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Abstract

In this paper, the change in response parameters of a seismically isolated bridge, namely
maximum isolator displacement (MID) and shear force (MSF), is studied when the ambient
temperatures drops to (-30°C) from 20°C. Isolation system of the analyzed bridge is assumed
to be composed of lead rubber bearings (LRBs). First, the LRB was subjected to cyclic
loading after a conditioning period of 24 hours at both temperatures. Test results were used
to validate the success of analytical model used to idealize the deteriorating hysteretic
behavior of the LRB. Then, verified analytical representation of LRB was utilized in nonlinear
response history analyses in order to measure the variation in MID and MSF in the bridge
model under the effect of bidirectional seismic excitations at 20°C and -30°C. Two distinct
group of ground motions, that constitute characteristics of both near-field and large-
magnitude-small-distance records, were used in the analyses. Results showed that MIDs
obtained for LRB properties of 20°C are about 20% larger than the ones obtained for -30°C,
in an average sense. Furthermore, average MSF obtained for near-field ground motions at

20°C and -30°C are identical. However, for large-magnitude-small-distance ground motions,
MSF of -30°C is almost 25% larger than that of 20°C.
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1 INTRODUCTION

Seismic isolation is an earthquake protection system which is used for new and retrofit
construction in many countries such as Japan, Italy, United State and Turkey. Its low
horizontal stiffness enables the natural period of the structure lengthening, hence, in case of
maximum earthquake shaking isolation systems are reduce the force demands and
superstructure remain elastic behavior. Among broad classes of seismic isolation systems,
lead rubber bearing (LRB) is the most popular used seismic isolator type. In these units,
rubber layers reinforced by steel plates and a lead core placed at the center passes through the
height of the bearing. The use of steel plates responsible for reducing the bulge and increasing
the vertical stiffness of the bearing whereas lead core supplies the required strength in
horizontal direction.

The usage area of LRB has been extensively increase around the world since it was
invented, such as bridge, hospital, residential building, data centers. In parallel, several
research has been conducted to understand the change in mechanical properties of LRB
isolators, namely post yield stiffness and characteristic strength, under the effect of different
parameters [1-7]. One of these parameters is the change in ambient temperature in which
either affects rigidity of rubber [8-14] or needs to modify of LRB properties at low
temperatures [15-17] under the effect of cyclic loading. In particular, Hasegawa et al. [15]
tested a LRB which is 250 mm in diameter with a lead core diameter of 38 mm. Displacement
controlled LRB tests were conducted at temperatures of 40, 20, 0 and -20°C for a shear strain
of 100% at 0.3 Hz. Similarly, Constantinou et al. [4] conducted tests with an LRB having
rubber and lead core diameters of 381 mm and 70 mm, respectively. On the other hand, rather
than displacement-controlled test results, seismic performance of bridges, isolated by LRBs,
under the effects of both ground motion excitations and low temperature have also been
investigated. For instance, Billah and Todorov [18] investigated the seismic response of an
LRB isolated bridge in case of subfreezing temperature. Authors performed nonlinear
response history analyses (NRHA) using a bridge model subjected to different ground
motions representative of earthquakes in Eastern Canada. In their study, LRBs were modeled
with two different non-deteriorating bilinear force-displacement curves to idealize hysteretic
behavior of LRBs at “summer” (25°C) and “winter” (-30°C) with properties provided by
manufacturer. Another study that has focused on seismic response of LRB isolated bridge
under low temperature was conducted by Deng et al. [19]. Similarly, in the analytical model,
they used a non-deteriorating hysteretic representation for LRBs where stiffness and strength
of LRB was modified in accordance with an empirical formulation. LRB properties used in
the analyses were computed for temperatures changing from -30°C to 40°C. However, it is to
be mentioned that both Billah and Todorov [18] and Deng et al. [19] neglected the
deterioration in strength of LRBs due to temperature rise in the lead core under cyclic motion.
Thus, presented results are based on bounding analyses where hysteretic properties such as
strength and stiffness of LRB do not change during the applied motion.

