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Bridge washouts connected to flood events are deemed one of the main reasons for structural collapse. Compared to traditional
continuous jointed bridges, integral abutment and jointless bridges (IAJBs) have better lateral stability because there are no
expansion devices. .e mechanical performance of Shangban IAJ bridge, located in Fujian, China, is thoroughly investigated by
Finite Element Analysis (FEA). .e numerical model is created and validated based on experimental results obtained from static
load tests performed on the bridge. A detailed parametric analysis is carried out to assess the correlation between the flood-
resistant performance and a number of parameters: skew angle, water-blocking area, span number, pile section geometry, and
abutment height. Except for the abutment height, other parameters significantly affect the bridge performance. Furthermore, the
change in the span number has a meaningful impact only when fewer than four spans are modeled. Finally, pushover analyses
estimate the maximum transverse displacement and the sequence of plastic hinge creation as well as the mechanical behaviour of
the structure under lateral flood loads. .e analysis results show that IAJBs have better flooding-resistant performance than
conventional jointed bridges.

1. Introduction

Bridge washouts connected to flood events are deemed one
of the main reasons for the collapse of bridge structure [1].
Integral abutment jointless bridges (IAJBs) have better
lateral stability and flooding-resistant performance than
conventional jointed bridges because expansion devices are
elimanted [2]. Expansion joints and movable bearings are
eliminated in IAJBs to consolidate the bridge deck, the slab,
and the abutment as a whole. Special measures are adopted
to tackle temperature-induced deflections [3].

IAJBs are commonly built worldwide thanks to their
good stability and integrity.When the length and/or exposed
abutment height becomes large, one solution is to use semi-
integral abutment details that are suitable for accelerated
bridge constructions [4]. However, there is a lack of cor-
responding research on the flood resistance of IAJBs.
.erefore, this study thoroughly investigates the flood-re-
sistant performance of an IAJB. .e mechanical behaviour
of Shangban Bridge (Fujian, China) is studied numerically
by means of Finite Element Analysis (FEA). .e model is
created by using MIDAS/Civil software based on the
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experimental results (vertical reactions of bearings and top
displacement of piers) from static load tests performed on
the bridge. A detailed parametric analysis is carried out to
assess the correlation between the flood-resistant perfor-
mance and a number of parameters: skew angle, water-
blocking area, span number, pile section geometry, and
abutment height.

Witzany and Cejka [5] and Ghorbani [1] investigated the
erosion and the structural damage connected to floods by
comparing several event scenarios. Ko et al. [6] proposed a
nonlinear quasi-static analysis procedure for the evaluation
of flood-resistant capacity of scoured bridges. Recently,
Qeshta [7] proposed a comprehensive vulnerability and
resilience assessment method for bridges under extreme
wave hazards.

Girton et al. [8] studied the influence of temperature on
piles and provided effective theoretical guidance for the
design of bridge foundations without expansion joints.
Greimann and Wolde-Tinsae [9] and Abendtroth et al. [10]
investigated the bearing capacity of pile foundations and
proposed two methods for its assessment. Ghalesari et al.
[11] performed numerical parametric studies on the dif-
ferential settlements for a piled raft on undrained soil. Later,
Ghalesari et al. [12] also developed a design criterion for
piled raft foundations based on settlements, raft bending
moment, and pile butt load ratio. Kamel et al. [13] studied
the compatibility between an integral abutment bridge
without expansion joints and prefabricated prestressed
concrete piles. Yalcin [14] investigated the effect of skewness
and superstructure-abutment continuity on the distribution
of live load effects for skewed integral abutment bridges
(SIABs) and skewed simply supported bridges (SSABs).
Modarresi et al. [15] proposed a correction to the Randolph
and Wroth equation for settlement prediction including soil
relative density.

Elastic analyses are generally inadequate to describe the
inelastic response of the bridge during flood events [16]. To
address this issue, Freeman [17] proposed the pushover
analysis method considering the response spectrum of the
structure. .is approach is referred to as the capacity
spectrum method. Pushover analysis is a nonlinear static
calculation, which can be used to determine the dynamic
characteristics of the structure and estimate the available
plastic capacities [18, 19]. Pushover analysis is generally
carried out assuming two different control points of the
structure [20, 21]. Previous experience highlighted the ef-
fectiveness of the methodology [22, 23].

.erefore, this study performs the pushover analysis to
assess the transverse maximum displacement of the
Shangban Bridge and to examine the order in which plastic
hinges occur. .e proposed framework used for Shangban
Bridge in this study could be extended to other IAJBs as a
guide to flood-resistant performance design.

2. Brief Introduction to the Case-Study Bridge

.is paper investigates the mechanical behaviour and flood-
resistant performance of Shangban Bridge. .e structure is the
longest IAJB in China and is located in Yong Chun County,

Fujian Province. .e general features and the dimensions of
Shangban Bridge are reported in Figures 1 and 2. .e total
length of the structure is 137.1m and the width is 8.5m. .e
superstructure is formed by four 30m prestressed concrete
T-shaped girders. Each of the four T-shaped girders is 1.8m
high and 1.56m wide; the wet cast segment is 0.6m wide. .e
double-column piers are 1.5m in diameter (Figure 3). Given
the favorable geological conditions under the bridge, a spread
foundation was built. .e abutment is 1.2m high with dense
sand as backfill soil. .e substructure is composed of four
rectangular piles (70× 50 cm) arranged in a row to adapt to the
deflections caused by temperature changes (Figures 1, 4, and 5).
.e structural parameters of Shangban Bridge are shown in
Table 1 and the height of the columns is shown in Table 2. .e
steel bars are HPB235, with a yield strength of 235MPa and
elastic modulus of 200GPa (equivalent to BST420S in Ger-
many) [24].

3. Flood Force Calculation

.e flood force acting on Shangban Bridge is calculated for
the most unfavorable condition, namely, inundation or
submersion of the railing. Figure 6 displays the overall stress
distribution acting on one bridge girder. .e slab is sub-
jected to the pressure difference between upstream and
downstream caused by the flood (Figure 7).

In Figures 6 and 7, B is the width of Shangban Bridge, h is
the height of Shangban Bridge, t1 and t are railing height and
girder height, respectively, FDP is the shape resistance, FDf is
the friction resistance, FP is hydrostatic uplift force, and FL is
buoyancy force.

3.1. Horizontal Actions on the Superstructure. .e shape
resistance is formed by the pressure difference between the
upstream and the downstream of the main girder. .e
distribution is shown on the upstream side of the main
girder in Figure 7.

