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Abstract. Several bridges in Indonesia are designed using elastomeric bearing (ERB) with a low
capability of reducing seismic responses. This results in a significant demand for larger pier cross-
sectional dimensions and a greater number of reinforcements, necessitating the consideration of
seismic isolation devices to optimize the pier configuration. Lead rubber bearing (LRB) has been
widely used as a seismic isolation device due to the natural period shifting and sufficient energy
dissipation, but it costs a lot. A shear panel damper equipped with a gap (SPDG) was proposed
regarding its capability to provide high damping at low cost as an alternative device to LRB. This
study compared the seismic performance of three structural systems of simply supported
prestressed concrete (PSC) box girder bridges. Those were analyzed using Nonlinear Time History
Analysis (NLTHA) with the OpenSees software. As a result, both SPDG and LRB increased the
structural flexibility and generated similar relative pier responses to the conventional bridge with
ERB. For example, SPDG generated the relative responses of the top pier displacement, base shear,
and bending moment up to 64.76%, 83.55%, and 65.66%, while LRB was 64.92%, 83.39%, and
66.89%, respectively. Meanwhile, the bridge’s structural performance equipped with LRB and SPDG
showed a fully operational and operational limit, while the one with ERB reached the life safety limit
due to the longitudinal earthquake. The life safety limit due to the transverse earthquake was also
observed in the three bridge models. In conclusion, SPDG is applicable in the seismic isolation
system as it has a similar performance to the LRB.

Keywords: Elastomeric Rubber Bearing; Lead Rubber Bearing; Nonlinear Time History Analysis;
Simply supported bridge; Shear Panel Damper Plus Gap

1. Introduction

The role of seismic isolation devices is crucial in accommodating the deformation of
superstructures caused by earthquake forces. Unfortunately, many bridges in Indonesia are
equipped with elastomeric bearings (ERB), which have low damping and limited seismic
capacity. This leads to a significant force demand being transmitted to the piers (Xiang, Goto,
and Alam, 2021; Xiang, Alam, and Li, 2019) and increases the cross-sectional area as well as
the number of pier reinforcements to provide uniform seismic resistance. To optimize the
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design and minimize pier damage, it is necessary to utilize seismic isolation devices with
high damping, such as lead rubber bearings (LRB) (Edalathi and Tahghighi, 2019;
Sugihardjo et al, 2010). Meanwhile, despite the fact that Indonesia is an earthquake-prone
area, many practicing engineers would rather use ERB instead of LRB due to budget
constraint. This increases the anxiety of many people regarding the structural safety during
strong earthquakes. Besides, the application of LRB would require more effort for design
and manufacture. Therefore, this study proposed a shear panel damper equipped with a
gap (SPDG), as it has a low cost with high damping and a large seismic capacity (Nakashima
et al, 1994) to overcome the disadvantages of LRB. Moreover, the proposed device could
be easily replaced without lifting the superstructure because the installation was
accompanied by other devices that provided vertical load capacity (Xiang, Alam, and Li,
2019).

LRB acts as a bilinear elastic-plastic (Hameed et al. 2008; Naeim and Kelly, 1999) with
maximum deformation of 250% (Hamaguchi et al, 2019; AASHTO, 2014). Meanwhile, the
behavior of the shear panel damper (SPD) is influenced by its web, which is typically
constructed using low-yield or mild steels with high ductility, allowing it to deform easily
up to a certain deformation limit (Yao, Wang, and Zhu 2021; Zhang et al, 2013). In a study
conducted by Liu, Aoki, and Shimoda (2013), it was found that SPD with a square plate and
flange deformed by 16-25%. Awaludin et al. (2022) developed SPD with a rectangular
hollow shape that laterally deformed up to 15% of the body height, and a stable post-yield
resistance was obtained when the web depth-thickness ratio was 25. Furthermore, the
SPD’s web was vulnerable to buckle due to the vertical load and needed to be supported by
ERB to provide an equitable vertical load capacity. This ERB also provides lateral stiffness
with 100% maximum deformation in the elastic behavior (Yenidogan, 2021). Setiawan and
Takahashi (2018) also found that the use of gaps in friction dampers reduced the structural
stiffness without any force resistance below the gap length. This simply means that the gap
needs to be applied to SPD to increase structural flexibility (Setiawan, 2018).

