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Abstract. In earthquake engineering practice, the site effect simulation is evaluated based on
the geometry and stratigraphy of the site, the characterization of the soil properties and the
ground motions records. Usually, to identify the soil characterization, laboratory or in-situ tests
take place (i.e. triaxial tests, direct shear tests, CPT or SPT ...). In order to simulate these tests
and in case of absence of experimental tools, numerical models can represent the response of the
soil. Liquefaction, till our days, is considered as one of the most complex behaviors that happen
to the soil due to sudden and severe shakings. The aim of this paper is to conduct “virtual”
laboratory tests on soil samples extracted from the foundation of an embankment. They serve to
a better representation of the realistic case of the soil taking into account complex input data
and to a comparison with the laboratory tests for the purpose of understanding the global soil
response. The numerical model used is an elasto-plastic multi-mechanism model to represent the
soil behavior.

1 INTRODUCTION

The site effects are known as the local ground response, basin effects, and surface topographic
effects. In practice, either empirical models or wave propagation analysis are used to quantify
these effects. It is also necessary to know 1) the geometry and stratigraphy of the site; ii) the
characterization of the soil properties from geotechnical or geophysical tests; 1ii) ground motions
recorded at the site of interest (i.e. seismic hazard) and iv) the choice of soil material model [1,2,
among others]. Laboratory and in-situ tests serve to characterize the soil properties. They collect
data based on definite experimental or field conditions that in some cases could not reflect the
realistic case. Hence, they represent a large range of uncertainties. For example, the cyclic stress-
based liquefaction resistance is influenced by factors such as the soil fabric, the age, the stress-
strain history [3]. These factors can be destroyed by sampling and are difficult to replicate in the
laboratory [3]. In addition, in-situ tests collect data from sites that are gently sloped or not
geographically complicated, so the data will be affected by site conditions or restrictions [4].
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Therefore, numerical models not only help to understand the global response of the soil even if
there exist a big number of input variables, but also, they serve to validate the laboratory or in-
situ tests.

Otherwise, liquefaction is one of the most devastating and complex behaviors that affect the soil.
When induced by seismic shakings, liquefaction is related to the volume change of the soil and
to the buildup of the pore water pressure [5]. Under both static and cyclic loadings, it is
considered as one of the major causes of damage for earth structures and foundations [6]. It is
well known that not all the soil types are susceptible to liquefaction [3]. The soil gradation, the
particle shape, the density, all are factors that influence the soil to be susceptible to liquefaction.
In addition to the evaluation of the disturbance severity that initiated or triggered the liquefaction
of the soil.

This paper aims to simulate virtual tests in order to find the behavior of the soil and identify the
liquefaction apparition. At the beginning, a soil sample is extracted from the foundation of an
embankment, and typical triaxial tests were simulated. They serve as the laboratory data input of
this study. Consistency with the laboratory experiments was taking into consideration by the
type of loading and experiments conditions applied. Hence, regular and irregular loading were
simulated on the sample and the liquefaction resistance of the sample was identified. These ideas
are developed in Sections 3 and 4. In Section 5, a study on a 1D soil column taken at free field is
conducted in order to compare the behavior of the soil after the propagation of the earthquake.
For this purpose, 447 real input ground motions were injected on the column and the soil
behavior was tested in addition to the liquefaction resistance. Finally, an accuracy between the
laboratory and the finite element methods is conducted based on statistical approach. The finite
element calculations of this study were performed using the GEFDyn code [7].

2 NUMERICAL MODEL AND GEOMETRY

2.1 Numerical model

A constitutive model for soils should be able to well represent the volume change in case of
drained conditions or the distribution of the excess pore water pressure in case of undrained
conditions [7]. The use of numerical modelling best describes the non-linear soil behavior under
cyclic loading. A good modelling takes into consideration essential properties: necessary data, an
appropriate constitutive model and adequate parameters, in addition to the method that solves
boundary value problems [8]. The Ecole Centrale Paris ECP elastoplastic multi-mechanism
model (also known as Hujeux model) is the one chosen for this study and it deals with the
effective stresses. The non-linearity of this model is represented by four coupled elementary
plastic mechanism: three plane-strain deviatoric plastic strain mechanism in three orthogonal
planes (k - planes) and an isotropic plane to take into account normal forces. For the sake of
brevity, the details of this numerical model will not be developed, hence, more information are
provided in [7] and [8].

