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a b s t r a c t

Most studies on liquefaction have addressed homogeneous soil strata using sand or sand with fine
content without considering soil stratification. In this study, cyclic triaxial tests were conducted on the
stratified sand specimens embedded with the silt layers to investigate the liquefaction failures and void-
redistribution at confining stress of 100 kPa under stress-controlled mode. The loosening of underlying
sand mass and hindrance to pore-water flow caused localized bulging at the sand-silt interface. It is
observed that at a silt thickness of 0.2H (H is the height of the specimen), nearly 187 load cycles were
required to attain liquefaction, which was the highest among all the silt thicknesses with a single silt
layer. Therefore, 0.2H is assumed as the optimum silt thickness (topt). The silt was placed at the top,
middle and bottom of the specimen to understand the effect of silt layer location. Due to the increase in
depth of the silt layer from the top position (capped soil state) to the bottom, the cycles to reach
liquefaction (Ncyc,L) increased 2.18 times. Also, when the number of silt layers increased from single to
triple, there was an increase of about 880% in Ncyc,L. The micro-characterization analysis of the soil
specimens indicated silty materials transported in upper sections of the specimen due to the dissipated
pore pressure. The main parameters, including thickness (t), location (z), cyclic stress ratio (CSR), number
of silt layers (n) and modified relative density (Dr,m), performed significantly in governing the lique-
faction resistance. For this, a multilinear regression model is developed based on critical parameters for
prediction of Ncyc,L. Furthermore, the developed constitutive model has been validated using the data
from the present study and earlier findings.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

During the earthquakes of Niigata (in 1964), Christchurch (in
2014), Bhuj (in 2001) and Assam (in 2021), the development of large
excess pore pressure was responsible for the liquefaction failures.
Liquefaction of freshwater carbonates in the vicinity of Çollar Coal-
field was responsible for the loss of several lives due to geological
instability (e.g. Akçar et al., 2019). In a modern approach, Guan et al.
(2022) utilized the adaptive sampling technique for characterizing
spatial distribution to calculate the liquefaction susceptibility of soil
after performing cone-penetration tests. Previous studies on soil
liquefactionmainly used homogeneous soil or with a certain amount

of fine content, which may result in oversimplification of
liquefaction-related failures or underestimation of resistance devel-
oped due to stratification. However, liquefaction failures nearby
tailing dams, alluvial or marine deposits require a clear under-
standing of stratified or layered soil systems (e.g. Elgamal et al.,1989;
Kokusho and Fujita, 2001; Kokusho and Kojima, 2002). The lique-
faction potential of several sites nearby hydraulic fills or marine
structures is significantly affected by the presence of stratified sandy
strata interlayered with patches of silty soil. Researchers (e.g. Bucci
et al., 2018; Norini, 2021; Wo�zniak et al., 2021) observed the po-
tential triggering of liquefaction phenomenon nearby alluvial plains,
dune environment, marine conditions and coastal sediments. The
geological characteristics of impermeable silt seamwere responsible
for the sand boiling phenomenon, lateral spreading and significant
settlements in stratified soil (e.g. Liu and Qiao, 1984; Balakrishnan
and Kutter, 1999). In the centrifuge experiments performed by
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Fiegel and Kutter (1994), stratificationwas developed using fine sand
blanketed by silica flour with less permeability. The excess pore
pressure dissipated through the weakest portion of silica flour
indicated a high probability of lateral spreading and liquefaction
failures under stratification conditions. A similar observation was
obtained due to the stratification and inhomogeneity in the
permeability of the soil (e.g. Arulanandan and Scott, 1993;
Balakrishnan and Kutter, 1999). The stiffness of an underlying clay
layer has been responsible for the liquefaction-based failures in the
reclaimed ground (Yamaguchi et al., 2002). The clay layer was con-
ducted at different degrees of consolidation to simulate soil behav-
iors during the Hyogoken-Nambu earthquake. Kulasingam et al.
(2004) conducted a series of centrifuge tests on the homogeneous
and silt interlayered stratified specimens and observed the phe-
nomenon of void redistribution and strain localization in the un-
derlying liquefiable sandy strata. The analysis was carried out at
varying shaking intensities, variable silt locations and different
relative densities to obtain a clear understanding of the liquefaction
failures nearby slopes with silt interlayers. Malvick et al. (2005)
performed 1g model tests and centrifuge tests to assess the shear
deformations, void-redistribution and water film development in
the layered soil strata. The liquefaction triggering of stratified de-
posits significantly contributes to lateral spreading and flow slides.

Brennan andMadabhushi (2005) conducted dynamic centrifuge
tests on the capped and stratified soil system prepared using less
permeable rock flour and fine sand to recreate the geological
environment near marine or alluvial plains. Using one-dimensional
(1D) shaking table tests, Özener et al. (2009) established a useful
correlation between excess pore water pressure, relative density,
and input acceleration after interlayering sand deposits with a less
permeable silt seam. Maharjan and Takahashi (2013) developed the
soil stratification using patches of silt layers in sandy soil and
noticed the significant changes in the permeability of soil strata
using centrifuge tests. However, due to the enormous pore pres-
sures and restricted pore water movement, uneven settlements
were quite common. Lee et al. (2014) performed several centrifuge
tests to investigate the seismic behaviors of sand with intra-silt
layers. They observed the key changes in the rate of pore pressure
dissipation and settlement of the strata due to a less permeable
intra-silt layer. To closely observe the failures that occurred during
the Christchurch earthquake, Markham et al. (2018) performed
cyclic triaxial tests on the soil obtained from the earthquake-
damaged shallow foundation. A comparative analysis has been
discussed based on the field results and laboratory outcomes.
Tasiopoulou et al. (2019) investigated the behaviors of undisturbed
soil specimens with clay laminates using cyclic triaxial testing and
numerical models (developed through FLAC2D). The authors
observed the absence of strain localization inside the existing sand
layers in the presence of the clay laminates, whichwere responsible
for the enhancement of liquefaction resistance. Karakan et al.
(2019a) considered cyclic triaxial tests to understand the behavior
of silty soil (with pore pressure ratios less than 50%). Limited
liquefaction was observed due to the changes in silt volume caused
by the reconsolidation under cyclic loadings. Erdo�gan et al. (2020)
utilized a modern cluster algorithm to assess the liquefaction sus-
ceptibility of non-plastic silt after using the data obtained from 54
cyclic triaxial tests. The results suggest that the unsupervised
cluster algorithms are valuable tools to investigate liquefaction and
post-liquefaction induced by volumetric strains. Ecemis (2021)
scrutinized the seismic behavior of non-homogeneous stratified
soil using shaking table models and numerical analysis. The author
suggested that the thickness of the silt seam has a major influence
on the liquefaction susceptibility of stratified sand deposits. Due to
liquefaction, soil exhibit a considerable amount of stiffness degra-
dation, which can be optimally investigated using cyclic triaxial

after carefully observing the development of pore pressure. Ni et al.
(2022) performed undrained cyclic triaxial tests on sandy soil to
formulate an empirical correlation between pore pressure devel-
oped in the first loading cycle and the number of failure cycles to
attain liquefaction. Wang et al. (2020) performed a series of static-
dynamic triaxial tests on the saturated gravelly soil to investigate
the pre- and post-liquefaction phenomenon, in addition to the
micro-parameters of the granular soil systems.

To understand the liquefaction phenomenon of stratified spec-
imens, it is essential to scrutinize pore pressure in each partici-
pating layer (sand or silt). The behavior of non-plastic silt is entirely
different from that of the sandy soil, therefore, Karakan et al.
(2019b) performed the cyclic triaxial tests on non-plastic silty
specimens to observe the pore pressure variation and axial strain
during liquefaction and post-liquefaction conditions. Kumar et al.
(2018) investigated the liquefaction behavior of cohesive soil after
applying staged cyclic loadings, and calculated the dynamic prop-
erties of cohesive soil. After performing several stress-controlled
cyclic triaxial tests, Karakan and Altun (2018) observed the lique-
faction behaviors of sandy specimens with varying silt contents.
The authors suggested the key changes in pore pressure develop-
ment and failure mechanism due to silt particles in the sandy
skeleton. There is a limited investigation of silt interlayered sandy
specimens using cyclic triaxial tests, where a cyclic loading triggers
the development of crucial excess pore pressures (e.g. Jia and
Bingye, 2012; Xiu et al., 2019) leading to the cyclic mobility fail-
ures. In these studies, there exists an optimum silt layer thickness,
at which liquefaction resistance is maximum in the silt interlayered
specimens. After performing several strain-controlled cyclic triaxial
tests, Xiu et al. (2019) concluded that the susceptibility towards
liquefaction was found to be the highest when the less permeable
silt was located nearer to the top of the specimen. Jain et al. (2022)
investigated the crucial role of silt layer depth after applying cyclic
loadings on the silt interlayered sandy specimens. The authors
suggested that the specimen having silt layer closer to the top
emerged as most vulnerable to liquefaction initiation.

