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ABSTRACT: A pile-supported wharf structure is generally composed of decking laid
on piles driven into inclined ground. A rubble mound can also be added onto the slope
to reinforce the ground. The design of these mounds currently considers the influence of
waves but not earthquakes. The effects of both waves and earthquake forces on both
the mound and wharf structure should be investigated. Therefore, this work conducted
the dynamic centrifuge tests to analyze the seismic performances of actual pile-supported
wharf models with and without rubble mounds. The tests consider a section of a pile-
supported wharf in Korea consisting of 2 × 2 steel pipe piles (diameter = 0.914 m;
length = 18 m). The experiments show lower ground subsidence in the model reinforced
with a rubble mound, and peak ground acceleration also decreased. The wharf model
reinforced with rubble showed better ground reinforcement than the one without a
rubble mound.

1 INTRODUCTION

Pile-supported wharves are important port structures. The deck, supported by piles, is where
marine freight is loaded and unloaded. The supporting piles are driven into sloping ground,
and the top deck is installed.
Given that their construction is generally on an incline, slope stabilization should be investi-

gated to prevent slope failure. In general, seismic design code of port structure in Korea
requires to investigate the sliding of arc in soft ground such as clay soil, while in sandy soil,
this is not necessary (MOF 2017). However, safety investigations regarding the linear active
surface of a slope should be undertaken for piles in sandy soil.
A slope can be affected by the force of waves, and it can be covered and protected

by a mound of rubble or other material installed on its surface. The material covering
a slope should provide a stable mass to support firmly the wharf structure; its proper-
ties and efficacy can be assessed in hydraulic model tests via calculations. Hudson
(1959) gave general calculations for the mass of covering material on a slope, based on
extensive laboratory tests. There are also many other specifications for individual local
uses.
The rubble mounds supporting wharves are currently designed without considering the

influence of earthquakes, and only consider water waves. However, inclined ground can amp-
lify the effects of an earthquake, leading to the slope response being as much as twice that as
the bottom (Ashford et al. 2002). As a slope can greatly collapse in an earthquake, any pile
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structure in it might also be subjected to substantial forces. Therefore, it is necessary to inves-
tigate not only the effects of water waves on rubble mounds and any supported piles, but also
the effects of seismic forces.
Dynamic numerical analysis and scale model tests can evaluate the performance of a pile-

supported wharf with a rubble mound. Dynamic centrifuge model testing of a scale model can
simulate the behavior of an actual pile-supported wharf relatively accurately. It simulates
member stress like a prototype structure by applying centrifugal force to the scale model.
McCullough (2003) performed numerous dynamic centrifuge model tests, and simulated the
composite ground and rubble mound. McCullough (2003) also suggested various slope failure
shapes to illustrate the impact of slope failure. Takahashi (2005) also performed dynamic cen-
trifuge tests on the Takahama wharf in Japan, and simulated the failure behavior and horizon-
tal movement of the backfilled retaining wall under liquefaction. However, neither of these
studies adequately explained the performance of a sloping rubble mound experiencing an
earthquake load.
Therefore, this study conducted dynamic centrifuge model tests evaluating the performance

of a sloping rubble mound holding a pile-supported wharf during an earthquake. The per-
formances of the wharf with and with a rubble mound were evaluated, and the pile moment
and ground subsidence were compared.

2 DYNAMIC CENTRIFUGE MODEL TEST

In this study, the dynamic centrifuge model tests were performed at the Geo-Centrifuge Test-
ing Center in Korea. The testing machine has a 5 m radius, and the model box used for the
experiment was an equivalent shear beam (ESB) box (Kim et al. 2013; Lee et al. 2013).

2.1 Experimental model and model ground

The dynamic centrifuge model tests examined scale models of sections (2×2 piles) of the
Pohang New Port in Korea. Figure 1 shows the models: a pile-supported wharf model with a
rubble mound (GR 50) and one without (GS 50). Each model was made at 1/34 scale by
adjusting bending stiffness according to Equation 1. Table 1 shows the properties of the scale
model and the prototype model. Air-pluviated dry silica sand was adjusted to a relative dens-
ity of ca. 50%; Table 2 lists its basic properties. The rubble mound in the prototype model had
an average diameter of 30 cm, similar to the study by McCullough (2003); Figure 2 shows its
particle size distribution.

