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Abstract: Seismic isolation is a powerful tool for mitigating seismic risk and improving structural
performance. However, some parameters, such as earthquake inputs and soil characteristics, influence
the technology’s performance. This research aims to investigate the effects of soil–structure interaction
(SSI) with regard to different moderate earthquakes associated with different distances of the source
to the site, frequency content, and different soil characteristics on the seismic response of the isolated
bridges. Near-fault (NF) and far-field (FF) records are applied to the conventional and isolated bridge
with and without considering the underlying soil. For this reason, using the direct and simplified
methods, three soil properties representing rock, dense, and stiff soils are modeled in Abaqus software.
Nonlinear time history analysis (NLTHA) is carried out, and structural responses of both approaches
in terms of maximum deck acceleration, base shear, and displacement of the deck and the isolation
system are studied. Results demonstrate that the difference between the two approaches is significant.
Using the simplified method is a rather simple approach that roughly captures the important features
of the record characteristics and SSI. Furthermore, careful attention should be paid to the base shear
responses and the isolator displacement demands, as they are significantly amplified in softer soils.
In addition, the peak ground acceleration to peak ground velocity ratio (PGA/PGV) plays a decisive
role in all dynamic responses. Records with a lower PGA/PGV ratio cause higher dynamic responses
in terms of displacement and acceleration/force, regardless of the distance of the ruptured fault,
while NF records show higher dynamic responses compared to FF records.

Keywords: seismic isolation; earthquake characteristics; soil–structure interaction effects; near-fault;
far-field; bridges

1. Introduction

Strong earthquakes may create devastating effects on infrastructures in seismic-prone
areas. Experiences from past damaging earthquakes have proven that strength alone would
not be a sufficient requirement for the safety of the structures and continuity of service.
Therefore, researchers have continuously focused on studying various technologies to
prevent or minimize the damage caused to structures by severe seismic activities.

Bridges are one of the most critical infrastructures in today’s modern society, being
crucial components in transportation systems, especially in times of crisis, such as the
period following a major earthquake. Therefore, the seismic design of bridges is carried out
to fulfill a set of target seismic performances, typically tuned depending on the bridge’s
importance and the earthquake’s probability of exceedance. As a result, the seismic hazard
is defined in a set of design spectra associated with different probabilities of exceedance,
usually varying between 2% and 40% in 50 years, and associated with different seismic
performance levels. The design to reach such performance can be carried out according
to a process called force-based design, where the target performances are implicit, and
the designer has to apply prescriptive rules to reach them, or a performance-based design,
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where the target performances are explicitly expressed, and the designer has to prove that
the proposed design meets such performances. Two main strategies can be adopted to
design bridges for such seismic performances: (1) the conventional design approach where
the superstructure is fixed, directly or through fixed bearings, to the foundation unit, herein
called a conventional bridge; (2) the base-isolated design where special bearings with
controlled lateral stiffness and eventually additional damping devices are inserted between
the superstructure and the foundation units, herein called an isolated bridge. For the
conventional design, to accommodate strong seismic action, i.e., the 2% in 50 years design
earthquake, typically, the design of the bridge relies on the capacity of critical components
to accommodate inelastic deformations by a ductile behavior.

One of the rational and fundamental solutions for mitigating the effects of earthquakes
is seismic isolation [1]. Seismic isolation is based on reducing the fundamental structural
vibration frequency to a value less than the predominant energy-containing frequencies of
the earthquakes in order to decrease the seismic force demand to or near the elastic capacity
of the structure; thereby, inelastic deformations within the structure will be obliterated or
drastically diminished while large inelastic deformations take place within the isolation
devices [2,3]. Numerous experimental and numerical research works on seismic responses
of conventional and isolated structures have indicated that seismic isolation technology
plays a significant positive role in reducing the seismic responses of infrastructures [4–6].
The long-term advantage of these innovations is that they preserve the structure’s ser-
viceability following an earthquake, reducing the socioeconomic losses and the cost of
reconstruction [7]. Consequently, hysteretic properties of the isolation devices govern
the seismic response and performance of isolated bridges. Different isolation devices are
commercially available, such as the friction pendulum and the lead rubber bearings, two of
the most widely used isolation systems. Their properties are affected by many factors, such
as temperature, aging, velocity, and fabrication tolerances [8,9]. Therefore, the design of
base-isolated bridges uses a bounding analysis approach to evaluate the performance of
the bridge at the upper and lower bound values of the hysteretic properties of the isolation
devices. In addition, prototype and control quality testing on the seismic isolation units are
typically prescribed to verify that the hysteretic properties and behavior fall within the used
values in design [10]. Advancing in laboratory equipment and technology leads to more
accurate experimental tests and numerical simulations. Therefore, innovative methods
and models using different and new materials and performances, such as unbonded fiber-
reinforced elastomeric isolators, high-damping rubber bearings strengthened with glass
fiber fabrics, quasi-zero stiffness isolation systems, etc., have been introduced in recent
years to introduce a new isolation system with better performance or improve the existing
isolation systems to provide more performant, more convenient, and economical solutions
for a wide range of structures and ground motion excitations [11–14]. Other researchers
carried out parametric studies to identify the optimal range of hysteretic properties of
seismic isolation devices leading to a better compromise between the reduction in seismic
forces and the increase in seismic displacement, depending on the characteristics of the
area’s seismic records [15].

Among different pivotal parameters on bridges’ structural responses, evidence from past
earthquakes has indicated that the earthquake characteristics and the site conditions are two
of the most critical parameters affecting the seismic performance of infrastructures [16,17].

Ground motion records within a 10–20 km distance from the ruptured fault are cat-
egorized as NF, while source-to-site distances of more than 20 km are classified as FF
ground motions [18,19]. Seismic responses of structures between NF and FF records dif-
fer considerably. Many research studies reported that NF pulse-like ground motions are
more destructive to the structure than ordinary ground motions [20–23]. NF records often
have a higher PGV/PGA ratio. Frequently, they contain intense and long-period velocity
pulses, which force the structure to behave in an inelastic range that may require much
higher ductility demand and base shear than FF earthquakes, and the impulse effect may
intensify the displacement of the isolation bearing [24–28]. Furthermore, in NF pulse-like



CivilEng 2023, 4 704

ground motions, the pulse period (Tp) and peak pulse velocity (Vp), as critical parameters,
show a significant influence on seismic responses of the structure [29,30]. Additionally, the
variation of the period of structure to the pulse period has been found to show a strong
correlation with the structural responses. Researchers showed that NF records particularly
amplify the seismic responses of isolated bridges when the pulse period is close to the
period of the structure [30,31].

