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Structural Systems Comparison of Simply Supported PSC Box
Girder Bridge Equipped with Elastomeric Rubber Bearing and
Lead Rubber Bearing
Santoso, A.1, Sulistyo, D.1, Awaludin, A.1*, Setiawan, A.F.1, Satyarno, I.1,
Purnomo, P.2, and Harry, I.2
Abstract: This study compares the influence of elastomeric rubber bearing (ERB) as the regular
bearing support and lead rubber bearing (LRB) as the seismic isolation device on the structural
system of a seven simply supported span prestressed concrete (PSC) box girder bridge, which was
analyzed using nonlinear time history analysis (NLTHA) with the OpenSees software. The results
showed that the maximum pier responses and damage were smaller in models with LRB than
with ERB. The bridge model using ERB showed the damage at level II, while the one using LRB
was at level I. In addition, the highest seismic performance level in the model with ERB was at
the operational limit state. Meanwhile, the seismic performance in the model with LRB was at the
fully operational limit state. Thus, LRB performed better in improving the seismic performance
and mitigating the damage due to the seismic excitation with the small cross-section area of pier.
Keywords: Box girder bridge; Pier; LRB; ERB; Seismic Performance; NLTHA.

It contributes to accommodating the earthquake force
and dissipating the amount of seismic energy to
control the seismic response of the structure [3]. The
earthquake force can be reduced if the structural
flexibility and structural damping are increased (e.g.,
the application of seismic isolator can lengthen the
period) [4]. The common seismic isolators applied to
the structure are lead rubber bearing (LRB) that
provides lateral flexibility and damping capacity
which is represented by an elastic-perfectly plastic
bilinear response. The maximum deformation of LRB
is 250% [4,5], while ERB is only 50% [6]. It implies
that the LRB can deform more than ERB when
subjects to the earthquake force.

Introduction
Pier failure due to earthquake excitation causes a
significant impact on the entire structure. It might
cause the superstructure to collapse, increasing the
cost of repairing or replacing the broken component.
Struve Slough Bridge and Mission Gothic Bridge in
California were two examples that collapsed due to
Loma Prieta and Northridge Earthquake, respectively. Those were initiated by the pier collapse owing
to the brittle shear failure [1]. Many bridges in
Indonesia were designed using elastomeric rubber
bearing (ERB), where the seismic capacity was lower
than the bridge with a seismic isolation device.
Therefore, the pier of the bridge with ERB would
require large cross-section area to have an equitable
seismic resistance with the other piers using seismic
isolation device.

Chen and Li [7] concluded that LRBs were capable of
reducing the displacement between superstructure
and substructure effectively. A numerical study by
Edalathi and Tahghighi [8] showed that the application of LRB instead of ERB increased the structural
flexibility, significantly reduced the base shear,
bending moment, deck acceleration, pier displacement, and earthquake input energy of a continuous
box girder bridge. Another study also showed that
LRB significantly reduced the base shear of the
suspension bridge [9] and the pier displacement of the
continuous box girder bridge [10].

The seismic isolation device is widely employed to
reduce the seismic responses by interposing the
structural element with a low horizontal stiffness
between the superstructure and substructure to
decouple the structure from the horizontal component
of ground motion [2].
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The seismic performance investigation of a simply
supported bridge equipped with LRB compared to
ERB has not been studied yet, despite the bridge's
behavior being quite different from the continuous
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Bridge Modeling

bridge. The decks are not connected continuously,
causing an increase in structural flexibility so that the
dynamic responses might be more significant [11].
Hence, the study related to that topic is critical.

Figure 1 depicts a simply supported seven span PSC
box girder bridge with a total length of 345 m,
supported by a series of single pier with different
heights. Two isolated bridge models equipped with
ERB and LRB are considered in this analysis. To limit
the deformation, Model A employs three ERBs in
each deck support, shear key, and stopper as shown
in Figure 2(a), whereas Model B employs only two
LRBs in each deck support as shown in Figure 2(b).
The existing bridge’s structural system (Model B) is
redesigned using a conventional system of ERB
(Model A) with an equitable seismic resistant to the
existing pier. Due to the low seismic capacity of ERB,
the earthquake force will be much larger in Model A,
necessitating a bigger pier dimension and more reinforcement than in Model B, as depicted in Figure 3.