The previous study concluded that the application of LRB increased the flexibility of a
simply supported bridge and protected the pier from more severe damage (Santoso et al.,
2022; Santoso, 2022). In this study, three structural systems of simply supported
prestressed concrete (PSC) box girder bridges are compared using numerical analysis. This
bridge is located in Makassar, Indonesia, and is classified as a critical bridge according to SNI
2833:2016 (BSN, 2016). Several analytical methods have been employed to investigate
seismic performance, such as Nonlinear Time History Analysis (NLTHA), pushover analysis,
and modal analysis. NLTHA was performed to simulate the structure’s dynamic response by
applying five selected and scaled ground motion records. A pushover analysis was
conducted to determine the actual pier’s capacity, while a modal analysis was performed to
obtain structural flexibility.

2. Methods

2.1. Bridge Modeling

The bridge has a total length of 340 m and is supported by a series of single piers of
different heights, as shown in Figure 1. A total of three bridge systems were considered in
this analysis, which include a conventional bridge equipped with ERB (Model A), an existing
bridge equipped with LRB (Model B), and the proposed bridge equipped with the
combination of SPDG and ERB (Model C), as shown in Figure 2. The Model B was redesigned
with the conventional system of Model A and the proposed system of Model C to provide an
equitable seismic resistance with comparable seismic performance. The number of
bearings in Model A was determined based on the demand earthquake force, which was
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calculated manually using elastic design assumptions for the critical bridge according to
SNI 2833:2016 and AASHTO (2012). The design concept for seismic devices in Models B
and C followed the guidelines of AASHTO (2014) and was also based on a previous study
conducted by Chen, Ge, and Usami (2007). The basis is that the yield strength of the bearing
systems should be less than the pier so that the yielding initially occurs at the bearings.
Furthermore, the demand force should be less than the maximum force capacity of the
bearing system to avoid sliding failure (Chen and Duan, 2014; Steelman et al, 2013) due to
the low seismic capacity of ERB, thereby necessitating 9 m? of cross-sectional area and 136
D32 steel bars. Meanwhile, Models B and C required 6.25 m? of cross-sectional area and 110
D32 steel bars.
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Figure 1 Longitudinal section of bridge model
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Figure 2 Bridge model: (a) Model A, (b) Model B, (c) Model C, and (d) Pier cross-section

According to the previous study (Santoso et al, 2022), the structural elements were
idealized as force-based beam-column elements with elastic cross-sections. The plastic
hinge zone was particularly discretized as fiber to represent the nonlinear pier’s behavior
(Kappos et al, 2012; Berry and Eberhard, 2008). The concrete materials were idealized
using Concrete04, while those in compression and tension behavior were actualized based
on Mander Priestley, and Park(1988) and Vecchio and Collins (1986), respectively. The
reinforcing steel parameters are defined according to Giuffre-Menegotto-Pinto’s model
(Fillipou et al, 1983; Menegotto and Pinto, 1973) as Steel02 (Carreno et al, 2019), which
has unlimited maximum strain. The stopper, shear key, and pounding effect at the gap of
200 mm were idealized using EPPGap to maintain elastic behavior after the pounding
occurrence (Omrani et al, 2015). The link slab was modeled with Concrete01 along the
debonded zone without considering tensile behavior, while the foundation was
represented by elastic spring elements. The force-displacement relationship of ERB was
idealized using an elastic-linear material, while that of LRB was idealized using Steel01.
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Meanwhile, SPDG was idealized by combining Steel01 for SPD and EPPGap with the gap
length of 15 mm using series material in OpenSees. A scheme of the SPDG mechanism based
on Setiawan and Takahashi (2018) is presented in Figure 3.

st [T L=

Gap
Steel01 EPPGap Series
Figure 3 SPDG mechanism based on Setiawan and Takahashi (2018)