The environmental circumstances nearby marine deposits, allu-
vial sites and hydraulic fills have a stratum with silt interlayering,
lying at different depths and thicknesses. Most previous findings on
liquefaction-induced failures neglect the role of silt-interlayers or
patches of less permeable soil. Limited investigations on the lique-
faction triggering of silt-interlayered sandy specimens have been
attempted to replicate the real soil conditions. These studies also fail
to demonstrate the development of localized pore pressure, induced
bulging, or any analytical development. In this study, investigation of
the dynamic behaviors of stratified specimens is presented based on
extensive cyclic triaxial testing, micro characterization, and regres-
sionmodels. Shear modulus is used to assess the changes in stiffness
characteristics after using silt interlayers. The obtained results indi-
cate the critical role of silt layer parameters, i.e. thickness (t), location
(z), and number of silt layers (n). Additionally, multi-linear regression
models have been developed to anticipate the cycles required to
attain liquefaction (Ncyc,L) using silt layer parameters, relative den-
sity, and cyclic stress ratio (CSR), with satisfactory validations.

2. Experimental details

2.1. Materials

In this study, Solani River sand (fine sand) and pure silt were
used as the testing materials. The sandy soil was collected from the
bed of the Solani River and silt was collected from the bank of the
canal located near Solanipuram Park, Roorkee, India. This Roorkee
region lies in the seismic zone IV, therefore, a liquefaction study is
quite useful in understanding vulnerability of the area (e.g. Kirar
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and Maheshwari, 2018; Jain et al., 2021). Previously, materials with
low permeability (4 � 10�6 m/s), such as rock flour (e.g. Brennan
and Madabhushi, 2005), powdery material (e.g. Xiu et al., 2019)
and silt (e.g. Konrad and Dubeau, 2003) were used in the stratified
specimens. Therefore, in this study, low permeable silty soil used by
previous researchers has been chosen. After cyclic loads, the non-
plastic silt particles can also liquefy due to loss of shear strength.
A similar phenomenon was proposed by Xu et al. (2016) under the
action of sea waves, where the silt sediments depicted significant
liquefaction which led to convoluted, parallel and graded bedding.
The grain size distribution curve is presented in Fig. 1 for both
materials. The physical properties of them have been calculated as
per IS 2720-4 (1985) and are presented in Tables 1 and 2.

In this study, scanning electron microscopic (SEM) images were
used to capture the shape of Solani River sand and silt ( � 500). The
methodology adopted by Ghadr and Assadi-Langroudi (2019) was
utilized in the present work to investigate the shape characteristics.
Several parts of the Solani River sand and silt were randomly
selected, in which a total of 50-grain particles were considered
using the SEM images shown in Fig. 2.

The characteristics of particle shape have been evaluated for the
random set of soil grains as described below:

(i) Sphericity (rs)

This parameter facilitates an understanding of the degree of
convergence presented in a three-dimensional (3D) coordinate
system with the help of dimensions of particles:

rs ¼ rmax�in
rmin�cir

(1)

where rmax-in is radius of the largest sphere inscribing particle,
which can be termed as the equivalent particle radius; rmin-cir is
radius of the smallest sphere circumscribing the particle.

(ii) Roundness (rr)

It is the equivalent average radius of surficial characteristics:

rr ¼
P ri

N
rmax�in

(2)

where ri is the equivalent average radius of surficial features, and N
is the number of particles.

The geometrical properties of Solani River sand and silt can be
calculated. For Solani River sand: rs ¼ 0.88 and rr ¼ 0.97. For silt:
rs ¼ 0.65 and rr ¼ 0.45. Therefore, Solani River sand and silt can be
considered as sub-rounded and angular, respectively.

2.2. Cyclic triaxial testing apparatus

Stress-controlled cyclic triaxial tests were performed as per
ASTMD5311 (2013) under consolidated undrained conditions using
pneumatically controlled cyclic triaxial testing apparatus. The
apparatus can be enabled in both load-controlled and
displacement-controlled modes as per the testing requirements at
a frequency ranging from 0.1 Hz to 10 Hz, with a maximum loading
capacity of 50 kN. Several loading patterns like sinusoidal, impact,
triangular and square can be applied to the specimens. To ascertain
the accuracy of load imposed on the specimen, a specially designed
load cell with a sensitivity of 0.1% was placed inside the chamber to
avoid friction coming due to the connecting rod. The calculation of
developed strains is possible through the linearly variable differ-
ential transducers (LVDT) with a maximum range of �50 mm. Also,
pore pressure can be measured through the pore pressure trans-
ducers (PPT) with a maximum capacity of 2000 kPa. Specimens
with 70 mm diameter (D) and 140 mm height (H) were considered
in the study.

2.3. Methodology

A total of 47 stress-controlled cyclic triaxial tests were per-
formed in the study (see Table 3). Additionally, four strain-
controlled tests have been performed for calculation of the shear
modulus. Each test was performed three times to ascertain the
accuracy. Firstly, after applying a vacuum inside the mold, the latex
membrane was stretched inside. Special care was taken while
preparing stratified specimens, therefore, suitable demarcation
lines were drawn in accordance with the desired thickness, density
and location, as shown in Fig. 3. Then, a pre-calculated amount of
material was poured inside the mold using a suitable specimen
preparation technique. Uniform compaction was provided using a
tamping rod. The specimen preparation is shown in Fig. 3d and e. In
order to ensure optimum compaction, marking was used and
checked using a scale. This confirmed that the pre-calculated
amount of soil had been placed between the desired markings toFig. 1. Particle size distribution.

Table 1
Physical properties of Solani River sand.

Parameter Value

Mean particle size, D50 0.2 mm
Coefficient of uniformity, Cu 1.95
Specific gravity, Gs 2.65
Maximum void ratio, emax 0.88
Minimum void ratio, emin 0.57
Permeability, k 7.2 � 10�3 cm/s

Table 2
Physical properties of silt.

Property Notation Value

Soil type Low plastic silt e

Mean particle size D50 0.017 mm
Specific gravity Gs 2.68
Maximum void ratio emax 1.27
Minimum void ratio emin 0.34
Liquid limit wl 15%
Plastic limit wp 12%
Permeability k 5.8 � 10�5 cm/s
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achieve actual density. The stratified specimens were prepared
using the air pluviation technique under slight tamping. Homoge-
neous sand and stratified specimens were prepared using the air
pluviation technique with slight tamping, whereas pure silt speci-
mens were prepared using the moist tamping method (e.g. Singh,
1996). Due to the small particle size of silt, the pure silt speci-
mens cannot be effectively prepared using the air pluviation
technique because these particles would fall outside the mold.
Therefore, two different specimen preparation techniques were
adopted for preparation of sand and silt. Karakan et al. (2019a) also
adopted the wet tamping technique for preparation of silty speci-
mens. Homogeneous specimens were prepared in five different
layers and stratified specimens were prepared in seven layers. The
tests have been performed after varying the relative densities of
sand (i.e. 29.62%e50.48%) and silt (i.e. 30.08%e72.85%) layers
which directly help in understanding the liquefaction failures in the
stratified soil systems of sand-silt deposits (Table 3). The testing
was based on cyclic triaxial and it was not possible to use silt layer
paste in the formation of the stratified specimen. The reason behind
this was the improper flow of carbon-dioxide, which governs the
optimum saturation of the whole specimen. Therefore, the density
of the silt layer appeared to be a significant parameter in governing
liquefaction. The chosen density of the silt layer developed a

significant blockage in internal movement of pore-water flow
through the specimen; consequently, silt was placed at a relative
density of 30.08%e72.85%. The density of a stratified specimen
seems to be different from that of the individual soil or homoge-
neous layer. Due to this, the overall density of the stratified spec-
imen cannot be considered without proper formulation. Therefore,
Yoshimine and Koike (2005) suggested the following equations for
modified density in stratified cases, whichwere also adopted by Xiu
et al. (2019) and Jia and Bingye (2012):

