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Abstract: This study is aimed to compare the seismic performance of simply supported hollow 
slab on pile group (SHSPG) structures designed as “critical” and “essential” viaducts with shear 
panel damper (SPD) devices. There were three numerical models to be compared, namely SHSPG-
A, SHSPG-B, and SHSPG-C. SHSPG-A is a “critical” viaduct with 35 piles per one pile head. 
SHSPG-B is an “essential” viaduct with 18 piles per one pile head. SHSPG-C is an “essential” 
viaduct with 18 piles per one pile head plus sixteen SPDs. Numerical models considered the 
prestressing effect of the spun pile. Nonlinear time history analyses were executed using seven 
pairs of recorded ground motions that had been scaled and adjusted to the seismic characteristics 
of Yogyakarta, Indonesia. As the result, the performance level of SHSPG-A was much better than 
SHSPG-B. The SPDs application could maintain SHSPG-C’s performance at the same level as 
SHSPG-A and dissipate 34.28%-53.03% of the seismic energy. 
 
Keywords: Numerical model, prestress effect, nonlinear time history analysis, energy dissipation. 
  

 
 

Introduction   
 

Pile-supported slab viaduct is commonly used in soft 
soil sites. The structure consists of spun pile group, 
pile head, and slab. The use of fabricated spun piles 
can achieve high consistency of the structure and 
reduce material, labor costs, and construction time 
[1]. However, it has the disadvantages of low energy 
dissipation, sudden collapse, and brittle failure [2,3].  
 

Most of the Indonesia region has a high potential for 
shallow earthquakes with a hypocenter depth of less 
than 60 km [4]. To accommodate large earthquakes, 
the pile-supported slab viaduct structure is designed 
as a “critical” viaduct with a response modification 
factor (R) value of 1.5. As the result, the structure has 
to withstand a large seismic load and has a high level 
of seismic performance. The consequence is that the 
structure requires many piles. The number of piles 
can be reduced by downgrading the operational cate-
gory to an “essential” viaduct with an R-value of 3.5. 
However, its performance level will be lower than the 
structure designed under the "critical" viaduct cate-
gory.  

The seismic performance of the pile-supported slab via-
duct structure can be upgraded by adding shear panel 
damper (SPD) devices [5]. The SPD device is made of 
low-yield point steel with low-yield strength and high 
elongation that can dissipate seismic energy [6,7]. 
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Its use as a hysteretic damping device has several 

advantages, such as easy installation, easy main-
tenance, and affordable prices [8]. Unfortunately, 

SPD cannot withstand gravity loads, so SPD needs to 
be used in parallel with an elastomeric rubber bearing 
(ERB) device that can accommodate gravity loads. 
 

This study proposed a simply supported hollow slab 
on a pile group structure, namely SHSPG, designed 
as an "essential" viaduct and equipped with SPD 
devices. The “critical and “essential” SHSPG struc-

tures were simulated numerically using the nonlinear 
time history (NLTH) analysis method. The NLTH 
analyses were executed based on recorded ground 
motion from other locations which were scaled and 

adjusted to the seismic characteristics of Yogyakarta. 
The studied parameters were the displacement res-
ponse of the piles, moment-curvature of the plastic 

hinges, seismic performance of the structures, and 
energy distribution of the structures. 
 

Method 
 

Properties of the Structures 
 

The spun pile is concrete with prestressed steel bars, 
generally known as PC bars. The compressive 
strength of the concrete is 52 MPa, while the yield and 

ultimate strength of the PC bar are 1387 MPa and 
1455 MPa, respectively. The outer diameter of the 
spun pile is 600 mm and the inner diameter is 400 
mm. The diameter of the PC bar is 9.2 mm. The 

compressive strength of the hollow slab concrete is 52 
MPa, while the compressive strength of the pile head 
concrete is 33 MPa. The cross-section of the spun pile, 
hollow slab, and pile head were shown in Figure 1. 
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Design of The Structures 

 

The SHSPG structures were designed following PM 

60-2012 entitled Persyaratan Teknis Jalur Kereta Api 

(Railway Technical Requirement) [9]. The seismic 

design of the viaduct structure was arranged in SNI 

2833-2016 [10]. The values of response modification 

factors are 1.5 for the “critical” viaduct and 3.5 for the 

“essential” viaduct [11]. The span and dimensions of 

the slab structure are referred to detailed engineering 

design (DED) of the Yogyakarta International Airport 

Railway project. Based on the elastic design, the 

“critical” SHSPG requires 35 piles per one pile head, 

while the “essential” SHSPG requires 18 piles per one 

pile head. The P-M interaction diagrams of the spun 

piles are shown in Figure 2. 

