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Most of the deep-water bridges in Chinese reservoirs are concentrated on rivers in the southwest region. Te unique structural
characteristics of arch bridges are more in line with the geological topography requirements of deep reservoir areas, making them
the bridge type of choice for bridges in deep reservoir areas. While the southwest region is an earthquake-prone area, in order to
study the safety of arch bridges across deep water in the reservoir area, it is necessary to analyze the efect of water under seismic
behavior on the box section arch ring and explore the efect of arch inundation depth on the dynamic response of arch bridges in
the reservoir area. In this study, the efect of fuid-solid coupling is considered, the modifedMorison equation is used to calculate
the hydrodynamic pressure, and the efect of arch bridge inundation depth on the dynamic response is analyzed based on the
Midas/civil fnite element model of the arch bridge in the Yunnan reservoir area. Te results show that the seismic response of the
arch bridge across the reservoir is greatly infuenced by the submergence depth of the arch bridge due to the fuid-solid coupling
efect, and the infuence of the hydrodynamic pressure on the longitudinal moment (My) and transverse moment (Mz) of the arch
bridge increases with the increase of the submergence depth. Tere is a threshold value of the submergence depth. When the
submergence depth is less than the threshold, the efect of fuid-solid coupling is negligible, and when the submergence depth is
greater than the threshold, the fuid-solid coupling efect is signifcant. Te thresholds for diferent parts of the main arch ring are
diferent. Te most unfavorable water depth in diferent parts of the main arch ring is not necessarily the water depth when the
arch ring is completely submerged. Based on this result, for reservoir arch bridges in high intensity areas, it is recommended that
the inundation depth of arch bridges crossing deep water reservoirs should be h/f less than or equal to 5/8 f.

1. Introduction

To utilize the rich water energy resources in southwest
China, a large number of deep reservoir hydropower stations
were built. For the purpose of regional economic cooper-
ation and communication, many bridges were built to cross
above the reservoir. However, bridges with high pier and
deep-water foundation should better be avoided in deep
reservoir area, for construction convenience. In all bridge
types, the deck arch bridge is mostly preferred, which is in
line with the requirements of geological topography and
bridge aesthetics. On the other hand, southwest China is an
earthquake-prone area. Sevim et al. [1] selected the Osmanli
Arch Bridge, also known as the Timisoara Historic Masonry

Arch Bridge, to investigate the efects of near- and far-fault
ground shaking on the seismic behavior of the historic arch
bridge through a combination of numerical and experi-
mental evaluations. Te results show that for the stone arch
bridge, the efect of near-fault ground shaking on the dy-
namic behavior is slightly greater than that of far-fault
ground shaking, but far-fault ground shaking exhibits a
larger peak acceleration. Te stress maximum at the bottom
of the stone arch bridge is also higher than that at the upper
side.Te seismic response of the arch bridge in reservoir area
would be infuenced by the hydrodynamic pressure, and the
coupling efects of water and structure should be taken into
account in the seismic design [2–4]. Te size of the hy-
drodynamic pressure is closely related to the submerged
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depth of the arch [5, 6]. Te pier-water coupling analysis
methods are divided into three main categories, which are
the analytical method, numerical analysis method, and
semianalytical seminumerical value method. Tere are two
types of analytical methods: the eigenfunction expansion
method [7] and the weighted residual method. In 1933,
based on the assumption of the rigid body motion of a
structure in an incompressible fuid, Westergaard [8] gave
an analytical solution for the dynamic water pressure acting
on a rigid vertical dam surface during horizontal seismic
vibrations and introduced the concept of “additional mass;”
Hogben and Standing [9] solved for the dynamic water
pressure on a cylinder immersed in water at the bottom
solidifed tip under the condition of free surface gravity
waves and obtained the analytical solution for the dynamic
water pressure. Te numerical analysis methods mainly
include the fnite element method and the boundary element
method. Te key of the fnite element method to solve the
coupled problem is the selection of the fnite element format
and numerical solution scheme for the coupled system.
Zeinkiewicz and Newton [10] and his collaborators have
carried out incipient work on the fnite element format
problem for coupled systems. According to the diferent
ways of describing the fuid domain, it can be divided into
displacement-displacement format in which the fuid do-
main is described by a displacement feld (Lagrangian
method) [11–13] and displacement-pressure format in
which the fuid domain is described by a potential function
(Eulerian method). In the process of using the Lagrangian
method, the problem of “zero-energy mode” often arises, so
researchers use methods such as the introduction of the
spinless condition of the fuid to eliminate this pathology
[14]. Tere are three main types of semianalytic semi-
numerical methods: Morison equation method [15], linear
radiation wave theory [16], and national norms. Over the
past 80 years since 1933, researchers have achieved amazing
results. Williams [17] used the Green function to treat the
pier-water coupled intersection to investigate the dynamic
water pressure on a hollow column in water under high-
frequency load excitation. Banerjee and Prasad’s [18] study
of bridge structures under the combined efects of earth-
quakes and foods concluded that bridge structures in foods
are more susceptible to damage under earthquake action.
Yang et al. [19] analyzed the dynamic characteristics of
bridge piers in water by means of ANSYS calculations. It was
obtained that when the pier was flled with water and under
the condition of no water, the 1st order frequency was found
to be similar to the 3rd order frequency; the water had a
greater infuence on the intrinsic vibration frequency of the
structure, and the intrinsic vibration frequency decreased
gradually with the increase of the water level. Jin et al. [20]
established and calculated three-dimensional water-solid
coupled fnite element modes based on the theory of fuid-
solid interface coupling dynamics. It was concluded that the
ratio of water depth to pier height has a great infuence on
the variation scale of pier frequency. Deng et al. [21] con-
structed a three-dimensional fnite element model for a
typical deep-water bridge by simulating the fuid-structure
interaction between hollow piers and water and the gap