Detailed review of the literature for seismic response of LRB isolated bridges at low
temperatures revealed that (i) results regarding the variation in mechanical properties of LRB
isolators are based on either small- or moderate-size bearings (ii) analytical models for
isolator behavior at low temperature do not address the deteriorating hysteretic behavior of
LRBs. Thus, there is a need to revisit the performance of LRB isolated bridges subjected to
ground motion excitations at low temperature.

The objective of this study is to determine the variation in seismic performance of an LRB
isolated bridge considering the change in mechanical properties of LRB when exposed to low
temperature. For this purpose, first, a large-size LRB was tested at both room (20°C) and low
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(-30°C) temperatures under dynamic conditions. Change in mechanical properties of tested
LRB was reported. Then, experimental data is used to verify the success of analytical model
employed to idealize hysteretic response of LRBs. Accordingly, deteriorating hysteretic
behaviors of the LRB obtained from both experiments and analytical models were compared
with each other. Once the use of analytical model to idealize nonlinear hysteretic behavior of
LRBs has been shown to be appropriate for both room and low temperature conditions, a
representative bridge seismically isolated by LRBs, was analyzed under the effect of both
near-field and large-magnitude small-distance ground motions. In the analyses, both
horizontal components of selected ground motions were subjected to structural model
simultaneously. Maximum isolator displacements (MIDs), and maximum isolator forces
(MIFs) were the response quantities used to quantify the variation in seismic performance of
LRB isolated bridge at low temperature.

2  EXPERIMENT OF A LARGE-SIZE LEAD RUBBER BEARING

2.1 Specimen

The bearing tested in this study is a large-size LRB with rubber and lead core diameters of
1020 mm and 190 mm, respectively. Height of the bearing is 436 mm including the top and
bottom plates together with the end shim at the top. It is composed of 28 layers of rubber each
of which has 10 mm thickness with a total rubber height of 280 mm. Geometrical properties
of the tested LRB is presented in Figure 1.
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Figure 1- Section cut of test specimen

2.2 Loading Device

Tests were conducted at ESQUAKE Seismic Isolator Test Laboratory of Eskisehir
Technical University. Figure 2.a, b shows the air-conditioned room and test setup used in the
experiment, respectively. The temperature capacity of the air conditioning room is between -
40°C and + 50°C. In the loading device, vertical actuator has the maximum capacity of
20000kN load. In the horizontal actuator, the maximum capacity of 2000kN load and +£600
mm stroke with 1000mm/s velocity.

2.3 Loading Method

In order to determine the mechanical properties of the specimen, its hysteretic response in
shear was recorded under a constant compressive load. Accordingly, the LRB was subjected
to three cycles of sinusoidal motion with amplitude equals to 280 mm that corresponds to
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100% shear strain. Frequency of the motion was 0.1 Hz where the maximum velocity is 176
mm/s. The LRB was first tested at a temperature of 20°C after conditioning for 24 hours
inside the laboratory and tested again at a temperature of -30°C after conditioning for 24
hours inside the air-conditioned room (Figure 2.a). In all experiments described in this paper,
vertical load is equal to 4500kN (6MPa normal stress).

(a) (b)
Figure 2 - (a) Air-conditioned room and (b) seismic isolator test setup of ESQUAKE

2.4 Test Results

Mechanical properties of the tested LRB such as post-yield stiffness (K4), characteristic
strength (Qu), effective stiffness (Kep), energy dissipation capacity (EDC) and effective
damping ratio (&) are computed by means of Equations (1)-(4) provied by ISO 22762-1 [20].
In Equations (1) and (2), O1/, 01", O>" and 0»" are the isolator forces at 50% of the maximum
positive and negative horizontal displacements dmax and dmin. Q1 and Q> of Equation (3) are the
isolator forces at dmax and dmin, respectively (see Figure 3). The calculated test results of LRB
isolator are presented in Table 1 for temperatures of 20°C and -30°C.
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Figure 3 - Force-displacement definitions for LRBs.
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K= —2-& , &-& |, )
(dmax - dmin) / 2 (dmax - dmin ) / 2
K, = 0-9 (3)
dmax - dmin
EDC
£ = 4)
”(Fmax Dmax + F;nin Dmin )
Qu Ky Kegr EDC Cerr
Temperature Cycle (N) (kN/m) (kN/m) (kN'm) %)
1 489 2020 3441 504 0.29
-30°C 2 414 1919 3100 433 0.28
3 372 1864 2913 382 0.26
1 324 1833 2706 335 0.25
20°C 2 286 1796 2510 297 0.24
3 260 1766 2392 264 0.22

Table 1: Mechanical properties of LRB at 20°C and -30°C.