Dr;m ¼ emax;m � e
emax;m � emin;m

(3)

emax;m ¼
X�

Rm;i
�
emax;i þ1

��� 1 (4)

emin;m ¼
X�

Rm;i
�
emin;i þ1

��� 1 (5)

where emin,m, emax,m, Dr,m and Rm,i are the modified minimum void
ratio, modified maximum void ratio, modified relative density and
percentage of the dry weight of ith layer in the stratified soil,
respectively. Table 4 shows the details of Dr,m, emax,m, and emin,m for
all the specimens. On account of the inability of sand and silt
specimens to stand vertical on their own, initially the vacuum was
applied to the specimen before applying a confining pressure of
about 40 kPa to avoid any lateral movement. We used the solubility
advantage of carbon dioxide in water, followed by water flushing.
Then, with the advancement of 20 kPa in both back and confining
pressure, the Skempton’s pore pressure coefficient (B value) was
achieved (>0.98) for completion of the saturation process.
Furthermore, the consolidation was performed on the specimen at
a confining pressure of 100 kPa. In this study, it was noticed that the
time required for consolidation (tconso) changes with the thickness
of silt layer but a marginal difference is noticed for the changes in
the location of the silt layer (Table 5). The values of tconso for the
tested specimens are presented in Table 5. As the thickness of silt
layer increased from 0 to 0.4H or (0e56 mm), the time required for
consolidation also increased. The reason was the mobility of water
molecules which became slow with an increase in silt thickness.
Although there was a marginal difference in tconso for specimens
with different silt layer locations, it has been observed that the
specimen with silt layer at higher depth was consolidated lately.
This is due to the bottom location of the back pressure valve which
allows the volume to change from the upper to lower portion of the
specimen (Fig. 3e). In Fig. 3e, red arrows depict the movement of
water molecules. Additionally, when the number of silt layers
increased from 0 to 3, there was a significant increase in tconso. The
time required for consolidation rose by 2.1 times when the number
of silt layers increased from single (specimen 9) to triple (specimen
S15). After consolidation, suitable cyclic deviatoric stress was
applied as sinusoidal loadings at a frequency of 1 Hz under un-
drained conditions. This frequency ranges from 0.1 Hz to 1.5 Hz and
replicates small to large earthquakes (e.g. Hussain and Sachan,
2019; Jain et al., 2021). The CSR can be written as (Table 3):

CSR ¼ qcyc
.�

2s0c
�

(6)

where qcyc is cyclic deviatoric stress and s0c is the confining stress.
Table 3 shows the information of the tests performed on both

stratified and homogeneous specimens. Four different silt thick-
nesses (0.1H�0.4H) have been considered for interlayering with
homogeneous sand. Also, after using an optimum silt thickness of
0.2H, the silt layer was placed at the top (capped soil condition),
middle and bottom locations. Because of the hindrance in pore

Fig. 2. SEM images of the materials used: (a) Solani River sand and (b) Silt.
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water flow due to the less permeable silt layer, there exist both
dilative and contractive zones of the sandy strata, as shown in Fig. 4.
The dilative zone starts thinning due to the movement of pore-
water flow from the contractive zone until it reaches dilation ca-
pacity (e.g. Kulasingam et al., 2004). The dilation capacity is the
amount of water absorbed by the dilation zone of the soil mass at
which the undrained shear strength diminishes to driving static
shear stresses. Additionally, tests were also conducted on homo-
geneous sand and silt specimens to understand individual soil
behavior under liquefied state.

3. Results and discussion

This section discusses the mechanism and suitability of results
after cyclic triaxial tests on pure silt, pure sand and stratified
specimens. In the study, specimens are considered to be liquefied
instantly when the pore pressure ratio (ru) reaches one. This theory
was proposed by Seed and Lee (1966) after observing the initial
liquefaction, where the effective stress becomes 0 as the pore
pressure ratio (ru) reaches unity in the isotropically consolidated
specimens:

Table 3
Static and cyclic tests.

Specimen Silt layer
thickness

Number of
layers

Location of silt
layer

Effective confining
pressure (kPa)

Confining
pressure (kPa)

Back pressure
(kPa)

B ε

(%)
CSR Dr,sand1

(%)
Dr,silt

(%)
Dr,sand2

(%)
Dr,m e* Ncyc,L

NS1 0 0 N.A 100 220 120 0.99 2.96 0.26 30.2 e 30.2 30.2 0.79 3
S1 0.1H 1 M 100 220 120 0.98 2.5 0.26 29.92 70.52 30.05 40.1 0.77 4
S2 0.2H 1 M 100 200 100 0.98 2.51 0.26 30.02 71.25 29.97 47.64 0.75 6
S3 0.3H 1 M 100 240 140 0.98 2.49 0.26 31.02 70.24 29.98 53.1 0.73 5
S4 0.4H 1 M 100 240 140 0.98 2.48 0.26 30.02 72.24 30.02 57.24 0.71 3
NS2 0 0 N.A 100 260 160 0.98 2.78 0.14 30.2 e 30.20 40.1 0.77 52
S5 0.1H 1 M 100 240 140 0.98 2.51 0.14 30 71.25 30.77 40.1 0.75 57
S6 0.2H 1 M 100 220 120 0.98 2.49 0.14 29.97 72.24 29.56 47.64 0.73 187
S7 0.3H 1 M 100 220 120 0.98 2.48 0.14 29.98 70.24 30.05 53.1 0.71 79
S8 0.4H 1 M 100 240 140 0.98 2.78 0.14 30.03 70.22 29.97 57.24 0.75 48
S9 0.2H 1 T 100 200 100 0.99 2.49 0.14 e 70.02 29.98 47.64 0.75 103
S10 0.2H 1 B 100 220 120 0.98 2.48 0.14 30.05 70.23 e 46.45 0.76 225
S11 0.1H 2 MT 100 240 140 0.98 2.78 0.14 30 70 30 47.59 0.75 227
S12 0.1H 2 MB 100 200 100 0.99 2.51 0.14 30 70 30 47.63 0.75 188
S13 0.1H 2 MM 100 200 100 0.98 2.49 0.14 30 70 30 53.24 0.71 392
S14 0.1H 2 TB 100 240 140 0.98 2.48 0.14 30 70 30 47.1 0.77 245
S15 0.1H 3 TMB 100 200 100 0.99 2.78 0.14 30 70 30 47.64 0.75 560
S16 0.2H 1 M 50 190 140 0.98 2.49 0.14 29.97 71.24 29.66 47.61 0.73 Static
S17 0.2H 1 M 100 240 140 0.98 2.48 0.14 29.98 71.22 28.56 53.59 0.71 Static
S18 0.2H 1 M 150 330 180 0.98 2.96 0.14 30.02 72.54 29.62 47.63 0.75 Static
S19 0.2H 1 M 100 240 140 0.98 2.5 0.20 30.77 71.55 50.2 53.77 0.75 250
S20 0.2H 1 M 100 220 120 0.98 2.51 0.14 31.01 30.08 50.15 52.25 0.75 227
S21 0.2H 1 M 100 200 100 0.99 2.49 0.14 30.02 31.01 29.85 45.51 0.76 134
S22 0.2H 1 M 100 220 120 0.99 2.48 0.14 30 72.85 50.48 53.77 0.75 450
S23 0.2H 1 M 100 200 100 0.98 2.78 0.26 29.98 70.22 50 53.77 0.75 105
S24* 0 0 N.A. 100 240 220 0.99 2.51 0.14 30.01 e 50.74 40.52 0.79 104
S25 0.2 H 1 M 100 200 100 0.98 2.49 0.16 30.01 71.25 30.22 47.46 0.75 62
S26 0.2 H 1 M 100 200 100 0.98 2.48 0.2 30.01 70.25 30.22 47.23 0.78 29
S27 0.06H 1 T 100 220 120 0.98 2.78 0.14 30 70.24 29.96 35.76 0.78 48
S28 0.06H 1 M 100 240 220 0.99 2.49 0.14 30.02 72.24 29.66 35.81 0.78 94
S29 0.06H 1 B 100 200 100 0.98 2.48 0.14 30.05 71.25 29.86 35.87 0.78 106
NS3 H 0 Pure silt 100 220 120 0.98 2.48 0.14 e 30.25 e 30.25 0.99 35
NS4 H 0 Pure silt 100 200 100 0.98 2.96 0.2 e 30.28 e 30.28 1 9
NS5 H 0 Pure silt 100 200 100 0.98 2.96 0.26 e 30.28 e 30.28 1 2
NS6 0 0 e 100 220 120 0.98 2.50 0.14 50.02 e 50.02 50.02 0.72 98
NS7 0 0 e 100 220 120 0.98 2.51 0.16 30.24 e 30.24 30.24 0.79 38
NS8 0 0 e 100 200 100 0.99 2.49 0.16 50.25 e 50.25 50.25 0.72 72
Details of some of the additional repetitive tests
S30¼S5 0.1H 1 M 100 200 100 0.98 2.78 0.14 30 71.25 30.77 40.1 0.75 52
S31¼S6 0.2 H 1 M 100 220 120 0.99 2.51 0.14 29.97 72.24 29.56 47.64 0.73 185
S32¼S7 0.3 H 1 M 100 220 120 0.98 2.49 0.14 29.98 70.24 30.05 53.1 0.71 76
S33¼S8 0.4 H 1 M 100 200 100 0.98 2.48 0.14 30.03 70.22 29.97 57.24 0.75 48
S34¼S13 0.1 H 2 MM 100 240 140 0.98 2.78 0.14 30 70 30 57.24 0.71 390
Tests performed for the validation of developed model
S35 0.1H 2 TB 100 240 140 0.99 2.49 0.14 30 70 30 40.1 0.77 240
S36 0.1H 3 TMB 100 220 120 0.98 2.48 0.14 30 70 30 57.64 0.75 555
S37 0.05H 1 H/4 from top 100 200 100 0.98 2.5 0.16 50.7 71.55 49.25 52.05 0.75 62
S38 0.05H 1 3H/4 from top 100 200 100 0.98 2.5 0.16 50.7 71.55 49.25 52.05 0.75 187
S39 0.2H 1 M 100 220 120 0.99 2.51 0.14 29.97 72.24 29.56 47.64 0.73 185
Strain-controlled tests performed (Strain rate, %)
S40 0.1H 1 M 100 220 120 0.98 2.51 0.4 30 71.25 30.77 40.1 0.75 5
S41 0.1H 1 M 100 220 120 0.98 2.49 0.4 29.97 72.24 29.56 47.64 0.73 10
S42 0.1H 1 M 100 240 140 0.98 2.48 0.4 29.98 70.24 30.05 53.1 0.71 7
S43 0.1H 1 M 100 200 100 0.98 2.78 0.4 30.03 70.22 29.97 57.24 0.75 4

