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ABSTRACT: Recently, in developed countries, a variety of self-centering structural systems have
been developed using precast concrete bends and the Accelerated Bridge Construction (ABC) method
to reduce construction time, increase safety, reduce seismic damage, reduce repair and reconstruction
costs, and increase seismic resiliency. In this system, bridge bents are constructed by precast elements
tied together with post-tensioned tendons such that under the effect of lateral seismic forces, they are

able to rock and self-center back to their original configuration. The use of this system greatly reduces

the residual displacements and the seismic damage. Also, due to the use of prefabricated elements, the  Keywords:

construction speed of the bridge is significantly increased. This paper compares the seismic performance 5 . dge

of one type of self-centering structural system with the conventional structural system for three typical Earthauak
arthquake

highway bridges constructed in Iran. An analytical model for simulating nonlinear behavior due to the
rocking motion in the self-centering system is first developed and verified by comparing the analytical Self-centering System
response with the experimental results. Then, the concrete bends of the three typical bridges in Iran ~ Resilient Structure
are modeled and analyzed once as a conventional system and once as a self-centering system, and the = Residual Displacement
seismic performance of these two systems is compared with each other. The results of this study indicate
that despite the modest increase in maximum lateral drifts, the residual drifts are substantially reduced

when the conventional system is replaced by the self-centering system.

1. INTRODUCTION

In seismic regions, highway bridges are usually designed
using capacity design principles by enforcing the formation
of plastic hinges in the columns. The columns are expected
to undergo major inelastic deformations during severe
carthquakes, leading to significant residual drift. The
residual drift is one of the decisive seismic serviceability
parameters, and it defines whether a bridge can be used
after the earthquake or not. For example, after the Kobe
earthquake in 1995, more than 100 bridges with residual drift
of more than 1.75% had to be demolished, although most
of these bridges were sufficiently stable [1]. The residual
drift is also an important parameter for estimating the post-
carthquake resistance and the stability of the bridge structure
against aftershocks [2]. The effects of residual drift on post-
carthquake performance have led the scientific communities
to develop self-centering structural systems with low residual
drift and limited potential damage. In this system, the bridge
bends are constructed using precast cap-beams and columns.
The precast members are connected to each other and to
the foundation by unbounded tendons, as shown in Fig. 1.
The tendons and the superstructure weight provide the self-
centering forces for the bridge bend. Internal or external
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energy dissipation devices are also commonly used at the
joints to absorb seismic energy.

In this paper, the seismic performance of a self-centering
system proposed by Guerrini et al. [3, 4] is compared with
the conventional system for three typical bridges in Iran.
An analytical model that simulates the rocking motion of a
self-centering system is first developed and validated by test
results. Then, typical bends of the three bridges are analyzed
as a conventional system and a self-centering system, and the
seismic performance of these two systems is compared with
each other.

2. MODELING OF THE SELF-CENTERING SYSTEM
An analytical model is developed for simulation of
rocking motion and the self-centering column tested by
Guerrini et al. (Figure 2) is selected to verify the model.
The rocking motion is simulated by using a combination of
gap and nonlinear spring elements to model the mortar bed
underneath the column (Figure 3). The hysteresis response of
the test specimen is compared with the results of the analysis
in Figure 4. This figure shows that the hysteresis curves of the
analytical model are in good agreement with the test results.
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Fig. 2. Self-centering column tested by Guerrini et al. [4]

3. RESULTS AND DISCUSSION

Three different bridges with various span lengths
constructed in Iran are selected for this study. Typical
concrete bends of the three bridges are modeled and analyzed
once as a conventional system and once as a self-centering
system, and the seismic performance of these two systems
is compared with each other. Nonlinear response history
analyses are conducted for each bridge bend using seven
earthquake records. Fig. 5 shows the typical displacement
responses of the two systems. As shown in this figure, the
residual displacement of the self-centering system is very
small, but the peak displacement is higher compared to the
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Fig. 6. Residual drift ratio

conventional system. The residual drift ratios in one of the
bridges are shown in Fig. 6. In the conventional system,
the residual drift ratio is between 0.9% and 1.9% and the
potential seismic damage would be severe. The residual drift
in the self-centering system is less than 0.4%, and thus the
potential damage would be negligible.
4. CONCLUSION