In this study, the comparison of structural system of
simply supported prestressed concrete (PSC) box
girder bridge equipped with LRB and ERB is
investigated using numerical analysis. The bridge is
located in Makassar, Indonesia, in seismic zone 3 or
moderate-damage risk zone, and it is classified as a
critical bridge according to the Indonesian code
provision [12]. Nonlinear time history analysis
(NLTHA) is carried out to simulate the dynamic
responses of the structure by imposing five ground
motions that are selected and scaled roughly similar
to the designed spectral of the located bridge.

Figure 1. Longitudinal Section of the Bridge Model

Figure 2. An Overview of the Bridge Model: (a) Model A; (b) Model B (unit in mm)
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The bridge is modeled using Open Sees software. All
elements except the pier are modeled as an elastic
section, while the pier is modeled using a fiber section
along the plastic hinge length (Lp). It can be calculated
as shown in Ref [13,14] using Equation (1), where L is
the column length, fye is the expected yield strength of
longitudinal reinforcing steel bar, and dbl is the
nominal diameter of longitudinal reinforcing steel
bar.

concrete in compression, while Vecchio-Collins’ model
[19] is considered for tensile concrete. It is defined as
Concrete04, where the parameters are listed in Table
1, such as the concrete maximum stress (fc), concrete
strain at maximum stress (c), concrete strain at
crushing strength (cu), the elastic modulus of concrete
(Ec), the maximum tensile strength (ft), and the
ultimate tensile strain of concrete (t).
The steel parameters are idealized as Steel02 according to Giuffre-Menegotto-Pinto’s model [20,21] that
also consider the ultimate strain using MinMax
material. The input parameters in the OpenSees are
yield strength (fy), initial curvature between initial
and post-yield curve (R0), curvature variation parameter of Bauschinger effect (CR1 and CR2), the ratio
between post-yield and elastic stiffness (b), the elastic
modulus of steel (E0), and ultimate strain at the
bilinear response (min and max).

Lp = 0.08L + 0.022 f ye dbl  0.044 f ye dbl (mm, MPa) (1)
Both elastic and fiber sections are modeled as forcebased beam-column elements (FBE) with the distributed-plasticity model, assuming the plasticity is
spread along the entire element length to accurately
calculate the bending moment by integrating the
force-deformation response [15]. The element discretization is required to localize the deformation and
represent the curvature distribution along with the
element [16]. Therefore, five integration points of the
Gauss-Lobbato integration rule are applied at the
elastic element. For the integration point for the pier
the Hinge-Radau integration rule is used, which is
concentrated along the plastic hinge length [17]. The
applied axial load may affect large deformation to the
structure, so the geometric nonlinearity effect is also
considered in this analysis.
Nonlinear material parameters for concrete and
reinforcing steel are considered in this analysis. The
concrete materials are calculated according to
Mander’s model [18] for confined and unconfined

Two node-link elements idealize ERB, LRB, shear
key, stopper, link slab, gap, and foundation. Meanwhile, a zero-length element with elastic material is
used to perform a rigid connection between the link
element and the other element or link. It assumes
very high stiffness (i.e., 1014 N/mm) in the six degrees
of freedom. The shear key, stopper, link slab, and gap
of 200 mm are modeled using elastic-perfectly plastic
material with gap (ElasticPPGap) in the OpenSees
considering the pounding effect assuming that they
will perform an elastic behavior on the pounding
occurrence [22]. The nine-pile of the foundation is
idealized to be a linear spring element and is assumed
to be a rigid foundation and flexible soil [23-25].

Figure 3. The Reinforcement Details: (a) Model A; (b)
Model B

According to AASHTO LRFD (2012), the preliminary
design is carried out to calculate the ERB’s parameter, while the LRB’s parameters are calculated
based on AASHTO GSID (2014) and a detailed
engineering drawing of the existing bridge. Those are
idealized as force-displacement curves with the input
parameters are summarized in Table 3. Where Fy is
the yield force, Ku is the initial stiffness, Kd / Ku is the
ratio between post-yield and initial stiffness, dy is the
yield displacement, disol is the maximum displacement capacity, Kv is the vertical stiffness, Krx, Kry, and
Krz are rotational stiffness in x, y, and z-axis.

