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�is paper presents an experimental program performed to study the e�ect of 	uid-structure interaction on the modal dynamic
response of water-surrounded slender bridge pier with pile foundation. A reduced scale slender bridge pier specimen is built and
tested through forced vibrationmethod.�e vibration periods of the 
rst four lateral modes, including the 
rst twomodes along �-
axis and the 
rst twomodes along �-axis, are measured based on the specimen submerged by 16 levels of water and designated with
4 levels of tip mass. �ree-dimensional (3D) 
nite-element models are established for the tested water-pier system and analyzed
under various combined cases of water level and tip mass. Percentage increases of vibration periods with respect to dry vibration
periods (i.e., vibration periods of the specimen without water) are determined as a function of water level and tip mass to evaluate
the e�ect of 	uid-structure interaction.�e numerical results are successfully validated against the recorded test data. Based on the
validated models, the modal hydrodynamic pressures are calculated to characterize the 3D distribution of hydrodynamic loads on
the pier systems. �e research provides a better illumination into the e�ect of 	uid-structure interaction on the modal dynamic
response of deepwater bridges.

1. Introduction

Bridges with high and slender piers have widely been found
in deepwater areas like estuaries, straits, reservoirs, and so
on. In general, the piers, such as those of Miaoziping Bridge
[1, 2], Sutong Bridge [3, 4], and China East Sea Bridge
[5], are composed of a group of piles connected by a large
pile cap and a high reinforced concrete column (or bent)
which is submerged partially in water. �e dynamics of
such bridge piers require special considerations which do
not arise for piers elevating on land. It is well known that
when a structure vibrates in water due to various dynamic
loads such as seismic excitations, it stimulates acceleration
in the water inducing an extra force on the structure.
And hence, during evaluation of the dynamic response of
deepwater bridges with slender piers under earthquakes, one
of the key factors which should be taken into account is
the 	uid-structure interaction between the vibrating bridge
pier and the surrounding water. Previous researches have
been directed toward examining the e�ect of 	uid-structure

interaction on deepwater structures, such as towers, dams,
o�shore platforms, and wind farms. �e research e�orts
have con
rmed that 	uid-structure interaction might cause
considerable change to the dynamic characteristics of the
deepwater structures, producing additional hydrodynamic
loads [6–9].

In order to provide a better understanding of 	uid-
structure interaction problems, several analytical approaches
have been proposed concerning cylindrical structures, such
as piles or towers, standing in water [10–12]. �ese research
attempts can be typically classi
ed into three categories, that
is, (i) added mass formulations in which the e�ect of 	uid-
structure interaction is approximated by added mass desig-
nated to the structure [13–16], (ii) continuum based solutions
inwhich thewave equation involving hydrodynamic pressure
is applied [17–19], and (iii) numerical simulations in which
either 
nite or boundary elements are utilized to discretize
the surrounding water [9, 20–24]. Along with the develop-
ment of analytical and numerical methods, the application of
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experimental approach has provided quite a few supportive
test data for the theoretical research e�orts [25–27]. Goto
and Toki [25] conducted a dynamic experiment on can-
tilevered pier specimens submerged in water and veri
ed the
frequency-domain equation based on radiation wave theory
used to compute the hydrodynamic pressure loads on piers
during earthquakes. Pegg [26] carried out modal tests on
submerged cylinders to obtain a series of curves relating the
added hydrodynamic mass and damping to the vibration
frequency of the structure.Maheri and Severn [27] designed a
series of vibration tests on cantilevered columns surrounded
by water and proved that the classical added mass theory
can only be applied to single-degree-of-freedom systems.Wu
and Hsieh [28] proposed a simple experimental method to
determine the frequency-dependent added mass and added
mass moment of inertia for a 	oating body in heave and pitch
motions. It can be found that earlier experimental researches
were largely directed to supporting particular theoretical
solutions based on a single cantilevered column or a circular
cylinder which might be simplistic for a bridge substructure.

In a recent study, Wei et al. [24] carried out an experi-
mental program to investigate the modal dynamic response
of bridge pile foundations submerged in water. In this study,
the piles, the pile cap, and the pier were all incorporated into
one specimen that should be more typical of a real bridge
substructure, but the research interest was led to the dynamic
modal response of the pile foundations due to 	uid-structure
interaction and the pier was totally above the water surface.
As lots of deepwater bridges are surrounded by water up
to the piers and some bridges, such as Miaoziping Bridge
[1, 2], cross reservoirs with most part of the piers submerged
in water, the previous research 
ndings focusing on single
cantilevered columns may be inappropriate to be employed
directly in understanding the modal dynamic behavior of a
slender bridge pier surrounded by water, especially when the
pier is submerged partially and the pile foundation with a cap
is totally immersed in water.

