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1. Introduction 
 

Powerful earthquakes have the potential to cause 

catastrophic damage to bridges, and one of these damages is 

the unseating of the superstructure. The failure of unseating 

potentially occurs when bridge girders are supported by 

elastomeric rubber bearings (ERB) due to limited 

deformation and low energy dissipation capacities (Abdel 

Raheem 2009, Yenidogan et al. 2021). This failure occurs 

when the lateral deformation exceeds the deformation limit, 

which is indicated by sliding (Abdel Raheem 2009, 

Mosalam et al. 2015, Xiang et al. 2021, Yao et al. 2021). A 

viable solution for averting the issue of unseating involves 

the installation of a stopper between two spans, 

accompanied by shear keys. This combined approach serves 

to effectively maintain the lateral deformation of the 
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superstructure that arises due to the forces exerted by 

earthquake loads (Mosalam et al. 2015, Setiawan and 

Takahashi 2018). However, the inclusion of the stopper and 

shear key within the bridge structure triggers the creation of 

plastic hinges at the lower part of the pier (Moehle and 

Eberhard 2000), indicating that a large amount of 

earthquake energy is absorbed by the pier. In this scenario, 

the greater the energy absorbed, the more pronounced the 

potential for extensive damage at the piers when the 

earthquake forces surpass the plastic hinge’s capacity 

(Moehle and Eberhard 2000). In order to reduce pier 

damage, one of the conventional methods is to increase the 

cross-sectional area of the pier or design the pier using a 

small response modification factor (R). One solution to 

prevent bridge pier damage is to increase the energy 

dissipation capacity of the structure using lead rubber 

bearings (LRB), high-damping bearings (HDB), friction 

pendulum bearings (FPB), and metallic yield dampers 

(Becker and Mahin 2012, Shoaei et al. 2018, Wang et al. 

2021, Xu et al. 2021, Zhang et al. 2023). Another way to 

enhance the structure’s ability to reduce vibration and 

prevent structural damage is by implementing tuned mass 

dampers, which can enhance the seismic performance of 

structures by increasing the damping coefficient of 

reinforced concrete structures (Cao and Li 2022, Li et al. 

2023, Chen et al. 2023). Metallic yield dampers have 

advantages over other passive control devices due to their 

simple system and cost-effective, requiring less design and 

manufacturing effort compared with popular isolation 

systems such as LRB, HDB, and FPB (Xiang et al. 2019). 

Metallic yield dampers have been widely developed in 

 
 
 

Seismic performance enhancement of a PCI-girder bridge pier 
with shear panel damper plus gap: Numerical simulation 

 

Andika M. Emilidardia, Ali Awaludin, Andreas Triwiyonob, Angga F. Setiawanc, 
Iman Satyarnod and Alvin K. Santosoe 

 
Department of Civil and Envinromental Engineering, Universitas Gadjah Mada, Grafika Street 2, 

Sleman, Special Region of Yogyakarta, Republic of Indonesia 

 
(Received August 23, 2023, Revised August 24, 2023, Accepted May 3, 2024) 

 
Abstract.  In the conventional seismic design approach for a bridge pier, the function of the stopper, and shear key are to serve 

as mechanisms for unseating prevention devices that retain and transmit the lateral load to the pier under strong earthquakes. 

This frequently inflicts immense shear forces and bending moments concentrated at the plastic hinge zone. In this study, a shear 

panel damper plus gap (SPDG) is proposed as a low-cost alternative with high energy dissipation capacity to improve the 

seismic performance of the pier. Therefore, this study aimed to investigate the seismic performance of the pre-stressed concrete I 

girder (PCI-girder) bridge equipped with SPDG. The bridge structure was analyzed using nonlinear time history analysis with 

seven-scaled ground motion records using the guidelines of ASCE 7-10 standard. Consequently, the implementation of SPDG 

technology on the bridge system yielded a notable decrease in maximum displacement by 41.49% and a reduction in earthquake 

input energy by 51.05% in comparison to the traditional system. This indicates that the presence of SPDG was able to enhance 

the seismic performance of the existing conventional bridge structure, enabling an improvement from a collapse prevention (CP) 

level to an immediate occupancy (IO). 
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reinforced concrete structures to improve the dissipation 

capability of buildings or bridges (Chen et al. 2007, Najari 

Varzaneh and Hosseini 2019, Ying et al. 2020, Wu et al. 

