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ABSTRACT: In the performance-based earthquake engineering, the wide range of uncer-
tainties is taken into account explicitly through probabilistic evaluations of liquefaction sus-
ceptibility, triggering, and consequences. Liquefaction, being a complex behavior that
affects the soil, it happens due to strong shakings. In recent studies, improvement techniques
have been conducted in order to characterize and strengthen the soil. Among others, they
induce an amelioration in the behavior of the soil. The aim of this paper is to design numer-
ical tests that take into consideration the soil-structure effect under controlled conditions
and quantify the damage of the structure by considering the effect of the heterogeneity on
the behavior of the soil. Heterogeneity in this paper is referred to the soil treated with
injected material. For this purpose, a 2D finite element model of an embankment founded
on a layered soil/rock profile is considered. An elasto-plastic multimechanism model is used
to represent the soil behavior.

1 INTRODUCTION

In the methodology of the performance-based earthquake engineering, in addition to the
hazard analysis, a deterministic and probabilistic studies must be done in order to come up
with an effective cost for the decision makers (Porter 2003). For the soil, things are more com-
plicated since it has a large range of uncertainties that will affect the variability of the ground
response (Popescu et al. 2005). They are either due to the variation of the soil properties, or
natural processes or man-made interference.
Soil liquefaction and the resulting ground deformations cause extensive damages in the

affected area. Liquefaction, as a definition, is the loss of the soil of its shear strength due to the
excess of pore water pressure (Ishihara et al. 1975, Castro et al. 1982, Kramer 1996, among
others). The soil particles will no longer be in contact between each other and hence unable to
resist the strong sudden shaking. Considering the soil as a living ecosystem gives the potential to
find several improvement techniques that requires biology and geochemistry for ground modifi-
cation (Fauriel et al. 2013). The improvements consists of injecting a stiff material between the
soil particles in order to strengthen it and make it more sustainable to resist liquefaction. This
will modify the soil to create a heterogeneous area that will affect the ground response.
This paper aims to assess numerically the effect of the soil heterogeneity on the liquefaction-

induced failure to a levee. Two cases were studied: i) a homogeneous case which designates
the case of the embankment model with no treatment of the liquefied shallow layer and ii) an
heterogeneous case which designates the treated soil in the liquefied shallow layer of the foun-
dation. In order to account for the natural hazards, the input ground motions were chosen to
be real motions and they were taken from a previous study conducted by Lopez-Caballero &
Khalil (2018). Whereas to account for the heterogeneity of the soil, previous studies regarding
this aspect has been conducted and they are inspired for this study (i.e. Montoya-Noguera &
Lopez-Caballero (2016). In this work, an injecting material was used and will serve for
improvement purposes. The finite element calculations were performed using the GEFDyn
code (Aubry et al. 1986). The quantifiable parameter to designate the induced damage on the
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embankment is taken to be the crest settlement. It was compared between the two cases as to
validate its reduction regarding the soil improvement.

2 MODEL DESCRIPTION

2.1 Geometry and FE model

The geometry of the model, as shown in Figure 1, consists of an embankment of 9 m high com-
posed of dry dense sand. The soil foundation is composed by a liquefiable loose sand of 4 m at
the top of a saturated dense sand of 6 m. 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 situated at 1 m below the base
of the levee that was kept dry. The levee’s inclination is a slope of 1:3 (vertical: horizontal). The

Figure 1. Geometry and behavior of the soil (Lopez-Caballero & Khalil 2018)
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geometry used in the FEM was inspired by the one proposed by Rapti et al. (2018). As for the
FE model, a 2D coupled finite element modelling with GEFDyn Code (Aubry et al. 1986) is car-
ried out using a dynamic approach derived from the u� pw version of the Biot’s generalized con-
solidation theory (Zienkiewicz 1991). The FE model is composed of quadrilateral isoparametric
elements (1 m by 0.5 m) with eight nodes for both solid displacements and fluid pressures. The
FE analysis consider the homogeneous and the heterogeneous cases. It is performed in three con-
secutive steps: i) a computation of the initial in-situ stress state due to gravity loads; ii) a sequen-
tial level-by-level construction of the embankment and iii) a seismic loading analysis in the time
domain. Regarding the heterogeneous case, the treated soil consists of injecting a new material in
the loose sand layer via a probabilistic law that will be developed in section 2.2 and execute the
calculations similar to an untreated case. This methodology will help to avoid the discontinuities
of the model provided from the properties of two different materials. The heterogeneity in this
paper will help to understand the heterogeneity caused by the soil improvement techniques.

