
Citation: Wang, J.; Su, L.; Xie, L.;

Ling, X. Quasi-Static Model Test of

Pile-Supported Wharf under Cyclic

Lateral Loading. J. Mar. Sci. Eng.

2024, 12, 115. https://doi.org/

10.3390/jmse12010115

Academic Editors: Amin Barari,

Rui Wang, Alexandros Petalas and

Domenico Lombardi

Received: 17 November 2023

Revised: 1 January 2024

Accepted: 5 January 2024

Published: 7 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Quasi-Static Model Test of Pile-Supported Wharf under Cyclic
Lateral Loading
Jianfeng Wang 1, Lei Su 1,*, Libo Xie 1 and Xianzhang Ling 1,2

1 School of Civil Engineering, Qingdao University of Technology, Qingdao 266520, China;
wangjianfeng1991@hotmail.com (J.W.); xielibo@qut.edu.cn (L.X.); lingxianzhang@qut.edu.cn (X.L.)

2 School of Civil Engineering, Harbin Institute of Technology, Harbin 150001, China
* Correspondence: sulei@qut.edu.cn

Abstract: The pile-supported wharf (PSW) is one of the most common structures in harbor engi-
neering. To investigate the dynamic response characteristics of the PSW, a quasi-static model test
of a PSW–ground system under cyclic lateral loading is conducted. The deformation and damage
processes of piles and the sand stratum are observed and obtained. The hysteresis characteristics of
the PSW–ground system and the response characteristics of piles are systematically explored. The
strain energy of the pile group on the sloping ground is calculated and analyzed. The results show
that there are two peak bending moments on the pile, and the maximum one occurs at the pile top.
The pile embedded depth and the loading direction strongly affect the strain energy distribution of
the pile group. Under downslope direction loading, the center piles have the largest strain energy
percentage. The strain energy extends from the center piles to the outside piles with the increase
in loading displacement amplitude. The test results indicate that the landside pile and center pile
should be strengthened during seismic design.

Keywords: pile-supported wharf; cyclic lateral loading; dynamic response; quasi-static model test

1. Introduction

A wharf is a structure for the berthing of ships at the seaside or riverside, and it
is one of the main structures of a harbor. One of the most common forms of wharf is
the pile-supported wharf (PSW), which usually consists of piles, a deck, and supporting
facilities. Piles are the most used foundation form to solve the problem of insufficient
bearing capacity and fulfill seismic design demands. Thus, PSW systems are extensively
used in harbor engineering, but this system is very susceptible to damage and difficult to
repair compared to gravity wharves.

Unfortunately, many PSW structures are located in seismically active areas and are
vulnerable to earthquake damage. For example, in the 1995 Hyogoken-Nanbu earthquake,
the port of Kobe was heavily damaged, with widespread soil liquefaction in the port area
and the failure of pile foundations. In the harbor area, liquefaction and lateral spreading
caused severe damage to the quay wall. Lateral spreading also resulted in landside pile
damage and deformation of the crane rails supported by the piles [1]. In the 1999 Chi-Chi
earthquake, four docking wharves in the port of Taichung were destroyed due to soil
liquefaction caused by the earthquake. The caissons supporting the wharf settled and
were laterally displaced due to liquefaction, and the materials between the caissons were
washed away by the tides, resulting in a massive 30 m diameter cavity [2]. During the
2010 Haiti earthquake, the port of Port-au-Prince was devastated. The entire North Wharf
structure was severely damaged by soil liquefaction and lateral spreading, and the cranes
were submerged in water. At the South Wharf, over 120 m of the wharf segment collapsed,
and liquefaction and lateral spreading were observed along the shore, which led to lateral
movement and the settlement of the piles and abutments [3]. The damage caused by such
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earthquakes to the PSW structures directly affects the normal operation of the port, which
leads to tremendous economic losses.

Among all seismic events, near-fault seismic events have received widespread atten-
tion for their powerful destructive effects. The near-fault zone is generally defined as the
area within 20 km of the fault. From the previously mentioned 1995 Hyogoken-Nanbu
earthquake, the 1999 Chi-Chi earthquake, and the 2010 Haiti earthquake, numerous
records of near-fault ground motions have been captured. Compared to far-field ground
motions, near-fault ground motions have some unique characteristics; the most widely
recognized one is the pulse characteristic. Many studies have shown that near-fault
pulse-like ground motions present significant threats to the safety of various struc-
tures [4–7]. Therefore, research on the seismic performance of the PSW structure under
near-fault pulse-like ground motions is necessary to reduce the earthquake damage risk
and to achieve reliable port operations.