Local sites and SSI can also significantly influence the main characteristics of ground
motions, such as amplitude, frequency content, and duration, impacting the seismic re-
sponses of isolated bridges. The extent of such influence depends on the dynamic character-
istics of the bridge structure, the input ground motion characteristics, and the underlying
soil’s properties. [32,33].

In common seismic design practice of bridges, the structures are presumed to be
fixed at their foundation where soil or (SSI) effects are ignored or considered separately,
misrepresenting results in an erroneous estimation of the seismic demand and the param-
eters governing the design of the isolation system and the bridge, especially where the
underlying soil is soft [34–39]. Therefore, isolated bridges on softer soils are particularly
vulnerable to severe damage due to the underestimation of SSI effects, while isolation
systems provide better performances on rocks or stiff soils [40,41].

Despite many available research studies, there are no consistent, categorized, and
definite results regarding the SSI effects on seismically isolated bridges. The reason could
be because of the extensive scope of the study containing many details, varieties, and
uncertainties in infrastructures and soil properties, so each researcher has tried to cover a
related part to their interests and specialties; still, many details have remained uncovered.

Many studies have been conducted by modeling soil through linear springs and
dashpots to investigate the SSI effects. Different results have been reported, such as higher
isolation system drift due to SSI [1,16,33,37,42,43] and higher base shears [16,44].

In contrast, some studies showed the beneficial aspect of SSI, causing a reduction in
design costs and increasing the safety of the bridge [1,45] and a reduction in the base shear
was also reported [32,45].

In addition, in some studies, researchers found that isolated bridges are less sensitive
to SSI effects than conventional bridges [33,45]. Comparison between linear and nonlinear
modeling of springs and dashpots showed that in many situations, nonlinear behavior
for the soil model is an essential factor in properly reflecting the dynamic responses
of the system [46]. Furthermore, few studies concluded that SSI could be beneficial or
detrimental and results in a higher or lower seismic response based on different factors such
as structural elements, soil stratum properties, and ground motion characteristics [16,47–50].
Very limited studies involved comprehensive consideration of the direct method showing
that linear modeling of isolators and the soil leads to incorrect evaluation of the structural
behavior, and in the case of conventional bridges, SSI has a significant effect on all dynamic
responses and considering the soil effects is a crucial matter [51,52].

Aside from various conclusions drawn from the literature, most of these studies have
focused on either ground motion characteristics or soil properties with or without isolation
systems, with little attention paid to the combined effects of both factors on isolated bridges
for earthquake-prone areas. As a result, this research aims to look into the effects of
multiple record characteristics, such as NF and FF, and their frequency content and the
effect of different soil types on a bridge with and without the isolation system. Actual
earthquake records are extracted from rock strata. Each record is passed through various
soil properties using the direct method, allowing the seismic responses of the isolated
bridge to be studied. Results are compared with responses of the simplified method
recommended by the commentary on the Canadian bridge code (CSA S6-19) to study the
differences between these methods [10,53]. Furthermore, this research aims to understand
how soil and SSI affect the efficiency of isolation systems in different models. Reaching
a more advanced comprehension of the responses of isolated bridges leads to better and
more optimal bridge designs in future projects. Furthermore, this understanding allows
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for more precise and effective isolation strategies through the choice of more appropriate
methods and models, when necessary, to catch the SSI effects. The following sections will
present more details about the records, soil categories, and isolation systems.

2. Numerical Modeling
2.1. Case Study and Modeling of the Bridge

The selected case study bridge model is the typical three-span continuous concrete
box girder deck highway bridge studied by Jangid (2003) [1] and Elias (2017) [54], shown
schematically in Figure 1. The bridge is symmetric with three equal spans of a box girder
deck having a total length of 90 m, 20 m in width, and 1.86 m height. The superstructure is
supported by two concrete cylindrical single piers of 2.28 m diameter and two abutments
with 10 m height above the natural ground level. The single piers and end abutments are
supported by shallow foundations of 4 m by 4 m in the horizontal plane and a depth of
1 m. As shown in Figure 1 for the conventional design, the superstructure connects to
the top of the piers through a rigid connection, transmitting moments, and is supported
by mobile, friction-free bearings that allow rotation and displacement in the longitudinal
direction. The bridge in this configuration has a fundamental period of vibration in the
longitudinal direction of 0.54 s, and a damping ratio of 5% is assumed. Table 1 illustrates the
geometric and material properties used to model the bridge based on the data presented
in the reference studies [1,54]. The bridge’s deck and abutments are all straight, with
zero skew, and the lateral flexibility of abutments is neglected. In the present study, the
structural modeling of the bridge and NLTHA are performed using Abaqus software [55].
Beam-column elements are defined to model the deck, piers, and abutments. C3D8R solid
elements are used for the foundations and the soil stratum. The strategy behind the seismic
isolation is to reduce the seismic forces to or near the elastic capacity of the structure and
to limit the inelastic deformations within the isolation devices [1,16]. Similarly, for the
conventional bridge, it is supposed that the bridge is classified as an essential bridge which
is designed to remain essentially elastic under the design earthquake. Consequently, the
superstructure and piers are assumed to remain in the elastic state during seismic excitation
for both cases of conventional and isolated bridges.
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Figure 1. General elevation of the studied conventional (left) and isolated (right) bridge.

Table 1. Material and dimension properties of the bridge.

Properties of the Bridge Deck Piers

Cross-sectional areas (m2) 15.6 1.767
Length or height (m) 3 × 30 10

Young’s modulus of elasticity (Gpa) 36 36
Mass density (kg/m3) 2400 2400

Compressive Strength (Mpa) 30 30
Poisson Ratio 0.2 0.2

For the isolated bridge, the superstructure is supported by seismic isolation bearings
with low lateral flexibility, as described later, at all supports in the longitudinal direction,
which is the direction investigated in this study. For the transverse direction, the bearings
at piers and abutments, when applicable, are defined as fixed for displacements with
rotations free. Vertical supports/connections between the superstructure and foundation
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are infinitely rigid. For both cases of conventional and isolated bridges, the piers’ bases are
fixed in all translation directions and rotations, where the soil effect is not considered.