Table 1. Concrete04 Material Properties
Model

Concrete

A and B
A
B

Unconfined
Confined
Confined

fc
(MPa)
33.20
57.86
57.82

c

cu

0.0020
0.0094
0.0094

0.0050
0.0305
0.0308

Ec
(MPa)
28,809.7
38,032.3
38,020.6

fct
(MPa)
3.59
3.59
3.59

t
0.0011
0.0011
0.0011

Table 2. Steel02 and MinMax Material Properties
Model
A and B

fy
(MPa)
490

R0

CR1

CR2

b

20

0.925

0.15

0.01

21

E0
(MPa)
200,000

min

max

-0.11

0.11
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Table 3. ERB and LRB Material Properties
Component
ERB
LRB

Fy
(kN)
259.20
275.10

Ku
(kN/mm)
14.40
15.97

Kd / Ku
0.05
0.16

dy
(mm)
17.23

disol
(mm)
18
195

Kv
(kN/mm)
11,964.44
6444.67

Krx
(kN/mm)
2.55 x 109
6.50 x 108

Kry
(kN/mm)
2.55 x 109
6.50 x 108

Krz
(kN/mm)
3.07 x 106
3.17 x 105

Table 4. Five Records of Ground Motions Selected
No
1
2
3
4
5

Earthquake

Station

Fault

Vs30
(m/s)
312.00
249.92
324.57
282.25
259.59

Mw

Kobe
Takarazuka
Strike-slip
Imperial Valley El Centro Array #13 Strike-slip
Tabas
Boshrooyeh
Reverse
Northridge
Rinaldi Receiving Sta Reverse
Gazli
Karakyr
Reverse

6.90
6.53
7.35
6.69
6.80

R
(km)
38.60
21.98
74.66
10.91
12.81

Scale Factor (SF)
SFx
SFy
0.35
0.34
2.29
2.75
2.09
2.10
0.30
0.50
0.48
0.48

Figure 4. The Scaled Elastic Response Spectral in: (a) Longitudinal; (b) Transverse Directions

(

Ground Motion Modification

n

SF =  Ai Ai

Five records of ground motions selected in this
analysis (Table 4) are classified as a far-fault
earthquake with epicentral distances greater
than 10 km. The ground motion selection considers the spectral shape that is roughly similar to
the Makassar earthquake, so the other provisions such as magnitude (Mw), fault distance (R),
source mechanism, fault type, and site condition
can be relaxed [26]. Nevertheless, the magnitude ≥5, fault distance ≤500 km, shallow crustal
mechanism, strike-slip, and reverse fault, and
site class D are still be considered based on the
BMKG earthquake repository [27] that were
explained in the study by Sunardi and Nugraha
[28] due to a lack of references regarding deaggregation of Makassar Earthquake. The amplitude scaling method is carried out to modify the
ground motion selected. This method applies a
single scale factor to the entire ground motion
record to preserve the variation of earthquake
energy with the fundamental period found in the
original record [26]. The scale factor (SF) is
calculated using the proposal of Kalkan and
Chopra [29] at Equation (2).

i =1

)(

n

 Ai Ai
i =1

)

(2)

Where and are the target and record (unscaled)
spectral acceleration at the ith spectral period at
the period of interest, respectively. The period of
interest for scaling must be scaled between 0.2T1
and 1.5T1, where T1 represents the fundamental
period at the first mode, and n is the number of
periods at the period range. The scaled elastic
response spectral for each pair of ground motion
are depicted in Figure 4.
Limit States
The seismic performance investigation aims to assess
the damaged component by classifying performance
and damage level based on the limit state from the
previous report [1]. The limit state is divided into five
damage levels, where the slightest damage is classified as damage level I, which is equivalent to fully
operational. Otherwise, the largest damage is classified as damage level V, equivalent to collapse [1]. In
addition, the damage level from I to IV indicates that
the bridge or certain components are still repairable.
Meanwhile, the damage level V indicates that the
bridge or some components require significant repair
or even component replacement. The complete
description about limit states can be found in Table 5.
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Table 5. Limit States According to NCHRP Synthesis 440 [1]
Damage Level
I
II
III
IV
V

