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ABSTRACT: Proper consideration of soil property variations and their effects is essential for enhancing the seismic safety of structures
against liquefaction. This study investigated the seismic behavior of a seawall pile foundation in heterogeneous sandy ground
containing localized weak zones, which accounted for approximately 20% of the total area. The primary objective was to understand
the influence of weak zone arrangements on the seismic behavior of seawall pile foundations and to verify the accuracy of numerical
simulations using uniform parameters based on weighted averages. To achieve this objective, centrifuge model tests were conducted
under a centrifugal acceleration of 50 G, using a laminar box filled with dense and cemented sand layers. The ground model included
localized weak zones with lower liquefaction resistance than the surrounding soil. Two different weak-zone arrangements within the
sand layers were tested, and the results were compared with those of numerical simulations conducted using FLIP ROSE 2D. The study
found that different weak-zone arrangements affected the displacement response of the fill near the seawall. When the weak zones
were distributed locally, shear strain increased rapidly in these areas, resulting in a heterogeneous strain distribution. This led to the
attenuation of seismic motion propagating to the shallow layers and altered the deformation mode, which influenced the residual
displacement of the fill and the distribution of the maximum excess pore water pressure ratio in the sandy ground. However, the overall
impact was limited, and the experimental results were effectively simulated using parameters based on weighted averages. The
horizontal displacement of the seawall and the bending strain distribution of the pile foundation were similar in both test cases. These
findings contribute to a better understanding of seismic behavior in heterogeneous sandy ground and offer insights for improving the
seismic safety of structures against liquefaction.
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1 INTRODUCTION dense sand layers and cemented sand layers. The soil container
The ground is often heterogeneous due to geological processes (height: 660 mm, width: 1950 mm, depth: 600 mm) functioned
and human activities. To enhance the seismic safety of as a laminar container for the sand layers and as a rigid

structures against liquefaction, it is essential to consider spatial
variations in soil properties and their effects. The influence of
such variations on liquefaction behavior has been investigated

through centrifuge model tests and numerical analyses o rocvmapeme " | et Vome e
(Boulanger and Montgomery, 2016; ElGhoraiby and Manzari, 1 Laser Disp. Trans (LDP)  — -Coutact Disp Tians.(CDF) orEa m:‘,‘,:
2024). However, few studies have integrated both methods. The Senomveien o on it : ;:'.:?;i“i;‘fflf,';“ﬁou 06 Cmc::drﬂ"dlw-s »
authors previously conducted centrifuge model tests and opcop | opper directon: - R — Z_bueim
numerical analyses using horizontally stratified sandy soil with Subsidence L foy
20% weak zones, zones with liquefaction resistance Seawall g _'I;ﬁ_
approximately half that of the surrounding soil, and confirmed s Qe s N
that the influence of these weak zones on seismic behavior was - G2 e ez u —
limited (Sawatsubashi et al., 2024). However, these studies g G I .
focused solely on horizontally stratified sandy soils and did not : m| WY erm El, B —
adequately examine structural settlement or external forces. ° ol
Therefore, this study carried out dynamic centrifuge model = :é o S
tests and effective stress analyses on a seawall pile foundation " el
(a vertical wall composed of steel pipe piles) and the adjacent YT s 23 10 PamTcs L 26a |
ground. The tests incorporated a 20% admixture of weak zones ! 075 ' )
with low liquefaction resistance to investigate the effect of (a) Test 1.
weak zone distribution on seismic behavior. In addition, . _
numerical simulations using weighted average parameters Semvall _i—)I_
based on the weak zone ratio were performed to evaluate Bl s T, N
whether the experimental results could be reproduced using - = “:P_Fl e : ~
uniform numerical settings. ] 1 I T
: ) : o Dense sand layer
2 CENTRIFUGE MODELING i e
= a ° o
This section summarizes the centrifuge model tests (subjected i o Cemented smd layer
to a centrifugal acceleration of 50 G) conducted by Kato et al. o — YRR I —T" -
(2024). k o7 ' !
2.1 Ground model . . (b) Test 2. .
Figure 1. Cross-sectional view of centrifuge models: sensor
Figure 1 illustrates the centrifuge model of the seawall pile locations and spatial arrangements of dense sand and cemented sand
foundation and surrounding ground. The ground consists of (dimensions in m are in prototype scale) (Kato et al. 2024).
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Figure 2. Input seismic motion.

container for the cemented sand layers. To account for spatial
variations in liquefaction resistance within the same soil layer,
an aspect difficult to replicate in numerical analyses, a weak
zone with liquefaction resistance approximately one-third to
one-half that of the normal zone was incorporated. This weak
zone comprised approximately 20% of the total area. The
mixing ratio was determined based on the average N-value and
standard deviation of the target power plant. Two tests (Tests 1
and 2) were conducted under conditions in which the ratio of
the normal zone to the weak zone and the distribution of weak

Table 1. Similarity law of the centrifuge model test (50 G).

