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Introduction
Cable-stayed bridges are aesthetically appealing infrastructures that became popu-
lar over the past few decades. They are characterized by increased stiffness and timely 
efficient construction methods [1–4]. Many researchers aimed to study their behavior 
under Identical Support Excitation (ISE). For example, Clemente et al. [5] utilized a finite 
element model, based on the experimental static and seismic behavior of Indiano cable-
stayed bridge to evaluate the seismic load effect on the bridge. Hao et al. [6] studied the 
dynamic behavior of a typical cable-stayed bridge under lateral earthquake excitations. 
Elkady et  al. [7] introduced a hybrid analytical–experimental technique to simulate 
the earthquake excitations on a cable-stayed bridge. The failure of one of the support 
anchorage plates of an existing steel cable-stayed bridge located at high seismic zone was 
studied by Javanmardi et al. [8]. Camara and Astiz [9] investigated the retrofit solutions 
of cable-stayed bridges with supplemental damping devices connecting the deck and 
the tower in the transverse direction. Zhang et al. [10] simulated steel truss cable-stayed 
bridge under different seismic accelerations in the case of a high-speed train traversing 
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the bridge during earthquake. Liu et al. [11] dissipated the earthquake energy by using 
viscous dampers in Hangzhou Bay cable-stayed bridge. Camara and Astiz [12] com-
pared the static pushover procedures and nonlinear dynamic response history analysis 
to study the nonlinear seismic behavior of cable-stayed bridges. El Ouni et al. studded 
the numerical and experimental dynamic analysis and control as well as health monitor-
ing of cable-stayed bridges [13].

These studies on cable-stayed bridges assumed that all the support motions are identi-
cal which is somehow unrealistic in these structures [14]. Typical cable-stayed bridges 
are generally characterized by their long spans. Due to such long spans, the seismic 
behavior of these structures is affected by the spatial variability in the ground motions 
[15]. Such variability occurs due to wave passage effect, incoherence effect and local soil 
effect [16]. Ignoring these effects would significantly overestimate or underestimate the 
seismic behavior of these bridges [17].

The effects of spatially changing ground motions on structures can be represented by 
Multi-Support Excitation (MSE) [18–23], multi-support response spectrum [24], and 
multi-support random vibration [25–27]. However, the nonlinearity of long-span struc-
tures would not be modeled in the response spectrum and random vibration techniques. 
Therefore, the MSE becomes a good alternative to model seismic responses under spa-
tially varying earthquake excitations. Unfortunately, the recordings at nearby bridge sites 
to the earthquake ground motions are rare. To overcome this, researchers utilized theo-
retical techniques to simulate spatially varying seismic motions. For example, Somer-
ville et al. [28], Vanmarcke and Fenton [29], Bi and Hao [30], Liao and Zerva [31], and 
Konakli and Kiureghian [32] studied spatially varying earthquake excitation based on 
the coherency function coupled with theoretical target power spectral density func-
tions. Saxena et al. [33] considered the three causes of seismic variability to estimate the 
bridge structure response through non-linear time history analysis. They characterized 
the “wave passage effect” in terms of wave propagation apparent velocity, the “incoher-
ence effect” by a coherence function, and the “local soil effect” by response spectra at 
different locations. Deodatis [34] generated the earthquake time histories acting at the 
bridge supports utilizing a variation of the spectral representation method. Sextos et al. 
[35] used the recorded spatially variable earthquake ground motions during two seismic 
events to model the response of Evripos bridge. The non-synchronous excitation of the 
bridge excited higher modes of vibration and suppressed the oscillation of its fundamen-
tal mode. Fontara et al. [36] studied the site effects, spatial variability of seismic motion, 
and soil-structure interaction on the inelastic response of bridge structures. Both syn-
chronous and non-synchronous seismic effects on the bridge were determined. It was 
concluded that the positive or the negative effect of the spatially variable seismic motion 
depends on the interplay of all the key parameters of bridge. Recently, Ramadan et al. 
[37] investigated the effect of soil types, level of loss in coherency, and the difference 
in the arrival time of the seismic motions. Zhong et al. [38] utilized a set of 100 ground 
motions to conduct MSE analysis for the effect of spatial variability parameters on the 
fragility curves of cable-stayed bridges.

