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1t is usually known that ageing causes rubber performance to drop. The purpose of this study
is to evaluate the influence of aged rubber bearings on the seismic response of single steel
bridge piers. Firstly, the relationship between ageing and base-isolated rubber bearings’
long-term performance is studied. Then the steel bridge piers with base-isolated rubber
bearings are modeled as two-degree of freedom systems, and through dynamic analysis the
response and damage of the structures are calculated. Next, the rubber bearing is replaced by
an aged one and the seismic performance of the pier is evaluated again. The influence of
rubber bearing’s ageing is compared and discussed. Finally, a procedure to determine the
maintenance sirategy of a base-isolated rubber bearing is proposed based on the long-term

seismic performance of the steel bridge pier.
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1. Introduction

During the 1995 Hyogoken-Nanbu earthquake, severe
damages were observed in steel and concrete piers, which are
often wtilized in Japan highway bridge systems. Consequently, a
special attention has been attracted on the seismic design
methodologies of such structures. Generally speaking, the intent
of seismic design is to ensure serviceability during moderate
earthquakes and to prevent collapse during severe earthquakes.
As a result, base-isolated bearings have been widely adopted,
because rubber is an ideal material to withstand a large
deformation and -absorb energy for its high elasticity, high
damping and large elongation at failure. Thus, the laminated
rubber bearings installed between the superstructure and the
supporting piers can provide satisfying vertical stiffhess and
horizontal flexibility.

In recent years, many research projects have been carried out
on the dynamic performance of rubber bearings” or on the
seismic response of the steel piers installed with rubber
bearings® . Also, many efforts have been made to develop
more precise models reflecting the highly nonlinear
characteristics of rubber materials or the hysteresis model of
rubber bearings™®. Meanwhile, the ageing problems have been
realized for many years”. It is usuaily known that ageing causes
rubber performance to drop, showing itself by stiffening of the
rubber, causing an increase of hardness and a decrease in tensile
strength as well as élongation at break. However, there are only

few studies so far on the ageing of bridge rubber bearings
because of their limited. application history and the lack of
enough findamental experimental data. Even in the present
Design Specifications of Highway Bridges® and Manual of
Isolated Design Method for Highway Bridge” the long-term
behavior of rubber bearing is not considered during the design
process, although the rubber material is exposed to variant
environments and attacked by different degradation factors such
as oxidation, ultraviolet, ozone, temperature, acid and humidity.
Without accurate predictions of the future performance of
rubber bearings, the safety of a bridge against the earthquake
cannot be secured. Moreover, without knowing the lifespan of
the rubber bearing, economic problems may arise because of the
unnecessary replacement cost. Therefore, the objective of this
research is to investigate the long-term performance of aged
rubber bearings and its influence on the seismic response of
isolated single steel bridge piers.

From the previous research by Itoh et al. 10~ it is already
known that oxidation plays the most important role among all
the deterioration factors affecting rubbers. And for thick rubber,
the material properties do not change uniformly because of the
diffusion-limit oxidation effect. The deterioration profiles inside
natural rubber (NR) blocks have been studied through
accelerated thermal oxidation test, and the long-term
performances of bridge natural rubber bearings (NRB) were
estimated using FEM analysis. Based on the above research, this
study will focus on the performance of aged NRB with lead
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plugs and its influence on the seismic performance of single
steel bridge piers. The durability of base-isolated NRB with lead
plugs will be evaluated considering the performance-based
design criteria for steel structures.

2. Long-term performance of base-isolated natural rubber
bearing

Ttoh et al.™ found that the equivalent horizontal stiffness of
NRB is related to time, temperature and bearing size. Generally,
the equivalent horizontal stiffhess increases over the time. Under
higher temperature, the increases speed is faster. However, for
the bearing with larger size this property changes more slowly.
A simplified calculation method of the equivalent horizontal
stiffness for aged NRB under service conditions is proposed in
Ref/(13) as follows:
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where, K}, is the equivalent horizontal stiffness of NRB, G, is the
static shear modulus of NR in the initial state. The symbols a
and b are the length and width of the NRB. # is the number of
rubber layers and #; is the rubber layer thickness. &* is the
critical depth to which oxidation can progress, and it can be
calculated by Eq.2). Af is the relative change of the static
shear modulus on the bearing’s side surface. In Eq.(2) and
Eq.(3), the symbols « and B are coefficients. T is the local
temperature where the NRB is mounted. s the ageing time in
the thermal oxidation accelerated test chosen as reference.
Eq.(4) is the formula of the Arrthenius methodology, in which,
E,is the activation energy (=9.94 X 10"J/mol for NR), R is the
gaseous constant (=8.314[J/mol: KJ), # is the ageing time under
service condition, and 7,is the temperature in the reference test.

