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Visualization of measured quay wall seismic response 
Visualisation de la réponse séismique des murs de quai

T.AbdOun, C.Oskay, Y.Wang & M.Zeghal — Rensselaer Polytechnic Institute, Troy NY 12180, USA 
C-J.Lee -  National Central University, Chungli, Taiwan

ABSTRACT: Lateral spreading of soil near a waterfront is a very costly type of liquefaction-induced ground failure. It destroys 
building, bridges, buried lifelines and waterfront structures. Liquefaction induced lateral spreading caused billions of dollars in 
damage during the 1995 Kobe earthquake (Inagaki et al., 1996 and Towhata et al., 1996). 2D Centrifuge models were used to study 
the free field lateral spreading and the quay wall response in Port Island during the 1995 Kobe earthquake. Several quay wall models 
were tested corresponding to 75m and 38m of prototype inland distance behind the quay walls, which covers the length of the most 
significant observed spatial variation of permanent ground displacement. The results of these models show good agreement with the 
measured field data after the earthquake. This paper focuses on the use of visualization to evaluate and study the dynamic soil- 
structure response during the shaking. The measured results of two quay wall centrifuge models were used to generate two real time 
movies of the quay wall deformation as well as of the excess pore pressure ratios in the soil.

RÉSUMÉ: Les déplacements latéraux des sols près d'un bord de la mer engendrent des dégâts coûteux associés au phénomène de 
liquéfaction. Les bâtiments et structures souterraines au bord de la mer sont souvent endommagés par ce type de déplacements. La 
liquéfaction a occasionné des dommages et pertes estimés à des milliards de dollars pendant le tremblement de terre de Kobe en 1995 
(Inagaki et autres, 1996, et Towhata et autres, 1996). Des modèles 2D de centrifugeuse ont été employés pour étudier le 
comportement des murs de quai a l’île du Port (Port Island) pendant le tremblement de terre de Kobe. Les résultats expérimentaux 
montrent une bonne concordance avec les données in situ mesurées après ce tremblement de tene. Cet article met l’accent sur 
l'utilisation d’outils de visualisation pour évaluer et étudier la réponse dynamique des murs de quai et des sols adjacents. Les mesures 
faites lors de ces tests de centrifugeuse ont été employées pour produire des films de la déformation des murs de quai et des pressions 
interstitielles des sols adjacents.

1. INTRODUCTION

This research employs physical prototype modeling using the 
centrifuge facilities at Rensselaer Polytechnic Institute. The 
lOOg-ton centrifuge machine at RPI (Elgamal, et al. 1991). The 
2D Centrifuge models were used to study the free field lateral 
spreading and to assess the quay wall damage in Port Island 
during the 1995 Hyogoken-Nambu earthquake (Max. peak hori
zontal acceleration 0.54 g, max. vertical acceleration 0.45 g). 
The field investigation showed the characteristic damage pattern 
of a caisson type quay wall to be in the form of large defor
mation of the quay wall (including lateral movement, rotation, 
and settlement) and substantial ground movements (lateral and 
vertical) of the backfill. Seaward displacements of the caisson 
type quay walls were about 5 m maximum and 3 m average. The 
vertical settlements were about 2.2 m maximum and 1.5 m 
average. The maximum tilt toward the sea was around 4 degrees. 
Permanent lateral ground displacements behind the quay walls 
extended about 100 m inland (Ishihara, et al. 1996).

In this paper, a series of 2D centrifuge models with in-flight 
shaking were carried out to study both deformation character
istics of the backfill and the response of a caisson type quay wall 
during liquefaction induced by an earthquake (Lee, et al. 1999 
and Lee, et al. 2000). The extent of backfill in the model was 
wide enough to cover the length of the most significant observed 
spatial variation of the deformation behind the model quay wall. 
Therefore, the deformation patterns of backfill can be investi
gated in detail. A comprehensive set of instruments was used for 
studying the development of dynamic earth pressures and pore 
water pressures during liquefaction as well.

Recent advances in the computational capabilities and the excel
lent repeatability of physical models at RPI have allowed for the 
joining of the physical and virtual worlds (Zeghal, et al. 1999).

The measured results of several identical tests on different 
models - in some cases with different spatial deployments of 
sensors - were used to generate two real time movies of the quay 
wall deformation as well as of the excess pore pressure ratios in 
the soil (see movies in the research section on RPI’s Web site, 
www.ce.roi.edu/centrifuge/). These real time movies were used 
to identify: (i) different modes of wall deformation (lateral and 
rotational), (ii) zones of liquefied soil, (iii) hydraulic gradients 
near the wall and in the free field, and (iv) relation between 
direction of wall movement and changes in pore pressure near 
the wall.

