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Abstract 

The goal of the experiment described in this paper was to examine the effects of structure orientation (0°–90°) and 
fluid–structure interaction (FSI) under combined water loads, represented by water current and waves, and earth-
quake actions, on the dynamic response of a reduced-scale bridge pier specimen with pile foundation. The peak rela-
tive displacement and peak acceleration of the specimen are measured using the first time innovative in Iraq, Reality 
Water–Structure–Earthquake Interaction Test (RWSEIT). The findings are given and analyzed concerning water depths, 
current speed, wave characteristics, earthquake amplitudes, and structural orientations. A numerical model of the 
examined specimen with three dimensions (3D) was constructed, and the findings were successfully confirmed using 
the data from the experiments. A pile foundation bridge pier’s 3D structural response under orientations that cannot 
be tested in a lab was computed using the constructed numerical model. The complicated dynamically produced 
FSI effects on the response of coastal pile foundation bridges may be better understood according to the research’s 
experimental and numerical findings.

Keywords: coastal bridge, pile foundation, structure orientation, dynamic response, fluid–structure interaction, 
current–wave–earthquake
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1 Introduction
Large-span across rivers, seas, straits, or oceans are 
frequently crossed using pile foundation bridges. Due 
to their structural efficiency, low cost, and ease of con-
struction, pile foundations have become widely used 
in deepwater multi-long-span bridges in recent years 
(AbdelSalam et al., 2010; Wei, 2012). The major compo-
nent of a bridge’s foundation is a collection of long piles 
that reach the ground below the water’s surface and are 

joined by a substantial concrete cap. The majority of 
these foundations include pile caps that are partially or 
completely submerged in the water in addition to the 
piles, which adds to the consequences of the produced 
dynamic fluid–structure interaction. Long-span coastal 
bridges must be built to handle a variety of dynamic 
stresses, including those brought on by earthquakes, 
water loads, and traffic (You et  al., 2008; Zhang, 2006). 
When taking into account this type of load, fluid–struc-
ture interaction between the vibrating bridge pile foun-
dation and the combined current-wave and earthquake 
loads is one of the most important considerations. Previ-
ous studies on civil engineering structures demonstrated 
that fluid–structure interaction during earthquakes may 
change the structural system’s dynamic characteristics 
and result in increased hydrodynamic stresses (Ding 
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et  al., 2015; Huang, 2011; Ji et  al., 2019; Liu, 2017; Park 
et al., 2001; Rajabi et al., 2021; Xiao et al., 2013).

To solve fluid–structure interaction issues involving 
cylindrical objects submerged in water, such as piles 
or towers, many analytical methods have been pre-
sented (Huang et al., 2022; Jiang et al., 2017; Li & Yang, 
2013; Morison et  al., 1950; Pang et  al., 2015; Wang 
et  al., 2019; Zhang et  al., 2019). The original Morison 
equation (Morison et  al., 1950) was used only to cal-
culate the wave force on a pile standing in water. Later, 
the Morison equation was developed to calculate the 
earthquake-induced hydrodynamic pressure by Pen-
zien and Kaul (1972). Song et al., (2013) and Yang and Li 
(2013) expanded the Morison equation to calculate the 
hydrodynamic pressure during earthquakes for coastal 
bridges. The results showed that for small-scale piles, 
namely, slender piles, the viscous effect is important and 
cannot be ignored, thereupon, the prerequisites of the 
extended Morison equation are valid. Li et  al., (2019) 
investigated the coefficients in the Morison equation 
for earthquake-induced hydrodynamic pressure of cyl-
inders. The results indicated that the dynamic charac-
teristics of the pier changed and the seismic response 
is augmented because of the hydrodynamic pressure 
effect. The aforementioned analytical dynamic calcula-
tions during earthquakes usually assume that the fluid 
is originally in quiescence without consideration of 
wave or current motion. Earthquakes, waves, and cur-
rents may be simultaneously applied to bridges in the 
marine environment. Recent incidents involving rein-
forced concrete bridge collapses have raised awareness 
of the necessity of performing appropriate maintenance 
on these important structures. In actuality, the majority 
of these failures were brought on by improper mainte-
nance intervention scheduling. The steel reinforcement 
corrosion brought on by the carbonation phenomena 
is one of the key concerns concerning the load-bearing 
capability of existing reinforced concrete structures 
(Crespi et  al., 2022). So far, the understanding of the 
coupling mechanism of multi-disaster loads is not clear 
enough. At present, there is a limited experimental test, 
especially for the coexistence field current–wave–earth-
quake combined flow field. Therefore, the seismic analy-
sis method for pile foundations of sea-crossing bridges 
is poor, which is a problem that needs to be solved 
urgently.

