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A B S T R A C T

As part of dynamic stability evaluations of earth embankments founded on laminated sand and clay deposits, the
need to characterize their cyclic resistance became critical for the assessment of the embankment behavior and
subsequent decisions on liquefaction mitigation measures. Due to lack of experimental and case history data on
the effective stress behavior of such deposits, which are typically encountered in tidal and alluvial depositional
environments, advanced laboratory tests on high quality undisturbed samples and numerical simulations using
advanced constitutive models were performed to gain insight on liquefaction triggering and post-liquefaction
accumulation of deformations under level and sloping ground conditions of such formations. Results indicated
that the presence of clay laminations within sand deposits tends to increase the liquefaction triggering resistance.
The increase in liquefaction resistance becomes more pronounced as the percentage of clay laminations in-
creases. Numerical analyses results also indicated that void redistribution effects, often related to strain loca-
lization effects, tend to reduce as the thickness of sand laminations decreases, or as the clay lamination per-
centage increases.

1. Introduction

Performance-based concepts are increasingly used in earthquake
engineering design practice. Nonlinear deformation analyses, involving
dynamic finite element or finite difference methods, are frequently used
for evaluating the effects of liquefaction on embankment dams and
other major soil-structure systems during earthquakes.

In engineering practice, the response of a geotechnical structure to
strong ground motion is typically evaluated by means of empirical
equations developed using either simplified system models or available
observations from well-documented case histories. Despite their ease of
use, empirical models may be overly simplistic in characterizing the
response of complex systems and may not capture important phe-
nomena associated with earthquake problems. In the context of per-
formance-based design, numerical analyses combined with advanced
cyclic testing for the calibration of constitutive models can offer an
alternative, refined response model compared to simplified algebraic
equations.

Existing simplified procedures [1–4] used for liquefaction assess-
ment mainly focus on evaluating liquefaction triggering and post-li-
quefaction residual strength of sands based on in situ tests (i.e. CPT tip
resistance or SPT blowcounts). In intertidal or alluvial environments,
however, coarse-grained materials are frequently encountered within

thinly layered deposits comprising alternating thin laminations of sands
and clays. (Fig. 1). In such deposits, liquefaction assessment based on
empirical correlations with CPT tip resistance may not be applicable
due to the effect of the clay laminations on the CPT tip resistance
measured within the thin “sandwiched” sand layers. An example CPT
log in laminated sand and clay deposits including measured tip re-
sistance, qc, friction ratio, Rf, pore water pressure response, u2 and soil
behavior interpretations based on Robertson [5] soil classification is
demonstrated in Fig. 2. Because the sand layers within the interlayered
deposits are thin (perhaps 1–20 cm thick) the tip resistances do not fully
develop to a level that would provide a meaningful representation of
the soil density. However, the signature of the CPT data which is es-
sentially showing an averaged response of multiple layers is often si-
milar to that of a loose silty sand or a sandy silt. Due to this influence of
the fine-grained laminations on tip resistance, simplified liquefaction
triggering correlations based on CPT data cannot be reliably used to
assess the liquefaction potential of such deposits.

For dynamic stability evaluations of earth embankments founded on
laminated sand and clay deposits, quantifying their cyclic resistance is
critical for assessment of embankment behavior and subsequent deci-
sions on mitigation measures. While extensive research has been con-
ducted on the liquefaction resistance of intermediate soils and sand
materials mixed with fines [6–13], there is a lack of experimental and
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case history data on the cyclic behavior of layered soil deposits. To
overcome this, advanced cyclic laboratory tests on high quality un-
disturbed laminated samples and numerical simulations using advanced
constitutive models were performed to gain insight on liquefaction
triggering and post-liquefaction accumulation of deformations under
level and sloping ground conditions. These results provided the basis
for the selection of representative properties and calibration of con-
stitutive models used in 2D dynamic stability numerical evaluations of
earth embankments founded on laminated deposits.

2. Advanced cyclic testing

A series of stress controlled Cyclic Direct Simple Shear (CDSS) and
Cyclic Triaxial (CTX) tests was performed on “undisturbed” samples
obtained from laminated deposits. The purpose of the tests was to es-
timate the liquefaction triggering and post-liquefaction shear de-
formation potential of these formations. Due to the presence of a levee,
cyclic tests were conducted for two cases: 1) Without initial static shear
stress (no static bias), and 2) With initial static shear stress (static bias
on the order of 0.2). To obtain high quality samples, conventional and
advanced sampling techniques such as Piston and Gel-Push sampling
were used. While Piston sampling has long been used in the industry,
the latter was recently developed as a method to better retain natural
in-situ soil structure and was successfully applied in Japan, Taiwan and
New Zealand [14–16]. The advantage of Gel-Push sampling over more
conventional techniques is the injection of a water-soluble diluted
polymer to reduce the friction between the sample and the core liner
tube as the sample is pushed into the ground. The fluid thus minimizes
disturbance both during sample collection and extrusion.

