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Abstract: 
 

The incidence angle of seismic waves affects the maximum response of bridges. Furthermore, 
long-span structures experience different seismic excitations at supports because of the spatial 

variability of ground motions. Moreover, for curved bridges, because of the irregular shape and 

the interaction between bending and torsion, the maximum response of the structure would be 

correlated to the input angle of the earthquake. In this study, the dynamic response of a long-

span reinforced concrete curved bridge under asynchronous input motions for different 

inclinations of seismic incidence was investigated. For the numerical study, a curved plan 

bridge from the Caltrans bridges portfolio is selected and analyzed for various load and soil 

scenarios. The correlated arrays are generated by the method described in the paper and 

implemented to investigate the bridge. From the outcomes, the directionality effect of ground 

motions is evident that the responses change corresponding to the input angle of the seismic 

wave. For the case of multiple support excitations, the maximum response is different from the 
uniform load pattern. Finally, to find the most unfavorable input angles, an incremental 

dynamic analysis was performed. The results showed that the maximum response for each 

column occurs for different angles of earthquake incidence. The results showed that the 

responses of the structure increased under some angles of incidence. Additionally, responses 

from multiple-support were more varied in comparison with uniform excitations under different 

input angles, and in some cases larger than the responses caused by uniform excitations.

D 

1. Introduction 

A large number of devastating earthquakes have occurred 

since the 1970s and have destroyed a large number of 

bridges in the world. But it was after the San Fernando 

earthquake that many researchers severely focused on the 

seismic response of long-span bridges under the earthquake 

excitations. The length of the structure caused the seismic 

responses to be different from the same result obtained from 

ordinary bridges. One of the most important parameters 

which affect the seismic response of the mentioned 

structures is the input angle of the designated earthquake. 

There are few papers that take into account the issue of the 

influence of the input angle of the seismic wave on the 

maximum response of bridges.  
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Researchers over the past decades have studied the seismic 

behavior of long-span bridges under the excitations of 

ground movements. The main subject of the 

experimentations was to investigate the response of the 

studied bridge structures to seismic waves based on the type 

of structure and their orientation to the input seismic wave. 
Based on the mentioned papers and technical reports it is 

clear that none of these researchers considered the effects of 

spatial variations of seismic waves  [1,2,3,4,5,6,7,8,9]. It is 

evident that all of them used deterministic approaches with 

the assumption of uniform excitation, and the issue of non-

uniform excitation was almost neglected.  

Recently, Wang et al. (2017) evaluated the directionality 

effect of ground motion on the responses of skewed bridges 

retrofitted with buckling restrained braces. They examined 

the structure for different angles of incidence, and the results 

showed that the seismic behavior of skewed bridges could 

be significantly different from that of straight bridges [10]. 

Roy et al. (2017) introduced a new damage index for 

evaluating the vulnerability of the studied bridges. They 

excited the structures under bi-directional seismic waves 
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and, the corresponding results verified with the 30% rule. 

However, they neglected the spatial variations of the ground 

motions [11]. Soleimani et al. (2017) studied the responses 

of three various RC bridges to the seismic waves. They 

defined some uncertainties like skewness, unbalanced 

stiffness, and the height of columns to evaluate the seismic 

demand of the analyzed structures. The outcomes revealed 

that the parameters such as the intensity of seismic waves, 

columns radius, span length, and the compressive strength 

of concrete strongly affect the responses of the bridges. 

Nevertheless, the issue of non-uniform excitations was 

neglected [12]. Noori et al. (2017) investigated the effect of 

seismic input angles on the response of a curved bridge, 

including soil-structure interactions. They found that the 

maximum response of the bridge occurs for input angles 

between 30 to 50 degrees. Also, the results revealed that the 

SSI effects induce the responses. Even so, the effects of 

spatially varying ground motions were not considered [13]. 

In another study accomplished by Soltanieh et al. (2019), the 

effects of directionality of seismic waves on the responses 

of irregular bridges were explored. They modeled a five-

span highway bridge, and the effect of soil-structure 

interactions were also considered. The results showed that 

the irrigularity, seismic incident, and the foundation 

condition are independent parameters that affected the 

fragility of the bridges. Meanwhile, the study did not 

considere the effect of the non-uniform excitations [14]. 