element simulating the impact of the gap position, based on
the potential-based fuid element. Te efects of shock and
fuid-structure interaction on long-span deep water bridges
with typical high-hollow piers were studied. Zhang et al. [22]
argued that hydrodynamic efects are of interest when
performing seismic analysis of bridges with complex hollow
piers in submerged reservoirs. A typical reservoir bridge
with nonuniform hollow piers is used as an example. Linear
and nonlinear dynamic analyses were performed to inves-
tigate the seismic response of this example abutment under
six near-fault and six teleseismic records.Te accuracy of the
additional mass model was verifed in both linear and
nonlinear domains. Te efects of dynamic water pressure
and ground vibration on structural brittleness were inves-
tigated by Cui et al. [23]. Te results show that dynamic
water pressure plays an important role in afecting the
conditional failure probability of bridge piers and bearings.
Te damage probability increases with increasing water
depth. At present, the research on the arch bridge in the
reservoir area mainly focuses on the determination of the
submerged height of the arch bridge, the efect of the
submerged depth of the arch bridge on the internal force of
the arch bridge, but the research on the dynamic response of
arch bridge considering fuid-solid coupling is rarely seen. In
this study, the modifed Morison equation is used to cal-
culate the hydrodynamic pressure (additional mass), and a
bridge in Diqing, Yunnan Province, is taken as an example to
conduct seismic analysis. Under the premise of considering
the fuid-structure coupling efect, the efects of water on the
arch ring with box-shaped section under the action of
earthquake are analyzed, and the infuence of arch-sub-
merged depth on the dynamic response of arch bridge is
explored.Te results of this study can provide a reference for
seismic design of arch bridges in the deep reservoir area.

2. Modified Morison Formula to Calculate
Hydrodynamic Pressure

Te formula to calculate hydrodynamic pressure on co-
lumnar structure was frst proposed by Morison et al. [15];
however, his method ignored the efect of the structure on
the fuid, and the new modifed Morison formula was later
revised as follows [24, 25]:

FD �
π
4
ρ CM − 1( D

2
(€u − €x ) +

π
4
ρD

2
€u

+
1
2
CDρD _u − _xj



 _u − _xj ,

(1)

where _xj and €xj are the absolute velocity and acceleration of
the columnar structure, respectively; _u and €u are the velocity
and acceleration of the water body, respectively; D is the
structure diameter; CD and CM are the viscous friction
resistance coefcient and inertial force coefcient, respec-
tively. It is assumed that the water body is static before the
occurrence of earthquake, then, _u � €u � 0. Te last term of
equation (1) is nonlinear; by linearization, equation (1) turns
into
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��
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,

(2)

where MW and CW are the additional mass matrix and
damping matrix of the moving water, respectively; _xg and €xg

are the ground velocity and acceleration, respectively; _x and
€x are the relative velocity and acceleration of the structure,
respectively. Te damping efect can be neglected according
to Yuan’s et al. research [26, 27], thus the motion equation of
underwater structure is