2022). Based on previous studies, it has been observed that 

including a metallic damper in building structures can 

enhance structural stiffness, strength, and energy dissipation 

(Shi et al. 2018, Han et al. 2019, Ren et al. 2021). This 

improvement decreases structural response, thereby 

mitigating damage to the main structural elements during 

seismic excitation. To enhance the seismic performance of 

highway bridges supported by laminated rubber bearings, 

the suggestion was made to utilize yielding steel dampers 

instead of other passive control device and traditional shear 

keys as restraining mechanisms for the bearings. A shear 

panel damper (SPD) is a metallic yield damper developed 

as a passive control device for the bridge structure and aims 

to replace the conventional system equipped with stoppers 

and shear keys (Setiawan and Takahashi, 2018). In terms of 

its application method, practically, this device is easy to 

replace without lifting the superstructure since it is not 

directly connected to the superstructure. The 

implementation of (SPD) technology within the bridge 

structure should be accompanied by the inclusion of a gap, 

referred to as a shear panel damper plus gap (SPDG). This 

addition serves the purpose of preventing SPD from 

engaging under traffic traction eliminating fatigue, and 

maintaining its performance. In a study by Haroki et al. 

(2023), implementing SPDG on slab-on-pile bridges 

showed a satisfying result where it could improve the 

seismic performance under the Yogyakarta site. Meanwhile, 

Santoso et al. (2023) compared the seismic performance of 

a box girder bridge equipped with SPDG and the existing 

bridge equipped with lead rubber bearing (LRB) in 

Makassar (Santoso et al. 2023). As a result, SPDG showed 

comparable results to LRB, where the bridge performance 

for both models was at the operational limit state. However, 

the maximum ground acceleration in Makassar, which was 

only 0.5 g, was weaker than in Yogyakarta, which was 0.9 

g. Based on a previous study, the implementation of SPDG 

on PCI-girder bridge structures has not been conducted yet. 

Currently, PCI-girder is one of the most common bridges 

that is widely used (Bhavani et al. 2018). According to the 

study by Vishal et al. (2014), Aishwarya et al (2019) PCI-

girder has a large superstructure self-weight in its 

superstructures, leading to high risk of the earthquake 

demand for this bridge system. Therefore, further study 

needs to be conducted to determine SPDG’s effect on the 

pier bridge structure under a severe earthquake. 

The main objective of this study was to investigate the 

seismic performance of the PCI-girder bridge pier model 

equipped with SPDG, in response to scaled ground motion 

records that account for the Yogyakarta site. To achieve this 

objective, the initial step involved conducting an elastic 

analysis to design the equipped bridge system. 

Subsequently, the nonlinear time history analysis was 

conducted to observe dynamic responses as well as the 

seismic performance of the bridge. The findings of this 

study were compared across two varying scenarios of 

bridge structures, which include those equipped with SPDG 

devices and those without. This comparison served as a 

means to underscore the enhanced seismic performance 

resulting from the inclusion of SPDG technology. 

 

 

2. Analysis method 
 

In this study, two numerical models of the Yogyakarta 

International Airport (YIA) railway bridge were 

investigated namely Models A and B. Model A was an 

existing bridge equipped with elastomeric rubber bearing 

(ERB), while Model B was the proposed bridge equipped 

with SPDG. Both models were bolstered by elastic springs, 

serving as representative elements to simulate the 

interaction between the soil and the piles of the bridge 

under investigation and were calculated based on the code 

provision AASHTO LFRD 2017 (AASHTO 2017), ASCE 

41-17 (ASCE 2017), and Analytical and Computer Methods 

in Foundation Engineering (Bowles 1974). Furthermore, 

the dimensions and parameters of each structural element 

were determined based on the detailed engineering design 

(DED) of the YIA railway bridge. The analysis procedure 

was divided into two sections, which include the elastic and 

nonlinear time history analyses. 

 

2.1 Elastic design procedure of SPDG 
 

In a broader context, the bridge structures were 

simplified to include only mass and stiffness characteristics, 

as they were assumed to exhibit elastic behavior in response 

to seismic forces. The pier mass was assumed to lump at the 

top pier, which comprises the mass of the superstructure 

along the tributary area, the pier head mass, and one-half of 

the top pier mass. Model A was equipped with shear keys 

and stoppers as lateral restraints, which were rigidly 

connected to the pier to ensure the substructure stiffness 

was properly represented by the pier. Meanwhile, the ERB 

and SPDG provided a low lateral stiffness that was 

calculated manually according to the code provision 

AASHTO LRFD 2017 and the previously reviewed studies 

(Sabouri-Ghomi et al. 2005, Chen et al. 2007). The study 

assumed that the initial stiffness of ERB and the effective 

stiffness of SPDG functioned in a parallel arrangement, 

while both were connected in series with the elastic 

stiffness of the pier. Furthermore, in Model B, the ERB 

linked the girder and the pier head, while the SPDG was 

positioned on the pier head without a direct connection to 

the girder. This arrangement was intended to prevent the 

SPDG from opposing vertical forces, as shown in Fig. 3. 

The force-displacement concept of SPDG is illustrated, as 

shown in Fig. 1. In this concept, the presence of a gap 

influenced the hysteresis response of SPD by introducing an 

initial displacement with zero stiffness along the gap length 

(Sabouri-Ghomi et al. 2005, Setiawan and Takahashi 2018, 

Jiang et al. 2019). 