During earthquakes, the pile foundation of a PSW structure and the surrounding soil
constitute a complex soil–pile interaction system. There have been many studies on the
dynamic response of soil–pile interaction systems, mainly through numerical simulation
or experimental methods. Since the 1970s, with the advances in computer technology
and analysis software, many studies on numerical simulation of this problem have been
carried out by researchers. Giannakou et al. [8] investigated the effect of batter piles on
the elastic response of soil–pile structures using a three-dimensional (3D) finite element
(FE) model; the results show that, under purely kinematic seismic loading, the effect of
batter piles is negative. The performance of batter piles depends on the relation between
the shear force and the overturning moment. Fan et al. [9] investigated the complex system
of soil–structure–ship using a high-resolution FE model, identified four phases for the
flexural damage of the pile-supported structure, and effectively evaluated the performance
of the pile support structure under ship impact loading. Based on the analytical model, a
simplified evaluation method of peak response is proposed. Muthukkumaran et al. [10]
used the finite difference method to investigate the effect of combined lateral and vertical
loads on a pile-supported platform and analyzed the effect of different seabed slopes on
the soil–pile interaction behavior. The results show that the displacements at the pile
top and seabed, and the depths at which maximum shear and bending moments occur,
all increase as the seabed slope increases. Su et al. [11] explored the effect of seismically
induced ground deformation on a PSW system through a 3D FE model; the results show
that the lateral permanent deformation of the ground is caused by the weak soil stratum
and the associated vertical deformation may lead to additional axial forces. The reduction
in pressure in the pile, or even the generation of tension, may significantly reduce the
stiffness and strength of reinforced concrete piles. Vytiniotis et al. [12] investigated the
permanent ground deformation and seismic response of a typical PSW structure on loose
granular fill. The analysis shows that the main driver of PSW structural damage is the
lateral expansion of the soil, which is necessary to control downslope soil deformation. The
numerical simulation method has been widely used in the study of the seismic performance
of pile-supported structures in the past few decades due to its advantages of low cost, high
computational speed, and good adaptability.

Apart from simulation studies, experimental studies are still the most direct way to
research soil–pile interaction. Experimental studies can qualitatively analyze the mecha-
nism of soil–pile interaction and quantitatively evaluate the reliability of different theories
and numerical analysis models. Many researchers have carried out experimental studies
on the dynamic performance of pile foundations. The common test methods to study the
dynamic performance of structures mainly include the quasi-static test, centrifuge test, and
shaking table test. McCullough et al. [13] conducted PSW model centrifuge tests, and the
test results were also compared with the standard-of-practice design method results, and
recommendations were made for design criteria. The test results indicated that the deep-
pile bending moment may be greater than that at the pile top, which was not considered in
the design method. Restrepo et al. [14] tested the pile–deck connection units of the Port
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of Los Angeles wharf under reverse cyclic loading. The dynamic response properties and
damage mode of the pile–deck connections were investigated. The results showed lateral
displacement reserves significantly larger than those corresponding to the structural strain
limits in the seismic design code. Schlechter et al. [15] performed a series of centrifuge
modeling tests with typical PSW configurations. Through the tests, lateral seismic loads on
plumbed and batter piles were quantified, shear and bending moment data on the pile–deck
connection were obtained, and the influence of embankment displacements on pile loading
was clarified. Roeder et al. [16] conducted a series of PSW model tests to investigate the
seismic performance of the pile–deck connection. The test results show that these connec-
tion units can tolerate large cyclic inelastic deformations, but significant deterioration in
resistance and stiffness can be observed. This resistance degradation decreases the inelastic
pushover resistance significantly and improves the inelastic dynamic response demands of
the system. Takahashi et al. [17] investigated the damage mechanism of pile foundations of
a PSW and the influence of liquefaction of backfill and the underlying sand layer on the
permanent deformation of the wharf by centrifugal modeling tests. The test reasonably
predicted the failure mode of the PSW in the Kobe earthquake. Parametric studies have
shown that the deformation mode of ground and structures changes with the thickness of
the underlying sand layer. Kawamata [18] conducted large-scale lateral loading modeling
tests, showing that rockfill–pile interaction is mainly influenced by friction and embedding
between the rock particles. Based on this conclusion, a stress-independent reaction due to
interlocking was added to the current design method, thus improving the performance of
the analysis.