M + MW  €x + C _x + Kx � − M + MW  €xg. (3)

Te key point of using Morison formula is to determine
the value of CM. For cylindrical structure, CM � 2 is rec-
ommended [28]. While, for structure with slender rectan-
gular cross-section, additional correction factor KC is
required [16]:

Kc � 0.94732 +
2.59648

1 +((D/B)/0.09516)
0.54638, 0.1≤

D

B
 ≤ 10, (4)

where D is the side length of the rectangular cross-section
perpendicular to the direction of the relative motion and B is
the side length of the rectangle parallel to the relative motion
edge.

3. The Seismic Analysis considering Fluid-Solid
Coupling Effect

Te vibration equation of the bridge structure is constructed
according to the fnite element model. Te displacement,
velocity, and acceleration responses of the structure are
obtained by using the step-by-step integration method, and
then, the internal force response of the structure are

obtained, accordingly [29]. A general step-by-step formu-
lation was known as Newmark-βmethod, which is proposed
by Newmark. Te basic iterative equation for velocity and
displacement are expressed as follows:

_xt+∆t � _xt + (1 − c) €xt + c €xt+∆t ∆t, (5)

xt+∆t � xt + _xt∆t + (0.5 − β) €xt + β€xt+∆t ∆t
2
, (6)

where c and β are the adjustable factors, and they are
preferred as c � 1/2 and β � 1/4 to make sure of the accuracy
and stability of the method. Te acceleration at time t + ∆t

can be derived from equation (6):

€xt+t �
1

β∆t
2 xt+∆t − xt(  −

1
β∆t

_xt −
1
2β

− 1  €xt. (7)

By substituting equation (7) into equation (5), the ve-
locity at time t + ∆t is as follows:

_xt+∆t �
c

β∆t
xt+∆t − xt(  + 1 −

c

β
  _xt + 1 −

c

2β
 ∆t €xt. (8)

Te dynamic equilibrium equation of the underwater
structure considering the fuid-solid coupling efect at time
t + ∆t is as follows:

M + MW  €xt+t + C _xt+∆t + Kxt+∆t � − M + MW  €xgt+∆t
. (9)

Substituting equations (7) and (8) into equation (9), it
can be simplifed as

Kxt+∆t � Pt+∆t, (10)

where

K � K +
1

β∆t
2 M + MW(  +

c

β∆T
C, (11)

and

Pt+∆t � − M + MW  €xgt+∆t
+ M + MW( 

1
β∆t

2xt +
1
β∆t
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1
2β

− 1 ∆t €xt  + C
c

β∆t
xt +

c

β
− 1  _xt +

c

2β
− 1 ∆t €xt . (12)

With equations (7) and (8) and equation (10), the seismic
response of the structure under water can be solved.

4. Case Study

Te reinforced concrete catenary arch bridge of 140m span
in a reservoir area in northwest of Yunnan Province in China
was adopted for analysis. Nearly 2/3 of the main arch, which
is of constant box-shaped cross-section, is submerged when
the reservoir is flled with water. Te spandrel structure and
the approach bridge are simple supported T beam bridges of
10m span. Te elevation of half the arch is shown in
Figure 1.

Te fnite element model of the arch bridge was estab-
lished by Midas/civil software (Figure 2). Te fnite element
model consists of 949 beam elements and 1089 nodes; the foot
of the arch and the bottom of the abutment are treated by
solidifcation, and the master-slave rigid connection is
established between the column on the arch and the arch ring;
the building on the arch is a simply supported beam, and the
end restraint is released at the end of each span of the beam to
simulate the actual simply supported system. Te additional
mass of moving water was calculated by the modifed
Morison equation. Te seismic response analysis for the
bridge was carried out. According to article 5.3.2 of the Code
for Seismic Design of Highway Bridges (JTG/T 2231-01-2020)

Shock and Vibration 3



[30], bridge project sites that have not been evaluated for
seismic safety may be designed with acceleration response
spectra according to this code and synthesized with their
matching design acceleration time intervals. Te actual
ground motion acceleration record with the set earthquake
magnitude and the distance is generally similar, and the
response spectrum is adjusted to match the acceleration
response spectrum designed in this specifcation, and the
relative error of the amplitude of the response spectrum
corresponding to each cycle value should be less than 5% or
the absolute error should be less than 0.01 g.