The analysis of the structure of a PCI-girder bridge 

equipped with SPDG initially started by calculating the 

substructure capacity as a benchmark parameter for SPDG 

design. The bridge pier was then analyzed based on 

AAHSTO LFRD 2017 to determine its flexural and shear 

capacity, which was defined as Vp. The SPDG dimensions 
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were designed to ensure that the horizontal ultimate 

capacity value of the SPDG and ERB series did not exceed 

Vp. This was done to prevent damage to the pier, as 

demonstrated in the Santoso et al. (2023). In addition, 

parameters that were needed to develop the hysteresis 

model of the SPDG were horizontal stiffness (K0), post-

yield stiffness (Kh), effective stiffness (Kef), yield force of 

 

 

 

the SPDG web (Fwcr), and the ultimate force of the SPDG 

web (Fu). The ultimate shear strain (γu) was delivered from 

the SPDG deformation limit for about 16%-20% of the 

SPDG height (hw) Jing et al. 2019, Liu et al. 2013. The 

yield force of the web (Fwcr) was obtained from the 

multiplication of τwcr, web-thickness (tw), and web-wide 

(bw). The ultimate force of the web (Fu) also was obtained 

 

Fig. 1 The SPDG with a gap concept 

 

Fig. 2 Procedure for design SPDG as bridge restraining devices 

 
0

 
h

 
wcr

 
wc

 
r

 
u

 
u

71



 

Andika M. Emilidardi, Ali Awaludin, Andreas Triwiyono, Angga F. Setiawan, Iman Satyarno and Alvin K. Santoso 

 

 

from the multiplication of ultimate shear stress (τu), web-

thickness (tw), and web-wide (bw), where ultimate shear 

stress of the web was expressed in Eq. (10). While τu is 

obtained from the sum of the ultimate shear stress of the 

flange (τf) and the ultimate shear stress of the web (τw) as 

expressed in Eqs. (9)-(11). Then, the SPD gap should be 

larger than the service load displacement and should not 

exceed 1.5 service load displacements. This ensures that the 

sum of the SPD displacement and the gap displacement did 

not exceed the ERB displacement. 

𝐾0 =
𝐹𝑤𝑐𝑟

δ𝑤𝑐𝑟
  (1) 

𝐾ℎ =
𝐹𝑢−𝐹𝑤𝑐𝑟

δ𝑢−δ𝑤𝑐𝑟
  (2) 

𝐾𝑒𝑓 =
𝐹𝑢

δ𝑢
  (3) 

𝐹𝑤𝑐𝑟 = 𝜏𝑤𝑐𝑟𝑏𝑤𝑡𝑤  (4) 

𝐹𝑢 = 𝜏𝑢𝑏𝑤𝑡𝑤  (5) 

𝛿𝑤𝑐𝑟 = 𝛾𝑤𝑐𝑟𝑏𝑤  (6) 

𝛿𝑢 = 𝛾𝑢𝑏𝑤  (7) 

𝜏𝑢 = 𝜏𝑓 + 𝜏𝑤  (8) 

𝜏𝑓 = 0.00287
𝑏𝑓

𝑏𝑤

𝑡𝑓

𝑡𝑤
(
𝑡𝑓

𝑡𝑤
4

ℎ𝑤

(𝑛𝐿+1)𝑅𝑤𝑏𝑤
+ 2)𝑇𝑓𝑐𝑟  (9) 

𝜏𝑤 = (0.918 +
0.038

𝑅𝑤
2 + 2)𝑇𝑤𝑐𝑟; (0.918 +

0.038

𝑅𝑤
2 + 2) ≤

1.2  
(10) 

𝜏𝑤 = 1.2𝜏𝑤𝑐𝑟; (0.918 +
0.038

𝑅𝑤
2 + 2) > 1.2  (11) 

In Model A, the displacement modification factor (Rd) 

was obtained from the seismic design of the railway bridge, 

following SNI 2833:2016 (Badan Standardisasi Nasional 

Indonesia, 2016). However, the influence of implementing 

SPDG on the bridge system could increase the fundamental 

period (Santoso et al. 2023). Based on these findings, the 

displacement modification factor for Model B was 

calculated using Eq. (12) (AASHTO 2011). This 

modification factor, Rd, was obtained by calculating the 

 

 

maximum ductility of the SPDG (μD), the characteristics of 

the ground motions period (T*), which was 1.25Ts, and the 

fundamental structure period (T). 

𝑅𝑑 = (1 −
1

𝜇𝐷
)
𝑇∗

𝑇
+

1

𝜇𝐷
  (12) 

The fundamental period of the bridge served as a key 

parameter for acquiring the spectral acceleration, which was 

achieved through its representation on the designed 

response spectrum through plotting. Subsequently, the 

demand earthquake force was obtained by multiplying the 

elastic earthquake coefficient and the structural weight, 

divided by the response modification factor (Rd). The 

demand force was used to ensure that the shear strength 

capacity of the pier satisfied the design provision. In this 

study, an Rd-value of 1.5 was applied for the pier, given that 

the bridge was categorized as an essential structure. 

