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NUMERICAL EVALUATION OF EARTHQUAKE
SETTLEMENTS OF ROAD EMBANKMENTS AND ITS
MITIGATION BY PRELOADING

Fernando Lopez-Caballero !, Not a Member, ASCE
Arezou Modaressi-Farahmand-Razavi?, Not a Member, ASCE

and Constantine A. Stamatopoulos®, Associate Member, ASCE

ABSTRACT

The present paper deals with assessing the seismic road embankment response due to
pore water pressure generation of the soil foundation. Numerical simulations are carried out
so as to study the preloading technique as an improvement method to reduce the liquefaction
potential and the induced settlements in a sandy soil profile. The analyses showed that the
use of preloading reduces the induced settlements mostly because of the increase in lateral
confinement in the superficial soil layers due to the increase of the coefficient of lateral earth
pressure at rest (k,). In addition, the efficiency of the countermeasure method is limited
to the cases where earthquakes produced a liquefaction zone lower than the depth of the
overconsolidated soil.
Keywords: Liquefaction-induced settlements, Road embankments, Site mitigation, Numer-

ical simulation.
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Geotechnical structures such as river dikes, highway embankments, and earth dams
founded on saturated loose sandy ground have been frequently damaged during past major
earthquakes (e.g. the 1964 Niigata Earthquake; the 1989 Loma Prieta Earthquake; the 1993
Kushiro-oki Earthquake; the 1995 Hyogoken-Nanbu Earthquake and the 2011 off the Pacific
Coast of Tohoku earthquake among others). Failures of the Kushiro river embankments,
Japan (Sasaki et al. 1995), the Shiribeshi-Toshibetsu river embankments, Japan (Kaneko
et al. 1995) and the Rimnio Bridge embankment, Grevena, Greece (Tika and Pitilakis 1999)
are typical examples. This damage was usually due to liquefaction-induced ground defor-
mations of the embankment and/or foundation sandy ground (Matsuo 1996; Adalier et al.
1998; Unjoh et al. 2012; Okamura et al. 2013). According to Youd (1993) and Marcuson
et al. (1996) among others, lateral soil deformations (“lateral spreading”) due to cyclic load-
ing have proven to be the most pervasive type of liquefaction-induced ground failure. The
amount of lateral displacement typically ranges from a few centimetres to several metres.

In practice, in order to prevent the damage effects of earthquake induced liquefaction in
engineering structures, the countermeasure methods such as gravel drains, soil densification,
solidification and inclusions or confinement walls among others are used. Such methods are
studied by several authors via centrifuge tests (Liu and Dobry 1997; Adalier et al. 1998;
Brennan and Madabhushi 2002; Elgamal et al. 2002; Dashti et al. 2010b; Mitrani and
Madabhushi 2012) or numerically (Elgamal et al. 2002; Elgamal et al. 2005; Lépez-Querol
and Blazquez 2006; Nishimura and Shimizu 2008; Lu et al. 2011; Bradley et al. 2013;
Lopez-Caballero and Modaressi-Farahmand-Razavi 2013; Xu et al. 2013). The principal
conclusion of these works is that the efficiency of each solution depends on characteristics of
the input signal and the properties of the soil.

Preloading is a temporary loading, usually an embankment, applied at a construction
site to improve subsurface soils. For construction sites where sandy layers are predominant,
experience has illustrated that about three weeks suffice for soil improvement to take place.

The method is frequently used to improve bad soil conditions and make them sustain large
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static loads (Stamatopoulos and Kotzias 1985; Petridis et al. 2000). Surcharging the site
increases the liquefaction strength of soil foundation and reduces the development of excess
pore pressure. In addition, an increase in lateral stress is obtained due to the modification
of coefficient of earth pressure at rest (k,) in the improved soil. The increase in horizontal
stress and liquefaction cyclic strength by preloading has been studied and verified by both
laboratory tests (Ishihara and Okada 1982; Wichtmann et al. 2005; Bouferra et al. 2007;
Porcino et al. 2009; Liu and Xu 2013) and elaborate field tests (Stamatopoulos et al. 2005;
Raptakis 2013; Stamatopoulos et al. 2013).