NS ¼ Non-stratified, T ¼ silt layer located at the top of the specimen, N.A.¼ Not applicable, M ¼ silt layer at the middle of the specimen, B ¼ silt layer at the bottom of the
specimen, MT ¼ silt layer at the top and middle of the specimen, MB ¼ silt layer at the middle and bottom of the specimen, MM ¼ silt layer at H/3 from the top and bottom of
the specimen, TB¼ silt layer at the top and bottom of the specimen, TMB¼ silt layer at top, middle and bottom of the specimen, *S25 is the stratified specimenwith no silt layer
but with loose (upper portion) andmedium dense strata (lower portion), B¼ Skempton’s pore pressure coefficient, e* is equivalent void ratio, Dr,silt ¼ relative density of the silt
layer, ε ¼ axial strain, Dr,sand1 ¼ Relative density of the upper sand layer, Dr,sand2 ¼ relative density of the lower sand layer.
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ru ¼ Du
s03c

(7)

where u is the excess pore water pressure and s03c is the effective
confining stress.

This liquefaction failure criterion has been used in the present
study.

3.1. Changes in liquefaction susceptibility with an increase in silt
layer thickness

Several liquefiable sites of marine or alluvial deposits contain
less permeable silt layers of variable depths or patches of silty soil.
Therefore, in order to replicate these geological conditions, sandy
specimens were interlayered with different thicknesses of silt layer
varying from 10% to 40% of the total height of the specimen. The silt
thickness has been found to be a significant parameter to govern
void redistribution, strain localization and related failures. Due to
the overlying non-plastic silt layer, sandy strata develop a dilative
zone in the upper half while ‘contractive’ in the lower as shown in

Fig. 4. This may trigger local liquefaction failures inside the sandy
zones. There exists an optimum silt layer thickness (0.2H, specimen
S6) at which pore water migration from the contractive zone is
minimum, causing an increase in Ncyc,L to 187 when CSR¼ 0.14. But,
after this thickness, due to the increased volume of non-plastic silt,
specimen S8 with a silt thickness of 0.4H liquefies after 48 cycles.
The dangerous local pore water pressure presented in the confined
zone of fine sand is responsible for the overall failure of the strat-
ified specimens. This could be justified through significant bulging
around the sections of sandy strata compared to that of the silty
zone (see Fig. 5). A less permeable silt layer in the sandy specimen
alters the pore water pressure movement (Yamaguchi et al., 2002;
Lee et al., 2014; Ecemis, 2021). This causes a hindrance in the path
of water molecules around the periphery of the silt layer which
results in the accumulation of localized excess pore water pressure,
as shown in Fig. 4.

As a result, a significant amount of water molecules is unable to
pass through silt layer and then accumulates. This is a reason
behind the localized bulging at the sand-silt interface. Tasiopoulou
et al. (2019) also observed a similar bulging phenomenon due to
clay laminates after performing cyclic triaxial tests. Consequently,

Fig. 3. Specimen preparation and consolidation: (a) Placing and marking the latex membrane; (b) Placement of sand; (c) Placement of silt layer at the desired location; (d) Check for
specimen density at the mid-stage; and (e) Image showing the location of valves and movement of water molecules during consolidation.
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the vulnerable strata located at the lower or upper side of the silt
layer may liquefy depending on the initial states and loading con-
ditions. The severity of failure could be understood by the devel-
opment of wider cracks (2e3 cm) in specimens S7 and S8, as shown
in Fig. 6, due to the higher instability of specimens with larger silt
thickness. Similar observations were noticed by Jia and Bingye
(2012) and Xiu et al. (2019), where after an optimum silt thick-
ness, the resistance against liquefaction receded. A homogeneous
specimen of silt (NS3) liquefied in merely 35 cycles, which was due
to the absence of plastic minerals responsible for binding between
soil particles. Meanwhile, due to the internal friction between sub-
rounded sand particles, homogeneous sand specimens liquefied in
68 cycles.

The variation of excess pore water pressure vs. number of cycles
is presented in Fig. 7. At four different silt thicknesses, pore flow
movement varies according to the hindrance developed. It can be
noticed that the development rate of excess pore water pressure
was highest in specimen S8 and least in specimen S6with optimum
silt thickness. In Fig. 7a, it can be seen that in the first cycle of
loading, there exists very small amount of negative excess pore
water pressure. The mechanism behind this observation is the
generation of dilation type characteristics just after the application
of loading. The particles of sand-silt readjust themselves creating a
tension in thewater molecules which are ultimately responsible for
the development of negative excess pore water pressure (Fig. 7b).

3.2. Effect of CSR on the liquefaction susceptibility

The response of soil specimens at a higher CSR value will help in
predicting the liquefaction failures under increased seismic dis-
turbances. After increasing a CSR value from 0.14 to 0.26, the
concept of optimum silt thickness was less valuable. The pore
pressure development was too quick due to increased deviatoric
stresses, as shown in Fig. 8a. Therefore, all the specimens (S1, S2
and S3) liquefied within 12 cycles at CSR¼ 0.26. Therefore, the pore
pressure generation rate is nearly the same for all stratified cases
reflecting the low impact of silt thickness variation on excess pore

water pressure rate at higher deviatoric stresses. To replicate the
influence of increment in earthquake vibrations or loading rate,
four different CSRs (Specimens S2, S6, S25 and S26) were chosen at
a silt thickness of 0.2H or 28 mm as shown in Table 3. It can be seen
in Fig. 8b that the number of failure cycles rises to 37 times when
the CSR value decreased from 0.26 to 0.14. At higher deviatoric
stresses, a more considerable amount of pore-water flow is
expelled from the developed contractive zone to the dilative zone
at all the silt thicknesses. To closely assess the development rate of
pore pressure, Fig. 8c presents the changes in maximum pore
pressure ratio with Ncyc,L required to attain liquefaction in the
specimens with a silt thickness of 0.2H (28 mm). The development
rate of pore pressurewas too quick in specimens S2 and S26while it
was gradual for specimens S6 and S25.

Fig. 9 consists of three stress-paths for specimens at CSR ¼ 0.26.
Even so, the number of failure cycles is nearly the same but the
trend of q� p0 is different. The reason behind this phenomenonwas
the similar development rate of pore water pressure at all silt layer
thicknesses. In Fig. 9, it can be observed that as the cyclic loading
touches the phase transformation line (PTL), the instability de-
velops in the specimen. In the end, the failure of the specimen
occurs when cyclic loading reaches failure line (FL). Xu et al. (2020)
observed a ‘continued liquefaction’ stage at which the effective
stress of the sandy specimen appeared to be negligible in cyclic
triaxial tests. Both PTL and FL have been drawn using the static tests
performed on the stratified specimen at three different confining
stresses (e.g. Vaid et al., 2001).

3.3. Significance of silt layer locations

Silt layer may exist even at several depths in the actual field;
therefore, to replicate such a field situation, silt was placed at three
different locations, i.e. the top (capped soil condition), middle and
bottom of the specimen. The optimum silt layer thickness (0.2H)
has been chosen for this observation. Xiu et al. (2019) also observed
that when the depth of the silt layer increased from top to bottom,
the value of Ncyc,L also increased. It has been found that the

Table 4
Parameters used in the calculation of relative density of the stratified specimens.