In this paper, typical bends of three bridges in Iran were
modeled with the conventional system and the self-centering
system, and the seismic performance of these two systems
was compared. The seismic response of each system was
evaluated by nonlinear time history analyses using seven
earthquake records. The results of this study show that
the peak lateral drift in the self-centering system increases
significantly. However, due to the lack of displacement-
sensitive non-structural items on highway bridges, the increase
in the peak drift is not expected to cause serious problems. In
this system, despite the increase in the peak drift, the residual
drift is greatly reduced. In some cases, the residual drift ratios
of the conventional system are more than the critical level of
1.75%. In these cases, the potential damage will be severe
and based on previous experience, the bridges need to be
demolished. The residual displacement of the self-centering

system in all cases is less than 0.4 percent and the potential
damage is negligible. The significant reduction of the residual
displacement in the self-centering system drastically reduces
the repair costs and allows for the operation of the bridge
immediately after the earthquake.
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Fig. 15. Pictures of damages in test specimen
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Fig. 16. Modeling of mortar bed
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Fig. 17. Analytical model of test specimen
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Fig. 18. Comparison of analytical and experimental hysteresis curves
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Fig. 19. Comparison of analytical and experimental response of tendons
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Fig. 20. Middle bend in bridge 1
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Fig. 21. Analytical model of middle bend in bridge 1
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Fig. 22. Hysteresis curves and displacement response of bend in bridge 1
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Fig. 24. Residual drift ratios in bridge 1 Fig. 23. Peak drift ratios in bridge 1
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Fig. 26. Analytical model of middle bend in bridge 2
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Fig. 27. Displacement response of bend in bridge 2
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Fig. 29. Residual drift ratios in bridge 2 Fig. 28. Peak drift ratios in bridge 2
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Fig. 30. Typical bend in bridge 3
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Fig. 31. Analytical model of middle bend in bridge 3
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Fig. 32. Displacement response of bend in bridge 3
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Fig. 34. Residual drift ratios in bridge 3
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Fig. 33. Peak drift ratios in bridge 3

S Jb 30005 silail g o o cl oY (LS Sl s
Yl 7S 5 lge ples )0 1,555 e s Wloy (oo 2l
arg BB mals il ol Jhisl &jls 5l as o
) @bl sleanie 55 50 i )0 Wlowy e s
3 e aLoll 1) 5l 615 00 el 5 dms e 2alS S

Dl on w2l 3 35

Yokt JV-f
SHS = Sl e o G5 ailB0g, (55, 2 Voosled b

Yo wlas d ghls 2o VWA S (oye b s ol ol o ol
4 &5l Ao grhes 3 8 20 7 Jeld Sy il el 5%
b ol pelo Ve cubs a4 o b g el VO glas
Oy 9 o MY a8 b grls (2 (g 202 ¥ ol s (slo
Conglia (YO US2) ail o yio Vo glis)l 5 e YIo Loy b
oM )l 0 g @ yeiile e, SelS Y i dasie
Fooe g¥eor iy A3 3 A2 laxl gg 5l (Brae 5k
Jroslen s b onl Sl il Bloo e eeiile 0 S5lS
Jelos 5 (3l 1,535 50 i 9 Jgloiie ot 93 L) 0 jles
039 1 g oad Jla Bro 0w b 5l (Ldod Jae 90 58 p0 o
a8 3 5l )0 sloy ) Jelos sl ks (5 ol e a2 (5 TVA) &Ll
Ly asl /AL 1,555 po it b iy (ol (oo 02 0 ol 00
YF USE 53 LS55 e il Joe ailse 4l +/PY Jslite e

el o0 @l



FYVA B FYO axbo Yo JL» N O)LM OY 0y9d ;)....s)fol ul)a..c L;.u,\...@(c :b).uu

)LE.’Z.S‘ ‘u’“‘)f)}‘f GL‘Z’J& 5o u_,L?ul> £y Q..»LM.} 6‘°}L“’):€-é lﬁ)@‘
e 1555 00 a0 (Sl obmle Gl a5 09, o
adin Gialidl 0929 b e (nl )0 050 b 4 g0 Ojles