Damage Descriptions
The onset of hairlines cracks
Crack widening, first yield of longitudinal
reinforcement
Inelastic deformation, cover concrete spalling,
diagonal crack occurs
Tha crack and the concrete spalling become
wider
Buckling of longitudinal reinforcement,
rupture of transverse reinforcement, and
crushing of core concrete

Performance
Level
Fully
operational

Steel Strain

Concrete
Strain

% Drift

0.0038

0.0024

0.75%

Operational

0.005

0.0032

1%

Life safety

0.019

0.01

3%

Near collapse

0.048

0.027

5%

Collapse

0.063

0.036

8.7%

The highest and the shortest pier are represented
by pier P9 and P13, respectively, from the six
piers in this study. The higher the pier, the less
stiffness is provided. Therefore, in the series of
piers with different heights, the highest pier will
be the most flexible to move rather than the
shortest one. A significant reduction is clearly
shown in P13, while the least reduction is shown
in P9. As presented in Table 6, the highest
percentage of displacement reduction is 51.79%
at the shortest pier due to the Tabas Earthquake.
Unfortunately, the LRB cannot reduce the
displacement due to the Gazli Earthquake even
though the pier responses are much smaller than
the other ones.

Results and Discussion
The Difference in Structural Systems
The preliminary design of the pier was carried out in
the model with ERB using a single-mode spectral
approach according to the code provision [23]. The
designed earthquake force was larger in Model A
(with ERB) than in Model B (with LRB). The spectral
acceleration was reduced in the model with LRB by
increasing the structural flexibility represented by
the fundamental period. As a result, the fundamental
periods of Model A were 2.01 s in the transverse and
1.09 s in the longitudinal direction of the translation
mode. Meanwhile, there were 2.50 s and 1.91 s of
Model B’s periods in transverse and longitudinal
directions, respectively. The fundamental period of
Model A was less than Model B, indicating that the
structure was stiffer in Model A. Consequently, the
lateral force and bending moment on the pier became
larger so that increase the pier’s size and the number
of reinforcements. Eventually, the pier in Model A
became stronger than in Model B. As a result, the
shear and bending moment capacities of the pier in
Model A were 38,736.69 kN and 105,909.8 kNm,
while they were 31,545.0 kN and 68,509.23 kNm in
Model B, respectively.

Rather than in the longitudinal (X) direction, a single
cantilever pier consideration provides less stiffness in
the transverse (Y) direction. The highest percentage
of displacement reduction due to the transverse
earthquake is shown at pier P10. It equates to 43.14%
as presented in Table 6. Otherwise, the maximum
displacement of piers on edge (P8 and P13) is relatively small, while the LRB cannot reduce some earthquakes at piers on edge. It signifies that the transverse earthquakes influence the middle pier more
than the edge, and the LRB reduces the displacement
effectively in the larger responses rather than, the
smaller ones.

Dynamic Responses
The stiffness provided by a series of the piers in the
longitudinal causes smaller responses in the longitudinal than in the transverse. Furthermore, Model A is
also supported by the stopper (longitudinal) and shear
key (transverse), which provide lateral support to
confine the deck from moving and transmit the lateral
shear force to save the pier. The reduction percentage
is obtained from the relative of the maximum response from models with ERB and LRB to the maximum response of ERB. Thus, it can describe the
effectivity of the the seismic isolation device (LRB) to
reduce the seismic responses compared to the conventional bearing (ERB).

The percentage of base shear reduction can be found
in Table 7. Based on the results, LRB can significantly
reduce the base shear in longitudinal (X) and
transverse (Y) directions, as depicted in Figure 6. The
highest percentage reaches 80.38% in the longitudinal and 67.66% in the transverse direction. Both
results are located at pier P12 due to the Tabas
Earthquake. In contrast, the lowest percentage of
40.37% is shown at pier P10 due to the Gazli
Earthquake in the longitudinal, and 18.37% at pier
P8 due to the Imperial Valley Earthquake in the
transverse. As depicted in Figure 6, the base shear in
both directions is still below the maximum capacity of
38,736.69 kN and 31,544.99 kN for the models with
ERB and LRB, respectively. It means that all piers
will not fail due to shear failure.