The cyclic test results were used to evaluate the liquefaction re-
sistance of individual sand layers within the laminated deposits where
CPT tip resistance may have been impacted by the presence of adjacent
soft layers and to calibrate nonlinear effective-stress constitutive
models that were used to simulate the composite behavior of laminated
deposits under earthquake loading in numerical evaluations.

2.1. Sample selection

In order to facilitate sample selection, Multi-Sensor Core Logging
(MSCL-S) and X-ray radiography were initially performed on selected
tubes to identify suitable undisturbed subsamples for advanced cyclic
testing. On the X-ray results shown on Fig. 3, lower density fine-grained
laminations can be identified with the lighter colors (closer to white), as
opposed to higher density coarse-grained layers depicted with darker
colors (typically grey or almost black).

Disturbance of soil samples obtained from the field was evaluated in
order to determine the degree to which the test results performed on the
undisturbed samples were representative of in-situ conditions. While

Fig. 1. Tubes of laminated deposits with alternating thin layers of sand and
clay.

Fig. 2. Example CPT log in laminated sand and clay deposits showing tip resistance, qc, friction ratio Rf, pore water pressure response, u2 along with the hydrostatic
pressure (blue dashed line) and soil classification per Robertson [5].
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there is no direct measurement of sample disturbance, a number of
indirect methods have been attempted by other researchers [17] to
quantify sampling disturbance including assessments of changes in
sample density and soil small strain stiffness.

For this study sample disturbance was evaluated through compar-
ison between: (i) in-situ shear wave velocity measurements from
Seismic CPTs (i.e. SCPTs) and measured shear wave velocity from
bender element tests in the laboratory and (ii) density from MSCL-S
tomography (i.e. before sample extrusion) and measurements of bulk
density of the tested samples in the laboratory (i.e. after sample ex-
trusion). Both the shear wave velocity data, and the density data sug-
gest that there was some loosening of the samples that were tested. This
implies that the cyclic resistance obtained by laboratory testing may be
underestimated compared to the in situ one, especially in case of the
uniform sand samples.

Individual sand layers within the tidal deposits were targeted for the
stress-controlled CDSS tests due to the small size of the specimen (i.e. ~
3 cm), while laminated sand and clay materials were targeted for CTX
tests where specimen size (i.e. ~ 14 cm) is large relative to the thickness
of the clay laminations (typically 1–2 cm thick). Where possible, sand
samples including even thinner clay laminations were tested in CDSS
tests. Typical examples of CDSS and CTX sample selection from MSCL-S
and X-ray results are shown on Fig. 3. Fig. 4 depicts indicative particle
size distribution curves for the three types of specimens selected for
laboratory testing, shown on Fig. 3. It is evident that the specimens
containing clay laminations exhibit higher fines content. For compar-
ison, ranges of particle size distribution for Nevada sand [18,19] and a
soft clay from Adapazari, Turkey [20] were also plotted on Fig. 4.

2.2. Liquefaction triggering from cyclic test results

CTX and CDSS tests were performed using GDS equipment at mean
effective stresses ranging from 80 to 120 kPa and at cyclic frequencies
between 0.1 and 1 Hz. Initially, the samples were extruded from the
sample tube and carefully trimmed to specific dimensions according to
test-specific requirements. The specimens were weighed and measured
to determine the bulk density, while a moisture content determination
was carried out on a portion of soil trimmings representative of the
specimen to be tested, allowing for an estimate of the initial air-voids in
the specimen. After the placement of the specimens in the GDS appa-
ratus three basic stages were performed: i) saturation of the specimen,
ii) consolidation to the required stress level maintaining the specimen
saturation and allowing sufficient time for equalization of pore pres-
sures within the specimen and iii) cyclic loading. Table 1 provides in-
formation on the performed cyclic tests.

Initially, a number of cyclic tests was performed at a frequency of

1 Hz, which is commonly used for earthquake applications. Keeping in
mind that most of the tested specimens are not homogeneous and even
the uniform sand samples contain about 20% fines, as indicated by the
particle-size distribution on Fig. 4, subsequent cyclic tests were per-
formed at lower frequencies, such as 0.5 Hz and 0.1 Hz in order to in-
vestigate the effect of loading rate on the response of these type of soils.
In general, consistency and repeatability of the soil response was con-
firmed when comparing the test results obtained from different fre-
quency levels. Specific observations on effective stress paths for dif-
ferent frequencies showed that, in some cases, zero-effective stress was
not reached despite the development of a failure envelope with the
characteristic “butterfly” shape accompanied by deviatoric strains
larger than 3%. This “drift” in the measured effective stress seems as-
sociated with: a) the fines content of the sand layers, b) the existence of
clay laminations within the specimen, and c) given the non-homo-
geneity of most samples, the location where the pore water pressure is
measured during the test (e.g. in the case of CTX tests, the pore water
pressure is measured at the base of the specimen) which may not
capture a non uniform pore pressure field. Similar stress paths have
been reported in the literature from CSS tests on samples with fines
content ([13], [21,22]). Moreover, Bray and Sancio [12] performed
CTX tests on fine-grained soils (Adapazari clay) at frequencies of 1 Hz
and 0.005 Hz and observed the effective stress paths. For the 1 Hz tests,
zero effective stress was not achieved despite the development of large
axial strains indicative of liquefaction, while for the 0.005 Hz tests, zero
effective stress values were observed during loading. Despite this dis-
crepancy, they concluded that liquefaction resistance curves estimated
for each loading frequency were consistent when a strain criterion was
used to assess liquefaction triggering.