3.1.1. Shape Resistance. Since the upstream surface of the
bridge superstructure is perpendicular to the flow direction,
the general expression of the flood force FDP is [25]

d FD( P � CD( p

ρv2

2
dA, (1)

where (CD)P is the shape resistance coefficient. According to
the formula of differential pressure resistance, (CD)P � 2.1;
dA is the infinitesimal area of the main girder surface; v is the
flow velocity at dA; and ρ is the fluid density. By integration
of equation (1), FDP can be expressed as

FDp � B
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CD( p1

ρv2

2
dA + B
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ρv2

2
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2
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(2)

where (CD)p1 and (CD)p2 are the shape resistance coefficient
of girder and railing and A1 and A2 represent the areas of the
girder and railing, respectively.
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Figure 1: Elevation of Shangban Bridge. (dimensions in cm).
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Figure 2: Plan view of Shangban Bridge.
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Figure 3: Cross-section of Shangban Bridge (dimensions in cm).

Figure 4: Integral abutment of Shangban Bridge.
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3.1.2. Friction Resistance. .e friction resistance exerted by
the surface subject to water flow FDf can be expressed as
[25]

d FD( f � τxy sin α dA,

τxy � 1.89 + 1.62 lg
B

ε
 

− 2.5
·
1
2

·
ρv2

2
,

(3)

where τxy is the tangential resistive stress on the infinitesimal
surface dA, α is the angle between the flow direction and the
normal direction of dA, (CD)P is the coefficient of frictional
resistance, B is the bridge width, and ε is the surface
roughness. As a simplification, it is assumed that the flow
rates at the beginning and at the end of the girders have the
same average velocity. Consequently, the total flood force
FDf can be expressed as

FDf � B
A3

CD( f1
ρv2

2
dA + B

A4

CD( f2
ρv2

2
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2
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2
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(4)

where (CD)f1 and (CD)f2 are the frictional resistance coef-
ficients at the top and at the bottom of the main girder,
respectively, and A3 and A4 are the infiltration areas of the
top and at the bottom surfaces of the main girder, respec-
tively. Since (CD)f1 � (CD)f2 � (1.89 + 1.62 log (B/ε))− 2.5,
(CD)P1 � (CD)P2 � 2.1, A1 � t, A2 � 2t1, and A3 �A4 �B and
based on equations (2) and (4), the resistance of the unit
length of the superstructure is

FD � 2 1.89 + 1.62 lg
B

ε
 

− 2.5
· B + 2.1 t + 2t1(  

ρv2

2
. (5)

Equation (5) is derived based on experiments [25].
.erefore, the following correction factors are used to ac-
count for adjustments:

FD′ � k1k2k3k4k5FD, (6)

Figure 5: Profile of Shangban Bridge.

Table 1: Parameters of Shangban Bridge.

Spans
n

Average water
depth h (m)

Girder
height t (m)

Railing
height t1 (m)

Pier’s longitudinal
width c (m)

Pier’s transverse
width d (m)

Abutment
height t2 (m)

Bridge
width B (m)

Length L
(m)

4 8.6 1.8 1.2 1.5 1.5 1.2 8.5 137.1

Table 2: Height of the columns of Shangban Bridge.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Height of column (m) 10.65 10.65 12.95 12.95 11.25 11.25

Flood direction
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Figure 6: Distribution of flood force.
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Figure 7: Simplified map of flood force distribution.
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where FD′ is the lateral flood force after being corrected by
formula (6). .e parameters k1, k2, k3, k4, and k5 express the
impact and influence of the sediment, the longitudinal slope
of the watercourse, the slope of the trench, the flood fre-
quency, and the flood direction, respectively. Among them,
k1, k2, k3, and k4 can be determined according to Xu [25]..e
flood direction exerts a very relevant effect on the bridge: the
flood force reaches its maximum value when the flow is
perpendicular to the bridge centerline, in which case
k5 � cos(α)� 1.

3.2. Vertical Actions on the Superstructure. When the water
velocity is constant and the flow is approximately parallel to
the bridge, the buoyancy FL and the hydrostatic uplift FP
forces acting on the bridge can be expressed as

FL � cVe, (7)

FP � ξAxcΔh, (8)

where c is the specific weight of water, Ve is the drainage
volume, ξ is the coefficient of pressure attenuation, Ax is
the bottom area of the main girder, and ∆h is the water
height in front of the bridge. .e vertical flood force
variates with the fluctuation and the orientation of the
water level, which can be directed upward or downward.
.e calculation takes into account forces directed upward,
the most dangerous scenario. .erefore, considering
equations (7) and (8), the total vertical force FS acting on
the bridge is

Fs � FL + FP � cV + ξAxcΔh. (9)

3.3. Actions on Piers. .e flow velocity in correspondence of
the pier body is assumed to be constant. Figure 8 displays the
distribution of the acting forces, where d represents the
diameter of the column.

.e horizontal forces q acting along the height h can be
expressed as

q �
dFD

dh
�

CD( p

2
c + CD( fd ρv

2
, (10)

where ρ is specific density of water, c is the longitudinal
section size of piers, (CD)P is the shape resistance coefficient
of pier, taken as 2.1, (CD)f is the coefficient of frictional
resistance of pier, (CD)f � [1.89 + 1.62 log (B/ε)]− 2.5, and ε is
the surface roughness of pier.

3.4. Overall Actions on Shangban Bridge. .e longitudinal
slope of the ditch is 10‰, the average slope of the mountain
is 20%, and the proportion of muddy water muddy is 1.0.

.e horizontal flood force FD, the vertical flood force FL
and the flood buoyancy are calculated as reported in Sections
3.1 to 3.3. .eir values are 69 kN, 35 kN, and 21 kN, re-
spectively; the flood load acting on the piers is 18 kN/m
(Table 3).

4. Finite Element Modeling and Validation

4.1. Finite Element Model. .e finite element (FE) model of
Shangban Bridge is built with a girder grid using MIDAS/
Civil software. Girders, piers, and piles are linked together
with flexible connections. Pile-soil interaction is simulated
with soil springs. .e model includes 789 nodes and 1,132
elements (Figure 9). Figure 10 displays a detail of the spring
system.

.e pile-soil interaction and soil-abutment interaction
(see Figure 10) in this model are simulated with soil springs
(including a lateral spring, vertical spring, and point spring)
and backfill springs, respectively [26–29]. Assuming that the
vertical deformation is relatively small, the stiffness of the
vertical soil spring and point spring at the bottoms of the
piles are simulated by the “m” method, which is calculated
from the ratio of the ultimate frictional resistance fmax and
the corresponding displacement, the bottom limit force qmax
of piles and their corresponding displacement, respectively
[30, 31]. .e fmax and qmax are calculated by theoretical
formulas in specifications [32]. .e corresponding dis-
placement of the ultimate frictional resistance fmax and the
bottom limit force qmax is 9% of the pile diameter and 8mm,
respectively [31]. .e stiffness of the lateral spring and
backfill springs are calculated by the p-ymethod considering
complete elastic-plastic constitute of the soil [9].