Parameter Prototype Model
Length 1 1/50
Strain 1 1
Stress 1 1
Time 1 1/50
Displacement 1 1/50
Acceleration 1 50

zones in the cemented sand layer were held constant. However,
the distribution of weak zones in the sand layer varied between
the two tests.

The seawall model consisted of hollow stainless-steel
pipes (diameter: 24 mm, thickness: 0.5 mm), with steel plates
affixed to the above-ground portion to simulate reinforced
concrete walls. The weights of the steel plates were adjusted to
replicate the axial stress (4.15 MN/m?) caused by the
prototype's self-weight. The lower ends of the piles were fixed
to the base of the soil container. A cement-improved fill was
placed to impart vertical stress to the lower ground and to exert
asymmetrical earth pressure on the seawall model. To maintain
conformity with the ground surface shape without deformation,
the fill was reinforced with mesh material. To satisfy the
similarity law for soil permeability (Kazama and Inatomi, 1993),
the ground model was saturated with deaired silicone oil
(viscosity: 50 mN/m?-s). All subsequent data were converted to
the prototype scale based on the similarity law (Table 1).

2.2 Input seismic motion

In both tests, simulated seismic motion was used as the input
excitation. The excitation was applied along the longitudinal
direction of the soil container, which is perpendicular to the
direction of rotation. Figure 2 presents the time history of the
input seismic motion (AH-TC) recorded on a shaking table. The
amplitude in Test 1 was slightly larger; however, the input
motions were nearly identical overall.

Table 2.  Model parameters used in the FLIP multi-spring model.

Layer Dense sand Cemented sand Fill
Material Weak zone ~ Normal zone st&gz;ﬁ Weak zone Normal zone -
Saturated density p (Mg/m®) 2.011 2.011 2.011 1.921 1.921 1.600
Porosity n 0.385 0.385 0.385 0.440 0.440 0.450
Pore water density p,, (Mg/m®) 0.960 0.960 0.960 0.960 0.960 -
Shear modulus Gy, (kKN/m?) 7200 6600 6700 14700 160000 162600
Bulk modulus K, (kN/m?) 19157 17560 17827 39112 425709 2568381
Reference confining pressure ¢’m, (kN/m?) 1.0 1.0 1.0 1.0 1.0 0.0
Coefficient of confining pressure dependence m,, miy 0.45 0.53 0.52 0.42 0.13 0.0
Poissons’ ratio v 0.333 0.333 0.333 0.333 0.333 0.469
Upper bound for hysteretic damping factor Amax 0.303 0.303 0.303 0.212 0.087 0.15
Cohesion ¢’ (kN/m?) 0.0 0.0 0.0 0.0 48.2 308.94
Internal friction angle ¢r (°) 37.8 40.6 40.1 31.3 44.2 0.001
Phase transformation angle ¢, (°) 28.0 28.0 28.0 28.0 - -
Overall cumulative dilatancy w; 0.900 2.910 3.000 30.0 - -
Initial phase of cumulative dilatancy p, 0.900 1.000 1.000 1.000 - -
Final phase of cumulative dilatancy p, 0.750 0.600 0.600 1.200 - -
Threshold limit for dilatancy ¢, 1.860 2.470 2.330 3.000 - -
Ultimate limit of dilatancy S 0.005 0.005 0.005 0.005 - -
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Figure 3. Calibration results of the numerical parameters.

2.3 Experimental results

The responses of excess pore water pressure in the ground,
horizontal displacement of the seawall crest, and the maximum
and minimum bending strains of the pile foundations, including
their depth distributions, were almost identical in both tests.
Nonetheless, minor discrepancies were observed in the
displacement response of the fill, particularly in terms of
settlement and residual horizontal displacement. Figures
illustrating the experimental results are presented, along with
numerical analyses, in the following section.