Some studies investigated the response of seismically isolated cable-stayed bridges [39, 
40]. Other studies focused on the behavior of seismically isolated cable-stayed bridges 
under MSE. For instance, Patel et al. [41] studied the seismic response of cable-stayed 
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bridge isolated with Triple Friction Pendulum System (TFPS) under MSE. Base shear 
and acceleration were decreased whereas displacement was increased due to MSE. Mas-
rilayanti et  al. [42] found a significant discrepancy between the seismic analysis of an 
800-m long cable-stayed bridge upon application of ISE and MSE. The ISE caused lower 
responses if the ground motion magnitudes were similar to the small magnitude of the 
multi-support excitation. Similarly, Alexander et al. [18] found that the ISE analysis of 
structural mode coupling was not conservative compared to MSE analysis in cable-
stayed bridges

One of the important cable-stayed bridges in Egypt is the Aswan cable-stayed bridge 
located at the south of the country. This bridge, while considered a very important infra-
structure, received very little research work. Abdel-Zaher et al. [40] conducted ambient 
vibration tests on the bridge to estimate its modal parameters. The test was performed 
using a 300-kN truck traffic load and used eleven positions to monitor the bridge 
response. Abou-Rayan [43] studied its static and dynamic characteristics utilizing finite-
element method. The results revealed existence of strong coupling in all orthogonal 
directions within most vibration modes.

Up to the author’s knowledge, no studies were performed to investigate the effect 
of seismic variability on the behavior of Aswan cable-stayed bridge. Thus, the current 
research represents an effort to get an insight into the effect of non-synchronous seismic 
excitations on the behavior of such important infrastructural facility. For this, five dif-
ferent earthquake records were utilized and based on the general types of soils located 
in Egypt, and the spatial variability was represented in terms of the wave passage effect. 
Therefore, different delay times between the arrivals of the ground motions to the bridge 
supports were considered. Nonlinear time history analysis was conducted on a three-
dimensional finite element model of the bridge taking the geometric and material non-
linearities into consideration. Key response parameters were investigated. These include 
base shear at the bridge supports, pylon displacements, pylon shear forces, deck dis-
placements, cable forces, and base isolator response.

Methods
Description of Aswan cable‑stayed bridge

Located on the Nile River near Aswan city in Egypt, the Aswan cable-stayed bridge was 
built in 2002. The main bridge consists of a concrete deck, one-plane of cables and two 
towers (see Fig. 1). Figure 2 shows a general layout of the bridge along with typical cross-
sections at selected locations.

Fig. 1  Aswan cable-stayed bridge (https://​struc​turae.​net/​en/​struc​tures/​aswan-​bridge)

https://structurae.net/en/structures/aswan-bridge
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The bridge deck has a central main span of 250 m and two side spans of 125 m each 
with an overall length of 500 m [43]. It consists of prestressed concrete segments with 
trapezoidal box shape having two inclined 42-cm-thick webs. The box-girder has a 
height and width of 3.3 and 24.3 m, respectively. Tables  1, 2 and 3 summarize the 
material properties, properties of cables and general description of the bridge. Special 
arrangements were designed to prevent local buckling due to the large width of the 
box-girder and the force transmission from the cables to the deck. For example, the 
top slab was stiffened using two longitudinal girders at the middle part of the box-
girder. Moreover, it was transversally prestressed via 4F15S tendons. Furthermore, 
the bottom slab was longitudinally stiffened by two rigid beams at the intersections 

Fig. 2  General layout and typical cross sections of Aswan Cable-Stayed Bridge. a General layout of the 
bridge. b Deck transverse cross-section details at cable-stayed part. c Pylon cross-section and transverse 
prestressed cables

Table 1  Material properties of concrete and stay cables steel of the bridge

Material Unit weight (kN/
m3)

Strength (MPa) Modules of elasticity 
(GPa)

Poisson ratio

Concrete 23.2 45 30 0.2

Stay cable steel 78.6 1767 200 0.3
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with the two inclined webs and transversely stiffened by a cross beam having a 30-cm 
depth. The hollow box main girder was designed to insure considerable torsional 
rigidity such that to keep the deformations due to eccentric live load on the bridge 
deck within allowable limits.