Sometimes earthquake forces and water waves can 
be affected by water currents in one direction. Fur-
thermore, bridges in coastal areas can extend in a lon-
gitudinal or transverse direction, and the situation 
of wave–current and earthquake in a multi-direction 
may be more dangerous for deepwater bridges. Ding 
et  al., (2018) looked at the pier’s dynamic response, 

conducting a series of scale 50:1 model tests under com-
bined earthquake and wave–current testing. Wave–cur-
rent action and earthquake excitation were solely taken 
into account in the longitudinal direction of the bridge 
during the testing. The structure orientation was not 
taken into consideration in most of the previous experi-
mental and numerical studies, despite its seriousness. 
Therefore, it is necessary and urgent need to estimate 
the accurate impact of this influence on bridges, as they 
are directly related to people’s lives.

The primary goal of this study is to evaluate the 
dynamic behavior of a pile-supported bridge pier when 
it is at an angle to the flow direction and is subjected to 
combined stresses from current–wave action and earth-
quakes. As a result, the following goals are established: 
(1) to conduct a new experimental test called the Reality 
Water–Structure–Earthquake Interaction Test (RWSEIT) 
to investigate the effects of combined current–wave and 
earthquake loads with structure orientations (0°, 45°, and 
90°); (2) to investigate the dynamic response of reduced-
scale bridge pile foundations and discuss the obtained 
results as a function of current speed, wave properties, 
earthquake amplitudes, and the structure orientations; 
(3) Using the validated numerical 3D models to evalu-
ate conditions that cannot be studied in the laboratory, 
such as a study of the effect of origin when it is at angles 
of (15°, 30°, 60°, and 75°); and (4) Building three-dimen-
sional (3D) numerical models of the tested specimens, 
including current–wave–earthquake effects, based on 
DIANA software. High water loads, earthquakes, and the 
diffraction of the current, wave, and seismic events are 
not covered by the paper’s scope.

2  Experimental Work
2.1  Test Equipment
A new system illustrated in Fig. 1, called Reality Water–
Structure–Earthquake Interaction Test (RWSEIT) the 
Civil Engineering Laboratory at the University of Tech-
nology—Iraq, was specially designed to carry out the 
dynamic fluid–structure interaction tests on bridge pile 
foundations. The system is designed to simulate water 
current, wave, and earthquake action separately or simul-
taneously in the same system.

As shown in Fig. 1a the test system consists of a wave–
current flume with dimensions of 6.0 × 1.50 × 1.25  m, 
and a horizontal bi-axial shaking actuator below it.

The flume has a flap-style wave maker installed across 
the tank’s width at the upstream end (Fig. 1b). A stepper-
controlled electric motor operates the flap. The wave 
maker can produce both regular and random waves 
between 0.4 and 1.4  Hz. The maximum wave height is 
0.2 m, and the test wave’s duration is between 0.5 and 4 s.
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The system is also equipped with an electro-mechan-
ical controlled Positive Displacement Pump with three 
discharge pipes and three suction pipes, their diameters 
are approximate 19.5 cm. The maximum current speed in 
the flume can reach 0.5 m/s.