The thermal oxidation test under 60°C is taken as reference
and the coefficients in Eq.(1)~Eq.(4) are listed in Table 1.

Table 1 Coefficients in Eq.(1)~FEq.(4)

Coefficient Value

o [10*mm] 8.00

B [10°K™"] 331
T[K] 343

——400X400
—03~ 600X600
12 - -& - 800X800
- —1000X1000
—& - 1200X1200

_________________________

Change of Horizontal Stiffness

0 20 40 60 80 100
Time [years]

Fig.1 Long-term performance of NRB in Tokyo (15.9°C)

Using the calculation method mentioned above, the
long-term performance of NRB of any size can be estimated
considering the temperature on site. For example, the changes of
the equivalent horizontal stiffaess of different size NRB in
Tokyo are illustrated in Fig.1. It is found that after 100 years, the
equivalent horizontal stiffness of a 600<X600 NRB increases
about 13%, and nearly 20% for a 400 X400 NRB. Here the
average yearly temperature is assumed constant in the next 100
years.

As for base-isolated rubber bearing, it is required that the
bearing should not only possess the ability of large deformation,
but also absorb energy. In order to add energy dissipation to the
flexibility already exists, usually lead plugs are inserted in the
laminated natural rubber bearing. This kind of bearing is called
lead rubber bearing (LRB). In the non-linear hysteresis model of
LRB, the equivalent horizontal stiffhéss is calculated using the
following equation'®:

F_GAy.+4,490.)
Ug

4

KBe =

®

uBe

where, K, is the equivalent horizontal stiffaess of LRB, F is the
shear force corresponding to the effective shear strain ¥, g, is
the effective design displacement. G, is the static shear modulus
of NR, 4, is the area of LRB excluding the surface rubber, 4, is
the area of lead plugs, and ¢( ¥ ) is the shear modulus of the lead
plug. Fagta; y+a, v%a; v° Nimm?).

From Eq.(5) it can be seen that the equivalent horizontal
stiffiess of LRB K3, is determined by the shear modulus of NR
and the shear force of lead plug. Since NR stiffens due to the
ageing, G, increases, and Kp. will increase consequently. Here
the property change ratio is concemed. Combined with Eq.(1),

the following equation can be obtained.
If& =Kh /IK,,’0+C ©
Be,0 + C
A
o= 417.) o
G Ay,

where, Kpoand K, are the equivalent horizontal stiffness of
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LRB and NRB in initial state, respectively. C is the shear
stiffness ratio of lead plug versus rubber.

According to the Marmal of Highway Bridge Bearing'®, the
area ratio of lead plug versus rubber layer (4,/ A.) is usually 3~
10%. The allowable shear strain ., corresponding to Level 2
earthquake is 250% and the effective shear strain v, is 70% of
which, namely 175%. Using the factors in Table 2, it is known
that g( #)=2.5. Thus, C=3%~-24%. The relationships between
the equivalent horizontal stiffhess change ratio of LRB and
NRB with different C are shown in Fig2. It is clear that the
change of the equivalent horizontal stiffness of LRB due to the
deterioration is always less than that without lead plugs. If the
area of the lead plugs is small compared with the area of rubber
layer, or the shear modulus of the rubber material is large, the
influence of the lead plug will be ftrivial. Therefore, the
deterioration performance of LRB can be easily obtained from
NRB of the same size. For instance, the area ratio of lead plug
versus rubber layer 4,/ 4=10%, G.=1.2 N/mn?’, then C=12%.
So the long-term performances of LRBs of different sizes in
Tokyo can be estimated based on the knowledge mentioned

Table 2 Factors of lead plug shear modulus (N/mm?)