The bridge contains one vertical plane with 56 cables at its central longitudinal axis. 
The bridge cables are composed of 73 to 109 H15 strands incased in HDPE tubes. 
Each strand has diameter of 15.7 mm and contains 7 wires. The breaking load per 
strand is 265 kN. Strands are galvanized, waxed, and individually HDPE sheathed. The 
cables are anchored to the deck every two-deck segments (i.e., at 7.812 m spacing). 
The cables are attached to the tower in a semi-fan shape through a vertical height of 
30 m.

The prestressing forces in the cables plays a crucial role in maintaining the allowa-
ble displacement and distribution of bending moments along the bridge deck [44, 45]. 
In Aswan bridge, five phases of tensioning the stay cables were implemented. These 
included three phases during the balanced cantilever construction. The fourth phase 
followed the placing of the superimposed dead loads and the final phase was carried 
out after 18 months of operation to reduce the effect of creep.

Looped post-tensioning tendons transfer of the stay forces to the towers. The bridge 
has two hollow box-shaped towers (pylons). Each tower consists of a transversally 
prestressed concrete hollow-box section and is fixed to the deck. Figure 2b shows a 
cross-section of the towers. The tower is 55 m high from the deck level. The main 
part of the bridge has six piers (axis 5 to 10 in Fig. 2a). The piers on axis 5, 6, 9, and 
10 have reinforced concrete box sections. The main pier shaft located on axis 7 and 8 
consists of a massive reinforced concrete block with pyramidal shape with dimension 
of 24×25 m at bottom. It is supported on a raft over 88 piles 1.1m diameter each, see 
Fig. 3. It is worth mentioning that the ground conditions at the east bank comprise 
medium dense sand overlying dense uniform sand. The geology at the west bank is 

Table 2  Properties of the cables

Cable type No. of strands Area (m2) Weight per unit 
length (kN/m)

Allowable cable 
force (kN)

Ultimate 
cable force 
(kN)

Cable 1 109 0.0329 2.86 21664 28885

Cable 2 91 0.0246 2.14 18086 24115

Cable 3 73 0.0227 1.97 14509 19345

Table 3  General description of the bridge

Bridge total length 925 m Main span length 250 m Side span length 125 m

Bridge width 24.3 m Deck typical span 40 m Pylon height 52 m

Number of bearings on top of each main pier 16 Bearing size 1.0*1.0*0.16 m

Deck cross section type Prestressed single box section with a trapezoidal shape

Pylon cross section type Prestressed irregular eight-polygon shape

Type of bridge cables One-plane semi-fan type of cables composed of 73 to 109 H15 
strands surrounded by an HDPE tube

Number of bridge cables Totally 56 stay cables with 14 stay cables on each side of the pylon
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more variable however, consisting of sub-surface sand overlying silty sandstone. At 
deeper levels, a hard layer of shale with fragments of sandstone is encountered.

The bridge is seismically isolated just under the girder level. At the main piers on axis 
7 and 8, two lines of isolators are placed on top of each pier. Each line has eight isolators 
to support the bridge deck. The size of the isolator is 1000×1000×160 mm. Two PTFE, 
600×600×60 mm bearings are placed on piers 5, 6, 9, and 10 to allow for the longitudi-
nal motions and to control the horizontal ones. For additional details on the bridge refer 
to [46, 47].

Equation of motion of bridge subjected to multiple seismic excitations

The general dynamic equation of motion of a bridge subjected to seismic excitation can 
be written as

where U , U̇ , ¨and U  are the displacement, velocity, and acceleration response vectors, 
respectively; K, C, and M are the stiffness, damping, and mass matrices of the structure, 
respectively. ẍa and Γ are the longitudinal ground acceleration and a vector which con-
tains ones and zeros to relate the ground acceleration to the various degrees of freedom 
of the bridge. For the case of multi-support excitation however, the model can be modi-
fied to include the degrees of freedom of the supports. Hence, the dynamic equilibrium 

(1)MÜ + CU̇ + KU = −MŴẍa

Fig. 3  General layout of piers on axis 7 and 8 and the pile arrangement
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equation for all the degrees of freedom of the bridge is presented in the following parti-
tioned form.

where Ut and Ug are the absolute displacement vector of the superstructure and the 
ground displacement vector enforced at the supports, respectively; Mg, Cg, and Kg are 
the mass, damping, and elastic-coupling matrices expressing the forces developed in the 
active degrees of freedom by the motion of the supports. Mgg, Cgg, and Kgg are the mass, 
damping, and stiffness matrices of the supports, respectively.