However, the Rd-values of the superstructure for Models A 

and B were 1.5 and 1.75, respectively. The detailed design 

flowchart of SPDG on PCI-girder bridge structure is shown 

in Fig. 2. 

The SPDG’s total yield strength was determined based 

on the elastic design concept, in which could be represented 

based on the ratio between the total yield strength of SPDG 

to the pier. The low ratio might affect the early yield on the 

damper, resulting to the ineffective energy dissipation 

capability during strong earthquake events. Otherwise, 

when the ratio was too high, the yielding phase of the 

damper might be difficult to achieve, resulting in the greater 

ultimate strength capacity of SPDG to the pier. SPDG as 

damper and stopper was designed to have a yield strength of 

50% of the pier capacity. This was a reference to the study 

of Hube and Rubilar (2015), which explained that the shear 

key or stopper element should be half of the pier capacity. 

Meanwhile, Santoso et al. (2023) proposed the ratio in the 

range of 0.53 - 0.73 corresponding to an operational limit 

state or the equivalent of minor damage, as defined by 

NCHRP (2013). Furthermore, the SPDGs used had a 

415×450 mm2 dimension with a gap of 10 mm, as shown in 

Fig. 3. The arrangement of these SPDGs included 12 in the 

longitudinal direction and 14 in the transverse direction on a 

single pier. Each SPDG possessed a maximum strength 

capacity of 15939.4 kN, while the elastic capacity of the 

pier amounted to 31859.8 kN. 

 

2.2 Bridge model description for nonlinear time 
history analysis 

 

Fig. 3 Proposed SPDG device in longitudinal and transverse directions 
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In this study, A two-span, simply supported PCI-girder 

bridge model was investigated using nonlinear time history 

analysis, as shown in Fig. 4. This analysis adhered to the 

model idealization previously undertaken by (Guo et al. 

2019, Xiang et al. 2019, Suarjana et al. 2020, Farahpour 

and Hejazi 2023). Superstructure loads were evenly 

distributed on the superstructure element to load the bridge 

pier underneath. The model was limited to only two-span of 

the actual structure, so the point load has been implemented 

on the side of the pier to represent the superstructure load 

where the girder was not modeled. Furthermore, the mass of 

the superstructure was assumed to lump at each node along 

the girder, which had a length of 35 m and was divided into 

six elements. Each girder was supported by ERB, which 

linked the girder to the substructure. The pier had a height 

of 8.23 m with a 3×3 m2 column dimension. Model A was 

outfitted with lateral restraints in the form of a stopper and 

shear key, both of which were installed on the pier head, 

while the SPDG incorporated in Model B provided lateral 

restraint and energy dissipation capacity. 

The bridge model was created using Open System for 

Earthquake Engineering Simulation (OpenSees). During 

this simulation, all parts of the superstructures, pier head, 

and pile cap were modeled as elastic sections with force-

based beam-column elements. Particularly, the pier was 

defined as a fiber section along the plastic hinge length (Lp) 

of 932.96 mm, which was calculated using Eq. (13) 

(AASHTO 2011, Yuan et al. 2017, Kurniawan Santoso et 

al. 2022), where Lp is the plastic hinge length, L represents 

the pier height, fye denote the yield strength of the 

longitudinal reinforcing steel, and dbl is the diameter of the 

 

 

 

 

steel. In the OpenSees, the pier was idealized using the 

Hinge-Radau integration rule. This entailed the application 

of a fiber and an elastic section solely along and at the outer 

part of the plastic hinge zone respectively (Suarjana et al. 

2020, Kurniawan Santoso et al. 2022). To represent the 

nonlinear material effect, the pier-fiber sections were 

defined into unconfined and confined concretes, and the 

reinforcement was carried out using steel materials, as 

shown in Fig. 5. In response to a large deformation effect 

due to the gravity load, the analysis also incorporated P-∆ 

with large displacement or corotational effects. 

𝐿𝑝 = 0.08𝐿 + 0.022𝑓𝑦𝑒𝑑𝑏𝑙 ≥ 0.044𝑓𝑦𝑒𝑑𝑏𝑙  (13) 

In accordance with several previous studies, the 

concrete material was modeled using the Concrete02 

approach (Kent and Park 1971, Filippou et al. 1983, 

Filippou and Mazzoni 2010). Furthermore, the concrete 

parameters considered were its compressive strength (fpc), 

crushing strength (fpcu), strain at maximum strength (epsc0), 

strain at crush (epshU), the ratio between unloading and 

initial slope (λ), tensile strength (ft), and tensile softening 

stiffness (Ets), shown in Table 1. 