To validate the original model, a comparison of structural responses of the conven-
tional bridge model and the results of reference papers for the Northridge records (captured
at La County fire station component with PGA = 0.58 g) is carried out, and results are
presented in Table 2. Good agreements between the results, in terms of vibration period,
base shear, and deck acceleration, are obtained with a difference lower than 5%. After
validation of the model, as the bridge is assumed to be in Montreal, to consider the frost
action, the foundation is considered to be at a depth of D = 1.8 m below the soil surface,
and upper soil load is considered in analyses.

Table 2. Comparison of the responses with current study.

Jangid 2003, Elias 2017 Present Study Difference %

Period (s) 0.53 0.54 1.85
Base Shear/Wdeck 1.439 1.388 −3.54

Deck acceleration (g) 1.396 1.461 4.45

2.2. Isolation System

Considering the bridge is located in Montreal, as a moderate seismicity area, the
isolation system is designed using the 6th generation hazard of earthquakes Canada [56] for
an effective period of T = 2.5 s and an effective damping of 19% at the design displacement
of 60.0 mm. The isolation properties are calculated based on the single-mode spectral
analysis, and all the parameters are among the proposed domain by Nguyen and Guizani
to design an optimal seismic isolation system [10,15].

The substructure is decoupled from the deck by lead rubber bearings, and the isolation
system is lumped between the deck and substructure. Only the longitudinal direction is
studied for implementing seismic isolation. Link elements with bilinear behavior based on
the multi-plastic model given by Abaqus are used to model the isolation system [55]. The
global model of the isolated bridge and soil, used for the direct approach, as well as the
bilinear force–displacement relation, used to represent the seismic isolation system (SIS) be-
havior, are shown in Figure 2. The SIS hysteretic model parameters are presented in Table 3,
where Qd is the characteristic strength, Kd represents the post-elastic stiffness, Ku stands
for the elastic stiffness, and Keff is the effective stiffness at the maximum displacement in
the isolation system, Dmax.
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Table 3. Isolation properties.

Isolation
System

T Keff Ku Kd Qd Dmax

(s) (KN/m) (KN/m) (KN/m) (KN) (mm)

Piers 2.5 7880 83,500 5600 140 60
Abutments 2.5 4000 30,000 2800 72 60

2.3. Direct Approach
2.3.1. Soil Model and Properties

Accounting for the effect of SSI, an elastic-perfectly plastic behavior is assigned for the
soil domain using the Mohr–Coulomb yield criterion [57].

The 8-node brick elements (C3D8) are applied to the soil deposit model as a rectangular
shape of 130 m in length and 20 m in width. Three different non-liquefiable homogeneous
soil profiles are adapted and studied as Rock, Soil-C, and Soil-D in this study based on
the site classification in CSA (S6-19) [10]. In addition, considering the fact that most
amplifications occur within the first 30 m of the soil profile, soil depth is considered to be
30 m [58,59]. The characteristics of each soil type are presented in Table 4, where E is the
elastic modulus, ρ represents the density, C stands for the cohesion stress, ϑ is the Poisson’s
ratio, Ø defines the friction angle, Vs is shear wave velocity, Ψ represents dilatancy, and ξ
is the damping ratio.

Table 4. The mechanical properties of soils.

Soil E
(MPa)

P
(kg/m3) υ

C
(KPa)

Ø
(◦)

Vs
(m/s) ψ

ξ

(%)

Rock 24,960 2600 0.2 25,000 48 2000 7 5
Soil-C 1323 2100 0.26 0 40 500 5 5
Soil-D 430 1900 0.32 0 35 300 4 5

2.3.2. Soil Boundary Conditions

Regular boundaries will cause the reflection of waves at the finite boundaries of the
soil model, which superimpose with the other waves resulting in an inaccurate simulation
of actual motions within the studied domain if the domain is not large enough [60].

For this reason, the 3D solid continuum as CIN3D8 with 8-node linear, one-way infinite
brick elements provided by Abaqus software is used in the longitudinal direction, which
is the direction of the study, and fixed boundaries for the transverse direction with free
rotations are used in this study. For realistic modeling of the bedrock, at the base of the
model, the boundary condition is rigid, which is the most appropriate assumption [61].
Therefore, the earthquake acceleration records are directly applied to the grid points
along the rigid base of the soil in the longitudinal direction. The surface-to-surface contact
between the foundation and the soil surface is modeled as an interaction interfacial behavior
following the algorithm implemented by Abaqus [55]. The interface stiffness values control
the relative interface movement in the normal and tangential directions. Hard contact is
used in the normal direction, and the penalty method is defined for tangential behavior.
It should be noted that the foundation rocking effect is not considered in this study as
it typically implies non-acceptable damage levels for lifeline bridges with conventional
design, except when explicit measures are undertaken to mitigate such damages. It is not
expected to occur for efficiently base-isolated bridges.

In tangential behavior, the reduction strength factor (Rinter = 0.7) is implemented in
the classical friction model, and this factor has been selected based on practical cases and
the suggested domain in the literature intending to calculate a final friction coefficient (µ)
of 0.5 [62–66] according to:

µ = Rintertan Øsoil (1)
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A mesh sensitivity process is carried out to select the final mesh size so that the
tolerance is less than 1%, in terms of displacement and stresses at control stations for
structural and soil elements. As shown in Figure 2, the final mesh pattern shows fine mesh
sizes for important areas close to the bridge and large elements at lateral soil boundaries.
In addition, all mesh sizes are within the range between 1/8 and 1/35 of the Rayleigh
wavelength, a suggested domain in the literature [67]. Overall, 1300 elements for the bridge
and 23,520 C3D8R and 480 CIN3D8 elements for the soil domain are used.

2.4. Simplified Approach

The soil–foundation–structure system can be represented using simplified models
of soil and foundation. Different methods of using springs or springs and dashpots
equivalent to the soil model have been proposed to avoid the direct method’s complications
and shorten the analysis time. This study uses the Winkler spring computational model
recommended in the commentary on the Canadian bridge code (CSA S6-19) [10,53] to
simplify the soil behavior.