Condition ay a @ as
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Fig.2 Relationship between equivalent horizontal stiffhess
change ratio of LRB and NRB
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Fig.3 Long-term performance of LRB in Tokyo (15.9°C)

above, as shown in Fig3. After 100 years, the equivalent
horizontal stiffhess of a 600X 600 LRB increases about 12%,
and about 17% for a 400 X 400 NRB.

3. Required performance for single steel bridge piers

The current JRA specifications® suggest that dynamic
analysis should be carried out to check that the seismic behavior
do not exceed structural capacity in order to secure that bridges
can resume normal finction as quickly as possible after a major
earthquake. Various performance criteria have been explicitly
specified in recent seismic design specifications'. After the
1995 Hyogoken-Nanbu earthquake, the revised JRA
specifications® proposed a two-level seismic design method for
moderate (called Level 1) and major (called Level 2) earthquake
respectively. In 2004, Japanese Society of Steel Construction
(ISSC)' proposed a modified required performance matrix
with respect to the structural importance, as shown in Fig4. As
for Level 1 earthquake, it is required that no damage should
occur for any structure. While for Level 2 earthquake, the
following seismic performance requirements should be satisfied:
The Most Important Structure: Small damage is allowable.
The damage could be repaired in very short time, and it should
be passable to ordinary vehicles while being repaired.
Important Structure: Medium damage is allowable. It may
take some time to repair although the basic functions remain.
Only emergency vehicles are passable.

Normal Structure: The structure does not collapse, but has lost
functions. It will cost a long time to repair the damage and
reinforcement is needed.

Based on the prescribed performance, the serviceability after
earthquake could be checked according to the residual
displacement of the pier. However, it is difficult to calculate the

residual displacement accurately through dynamic analysis'.

Earthquake [Capacity 1|Capacity 2|Capacity 3|Capacity 4|
esistance
apacity

Structural Safety

Safe | Collapse

Post-Earthquéke Serviceability

Earthquake

Level 1

Level 2

O—O The Most Important Structure
/A—7\ Important Stricture
{1 Normal Structure

Fig.4 Required performance matrix'®
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Table 3 Allowable performances for steel Ppiers (Level 2)

Importance | Most Important | Important | Normal
Safety Omal O,
Serviceability | e 179, | Ope< 405, | —

& Ultimate displacement of the pier;
dy: Yield displacement of the pier.

Since there’re some relations between the residual displacement
and the maximum displacement'?, it is better to utilize these
relations and to convert the residual displacement to the
maximum displacement. Therefore, the limitations of the
maximum displacement of a concrete-non-filled steel pier
_under Level 2 earthquake are presented in Table 3.

According to the current JRA specifications®, in this study,

the ultimate displacement J, is chosen as the displacement value

corresponding to the cyclic strength (under reversed static cyclic

loading) dropping to 95% of the peak cyclic strength. J, for
box-section steel bridge piers can be calculated by the following

empirical equation®:
) 0.0147 }35 + 490 ®

5 {t+P/p)R AT

4. Analysis model of steel bridge piers and earthquakes

In this study, emphases will be laid on concrete-non-filled
thin-walled stiffened steel box piers. The isolated steel pier with
lead rubber bearing is modeled as a two-degree-of-freedom
model as shown in Fig.5(a). The mass of the superstructure is
M, and the mass on the top of the pier M, is taken as 30% of the
mass of the whole pier. The linear acceleration method is used
to resolve the elasto-plastic seismic response problem.
According to the JRA specifications®, the damping ratio £p of
the steel pier is taken as 0.01. As for the two-degree-of-freedom
system, the proportional damping matrix proposed by Wilson:
Penzien is used'™. The time interval is setas 4=0.001s.