Wang et al. (2020) investigated the effects of directionality 

of seismic waves on the fragility of a skewed reinforced 

concrete bridge. They found that the responses of the bridge 

are not sensitive to the directionality of the input wave, and 

the maximum responses can be evaluated by the responses 

in longitudianl and transverse directions [15]. Feng et al. 

(2020) developed a method to evaluate the maximum 

response of a curved bridge for the different seismic 

incidents. To verify the results, an experimental sample 

bridge was utilized, and the outcomes indicated that the 

method has acceptable accuracy in evaluating the input 

seismic angles [16]. Ramos-Sepulveda and Cabas, (2021) 

investigated the effect of site condition on the directionality 

of ground motions and the corresponding effects on the 

seismic response of structures. They found that the site 

condition affects the directionality of input seismic waves 

[17]. Although recent studies have addressed the effect of 

seismic wave orientation, none of them have addressed the 

seismic wave spatial variability. In this research, the 

directionality of spatially variable seismic ground motions 

on the seismic response of a long-span bridge is investigated. 

Based on previous studies, it is found that the traveling 

ground motions are a function of time and space. Normally 

to analyze a structure under seismic waves, it is common that 

the variations in time are considered but spatial variations 

are ignored. Therefore, in this method, it is assumed that the 

structure is oscillating simultaneously and under the same 

acceleration at the whole length. In practice, however, this 

view is not correct for large-scale structures such as long-

span bridges, as such structures experience different 

accelerations along the supports. It is also generally 

recognized that in multiple-support systems, such as bridges 

and dams, each support might be excited differently than the 

others due to the distance between supports and the 

differences in geologic and topographic features at their 

locations. For a seismic wave, the variation in velocity, 

refraction, and reflection, and soil profile changes cause 

asynchronous excitations for long structures such as bridges. 

Three components are generally defined to express the 

spatial variations of ground motion: (i) the velocity 

difference between traveling ground motions that is defined 

as wave passage, (ii) the variation in the frequency content 

caused due to refraction and reflection of ground motion 

during the crossing of soil beneath supports, which is 

defined as an incoherence parameter, (iii) and the variation 

of soil profile which is introduced as local site conditions. 

The results of some research have shown that the effect of 

spatial variation of ground motions on structures can be very 

destructive [18]. Based on the technical papers, two methods 

are developed for simulating the correlated ground motions, 

in which, both the defined power spectral density function 

and a coherency model are necessary to generate simulated 

time series. If the generated ground motions conditioned to 

a real array, the method is named conditional simulation 

method [19,20,21,22]. In this study, a method introduced 

and developed by Der Keuringihan and Konakli (2011) that 

considers all three spatially varying ground motions 

(SVGMs) parameters are used to generate correlated ground 

motions [22]. Then to explore the effect of the angle of 

seismic incidence of SVGMs, a prototype Caltrans curved 

plan bridge is selected and modeled in the OpenSEES 

platform. The simulated records were used to analyze the 

bridge in different input angles, and the results were 

compared and discussed.  

 

2. Simulation of Correlated Ground Motions 

Series of zero‐mean and jointly stationary Gaussian 

acceleration processes are assumed at n sites on the ground 

described by auto‐PSDs 𝐺𝑘𝑘(𝜔), k=1, 2,…, n, and cross‐
PSDs 𝐺𝑘𝑙(𝜔), k, l=1, 2,…, n, k ≠ l. For each process, N is 
the number of discrete observations sampled at equal time 

intervals Δt. We denote the corresponding time instants as 

𝑡𝑖  =  𝑖𝛥𝑡, i=0… N−1. The Fourier representation of such 

series is defined in [20]: 

 

𝑎𝑘(𝑡𝑖) = 𝐴0𝑘 + ∑[𝐴𝑝𝑘 ∗ 𝑐𝑜𝑠(𝜔𝑝𝑡𝑖) + 𝐵𝑝𝑘 ∗ 𝑠𝑖𝑛(𝜔𝑝𝑡𝑖)]