As it is shown in Figure 3, to apply the simplified method, in the first step, site response
analyses are conducted in the free-field foundation soil for all selected soil properties in
order to determine earthquake time histories in the absence of the bridge structure using
the computer program Deepsoil [68]. In the second step, the stiffness of the springs is
calculated using formulas presented in Table 5. Then, the springs are modeled at the base
of the bridge for 3 translational and 3 rocking motions. Finally, in the third step, extracted
free-field earthquake records are applied to the base of the springs, and seismic responses
of the bridge are obtained and studied from NLTHA.

CivilEng 2023, 4, FOR PEER REVIEW 8 
 

 

 
Figure 3. Steps to create simplified model. 

Table 5. Foundation compliance springs for embedded foundations, adapted from FEMA 356 
(2000). 

Direction Stiffness. 

Translation along x-axis 

K , = β GB2 − ϑ 3.4 LB . + 1.2  

β = 1 + 0.21 DB ∙ 1 + 1.6 hd(B + L)BL .
 

Translation along y-axis K , = β GB2 − ϑ 3.4 LB . + 0.4 LB + 0.8  β = β  

Translation along z-axis 

K , = β GB1 − ϑ 1.55 LB . + 0.8  β = 1 + 121 DB 2 + 2.6 BL∙ 1 + 0.32 d(B + L)BL  

Rocking about x-axis 

K , = β GB1 − ϑ 0.4 LB + 0.1  

β = 1 + 2.5 dB 1 + 2dB dD . BL  

Rocking about y-axis 
K , = β GB1 − ϑ 0.47 LB . + 0.034  β = 1 + 1.4 dL . 1.5 + 3.7 dL . dD .

 

Rocking about z-axis 
K , = β GB 0.53 LB . + 0.51  

β = 1 + 2.6 1 + BL dB .
 

Table 5 shows the expressions for computing the springs’ stiffnesses and the final 
stiffness values are presented in Table 6, where βx is the embedment factor, G is the shear 
modulus of the soil, L, B, d stand for the length, width, and height of the foundation foot-
ing, h represents depth to the centroid of effective sidewall contact, and D represents the 
total height of the soil from the bottom of the foundation. 

Studies show that for a small shear strain index (generally under 0.03%), defined as 
the ratio of input motion peak velocity to time-averaged shear-wave velocity in the top 30 

Figure 3. Steps to create simplified model.

Table 5 shows the expressions for computing the springs’ stiffnesses and the final
stiffness values are presented in Table 6, where βx is the embedment factor, G is the shear
modulus of the soil, L, B, d stand for the length, width, and height of the foundation footing,
h represents depth to the centroid of effective sidewall contact, and D represents the total
height of the soil from the bottom of the foundation.

Studies show that for a small shear strain index (generally under 0.03%), defined as the
ratio of input motion peak velocity to time-averaged shear-wave velocity in the top 30 m of
the soil profile, equivalent linear and nonlinear analyses results are practically identical [69].
Therefore, shear strain indexes were calculated for all records and soil deposits and are
shown in Figure 4. It is shown that the differences between equivalent linear and nonlinear
analyses become more pronounced for all records on Soil-C and Soil-D. Therefore, using
the equivalent method is not acceptable for the current study. Despite such a fact, the
simplified method was also conducted in this study, and all responses were compared with
the direct method for the purpose of research and investigations.
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Table 5. Foundation compliance springs for embedded foundations, adapted from FEMA 356 (2000).

Direction Stiffness.

Translation along x-axis
Kx,sur = βx

GB
2−ϑ

[
3.4
(

L
B

)0.65
+ 1.2

]
βx =

(
1 + 0.21

√
D
B

)
·
[

1 + 1.6
(

hd(B+L)
BL2

)0.4
]

Translation along y-axis Ky,sur = βy
GB

2−ϑ

[
3.4
(

L
B

)0.65
+ 0.4 L
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Table 6. Foundation stiffness.

Rock Soil-C Soil-D

Foundation size (L × B × d) 4.0 × 4.0 × 1 4.0 × 4.0 × 1 4.0 × 4.0 × 1
Kx (GN/m) 414.65 21.65 6.96
Ky (GN/m) 414.65 21.65 6.96
Kz (GN/m) 322.62 17.61 5.94

Kxx (MN-m/rad) 1644.43 89.74 30.3
Kyy (GN-m/rad) 1798.42 98.15 33.14
Kzz (MN-m/rad) 3451.86 174.25 54.06
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3. Seismic Analyses
3.1. Earthquake Record Selection and Calibration

As the bridge is assumed to be in Montreal, records are selected among moderate
earthquakes with the magnitude 4–6 (Richter scale). In this study, 11 NF records with a
rupture fault distance within 20 km and 11 FF records with rupture fault distances more
than 20 km captured on the rock are selected from the Pacific Earthquake Engineering
Research (PEER) strong motion database [55].
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The reason for extracting these records on rocks is that minor changes in the ground
motions occur in rocks. Therefore, the earthquake ground motions applied at the soil base
are closer to the original input ground motions released from their sources.

The second reason for choosing the mentioned records is related to studying the effects
of NF and FF sources, to study the effect of the ruptured fault distance, and investigating
the effect of the frequency content (PGA/PGV) of the records on the dynamic responses of
the bridge with and without SSI effects. It is worth mentioning that all records are selected
among crustal earthquakes in active tectonic regimes.

Because most earthquakes result from fault movement in the crust, there is a rich
database in accordance with the objectives of this study. In addition, the strength of
shaking at the surface from a deep earthquake is considerably less than the same crustal
earthquake [70]. To compare the results, all records are scaled to 0.444 g, which is the
PGA associated with the uniform hazard design spectrum, 6th generation (CNB2020),
recommended for Montreal for a 2% probability of exceedance in 50 years, on class A
(average rock) [56,71]. The details of the selected ground motions scaled to 0.444 g are
given in Table 7, and spectral accelerations of the scaled NF and FF records are shown in
Figure 5.

Table 7. Earthquake records adopted in the analyses.