Finite element model of the bridge

A three-dimensional finite-element model of the bridge was constructed using SAP2000 
software [48] (see Fig. 4). The model includes four types of elements. These are frame, 
shell, cable, and link elements. Frame elements were used to model the towers of the 
bridge. Four node shell elements were used to model the bridge deck and the main pyra-
midic piers. Each node of the shell or the frame elements has six degrees of freedom. 
These are translations in X, Y, and Z directions and rotations about these directions.

The material nonlinearity of cables was taken into account by modeling them to carry 
tension only. Therefore, if subjected to compression, their stiffness will be taken equal to 
zero (see Fig. 5). The cables’ geometric nonlinearity was considered using the modified 
models of elasticity method suggested by Ernst [49] using the following equation:

where Emod is the modified modulus of elasticity of cables,Eori is the original cable 
modulus of elasticity, W is the weight per unit length of the cable, L is the horizontal 
projected length of the cable, (EA)ori is the cable original axial stiffness, and T0 is the ten-
sion force in the cable.

Due to the lack of information about the specific details and composition of the elas-
tomeric bearings, they were designed as lead-rubber bearings with the general behavior 
shown in Fig. 5 [50]. Moreover, the design was checked to match the general behavior 
of full-scale experimental tests [51]. The main properties of the designed bearings in the 

(2)
M Mg

MT
g Mgg

Ü t

Üg
+

C Cg

CT
g Cgg

U̇ t

U̇g
+

K Kg

KT
g Kgg

Ut

Ug
=

0

Pg

(3)Emod =
Eori

1+
(WL)2 (EA)ori

12T 3
0

Fig. 4  Three-dimensional model of the bridge
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horizontal direction are Ku=157 kN/mm, Keff = 24.3 kN/mm, Kd =15.7 kN/mm, and Fy 
=863 kN. In the vertical direction, however, the bearings were assumed to be rigid. The 
bearings were modeled utilizing the nonlinear dissipative Wen model link elements in 
order to represent the dynamic behavior of the isolators under seismic action. These link 
elements were located between the top of the piers and the bottom of the deck. Due to 
the large size of the raft under the pier in addition to the large number of piles under-
neath, the bridge was assumed to be fixed at the foundation level (see Fig. 3).

Modeling of multi‑support excitation

Multi-Support Excitation occurs due to the phenomenon of spatial variation of earth-
quake ground motion. It can be attributed to three mechanisms as following [33, 52]:

1)	 “Wave passage effect” which occurs due to difference in arrival times of seismic 
waves at different supports. The apparent wave propagation velocity mainly controls 
this effect.

Fig. 5  Utilized model for cables and isolation bearings. a Model of cables. b General modal of isolators
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2)	 “Incoherence effect” which means loss of coherence of the seismic waves. It results 
from multiple reflection and refraction of the seismic waves during their propagation 
through highly inhomogeneous soil medium.

3)	 “Local soil effect” where the amplitude and the frequency content of the seismic wave 
changes according to local soil conditions.

In the current study, the spatial variability was represented in terms of the wave 
passage effect which was simulated via different delay times between the arrival of the 
ground motion to the left supports and their arrival to the right ones. Based on the 
general types of soils located in Egypt, this delay time was estimated to range between 
0 and 3 s for the specific length of Aswan cable-stayed bridge. Therefore, different 
delay times of 0, 1, 2, and 3 s were considered in the current analysis.