4.2. Static Load Test. Static field load tests performed on
Shangban Bridge are utilized to validate the FE numerical
model. .e purpose of the tests is to measure the deflections
and the strains in the middle and at one-fourth section of the
bridge length, as depicted in Figures 11 and 12, to further
validate the correctness of the established FEM. Strain

d

q

dh

Figure 8: Distribution of flood force on the piers.

Table 3: Values of flood forces on Shangban Bridge.

Average water depth
h (m) FD (kN) FL (kN) FP (kN) q (kN/m)

8.6 69 35 21 18
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gauges were installed at the bottom of side girder, while
deflection meters were installed at the bottom of the middle
girder, as depicted in Figure 12.

Two three-axle trucks, with actual weights of 283.4 kN
and 296.8 kN, exerted loads on the deck girder at prede-
signed positions, as shown in Figure 13. .is met the re-
quirement of theoretical gross weight defined in the
literature [33] of 300 kN. Details of the discrepancy between
the actual and ideal loadings are shown in Table 4.

.e static load test of Shangban Bridge had two longi-
tudinal vehicle load conditions and three transverse vehicle
load conditions, as displayed in Figure 14..e distance from
the center line of #1 abutment to the rear axle of the vehicle
was 8.9m and 15m in longitudinal vehicle load condition I
and condition II, respectively. Only one vehicle was used for
transverse vehicle load condition 1, where the center line of
the outer wheel was 0.5m away from the guardrail. In
transverse vehicle load condition 2, another vehicle was
added 1.2m away from the original vehicle on the basis of
the vehicle condition 1. Transverse vehicle load condition 3
kept the number and distance of vehicles in condition 2, but
the distance between the center line of the outer wheel and
the guardrails was changed from 0.5m to 1.25m.

4.3.Validationof Finite ElementModel. .e data of the static
load test are divided into two groups. .e first group is used
to modify the model, mainly to modify the stiffness of the
soil springs and the elastic modulus of the bridge structure in
the model. .e second group is used to validate the accuracy
of the modified model. Specifically, the displacement and
strain values obtained from the static load test are compared
with the model calculation results.

4.3.1. Comparison between Numerical and Experimental
Displacements. Based on the case study on MIDAS/Civil,
the accuracy of the FE model can be validated by the static
load test results of the bridge. Under each load condition,

both the experimental values and numerical values of the
deflection of the girder at the one-fourth (A-A) and the
middle (B-B) section are shown in Figure 15, where the load
condition I-1 represents longitudinal load condition I and
lateral vehicle load condition 1 and other states are denoted
similarly.

4.3.2. Comparison between Numerical and Experimental
Strain Values. Under each load condition, both the nu-
merical and experimental values of the strain of the girder at
cross-section (A-A) and cross-section (B-B) are shown in
Figure 16. .e meaning of each state is the same as in
Figure 15.

Because a good agreement is observed between the
numerical and the experimental results, the created FE
model is considered reliable for the further analyses of the
study.

5. Comparison between IAJB and
Conventional Bridge

5.1. Analysis of IAJB

5.1.1. Stress Analysis of Superstructure. .e minimum
transverse displacement between the girder and the pier is
0.073m obtained from numerical analysis, which is larger
than the gap between the girder and the stopper, namely,
0.05 m. .is indicates that the transverse movement of the
bearings against the flood direction is constrained. In

Figure 9: FEM mesh of Shangban Bridge.
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3.1 1.3 1.9 1.9

Rear axleFront axle

Figure 13: Wheelbase of the vehicles used for static load tests (m).

Table 4: .eoretical and actual weights.

Vehicle number Front axle weight (kN) Center and rear axle weight (kN) Gross weight (kN)

1 .eoretical weight 60 240 300
Actual weight 60.4 223 283.4

2 .eoretical weight 60 240 300
Actual weight 54.8 242 296.8

1# abutment

8.9

1# pier

(a)

1# pier1# abutment

15

(b)
0.5

1 2 3 4

1.9 5.1

(c)

1 2 3 4

0.5 1.9 1.2 1.9 2.0

(d)
1.25 1.9 1.2 1.9 1.25

1 2 3 4

(e)

Figure 14: Load conditions (dimensions in m). (a) Longitudinal vehicle load condition I. (b) Longitudinal vehicle load condition II. (c)
Transverse vehicle load condition 1. (d) Transverse vehicle load condition 2. (e) Transverse vehicle load condition 3.

Advances in Civil Engineering 7



Measured
FEM

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11
D

efl
ec

tio
n 

(c
m

)

1.5 2.0 2.5 3.0 3.5 4.01.0
Beam number

(a)

Measured
FEM

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

D
efl

ec
tio

n 
(c

m
)

1.5 2.0 2.5 3.0 3.5 4.01.0
Beam number

(b)

Measured
FEM

0.04

0.06

0.08

0.10

0.12

0.14

0.16

D
efl

ec
tio

n 
(c

m
)

2 3 41
Beam number

(c)

Measured
FEM

0.12

0.13

0.14

0.15

0.16

0.17

0.18

D
efl

ec
tio

n 
(c

m
)

2 3 41
Beam number

(d)

Figure 15: Comparison between numerical and experimental displacement values. (a) Deflections at section A-A during load condition I-1.
(b) Deflections at section B-B during load condition I-1. (c) Deflections at section A-A during load condition II-1. (d) Deflections at section
B-B during load condition I-3.

Measured
FEM

5

10

15

20

25

30

35

40

ε (
×1

0–6
)

2 3 41
Beam number 

(a)

Measured
FEM

18

20

22

24

26

28

30

ε (
×1

0–6
)

1 2 3 4 50
Beam number

(b)

Figure 16: Continued.
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order to facilitate the analysis, 12 bearings on the piers of
Shangban Bridge are numbered in Figure 17.

Without the stoppers’ action, the bearings’ stiffness is
3,960 kN/m. .e vertical force of each bearing is listed in
Table 5; vertical forces of bearings are all positive, which
indicates that all bearings are in compression.

(1) Bearing Antisliding Checking Calculation. It is assumed
that the slipping of bearings has not occurred when the
transverse displacement of bearings is 0.05m, and the
longitudinal shear force is 198 kN. According to reference
ICHPD [34], the coefficient of friction between the beam
and bearings is 0.3. .e friction forces between bearings
and beams of all piers are less than the longitudinal force of
the bearings. .erefore, there is sliding between the beam
and bearings before the stoppers are working.

(2) Bearing Shear Calculation. According to reference
ICHPD [34], bearings have shear deflections before the
stoppers are participating, and the shear deflections Δ must
be constrained as

Δ≤  t[tan c],

Δ �
f  t

GA
,

(11)

where t is the thickness of the rubber layer of the bearing,
[tan c] is the tangent value of the allowable shear angle of the
bearing, f is the friction of the bearing, and G and A are the
shear modulus and area of the bearing, respectively.