In this work, an experimental program was designed
to investigate the in	uence of 	uid-structure interaction on
modal dynamic response of water-surrounded slender bridge
pier supported by pile foundation. �e test specimen was
built based on a reduced scale model which was inspired by a
prototype bridge in China, and the e�ects of surrounding
water levels and tip mass weights were examined in the tests.
�ree-dimension (3D) numerical simulations were per-
formed to obtain the modal dynamic response and modal
hydrodynamic pressure of the slender pier specimen cor-
responding to di�erent water levels and tip masses. �e
numerical results were then validated against test data and the

ndings involving 	uid-structure interaction were discussed.

2. Experimental Program

2.1. Test Setup. As shown in Figure 1, a steel tankwas designed
and built specially to provide a water environment for the
test specimen. �e slender bridge pier specimen was 
xed
at the bottom of the tank which was then 
lled with water
to speci
ed levels. �e dimensions of the water tank were
chosen based on preliminary numerical simulations in which

Figure 1: Overview of the steel water tank designed for the dynamic
tests.

energy dissipation characteristics of propagating waves for
di�erent dimensions were identi
ed through reduction of
wave re	ection at the tank’s walls, as presented in detail later
in this paper.�e selected dimensions of the tank are believed
to have little e�ect on the test results.

As shown in Figure 2, the steel tank is 1.8m deep, 1.8m
long at the bottom side and 2.4m long at the top side, and
1.4mwide.�e steel water tankwas constructed of four 6mm
thick lateral plates and one 22mm thick bottom plate. All the
steel plates were reinforced with su�cient sti�ening ribs to
avoid local buckling. �e tank was 
xed on a sturdy concrete
foundation. A 50mm thick steel plate was welded to the
bottomplate in the center, as illustrated in Figure 2, in order to

x the test specimens. Awater outlet valve was installed at the
bottom of one of the lateral plates, through which a full-
lled
tank could be emptied in 30 minutes. Water supply through
a water pipe was also installed to control water level in the
tank. All the steel plates used for the tank have a density of

7,850 kg/m3 and Young’s modulus of 206GPa.

2.2. Test Specimens. �e slender bridge pier specimen tested
in this work was constructed based on a reduced scale model
corresponding to a prototype deepwater bridge as shown in
Figure 3. �e original slender pier is seated on a pile cap
supported by six reinforced concrete piles. �e total height
of the pier is 50m and the cross-section is 9 × 4m. �e piles
are 40m long with a segment of 4.5m above the scour line.
�e pier was constructed using Chinese Grade C40 concrete
(Ministry of Communications of China 2004), with Young’s
modulus of 31.5 GPa, and the piles and cap were constructed
using C30 concrete (Ministry of Communications of China
2004), with Young’s modulus of 30GPa.

Based on a reduced scale, the slender pier specimen was
built, consisting of six steel tube piles, a concrete-
lled steel
cap, and a reinforced concrete pier body, as shown in Figure 4.
Steel tubes, 0.05m in diameter and 2.5mm in thick, were
used to model the reinforced concrete piles mainly for ease
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Figure 2: Dimensions of the steel water tank; all dimensions are in meters.
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Figure 3: Dimensions of the prototype slender bridge pier; all
dimensions are in meters.

of manufacture and safety of loading. �e tubes were welded
at one end to the aforementioned 5mm thick steel plate 
xed
on the tank’s bottom plate and others were welded to the
pile cap. �e pile cap was built using a concrete-
lled steel
box in order to yield a secure pile-to-cap connection. �e

pile cap is 0.60 × 0.40 × 0.20m in dimensions and consists
of two 0.60 × 0.20 × 0.005m lateral steel plates in the long
side, two 0.40 × 0.20 × 0.005m lateral steel plates in the
short side and a 0.60 × 0.40 × 0.01m steel base plate, and
inner cast-in-situ concrete. All the steel plates of the cap have
a density of 7,850 kg/m3 and Young’s modulus of 210GPa.
�e pier was made of C15 concrete according to Chinese
code (Ministry of Communications of China 2015), with a

density of 2,300 kg/m3 and Young’s modulus of 22GPa. �e
slender pier is 1.6m high with a cross-section of 0.30 ×0.10m. It is reinforced with eight Chinese Grade HRB400
(Ministry of Communications of China 2015) longitudinal
steel bars with a diameter of 10mm and HPB300 (Ministry
of Communications of China 2015) stirrups with a diameter
of 6mm placed at a vertical spacing of 0.1m.

During a test, a steel brick was installed at the top of
the pier to stimulate the mass of superstructure. In order to
examine the e�ect of bridge superstructure mass, three steel
bricks, weighting 12.1, 23.4, and 31.7 kg, respectively, were
prepared in advance for the tests.