2.2. Ground Motion Modification

Five selected earthquakes were classified as far-fault events, as the bridge is situated
in Makassar with an epicentral distance exceeding 10 km from the earthquake source. This
classification is based on the deaggregation analysis of the Makassar earthquake as outlined
in the study conducted by Sunardi and Nugraha (2016). ASCE (2010) allows for the
selection of the ground motion by considering the respective similar spectral shape of the
designed bridge in such a way that the allowable range of magnitude (Mw), fault distance
(R), source mechanism, and site class were relaxed. Moreover, the magnitude, which is 2 5,
fault distance < 500 km, and shallow crustal mechanism (strike-slip and reverse) were still
considered based on the BMKG earthquake repository described by Sunardi and Nugraha
(2016) as a lack of references on the deaggregation of Makassar earthquake. Meanwhile,
site class D of soil represented by Vs30 in the range of 175-350 m/s was determined based
on the soil investigation report of the specific bridge location. The amplitude scaling
method was used to modify the ground motion selected, and a single scale factor was
applied to preserve the variation of earthquake energy with the fundamental period found
in the original record (ASCE, 2017; ASCE, 2010; Kalkan and Chopra, 2010).

2.3. Limit State

The performance level is an indicator for observing and evaluating the structural
performance simultaneously and an instrument for ensuring structural capability during
service life. NCHRP (2013) classified the performance level into five categories, also known
as damage levels, as shown in Table 1. The determination of the level depends on several
parameters, which include steel strain, concrete strain, and drift ratio. The damage levels I
to IV are still repairable. Meanwhile, level V required component replacement. So, the
performance level of fully operational (FO), operational (0), life safety (LS), near collapse
(NC), and collapse limits (C) are equivalent to damage levels.

Table 1 Seismic performance and damage level according to NCHRP (2013)

Damage Level Performance Level Steel Strain Concrete Strain Drift Ratio (%)
I Fully operational 0.0038 0.0024 0.75%
II Operational 0.005 0.0032 1.00%
I11 Life safety 0.019 0.010 3.00%
v Near collapse 0.048 0.027 5.00%
\ Collapse 0.063 0.036 8.70%

3. Results and Discussion

3.1. Structural Systems Comparison

This study incorporated three parameters as design criteria for predicting the seismic
responses of isolated structures. These parameters are the stiffness ratio, yield strength
ratio, and ultimate strength ratio, which are utilized to control the seismic behavior.
Furthermore, pushover analysis was used to determine the pier strength and stiffness
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parameters, while the formula proposed by AASHTO (2014) and Chen, Ge, and Usami
(2007) ware used to calculate the seismic device.

The pier’s elastic stiffness was observed to be less than the effective stiffness of all
seismic devices because its ratio exceeded one, as shown in Figure 4(a). However, the
energy dissipation started when the yield and the inelastic deformation occurred in the
seismic device. In Figure 4(b), the yield strength ratios of Models B and C were below one,
meaning that the initial yield of the structural system occurred in the seismic devices rather
than the pier. The ratio between the maximum strength of the seismic devices and the pier
is shown in Figure 4(c), of which the ratios of Models B and C were above one. This implies
the pier potentially collapsed before the seismic devices failed. This makes the design of an
optimal isolated bridge system based on the basic concept to be difficult, as the demand
force has to be calculated to prevent the devices from failing. Meanwhile, the yield strength
ratio was considered an appropriate design approach for seismic isolation devices.

The application of seismic isolation devices increased the structural flexibility
represented by the fundamental period. This implies the fundamental period of Model A,
being 2.15 s was the smallest. Meanwhile, Models B and C have fundamental periods of 2.50
s and 2.35 s, respectively, implying that the bridge system with LRB was the most flexible,
and the application of SPDG also increased the natural period of the bridge system.
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Figure 4 (a) stiffness ratio, (b) yield strength ratio, (c) ultimate strength ratio

3.2. Dynamic Responses Comparison

The effectiveness of the seismic isolation device application was evaluated by
considering the maximum relative percentage of the pier responses, such as displacement,
base shear, and bending moment. The percentage was calculated by comparing the
maximum responses of the seismic-equipped bridge systems in Models B and C with the
conventional bridge system in Model A. The results of Models A and B were obtained from
Santoso et al. (2022), while Model C was compared to the previous results.

