
Seismic Analysis on Deep Water Bridge Piers Considering 

Water-Structure Interaction
PEER Transportation Systems Research Program

Background

With the development of transportation, numerous large-scale bridges have been built in recent

years. These bridges are often constructed in deep water, which are unfortunately located in the

earthquake hazard zones in China.

When an earthquake occurs, the bridge piers oscillate in water, inducing the fluid forces on the

piers. The seismic response—including displacement and acceleration at the top of the pier, and the

shear force and moment at the top of the pier– can be amplified to some degree.

Under earthquake excitation, traditional reinforced concrete (RC) piers incline to have brittle

failure, which is hard to repair; while concrete filled steel tubular (CFST) piers, due to their high

bearing capacity and ductility, have gradually been applied in bridge projects, which is of great

significance to improve the safety of bridges.

In this paper, seismic response and seismic performance of deep-water composite bridge piers are

studied, and the applicability of simplified analyzing method for water-pier interaction is evaluated.

Miaoziping deep-water bridge Beijing South Station Elevated Bridge

Dynamic Analysis

Modal Analysis Height /m Weight/t
Sectional bending 

stiffness/（1011N·m2 ）

RC-30 30 1484 9.20

RC-50 50 2474 9.20

CFST-50 50 2474 11.70

CFDST-50 50 1663 11.68
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Natural Frequency 

Reduction Rate

Material Constitutive Models

 Steel --Elasto-plastic Model  Concrete--Drucker-Prager Cap model

D-P yield criterion expression：

 1 2 1 2,f I J I J   

Time-history Analysis under Sine-wave Excitation

Relative water depth

h/H=0.8

PGA: 0.07g

RC-30 𝒇𝑹𝑪−𝟑𝟎 = 𝟏. 𝟔𝟗𝑯𝒛 RC-50 𝒇𝑹𝑪−𝟓𝟎 = 𝟎. 𝟔𝟗𝑯𝒛

CFST-50 𝒇𝑪𝑭𝑺𝑻−𝟓𝟎 = 𝟎. 𝟖𝟓𝑯𝒛 CFDST-50 𝒇𝑪𝑭𝑫𝑺𝑻−𝟓𝟎 = 𝟎. 𝟖𝟗𝑯𝒛

Seismic Analysis
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The hydrodynamic pressure is

roughly S-shaped or parabolic

along the pier, which increase

first and then decrease from the

water surface, and suddenly

increase at the bottom of the

pier.

When the excitation frequency

is closer to the natural

frequency of the pier, the peak

value of hydrodynamic pressure

is the largest.

Time-history Analysis under Earthquake Excitation

Relative water depth

h/H=0.2, 0.4, 0.6, 0.8, 1.0

PGA: 0.2g
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Influence Coefficient

𝝁 =
𝒘 −𝒘/𝒐

𝒘

w- with water

w/o- without water
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 Seismic Response
Pier number

Displacement Acceleration Shear force Moment

𝝁𝒅 𝝁𝒂 𝝁𝒔 𝝁𝒎
RC-30 18.63% 7.16% 31.89% 22.41%

RC-50 13.66% 17.92% 41.20% 17.38%

CFST-50 12.27% 6.36% 18.20% 17.36%

CFDST-50 23.39% 3.56% 47.25% 25.49%

CFDST: smaller bending

stiffness, lighter self-weight,

greater influenc by water.

h/H=0.8

 Time-history Analysis under Earthquake Excitation

Pier ：CFST-50

Seismic waves：Tianjin wave, Taft wave, ChiChi wave

PGA：0.6g

H = 50m, h = 40m

Tianjin wave Taft wave ChiChi wave

Relative Displacement
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The dynamic water

pressure increases the

dynamic response of piers

under strong earthquakes,

and has greater influence

on relative displacement of

pier top, shear force and

bending moment of pier

bottom, but less influence

on acceleration of pier top,

which is consistent with

the law obtained by elastic

analysis.

Simplified Model

H W g W g( ) ( )f M x x C x x    

Linearize Morison equation only considering earthqu

ake hydrodynamic pressure：

Morison方程： 2

H I D M D

1

4 2
f f f C D u C Du u


    

Horizontal 

wave force =

Horizontal 

Inertia Force

Horizontal 

drag force

Hydrodynamic pressure can be considered as additiona

l mass:
2

W M( 1)
4

D
M C L


 

 Morison equation

 Added masses approach

Applying added masses to the

overwhelmed surface of the pier

Pier ：CFST-50

Seismic waves：Tianjin wave,

Taft wave

ChiChi wave

PGA：0.6g

H = 50m, h = 40m

 Effect of slenderness ratio on precision

 Effect of water depth-pier height ratio on precision
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Difference Coefficient of MAM and FSI

RM:  Result from MAM.

RFSI:   Result from FSI.
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The water depth-pier height ratio has less influence on the accuracy of the simplified method. Most of the indicator

errors are within 10%.