2.3. Measurements and Test Procedure. In this test, forced
vibration method was applied to identify the dynamic prop-
erties of the pier specimen. A special hammer with a stick
handle of 1.8m long was used to excite the specimen from
outside the tank so that the vibration of the water tank could
be avoided. Since the impact hammer could not be reasonably
waterproofed, the impact zone was selected to be located
near the top of the pier above the maximum water level.
Forced vibration tests were conducted repeatedly for di�erent
water levels and tip masses. Modal dynamic response of the
specimen was monitored using eight CA-YD-103 accelerom-
eters with a frequency range of 0.5Hz–12 kHz, as shown in
Figure 5. All the accelerometers were protected with reliable
waterproof measures to enable accurate signal transfer. Data
acquisition was carried out through the uTekl7900 system
provided by the China Wuhan uTekl Electronic Limited
Liability Company.
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Figure 5: Measurement setup: (a) locations of the eight accelerometers mounted on the specimen; (b) picture of the testing setup.

2.4. Modal Parameter Identi	cation. Using the eight acceler-
ometers installed on the specimen, acceleration signals were
acquired when the specimen was excited repeatedly for
di�erent water levels and tipmasses based on forced vibration
method.�e acquired time-domain signals were transformed
into frequency-domain information through the Fast Fourier
Transform method (FFT), and a curve of power spectral
density (PSD) was then obtained for each acceleration signal.
Each spike of a PSD curve corresponds to a vibration
frequency of the specimen. Since the four accelerometers
arranged along �-axis (or �-axis) provided consistent fre-
quency information for the same vibration mode with the
di�erence in signal strength (or the height of the spikes on the
curves), the time-domain acceleration signals, as well as the
corresponding PSD curves, recorded by the accelerometers

located at the top of the specimen are presented illustratively
in the following in order to save space.

Figure 6 depicts the time-domain acceleration signals
monitored by the top accelerometers when the specimen
without tip mass was excited along �- and �-axes, respec-
tively, with an empty (i.e., �w = 0m) and full (i.e., �w =1.8m) water tank, respectively. And the corresponding PSD
curves are shown in Figure 7, from which the vibration fre-
quencies can be read directly according to the spike locations
on the curves. For both axes, the obtained frequencies, when
arranged in an increasing sequence, correspond to the lateral
vibration modes of the specimen in the same sequence. As
seen in Figure 7, the vibration frequencies of the specimen
submerged in a full water tank are much smaller when
compared with those obtained in an empty water tank.
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Figure 6: Acceleration signals acquired by the top accelerometers for the specimen without tip mass, corresponding to (a)�w = 1.8m along�-axis; (b)�w = 0m along �-axis; (c)�w = 1.8m along �-axis; (d)�w = 0m along �-axis.

3. Numerical Simulations

3.1. Fluid-Structure Interaction Formulation. In a 	uid-struc-
ture system, the vibration of structure leads to water 	ow
normal to its boundaries which produces additional hydro-
dynamic pressure acting on the structure. It is well known
that the �-� formulation can be used to characterize the pro-
cedure of 	uid-structure interaction. In the �-� formulation,�, representative of displacement, is used as a state variable in
the solid domain and �, representative of velocity potential, is
used in the 	uid domain. �e 	uid is assumed to be inviscid,
compressible, or incompressible, with an irrotational motion
and relatively small displacements on the 	uid-structure
boundaries. �e wave equation is written as

∇2� = 1�2
w

	2�	
2 (1)

inwhich�w is velocity of compressivewaveswithinwater and
 is time variable. In order to solve (1) in the background of a

water-surrounded slender bridge pier with pile foundation,
the following boundary conditions are speci
ed for the
velocity potential �:

(i) An essential boundary condition at the free surface
and the four lateral and bottom rigidwalls of thewater
tank

� = 0. (2)

(ii) A natural boundary condition at 	uid-structure inter-
faces, including the water-piles, water-cap, and water-
pier body interfaces

	�	� = 
̇�, (3)

where 
̇� is positive normal velocity corresponding to unit
surface normal vector n pointing into the water bank and out
of the structure.
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Figure 7: Power spectral density curves transformed from the acceleration signals shown in Figure 6, corresponding to (a)�w = 1.8m along�-axis; (b)�w = 0m along �-axis; (c)�w = 1.8m along �-axis; (d)�w = 0m along �-axis.

