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ABSTRACT

Study on the seismic behavior of the bridge with functional bearings is
presented in this thesis. In Taiwan, only a few studies draw attention on the
bearing until 1999 Chi-Chi earthquake. Before that researchers are putting
much effort on the bridge column to minimize damages under large ground
motion, according to the specification of seismic design of Highway bridges or
seismic retrofit manual. However, with small amount of retrofitted bridges
being proved available in the earthquakes and limited national budget placed on
the retrofitting plan of bridges, it is important to provide an economical
approach by entitling appropriate function to the bearing system. In this study,
two experimental programs were carried out to understand friction/sliding
mechanism for the bridge equipped with rubber bearing and PTFE-rubber
bearing. Firstly, by examining the performance of same reduced-scale single
span bridge from both pseudo-dynamic test and shaking table test, it is found
the loading path from superstructure to substructure well satisfies the
relationship of force balance at anytime, no matter the bridge is sliding or not.
Meanwhile, sliding of bearing contributes a fuse-like function to protecting
columns from suffering large shear force. The major difference of obtaining
structure responses via those two methods is due to the velocity-related
behavior of friction coefficient, giving a conservative estimation of force from
the shaking table test and displacement from pseudo-dynamic test, respectively.
In addition, analytical results by utilizing SAP2000N are well satisfied with the
experimental data. It is useful to perform a better parametric analysis when
dealing with friction coefficient and the Young’s Modulus of concrete. The
behavior of a reduced-scale two spans bridge with rubber bearings in the
shaking table test was introduced in the second part of the study. From
experimental data and analytical results, it can be found that the sliding of
bearing could reduce the demand of inertial force of the girder, as a function of
isolation by which the column shear force is largely reduced in the comparison
of that from using an ideal hinge- and-roller bearing simulation. Finally, the
proposed analytical model is useful to predict the maximum displacement. It is
convenient to check the unseating length to avoid falling in a practical manner.

Key words: functional bearing system, rubber bearing, frictional coefficient,
pseudo-dynamic test, shaking table test
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(3) #H% £ K#FH 2z $F4[Kohand Kelly » 1987]
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(1) Conversy’s Solution[Conversy > 1967]

(2) f& i+ Conversy’s Solution[Conversy » 1967]
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(3) Gent and Lindley Solution[Gent and Lindley » 1959]
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(1) Haryingx’s Z2 35 [Haryingx » 1948 ~ 1949]

(2) Koh and Kelly 72 % [Koh and Kelly > 1987]
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(3) Gent and Meninecke 72 34 [Gent and Meninecke » 1970]
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# 2.1 Lindley 22 %

—WIRH R SR Be B Tk

BIRH R 5B ik T4 i F)+
IRHD+2 E (N/cm?) G (N/cm?) k
30 92 30 0.93
35 118 37 0.89
40 150 45 0.85
45 180 54 0.80
50 220 64 0.73
55 325 81 0.64
60 445 106 0.57
65 585 137 0.54
70 735 173 0.53
75 940 222 0.52
3% 22 xR 84 & '\ﬁf‘;iff%%ﬁmff“ AR BRI Bt ik
iR & , £ & oy
s g Fd y Fd o X
577 P, TFE 4= i3 54 R sk
Joe g 1 e 0.05 0.10 0.15 0.25 0.15
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BRET JA
BROCEA O RY e EMEEEE ERA 1
aHAFEM 4 EF 27
% 3.2 7}%’7’»5 /ﬁﬂlfrﬁ*ﬁ RHCA e R < B TR
Prototype Model(3Z 34 &)
& (m) 30 4.4 (4)
o % 5 (m) 9 1.75(1.2)
it (m) 11 1.47 (1.47)
2% %1 (mxm) 8.5x2 1.13%0.27 (1.13%0.27)
I IR E (tonf) 516 10.365 (9.173)
TR E (tonf) 289.78 0.667 (5.15)
7 3.3 BB LR RIEIE P
BITRIE P i P R BR(sec) | P £ B (sec) PGA (gal)
EL200 RB w/o Bar 0.005 15 196
EL500 RB w/o Bar 0.005 15 509
EL700 PTFE w/o Bar 0.005 15 746
EL700 PTFE w/ Bar 0.005 15 696
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34 P AREEHR D AT HRARS BRIV R

cim ey EL200 RB | EL500 RB EL700 PTFE EL700 PTFE
R w/o Bar w/o Bar w/o Bar w/ Bar
AR RB RB RB PTFE RB PTFE
b ik iRk
%ﬁ, ) 182 348 406 299 307 825
B ()
F B 5 Rk
279 652 724 524 671 517
B~ % (1)
Lk#FA) G RB Ay 1 il HE RB L KkE o