Five earthquakes were utilized in the current study. They were selected to repre-
sent a variety of earthquakes that might occur in Egypt. The main data of the utilized 
earthquakes are listed in Table 4. Moreover, the displacement and acceleration time 
histories of these earthquakes are shown in Fig. 6. Furthermore, the acceleration and 
displacement response spectra for these earthquakes are plotted in Fig. 7.

Results and discussion
The vibration properties of the bridge are summarized in Table 5. The participating 
mass ratios in different directions along with the description of each mode are given 
in the table. Moreover, the shapes of these modes are illustrated in Fig. 8.

The bridge was analyzed under different earthquakes acting in its longitudinal direc-
tion. Different wave propagation delay times between the excitations at the supports 
were considered to represent spatial non-synchronous seismic excitations. The delay 
times considered include zero delay representing the case of synchronous excitations 
and 1-, 2-, and 3-s delay representing different velocities of the seismic excitation (i.e., 
different soil conditions). The effect of such delay on key response parameters of the 
bridge was evaluated. These key response parameters include the total base shear of 
the bridge, the shear forces acting on the towers, longitudinal top displacement of 
the towers, forces in selected cables, vertical deflection at mid span of the bridge, and 
force displacement hysteric behavior of the seismic isolators. Table 6 summarizes the 
maximum results of these key responses obtained from different analyzed cases. The 
table also summarizes the average results obtained due to different earthquakes.

Table 4  Utilized earthquake data

E.Q. Year Station Mechanism Magnitude PGA %g PGV cm/s Vs30 (m/s)

Impeial Valley 1979 Cerro Prieto CP, USA Strike Slip 6.53 16.66 19.09 471.53

Loma Prieta 1989 Andeson Dam 
(Labut), USA

Reverse Oblique 6.93 25.15 22.34 488.77

San Fernando 1971 Castaic-Old Ridge 
Route, USA

Reverse 6.61 44.39 33.27 450.28

Tabas 1978 Kashmar, Iran Reverse 7.35 3.83 7.76 280.26

Bam 2003 Ravar, Iran Strike Slip 6.6 1.29 1.71 280.26
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Figure  9 shows the variation of the base shear overweight for different delay times 
under different earthquakes. The figure also shows the average values of the base shear 
overweight. It is observed that the highest base shear occurs under Imperial Valley 
earthquake and the lowest one occurs under Bam earthquake. Moreover, while the aver-
age base shear overweight ratio was 4.98% in case of synchronous excitations, it reached 
3.83%, 3.91%, and 3.37% for delay times of 1, 2, and 3 s, respectively. Generally speaking, 
increasing the delay time causes a moderate reduction in the base shear response. This 
favorable behavior can be attributed to the fact that when the earthquake hits all support 
simultaneously the peak seismic inertia forces affects the whole bridge leading to high 
values of base shear. On the other hand, when there is delay between the arrivals of the 
seismic excitation, the peak effect becomes non-synchronous causing a moderate reduc-
tion of the base shear response. Moreover, existence of seismic isolators accommodates 
the different displacements at the bridge supports due to non-synchronous excitations. 
This observation is compatible with Tzanetos et al. [53] who stated that “seismic isola-
tion of long span bridges generally reduces or eliminates the effects of non-synchronous 

Fig. 6  Acceleration and displacement time history of the utilized earthquakes
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input motion”. This might not be the case if the bridge is rigidly attached to its support-
ing system. In the latter case, non-synchronous excitations may cause an increase of the 
forces acting on the bridge.

The maximum shear forces acting at the bottom section of the left and the right towers 
are shown in Fig. 10, and the corresponding average values for both towers are shown in 
Fig. 11. The highest shear forces occur under Imperial Valley earthquake, and the lowest 
ones occur under Bam earthquake. Moreover, the shear forces in both towers exhibit 
general reduction for different delay times with no specific trend. It is worth mentioning 
that, from a design point of view, the maximum shear force under Imperial Valley earth-
quake reaches 3349 kN which is far less than the elastic capacity of the tower.