Equation (1) can be derived through standard techniques
and discretized to obtain the following nonstandard eigen-
value problem:

(−�̃2� [Mss 0

0 M�

] − �̃� [ 0 C
�
fs

Cfs 0
] + [Kss 0

0 K�

])

⋅ [ U
(�)

−�Φ(�)] = [
0

0
]

(4)

in which �̃� is coupled frequency of the pier specimen
along mode �; Mss is structural mass matrix of the pier
specimen; M� is potential energy matrix of water domain;
Cfs is matrix coupling the velocity potential to displacements
on the 	uid-structure interfaces; Kss is sti�ness matrix of the
pier specimen; K� is kinetic energy matrix of water domain;

U
(�) is modal displacement eigenvector; � = √−1;Φ(�) is 	uid

potential eigenvector.
Equation (4) is a nonstandard eigenvalue problem in

which all of the eigenvalues are real and nonnegative. It can
be solved using either the Determinant Search method or the
Lanczos Iteration method.

3.2. FEModels. �ree-dimensional (3D) 
nite-elementmod-
els are established using the so�ware ADINA [29] to model
the tested pier specimen and surrounding water.�e purpose
is to compare the results obtained experimentally and numer-
ically, respectively, and to validate the numerical procedures
used widely to explore the dynamic characteristics of 	uid-
structure interaction. As illustrated in Figure 8, the 8-node
shell 
nite elements programmed in ADINA are used to
model the steel tube piles, and the 20-node solid 
nite
elements are used tomodel the rest of the specimen including
the pier body and pile cap. �e tip masses are represented
by the concentrated mass elements, and the water domain
surrounding the specimen is meshed using the 20-node
potential-based 	uid elements. Fluid-structure interaction
is accounted for through special elements de
ned at the
water-structure interfaces. �e bounding surfaces of the
water domain are modeled using various types of potential
interfaces de
ned as follows:

(i) Fluid-Structure. Place a 	uid-structure potential inter-
face on the boundary between a potential-based
	uid and the adjacent structure, including water-pile,
water-cap, and water-pier body interfaces.
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(ii) Free Surface. Place a free surface potential interface
on the top surface of the water domain, which can
provide an approximate representation of the water
surface waves.

(iii) Rigid-Wall. Place a rigid-wall potential interface on
the bottom and the lateral surfaces where the water
cannot 	ow through the boundary.

As explained above, the interface elements are used on
the surface of the water domain to de
ne speci
ed boundary
conditions. In general, the so�wareADINAcan automatically
generate 	uid-structure interface elements along the bound-
ary between the 	uid and structure.

�e material properties considered in the numerical
simulations are given as follows: an elasticity modulus, Ec,
of 22GPa, a Poisson ratio, vc, of 0.2, and a mass density,

�
c
, of 2,300 kg/m3 for concrete used to construct the pier

body and pile cap and an elasticity modulus, Es, of 210GPa, a

Poisson ratio, vs, of 0.3, and amass density, �
s
, of 7,830 kg/m3

for steel used to build the cap box and the steel tube piles.
Water is assumed slightly compressible, with a velocity of
compression waves, Cw, of 1,440m/s and a mass density, �

w
,

of 1,000 kg/m3.
To improve the accuracy of the numerical simulations,

the mesh densities of all the 
nite-element models were
re
ned until convergence of the analyses. �e maximum
side length of the brick elements discretized for solid parts
and 	uid domain does not exceed 0.05m. It has been
recommended that the 	uid and adjacent structure do not
share the coincident nodes because the so�ware ADINA can
construct appropriate constraint equations between the 	uid
and structural degrees of freedom that are most appropriate.

For each value of the tipmass, 
nite-elementmodels were
built for the dry structure, that is, without water, and the wet
structures submerged by 15 water levels as shown in Figure 9.
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Figure 9: �e 15 water levels considered in the tests; all dimensions
are in meters.

And this produced a total of 64 
nite-element models and
16 for each of the three tip masses as well as 16 for the case
without tip mass.

3.3. Size E
ect of theWater Tank. Based on previous research
[30], the size of water tank plays a role in the modal
dynamic response of structures. A small tank may obstruct
the free propagation of water waves induced by vibration
of structures and produce signi
cant wave re	ection at the
tank’s rigid walls, which in return a�ects the modal dynamic
characteristics of the structures. In order to examine the
adequacy of the size of the water tank adopted in the test,
the e�ect of the size of the water tank on the test results is
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Figure 10: Computed mode period ratios, corresponding to a water level, �w = 1.8m, as a function of the size ratio of the water tank: (a)
without tip mass; (b) with a tip mass of 12.1 kg; (c) with a tip mass of 23.4 kg; (d) with a tip mass of 31.7 kg.

discussed in this section based on the 
nite-element models
described previously.