𝑁
2

−1

𝑝=1

+ (−1)𝑖 ∗ 𝐴
(

𝑁
2

)𝑘
   𝑘

= 1,2, … , 𝑛                               (1) 
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Where N, introduces the number of separated observations 

specimens at equal time intervals 𝛥𝑡, 𝜔𝑝 =
2𝜋𝑝

𝑁∆𝑡
 and 

{𝐴𝑝𝑘 , 𝐵𝑝𝑘} are the Fourier coefficients. The Fourier 

coefficients are zero‐mean, jointly Gaussian random 
variables that are uncorrelated for different frequencies, that 

is, 𝐸 [𝐴𝑝𝑘𝐴𝑞𝑘]  = 𝐸 [𝐵𝑝𝑘𝐵𝑞𝑘]  = 𝐸 [𝐴𝑝𝑘𝐵𝑞𝑘]  =  0 for p ≠ 

q. At frequency 𝜔𝑝, the following relations hold, 

 

𝐸[𝐴𝑝𝑘𝐴𝑝𝑙] = 𝐸[𝐵𝑝𝑘𝐵𝑝𝑙]

= {
𝐺𝑘𝑘(𝜔𝑝)∆𝜔,                     𝑖𝑓 𝑘 = 𝑙

𝑅𝑒[𝐺𝑘𝑙(𝜔𝑝)]∆𝜔,             𝑖𝑓 𝑘 ≠ 𝑙
 

 

                                                                                  (2)                                                                                                                                              

𝐸[𝐴𝑝𝑘𝐵𝑝𝑙] = −𝐸[𝐵𝑝𝑘𝐴𝑝𝑙]

= {
0                                      𝑖𝑓 𝑘 = 𝑙

−𝐼𝑚[𝐺𝑘𝑙(𝜔𝑝)]∆𝜔,     𝑖𝑓 𝑘 ≠ 𝑙
 

 

Thus, for a defined auto‐PSDs and cross‐PSDs, it is possible 

to give all the variances/covariances of Fourier coefficients. 

The cross‐PSD between the arrays at sites k and l is defined 

by the corresponding auto‐PSDs through the relation: 

 

𝐺𝑘𝑙(𝜔) = 𝛾𝑘𝑙(𝜔) ∗ |𝐺𝑘𝑘𝐺𝑙𝑙(𝜔)|0.5                                    (3)   

 

In which 𝛾𝑘𝑙(𝜔) is the coherency function and characterizes 

the SVGMs in the frequency domain. 

 
Considering SVGMs studies, there are three significant 

phenomena that cause the spatial variation of ground motion 

[18]: the wave passage effects, the incoherence effects, and 

the local site effects. Two approaches were introduced to 

simulate the correlated earthquake ground motions, 

unconditioned and conditioned models. In both methods, a 

coherency model that describes the spatial variability of 

ground motion random field in the frequency domain, a seed 

of accelerogram at a specific location, and the Frequency 

Response Function of soil column beneath the foundations 

is necessary. In this study, the conditional simulation method 
and the Northridge earthquake acceleration time history are 

used to generate the correlated ground motions at all 

supports. The coherency for two supports at stations k and l 

are represented as below [20]: 

 

𝛾𝑘𝑙(𝜔) = |𝛾𝑘𝑙(𝜔)| ∗ 𝑒𝑥𝑝{𝑖 ∗ [𝜃𝑘𝑙
𝑤𝑝

(𝜔) + 𝜃𝑘𝑙
𝑠𝑟(𝜔)]}         (4) 

 

In which |𝛾𝑘𝑙(𝜔)| is the incoherence effect, 𝜃𝑘𝑙
𝑤𝑝

(𝜔) is 

introduced as wave passage and the site effects are defined 

as, 𝜃𝑘𝑙
𝑠𝑟(𝜔).  

 

Luco and Wang (1986), introduced an incoherence function 

that is used by many researchers [23]: 

 

|𝛾(𝜀, 𝜔)| = 𝑒𝑥𝑝 [− (
𝛼𝑑𝑘𝑙𝜔

𝑣𝑠
)

2
]                                  (5)                                                                      

 

where 𝑑𝑘𝑙 is the interval among stations k and l, 𝑣𝑠 describes 

the average shear wave velocity, and 𝛼 is the incoherence 

which can be found from data presented in [24] and [25]. 

The phase angle due to wave passage has been introduced as 

[23]: 

𝜃𝑘𝑙
𝑤𝑝(𝜔) = −

𝜔𝑑𝑘𝑙
𝐿

𝑣𝑎𝑝𝑝
                                                             (6)                                                                                  

 

In which 𝑣𝑎𝑝𝑝 is defined as surface apparent wave velocity 

and, 𝑑𝑘𝑙
𝐿 , is the  horizontal interval between stations k and l. 