ID Earthquake, Station Component Mw Rrup
(km)

PGA/PGV
(1/s)

Scale
Factor

Predominant
Period (s)

NF:1 Parkfield, Turkey Flat 36529270 6 5.3 19 1.8 0.26
2 30,226,086, Warm Springs Dam N2122090 4 8.8 28 14.8 0.28
3 Hollister, Gilroy Array #1 A-G01247 5.1 10.5 34 3.1 0.1
4 Coyote Lake, Gilroy Array #1 G01320 5.7 10.7 11 3.8 0.08
5 San Francisco, Golden Gate GGP100 5.3 11 23 4.7 0.22
6 21,530,368, Carmenet Vineyards BKCVSHHE 4.5 12.1 26 12.0 0.18
7 Umbria, Gubbio GBB090 5.6 15.7 19 6.6 0.24
8 Northridge, Wonderland Ave WON095 5.3 17.1 21 7.9 0.48
9 Whittier Narrows, CIT Kresge A-KRE090 6 18.1 11 4.0 0.36

10 Lytle Creek, Allen Ranch CSM095 5.3 19.4 32 10.8 0.14
11 14,151,344, Pinon Flats AZPFOHLE 5.2 19.6 32 1.9 0.12

FF:1 14,095,628, Cattani Ranch CITEHHLE 5 20.6 31 17.8 0.26
2 Northridge, Griffith Park GPO000 5.3 21.7 13 13.8 0.14
3 Whittier Narrows, Wonderland Av. A-WON075 6 27.6 27 10.6 0.1
4 40,204,628, Mount Umunhum NCJUMHNN 5.5 30.8 22 18.5 0.08
5 Anza, Keenwild Fire Station 0604A180 4.9 32.1 56 15.3 0.22
6 21,530,368, Hamilton Field NHFHNE 4.5 35.1 19 15.9 0.18
7 RiviereDuLoup, Riviere-Ouelle CN.A16.HHE 4.7 39 44 15.9 0.24
8 Sierra Madre, Vasquez Rocks VAS090 5.6 39.8 38 4.2 0.48
9 Molise, Sannicandro B-SCO000 5.7 51.3 40 12.0 0.36

10 ValDesBois, Innes Road_ ON CN.ORIO.HHE 5.1 52.9 45 10.1 0.14
11 Saguenay, US.DCKY US.DCKY.HHE 5.9 192.1 29 4.8 0.12

NF Average . . . .. 5.3 13.5 23.2 . . . .. . . . ..
FF Average . . . .. 5.3 49.4 33.2 . . . .. . . . ..
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It should be mentioned that the interference of different source mechanisms, such as
directivity effects and focal mechanisms (strike-slip, normal, or reversing faulting), is not
considered during the selection of records.

Additionally, the vertical component of the ground motions is not considered, and
only the longitudinal direction is investigated in this study.

3.2. Analysis Program and Procedure

All calibrated records are input at the base of the conventional and isolated bridge
variants, first without considering the presence of soil where the base of the bridge is fixed
and then with modeling the soil using the direct approach and simplified method.

The bridge variants are analyzed by NLTHA in Abaqus software, first for the static
gravity dead load to obtain initial stress conditions and then for dynamic loading conditions.
Dynamic loading is started by attaining the acceleration to the base of the model.

The structural responses of NLTHA, including the maximum acceleration on top
of the deck, the maximum displacement of the bridge deck and isolation system, and
the maximum base shear, are studied as seismic demands. Results are discussed in the
following sections.

4. Results and Discussion

SSI effects on the seismic responses are studied and discussed in the following sections
by comparing seismic demands, due to NF and FF records, for the conventional and
isolated bridge variants located on Rock, Soil-C, and Soil-D, using the direct and simplified
methods.

4.1. Effect of Earthquake Characteristics and SSI on the Acceleration Responses

The spectral accelerations for the higher and lower PGA/PGV ratio in both NF and
FF records and for the average of NF and FF records are shown in Figure 6. The spectral
acceleration on different soils and earthquake records indicate that the response spectra
show amplification in Soil-C and Soil-D in the range of short periods. However, the extent
of the amplification faded with increasing the period, leading to a minor difference in the
responses at long periods. In addition, the amplification is observed at the predominant
period of each earthquake record, with higher responses for Soil-C and Soil-D in the case
of earthquakes with the period close to the conventional bridge. It is worth mentioning
that the intensity and the duration of the amplification strongly depend on each individual
record carrying its own characteristics and frequency content.

Figure 7 shows the correlation of the maximum spectral acceleration response with the
PGA/PGV ratio for different soil conditions for conventional and isolated bridge variants
obtained from the direct and simplified approach. The common tendency of the responses
is that the maximum acceleration responses in both conventional and isolated bridges
decrease with an increasing PGA/PGV ratio.

In conventional bridges and for the direct method, in the majority of earthquake
records, the acceleration responses are decreasing from Rock to Soil-D, and they are less
than the fixed-base bridge by an average of 3%, 4%, and 11% for NF records and 6%,
1%, and 8% for FF records, on Rock, Soil-C, and Soil-D, respectively. The differences in
responses of the fixed-base bridge and the bridge on rock can be explained by the different
behavior of the boundary condition at the base of each bridge.

In the case of the isolated bridge and for the direct method, the responses are attenuated
and less scattered despite the fluctuation in acceleration responses for different soils. On
average, the acceleration responses are decreasing from the fixed-base bridge to softer soils
by 1%, 4%, and 10% for Rock, Soil-C, and Soil-D for NF records and 1%, 2%, and 10%
for FF records, respectively. In addition, NF records which mostly have a lower value of
PGA/PGV cause higher acceleration responses than FF records by an average of 30%, 32%,
25%, and 25% for the conventional bridge and 28%, 29%, 25%, and 26% for the isolated
bridge in case of fixed-base, Rock, Soil-C, and Soil-D, respectively.
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In the conventional bridge and for the simplified method, a significant increase in
acceleration responses is observed compared to the fixed-base bridge in most cases. The
average of the increasing trend in Rock is 46%, but it increases drastically up to about 200%
(~3 times) in Soil-C and Soil-D for both NF and FF records.

On average, responses of the simplified method for the isolated bridge show a good
agreement on the Rock with a difference of up to 1% and an increasing trend of 23% and
40% for Soil-C and Soil-D in NF records and 20% and 27% for Soil-C and Soil-D in FF
records, respectively.