Five size ratios of the water tank are considered herein,
that is, 1.0, 1.375, 1.75, 2.125, and 2.5, corresponding to
2.4, 3.3, 4.2, 5.1, and 6.0m in length and 1.4, 1.925, 2.45,
2.975, and 3.5m in width, respectively. �e size ratio of 1.0
coincides with the tank dimensions adopted in the test, and
the rest are the relative dimension ratios of the water tanks
considered herein with respect to the water tank used in the
test. Except the changes of the size of surrounding water
domain, the other conditions and de
nitions applied in the
numerical simulations remain the same as themodel depicted
in Figure 8.

Figure 10 presents the size e�ect of the water tank on
the modal dynamic response of the specimen under four test
cases. For brevity, only the results obtained from a full-
lled
water tank, that is, �w = 1.8m, are illustrated in Figure 10.
It can be found that the 
rst mode vibration periods of the

specimen along �-axis and �-axis almost remain the same
as the size ratio of the tank increases. �e second modes of
vibration along �-axis and �-axis decrease slowly with the
increase of size ratio, and the maximum decrease is not more
than 0.5% with reference to the periods obtained using the
size ratio 1.0. It is evident that the size ratio of the water tank,
considered herein, has little e�ect on the modal dynamic
response of the specimen, indicating that the dimensions of
the tank adopted in the test were su�cient to minimize the
in	uence of boundary re	ection.

4. Comparison and Discussion of
Experimental and Numerical Results

4.1. Percentage Increases of Vibration Periods. In order to
discuss the e�ect of 	uid-structure interaction on the modal
dynamic response of the specimen, percentage increases of
vibration periods are applied herein to show the tendency of
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the specimen vibration period in di�erent test cases where
the water levels varied from 0 to 1.8m (from an empty to full
tank, as shown in Figure 9) and the tip masses altered from
0 to 31.7 kg (i.e., 0, 12.1, 23.4, and 31.7 kg), respectively. �e
vibration periods �wo�� and �wo�� , � = 1, 2, are the results of the
specimenwithoutwater, corresponding to the 
rst twomodes
along �-axis and �-axis, respectively. �e vibration periods�w��, � = 1, 2, and �w��, � = 1, 2, correspond to the 
rst two

modes along �-axis and �-axis, respectively, which were
determined for each water level considered in this paper.�e
percentage increases of vibration periods Inc��� = (�w�� −�wo�� )/�wo�� and Inc��� = (�w�� − �wo�� )/�wo�� , � = 1, 2, were then
obtained for each tip mass.

For each combination of water level and tipmass, the 
rst
four lateral modes, including the 
rst twomodes along �-axis
and the 
rst two modes along �-axis, could be excited using
the forced vibration method. Higher orders of mode are not
easy to be excited in a steady condition based on traditional
forced vibration tests, and they were not themajor concern of
this experimental research.�e torsionalmode was not taken
into consideration during the tests, because in most cases the
torsional mode contributes little to the seismic response of
bridges, especially to that of straight bridges. For illustration,
Figure 11 shows the four lateral mode shapes of the slender
pier specimen when the water tank is empty and the tip mass
is zero.

Figures 12–15 give the trends of the period percentage
increases of the slender pier specimen with respect to the
water level changing from0 to 1.8m, for an empty to full water
tank, in the four tip mass cases, respectively. Together with
experimental results, the numerical results obtained using the

nite-elementmodels described previously are also presented
in these 
gures.�e 
gures manifest a satisfactory agreement
between the numerical results and the experimental data for
all combinations of water level and tip mass. It can be seen
from these 
gures that the e�ect of 	uid-structure interaction
becomes more remarkable as the water level increases, and
when the tank is full with water the period percentage
increases of the four modes under the four tip masses reach
the largest values. It is noticeable that the percentage increases
along the �-axis are evidently larger than those along the�-axis, especially in the second vibration modes. �is can
be explained by the fact that the area of the pier specimen
perpendicular to �-axis is larger than that perpendicular to�-axis, as shown in Figure 4, and therefore the 	uid-structure
potential interfaces perpendicular to the vibration direction
are larger in�-axis, indicating that the e�ect of 	uid-structure
interaction becomes more signi
cant in �-axis.

�e curves of the period percentage increases versus
water levels can be divided into three zones, as depicted in
Figures 12–15. In Zone I where the water level is below the
pile cap, that is,�w < 55 cm, the period percentage increases
of the four modes under the four tip masses remain practi-
cally unchanged, implying that the hydrodynamic e�ect of
water-piles interaction is negligibly weak when bridges are
submerged by water up to the bottom of pile caps. In Zone II
where the water level is just over the entire height of the pile
cap, that is, 55 cm< �w < 75 cm, the curves of the fourmodes

o

y

x

(b)

o

y

x

(d)

o

y

x

(a)

o

y

x

(c)