Gad 4 Slown 2lrl> (Jolote plusn 4 Cod Sl ol
e b b an jo b diles s obulr b oo LielS

5 Al oe 2o VYD gl a5l i 0590 iz yo Jglae
Slayzd bl g 0 wles wad Jlisl Oz olse oyl
Sole o o 5 555 sl 5 i iy Sl oY L
2oyd ¥ 5l S 8)lge plad 50 1S5S e it Aoy (oo
e i azgi BB als sl e al Jlasl & lus g ool
ool Dad 4 ] bl slaanie dF5S e s 3 wlows
ol 2 il 5l ol 1y 5l )l p ot (Bl g e o0

.Q)'sta

&y

[1] Kawashima, K. (2000). Seismic design and retrofit
of bridges. Bulletin of the New Zealand Society for
Earthquake Engineering, 33(3), 265-285.

[2] Mackie, K. and Stojadinovic, B. Residual Displacements
and Post-Earthquake Capacity of Highway Bridges,
Proceedings of the 13th World Conference on Earthquake
Engineering, Vancouver, Canada, August, 2004. Paper
No. 1550.

[3] White, S. L. (2014). Controlled damage rocking systems
for accelerated bridge construction, Master’s Thesis,
University of Canterbury.

[4] Guerrini, G., Restrepo, J. 1., Vervelidis, A., & Massari,
M. (2015). Self-centering precast concrete dual-steel-
shell columns for accelerated bridge construction: seismic
performance, analysis, and design. Report No. PEER
2015, 13.

[5] Routledge, P., McHaffie, B., Cowan, M., & Palermo, A.
(2019). Wigram—Magdala Link Bridge: Low-Damage
Details for a More Efficient Seismic Design Philosophy.
Structural Engineering International, 1-8.

[6] Routledge, P. J., Cowan, M. J., & Palermo, A. (2016).
Low-damage detailing for bridges—a case study of

Wigram—Magdala Bridge. In Proceedings, New Zealand

LS55 0 e 9 Jolotio it 0 L) o)led f wiiles 55 by
Syo oaiy )b 5l (ot Jae g0 52 j0 el Jlos 5 5l oe
Jodo5 sl by (g olyem 4 (05 YA) bl (339 Lad g ol Jlas
e bl (nl (b g Sl sl aid 5L 50 (loj )
Jowe il o a4l < /T Joloie piacews b g 4l < /Y 1555
Ll oo &1IYY IS 50 1,555 00 a0l

S5, 5 S sln ¥ ojlad b b 6V bl Jfosa
a5 aeo oo las Hlogad ol izl eal &LI XYY SS o Ayl
b (Jy Conl 52l o 1555 50 e )3 Wilowsy (oLl
bl anin ol i Jolate gl b aglis )0 obnlr
355, ¥ §lp Glojle g 93 dilony (oo @bl g (oo
o 2ol iy cal oals GIIYE S 5 VY S o a3l
O 1S5S e s 50 9 2o 0 VIV B /Y (o Jglate pivaoew 4o
RV PO EC ESP P KPR SHEWIS LI IRWESRS 7 gl eV
a5l i sbuls cpl o) aw jo .l a3 VIV B 0
BRRRPORTAPESR VRV DU-ES LI IWESIP IR W SIS VA A S e
S 5 3 plas 55 1558 o s il (e el 5l
IR YOS R DN E L IWE IO I VSRRV A TARS