Fig. 5 depicts the Cyclic Stress Ratio (CSR) as a function of the
number of cycles required to trigger liquefaction, obtained from CDSS
and CTX tests performed on uniform and laminated samples without
static bias. Liquefaction triggering is considered to occur at 3% Single-
Amplitude shear strain for the CDSS tests and 1.5–2% Single-Amplitude
axial strain for the CTX tests. CSR for CDSS tests is defined as the ratio
of maximum applied shear stress over the initial vertical effective stress,
while CSR for CTX tests is equal to the difference between the max-
imum and minimum principal stresses divided by two, over the initial
mean effective stress. It should be noted that no conversion factor has
been applied to the CSRs of the CTX tests on laminated samples plotted
on Fig. 5.

Due to the variable nature of the intertidal deposits, it is practically
impossible to target identical samples with the same initial void ratio,
relative density or percentage of clay laminations for cyclic testing at
multiple cyclic stress ratios. Therefore, the laminated samples cannot be
characterized in terms of relative density since direct measurement of

Fig. 3. Examples of sample selection for CDSS and CTX testing based on X-ray radiography.
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minimum/maximum density is not feasible for each sample. In order to
provide a basis for identifying similar samples and to develop reason-
able cyclic liquefaction resistance curves, the initial sample void ratio
after the consolidation stage was used as an indicator and is plotted
next to each test on Fig. 5. As shown on this figure most of the tested
samples have different initial void ratios. These void ratio values pro-
vide an indication of the sand/clay lamination analogy within the
sample: usually, the higher the initial void ratio, the higher the clay

lamination percentage within the sample. Based on this and the sample-
selection concept described in Section 2.2, the low-range values of the
initial void ratio are indicative of uniform sand samples without clay
laminations. Higher values of initial void ratio suggest the presence of
clay laminations within the samples.

Interpreted liquefaction resistance curves (plotted with the coloured
solid and dashed lines on Fig. 5) were developed from CDSS and CTX
test results. The lower liquefaction resistance curve (blue) corresponds
to uniform sand samples (non-laminated) subjected to CDSS loading
with an indicative initial void ratio equal to 0.65 approximately. The
intermediate red curve represents laminated samples subjected to CDSS
loading with an average initial void ratio close to 0.8. The dashed and
solid green curves demonstrate the liquefaction resistance of laminated
samples subjected to CTX loading with a representative void ratio close
to 0.86 and 1, respectively. In substance, the interpreted laboratory
results plotted on Fig. 4 indicate that the presence of clay laminations in
the samples (red and green curves) leads to an increase in liquefaction
triggering resistance compared to a uniform sand sample (blue curve).
It should be mentioned that the high liquefaction resistance exhibited
by the laminated samples subjected to CTX loading is not only attrib-
uted to the high clay lamination content, but also to the type of loading.

For comparison, the plot on Fig. 5 also includes experimentally
obtained liquefaction resistance curves for a typical clean sand (i.e.
Nevada sand) for relative densities, Dr, between 40% and 60% [23],
and for a soft clay from Adapazari, Turkey [12]. It is worth mentioning
that the estimated relative density of the uniform sand samples varies
between 45% and 55% falling within the range of liquefaction re-
sistance exhibited by Nevada sand with similar values of relative den-
sity. The estimation of the relative density of uniform sand samples was
primarily based on interpreted CPT data obtained in areas where the
sand layers were thick enough to allow for full development of the tip
resistance (i.e. layers with thicknesses of more than about 0.3 m).

3. Numerical investigation of liquefaction resistance of laminated
soils

In addition to advanced cyclic tests, numerical evaluations at a

Fig. 4. Indicative particle size distribution curves (blue, red and green) of the three types of specimen selected for laboratory testing, shown on Fig. 3. Grey areas
correspond to Nevada sand [18,19], and to a soft clay from Adapazari, Turkey [20].

Table 1
Summary of performed cyclic laboratory tests.