The shaking device located in the middle of the flume 
can shake in x and y horizontal directions and pitch 
directions, whose shape is square and dimensions are 
1.5 × 1.5  m. It can be seen from Fig.  1c that the shak-
ing table is with dimensions of 1.0 × 1.0  m and is con-
nected to the center of the bottom of the water tank 
using a waterproof cloth. The maximum table load 
capacity, displacement, acceleration, and frequency are 2 
tons, ± 100 mm, 2.0 g, and 40 Hz, respectively. It is worth 
noting that one of the limitations of the system is that it 
can test the portable model above the shaking table at 
angles ( 0◦ , 45

◦

 and 90
◦

).
At the downstream end of the flume, an inclined mesh 

plate (Fig. 1d) is fitted to absorb the energy of the oncom-
ing currents–waves and the plate effectively dissipated 
most of the incoming energy.

2.2  Model Design
The foundation of the continuous bridge crossing the 
Songhua River in northeast Chin was selected as a case 
study for the building of the scaled models used in the 
current study. This foundation is composed of nine cir-
cular piles, one square pile cap, and one rectangular pier, 
in addition to the superstructure of the bridge. The total 
length of the piles is 58  m, with an assumed segment 
12 m above the scour line.

The test model is typically supposed to be a cantilever 
structure mounted to the top surface of the shaking table 
to simplify the test plan and theoretical analysis model. 
With consideration of the superstructure’s constraining 
impact, the lumped mass of the traffic loads and other 
superstructure components is fixed to the top of the 
bridge deck.

It is required to create the dynamic similitude relations 
between prototype and model to replicate the dynamic 
properties of the prototype structure in the testing. Since 
the tests primarily examine the individual and combined 
effects of an earthquake, wave, and current on a bridge 

(a) RWSEIT.

(b) Wave genera�on 
technique. (c) Shaking technique. (d) Energy dissipa�on 

technique.

Connection bolts

Flap wave
 maker

Stepper motor

Discharge pipes Suction pipes

Energy 
Dissipation plate

Shaking table

Fig. 1 Test system.
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pier, the model’s construction must adhere to the laws of 
similarity between gravity and elastic properties. To sim-
ulate the inertial, gravitational, and restoring forces in the 
tests, it is necessary to concurrently satisfy the Cauchy 
and Froude scaling criteria, as stated in the following 
equation:

where SE is the scale factor of elastic modulus; Sg is the 
scale factor of gravitational acceleration; Sρ is the scale 
factor of density; and SL is the scale factor of geometry. 
The scaling factor for the physical quantity Si in this study 
is defined as Si = ip/im , where i stands for the physical 
quantity and the subscripts p and m, respectively, denote 
the prototype and model. Sl = 20 is chosen as an appro-
priate scale to meet the necessary elastic and geometric 
similarities by taking into account the dimensions of the 
Reality Water–Structure–Earthquake Interaction Test 
(RWSEIT), in regards to the designed flume and shaking 
table. Table 1 lists the similarities between different phys-
ical quantities. Fig. 2 depicts the dimensions of the model 
inspired by the prototype.

The required model reinforcement areas are adapted 
according to the similitude requirements tabulated in 
Table 1, to provide scaled bar yielding force and as pre-
sented in the following equation:

where Am is the tensile stress area of the model reinforce-
ment, AP is the prototype reinforcement area, and SL is 
the length scale factor.

The steel cages, steel spirals, and longitudinal bars of 
the pile, pier, and cap are prefabricated depending on the 

(1)SL =

SE

SgSρ

(2)Am =

AP

S2L
=

AP

20
2
= 0.0025AP

Table 1 Similitude ratios of physical quantities for the dynamic 
test.

Physical quantity Scale factor Value

Length Sl 20

Area SA = S2
l

400

Velocity of flow Su = S0.5
l

4.47

Quantity of flow SQ = S2.5
l

1788.8

Elastic modulus SE 20

Stiffness Sk = SESl 400

Density Sρ = SE/Sl 1

Mass Sm = SρS
3

l
8000

Force SF = S3
l

8000

Pressure SP = Sl 20

Strain Sε 1

Stress Sσ = SεSE 20

Displacement Sx = Sl 20

Acceleration Sa = Sx/S
2
t

1

Time St = (Sm/Sk)
0.5

= Sl
0.5 4.47

Frequency Sf = 1/St 1/4.47

Side View                                 Front View

Added Mass

Pile cap

Piles

Shaking table

Pier

Superstructure deck

Cross-section in pile distribution in 
pile cap

Cross-section of pier

Fig. 2 Dimensions of model that inspired from selected prototype; all dimensions are in (mm).
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reinforcement bar details in Fig. 3a, b and c, respectively. 
The whole model reinforcement is pictured in Fig. 3d.