Specimen Dr,sand1 (%) Wsand,1 (g) esand,1 Rm,1 Dr, silt (%) Wsilt (g) esilt Rm,silt Dr,sand2 (%) Wsand,2 (g) esand,2 Rm,2 Dr, m (%) e*

S1 29.92 359.35 0.78 0.44 70.52 89.04 0.62 0.11 30.05 359.35 0.79 0.44 40.1 0.77
S2 30.02 319.42 0.79 0.39 71.25 178.08 0.62 0.21 29.97 319.42 0.79 0.39 47.64 0.75
S3 31.02 279.5 0.80 0.33 70.24 267.12 0.61 0.32 29.98 279.49 0.8 0.33 53.1 0.73
S4 30.02 239.6 0.79 0.28 72.24 356.16 0.61 0.42 30.02 239.57 0.79 0.28 57.24 0.71
S5 30 359.35 0.8 0.44 71.25 89.04 0.62 0.11 30.77 359.35 0.79 0.44 40.1 0.77
S6 29.97 319.42 0.79 0.39 72.24 178.08 0.62 0.21 29.56 319.42 0.79 0.39 47.64 0.75
S7 29.98 279.5 0.80 0.33 70.24 267.12 0.61 0.32 30.05 279.49 0.79 0.33 53.1 0.73
S8 30.03 239.6 0.79 0.28 70.22 356.16 0.62 0.42 29.97 239.57 0.80 0.28 57.24 0.71
S9 e 0 0.79 0 70.02 178.08 0.61 0.22 29.98 638.85 0.79 0.78 47.64 0.75
S10 30.05 718.7 0.79 0.8 70.23 178.8 0.62 0.2 e 0 e 0 46.45 0.75
S16 29.97 319.02 0.79 0.39 71.24 179.02 0.62 0.21 29.66 319.4 0.79 0.39 47.61 0.76
S17 29.98 319.1 0.79 0.39 71.22 178.02 0.62 0.2 28.56 319.1 0.79 0.38 47.59 0.75
S18 30.02 320.54 0.79 0.39 72.54 178.2 0.61 0.22 29.62 319.2 0.79 0.39 47.63 0.75
S19 30.77 320.57 0.79 0.38 71.55 179.01 0.61 0.22 50.2 330.9 0.72 0.39 53.77 0.75
S20 31.01 320.78 0.79 0.4 30.08 144.05 1 0.18 50.15 330.74 0.72 0.41 52.25 0.75
S21 30.02 320.54 0.79 0.4 31.01 144.48 1 0.18 29.85 319.78 0.79 0.4 45.51 0.76
S22 30 573.63 0.8 0.38 72.85 179.21 0.59 0.21 50.48 331.51 0.73 0.4 53.77 0.75
S23 29.98 796.51 0.79 0.38 70.22 178.08 0.62 0.21 50 330.7 0.72 0.4 53.77 0.75
S24 30.01 399.28 0.8 0.49 e 0 0.62 0 50.74 413.63 0.73 0.51 40.52 0.79
S25 30.01 319.42 0.79 0.38 71.25 178.02 0.61 0.21 30.22 330.94 0.8 0.4 47.46 0.75
S26 30.01 319.42 0.79 0.38 70.25 176.02 0.61 0.21 30.22 330.94 0.8 0.4 47.23 0.75
S27 30 176.82 0.79 0.21 70.24 50.88 0.61 0.06 29.96 596.9 0.79 0.72 35.76 0.78
S28 30.02 376.46 0.8 0.46 72.24 50.88 0.62 0.06 29.66 390 0.79 0.47 35.81 0.78
S29 30.05 576.1 0.79 0.71 71.25 50.88 0.62 0.06 29.86 183.17 0.79 0.22 35.87 0.78

Note: Wsand,1 ¼ Weight of the upper sand layer, Rm,1 ¼ percentage of the dry weight of the upper sand layer in the stratified soil strata, Wsilt ¼ Weight of the silt layer,
Rm,silt¼ percentage of the dryweight of the silt layer in the stratified soils,Wsand,2 ¼Weight of the lower sand layer, Rm,2¼ percentage of the dry weight of the lower sand layer
in the stratified soils, esand,1 ¼ void ratio of the upper sand layer, esilt ¼ void ratio of the silt layer, esand,2 ¼ void ratio of the lower sand layer.
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placement depth (location) of the silt layer has a vital role in con-
trolling the quantity of pore-water flow across the underlying liq-
uefiable sand. The development rate of excess pore water pressure
was highest in the case of capped soil conditions compared to the
other silt locations (Fig. 10). The increment rate of pore pressure

was very high when the silt layer was located at the top (Fig. 10).
Under these circumstances, a larger volume of pore water migrates
towards the loose dilative zone from the contractive zone, as shown
in Fig. 11a. Consequently, a rise in void ratio or loosening of the
dilative zone is attributed to strain localization. Meanwhile, after

Table 5
Time required for the consolidation of the specimens.

Test specimen
code

Silt layer
thickness

No. of
layers

Location of silt
layer

Effective confining pressure
(kPa)

Confining pressure
(kPa)

Back pressure
(kPa)

B tconso
(min)

Dr,m e*

NS1 0 0 N.A 100 220 120 0.99 25 30.2 0.79
S1 0.1H 1 M 100 220 120 0.98 38 40.1 0.77
S2 0.2H 1 M 100 200 100 0.98 42 47.64 0.75
S3 0.3H 1 M 100 240 140 0.98 48 53.1 0.73
S4 0.4H 1 M 100 240 140 0.98 58 57.24 0.71
NS2 0 0 N.A 100 260 160 0.98 24 40.1 0.77
S5 0.1H 1 M 100 240 140 0.98 28 40.1 0.75
S6 0.2H 1 M 100 220 120 0.98 41 47.64 0.73
S7 0.3H 1 M 100 220 120 0.98 48 53.1 0.71
S8 0.4H 1 M 100 240 140 0.98 60 57.24 0.75
S9 0.2H 1 T 100 200 100 0.99 37 47.64 0.75
S10 0.2H 1 B 100 220 120 0.98 45 46.45 0.76
S11 0.1H 2 MT 100 240 140 0.98 62 47.59 0.75
S12 0.1H 2 MB 100 200 100 0.99 65 47.63 0.75
S13 0.1H 2 MM 100 200 100 0.98 66 53.24 0.71
S14 0.1H 2 TB 100 240 140 0.98 66 47.1 0.77
S15 0.1H 3 TMB 100 200 100 0.99 78 47.64 0.75
S16 0.2H 1 M 50 190 140 0.98 42 47.61 0.73
S17 0.2H 1 M 100 240 140 0.98 41 53.59 0.71
S18 0.2H 1 M 150 330 180 0.98 43 47.63 0.75
S19 0.2H 1 M 100 240 140 0.98 41 53.77 0.75
S20 0.2H 1 M 100 220 120 0.98 42 52.25 0.75
S21 0.2H 1 M 100 200 100 0.99 41 45.51 0.76
S22 0.2H 1 M 100 220 120 0.99 43 53.77 0.75
S23 0.2H 1 M 100 200 100 0.98 41 53.77 0.75
S24* 0 0 N.A. 100 240 220 0.99 25 40.52 0.79
S25 0.2H 1 M 100 200 100 0.98 41 47.46 0.75
S26 0.2H 1 M 100 200 100 0.98 42 47.23 0.78
S27 0.06H 1 T 100 220 120 0.98 35 35.76 0.78
S28 0.06H 1 M 100 240 220 0.99 33 35.81 0.78
S29 0.06H 1 B 100 200 100 0.98 32 35.87 0.78
NS3 H 0 Pure silt 100 220 120 0.98 90 30.25 0.99
NS4 H 0 Pure silt 100 200 100 0.98 92 30.28 1
NS5 H 0 Pure silt 100 200 100 0.98 93 30.28 1
NS6 0 0 e 100 220 120 0.98 26 50.02 0.72
NS7 0 0 e 100 220 120 0.98 27 30.24 0.79
NS8 0 0 e 100 200 100 0.99 25 50.25 0.72
S30¼S5 0.1H 1 M 100 200 100 0.98 37 40.1 0.75
S31¼S6 0.2H 1 M 100 220 120 0.99 42 47.64 0.73
S32¼S7 0.3H 1 M 100 220 120 0.98 48 53.1 0.71
S33¼S8 0.4H 1 M 100 200 100 0.98 59 57.24 0.75
S34¼S13 0.1H 2 MM 100 240 140 0.98 64 57.24 0.71
S35 0.1H 2 TB 100 240 140 0.99 68 40.1 0.77
S36 0.1H 3 TMB 100 220 120 0.98 80 57.64 0.75
S37 0.05H 1 H/4 from top 100 200 100 0.98 40 52.05 0.75
S38 0.05H 1 3H/4 from top 100 200 100 0.98 44 52.05 0.75
S39 0.2H 1 M 100 220 120 0.99 41 47.64 0.73

tconso ¼ time required from consolidation;*S24 is the stratified specimen with no silt layer but with loose (upper portion) and medium dense strata (lower portion).