Previous works have used numerical methods to study the response of both liquefiable
and improved (i.e. densified) soil profiles and their effects on the structures or dams re-
sponse (Elgamal et al. 2002; Adalier and Aydingun 2003; Elgamal et al. 2005; Shahir and
Pak 2010). In general, most of those numerical models are related to centrifuge modelling
test results. Those researches were mainly focused on the effect of a dense region representing
the improved method and placed underneath the structure on the settlement induced by soil
liquefaction. Those compacted regions were modelled with constitutive model parameters
calibrated for a denser soil. On the contrary, to investigate these issues, in this study at-
tention is given to the construction phase of the preloading embankment. The construction
and demolition of the preload embankment (i.e construction technique used in this counter-
measure method) is simulated and the effects of this loading history on the seismic response
of the soil profile are assessed.

The aim of this work is to assess numerically the efficiency of the soil densification using
preloading techniques on mitigating excessive seismic ground settlements of road embank-
ments on liquefiable sandy profiles. The numerical results of parametric studies performed
to compare the dynamical response of the road embankment at the end of shaking for the
cases with and without mitigation method are discussed.

First of all, a description of the used advanced constitutive model is provided. The fol-

lowing section is concerned with the relevant aspects of the numerical model, namely, the
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geometry of the road embankment, the boundary conditions, the simulation of the improve-
ment method and the characteristics of the input ground motions. Then, the elastoplastic
constitutive model is calibrated by simulating a series of laboratory cyclic tests. In addition,
the model’s ability to simulate the effect of preloading on the resistance to the sands lique-
faction has been assessed. Finally, a comparison of the performance of the road embankment

with and without the improvement method is presented.

SOIL CONSTITUTIVE MODEL

The elastoplastic multi-mechanism model developed at Ecole Centrale Paris, known as
ECP model (Aubry et al. 1982; Hujeux 1985) is used to represent the soil behaviour. This
model can take into account the soil behaviour in a large range of deformations. The model
is written in terms of effective stress. The representation of all irreversible phenomena is
made by four coupled elementary plastic mechanisms: three plane-strain deviatoric plastic
deformation mechanisms in three orthogonal planes and an isotropic one. The model uses a
Coulomb-type failure criterion and the critical state concept. The evolution of hardening is
based on the plastic strain (deviatoric and volumetric strain for the deviatoric mechanisms
and volumetric strain for the isotropic one). To take into account the cyclic behaviour a
kinematical hardening based on the state variables at the last load reversal is used. The
soil behaviour is decomposed into pseudo-elastic, hysteretic and mobilized domains. Refer
to Aubry et al. (1982), Hujeux (1985), Lopez-Caballero and Modaressi-Farahmand-Razavi
(2008) among others for further details about the ECP model. For the sake of brevity only
some model definitions are given in what follows.

Adopting the soil mechanics sign convention (compression positive), the deviatoric pri-

mary yield surface of the k£ plane in the ECP soil constitutive model is given by:

frloehire) = qu —singy, py - Fi -y (1)

where, pj, and g are the mean and deviatoric values of stress tensors, ¢  is the friction angle
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at the critical state, the function F} permits to control the isotropic hardening associated
with the plastic volumetric strain, whereas r; accounts for the isotropic hardening generated
by plastic shearing. They represent progressive friction mobilization in the soil and their
product reaches unity at perfect plasticity. Therefore, in order to provide for any state
a direct measure of “distance to reach the critical state” (r) and based upon the used

elastoplastic model, it is possible to define an apparent friction angle (¢r,,,) by:

. dk
sin gb;pt = - Fy (2)
sin gb:zpt
= 3
" sin ¢y, )

The parameters of the ECP model concern both the elastic and plastic behaviour of the
soil and they are separated into two categories: those that can be directly measured from

either in-situ or laboratory test results and those which, cannot be directly measured (Table

1).

NUMERICAL MODEL

For the purpose of studying numerically the effect of soil preloading technique on the
improvement of liquefiable sandy profiles to shaking, a road embankment founded on a
layered soil/rock model is considered. A scheme of the used numerical model and the FE
mesh are given in Fig. 1(a) and Fig. 1(b) respectively. The geometry used in the FE model
was inspired from the one proposed by Lépez-Querol and Blézquez (2006).

The FE analysis is performed in four consecutive steps : i) Computation of the initial
in-situ stress state due to gravity loads; ii) A sequential level-by-level construction and
demolition of the preload embankment; iii) A sequential level-by-level construction of the
road embankment and iv) seismic loading analysis in the time domain.