 

Material Model 
 

Concrete and PC bar materials of the spun pile were 
modeled by considering their linear and nonlinear 
parameters. Concrete material followed Kent & Park 

model for unconfined concrete [12]. The input para-
meters of the concrete model were compressive 
strength (fpc), strain at maximum strength (epsc0), cru-
shing strength (fpcu), strain at crushing strength (epsu), 
the ratio between unloading slope and initial slope (λ), 
tensile strength (ft), tension softening stiffness (Ets), 
and initial stress (σ0) as summarized in Table 1. PC 
bar material was modeled as bilinear material with a 
certain strain limit. Its parameters were yield 
strength (fy), strain hardening ratio (b), initial elastic 
tangent (E), strain at maximum tensile strength 
(εmax), and strain at maximum compressive strength 
(εmin) as shown in Table 2. Prestress effects on both 
concrete and PC bar were considered and assigned as 
initial stress of material with the values of -10.57 MPa 
for the concrete material and 1040 MPa for the PC bar 
material. Pile head and hollow slab concrete mate-
rials were modeled elastically with elastic tangent 
values of 27081 MPa and 33234 MPa because this 
study was focused to evaluate the nonlinear behavior 
of spun pile elements. This assumption was validated 
by checking the concrete strain after the analyses 
were done. 

 

Figure 1. Cross-Section: (a) Spun Pile; (b) Hollow Slab; (c) Pile Head 

 

 

Figure 2. P-M Interaction Diagrams of Spun Pile 

 
Table 1. Concrete Material Properties 

fpc (MPa) epsc0 fpcu (MPa) epsu λ ft (MPa) Ets (MPa) 

-52 -0.002 10.40 0.00322 0.071 4.33 2737 

 
Table 2. PC Bar Material Properties 

fy (MPa) b E (MPa) εmax εmin 

1387 0.01988 220267 0.017 -0.017 
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Fixity Depth of Spun Pile 
 
In order to simplify the structure models, a prelimi-
nary analysis should be executed using Scientific 
ToolKit for OpenSees (STKO) software. In this preli-
minary analysis, a whole pile supported by nonlinear 
soil springs along the embedded part was modeled. 
The pile was modeled with 4000 mm length of the free 
head part and 30000 mm length of the embedded 
part. Soil data were obtained from the borlog test at 
the project location. The nonlinear soil spring 
included the tip resistance, the axial resistance, and 
the horizontal resistance. Based on the numerical 
analysis result in Figure 4, the fixity point was the 
point that experiences the maximum bending 
moment which was located at 5000 mm under the 
ground surface. This was reasonable because the 
analytical result showed a range value of 4933-5187 

mm. In structure models, the spun pile was only 
modeled from the top to the fixity point without non-
linear soil spring. This simplification could save more 
time and memory file during NLTH analysis. 
 

 
Figure 4. Fixity Depth of Spun Pile 

 

Figure 3. Overview of SHSPG Models: (a) SHSPG-A; (b) SHSPG-B; (c) SHSPG-C 
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Numerical Model of the Viaduct Structure 

 

The structures were modeled as a single-span struc-

ture using STKO software. Mass and load of the inner 

span were implemented in each structure component 

as element mass and load. The mass and load of the 

outer spans were modeled as lumped mass and load. 

The spun pile was modeled as a displacement-based 

beam-column element. Gauss-Lobato integration me-

thod with five integration points was used in defining 

the plastic hinges of the pile. The pile element was 

modeled numerically using a fiber section. There were 

three structure models, namely SHSPG-A, SHSPG-

B, and SHSPG-C. The SHSPG-A model was designed 

using an R-value of 1.5. The SHSPG-B model was 

designed using an R-value of 3.5. The SHSPG-C 

model was designed using an R-value of 3.5 with 

SPDs addition. The overview is shown in Figure 4. 

 

The SHSPG-A structure used ERB devices according 

to DED, i.e., BS 250x400x41, while the SHSPG-B and 

SHSPG-C structures used smaller ERB devices, i.e., 

BS 200x250x52. The ERB devices were modeled 

elastically with multidirectional elastic stiffness and 

specific strain limit as summarized in Table 3. The 

elastic stiffness consists of vertical stiffness (Ev), 

horizontal stiffness (Eh), rotational stiffness (Eθ-long & 

Eθ-trans), and torsional stiffness (Et). The Δu was used to 

define the ultimate displacement of ERB which was 

calculated using its ultimate shear strain. Based on 

some literature, the ultimate shear strain of ERB 

could be determined with a value of 200% [13][14][15]. 