In the current study, the bridge is situated on the 6 supports. 

The distances between each support defines the 

corresponding 𝑑𝑘𝑙
𝐿 . In other words, for the bridge, 38.6, 

45.7,45.7, 45.7 and 38.6 are the horizontal intervals between 

stations. The phase angle due to the site‐response effect is 

defined as [25]: 

 

𝜃𝑘𝑙
𝑠𝑟 = 𝑡𝑎𝑛−1 𝐼𝑚|𝐻𝑘(𝜔)𝐻𝑙(−𝜔)|

𝑅𝑒|𝐻𝑘(𝜔)𝐻𝑙(−𝜔)|
                                            (7)                                                                       

 

In which 𝐻𝑘(𝜔) is the frequency response function (FRF). 

 

Therefore, despite the non-stationary specifications of 

seismic ground motions, it is necessary to consider them 

stationary for simulation. So, the array is divided into some 

segments that are nearly stationary. Then, the simulation 

process is performed for each component, and the final array 

is made by assembling the simulated parts. Two methods are 

defined by Vanmarke and Fenton for simulation of a seismic 

wave [19]. The first method uses a general PSD (like white 

noise) to generate the random processes, named as the 
unconditional method, and the second one implements a 

known realization (a defined seismic record) to produce the 

random arrays called conditional simulation method. To 

better understand the simulation process of seismic ground 

motions, reference number 22 is recommended. 

 

3. Numerical Study 

For numerical study, a reinforced concrete bridge from the 

Caltrans bridge portfolio was selected and modeled by the 

OpenSEES platform. The bridge’s characteristics were taken 

from a PEER Center prototype bridge portfolio that 

introduced different deck and bent solutions defined for 

California [26]. The schematic of the selected bridge is 

illustrated in Figure 2. The bridge is curved in plan and has 
a radius of 304.8 meters. The features of the deck shown in 

Table1, and Table 2 present the mechanical properties of the 

concrete and steel materials. Tables 3 and 4 represent the 

characteristics of columns and abutments. The elastic beam 

element is used to model the bridge deck and is assumed to 

remain uncracked. This assumption is correct due to the high 

stiffness of the deck elements. The deck is divided into 150 

segments to provide a better approximation. The force-based 

fiber-section beam-column element was implemented to 

simulate the behavior of the columns [27]. The connection 

between columns and the deck is made by rigid links. To 

model the abutments, non-linear zero Length elements were 
used (Table 4) and the shear wave velocity was obtained 

from PEER (Table 5). The accuracy of the bridge finite 

element model was verified by the results of Tondini and 



   

  A. Hosseinnezhad and A. Gholizad                                                Numerical Methods in Civil Engineering, 6-3 (2022) 64-77 

67 

 

Stojadinovic [28] and Amjadian and Agrawal [29]. The 

results of the current study by the mentioned papers are 

compared and shown in Table 6. 

 

Table 1. The properties of the deck 

Area A 6.0 𝐦𝟐 

Compressive 

Strength 
fc.deck

′  35.0 N/mm^2 

Elasticity Modulus E 27597 N/mm^2 

Shear Modulus G 11500 N/mm^2 

Moment of Inertia 

About y-Axis 
Iz 2.80 m4 

Moment of Inertia 
About z-Axis 

Iy 54.0  m4 

Torsional Moment  Jt 6.0 m4 

Prestress Force FP 31140 KN 

 

Table 2. The characteristics of the used materials 

Confined Concrete 

Compressive strength fcc
′  47.0 N/mm^2 

Strain at 𝐟𝐜𝐜
′  εcc 0.0089 

Crushing strength fcu 39.0 N/mm^2 

Crushing strain εcu 0.0365 

Elasticity modulus Ec 24692 N/mm^2 

Tensile strength ft 2.8 N/mm^2 

Unconfined Concrete 

Compressive strength fco
′  28.0  N/mm^2 

Strain at 𝐟𝐜𝐨
′  εpsco 0.002 

Crushing strength fpcu 0.0 N/mm^2 

Sapling strain εsp 0.005 

Steel   

Yield Force fye 471 N/mm^2 

Elasticity Es 200000 N/mm^2 

 

In the vertical and transverse, the stiffness of the soil is 

computed and assigned to elastic zero Length elastic 

elements. The column’s bottom ends are fixed. The average 
shear wave velocity was obtained from the PEER report, 

which is illustrated in Table 5 [32].  