The soil profile is composed principally of 15m of loose-to-medium sand (i.e. a relative
density Dr < 50%) and to take into account the stress dependency of sand behaviour it is

divided in three layers. The model parameters of each layer are adjusted so as to keep the
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same D, value. The shear modulus of the soil increases with the depth. The initial modulus

(Gmaz) is computed by the following relationship :

/ 0.5
Gae = 290 (“A) [MPa) (4)
DPref

where o], is the mean effective pressure and p,.s is the pressure of reference (1MPa).

The low-strain frequency analysis provides a fundamental elastic period of the soil profile
equal to 0.31s. It is obtained from the transfer function at free field condition, (i.e. ratio of
the frequency response at the soil surface over the bedrock frequency response for a sample
seismic signal at very low amplitude to ensure elastic soil behaviour). The elastoplastic
multi-mechanism model briefly described before is used to represent the soil behaviour on
the top 15m. For the engineering bedrock representing a half-space and placed at 15m depth,
an isotropic linear elastic behaviour with a V; equal to 550m/s is assumed. The ground water
table level is placed at 1m below the surface. The model is 80 m wide so as to ensure that
the effect of the boundaries on the model response can be neglected and also to satisfy the

free field condition at the lateral boundaries.

Finite Element (FE) model

A 2D coupled dynamic approach derived from the u — p,, version of the Biot’s generalized
consolidation theory (Zienkiewicz and Taylor 1991) was adopted for the soil. The so-called
u—p,, formulation, consists of neglecting fluid acceleration terms and convective terms of this
acceleration so that the unknown variables remain the displacement of the solid v and the
pressure of the water p,,. The saturated soil was modelled using quadrilateral isoparametric
elements with eight nodes for both solid displacements and fluid pressures. The size of
elements is 0.5mx0.5m. It was chosen in order to have 8 to 10 elements per wavelength which
are sufficient to prevent numerical dispersion. An implicit Newmark numerical integration
scheme with v = 0.625 and $ = 0.375 is used in the dynamic analysis (Kuhl and Crisfield

1999), this allows an optimal high-frequency dissipation with minimal low-frequency impact
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and adds a small numerical damping (£ ~ 0.2%). A plane-strain condition was assumed in
the finite element model.

In order to investigate the effect of the preloading method on the response of the soil
profile, a comparative dynamical response analysis at the end of shaking for the cases with

and without mitigation method is done.

Boundary conditions

In the analysis, only vertically incident shear waves are introduced into the domain
and as the response of an infinite semi-space is modelled, equivalent boundaries have been
imposed on the nodes of lateral boundaries (i.e. the normal stress on these boundaries
remains constant and the displacements of nodes at the same depth in two opposite lateral
boundaries are the same in all directions). The model length is 80m. It ensures that the
effect of the boundaries in the model can be neglected and it satisfies the free field condition
at the lateral boundaries.

For the half-space bedrock’s boundary condition, paraxial elements simulating “deformable
unbounded elastic bedrock” have been used (Modaressi and Benzenati 1994). The incident
waves, defined at the outcropping bedrock are introduced into the base of the model after
deconvolution. Thus, the obtained movement at the bedrock is composed of the incident

waves and the reflected signal.

Preloading simulation

In order to simulate the construction and demolition of the preload embankment (Fig.
1(b)), the calculations are performed in two steps. In the first step, since soil behaviour
is a function of the effective stress state for nonlinear elastoplastic models, initial in-situ
stress state due to gravity loads are computed. After this initialization, the displacements
and deformations are eliminated and the initial effective stresses, pore-water pressures and
model history variables are stored to be used as initial state of the second step computation.
In the second one, a sequential level-by-level construction and demolition of the embankment

is performed.
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The preload embankment is supposed to be in dry condition. It was simulated using
quadrilateral isoparametric elements with eight nodes for solid displacements (Fig. 1(b)).
The preload embankment height (H,,.) is 7.5m with a density equal to 1800kg/m?. The
fill length is 38m and the length at the crest is 4m. The preload embankment is constructed
and demolished at a rate of 0.22 m/day and it stays in place during 23 days before the
construction of the road embankment and the application of the seismic event. After this

period and according to our computations all over pore pressures are dissipated.

Road embankment model

The road embankment was simulated using quadrilateral isoparametric elements with
eight nodes for solid displacements (Fig. 1(b)). It is supposed to be in dry condition. It is bm
high, 8m wide at the crest and 20m wide at the base. Its density (proqq) is equal to 1800kg/m?.
It consists of a base of dense sand (i.e. Dr > 70%). The soil behaviour is represented by
an elastoplastic multi-mechanism model. The model parameters are summarized in Table 3.
The road embankment is constructed at the same rate as that of the preload one.