Figure 11: First four lateralmode shapes of the dry structurewithout
tip mass: (a) 
rst lateral mode along �-axis; (b) second lateral mode
along �-axis; (c) 
rst lateral mode along �-axis; (d) second lateral
mode along �-axis.

under the four tipmasses ascend obviously but limitedly, with
a maximum value of around 1.05 among all the curves. �e

gures also tell that the 
rst vibration modes are less in	u-
enced by the hydrodynamics when compared with higher
order vibration modes. In Zone III where the pier body is
submerged in water, that is,�w > 75 cm, a continuous climb
of the curves can be observed in the four modes under the
four tip masses, especially in those along �-axis. And a
di�erent trend can be found between the results of 
rst
modes and second modes along �-axis for the four tip mass
cases.With the increase of water levels, the period percentage
increases of the second modes grow quickly in the beginning
and then in a much slower pattern, whereas the period
percentage increases of the 
rst modes grow contrarily.
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Figure 12: Measured and computed period percentage increases for the pier specimen without tip mass as a function of water level: (a) the

rst two lateral modes along �-axis; (b) the 
rst two lateral modes along �-axis.
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Figure 13: Measured and computed period percentage increases for the pier specimen with a 12.1 kg tip mass as a function of water level: (a)
the 
rst two lateral modes along �-axis; (b) the 
rst two lateral modes along �-axis.

For clarity, the curves of the period percentage increases
versus water levels for di�erent tip masses are drawn together
for each vibration mode, as shown in Figure 16. It is
interesting to notice that the period percentage increases
of the 
rst modes for both directions decrease when the
tip mass becomes larger, whereas the period percentage
increases of the second modes show an opposite trend.

It is implied that the e�ect of 	uid-structure interaction
attenuates in the 
rst modes but strengthens in higher
order modes as the tip mass increases. It is worthwhile
to point out that the period percentage increases along �-
axis reach a maximum of 11.0% for the 
rst mode and
22.7% for the second mode, both occurring when the water
tank is full. It might be nonconservative to overlook the



Shock and Vibration 11

Water level (cm)

Experimental results for �rst mode

Numerical results for �rst mode

Experimental results for second mode

Numerical results for second mode

0 20 40 60 80 100 120 140 160 180

Zone I 

Zone II 

Zone III 

−20

−15

−10

−5

0

5

10

15

20

25
(1
00

%
)

In
c
T
x
j

(a)

Water level (cm)

Experimental results for �rst mode

Numerical results for �rst mode

Experimental results for second mode

Numerical results for second mode

0 20 40 60 80 100 120 140 160 180

Zone I 

Zone II 

Zone III 

−10

−5

0

5

10

(1
00

%
)

In
c
T
y
j

(b)

Figure 14: Measured and computed period percentage increases for the pier specimen with a 23.4 kg tip mass as a function of water level: (a)
the 
rst two lateral modes along �-axis; (b) the 
rst two lateral modes along �-axis.
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Figure 15: Measured and computed period percentage increases for the pier specimen with a 31.7 kg tip mass as a function of water level: (a)
the 
rst two lateral modes along �-axis; (b) the 
rst two lateral modes along �-axis.

hydrodynamic loads during seismic or other dynamic anal-
yses or design of bridges with high and slender piers sur-
rounded by water.

4.2. Hydrodynamic Pressures. �e hydrodynamic pressure
acting on the surfaces of a structure is of great signi
cance
for the earthquake-resistant design of the structure. In this
section, the hydrodynamic pressures on the surfaces of
the specimen in di�erent cases are presented to further

investigate the e�ect of 	uid-structure interaction. For the
purpose of comparison between various cases in a uniform
standard, the hydrodynamic pressures are nondimensional-
ized through scaling by the maximum hydrostatic pressure,�stat = �w��w. In application of the 
nite-element models
described and validated previously, the modal hydrodynamic
pressures are obtained and illustrated for each mode con-
sidered herein through two-dimensional (2D) contour maps
along two cutting planes specially selected. For the sake of
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Figure 16: Computed period percentage increases for the pier specimen as a function of water level: (a) 
rst mode along �-axis; (b) 
rst mode
along �-axis; (c) second mode along �-axis; (d) second mode along �-axis.

conciseness, only results for three water levels are chosen as
illustrating examples in the following.

