample to reach equilibrium under controlled conditions
(Flores-Guzman et al. 2014). Once the first consolidation stage
was completed, data collection began for RC, damping, and
CTS tests.

The consolidation step is critical for understanding how the
soil responds to applied loads, particularly in terms of long-
term settlement behavior. Meanwhile, the saturation process
ensures that the specimen replicates field conditions by
maintaining a fully saturated state (B-value > 0.95). This
approach provides highly reliable data for dynamic soil
behavior under various engineering applications.

For resonant column testing, the RC controller generated a
sine wave signal with a predetermined amplitude. This signal
was enhanced by a power amplifier and transmitted to the
resonant column unit, where it was evenly distributed across
four electromagnetic coils. The resulting torque caused the soil
specimen to vibrate. The vibration response of the specimen
was recorded by an accelerometer, and the resulting signal was
sent to a charge amplifier, which transmitted the data to the
controller. The software processed the results, displaying
amplitude as a function of frequency.

The RC test was repeated at confining pressures (o,) of
100, 150, and 200 kPa to evaluate the dynamic response of the
soil specimen under varying conditions. This procedure
provided critical data on the soil's behavior during CTS,
damping, and RC tests, enabling a comprehensive analysis of
its dynamic properties.

After deriving data from RC testing, CTS testing was
conducted on the same apparatus. Similar to RC testing, CTS
tests were performed by gradually increasing the excitation
voltage, starting from the lowest feasible value and reaching up
to 1%. The CTS test involves ten cycles of cyclic torsional
vibration with a low frequency (0.5 Hz) along the test
specimen’s vertical axis (Sakshi and Sebastian 2023). To
perform the CTS tests, the specimen was first excited using the
lowest feasible excitation voltage. Following the initial
stimulation, the voltage was progressively raised across a range
of strain levels until it reached 1% for subsequent testing.

4. Results and discussion
4.1 Resonant column (RC) testing

Resonant column testing (RCT) is a well-established
method for accurately assessing soil stiffness and damping
properties at low-to-medium shear strain levels, typically
ranging from 0.0001% to 0.01%. Originally developed by
Iida in 1938, the technique has been refined over decades,
with significant contributions from researchers such as
Hardin and Music (1965) and Hardin (1970). The method
has since been standardized under ASTM D 4015-92 (2015)
(Clayton et al. 2009).

The fundamental principle of RC testing involves
vibrating a cylindrical soil sample in its basic mode of
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Fig. 5 A common example of free vibration decay in
flexural mode

vibration while precisely measuring the vibration amplitude
(shown in Fig. 5) and resonance frequency (Dammala
2019). This study employed RCT at confining pressures
(o.) at 50, 100, 150 and 200 kPa to evaluate the dynamic
behavior of well-graded sand with silt.

4.1.1 Shear modulus vs. Shear strain

Fig. 6 illustrates the relationship between shear modulus
(G) and shear strain under varying confining pressures. The
results show that as the amplitude of shear strain increases,
the shear modulus decreases, indicating a reduction in soil
stiffness. At higher strain levels, the influence of confining
pressure on material stiffness diminishes, reflecting the non-
linear behavior of soil under dynamic loading conditions.

At lower strain levels, the results reveal a significant
increase in shear modulus values, highlighting the critical
role of confining pressure. Higher confining pressures
promote denser grain packing, which enhances material
stiffness and shear stiffness (Adari ef al. 2023). This
behavior is particularly relevant at greater depths, where the
denser soil matrix contributes to larger dynamic G values.

These findings emphasize the critical role of confining
pressure in influencing soil stiffness, particularly at low
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Fig. 6 Shear modulus vs. shear strain for different o, (for
RC tests)

strain levels. Understanding this relationship is essential for
geotechnical applications, including seismic hazard
assessments, foundation design, and evaluating soil-
structure interactions under dynamic loads.

4.1.2 Damping ratio vs. Shear strain

The damping ratio (D) of the well-graded sand with silt
was computed using the free vibration decay method in
accordance with ASTM standards (2015). The response of
the soil sample was measured using an accelerometer
mounted on the RC drive plate. During testing, the
excitation was turned off, and the subsequent decay of free
vibrations caused by sinusoidal stimulation was recorded.