In this study, it is assumed that the wave propagates at 

various angles. So the finite element model of the structure 
is defined as rotate by a pre-defined angle (Figure 2).  

To explore the critical angle, the bridge was subjected to 20 

series of simulated arrays, and for each series, the angle 
varied from 0.0 to 90 degrees. The apparent wave velocity 

is defined based on a method developed by Kenzo and 

Yanabu.  

To consider the local site effects, in the current study, based 

on the information in Table 5, it is assumed that the soil 

condition at simulation points 1 and 6 is type C, at 

simulation points 2, and 5, is type D, at simulation points 3, 

and 4 is type E. To generate the correlated ground motions, 

the Northridge earthquake record is selected and the 

required time series developed by using the conditional 

simulation method. Considering Figure 2, there are six 

simulation points, in which the first one is situated at the 

first abutment and the other points at the locations of 

columns 1, 2, 3, 4, and end abutment.  

The incoherence parameter was introduced by many 

researchers. In this study, the amounts of 0.2 and 0.4 were 

considered weak, and strong incoherence, respectively [22].  

The materials Concrete01, Concrete02 and Steel02, were 

used for unconfined, confined concrete and rebar, 

respectively. The specifications of used materials are 

illustrated in Tables 2 and 3.  

In Table 4, the back wall and wing wall are reinforced 

concrete walls connected to the abutments. The back walls 

are situated in the direction perpendicular to the longitudinal 

axis of the bridge, and the wing walls are situated parallel to 

the longitudinal axis of the bridge. 

 

Table 3. Mechanical properties of columns 

Yield curvature 𝛗𝐲 (
𝐫𝐚𝐝

𝐦
) 0.0039

76 

Yield moment 𝐌𝐲 (𝐤𝐍𝐦) 6650 

Plastic moment 𝐌𝐩 (𝐤𝐍𝐦) 8985 

Nominal shear strength 𝐕𝐧 (𝐤𝐍) 6278 

𝐌𝐩 𝐕𝐧⁄ 𝐝 1.17 

Shear span to depth ratio longitudinal 

𝐇𝐜𝐨𝐥 𝟐𝐝⁄  

2.75 

 

Table 4. Characteristics of Abutments [30-31] 

Back wall with 8.0 m 

Wing wall with 4.0 m 

𝐊𝐚𝐛𝐭 𝐥𝐨𝐧𝐠 101811 kN/m 

𝐏𝐛𝐰  𝐥𝐨𝐧𝐠 3860 kN 

𝐊𝐚𝐛𝐭 𝐭𝐫𝐚𝐧𝐬 243753 kN/m 

𝐏𝐛𝐰  𝐭𝐫𝐚𝐧𝐬 1656 kN 

𝛒 1760 kg m3⁄  

𝐯𝐬 150 m s⁄  

𝐄𝐬𝐨𝐢𝐥 110972 MPa 

 

Table 5: Average Shear wave velocity [32] 

Site Class Soil Profile Name 𝐕𝐬𝟑𝟎 

A Hard Rock >1500 m/s 

B Rock 760 to 1500 m/s 
C Very Dense Soil and 

Soft Rock 

360 to 760 m/s 

D Stiff Soil 180 to 360 m/s 

E Soft Soil <180 m/s 

 

3.1 Simulated Ground Motions 

Based on a paper by Konakli and Der Keurighian, a Matlab 

code was developed and correlated arrays considering 

wave-passage, incoherence, and local site effects were 

generated [22]. Figures 3(a) and 3(b) illustrate the 

acceleration response spectrum and simulated time series, 
respectively. From Figure 3(a), at the first simulation point, 

the acceleration response spectrum of simulated arrays 

wholly fitted the original record.
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Fig. 1. Plan and view (a), deck section (b) and column section (c) of the bridge [29] 

 
Fig. 2. Schematic representation of the bridge 

 

However, the soil conditions for simulation points 1 and 6 

are assumed to be the same, and the effects of SVGMs 

have led to two different records. The simulation process 

of spatially correlated ground motions has been 

completely presented by Konakli and Der Keurighian 

[20]. It is recommended that readers refer to the paper for 

a detailed study. 

