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Abstract

There is a debate over whether the sea-crossing bridges undergo dynamic motions
when exposed to wave loads. In order to verify the dynamic effect of the tower of
sea-crossing bridge under wave load, an experimental study on dynamic effect of a
freestanding tower of sea-crossing bridge is accomplished in this paper. Firstly, a test
model for a typical bridge tower of pile group foundation under wave load is
established by using a scale of 1:100. Secondly, a typical sea condition is designed
for the response test of the bridge tower under wave load. The test results indicated
that obvious vibration of top the tower occurs when the wave load period is close
to the natural vibration period of the structure, and both displacement and base
shear are amplified. The results in this paper will provide an important reference for
whether the dynamic effect of wave load should be considered in the designs of
bridge structure under wave load.
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1 Introduction

In the twenty-first century, with the increasingly closer communication between conti-
nents, countries and islands during the economic globalization, large-scale sea-crossing
projects have been conducted rapidly to establish the connecting network. At present,
the famous sea-crossing bridges completed include: Japan Akashi Strait Bridge, Hong
Kong Stonecutters Bridge, Indonesia Surabaya Madura Bridge, Hong Kong-Zhuhai-
Macao Bridge, Hangzhou Bay Bridge, etc. The sea-crossing bridge are often subjected
to strong winds and waves. Therefore, it is very important to ensure the safety of the
bridge structure in the process of construction and service.

More and more attention have been paid to the marine environmental conditions
and their effects by scholars at home and abroad, especially a series of studies on wind
and wave environmental conditions and their effects. The upper bridge panel structure
is more likely to be damaged under wave load, which can be traced back to the re-
search on wave forces of flat plates and offshore platforms in the 1990s (Shih and Ana-
stasiou 1992; Kaplan et al. 1995). Douglass et al. (2006) proposed an empirical formula
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for estimating the extreme wave forces on slab superstructure by studying bridges dam-
aged in hurricane. Huang et al. (2018) built a two-dimensional numerical wave tank
based on the OpenFOAM program to study the impact and breaking of wave action on
the structure, and analyze the stress mechanism. Guo et al. (2015) carried out hydro-
dynamic experiment of the extreme wave forces on the superstructure of coastal high-
way bridges, and proposed an estimation formula for calculating the extreme wave
forces on such bridges. Lotfollahi-Yaghin et al. (2012) established the relationship be-
tween wave force and liquid level fluctuation around vertical cylinder by using artificial
neural network model, which was used for rapid prediction of wave load. Wei et al.
(2017) obtained the variation characteristics between the structural response and load
parameters by conducting experimental research on the structural response of inde-
pendent bridge towers under the action of wave-current load. Bai et al. (2016) and Guo
et al. (2016) conducted an experimental study on the structural response of independ-
ent bridge towers under wind-wave loads, and obtained their response rules. Liu et al.
(2017) used numerical method to analyze the random vibration of sea-crossing bridge
under wind-wave load. Liu et al. (2015) carried out experimental study on structural re-
sponse of independent bridge tower under win-wave-current load, and obtained its re-
sponse variation rules. Chengxun (2018) systematically studied the dynamic response of
cable-stayed bridges across the sea under the combined action of wind, wave and
current. Bonakdar et al. (2015) and Bonakdar and Oumeraci (2012) systematically stud-
ied the pile group coefficient of pile group foundations with different arrangement, and
summarized a series of empirical formulas. These studies mainly focus on the study of
wave load and its response and pile group effect coefficient, but some of them also
found that the bridge tower will vibrate when the frequency of wave acting on the
bridge tower is close to the natural frequency of the bridge tower (Liu et al. 2015;
Chengxun 2018), which is different from the conventional understanding: there is no
vibration in the tower structure. The reasons are the stiffness of the tower is very high
and the action position of the wave load is inclined to the bottom of the bridge tower.