The logarithmic decrement method was used to estimate
the decay curve, where the slope of the best-fit line
represents the logarithmic decrement. The algorithm
utilized 10 vibration cycles to determine the damping ratio,
as represented in Fig. 7 (GDS Resonant Column 2010).

The damping ratio (D) was calculated using the
following equations:

& 5)

b= 412 + 52
D= ! ] (ZO) 6
"~ 2mn n Z, ©)

where, Z, is the vibration amplitude immediately after the
excitation power is cut off, Z,, is the oscillation amplitude
after the n™ cycle, & is the logarithmic decrement, and n is
the number of cycles.

As shown in Fig. 7, the damping ratio increases with
shear strain, following an upward concave trend. This is
attributed to the higher energy dissipation associated with
increased cyclic loading amplitudes (Adari ez al. 2023).

Notably, the damping ratio is largely unaffected by
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variations in confining pressure across the measured strain
range, indicating that the inherent material properties
remain consistent. However, greater confining pressures are
associated with a slight decrease in the damping ratio at
higher strain levels, potentially due to enhanced particle
interaction and reduced energy dissipation.

4.2 Cyclic Torsional Shear (CTS) testing

To investigate the impact of low-energy cyclic loading
on the well-graded sand with silt sample, CTS tests were
conducted using the same resonant column apparatus under
a range of confining pressures (o.) from 50 kPa to 200 kPa.
Each experiment was carried out sequentially. For the initial
CTS tests, the coils were operated at the lowest voltage
feasible, producing a strain amplitude of approximately 0.01%

(Sakshi and Sebastian 2023). Subsequent experiments at each
confining pressure progressively increased the excitation
voltage to achieve a strain amplitude of 1%, covering a variety
of strain amplitudes.

Unlike Resonant Column Testing (RCT), CTS testing
focuses on hysteresis loops plotted on the T — y axis to enable
the determination of to determine the shear modulus (G) and
damping ratio (D) for each loading cycle. The calculations are
based on the following equations

G = (7
Yop
1 AW
W ®)

where, AW represents the energy dissipated over the loading
cycle, W denotes the stored elastic energy, and 7,, and v,
correspond to the peak double-amplitude shear stress and
strain, respectively (Facciorusso 2020).

4.2.1 Shear modulus vs. Shear strain

The relationship between shear modulus (G) and shear
strain obtained from CTS test is illustrated in Fig. 8. At
larger strains (greater than 0.1%), the influence of confining
pressure (o.) on the shear modulus becomes negligible.
Unlike RCT, CTS testing applies a slow, quasi-static load,
allowing for strain amplitudes that exceed those of the RC
tests.

The results indicate that the shear modulus values (G)
pressures during the initial loading phases declined with an
upward concave trend as strain values increased. This
behavior underscores the progressive reduction in soil
stiffness under higher strain amplitudes, regardless of
confining pressure.

4.2.2 Damping ratio vs. Shear strain

The damping ratios (D) derived from CTS analysis
demonstrate a consistent increase with higher shear strain
magnitudes. This trend, illustrated in Fig. 9, shows a
concave upward behavior at smaller strain levels, which
gradually becomes less pronounced at larger strains.
Interestingly, as o, increases, the damping ratios (D) tend to
decrease slightly, particularly at higher strain amplitudes.
Beyond a strain level of approximately 0.1%, the effect of
confining pressure on the damping ratio diminishes. This
behavior reflects the reduced energy dissipation capacity of
well-graded sand with silt under higher confining pressures,
where particle interaction becomes more constrained (Adari
et al. 2023).