PTFE & 4ftitg it 1+ 2 ¥ oh PTFE & k& -

%35 AR fERE S A THAR ST 210 R

sy e v EL200 RB | EL500 RB EL700 PTFE EL700 PTFE
T w/o Bar w/o Bar w/o Bar w/ Bar
L AREEA RB RB RB PTFE RB PTFE
e 7.6 14.5 16.9 12.5 12.8 34.4
&= T 4 (kN) ' ' ' ' ' '
T L%
) 11.6 27.2 30.2 21.9 28.0 21.6
H* 3 4 (KN)

4RHEZ) S RB A4 iM% 28 ch L RB £ KH -

PTFE %\»ﬁ%ﬁ_dv& 21 ag % enf PTFE £ K#L o
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sx o 0 ) EL200 RB | EL500 RB EL700 PTFE EL700 PTFE
A w/oBar | wi/o Bar w/o Bar w/ Bar
PRETRR B Pseudo | Shaking Pseudo Shaking
X A* Dynamic Table Dynamic Table
L AGRT TR
0.72 0.72 0.72 0.72 0.72 0.72
(KN/mm)
RB & "&k# 0.2 — 02 —
B 0.4** 0.4** 0.2 0.2
Bk 0.4%** 0.4%*
PTFE % -ik# 0.125 — 0.125 —
P - - 0.15 0.15
e e 0.25%** 0.25%**
Rate 0 0 0 0.1 0 0.1
o - - 05 - 05 -
BT 5

*: % EL700 PTFE w/o Bar £ EL700 PTFE w/ Bar iz 2 ? » & W fodid fi 8% &2 3k 6
e R AP 0 0 A RS T R SR L A AR G AT S
R itim e
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* AL ARE R A RS MG

Prototype Model(32.3# &)
B A& (M) 20 2.5 (2.67)
# 3= 5(m) 12 2.4 (1.6)
ﬁ%ﬁr’% (m) 7.1 0.94 (0.947)
iy 2 72 (m) 1.8 0.24 (0.24)
F ISR E (tonf) 939 23.32 (16.69)
T30 HE A F (tonf) 480.66 1.67 (8.545)

1042 ¥ REFRLA

¥ R EL Centro KOBE TCU068
X & ﬁ%l ~ & |- PGA (gal) 100 100 100
X e @?I » &+ PGA (gal) 700 600 700
X & =2 # & PGA (gal) 100 100 100
Y = ﬁ%l » B -]» PGA (gal) 50 50 50
Y # @?I » B -]- PGA (gal) 300 300 200
Y & =3 £ PGA (gal) 50 50 50

g RB if&%‘i PTFE i/&%
B i i U

EL Centro X = RB = 0.45 -
EL Centro X = PTFE 0.35 0.3
KOBE X = RB 0.35 -
KOBE X w PTFE ‘& 0.3 0.3
TCUO068 X = RB = 0.35 -
TCUO068 X = PTFE % 0.3 0.2
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Force by adhesion
Movement Y

/ /
2 N
R gl

/ / —
B 2.4 E#=3+]4-3] [Bowden, F.P. and Tabor, D. > 1954]

139! 188

Force by digging Movement

) Coeflicient of static friction
Compressive stress 15MPa

Cocfficicnt of friction

0.08 e _Coefficient of dynamic friction
0.04 e v Wil .
L Initial stiffness
0.00 | =4
0.04 |-—
-0.08 : ‘ : :
-120 -80 -40 0 40 80 120

Horizontal displacement (mm)

Bl 2.5 & Ip R £ K A& F @ B [M. Higashino et al » 2003]
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é 022
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§ . g .\\_ I H‘***mh
E 0.18 \,\‘ Mt
016 .
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——— Concrete
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B 2.6 7 F B#f o 330 B ion@ B [ R4S > 2004]
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[M. Higashino et al - 2003]

Horizontal force (kM)
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=50
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Bl 2.8() ¥ 1 k2 B

20
-200 -150 100 -50 O S0 400 150 200

Horizontal displacement(mm)
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[36 R4E% » 2004]

i 3%
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Dynamic coefficient of friction
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T T T

Y e
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0 01
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Velocity (m/s)

W 2.7(b) i thdiest g R M 15

[M. Higashino et al » 2003]

Horzontal force (kN
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01 | _
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£ 03 " :
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DT2801/5716A