.e vertical force of the bearings at the downstream side
is the biggest vertical force. .e shear deflection Δ caused by
friction force is 0.062m, which is larger than
 t[tan c] � 0.025. .is indicates that the bearings may
undergo shear failure under the worst flooding. .e
transverse stiffness of bearings at the downstream side is
1010 kN/m when the stoppers are active. .en, the vertical

forces of bearings of Shangban Bridge (without influence of
block) are as shown in Table 6.

First column

1
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Longitudinal

5
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Second column �ird column

Figure 17: Arrangement of bearings.
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Figure 16: Comparison between numerical and experimental strain values. (a) Strain at section A-A during working condition I-1. (b)
Strain at section B-B during working condition I-2. (c) Strain at section A-A during working condition I-2. (d) Strain at section B-B during
working condition II-2.

Table 5: Vertical force of bearings of Shangban Bridge (without
influence of block).

Bearing No. Vertical force (kN)
1 183.28
2 399.63
3 495.02
4 779.25
5 186.7
6 436.56
7 491.64
8 818.77
9 183.86
10 400.1
11 493.77
12 780.31
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(3) Bearing Compressive Strength Calculation at the
Downstream Side. Because of large stresses at the down-
stream side of bearings and large deflections under the flood
force, bridge bearings may even lose their bearing capacity.
According to references [3, 35, 36], bridge bearings will not
lose its bearing capacity due to excessive stress or deflections
under this largest flood force.

(4) Stability Calculation of Girder. From Table 6, the bearings
are in compression under the largest flood force. .is in-
dicates that the overturning bending moment caused by
bridge self-weight is larger than that caused by the flood
force. .erefore, the girder cannot be overturned. Based on
the analysis of the superstructure, under the flood force, the
bearings of Shangban Bridge may have sliding and shear
failure, while the vertical force of the bearings and the
stability of the girder are less affected by the flood force.

5.1.2. Stress Analysis of Substructure. Piers are subjected to
axial force Fz, shear force Fy, and bending moment Mx

under the flood force (x represents the longitudinal direc-
tion, y represents the transverse, and z represents the ver-
tical). Since the bottoms of piers are subjected to the biggest
force, here we take the axial force Fz, shear force Fy, and
bending moment Mx into account. In this section, we study
only the downstream side of the piers because the shear force
and bending moment at the upstream side and downstream
side are very close. .e arrangement of piers is shown in
Figure 18.

.e internal force of piers of Shangban Bridge are shown
in Table 7.

According to Table 7, the axial force at the upstream side
of piers under the flood force is larger than that caused by
self-weight. .erefore, these piers at the upstream side are in
a state of tension when the flood is coming..e axial force at
the downstream side of piers under the flood force is close to
that caused by self-weight. .ese piers at the downstream
side are in a state of compression under the flood force.
Meanwhile, the shear force and bending moment caused by
the flood force are also much larger, so the effects on the
bridge structure imposed by the flood force cannot be
neglected in the bridge flood design.

.e stress of the piles can also be affected by the flood
force. Since the stresses of piles of Shangban Bridge are the
same, this study only takes these piles on one side into
account. According to Jorgenson [37], the flood force has
greater effect on those piers that lie outside the upstream
and downstream side of the bridge than those that lie
inside. In order to compare these results, here we take the
internal forces of the cross-section at the abutment and
pile joint into consideration. .e internal forces of the
piles both at the upstream and downstream are shown in
Table 8.

.e axial forces of piles caused by the flood force at the
downstream side are small, while the shear force Fx and
bending moment My caused by the flood force are very close
to those caused by self-weight. From an overall perspective,
the flood force can not only make the internal force of the
piles increase but also much more complex..erefore, in the
bridge flood design, to calculate only the water area and
wash, while neglecting the stress analysis of piers and piles
under the flood force, is unreasonable.

5.2. Comparison of Four-Span Integral Abutment Jointless
Bridge and Four-Span Conventional Jointed Bridge. To un-
derstand the flooding-resistant performance of the IAJB,
according to ICHPD [34], Shangban Bridge can be con-
verted into conventional jointed bridges by setting single or
two-way bearings at the abutment. Bearings can be simu-
lated by ideal springs, and the transverse constraints between
the girder and abutment can be simulated by elastic con-
nections. .en, the flooding-resistant performance of the
IAJB and conventional jointed bridges is compared as
follows.

Table 6: Vertical force of bearings of Shangban Bridge (with in-
fluence of the block).

Bearing No. Vertical force (kN)
1 9.69
2 304.95
3 606.46
4 932.94
5 153.51
6 366.42
7 586.84
8 827.15
9 38.52
10 315.52
11 598.40
12 902.77

#2 #1
#4 #3

#6 #5

Flood direction

Figure 18: Arrangement of the piers.

Table 7: Internal force of the piers.

Internal force Pier Self-weight Flood force

Axial force (kN)

Upstream side
1 2,567.41 − 4,541.04
3 2,580.32 − 4,172.05
5 2,608.17 − 4,490.97

Downstream side
2 2,567.40 2,602.09
4 2,580.32 2,470.17
6 2,608.11 2,552.63

Shear force (kN)
1 0 1,041.62
3 0 1,139.30
5 0 1,251.19

Moment (kN·m)
1 0 6,323.74
3 0 6,598.40
5 0 6,229.54
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5.2.1. Comparison of Bearing Internal Forces. Both the in-
ternal forces of bearings at the upstream and downstream
sides under self-weight and the flood force can be seen in
Table 9.

From Table 9, the internal forces of the bearings of the
conventional jointed bridge are larger than those of the IAJB,
but their discrepancy is very small.

5.2.2. Comparison of Internal Force of Piers. Apart from the
bearings, piers are also be significantly affected by the flood
force, so here we takes the axial force Fz, shear force Fy, and
bending moment Mx into account. Both the internal forces
of piers at the upstream and downstream sides under self-
weight and the flood force can be seen in Table 10.

From Table 10, as for the internal forces of the piers, the
internal forces of the bearings of the conventional jointed
bridge are larger than those of the integral abutment bridge
(IAB), while their differences are very small.

5.2.3. Comparison of Pier Top Displacement. Based on the
finite element model, here we take the maximum pier top
transverse displacement of the piers into account. .e
maximum pier top transverse displacement of the IAJB is
2.04 cm, while that of the conventional jointed bridge is
2.07 cm. .is indicates that the mechanical performance of
the IAJB is very close to that of the conventional jointed
bridge.

5.3. Comparison of Conventional Bridge and IAJB with Two
Spans. Both Shangban Bridge and the corresponding con-
ventional bridge are newly investigated after converting
them into two-span structures.

5.3.1. Comparison of Bearing Internal Forces. Both the in-
ternal forces of the bearings in the two kinds of bridges
under self-weight and the flood force can be seen in Table 11.