A 0.40m thick asphaltic pavement is placed on the top of the road embankment. It is
assumed to have a linear elastic behaviour, with an elastic modulus, (E,s,), of 6000MPa, a
Poisson’s ratio, (V4sp), of 0.35 and a density, (pasp), equal to 1800kg/m?. Tt was simulated

using elastic beam-column elements.

Input earthquake motion

In order to define appropriate input motions to the non-linear dynamic analysis, a selec-
tion of recorded accelerograms are used. The adopted earthquake signals are proposed by
Iervolino and Cornell (2005) and Sorrentino et al. (2008). Thus, 76 unscaled records were
chosen from the Pacific Earthquake Engineering Research Center (PEER) database. The
events range between 5.2 and 7.6 in magnitude and the recordings have site-to-source dis-
tances from 15 to 50km and dense-to-firm soil conditions (i.e. 360m/s < Vj 30, < 800m/s).

Concerning the response spectra of input earthquake motions, Fig. 2 shows the mean

and the response spectra curves (structural damping & = 5%) of the input motions. It can
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be noted that the mean response spectra is consistent with the response spectra of Type A
soil of Eurocode8 scaled to the mean maximal outcropping acceleration value. The statis-
tics on some input earthquake characteristics obtained for the strong ground motions are
summarized in Table 2. These earthquake characteristics are maximal outcropping accel-
eration (PHA), Arias intensity ([4) (Arias 1970), predominant period (7},), mean period
(T,,) (Rathje et al. 1998), peak ground velocity (PGV'), period of equivalent harmonic wave
(Ty/a = a- PGV/PHA), spectral intensity (ST), root-mean-square intensity (I.,,s) (Kout-
sourelakis et al. 2002), significant duration from 5% to 95% Arias intensity (Ds_o5) and
Specific Energy Density (SED).

LABORATORY TESTS SIMULATIONS

In order to show both a global view of the response of the ECP elastoplastic model
and the coherence of the parameters set used to simulate the sand behaviour, several soil
mechanics tests are modelled. All tests are simulated with the same set of parameters.
The soil mechanics tests concern both drained cyclic strain-controlled and undrained stress
controlled cyclic shear tests paths at different consolidation pressures

The model parameters of three layers are summarized in Table 3. They were determined
with the methodology explained in Lopez-Caballero et al. (2007). In this methodology
a unique and coherent set of the ECP model parameters is identified by modelling both
monotonic and cyclic tests. As the model parameters are classified in two categories: directly
and non-directly measurable parameters. In the first one, correlations or in-situ are used to
define the parameter values. In the second one, the parameters are fixed by curve fitting.
Fig. 3 shows the responses of the drained cyclic shear tests obtained by the model of the
sand at p/ = 30, 50, 100 and 150kPa. The tests results are compared with the reference
curves given by Seed et al. (1986). It is noted that the obtained G /G4 — 77 curves match
relatively good though for strains less than 0.01% the damping D is underestimated while
for large strains it is overestimated.

The obtained curves of cyclic stress ratio (SR = 0y_cye/(2 - pl), wWith oy_¢ye the cyclic
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vertical stress applied in the cyclic loading) in a triaxial path with isotropic consolidation
as a function of the number of loading cycles to produce liquefaction (N) at p, = 30, 50
and 100kPa are given in Fig. 4. As qualitative comparison, the modelled test results are
compared with the obtained curves given by Byrne et al. (2004) for Nevada sand at different
densities (i.e. D, = 40% and 60%). It is noted that the obtained curves are placed between
the experimental ones. It could be noted that the ECP elastoplastic model is able to simulate
realistic liquefaction, G — v and D — v curves. In addition, according to these figures, the
model’s response for both loading paths is coherent for similar initial conditions.