Figure 5(a) shows a comparison of the maximum top pier displacement in three
models, represented by pier P9. It was observed that the longitudinal displacements were
smaller compared to the transverse. In this case, all piers have rectangular cross-sections
with the same stiffness in both lateral directions, as shown in Figure 2(d). Therefore, the
reason is that a free cantilever pier in the transverse direction provided less stiffness than
those in the longitudinal that was supported by a series of piers. Furthermore, the
longitudinal displacements in Model A were the largest of the other models, but some
transverse displacements in Model C were larger than in Model A based on some
earthquakes. This was influenced by the larger lateral stiffness and the yield strength ratio
of the bearing system to the substructure, where Model C was larger than Model B, as shown
in Figure 4. Besides, the bridge system with SPDG generated the maximum relative
displacement of 64.76% and 36.75%, while the one with LRB showed 64.92% and 45.92%
in the longitudinal and transverse directions, as shown in Table 2.

Models B and C consistently show lower base shear results compared to Model A, as
shown in Figure 5(b). The seismic devices were capable of reducing the spectral
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acceleration, while the larger pier in Model A produced stiffer piers, thereby resulting in a
greater base shear than the other models. Meanwhile, both Models B and C showed
comparable relative base shear, as summarized in Table 3. The relative base shears in
Models B and C reached 83.39% and 83.55% in the longitudinal directions, as well as
63.66% and 60.60% in the transverse directions, respectively. In manual calculation, the
maximum shear capacity of Model A pier was 38740.32 kN, while Models B and C piers were
27377.12 kN. It was observed that the piers in all models did not exceed the maximum shear
capacity, meaning that the shear yielding did not occur.

Based on Figure 5(c), Model A showed the largest bending moment in both directions.
The flexural capacity of Model A, i.e. 105986.75 kNm, as well as Models B and C, which was
68858.42 kNm, was exceeded in pier P9 due to the Northridge earthquake. This means that
flexural yielding was also found in the three models, but the use of LRB in Model B
generated relative bending moments up to 66.89% and 48.58% in the longitudinal and
transverse directions, as presented in Table 4. Similarly, in Model C, in which the relative
bending moments were up to 65.56% and 45.40% in the longitudinal and transverse
directions, respectively.
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Figure 5 Maximum (a) top pier displacement, (b) base shear, and (c) bending moment

comparison in pier P9

Table 2 Top pier relative displacement in longitudinal (X) and transverse (Y) directions

Model Maximum Relative Displacement X (%) Maximum Relative Displacement Y (%)
P8 P9 P10 P11 P12 P13 P8 P9 P10 P11 P12 P13
B 58.2 55.2 57.7 56.7 55.6 64.9 28.9 24.8 45.9 24.7 441 28.0
C 55.2 413 407 347 356 64.8 | 135 5.4 36.8 7.2 280 17.7
Table 3 Relative base shear in longitudinal (X) and transverse (Y) directions
Model Maximum Relative Base Shear X (%) Maximum Relative Base Shear Y (%)
P8 P9 P10 P11 P12 P13 P8 P9 P10 P11 P12 P13
B 764 767 77.1 787 813 834 60.5 559 56,5 585 63.7 614
C 747 725 727 748 785 83.6 54.0 433 50.7 503 60.6 589

Table 4 Relative bending moment in longitudinal (X) and transverse (Y) directions

Model Maximum Relative Bending Moment X (%) Maximum Relative Bending Moment Y (%)
P8 P9 P10 P11 P12 P13 P8 P9 P10 P11 P12 P13
B 60.6 60.5 615 60.7 598 669 43.2 394 486 40.1 44.2 39.1
C 58.2 50.1 50.1 455 46.2 65.6 32.4 31.7 454 29.7 39.6 326
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3.3. Seismic Performance and Damage Comparison

The top pier displacement and curvature responses are two indicators for measuring
pier performance and damage. Table 5 shows the summary of the maximum top pier
displacements and performance levels in each pier. It was observed that Models B and C
showed better performances compared to Model A, particularly in the longitudinal
direction. This means that fully operational limits were obtained in Models B and C, while
Model A was in the life safety limit state. It is important to note that life safety limit states
were also observed in all models due to the transverse earthquakes. In addition, damage
levels [ and II were displayed in Models B and C, while damage level III was shown in Model
A due to longitudinal earthquakes. Table 5 also shows that all bridge models reached
damage level Il due to transverse earthquakes. Therefore, the application of SPDG was able
to provide comparable performance and protect the pier from more severe damage, just as
in the bridge equipped with LRB.