Figure 17 presents the nondimensionalized hydrody-
namic pressures for the 
rst mode along �-axis of the pier
specimen without tip mass surrounded by three water levels,
that is, �w = 1.2m, �w = 1.5m, and �w = 1.8m, respec-
tively.�e vertical cutting plane is selected as � = 0mpassing
through themiddle of the pier specimen and three horizontal
cutting planes are selected as � = 1.55m, � = 1.25m, and� = 0.95m, respectively, each passing through the location
of themaximumhydrodynamic pressure. Figures 17(a), 17(c),
and 17(e) reveal that higher hydrodynamic pressures are
mainly concentrated around the upper half of the submerged
pier body and the pressures developed on the piles and
cap are relatively lower compared with those on the pier

body.�e location of the recordedmaximum pressure climbs
accordingly with the increase of the water level. �e e�ect
of water levels can also be found in Figures 17(b), 17(d), and
17(f), fromwhich it can be seen that themodal hydrodynamic
pressures increase signi
cantly as the water level rises from
1.2 to 1.8m. �ese phenomena can be used to explain the
observation that themode period ratios along �-axis increase
remarkably along with the rising water level, as shown in
Figure 12(a).

Figure 18 shows the nondimensionalized hydrodynamic
pressures for the second mode along �-axis of the pier
specimen without tip mass. �e water levels are the same
as given in Figure 17 and the cutting planes are selected
using the same pattern as used in the 
rst mode and de
ned
previously.�e 
gures give a somewhat opposite observation
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Figure 17: Nondimensional modal hydrodynamic pressures on the pier specimen without tip mass for the 
rst mode along �-axis; pro
les
for a water level,�w, of 1.8m along cutting planes: (a) � = 0m and (b) � = 1.55m; pro
les for a water level,�w, of 1.5m along cutting planes:
(c) � = 0m and (d) � = 1.25m; pro
les for a water level,�w, of 1.2m along cutting planes: (e) � = 0m and (f) � = 0.95m.
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Figure 18: Nondimensional modal hydrodynamic pressures on the pier specimen without tipmass for the secondmode along �-axis; pro
les
for a water level,�w, of 1.8m along cutting planes: (a) � = 0m and (b) � = 0.7m; pro
les for a water level,�w, of 1.5m along cutting planes:
(c) � = 0m and (d) � = 0.7m; pro
les for a water level,�w, of 1.2m along cutting planes: (e) � = 0m and (f) � = 0.7m.
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in the distribution of the modal hydrodynamic pressures
along the height of the specimen. In the second mode along�-axis, larger hydrodynamic pressures occur mainly around
the pile cap and the lower half of the submerged pier body
and the recorded pressure loads on the upper half of the
pier body are smaller. �e locations and magnitudes of the
maximumhydrodynamic pressure remain almost unchanged
for each water level considered. Again, these phenomena
coincide well with the previous stated observation indicated
by Figure 12(a).

�e nondimensionalized hydrodynamic pressures for the

rst two modes along �-axis of the pier specimen without
tip mass submerged by the selected three water levels,
respectively, are depicted in Figures 19 and 20. �e vertical
cutting plane is taken to be � = 0m, passing through the
middle of the pier specimen, and the horizontal cutting plane
is taken to be � = 0.65m, passing through the location of the
maximum hydrodynamic pressure. Figure 19 reveals that the
modal hydrodynamic pressures are distributed evenly over
the combined height of the pile cap and the pier body for
the three considered water levels, and the maximum value of
the recorded pressure keeps almost constant with the rising
water level. Figure 20 tells that larger hydrodynamic pressures
occur mainly around the pile cap and the lower part of the
pier body in the second mode along �-axis. Similar to that
of the 
rst mode, the positions and values of the maximum
hydrodynamic pressure in the second mode remain almost
unchanged for the three considered water levels. �ese
observations fromFigures 19 and 20 are coincidentwith those
obtained from Figure 12(b).

Figures 21 and 22 illustrate the in	uence of tip mass on
the modal hydrodynamic pressures of the specimen. From
Figure 21 it can be seen that, as the tip mass increases,
higher hydrodynamic pressures develop in a narrower range
along the pier height with a smaller pressure peak in the

rst mode, while in the second mode the overall pro
les of
the modal hydrodynamic pressures remain almost the same
with slight di�erence being noted in the distribution range of
higher hydrodynamic pressure along the pier height. Similar
phenomena can be found from Figure 22. �e observations
in Figures 21 and 22 are consistent with the trends indicated
in Figure 16.

From Figures 17, 19, and 21, it is shown that higher modal
hydrodynamic pressures are mainly concentrated near the
structure-water interfaces. �e hydrodynamic pressures near
the rigid-wall boundaries are practically zero, indicating that
the length of the water tank along �-axis used for the tests
was su�cient to ensure the accuracy of the modal test results
along �-axis. Figures 18, 20, and 22 suggest that the width
of the water tank along �-axis used in the tests was not
large enough to simulate energy dissipation of propagating
waves far from the pier specimen; nevertheless they also
show that the hydrodynamic pressures near the rigid-wall
boundaries are negligibly small when compared with those
around the structure-water interfaces. �ese observations,
combined with the results shown in Figure 10, can be used
to support that the dimensions of the water tank selected for
the tests were large enough and should not cause considerable
deviations to the 
nal test data. It is also important to

note that the conclusions herein can only be applicable to
the modal dynamic analysis and should not be directly
extrapolated to seismic or other dynamic load response
analyses of real bridges surrounded by water.