Meanwhile, the reinforcing steel was idealized as a 

reinforcing material in OpenSees (Mohle and Kunnath 

2012), with a MinMax material serving as the maximum 

strain. Accordingly, the input material for reinforcing steel 

was yield stress (fy), ultimate stress (fu), initial elastic 

tangent (Es), tangent at initial strain hardening (Esh), strain 

corresponding to initial strain hardening (esh), strain at peak 

stress (eult), and maximum strain (εmin and εmax), as 

summarized in Table 2. 

 

Fig. 4 Longitudinal view of the bridge model 

 
Fig. 5 The pier section and its idealization in OpenSees 

Table 1 Concrete material properties 

Concrete epsc0 fpc (MPa) epshU fpcu (MPa) λ ft (MPa) Ets (MPa) 

Unconfined 0.002 33.20 0.0041 6.64 0.10 3.59 33200 

Confined 0.0022 36.84 0.060 7.37 0.10 3.78 36839.91 
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Several components, such as the shear key, stopper, and 

rigid arm, were modeled using zero-length elements. The 

rigid arm was a connection between link-to-link or link-to-

element that was assumed to be perfectly rigid with an 

elastic stiffness of 1015 N/mm. Meanwhile, the shear key 

and stopper were modeled using elastic-perfectly plastic 

material to represent the pounding behavior that occurred 

after the deformation of the superstructure exceeded the gap 

length. According to a study conducted by Megally (2001) 

indicated that the impact force on the shear key or stopper 

element was relatively small. Furthermore, Bi and Hao 

(2015) posited that the dynamic amplification factor on the 

shear key could be neglected when the ratio of pulse 

duration to the natural period of the system was large. In 

this study, the ratio between pulse duration and natural 

period of the system was 51.73 s and 8.33 s for Model A 

and Model B, respectively. In addition, the small gap, which 

was up to 20 mm, resulted in a reduced impact effect on the 

shear key or stopper element (Jankowski et al. 2000). In this 

 

 

 

 

 

model, the SPDG, which also functioned as a shear key, had 

a gap of 10 mm. Thus, the impact force effect on the shear 

key, stopper, and SPDG was not included in this model. In 

Model A, a gap length of 100 mm and 35 mm were used in 

the stopper and shear key, respectively. For Model B, a gap 

length of 10 mm was intentionally designed to prevent the 

dissipation of energy by the SPDG during service 

conditions. The two-node link element was also used to 

idealize ERB, SPDG, and the foundation system. 

Accordingly, the SPDG material was idealized using steel01 

(Filippou and Mazzoni 2012), while ERB was idealized as 

an elastic-bilinear model. The input material in this process 

involves yield strength (fy), initial elastic tangent (K0), the 

strain-hardening ratio between the post-yield tangent, and 

the initial tangent (b), as presented in Table 3. The 

arrangement of the bearing-damper bridge system for 

Models A and B is shown in Figs. 6 and 7, respectively. 

Furthermore, the pile foundations were simulated as a linear 

spring, with the assumption of representing a flexible soil 

Table 2 Reinforcing steel material properties 

fy (MPa) Fu (MPa) Es (MPa) Esh (MPa) esh eult εmin εmax 

390 505 200000 2000 0.02 0.22 -0.26 0.26 

Table 3 SPDG and ERB material properties 

Component fy (kN) K0 (kN/mm) b Kv (kN/mm) Max horizontal displacement (mm) 

SPDG 893.22 692.31 0.003 3903.61 132.80 

ERB 406.86 2.65 - 5520833.33 153.60 

 

Fig. 6 Idealization of the structure system for Model A 

 

Fig. 7 Idealization of the structure system for Model B 
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Fig. 8 The scaled response spectrum in longitudinal and 

transverse directions 

 

 

and a fixed constraint (ASCE 2017, Bowles 1974). In this 

regard, the parameters considered include pile group 

vertical stiffness (Ksv) and pile group rotational stiffness 

(Ksr). The results of this study comprised seismic 

performance evaluation and the proportion of earthquake 

input energy. Accordingly, the seismic performance was 

investigated by observing the maximum drift ratio due to 

the designed earthquakes. Because the focus was on pier 

performance, the primary observation involved obtaining 

the skeleton curve through pushover analysis conducted 

exclusively on the substructure (i.e., pier and foundation). 

Furthermore, the performance level of each model was 

compared to the structural performance level standards 

outlined in ASCE 41-17 and FEMA-356 (ASCE 2017, 

ASCE 2000). An input energy analysis was conducted to 

examine the proportion of energy dissipation by the SPDG 

in mitigating seismic excitation. As outlined by Dindar et 

al. (2014), ground shaking transmits earthquake energy to 

the structure, referred to as input energy. In this context, the 

energy of the structure should ideally equate to the input 

energy. The structure energy comprised kinetic energy (EK), 

viscous damping energy of concrete material (ED), and 

absorbing energy (EA), with EA consisting of elastic and 

plastic energy that was generated by the pier (EA,P), as well 

as a hysteretic damper or SPDG energy (EA,SPDG). The term 

for Absorbed Energy (EA) also encompassed the Elastic 

Strain (ES) and Plastic (EPs) Energies arising from the 

elastic and inelastic reactions of the system, respectively. 