2.2 Injection technique

The liquefaction-susceptibility of the soil during seismic activities is enhanced by the use of
various improvement techniques (Bradley et al. 2013). Normally, the techniques require the
horizontal injection of stiff material that will improve the soil and make it more sustainable to
liquefaction. Concerns about the spatial distribution of the injected material, its timing rate of
injection as well as its depth in soil, should be made in order to make this change helpful for
mitigation (DeJong et al. 2010).Therefore, based on literature, one of the failure patterns
under an embankment is the one described as a zone that starts beneath the embankment and
continues vertically or inclined toward the slopes. A wedge shape would be created around the
crest of the embankment (Kramer 1996, Kourkoulis et al. 2010, Sadeghi et al. 2014, among
others). Figure 2, extracted from a study conducted by Rapti et al. (2018), shows the distribu-
tion of the deviatoric strain at the end of the motion. It is clear from Figure 2 that εd is located
below the toes of the levee, which confirms the wedge shape developed in the literature. For
this reason, the injection of the material might be more efficient if the treatment zone was
located under the slope of the embankment (Figure 1).
As for the depth of the treatment zone, it should consist of the layer that is more susceptible

to liquefaction. Hence, the G=Gmax � γ curve and the cyclic resistance ratio CSR were found
for the dense and loose layers of the foundation for the untreated case. The results are shown
in Figure 1. It is clear that the shallow layer tends to liquefy more, hence it is the layer that
should be injected.
It is known that the efficiency of the mitigation method, precisely the injected length

depends on the ground porosity, geometry and depth of the treatment zone. Cruz (2014) in his
work, has shown the effect of the heterogeneity of the soil porosity on the injected length, this
relation follows a probabilistic approach called the power law distribution (Reeves et al.
2008). At every depth in the liquified shallow layer, the material used for treatment is injected
horizontally in a probabilistic way following the formula (Reeves et al. 2008):

P L4lð Þ ¼ wl�a ð1Þ

where P = probability of the length of injection L; w = a constant that depends on the min-
imum length taken to be 1; l = the max length on injection and a = a power law exponent
taken to be 1.5. Based on this methodology, three types of injection zones under the edge of

Figure 2. Deviatoric strain εd at the end of the ground motion (Rapti et al. 2018)
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the embankment are created and are shown in Figure 3. Despite the spatial distribution of the
material, the soil behavior of the concerned layer as well as the injected material is important
to be known in order to understand the global response of the embankment.

2.3 Soil behavior

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 con-
ditions (Aubry et al. 1982). The use of numerical modeling best describes the non-linear soil
behavior under cyclic loading. The Ecole Centrale Paris (ECP) elastoplastic multi-mechanism
model (Hujeux 1985, Aubry et al. 1986) is the one used in this study in order to represent the soil
behavior of the tested material of the liquefied layer of the foundation. 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. The detailed study of this model is beyond the scope of this work. In
order to understand the behavior of the foundation shallow soil and the material injected, mono-
tonic and cyclic triaxial undrained tests were simulated on each material. The results of the cyclic
triaxial tests of the soil foundation are shown in Figure 1. It can be seen from this figure with a
refence to studies conducted by Seed & Idriss (1971) and Byrne et al. (2004), the loose sand is a
layer that tends to liquefy whereas the dense sand can resist for liquefaction. It should be noted
that the material injected is not supposed to liquefy, hence it cannot be represented in the results
of Figure 1. In addition, monotonic triaxial tests were conducted on the loose sand and the
material injected in order to identify the behavior of each. The naming adopted for this study is
that “Untreated” soil designates the loose sand of the shallow foundation layer and “Treated”
soil designates the material injected in the same layer. The results are shown in Figure 4. The
stress path shown in Figure 4, shows that the treated material has a dilatant behavior since the
confining stress q keeps increasing as function of the vertical strain. On the contrary, from
Figure 4(a), the untreated material has a contracting behavior. Regarding the liquefaction poten-
tial, the excess pore water pressure was drawn for the two tested soils. It can be seen from
Figure 4(b), that the treated soil has a tendency to resist for liquefaction, whereas the untreated
soil liquefies rapidely (i.e. ∆Pw reaches the value of the confining pressure). Moreover, character-
izing the liquefaction phenomena, needs the understanding of not only the behavior of the soil,
but also the identification of the input motion in order to analyze the ground response.