EpIp

EaIa
¼ n4 ð1Þ

where Ep is the elastic modulus of the prototype pile, Ip is its moment of inertia, Ea is the
elastic modulus of the model pile, Ia is its moment of inertia, and n is the scale factor applied
to the experiment.

Table 1. Properties of the prototype and model (scale factor=34).

Prototype (Steel) Model (Aluminum)

Pile Diameter (mm) 914 25

Thickness (mm) 14 2

Length (mm) 1,800 53

Density(kN/m2) 78.5 26.36

Flexural rigidity (kN · m2) 8.42x105 0.658

Deck Thickness (mm) 1,000 29

Density (kN/m2) 24.5 26.36
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2.2 Instrumentation and input motion

In order to measure ground settlement during the experiment, laser displacement meters were
installed in the vertical direction, and a potentiometer was installed horizontally to measure
the displacement of the structure. Accelerometers and strain gauges were also installed to
measure the ground acceleration and pile strain. Figure 1 shows the layout of the instruments.

Figure 1. Dynamic centrifuge test models.

Table 2. Properties of the silica sand.

Soil type Silica sand

USCS SP

Cc 1.16

Cu 1.96

Cs 2.63

γd.max (kN/m3) 16.5

γd.min (kN/m3) 12.4

Figure 2. Particle size distribution of the rubble mound.
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The input motion was a Gyeongju wave induced by spectral matching in accordance with
Ministry of Public Safety and Security in Korea (MOIS 2017). It was applied five times to
each model from 0.07g to 0.22g. Figure 3 shows the Gyeongju wave and design response
spectrum curve.

3 SEISMIC PERFORMANCE EVALUATION OF PILE-SUPPORTED WHARF

3.1 Ground amplification by depth

Figure 4 shows the peak ground acceleration by depth in the GS50 and GR50 models
(both 0.18 g). The data are derived from accelerometers A1–A16, with Figure 1a derived
from the left hand accelerometers A1–A8, and Figure 1b derived from those on the right
hand side accelerometers A9–A16. Figure 4 shows difference of the peak ground acceler-
ation in the case with and without rubble mound model for accelerometer A8, but the
results at A1–A7 and A9–A16 locations where the rubble mound is not installed shows
little difference of acceleration results because A1–A7 and A9–16 were not affected by
rubble mound.
Figure 5 shows the frequency analysis results of accelerometer A8 in Figure 4a (both 0.18g).

Fast Fourier transform (FFT) analysis was conducted for frequency analysis. Maximum amp-
litude of GS50 model was 0.017g-s, and GR50 model was 0.01g-s.A smaller amplification
occurred in the GR50 model, which is attributed to the influence of rubble mound.

3.2 Pile bending moment

Seismic evaluation of the pile-supported wharf was carried out via a comparison of pile
member stress. The seismic performance evaluation code of port structure (MOF 1999) directs
that the pile moment be calculated and then combined with the design member stress to inves-
tigate whether the member stress exceeds the allowable stress. The allowable strains suggested
by the American Society of Civil Engineers (ASCE 2014) depend on the required performance
and type of structure;they are investigate whether the member strain exceed the allowable
stress. Therefore, this study investigated the pile bending moments, which have the greatest

Figure 3. Input wave
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influence on the member stress during an earthquake. The pile moments of the wharf models
with and without rubble were compared to evaluate the effectiveness of the rubble mound.
Figure 6 shows the moment time history curve between the models with and without rubble

mound. In case of Pile 1 of Figure 1a, maximum moment occurred at S4, and in case of Pile 2
of Figure 1b, maximum moment occurred at S13. In both pile, the maximum moment
occurred at about 14 seconds, and the shape of the generated moment seems to be almost
similar.
Figure 7 shows the pile moment by depth for the two wharf models during an earthquake.