Type
of
testing

Sample
description

Sampling
technique

e0a Degree of
saturation

(%)a

Vertical
effective
stress
(kPa)a

Loading
frequency

(Hz)

Cyclic
stress
ratio
(CSR)

CDSS uniform
sand

Gel Push 0.65 99 100 0.1 0.13

CDSS uniform
sand

Gel Push 0.66 98 80 0.1 0.138

CDSS uniform
sand

Gel Push 0.65 97 100 0.5 0.17

CDSS uniform
sand

Piston 0.69 97 80 1 0.088

CDSS uniform
sand

Piston 0.67 100 120 1 0.183

CDSS laminated Gel Push 0.77 100 80 1 0.175
CDSS laminated Gel Push 0.84 97 80 1 0.188
CDSS laminated Piston 0.83 95 120 1 0.1
CDSS laminated Piston 0.78 94 80 1 0.15
CDSS laminated Piston 0.81 99 80 1 0.2
CTX laminated Piston 0.85 100 115 1 0.142
CTX laminated Piston 0.86 100 115 1 0.28
CTX laminated Piston 0.86 100 120 1 0.305
CTX laminated Gel Push 1.06 100 120 0.5 0.358
CTX laminated Gel Push 1.02 100 80 0.5 0.35
CTX laminated Gel Push 0.91 100 120 0.1 0.183
CTX laminated Gel Push 0.89 85 120 0.1 0.42
CTX laminated Piston 1.21 100 100 1 0.1
CTX laminated Piston 1.00 100 100 1 0.15
CTX laminated Piston 1.12 100 100 1 0.3

a After consolidation stage, prior to cyclic loading.
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sample scale were performed with FLAC2D [24] using advanced con-
stitutive models to simulate the sand behavior while explicitly mod-
eling the clay laminations. After calibration and validation of numerical
simulations against laboratory tests in terms of shear strain accumula-
tion and excess pore pressure development versus the number of
loading cycles, parametric numerical investigation was conducted to
shed light on the effect of the clay lamination percentage on the li-
quefaction resistance and post-liquefaction deformation.

3.1. Constitutive model calibration for uniform sand samples

The first step of the numerical investigation involved the simulation
of the uniform sand samples exhibiting the lowest liquefaction re-
sistance. To this end, UBCSAND [25] and PM4Sand [26,27] constitutive
models were calibrated in order to capture liquefaction triggering and
shear strain accumulation behavior for both level (no-bias) and sloping
ground (bias) conditions following methodologies described by Gian-
nakou et al. [28]. It should be noted that a single set of parameters for
each constitutive model was used for the calibration process, aiming to
capture the liquefaction triggering curve drawn with a blue line in

Fig. 5, by assuming a cohesionless soil with relative density, Dr, equal to
about 50%. Subsequently, these two sets of parameters, one for each
constitutive model, were used to model the sand laminations
throughout this study.

Fig. 6 depicts the liquefaction resistance curves obtained by the
calibrated constitutive models compared to those interpreted from la-
boratory test results. Fig. 7 presents shear stress-strain loops and stress
paths from CDSS tests on a uniform sand sample (CSR = 0.183) with no
initial static bias, together with stress-strain loops and stress paths de-
rived from the calibrated UBCSAND and PM4Sand models. In the same
manner, Fig. 8 demonstrates shear stress-strain loops and stress paths
obtained from both experimental and numerical CDSS tests on a uni-
form sand sample with initial static bias equal to 0.2. The reasonable
comparison between observed and simulated behavior suggests that the
calibrated constitutive models can adequately simulate the cyclic be-
havior of the sand both in terms of liquefaction triggering and in terms
of post-liquefaction shear strain accumulation

Fig. 5. Liquefaction resistance curves (blue, red and green) obtained from laboratory cyclic testing without static bias. The characteristic sample photos below the
graph correspond to each curve. The initial void ratio is labeled next to the marks corresponding to each test. The grey area and curve correspond to Nevada sand for
a range of relative density, Dr, between 40% and 60% [23], and to a soft clay from Adapazari, Turkey [12], respectively.
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3.2. Simulation of laminated samples under cyclic direct simple shear
loading

Aiming to reproduce numerically an undrained CDSS test without
static bias on a laminated sample (CSR = 0.2 on red curve of Fig. 5), a
composite numerical model was built including both sand and clay
laminations. Using a sample photo (Fig. 9a) and X-ray tomography
(Fig. 3), two 0.6-cm-thick clay laminations were identified within the
sample, corresponding to a clay lamination percentage (herein noted as

CLP) equal to 40%. The composite numerical model of the sample,
constructed in FLAC2D [24] and shown in Fig. 9b, consists of a 3 cm-
high grid containing 10 elements, each corresponding to either sand or
clay material. The sand laminations were modeled with the UBCSAND
and PM4Sand models calibrated for uniform sand samples (Fig. 6), as
described in Section 3.1. The clay laminations were modeled as Mohr-
Coulomb material with an undrained shear strength, Su, equal to 40
kPa which is a representative value for the vertical effective stress range
of the tests. Estimates of undrained shear strength for clay laminations

Fig. 6. Comparison between experimental and numerical liquefaction resistance curves for uniform sand samples subjected to CDSS loading (without static bias).

Fig. 7. Comparison between experimental and numerical results on a uniform sand sample (CSR = 0.183) subjected to CDSS loading with no initial static bias.
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were interpreted from CPT data and UU tests in thicker clay layers
encountered below the laminated deposits where the tip resistance is
not influenced by the presence of sand laminations and where it was
possible to retrieve samples of sufficient height for UU tests. Atterberg
limit measurements on clay samples indicated Plasticity Index values
ranging between 20% and 45% and liquid limits of more than 50%.