3.2 Dynamic characteristics of the bridge 

Table 6 shows the natural periods and frequencies of the 

bridge for the first 4 modes. The first transverse mode is 

the predominant mode of the bridge Tondini-Stojadinovic, 

and Amjadian-Agrawal. Figures 4, (a), (b), and (c) 

illustrate the first three mode shapes. 
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(a) 

 
(b) 

 

Fig. 3.  (a) Acceleration response spectrum considering wave-
passage, incoherency and local site effect, (b) Simulated time 

series 

 

Table 6. Natural period and frequency of the structure for the 
first 4 modes 

 Period (second) Frequency (rad/sec) 

No. of 
modes 
 

Current 
study 

Tondini and 
Stojadinovic 

Current 
study 

Tondini and 
Stojadinovic 

Mode 1 1.956  1.967 3.19 3.21  

Mode 2 1.948  1.953 3.20 3.22  

Mode 3 0.802  0.83 7.72 7.83  

 

 
(a) The first mode shape 

 

 
(b) The second mode shape 

 

 
(c) The third mode shape 

 

Fig. 4. The explanation of (a), (b), and (c) are separately 
presented 

 

3.3 Analysis and Discussions 

To survey the directionality effect of the SVGMs on the 

dynamic response of the bridge, time history analysis was 

performed for various angles of incidence, and some 

significant responses were selected and discussed. 

3.3.1 Axial Force 

Figures 5 (a), (b), (c), and (d) show the variation of 

column's maximum axial force under uniform (U) and non-

uniform (NU) excitations and for different incidence 

angles. It is evident that the responses of the bridge are 

different for uniform and non-uniform excitations, while 
for several cases, the responses due to SVGMs excitations 

are more than uniform. The maximum response occurred 

for column 3 under non-uniform excitation. Interestingly, 

the first column responses caused by uniform excitation 

are predominant in all input angles, while for columns 2, 

and 3 that are situated on the soft soils, the responses from 

SVGMs excitations are exceed the results from uniform 

excitations. Moreover, it is evident that for column 2, the 

maximum response was recorded at an input angle of 0.0 

and for column 3 at 90 degrees, which is logical because 

of the symmetric and curved shape of the bridge plan. 

Regarding the wave propagation way from simulation 
point 1 to 6, the effects of SVGMs on the response of the 

bridge is noticeable. Also, it is not possible to indicate a 

critical incidence angle for all columns.  
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 5 : Normalized Axial Force vs. Angle of incidence under 

uniform (U) and non-uniform (NU) excitations 

 

3.3.2 Moments 

Figures 6 (a) to (h) illustrate the maximum moment 

response of columns under uniform (U) and non-uniform 

(NU) excitations for various seismic angles of incidence in 

longitudinal and transverse directions. From the results, it 

is clear that the response of the bridge is affected by the 

angle of incidence. For the longitudinal direction, the 

moment responses caused by uniform excitation are 

exceed the responses caused by non-uniform excitations. 

But in the transverse direction, and column 4, the 

maximum moment response occurred due to non-uniform 
excitation. From the results, in the longitudinal direction, 

the maximum responses occurred at 60 degrees while the 

same results in the transverse order occurred at 30 degrees.  

 

 
(a) 

 

 
(b) 

 

 
(c) 
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(d) 

 

 
(e) 

 

 
(f) 

 

 
(g) 

 
(h) 
 

Fig. 6 : Normalized Moment vs. Angle of incidence under 
uniform (U) and non-uniform (NU) excitations in longitudinal 

and transverse directions 
 

3.3.3 Drift 

Figures 7 (a) and (b) illustrate the variety of column drift 

ratios and drift response ratio under uniform (U) and non-

uniform (N) excitations, respectively, for different angles 

in the transverse direction. The drift response ratio is 

defined as: 

𝑑𝑟𝑖𝑓𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑐𝑢𝑢𝑟𝑟𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒: 𝜃

𝑑𝑟𝑖𝑓𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑐𝑢𝑢𝑟𝑟𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒: 0
 

The drift ratio of the columns is one of the most 
representative responses to explore the effects of SVGMs. 