In order to prevent its ultimate shear strain, the 

stopper and shear key (SK) were usually used in 

conventional bridge structures. Then, both stopper 

and SK were used in the numerical models of 

SHSPG-A and SHSPG-B. On the other hand, the 

SHSPG-C was added with SPD devices that could 

minimize the ERB deformation so that it did not 

exceed its ultimate shear strain. 

  

The application of SPD devices in SHSPG-C is shown 

in Figure 5. The material of SPD is a low-yield point 

steel LY225 with 191 MPa yield strength and 295 

MPa ultimate strength [16]. The in-plane stiffness 

was modeled using bilinear model material, while the 

stiffnesses in other directions were modeled elastical-

ly as shown in Table 4. The simplified bilinear mate-

rial model of SPD was adopted from equations for 

SPD bilinear model proposed by Chen, et. al. [17] as 

depicted in Figure 6 and summarized in Equation 1 

to Equation 6. The equations had been verified by 

comparing the SPD behavior under cyclic loading in 

analytical and experimental tests by Chen, et. al. [18]. 

𝛾𝑦 =
𝜏𝑦

𝐾
 (1) 

𝛾𝑢 = 20𝛾𝑦 (2) 

𝜏𝑦 =
𝜎𝑦

√3
 (3) 

𝜏𝑢 = 𝜏𝑤 + 𝜏𝑓 (4) 
𝜏𝑤
𝜏𝑦

= 0.918 +
0.038

𝑅𝑤
2 ≤ 1.2 (5) 

𝜏𝑓

𝜏𝑦
= 0.0287

𝑏𝑓

𝑏𝑤
∙
𝑡𝑓

𝑡𝑤
(
𝑡𝑓

𝑡𝑤
∙

1

(𝑛𝐿 + 1)𝑅𝑤 ∙ 𝛼
) (6) 

 

 
 

 
Figure 5. SPD Application in SHSPG-C Model 

 

 
Figure 6. SPD Bilinear Model by Chen, et al. [17] 

 

 

Table 3. Elastic Stiffness of ERB Devices in All Direction 

Type of ERB 
Ev 

(N/mm) 

Eh 

(N/mm) 

Eθ-long 

(Nmm) 

Eθ-trans 

(Nmm) 

Et 

(Nmm) 

Δu (mm) 

BS 250x400x41 3.49 x 105 2.29 x 103 1.36 x 1010 5.30 x 109 2.92 x 107 ± 48 

BS 200x250x52 8.97 x 104 8.59 x 102 1.04 x 109 6.63 x 108 5.88 x 106 ± 64 
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Dynamic loads during the service life can cause 

fatigue failure of the SPD. It can be prevented by 

using a gap that can delay the work of the SPD so that 

the SPD will not experience any deformation during 

the service period [19,20]. The SPD will start working 

when the gap has been exceeded due to the earth-

quake excitation as shown in Figure 7. In this study, 

the designed gap distance was 10 mm, while the slab 

displacement due to dynamic service load was 7.56 

mm. Thus, the gap was sufficient to delay the 

deformation of SPD devices. 

 

Ground Motion Modeling 
 

Ground motion modeling was carried out through 
four steps. First, the target spectrum was developed. 
It had been created while designing the structure. 
Second, seven pairs of earthquake data were selected 
[21]. The selection considered the similarity of the 
seismic mechanism and the proximity of the magni-
tude value to the specific location. Third, the recorded 
spectrums and ground motions were generated. 
Then, the recorded spectrums and ground motions 
were scaled and adjusted to the target spectrum of the 
structure location. 