2.2  Geometry

The geometry of the virtual model, as shown in Figure 1, consists of a soil foundation of 10 m.
The shallow layer is composed of a contractive loose to medium sand of 4 m followed by a 6 m
layer of a dense sand. The bedrock at the bottom of the dense sand is 5 m and has the shear wave
velocity Vs = 1000 m/s. The water table is at 1 m below the ground surface. The “virtual”
experimental laboratory tests were conducted first on a soil sample that has the same properties



as the shallow saturated layer. Second, a model of 1D column at free field, is taken into
consideration from which a soil sample extracted from the middle and bottom of this layer (i.e.
2.5 m and 4 m below the ground surface). The effect of the embankment is not taken into
consideration in this paper.

Dense sand
9m
: 74m ‘

M ____ <z Water table ___ ____
3m LMS (DENSE)

3m DENSE (LMS)

3m DENSE (DENSE)

Bedrock

Figure 1: Model geometry
3 LABORATORY TESTS SIMULATIONS

In the development of the constitutive models, an identification of the effective stress path of the
soil is important for analyzing its behavior. To do so, two approaches of liquefaction apparition
are developed: the “Critical State” approach and the “Collapse Surface” approach; they are
based on the effective stress path of the soil subjected to drained or undrained tests. In the
drained tests, the separation between the compressive and dilative regions of the soil is called:
“Characteristic Line” whereas in the undrained tests, it is called “Transformation Line” or
“Critical State Line”. The transformation phase of the soil occurs at the point where the stress
path turns its direction in stress-strain space [9]. This point is considered critical because the soil
sample has to go through at least once in order for it to reach a liquefied state. Nevertheless,
different approaches have been conducted to quantify the liquefaction susceptibility. The Critical
State approach is the cyclic resistance of the soil defined in terms of the required cyclic stress
under which a specified amount of axial strain is developed in a given number of cycles [10].
Based on the study of [11], this amount is determined by the occurrence of 5% double-amplitude
axial strain in which the state of liquefaction would be adopted. It should be mentioned that the
occurrence of 2% or 3% double-amplitude axial strain is also acceptable based on other studies
like [12, 10, among others]. Whereas, the second approach for liquefaction prediction is the
Collapse Surface approach which defines the peak points of undrained effective stress paths
surface in terms of the major and minor stresses [13]. This surface represents the limit of
stability of the soil above which liquefaction will occur under load-controlled conditions, in
some studies it is nominated as “Instability Line” [14,15, among others].

Similar to any common laboratory test, first, monotonic triaxial tests are conducted in order to
understand the type of the material and estimate its behavior once subjected to different types of
loading. Hence, drained and undrained monotonic triaxial tests were conducted (better saying,
simulated) on the tested material. Notice that the triaxial test has been a preferred method to
determine the soil parameters because its apparatus is widely available, and the sample behavior
will always be determined because of the minimization of the non-uniformities in case of a



contractive or dilative soil [13]. Different initial values of the mean effective stresses were
chosen (p'o= 20, 50 and 70 kPa).
From the conducted test, the stress-strain path represented by the major and minor stresses (i.e. s’

= (01 + 03)/2 and t = (0{ — 03)/2) from the undrained monotonic triaxial tests is shown in