A/D,D/A card MTS 458 Console
Digital RS232 Digital _
response data | command |

£ A o

: 28

S Analog force « E
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o . < 9

2 External disp.transducer AN
o N
e A
©

<

Analog
displacement

Amplifier
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Bl 3.1 #d LR A2 B [2 342 5 1997]
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Amplitude

2 4 B g 10 12 14 16 13
Frequency (Hz)

Bl 3.7(a) #=é Sipshau 2% [M2 £ - 2005]

Transfer Function
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Acceleration (g)

Sa (g)

Sd (cm)
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Displacement (mm)
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Displacement (mm)

Displacement (mm)

EL200 RB w/o Bar - Displacement Comparison

Time (sec)

B 3.9(f) EL200 RB w/o Bar 2. & - 3p $t = # & P B
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EL500 RB w/o Bar - EL500 RB w/o Bar -

Displacement Time History of Actuator Restoring Force Time History of Actuator
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20 sz
— — — 1/2Fr

V=g~ — — 5 - —— - — = - 5 - - = Column Fs7]
g
% 0
S ;

M- - — 4 - - - - 7 vV T - - —

-20 1 1 ! |

0 3 6 9 12 15
Time (sec)

] 3.16(e) EL700 PTFE w/o Bar et f* fi 325 ¥ 2 4

=

EL700 PTFE w/o Bar - Right Force Comparison in Pseudo Dynamic Test

20 S5
- — —  1/2Fr

— 10 [~ = = - - - - — 0 - = 7 - - - - - - - - - = 7 - — = Column Fs|
=z LA f,, A I A P | / \ | [\
?:’ 0 o 1 [“ ﬁﬂJ/LMﬂ J JA Lnl\'m A IA R A ’\J{,ﬂ JA A A s AN AT
5 | WV \! AT W\/\WM
s . v

20 - — — — W - - - - VM _

220 1 1 1 1

0 3 6 9 12 15

Time (sec)

® 3.16(f) EL700 PTFE w/o Bar fdd fiz#¢% @ 2 % + 4 £ R

0 EL700 PTFE w/o Bar - Total Force Comparison in Pseudo Dynamic Test

S2+55
Wk ——gppg— — — — — — — — = — - - — — ——— Fr

Column Fs

Force (kN)

Time (sec)

) 3.16(g) EL700 PTFE w/o Bar bt fisé sk ¥ 2 4f % A4 £

90



EL500 RB w/o Bar - Hysteretic Loop EL500 RB w/o Bar - Hysteretic Loop

of Left Column in Shaking Table Test of Right Column in Shaking Table Test
30 30
Y =3.791 X - 0.219 Y =4.094 X - 0.620
20 + 20 r
= 10 ¢ = 10 r
S =
§ 0 § 0
£ -10 | T -10 |
-20 + -20
-30 1 1 -30 1 ]
-8 -4 0 4 8 -8 -4 0 4

Displacement (mm) Displacement (mm)

i8] 3.17(a) EL500 RB w/o Bar 4% B 3.17(b) EL500 RB w/o Bar 4 #*

o T 2 2 PRI B PSR T 2T R i B
EL500 RB w/o Bar - Hysteretic Loop EL500 RB wi/o Bar - Hysteretic Loop
of Left Bearing in Shaking Table Test of Right Bearing in Shaking Table Test

20 20
10 r 10 L
2 of 2
@ i, @ 0
[&] (&)
s -10 S}
L LL
20 -10
Y =1.363 X +(0.250 Y =1.506 X - 0.248
-30 : ! 20 b I !
-20 -10 0 10 20 -20 <10 0 10 20
Displacement (mm) Displacement (mm)

i8] 3.17(c) EL500 RB w/o Bar 4%  F] 3.17(d) EL500 RB w/o Bar 4 #*

oY 2 2 BRI PR Y 2 R R ]

91



EL500 RB w/o Bar - Left Force Comparison in Shaking Table Test
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EL700 PTFE w/o Bar - Left Force Comparison in Shaking Table Test
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% EL700 PTFE w/o Bar - RB Bearing Shear Force Time History in Shaking Table Test
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Seismic Assessments of Bridges with Rubber Bearings