The structural response characteristics of sea-crossing bridges under wave loads must
be obtained for the reasonable structural design. Therefore, a physical model of bridge
tower was established based on a large sea-spanning cable-stayed bridge. An experi-
mental study on the response of the bridge tower under the typical conditions of wave
load is conducted. The dynamic response characteristics and action mechanism is dis-
cussed. These works provides a reference for the bridge design to consider the wave
load reasonably.

2 Description of the bridge tower and physical model design

The bridge tower served as the prototype structure for the experiment is a component
of a planned sea-crossing bridge of the Qiongzhou Strait of China. The foundation of
the tower is designed to be a pile-group foundation. The tower is designed to be a
double-column, gate-type structure, as Fig. 1 shows. The height of the tower is 203.95
m from the top of the pile cap to the tower top. The pile-group is composed of 16 piles.
Each pile is 3 m in diameter and 23 m in length from the seabed to the bottom of the
pile cap. The cross sections and the main design sizes of the foundation, tower columns
and crossbeams are shown in Fig. 1c.
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Fig. 1 Gate-type bridge tower based on a pile-group foundation: a Longitudinal side view; b Transverse
side view; ¢ Cross profiles of the foundation and the pylon pillars

The experiment model was made with a geometric scale of 1:100 with consideration
of the experimental contents and the conditions of the experimental facilities. Geomet-
ric similarity, Froude similarity and elastic-gravity similarity criterions were used to de-
sign the model (Chi and Lin 2004). Geometric similarity is to ensure the length, width
and height of the structure model and the water depth, wave length and wave height of
the flume wave to have a same geometric scale. As the gravity and inertia forces of fluid
are the main determinants of the wave on a bridge structure. The flow field of flume
wave was designed to satisfy the Froude similarity, that is

i,
/13 T Ay

-1 (1)

Where A, g A, and A, are geometric scale, gravity scale, velocity scale and time scale
respectively. The structure model of the tower was designed to satisfy the elastic-
gravity similarity. The similarity relation is.

A=Ak, A=A (2)

Where Ag and A, are elasticity modulus scale and density scale respectively.

Being an elastic dynamic structure, the model consists of the skeleton, clump weights,
and polyethylene shells, as Fig. 2a shows. The skeleton was welded by 16 circular iron
bars that served as the pile group, a steel plate that served as the pile cap, two long cir-
cular iron bars that served as the tower columns and two rectangular iron bars that
served as the crossbeams. The cross-section dimensions of the iron bars were deter-
mined by the flexural stiffness of the cross sections of the corresponding components
on the prototype structure. The skeleton is design to simulate the overall flexural stiff-
ness of the bridge tower and is the main stress component of the model. To satisfy the
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Fig. 2 Model structure and experimental setup of the gate-type bridge tower: a Model construction and
the sensor placements; b Picture of the model in the flume

gravity similarity, iron clump weights were fixed on the tower columns of the model.
Under wave actions, the surface of the underwater part of the prototype tower would
be simulated by the model. Therefore, some polyethylene shells were pasted on the
underwater part of the model to satisfy its geometric similarity.

3 Model test and measurement
3.1 Test equipment and measuring instrument
The experiment was carried out at the State Key Laboratory of Coastal and Offshore En-
gineering, Dalian University of Technology, China. The wave flume used for the experi-
ment possesses the capability of simulating waves As shown in Fig. 3, it is 60 m in length,
4 m in width and 2.5 m in height. Flume waves are generated by a piston-type wave maker
at one side of the flume and absorbed by an absorber at the other side of the flume. The
test model was located at the middle zone of the flume with a distance of 30 m from the
wave maker. The incident wave recorded by a capacitance-type wave gauge and an acous-
tic Doppler velocimetry (ADV) placed at upstream of the model. Before the model tests
were carried out, the flume waves were carefully calibrated to ensure their target values.
The layout of the measuring instruments for recording the dynamic responses of the
model are shown in Fig. 1. Three two-component accelerometers were installed at three ele-
vations on the model to measure the acceleration responses in the x- and y-directions. Laser
displacement sensors were installed on the traversing carriage above the flume to record the
displacements of the tower top. The model was freestanding with its foundation fixed on an
assembled force balance. The assembled force balance shown in Fig. 4. Then the wave in-
duced base shear forces in x- and y-directions would be measured by this force balance.
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Fig. 3 Schematic of the wave flume (Unit: m)