Figure 2(a), and the variation of the volumetric strain from drained monotonic triaxial tests is
shown in Figure 2(b).
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Figure 2(a): The stress path of the tested material Figure 2(b): The variation of the volumetric strain with

respect to the mean effective stress
It can be seen from Figure 2(a) that the stress path shows a peak value until it reached the
Critical State Line (CSL). From Figure 2(b), the volumetric strain decreases to reach the CSL.
From these "“experimental" results, it can be viewed that the tested material is a *‘normally
consolidated" sand. It is true that the consolidation nomination is only applied for clay soils and
is difficult to adopt for sands except for some cases [16] but in this study, the nomination of
loose and dense sand refers to high or low relative density D, as will be shown later in this
section. In Figure 2(a), the collapse surface passes by the maximum stresses for each initial
confining pressure. It designates the failure initiation state of the material; above this line, the
material is not stable and may be subjected to liquefaction.
Moreover, in practice, the liquefaction charts are used to quantify the liquefaction apparition.
These charts are characterized by the severity of the earthquake loading and the soil resistance
for liquefaction [17]. The level of the loading is characterized by the cyclic stress ratio which is
taken to be the ratio of the maximum cyclic shear stress to the initial effective confining pressure

(i.e. CSR = Z;y,c ) [18,3, among others]. Whereas the soil resistance can be identified by field
0

measurements (i.e. N-values of the SPT test, q-values of the CPT test and shear wave velocity)
or laboratory tests (triaxial tests; monotonic or cyclic, drained or undrained). In the case of
regular loading, which is best compatible with the laboratory experiments, different values of the
cyclic shear stress were considered in order to find the soil resistance (i.e. 8, 9, 10, 11 and 12
kPa). For the sake of brevity only, one initial confining pressure is considered (p o = 50 kPa).
The cyclic resistance is represented in the graphs as the cyclic stress ratio versus the number of

cycles Nrthat generates an axial strain of 2% double-amplitude [11]. The results are shown in
red curve in Figure 3.
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Figure 3: The Variation of the Cyclic Stress Ratio CSR as function of the number of cycles Ny

In Figure 3, a reference to an experimental study [19] conducted on Nevada sand for different
values of relative densities is represented. Comparing their results to the ones simulated in this
study, the cyclic resistance of the tested material lies approximately on the curve of D, = 40%.
Hence, the tested material is shown to behave as a loose sand, so it has a high tendency to
generate liquefaction. The results of the cyclic resistance for regular loading will be used in the
proceeding of this paper as a boundary between the combination of the loading parameter and
the liquefaction resistance parameter in order to characterize the liquefaction apparition [3].

4  EFFECT OF IRREGULAR CYCLIC LOADING

Liquefaction happens due to strong shakings; therefore, the effect of the earthquakes is important
to consider. Against the usual laboratory tests that only deal with sinusoidal loading, application
of irregular loading represents more realistically the effect of earthquake motions by the use of
“virtual" laboratory tests [21]. For this purpose, this section will develop the effect of irregular
cyclic loading on the tested sand by conducting triaxial undrained tests and by applying different
loading with earthquake shapes. An example of the used type of load is represented in Figure 4.
In order to compare an irregular earthquake-induced loading with laboratory loading conditions,
a conversion factor from a series of irregular cycles to uniform cycles is required. Hence, 60% of
the maximum shear stress value are used in this case [13, 3, 4 among others]. The values of the
shear stresses were chosen accordingly (i.e. 16, 17, 18, 19 and 20 kPa). Based on the theory,
liquefaction happens due to the rapid increase of the pore water pressure [13, 3, 5, among others]
or when the axial strain reaches 2% or 3% double amplitude (DA) [12, 10 among others].
Accordingly, a representation of the generation of the excess pore water pressure Au and the
variation of the axial strain &; was found as function of the number of cycles N, of the regular
loading applied (Figure 5). The initial confining pressure used for this case is also p’p = 50 kPa.
For the sake of brevity, one tested motion will serve to analyze the soil behavior of this section
and one value of the cyclic shear stress will be shown (g, = 20 kPa).
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Figure 4: An example of an applied loading with earthquake shape
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Figure 5: The variation of Au (top) and &; (bottom) Figure 6: The stress path of the irregular loading

with respect to Neye of the irregular loading

It can be seen from Figure 5 that the excess pore water pressure Au increases at the beginning of
the loading until it reaches the same value of the initial confining pressure of 50 kPa (i.e. the
excess pore water pressure ratio 7;, is equal to 1). As for the evolution of the axial strain, at the
beginning of the loading, it was zero until it reaches a certain number of cycles where it shows
values of 2% DA which corresponds also to the generation of the excess pore water pressure.
Hence, the tested sand shows liquefaction for the presented value of cyclic shear stress and this
is confirmed by the stress paths shown in Figure 6. This path shows clearly that the specimen
enters an instability phase once it reaches the collapse line after which hysteretic loops starts to
occur until failure is reached.