Figure 12 shows the towers top longitudinal displacement under different earthquakes, 
and Fig.  13 shows the average response for all used earthquakes. Again, the Imperial 

Fig. 7  Response spectra of utilized earthquakes. a Acceleration response spectra. b Displacement response 
spectra
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Valley earthquake causes the highest displacements and Bam earthquake gives the 
lowest ones. Also, the general trend of the tower displacement is to decrease with the 
increase of the delay time. Reductions in the displacements ranges between 30 and 45% 
in case of non-synchronous excitations compared to synchronous excitations. A sample 

Table 5  Modal properties

Mode 
no.

Period 
(sec)

Modal participating mass ratios (%) Description

Longitudinal 
direction

Longitudinal 
direction 
(cumulative)

Lateral 
direction

Lateral 
direction 
(cumulative)

Vertical 
direction

Vertical 
direction 
(cumulative)

1 11.86 0 0 42.73 42.73 0 0 Out of plane 
bending of 
pylons (first 
mode—in 
phase)

2 11.62 0 0 0 42.73 0 0 Out of plane 
bending of 
pylons (first 
mode—out of 
phase)

3 6.14 89.52 89.52 0 42.73 0 0 Longitudinal 
vibration 
through seis‑
mic isolation 
interface

4 5.34 0 89.52 0 42.73 0 0 transverse 
vibration 
through seis‑
mic isolation 
interface (out 
of phase)

5 5.12 0 89.52 8.44 51.17 0 0 Transverse 
bending of 
deck (first 
mode)

6 4.72 0 89.52 38.19 89.36 0 0 Transverse 
vibration 
through seis‑
mic isolation 
interface (in 
phase)

7 1.69 0 89.52 0 89.36 0 0 Transverse 
bending of 
deck (second 
mode) accom‑
panied with 
transverse 
vibration 
through seis‑
mic isolation 
interface (out 
of phase)

8 1.65 0 89.52 0 89.36 27.2 27.2 Vertical bend‑
ing of main 
span deck (first 
mode)

9 1.18 0 89.52 0.03 89.39 0 27.2 Out of plane 
bending of 
pylons (second 
mode—in 
phase)

10 1.1 0 89.53 0 89.39 0 27.2 Vertical bend‑
ing of main 
span deck (sec‑
ond mode)
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of the displacement time history at the top of the left tower is shown in Fig. 14. Obvi-
ously, the maximum displacements occur for the no delay case.

Figure  15 shows the variation of resulting cable forces for three selected cables 
(refer to Fig.  4), and Fig.  16 shows the average values of forces in these cables for 
different earthquakes. Moreover, Fig. 17 shows the time history of force resulting in 
cable No. 1 at the right-hand side of the bridge for different delay times. It can be 
observed that the maximum response in all cables under all earthquakes occurs in the 

Fig. 8  Analytical modes of vibration of the bridge



Page 14 of 21Seleemah et al. Journal of Engineering and Applied Science           (2022) 69:70 

Ta
bl

e 
6 

M
ax

im
um

 re
sp

on
se

s 
of

 th
e 

br
id

ge
 u

nd
er

 d
iff

er
en

t e
xc

ita
tio

ns
 a

nd
 d

el
ay

 ti
m

es

Ex
ci

ta
tio

n
D

el
ay

 (s
)

Py
lo

n 
to

p 
di

sp
la

ce
m

en
t 

(c
m

)

Sh
ea

r a
t t

he
 

bo
tt

om
 o

f t
he

 
py

lo
n 

(k
N

)

Ca
bl

e 
fo

rc
e 

(k
N

)
Ba

se
 is

ol
at

or
Ve

rt
ic

al
Ba

se
 

sh
ea

r/
w

ei
gh

t (
%

)
Ca

bl
e 

1
Ca

bl
e 

2
Ca

bl
e 

3
D

is
pl

ac
em

en
t 

(c
m

)
Fo

rc
e 

(k
N

)
D

is
pl

ac
em

en
t a

t 
m

id
sp

an
 (c

m
)

Le
ft

Ri
gh

t
Le

ft
Ri

gh
t

Le
ft

Ri
gh

t
Le

ft
Ri

gh
t

Le
ft

Ri
gh

t

Im
pe

ria
l V

al
ly

0
13

.4
11

.5
33

49
32

34
14

04
4

10
68

6
14

04
4

10
68

6
11

44
6

10
68

6
9.