3.2 Test conditions

Load cases for the experiment were designed according to the sea state. A flume water
depth of 28.5 cm, which is corresponding to the designed water depth of 28.5 m shown in
Fig. 1, was considered during the whole experiment. The hydrological data at the bridge site
shows that the wave heights with a cumulative probability of 1%, Hy, for 25-year and 100-
year return periods are 3.0 m and 4.7 m, respectively, and the corresponding average wave
periods, T, are 7.0s and 9.6s, respectively. Additionally, with the resonant period of the
structure focused on, the wave period of 7.8 s was also considered for the experiment. Ac-
cording to the geometric scale of 1:100 and the Froude similarity, six regular waves were de-
termined for the experiment. Including the wave heights, H, wave periods, 7, and water
depth, d, The model and prototype parameters of these six load cases are listed in Table 1.

150 mm

\

Fig. 4 Measuring instruments of the assembled force balance




Daocheng et al. Advances in Bridge Engineering (2021) 2:9 Page 6 of 11

Table 1 Regular wave conditions of the tower test

Working Scale values Prototype value

condition H(cm) (s) d(cm) H(m) (s) d(m)
W1 30 0.70 285 30 7.0 285
W2 47 0.70 285 4.7 7.0 285
W3 30 0.78 285 30 7.8 285
W4 47 0.78 285 4.7 7.8 285
W5 30 0.96 285 30 9.6 285
W6 47 0.96 285 4.7 9.6 285

3.3 Model test and measurement

In the test, the structural model was fixed on the force balance by bolts, and the force
balance was fixed in the reserved hole at the bottom of the flume. The model installa-
tion diagram is shown in Fig. 2. After the model is installed, the measuring sensors are
installed and measurement system is built. Install measurement sensor and build meas-
urement system. The synchronous acquisition of wave time history, force, acceleration

and displacement should be considered in the test.

4 Experimental results and discussion

4.1 Dynamic characteristic analysis of the bridge tower

Before testing the dynamic responses of the model under the flume wave actions, free-
decay tests was conducted with and without water to find out the dynamic characteris-
tics of the structure. According to the measuring acceleration and displacement re-
cords, the natural vibration frequencies of the model structure are obtained, and the
results are listed in Table 2. The free decay displacement and acceleration of the top of
the tower are recorded as shown in Fig. 5.

The modal analysis was carried out on the finite element model of the prototype
tower. The first two natural frequencies of the structure were listed in Table 2, and the
corresponding flexural deformations along x- and y-directions are the main mode
shapes of the structure, as Table 2 shows. They are corresponding to the first two nat-
ural frequencies of the structure. According to the results shown in Fig. 6, the first two
modes of the structure are bending deformation along the x and y directions respect-
ively, mainly because the pile foundation of the bridge tower is rigid, and the bridge
tower is equivalent to a cantilever beam, so the bending deformation is mainly. Due to
the large stiffness of the pile foundation of the bridge tower, the pile foundation is ba-
sically motionless during the test, so the frequency of the structure with and without
water is basically the same. The calculated frequency of the bridge tower is basically
consistent with the frequency obtained from the test, which indicates that the structural
physical test model is designed reasonably.