Fig. 4a, b, and c presents the fabrication procedure of 
the specimens building that was designed to resemble 
as closely as possible the construction steps of full-scale 
bridges.

2.3  Model Calibration
The structure system’s displacement and acceleration can 
show how it responds to dynamic loading. Fig. 5a and b 
display the comparison curves that emerged between the 
prototype and the model.

(a) Pile reinforcement. (b) Pier reinforcement.

(c) Cap reinforcement. (d )Whole model reinforcement.

4Ø6 C/C

Ø3@75 C/C

Ø6@75 C/C
6Ø8 C/C

Pier

Cap

Piles

Ø8@60 C/C

Ø6@50 C/C

Fig. 3 Prefabricated steel of the model reinforcement, all dimensions in (mm).
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The behavior of the pier top was calculated in the 
prototype through the use of sensors specialized in cal-
culating displacements, which are (LVDT), and for accel-
erations, accelerometer sensors were used.

The fact that the prototype and model’s response 
curves nearly match one another demonstrates the appli-
cability of the similitude law in this paper.

2.4  Test Conditions
The specifications of wave amplitude and period with a 
recurrence time of 50  years were chosen based on field 
data collected in Iraq. With a length of 2 m and a period 
of 3 s, the fifth order Stokes wave theory is used. In addi-
tion, the analyzed area’s current velocity is estimated to 
be 2 m/s.

The current and wave used in the experiments were 
uniform current and regular wave, respectively. 0.2  m/
sec current speed and the wave properties as period 

(sec), length (m), and depth (m) i.e. (0.02, 0.1, 2), were 
designed as test conditions. According to the Chakra-
barti, (1987) chart, the current and wave condition is 
generally considered to be moderate current and short 
waves, respectively.

Because buckling is more closely related to vertical 
ground acceleration, it is ignored (Al-Baghdadi, 2014; 
Hameed, 2019). The ground’s pitch motion is less impor-
tant for the dynamics of maritime constructions than 
horizontal and vertical motions.

Manjil records are the used earthquake history for the 
area under study. The peak of time history was taken into 
account as 1.0 g for the horizontal component following 
the Iraqi Code of Practice for Seismic Resistant Design of 
Buildings.

To assess the model structure’s response to seismic 
excitation, the acceleration time record of the Halabjah 
earthquake, which occurred in Baghdad on November 

(a)

(b) (c)
Fig. 4 Steps of model fabrication. a Model timber form. b Model concrete casting. c Final appearance of the model.
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12, 2017 (Al-Taie & Albusoda, 2019) was selected as the 
input earthquake excitation. The original accelerogram 
has a total ground excitation time history of 205 s with a 
peak ground acceleration (PGA) of 1.1 g at 41.5 s.

To accomplish these goals with the chosen earthquake, 
the amplitude was scaled, such that the peak acceleration 
for the earthquakes is 0.1  g. This earthquake amplitude 
is representative of minor ground motions, in terms of 
ensuring structural, not damage. The acceleration period 
was adjusted permitting to the selected time scale aspect, 
which is about 45.84 s and as discussed in Table 1 and as 
in the following:

The acceleration time histories for both longitudi-
nal and transverse horizontal components of this scaled 
earthquake excitation are shown in Fig. 6.

St = (Sm/Sk)
0.5

= Sl
0.5

= 20
0.5

= 4.472

205

St
=

205

4.472
= 45.84sec

Three water levels (0.60, 0.675, and 0.75) m were taken 
into consideration in the test, to thoroughly investigate 
the combined effect of the current, wave, and earthquake 
on the dynamic response of the pile foundation bridge 
pier.