46
13

59
8.

65
10

.0
0

1
7.

9
7.

3
20

54
23

85
90

10
87

24
51

53
45

67
80

30
80

89
10

.9
5

14
49

5.
62

8.
59

2
6.

9
7.

7
23

47
23

99
76

75
80

35
76

75
50

81
75

71
69

79
7.

40
12

35
4.

67
8.

15

3
5.

9
7.

6
23

65
20

96
85

81
96

81
65

89
72

05
86

35
76

98
8.

45
12

89
6.

11
8.

48

Sa
n 

Fe
rn

an
do

0
5.

2
3.

9
21

65
22

32
81

24
84

07
69

48
55

53
78

62
68

41
5.

87
11

44
5.

56
7.

88

1
2.

8
2.

8
15

80
15

39
50

81
65

08
37

70
39

37
66

22
58

87
3.

81
10

20
5.

27
6.

20

2
3.

2
3.

7
19

12
25

13
74

61
87

21
54

84
57

78
78

56
69

25
3.

70
10

18
6.

28
6.

26

3
2.

1
1.

9
21

25
19

20
61

22
61

89
43

26
37

54
35

73
85

88
3.

79
10

18
4.

03
3.

82

Lo
m

a 
Pr

ie
ta

0
9.

4
8.

1
30

37
23

55
10

56
0

12
82

0
56

94
48

46
63

19
83

54
5.

90
11

42
7.

60
4.

16

1
7.

1
5.

5
19

11
10

48
48

24
57

74
21

48
22

10
30

50
38

63
6.

47
11

80
3.

81
2.

63

2
3.

4
4.

5
20

02
22

04
82

60
82

95
55

66
41

54
95

39
64

98
4.

53
10

51
6.

31
3.

00

3
4.

9
5.

2
18

40
16

44
90

78
76

74
51

19
55

38
42

31
64

63
3.

98
10

01
4.

40
2.

41

Ta
ba

s
0

7.
5

6.
9

25
85

25
31

94
53

89
61

43
28

42
56

97
04

94
20

5.
33

11
11

6.
95

2.
00

1
5.

0
4.

8
10

75
12

64
54

12
54

16
31

98
25

79
52

24
37

73
4.

20
10

41
3.

57
1.

44

2
5.

0
3.

4
24

02
22

96
84

67
63

48
47

47
41

61
10

80
53

63
6.

20
11

63
7.

24
1.

72

3
6.

5
5.

2
16

93
16

75
93

90
59

85
49

58
34

47
62

45
52

56
5.

69
11

32
4.

90
1.

63

Ba
m

0
2.

2
2.

6
76

7
77

9
34

56
28

94
23

16
12

38
19

51
24

89
0.

74
42

6
2.

61
0.

84

1
1.

3
1.

7
26

6
37

4
15

04
12

34
84

1
88

7
59

0
55

2
0.

83
47

4
1.

04
0.

31

2
1.

2
1.

8
26

8
35

6
21

10
12

94
89

4
92

3
96

5
89

4
0.

90
46

1
1.

12
0.

42

3
1.

2
1.

7
29

9
34

3
25

30
13

59
92

5
81

9
10

74
13

10
0.

98
50

7
1.

49
0.

51

A
ve

ra
ge

 V
al

ue
s

0
7.

5
6.

6
23

80
22

26
91

27
87

54
66

66
53

16
74

56
75

58
5.

46
10

36
6.

27
4.

98

1
4.

8
4.

4
13

77
13

22
51

66
55

31
30

22
28

36
47

03
44

33
5.

25
10

33
3.

86
3.

83

2
3.

9
4.

2
17

86
19

54
67

95
65

39
48

73
40

19
54

02
53

32
4.

55
98

6
5.

13
3.

91

3
4.

1
4.

3
16

64
15

36
71

40
61

78
43

83
41

53
47

52
58

63
4.

58
98

9
4.

19
3.

37



Page 15 of 21Seleemah et al. Journal of Engineering and Applied Science           (2022) 69:70 	

synchronous excitations, and the general trend of the cable forces is to decrease with 
the delay time with some fluctuations.