Table 5 Maximum performance level in Pier P8 - P13

Model Maximum Top Pier Displacement (mm) Maximum Curvature, ¢x 10-3 (rad/m)

P8 P9 P10 P11 P12 P13 | P8 P9 P10 P11 P12 P13

A-X 204 209 204 182 182 175 1.08 1.09 1.13 1.05 1.11 1.18

B-X

C-X 146 143 138 133 122 | 096 1.05 1.08 1.10 1.15 1.19

A-Y 229 381 386 295 305 154 | 133 516 6.17 334 449 1.01

B-Y 179 325 262 248 176 118 | 1.36 496 330 3.34 1.61 1.03

C-Y 200 437 345 325 220 144 | 1,65 9.04 631 630 299 1.42

Performance/Damage Level _ 0/ LS /111 NC / IV

3.4. Seismic Device Responses

Hysteretic behavior was exhibited by LRB and SPDG, indicating that yielding and
energy dissipation occurred in all seismic devices. The ERB in Model C accommodated the
seismic force before the displacement reached a gap length of 15 mm. Furthermore, the SPD
and ERB parallel systems worked together to accommodate the earthquake force until a
certain deformation limit was reached. The maximum deformation of SPD was set at about
15% as the lower bound based on several deformation limits obtained from experimental
studies. However, the gap in SPDG increased the maximum shear strain from 15% to 18%.
[t also caused the pinched hysteretic curve of SPDG due to zero lateral strength and stiffness
along the gap length, as illustrated in Figure 3. Figure 7 shows the responses of seismic
devices, which are represented at Pier P9 due to the transverse earthquakes. It was
observed that both SPDG and LRB performed well under multiple cycles during all
earthquakes without exceeding the deformation limit, indicating that the devices dissipated
seismic energy. In this case, LRB still performs better and is more effective at dissipating
energy. The maximum force and displacement of LRB provided a larger hysteretic area than
SPDG, indicating greater seismic energy dissipated by LRB than SPDG.
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Figure 7 Seismic device’s responses on pier P9 due to the transverse earthquakes
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4. Conclusions

Three bridge models with different structural systems have been investigated in this
study using numerical analysis. The results showed that the bridge models with seismic
devices, such as SPDG and LRB, were more flexible compared to the conventional bridge
equipped with ERB. Basically, SPDG started to dissipate seismic energy when the
deformation exceeded the gap length then the metal web experienced yielding. The yielding
state initiated an inelastic behavior that provided low post-yield stiffness to accommodate
the superstructure’s deformation. Meanwhile, the designed gap allowed the device to
deform at a zero-stiffness state that increased the maximum shear strain capacity by 3% to
prevent failure. As a result, piers in the bridge with SPDG have comparable responses to
LRB. The relative responses to the conventional bridge, i.e., top pier displacement, base
shear, and bending moment, generated up to 64.76%, 83.55%, and 65.66%, while LRB
generated up to 64.92%, 83.39%, and 66.89%), respectively. The practical design of isolated
bridges with SPDG was also made easy when the appropriate parameters were defined
based on the target performance. Therefore, the yield strength ratio needs to be considered
as a criterion for designing the SPDG and predicting the structural responses due to seismic
excitation. It was observed that the bridge with SPDG, which was designed in the yield
strength ratio’s range of 0.53-0.73, showed comparable seismic performance to the bridge
with LRB. Those were fully operational and operational limits due to the longitudinal
earthquakes, and life safety limit due to the transverse earthquakes. In addition, the
influence of vertical direction earthquakes will increase vertical deformation.
Consequently, the friction between two-separated plates on the top of SPDG potentially
occurred. This might inflict a large buckling displacement and influenced the hysteretic
behavior. Thus, it should be considered while designing the vertical gap of SPDG.
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