From Table 11, bearings at the upstream side of the IAJB
are in compression, while those of the conventional jointed
bridge are in tension, thus jeopardising the stability of the
conventional type of structure. .e results prove that both
the flood-resistant and shear failure-resistant performance
of IAJBs are better than those of conventional jointed
bridges.

5.3.2. Comparison of Internal Forces of Piers.
Comparison of internal forces of piers of the IAJB and the
conventional jointed bridge can be seen in Table 12.

From Table 12, both the positive axial force of bearings of
the IAJB at the downstream side and downstream side are
smaller than those of the conventional jointed bridge, and
the shear failure resistance of the IAJB is better than that of
the conventional jointed bridge.

5.3.3. Comparison of Pier Top Displacement. Furthermore,
the maximum transverse displacement of the piers is esti-
mated, being 1.67 cm for the conventional jointed bridge
and 0.55 cm for the IAJB. .e results prove that the me-
chanical behaviour of IAJBs is better than that of the
conventional jointed bridges.

6. Parametric Analysis and Comparison

.e FE model of Shangban Bridge is adopted to perform
parametric analyses based on variation of the following
parameters: skew angle, water-blocking area, span number,
pile section geometry, and abutment height. .e FE struc-
ture illustrated in Figure 19 is obtained from the model
described in Section 4 by converting the bearings at the
abutments into sliding supports.

6.1. Skew Angle. In order to determine the influence of the
skew angle on the development of passive force, Rollins and
Jessee [38] performed laboratory tests on a wall with skew
angles of 0°, 15°, 30°, and 45°. Pantelides et al. [39] inves-
tigated the effect of pounding for curved bridges considering
soil-structure interaction effects and evaluated the effect of
ground motion incidence angle on the responses of skewed
bridges retrofitted with buckling-restrained braces (BRBs) in
the bents. Kaviani et al. [40] proposed a detailed approach
for modeling skew-angled seat-type abutments, considering
a comprehensive variety of bridge configuration to identify
trends in seismic behaviour of reinforced concrete bridges
with seat-type abutments under earthquake loading, espe-
cially with respect to the abutment skew angle. Wang et al.
[41] assessed the collapse capacity and failure modes of
skewed bridges retrofitted with BRBs at the column bent,
obtaining the factors controlling the seismic performance

Table 8: Internal force of the piles.

Internal force Self-weight Flood force

Pile at upstream side

Axial force Fz (kN) 593.02 − 409.86
Shear force Fy (kN) 0 85.02
Shear force Fx (kN) 57.71 276.67
Moment My (kN·m) 80.15 471.03
Moment Mx (kN·m) 0 85.66

Pile at downstream side

Axial force Fz (kN) 593.04 54.49
Shear force Fy (kN) 0 85.02
Shear force Fx (kN) 57.78 77.15
Moment My (kN·m) 80.19 67.76
Moment Mx (kN·m) 0 85.66
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from a case study of a three-span reinforced concrete box
girder skewed bridge with skew angles of 0°, 18°, 36°, and 54°.

.e stiffness and strength of backfill springs linearly
increase with burial depth based on the definition in
Greimann and Wolde-Tinsae [9] and ICHPD [32], calcu-
lated by the “p-y” method considering completely elastic-
plastic constitution of the soil. It is assumed that the stiffness
and strength increase linearly with the angle according to
Kaviani et al. [40]. In addition, the springs are always set in
the normal direction of the contact surface.

.e skew angle varies from 0° to 60° with increments of
15°. .e parametric analysis includes the analysis of internal
forces of bearings, displacement, and mechanical perfor-
mance of the substructure. .e results of this analysis are
shown in Figure 20 (negative axial force means tension and
positive axial force means compression).

From Figure 20, with the increasing skew angle, the
vertical force at the downstream side and the transverse
shear force of bearings and the pier and abutment top
displacement increase, while the vertical forces of bearings at

Table 12: Internal force of the piers.

Axial force at downstream side (kN) Axial force at upstream side (kN) Shear force (kN) Moment
(kN·m)

Integral abutment bridge 4,218.54 − 972.46 583.52 4,671.75
Conventional jointed bridge 5,559.43 − 1,432.13 902.88 5,367.69
Note: negative axial force means tension and positive axial force means compression.
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Figure 19: FEM of Shangban Bridge.

Table 9: Reactions of bearings.

Vertical force at downstream side (kN) Vertical force at upstream side (kN) Shear force (kN)
Integral abutment bridge 925.99 7.43 2,207.06
Conventional jointed bridge 1,018.45 9.95 2,229.53

Table 10: Internal force of piers.

Axial force at downstream side (kN) Axial force at upstream side (kN) Shear force (kN) Moment
(kN·m)

Integral abutment bridge 5,211.37 − 2,182.46 1,283.48 6,600.61
Conventional jointed bridge 5,306.43 − 2,247.34 1,292.61 6,749.74
Note: negative axial force means tension and positive axial force means compression.

Table 11: Reaction of bearings.

Axial force at downstream side (kN) Axial force at upstream side (kN) Shear force (kN)
Integral abutment bridge 959.49 74.38 945.98
Conventional jointed bridge 1,419.98 − 104.38 1,447.86
Note: negative axial force means tension and positive axial force means compression.
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the downstream side decrease. .e transverse pier top
displacement increases greatly, and the longitudinal shear
force and the vertical force of piers at the upstream side
increase slightly. When the skew angle is less than 45°, the
vertical force of the piers at the downstream side increases
slightly; while this force decreases significantly when the
skew angle is greater than 45°. Meanwhile, both the longi-
tudinal and the transverse shear force and the axial force of
piles at the upstream side go up greatly, while the axial force
of piles at the downstream side decreases significantly.

6.2. Water-Blocking Area. .e extent of the water-blocking
area exerts great influence on the action generated on the
bridge. Table 13 represents the flood force per unit length
connected to an increase from 1.2m2 to 6.0m2 in the water-
blocking area. Figure 21 illustrates the results of the in-
vestigated mechanical parameters.

From Figure 21, with the increasing water-blocking area,
the vertical force of bearings, axial force of piers, the shear

force, and axial force of piles at the downstream side of
bridge suffer a linear increase, while the vertical force of
bearings, axial force of piers, the shear force, and axial force
of piles at the upstream side of the bridge experience a linear
decrease. In addition, the pier and abutment top transverse
displacement also grow.

6.3. Number of Spans. Five different scenarios are studied,
considering the number of spans varying from two to six.
Results are displayed in Figure 22. When the number of
spans is equal to or less than four, the vertical reactions of the
bearings, the axial force of the piers, and the shear force and
axial force of the piles located along the downstream side of
bridge increase. If the number of spans exceeds four, the
abovementioned quantities face a smaller variation because
the abutments at the ends of the IAJB play a dominant role in
the flood-resistant performance. In addition, the transverse
displacements of the piers are not affected by the number of
spans.
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Figure 20: Variation of inner forces and deflections with skew angles. (a) Vertical force of bearings. (b) Displacement. (c) Internal force in
the piers. (d) Internal force in piles.
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6.4. Pile Section Geometry. .e change of the transverse pile
section geometry can be represented by the relative length B

[29], which is defined as

B �
B′
B

, (12)

where B and B′ are the original and the modified transverse
pile section geometry, respectively.