Table 4. SPD Material Properties 

Vy (N) Ks/K K (N/mm) Δu+ (mm) Δu- (mm) Ev (N/mm) Eh (N/mm) 

80220 0.06 13555 54 -54 394000 100 

 

 

Figure 7. SPD with Gap Bilinear Model Idealization 

 
Table 5. Selected Earthquake 

No. Earthquake Year Station Mw R 
[km] 

Scale Factor 

Long Trans 

1 El Alamo 1956 El Centro Array #9 6.80 121.00 10.50 9.80 

2 Big Bear 1992 Desert Hot Springs 6.46 39.52 2.70 3.50 

3 Borrego Mtn 1968 El Centro Array #9 6.63 45.12 5.80 10.10 

4 Imperial Valley 1979 Brawley Airport 6.53 8.54 5.50 2.50 

5 Kobe 1995 Abeno 6.90 24.85 4.00 5.70 

6 Kocaeli 1999 Ambarli 7.51 68.09 2.20 1.92 

7 Superstition Hills 1987 Brawley Airport 6.54 17.03 6.00 8.00 

 

 
Figure 8. Scaled Ground Motion 
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The seismic mechanism of the Yogyakarta region was 

shallow crustal on the Opak fault with a strike-slip 

type and magnitude of 6.7-6.8 [22]. Due to the lack of 

data, the magnitude (Mw) of the selected earthquake 

could not be in the range of 6.7-6.8 precisely as shown 

in Table 5. Each selected earthquake data was scaled 

with a certain scale factor so that the average spec-

trum of the seven earthquakes was not below the tar-

get spectrum in the period range of 0.2T1 to 1.5T1. The 

T1 is the natural period of the first mode of the 

structure. Based on modal analysis, the value of T1 

were 0.644 s for SHSPG-A, 0.989 s for SHSPG-B, and 

0.978 s for SHSPG-C. Thus, the period of interest was 

0.12-1.49 s. The scaled ground motions are depicted in 

Figure 8. 

 

Limit State of Seismic Performance Level 

 

The seismic performance level of the SHSPG struc-

ture consists of 3 levels, namely minimal damage 

(MD) level, controlled and repairable damage (CRD) 

level, and life safety protection (LSP) level [23]. Each 

level is limited by either the concrete strain or PC bar 

strain of the pile depending on which material 

reaches its strain limit first. Based on pushover 

analysis, the concrete material reached its limit strain 

before the PC bar for each performance level. The 

strain limits were converted to the displacement 

limits to make it easier to be observed as summarized 

in Table 6. 

 
Table 6. Displacement Limit of the Seismic Performance 

Level 

Level 
Concrete Strain 

Limit 

Pile Displacement Limit 

[mm] 

MD 0.004 133 

CRD 0.006 145 

LSP 0.008 188 

 

Result and Discussion 
 

Pile Displacement Responses 

 

The spun piles performed various displacement res-

ponses as shown in Figure 9. The displacement res-

ponses of SHSPG-B were greater than the other two. 

Moreover, some earthquakes caused residual dis-

placement. The 35-piles stiffness of SHSPG-A which 

was greater than the 18-piles stiffness of SHSPG-B 

could minimize its lateral displacement responses. 

The application of eight SPDs in each direction in 

SHSPG-C could reduce the pile displacement res-

ponse so that it was close to the pile displacement 

response of SHSPG-A. 

 

The SHSPG-B structure experienced an increase in 

maximum displacement response of 158%-1002% in 

the longitudinal direction and 109%-822% in the 

transverse direction. Meanwhile, SHSPG-C showed a 

maximum displacement response of 61%-243% in the 

longitudinal direction and 70%-181% in the trans-

verse direction. This indicated that the addition of the 

SPD devices to the “essential” structure could main-

tain its displacement response so that its value was 

still close to the displacement response of the “critical” 

structure. 

 

Plastic Hinge Moment-Curvature 

 

The most critical plastic hinge occurred at the top and 

bottom of the pile. The plastic hinge moment-curva-

ture of the SHSPG-B pile was bigger than the 

moment-curvature of SHSPG-A and SHSPG-C piles 

as depicted in Figure 10. In SHSPG-A, the seismic 

force was distributed to 35 piles so that the bending 

moment of each pile was smaller than in SHSPG-B 

which was supported by 18 piles only. On the other 

hand, the bending moment of the SHSPG-C pile was 

smaller compared to the SHSPG-B pile because the 

earthquake energy had been dissipated by the SPD 

devices. Thus, the application of SPD devices could 

minimize the risk of plastic hinges. 

 

Seismic Performances Level 

 

Seismic performance levels of the SHSPG structure 

were classified according to the maximum displace-

ment response of the piles. If the maximum displa-

cement response of the pile was plotted onto the 

skeleton curve of the pile, the difference in the seismic 

performance level could be easier to be identified as 

shown in Figure 11. The skeleton curve was obtained 

from pushover analysis of a pile using the fixity depth 

idealization. 