Te design acceleration time range should not be less
than three groups and should ensure that the absolute value
of the correlation coefcient ρ defned by the equation
between any two groups in the same direction time range is
less than 0.1.

|ρ| �
ja1j∙a2j

�����

j

a
2
1j


∙

�����

j

a
2
2j







, (13)

where a1j and a2j are the values of the jth point of time
intervals a1 and a2, respectively.

According to the actual engineering of this arch bridge,
the maximum value of horizontal design acceleration re-
sponse spectrum Smax can be obtained as follows:

Smax � 2.25CiCsCdA � 0.2925g, (14)

where Ci is the seismic importance factor, the arch bridge
belongs to class B bridge, take Ci � 1.3; Cs is the site factor.
Te arch bridge belongs to class II site, the seismic intensity
is 7 degrees, the peak seismic acceleration is 0.1 g, so take Cs

� 1.0; Cd is the damping adjustment factor, the structural
damping ratio is taken as 0.05, and Cd � 1.0 is calculated;A is
the peak horizontal design fundamental ground accelera-
tion, take A� 0.1 g.

According to article 5.1.2 of the Code for Seismic Design
of Highway Bridges (JTG/T 2231-01-2020), in general,
highway bridges can consider only the horizontal seismic
action, and straight-line bridges can consider the seismic
action in the direction of X and Y of the horizontal bridge,
respectively. Te arch bridge belongs to class B bridge, and
the seismic intensity in the area is VII degree, so only the
horizontal seismic action is considered in the seismic re-
sponse analysis of the arch bridge. According to the above
wave selection principles and then combined with the actual
situation in the southwest, two natural real waves and one
artifcial wave were selected for the peak adjustment, and the
selected seismic waves are shown in Figures 3–5. Te ad-
justment of seismic wave parameters is shown in Table 1.

Te dynamic analysis of the arch bridge with diferent
inundation depths was carried out under diferent seismic
waves. Due to the large diferences in the seismic response at
diferent locations of the arch ring, the arch ring needs to be
divided in order to comprehensively analyze the seismic
response of the arch ring. Te section division is shown in
Figure 1 above, and the time courses of the longitudinal
moment (My) and transverse moment (Mz) at diferent
locations of the main arch are fnally obtained. Figure 6 gives
the time history of the longitudinal bendingmoment (My) at
arch foot under the action of seismic wave sfs-48-w in the

Vault section

7L/16 section
6L/16 section

5L/16 section

4L/16 section

3L/16 section

2L/16 section

L/16 section

Arch foot section

Figure 1: 1/2 arch bridge elevation.

Figure 2: Te fnite element model of the arch bridge.
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Figure 3: Seismic wave one: sfs-48-w (1987).
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Figure 4: Seismic wave two: san-ew (1985).
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absence of water. In order to explore the efect of the
submerged depth of arch on the seismic response of bridge,
the peak values of these time histories are processed by

R% �
Rh − Rz

Rz

× 100, (15)

where R is the infuence ratio; Rh is the peak value of bending
moments considering fuid-solid coupling efect; and Rz is
the peak value of bending moments not considering fuid-
solid coupling efect. Te infuence ratios R at diferent
positions of the main arch with diferent submerged depth of
arch are obtained through equation (14).

After calculation, the relationship between R and sub-
mergence depth at diferent locations of the main arch is
shown in Tables 2–10. Figure 7 shows the data plotted in
each table.

Figure 7 gives the relation of R and the submerged depth
at diferent positions of the main arch. For illustrative
convenience, the horizontal axis represents the ratio of the
submergence depth h to the height of arch bridge f. From
Figure 7, it can be seen that, for most of the cases, the in-
fuence ratio of the fuid-solid coupling efect on My and Mz
increases with the submerged depth of arch, and the in-
fuence ratio reaches the maximum value when the arch is
completely submerged, except for a few cases, the maximum
value of infuence ratio on My occurs when h� 7/8 f. Tis is
caused by the diferent seismic response of the main arch to
diferent seismic waves. Tere seems to be a submerged
depth threshold. When the submergence depth is less than
the threshold, the infuence ratio is small enough to be
ignored; but when the submergence depth is greater than the
threshold, the infuence ratio is signifcantly increased. Te
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Figure 5: Seismic wave three: artifcial seismic wave.