These energy components were summed up to represent the 

total amount of energy, as shown in Eq. (14). 

𝐸𝐾 + 𝐸𝐷 + 𝐸𝐴,𝑃 + 𝐸𝐴,𝑆𝑃𝐷𝐺 = 𝐸𝐼  (14) 

 
 

2.3 Ground motion modeling 
 

The target response spectrum of this study was 

determined based on AASHTO Guide Specifications for 

LFRD Seismic Bridge Design 2011 (AASHTO 2011), with 

a 7% probability of exceedance in 75 years. Meanwhile, 

following ASCE 7-10 (ASCE/SEI 7-10 2013). the nonlinear 

time history analysis should use at least seven pairs of 

ground motion records. These records were selected from 

the ground motion database of the Pacific Earthquake 

Engineering Research Center (PEER) NGA-West, which 

was classified as shallow crustal with a strike-slip fault, 

corresponding to the Opak fault in Yogyakarta. 

Furthermore, the selection method, which is based on a 

similar spectral shape to the target response spectrum, was 

considered as permitted in ASCE 7-10. However, other 

factors such as the magnitude (Mw), fault distance (R), and 

site soil class were also considered, although these were not 

exclusively regarded as the primary selection criteria 

(ASCE/SEI 7-10 2013). A de-aggregation analysis that 

combined magnitude and fault distance to the chosen 

ground motion records in the Yogyakarta region. 

Specifically, records were selected based on criteria such as 

magnitude ≥6.5 and fault distance ≤40 km. The soil profile 

used was classified as site class E, characterized by an 

average velocity for the upper 30 meters of soil (V30). 

An amplitude scaling method was employed for each 

earthquake record to generate a response spectrum that 

closely matched the target response spectrum. This method 

applied a single scale factor as a multiplier to the response 

spectrum of each earthquake record to enable it to make the 

average value of the spectral acceleration of each ground 

motion larger than that of the response spectrum design in a 

period of interest with ranges from 0.26 s to 1.55 s (Guo et 

al. 2019, Han et al. 2019, Darmawan, 2021, Setiawan et al. 

2021, Santoso et al. 2022). Furthermore, the scale factor 

was calculated according to ASCE 7-10, where SFx and SFy 

denote the scale factors for the longitudinal and transverse 

directions respectively. The characteristics of the selected 

ground motion records are presented in Table 4, while the 

scaled response spectrum is shown in Fig. 8. 

 

 

3. Result and discussion 
 

3.1 Seismic performance 

Table 4 Selected ground motions 

No. Earthquake Fault Mw R (km) V30 (m/s) 
Scale Factor (SF) 

SFx SFy 

1 Kobe-1104 Strike-slip 6.9 17.85 256 2.7 2.5 

2 Darfield Strike-slip 7.0 17.64 204 2.15 2.7 

3 Kobe-1116 Strike-slip 6.9 19.14 256 2.15 2.4 

4 Superstition Hill 02 Strike-slip 6.54 17.03 208.71 5.2 5.1 

5 Tottori Strike-slip 6.61 16.60 138.76 2.68 3.7 

6 Northern Calif Strike-slip 6.5 26.72 219.31 2.8 2.81 

7 Imperial Valley Strike-slip 6.53 19.76 471.53 2.32 2.2 
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According to the results obtained from the nonlinear 

time history analysis, the largest pier response of each 
model was caused by the Northern Calif Earthquake. In this 
case, Model A showed a larger top-pier displacement than 
Model B, as shown in Figs. 9 and 10 respectively. It was 
observed that Model A resulted in a maximum top pier 
displacement of 538.11 mm and 419.89 mm in the 
longitudinal and transverse directions. Meanwhile, Model B 
showed the maximum top pier displacement of 203.34 mm 
and 221.39 mm in the longitudinal and transverse 
directions, respectively. In Model A, during a strong 
earthquake, the girder deformed until it hit the stopper or 
shear key that was rigidly bonded to the pier. This caused 

 

 
 
the pier to move along with the superstructure, resulting in 
significant displacements (Han et al. 2017, Xiang et al. 
2019). In Model B, after the girder deformation exceeded 
the gap, the SPDG deformed with a small displacement 
effect on the pier. This could occur because Model B’s 
horizontal stiffness was only restrained by the ERB and 
SPDG series, while Model A was fully restrained by the 
pier. 

