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ABSTRACT: A well-documented case history of a wharf liquefaction-induced failure from
Kobe 1995 earthquake is employed for checking the reliability of two widely-applied in prac-
tice constitutive soil models. More specifically, the seismic response of the quay wall RC-5 in
Rokko island is reproduced by conducting both undrained and uncoupled—consolidation-
based—effective stress analysis with the finite element code PLAXIS using the UBC-Sand and
PM4-Sand models. The computed quay wall response for the two aforementioned constitutive
models is compared with each other and similarities and differences between them in predict-
ing patterns of the observed liquefaction-induced failure are highlighted.

1 INTRODUCTION

The seismic response of caisson-type quay walls is strongly affected by soil behavior at very
large shear strains. Development of excess pore pressures and accumulation of shear and volu-
metric strains, both at the backfill and the foundation soil, produces shear strength degrad-
ation which may lead to liquefaction. The above phenomena are further complicated when
accounting for soil-structure interaction. Evidently, the softening mechanisms that dominate
the response of a quay wall at large displacements and near failure conditions cannot be realis-
tically assessed by conventional design procedures. The use of suitable constitutive soil models
that balance simplicity and effectiveness in conjunction with powerful numerical techniques is
a key-step for a successful prediction (Iai et al. 1994, Byrne et al. 2004, Dakoulas & Gazetas
2008, Gerolymos et al. 2015, Tasiopoulou & Gerolymos 2016a, b). However, these more
sophisticated procedures need to be verified before used in practice, and well-documented case
histories can play a vital role on this.
In this paper, a comparative study between two constitutive soil models widely applied in

earthquake engineering problems involving liquefaction-induced failures. The first model is
the UBC3D-PLM (Galavi et al. 2013), which is a 3D reformulation of that originally pro-
posed by Puebla et al. (1997) and Beaty & Byrne (1998), designated as UBCSand. The second
model is the PM4Sand originally proposed by Boulanger & Ziotopoulou (2013) and Zioto-
poulou & Boulanger (2013), extending the Dafalias & Manzari (2004) plasticity model. The
model parameters are calibrated according to a procedure provided in a companion paper by
Anthi & Gerolymos (2018).
The case history of the caisson quay wall RC-5 in Rokko Island from the 1995 Kobe earth-

quake, whose large outward displacement and tilting have been documented and analyzed by
several researchers in a number of publications (Iai et al. 1998, Dakoulas & Gazetas 2008), is
used as a benchmark for testing the applicability of the above mentioned constitutive soil
models. The analysis is performed in the time domain in terms of the effective stress consider-
ing (a) fully undrained load conditions and (b) consolidation conditions throughout seismic
loading. Both models are shown to be capable of reproducing the observed response with suf-
ficient engineering accuracy.
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2 NUMERICAL SIMULATION OF THE KOBE (1995) CASE HISTORY

2.1 Field observations

The case history corresponds to the typical quay wall section of Rokko Island, in which both
the foundation and the backfill soil deposits are liquefiable. A cross-section of the quay wall
before and after the earthquake as reported by Iai et al. (1998) is sketched in Figure 1. Accord-
ing to observations by Iai et al. (1998), the top of the wall moved about 4 m towards the sea
(exceeding 5 m in a few locations) and experienced a settlement of approximately 1–2 m, tilt-
ing around 4° outwardly. Interestingly, there was no evidence of liquefaction occurrence
either right behind the wall, at a distance of about 30 m, or near the toe of the wall in the sea
(Dakoulas & Gazetas, 2008). Nevertheless, extensive liquefaction should have taken place far-
ther away in the free field (Towhata et al. 1996, Iai et al. 1998).

2.2 Numerical modeling in PLAXIS2D

The seismic response of a typical section of the Rokko Island RC-5 quay wall is analyzed with
the use of the finite element code PLAXIS 2D. The finite element mesh and the material zones
used in the analysis are shown in Figure 2. Undrained effective stress analysis in the time
domain is performed with due consideration to material (in the soil) and geometric (interface)
nonlinearities. Both the quay wall and the soil are modelled with 6-node triangular plane
strain elements, elastic for the former and nonlinear for the latter. The contact conditions
between the quay wall and the adjacent soil are modelled with special interface elements,
allowing for slippage and gapping via a Coulomb frictional law. The interface friction angles
are assumed equal to 15° and 30° at the back and at the base of the wall, respectively. To

Figure 1. Cross-section of caisson quay wall RC-5 in Rokko Island and its residual deformation

observed after Kobe 1995 earthquake (after Iai et al., 1998).

