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ABSTRACT: Field observations during past earthquakes have shown that quay walls may expe-
rience severe damages if positive excess pore water pressures develop in the retained or founda-
tion soil, leading to a reduction of the shear strength and stiffness of the soil or, in extreme cases,
to liquefaction. A reliable numerical prediction of seismically induced excess pore water pressures
requires the development of a dynamic fully-coupled formulation capable of reproducing solid-
fluid interaction together with the adoption of advanced constitutive models. This work presents
a numerical study on the dynamic behaviour of cantilever retaining walls embedded in saturated
sand. The advanced constitutive model SANISAND, together with an element using a fully-cou-
pled u-p dynamic formulation, were implemented in the finite element code FEAP v8.4. The main
goal of this work is to investigate the effects of the soil relative density, of the presence of the
water table and of the frequency content of the earthquake on the overall seismic response of the
wall. The work indicates that different failure mechanisms can develop within the soil-wall sys-
tem, depending on the amount of excess pore water pressure built-up in the foundation soil. The
numerical results are commented with reference to some experimental observations from two
small scale dynamic centrifuge tests on a pair of embedded cantilever walls in saturated sand.

1 INTRODUCTION

Field observations collected during past earthquakes indicate that quay walls are particularly vul-
nerable to strong earthquakes (lai & Kameota, 1993; lai, 1998). Water can affect the dynamic
behaviour of these structures in at least three different ways: (1) hydrostatic pore water pressures
reduce the static effective stress distribution, thus leading to a reduction of stiffness and strength
into the soil; (2) it generates additional hydrodynamic pressures on the wall; (3) it can induce
further reduction of the effective stress distribution due to pore pressure build up during shaking.

A series of dynamic tests were carried on reduced-scale models of cantilever walls embedded
in dry (Conti et al 2012; Madabhushi & Zeng, 2006) and saturated (Aversa et al., 2015; Madabhu-
shi & Zeng, 2007) sand. These studies revealed significant differences in the response of these
systems, depending on the water table position and the relative density of the soil.

This paper presents the main results of a numerical study on the seismic behaviour of cantilever
embedded retaining walls, aimed at identifying the role played by the pore water pressure on the
overall response of the system. The main objective of the work is to explore the effects that the
relative density of the soil and the different input signals have on the dynamic response of the
retaining structure, in terms of displacements and bending moments. The numerical results are
commented in the light of the available experimental results.



2 NUMERICAL MODEL

2.1 Layout of the problem

Figure 1 shows the layout of the two numerical models considered in this work, consisting of a
homogeneous sand layer characterized by different water table conditions: (a) no water table (dry
sand) and (b) water table at dredge level (saturated sand). In both cases, a pair of embedded
cantilever walls is considered, with a retained height of 4 m and an embedded depth of 5 m. The
walls are placed at a distance of 12 m from one another, in order to prevent any interaction during
both the static and the dynamic stages.

Two values of relative densities were considered for the soil, representative of an extremely
loose (Dr = 8 %) and a medium dense (D = 43 %) sand layer, respectively.

Two input signals were used in the analyses, both registered on rock outcrop during the Friuli
(Italy) earthquake in 1976 and the Kobe (Japan) earthquake in 1995. Figure 2 shows the acceler-
ation time histories of the two earthquakes, both scaled at amax = 0.2 g, together with the corre-
sponding Fourier amplitude spectra. As shown in the figure, the Friuli and Kobe earthquakes are
characterised by a different frequency content, with a dominant frequency of 2.0 Hz and 0.6 Hz,
respectively, and strong motion duration, equal to 4.25 s and 12.87 s, respectively. Both factors
are relevant for the liquefaction potential of saturated soil deposits.

Focusing the attention on the foundation soil, points Al and P1 in Figure 1, located 2 m below
dredge level, at the soil-wall contact and along the mid-section of the model, respectively, will be
used as reference to discuss the numerical results in terms time history of acceleration (A1) and
pore pressure ratio (P1).
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Figure 1. Layout of the problem: (a) dry sand and (b) water table at the dredge level.
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Figure 2. Input signals: (a, ¢) Friuli and (b, d) Kobe earthquake.

2.2 Numerical code and constitutive model

The numerical work presented in this paper was carried out using the finite element code FEAP
v8.4 (Taylor, 2013). A 2D plane strain finite element was implemented to solve the dynamic



equations of the coupled hydro-mechanical problem, using the u-p formulation proposed by Zien-
kiewicz et al. (1980) for a fully saturated porous medium. Both the embedded retaining walls and
the soil are modelled with solid elements, using a porous medium formulation for the soil and a
non-porous linear-elastic formulation for the walls.