during 1999 Taiwan Chi-Chi Earthquake

Kuo-Chun Chang®

ABSTRACT

The 921 Taiwan Chi-Chi Earthquake incurred tremendous disaster to the central
region of the island. It was noticed that for those major damaged highway bridges
located on or very close to the Chelungpu fault, they experienced collapsed spans in
most cases. However, investigations from 1094 bridges in this area revealed that most
bridge columns suffered none-to-minor damages while few are severe damaged due to
large surface rupture passed through. One of the reasons for this unexpected
performance is the construction method of rubber bearing — an unbolted design on the
simply-supported bridge structure. Parameter studies have shown that the function of the
bearing system, including rubber bearing, pot bearing, RC shear key and restrainer, plays
an important role for the performance of the bridges during the earthquake. Therefore,
this study proposes a three-year project started from 2004 to understand the influence of
the bearing system on the seismic behavior of the bridge structure. Basic mechanical
behaviors and performance levels in each bearing component and the interrelationship
among the different components were tested to provide appropriate analytical models for
numerical simulations. Besides, this project also applied the discrete-time state-space
numerical integration processes to build up a real-time bridge simulator. Combined with
the performance-based design concept, this project will develop design methodologies to
provide sufficient capacity on the existing bridges and limit the damage level to be
acceptable under a given seismic demand.

INTRODUCTION

! Professor and Chairman, National Taiwan University, Department of Civil Engineering



A devastating earthquake with the magnitude of ML = 7.3 struck the central region
of Taiwan in the early morning on September 21, 1999. It was known as the 921 or
Chi-Chi Earthquake (NCREE, 1999). There are approximately 1,000 highway bridges
spread on the provincial and county routes in Taichung, Nantou, Changhua, and Yunlin
counties. Most of the bridges escaped from serious damage (Table 1), while
approximately 20% of them suffered minor-to-major damage due to fault rupturing,
collapsed spans, landslides, soil settlement, slope failures, flexural and/or shear failures,
and liquefaction. The construction completion dates of those bridges range from 1960
through 1999.

According to the preliminary bridge-disaster reconnaissance reports (A
reconnaissance report 1999, A preliminary 1999), major damaged highway bridges have
simply-supported, reinforced or prestressed concrete slab-and-girder superstructures.
Total of 26 bridges in the reports are regarded as severe damaged bridges, of which the
peak ground accelerations (PGASs) measured in the east of or close to the Chelungpu
fault are in the range of 400 gal to 980 gal.

Figure 1. shows a summary of comparison among 11 different damage modes. It is
seen that the ratios of damage of auxiliary facility (35.6%), abutment (32.5%), deck
(26.3%), and approach slab (21.1%) are significantly larger than those of columns/pier
(10.8%), and foundation (7.2%). For damage modes with high percentage, those can be
related to the superstructure, and so to the bearing performance, since the “unbolt rubber
bearing” (Figure 2 and 3) has been verified through an assessment of YanFeng bridge
(Chang et al., 2004) with well agreements to the field observations in the Chi-Chi
earthquake, and is taken as the main mechanism allowing friction/sliding movement of
superstructure to pound on abutments, approach slabs and/or bridge decks. Moreover,
the shear strength of bearing is found to be an important factor to explain the damages on
the column — the minor cracks mainly appeared in the transverse direction rather
longitudinal (Figure 4). Compared to the case with fixed boundary condition, bridge
with unbolt rubber bearing, which provide a fuse-like function, can prevent column from
failure because of little inertial force translated to the substructure. However, large
movement induced by the friction movement should be limited.

TABLE I. DAMAGE LEVEL OF BRIDGE COMPONENT IN CHI-CHI EARTHQUAKE

Damage Level
Position As A B C D Sum
(falling) (major) (moderate) (slight) (none)
Superstructure | 10 (0.9%) 3(0.3%) 5 (0.5%) 58 (5.3%) | 1018 (93.1%) 1094 (100%)
Bearing system [ 10 (0.9%) 3(0.3%) 4 (0.4%) 44 (4.0%) | 1033 (94.4%) 1094 (100%)
Sub structure | 8 (0.7%) 2 (0.2%) 17 (1.6%) | 75(6.8%) | 992 (90.7%) 1094 (100%)
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Figure 1. Percentage distribution of the 11 damaged

Figure 2. Construction for the rubber bearing

modes

Figure 3. Bearing damage on Yeng-Feng bridge in Chi-Chi earthquake (sliding out of
the pad seat)

Figure 4. Column damages on Chi-Lu bridge in Chi-Chi earthquake (cracks on the
transversal direction)

A three-year (2004.8-2007.7) integrated project named “Seismic Assessment and
Study of Bridges with Functional Bearing Systems” was proposed to understand the
influence of bearing systems on the bridge structure. Experiments about rubber bearing
in the friction coefficient test and pseudo-dynamic test were carried out and
corresponding results were verified to provide appropriate numerical models, as well as
the unseating prevention devices, such as shear key and restrainer in the cyclic loading
tests. Based on this project, it is hope to reduce the seismic risk and repair/retrofit cost of
highway bridges in future years in Taiwan.