~ been proved to be able to reproduce the seismic response under

any earthquake precisely. Especially the maximum
displacement agrees well with the pseudo-dynamic test results.
The parameters of the two-parameter model is defined as:

b |0, 12(1-v?)
R, =—, -2 9
/ t\[E 47’ n? ®
_ ()
A= z—hl,/——”’ (10)
rz\ E
H _
=2 =0.101(R, - A)™° +0.880 an
H,,
5mP \-35
L~ 0.00759(R A1) +259  (12)
5y,P
H, ,—H
K,,=—"t 2 (13)
5m,P _5y,P

K,, =-0278(10- L)R2(0.1+ )7 19)
, ¥ Py
where, RFwidth-thickness ratio parameter, 1 =slendemess
ratio parameter, £=Young’s modulus, o, s=yield stress, o
=Poisson’s ratio, =thickness, b=width of flange, r=number of
sub-panels, /—pier height, »=radius of gyration of cross-section,
J,p~yield displacement, H,/~yield horizontal load, H,,/~the
maximumn horizontal load, J,,/~ the maximum horizontal
displacement,  K;p=hardening stiffness, Kz =degradation
stiffiess, 7/ » =flexural rigidity ratio of stiffener (=3.0), and
P/P;=axial load ratio. The parameters of the analyzed steel piers
are presented in Table 4.

As for base-isolated rubber bearing, usually a bilinear model
is used", as shown in Fig,5(c). The parameters of this model are
defined following the next procedure™:

Step 1: Assume the target period 7 of the isolated pier and
calculate the equivalent horizontal stiffness K3, of the

A two-parameter model is adopted as the hysteresis model of rubber bearing.
the steel bridge pier', as shown in Fig.5(b). This model has
r 3 A
M H H ‘.
u mp K 7 .
K K35 H B
" 2P H¢B \y;ﬂ_i
Ks Kl P it B Ko : '
~dmp Oy |/ . LA Ll
M > >
’ Kypf| B 8 A bys Use Us
C P ,,""’
K, Ky K Hyp
(a) Isolated steel piermodel ~ (b) 2-Parameter model of steel pier (¢ Bilinear model of lead rubber bearing

Fig.5 Analysis model of base-isolated steel pier with lead rubber bearing
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Table 4 Parameters of steel piers

Steel SS400
Young’smodulus  E 205GPa (21,000kef'mm?)
Yield sress o, | 235MPa(24kgf/ mm’)
Poisson’s ratioc 03
Steel plate thickness ¢ 20mm
Sub-plate thickness £ 20mm
Sub-plate width b, 233mm
Width-thickness ratio parameter Ry 0.35
Slenderness ratio parameter 7 0.20, 0.30, 0.40,0.50
Stiffener number on flange 3 (Sub-panel number=4)
Stiffener number on web 3 (Sub-panel number=4)
Flexural rigidity vy > 3v* (v *=Optimum flexural rigidity)
Diaphragm space b (b=section width)
1 difference between the result and the value assumed in
= s Step 2 is within the acceptable tolerance of 10%, then

Ke
’ L(L)z_l
M, \2x K, ,

Step 2: Assume the maximum response displacement of the
bearing Up. The effective displacement Ug, can be
determined as 70% of Up.

Step 3: Determine the optimum yield load of the rubber bearing
Hys to minimize the energy absorbed by the pier?,
which is related to the natural period T and the type of
ground.

Step 4: Determine the skeleton curve of the hysteresis model of
rubber bearing based on the stiffhess equations given

by:
H
K,,=K, ——2%2 16
2,B Be UBe ( )
K, ;=6.5K,, a7

Step 5: Input the earthquake waves and calculate the maximum
response displacement of the rubber bearing. If the

—— Virgin
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N
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(a) Displacement response of steel pier

finish the design. If not, go back to Step 2 and assume
Up again. Continue the iteration until getting the

. convergence.

It is already known when rubber material deteriorates, the
equivalent stiffiess of the base-isolated rubber bearing increases.
In this study, it is assumed that the equivalent stiffhess Kp, of
rubber bearing increases while the yield load Hzkeeps constant,
since in LRB the yield load H,p is determined by lead plugs
inside the bearing, which are not easily affected by
environmental factors. So the primary stiffness Kz and the
secondary stiffiess K;p will change correspondingly. The
seismic responses are compared with the initial state.