Compared with the other two test methods, the quasi-static test is easy to perform.
It can obtain stable and reliable data by simply controlling the loading process. The
whole damage process of a pile foundation is very clear, which can reflect the cumulative
damage characteristics of pile foundation and soil under cyclic loading, so it is widely
used in seismic/dynamic performance research on pile foundations. In the past few
decades, much research has emerged on the seismic performance of the PSW structure,
but more research is needed on the load distribution of the PSW on the sloping ground
under the influence of near-fault pulse-like earthquakes. A 3D FE analysis model will
be established based on the OpenSees platform to study the PSW structure’s seismic
performance. Before establishing the 3D FE model, a quasi-static test is conducted to
investigate the dynamic performance of the PSW structure and to provide the necessary
data support for the following numerical model. In contrast to past studies, this test
specifically investigates the dynamic response characteristics and pile load distribution
ratio of the PSW–ground system on the sloping ground.

This test is the first part of a series of studies on the seismic performance of the
PSW under near-fault pulse-like ground motions. The final purpose of the studies is to
investigate the mechanical properties, deformation characteristics, damage modes, and
load distribution characteristics of the PSW structure under near-fault pulse-like ground
motions to provide a reference for the seismic design of the PSW. To reach this purpose,
modeling tests of the PSW structure are conducted first, then a 3D FE numerical model will
be built and validated through the test results. In this study, the quasi-static model test of a
PSW–ground system based on a realistic wharf prototype is performed under cyclic lateral
loading. The deformation process of wharf piles and soil around piles and the damage
pattern in the test are observed. The hysteresis characteristics of the PSW–ground system
and the bending moment of the pile group are analyzed. The strain energy distribution
of piles is calculated and characterized using the energy method. Through the above test
and analysis, the dynamic response characteristics of wharf piles under cyclic loading are
systematically analyzed, and the experimental data are provided to support the numerical
simulation analysis in the future.
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2. Quasi-Static Model Test of the PSW
2.1. Description of Prototype Wharf

The prototype wharf is a typical PSW structure located in Puerto Manzanillo, on the
west coast of Mexico. Puerto Manzanillo is located in the meizoseismal area and was
severely damaged by the 1995 Colima–Jalisco earthquake. The total length of the wharf is
720 m. The pile foundation has plumb steel pipe piles, and the ground is liquefiable sandy
soil. This PSW structure has a simple design, which makes it suitable as a test prototype.
The arrangement of this prototype wharf is shown in Figure 1, including the cross-section
and standard segment layout. It comprises steel pipe piles, pre-cast concrete beams, cast-in-
place concrete beams, and cast-in-place concrete decks. The prototype contains two types
of steel pipe piles, one with a diameter of 1200 mm and one with a diameter of 1000 mm,
both with a steel pipe thickness of 18 mm.
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2.2. Design of Model Test

This quasi-static model test selected a 20 m wide segment from the PSW structure as
the test prototype. As such, the selected wharf segment is 32.5 m long and 20 m wide and
consists of 22 steel pipe piles in total, with a pile length of 33 m, as seen in Figure 1b. The
test was conducted at the Civil Engineering Laboratory Center of East China University
of Technology.

The test facility mainly consists of a soil container and a horizontal actuator. The
internal dimension of the soil container in this test facility is 2.5 m long, 2.0 m wide, and
2.0 m high. The hydraulic actuator has a 200 kN load capacity, ±200 mm stroke capacity,
and a maximum loading speed of 4.7 mm/s. The test model was designed based on
the similarity theory [16,19,20] according to the test requirements, the characteristics of
materials, and the conditions of the test facility. Considering the dimension of the selected
prototype wharf structure and test facility, the geometric similarity ratio (Cl = Lm/Lp)
between the test model and prototype was decided to be 1/25. Herein, L is the length, and
m and p represent model and prototype, respectively. With this ratio, the space of the test
equipment can be effectively used, and enough space is left for the actuator to operate. The
distance from the model to the boundary is large enough that boundary effects in the soil
can also be avoided. The required model parameters and the parameters provided by the
actual test model are summarized in Table 1. The common parameters for the similarity
design of the test model are shown in Table 2. Based on the above, the length of the model
pile was decided to be 1.32 m.