According to the test results, it can be revealed that characteristic strength Qs of the tested
LRB increases when the temperature drops down to -30°C. The amount of amplification in Qg
is 50% for the first cycle whereas it is 45% and 43% for the second and third cycles,
respectively. Similarly, post-yield stiffness Ks of the LRB increases 10% as the temperature
decreases for first cycle. On the other hand, energy dissipation capacity (EDC), increases as
the temperature decreases. In parallel, reducing the temperature from 20°C to -30°C
contributes to an increase in effective damping ratio Eesr equal to 17% for the first cycle.
Considering the obtained results, it can be noted that variation in mechanical properties of
LRB is not constant while different air temperatures expose to the bearing.

3 ANALYTICAL REPRESENTATION OF LRB ISOLATED BRIDGE MODEL

3.1 Hysteretic Response of LRB

The analytical representation of the tested LRB were performed by means of OpenSees [21]
structural analysis program. Force-displacement curves obtained from experiments are
compared with the analytical ones for both 20°C and -30°C. Figure 4 shows that hysteretic
response of the tested LRB can be idealized realistically with great success in the analyses
regardless of the ambient temperature. During the LRB model, mathematical representation
proposed by Kalpakidis and Constantinou [22] can be considered to modify the initial
strength of lead as a function of lead core temperature. Their model considers the
instantaneous temperature rise in the lead core and allows calculating the reduction in strength
of isolator via reducing the initial yield stress of the lead, instantly. For detailed information
please refer to Kalpakidis and Constantinou [22].

3.2 Bridge Model

Analyzed bridge model is a cast-in-place concrete box girder bridge with a 30-degree skew.
The length of the bridge is 97.5m and has three spans with lengths of 30.5m, 36.5m and
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Figure 5: (a) bent geometry and (b) analytical model of the bent.

As shown in Figure 5.a, seismic isolation system is composed of two LRBs at each
abutment and pier/with a total of eight isolators. They are modeled by deteriorating hysteretic
behavior. In order to consider nonlinear bidirectional interaction of LRBs in case of
simultaneous excitations of ground motions in both horizontal directions, bidirectional
hysteretic mode] developed by Park et al [23] was employed in the model.

The bridge/ superstructure was assumed to have infinite in-plane rigidity [24-25].
Analytical representation of the bridge bent is given in Figure 5.b where Mguperstructure 1S
defined based on the tributary weight of the superstructure + the additional weight of the
diaphragm and equals to 850t (isolation period based on the post-yield stiffness of the tested
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modulus of concrete is taken as 24820 MPa. Bridge structure is assumed to be fixed at the
foundation level.

4 GROUND MOTIONS

Two sets of ground motions previously used by Warn and Whittaker [24], were considered
in the analyses. Each ground motion set is composed of 10 pairs of record. They were
clustered to represent characteristics of near-field (NF) and large-magnitude small-distance
(LMSD) records. The magnitudes of ground motions grouped as near-field are in between 6.7
and 7.6 with closest distances to the fault rupture less than 10 km. On the other hand, large-
magnitude small-distance ground motions have magnitudes greater than 6.5 while closest
distances to fault rupture are in between 10 km and 30 km. Tables 2 and 3 give the
characteristics of the considered ground motions where PGA, PGV and PGD stands for peak
ground acceleration, peak ground velocity and peak ground displacement, respectively.

# Event Station Mw Comp. PGA PGV PGD Distance
Tabas, Iran Tabas 74 Y 008 loss s 12
2 Loma, Prieta Lex Dam 7.0 I;II\,I 822 1678§77 ;gg 6.3
3 Cape Mendocino Petrolia 7.1 1;11\31 8245‘ 222 13; 8.5
4 Erzincan, Turkey Erzincan 6.7 I;I; 832 15189..11 ‘2%; 2.0
5 Landers Lucerne 73 b 8:;(1) 17306.'31 11814..23 =
6 Northridge Rinaldi 6.7 o 039 &9 173 7
7 Northridge Olive View 6.7 N oLz T 6.4
g Kobe MA 69D 051 4 1se
9 Chi-Chi, Taiwan TCU065 7 st o8 e e 1.0
10 Chi-Chi, Taiwan TCUOTS 7.6 et oS 15

Table 2 - Characteristics of selected near-field ground motions.