In order to identify the level of loading for all the tested motions, the cyclic stress ratio is
represented in terms of the number of cycles. In the case of irregular loading, the number of
cycles that generates liquefaction is different from that of regular loading (i.e. the one designated
as Nrin the previous section). From the viewpoint of counting cycles in fatigue [21], the number
of cycles of the irregular loading Neguiv 1s considered. Also in this case, the cyclic stress ratio

becomes CSR*= % with qeye = 0.6 qeye,max- The results are shown in Figure 7. The black dots
0

designate the non-liquefied cases on the opposite of the blue dots that designate the liquefied
cases. The red curve on Figure 7 is the boundary generated by the experimental data results
developed in Section 3.
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Figure 7: Cyclic stress ratio CSR* for the case of irregular loading

From Figure 7, it can be seen that the increase in the cyclic stress affects in the generation of the
liquefaction in a way that the specimen tends to liquefy. The cases that are below the boundary
did not liquefy, whereas for the ones above it: there are cases that liquefied and other did not.

It can be partially concluded that the laboratory tests under-estimate the soil response because
the cases that were predicted to liquefy, did not do as such in the actual scenario. It should be
noted that the experimental tests can also be complicated by the specimen non uniformity which
causes large range of uncertainty [3]. To be more consistent with the realistic case, the behavior
of the soil will be studied based simulated in-situ soil response. A study on a soil column will
take place in the next section. Moreover, the soil response will be compared to the experimental
and field data.

S  IN-SITU RESPONSE - STUDY ON A COLUMN

In the previous sections, the behavior of a soil sample was studied based on simulated laboratory
experiments. The effect of irregular loading was taken into consideration in order to better
approach the realistic case of a soil subjected to earthquake, and hence to characterize the
liquefaction apparition. In this section, the behavior of the soil sample is simulated from a 1D
wave propagation in a column. The finite element code used for the simulation is a 2D coupled
modelling with GEFDyn Code [7] using a dynamic approach derived from the u — p,, version of
the Biot’s generalized consolidation theory [22]. The FE element model is composed of
quadrilateral isoparametric elements (0.5 m x 0.5 m). For the boundary condition of the dynamic
phase, only vertically incident shear waves are introduced in the column. For the bedrock’s
boundary condition, paraxial elements simulating “deformable unbounded elastic bedrock" have
been used [23]. To take into account the dynamic effect, 447 different ground motions were
injected at the bottom of the column so that the waves will propagate all along the soil layers.
For the sake of brevity only, the behavior of the soil will be studied for one tested ground motion
as an example. The response of all the tested motions will be represented in the proceedings of
this section. The tested soil sample was extracted from the bottom of the liquefied layer, so at
4m below the ground surface.
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Figure 8: Obtained irregular time history of shear stress ~ Figure 9: Excess pore water pressure time history
Figure 8 shows the variation of the obtained shear stress 7 during the earthquake occurrence. It
shows irregular behavior. Figure 9 shows the variation of the excess pore water pressure ratio 7;,.
To take into consideration the cyclic mobility and the true liquefaction, it is assumed that
liquefaction appears when r;, > 0.8 [24]. For the ground motion taken as an example, it can be
seen that liquefaction occurs.