Table 1. Parameters of prototype and test model.

Parameter Prototype
Test Model

Required Provided

Pile length (m) 33 1.32 1.32
Pile outer diameter (mm) 1200/18 29.62/5 30/5
Thickness (mm) 1000/18 25.96/4 26/4
Pile material Q345B steel A6061 aluminum alloy A6061 aluminum alloy
Mass of deck (t) 1978.85 0.14 0.14

Table 2. Common parameters for model similarity design.

Parameter Dimension Similarity Ratio

Geometric dimension L L Cl
Density ρ FL−4T2 Cρ

Elastic modulus E FL−2 CE
Inertia moment I L4 CI = Cl

4

Mass m FL−1T2 Cm = Cρ·Cl
3

The prototype wharf structure employs two types of steel pipe pile with outer diame-
ters of 1000/1200 mm and thickness of 18 mm. Thus, the inertia moments of the pipe piles
are 1.17 × 10−2 m4 and 6.70 × 10−3 m4, respectively. The inertia moment similarity ratio
CI = Cl

4, so the corresponding inertia moments of the model piles are 2.99 × 10−8 m4 and
1.71 × 10−8 m4, respectively. As such, two types of model pipe pile were selected for the
final test, and the parameters of the model pile are given in Table 1. The model piles have
inertia moments of 3.12 × 10−8 m4 and 1.73 × 10−8 m4, respectively, which approximately
satisfy the similarity ratio requirement.

The superstructure of the prototype wharf consists of a concrete deck and beams.
The mass of the selected wharf segment is approximately 1978.85 t. Correspondingly, the
mass similarity ratio Cm can be computed through Cρ·Cl

3, and Cρ is the material density
similarity ratio. It can be calculated that the mass of the model superstructure is 143.62 kg.
The model uses a 47 mm thick aluminum plate to simulate the superstructure, and 22 pipe
piles are bolted to the model deck rigidly. The arrangement of the piles can be seen in
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Figure 2. In order to evaluate the response of the piles under cyclic loading, six pairs of
strain gauges were arranged on both sides of each pile in model row C, seen in Figure 3.
Two displacement sensors were installed at the top of piles A6 and E6, as seen in Figure 4.
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Particularly, it is difficult to employ the same or similar ratio for a sand stratum similar
to the design of model structure when using the model test method to study soil–pile
interaction [16,21,22]. Therefore, the soils selected in this test employed the actual medium
sand with a moisture content of 2.3%, dry density of 1.7 g/cm3, and internal friction angle
of 33◦.

The arrangement of the model inside the soil container for the test is shown in
Figures 4 and 5. The sand stratum with a thickness of 400 mm was constructed firstly
at the bottom of the soil container. Subsequently, the model wharf structure was installed in
the center of the soil container with a distance of 407 mm from the pile tip to the bottom of
the container. Thus, it can be seen that there was sufficient space around the model structure
to reduce the impact of boundary effects [23]. Meanwhile, the right side of the model deck
was jointed to the actuator through the pre-designed bolted connection (Figure 5). After the
installation of the model wharf structure, the sand was slowly poured into the soil container
to the specified height. The final setup of the quasi-static model test of the PSW–ground
system is shown in Figure 5.

2.3. Test Loading Procedures

This quasi-static test mainly focused on the dynamic characteristics of the PSW struc-
ture located in the sloping ground and qualitatively investigated the dynamic performance
of the pile foundation of the PSW structure. The actuator was attached to the right side
of the deck to apply cyclic lateral loading, as seen in Figure 5. The test device utilizes a
servo-controlled hydraulic actuator with a displacement capacity of ±200 mm. The test was
performed with displacement-controlled loading with three cycles per level. The loading
frequency was 0.025 Hz, and the loading amplitudes were 2, 4, 6, 8, 10, 15, and 20 mm
(Figure 6).
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Figure 5. Model installation in the soil container.
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Figure 6. Loading procedures in the test. 
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3. Test Results and Analysis
3.1. Sand Stratum Failure and Pile Deformation

After all loading steps, the failure state of the sand stratum inside the soil container is
as shown in Figure 7. The cracks of the sand stratum around the landside piles (piles in
row 1) are the most severe and connected. The failure extent of the sand stratum around
the piles along column E decreases sequentially from the landside pile (E1) to the seaside
pile (E6). Multiple deep shear cracks can be observed around pile E1 at an angle of roughly
35◦ along the axial line of pile row 1. One of the shear cracks is located at the top of the
slope towards the edge of the soil container, and the other two are located on the slope
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towards the downslope. Similar sand stratum failures can be also observed around pile
row 6. Compared with pile row 1, the failure extent of sand stratum around pile row 6
appears to be much slighter.
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Figure 7. Diagram of soil failure.