Fig. 4. Specimen with silt layer with different thicknesses: (a) 0.1H and (b) 0.4H (D ¼ dilative zone, C ¼ compressive zone).
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increasing depth of the silt layer from the top of the specimen, the
water expelled from the contractive zone is reduced and ultimately
a reduction in the potential loosening of underlying soil mass is
observed (Fig. 11b and c). Therefore, more cycles are required to
liquefy the specimen when the silt layer is placed at larger depths,
as shown in Table 3.

When the silt layer was located at the bottom of the specimen
(S10), overlying sandy soil existed only in the contractive phase
with no strain localization. Here, the silt layer provided additional
strength to the whole specimen, thereby decreasing the liquefac-
tion susceptibility which resulted in 225 cycles to liquefy the
specimen. Tasiopoulou et al. (2019) replicated the geology of soil
strata closer to the alluvial deposits, marine strata and intertidal
sites containing clay laminates, where the role of stratification was
investigated numerically and experimentally. Significant bulging
was observed in soil mass with laminated deposits using both cyclic

triaxial tests and numerical simulations. A similar observation was
noted in the present work using cyclic triaxial. In such cases, the
hindrance developed by less permeable silt layer modifies pore
water flow movement. This is a reason for the localized bulging at
significant locations i.e. nearer to the top, middle and bottom, as
shown in Fig. 12. Significant cracks are visible in specimen S9,
leading to the early failure of the whole specimen (Fig. 13). Mean-
while, specimen S10 was intact without any crack, depicting higher
stability than others. In the investigation conducted by Tasiopoulou
et al. (2019), it was observed that the clay laminations enhanced the
liquefaction resistance of the specimen tested. The plasticity index
of these clay laminates was 20%e45%, and the liquid limit was
greater than 50%. These clay laminates receded the pore pressure
development due to plasticity characteristics and minimized the
liquefaction susceptibility. This is the main reason behind the
termination of localized liquefaction or void-redistribution. It could

Fig. 5. Specimen showing bulging phenomenon in the specimen with silt layer at a thickness of (a) 0.1H; (b) 0.2H; (c) 0.3H and (d) 0.4H.

Fig. 6. Cracks developed where silt layer was used at a thickness of (a) 0.1H, (b) 0.2H, (c) 0.3H, and (d) 0.4H.
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be understood using several criteria for liquefaction susceptibility,
where the content and plasticity characteristics of fine content play
a vital role (Andrews and Martin, 2000). In the study, a non-plastic
silt layer was used as an interlayer to prepare the stratified samples.
The permeability of the used silt was less than 1/100 times that of
the fine sand. Therefore, the governing parameters for the lique-
faction of stratified specimens are the differences in permeability of
sand and silt rather than the plasticity characteristics of the silt
layer.

3.4. Effect of different silt layers on liquefaction phenomenon

This section considers more than one layer of less permeable
silty soil to replicate natural stratification, where a silt thickness of
0.1H was used (rather than 0.2H) due to experimental limitations.
Fig. 14 shows three cross-sections of specimens S11 and S14 with
two silt layers whereas S15 has three silt layers. As discussed in the
earlier sections, each sand layer develops vulnerable localized
excess pore water pressure in the fine sand layer causing bulging of
the specimen and resulting in liquefaction failure, as shown in
Fig. 15. Due to the restricted movement of pore-water flow near the
silt layer, a localized bulging can be observed at the interface of
sand-silt. With an increased number of silt layers, the total volume
of pore water expelled through the contractive to the dilative zone
is also reduced to a safety limit. Therefore, bulging limits itself at a
certain level without significantly affecting the specimen.

The localized failure of sand sub-layers is caused by the gener-
ation of higher pore pressure under cyclic loadings, which causes
redistribution of the voids and strain localization. Due to the clay
laminations, this effect was significantly reduced, causing an

increment in liquefaction resistance (Tasiopoulou et al., 2019).
Similarly, with an increase in the number of silt layers, the lique-
faction resistance of the overall specimen also increases. It can be
observed in Fig. 16a and b that the insertion of more silt layers (two
or three) is responsible for developing several dilative and
contractive zones. As shown in Fig. 17, the number of silt layers
increases from single to triple where Ncyc,L value reaches more than
the 500 mark (Table 3). More silt sub-layers divide the specimen
into a greater number of soil sections, which is a reason for the
reduction in excess pore water pressure (Fig. 17). Here, it can be
observed that a consistent loading pattern can also liquefy a stable

Fig. 7. Specimen interlayered with different silt thicknesses: (a) Excess pore pressure
ratio vs. number of cycles; and (b) Maximum effective pore pressure ratio vs number of
cycles.

Fig. 8. (a) Excess pore pressure ratio versus Ncyc at CSR ¼ 0.26; (b) Excess pore pressure
ratio versus Ncyc at different CSR; and (c) Maximum excess pore pressure ratio versus
Ncy,L at different CSR.
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stratified specimen after a sufficiently long duration of cyclic
loadings. This shows that the generation of pore pressure was slow
and steady but it was disastrous for the long-duration earthquakes
which could be neglected in most liquefaction-related studies.
Therefore, such an observation is quite important.

3.5. Influence of relative firmness of soil layers on the liquefaction
susceptibility of the stratified specimen

The soil stratification nearby several marine or alluvial sites
possesses a combination of sand-silt layers at variable densities. In
sections 3.3 and 3.4, the influence of silt thickness and silt layer

location was responsible for governing the liquefaction suscepti-
bility of the overall specimen. Several researchers have noticed the
crucial role of soil density on the liquefaction using cyclic triaxial
tests (e.g. Tasiopoulou et al., 2019; Monkul et al., 2021; Zhang et al.,
2021). However, the relative firmness of stratified soil layers also
governs the vulnerability of the soil strata against liquefaction
initiation. Fig. 18a shows the variation of ru for the specimens S24,
S21, S6 and S22 (Table 3). In all of the specimens, S24 was most
vulnerable due to the absence of resistance provided in presence of
the silt layer. There was about a 79% increase in Ncyc,L value in
specimen S6 compared with S24. The reason is the increment in the
densities of the silt layer and sand layer (located beneath the silt
layer). Due to the increment in particle-particle interaction at
higher density, the rate to pore pressure generation is also receded
(Fig.18). In can be seen that the rate of ru increases order-wise in the
specimens S24, S21, S6 and S22, due to the enhancement in firm-
ness of the silt layer and sandy strata. There exists a unique density
(modified density) of the overall stratified specimen, as shown in
Table 4, which is calculated as suggested by Yoshimine and Koike
(2005). Additionally, the relative firmness or density of soil layers
was responsible for deformation and shrinking of specimen
diameter. It can be seen in Fig. 18b that there exists a demarcation
surface between the interfaces of silt-sand strata. The demarcation
surfaces C1 and C2 are clearly visible on the liquefied specimens
S21 and S6 with a diameter reduction of about 2 cm. Also, when the
relative density of the lower sandy strata increases, the demarca-
tion surface (C3) is rarely visible. This is due to the decrement in
pore water migration and resistance developed by the silt layer.

Fig. 9. Stress-path for the specimens (a) S1; (b) S2 and (c) S3.

Fig. 10. Excess pore pressure ratio versus number of cycles of the specimen interlay-
ered with silt at top, middle and bottom of the specimen.

Fig. 11. Mechanism of pore water flow at different silt layer locations: (a) Top, (b)
Middle, and (c) Bottom.
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3.6. Comparison with previous works

The comparison of the present work with the previous studies
(Tasiopoulou et al., 2019; Xiu et al., 2019) is presented in this sec-
tion. A comparison of the present work with the findings of Xiu
et al. (2019) is presented in Fig. 19a and b, which show the varia-
tion of Ncyc,L vs. silt thickness and Ncyc,L vs. locations of silt layer. Xiu
et al. (2019) conducted strain-controlled cyclic triaxial tests at
effective confining pressure of 50 kPa, but a similar nonlinear

relation of Ncyc,L has been established with silt thickness in this
study at a confining pressure of 100 kPa. Authors found the opti-
mum silt layer thickness (topt) as 0.3H at which liquefaction sus-
ceptibility wasminimum, but in the present study topt was obtained
as 0.2H at CSR ¼ 0.14 (Fig. 19a). The concept of topt was found to be
less useful as described in Section 3.1 at CSR ¼ 0.26. With an
increment in deviatoric stresses to 40 kPa or 50 kPa, a large amount
of pore pressure is generated in the whole specimen which causes
localized liquefaction in different zones of the stratified specimen.