The figure 7a shows that the moments occurred at Pile 1, figure 7b shows that the moments
occurred at Pile 2, which includes the pile moving toward the left and right side. Figure 7a–b
are the results of applying a bedrock input of 0.18g. The figure shows a slight difference
between the two models. Model GR50 has its maximum moment at a shallower depth than
model GS50, because the GR50 model is assumed to have a large ground reaction force at the
upper part owing to the rock mound being installed at the upper part of the slope, while the

Figure 4. Peak ground acceleration by depth

Figure 5. Frequency analysis
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GS50 model is assumed to have a large ground reaction force at the lower part as there is no
rock mound. This tendency is consistent in all of the Figures.
Figure 8 shows the maximum pile moment between the models with and without rubble

mound. The x-axis represents the seismic acceleration applied to the bedrock, and the y-axis
represents the maximum pile moment. Five input seismic waves were applied to each model.
The figure 8a shows that the maximum moments occurred at Pile 1, figure 8b shows that the
maximum moments occurred at Pile 2. While Figure 8a appears a difference in maximum
moments between the two models, the Figure 8b appears no clear difference. These results
indicate that smaller moment occurs at the pile adjacent to the sea side when the rubble
mound applied.

3.3 Ground subsidence

Ground subsidence is an important factor affecting a structure, because it can contribute an
additional load applied to the wharf structure during a seismic event. The seismic performance
evaluation code of port structure (MOF 1999) limits the deformation of a dike to 10 cm for
serviceability and 30 cm for collapse prevention. Similarly, the Seismic Design Guidelines for
Port Structures (PIANC 2001) also proposed limits of the differential settlement between the
deck and land of 10 or 30 cm according to the damage degree. Therefore, this study compared
the ground subsidence of the models with (GR50) and without (GS50) rubble to evaluate the
performance of the rubble mound.

Figure 6. Moment time history curve between the models with and without rubble.

Figure 7. Pile moment by depth between the models with and without rubble.
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Figure 9 compares the ground subsidence of the two models. The x-axis of each model rep-
resents the location of the laser displacement meter in Figure 1. The y-axis represents the
ground subsidence, showing the cumulative subsidence when seismic waves are applied five
times to each model.
Figure 6a shows that a cumulative subsidence of >40 mm occurred at location L4 after a

0.22g input seismic wave, and that 5 mm occurred at L1 after the 0.22g input seismic wave.
The results show that the ground subsidence in the upper and lower levels differed about 8
times, and that ground subsidence occurred unevenly. However, Figure 9b shows that a cumu-
lative subsidence of >20 mm was observed at L4 after the 0.21g input seismic wave and that it
was 10 mm at L1 after the same input seismic wave; this difference in subsidence between the
upper and lower ground is less than 2 times, and the ground subsidence occurred relatively
more evenly.
The laser displacement meters used in this experiment had difficulty in observing changes in

the amount of subsidence over time due to a lack of precision, so it was not possible to find
exactly where the slope collapsed. However, this experiment showed that the rubble mound
decreased ground subsidence by 50%, and it also decreased the variability of the ground
subsidence.

4 CONCLUSION

Dynamic centrifuge model tests were conducted to evaluate the performance during an earth-
quake of a sloped rubble mound under a pile-supported wharf. The performances of wharf
models with and without a rubble mound were evaluated, and the ground acceleration, pile
moment and ground subsidence were compared.

Figure 8. Comparison of the maximum pile moment between the models with and without rubble.

Figure 9. Comparison of ground subsidence between the model with and without rubble.
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For acceleration analysis, Fast Fourier transform (FFT) analysis was conducted, and the
results show that the amplified peak acceleration decrease in the rubble mound. Comparing
the pile moment, ground reaction increases due to the rubble mound, and the maximum
moment generated in the upper part. But when the rubble mound applied, the pile moment in
the sea side was decreased. Comparing the ground subsidence of the two models shows that
the model with the rubble mound experienced half the ground subsidence of the model with-
out it, and the variability of the ground subsidence was also reduced. Therefore, a rubble
mound under a pile-supported wharf stabilizes it during an earthquake. And it can decrease
the ground acceleration and bending moment, and it also effectively reduced ground
subsidence.
In this study, the rubble mound was installed to a depth of 2 m on inclined ground, and no

different types of rubble mound were compared. Altering the thickness of the mound or the
type of rubble used could affect the behavior of the pile structure.
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