5. Summary and Conclusions

�is paper presented an experimental program performed
to investigate the e�ect of 	uid-structure interaction on the
modal dynamic response of water-surrounded slender bridge
pier with pile foundation. A reduced scale slender bridge
pier was designed and tested in various cases through forced
vibration method. Four tip masses, that is, none, 12.1, 23.4,
and 31.7 kg, were considered in the tests to represent the e�ect
of bridge superstructure mass. Sixteen water levels, varying
from 0 to 1.8m, for an empty to full water tank, were de
ned
in the tests. �e vibration periods of the 
rst four lateral
modes, including the 
rst two modes along �-axis and the

rst two modes along �-axis, were measured based on the
water-pier system. Vibration period percentage increases of
the four modes were determined as a function of water level
and tip mass to assess the e�ect of 	uid-structure interaction.
�ree-dimensional 
nite-element models were established
for the tested water-pier system and analyzed under various
combined cases of water level and tip mass. �e numerical
results were then validated against the recorded test data and
a satisfactory agreement was achieved. Based on the validated
models, the modal hydrodynamic pressures were calculated
to 
nd out the 3D distribution of hydrodynamic loads on the
pier systems.�rough this research the following conclusions
can be drawn:

(1) the e�ect of 	uid-structure interaction on the
dynamic modal response of slender bridge pier
increases as the water level rises, a phenomenon
which becomes remarkable only when the pier body
is submerged in water;

(2) compared with the fundamental vibration modes
along �-axis and �-axis, respectively, higher order
modes are in	uenced to a larger extent by 	uid-
structure interaction, especially those along �-axis;

(3) vibration period percentage increases of the modes
along �-axis are signi
cantly higher than those along�-axis, a result that can be attributed to the larger
areas of 	uid-structure potential interfaces perpen-
dicular to �-axis than those perpendicular to �-axis;

(4) with the increase of water level, the period percentage
increases of the second modes grow quickly in the
beginning and then in amuch slower pattern, whereas
those of the 
rst modes grows contrarily;

(5) the period percentage increases of the 
rst modes
along �-axis and �-axis, respectively, decrease with
the increase of the tip mass, whereas those of the
second modes show the opposite trend;

(6) larger hydrodynamic pressures are mainly concen-
trated around the upper half of the water-surrounded
pier body for the 
rst modes but are mainly dis-
tributed along the combined height of the pile cap and
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Figure 19: Nondimensional modal hydrodynamic pressures on the pier specimen without tip mass for the 
rst mode along �-axis; pro
les
for a water level,�

w
, of 1.8m along cutting planes: (a) � = 0m and (b) � = 0.65m; pro
les for a water level,�

w
, of 1.5m along cutting planes:

(c) � = 0m and (d) � = 0.65m; pro
les for a water level,�w, of 1.2m along cutting planes: (e) � = 0m and (f) � = 0.65m.
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Figure 20: Nondimensional modal hydrodynamic pressures on the pier specimen without tip mass for the second mode vibration along�-axis; pro
les for a water level,�w, of 1.8m along cutting planes: (a) � = 0m and (b) � = 0.65m; pro
les for a water level,�w, of 1.5m along
cutting planes: (c) � = 0m and (d) � = 0.65m; pro
les for a water level,�w, of 1.2m along cutting planes: (e) � = 0m and (f) � = 0.65m.
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Figure 21: Nondimensional modal hydrodynamic pressures on the pier specimen in the 
rst two modes along �-axis, with a water level,�w,
of 1.8m, along � = 0m cutting plane, corresponding to a tip mass of (a) and (b) 12.1 kg; (c) and (d) 23.4 kg; (e) and (f) 31.7 kg.
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Figure 22: Nondimensional modal hydrodynamic pressures on the pier specimen in the 
rst two modes along �-axis, with a water level,�w,
of 1.8m, along � = 0m cutting plane, corresponding to a tip mass of (a) and (b) 12.1 kg; (c) and (d) 23.4 kg; (e) and (f) 31.7 kg.

the lower part of the water-surrounded pier body for
the second modes;

(7) as the tip mass increases, higher hydrodynamic pres-
sures develop in a narrower range along the pier
height with a smaller pressure peak in the 
rst mode
along �-axis, while the overall pro
les of the modal
hydrodynamic pressures almost remain the same
with slight di�erence being noted in the distribution
range of higher hydrodynamic pressure along the pier
height.
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