From Figure 7(a), the total manner of drift responses 

corresponding to the variations of input angle are almost 

the same. It is interesting, that the maximum drift ratio 

occurred for column 4, and the corresponding angle is 15 

degrees. However, in Figure 7(b), the maximum drift 

response ratio was recorded for column 3 due to non-

uniform excitations. Regarding Figure 7 (b), it is evident 

that column 3 is more sensitive to the variation of the 

seismic angle of incidence in comparison with other 

columns. It is reasonable because the column was assumed 
to be situated on the soft soil, and the soil structure 

interaction increased the responses. But the acute member 

is column 4 and it is clear that the drift response increased 

due to SVGMs. The corresponding critical angles are 15 

and 60 degrees. 
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(b) 

Fig. 7. (a): Drift ratio vs. Angle of incidence, (b): Drift response 
ratio vs. Angle of incidence 

 

3.3.4 Base Shear 

Figures 8 (a) and (b) depict the variation of base shear for 

different angles of incidence under uniform and non-

uniform excitations in longitudinal and transverse 

directions. The variations of base shear for uniform and 

non-uniform excitations almost show the same trend. For 
longitudinal direction angle of incidence of 15 degrees and 

the transverse direction of 60 degrees indicate the 

maximum responses. The peak response occurred under 

non-uniform excitations. Figures 8 (c), (d), (e), and (f) 

show the sensitivity of columns to variation of input 

angles. The response ratios are calculated as the ratio of the 

response of the columns under the various angles of 

incidence to the zero angles. From Figure 8 (c), it is clear 

that column 1 is excited more than the other columns due 

to non-uniform excitations.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Fig. 8 : (a) and (b): Base shear vs. Angle of incidence; (c), (d), 
(e) and (f) Base shear response ratio vs. Angle of incidence for 
Longitudinal (L) and Transverse (T) directions under uniform 

(U) and non-uniform (N) excitations. 
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3.3.5 IDA analysis 

Some papers focused on the issue of the critical seismic 

angle of incidence, but almost all of them are limited to 

simple structures with a low degree of freedom. By 

increasing the degree of freedom especially for structures 

like the studied bridge, a simple applicable and 

straightforward method is necessary. So, in this section, an 

incremental dynamic analysis for various angles of 

incidence was performed to survey the non-linear behavior 

of the columns and to find the critical input angle under 

uniform and non-uniform excitations. The performance 
levels corresponding to damage states and drift limits are 

considered as presented in Table 7 [33,34,35]. The bridge 

was analyzed for original, and simulated records for 

different PGA levels and the relative drift ratios of the 

columns monitored. The drift ratio of less than 0.2% is 

considered as no damage state or immediate occupancy. 

The drift ratio of more than 0.2% and less than 0.5% is 

defined as repairable or damage control. The life-safe 

condition or damage state is considered for drift ratio of 

more than 0.5% and less than 1.5%. The drift ratio of more 

than 1.5% and less than 2.5% describes severe damage.  

Table 7. Performance levels corresponding damage states and 
drift limits [34] 

Performance level 
Damage 

state 
Drift 

Fully operational, Immediate 

occupancy 
No damage <0.2% 

Operational, Damage control, 

Moderate 
Repairable <0.5% 

Life safe-Damage state Irreparable <1.5% 

Near collapse, Limited safety Severe <2.5% 

Collapse  >2.5% 

 

Figures 9 (a), to (h), illustrate the IDA curves of the bridge 

piers under uniform (U), and non-uniform (N), movements 

for different seismic angles of incidence. From Figures (a 

- f) it is clear that the predominant load pattern for columns 

1, 2, and 3 is uniform excitation and life safety 

performance level occurred at PGA about (0.6-0.65)g. For 

column 4, the life safety performance level occurred under 
non-uniform excitation, and for PGA level, about 0.55g. 

Also, from the results, the life safety performance level for 

each column occurred at a different seismic incidence 

angle. For example, the critical seismic incidence angle for 

column 4, for uniform and non-uniform excitations is 60 

and 15 degrees, respectively. The total trend represents that 

by increasing the distances from the first simulation point 

and subsequently enhancing the SVGMs effects decreased 

the required PGA level to a specific performance level. It 

means that the reliability of the bridge was reduced under 

non-uniform excitations.  