Moreover, NF records cause higher acceleration responses than FF records by an
average of 31%, 11%, and 32% for the conventional bridge and 28%, 30%, and 38% for the
isolated bridge in Rock, Soil-C, and Soil-D, respectively.
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For both conventional and isolated bridges, the PGA/PGV ratio of the records has an
important effect on the maximum acceleration responses for all soil types, and the distance
of the ruptured fault is not an effective factor. The general trend shows that on softer soils,
when the period of the structure increases, in the direct method for both conventional
and isolated bridges, there is a reduction in the acceleration responses on the inclusion of
SSI, and the reduction is more pronounced for the conventional bridge. This trend is the
opposite in the simplified method because no damping is defined in the system. To study
the effect of soil, all maximum acceleration responses are normalized by the responses of
the fixed-base condition, and the results are shown in Figure 8. By this normalization, if the
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ratios are close to one, the soil effect is neutral, and SSI does not play a significant role in
modifying the responses.
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In the case of a ratio of more than one, responses are amplified, and the effect of SSI is
not positive. Conversely, when the ratio is negative, SSI plays a favorable role in modifying
and reducing the responses.

In the conventional bridge and the direct method, for most of the NF records, SSI is
favorable, and it decreases the acceleration in softer soils. In contrast, there is no constant
trend in FF records, and SSI plays a positive and negative role in different records.

In the isolated bridge and the direct method under both NF and FF records, the ratio
tends to be close to one or less than one in most records. Therefore, the presence of soil
plays a neutral or favorable role in modifying the isolated bridges’ acceleration responses,
which agrees with the fact that isolated bridges are less sensitive to the SSI effects [33].

In the simplified method in use in this study and for both conventional and isolated
bridges, SSI has a negative effect and amplifies the responses, while the increasing factor is
more in conventional bridges. Table 8 shows the differences between the average dynamic
responses in the simplified and direct methods for the conventional and isolated bridges.
The percentage of the differences shows that the sensitivity of the conventional bridge to
the selected method for Soil-C and Soil-D is more than the isolated bridge. At the same
time, the isolation system controls the scattering of the responses.

Table 9 shows the comparison of site coefficients, F(T), in CSA (S6-19) with the average
responses of this study with respect to the fact that in CSA (S6-19), soil C is considered
as a reference with F(T) = 1. Results demonstrate that in the conventional bridge, the site
coefficients for rocks proposed by CSA (S6-19) could lead to underestimation of responses
as the F(T) in the direct method is two times higher than the proposed value in CSA (S6-19).
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Table 8. The difference between the average responses of the simplified method compared to the
direct method.

NF FF

Rock Soil-C Soil-D Rock Soil-C Soil-D

Conventional Bridge:
Acceleration (g)
Direct method 0.28 0.28 0.26 0.21 0.23 0.21
Simplified method 0.43 0.92 0.92 0.33 0.74 0.7
Difference (%) +54 +229 +254 +57 +222 +233
Base Shear (Wd)
Direct method 0.274 0.277 0.26 0.211 0.229 0.209
Simplified method 0.437 0.932 0.934 0.333 0.708 0.711
Difference (%) +60 +236 +260 +58 +209 +240
Deck drift (mm)
Direct method 23 25.4 25.6 16.5 19.9 20
Simplified method 32 69.2 67.8 24.5 62.1 51.7
Difference (%) +39 +172 +166 +49 +211 +158
Isolated Bridge:
Acceleration (g)
Direct method 0.029 0.027 0.025 0.022 0.022 0.02
Simplified method 0.028 0.035 0.039 0.021 0.027 0.028
Difference (%) −1 +29 +54 −3 +23 +41
Base Shear (Wd)
Direct method 0.028 0.029 0.022 0.023 0.023 0.017
Simplified method 0.022 0.026 0.025 0.019 0.019 0.018
Difference (%) −21 −9 +12 −18 −20 +5
Isolation displacement, piers (mm)
Direct method 34.2 43.6 48.3 20.5 33.6 37.8
Simplified method 33.4 47.6 56.6 19.9 32.5 33.4
Difference (%) −2 +9 +17 −3 −3 −11
Isolation displacement, abutments (mm)
Direct method 38.2 102.5 109.9 23.3 96.4 96.1
Simplified method 34.4 49.1 58.6 20.3 31.2 34.6
Difference (%) −10 −52 −47 −13 −68 −64

Table 9. Comparison of site coefficient F(T).

Rock Soil-C Soil-D

NF FF NF FF NF FF

Conventional Bridge:
CSA (S6-19) 0.48 0.48 1 1 1.18 1.18
Direct method 1.01 0.9 1 1 0.93 0.95
Simplified method 0.46 0.49 1 1 1 1.33
Isolated Bridge:
CSA (S6-19) 0.4 0.4 1 1 1.35 1.35
Direct method 1.02 1.01 1 1 0.93 0.93
Simplified method 0.82 0.86 1 1 1.1 1.09

On the other hand, the site coefficient in Soil-D is less than the factor suggested by
CSA (S6-19) by an average of 21% and 19% for NF and FF, respectively. In the case of the
simplified method, responses are in good agreement for Rock and Soil-D by the maximum
difference of 4 %.

It should be noted that in the isolated bridge, the responses of different soils in the
direct method are almost the same for NF and FF records, and all the factors are close to
one.

The same pattern of underestimating the responses in Rock more than two times
appears in the isolated bridge in both the direct and simplified methods. In addition, the
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site coefficient in Soil-D is less than the factor suggested by CSA (S6-19) by an average of
31% and 19% for both direct and simplified methods, respectively.

Therefore, the site coefficient proposed for Rock in CSA (S6-19) might lead to underes-
timating the responses. In contrast, the increasing factor on soft soils is conservative for
both NF and FF records.

4.2. Effect of Earthquake Characteristics and SSI on the Displacement Responses

The maximum displacement responses and the effect of PGA/PGV on different soil
conditions and bridges are shown in Figure 9 For the conventional bridge and direct
method, the maximum deck drift is related to the earthquake records with the lowest
PGA/PGV ratio in NF and FF records and earthquake records with the predominant period
close to the conventional bridge such as NF:8 and FF:2 with the periods of 0.48 s and 0.46 s,
respectively.