S35 amii-b
s 39 b 92550 S92 g0 4w (i Slaaly allie nl o
93l loj) o 8o g 0ud (silwJue |55 10wt 9 Jolote
Loy 58 1555 0 i ;0 0l dglie K00S0 L el
S og o sln g adl als e ile A 4 e Bl VY
S ook VP (S5 S Sse S9 b el dae ¥
Sl gz BRB S50 008 VY 5 o (21,555 50 (el
St al @loj) o Slas o)l el oals ool dljly (g5
Jalos ool b 555 50 it 9 Jolatie pas g0 b oy
JS Se35 9 590 ClSlL s gl (b s Sy Az b
oS sm e i axlllae ol ol b alowd $10 51 i 58,5 L
s 33 (il bl Aiion (o3 g 590 A3l g8 90 o 50
polie 5STas alce Gl glalisde LB b a4 LS55
@ 1555 50 s 9 Jolie plass )3 (o (2lmlr atiien

392 poe Juds 4 (Jg atlbige o0 V4 IF 5 aoys MF s

£Vl



FYVA B YO dxio Yoo Jl.w N Q)Lo.w QY 0)9d g)....s)m‘ LJ‘)""C L;\»._\.\.Q(a 4.:).».._»

Regions, Greece, May, 2003.

[17] Sakai, J., & Mahin, S. A. 2004. Mitigation of residual
displacements of circular reinforced concrete bridge
columns. In Proc., 13th World Conf. on Earthquake
Engineering (pp. 1-13).

[18] Palermo, A., Pampanin, S., and Calvi, G. M. (2005).
Concept and Development of Hybrid Solutions for
Seismic Resistant Bridge Systems. Journal of Earthquake
Engineering, 9(6):899-921.

[19] Palermo, A., Pampanin, S., and Marriott, D. (2007).
Design, Modeling, and Experimental Response of Seismic
Resistant Bridge Piers with Posttensioned Dissipating
Connections. Journal of  Structural

133(11):1648-1661.
[20] Palermo, A. and Pampanin, S. (2008). Enhanced Seismic

Engineering,

Performance of Hybrid Bridge Systems: Comparison with
Traditional Monolithic Solutions. Journal of Earthquake
Engineering, 12(8):1267-1295.

[21] Kwan, W. and Billington, S. 2003. Unbonded
Posttensioned Concrete Bridge Piers. I: Monotonic and
Cyclic Analyses, Journal of Bridge Engineering, 8(2): 92-
101.

[22] Kwan, W. and Billington, S. 2003. Unbonded
Posttensioned Concrete Bridge Piers. II: Seismic
Analyses, Journal of Bridge Engineering, 8(2): 101-111.

[23] Ou, Y. C. (2007). Precast segmental post-tensioned
concrete bridge columns for seismic regions. PhD Thesis.
University at Buffalo, State University of New York,
Buffalo, NY.

[24] Cohagen, L. S., Pang, J. B. K., Stanton, J. F., &
Eberhard, M. O. (2008). A precast concrete bridge bent
designed to re-center after an earthquake. Washington
State Department of Transport, Seattle, WA.

[25] Elgawady, M. A., & Sha’Lan, A. (2011). Seismic
behavior of self-centering precast segmental bridge bents.
Journal of Bridge Engineering, 16(3), 328-339.

[26] Sideris, P., Aref, A. J., & Filiatrault, A. (2014).
Large-scale seismic testing of a hybrid sliding-rocking
posttensioned segmental bridge system. Journal of

Structural Engineering, 140(6), 1-12.

Y'Yy

society for earthquake engineering 2016 conference.
Christchurch.

[7] Priestley, M.J.N., Sritharan, S., Conley, J. and Pampanin,
S. 1999. Preliminary Results and Conclusions form the
PRESSS Five-Story Precast Concrete Test Building, PCI
Journal, 44(6): 42-67.

[8] Priestley, M.J.N., and Tao, J. 1993. Seismic Response
of Precast Prestressed Concrete Frames with Partially
Debonded Tendons, PCI Journal, 38(1): 58-69.

[9] El-Sheikh, M., Pessiki, S., Sause, R. and Lu, W. 2000.
Moment Rotation Behavior of Unbonded Post-Tensioned
Precast Concrete Beam-Column Connections, ACI
Structural Journal, 97(1): 122-131.