2. CENTRIFUGE TESTS

2.1 Model Preparation

The quay wall models were constructed in a large rigid model 
container with internal dimensions of 87.5 cm (L) x 37 cm (W) x 
35.8 cm (H) was employed (Fig. 1). The model dimensions 
shown in Fig. 1 are in centimeters, and the prototype dimensions 
in parentheses are in meters. A large in-flight computer- 
controlled centrifuge shaker with a 13.6 metric ton maximum 
actuation force capacity was used to impart base dynamic exci
tation (Van Laak 1996). Nevada No. 120 fine sand was used as 
foundation soil and backfill. Extensive data about the cyclic 
characteristics of this soil is reported by Arulmoli et al. (1992).

The loose foundation soil layer (40 percent relative density) was 
built first by raining oven-dried sand. Thereafter, the model quay 
wall was placed on the loose layer and the same process of 
deposition was used to build the backfill behind the wall at the 
same density until the desired elevation. The raining process was 
interrupted as needed to place transducers or to rain a layer of 
colored sand at specified elevations. A row of marked Chinese 
noodles was vertically implanted along the center of the model at
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Fig. 1: Setup of model quay w a ll: Model dimensions are in centimeters 
and prototype Dimensions (in parentheses) are in meters

regular intervals and at predetermined positions (Fig. 1). The 
colored sand layers (2 mm in thickness) were used together with 
the vertical Chinese noodles as indicators of the permanent 
deformations after shaking (Fig. 5).

In an effort to accurately model the time scaling for pore fluid 
dissipation within the sand, a pore fluid having a viscosity higher 
than water was used. A mixture of water and Methocel cellulose 
ether was used for this purpose. Two solutions of 2.0 percent and
2.5 percent were used in two of the tests to achieve a viscosity 60 
times and 120 times, respectively, that of water alone. The sand 
bed was vacuumed and saturated with the fluid having the vis
cosity of either 60 or 120 times the viscosity of water to simulate 
different soil permeabilities. After saturation, the models were 
spun at 120 g centrifugal acceleration and finally were subjected 
to 20 cycles of sinusoidal base acceleration having about 0.18 g 
prototype peak amplitude, and a frequency of 1 Hz, also in proto
type units. After shaking, the soil bed was excavated to expose 
the colored sand layers and Chinese noodles (Fig. 5). The defor
mation patterns behind and in front of the wall were measured.

2.2 Excess pore pressures

The measured time histories of excess pore water pressure (ru) 
on the back face of wall (line AB in Fig. 1) during shaking are 
shown in Figure 2 in prototype units. The value of ru reaches 1.0 
when the soil liquefies. The value of ru measured at PI (2.4 m 
below the top of the quay wall) indicate that the soil near the sur
face at some times did liquefy. However, at larger depths the soil 
did not reach full liquefaction behind the quay wall in any of 
these measured points. However, the value of ru at P4 (located
21 m away from the quay wall and 6 m in depth) and at P7 
(located 47 m away from the quay wall and 6 m in depth), as 
shown in Figure 3, rose to about 1.0. This indicates that liquefac
tion did occur in the free field.

Elements located near the quay wall were subjected to lateral 
extension (LE) and lateral compression (LC) during shaking. As 
expected large oscillation due to the LC and LE, the soil have 
developed alternatively positive and negative excess pore water 
pressure ( AU , Fig. 2). On the other hand, soil elements far away 
from the soil-wall interaction zone developed small oscillation 

with primarily positive A ll during shaking (Fig. 3). Therefore, a 
complicated flow pattern with pore fluid flowing from the free 
field to the soil near the wall is expected. The lower the viscosity 
of the fluid used, the quicker was the dissipation or equalization 
of the excess pore water pressures in the soil because of the 
higher permeability.

2.3 Quay wall and soil deformation

The wall displacements were obtained from the measurements 
taken by three LVDTs installed on the top and face of the quay
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Fig. 2: Time histories o f  excess pore water pressure ratio (ru )
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Fig. 3: Time histories o f  excess pore water pressure ratio at free field
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Fig. 4: Time histories o f quay wall deformation

wall (Fig. I). LHT measured the horizontal displacement of the 
top of wall. LVl and LV2 measured the vertical settlements of 
the top at two sides of the wall, and thus calculations of the 
rotation angles were possible. Figure 4 shows that both a rotation 
angle and a horizontal displacement toward seaside gradually 
developed for Model QWTEST3. After the tests, the soil bed 
was excavated to expose the marked noodles and colored sand 
layers (Fig. 5). The deformation pattern near the quay wall for 
Model QWTEST3 and the failure plane can be clearly observed 
in Figure 5. Figure 6 presents the permanent displacement vec
tors in the soil after shaking. These vectors and model photos 
indicate that the permanent lateral ground deformation behind 
the quay wall is the result of two different mechanisms. The first 
is an active soil failure mode; this mechanism controls the defor
mation for a distance of 25 -  30 m behind the quay wall where 
the deformations are large (several meters) and decreases rapidly
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Fig. 5: Failure plane behind the quay wall
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Fig. 6: Displacement vectors behind the quay wall
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Fig. 7: Normalized distribution of lateral displacement behind the quay 
wall
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Fig. 8: Settlement of the ground surface behind the quay wall