4.2.3 Effect of shearing strain

Fig. 10 illustrates the response of well-graded sand with silt
to cyclic torsional shear (CTS) testing at a confining pressure
of 150 kPa, evaluated across varying numbers of loading
cycles: (a) N=1, (b) N=10, (c) N=100, and (d) N=1000. The
values Ay = 0.06, 0.1, 0.16, and 0.22% represent the cyclic
shear strain amplitudes applied during testing. These shear
strain levels correspond to different stress amplitudes, affecting
the evolution of soil behavior with increasing cycles.
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Fig. 10 Hysteretic response of well-graded sand with silt at loading cycles of an a) N=1, b) N=10, ¢) N=100, and d)
N=1000

At low strain amplitudes (Ay = 0.06%), the soil exhibits a
nearly elastic response, with minimal changes in loop shape
even after 1000 cycles. However, at higher strain amplitudes

(Ay = 0.22%), the loops show significant expansion and
asymmetry, indicating increased deformation, particle
rearrangement, and potential dilation effects. This transition is
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voltages

reflected in the progressive softening of the soil, as seen in the
gradual reduction of loop stiffness with increasing cycles
(Adari et al. 2023).

The transition from convex (oval-shaped structure) to
concave hysteresis loops reflects the soil's progression from a
stable, bonded structure to a state of particle readjustment and
dilative behavior. In the early cycles (N=1 and N=10), the
loops maintain a more compact and stiff shape, whereas at
N=100 and N=1000, they evolve into a more concave and
elongated form. This shift highlights the strain-dependent
nonlinearity of the soil, where cyclic loading leads to
progressive degradation in stiffness and increased energy
dissipation.

A strong correlation is observed between Figs. 8 and 10, as
Fig. 8 presents the degradation of shear modulus (G) with
increasing shear strain, while Fig. 10 captures the hysteresis
loops of the same soil under different strain amplitudes and
loading cycles at 150 kPa confining pressure. The shear
modulus values in Fig. 8 were obtained from CTS tests
conducted at progressively increasing strain amplitudes,
including the values depicted in Fig. 10.

The observed trends in loop expansion and modulus
reduction confirm the strain-dependent softening behavior of
the soil, reinforcing its relevance in seismic analysis and
foundation design under cyclic loading conditions.

4.2.4 Effect of loading cycles
Fig. 11 presents the hysteretic behavior of well-graded
sand with silt under CTS testing at a confining pressure of

150 kPa, observed at different input voltages: (a) 0.5V, (b)
0.6V, (c) 0.7V, (d) 0.8V, (e) 0.9V, and (f) 1V. The shear
stress-strain loops show a notable upward trend, with
steeper slopes during the initial cycles as input voltage
increases. As voltage and strain levels rise, the loops expand
asymmetrically, reflecting a gradual transition toward more
nonlinear soil behavior. This asymmetry becomes
particularly pronounced at higher voltages (0.8V, 0.9V, and
1V), indicating significant changes in the soil's internal
structure under increased shear stresses and larger cycle
numbers. The expansion and asymmetry of the loops
suggest that higher strain amplitudes induce particle
rearrangement, leading to a transition from compact to more
dispersed soil configurations.

Compared to Fig. 10, where loop evolution is driven by
increasing loading cycles (N) at a constant strain amplitude,
Fig. 11 focuses on how the soil responds to increasing strain
amplitudes due to higher input voltages. In Fig. 10, the
loops gradually change shape with increasing N ,
transitioning from convex to concave as strain accumulates
over repeated cycles. This shift reflects progressive
deformation and a loss of initial stiffness. In contrast, Fig.
11 demonstrates how higher input voltages immediately
lead to wider and more asymmetric loops, signifying
nonlinear behavior and greater energy dissipation.

The observed asymmetric hysteresis loops align with
previous studies on sandy soils, which report that high-
strain dynamic conditions, such as those induced by
elevated input voltages, lead to complex, nonlinear soil
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Fig. 12 G /Gy Vs. y for well-graded sand with silt

responses with distinctive stress-strain paths (Kumar et. al
2017). The increasing asymmetry and loop expansion with
strain demonstrate how repeated high-strain cycles
contribute to greater deformation and a potential reduction
in stability.

The asymmetry of loops refers to deviations from the
ideal elliptical shape, where stress-strain behavior becomes
uneven due to strain localization and energy dissipation.
These characteristics underscore the importance of
accurately simulating soil behavior under high-strain
conditions, where dynamic properties like stiffness and
damping require careful evaluation. Understanding these
behaviors is essential for geotechnical applications
involving high-strain dynamic loading, such as seismic
assessments and the design of foundations for critical
infrastructure.