To investigate structure orientation effects of the 
response of pile foundation bridge pier, experiments 
were conducted when the model is at a certain angle 
during examination and exposure to combined forces of 
current–wave and earthquake actions. Angles θ2 = 45

◦

 
and θ3 = 90

◦

 , were chosen to know the overall behavior 
when subjected to combined current–wave–earthquake 
forces, and to compare the behavior they were compared 
with the angle θ1 = 0

◦ , as pictured in Fig. 7. Peak bridge 
pier top displacement response relative to the pier bot-
tom and absolute acceleration under combined current 
wave–earthquake, are tested under three water levels 
(0.6, 0.675, and 0.75) m. Table  2 lists the test variables 
that were described earlier.

2.5  Data Acquisition
In design codes and standards, the structural response 
is frequently considered using the peak analysis of dis-
placement, acceleration, or velocity. The design of marine 
structures infrequently uses time simulation study of 
structural response to seismic stimulation. Therefore, 
four different types of physical variables, including rela-
tive displacements and accelerations along the pier height 
and the characteristics of the currents and waves in the 
flume, were measured during the testing.

The measurement instruments used to account for 
these physical values are shown in Table  3. Along the 
pier, the measurement instruments were distributed uni-
formly every 150 mm.

3  Numerical Modeling
3.1  DIANA Model
DIANA is a Finite Element Analysis (FEA) solver that 
does basic and advanced analyses of various structures. 
DIANA FEA study included modeling the reinforced pile 
foundation bridge models with the dimensions and char-
acteristics that matched the tested specimens. The geom-
etry has meshed with a set of "controlled mesh": Tetra/
Triangle and Hexa/Quad element size limits the possible 
size between two adjacent elements. Mesh refinement is 
applied to the whole shape with 0.05  m Hexa/Quad as 
an element size. The mesh statistics of all models have 
meshed into 6776–7226 quadrat elements; the number of 
boundary elements is between 318 and 412.

Rebars which are 3D rods that may be described indi-
vidually or embedded in oriented surfaces (Al-Khafaji 
et  al., 2021; Mohammed, 2019), are normally used to 
reinforce concrete constructions; however, in the current 

Fig. 5 Comparison of the pier top’s displacement and acceleration–
time history response curves between the prototype and the model.
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study, the rebar was represented as a solid element, as 
presented in Fig. 8a. As for concrete materials (Fig. 8b), 
it has relied on laboratory models in modeling numerical 

models, in terms of concrete compressive strength, 
cement quantity, additives materials, slump, and other 
characteristics (Chun et al., 2022; Kim et al., 2012; Zhao 
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Fig. 6 Scaled acceleration–time history of Halabjah earthquakes.

Fig. 7 Model orientation tests.

Table 2 Present study’s test variables.

Water depth (m) Current speed (m/sec) Wave properties (m, m, sec) Earthquake amplitude ( g) Structure 
Orientation ( θ)

H1 0.60 C 0.10 W 0.02, 0.1, 2 E 0.10 g θ1 0
◦

H2 0.675 θ2 45
◦

H3 0.75 θ3 90
◦
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et al., 2020). The Superstructure and the pier have been 
modeled using concrete with compressive strength C35 
MPa, while the pile cap and the piles were modeled using 
concrete with compressive strength C30 MPa.

3.2  Load Cases
Boundary conditions must be matched well with the 
physical conditions of the proper problem. To study the 
forces that impacted the numerical model, it has been 
assumed that the pile group is in a state of complete sta-
bility, as in the laboratory model, and this procedure was 
done by choosing Clamped Feet.

The bridges have usually carried a range of forces over 
their superstructure surface resulting from traffic 
loads and live load, which was modeled in the labora-
tory model as Added Mass. To compare the results of 
the two models, the selected load was spread on the 
upper surface of the bridge superstructure as Traffic 
Loads cases.

Earthquake actions were represented as forces 
affecting the bottom of the model and in both direc-
tions (X, Y, or combined of them), just as in the shak-
ing table device in the laboratory system (RWSEIT). 
DIANA Software allows the possibility of represent-
ing the ground acceleration with the values to be shed 
exactly.