A comparison between numerical simulations and experimental
results, illustrated in Fig. 10, indicates that an accurate numerical si-
mulation in terms of geometry and calibrated effective stress para-
meters can reproduce the experimental response of laminated deposits
in terms of liquefaction resistance and post-liquefaction deformations.
Subjecting the composite numerical model of Fig. 9b to various CSR
levels, the liquefaction resistance curve for CLP =40% was developed
and plotted on Fig. 11.

3.3. Effect of clay lamination percentage on liquefaction resistance

After validating the composite numerical model against laboratory
data in Section 3.2, the same exercise was repeated using composite
numerical models with various clay lamination percentages (CLPs).
Fig. 12 presents liquefaction resistance curves obtained numerically for
CLPs ranging from 10% to 60% (grey lines) plotted together with the
laboratory data. The trend that was observed in the laboratory is also

reflected in the numerical evaluations: As the clay lamination percen-
tage increases, the liquefaction resistance of the laminated samples
increases as well. In particular, numerical simulations show that even
the presence of a small amount of clay laminations in the sample (i.e.
CLP = 10%) results in a significant increase of cyclic resistance com-
pared to the uniform sand sample. It is worth noting that parametric
numerical analyses with different configurations of sand-clay lamina-
tions for a given CLP indicate that the distribution of the clay lamina-
tions within the sample has negligible impact on the liquefaction re-
sistance.

3.4. Simulations of laminated samples subjected to cyclic plane strain
compression loading

A composite numerical model was built to reproduce an undrained
CTX test on a laminated sample using PM4Sand model for the sand
laminations. Due to limitations regarding the formulation and im-
plementation of PM4Sand in FLAC2D [24], being currently restricted to
plane strain conditions, the composite numerical model was subjected
to cyclic plane stain compression instead of cyclic triaxial compression.

Before proceeding to the numerical simulation of a real laminated
sample tested in the laboratory, simulations were performed using
idealized numerical models in order to identify the deformation me-
chanisms due to plane strain compression such as the shear band for-
mation in uniform sand material. Two idealized models were built
consisting of: i) uniform sand and ii) alternating laminations of sand
and clay materials. The sand layers were assigned similar properties to
the uniform sand sample (Section 3.1), while the clay layers were
modeled as Mohr-Coulomb material with an undrained shear strength
of 40 kPa. The numerical model was 14 cm high and 7 cm wide forming
a dense grid with an element size of 7× 7mm, in order to be able to
capture potential (grid-sensitive) strain localization. Lateral and ver-
tical stresses were applied at the external boundaries of the model,
while the base of the model was fixed. Subsequently, the two idealized
models were subjected to both monotonic and cyclic plane strain
compression by applying vertical velocity at the top of the model.

Fig. 13 illustrates the two idealized models together with the

Fig. 8. Comparison between experimental and numerical results on a uniform sand sample subjected to CDSS loading with initial static bias equal to 0.2.

Fig. 9. a) Photo of a laminated sample subjected to CDSS testing, b) Composite
numerical model of the laminated sample.
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Fig. 10. Comparison between experimental and numerical results of a laminated sample (-CSR=0.2) subjected to cyclic simple shear loading.

Fig. 11. Liquefaction resistance curves obtained from the composite numerical model (Fig. 9b) with CLP =40% subjected to CDSS loading are compared with
experimental data on laminated samples (red symbols).
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deformed meshes and the shear strain contours obtained from mono-
tonic plane strain compressional loading. The deformation patterns
obtained from the two models differ. In case of the uniform sand model,
a localized shear band is developed, as expected, while in case of the
laminated model, the presence of the clay laminations causes dis-
tributed shearing and an overall bulging deformation pattern.

Fig. 14 depicts the results obtained from the two idealized models
subjected to cyclic plane strain compression in terms of: a) contours of
the number of cycles required to develop 1.5% local axial strain and b)
the liquefaction resistance curves with a criterion of 1.5% total axial
strain. The numerical results indicate that the presence of the clay

laminations tends to increase the liquefaction resistance and inhibit
strain localization.

As a second step, numerical simulations of actual laminated samples
were performed. Fig. 15a shows the X-ray image and the composite
numerical model of a laminated sample that was subjected to CTX
testing (CSR=0.28 on green dashed curve of Fig. 5). The discretization
is very dense with an element size of 2× 2mm, allowing for modeling
of extremely thin clay laminations.

The deformed shape of the composite numerical model is compared
with the cyclic triaxial sample on Fig. 15b, exhibiting similar char-
acteristics. Fig. 16 depicts the development of axial strains versus cycles
of loading. The total axial strain from the simulation was estimated by
tracking the change of the sample height and dividing it by its initial
height, similar to the measurements made in the laboratory. Both ex-
periment and simulation suggest triggering (1.5% axial strain) at about
4–4.5 cycles. The cyclic responses are also compared in terms of stress-
strain plots, and stress paths. In the numerical simulation, the devia-
toric stress, q, was measured at the middle top element of the grid, in
the sand material.