Meanwhile, continuous shear cracks are also observed on the outside of piles along
the axial line of pile column E. The failure of the sand stratum around pile column A
is similar to that around pile column E. These cracks are caused by soil wedge slip of
general shear failure. No shear cracks are observed around the other four piles (i.e., C2
to C5) in the center area of the pile group, where only limited extrusion failure of the
sand stratum is observed. Table 3 shows the cracks observed around the piles, which do
not include the vast gaps and continuous shear cracks between the piles. The actuator
push direction is used as the zero-degree line, and the angle (accurate to 5◦) is measured
in the clockwise direction.

Table 3. Crack statistics around piles.

Crack No. Length (cm) Max Width (mm) Angle (◦) Crack No. Length (cm) Max Width (mm) Angle (◦)

A1-1 33.2 6 130 E1-1 21.3 3 5
A1-2 15.5 5 125 E1-2 12.8 2 340
A1-3 13.5 4 55 E1-3 32.2 5 305
A2-1 28.4 5 30 E1-4 29.5 5 235
A2-2 38.3 3 120 E1-5 27.6 6 235
A2-3 42.6 6 145 E1-6 14.8 1 235
A2-4 12.7 3 305 E1-7 6.5 5 230
A3-1 5.1 3 135 E2-1 29.4 4 220
A6-1 7.6 2 150 E2-2 25.3 2 210
C1-1 33.8 4 25 E3-1 9.7 2 235
C6-1 11.5 2 180 E6-1 10.2 2 250
D1-1 13.4 3 310
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Through excavating the sand stratum at the location of pile column E after the test, the
deep sand stratum failure can be observed, as shown in Figure 8. Similarly, the failure of the
sand stratum around pile E1 is the most severe, and the failure depth is the greatest. From
pile E1 to pile E6, the failure severity of the sand stratum decreases, the maximum failure
depth of the sand stratum becomes shallower (red line in Figure 8), and the maximum
failure depths are 63 cm, 45 cm, 36 cm, 27 cm, 11 cm, and 2 cm, respectively.
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Figure 8. Deep soil damage diagram.

When the test is completed, residual deformation of the bolts, which are used to fix the
model piles at the top of pile row 1, can be observed, shown in Figure 9. The deformation
of the pile top tilts about 3◦ relative to its original position. That is because the deck and
piles are rigidly connected, and a significant bending moment occurs at the top of the pile
during cyclic loading. The landside piles have the deepest pile embedded depth and suffer
the largest constraints in the lower part by the soil surrounding. Due to the relatively short
portion above the ground surface of the landside pile, for the same pile top displacement,
the angular displacement generated at the landside pile top is larger. That leads to a greater
bending moment and results in bending deformation of the pile top bolt. It can also be
seen from the pile bending moment results in the later section that the maximum bending
moment is generated at the top of the landside pile. No deformation was observed for pile
rows 2~6.

3.2. Hysteresis Curve and Skeleton Curve

The hysteresis curve describes the relationship between the applied displacement
and the resistance of the PSW–ground system at each loading cycle during the cyclic
lateral loading. The skeleton curve is the hysteresis curve’s envelope and represents this
system’s stiffness change characteristic at each loading cycle. In general, the skeleton curve
is formed by connecting the peak load–displacement points at each level of cyclic lateral
loading. Based on the above, Figure 10 shows the hysteresis curve and skeleton curve of
the PSW–ground system. It can be seen that the graphs are not symmetrical, and this is due
to the sloping ground inside the soil container.
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Furthermore, in Figure 10, the shape of the hysteresis curve is quite narrow and thin,
and the displacement–load force relationship is approximately linear. For each loading
level, the three hysteresis loops do not entirely coincide, and the resistance force of the
PSW–ground system decreases sequentially. The reason for this is the vast stiffness dif-
ference between soil and pile, which will cause the deformation of soil and pile not to be
coordinated. During the loading process, the model piles are still in the elastic stage, but
the soil around the piles has gradually entered the plastic stage. As the soil cannot return
to its original position due to deformation, voids are created between the piles and the soil.
The presence of such voids results in the soil resistance not being well transferred to the
pile, and the energy is converted into the deformation of the piles.