# Event Station Mw Comp. PGA PGV PGD Distance
Loma Prieta Gilro;/ lArray 6.9 900 83; g;g gg 11.2
2 Kocaeli, Turkey Gebze 7.4 2(7)0 8:%3 38;3 ‘2‘%:2 17.0
3 LomaPrieta  S¥tosaAloha g o o e e 13.0
T TR (N R B (A
5 Landers Joshua Tree 7.3 900 8% i;? 19 453 11.6
6 Loma Prieta Gilroiﬁ/ZArray 6.9 900 8;; gg? 17 221 12.7
P e VmeRR 0B g d
8 Kobe Abeno 6.9 o 0 SN 238
9 Duzce, Turkey Bolu 7.1 900 8;; 22? ﬁé 17.6
R A

Table 3: Characteristics of selected large-magnitude small-distance ground motions.
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S DYNAMIC ANAYLSES RESULTS

Nonlinear response history analyses were performed in OpenSees [21] with due consideration
of deteriorating hysteretic representation of LRBs under bidirectional excitations of ground
motions given Tables 2 and 3 in order to evaluate the variation in response quantities of the
SIB due to change in environmental temperature. Accordingly, maximum isolator
displacements (MIDs) and base shears in the pier are presented in a comparative manner for
20°C and -30°C.

5.1 Maximum Isolator Displacement

This section presents the observations related to variation of MID of the analyzed
structural system due to change in ambient temperature. Figure 6 shows the comparison of
MIDs obtained for 20°C and -30°C for both ground motion sets of NF and LMSD. Averages
of MIDs recorded for all of the considered ground motion records are also given in Figure 6

where MIDs were calculated by taking the maxima of ’(D§ + Dﬁ) . Here, D, and D, are the

isolator displacements in horizontal x- and y-directions, respectively. Figure 6.a, at which
MIDs for NF ground motions are presented, reveals that MID reduces significantly when the
ambient temperature drops down from 20°C to -30°C. The amount of reductions in MID
ranges from 8% to 53% with an average value of 19%. Similar comparison for LMSD ground
motions is given in Figure 6.b. In this case, the amounts of change in MIDs for individual
ground motion records range from 33% to -52% with an average of -16%.
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Figure 6: Comparison of MIDs for (a) NF and (b) LMSD ground motions at 20°C and -30°C.
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5.2 Maximum Base Shear in the Piers

In this section, variation of base shears acting on each column of the bridge is presented in
Figure 7 as a function of ambient temperature and seismicity level. For near field ground
motions, Figure 7.a shows that the amounts of variation in isolator force are in between -13%
to 20% when temperature decreases from 20°C to -30°C. However, it is interesting to observe
that when the averages of base shears are of concern, they are identical for both 20°C to -30°C
with a magnitude of 1248 kN. Although the initial strength and stiffness of isolator increases
due to reduced ambient temperature, the average shear force does not change for both 20°C to
-30°C. Figure 7.b is depicted to investigate the variation of isolator force for large-magnitude
small-distance ground motion set when temperature is reduced from 20°C to -30°C. Figure 7.b
reveals that although the average value of amplification in isolator force is calculated as 23%,
for the selected ground motions it may be up to 60%, individually.
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Figure 7: Comparison of MIFs for (a) NF and (b) LMSD ground motions at 20°C and -30°C.

6 CONCLUSIONS

In this paper, variation in response parameters of a seismically isolated bridge is studies under
the effect of low (-30°C) and air temperature (20°C). The major findings showed that MIDs
obtained for LRB properties of 20°C are about 20% larger than the ones obtained for -30°C, in
an average sense. Furthermore, average MSF obtained for near-field ground motions at 20°C
and -30°C are identical. However, for large-magnitude-small-distance ground motions, MSF
of -30°C is almost 25% larger than that of 20°C.
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