From the results presented in Tables 5 and 6, it can be 

observed that the maximum top pier displacements in the 

longitudinal direction were mostly greater than those in the 

transverse direction. However, the maximum pier 

displacement in the transverse direction was not always 

  

 
(a) (b) 

Fig. 9 Pier displacement in longitudinal direction (a) Model A and (b) Model B 

  

 
(a) (b) 

Fig. 10 Pier displacement in transverse direction (a) Model A and (b) Model B 
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Table 5 Pier displacement comparison between Models A and B in a longitudinal direction 

No. Earthquake 
Pier displacement in a longitudinal direction 

Model A (mm) Performance level Model B (mm) Performance level Reduction (%) 

1 Kobe-1104 293.95 LS 157.78 IO 46.32 

2 Darfield 294.69 LS 126.50 IO 57.07 

3 Kobe-1116 122.93 O 95.35 O 22.43 

4 Superstition Hill 02 151.98 IO 78.48 O 48.37 

5 Tottori 177.05 IO 121.21 O 31.54 

6 Northern Calif 538.11 CP 203.34 IO 62.21 

7 Imperial Valley 241.96 IO 170.73 IO 29.44 

 Average 260.09 LS 136.20 IO 42.48 

Table 6 Pier displacement comparison between Models A and B in a transverse direction 

No. Earthquake 
Pier displacement in a transverse direction 

Model A (mm) Performance level Model B (mm) Performance level Reduction (%) 

1 Kobe-1104 399.95 LS 221.39 IO 46.32 

2 Darfield 182.89 IO 142.90 IO 57.07 

3 Kobe-1116 225.54 IO 122.71 O 22.43 

4 Superstition Hill 02 283.06 LS 168.11 IO 48.37 

5 Tottori 221.09 IO 135.52 IO 31.54 

6 Northern Calif 389.63 LS 216.67 IO 62.21 

7 Imperial Valley 419.89 LS 190.59 IO 29.44 

 Average 303.15 LS 171.13 IO 42.48 

  
(a) (b) 

 

Fig. 11 Pier performance in longitudinal direction (a) Model A and (b) Model B 

  
(a) (b) 

 

Fig. 12 Pier performance in transverse direction (a) Model A and (b) Model B 
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larger than those in the longitudinal direction. Furthermore, 

the capability of the SPDG to reduce the pier displacement 

was also measured by dividing the relative pier 

displacement between Models A and B by that of Model A 

alone. This process led to the reduction of the average top 

pier displacement by 42.48% and 41.49% for the 

longitudinal and transverse earthquakes respectively, 

indicating that SPDGs are highly capable of reducing pier 

displacement.  

From Figs. 11 and 12, it can be seen that the 

performance levels of Model B were higher than that of 

Model A in both the longitudinal and transverse directions. 

The average performance level of Model A in both 

directions was classified as LS, signifying occurrences of 

cover concrete spalling and shear cracking in the pier. On 

the other hand, the average performance level of Model B 

in both directions was categorized as IO, which indicated a 

minor hairline cracking. This phenomenon showed that 

several reinforcing steel elements in Model A underwent a 

more rigorous plastic phase compared to those in Model B. 

Moreover, the performance level of Model A was spread 

over the range O to CP, while for Model B, the 

performance level was scattered over the range O to LS. 

This phenomenon can be attributed to the fact that Model B 

was equipped with a series of SPDG, which was capable of 

dissipating the earthquake energy. As a result, Model B 

demonstrated a better seismic performance level compared 

to Model A in the longitudinal direction. This result is in 

line with study conducted by Santoso et al. (2023), where it 

was explained that a box-girder bridge equipped with SPDG 

had a better seismic performance, achieving a performance 

level of O, whereas the existing bridge without SPDG 

demonstrated LS performance. Likewise, in a study 

conducted by Haroki et al. (2023), it was revealed that the 

implementation of SPDG significantly enhanced the seismic 

performance of the slab on a pile bridge. The bridge model 

equipped with SPDG achieved an O performance level, 

while the performance of the existing bridge without SPDG 

was categorized as LS. 

In general, the performance levels in the transverse 

 

 

direction were higher than those in the longitudinal 

direction, which was evidenced by the obtained pier 

displacement values of the two models for each ground 

motion. This phenomenon can be attributed to the fact that, 

according to the elastic and nonlinear analysis, the 

longitudinal translation for each model corresponded to 

mode shape two, while the transverse translation aligned 

with mode one. Furthermore, although the pier 

displacement response in transverse directions was higher 

than those in the longitudinal, the energy reduction in both 

directions was the same. 

Fig. 13 shows the hysteresis loop of a single SPDG 

resulting from the longitudinal and transverse earthquakes. 