Figure 18 shows the maximum deflection at mid span of the bridge. The figure also 
shows the average values under different excitations. It is obvious that the deflections 
generally decrease with the increase in the delay time with no specific trend.

Figure  19 shows the lateral force displacement loops for a selected base isolator 
located at the left pier and the corresponding one located at the right pier. For syn-
chronous excitation, the behavior of the two isolators is nearly identical. However, 
for non-synchronous excitation, the behavior of the two isolators is quite different. 
Enlarged force displacement loops may take place at the left isolators or at the right 

Fig. 9  Base shear/weight for different earthquakes

Fig. 10  Maximum shear force at tower bottom under different earthquakes

Fig. 11  Average shear force at tower bottom
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ones depending on the earthquake excitation delay time. In all cases, considerable 
energy is favorably dissipated in the isolators.

Results presented in Figs. 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 and in Table 6 
suggest that when the effect of the time delay of ground motions is considered, the 
supports of such long span bridge will motion in different phases, which consequently 
result in the cancellation of inertia forces, and hence, the reduction of the overall 
bridge response. Such results are in agreement with the results in the studies carried 
out by Sextos et al. [35], Mylonakis et al. [54], and Zang et al. [55]. This is attributed 
to the flexibility of the bridge structural system and/or existence of seismic isolation 

Fig. 12  Maximum tower top displacement under different earthquakes

Fig. 13  Average tower top displacement

Fig. 14  Time history of displacement of LHS-tower top point under Tabas earthquake



Page 17 of 21Seleemah et al. Journal of Engineering and Applied Science           (2022) 69:70 	

Fig. 15  Maximum force in cables under different earthquakes

Fig. 16  Average force in cables

Fig. 17  Time history of forces in cables
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in these studies. On the other hand, the current results are in contradiction with the 
results of Leger et al. [56] and Bayrak [57]. The main reason might be attributed to the 
rigid attachment of the relatively stiff columns to the girder in these studies. Conse-
quently, it can be concluded that the flexibility of the overall bridge (provided by the 

Fig. 18  Maximum deflection at mid span

Fig. 19  Force-displacement loop of base isolator under Imperial Valley earthquake
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flexibility of the bridge structural system itself and/or by existence of seismic isola-
tion) might have a favorable effect in case of non-synchronous earthquake ground 
motion excitations.

Conclusions
From the results of the current study, the following conclusions can be drawn:

1.	 Spatial variability of earthquake ground motion has, in general, a favorable effect 
on most of the studied bridge response parameters. For example, while the average 
base shear over weight ratio was 4.98% in case of synchronous excitations, it reached 
3.83%, 3.91%, and 3.37% for delay times of 1, 2, and 3 s, respectively. Moreover, the 
general trend of the tower displacement was to decrease with the increase of the 
delay time. Reductions in the displacements ranged between 30 and 45% in case of 
non-synchronous excitations compared to synchronous excitations.

2.	 This favorable behavior can be attributed to the fact that when the earthquake hits all 
supports simultaneously, the peak seismic inertia forces affect the whole bridge lead-
ing to high response values. On the other hand, when the effect of the time delay of 
ground motions is considered, the supports of such long span bridge will motion in 
different phases, resulting in the cancellation of inertia forces and hence, the reduc-
tion of the overall bridge responses.

3.	 The existence of seismic isolators accommodates the different displacements at the 
bridge supports due to non-synchronous excitations. This might not be the case if 
the bridge is rigidly attached to its supporting system. In the latter case, non-syn-
chronous excitations may cause an increase of the forces acting on the bridge.

4.	 The flexibility of the overall bridge (provided by the flexibility of the bridge structural 
system and/or by existence of seismic isolation) might have a favorable effect in case 
of non-synchronous earthquake ground motion excitations.

5.	 It should be mentioned that the above conclusions are limited to this specific bridge 
and similar ones. But they cannot be generalized to bridges having other configura-
tions. It might be stated that the effect of non-synchronous earthquake excitations on 
the response of abridge is complex and depends on the soil condition, the characteris-
tics of the earthquake excitations, and the specific structural system of the bridge.
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