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
(e) 
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(f) 

 

 
(g) 

 

 
(h) 

 
Fig. 9 : (a) to (b): IDA curves for columns under uniform (U) 

and non-uniform (N) excitations in longitudinal (L) and 
transverse (T) directions for different angles of incidence 

3.3.6 Fragility Curves 

In this section, based on the results of IDA analysis, the 

corresponding fragility curves are developed and 

illustrated in Figure 10. The graphs represent damage 

exceedance probability for different PGA levels. The life 

safety (L.S.) performance level is considered to evaluate 

the fragility of the studied bridge under spatially varying 

ground motions for various seismic incident angles. From 

the result, it is clear that the critical input angle is not the 

same for different columns. This result attributed to the 

irregular shape of the bridge deck. Regarding Figures 10 
(a) to (h), recognizing that the critical seismic input angle 

is related to the PGA level, for a low PGA level, the 

maximum responses occurred in the longitude direction. 

By increasing the PGA level, the transverse direction 

responses increased remarkably.  

 
(a) Column 1 (Uniform-L.S.) 

 
(b) Column 1 (Non-Uniform-L.S.) 

 
(c) Column 2 (Uniform-L.S.) 

 
(d) Column 2 (Non-Uniform-L.S.) 
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(e) Column 3 (Uniform-L.S.) 

 

 
(f) Column 3 (Non-Uniform-L.S.) 

 

 
(g) Column 4 (Uniform-L.S) 

 

 
(h) Column 4 (Non-Uniform-L.S.) 

 

Fig. 10 : Fragility curves for uniform and non-uniform 
excitations under different seismic input angles. DEP: damage 

exceedance probability- L.S. : life safety 

The damage exceedance probability for the first and 

second simulation point under uniform excitations is 

predominant, but results from the third and fourth 

simulation point indicate that by increasing the distance 

from the first simulation point, the effects of SVGMs 
components caused the damage exceedance probability 

under non-uniform excitations to be predominant. Based 

on the results, the critical incident angle under uniform and 

non-uniform excitations for columns 1 and 4 occur at 30 

degrees, while the same results for columns 2 and 3 are 

different. The critical seismic input angle for two middle 

columns occurs at 90 degrees under non-uniform 

excitations. The vital point extracted from Figures 10 (d) 

and (f) where the damage exceedance probability under 

non-uniform excitations increased remarkably compared 

to the same results from uniform excitations. It means that 

for columns situated on soft soils, the SVGMs components 
enormously enhance the responses. Totally, from the 

results, the maximum responses for the studied bridge 

were recorded at 30 degrees in longitude and 90 degrees in 

transverse directions.  

 

4. Conclusion 

In this paper, a non-uniform and uniform time history 

analysis of a curved bridge under various seismic 

incidence angles was performed. A simulation technique 

mentioned in section 2, implemented to simulate the 

required time series and 20 series of generating arrays, 

were imposed on the structure. It is challenging to 

introduce a significant and minor seismic incidence angle 

because the responses are very different. Moreover, based 

on the results, it is interesting that in the case of non-

uniform excitation and different soil condition, the 

responses increased noticeably because of soft soils. 
 

a) From the results, it is clear that the response of the 

structure was affected by varying the seismic angle of 

incidence, and in some cases the responses increased 

significantly.  

 
b) In this study, the soil condition is assumed different at 

the simulation points. Based on the outcomes, the soft soil 

conditions remarkably amplify the bridge responses.  

 

c) In addition, based on the outcomes, the maximum 

response for each pier of the bridge occurs at an 

independent seismic input angle under uniform and non-

uniform excitations.  

 

d) Moreover, the results revealed that the critical input 

angle for non-uniform and uniform excitation is different. 
In several cases under non-uniform movements, the 

responses recorded were remarkably more than the results 

from uniform excitations. 

 

e) IDA analysis result revealed that by getting far from the 

first simulation point and subsequently enhancing the 

SVGMs parameters, the responses under non-uniform 
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excitations become predominant, and the orientation of 

critical input angle changes from longitude to transverse. 

 

f) The results show that the critical input angle in longitude 

direction under uniform and non-uniform excitations are 
about 30 degrees while in transverse direction the input 

angle of 90 degrees caused the maximum responses under-

nonuniform excitations.  
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