EXPERIMENT PROGRAM

Friction Coefficient Test



Figure 5(a) shows the test setup of the friction coefficient test. In order to use same
bearings on the bridge model in shaking table test, the dimension of Steel-Reinforced
Elastomeric Bearing specimen is determined to be 150mmX150mmXx28mm. The
Hardness IRHD of the rubber material is 60, and shape factor is 3.6. SS400 is used for
the inner steel plate (144mm X 144mm X 1mm) inside of the bearing.

Total of six cases shown in Table II are divided into two groups according to the
contact material: groupl without PTFE and group2 with PTFE material on the top of the
rubber bearing. For each group, three target displacements from 60mm, 90mm, to
120mm are selected as major parameter. The friction coefficient test was carried out
according to the prEN-1337-5 and AASHTO 17" version. Two vertical hydraulic
actuators provide 26.6kN axial forces upon the two specimens, while friction force is
measured through one horizontal hydraulic actuator as bearing slides against concrete
pad in 15 cycles. The pad is made of concrete with compression strength equals to
25.51MPa.To get accurate friction force, a shear measuring device (Chang and Chen,
2005) with six steel plates is installed below each bearing pad. By measuring twelve
strain gages, the friction force resulting from axial and bending force can be recalculated
with an assumption the steel plate is only in elastic range.

TABLE II. SPECIMENS AND TEST RESULTS OF FRICTION COEFFICIENT TEST

Group Case Rubber size Velocity Displacement Eriction coefficient
(mm) (mm/sec) (mm)
1 + 60 0.2871~0.3089
(RlB) 2 + 90 0.2210~0.2297
3 150 X *150 0.1601~0.2373
4 15015028 121 + 60 0.0907~0.1529
2
5 t 90 0.0877~0.1220
RB-PTFE
( ) 6 * 150 0.0833~0.1087

Figure 5(b) and Figure 5(c) show the test results. The definition of friction
coefficient is getting the sum of absolute force values (both positive and negative) on the
force platform when corresponding displacement is close to zero, and then divided by
the applied axial force. In Table.l1, the friction coefficient ranges from 0.2 to 0.3 in
groupl and 0.09 to 0.11 in group2, respectively. Compared with the friction coefficient
for the moveable type of bearing in seismic design specification of bridge in Taiwan, test
results will lead to a higher horizontal force to design the substructure.
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Figure 5. Test setup of friction coefficient test
Pseudo-Dynamic Test (PDT)

In this study, pseudo dynamic tests are performed to simulate the friction under
seismic wave. Test frame in Figure 6 is similar to that in the friction coefficient test in
casel to case6 (Chang et al., 2004), but with the new implementation of steel bars in
case 7 to case 14(Chang and Chen, 2005), to represent the concrete shear keys. This
frame is regarded as a single degree of freedom (SDOF) system with mass {M},
transmitted from vertical loads of two hydraulic jackets, damping force {C} taken value
zero in the numerical model, and restoring force {R}, measured from the horizontal
hydraulic jacket. To simulate the construction practices in most existing PCI-girder
bridges in Taiwan, the test is divided by the boundary conditions: two-side-free for
bearing placed directly between two substrate blocks (no any bolts on the upper or
bottom face of the bearing), and one-side-free condition as used in the friction
coefficient test. The diameter and yielding stress for each steel bar are 22mm and
274.68MPa, respectively. The gap spacing between steel bar and bearing pad is 40mm.
Newmark explicit integration algorithm is adapted to solve the equation of motion of this
SDOF system. As regard to the input ground motions, acceleration record in TCUQ70
and EL-Centro are selected and adjusted to six PGA levels as shown in TABLE 1II.

Figure 9 shows the test results. Obviously, only a few differences exist between
these two boundary conditions. That is, the friction coefficient used in the analytical
model can be obtained directly from the friction coefficient test. For the case with same
PGA, it is found bearing with PTFE is more likely to induce large displacement due to
its low friction coefficient. In comparison with case 11 and 13, after installing the steel
bars can reduce 50% displacement demand, for the reason of impact effect shown in
Figure 8 and Figure 10. The horizontal force turns to flat because bearings are sliding,



but impact force due to yielding at steel bar also provides additional force on the
structure.