The finite element parameters are the mass density of the soil, ps = 1.85 t/m?, and of the water,
pw=1.00 t/m? the permeability, k =0.0005 m/s, and the water bulk modulus, Ky =2.2-10°
kN/m2. The constitutive model used for the soil is SANISAND (Dafalias & Manzari, 2004), de-
veloped within the framework of critical state soil mechanics and kinematic hardening plasticity,
in order to reproduce the main features of the behaviour of sands under cyclic loading. The con-
stitutive equations of the model are briefly recalled in Table 1, together with the numerical values
adopted for the parameters, while details of the implementation are given in Morigi et al. (2018).

Table 1. Summary of the constitutive equations for the SANISAND model
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The physical and mechanical parameters of the walls are: mass density, p = 2.40 t/m?, Young’s



modulus, E = 30 GPa and Poisson’s ratio, v=0.2. The thickness of the walls is 0.5 m. There is
no interface between the retaining walls and the soil.

2.3 Procedure of analysis

During the static stage, standard boundary conditions were applied to the model. After the geo-
static stress state was imposed, the excavation was carried out removing the soil elements between
the walls in 8 successive steps.

During the dynamic stage, periodic constraints were applied to the lateral boundaries of the
mesh, both for the mechanical and the hydraulic problem, and the selected acceleration—time his-
tories were applied to the bottom nodes of the grid in the horizontal direction (rigid boundary).

3 RESULTS

3.1 Model A: Cantilever walls in dry sand

Figure 3 shows the main results for the case of cantilever walls embedded in a homogeneous layer
of medium dense dry sand (D, = 43 %). Specifically, Figure 3 shows, for the left wall: (a) the
distribution of horizontal effective contact stresses, together with the theoretical static distribution
provided by Lancellotta (2002) for ¢ = 30° and &= ¢/3; (b) the horizontal relative displacements;
(c) the bending moment distribution in the wall; (d, ) the acceleration time histories of the input
signals and those computed at the reference point Al. The results for both Friuli and Kobe earth-
quake are shown. Moreover, the distributions refer to the static stage (black lines) and to two
relevant time instants, i.e.: t, corresponding to which the bending moment reaches its maximum
value (continuous lines); and t,, approximately at the end of the earthquake (dashed lines).

During the earthquake, inertia forces into the soil induce an increase of the horizontal stresses
behind the wall. Consequently, the progressive rotation of the wall leads to a mobilization of the
soil passive strength in front of the wall and to an increase of bending moment. Maximum and
residual bending moments correspond to about 400 % and 300 % (Friuli earthquake) and 350 %
and 300 % (Kobe earthquake) of the static value, respectively. Both maximum and residual bend-
ing moments are very close to each other, irrespective of the applied earthquake, thus suggesting
that, in this case, the maximum internal forces are related to the strength of the system rather than
the characteristics of the input signal.

The acceleration time histories computed at point Al are very similar to the input ones, indi-
cating that no significant amplification phenomena occurred up to dredge level. This evidence is
related to the short distance between the reference point Al and the bottom of the mesh (6 m).
Accelerations are amplified, instead, close to the soil surface, where amplification ratios of 3.0
(Friuli) and 3.4 (Kobe) are computed between the maximum wall acceleration and the input one.

Figure 4 shows the same results for the case of cantilever walls embedded in a homogeneous
layer of extremely loose dry sand (D, = 8 %). The wall exhibits approximately the same behaviour
observed in the previous case. As a matter of fact, inertia forces into the soil lead to a progressive
increase of contact stresses, wall displacements and internal forces. Moreover, the computed max-
imum and residual bending moments are similar to the previous case, indicating a negligible effect
of the soil relative density. On the other hand, D, has a clear effect on the horizontal displacements
of the wall. In this case, in fact, an increase of about 80% can be observed with respect to the
medium dense case. Again, the computed horizontal accelerations (Figure 4d,e) do not show sig-
nificant amplification phenomena into the sand layer, at least up to the reference point Al.

3.2 Model B: cantilever walls in saturated sand

Figure 5 shows the main results for the case of cantilever walls embedded in a homogeneous layer
of medium dense sand (D, = 43 %), in which the water table is located at dredge level. Results
are shown in the same format as for the previous cases. Figures 5(d,e) show also the time histories
of the normalised pore pressure ratio ry = Au/c’vo (red lines), computed at the reference point P1
(see Figure 1).
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Figure 3. Dry medium-dense sand: (a) horizontal contact stresses; (b) relative displacement of the wall; (c)

bending moment; (d, e) accelerations time histories.
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This time, the soil-wall system exhibits a completely different behaviour with respect to what
observed in the dry sand models. Inertia forces in the soil do not induce a significant redistribution
of the effective horizontal stresses at the soil-wall contact, neither for t; = t(Mmax) nor at the end
of the earthquake. As a result, the increase of maximum bending moment is about 100 % of the
corresponding static value, while the residual distributions virtually coincide with the static one.
It is worth noting that internal forces in the wall are related to total stresses, thus including the
effect of the pore water pressure, as it is evident by comparing the static and residual distributions
of contact effective stresses and the bending moments in Figure 5. Once again, the maximum
internal forces in the wall show a negligible effect of the characteristics of the applied signal.