Table 1: Seismic wave parameters adjustment table.

Seismic waves
Basic

cycle 10
times

Site
characterization

cycle

Seismic wave
characteristic
period (s)

Duration
EPA
for

waves

Reaction
spectrum
Smax (g)

Reaction
spectrum

Smax/2.25 (g)

Peak
adjustment

factor
TH3TG035sfs-48-
w (1987) 8.16 0.40 0.39 9.36 0.38 0.29 0.13 0.35

TH15TG035san-
ew (1985) 8.16 0.40 0.42 41.20 0.32 0.29 0.13 0.41

Artifcial wave 8.16 0.40 0.44 9.95 0.68 0.29 0.13 0.19
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Table 2: Te relation of R and submerged depth at arch foot.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0 0 0 0 0 0
2/8 0.375 0.375 0.375 0.187 1.124 0.562
3/8 1.685 1.498 2.996 0 3.184 1.685
4/8 8.240 3.371 10.112 0.187 −0.375 3.371
5/8 26.217 5.805 22.472 0.187 6.929 5.618
6/8 35.955 8.052 29.026 9.363 28.839 8.802
7/8 88.389 4.119 24.345 10.487 46.629 21.161
8/8 49.438 10.487 43.633 32.209 38.015 35.393
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Figure 6: Te time history of My at arch foot under the action of seismic wave sfs-48-w in the absence of water.

Table 3: Te relation of R and submerged depth at L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0 0 0 0.081 0.081 0.081
2/8 0.487 0.378 0.270 0.378 1.352 0.487
3/8 1.541 1.432 −0.081 0.892 0.676 1.865
4/8 0.541 2.594 0.000 1.189 2.270 2.811
5/8 4.946 4.405 3.432 1.054 4.189 4.514
6/8 16.054 6.216 15.729 6.216 13.027 6.432
7/8 40.026 5.756 20.135 14.405 51.378 17.000
8/8 55.243 7.351 7.892 31.027 50.810 27.676
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Table 4: Te relation of R and submerged depth at 2L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0.000 0.000 0.000 0.000 0.000 0.000
2/8 2.867 0.000 0.000 0.000 0.000 0.000
3/8 11.470 1.434 1.792 1.434 2.509 1.434
4/8 12.186 3.584 6.093 2.509 5.376 2.867
5/8 11.111 5.735 17.921 2.151 5.376 4.301
6/8 31.541 6.093 22.939 4.660 25.090 1.075
7/8 108.961 7.168 49.104 18.280 103.584 22.939
8/8 139.785 202.151 62.724 31.541 77.778 17.921

Table 5: Te relation of R and submerged depth at 3L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 −0.391 −0.391 −0.391 −0.391 −0.391 −0.782
2/8 0.391 0.000 0.391 0.000 0.000 0.391
3/8 5.869 1.174 1.956 1.174 0.782 1.956
4/8 8.998 3.912 6.651 1.956 4.304 2.739
5/8 10.955 6.651 19.953 1.956 3.130 206.182
6/8 36.385 212.050 1.956 4.304 36.776 200.313
7/8 56.729 222.222 8.216 24.648 40.297 221.831
8/8 3.521 222.613 24.648 32.864 19.171 226.526

Table 6: Te relation of R and submerged depth at 4L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0.000 0.000 0.064 0.063 −0.438 0.063
2/8 0.627 1.128 0.126 1.128 −0.375 2.130
3/8 −0.312 4.196 0.190 3.195 −0.312 4.697
4/8 −0.250 6.263 5.260 5.261 5.261 5.763
5/8 0.314 9.332 5.323 6.827 3.820 210.234
6/8 7.390 222.320 35.947 0.877 21.919 190.758
7/8 1.441 243.425 23.986 19.977 28.495 224.889
8/8 29.560 240.983 35.571 27.055 64.630 224.952

Table 7: Te relation of R and submerged depth at 5L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0.000 0.000 0.000 0.000 0.000 0.000
2/8 0.424 0.847 0.424 0.424 1.695 0.847
3/8 2.119 2.542 2.119 2.542 4.237 2.119
4/8 2.966 3.390 4.237 3.390 6.780 3.814
5/8 2.966 5.508 7.203 3.814 6.780 208.051
6/8 5.932 9.746 44.915 8.898 0.847 208.051
7/8 64.831 33.475 40.678 11.864 84.746 239.407
8/8 133.898 34.746 3.814 8.475 106.780 111.017