So as to study the effect of overconsolidation on the cyclic strength some isotropic con-

solidation tests were simulated at p/, =30 and 50kPa. Three levels of overconsolidation ratio

(OCR) were studied (i.e. 2, 3 and 4). The OCR is defined as :

O_/

OCR = = (5)

where o/ is the maximum effective stress exerted during consolidation and p/, is the effective
stress just prior to the application of cyclic loading. It is important to remark that in this
study only the behaviour of the case when OC'R = 1 is defined. Then, as in a real laboratory
test, the completely loading path is simulated. It means that to reach a predefined OCR
value, an isotropic consolidation loading-unloading path is first simulated followed by a cyclic
loading path. Fig. 5 displays the liquefaction curves obtained for the two initial stresses and
two OCR values. It is noted that for similar confining stress, the SR value increase as
OCR increases, as shown in Adalier and Elgamal (2005), Wichtmann et al. (2005) and
Stamatopoulos and Stamatopoulos (2007). These results allow to show the ability of the

numerical code to simulate the effect of preloading in cyclic liquefaction strength.

LIQUEFACTION ANALYSIS
Before studying the seismic response of the road embankment without preloading, it

is necessary to assess the modification on the behaviour of the soil foundation behaviour

10
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due to the presence of the road structure relative to the free field condition. As shown in
Fig. 6(a) the road embankment load influences the soil behaviour down to 7.5m depth (i.e.
Ao, > 50kPa). Thus, it is expected that it produces a static bearing capacity degradation
underneath the road embankment. According to the model parameters given in Table 3 and
the Eq. 3, an initial value of the “distance to reach the critical state” (ry) (i.e. free field
condition) equal to 0.5 is obtained. The contours of Ary value (Fig. 6(b)) show that after
the road embankment construction the r, value at shallow depths increases to near to 1.0
(i.e. Arp = 0.5).

In order to define the liquefaction reference case, the responses obtained by the model
without preloading are analysed. Fig. 7 shows both a typical deformed configuration of the
road embankment model and the distribution of induced horizontal displacements at the
end of the earthquake loading. It could be noted that the liquefaction of soil foundation
produces a lateral spreading of the foundation soil towards the free field. In addition, the
liquefaction induces settlements at the crest due to the combined action of the migration of
the underneath foundation soil and the deformation of the road embankment itself.

Fig. 8(a) displays the induced excess pore pressure (Ap,,) distribution with depth in
the soil profile below the embankment’s foundation at the end of the signal (i.e. coseismic
analyses) for all simulations. In this study, the end of shaking is defined as the time ¢ that
corresponds to the 95% of Arias intensity Dgs7,. It can be noted that, the flow liquefaction
(i.e. Ap, = o.,) or the full loss of effective stress in the soil does not occur for any input
signal.

However, as expected, the development of excess pore pressure during the earthquake
loading induces a shear strength degradation of the foundation soil which results in an
accumulation of seismic settlements (Bouckovalas et al. 1991; Liu and Dobry 1997; Elgamal
et al. 2002; Dashti et al. 2010a; Dashti et al. 2010b; Karamitros et al. 2013). Furthermore,
co-seismic displacements are almost identical to permanent displacements. Fig. 8(b) shows

the obtained co-seismic relative settlement at the base of the road embankment (i.e. point

11
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FF,. in Fig. 1(a)) induced by the pore water pressure build-up. The relative settlement
of the road structure is computed as the difference between the settlement of the road
embankment foundation and the free field settlement (i.e. point F'Fy, in Fig. 1(a)). It can
be seen that, the co-seismic relative settlement value increases with an increase in the Arias
intensity (/4) value, that is, an increase into the input seismic energy. This finding is similar
with recent works which correlate with good accuracy sliding-block seismic displacement
to Arias intensity (Chousianitis et al. 2014). It can be seen that most of the obtained
relative settlements are less than 10cm (&~ 60% of simulations). According to the limit
states suggested by Bird et al. (2006) for rigid body settlement, it corresponds to slight (<
10cm) damage level. According to SCDOT (2010), the maximum vertical settlement along
the profile grade over the design life of the embankment is 20cm (i.e. performance limit
EV-01).

In Fig. 9(a), the relative horizontal displacement (Uy) time histories for a point near
to the slope of the road embankment (i.e. point Rd;, in Fig. 1(a)) are illustrated for two
typical earthquakes. As recalled before, the Uy of the road structure is computed as the
difference between the horizontal displacement of the road embankment (i.e. point Rd;,)
and the free field horizontal displacement (i.e. point F'Fy, in Fig. 1(a)).

Finally, Fig. 9(b) displays the maximum Uy induced by the pore water pressure build-up
as a function of the (/4,4s) value of input earthquake. It is observed that the maximum Uy
value is about four times less than the maximum settlement value and it increases with an

increase in the Arias intensity value.