On average, the deck drift decreases from the fixed-base bridge to Rock by 7% and
5% in NF and FF records, which could be because of the differences in their boundary
conditions. With some exceptions, the whole pattern of the maximum deck drift is an
increasing trend from Rock to softer soils in both NF and FF records. Compared to the
fixed-base bridge, the maximum deck drift is increased by 2% and 3% for Soil-C and Soil-D
under NF records and by 15% and 16% for Soil-C and Soil-D under FF records, respectively.

In the conventional bridge and simplified methods, because there is no damping in
the system and springs are acting in a linear behavior, the deck drift increases drastically,
up to three times more than the fixed-base bridge for both NF and FF records. In addition,
NF records cause higher deck displacement than FF records in the conventional bridge by
an average of 44%, 40%, 27%, and 28% in the direct method and 44%, 30%, 11%, and 31%
for the simplified method in the case of fixed-base, Rock, Soil-C, and Soil-D, respectively.

In the isolated bridge and direct method, the maximum isolator displacements on
piers significantly increase from Rock to softer soil compared to the fixed-base bridge for
both NF and FF records. On average, there is a 3%, 30%, and 45% increase in NF records
and a 3%, 69%, and 90% increase in the direct method in FF records for Rock, Soil-C, and
Soil-D, respectively.

In the isolated bridge and simplified method, the same increasing trend in isolator
displacement is observed by the average of 1%, 43%, and 67% in NF records and 1%, 63%,
and 68% in FF records for Rock, Soil-C, and Soil-D, respectively.

It should be noted that the isolator displacement of two NF records with the lowest
PGA/PGV ratio is higher than the designed displacement in all bridge cases, regardless of
the presence of the soil in both methods.

In addition, the isolator displacements of NF:7 and NF:8 on Soil-D are higher than
the designed displacement. In FF records, the same trend happens in the record with the
lowest ratio of PGA/PGV in both methods. Additionally, the isolator displacements of
FF:2 and FF:4 on Soil-C and Soil-D are higher than the designed displacement in both
methods. The maximum isolator displacement for abutments shows a higher response
than piers, up to three times in both methods. The considerable difference between the
isolator displacement of the piers and abutments shows the importance of considering
the soil effect in the design stage to fulfill the displacement demand based on the records’
characteristics and soil category.
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Moreover, NF records cause higher isolator displacement than FF records by an
average of 40%, 40%, 23%, and 22% for the direct method and 40%, 40%, 32%, and 41% for
the simplified method in the case of fixed-base, Rock, Soil-C, and Soil-D, respectively.

The correlation between PGA/PGV ratios and the maximum displacement responses
on both conventional and isolated bridges, as shown in Figure 9, indicates that the
PGA/PGV ratio of the records has an important effect on the dynamic responses for
both NF and FF records for all soil types and the distance of the ruptured fault is not an
effective factor in displacement responses. Furthermore, as in softer soils, the period of
the structure increases; in the direct method for both conventional and isolated bridges,
there is an increase in the displacement responses on the inclusion of SSI, and the increase
is more pronounced for the isolated bridge under NF records. This trend is the same for
the simplified method.
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The normalized displacement responses ratio presented in Figure 10 shows that
soil’s positivity or negativity effects strongly depend on the record characteristics in the
conventional bridge and the direct method.
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For the isolated bridge and the simplified method, the pattern is almost the same,
showing that soil does not play a positive role, and it increases the isolator displacement.
Considering the average responses, SSI plays an unfavorable role in the isolator displace-
ment responses, and isolated bridges are sensitive to the SSI effects. Therefore, these results
agree with previous studies mentioning that isolated bridges on soft soils have a more
significant potential for severe damage, while the isolation systems perform better on rocks
during earthquakes [40,41].

4.3. Effect of Earthquake Characteristics and SSI on the Base Shear Responses

The maximum base shear responses and the effect of record characteristics on the
responses are shown in Figure 11. In conventional bridges and the direct method, there
is no constant trend for the maximum base shear responses, so in a few records, the
diminishing of the responses is observed on softer soils, while in other records, responses
are increasing and are higher than fixed-base bridges depending on each individual record
and its characteristics, especially in the case of Soil-C.
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The maximum base shear is related to the records with the lowest PGA/PGV and
records with a predominant period close to the period of the conventional bridge (NF:8
with Tp = 0.48 s and FF:2 with Tp = 0.46 s). In the conventional bridge and the simplified
method, as there is no damping in the system and also due to the linear behavior of the
springs, an increasing trend is observed from Rock to softer soils in all records.

Considering the average of the base shear responses, there is a reduction in responses
of the direct method by 12%, 10%, and 16% for NF records and 10%, 2%, and 11% for FF
records on Rock, Soil-C, and Soil-D compared to the fixed-base bridge, respectively. On
the other hand, for the simplified method, an increase of 42%, 202%, and 202% is observed
for both NF and FF records on Rock, Soil-C, and Soil-D compared to the fixed-base bridge,
respectively.

These observations are in agreement with the results of literature showing that depend-
ing on the details of the individual ground motions and their correlation to the dynamic
properties of the pier and foundation, SSI could increase or decrease the base shear re-
sponses, and it should specifically be considered for design purposes as ignoring the
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observed increases in pier shear due to SSI will cause severe damage to the structure [16,72].
A comparison of responses of the conventional bridge for NF and FF records shows that NF
records cause higher base shear responses compared to FF records by an average of 30%,
almost in all cases. In addition, some individual records show an increasing trend in their
base shear responses, up to 32% in NF records and 43% in FF records in Soil-D compared to
the fixed-base bridge.

In the isolated bridge and direct method, maximum base shear responses increase in
most of the records in Rock and Soil-C for both NF and FF records. However, it shows
a decreasing trend for Soil-D. The average of the maximum base shear responses for NF
and FF records show that the base shear is increasing in Rock and Soil-C by 7% and 9% for
NF and 11% and 14% for FF, and then it reduces in Soil-D by 15% and 5% for NF and FF
records, respectively.

In the isolated bridge and simplified method, there is a reduction of 15%, 2%, and 4%
for NF records and 10%, 8%, and 10% for FF records in Rock, Soil-C, and Soil-D, respectively.

In addition, NF records cause higher base shear than FF records in the isolated bridge
by an average of 29%, 25%, 23%, and 27% in the direct method and 29%, 20%, 38%, and
37% in the simplified method. It should be mentioned that some individual records show
an increase in their base shear responses up to 40% in NF records and 70% in FF records in
Soil-C compared to the fixed-base bridge.