Table 8: Te relation of R and submerged depth at 6L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 −0.425 −0.425 −0.425 −0.425 −0.425 −0.425
2/8 0.000 0.000 0.000 0.000 0.425 0.425
3/8 2.126 1.276 1.701 1.276 0.850 1.701
4/8 8.929 1.701 0.000 1.701 0.000 2.551
5/8 9.354 3.827 5.527 2.126 5.102 5.527
6/8 2.976 5.102 38.265 3.827 1.276 5.527
7/8 14.881 20.408 39.116 18.708 24.235 24.660
8/8 68.027 25.510 8.503 175.170 50.170 241.922
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Table 9: Te relation of R and submerged depth at 7L/16 of the arch.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0.029 0.029 0.029 −0.265 0.324 0.324
2/8 1.208 0.619 1.208 0.619 0.913 0.913
3/8 4.742 1.208 1.797 1.797 0.619 1.502
4/8 5.037 2.386 2.680 2.386 3.270 4.742
5/8 2.386 4.153 5.920 1.797 7.099 7.099
6/8 4.153 5.331 25.950 5.037 0.324 6.215
7/8 3.270 18.292 13.873 16.819 5.920 29.779
8/8 8.277 22.710 27.717 169.691 16.819 39.499

Table 10: Te relation of R and submerged depth at the vault section.

Submerged depth (h/f )
Infuence ratio (R%)

sfs-48-w (My) sfs-48-w (Mz) san-ew (My) san-ew (Mz) Artifcial wave (My) Artifcial wave (Mz)
1/8 0.037 0.037 −0.257 0.037 0.037 0.037
2/8 2.720 0.956 0.956 0.368 2.133 0.662
3/8 10.111 1.875 2.463 1.581 2.463 2.169
4/8 20.736 2.500 4.265 1.618 4.853 4.265
5/8 16.067 3.714 6.361 1.654 6.949 6.655
6/8 12.868 4.338 9.926 5.809 5.221 5.809
7/8 24.376 17.905 9.963 30.551 13.198 30.846
8/8 85.294 20.588 49.412 169.411 44.117 38.529
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Figure 7: Continued.
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Figure 7: Continued.
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Figure 7: Continued.
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Figure 7: Te relation of R and submerged depth at diferent positions of the main arch. (a) Te relation of R and submerged depth at arch
foot. (b) Te relation of R and submerged depth at L/16 of the arch. (c) Te relation of R and submerged depth at 2L/16 of the arch. (d) Te
relation of R and submerged depth at 3L/16 of the arch. (e) Te relation of R and submerged depth at 4L/16 of the arch. (f ) Te relation of R
and submerged depth at 5L/16 of the arch. (g) Te relation of R and submerged depth at 6L/16 of the arch. (h) Te relation of R and
submerged depth at 7L/16 of the arch. (i) Te relation of R and submerged depth at the vault section.
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thresholds are not unique for all the circumstances. Te
submergence depth thresholds and most unfavorable sub-
mergence depth for the bending moments at diferent po-
sitions of the arch are given in Table 11.

5. Conclusions

In this paper, by using the modifed Morison equation to
calculate the hydrodynamic pressure, seismic analysis of an
arch bridge in reservoir area considering the fuid-solid
coupling efect is conducted. Te infuence of arch-sub-
merged depth on the dynamic response of arch bridge is
explored. Te following conclusions are obtained:

(1) Te seismic response of arch bridge across reservoir
is greatly afected by the submerged depth of arch
due to the fuid-solid coupling efect. Te infuence
ratio of fuid-solid coupling efect roughly increases
with the submerged depth of arch. Te impact ratio
reaches a maximum when the arch bridge is
completely submerged, except for a few cases, where
the impact ratio on My appears as a maximum at
h� 7/8 f, which is caused by the diferent seismic
response of the main arch to diferent seismic
waves.

(2) Tere is a threshold for the submerged depth.
When the submerged depth is less than the
threshold, the fuid-solid coupling efect is small
enough to be ignored. However, when the sub-
merged depth is greater than the threshold, the
fuid-solid coupling efect is signifcant. Tere are
diferences in the infuence laws of each section of
the main arch ring. For reservoir arch bridges in
high intensity areas, it is recommended that the
submergence depth of arch bridges across reser-
voirs should be less than 5/8 f.
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