Despite the differences between the simulation and the experiment,
attributed to the idealization in the configuration of the clay lamina-
tions, the different type of loading (plane strain versus triaxial com-
pression) and the simplified modeling of clay as a Mohr-Coulomb ma-
terial, the overall reasonable comparison provides a level of confidence
in the use of the calibration process and the available numerical tools.
Moreover, a noteworthy observation is that within highly laminated
materials, the presence of the clay laminations tends to limit the de-
velopment of strain localization.

3.5. Evaluation of conversion factor from cyclic triaxial to cyclic simple
shear loading on laminated samples

Although CDSS testing provides loading conditions which are more
representative of an earthquake, the height limitations of the specimen
(i.e. 3 cm) in combination with the nature of the laminated deposits (i.e.
clay lamination thickness on the order of 1–2 cm) necessitated CTX
testing which allows for taller specimens. Therefore, laminated samples
were primarily tested under CTX loading conditions while a limited
number was subjected to CDSS testing.

Fig. 12. Liquefaction resistance curves (dashed grey lines) for various clay laminations percentages (CLPs) obtained from composite numerical models subjected to
CDSS loading are plotted together with experimental data (blue and red symbols, corresponding to uniform and laminated samples, respectively).

Fig. 13. Deformed meshes and contours of shear strain for idealized models
consisting of uniform sand (top) and laminated soil with alternating layers of
sand and clay (bottom) subjected to monotonic plane strain compression.
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In order to correlate the two cyclic testing types, a conversion factor
ranging from 0.6 to 0.7 (applied to CSR obtained from CTX tests) is
recommended by various researchers based on data for clean sands
[3,29–34]. The recommended conversion factor for clean sands mainly
depends on the value of the coefficient of earth pressure, K0, at the
consolidation stage. When studying the liquefaction susceptibility of a
normally consolidated fine-grained soil deposit after the 1989 Loma

Prieta earthquake, Boulanger et al. [35] used a conversion factor of 0.7.
Donahue et al. [22] used a conversion factor of 0.84 based on results
from CDSS and CTX tests on fine-grained samples reconstituted with the
Slurry Deposition Method and tested at an effective confining pressure
of 50 kPa. Sancio [36] found a conversion factor of 0.85 when testing
shallow, fine-grained soils from Adapazari with a plasticity index, PI,
less than 12, at a mean effective stress equal to 100 kPa.

In an attempt to evaluate the conversion factor between CTX and
CDSS tests on laminated deposits, numerical simulations were per-
formed. Initially, numerical simulations were performed to estimate the
conversion factor between CTX and CDSS tests on a uniform sand
sample. PM4Sand constitutive model was used to model the cyclic be-
havior of a uniform sand sample that was calibrated to the interpreted
CDSS lab results on uniform (non-laminated) sands samples (see Fig. 6).
The uniform sand model was subjected to both cyclic direct simple
shear (CDSS) and plane strain compressional (CPS) loading; the latter
was considered to approximate cyclic triaxial loading (CTX). K0 values
equal to 0.5 and 1 were assumed for CDSS and CPS loading, respec-
tively.

The resulting conversion factors range between 0.64 and 0.72 for a
uniform sand sample, which is in agreement with the range of values
suggested in literature for clean sands. Fig. 17a depicts the liquefaction
triggering results from numerical simulations under CDSS and CPS
loading using a uniform sand model, as well as the converted CPS curve
to equivalent CDSS one using an average conversion factor equal to
0.67.

As a second step, the same procedure was followed using the
composite (laminated) numerical model used in Section 3.4 (Fig. 15).
The resulting conversion factors range between 0.78 and 0.83 for the
laminated sample, which are higher than the conversion factors for
uniform sand deposits, but in line with the experimental findings on
fine-grained samples discussed above. Fig. 17b depicts liquefaction re-
sistance curves from numerical simulations under CDSS and CPS
loading using a composite model, as well as the converted CPS curve to
equivalent CDSS one using an average factor equal to 0.8.

Based on the numerical evaluations, a conversion factor of 0.8 was
applied on the cyclic stress ratios obtained from CTX testing on lami-
nated samples in the laboratory, in order to obtain equivalent CDSS
cyclic stress ratios. The experimental results obtained from CDSS tests
and converted CTX tests are plotted on Fig. 18 together with the li-
quefaction resistance curves for different clay lamination percentages
(CLPs) predicted numerically. It is observed that the converted CTX
experimental liquefaction resistance curves (solid and dashed green

Fig. 14. a) Contours of number of cycles required to cause 1.5% local axial strain under cyclic plane strain compression loading. b) Liquefaction triggering curves
with a criterion of 1.5% total axial strain.

Fig. 15. a) X-ray section and composite numerical model of a laminated sample
subjected to CTX loading. b) The deformed sample and mesh at the end of the
loading.
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lines) are close to the numerically estimated triggering curves corre-
sponding to CLPs between 40% and 60%.