As shown in Figure 11, the maximum base shear responses in the conventional and
isolated bridges, for both NF and FF records, are related to the record with the lowest
PGA/PGV ratio regardless of the soil effect and decrease with the increasing ratio of
PGA/PGV.

In addition, the effect of record frequency is less in the isolated bridge, especially for
FF records. The normalized base shear ratio in Figure 12 shows that in the conventional
bridge and direct method, soil has a positive role in reducing the base shear in the majority
of NF records, while soil effect could be favorable or unfavorable in FF records, depending
on their characteristics. Base shear responses in the simplified method show that the soil
has a negative effect, and softer soils increase the base shear responses. In the isolated
bridge and direct method, the base shear responses are more positive in Soil-D, while the
trend is unclear for Soil-C. On the other hand, in the isolated bridge and simplified method,
soil has an unfavorable effect on NF records, and the soil effect is less pronounced for FF
records and has almost a neutral effect.

In conclusion, the analysis of variance (ANOVA) was implemented to acquire the
effect of PGA/PGV ratios and seismic responses of the bridges by calculating the linear
correlation coefficient (shown in Figures 7, 9 and 11) and the probability of error (p-value).
As a result, a strong correlation exists between PGA/PGV and maximum deck acceleration
and the maximum base shear with the p-values much lower than 0.05 for all soil types and
also for both approaches, direct and simplified methods, which is the threshold for the 95%
confidence level.

However, depending on the analysis and modeling methods, the correlation between
PGA/PGV is divergent for the maximum displacement responses. They are proven to be
statistically significant only for Soil-C and Soil-D in the direct method and for fixed-base
and Rock in the simplified method.

It should be mentioned that in order to thoroughly investigate the effect of SSI on
conventional bridges with different flexibility, a conventional bridge with the period of
0.2 s is modeled using the direct method, and the results are compared with the original
conventional bridge with the period of 0.54 s. As it is shown in spectral acceleration in
Figure 6, there is a noticeable amplification in Soil-C at the period of 0.2 s in all records, and
the responses of the stiffer bridge with the period of 0.2 s, shown in Figure 13, is higher
than the bridge with a 0.54 s period except for NF:8 and FF:2 and it can be explained by
the fact that the predominant period of the records are at the proximity of the period of
the bridge and resonance is taking place in these records. The maximum acceleration and
base shear of the bridge with a 0.2 s period is higher than the bridge with the period of
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0.54 s by an average of 50% and 70% for NF and FF records. The deck drift of the stiffer
conventional bridge is less than the bridge with 0.54 s by an average of 73% and 65% for
NF and FF records. The responses of the stiffer conventional bridge are less sensitive to
the PGA/PGV ratio. On average, softer soil (Soil-D) plays a positive role in decreasing the
acceleration and base shear responses but increases displacement demand.
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5. Conclusions

This paper studied the simultaneous effects of NF and FF record characteristics and
SSI effects on a three-span bridge with and without an isolation system. Seismic responses
of the fixed-base bridge are compared by considering the soil domain and SSI effects in the
direct approach and simplified method. Three different soil properties representing Rock,
Soil-C, and Soil-D have been selected. The role of soil characteristics has been evaluated by
considering the bridge founded on different soil strata subjected to moderate NF and FF
records. Responses of NLTHA lead to the following conclusions:

1. The fault distance does not play a decisive role in the dynamic responses of the bridge,
and dynamic responses significantly depend on the low- or high-frequency contents
of the records, regardless of the soil type, so the lower ratios of PGA/PGV cause the
higher dynamic responses, and they diminish with the increasing of this ratio.

2. With the same PGA, NF records which generally contain higher values of PGV cause
higher dynamic responses compared to FF records for both conventional and isolated
bridges on different soils.

3. A considerable increase in the base shear response is observed in softer soils in a
few individual records. For example, in the conventional bridge, there is a 43%
increase in the maximum base share response on Soil-D for FF:5 compared to the fixed-
base bridge (increasing by 0.015Wd, from 0.034Wd to 0.049Wd), while there is a 70%
increase from the fixed-base isolated bridge to the isolated bridge in Soil-C (increasing
by 0.012Wd, from 0.016Wd to 0.028Wd) in the case of FF:9. In fact, the base shear
response is dominated by the uncertainty in the ground motion. Therefore, careful
attention is needed at the design stage to anticipate the base shear demand depending
on the frequency content, bridge condition and the underlying soil properties.

4. In the isolated bridge and direct method, the maximum isolator displacements happen
in the records with the lowest ratio of PGA/PGV. However, they increase drastically
from Rock to Soil-C so that the displacement demand goes beyond the designed
displacement. Therefore, ignoring the effect of the flexibility of soil and the SSI effects
will result in underestimating the displacement demand of the isolated bridge and
the possibility of destruction in the isolation system in earthquake-prone areas.

5. The isolator displacement demand at the abutments is higher than the piers by up
to three times in some individual records. Therefore, it should be carefully designed
considering the soil effects and the characteristics of the records.

6. As F(T) in the direct method is higher than the reduction factor proposed by CSA
(S6-19) by the factor of 2.5, the site effect could lead to an underestimation of responses
for rocks while it is conservative for soft soils.

7. Using the simplified method in this study should be carried out alongside careful
attention to the validity of using the equivalent linear method instead of the nonlinear
method, because all the records with Soil-C and Soil-D were not eligible based on
the limitation of the shear strain index (generally under 0.03%), and the responses
were very scattered, especially in the conventional method. Therefore, the simplified
method of using springs to represent the soil stratum is rather a simple approach to
capture all the major mechanisms involved in soil, SSI, and characteristics of each
earthquake ground motion.

It should be mentioned that regarding the specific objectives of the current research
study and to limit computation and analysis efforts, this study did not consider many as-
pects, such as spatial variation and non-coherence of the seismic motions, multi-directional
seismic excitation, analysis of base-isolated bridges at different levels of the hysteretic
properties, notably at lower and upper bound values, and the possibility of inelastic defor-
mations within the bridge foundation units (piers and abutments) for both the fixed-base
design and isolated design, that could strongly impact the obtained results in different
perspectives. Therefore, considering these aspects is worth further investigation.
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