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Abstract: This study aims to investigate the shear wave velocity and dynamic characteristics of
unsaturated sand–expansive clay liners (SECLs) over a wide range of suctions. Liner layers have
gained significant interest as environmentally friendly materials for several geotechnical and geoen-
vironmental applications. These materials are typically found in an unsaturated state as compacted
layers and are exposed to dynamic loads from natural phenomena or manmade activities. In such cir-
cumstances, sustainable and stable performance should be ensured during the operation and lifetime
of these layers by addressing the dynamic characteristics of these materials and possible degradation.
Several specimens belonging to different liners of sand and expansive clay were prepared at different
suction levels. The shear wave velocity was determined using the bender element technique (BEls).
The specimens were then subjected to extensive cycles of dynamic loads up to 500 cycles in the
triaxial dynamic loading system. The shear wave velocity and dynamic characteristics of both liners,
such as shear modulus (G), damping ratio (D), and degradation index (δ), were determined on
the basis of soil suction and loading cycles. Results indicated a descending trend of shear wave
velocity with an increase in suction up to 130 MPa, and a significant reduction in shear modulus was
detected. Meanwhile, the damping ratio demonstrated a significant increase with the increase in
the suction levels of both liners. The reported results are of great significance for sustainable design
and modeling of the unsaturated behavior of liner layers in several applications of geotechnical and
geoenvironmental problems.

Keywords: dynamic loads; unsaturated sand–expansive clay liners; suction; shear wave velocity

1. Introduction

The compacted layers of sand–expansive clay liners (SECLs) have been widely used
for several applications in the geotechnical and geoenvironmental fields, such as backfills,
clay barriers, buffers for radioactive waste disposal, and protection layers in the sites of oil
and gas drilling [1–4]. The key role of these layers is to control the flow of water or leachate
of decomposite waste to prevent contamination of underlying water. In addition, the lifts
of these layers have been utilized in the protection of road shoulders and side slopes of
horizontal or vertical lifts [5]; the seepage through these lifts has been reduced by several
orders of magnitude depending on the materials used.

Sand with filling materials such as expansive clays or bentonite was used in the design
of liner layers. The materials were mixed together and then constructed as compacted layers
for the aforementioned application (i.e., hydraulic barriers, cover systems, protection layers,
etc.). Compacted liner layers mostly existed in an unsaturated state in nature or due to
seasonal changes and ground water fluctuation. In such cases, the capillary combined with
absorptive mechanics enhanced the inter-particle forces, and suction plays a significant
role in the behavior of these layers. The unsaturated characteristics of liners made of
sand–clays have been studied in terms of their strength [6–8], suction, and soil–water
interaction [4,9,10]. The results indicated the important role of suction on these properties.
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Other studies on the permeability performance of liner layers were conducted (i.e., [11,12]).
Cui et al. [13] used the instantaneous profile method to determine the unsaturated hydraulic
conductivity of a sand–bentonite mixture. The study also considered the volume stability
effects during testing. The results indicated that a double trend of unsaturated permeability
was observed over the considered range of suction. The suction plays an important role
by changing the macropores in cases of constant volume and free swell conditions. Al-
Mahbashi and Dafalla [14] studied the long-term efficiency of the different liners of sand
with expansive clay and bentonite under continuous flow. The results showed significant
changes in permeability during the initial periods of flow. These changes are attributed to
the migration of fine particles with the flow, which should be considered for the rational
design of liner layers.

The compacted layers of liners constructed on several geotechnical or environmental
projects are possibly exposed to dynamic or repeated loads such as traffic loads, machine
vibration, and other natural sources [15,16]. The performance of these layers during the
lifetime of the project is judged by the efficiency of these layers to sustain the expected
dynamic loads. At this point, the dynamic characteristics of these materials such as shear
modulus, damping ratio, degradation index, and shear wave velocity will inevitably
be investigated. In the literature, the dynamic characteristics of liners and the effect of
dynamic loads on the main properties of liners in saturated and unsaturated states are
rarely addressed in previous research, warranting further attention. Al-Mahbashi and
Alnuaim [17] studied the effect of dynamic cyclic loading on the saturated permeability
of liners during a continuous flow in the instantaneous and long-term conditions. The
results indicated a significant drop in permeability in the short term before applying a
continuous flow. In the long-term conditions, the permeability trend reached equilibrium
within 100 days. These changes are attributed to the changes in soil structure during
dynamic loads. The output highly supports the inclusion of dynamic characteristics in such
cases to enhance sustainability, durability, and economy, which are key parameters in the
design of SECLs.