4.3 Normalized shear modulus (G /G,qx)

Fig. 12 illustrates the relationship between the normalized
shear modulus (G /Gp,q,) versus shear strain (y) for well-
graded sand with silt tested under confining pressures of 50
kPa, 100 kPa, 150 kPa, and 200 kPa. The data is split into two
distinct regions based on the testing method employed: the
resonant column (RC) test, which captures the low-strain range
from 107 % to 0.01%, and the cyclic torsional shear (CTS)
test, which extends beyond 0.01%. The RC test provides
critical insights into soil behavior in the low-strain range,
where stiffness remains relatively high, while the CTS test
reveals the progressive reduction in stiffness at higher strain
levels.

In the low-strain range (up to about 0.001%), minimal
variation in normalized shear modulus across different
confining pressures. This consistency reflects the strong
retention of stiffness within the elastic response range of the
well-graded sand with silt. However, as strain increases into
the intermediate range (from 0.001% to 0.1%), a gradual
reduction in G /G,,,, becomes evident, signaling the onset of
soil softening.

At higher strain levels (beyond 0.1%), the reduction in
G /Gy becomes more pronounced, with modulus values
showing a sharp decrease. This trend aligns closely with the
reference curve proposed by Darendeli (2001) for well-graded
sand with silt, which serves as a benchmark for strain-
dependent stiffness behavior. The convergence of the
experimental data with the Darendeli model indicates that the
model provides an accurate representation of the stiffness
degradation of well-graded sand with silt under varying
confining pressures.

This comparison emphasizes the transition of well-graded
sand with silt from an initially elastic to a more plastic
response as strain levels increase. By capturing these
transitions, the study provides a comprehensive understanding
of how well-graded sand with silt stiffness evolves across a
wide range of strain levels, offering valuable insights for
geotechnical applications such as seismic design and
foundation stability assessments.

5. Conclusions

The combined findings from the Resonant Column (RC)
and Cyclic Torsional Shear (CTS) tests provide valuable
insights into the strain-dependent behavior of well-graded
sand with silt under varying confining pressures. These
results contribute to a deeper understanding of the
mechanical properties of well-graded sand with silt and its
behavior under dynamic loading conditions.

e The RC test data reveal that well-graded sand with silt

maintains high stiffness at very low strains, with minimal
reduction in shear modulus across different confining
pressures. This indicates that well-graded sand with silt
retains its elasticity well in shallow or low-strain
environments.

e As strain levels increase, a gradual reduction in shear

modulus is observed, signaling the onset of material
softening. This trend, consistent across confining pressures,
highlights the diminishing elasticity of well-graded sand
with silt as strain increases.

e The CTS test results demonstrate a more pronounced

decrease in stiffness at higher strain levels, aligning closely
with the Darendeli (2001) model for well-graded sand with
silt. This agreement validates the model's reliability in
accurately capturing high-strain behavior for this soil type.

 Hysteresis loops observed during CTS testing transition

from convex to concave shapes with increased loading
cycles. This transformation reflects internal structural
changes, including particle arrangement and increased void
spaces, which contribute to a loss of stability and
heightened deformation potential under cyclic loading.

e The results underscore the importance of considering

strain levels and confining pressures when evaluating the
mechanical properties of well-graded sand with silt. The
strong correlation with predictive models like Darendeli
(2001) supports their applicability in engineering practices,
particularly in seismic hazard assessments and foundation
design, where understanding the effects of cyclic loading is
critical.
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Overall, the study enhances our understanding of the
dynamic soil properties of Astana’s well-graded sand with
silt, offering wvaluable insights for seismic hazard
assessment and infrastructure development in the region. To
further build on these findings and improve urban resilience
in high-risk areas, additional investigations are necessary to
refine predictive models and expand their applicability
under varied geotechnical conditions. Future research
should explore the application of these findings to other soil
types in Kazakhstan, such as clay and gravel, as well as
under diverse environmental conditions, including varying
moisture levels and temperature fluctuations, to broaden the
scope of their practical utility.
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