It shows that the simplified method can meet the accuracy requirement in strong earthquakes when the slenderness

ratio is large enough.

Incremental Dynamic Analysis (IDA)

 Pier model

CFST

CFDST

 Seismic wave：Ⅲ Site Condition

𝝀 = 𝟕𝟓

𝝀 =67.42
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0 10 20 30 40
-0.6

-0.3

0.0

0.3

0.6

 

 

加
速
度
/
g

时 间/s

Northridge-Elizabeth Lake

0 10 20 30 40
-0.4

-0.2

0.0

0.2

0.4

 

 

加
速

度
/
g

时 间/s

Imperial Valley

Far-field earthquakes

t/s

P
G

A
/(

m
*
s2

)

t/s

P
G

A
/(

m
*
s2

)

0 20 40 60 80 100
-0.50

-0.25

0.00

0.25

0.50

 

 

加
速
度
/
g

时 间/s
0 20 40 60 80 100

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 

 

加
速
度
/
g

时 间/s

Chichi-TCU052 Chichi-TCU102

Near-field earthquakes

t/s

P
G

A
/(

m
*
s2

)

t/s

P
G

A
/(

m
*
s2

)

Drift/%

Drift/% Drift/%

w/o

w
w/o

w

w/o

w
w/o

w

Near-field earthquakes

0 2 4 6
0.0

0.2

0.4

0.6

0.8

1.0

极限位移角

 

 

PG
A

/g

位移角/%

ChiChi 052-无水
ChiChi 052-有水
ChiChi 102-无水
ChiChi 102-有水

屈服位移角 LimitYield

𝜽𝒘>𝜽𝒘/𝒐

Limit: PGAw<PGAw/o

Drift/%

-w/o

-w
-w/o

-w

-w/o

-w
-w/o

-w

w/o

w
w/o

w

w/o

w
w/o

w

Drift/% Drift/%

For the condition without water, the pier top relative displacement of CFDST is always less than CFST.

Under the same PGA seismic wave, the hydrodynamic pressure of CFDST is significantly higher than

CFST. For the condition with water, the CFDST piers do not provide better seismic behavior.

𝒉 ↑, 𝒇𝒘 ↓ , ∆𝐟 ↑
∆𝐟𝟒> ∆𝐟𝟑> ∆𝐟𝟐> ∆𝐟𝟏

𝒉 ↑, 𝝁𝒅 ↑.

𝟎 <
𝒉

𝑯
< 𝟎. 𝟒, 𝝁𝒅 < 𝟓%.

𝒉

𝑯
> 𝟎. 𝟔, 𝝁𝒅 rise faster

Tianjin wave

Taft wave

ChiChi wave

Tianjin wave

Taft wave

ChiChi wave

Tianjin wave

Taft wave

ChiChi wave

𝒉 ↑, 𝝁𝒔 ↑.
𝒉

𝑯
> 𝟎. 𝟒, 𝝁𝒔 > 𝟏𝟎%.

𝒉 ↑, 𝝁𝒎 ↑.
𝒉

𝑯
> 𝟎. 𝟒, 𝝁𝒎 > 𝟏𝟎%.

less influence on acceleration of pier top

Conclusions Acknowledgments

 When bridge pier is under water, the natural frequencies decrease, and the decreasing amplitude

increases with water depth.

 Under seismic excitation, hydrodynamic pressure increases the maximum seismic responses,

especially the relative displacement at pier top, and shear and bending moment at pier bottom.

The lower the flexural stiffness and self- weight, the greater influence from hydrodynamic pressure.
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 When pier slenderness ratio is higher than 53, the error using Morison Additional Mass

Methods(MAM) is less than 10%. The water depth has little influence on the precision.

 Piers are more susceptible to seismic damaged under water. The PGA corresponding to

the ultimate displacement of pier under water is 0.1g-0.2g lower than that on land. Under

near-field earthquake excitation with impulse effect, the influence of the hydrodynamic

pressure on the pier is more significant.

 Under seismic effects, CFDST piers have lower displacement at the pier top compared with

CFST piers on land, but they are more affected by the hydrodynamic pressure under

water. When the PGA is large, top displacement of both types of piers are very close.

The larger slenderness ratio of the pier, the

higher accuracy of the simplified method.

For the pier top acceleration and the pier

bottom moment, the error of the simplified

method under different slenderness ratios is

within 10%.

For the relative displacement of pier top and

the pier bottom shear force, when the

slenderness ratio is 53-80, the simplified method

error is within 10%.

The hydrodynamic pressure

increases the relative

displacement response of the

pier top. The amplitude

increases as the PGA increases.

The PGA corresponding to

the limit displacement when

the condition with water is

0.1g-0.2g lower than the

condition without water.

Under the same PGA and the

near-field earthquake with

impulse effect, the influence of

the hydrodynamic pressure on

the pier is more significant.

Cracks under water