Based on Figure 5, the displacement due to
longitudinal earthquakes exhibits similar results
in Model A, while Model B shows varied results.
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Table 6. Displacement Reduction in Longitudinal (X) and Transverse (Y) Direction
Displacement Reduction (%)
Imperial Valley
Tabas
Northridge
X
Y
X
Y
X
Y
X
Y
P8
11.98
14.80
3.30
32.76
12.01
0.17
P9
12.77
0.06
27.40
15.76
3.70
16.42
P10
6.83
17.63
2.04
10.74
33.24
31.90
10.01
36.04
P11
13.96
22.81
4.70
38.75
18.40
7.58
13.92
P12
17.45
23.22
10.07
14.87
41.11
28.65
9.73
33.80
P13
33.31
35.76
25.08
51.79
23.89
16.69
Note: The symbol “-“ means that the seismic response is not reduced.
Pier

Kobe

Figure 5. Pier Maximum Displacement Comparison in Models A and B

Figure 6. Maximum Base Shear Comparison of Models A and B
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Gazli
X
-

Y
8.70
30.85
43.14
21.78
13.70
7.95
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Table 7. Base Shear Reduction in Longitudinal (X) and Transverse (Y) Direction
Base Shear Reduction (%)
Imperial Valley
Tabas
X
Y
X
Y
X
Y
P8
64.24
34.40
62.97
18.40
75.73
47.20
P9
59.90
42.15
60.96
36.82
72.13
57.41
P10
65.61
62.03
61.34
43.53
78.40
64.53
P11
71.36
35.74
59.64
21.50
73.74
60.52
P12
76.41
60.66
67.84
33.45
80.38
67.66
P13
76.41
38.04
67.01
41.59
79.99
24.10
Note: the symbol “-“ means that the seismic response is not reduced.
Pier

Kobe

Northridge
X
Y
81.36
28.44
75.44
52.73
74.10
56.77
73.33
51.71
65.50
42.19
77.25
51.26

Gazli
X
46.89
45.75
40.37
43.76
42.85
53.22

Y
22.79
38.59
50.61
35.68
38.54
41.44

Table 8. Bending Moment Reduction in Longitudinal (X) and Transverse (Y) Direction
Bending Moment Reduction (%)
Imperial Valley
Tabas
Northridge
X
Y
X
Y
X
Y
X
Y
P8
24.68
32.00
21.28
13.51
14.85
30.42
27.49
17.69
P9
14.54
30.59
22.81
23.19
5.57
33.47
22.88
33.46
P10
23.17
35.90
23.53
23.89
58.10
27.20
36.97
P11
29.04
36.18
21.70
4.32
33.22
27.17
32.61
P12
30.12
36.42
24.78
31.00
36.46
23.95
40.11
P13
40.78
43.43
32.24
11.82
2.06
14.51
36.96
31.61
Note: the symbol “-“ means that the seismic response is not reduced.
Pier

Kobe

Gazli
X
7.13
-

Y
27.88
43.41
51.49
36.67
29.85
22.98

Figure 7. Maximum Bending Moment Comparison of Model A and B

LRB performed better to reduce the bending moment
due to transverse earthquakes rather than longitudinal ones. Five-moment responses in the transverse
direction can be reduced consistently, with the
highest percentage of 58.10% shown at pier P10 due
to the Tabas Earthquake. At the same time, 40.78%
of bending moment reduction is shown at pier P13
due to the Kobe Earthquake in the longitudinal
direction. Unfortunately, some earthquakes, such as
Tabas and Gazli, failed to be reduced. However, they
exhibit smaller bending moments than the others, as
presented in Figure 7.