There are two types of earthquakes belonging to Level 2
earthquake. Type 1 is great plate-boundary earthquake and Type
11 is severe near-field earthquake. In dynamic analysis the JRA
code® prescribes three Level 2+ Type 1 and three Level 2- Type
II accelerograms for each ground type (Ground Type L II and
1IN, and suggests the average responses of three accelerograms
in each ground group be taken as the final results. v

300
200

100
0
100

Qb (tf)

-200
-300

PETION I B T AR ST O TN B FETEEET I S T W S ST S A B
3077200100 10 20 30
' 4 b(cm)

(b) Hysteresis curve of isolation rubber bearing

Fig.6 Analysis example using Fukiai earthquake (R=0.35, .7=0.40, 7=1.80s)
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5. Dynamic analysis results and discussions

In order to explain the methodology of dynamic analysis,

here an example is presented using the isolated
concrete-non-filled thin-walled stiffened single steel box pier
with R,=0.35, 1 =0.40. The inputted earthquake excitation is
the Fukiai accelerogram, which is recorded on Ground Type II
and belongs to Level 2+ Type II earthquake. The natural period
of the pier is 0.88s. Usually the target period T of the isolated
pier is set as double of the natural period, here 7=1.80s. Then
the lead rubber bearing is designed. 1t is assumed the size of the
bearing is 600X600 and other conditions are the same as
mentioned before. The bridge is located in Tokyo where
average yearly temperature is 15.9°C. From Fig3 it is known
that after 100 years, the equivalent horizontal stiffness of the
base-isolated LRB increases by 12%. The seismic responses of
the steel pier and the LRB before and afer deterioration are

As shown in Fig.6(b), after 100 years the equivalent stiffhess
of aged rubber bearing increases 12%, which causes the natural
period of the isolated pier to decrease from 1.8s to 1.73s. So that
the acceleration response, or in othier words, the earthquake
force acting on the isolated pier will be larger, which
consequently causes the maximum displacement of the pier to
increase. From Fig.6(a) it can be seen that after deterioration; the
maximum displacement of the pier increases by 15.9%. Jf &
 changes from 3.47 to 4.02, exceeding the boundary prescribed
for important structures. That is to say, after 100 years, the steel
pier has already lost its ability to maintain the serviceability after
amajor earthquake.

Similarly, the displacement responses of the isolated steel
pier (R~=0.35, 1 =0.40) on other types of ground with target
period of 1.80s are illustrated in Fig.7. In the design of the
rubber bearing, the optimum yield load H, is determined by the
type of ground, therefore, the initial J,,,./ d, is different for each

compared in Fig.6 as well as in Table 5. type of ground. It is already known that the variation of the pier
response is related to the performance change of the LRB.
Table 5 Results of analysis example Combined with long-term performance prediction model for
base-isolated natural rubber shown in Fig3, the relationship
Item Virgin | Aged | Change Ratio between the displacement response and the ageing time can be
Period 7'(s) 18 | 173 4.2% obtained. Here the LRB with the size of 600 X 600 is
Pier Ol Jy 347 4.02 '+15-9zA’ -investigated. In Fig.7, the horizontal axis is the ageing time from
LRB Kp(tficm) | 830 2.86 +12.0% 0 to 100 years, and the vertical axis is -the maximum
6‘ T T - 6"'1--~'|""|---|--"
- —&-— Ground Type | s 1
5+ -4 - Ground Type I 5+ i
ol ' -~ Ground Type I} WA il o]
o 4 - -------------------------------- 1 - 4‘:‘—;@‘:@‘—:‘—‘ et = (Rt = bR 1
E E 1 —6—Ground Type |
g g —4& - Ground Type 11
«w w 2F |8~ Ground Type I}
1k i |Ge-o—e & 2 .
(] S P AR POy B V'O....J....l....l..t.x..'.
0 20 40 60 80 100 0 20 40 60 80 100
Time [years] Time {years]
(@) Type I earthquake (b) Type 1l earthquake
Fig.7 Displacement response of steel pier (R=0.35, .7=0.40, 7=1.80s)
6 T ¥ T 6 T T
H ~&— Ground Type [ L —8— Ground Type I
5t -A - Ground Type II 5F —& - Ground Type 11
: --11~ Ground Type I} 3 53~ Ground Type I}
PNA T — Y | IO sy =]
w | 2=
33 R :
S S < 3 g r
“«w &?:8__’8::81,“4}:;:;::@:::1:: “«© z::;g:g_ T PERCDY s
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0 L 1 L L 0 ] L ] ) !
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(a) Type I carthquake

0 20 40 60 80 100
Time [years]

(b) Type 11 earthquake

Fig.8 Displacement response of steel pier (R=0.35, .7=0.40, T=2.405)
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displacement of the steel pier versus yield displacement. From
Fig.7(a), it can be seen for important structure under Level 2-
Type I earthquake, the LRB can fulfill its task well during 100
years. In Fig7(b), the earthquake is Level 2 Type II. The
displacement response of the steel pier is even less than the
limitation for the most important structure when constructed on
Ground Type 1. However, when constructed on Ground Type Il
and III, the maximum displacement becomes larger than the
allowable value for important structure at about 36 years and 64
years, respectively. It means the 600X600 LRB should be
replaced before that time in order to survive after a major
earthquake.