A better understanding of the results outlined above is provided by the time histories of the
accelerations (A1) and the r, ratio (P1) in Figures 5(d,e). Partial liquefaction occurs during both
applied earthquakes. However, r, reaches values close to one only for a short time interval during
the strong motion stage. The pore pressure build-up leads to a reduction of the state of effective
stress but, as suggested by the acceleration time histories computed at point A1, the soil does not
fully liquefy.

Looking at the final horizontal displacements (Figure 5b), the rotation of wall occurs together
with a translation of the tip, clearly related to a temporary reduction of the available shear strength
in the foundation soil. This observation is also consistent with a partial liquefaction of the satu-
rated sand below dredge level.

Figure 6 shows the results for the case of cantilever walls embedded in a homogeneous layer
of extremely loose saturated sand (Dr = 8 %), with the water table located at dredge level. This
time, liquefaction occurs during both the applied earthquakes, as indicated by the time histories
of ry, which remain close to one during the whole duration of the strong motion (values of r, > 1
are possible in 2D conditions). As a result, the liquefied soil cannot propagate shear stresses and
the horizontal accelerations computed at point Al are damped. In this case, the attenuation does
not depend on the frequency content of the earthquake.

The complete loss of strength in the foundation soil leads to a collapse of the walls. Accord-
ingly, the dynamic distributions of contact horizontal effective stresses, horizontal displacements
and bending moment in the wall are shown only for three time instants during the strong motion
stage, i.e. before excessive wall displacements took place.

The horizontal effective stress profiles show a progressive reduction, compared with the static
distribution, implying also a consistent reduction of the bending moment distribution. In other
words, the applied earthquakes do not induce an increment of internal forces in the wall, as lig-
uefaction inhibits the propagation of substantial inertia forces into the soil. On the other hand, the
collapse of the wall is related to the accumulation of excessive permanent displacements.

4 COMPARISON OF NUMERICAL RESULTS WITH EXPERIMENTAL DATA

The layout of the numerical models discussed in this paper is similar to some of the reduced scale
centrifuge models presented in the recent literature, referring to a couple of cantilever walls em-
bedded in a homogeneous layer of dry (Conti et al., 2012) and saturated (Aversa et al., 2015)
sand, reconstituted at different values of the soil relative density.

Although the geometry of the models is slightly different and the constitutive parameters
adopted for the SANISAND model were not calibrated to reproduce the cyclic behaviour of the
Leighton Buzzard sand used in the centrifuge tests, numerical and experimental results share some
common features, as detailed below:

i.  for cantilever walls embedded in dry sand, the relative density of the soil has minor
effects on the maximum internal forces, while it affects substantially the final horizon-
tal displacements;

ii.  inthe case of saturated sand, the relative density of the soil plays a crucial role, as the
occurrence of liquefaction phenomena in the foundation soil is directly related to Dy.
Moreover, in this case, the seismic performance of the wall should be evaluated with
reference to the final permanent displacements rather than to the maximum internal
forces.

iii.  if high excess pore water pressures develop within the foundation soil, the rotation of
wall is associated with a substantial displacement of the tip.
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Figure 5. Saturated medium-dense sand: (a) horizontal contact stresses; (b) relative displacement of the

wall; (c) bending moment; (d, e) accelerations and r, time histories.
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5 CONCLUSIONS

This paper presented the results of a numerical study on the seismic behaviour of cantilever re-
taining walls embedded in a homogeneous layer of dry and saturated sand. Two values were
adopted for the soil relative density, representative of a medium dense and a loose sand layer,
respectively, and two dynamic inputs were applied to the models, characterised by different fre-
guency contents and strong motion durations.

As far as the dry sand models are concerned, the analyses showed that maximum internal forces
in the wall depend on the strength of the system, rather than the characteristics of the applied
earthquake. Moreover, the soil relative density has a negligible effect on the maximum bending
moment while is affects the final permanent displacement.

For the saturated case, Dy is the crucial parameter for the evaluation of the seismic stability of
the system, as it determines the occurrence of liquefaction phenomena within the foundation soil.
The numerical analyses showed that liquefaction occurs only for a short time interval in the me-
dium dense sand case, while it lasted for the whole duration of the strong motion stage, eventually
leading to the collapse of the wall.
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