Given the transverse nature of the force exerted on the
bridge by the flood, the main factors that determine the
structural response are the transverse moment of inertia and
the pile length. .e analysis of the flooding-resistant

performance of the IAJB is carried out with a relative length
B ranging from 0.25 to 3.0. .e results are displayed in
Figure 23. .e change in the pile section leads to significant
variation in the generated flood force for the IAJB. As B

increases, the vertical reactions of bearings and the axial and
the shear forces of the piers located at the downstream side
also increase.

6.5. Abutment Height. .e change in the abutment height is
described by the relative abutment height H [34, 42] defined
as
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Figure 21: Variation of inner forces of structure and deflections with drag area. (a) Vertical force in bearings. (b) Displacement. (c) Internal
force in piers. (d) Internal force in piles.

Table 13: .e flood force.

Current obstruction area (m2) Total horizontal force (kN) Flooding buoyancy (kN) Wave uplift (kN) Horizontal force in pier (kN/m)
1.2 21

35 21 18
1.8 30
3.0 50
4.2 69
6.0 98
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Figure 22: Variation of inner forces of structure and deflections with different numbers of spans. (a) Vertical force in bearings.
(b) Displacement. (c) Internal force in piers. (d) Internal force in piles.
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Figure 23: Continued.
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H �
H′
H

, (13)

where H represents the previous abutment height and H′
represents the changed abutment height.

.e analysis of the flooding-resistant performance of
IAJB is carried out when the relative abutment height H

ranges from 0.5 to 2.5..e results connected to the change in
the relative abutment height H are displayed in Figure 24.
With the increase in H, the vertical force of bearings, the
internal force of piers and piles, and structural displacement
undergo small changes, thus generating an overall limited
impact on the structure.

7. Pushover Analysis

.e pushover analysis investigates the dynamic response of
the structure based on the equivalent plastic hinge model
[43]. A static analysis, which is equivalent to a nonlinear
static approach, is performed to calculate the deformation,
internal force, positions, and rotation angles of the plastic
hinges in the final collapse state [44]. .e structure is
subjected to lateral forces which are monotonically in-
creasing until a target displacement is achieved [45].

.e pushover analysis is performed using the FE model
of Shangban Bridge..e position and formation sequence of
plastic hinges during a flood event is examined by con-
ducting the nonlinear static elastoplastic analysis. .e lateral
force loading is distributed according to an inverse trian-
gular pattern [46, 47], and the flood loading on girders is
distributed uniformly (Figure 25). .e flood force increases
until the value of the displacement of the middle bent cap
reaches 0.5m [48]..e values of flooding force are presented
in Section 3.4.

7.1. Parameter Calculation of Stress-Strain Curves. .e
constitutive relationship of concrete proposed by Falamarz-
Sheikhabadi et al. is adopted in this research [49–51].

Concrete grade C30 is selected, with a compressive
strength of unconstrained concrete of fco

′ � 30MPa and a
peak compressive strain of εco � 0.002. .e compressive
strength of concrete fcc

′ bounded by a circular column
section is [50]

fcc
′ � fco
′ − 1.254 + 2.254

���������

1 +
7.94f1′

fco
′



− 2
f1′

fco
′

⎛⎝ ⎞⎠, (14)

where f1′ is the effective lateral confining stress and fcc
′ is

the compressive strength (peak stress) of the confined
concrete:

f1′ �
1
2
keρsfyh, (15)

where ke is the coefficient of confinement effectiveness, ρs

is the ratio of the volume of transverse confining steel to
the volume of the confined concrete core, and fyh is the
yield strength of the transverse reinforcement. For spiral
bars, the coefficient of confinement effectiveness is

ke �
Ae

Acc

�
π/4d2 1 − s′/2ds( ( 

2

π/4d2 1 − ρcc( 
�

1 − s′/2ds( ( 
2

1 − ρcc

, (16)

where s′ is the vertical spacing between spiral or hoop bars,
ds is the diameter of spiral between bar centers, ρcc is the
ratio of area of longitudinal reinforcement to area of core of
section, Ae is the area of effectively confined concrete core,
Acc is the area of core of section enclosed by the centerlines
of the perimeter spiral or hoop, and ρs is a parameter
expressed as

ρs �
4Asp

dss
, (17)

where Asp is the area of transverse reinforcement bar and s is
the center-to-center spacing or pitch of a spiral or circular
hoop. .e compressive strain εcc corresponding to fcc

′ is
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Figure 23: Variation of inner forces of structure and deflections with B. (a) Vertical force in bearings. (b) Displacement. (c) Internal force in
piers. (d) Internal force in piles.
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εcc � εc0 1 + 5
fcc
′

fco
′

− 1  . (18)

.e constraint effective coefficient of a rectangular
confined concrete section is

ke �
1 − 

n
i�1 wi
′( 
2/6bcdc   1 − s′/2dc( ( 

1 − ρcc

, (19)

where bc and dc are the core dimensions to centerlines of the
perimeter hoop in the x and y directions, respectively, where
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Figure 24: Variation of inner forces of structure and deflections with H. (a) Vertical force in seats. (b) Displacement. (c) Inner force in piers.
(d) Inner force in piles.

Figure 25: Sketch of loading distribution in pushover analysis.

Advances in Civil Engineering 17



bc >dc, and wi
′ is the ith clear distance between adjacent

longitudinal bars. Transverse confining steel in the x and y
directions may be expressed as

rx �
Asx

sdc

,

ry �
Asy

sbc

,

(20)

where Asx and Asy are the total areas of transverse bars along
the x and y directions, respectively. .e effective constraint

stresses, flx
′ and fly

′ along the x and y directions are cal-
culated as

flx
′ � kerxfyh,

fly
′ � keryfyh.

(21)

.e lateral confining stress strength of the rectangular
section is determined by the largest confining stress ratio
f12′ /fco
′ and the smallest confining stress ratio f11′ /fco

′ . Ta-
ble 14 displays the relevant parameters required to deter-
mine the peak compressive strength and compressive strain
of the concrete.

Table 14: Parameters related to confined concrete strength.

Ae (mm2) Acc (mm2) ke Fyh (N/mm2) Asp (mm2) f1′ (N/mm2) fcc
′ (N/mm2) εcc

Section of column 1.391 1.590 0.875 235 28.3 0.041 30.275 0.0021

Section of pile 0.148 0.279 0.530 235
Asx 56.6 flx

′ 0.055
30.435 0.0022

Asy 56.6 fly
′ 0.080

fy

fy

E2

E2

ε0 ε
(tension)

σ
(tension)

E1

Figure 26: Stress-strain curve of reinforcement.