Yan et al. [18] investigated the shear modulus of unsaturated silty fine sand. Nonlin-
earity has been observed describing the trend of the shear modulus with suction and net
stresses. The different trends can be explained by the different sand behaviors (linear elastic,
elastoplastic, and plastic) along with a small strain ranging from 10−6 to 10−3. Głuchowski
et al. [19] reported an increase in the maximum shear modulus for the unsaturated silty
clay soil due to the limited suction increase up to 200 kPa.

Lu and Sabatier [20] studied the velocity of acoustic P-waves on the body of a silty
clay–sand mixture. Several factors, including moisture content and water potential, have
been considered. The results indicated the dependency of wave speed on the moisture
potential force rather than moisture content. Whalley et al. [21] conducted a shear wave
velocity test for two soils of loamy sand and sandy clay loam at different suction levels (near
400 kPa) using the Bishop and Wesley triaxial cell. A nonlinear relation was established
between the shear wave velocities over the considered range of suction.

Indraratna et al. [22] investigated the effect of compaction energy on the dynamic
properties of silty sand on both sides of the dry and wet states of the optimum moisture
content. The dynamic properties related to the values of suction corresponding to the
studied range of moisture content (i.e., up to suction of 1 MPa) were measured. The results
showed an increase in the shear wave velocity when the moisture content decreased, or the
soil suction increased. Leng et al. [23] indicated that the specimen of the unsaturated soil
shows more resistance to the deformation induced by dynamic loads and high strength.
Only a limited number of studies have addressed the dynamic properties of the unsaturated
liners. The majority of these studies were conducted at a low range of suction. This
study aims to evaluate the dynamic properties of two liners in saturated and unsaturated
conditions. Different suction levels (from low to high) were considered to cover the different
stages of the soil water characteristic curves of these materials.
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2. Materials Used and Characterization

In this study, two different liners of sand and expansive clay (SECL) were used, the
first one contains 70% sand and 30% expansive clay, hereinafter named SECL30. The other
liner contains 80% sand and 20% expansive clay, hereinafter referred to as SECL20. The
selection of liner materials in this study is based on the previous studies conducted for
the same materials and recommended the minimum percentages of clay to satisfy the
requirements of hydraulic conductivity (about 10−7 cm/s) for these layers (i.e., [24]).

The sand material was sourced from Al-Riyadh city. The laboratory characteriza-
tions were performed. The basic results are shown in Table 1. According to the unified
classification system ASTM D2487 [25], the sand is classified as poorly graded sand (SP).

Table 1. Geotechnical characteristics of sand and expansive clay.

Title Specification Value

Sand

Specific Gravity, Gs ASTM D854 [26] 2.67
Uniformity Coefficient, Cu ASTM D6913 [27] 1.75
Coefficient of Concavity, Cc ASTM D6913 [27] 0.95
Classification ASTM D2487 [25] SP

Expansive soil

Specific Gravity, Gs ASTM D854 [26] 2.71–2.77
Liquid Limit, wL (%) ASTM D4318 [28] 160–170
Plastic Limit, wP (%) 60
Shrinkage Limit (%) 11–15
Plasticity Index (%) 100–110
Unified Soil Classification ASTM D2487 [25] CH
Swelling Potential (%) ASTM D 4546 [29] 26
Swelling Pressure (kPa) ASTM D 2435 [30] 450
Passing #200 (%) ASTM D 422 [31] 95
Clay Percentage (%) 74

Expansive soil involved in the design of used liners has been obtained from the eastern
province of Saudi Arabia, specifically from Al-Qatif City. In this region, the sediment
formations of rock, and shales of calcareous clay belonging to the Quaternary age are
dominant with other argillaceous rocks. The clay belongs to the calcareous clay formations,
which contain calcium carbonate-rich sediment; more details about this formation and
geological origin are available in the technical literature [32–34]. The samples were brought
from an excavated test bed and pulverized. The portion passing sieve 40 has been used.
The geotechnical characterization of this clay is shown in Table 1. The swelling characteris-
tics, strength, and hydromechanical behavior of this soil have been examined in several
studies (i.e., [35]). The mineralogical composition of this soil has been studied through
X-ray diffraction analysis, and the result indicates the existence of swelling minerals, such
as montmorillonite [36]. The amount of these minerals could be estimated at 23% [37]. The
microstructural analysis conducted through mercury intrusion porosimetry to determine
the pore size and pore volume distribution indicates that the majority (approximately 80%)
of the medium pores fall within the range of 0.01−6 µm [38].