3 NUMERICAL MODELING

To analyze the effects of different weak zone arrangements in
greater detail, a seismic response analysis was conducted
corresponding to the centrifuge model tests. FLIP ROSE 2D
(version 7.4.6) (hereafter referred to as FLIP) was used for the
analysis. FLIP is a finite element dynamic effective stress
analysis program developed for soil-structure interaction
systems. The constitutive model employed was a multispring
model, which accounts for stiffness degradation due to
increasing excess pore water pressure ratios and the rotation of
principal stresses (lai et al., 1992).

3.1 Numerical model

Table 2 lists the numerical parameters used in the FLIP
analyses. Parameters such as saturation density (p) and the
internal friction angle (pr) were determined from element test
results. Liquefaction parameters, from the phase transformation
angle (gp) to the ultimate limit of dilatancy (S1), were calibrated
through numerical simulations to match the liquefaction
resistance curves obtained from undrained cyclic loading tests.
The results of these simulations are shown in Figure 3,
demonstrating strong agreement, particularly at a double
amplitude axial strain (DA) of 5% and an excess pore water
pressure ratio (EPWPR) of 95%. According to Kobayashi et al.
(2024), the acceleration and horizontal displacement responses
of the normal zones within the cemented sand layers can be
accurately simulated without considering the development of
excess pore water pressure. Consequently, these zones were
modeled using a hyperbolic model without liquefaction
parameters. Detailed information regarding the element tests
and numerical parameters for the sand layers can be found in
Sawatsubashi et al. (2024). To examine whether experimental
results could be replicated using uniform numerical parameter
settings, an additional analysis was performed using parameters
calibrated to match the average liquefaction resistance curve of
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Figure 4. Numerical model (dimensions: m).

the normal and weak zones in the sand layer. This case is
referred to as Sim_Homo.

The numerical model is depicted in Figure 4. The ground
model, shown in Figure 1, was discretized into a square mesh
with 0.5 m sides. Boundary conditions were defined according
to the constraints of the soil container. The bottom boundary
was fixed in both the horizontal and vertical directions. The
lateral boundaries were fixed only horizontally for the
cemented sand layer, and periodic boundary conditions were
applied to the sand layer. The seawall was modeled using linear
beam elements with the following properties: initial shear
modulus Go = 7.54x107 kN/m?, Poisson's ratio v = 0.28, unit-
depth cross-sectional area 4 = 0.06836 m*/m, and moment of
inertia /= 1.18%10 m*m). An additional mass of 24.017 Mg/m
per unit depth was applied over the 10 m section from the
ground surface to simulate the weight of the reinforced concrete
walls. Joint elements were introduced between the seawall and
the soil layer, with properties derived from adjacent soil
elements. The mesh material within the fill was modeled as a
rigid axial spring.

The seismic input comprised the acceleration recorded at
the base of the soil container after correcting for baseline drift.
To isolate the effects of weak zone arrangements from input
motion variability, the seismic input from Test 2 was used
consistently across all cases.

3.2 Numerical results

Figure 5 presents the time histories of the excess pore water
pressure ratio at point P-F1 in the sand layer and the
displacement at the fill crest (LDH-EN and LDV-EN). The
analysis cases that precisely modeled the weak-zone
arrangements (Sim_Hetro 1 and Sim_Hetro 2) slightly
underestimated the observed settlement and showed some
discrepancies in residual horizontal displacement. Moreover,
the residual horizontal displacement in the simulations was
greater in the positive direction (away from the seawall)
compared to the experiments, suggesting that the simulations
may have overestimated the seawall’s ability to suppress
deformation.

Nonetheless, the simulations accurately captured the
evolution of excess pore water pressure, including the more
rapid increase observed in Case 1 (Test 1, Sim_Hetro 1), where
weak zones were located near the measurement point.
Additionally, both the phase and amplitude of horizontal
displacement were well-reproduced. Case 2 (Test 2, Sim_Hetro
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2) showed a more positive residual horizontal displacement
than Case 1.

Figure 6 shows the depth distribution of maximum and
minimum bending strains. The analytical results slightly
overestimated bending strain at the pile base but generally
matched the overall strain profiles. Both simulation and
experimental results confirmed that the bending strain remained
below the yield strain (2930 pe), indicating elastic behavior of
the pile.

Sim_Hetro 1, with weak zones distributed in the negative
direction (opposite to the fill) near the seawall, exhibited larger
negative-direction bending strains than Sim_ Hetro 2.
According to the residual horizontal displacement data (Figure
5(c)), the fill in Sim Hetro 2 moved further away from the
seawall, indicating reduced asymmetrical earth pressure in Case
2. However, the difference in bending strain between the two
cases was less than 100 pe and thus considered minor.
Furthermore, the results of Sim Homo aligned well with
Sim_Hetro 1, where the size of each weak zone was small.