Table 2 Natural frequencies of the gate-type bridge tower

Direction of Calculated frequency (Hz) Test frequency (Hz)
vibration mode Prototype value Model values Without water With water
Along the bridge 0.124 1.241 1.277 1.268

Cross the bridge 0.260 2670 2.830 2.808
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Fig. 5 Displacement and acceleration records of the decay test of the gate-type bridge tower model
structure (longitudinal oscillation, without water)

4.2 Analysis for base shear forces of the bridge tower

The peak value and the valley value of the shear force at the base of the bridge repre-
sent the positive force and the negative force of the pile. During the test, it was found
that the peak value and the valley value of the base shear forces on the bridge founda-
tion were asymmetric, and the peak value was generally greater than the valley value.
Considering the safety of the structure, the peak force was used for statistical analysis.
According to the measurement results of the force balance, the measured shear forces
on the base of the bridge foundation was sorted out, and the shear forces on the base
of the prototype bridge under each test condition was obtained. The sorted results were
listed in the Table 3, some of which were shown in Fig. 7.

- X

*y

a) b)

Fig. 6 Mode shapes of the gate-type bridge tower: a The first-order longitudinal mode shape; b The
second-order transverse mode shape
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Table 3 Base shears of the prototype bridge tower (10°KN)

Wave Period (s)
height 7 78 9.6
(m)
30 8.1505 7.5071 5.9687
4.7 11.2266 12,6141 10.8178
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Fig. 7 Variation characteristics of base shear forces of bridge tower with time
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Table 4 Top displacement of the prototype bridge tower (m)

Wave Period (s)

:‘:‘i)ght 7 7.8 96
3.0 0.036 0276 0.005
4.7 0.050 0417 0.007

According to the results in Table 3, when the wave height is 3 m, the shear forces at
the base of the bridge decreases with the wave period increasing. When the wave height
is 4.7 m, the base shear forces of the bridge foundation changes with the wave period,
which first increases and then decreases with the change of the period. Except for the
difference in wave height, their changing laws should be consistent under the same
conditions. The cause of this inconsistency is likely to be that the wave period of 7.8 s
approximates to the main period of the structure. Structure vibration produces dy-
namic amplification effect, and structure dynamic effect of the wave height of 4.7 m is
higher than the wave height of 3 m, that can be verified by the vertex displacement of
the structure from the Table 4. The displacement of the top structure when the wave
height is 4.7 m is 1.51 times the displacement of the top structure when the wave
height is 3 m. The reason is likely to be that the shear forces at the base of the bridge
with the wave height of 4.7 m is higher than the wave height of 3 m, and the shear with
the wave height of 4.7 m is 1.68 times the shear with the wave height of 3 m in Table 3.

4.3 Analysis for top displacement of the bridge tower

According to the measured results of the laser displacement meter, the measured top
displacement of the bridge tower was sorted out, and the top displacement of the
prototype bridge tower in each test condition was obtained. The sorted results were
listed in Table 4, and some of the results were shown in Fig. 8.

According to Fig. 8, when the wave period is 7.8 s, the top part of the bridge tower vi-
brates significantly, showing an obvious dynamic amplification effect. This is because
the wave period is consistent with the main period of the structure, and the structure
has resonance effect. According to the results in Table 4, the peak displacement of the
structure when the wave height is 4.7 m is significantly larger than that when the wave
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height is 3 m. This is mainly because the higher the wave height is, the greater the wave
load is. Even if the amplification coefficient of the structure dynamic response is con-
sistent, the dynamic response of the structure is also larger.

5 Conclusion
In this paper, the dynamic effect of the tower structure under wave load is studied
through physical model test, and the main conclusions are as follows:

(1) The first two frequencies calculated by the bridge tower structure are basically
consistent with the first two frequencies measured by the test, which indicates the
rationality of the design and manufacture of the physical test model of bridge
tower and is the premise to ensure the reasonableness of the test results.

(2) Under the condition that the wave period is consistent with the structural period,
the wave load can cause the dynamic effect of the bridge tower structure, and the
higher the wave height, the more obvious the dynamic amplification effect of the
base shear forces and the displacement of bridge tower structure. How to calculate
the amplification effect of the base shear forces and the displacement needs to be
further studied.
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