2.4 Input ground motion

The selection of input motions for geotechnical earthquake engineering problems is important
as it is strongly related to the nonlinear dynamic analysis. In this study, eleven different

Figure 3. The different types of injections
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earthquakes were chosen to represent the dynamic behavior of the model. They are chosen to
be real in order to represent the consistency of the seismic parameters and characteristics.
They are extracted from a study conducted by Lopez-Caballero & Khalil (2018).

3 RESULTS

For dams under seismic activities, the modes of failure usually studied are the crest settlement
or the internal erosion and piping failure caused by cracks in the dam (Wu 2014). In this
study, the crest settlement is chosen to be the mode of failure of the embankment because it is
a quantifiable measurement. First, a comparison between the values of the co-seismic crest
settlement in the homogeneous (or untreated) case and when the new material was injected,
was made. Second, the relative crest settlement at the end of the ground motion was analyzed
for the different types of injection zones.
Starting by the co-seismic settlement for the case of homogeneous soil and when the differ-

ent injections are applied, the results are shown in Figure 5. The negative sign of the displace-
ment uz in Figure 5 means that the settlement occurs in the downward direction. For the sake
of brevity, one ground motion was taken as an example. Its outcrop acceleration amax,out is
equal of 1.76 g and the effective duration D595 is 2.5 s (Figure 5). Notice that D595 refers to the
generation of 5% and 95% of the energy of the motion.

Figure 5. Comparison of the crest settlement of the embankment a) when the model is treated and non

treated and b) with the different types of injections

Figure 4. The soil behavior of the treated and untreated soil
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It can be seen from Figure 5 that the crest settlement at the beginning of the earthquake is
not affected. At a certain time (i.e. around 4 seconds), it starts to decrease slightly. At the
beginning of the effective duration D595, the crest settlement decreases rapidly until the gener-
ation of 95% of the energy where it will decrease slightly. It is well evident that the response of
the soil depends on the characteristics of the input ground motion. For example, based on
Lopez-Caballero & Modaressi-Farahmand-Razavi (2010), the Arias intensity at outcropping
Iarias,out has the best influence on the liquefaction triggering. Hence, the trajectory followed by
the crest settlement uz is not the same for all the tested ground motions and what is repre-
sented in Figure 5 is just a test case. From Figure 5(a), uz,rel was reduced from 58 cm to 20 cm.
This is clear that the settlement is reduced when the soil was injected. Furthermore, the ran-
domly chosen type of injections affect the response of the soil due to the distribution of the
treated zone within the untreated soil. This variation is best represented in Figure 5(b). A com-
parison with the case of untreated soil is shown also in this figure (blue curve). The reduction
of the crest settlement at the end of the shaking is very clear in Figure 5(b). In addition, the
spatial distribution of the injected material plays a role in the ground response due to the
slight different values of the crest settlement at the end of the shaking. Comparing Figures 3
and 5(b), it can be assumed that wider the area of improvement, lesser the crest settlement
(Dimitriadi et al. 2018).
Taking into account all the tested ground motions, Swaisgood (2003) in his study, analyzes