The test results are compared with the simulated results from an analytical model. In
this model, bearing, steel bar, and gap are simulated by the nonlinear elements with
appropriate material and section properties. Modification factor, say 0.8 to 0.85 for
thicker bearing (casel to 6, 38mm) and 0.9 to 0.95 for thinner bearing (case7 to 14,
25mm), about the nonlinear shear stiffness is needed to account for the warping effect
(Figure 7) in large displacement of bearing. The friction coefficient is 0.205, 0.207, and
0.208, corresponding to the peak ground acceleration equals to 0.1g, 0.33g, and 0.49.The
friction coefficients for case 8 to 10 are 0.2988, 0.2407, and 0.1806; for case 12 to 14 are
0.1083, 0.0996 and 0.0902, respectively. In Figure 11, the propose analysis model can
well predict the maximum displacement after bearings are sliding. It’s important to get

this information and satisfies the support seat length in bridge design.
Table II. EXPERIMENTAL CASES IN PSEUDO-DYNAMIC TEST

Case | Bearing type Name grourl1r(1jprlrj1totion PGA (gal) Steel bar E(()):gi??orr{

1 1F-010 98.1

2 1F-033 324 one-side-free
3 RB 1F-040 TCU070 392 w/o

4 2F-010 98.1

5 2F-033 324 two-side-free
6 2F-040 392

7 RB 500 w/o

8 RB RB-BAR1 300

9 RB-BAR2 500 w/

10 RB-BARS EL-Centro 800 two-side-free
11 PTFE 500 w/o

12 PTFE-RB PTFE-BAR1 300

13 PTFE-BAR2 500 w/

14 PTFE-BAR3 800

Figure 6. Test frame of the PDT  Figure 7. Warping of the bearing  Figure 8. Impact of the steel bar
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Shaking Table Test

Shaking table test was carried out in 2005 and 2006 to get realistic dynamic
performance from two scale-down simply-supported bridge models, as shown in Figure
12 and Figure 14.

For the one-span bridge model (Chang and Chen, 2005), the superstructure consists
of two girders and four diaphragms, supported by two CFT columns. PTFE-rubber
bearings are placed on one column top to simulate the roller support, while the other
column is equipped with rubber bearing as the hinge support. In addition, two steel bars
representing a stopper are placed in front of the end-diaphragm about 20 to 25mm. The
input ground motion is EL-Centro with its PGA ranges from 100 to 900 gal. Figure 12(b)
shows the test results. With its low friction coefficient, PTFE-rubber bearing is more
likely to slide than the rubber bearing since small PGA, and transfer little shear force to
the column. However, the extensive large displacement resulted from the small friction
force should be limited. After installing steel bars, in Figure 12(c), the distribution of
girder displacement has a turning point around 500 or 600gal. Though impact force on
the steel bars will cause permanent displacement, they are capable of prohibiting
superstructure from unseating in large earthquake event. Figure 13 shows the analysis
results when PGA equals 700 gal. Similar trend can be found from pseudo-dynamic test.
The prediction of maximum displacement is better than the residual displacement.
However, both velocity and acceleration results well satisfy the experiment results.

Two-span bridge model is similar to the previous one except of using shorter span of
girders supported by three steel bents. Figure 14 shows the test specimen. Bentl and
bent3 are equipped with rubber and PTFE-rubber bearing, respectively. Only at bent2
can find both two types of bearings. The influence of using different kinds of bearings
and distribution of superstructure weight can be found in Figure 14(b). The vertical axis
represents the maximum strain on the side surface at the bottom end. Clearly, bent2
carries more weight and takes higher shear force than bentl and bent3 does,
phenomenon that gives highest values. On the other hand, the strain on bent3 is the
lowest among three because of the PTFE-rubber bearing used as a roller bearing. When
PGA level is greater than 400gal, there is a plateau in black line. As regard to the bentl,
the stain distribution is linear, that is, the rubber bearing may stick to the concrete pad
without any sliding even the PGA is 700gal. Other than that, both strains in bentl and
bent3 are almost the same under small PGAs. Figure 14(c) shows the analysis results
when PGA equals 700 gal. The prediction of maximum displacement is better than the
residual displacement.
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Figure 14. shaking table test of the scaled-down two-span bridge
PROPOSED SIMPLIFIED SEISMIC EVALUATION METHOD

A simplified seismic evaluation method (Liu et al., 2006) to estimate maximum
displacement on the girder is proposed in this paper based on the experiment results
described above and Capacity-Spectrum Method (CSM) in ATC-40. The accuracy of the
proposed method is also verified through the nonlinear dynamic analysis.