3. Experimental Work
3.1. Mixture Preparation and Compaction Characteristics

The dry sand was thoroughly mixed with dried expansive clay carefully by the
percentage mentioned before (70% and 80% sand) to produce the different liners SECL30
and SECL20. For each mixture, an amount of water has been added and a series of standard
compaction tests [39] were performed in the laboratory to determine the compaction
characteristics of maximum dry density and maximum moisture content. In both examined



Sustainability 2023, 15, 15681 4 of 18

mixtures (SECL30 and SECL20), the optimum water contents are 13.7% and 13.6%, while
the maximum dry densities are 18.03 and 18.29 kN/m3, respectively.

3.2. Specimen Preparation and Suction Equalization

A series of compacted specimens were prepared at the initial molding of the optimum
moisture content and maximum dry density, following compaction curves outlined in
ASTMD698 [39]. A special plunger mold, as specified in BS EN 13286–53 [40], was used for
the compaction process. The specimens were compacted in five layers to a height of 100 mm
and diameter of 50 mm. Furthermore, two disks with a center protrusion (1.5 mm high and
15 mm length) were prepared and attached to the top and bottom of the compaction mold.
These protrusions on the attached disks provide special grooves on the top and bottom of
the specimen (Figure 1a,b). Moreover, these grooves fit the bender elements (Figure 1c,d)
that are attached to the upper and lower surfaces of the specimen to conduct the shear
wave velocity test.
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Figure 1. Testing setup of (a,b) compacted specimens with grooves, (c) upper bender element probe,
and (d) lower bender element probe.

The compacted specimens were subjected to a suction equalization or saturation. This
process has been designed to cover the entire range of suction during testing. At high
suction levels, the vapor equilibrium technique was applied using different saturated
salt solutions [41] with varying nominal suctions. The potentiometer WP4C provided by
Decagon® [42] was used to identify the actual suction value, which will be used in this study.
The salt solutions used in this study are potassium carbonate (K2CO3) and potassium nitrate
(KNO3). The nominal suction values of these salts are 113.435 and 10 MPa. The saturated
salt solutions were prepared and placed in an isolated box. Moreover, the soil specimen
was hung above this salt using plastic mesh. The specimen was periodically weighed
to detect the equilibrium condition when the successive readings of weight showed no
difference. The equilibrium was examined, as shown in Figure 2. In the moderate range of
suction, the compacted specimens were prepared and tested in their state after measuring
the suction with a WP4C device.
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Figure 2. Equalization process for specimens of both liners.

Another series of specimens underwent saturation in the cell of the triaxial dynamic
device to achieve the lowest suction range close to zero. The saturation was fulfilled through
several stages with increments of back pressure (i.e., 30 kPa). Flushing was performed in the
first stage to expel the entrapped air on the specimen and system. The pore water pressure
and volume were monitored during this stage. Each stage could be extended to several
days. When no further changes were observed in the water volume, the Skempton pore
pressure parameter (B-value) was measured and checked. Several stages of saturation were
performed up to 450 kPa of back pressure, and the saturation as per B-value measurements
reached more than 96%. The suction values corresponding to the water contents that
represent the soil water characteristic curves of the tested materials are shown in Figure 3.
The entire range can be identified into three stages: the boundary effect zone, where the
soil pores are filled with water; desaturation commences and extends over the second zone
(transition stage); and desaturation reaches the final residual stage (Figure 3).
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After completion of the equalization and saturation, the specimens were isotropically
consolidated under 100 kPa. The consolidation pressure was achieved by a gradual increase
in the cell pressure at the rate of 8 kPa/h.