In Fig. 8c, it can be noticed how currents and waves are 
projected as forces affecting the parts of the numerical 
model and in the desired direction. This program gives 
great ease and smoothness to the representation of these 
forces with the required characteristics.

Mesh refinement is applied to the whole shape with 
0.05 m Hexa/Quad as an element size (Fig. 8d). All mod-
els contain 6556–7686 quadrat elements in their mesh 
statistics, and there are between 318 and 412 boundary 
elements.

4  Test Results and Analysis
4.1  Experimental Results
In the dynamic examination of the bridge pier, the dis-
placement of the pier top relative to the bottom of the 
pier is the important content of checking the bridge pier’s 
earthquake deformation. The relative displacement of 

the pier top to the pier bottom is evaluated to assess the 
structural performance of the bridge pier. The absolute 
acceleration of the pier top is the most important aspect 
relating to deck motion under various variables of water 
levels and loads combined with earthquake action. The 
peak relative displacement and peak acceleration along 
the pier were calculated for each 150 mm and as pictured 
in Fig. 9.

From Figs. 10, 11, and 12, the results showed that the 
response of the bridge pier for relative peak displacement 
and peak acceleration of the pier is changed in a very 
clear way. It can be seen that the water height H2 is dis-
tinguished by the increase in dynamic behavior from the 
other water heights taken in the present study. This is due 
to the large concrete mass affected by the applied water 
mass, Where it can be found that the mass of the pile cap 
is the largest size compared to the other bridge members 
represented by the pier and the piles.

To analyze these orientations effect, it is clear that the 
change is increasing the effect of the combined forces 
with increased direction from 0◦ to 90

◦

 . When the model 
was at an angle, it makes it more vulnerable to being 
affected by the forces surrounding it, and this effect may 
increase when the angle increases from 0◦ to 45

◦

 and 
increases more when it reaches being at an angle of 90

◦

 
with the structure.

The peak displacement and acceleration of the pier 
with direction ( θ1 ) were 5.475  mm and 0.263  g, while 
with ( θ2 ) direction were 7.232 mm and 0.333 g, and with 
( θ3 ) direction were 8.5 mm and 0.379 g. The other condi-
tions of water heights (H1, H2, and H3) are tabulated in 
Table 4.

It can be concluded that the displacements and the 
accelerations of the studied variables with directions of 
45

◦

 and 90
◦

 can increases by approximately 32%, 55% for 
displacement, and 27%, 44% for acceleration, when com-
pared with the behavior of the model with 0◦ direction.

4.2  Numerical Results
To use the numerical model designed in the present 
study in tests that cannot be performed in the laboratory; 
Therefore, a validation of the results of the numerical 
model was carried out with the results of the test model.

This Software gives great ease and smoothness to the 
representation of forces with the required characteristics, 
as indicated in the same, Fig. 6a–e.

The combined test of current–wave–earthquake with 
0
◦ structure orientation conducted in the laboratory 

was verified and the results showed that there is a great 
agreement between the experimental results (ER) and the 
numerical results (NR), as shown in Fig. 13.

Furthermore, a series of statistical analyzes were con-
ducted for three laboratory and numerical tests, and 

Table 3 Type, number, and symbol of measuring instruments 
used in the tests.

Test measures Instruments Numbers Symbol

Displacement LVDT transducers 8 U

Acceleration Accelerometer sensor 18 A

Wave properties Wave gauge 4 –

Flow velocity current meter 2 –
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the latest also indicated that there is a great conver-
gence in the results, where the lowest square Regression 
Coefficient (R2) is not less than 0.951, while the highest 

coefficient value reached 0.992. This enables us to say 
that this model is efficient in conducting other tests that 
were not performed in the laboratory system (RWSEIT).

(a) Reinforcement details. (b) Concrete members.