[10] Cheokh, G., Stone, W. and Kunnath, S. 1998. Seismic
Response of Precast Concrete Frames with Hybrid
Connections, ACI Structural Journal, 95(5): 527-539.

[11] EIl-Sheikh, M., Sause, R., Pessiki, S. and Lu, W.
1999. Seismic Behavior and Design of Unbonded Post-
Tensioned Precast Concrete Frames, PCI Journal, 44(3):
54-71.

[12] Mander, J. B., & Cheng, C.-T. (1997). Seismic resistance
of bridge piers based on damage avoidance design.
Technical Report NCEER-97-0014. US National Center
for Earthquake Engineering Research, Buffalo, NY.

[13] Zatar, M. and Mutsuyoshi, H. 2000. Reduced Residual
Displacements of Partially Prestressed Concrete Bridge
Piers, Proceedings of the 12th World Conference on
Earthquake Engineering, Auckland, New Zealand,
January-February, 2000.

[14] Hewes, J. T. (2003). Seismic design and performance of
precast concrete segmental bridge columns. PhD Thesis,
University of California at San Diego.

[15] Billington, S. and Yoon, J. 2004. Cyclic Response
of Unbonded Posttensioned Precast Columns with
Ductile Fiber-Reinforced Concrete, Journal of Bridge
Engineering, 9(4): 353-363.

[16] Rouse, M. and Billington, S. 2003. Behavior of Bridge
Piers with Ductile Fiber Reinforced Hinge Regions and
Vertical, Unbonded Post-Tensioning, Proceedings of

the FIB Symposium on Concrete Structures in Seismic



FYVA B FYO axbo Yo JL» N O)LM OY 0y9d ;)....s)fol u‘)a..c L;.u,\...@(c :b).uu

Diego).

[32] Mashal, M., & Palermo, A. (2019). Low-damage seismic
design for accelerated bridge construction. Journal of
Bridge Engineering, 24(7), 04019066.

[33] SeismoStruct. (2018). Pavia: SeismoSoft Ltd.

[34] Lowes, L. N., & Altoontash, A. (2003). Modeling
reinforced-concrete beam-column joints subjected to
cyclic loading. Journal of Structural Engineering, 129(12),
1686-1697.

[35] Mander, J. B., Priestley, M. J., & Park, R. (1988).
Theoretical ~ stress-strain ~ model  for  confined
concrete. Journal of structural engineering, 114(8), 1804-
1826.

[36] Menegotto, M., & Pinto, P. E. (1973). Method of
analysis for cyclically loaded reinforced concrete frames
including changes in geometry and non-elastic behavior

of elements under combined normal forces and bending

moment. IASBE Proceedings.

[27] Trono, W., Jen, G., Panagiotou, M., Schoettler, M., &
Ostertag, C. P. (2015). Seismic response of a damage-
resistant
column. Journal of Bridge Engineering, 20(7), 04014096.

[28] Guerrini, G., Restrepo, J. 1., Massari, M., & Vervelidis, A.

recentering posttensioned-HYFRC  bridge

(2015). Seismic behavior of posttensioned self-centering
precast concrete dual-shell steel columns. Journal of
structural engineering, 141(4), 04014115.

[29] Thonstad, T., Mantawy, I. M., Stanton, J. F., Eberhard, M.
0., & Sanders, D. H. (2016). Shaking table performance of
a new bridge system with pretensioned rocking columns.
Journal of Bridge Engineering, 5(4), 4015079.

[30] Varela, S., & Saiidi, M. (2017). Resilient deconstructible
columns for accelerated bridge construction in seismically
active areas. Journal of Intelligent Material Systems and
Structures, 28(13), 1751-1774.

[31] Nema, A. (2018). Development of Low Seismic Damage

Structural Systems  (Doctoral dissertation, UC San

DOI: 10.22060/cee].2020.18323.6835

A. Vasseghi, B. Mansouri, S. Rointan, Feasibility Study on Utilizing Self-centering Structural
System for Typical Highway Bridges in Iran, Amirkabir J. Civil Eng., 53(10) (2022) 4359-4378.

2 gyl dlio () 4 4gS

£YYA