Based on these results, it can be concluded that when weak
zones are locally distributed, analyses using uniformly
averaged material properties, weighted according to the weak
zone ratio, can effectively replicate the experimental outcomes
and match simulations that precisely model the weak zone
distribution.

4  DISCUSSION

Figures 7 and 8 show the contour plots of the maximum shear
strain (at 12 s) and the maximum excess pore water pressure
ratio, respectively. In the homogeneous analytical case
(Sim_Homo), where weighted-average physical properties
were uniformly applied to the entire sand layer, the excess pore
water pressure ratio reached 1.0 throughout the sand layer,
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except directly beneath the fill, indicating widespread initial
liquefaction. Nearly the entire weakly cemented sand layer
liquefied. A high shear strain zone (hereafter referred to as the
"shear zone") formed symmetrically on both sides, extending
from just below the toe of the fill to the lower central portion of
the model. Outside this primary shear zone, another shear zone
developed in a generally symmetrical fashion, although slight
asymmetry was observed due to the presence of the seawall. In
contrast, in the heterogeneous soil analyses (Sim_Hetro 1 and
Sim_Hetro 2), shear strain increased in the weak zones. The
surrounding normal zones exhibited relatively low values of

i 0.0
(a) Sim_Hetro 1.
1.0
0.8
0.6
0.4
0.2
gk 0.0
(b) Sim_Hetro 2.
1.0
0.8
0.6
0.4
0.2
...... oo

(c) Sim_Homo.
Figure 8. Maximum excess pore water pressure ratio distribution.



both shear strain and excess pore water pressure ratio.
Consequently, numerous small, asymmetrically distributed
shear zones developed on both sides, and the extended shear
zones observed in Sim_Homo did not appear. Accordingly, as
shown in Figure 5(b), the settlement of the fill was reduced in
Sim_Hetro 1 and Sim_Hetro 2 compared to Sim Homo.

When comparing the excess pore water pressure ratio
distributions beneath the fill in Sim_Hetro 1 and Sim_Hetro 2
(Figures 8(a) and 8(b)), Sim_Hetro 1 displayed a distribution
pattern relatively similar to that of Sim_Homo. This similarity
also extended to the maximum shear strain distributions, which
helps explain the nearly equivalent horizontal displacements
observed in Sim Hetro 1 and Sim Homo. Conversely,
Sim_Hetro 2 exhibited a distinctly different pattern, with lower
excess pore water pressure ratios directly below the toe of the
fill. This region corresponds to a normal zone situated above a
horizontally aligned weak zone. In this case, the early onset of
nonlinearity in the weak zone inhibited the upward propagation
of seismic motion, thereby limiting the increase in excess pore
water pressure in the overlying normal zone. Consequently, the
fill settlement in Sim Hetro 2 was smaller than that in
Sim_Hetro 1.

When comparing the maximum shear strain distributions
in Sim_Hetro 1 and Sim_Hetro 2 (Figures 7(a) and 7(b)), Case
2, which features a horizontally extensive weak zone, displayed
a larger horizontally spread area of shear strain than Case 1.
Consequently, Case 2 exhibited greater horizontal
displacements of the fill, leading to residual displacements in
the positive direction, opposite to the restraint provided by the
seawall pile foundation, compared to Case 1.

5 CONCLUSIONS

In this study, the effects of weak zone distribution on the
liquefaction behavior of seawall pile foundations and the
surrounding sandy soil were investigated through centrifuge
model tests and numerical analyses, in which weak zones were
locally mixed at a ratio of approximately 20%. The following
conclusions were drawn:

1.  When weak zones were accurately modeled, their spatial
arrangement significantly influenced the analytical results,
consistent with the experimental findings. This is because
locally distributed weak zones caused increased shear
strain within these areas, resulting in a heterogeneous
strain  distribution. Consequently, seismic motion
propagating to the shallow layers was attenuated, altering
the deformation modes and affecting both the residual
displacement and the excess pore water pressure ratio.

2. However, this influence was limited in both the
experiments and the analyses. Even when uniform material
properties were assigned using a weighted average based
on the weak zone ratio, the analytical and experimental
results obtained from models with explicitly defined weak
zone distributions could be adequately reproduced.
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