Fig. 12. Bulging of the specimens when the silt layer located at (a) Top, (b) Middle, and (c) Bottom.

Fig. 13. Failure cracks in the specimens when the silt layer located at (a) Top; (b) Middle and (c) Bottom.
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In such cases, the resistance provided by the silt layer was limited,
therefore there was a marginal difference in Ncyc,L values for the
specimens (S1 to S4) at higher CSR values. Fig.19b shows the impact
of silt layer location (z) onNcyc,L. Due to low confining stresses,Ncyc,L
seems to be lower in the study of Xiu et al. (2019), but this trend is
similar to that in the present study, i.e. as the value of ‘d’ increases,
Ncyc,L also increases. The liquefaction resistance curve in the present
research has been plotted with the findings of Tasiopoulou et al.
(2019) (see Fig. 19c). This can be easily understood by the trend
line of the present study, which follows a similar pattern as sug-
gested by Tasiopoulou et al. (2019). Meanwhile, more than 200
cycles were required to attain liquefactionwhen multiple silt layers
were used, as shown in Fig. 19c.

Due to the resistance provided by the silt layer, the number of
cycles to attain liquefaction was higher for the stratified specimens.
Therefore, the plot of the stratified specimen lies above the pure sand
specimens. Additionally, the curve of pure silt specimens lies below
all the plots because of the lower liquefaction resistance. Similar
results were also obtained by Singh (1996) where the liquefaction
resistant curve of the homogeneous silt specimens was located
below the curves of pure sand specimens. It was due to the sudden
rise in the rate of excess porewater pressure inside the silty material.

Fig. 14. Cross-section of the specimens (a) S14; (b) S11 and (c) S15.

Fig. 15. Bulged sand portions in the specimens (a) S11 and (b) S14.

Fig. 16. Mechanism of pore water flow with different silt layers: (a) Two silt layers and
(b) Three silt layers.

Fig. 17. Maximum excess pore pressure ratio vs. number of cycles for the specimens
interlayered with single, double and triple silt layers.

A. Jain et al. / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 1826e18451838



3.7. Regression analysis

3.7.1. Development of regression model
Using the results obtained, multiple nonlinear regression analysis

was performed andmodels have beenproposed for calculation of the
failure cycles to cause liquefaction (Ncyc,L) using IBM SPSS Statistics
27.0.1 software. A generalized model is developed using significant
parameters, i.e. deviatoric stresses, thickness, location, density and
number of silt layers used in the stratified soil specimens.

In all the stratified specimens, the silt layer governed liquefac-
tion resistance, which ultimately affected Ncyc,L. Firstly, a strong
correlation of F(CSR), F(n), F(Dr,m) F(t) and F(z) was checked with
Ncyc,L, as shown in Fig. 20a�e. F(t), F(z), F(n) are the functions of
thickness, location and number of silt layers. Further, using all the
significant parameters, a multi-linear regression model has been
developed after utilizing normalized relations i.e. t/H and z/H, for a
better applicability.

Using constant depth (location) and thickness of silt layer,
Fig. 20a is plotted using different CSR values. Here, R2 ¼ 0.981
suggests a satisfactory relationship between Ncyc,L and CSR. Fig. 20b
depicts the trend line of Ncyc,L with the number of silt layers used in
stratified specimens at CSR ¼ 0.14. Here, R2 ¼ 0.997 indicates the
correct usage of power relationship. The relative firmness of the
sand-silt combination has a significant effect on liquefaction sus-
ceptibility. This could be understood through Fig. 20c, where a
strong correlation between Ncyc,L and Dr,m is presented with

R2 ¼ 0.98. Fig. 20d shows the effect of different silt thicknesses (t)
on Ncyc,L at CSR ¼ 0.14 and with a single silt layer at H/2 from the
top. The regression analysis was performed in two different parts
because of the behavior of trend line between number of failure
cycles (Ncyc,L) and silt layer thickness (t). It can be observed that this
trend line shows opposite pattern on the two sides of optimum silt
thickness (topt) and consists of following two parts: (i) Rising limb:
Ncyc,L vs. 0� t � 0.2H, and (ii) Falling limb: Ncyc,L vs. 0.2H � t � H.

In Fig. 20d, it can be seen that the value of R2 above 0.95 for the
two different sides of limbs is quite satisfactory. Therefore, there
exists a strong ‘power’ relationship. Apart from single silt layer, this
model has been developed after interlayering two or three silt
layers also, where it is not justified to utilize normal silt layer
thickness (t) or normal silt layer location (z). Therefore, equivalent
thickness (t*) and equivalent location (z*) have been calculated
using Eqs. (8) and (9), which were helpful in the calculation of Ncyc,L
using the proposed model:

t* ¼
Xi¼n

i¼1

tizi

,Xi¼n

i¼1

zi (8)

z* ¼
Xi¼n

i¼1

tizi

,Xi¼n

i¼1

ti (9)

Fig. 18. Specimen at different modified densities: (a) Variation of maximum excess pore pressure ratio versus number of cycles; and (b) Images of liquefied specimen with changes
in diameter.
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where ti is the thickness of ith silt layer, and zi is the location of ith
silt layer from top of the specimen.

To observe the effect of silt placement location on Ncyc,L, Fig. 20e
is presented for a constant thickness (28 mm) and deviatoric stress
(28 kPa) with different silt locations. The power relation with
R2 ¼ 0.986 depicts the strong relation between (z/H) and Ncyc,L.

After utilizing all of the above relationships between Ncyc,L, sd/
s0c, t/H and d/H, regression model is presented for the stratified
specimens as

Ncyc;L ¼ a
�
sd
2s0c

�b

nc
�
Dr;m

�d�1þ t
H

�e�
1þ d

H

�f

(10)

where a, b, c, d, e and f are regression coefficients in Table 6, and sd
is deviatoric stress.

Eq. (10) is divided into two sections on the basis of optimum
thickness obtained at 28 mm (i.e. 0.2H) in this study (Table 6). The
coefficients c, d and f are responsible for increasing the value of
Ncyc,L, therefore, they are positive for both sections. The value of
coefficient ‘e’ is positive below 0.2H but negative afterward which
depicts the presence of optimum thickness. Also, sd/2s0c or CSR
supported a decreasing trend, this is why ‘b’ is negative for both the
sections.

3.7.2. Validity of the regression models
To check the adequacy of the proposed model, a comparative

analysis has been performed. The number of cycles required to
attain liquefaction (Ncyc,L) obtained by Xiu et al. (2019) was based
on strain-controlled tests; therefore, its deviatoric stresses at
liquefaction failure were considered for calculation of the CSR. Xiu
et al. (2019) considered an effective confining pressure of 50 kPa
andwith a specimen diameter of 50mm. Apart of those differences,
the developed model is predicting satisfactory values of number of
failure cycles to reach liquefaction. Fig. 21 shows the validation of
the proposed model with the validatory tests on specimens S30,
S31, S34 and S36 (Table 3), where a strong correlation can be
observed with R2 ¼ 0.95. This ensures the efficacy of the proposed
model in both the loose and medium dense conditions.

3.8. Micro-characterization of the stratified specimen using SEM
analysis

This section deals with the micro-characterization of soil spec-
imens. This analysis facilitated an understanding of the resistance
provided by the silt layer and the venting out phenomenon. A
sufficient amount of sand or silt content on the analyzed section
indicated the breaking of the silt seam and its dissipation. A com-
parison has been made for the effect of silt thicknesses (0e0.4H)
and the effect of location where the silty material has a vital role in
assessing the failure mechanism.

3.8.1. Role of silt layer thickness in micro characterization
A critical investigation of soil stratification has been performed

using micro-characterization through SEM images. In Section 3.1, it
has been understood that the resistance provided by the optimum
silt thickness (0.2 H or 28 mm) was found to be the highest. Simi-
larly, it can be seen in Fig. 22c and d that the silt content is minimal
because a very small amount of silty material is transported in the
upper sections for specimen S5. While in specimen S8, with a silt
thickness of 56 mm, instability was triggered due to a limited
hindrance provided by the silt layer. This causes the traveling of silt
particles into the upper regions of the specimen under the action of
dissipated pressures (see red circle in Fig. 22g and h). On the other
hand, specimens S5 and S7 provided a limited resistance; therefore
a scattered framework of sand-silt can be seen in Fig. 22a, b, e, and f.
The developed regression model (Eq. (10)) also indicated a similar
phenomenon, where the resistance towards liquefactionwas found
to be the highest for the specimen with an optimum silt thickness.