(Fig. 7). Beyond that distance the horizontal ground deformation 
is smaller than 1 m and changes little with distance, seemingly 
corresponding to a rigid body motion of the soil toward the 
waterfront.
Figure 7 compares the normalized spatial lateral displacements 
behind the quay wall of this centrifuge tests with those measured 
in the field at Port Island by Japanese researchers. A comparison 
between the centrifuge model ground surface settlement with dis
tance to the quay wall and those measured in the field are pre
sented in Figure 8. Figures 7 and 8 show an excellent agreement 
between the patterns of centrifuge model measurement (circles

20 25

Fig. 9: Visualization of measured quay wall deformation

and squares) and the measured field data (solid line) observed in 
waterfront areas at Port Island in the 1995 Hyogoken-Nambu 
earthquake (Ishihara et al. 1996; Hamada et al. 1998). This good 
agreement tends to increase the confidence that centrifuge 
models can simulate complex earthquake effects. Currently U.S. 
and Japanese researchers are conducting centrifuge modeling 
studies to evaluate key mechanisms of failure that may not be 
fully understood by field investigation only. A detailed informa
tion of the centrifuge test results are reported by Lee, et al. 
(1999) and Lee, et al. (2000)

3 VISUALIZATION OF TEST RESULTS

As shown in Figure 2, the measured excess pore pressures near 
the quay wall are subjected to very rapid changes. These changes 
are mainly influenced by factors such as: direction of wall move
ment and rotation, soil permeability and location with respect to 
the wall (inland or seaside). A complete and thorough evaluation 
of the soil-structure interaction during earthquake shaking is 
extremely difficulty using 2D type plots (Figs. 2 - 4). Centrifuge 
test results were employed to reconstitute and develop two visual 
animations (real time movies) of the quay wall deformation and 
the changes in soil excess pore water pressure ratio (see movies 
in the research section on RPI’s Web site, 
www.ce.rDi.edu/centrifueeA. Figure 9 presents three snapshots 
from the quay wall deformation movie (close view) at the 
beginning, middle and end of shaking. As shown in Figure 9, 
during the first 10 cycles of shaking most of the quay wall 
permanent deformation is mainly horizontal displacement, while 
the wall permanent rotation started to accumulate toward the end
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Fig. 10: Visualization of measured pore pressure behind quay wall

of shaking. Figure 10 presents three snapshots from the soil 
excess pore water pressure ratio movie also at different times 
during shaking. In Figure 10 the dark color (red color) 
corresponds to an excess pore pressure ratio (ru) equal to +1.0 
(full liquefaction) and the light color (green color) corresponds 
to (ru) equal to -1.0 (either from soil dilation response due to 
shear or to release of normal forces). Figure 10 shows a dramatic 
change in the distribution of the excess pore pressure during 1/8 
of a shaking cycle. The real time movie consists of about 6500 
snapshots which can be individually analyzed to identify and 
asses several mechanisms of soil - structure interaction such as:
(i) different modes of wall deformation (lateral and rotational),
(ii) zones of liquefied soil, (iii) hydraulic gradients near the wall 
and in the free field, and (iv) relation between direction of wall 
movement and changes in pore pressure near the wall.

4 CONCLUSIONS

A series of centrifuge model tests are conducted to assess the 
seismic behavior of the quay wall embedded in liquefiable soil of 
various permeabilities. A complete instrumentation on the back 
face of the quay wall provided profiles of both total earth pres
sures and pore water pressures for analysis.
The ground surface lateral displacements and settlements inland 
decrease with increasing inland distance from the quay wall. 
Centrifuge test results show excellent agreement with observed 
field data. Both measured test results and the field observation

indicate that the permanent lateral ground deformation behind 
the quay wall is the result of two different mechanisms. The first 
is an active soil failure mode; this mechanism controls the defor
mation for a distance of 25 -  30 m behind the quay wall where 
the deformations are large (several meters) and decreases rap
idly. Beyond that distance the horizontal ground deformations is 
smaller than 1 m and changes little with distance, seemingly cor
responding to a rigid body motion of the soil toward the 
waterfront.

The measured results of quay wall centrifuge models were used 
to generate two real time movies of the quay wall deformation as 
well as of the excess pore pressure ratios in the soil. These real 
time movies were used to identify: (i) different modes of wall 
deformation (lateral and rotational), (ii) zones of liquefied soil,
(iii) hydraulic gradients near the wall and in the free field, and
(iv) relation between direction of wall movement and changes in 
pore pressure near the wall.
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