In this study, it was observed that the SPDGs utilized 

exhibited an inelastic behavior in response to the designed 

earthquakes, which was evident from the presence of an 

energy dissipation phase. Furthermore, the influence of an 

additional gap can also be observed in Fig. 13, where no 

strength was exhibited as long as the displacement remained 

below the gap length of 10 mm. In this state, the ERB 

functioned to accommodate the movement of the 

superstructure until the gap length was reached. The 

yielding state of the SPD occurred subsequently, marking 

the initiation of inelastic behavior. Analyzing the hysteresis 

loop, it was evident that the ground motion from Northern 

California led to the highest shear force experienced by the 

SPDG compared to the other ground motions. Utilizing this 

ground motion, the maximum shear force value of 1146.52 

kN and 1186.05 kN were observed due to the longitudinal 

and transverse earthquakes, respectively. Furthermore, the 

maximum displacement of the SPDG was approximately 

133.26 mm and 152.28 mm for the longitudinal and 

transverse directions. These values were observed to be 

below the ultimate displacement of SPDG of 159.40 mm, 

with a drift ratio of 19.20 %. This implies that the SPDG 

was still able to withstand the designated earthquakes even 

though it had to be replaced to maintain designated 

performance. It is crucial to acknowledge that an SPDG 

displacement value lower than the yield displacement 

would make the device incapable of dissipating the 

  
(a) (b) 

Fig. 13 The SPDG’s hysteresis loop (a) Longitudinal direction and (b) Transverse direction 
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earthquake energy. 

 

3.2 Input energy proportion 
 

The total input energy of Model A was larger than that 

of Model B. For instance, the northern calif earthquake 

evoked an input energy of up to 35.91 MNm while that of 

Model B reached approximately 19.21 MNm, as shown in 

Figs. 14 and 15. The input energy proportion in Model A 

was dominated by the pier energy (EP), which was 25.3 

MNm and 32.31 MNm in the longitudinal and transverse 

directions of earthquakes, respectively. This indicated that 

the pier received the largest earthquake energy proportion, 

which resulted in the large earthquake energy absorbed by 

the plastic hinge. On the other hand, Model B achieved the 

input energy of 15.44 MNm and 19.21 MNm for the 

 

 

 

longitudinal and transverse directions, respectively. In this 

case, the device (ESPDG,) provided the largest energy 

proportion, which was 9.86 MNm and 13.25 MNm for both 

directions. This implies that a large amount of earthquake 

energy was absorbed and dissipated by the SPDG instead of 

the pier. As a result, the pier energy (EP) of Model B was 

lower than that of Model A. Besides the smaller pier 

displacement, the plastic hinge of the two models was 

compared to each other, and the obtained result indicated 

that Model A underwent more severe damage than Model B.  

In Model A, the proportion of the pier energy to the total 

energy was 89.66% and 89.97%, while, that of Model B 

was 42% and 38.92% in the longitudinal and transverse 

directions respectively. This phenomenon was affected by 

the larger stiffness of the structural system in Model A, 

which increased the internal force due to the earthquake 

  
(a) (b) 

Fig. 14 Input energy of Northern Calif excitation in longitudinal direction (a) Model A and (b) Model B 

  
(a) (b) 

Fig. 15 Input energy of Northern Calif excitation in transverse direction (a) Model A and (b) Model B 
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excitations (Shen et al. 2022). Meanwhile, Model B was 

accompanied by SPDG, which provided less stiffness 

between the superstructure and the pier, making the bridge 

more flexible. This finding is strengthened by a study 

conducted by Santoso et al. (2023), who compared the 

natural period of the bridge with SPDG and the 

conventional bridge system with ERB. The result showed 

that the natural period of the bridge with SPDG was longer 

than that of the conventional bridge, indicating that the 

device has the potential of increasing the flexibility of the 

bridge system. In contrast, this study demonstrated that the 

inclusion of SPDG effectively dissipated earthquake energy, 

resulting in a reduction of plastic deformation in the pier 

and mitigating structural damage. 

 
 
4. Conclusions 
 

This study investigated the seismic performance 

enhancement of the PCI-girder bridge using SPDG. 

Nonlinear time history analysis was performed to determine 

the behavior of the two bridge models, which were 

equipped with and without SPDG. Several noteworthy 

findings emerged from this examination. 

The results of the study show that SPDG underwent an 

inelastic deformation phase, indicating its capability to 

dissipate earthquake energy. The application of SPDG 

resulted in notable reductions in both total input energy (EI) 

and pier energy (EA,P) within the bridge system. On the 

other hand, in the bridge model without SPDG, the 

proportion of energy concentrated on the pier results in a 

large proportion of pier energy (EA,P). Additionally, SPDG 

implementation decreased the displacement of the top pier, 

with reductions of up to 42.48% and 41.49% in longitudinal 

and transverse directions, respectively. This reduced 

displacement enhanced the bridge’s structural seismic 

performance from collapse prevention (CP) to immediate 

occupancy (IO). 

SPDG held significant promise for enhancing the 

seismic performance of PCI-girder bridge systems, which 

had a large superstructure mass compared to other system. 

The observed reductions in input energy and bridge 

structural performance underscored its potential for 

integration into future bridge designs, contributing to safer 

and more resilient infrastructure in earthquake-prone 

regions. It is expedient for further studies to carefully 

calculate the compatibility of shear strength between SPDG 

and pier and the ultimate deformation capacity of SPDG in 

the structural design. 
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