(c) Applied loads. (d) Mesh genera�on.
Fig. 8 FE model details.
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Since the designed numerical model in this study gives 
a state of ease and smoothness in shedding the effective 
forces in different directions, it was proposed to study the 
structure orientation with a direction that is complemen-
tary to those studied in the laboratory, namely, 15

◦

 , 30
◦

 , 
60

◦

 and 75
◦

.
From Figs. 14, 15, 16, and 17, it can be shown that the 

response of the pier increased dynamically when the ori-
entation increases from 15

◦

 to 75
◦

 . The peak displacement 
and acceleration of the pier with these complementation 
directions are tabulated in Table  5. The displacements 
and the accelerations of the studied variables with direc-
tions of 15

◦

 , 30
◦

 , 60
◦

 and 75
◦

 can increases by approxi-
mately 17%, 22%, 45%, and 47% for displacement, and 
15%, 22%, 33%, and 38% for acceleration, when compared 
with the behavior of the model with 0◦ direction.

In summary, it can be said that the dynamic behavior 
of bridges in coastal areas increases significantly with the 
increase of structure orientation from 0◦ to 90

◦

 and this 
effect cannot be neglected when designing this type of 
bridge and under such conditions.

Fig. 9 Displacement and acceleration sensors distribution along pier 
height.
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Fig. 10 Peak relative displacement and peak acceleration of the pier under structure orientation (0
◦

).

0.00

0.15

0.30

0.45

0.60

0.75

0 1 2 3 4 5 6 7 8 9 10
Relative displacement (mm)

Pi
er

 h
ei

gh
t (

m
)

H3
H4
H5

0.00

0.15

0.30

0.45

0.60

0.75

0.0 0.1 0.2 0.3 0.4 0.5
Acceleration (g)

Pi
er

 h
ei

gh
t (

m
)

H3
H4
H5

Fig. 11 Peak relative displacement and peak acceleration of the pier under structure orientation (45
◦

).
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5  Conclusions

1. The overall dynamic response of the bridge was 
changed when it was at a certain angle with the applied 
water forces and earthquake actions. Water height 
impact at the pile cap is distinguished by the increase in 
dynamic behavior compared to the pier and the piles.

2. When the model was at an angle, it makes it more 
vulnerable to being affected by the forces surround-
ing it, and this effect may increase when the orien-
tation increases from 0◦ to 90

◦

 . Structure orientation 
increases the dynamic response of the bridge as the 
direction increases from 0◦ to 45

◦

 and increases more 
when it reaches being at an angle of 90

◦

 with the 
structure.

3. The peak displacement and acceleration of the pier 
with direction ( 0◦ ) were 5.475 mm and 0.263 g, while 
with ( 45

◦

 ) directions were 7.232  mm and 0.333  g, 
and with ( 90

◦

 ) directions were 8.5 mm and 0.379 g, 
where the displacements and the accelerations of the 
studied variables with directions of 45

◦

 and 90
◦

 can 
increases by approximately 32%, 55% for displace-
ment, and 27%, 44% for acceleration, when compared 
with the behavior of the model with 0◦ direction.

4. The peak relative displacement and peak acceleration 
of the pier with the orientation of 15

◦

 , 30
◦

 , 60
◦

 and 75
◦

 
was increased by approximately 17%, 22%, 45%, and 
47% for displacement, and 15%, 22%, 33%, and 38% 
for acceleration, when compared with the behavior of 
the model with 0◦ direction.

5. The study methodology can be developed to include 
water loads and earthquakes with high values or 
directions, to find critical areas that are exposed to 
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Fig. 12 Peak relative displacement and peak acceleration of the pier under structure orientation (90
◦

).
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Fig. 13 Experimental results (ER) and Numerical results (NR) under 
structure orientation (0

◦

).
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Fig. 14 Peak relative displacement and peak acceleration of the pier under structure orientation (15
◦

).
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Fig. 15 Peak relative displacement and peak acceleration of the pier under structure orientation (30
◦

).
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Fig. 16 Peak relative displacement and peak acceleration of the pier under structure orientation (60
◦

).
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cracks or damage in such types of marine structures, 
and then to give another recommendation to the 
design engineers.
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