Figure 2. The 2D Finite element model used in the analyses with “free-field” elements at the sides: (1)

quay wall, (2) backfill rubble, (3) backfill soil, (4) foundation rubble, (5) foundation soil, and (6) alluvial

clay.
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avoid spurious oscillations at very small deformations and for high frequency components of
motion, Rayleigh damping is also introduced into the model, accounting for equivalent hys-
teretic damping values between 2.5% and 3% in the range of 2-3 Hz. The initial horizontal
effective stresses are set equal to 0.5 times the initial vertical effective stresses. The horizontal
component (PGA = 0.54g) of the ground motion (Portns32) recorded in the nearby Port
Island seismograph array (at the depth of 32 m) is used as the input motion (Figure 3) at the
base of the model (Dakoulas & Gazetas 2008). Finally, “free-field” conditions are used for the
outer boundaries in order to absorb wave reflections (Galavi et al. 2013).

2.3 Calibration of model parameters

The calibration of the UBCSand model was based on a procedure developed by Anthi & Ger-
olymos (2019) in a companion paper. The procedure aims at matching the cyclic resistance
ratio with respect to the number of uniform loading cycles required to trigger liquefaction for
isotropic consolidation stress conditions and for various relative densities. This is achieved
through numerical simulation of undrained cyclic direct simple shear tests (UCDSS). The cali-
brated UBCSand model parameters are provided in Table 1. They correspond to an estimated
relative density of Dr = 35% for the foundation and backfill soil deposit, respectively, and Dr

= 40% for the rubbles.

Figure 3. The horizontal component of the portns32 record used as the input motion at the base of the

model and its corresponding response spectrum.

Table 1. Constitutive models parameters.

UBCSand PM4Sand

Parameter

Relative Density

Parameter

Relative Density

Dr=35% Dr=40% Dr=35% Dr=40%

KG
e 805 866 Go 389 425

KB
e 805 866 hp0 0.5

kG
p 754 834 pa [KPa] 100

pa [KPa] 100 emax 0.8

φcv [°] 36 emin 0.5

φp [°] 38.2 38.7 nb 0.5

ne 0.5 nd 0.1

me 0.5 φcv [°] 33

np 0.5 nu 0.3

Rf 0.15 Q 10

c [KPa] 0.5 R 1.5

σt [KPa] 0 postShake 1

(N1)60 5.64 7.36

fachard 0.473/0.526* 0.428

facpost 0.2 0.02

* 0.473 for foundation and 0.526 for backfill soil
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The performance of the model in terms of the UCDSS is depicted in Figures 4b and 6. The
results are presented in the form of the cyclic resistance ratio, shear stress–shear strain and
shear stress– effective vertical stress curves for three different initial stress conditions. The cri-
terion adopted for the onset of liquefaction is an excess pore water pressure ratio value greater
than 97%. It is interesting to observe that the UBCSand model is practically insensitive to
variations of the initial earth pressure coefficient at rest Ko. This implies inconsistency with
the frequently applied in practice formula (Idriss & Boulanger 2010):

CRRK0≠1 ¼
1þ 2K0

3

� �

CRRK0¼1 ð1Þ

to account for equivalent anisotropic consolidation stress conditions. An additional short-
coming of the UBCSand is its inability to produce large post-liquefaction shear strains as
measured in the laboratory. However, the fact that the three CRR curves practically coincide
irrespective of the Ko and mean effective stress values is also attributed to the minor effective
overburden pressure effect (Kσ effect) for vertical effective stresses smaller than 100 KPa.

Figure 4. Cyclic resistance ratio with number of uniform loading cycles required to cause liquefaction

for a soil specimen with relative density of Dr = 40%, computed by the used constitutive models for sand

behaviour: (a) the PM4Sand and (b) the UBCSand. Three different initial stress conditions are examined:

(i) σ’v0=100 KPa, K0=1, (ii) σ’v0=66.6 KPa, K0=1 and (iii) σ’v0=100 KPa, K0=0.5.

Figure 5. Undrained cyclic direct simple shear stress – controlled tests produced by the UBCSand

model, for sand relative density Dr = 40 %, three different initial conditions: (i) σ’v0 =100 KPa, K0=1, (ii)

σ’v0=66.6 KPa, K0=1 and (iii) σ’v0=100 KPa, K0=0.5. The required shear stress amplitude to cause lique-

faction in 15 uniform loading cycles is based on the criterion of ru > 97%.
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On the contrary, the PM4Sand is sensitive to variations of the Ko and capable of repro-
ducing post liquefaction shear strains greater than 3%. The predictions of this model are
contrasted with those from the UBCSand model in Figures 4a and 6, while the selected
model parameters are listed in Table 1. The applied methodology for calibrating the
model parameters is the one proposed by Ziotopoulou & Boulanger (2013) with the
exception that the shear modulus coefficient G0was estimated according to the following
expression:

G0 ¼
Ke

G K
p
G

Ke
G þ K

p
G

ð2Þ

in which Ke
Gand K

p
Gare the reference elastic and plastic shear moduli of the UBCSand

model. The onset of liquefaction with this model was conventionally assumed when the excess
pore water pressure ratio greater than 97% and the single shear strain amplitude is greater
than 3%. Despite that the calibration of parameters was based on numerical simulations of
single element unidirectional tests, the satisfactory performance of both models in analysing a
boundary value problem strongly hinges on the activation of the “post-liquefaction” param-
eters facpost for the UBCSand and postshake for the PM4Sand.