ANALYSIS OF IMPROVEMENT METHOD

In this section, the change in soil state due to the construction and demolition of the
preload embankment is analyzed. The reference state corresponds to the soil foundation
state after the construction of the road embankment. Normally, the application of preload-
ing produces an overconsolidation on the soil (OCR = o/ __/o! ) and a residual horizontal

effective stress Aoy, appears at the end of the demolition of the embankment. However, due

12
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to the adopted preloading configuration (Fig. 1) the induced OCR was concentrated at the
toe of the road slopes, namely, at the place of the preload embankment (Fig. 10(a)). At
these places the embankment load influences the soil behaviour down to 3 to 4m depth (i.e.
OCR > 2). In addition, comparing the induced horizontal effective stress for the case with
and without preloading (Acy,) (Fig. 10(b)), it is interesting to note that at the toe of the
road slopes, a residual Ao, appears.

Regarding the r; values, the contours of Ary value (Fig. 11) show that the mitigation
method produces an improvement on the static bearing capacity (i.e. Ar, < 0) in the
same places. This final configuration corresponds to the case named “Densification” in the
series of centrifuge tests proposed by Adalier et al. (1998). The improvement on the static
bearing capacity is confirmed by the fact that the settlement evolution obtained during the
construction of the road embankment is less than 20 times when the preloading was used
(Fig. 12).

Concerning the seismic response of the soil profile, the remediation method used increases
the strength at the toe of the road which contains the loose sand stratum underneath the
embankment centre and in consequence, it will decrease the relative settlement (Fig. 13(a)).
As illustrated in this figure, the co-seismic structural relative settlement obtained after soil
improvement is greatly reduced as a consequence of soil stiffening (e.g. more than two times).
This results are in agreement with those obtained by Adalier et al. (1998) and Elgamal et al.
(2002) among others. Fig. 13(b) displays the variation of A settl = settl,,;;/settl, (where
mit and o subscripts refer to values after and before mitigation respectively) as a function
of the I, value. It could be remarked, that the reduction is most important for the lower
values of I4. In addition, the onset of the slight damage level apparition is shifted for the
higher values of [4, passing from 0.3m/s to 0.6m/s.

Moreover, so as to quantify the extent of liquefaction into the profile below the embank-

ment foundation, the Liquefaction Index (Qp) is computed. This parameter is defined as
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follows (Shinozuka and Ohtomo 1989):

) = 5 [ 2o (0

where H is the selected depth (in this case, H = 10m), Ap, (¢, z) is the pore water pressure
build-up computed at time ¢t and depth z.

Fig. 13(c) provides the variation of A settl = settl,,; /settl, as a function of the variation
of Qr—10m value obtained bellow the road embankment for the case without preloading.
It appears that in general the settlement reduction is most important for Qgy—ijom < 0.4
(i.e. red points in the figure). This Qy—10om value means that the thickness of liquefied
layer corresponds approximately to 4m, thus as aforementioned the effect of the preloading
configuration influences the soil behaviour down to 3 to 4m depth (Fig. 11). According
to Yasuda (2007), the large induced settlement is produced principally by the horizontal
movement of the ground under the structure. Thus, it seems that the mitigation efficiency
is due to the lateral soil stiffening effect provided by the preloading which decreases the
settlement reducing the horizontal movement of soil foundation.

Finally, regarding the effect of soil improvement on the induced relative horizontal dis-
placement (Uy) and in accordance with Fig. 14, it seems that a clear trend could not be
distinguished. In some cases, the induced Uy value after preloading exceeds the one obtained
without preloading. A possible reason is that this horizontal displacement is related to a
local shear failure of the embankment, which is not related to the actual state of the under-
lying soil. However, in order to reduce the horizontal displacement of the road embankment
other complementary mitigation methods could be used, e.g. the placement of gravel berms

on both sides of the road embankment.