4. Numerical investigation of post-liquefaction deformation of
laminated deposits

The thin nature of the sand and clay laminations currently renders
their explicit modeling in 2D numerical models impracticable due to
the large computational time required. In an attempt to overcome this
limitation, one option would be to calibrate the sand constitutive
models to the triggering curves interpreted from the cyclic tests on la-
minated samples (i.e. red curve on Fig. 18). In this case, each element
would simulate the equivalent macroscopic behavior of the laminated
material rather than the behavior of the sand layers and the clay la-
minations separately. However, the following question arises: would
this macroscopic treatment be equivalent to the more realistic explicit
modeling of sand and clay laminations under earthquake loading
especially in terms of co-seismic and post-liquefaction deformations,
such as stain localization at the sand/clay interfaces due to stiffness
contrast and void redistribution effects?

To address this issue, numerical simulations were performed at a
system level, using a 1D soil column, under earthquake loading. The
numerical investigation focuses on the response of laminated soils in
terms of liquefaction triggering, post-liquefaction deformation accu-
mulation under sloping ground conditions, and void redistribution ef-
fects.

4.1. Post-liquefaction shear-strain accumulation

One dimensional nonlinear effective stress site response analyses
were performed to investigate the dynamic response of thinly laminated
deposits under groundwater flow and sloping ground conditions. A fi-
nite difference mesh of a 1D soil column was created using a fine dis-
cretization of 20-cm-thick elements for the laminated intertidal deposits
whose total thickness is 5 m (Fig. 19).

Sand laminations were modeled with PM4Sand and UBCSAND,
while clay laminations were modeled with a Mohr-Coulomb failure
criterion in combination with a nonlinear stress-strain behavior using
the Itasca S3 hysteretic model [24]. In order to model static bias con-
ditions in 1D site response, the 1D column was inclined simulating an

Fig. 16. Comparison between numerical (using PM4Sand model) and experimental results obtained from cyclic plane strain compression and triaxial compression
loading, respectively, on a laminated sample with CSR =0.28.

Fig. 17. Liquefaction resistance curves obtained from numerical simulations: (a) on uniform sand and (b) composite (laminated) models.

P. Tasiopoulou et al. Soil Dynamics and Earthquake Engineering xxx (xxxx) xxx–xxx

11



infinite slope with a static shear stress ratio equal to 0.1. An input
seismic motion with PGA =0.23 g was applied to the base of the
model.

In order to compare the dynamic behavior resulting from the use of
uniform macroscopic properties with the one obtained from explicit
modeling of the laminations, three different configurations were se-
lected (illustrated in Fig. 19):

• Case A. All elements were modeled as sand material without clay
laminations (blue curve)

• Case B. Elements were modeled with uniform macroscopic proper-
ties for laminated deposits equivalent to the red curve

corresponding to a CLP equal to 40%.

• Case C. The sand (blue curve) and clay laminations of the intertidal
deposits were explicitly modeled with a CLP equal to 40%.

Fig. 20 presents the results for the three cases in terms of maximum
excess pore pressure ratio and residual lateral displacements versus
depth. In Case A, liquefaction is triggered resulting in a maximum ex-
cess pore pressure ratio of 1 throughout the sand layer and a ground
surface lateral displacement in the order of 0.65m. In Case B where the
tidal deposits comprise of sand with higher CRR, corresponding to la-
minated material, liquefaction is only triggered near the base of the
layer for both constitutive models. Residual lateral displacement is on

Fig. 18. Experimental and numerical liquefaction resistance curves for laminated deposits with different clay lamination percentages (CLPs).

Fig. 19. 1D numerical model and three different configurations of the tidal deposits which are modeled as: A) uniform sand (blue curve), B) uniform sand (red curve)
and C) laminated deposits with alternating laminations of sand (blue curve) and clay.
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the order of 0.43–0.44m corresponding to a ~30% reduction relative to
Case A. In Case C, where the sand and clay laminations are modeled
explicitly, residual lateral displacement is in the order of 0.45–0.47 cm,
indicating that the presence of clay laminations impedes the develop-
ment of large deformations due to liquefaction. Perhaps most im-
portantly, the system dynamic response in Case B, where equivalent
macroscopic properties are used to model the cyclic resistance of la-
minated deposits, is quite similar to the system dynamic response of
Case C, where the sand and clay laminations are modeled explicitly.
The same exercise was repeated for CLPs equal to 20% and 60% and
similar conclusions were deduced, providing confidence that equivalent
macroscopic properties can be used for more complex 2D numerical
analyses (with similar soil conditions and shaking levels) to model the
behavior of laminated deposits, after appropriate calibration.