3.3. Testing Procedures

The dynamic characteristics of the liners were measured using the triaxial dynamic
system shown in Figure 4. The device mainly consists of a device cell, pore water, pore
pressure controllers, and a dynamic actuator connected to the load cell. Moreover, the
device was provided with two pairs of bender elements attached to the pedestal and top
cap to measure the shear wave velocity. The following section describes the conducted
tests in detail.

Sustainability 2023, 15, x FOR PEER REVIEW  6  of  19 
 

 

Figure 3. Suction versus water content for equalized specimens. 

After completion of the equalization and saturation, the specimens were isotropically 

consolidated under 100 kPa. The consolidation pressure was achieved by a gradual  in‐

crease in the cell pressure at the rate of 8 kPa/h. 

3.3. Testing Procedures 

The dynamic characteristics of the liners were measured using the triaxial dynamic 

system shown in Figure 4. The device mainly consists of a device cell, pore water, pore 

pressure controllers, and a dynamic actuator connected  to  the  load cell. Moreover,  the 

device was provided with two pairs of bender elements attached to the pedestal and top 

cap to measure the shear wave velocity. The following section describes the conducted 

tests in detail. 
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3.3.1. Shear Wave Velocity Test

As previously mentioned, the dynamic triaxial system used in this study was used
with two pairs of bender element (BEls) devices. The first element was fixed at the bottom
pedestal, as shown in Figure 1d, and the other one was attached to the upper cap. The lower
pedestal and upper cap host the outlet and inlet channels of pore water and back pressure.
The pore metallic disks were placed on the top and bottom of the soil specimen to allow
water to transfer from or into the specimen. The element at the bottom of the specimen
was a wave generator. The other element on the top of the specimen was a wave receiver.
The type of S wave was generated from the bottom element. This wave was transferred
through the effective length of the specimen (Lt) and received by the element attached to
the upper end. These pulses provided reliable measurements [43]. Further details about
the different types of applied waves can be found in Da Fonseca et al. [44]. The frequencies
adopted in this study ranged from 4 kHz to 10 kHz. Several waves were generated and
received for each frequency. In every attempt, the time versus wave intensity was recorded
for the generated and received waves.
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3.3.2. Dynamic Cyclic Loading

The consolidated specimens were subjected to cyclic dynamic loading by applying
500 cycles using the dynamic triaxial machine, the study conducted by Al-Mahbashi and
Alnuaim [17] revealed a stable trend at this level of cycles (500 cycles). This stage has
been conducted under stress control conditions. The constant-stress loading could well
describe the expected loads on the subbase layers rather than the strain-control loading.
The amplitude used for all specimens was 0.14, and the cyclic stress ratio of 0.35 was
considered and applied at 1 Hz frequency. A representative section of the applied stress
versus time for cycles of dynamic loads up to cycle 20 is shown in Figure 5; the same figure
also shows the developed strains up to 100 cycles for specimens at lower and higher levels
of suction.
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4. Results and Discussion
4.1. Stiffness and Stress–Strain Behavior

The behavior of the materials under the dynamic cyclic loads was analyzed by study-
ing the relation between deviator stress and strain. Figure 6 illustrates the stress–strain
hysteresis loop of the selected cycles of dynamic loads (i.e., 1, 100, and 500) for both liners
at the considered levels of suction.

The results revealed that the hysteresis loop became larger as the suction level in-
creased. This behavior was attributed to the hardening/softening response of the tested
materials under repeated loading or varying suction conditions [45–47]. Higher strains
have developed on the extension side, indicating greater deformation compared with those
on the compression side.

The soils show varying responses at different suction levels. This phenomenon may be
attributed to the different stiffnesses, and the nonlinearity was increased with an increase
in the suction level. Han and Vanapalli [48] evaluated the stiffness–suction relation of the
different unsaturated soils, ranging from coarse-grained to expansive clays. The results
revealed a correlation with the soil water characteristic curve (suction–moisture relation) in
the suction range of 800 kPa (boundary effect and transition zone). The study findings show
how the stiffness of the unsaturated soils increased within the range of applied suction.
The stress–strain behavior is a key characteristic. The consideration of the unsaturated
soil stiffness under expected dynamic loads provides an accurate and rational design of
geotechnical structures [49].
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4.2. Shear Wave Velocity