a historical database on the performance of dams during earthquakes and found that the crest
settlement is directly related to some input ground motion characteristics (i.e. the peak ground
acceleration and magnitude). Following Swaisgood (2003) proposition, in this work the
obtained percentage crest settlement (δuz,rel/H, where uz,rel is the relative crest settlement, H is
the height of the dam with the foundation which is 19 m) is compared to the peak ground
acceleration at the outcropping bedrock (amax,out). The results are shown in Figure 6(a). The
model in the homogeneous case (i.e. blue dots) and when the three types of injections are
applied (i.e. red dots) are shown in Figure 6(a). Also in Figure 6(a), a study conducted by
Lopez-Caballero & Khalil (2018) on the same numerical model with different finite element
sizes is shown with grey dots in order to represent the entire response of the soil The damage
levels of the percentage crest settlement proposed by Swaisgood (2003) are also shown in
Figure 6(a). A consistency with the results
(Figure 6(a)) between the study conducted by Lopez-Caballero & Khalil (2018) and the cur-

rent one regarding the ground response; the relative crest settlement increases when the accel-
eration at the outcrop increases. In order to better simulate the treatment zone, the size of the
element in the current study was refined compared to the previous one, hence the blue dots
that designate the untreated soil serve for comparison with the treated cases. It is clear from

Figure 6. The crest settlement analysis with respect to the outcropping acceleration (amax,out)
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Figure 6(a) that the percentage crest settlement is reduced comparing to the case when the soil
was not treated. It is interesting to mention that in some cases, the crest settlement reduction
transformed the damage from a “serious” level to almost a “moderate” level. Also from
Figure 6(b), for small values of the acceleration amax,out, the reduction in the crest settlement is
not very important comparing to the one happening at strong accelerations. This analysis
emphasizes the need to ameliorate the soil in order to have better ground response regardless
of the type of injections adopted.
In order to better understand the effect of the input ground motion with the engineering

demand parameter, as well as the influence of the heterogeneity induced from the soil treat-
ment, the normalization of the crest settlement was drawn. The results are shown in
Figure 6(b). It can be seen that when the acceleration increases, the normalized crest settle-
ment increases. For example, when amax,out = 1.7g, the crest sellement reduction reaches
60%. This means that the reduction of the crest settlement due to the treatment of the soil is
efficient for strong ground motion and does not make big effects for motions of small
accelerations.

4 CONCLUSION

The soil liquefaction induced settlement for an embankment dam due to real earthquakes
was assessed numerically in this paper. An elastoplastic multi-mechanism soil behaviour
model was used with the help of a 2D finite element code (GEFDyn). The performance-
based earthquake engineering methodology was investigated by taking into account the
wide range of uncertainties through probabilistic approaches. To quantify the damage
subjected to the embankment, the induced crest settlement was chosen to be the engineer-
ing demand parameter. The effect of the soil heterogeneity was accounted for by the
injection of a new material in the shallow layer of the foundation that will serve for soil
improvement.
First, it should be noticed that the capability of the chosen finite element code is very

powerful since it can deal with several complex scenarios and boundary conditions. The effect
of the soil- structure interaction under controlled conditions was accounted for with the help
of this model in addition to the heterogeneity of the soil. The heterogeneity was accounted for
by a method of soil improvement that consists of injecting a stiff material that will serve to
strengthen the soil. The spatial distribution of the added material was considered using a
probabilistic law.
At the beginning of the study, it was shown that the injection of a new stiff material reduce

the crest settlement of the embankment. In addition, the distribution of the new material has
an important role; the wider the zone of injection, the better the results regarding the crest
settlement. In addition, based on previous studies, the crest settlement of the embankment is
linked to the acceleration of the input motions. This idea was confirmed in this study. It was
also shown that in the heterogeneous case, the crest settlement generates moderate damage
instead of serious damage.
Finally, the results of this study show consistency with the theory as well as the practical

cases. It should clarified that the heterogeneity that comes from the soil improvement tech-
niques is beneficial for the ground response whereas it might not play the same role if it comes
from other aspects.
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