Table 15: Cracking, yield, and ultimate strengths and corresponding curvature values of piles 1–4.

Cracking strength (kN·m) Cracking curvature (1/m) Yield strength
(kN·m)

Yield curvature
(1/m)

Ultimate strength
(kN·m)

Ultimate curvature
(1/m)

Pile 1 446.082 3.640E − 03 584.829 5.694E − 02 438.160 0.12582
Pile 2 445.693 3.632E − 03 584.707 5.697E − 02 438.118 0.12583
Pile 3 445.307 3.623E − 03 584.585 5.701E − 02 438.075 0.12585
Pile 4 444.922 3.615E − 03 584.462 5.704E − 02 438.033 0.12587

Table 16: Cracking, yield, and ultimate strengths and corresponding curvature values of piles 5–8.

Cracking strength (kN·m) Cracking curvature (1/m) Yield strength
(kN·m)

Yield curvature
(1/m)

Ultimate strength
(kN·m)

Ultimate curvature
(1/m)

Pile 5 445.839 3.635E − 03 584.753 5.697E − 02 438.134 0.12583
Pile 6 445.588 3.629E − 03 584.674 5.699E − 02 438.106 0.12584
Pile 7 445.336 3.624E − 03 584.594 5.701E − 02 438.075 0.12585
Pile 8 445.083 3.618E − 03 584.513 5.703E − 02 438.051 0.12586
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.e stress-strain curve of the steel bar is defined
according to the symmetrical model, as shown in Figure 26.
.e steel bar is HPB235 (equivalent to BST420S in Germany)
[24]; its yield strength is 235MPa, E1 � 200GPa, and the
stiffness reduction factor E2/E1 is 0.01.

7.2. Moment-Curvature Curve. .e Shangban Bridge has a
total of 4× 2 rectangular piles under the abutment and 6
columns. .eoretical moment-curvature relationships for
reinforced concrete-column sections can be calculated using
well-known theory [52], which assumes that plane sections
before bending remain plane after bending. Considering the
axial force obtained by static analysis, we used the stress-
strain relations for confined and unconfined concrete de-
veloped by Mander et al. and the two-fold line stress-strain

model for steel to obtain the moment-curvature relations of
the piers and piles. .eir cracking strength, yield strength,
and ultimate strength are listed in Tables 15–17..e ultimate
curvature is used to determine the first part of the structure
where plastic hinges appear [53].

.e characteristic value of the plastic hinge is defined by
the three-fold line model (as shown in Figure 27). .e initial
stiffness K0, the second stiffness K1, and the third stiffness K2
are obtained according to the M-φ calculations. .erefore,
the stiffness reduction factors α1 and α2 can be estimated, as
reported in Tables 18 and 19.

7.3. Pushover Results. .e pushover analysis is conducted by
applying flooding force with an inverted triangular pattern
on both Shangban Bridge and conventional jointed bridge.

Table 17: Cracking, yield, and ultimate strengths and corresponding curvature values of columns 1–6.

Cracking strength (kN·m) Cracking curvature
1/m)

Yield strength
(kN·m)

Yield curvature
(1/m)

Ultimate strength
(kN·m)

Ultimate curvature
(1/m)

Column 1 1,826.400 3.746E − 04 3 568.970 1.399E − 02 3,466.431 7.272E − 02
Column 2 1,830.614 3.757E − 04 3 573.003 1.397E − 02 3,467.269 7.262E − 02
Column 3 2,034.438 7.447E − 04 3 524.484 1.427E − 02 3,444.233 7.360E − 02
Column 4 2,026.090 7.376E − 04 3 536.525 1.420E − 02 3,443.405 7.362E − 02
Column 5 1,830.493 3.756E − 04 3 587.407 1.388E − 02 3,470.274 7.229E − 02
Column 6 1,832.188 3.760E − 04 3 589.235 1.386E − 02 3,470.106 7.204E − 02

K0: Ini.stiff

D1 D2

P1

P2

P

D

α1.K0

α2.K0

Figure 27: .ree-fold line model of moment-curvature constitutive relationship.

Table 18: Stiffness and reduction factor of rectangular piles.

Pile 1 Pile 2 Pile 3 Pile 4 Pile 5 Pile 6 Pile 7 Pile 8
K0 (kN·m2) 122,528 122,710 122,892 123,075 122,642 122,760 122,879 122,998
α1 (E − 02) 2.1244 2.1236 2.1229 2.1221 2.1239 2.1234 2.1229 2.1224
A2 0

Table 19: Stiffness and reduction factor of columns.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
K0 (kN·m2) 4,874,860 4,872,320 2,731,580 2,746,810 4,872,800 4,871,290
α1 (E − 02) 2.6243 2.6305 4.0310 4.0832 2.6702 2.6733
α2 0
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Figures 28 and 29 display the shear force, displacement
curves showing the base shears of piers corresponding to the
displacement at the top of the middle bent cap. Firstly, we
exported the results of the software analysis (deformation of
key points of the pile and column). .en, we found the

analysis step where the curvature exceeds the limit curvature
of the section for the first time. From the text data of the
pushover figure we found the displacement (called maxi-
mum allowable displacement hereafter) of IAJB and con-
ventional jointed bridge when first plastic hinge occurs,
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Figure 28: Base shear force-displacement curve of IAJB.
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Figure 29: Base shear force-displacement curve of the conventional jointed bridge.
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Figure 30: Simplified structure of Shangban Bridge.
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which were 0.17m and 0.138m, respectively, in the corre-
sponding step. .e first knuckle point in may be caused by
geometric nonlinearity and not nonlinearity induced by
occurrence of the first plastic hinge. Besides, it is found out
that the lateral ultimate bearing capacity is 11,825 kN and
6,251 kN, respectively.

In order to display the plastic hinges conveniently, the
Shangban Bridge model is represented by a simplified frame
structure in Figures 30 and 31. .e occurrence sequence of
plastic hinges is depicted in Figure 31. Base shears at the piers
corresponding to the occurrence sequence of plastic hinges
is listed in Table 20.
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Figure 31: .e order of occurrence of plastic hinges.
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Figure 32: Moment-displacement at the top and bottom of the piers. (a) Moment-displacement at the top and bottom of the piers at the
upstream side. (b) Moment-displacement at the top and the bottom of the piers at the downstream side.

Table 20: Base shears at piers corresponding to occurrence sequence of plastic hinges.