As previously mentioned in Section 3.3.1, several experiments were conducted by
inducing sinusoidal waves at different frequencies (ranging from 4 kHz to 10 kHz) using a
pair of bender elements connected to the pedestal of the triaxial dynamic device. Figure 7a
shows the propagation of these waves through the length of the tested specimen. Figure 7b
depicts the referenced transmitted wave. Time transmitted and arrival times were deter-
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mined using the beak-to-beak method. The time domain technique allowed for the rational
measurements of the shear wave velocity. The relationship between wavelengths (i.e.,
n = Fxt) and frequency was established for all measurements conducted for each specimen
to calculate the shear wave velocity following the π-method [44,50]. Figure 8a,b depict
these relations for specimens tested at different levels of suction belonging to SECL30 and
SECL20. The best fit for the reliable measurements was established, and the arrival time
has been estimated (t). The shear wave velocities (Vs) calculated based on Equation (1),
the term Ltt in referred to the effective length of soil specimen, the results are presented in
Figure 9.

Vs =
Ltt

t
(1)
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The results show a slight increase in the shear wave velocity with an increase in suction at
the boundary effect stage (i.e., before air entry value, Figure 3). Similar studies have reported
that the shear wave velocity exhibited marginal changes at low suction levels [51–53]. At
this stage, the pores are mostly filled with water, and the change in soil moisture marginally
affects soil rigidity. Some of the previous studies also reported a slight increase.

When the suction levels increase toward the transition and residual zones (Figure 3), the
soil experiences desaturation, which intensifies at higher rates. This phenomenon results in
a significant increase in the shear wave velocity due to the enhanced stiffness and rigidity of
the soil skeleton [54]. The shear wave velocity exhibited a nonlinear increase at these zones.

Lu and Sabatier [20] indicated that the shear wave velocity shows a linear increase in
the moisture content of 17–40% (boundary stage). Meanwhile, a nonlinear increase in shear
wave velocity is observed at the residual stage below 17%. The mixture with a higher fine
clay percent (SECL30) shows higher velocities than the other one (SECL20), confirming the
dependency of the wave velocity on the density and soil voids [55].

4.3. Shear Modulus and Degradation Index

The secant shear modulus was calculated from the hysteresis loop of stress–strain for
the saturated specimens. The values corresponding to loading cycles are calculated and
shown in Figure 10a,b for SECL20 and SECL30, respectively. In the case of unsaturated soil
specimens, considering the irregularity and nonlinearity of the hysteresis loop, the secant
shear modulus (Gsec1) was taken into account in this study. This modulus represents the
slope of the line connecting the origin point to the shear stress point corresponding to the
maximum shear strain. Furthermore, the stress–strain hysteresis loop exhibits irregularities
with the increase in the dynamic loading cycles. These values were calculated up to the
level where the characteristics of the hysteresis loop are consistent enough to perform
these calculations.

The results shown in Figure 10a,b demonstrate a reduction in the shear modulus of
the unsaturated specimens tested at different suction levels. In the first 100 cycles, this
reduction exhibited minor differences due to the variations in stiffness and responses
observed at different suction levels (i.e., boundary, transition, and residual zone). Yan
et al. [18] found that the sand exhibits different responses at a small strain range of 10−6

to 10−3, including linear elastic, elastoplastic, and plastic, depending on the magnitude
of strain. The suction value influenced the material behavior, causing it to exhibit either
hardening or softening characteristics, which are functions of the soil suction [46].
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and (b) SECL30.

After the first 100 cycles, the values were constant and close to each other, regardless
of the suction level. A dual trend of shear modulus was observed at the considered suction
levels. Yan et al. [18] reported a similar wavy trend.

The degradation index (δ) based on the shear modulus is presented in Figure 11a,b
for both mixtures. Suction induced a sharp reduction in the degradation index. In the first
five cycles, the degradation index experienced an approximately 50% to 60% decrease. The
higher plasticity soils showed a lower degradation index with the progress of the dynamic
loading cycles [56].
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4.4. Damping Ratio