The main reason can be partially attributed to: (a) the multidirectional nature of the actual
seismic loading, imposing stress paths that cannot be captured by a single element test nor be
reproduced in a 2D plain strain analysis, and (b) the capability of the constitutive model to
adequately simulate the post-liquefaction soil behaviour that mostly controls the response at
large displacements. It is pointed out that calibration of the model parameters has been based
on a procedure (Anthi & Gerolymos 2019) representative of soil behaviour up to liquefaction
triggering (when the phase transformation line has been reached) and not of the cyclic behav-
iour of the liquefied soil at large deformations. Capturing the post-liquefaction soil response is
not only a matter of appropriate calibration but the mathematical structure of the constitutive
model should be able to support such a possibility.
Finally, for simplicity and in order to avoid “soil layering” the calculation of the stress-

dependent model parameters was based on the average effective stress values for each soil
zone.

Figure 6. Undrained cyclic direct simple shear stress – controlled tests produced by the PM4Sand

model for a relative density of Dr =40 % and three different initial stress conditions: (i) σ’v0=100 KPa,

K0=1, (ii) σ’v0=66.6 KPa, K0=1 and (iii) σ’v0=100 KPa, K0=0.5. The required shear stress amplitude to

cause liquefaction in 15 uniform cycles loading is based on the criterion of ru > 97% and γcyc > 3%.
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3 RESULTS

The results of the effective stress analysis are presented in Figures 7 to 9 in the form of snap-
shots of the deformed mesh, and contours of the excess pore water pressure ratio at selected

Figure 7. Computed horizontal and vertical displacement and tilt angle time histories with the UBC-

Sand and PM4Sand model, for (a, c) undrained dynamic analysis and (b, d) uncoupled—consolidation-

based dynamic analysis. Outward displacement is denoted with negative sing and outward rotation is

denoted with positive sing.

Figure 8. Snapshots of the deformed FE mesh for the dynamic analysis with consolidation at 7.5s, 15s,

22.5s and 26s of shaking computed by the two constitutive models: The UBCSand (left) and the

PM4Sand (right).
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times of the seismic loading and time histories of the horizontal and vertical displacement,
and the tilt angle of the upper left corner of the wall. Not only the observations regarding
the residual displacements of the wall are satisfactorily reproduced by both models, but the
evidence regarding a zone of negative excess pore water pressure right behind the wall fol-
lowed by extensive liquefaction at a farther distance, are also strongly supported. Interest-
ingly, the displacement of the quay wall predicted by the two models is only slightly
influenced by the method of analysis: Undrained or consolidation-based effective stress. The
distributions of the excess pore water pressure ratios computed by the two constitutive
models are quite similar with the PM4Sand predicting a more dilative response behind the
quay wall and near the ground surface. Regarding the displacement patterns, the pictures
are again quite similar with the UBCSand predicting greater settlements right behind the
wall.

4 CONCLUSIONS

This paper presents a comparative study on the use of two alternative constitutive soil models,
the UBCSand and the PM4sand available in PLAXIS material library, for analyzing the seis-
mic response of a quay wall subjected to liquefaction-induced soil flow. The case history of
the caisson quay wall RC-5 in Rokko Island from the 1995 Kobe earthquake was used as
benchmark for checking the applicability and efficacy of the two aforementioned models. The
analysis was conducted in the time domain, by means of the effective stress, considering (a)
undrained and (b) consolidation conditions during shaking. Both models were shown capable
of reproducing the observed substantial outward displacement and rotation of the quay wall.
However, despite their satisfactory performance, it was shown that calibration of the model
parameters in terms of a soil element test does not guarantee the successful application in a
boundary value problem. This shortcoming is not only attributed to interaction issues due to
the transition from the meso-scale (at the soil element test level) to the macro-scale (at the
boundary value problem level) but also on weaknesses regarding the mathematical structure
of the two models.

Figure 9. Snapshots of the contours of the excess pore water pressure ratio for the dynamic analysis

with consolidation at 7.5s, 15s, 22.5s and 26s of shaking computed by the two constitutive models: The

UBCSand (left) and the PM4Sand (right).
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