Step Base shear (kN) Remark
1 11,825∼12,067 Plastic hinges first appear in piles 3, 4, 7, 8, and then at the bottom of column 1
2 12,308∼12,538 Plastic hinges occur in piles 1, 2, 5, 6 and at the bottom of column 2
3 12,993∼13,109 Plastic hinges appear at the top of column 1 and 2
4 13,342∼13,503 Plastic hinges develop at the bottom of column 4 and at the top and bottom of column 3
5 13,528∼13,552 Plastic hinge forms at the bottom of column 5 and then develops at the top of column 5
6 13,566∼13,743 Plastic hinge forms at the bottom of column 6 and then develops at the top of column 6
7 13,788∼13,831 .e last plastic hinge appears at the top of column 4
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It can be seen from Table 20 that the plastic hinges first
occur at the top of piles 3, 4, 7, and 8 and then appear at the
bottom of column 1 when the base shear is within
11,825 kN∼12,067 kN. When base shear reaches 12,308 kN
to 12,538 kN, the plastic hinges occur in piles 1, 2, 5, 6, and at
the bottom of column 2. Plastic hinges develop at the top of
columns 1 and 2 when base shear reaches 12,993 kN to
13,109 kN.When the flooding force goes up, a further plastic
hinge appears in sequence at the bottom of column 4, then at
the top and bottom of column 3, then at the bottom of
column 5, and finally at the top of column 5. When base
shear reaches 13,566 kN to 13,743 kN, plastic hinges occur at

the top and bottom of column 6, and finally develop at the
top of column 4.

.e development of the bending moment at the up-
stream and downstream sides of the top and bottom of piers,
respectively, is depicted in Figure 32. It is shown that the
bending moment at the top and bottom of the columns
increases until plastic failure occurs and that the bending
moment finally stabilises about the absolute value of
3,500 kN·m. Besides with the appearance of the plastic hinge,
the bending moment at the pier top appears a little bit larger
than that of the pier bottom.

.e development of transverse shear force at the up-
stream and downstream sides of the top and bottom of piers
is portrayed in Figure 33. Initially, we can see that the shear

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.52

–750

–700

–650

–600

–550

–500

–450

–400

–350

–300

–250

–200

–150

–100

Tr
an

sv
er

se
 sh

ea
r f

or
ce

 (k
N

)

Bottom of column 1
Top of column 1
Bottom of column 3

Top of column 3
Bottom of column 5
Top of column 5

Displacement (m)

(a)
Tr

an
sv

er
se

 sh
ea

r f
or

ce
 (k

N
)

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.52
–700

–650

–600

–550

–500

–450

–400

–350

–300

–250

–200

–150

–100

Bottom of column 2
Top of column 2
Bottom of column 4

Top of column 4
Bottom of column 6
Top of column 6

Displacement (m)

(b)

Figure 33: Transverse shear force-displacement at the top and bottom of the piers. (a) Transverse shear force-displacement at the top and
bottom of the piers at the upstream side. (b) Transverse shear force-displacement at the top and bottom of the piers at the downstream side.
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Figure 34: Axial force-displacement at the bottom of the bridge
pier.
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force of the piers along the upstream side increases, and
afterwards it tends to stabilise. However, the shear force of
the piers along the downstream side tends to decrease when
plastic hinges occur. In addition, the shear force at the
bottom of the piers is larger than that at the top of the piers.
In comparison, the shear force of piers at the upstream side
is approximately 50–100 kN larger than that at the down-
stream side.

.e development of the axial force of the piers is de-
scribed in Figure 34. It can be seen that the axial force of the
columns at the downstream side increases and finally sta-
bilises at approximately − 4,000 kN. Due to flooding force,
the piers at the upstream side tend to be lifted up, causing the
gradual decrease in the value of the axial force. .e axial
forces of column 1 and column 3 are the smallest, ap-
proximately equal to zero.

All the piles perform in the same fashion, therefore, only
the inner force of pile 1 at the left side abutment and pile 5 at
the right side abutment are provided. Figure 35 depicts the
bending moment-displacement relationship, Figure 36
shows transverse shear force-displacement at the top of
typical piles, and Figures 37 and 38 display the axial force-
displacement relationship. Due to the action of the flood, the
piers at the upstream side tend to be lifted up, which leads to
a gradual decrease in the axial forces. .e axial force along
the downstream side gradually increases, while the state of
the piles along the upstream side changes from compression
to tension. Both the bending moment and the shear force in
the piles increase and finally reach stable values at ap-
proximately 600 kN·m and 1,200 kN, respectively.

.e maximum displacements of the IAJB and the
conventional jointed bridge are 0.17m and 0.138m, re-
spectively, while their lateral ultimate bearing capacities are
11,825 kN and 6,251 kN, respectively. It can be seen that the
maximum transverse displacement of the IAJB is larger than
that of the conventional jointed bridge by 23.2 percent and
that the maximum lateral ultimate bearing capacity of the
IAJB is larger than that of the conventional jointed bridge by
89.2 percent..en, a vital conclusion can bemade so that the
IAJB has better flooding-resistance performance than the
conventional jointed bridge.

8. Conclusion

Parametric investigation on flooding-resistant performance of
an integral abutment and jointless bridge was conducted via the
finite element method (FEM) in this paper. Firstly, a corre-
sponding numerical model was created and validated based on
a field test. Secondly, dozens of parametric analyses were
carried out to assess the effects of parameters such as skew
angle, water-blocking area, span number, pile section geom-
etry, and abutment height on flood-resistant performance of
the IAJB. Finally, a pushover analysis was conducted to reveal
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Figure 36: Transverse shear force-displacement at the top of typical
piles.
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Figure 37: Axial force-displacement at the top of piles 1–4.
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Figure 38: Axial force-displacement at the top of piles 5–8.
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the ultimate state of the IAJB under flooding force through the
estimation of maximum transverse displacement and the oc-
currence sequence of plastic hinges on the whole IAJB’s
structure. Corresponding conclusions can be made as follows:

(1) .e flooding-resistant performance of IAJBs is better
than that of conventional continuous jointed bridges
only when the number of spans is less than 4.

(2) .e flood-resistant performance of IAJBs is signifi-
cantly affected by skew angle, water-blocking area,
and pile section geometry, but little affected by
abutment height. In particular, the larger the skew
angle is, the higher the protection on seats will be.
However, this does not mean that only a large de-
flection angle can improve the flood-resistant per-
formance of the whole bridge; other parameters need
to be considered comprehensively. In addition, the
flood-resistant performance of IAJBs improves with
the decrease of the water-blocking area.

(3) Plastic hinges in the IAJB first appeared in the pier
foundation near the left abutment upstream and the
pile body below the left abutment upstream. With
increase of the flooding force, plastic hinges will
develop at the downstream side of pile top and pier
bottom that close to left abutment and then will
develop to other side of the bridge in longitudinal
direction. Finally, plastic hinge was developed at the
middle pier top on the downstream side.

(4) .e IAJ Bridge is apparently better in flooding-re-
sistance performance than the conventional bridge
with higher allowable bearing force and allowable
transverse displacement.
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