CONCLUSIONS
A series of finite element parametric analyses were carried out so as to assess the perfor-

mance of preloading embankment as a liquefaction countermeasure method in foundation of
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road embankments. A typical soil-road embankment model has been used to illustrate key
results from parametric studies. Performance was assessed by means of overall road embank-
ment behaviour, namely, settlements and horizontal displacements. The main conclusions

drawn from this study are as follows.

e The countermeasure method and the used configuration produce a densification of the
soil layers placed at the toe of the road slopes of the embankment which is a function
of the preloading embankment height.

e The analyses showed that the use of preloading reduces the induced road embankment
surface settlements. Because, the densified zones are able to limit lateral migration
of foundation soil towards the free field.

e The results show that the preloading has a beneficial effect concerning the settlements
in the cases where earthquakes produced a depth of liquefaction less than the depth
of the overconsolidated soil. Thus, the countermeasure’s effect should reach a certain
depth to be effective.

e The threshold Arias intensity value needed to induce a slight damage level increases
when the preloading method is used.

e After soil improvement, the settlement of soil foundation could be neglected for lower
levels of excitation.

e The induced relative horizontal displacement is about four times less than the settle-
ment and is not affected significantly by the preloading presumably because it may
be related to shallow shear failure of the embankment, not passing through the layers
of the underlying soil that liquefy.

e The numerical results for both the simulated laboratory tests and the road embank-
ment allow to show that the numerical code used in this study is able to simulate the
preloading method. Moreover, for the design purposes, it could be used as a tool for

assessing the effectiveness of this liquefaction countermeasure method.
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TABLE 2. Statistics characteristics for the selected earthquakes

Parameter Range Mean CV[%] Median o)y
PHA [g] 0.04—037 014 53 0.11  0.49
T [8] 0.37 — 1.27 0.67 29 0.62 0.28
T, [s] 0.10 - 1.07 041 53 0.40  0.57
Ty ls] 0.26 — 154 056 39 053 0.34
14 [m/s] 0.03-3.13 040 133 020  0.96
Ds_o5 [§] 716 — 5147 1811 42 17.22  0.36
Lims m/s2] 010 - 048 022 44 0.19  0.41
PGV [em/s] 3196370 1574 74 0.12  0.62
ST [m] 0.12 — 2.51 0.63 72 0.44 0.60

SED [em2/s] 16.64 — 6150 781 168 245  1.28
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TABLE 3. ECP model’s parameters for all soil profile layers.

Parameter 0-5m 5-10m  10-15m Road emb.
ks [m/s] 1-107% 1-107* 1-1074 -
Elasticity
Kyep [MPa] 628 628 628 708
Gref [MPa 290 290 290 328
Ne 0.5 0.5 0.5 0.4
Critical State and Plasticity
o 1] 30 30 30 33
B 33 33 33 17
d 2.0 2.0 2.0 2.5
b 0.2 0.2 0.2 0.2
pl, [kPal 18.9 39.8 60.8 7.2 -103
Flow Rule and Isotropic Hardening
¥ [°] 30 30 30 33
ar 1-107% 1-100% 1-107* 2.1074
as 2.107% 2.107% 2-107% 1.8-1072
c 2.107% 2-107% 2.107% 1-107%
m 1.5 1.5 1.5 1.0
Threshold Domains
rela 3-1072 2-1072 1-1072 1-1072
rhys 4-1072 4-107%2 4-1072 5-1072
pmob g8.10"' 8-107' 8-100' 9.107!

For all cases p,.y = 1.0MPa and o, = 1.
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FIG. 6. Distribution of the a) induced Ac., and b) obtained Ar, parameter (Eq. 3)
in the soil foundation after road embankment construction (H.,,,x = 5m). Case before
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FIG. 7. Typical distribution of induced horizontal displacements at the end of shaking
(units in metres). Case before preloading.
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FIG. 8. a) Obtained excess pore pressure under the road embankment centreline and
b) Scatter plot of obtained co-seismic relative settlement values as a function of 4.
Case before preloading.
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FIG. 9. a) Relative horizontal displacement time histories of the point Rd;, for two
typical earthquakes and b) Scatter plot of obtained co-seismic relative horizontal dis-
placement values as a function of /,,;,,. Case before preloading.
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FIG. 10. a) Overconsolidation ratio (OCR) in the soil induced by the preload and
b) Change in horizontal stress Ao, in the soil induced by the preload after road
embankment construction.

38



5m

Ark[-]attf—H

embk=

FIG. 11. Change in the r, parameter (Eq. 3) in the soil foundation induced by the
preloading (H.,,,x=5m).
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FIG. 12. Effect of preload on the settlement obtained during the construction of the
road embankment.
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FIG. 13. Effect of preload embankment on the obtained a) co-seismic relative set-
tlement values; b) Scatter plot of obtained A settl values as a function of /4 and c)
Scatter plot of obtained A settl values as a function of Liquefaction Index (Qx).
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FIG. 14. Effect of preload embankment on the obtained co-seismic relative horizontal
displacement values.
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