All bending moments due to longitudinal earthquakes are not exceed the maximum capacities in
Models A and B. Still, the bending moments that
occurred at piers P9 and P10 due to the Northridge
Earthquake slightly exceeded the bending moment
capacity of the pier in Model A. Regarding the
moment responses at Model B, pier P9 is the only one
that slightly exceeds the maximum capacity of the
pier for the model with seismic devices. Thus, LRB
also performs well to avoid flexural failure. Table 8
shows the bending moment reduction through the use
of LRB.
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Pier Damage

The pier damage due to the longitudinal earthquake
in Models A and B is still below damage level I, except
for pier P8 in Model A, which includes damage level
II. It implies that LRB can minimize the damage due
to longitudinal earthquakes by keeping the damage to
a hairline crack occurrence. Otherwise, the results of
transverse earthquakes are larger and vary, whereby
the largest damage in Models A and B occurs on piers
P10 and P9, respectively. The damages in both piers
are classified as damage level III, where it initiates
the onset of cover concrete spalling, inelastic

The damage levels are determined by equating
displacement and curvature to the drift percentage
corresponding to the provision in Table 5. The
curvatures are observed along the plastic hinge
length from the bottom of the pier. All results are
represented by some pier in the edge (i.e., pier P8 and
P13) and in the middle (i.e., pier P9 and P10) to exhibit
the severity of pier damage. The results of the four
piers are depicted in Figure 8.

Figure 8. Maximum Curvature Comparison of Models A and B

Figure 9. Pier Performance in Models A and B due to Longitudinal Earthquakes
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deformation, and the development of diagonal cracks.
The transverse earthquake, particularly the Northridge, clearly caused more damage to piers in the
middle rather than at the edge. Even though the

damage in the model with LRB cannot be reduced
significantly in the small responses, the damages that
appeared in the large responses are less than in the
model with ERB.

Figure 9. Pier Performance in Models A and B due to Longitudinal Earthquakes

Figure 10. Pier Performance in Models A and B due to Transverse Earthquakes
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Pier Performances

displacement of each pier due to the designed earthquakes. The capacity curve is obtained from the
pushover analysis to perform the static nonlinear
response of each pier.

The pier performance represents the bridge’s capability to operate after the designed earthquake
occurrence, classified into five performance levels as
presented in Table 5. The performance level is
represented by the position of the performance point
in the capacity curve obtained from the maximum

Figure 9 depicts the pier performance of Model A and
B due to longitudinal earthquakes. The results show
that the bridge with LRB exhibits good performance

Figure 11. LRB Responses due to Longitudinal and Transverse Earthquakes

Figure 12. ERB Responses due to Longitudinal and Transverse Earthquakes
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in both piers in the middle (P9) and the edge (P13).
Those are still on the fully operational limit in the
longitudinal direction. In the transverse (Figure 10),
most performance points formerly located at the life
safety limit change into the operational limit due to
the application of LRB. Some performance levels
roughly remain unchanged, but LRB reduces the
lateral displacement due to certain earthquakes.

LRB in the longitudinal direction, but the life safety
limit states were shown in both models in the
transverse.
LRB performed better to reduce the seismic responses
than the ERB. As a result, the pier displacement, base
shear, and bending moment were reduced by using
LRB up to 51.79%, 80.38%, and 58.10%, respectively.
However, none of the LRBs exceeded the maximum
shear strain of 250%. Otherwise, all ERBs exceeded
the 50% shear strain limit. It indicated that the LRB
was better at accommodating the horizontal load
without any component replacement.

Bearing Responses
The hysteresis curve represents the behavior of each
bearing due to the designed earthquakes, which is
shown as a force-displacement curve. While the LRB
performs an elastic-perfectly plastic bilinear response,
the ERB performs an elastic bilinear response. Figure
11 depicts the responses of the LRB on several piers
due to the longitudinal and transverse earthquakes,
respective. As a result, the shear strains of LRB do not
exceed the maximum shear strain of 250%, which is
determined by the code [4]. The post-yield stiffness of
LRB provides an adequate lateral restraint to
perform an inelastic deformation after the initial
stiffness has been exceeded. Thus, it implies that all
LRBs can still be used, despite being affected by the
earthquakes. Otherwise, the ERB’s maximum shear
strain is only 50%, while all ERBs have exceeded it.
In addition, the lateral restraint of the ERB relies on
the initial stiffness provided by the rubber. After it
exceeds the initial stiffness, the post-yield stiffness is
assumed to have only 5% of the initial stiffness, and
the rubber is also torn. Thus, it implies that all ERBs
need a replacement due to the designed earthquake
occurrence. The results of ERB due to longitudinal
and transverse earthquakes can be found in Figure
12, respectively.
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