3.3. Pile Bending Moment

Strain gauges were attached on opposite sides of the pile along the direction of lateral
loading to obtain the bending moments on the pile. The bending moments on the pile
can be calculated from the recorded strains using the traditional Euler–Bernoulli beam
theory [24]:

M =
EI(ε1 − ε2)

D
(1)

where M is the pile bending moment at the measure point. EI is the bending stiffness of
the cross-section. ε1 and ε2 are the tensile and compressive strains on two sides of the pile,
respectively. D denotes the outer diameter of the pile.

Figure 11 shows the bending moments of piles C1–C6 at different loading levels. In
Figure 11, the bending moments on the piles in two loading directions are different. That is
due to the slope of the soil surface. In other words, the wharf structure bears greater soil
resistance when the structure is pushed in the upslope direction. There are two peaks on
the bending moment curve of the pile. One of the peaks is located at the pile top, and the
other appears in the middle and lower parts. The maximum bending moment occurs at the
pile top. The bending moment gradually decreases to zero with an increase in pile depth,
then continues to increase to 320~820 mm elevation (depending on the pile embedded
depth) and finally decreases to around zero. The maximum bending moment occurs at the
pile top due to the constraint effect of the deck on the pile. The peak bending moment at the
lower part of the pile is caused by soil resistance. From piles C1 to C6, there is a decreasing
trend of the bending moment at the pile top. In the lower part of the pile, the peak bending
moment occurs at 200~400 mm below the ground surface and decreases sequentially with
the decrease in pile embedded depth from piles C1 to C6.

It can be observed from Figure 11a,b that the bending moment graphs obtained in
two loading directions are quite asymmetric. The peak bending moment in the lower part
of the pile under push loading (in the right half of the figure) occurs at a higher location
than that under pull loading (in the left half of the figure). In Figure 11c–e, this bending
moment profile gradually tends to symmetry. The bending moment profile in Figure 11f
is nearly symmetrical, and the bending moments for the two loading directions are
almost the same, with only minor differences. That is because the landside pile (C1) has
a larger pile embedded depth and a shorter free length above the ground surface. The
pile is prevented by the soil from deforming sufficiently, and the pile is fully supported
by the soil resistance. The pile embedded depth decreases in the downslope direction,
and the pile free length above the ground surface increases sequentially. Without the
constraint from the soil around the pile, the pile can satisfy the horizontal displacement
demand of the pile top by adequate deformation. Since the ground surface is inclined,
there is a difference in soil depth for the two directions; therefore, the soil resistance
against the pile is different.
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With the increase in applied displacement amplitude, the bending moments on piles
increase gradually and vary with depth in a similar trend under different loaded displace-
ment amplitudes. In Figure 11a, the peak bending moment in the lower part of the pile
occurs at the pile elevation of 820 mm when the pile top displacement is 2 mm. With the
gradual increase in loading displacement amplitude, the location where the peak bending
moment occurs has a downward trend. This peak bending moment appears at the pile
elevation of 570 mm when the pile top displacement reaches 20 mm. That is because the
horizontal load gradually increases with the loading displacement amplitude, and the
shallow sand stratum enters the plastic yielding state. The yield zone of the sand stratum
around the pile continues to move deeper, and the load is delivered to the deeper sand
stratum. The peak bending moment profile of the pile also moves downward due to the
reduction in the upper soil resistance. Similar comments are made for the other five piles
with strain records.

3.4. Pile Strain Energy Distribution Analysis

The model piles are considered to be in the elastic state during the loading process
of the whole test, and the load carried by each pile is dynamically changed with the
increase in loading. The most direct reflection of this change is the strain data collected
from the piles. Therefore, the recorded strain data can be utilized to further analyze the
characteristics of the load distribution of wharf piles on the sloping ground. In this section,
the distribution characteristics of internal forces within wharf piles are investigated using
the energy method.
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During the quasi-static cyclic lateral loading process, the external work of the actuator
is transformed into the strain energy of the PSW–ground system, assuming that there is no
energy loss within the system.