The damping ratio of a material is a measure of the energy loss or dissipation during
every cycle of dynamic load and can be estimated from the stress–strain relation for each
cycle. The ASTM D3999 [57] standard provides the procedures for estimating the damping
ratio. This factor is calculated as a percentage of the hysteresis loop area (AL) to the
area of the triangle (A∆), which represents the strain energy of the compression zone
(Equation (2)) for a symmetric hysteresis loop, as shown in Figure 12a. The obtained
results are shown in Figure 13a,b for both mixtures at the considered levels of suction.
The application of suction resulted in a significant increase in the damping ratio, with the
increment reaching approximately five and four times for SECL20 and SECL30, respectively.
Suction plays a key role in modifying the material’s stiffness [46,48]. The hysteresis loop
becomes asymmetric due to this variation in soil stiffness, as previously mentioned in
Section 4.1. In such cases, the estimation of the damping ratio following these procedures
can result in either overestimation or underestimation of the actual damping ratio. The
procedures proposed by Kokusho [58] and adopted by Kumar et al. [59] to estimate the
damping ratio under asymmetric conditions considered the symmetricity of the hysteresis
loop. In this study, similar approaches are adopted to determine the damping ratio, taking
into account the asymmetric conditions. The strain energy in the first quarter of the
compression zone has been extended to comprise the shaded areas of A� and A∆2, as
shown in Figure 12b and formulated in Equation (3). The specimens that were tested at the
suction level corresponding to the optimum moisture content for molding were used in
this investigation to calculate the damping ratio following the modified procedures of the
asymmetric hysteresis loop. The results shown in Figure 14a,b indicate that the damping
ratios of the specimens of mixtures SECL30 and SECL20 experienced a significant reduction
ranging from 10% to 80% and 18% to 69%, respectively. This reduction in the damping ratio
increased to a certain level until reaching a certain threshold with the increase in the cycle
number. Kumar et al. [59] and Hussain and Sachan [60] reported a similar reduction in the
damping ratio of approximately 70% when applying the procedures for the asymmetric
hysteresis loop.

D% =
AL

4πA∆
× 100 (2)
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D% =
AL

π(A∆1 + A� + A∆2)
× 100 (3)
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Figure 13. Damping ratio versus dynamic loading cycles at different suction levels for (a) SECL20
and (b) SECL30.
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Later on, the theoretical models for predicting the shear modulus and damping ratio
for soils under expected dynamic loads were developed to provide initial estimation for
these parameters based on the basic soil properties; others developed the laboratory results
obtained from conducted tests using such empirical models. Most of the available models
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deal with saturated soils; regarding unsaturated soils, the studies are limited or rare, and
challenges are in controlling suction, especially at high ranges. Recently, new studies on
unsaturated soils were conducted to develop models for shear modulus and damping ratio
over limited suction (i.e., [61–63]). The output could fit with the obtained results in this
study, which showed that a clear degradation developed with dynamic load cycles. In
addition, the trends were obtained with considered suction.

5. Summary and Conclusions

In this study, the dynamic properties of two sand–expansive clay liners were evaluated
in saturated and unsaturated states. The specimens were prepared at different levels of
suction covering the entire range as per soil water characteristic curves for these materials
and tested in the laboratory with the dynamic triaxial device.

1. The study findings demonstrate the variability of unsaturated soil stiffness within the
range of applied suction, with the hysteric loop showing a nonlinear and asymmetric
behavior. The stress–strain behavior is a key characteristic, and accounting for this
variation under expected dynamic loads ensures an accurate and adequate design.

2. The shear wave velocities of both liners exhibit a nonlinear relation with suction. A
minor change was observed at the earliest stage of low suction (boundary effect zone).
This change has been significant with an increase in suction up to the residual stage.

3. The results revealed a dual trend of shear modulus over the entire range of suction.
The degradation index of the shear modulus reached approximately 60% at the first
fifth cycles, and the change is marginal beyond the 100th cycle.

4. The application of suction resulted in a significant increase in the damping ratio, with
the increment reaching approximately five and four times for SECL_20 and SECL_30,
respectively. Implementing the new procedures to estimate the damping ratio, taking
into account the asymmetric conditions of the hysteresis loop, resulted in a reduction
in the damping values varying from 10% at the first cycle to 80% after 500 cycles.

5. The achievements of this study will guide practitioner engineers to conduct a sustain-
able and stable design for clay–sand layers under expected dynamic loads.

This study was performed under the confining pressure of 100 kPa, and further work
under different confining pressures for different levels of suction is highly recommended.
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