If the importance level of the structure is classified as most
important, then the target period is extended to 2.40s to reduce
the seismic response. The results are shown in Fig.8. If the
earthquake is Level 2+ Type I as shown in Fig.8(a), the LRB
cannot satisfy the requirement on Ground Type 1. On Ground
Type I, the serviceability can be ensured even after 100 years.
When constructed on Ground Type I, the maximum
displacement J,,;, will be larger than 1.7 times of the yield
displacement J, after about 30 years. On the other hand, if the
designed earthquake belongs to Level 2+ Type 11, it is safe for
Ground Type 1. However, for Ground Type II and III, the
changes of the displacement response due to the ageing of LRB
are almost the same, across the boundary at about 30 years. So
the maintenance strategy of the 600 X 600 LRB can be

—
[
(=1

[ ) —o— 400X 400
ol m -2~ 600X 600

N |-=--800X 800
80 -

«._ L2 1000 X 1000

[\
(=T ]
T T

Lifespan of LRB [years]
N
(=]

<
L

0 . 15. N ‘10. 15 20 25 30
Temperature [ C]

(a) Ground Type II

Lifespan of LRB [years]
(=)
(=]

determined. In Tokyo, if the ground type is II, and assume the
earthquake is a severe near-field earthquake, the maintenance
strategy of a 600X600 LRB is about 30 years for both the
important and the most important bridges.

Using the Egs.(1) ~(7), the lifespan of LRB with different
sizes and under different temperature is illustrated in Fig.9 and
Fig.10. If the pier with R=0.35, 1 =0.40 is attacked by Level
II earthquake, there’s no need to replace the LRB during 100
years if the pier is located on Ground Type L. It can be seen the
lifespan of LRB becomes shorter under higher temperature. And
for the LRB with larger size, the replacement period is longer.
With the help of this method, it will be easy for engineers to
decide the optimum maintenance strategy.

The seismic responses of other steel piers were investigated
too, as shown in Fig.11 and Fig.12. The horizontal axis is the
slendemess ratio parameter A varying from 02 to 0.5. As
mentioned above, it is assumed that the equivalent stiffiess of
the aged LRB increases by 12%. In Fig.11, the bridge pier is an
important structure with R,=0.35, and the natural period is 1.8s.
The rubber bearing does not need to be replaced if attacked by
Level 2+ Type I earthquake. However, if the earthquake is Level
2-Type 11, the ageing problem must be taken into consideration
when the pier is located on Ground Type II and III. For Ground
Type I, the displacement response of the pier with 7 =03~
0.5 exceeds the limitation after the LRB is aged. While on
Ground Type I, it will be dangerous for the pier with 1 =02

—
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Fig.9 Lifespan of LRB (Important structure, R=0.35, 1=0.40, T=1.80s, Level 2+ Type Il earthquake)
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Fig, 10 Lifespan of LRB (Most important structure, R=0.35, .{=0.40, T=1.80s, Level 2+ Type Il earthquake)
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Fig.11 Seismic response of different steel piers (R=0.35, 7=1.80s)
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Fig.12 Seismic response of different steel piers (R~0.35, 7=2.40s)

~045. .

Fig.12 shows the seismic responses of the most important
piers with the natural period 7=2.4s. If the earthquake is Level
2-Type I as shown in Fig.12(a), the response of Ground Type I
is always larger than the required performance. Ageing problem
does not need to be considered for Ground Type II, but must be
considered for Ground Type III. Fig,12(b) shows the response
under Level 2+ Type I eérthquake. The responses on Ground
Type II and III are almost the same, and both exceed the
limitation after the LRB is aged. It is safe for any pier Ground
Type I because the maximum response is very small, no matter
before or after ageing. From the acceleration response spectra it
is known that at certain natural period, the earthquake force
acting on the pier is related to the type of ground. For example,
under Level 2+ Type II earthquake, when T7=24s, the
acceleration response of Ground Type I is far less than Ground
Type Il and 111, while the latter two are very close.