Seismic Demands

Total of seven ground acceleration records are chosen from Chi-Chi earthquake, and
made them compatible with the design response spectrum in the draft Seismic Design
Provision and Commentary for Highway Bridges in Taiwan, with PGA equals to 0.28g
and 0.36g, corresponding to design level (DE) and maximum considerable earthquake
(MCE) level, respectively.

TABLE 1V. BASIC PARAMATERS FOR STRONG GROUND MOTION STATIONS

Na Ny

Strong ground motion stations S° | S,° Fa Fv
DE | MCE| DE | MCE

TCUO059, TCUO061, TCUO72, TCUO74,
TCUO078, TCU079,TCU109

0.7 0.4 1.0 1.3 1.0 1.0 1.0 1.0

Structural Capacity

The pushover curve which combines the friction and hinge mechanism is generated
first and is transferred to the capacity spectrum later. Figure 15 shows the analytical
bridge model, a two-degrees-of-freedom system, in which the bearing is moveable
controlled by the friction force, and the column hinge follows the pivot hysteresis rule
that defines the strength degradation, stiffness reduction, and pinching effect. Moreover,
to find the maximum displacement, the bearing is sliding without the presence of any
displacement-restrained device. The friction coefficient is assumed 0.2. The fundamental
period of this model is 1.168sec. Because friction force is smaller than the column
yielding force, the pushover curve tends to be an elastic-perfect-plastic curve.

t
RS s _’| I‘_ simple supported bridge

mass and weight I black line: column
of superstructure

. gray line: rigid Link
O mass and weight 9
of cap beam

I red line: rubber bearing

e redpomt: plastic hinge
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Figure 15. Analytical model for NDA
Nonlinear Dynamic Analysis (NDA)

Total of 14 cases in two PGA levels are analyzed. For each PGA level, the mean
value shown in Table V about the maximum displacement on the girder from seven
nonlinear cases is used as a reference to compare the results from proposed method.

Proposed Equivalent Friction Damping

Currently, the equivalent damping model in the CSM represents the energy
dissipation ability resulted from the yielding of structure members. For rubber bearing,

an approach is developed to determine equivalent friction damping B,,. Once the

pushover curve of the bridge is governed by the friction force, ideally, the base shear is
unchanged as top displacement increase. Therefore, according to the definition of
equivalent damping, the expression can be simplified in the ADRS format, resulting in a
equation which is only a displacement-related function. The unknown variables are

displacements at yieldingd,, and performance pointd , . The total effective damping 3,

is sum of inherent damping £, , 5% for instance, and the friction damping in Equ 1. The

spectrum reduction factors are shown in Equ 2 and 3 according to the regression analysis
of data in Chi-Chi Earthquake.

ﬂm:ix%:ile(dp_dy)xay :Ex(dp_dy) (l)
"4 W, Ar  12xd,xa, & d,
SR, :Bi:1.329—0.231|n(ﬁe_,,,(%)); SR, :B%:1.299—0.219|n(ﬂe_,,,(%)) (2) and (3)
s 1

Estimation of the Performance Point

Table Vand Figure 16show the numerical results by the proposed simplified seismic
evaluation method and nonlinear dynamic analysis (NDA). The propose method predicts
the displacement demand with good accuracy, of which the difference in smaller than
5%. It is useful to determine the unseating length for the superstructure.

TABLE V ANALYTICAL RESULTS IN THE NDA AND CSM
LONGITUDINAL DIRECTION



Displacement
(mean value)
Earthquake NDA

level m

DE (0.28g) 0.1306
MCE (0.3609) 0.1745
Earthquake

NDA

level

DE (0.28g) 0.1306
MCE (0.360) 0.1745

1.0

Displacement

m
0.1307
0.1659

Difference Equivalent

Difference

percentage damping

Proposed method (friction coefficient = 0.2)

m % %
0.0001 0.10 35.65
-0.0086 -4.91 44,03

TRANSVERSE DIRECTION

0.1306
0.1658
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Figure 16 Analysis results of the proposed CSM method compared with NDA

PARAMETRIC STUDY OF BRIDGE PERFORMANCE RETROFITTED BY
UNSEATING PREVENTION DEVICES

The major parameters studied in this paper include the design force and gap spacing
for restrainers or concrete shear key, with allowable column damage in terms of
displacement ductility under near-fault type earthquake events (Liu and Chang, 2006).
As listed in Table VI, the parameters of the restrainers and shear key were varied in the
case study to examine the sensitivity and effectiveness of these pounding mitigation
measures. Figure 17 and Figure 18 show the definition of the gap spacing. The design
strength for the restrainer was varied with a bearing reaction from 1.0u«Rd, 1.0Rd, to
1.5Rd. The design strength for the shear key was assigned from 1/4, 1/2, to 1 plastic
shear force of the column.