W = Vε (2)

where W is the external work applied by the actuator, and Vε is the strain energy of the
PSW–ground system. The strain energy Vε of this system consists of two parts, i.e., the
strain energy of the wharf structure (Vε

PSW) and the strain energy of soil around the piles
(Vε

soil).
Vε = Vε

PSW + Vε
soil (3)

In particular, the strain energy distribution of soil around the piles is extremely com-
plex and difficult to measure and calculate. Therefore, it is not considered in this study, and
only the strain energy of the wharf structure is analyzed.

In the quasi-static horizontal cyclic loading process, there is a vast difference between
the stiffness of the deck and the pile, so the deck can be considered as a rigid body. The
actuator is installed on the middle of the deck, and the deck only moves horizontally and
does not generate strain energy. Hence, the strain energy of the wharf structure (Vε

PSW)
can be further simplified to the strain energy of the pile (Vε

Pile).
The wharf model used in the test is geometrically symmetric, and loading is applied

on the central axis of the structure so the piles do not twist but only bend. The strain
energy of the pile consists of bending strain energy and shear strain energy. The heights
of the two types of tested pile are 44 and 51 times their diameters, respectively. As
such, the pile shear strain energy is much smaller than the bending strain energy. When
ignoring the shear strain energy of the pile, the pile strain energy (Vε

Pile) can be calculated
by the following expression:

VPile
ε =

∫ L

0

M2(x)
2EI

dx (4)

where L is the pile length, M(x) is the bending moment at elevation x of the pile, and EI
is the pile bending stiffness. In this study, the strain energy distribution characteristics of
six piles on column C are investigated through the recorded strain data. The total strain
energy Vε

C of the piles on column C can be calculated by the following expression:

VC
ε = ∑6

i=1 VPile i
ε (5)

Based on the above expressions, the strain energy and normalized strain energy
concerning loading direction and pile embedded depth, as well as strain energy percentage
curves for each pile on column C, can be obtained, shown in Figures 12–14.

In Figures 12 and 13, the strain energy of each pile under the two loading directions is
quite different. In the upslope direction, seen in Figure 12a, the growth trend of strain energy
is similar for all piles, and the strain energy of pile C6 (seaside pile) is the smallest. When
loading displacement amplitude is less than 10 mm, the strain energy decreases sequentially
from pile C1 to C6, as seen in Figures 12a and 13a. When the loading displacement
amplitude exceeds 10 mm, the strain energy of pile C2 surpasses that of pile C1. That is
because the soil around pile C1 fails, providing less soil resistance with increased loading
displacement amplitude. The soil around pile C2 damages less, so pile C2 generates more
strain energy. Compared to the upslope direction, the strain energy of the pile in the
downslope direction is quite different, in which the strain energy decreases for all six piles.
In Figures 12b and 13b, the strain energy of pile C3 is the largest, and the strain energy
of piles C2, C4, and C5 is very close. The strain energy of pile C1 is significantly smaller
than those of piles C2 to C5, and the strain energy of pile C6 is still the smallest. The strain
energy of pile C4 is higher than that of pile C5 when the loading amplitude is not more
than 10 mm. When the loading amplitude reaches 15 mm, the situation changes, and the
strain energy of pile C5 exceeds that of pile C4. That indicates that the soil around pile C4
also failed, increasing the strain energy carried by the neighboring piles.
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Figure 12. Strain energy and normalized strain energy of piles concerning loading displacement
amplitude: (a) upslope direction loading; (b) downslope direction loading.
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Figure 13. Strain energy and normalized strain energy of piles concerning pile properties: (a) upslope
direction loading; (b) downslope direction loading.
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Figure 14. Strain energy percentage of piles: (a) upslope direction loading; (b) downslope
direction loading.