 

The seismic performance level of SHSPG-A was at the 

MD level. Based on the details of the post-earthquake 

visual condition of the structure in ASCE 61-14, the 

pile structure with MD level still behaves within 

elastic response. It experienced initial cracking and 

spalling of the concrete cover. However, it did not 

reduce the serviceability of the structure and no struc-

tural repair was needed. 
 

The seismic performance level of SHSPG-B varied 

from the MD level to exceeding the LSP level limit. At 

the LSP level, the structure suffered more severe 

damage. The connection might be broken due to spall-

ing into the concrete core. Unfortunately, 4 earth-

quakes in each direction caused the performance level 

to exceed the LSP limit. This could lead to a total 

collapse of the structure. Therefore, SHSPG-B posed 

a public hazard and should not be used in the design 

at this site. 
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The seismic performance level of SHSPG-C was MD 

level. This proved that the application of the SPD 

devices could maintain the seismic performance level 

of SHSPG-C so that it was the same as the SHSPG-A 

level. In conclusion, SHSPG-C could be an alternative 

SHSPG structure design at that location. 

Elastomeric Rubber Bearing Responses 

 

Based on NLTH analysis, the ERB devices had been 

exceeding the service limit of 50% shear strain. 

Maximum shear strains of ERB devices were 

174.43% for SHSPG-A, 176.85% for SHSPG-B, and 

 

Figure 9. Displacement Responses: (a) Longitudinal Direction; (b) Transverse Direction 

 

 

 

Figure 10. Moment-Curvature: (a) Longitudinal Direction; (b) Transverse Direction 
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192.74% for SHSPG-C as depicted in Figure 12. Even 

so, the shear strains were still under the ultimate 

limit so that the ERB devices did not experience slid-

ing failure during the earthquake. 
 

Shear Panel Damper Responses 
 

According to the NLTH analysis result, the SPD 
shear strain was in the range of 6.94%-14.72% as 
shown in Figure 13. The shear strains were still in the 
range of the ultimate shear strain. In this range, the 
SPDs did not fall in rupture failure, but the shear 
strains were not much below the ultimate limit. 
Therefore, the SPD devices could perform optimally 
during an earthquake. 

Hollow Slab and Pile Head Concrete Strain 

 

The concrete strain of hollow slab and pile head struc-

ture should be checked to validate the elastic concrete 

material model assumption for both structures. Based 

on NLTH analyses, the concrete of the hollow slab 

experienced 0.000078 compression strain and 

0.000079 tension strain, while the concrete of the pile 

head experienced 0.000005 compression strain and 

0.000005 tension strain. The limit strains were 0.002 

in compression and 0.000083 in tension. The concrete 

strain for hollow slab and pile head structures were 

still below the limit strain either in compression or in 

tension. Therefore, the concrete still behaved 

 

Figure 11. Seismic Performance Level: (a) Longitudinal Direction; (b) Transverse Direction 

 

 

Figure 12. ERB Responses: (a) SHSPG-A; (b) SHSPG-B; SHSPG-C 

 

 
Figure 13. SPD Responses: (a) Longitudinal Direction; (b) Transverse Direction 
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elastically and the elastic concrete material 

model assumption for both structures were verified. 
 
Structure Energy 
 
Earthquake energy in the structure was distributed 
and converted into kinetic energy, viscous damping 
energy, plastic hinge energy, and hysteresis energy of 
seismic dampers [24] as shown in Table 7. The kinetic 
energy (KE) was calculated using the pile acceleration 
response. The viscous damping energy (VDE) was 
calculated using the pile velocity responses. The plas-
tic hinge energy (PHE) was calculated using the 
plastic hinge moment-curvature. The hysteresis 
energy of the damper was calculated using SPD 
hysteresis energy (SHE). 
 

The amount of kinetic energy was close to zero for all 
SHSPG structures. This was in accordance with 
another study by Kalkan & Kunnath [25]. In SHSPG-
A, the proportion of viscous damping energy was 
36.12%-49.95%, while the proportion of plastic hinge 
energy was 50.05%-63.88%. Although the plastic 

hinge energy proportion was greater than viscous 
damping energy, the values of both energies were still 
small. In SHSPG-B, the proportion of viscous damp-
ing energy was 39.75%-63.63%, while the proportion 
of plastic hinge energy was 36.37%-60.25%. 
 