3.8.2. Role of silt layer location in micro characterization
The impact of silt layer location on the liquefaction susceptibility

of the stratified specimen has been investigated (e.g. Xiu et al.,
2019; Jain et al., 2022). The vulnerability towards liquefaction in-
creases as the placement depth of the silt layer increases. A similar

Fig. 19. Comparison with previous studies: (a) Comparison for silt layer thicknesses;
(b) Comparison for the location of silt layer; and (c) Liquefaction-resistant curves.
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statement can bemade using themicro-characterization analysis of
the specimen with an optimum silt thickness of 0.2 H or 28 mm.
When the silt layer was situated on the top of the specimen (S9),
the sand particles located below vented out after breaking the silt
layer. This was due to the sudden dissipation of excess pore water.
This could be justified using Fig. 23a where the uniform distribu-
tion of sand-silt is clearly visible. Additionally, when the silt layer
was at the bottom of the specimen (Fig. 23c), nearly no-silt particle
traveled to the top, which may be due to a sufficient resistance
against liquefaction triggering. At the middle position of silt layer
(specimen S6), scattered distribution of sand-silt can be seen in the
SEM image (Fig. 23b). This analogy also aligns in line with the

Fig. 20. Correlation of all the significant parameters with number of cycles required to attain liquefaction (Ncyc,L): (a) CSR with Ncyc,L; (b) Number of silt layers (n) used with Ncyc,L; (c)
Modified relative density (Dr,m) with Ncyc,L; (d) Silt thickness (t) with Ncyc,L; and (e) Silt locations (z) with Ncyc,L.

Table 6
Regression coefficients of the proposed model.

t value a b c d e f

[0, 0.2H] 1.28 � 10�11 �7.164 1.052 3.23 8.45 1.001
[0.2H, H] 1.10 � 10�8 �5.944 1.007 3.28 �8.1 1.352

Fig. 21. Validation of the proposed model.
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regression model (Eq. (10)) where the vulnerability decreases with
an increase in the placement depth of silt layer.

3.9. Variation in shear modulus of the stratified specimens at
different silt thicknesses

The presence of silty zone in a stratified specimen causes sig-
nificant changes in the permeability of the whole specimen.

Fig. 22. Micro-characterization of the stratified specimen with silt thicknesses: (a) and (b) 14 mm; (c) and (d) 28 mm; (e) and (f) 42 mm; (g) and (h) 56 mm located at the middle of
the specimen.

Fig. 23. SEM images for the specimen with silt layer at different locations (a) Top; (b) Middle; and (c) Bottom.
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Therefore, localized pore pressure develops nearby the sand-silt
interface. The changes in shear modulus (G) indicate the degrada-
tion of the soil specimen. Strain-controlled tests have been per-
formed for calculation of the shear modulus of stratified specimens
(Table 2). The strain-controlled undrained cyclic triaxial tests were
performed at a strain rate of 0.4% at effective confining stress of
100 kPa. Shear modulus is directly correlated with the shear wave
velocity of the soil specimen (Kramer, 1996). The comparison of the
present study has been made with curves of Seed and Idriss (1970)
for G/Gmax values. Gmax was calculated using Eq. (11) suggested by

Seed and Idriss (1970). Elastic secant modulus has been calculated
using Eq. (12). The maximum shear modulus was calculated as

Gmax ¼ 1000K2;maxðsmÞ1=2 (11)

where K2,max is dependent on the soil relative density or void ratio,
and s0m is the mean effective stress.

The maximum shear modulus for Solani River sand was 69 MPa.
The shear modulus (G) has been calculated using the shear stress
and shear strains obtained through the applied cyclic loadings us-
ing Eq. (13) (Kumar et al., 2017). The shear strain has been evaluated
using Eq. (14) with the help of the axial strain values. A brief rep-
resentation of stress-strain curve is presented using Fig. 24a for the
stratified specimen S5 (silt thickness of 14 mm). It can be seen that
a significant stiffness degradation has occurred till 10th cycles
(Fig. 24b):

Esec ¼ Esec;1 þ Esec;2
2

(12)

G ¼ Esec
2ð1þ nÞ (13)

g ¼ ð1þ nÞε (14)

where Esec is the secant elastic modulus, n is the Poisson’s ratio (for
undrained cases taken as 0.5 by Rollins et al., 1998), g is the shear
strain, and ε is the axial strain.

Fig. 25 shows the data points of the stratified specimens for
different silt thicknesses and the comparison with the upper and
lower bound curves of Seed and Idriss (1970). The data points of
optimum silt thickness (0.2 H or 28 mm) are located at the up-
permost position. The reason behind this phenomenon is the
minimal development of localized excess pore pressure in spec-
imen S6. Specimen S8 with a silt thickness of 56 mmwas found to
have the least stiffness of the soil skeleton (see Fig. 25). The
mechanism can be understood through Fig. 4b, where a large
amount of localized pore pressure developed nearby silt layer. This
was in agreement with the bulging images also (Fig. 5).

4. Conclusions

In this study, consolidated cyclic triaxial tests were performed
on both homogeneous and stratified specimens under undrained
conditions. The testing materials were using Solani River sand and
silt at different CSRs. The characteristics of the silt layer, i.e. thick-
ness, location and number of silt layers, were assumed as the key
parameters in governing liquefaction potential. On the basis of the
results obtained, the following conclusions can be made:

(1) Stratified specimens with four different silt layer thicknesses
and the specimens of homogeneous fine sand and silt were
utilized in the cyclic triaxial tests. Remarkably, there exists an
optimum silt layer thickness of 0.2H, at which liquefaction
resistance was highest for CSR of 0.14. Additionally, after
increasing the CSR from 0.14 to 0.26, a minimum effect of silt
thickness increment was observed in governing liquefaction
resistance due to the higher development rate of excess pore
water pressure.

(2) The hindrance in pore-water flow due to the geology of the
silt layer was found to be responsible for the development of
localized pore pressure and localized bulging inside the
vulnerable sandy zones. Failure cracks of about 2e3 cmwere
observed in the failed specimens.

Fig. 24. Deviatoric stress versus strain plot for Specimen S5 (a) 1st cycle and (b) 10th
cycle.

Fig. 25. G/Gmax variation for the stratified specimen at different silt thicknesses.
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(3) After considering optimum silt thickness as 0.2H, the silt
layer was placed at three locations, i.e. top, middle and bot-
tom. The capped soil condition (silt layer at top) appeared to
be the most vulnerable where the specimen failed in 77 cy-
cles. With an increase in the number of silt layers from single
to double or triple, a lower amount of excess pore water
migrated from the contractive zone to the dilative zone,
which enhanced Ncyc,L value to 560 at three silt layers
ensuring significant liquefaction resistance.

(4) The relative firmness of sand-silt strata performed remark-
ably in governing the liquefaction susceptibility where the
specimenwith having sand and silt layer at relative densities
of 50.48% and 72.85%, respectively, was found to be the most
stable.

(5) A multi-linear regression analysis was performed after
incorporating useful functions i.e. F(CSR), F(Dr,m), F(t), F(z)
and F(n) for calculation of the number failure cycles to attain
liquefaction (Ncyc,L). The adequacy of the developed model
has been checked using the previous study with R2 ¼ 0.98,
which depicts a strong correlation and validation of the
present study.

(6) The observation from the micro-characterization suggested
that the amount of silt content transported under the action
of dissipated pore pressures. A clear difference in silt content
was visible with changes in silt thickness and silt layer
location. Also, the shear modulus calculation suggested that
the stiffness degradation was highest in the specimen with a
silt thickness of 56 mm.

Further studies can be performed on the silt interlayered sand
specimens using numerical or analytical constitutive models,
which may assist in developing an understanding of liquefaction
vulnerable sites nearby alluvial plains, hydraulic fills and marine
deposits.
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List of notations and abbreviations

Ncyc,L Number of cycles to attain liquefaction
e* Equivalent void ratio
Dr Relative density
CSR Cyclic stress ratio
FL Failure line
PTL Phase transformation line
Dr,m Modified relative density
Dr,sand1 Relative density sand layer at upper location
Dr,sand2 Relative density sand layer at lower location

Dr,silt Relative density of silt layer
n Number of silt layers
P0 Mean effective stress
tconso Time required for consolidation (min)
t Thickness of the silt layer
emax,m Maximum void ratio (modified)
emin,m Minimum void ratio (modified)
Rm,i Percentage of the dry weight of ith layer
topt Optimum silt layer thickness
qcyc Cyclic deviatoric stress
ru Excess pore pressure ratio
sc

0 Effective confining stress
u Pore pressure
H Specimen height
z Location of silt layer measured from the top
B Skempton’s pore pressure coefficient
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