Figure 14 shows the strain energy percentage of each pile in both loading directions. In
the upslope direction, the strain energy percentage of pile C1 decreases continuously with
the increase in loading displacement amplitude. Meanwhile, the strain energy percentage
of the other five piles steadily increases. When the loading displacement amplitude exceeds
10 mm, the strain energy percentage of pile C2 also begins to decrease, and the rate of
decrease is similar to that of pile C1. The strain energy percentage of piles C3 to C6 increases
steadily during loading. Figure 14b illustrates the strain energy percentage of each pile
in the downslope direction. Piles C3 and C4 contribute more strain energy, and the strain
energy percentage of piles C3 and C4 decreases as the loading displacement amplitude
increases. The strain energy percentage of piles C2 and C5 rises steadily and surpasses that
of pile C4 at the end of loading. Due to the failure of soil around the pile, the strain energy
percentage of pile C1 quickly decreases at the beginning of loading. However, the general
trend slowly decreases from the loading displacement amplitude of 2 mm to 20 mm. Pile
C6 still has the lowest strain energy percentage, but the strain energy percentage of piles
C6 in the downslope direction is significantly higher than in the upslope direction, which
also shows a slow decreasing trend overall.

For the pile group on the horizontal ground, the strain energy of piles is related to the
distance to the center of the pile group. Piles farther away from the central area generate
more strain energy. The direction of applied lateral loading affects the distribution of strain
energy, and piles at the front side of the direction generate more strain energy [19]. However,
these characteristics change significantly on the sloping ground, and the difference in pile
embedded depth leads to a change in the distribution pattern of strain energy. From
Figures 12–14, comparing the strain energy of each pile in both loading directions, the
following comments can be made:

(i) The loading direction significantly affects the pile strain energy. The strain energy
produced by the pile group under upslope direction loading is significantly large,
approximately 1.7 times greater than that under downslope direction loading;

(ii) When loading towards the upslope direction, the strain energy of each pile increases
sequentially with the pile embedded depth until the soil–pile interaction system enters
the nonlinear phase. When loading towards the downslope direction, the piles at
the center of the pile group have the largest strain energy percentage and slowly
decrease as the loading displacement amplitude increases. At the same time, the
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strain energy percentage of the neighboring outer piles gradually increases. The strain
energy gradually spreads from the center piles to both sides;

(iii) Piles C1 and C3 present the largest strain energy percentage in the upslope and
downslope loading directions, respectively. Pile C6 has the lowest strain energy
percentage in both loading directions.

4. Conclusions

This study performs a quasi-static model test of a PSW–ground system under cyclic
lateral loading. The detailed design of this model test is presented. The dynamic response
characteristics of the PSW–ground system are evaluated through the test results. Based on
the investigated scenario, the following conclusions can be drawn:

(1) The failure area of the sand stratum around piles decreases from the landside piles
(row 1) to the seaside piles (row 6). Perforation shear cracks can be observed around
outside piles. After the test, residual deformation can be presented in the bolts at the
top of pile row 1;

(2) The hysteresis curve of the PSW–ground system indicates that the displacement–force
relationship is approximately linear. The resistance force of the PSW–ground system
decreases with the number of cycles for the same loading level. That indicates that
the failure of the peri-pile soil occurs sequentially during the loading process, leading
to the decrease in energy-absorbing capacity of the PSW–ground system;

(3) Two peak bending moments on the pile are observed under cyclic lateral loading.
The maximum bending moment occurs at the pile top, so the pile–deck connections
of the PSW structure should be strengthened during wharf design. The second
peak exists in the middle and lower part of the pile. As the loading displacement
amplitude increases, the location where the second peak occurs has a downward
trend. The bending moments on the piles are obviously different under two loading
directions. The bending moments on piles with larger pile embedded depth show
significant asymmetry;

(4) The strain energy of the PSW structure under upslope direction loading is approxi-
mately 1.7 times larger than that under downslope direction loading. The soil–pile
interaction on the sloping ground has a directional nature and is influenced by the
pile embedded depth and loading direction;

(5) On the sloping ground, the landside and the center area piles of the PSW have the largest
bending moment and strain energy. During the seismic design of the PSW structure,
the landside and center area piles should be strengthened for bending resistance.

This test is only the first part of a series of studies on the seismic performance of
the PSW structure. The PSW structural hysteresis characteristics, pile bending moment
characteristics, and strain energy distribution characteristics derived from the test can
be used to validate the reliability of the numerical model. Matching the test results with
the behavior predicted by the simulation helps improve the accuracy and reliability of
the analytical method. Although the quasi-static test is widely used in the study of the
seismic performance of structures, it also has the disadvantage of being unable to reflect
the effects of acceleration-dependent inertial forces and velocity-dependent damping
forces. Therefore, the authors will also perform a shaking table modeling test for the
following studies.
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