4.2. Void redistribution effects

In sand and clay laminated deposits, the presence of clay

laminations causes permeability contrasts that tend to inhibit the dis-
sipation of cyclic-induced pore pressures developed within the sand
laminations, theoretically resulting in void redistribution and potential
strain localization [37–41]. Parametric numerical investigations were
performed to evaluate the potential for void redistribution with respect
to the thickness of the sand laminations. Effective stress nonlinear re-
sponse analyses were performed for an 1D profile using a very fine
discretization of 5-cm-thick elements to model the laminated deposits.
In order to study void redistribution effects, the input ground motion
was scaled up to ensure that the sand laminations liquefied in all cases
analyzed. Additionally, relatively high permeability was used for the
sand layers so that void redistribution effects could develop at the end
of shaking. Fig. 21 summarizes the cases considered in these sensitivity
analyses and presents the results of the parametric investigation in
terms of relative density at the end of shaking and maximum excess
pore pressure ratios versus depth. For the estimation of relative density
during and after shaking, minimum and maximum void ratios were
assumed equal to 0.5 and 0.8, respectively. The following observations

Fig. 20. Maximum excess pore pressure ratio (top) and residual lateral displacement (bottom) versus depth for the three cases presented in Fig. 18.
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are noteworthy:

• In the first case (first graph from left on Fig. 21) where a uniform
sand layer is modeled with no clay laminations, excess pore pres-
sures migrate freely from the bottom part towards the phreatic
surface resulting in densification of the bottom part of the layer. No
significant void redistribution effects that would lead to shear strain
localization are observed in this case.

• When a clay lamination is present at the top of the sand layer, free
dissipation close to the surface is inhibited resulting in accumulation
of excess pore water pressures close to the sand/clay interface and
subsequent loosening of the sand layer below the clay lamination.
Densification is still observed at the bottom part of the layer. This is
depicted on the second graph from the left on Fig. 21 where the
relative density of the sand layer below the clay lamination reduces
to 15–35% whereas it increases close to the bottom of the layer.
Evidently, void distribution effects are significant in this case
causing shear strain localization at the sand/clay interface.

• The effect of void redistribution, which is indicated here through the
decrease in relative density (loosening), diminishes as the thickness
of the sand laminations decreases. This is observed by comparing
the 2nd, 3rd, 4th and 5th graph on Fig. 21, where it is shown that
relative density at the end of shaking reduces to 35%, 49%, 76% and
95% of its initial value for a 4.5-m-, 0.5-m, 0.25-m- and 0.10-m-
thick sand layer, respectively.

The results described above illustrate the mitigating effect of thin
clay layers within the laminated deposits on the potential for void re-
distribution. It should be mentioned that the effect of void

redistribution not only diminishes as the thickness of the sand lami-
nation decreases – a finding consistent with experimental and numer-
ical studies by Kulasingam et al. [42], Sento et al. [43] and Malvick
et al. [44] – but also as the permeability contrast between the lami-
nations decreases.

5. Conclusions

Advanced cyclic laboratory tests on both uniform sand samples and
laminated (sand/clay) ones and subsequent numerical reproduction of
these tests provided evidence that the presence of clay laminations
tends to increase the liquefaction resistance of the overall deposit.
Similarly, parametric numerical analyses on laminated samples sub-
jected to cyclic direct simple shear (CDSS) loading revealed a sys-
tematic trend: laminated deposits become more resistant to liquefac-
tion, as the clay lamination percentage increases. In addition, numerical
investigations of the behavior of laminated samples under cyclic plane
strain compression loading (approximation of cyclic triaxial loading
CTX), indicated that clay laminations tend to hinder the development of
strain localization leading to distributed strains and a different type of
failure mode than the one observed in uniform sand samples.

Moreover, numerical simulations of laminated samples under cyclic
plane strain compression loading were used to develop estimates of a
conversion factor between CTX and CDSS test results for laminated
samples. Based on these evaluations, a factor of 0.8 was used to convert
the CSR from CTX tests to equivalent CSR of CDSS tests.

Last, 1D site response numerical analyses, involving explicit mod-
eling of the sand/clay laminations, showed that: i) laminated soils can
be modeled as uniform sand materials using advanced constitutive

Fig. 21. Variation of relative density within sand layers due to void redistribution effects.
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models calibrated to the composite (macroscopic) behavior measured in
laboratory tests on laminated samples and ii) void redistribution effects,
often considered a source of strain localization tend to be significantly
reduced as the thickness of sand lamination decreases, or as the per-
centage of clay laminations increases.

The findings of this study focus on natural intertidal laminated soil
deposits encountered at a specific site. However, these soils are fre-
quently encountered in many parts of the world, and their earthquake
response is often estimated using in situ measurements (CPT and SPT)
and established (conventional) simplified methods that have been de-
veloped for sand materials. Given the interlayered nature of these de-
posits, and the dimensions of standardized in situ tests, the estimated
earthquake responses are overly pessimistic and can sometimes lead to
the implementation of unnecessary or excessive mitigations. This study
has attempted to shed light on the basic trends in the behavior of la-
minated soil deposits under cyclic loading, based on both experimental
and numerical evidence. Moreover, it has raised the need for further
systematic experimental research both on natural samples and recon-
stituted samples in the lab with well-defined properties in order to
identify the main parameters that affect the response and to quantify
those parameters at specific sites using in situ and laboratory tests.
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