In SHSPG-C, both viscous damping and plastic hinge 
energy were reduced significantly. The viscous damp-
ing energy became 18.45%-22.21% and the plastic 
hinge energy became 27.96%-44.66%. It occurred due 
to the SPD hysteretic energy that performs in 
SHSPG-C with a contribution of 34.28%-53.09%. The 
SPD hysteretic energy was greater than the other 
energy for all earthquakes except Borrego Mtn-Long 
and Imperial Valley-Long. In both earthquakes, 
plastic hinge energy was greater than SPD hysteretic 
energy. However, the value of the plastic hinge energy 
of SHSPG-C for both earthquakes was much smaller 
than the plastic hinge energy of SHSPG-B. This 
means that the SPD application reduced the plastic 
hinge energy for both earthquakes, though the plastic 
hinge proportion was still greater than SPD hyste-
retic energy. Therefore, the SPD devices have a great 

Table 7. Energy Distribution 

Model Earthquake Direction 
Energy [kJ] Energy Percentage [%] 

KE VDE PHE SHE KE VDE PHE SHE 
SHSPG-A 1 Long 0 607 982 - 0.00 38.21 61.79 - 

Trans 0 965 1524 - 0.00 38.78 61.22 - 
2 Long 0 836 1092 - 0.00 43.35 56.65 - 

Trans 0 1030 1397 - 0.00 42.45 57.55 - 
3 Long 0 576 886 - 0.00 39.38 60.62 - 

Trans 0 528 929 - 0.00 36.24 63.76 - 
4 Long 0 215 216 - 0.00 49.95 50.05 - 

Trans 0 93 164 - 0.00 36.12 63.88 - 
5 Long 0 481 500 - 0.00 49.00 51.00 - 

Trans 0 407 492 - 0.00 45.30 54.70 - 
6 Long 0 219 295 - 0.00 42.62 57.38 - 

Trans 0 150 248 - 0.00 37.65 62.35 - 
7 Long 0 422 516 - 0.00 45.05 54.95 - 

Trans 0 324 378 - 0.00 46.35 53.65 - 
SHSPG-B 1 Long 0 1493 1333 - 0.00 52.83 47.17 - 

Trans 0 2923 1782 - 0.00 62.13 37.87 - 
2 Long 0 686 909 - 0.00 42.99 57.01 - 

Trans 0 308 429 - 0.00 41.81 58.19 - 
3 Long 0 2086 1659 - 0.00 55.73 44.27 - 

Trans 0 4885 2792 - 0.00 63.63 36.37 - 
4 Long 0 629 762 - 0.00 45.28 54.72 - 

Trans 0 155 172 - 0.00 47.33 52.67 - 
5 Long 0 1111 1117 - 0.00 49.95 50.05 - 

Trans 0 745 1053 - 0.00 41.44 58.56 - 
6 Long 0 464 704 - 0.00 39.75 60.25 - 

Trans 0 841 1030 - 0.00 44.94 55.06 - 
7 Long 0 729 890 - 0.00 45.02 54.98 - 

Trans 0 1601 1668 - 0.00 48.97 51.03 - 
SHSPG-C 1 Long 0 306 448 622 0.00 22.21 32.56 45.23 

Trans 0 447 697 1079 0.00 20.12 31.34 48.54 
2 Long 0 185 285 495 0.00 19.20 29.50 51.30 

Trans 0 250 369 700 0.00 18.95 27.96 53.09 
3 Long 0 198 419 322 0.00 21.06 44.66 34.28 

Trans 0 474 811 927 0.00 21.43 36.67 41.90 
4 Long 0 150 263 262 0.00 22.27 38.98 38.75 

Trans 0 76 115 159 0.00 21.78 32.80 45.42 
5 Long 0 227 356 647 0.00 18.45 28.95 52.60 

Trans 0 297 505 595 0.00 21.27 36.14 42.59 
6 Long 0 379 608 887 0.00 20.23 32.45 47.32 

Trans 0 238 391 544 0.00 20.32 33.34 46.34 
7 Long 0 173 265 403 0.00 20.55 31.53 47.92 

Trans 0 288 450 716 0.00 19.82 30.95 49.23 
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contribution in dissipating energy and minimizing 
the damage of the main structure. 
 

Conclusion 
 

The application of SPDs to the “essential” SHSPG 
viaduct with an R-value of 3.5 could maintain its 
seismic performance at the MD level which was the 
same level as the “critical” SHSPG viaduct with an R-
value of 1.5. In addition, the displacement response 
and the plastic hinge moment-curvature also could be 
kept within elastic zone. The application of SPD 
devices achieved 34.28%-53.09% energy dissipation of 
the structure during the earthquake. 
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