Characterizing the liquefaction resistance of the soil and taking into account all the tested ground
motions, the cyclic stress ratio approach is developed for this case as well. Laboratory tests show
that the cyclic shear stress required to trigger liquefaction increases at high effective confining
pressures [3]. [25] and [4] suggested correction factors that take into account the effect of the
initial shear stress (i.e. K,) and the effective overburden pressure (i.e. K,;). The field corrected
cyclic stress ratio for the case of this study is shown as a green curve in Figure 10. This curve
will be considered as the new boundary for the coming tested cases. Studying the soil response
at the bottom of the liquefied layer, the cyclic stress ratio was found for the 447 ground motions
and is shown also in Figure 10. It was calculated similar to the case of irregular loading
described in Section 4, in addition to the same definition of the number of cycles (i.e. Neguiv).
Liquefaction apparition was identified based on the excess pore water pressure ratio. The
motions that did not liquefy are represented in black and the ones that did, are shown in blue.
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Figure 10: The cyclic stress ratio of the tested motions ~ Figure 11: The confusion matrix of the tested motions

It can be seen from Figure 10 that there exist some cases where liquefaction did not occur above
the field corrected boundary. In addition to some cases where liquefaction occurs below the
boundary. Hence, accuracy of the laboratory tests cannot be confirmed. In order to better



understand it, in addition to an understanding of the global response of the soil regarding the
tested ground motions, confusion matrices were drawn and shown in Figure 11. The purpose of
these matrices in the presented case of this paper, is to summarize the performance of the soil
based on both the actual observations (i.e. finite element methods) and the predicted
observations (i.e. laboratory tests). From Figure 11, 147 cases are not supposed to liquefy based
on the predicted laboratory test and actually, they did not liquefy. These cases are called the True
Negative (TN) results. Also, 253 cases are supposed to liquefy, and they liquefied based on the
actual observations. Hence, they are the True Positive (TP). On the contrary, 5 cases located
above the field corrected boundary did not liquefy based on the actual observations and they are
called the False Positive (FP) data. And finally, the False Negative (FN) data (i.e. 42 cases) are
the ones that were not supposed to liquefy since their cyclic stress ratio is below the field
corrected boundary, but based on the actual observations, they liquefied. The FN data are
considered as a dangerous case for the decision making. They under-estimated the response of
the soil because the soil that did not liquefy in the laboratory, had a different behavior when
being in-situ. The FP data are also not beneficial for the decision maker since in the laboratory
the soil sample liquefied whereas when the wave propagated in the realistic case, the soil did not
liquefy. This means that unnecessary precautions could be set in field if there was a reference to
laboratory tests only.

Accuracy between the laboratory and the finite element method in this case, is 89.49% (i.e.
(TN+TP)/(TN+TP+FN+FP)). This will lead to a partial conclusion that the laboratory tests, in
some cases, under-estimate the response of the soil. This last one will be accurate when attached
to numerical models for a better understanding of the soil global response.

6 CONCLUSIONS

Virtual laboratory tests were simulated in this paper via an elastoplastic multi-mechanism soil
behavior model with the help of a 2D finite element code (GEFDyn). These tests are helpful to
validate the laboratory tests in order to better understand the global response of the soil.

At the beginning of this paper, the behavior of a soil sample extracted from the foundation of an
embankment was found based on simulated triaxial tests. To be consistent with the realistic
cases that the loading applied on the soil are not regular, loadings with earthquake shaped were
simulated on the soil sample. Based on this case, the change in the behavior of the soil was
analyzed. In the final section, in-situ tests were simulated on a 1D column after the propagation
of 447 real input motions. The behavior of the soil at the bottom of the liquified layer was
analyzed accordingly. At the end of this section an accuracy study between the laboratory and
the finite element methods.

The results have shown that the studied soil sample is very loose and hence, it has an ability to
liquefy rapidly. Subjected to regular loading, the cyclic resistance of the sample created a
boundary that was used as a reference to characterize the liquefaction apparition. It was shown
that based on irregular loading, liquefaction did not appear below the boundary whereas above it,
the response depends on the severity of the irregular load.

Concerning the in-situ simulations, the results of the soil resistance show that below a field
corrected boundary, the soil may liquefy whereas above it, the response will also depend on the
severity of the earthquake.

As a conclusion, the laboratory tests in some cases, under-estimate the soil response but they are
somehow accurate with the finite element models. Hence, for a decision making and to a good
estimation of the soil response, experimental and numerical tests will be perfect.
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