TABLE VI PARAMATERS OF UNSEATING PREVENTION DEVICE

1.0



Longitudinal direction Transverse direction
Restrainer Concrete shear key Concrete shear key
No. | Tension strength | gap spacing| Shear strength | gap spacing | Shear strength | gap spacing
tonf m Tonf m tonf m
1 1.0Rd 1/4Vp 1/4Vp
2 15Rd (o(.)i%%?u) 1/2Vp (0%?\]) 12Vp 0.02
3 1.5uRd 1/1Vp 1/1Vp
4 1.0Rd 1/4Vp 1/4Vp
5 1.5Rd (0943;?\') 1/2Vp (0(.)4'1?%?\1) 1/2Vp 0.10
6 1.5uRd 1/1Vp 1/1Vp
7 1.0Rd 1/4Vp 1/4Vp
8 1.5Rd (8_'53) 1/2Vp (8,'75[(\)0 1/2Vp 0.20
9 1.5uRd 1/1Vp 1/1Vp
Note: Vp =3071.7kN; N = 0.5+0.25L+H = [50+0.25(40)+10]/100 = 0.7m; Rd = 39.63kN; x=0.2
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Total of 7 near-fault type acceleration records were selected as the input ground
motions from Chi-Chi earthquake. Based on the draft for a bridge site located in central
Taiwan, the peak ground acceleration of each seismic wave was adjusted to 0.36g for the
DE and 0.45g for MCE. Numerical results use the average value from each group.

Modeling of the Bridge

A typical simply-supported PCI-girder bridge approximately 40m in length and 10m
in width with weighing 777.6kN was chosen as the benchmark model. The piers were
designed according to the 1983 AASHTO Specifications for Highway Bridges with
assumed height of substructure, diameter, nominal design strengths of concrete,
longitudinal reinforcement and transverse reinforcement to be 10m, 2.5m, 20.6 MPa,



412.02 MPa, and 274.68 MPa, respectively. In this paper, a friction-pendulum model of
the rubber bearings was adopted for the supports of the bridge both in the longitudinal
and transverse directions. The friction coefficient x« is 0.2 with a modification factor of
0.85 for the nonlinear shear stiffness. A pivot moment hinge model for the bridge
column can be determined by considering cracking, yielding, and the ultimate point on
the moment-rotation curve. The length of the plastic hinge zone is about 1m. Unseating
prevention devices were simulated as bilinear models. The fundamental period of the
analysis model is 0.9862 second.

Effect of Restrainer in the Longitudinal Direction

Figure 19 shows the results of the numerical analyses. The definition of strain ratio is
the difference of maximum girder displacement and gap spacing, divided by the length
of the restrainer. For steel type A36 used in the restrainer, the ultimate strain was about
2.45%. If the ratio was larger than this limit, unseating or breaking of restrainers may
happen when the impact force on the restrainer causes a large displacement, which
exceeds its breaking strain. For the case in this study, the suitable combination was to
use a gap spacing of 0.3m and a design force ratio of 1.0. Moreover, to ensure the safety,
sufficient unseating length will be needed always.

Effect of Concrete Shear Key in the Transverse Direction

Concrete shear keys are usually installed in the transverse direction a short distance,
say 2cm, to the girder and attached by rubber bumpers to absorb the impact force.
Clearly, in Figure 20, with shorter gap spacing or larger shear strength, the ductility
demand of the column will increase. The proper combination can be determined while
ductility demand drops to 1.0. In this study, a gap spacing of 0.2m and shear key strength
of 25% of the column plastic shear force achieves good results for limiting damage on
the girders and columns.
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CONCLUSION

Based on recent investigations of existing bridges damaged from major earthquakes,
particular in the 1999 Chi-Chi Earthquake, it is found that the bearing system of the
bridge, including the movements of the bearing, shear keys and restrainers, plays a vital
role for the behavior of the bridge during a major earthquake. This study proposes a
three-year project to understand the effect of bridge bearing systems and to propose
simplified and economical seismic retrofit methods for existing bridges based the
bearing systems. Basic mechanical behaviors and performance levels in each bearing
component and the interrelationship among the different components will be tested to
provide appropriate analytical models for numerical simulations. In addition, combining
with the performance-based design concept, this study will develop design
methodologies to provide sufficient capacity on the existing bridges and limit the
damage level to be acceptable under a given seismic demand.
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