The seismic response of the steel pier decreases when
extending the natural period. Therefore, it is possible to avoid
replacing the LRB by choosing appropriate natural period. »

6. LRB maintenance strategy
From the dynamic analysis it is known that the seismic

response of the steel pier- increases with the ageing of LRB.
Therefore, the maximum displacement is possible to exceed the

allowable value. The lifespan performance should be checked to

ensure the serviceability after a major earthquake. In this paper,

a procedure is proposed in Fig.13 to determine the maintenance

strategy of LRB s0 as to keep the steel pier always satisfying the

performance requirement.

Step 1: Collect the basic information such as base-isolated pier
parameters, LRB size, bridge location, structural
importance; and so on. The location tells the
information like average yearly temperature on site,
ground type, and possible earthquake, etc.

Step 2: According to the structural importance the allowable
performance Jyy, for steel piers can be determined.

Step 3: Using the parameters of the steel pier and the LRB, an
appropriate nonlinear MDOF model could be made.

Step 4: Assume a maintenance strategy z of the LRB, which
should be no longer than the lifespan of the bridge.

Step 5: Estimate the performance at time #z using Eqs.(1)~(7)
and build the bilinear model for aged LRB.

Step 6: Perform dynamic analysis on the nonlinear MDOF
model using the accelerograms of the corresponding
ground type. The maximum displacement of the steel
pier will be obtained.

Step 7: Compare the maximum displacement J . With the
allowable performance J'y,. If 0 is less than Jyy,
there’s no need to replace the LRB during assumed time
tz. Otherwise, go to Step 4 and assume a new
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Fig.13 Determination flow chart of LRB’s maintenance strategy

maintenance strategy shorter. Continue the iteration
until the maximum displacement of the steel pier
satisfies the performance requirement.
The assumed time #; could be deemed as the maintenance
strategy of the LRB. It is suggested the LRB be replaced before
1z to ensure the serviceability of the steel pier.

7. Summary and conclusions

In this study, the long-term performance of lead rubber
bearing (LRB) is investigated and its influences on the seismic
response of isolated concrete-non-filled thin-walled stiffened
single steel box piers are discussed. The major findings and
conclusions are summarized as follows.

1) The equivalent horizontal stiffhess of LRB increases over
the time, and the increase speed of the larger size is lower
than the smaller one. Because of the influence of the lead
plugs, the equivalent horizontal stiffness change of a LRB
is always less than that of a natural rubber bearing (NRB)
with the same size. They are correlated by the shear

2)

3)

4

5)
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stiffness ratio of lead plug versus rubber, which is normally
about 3%~24%.

Dynamic analysis was carried out on an example single
steel bridge pier with R, =0.35, 1 =040. It is found the
displacement response increases with the ageing of LRB.
12% increase of the equivalent horizontal stiffiness of LRB
may cause the isolated pier with 7=1.80s under the Fukiai
accelerogram to lose its serviceability.

As for the base-isolated pier with Ry =035, 1 =040
located in Tokyo and to be attacked by Level 2 Type 1l
earthquake, the maintenance strategies of a 600 X 600 LRB
are about 36 years and 64 years for an important bridge on
Ground Type II and III, respectively, and are about 30
years for the most important bridge on these two types of
ground.

The lifespan of various LRBs installed on the pier with Ry
=0.35, 1 =0.40 under various temperatures is calculated.
The lifespan is shorter for small sized bearing or under
higher temperature.

For important structure, the ageing problem should be



considered when the pier with R=0.35, 7=1.80, which will
be attacked by Level 2- Type I earthquake, is located on
Ground Type Il and III. As for the most important structure,
if natural period 7 is 2.4s, attention should be paid to the
cases such as the Ground Type III combined with Level 2
Type 1 earthquake, Ground Type I and IIT with Level 2-
Type I earthquake.

6) A procedure to determine the maintenance strategy of LRB
is proposed considering the serviceability of the steel
bridge piers.
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