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ABSTRACT

Construction of seismically isolated bridges will possibly increase in the future, which consequently suggests
problems on how to evaluate inelastic responses conveniently. Three different methods for estimating the
response of single-degree-of-freedom system with bilinear hysteretic restoring force are discussed in this
report, and estimated values for response of each method are compared with the results of time history
analysis.
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INTRODUCTION

In recent years, the design and constructions of seismically isolated bridges, otherwise known as menshin
bridges have increased. These bridges utilize seismic isolation bearings for dispersing and reducing seismic
load. Further, after the tragic Hyougoken-nanbu Earthquake, it is thought that application of seismic isolation
bearings to existing bridges as antiseismic reinfocement will increase. Since seismic isolation bearings have
nonlinear hysteretic characteristic, it is very important for practical design how it should be modelied and how
its elasto-plastic response could be estimated accurately and conveniently. In this paper, three methods of
estimation for responses are discussed and evaluated for single-degree-of-freedom model with bilinear
hysteretic restoring force. These are the following.

(D Method A. A static analysis and an estimation method for responses based on Manual for Menshin Design of
Hig};way Bric]ges (1992).

(@) Method B. A method which estimates maximum responses by using method of equivalent linearization and
the acceleration response spectra indicated in Manual for Menshin Design o][ Highway Bridges (1992).

@ Method C. A method which estimates maximum responses by balancing the total input energy of the
earthquake with the total absorbed energy of the seismic isolation bearing.

Each estimation method is evaluated by comparing its results with that of time history analysis. The level of
seismic coefficient method (Specifications for Highway Bridges, 1990) and the level of design ultimate
horizontal strength method during an earthquake (Manual for Menshin Design of Highway Bridges, 1992) are
considered as seismic load levels for evaluation. Herein, these levels are refered to as Level I and Level II ,
respectively. Also, the same investigation is conducted according to three types of ground, i.e. Type I, Type
I and Typell (Spevifications for Highway Bridges, 1990). Type I corresponds to the base rock ground, Type
Il to the weak ground among alluvial soil layers, and Type Il to those of diluvial soil layers or alluvial soil



layers which do not belong to types I nor III.

METHOD OF ANALYSIS

The responses estimated by using methods A, B, and C are compared with the results of time history analysis.
In the time history analysis, the structure is subjected to standard seismic waves according to the types of
ground. The analytic model and the three estimation methods are discussed below.

Ana/ytic Model

The bilinear model is widely use for elasto-plastic behaviour of materials and members because of its
simplicity. It is thought that this would be a good model for materials with elasto-plastic restoring force, like
isolation bearings which are composed of steel damper and laminated rubber (e.g lead rubber bearing or high
damping rubber bearing).

Figure 1 shows the bilinear model for single-degree-of-freedom system and its restoring force characteristic.
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Fig. 1. Single-degree-of-freedom model with bilinear hysteretic restoring force.

The values of the parameters of bilinear model are indicated in Table 1. The combination of 9 cases of
hysteresis and 6 cases of yield load gives a total of 54 cases for analysis. The same cases are considered for

each type of ground.

Table 1. Parameters of bilinear model.

Hysteresis No. T, (sec) T ,(sec) k,(tf /cm) k,(tf /cm)
l-a 0.60 1.20 111.90 27.98
1-b 0.60 1.47 111.90 18.65
1-c 0.60 1.70 111.90 13.99
2-a 0.80 1.60 62.94 1574
2-b 0.80 1.96 62.94 10.49
2-¢ 0.80 2.26 62.94 7.87
3-a 1.00 2.00 40.28 10.07
3-b 1.00 2.45 40.28 6.71
3-c 1.00 2.83 40.28 5.04

Six values of yield load are considered for each hysteresis, i.e.
Qy= 25, 50,75, 100, 125, 150 tf




Estimation Metlzoals for Ine/astic Responses

Static Response Estimation Method based on Seismic Cocfficient (Method A). This is a static analysis based on
seismic coefficient described in Manual for Menshin Design of Highway Bridges (1992), and a simple method
for estimating inelastic responses — the use of seismic coefficient deletes the application of dynamic analysis.

For bridges with seismic isolation bearings, where the stiffness of the bearing is generally small compared to
that of substructure, the primary vibration mode is predominant. For such reason, simple estimation method is
applicable. The left side of Fig. 2 shows the flow chart of Method A.

There are upper limits set for horizontal seismic coefficients for desi gn. In Level I, the limits for ground types

I, I, and I are 0.2G, 0.25G, and 0.3G, respectively. In Level II , upper limits are 0.7G, 0.85G, and
1.0G, respectively.
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Fig. 2. Flow chart of Method A (left) and Method B (right).

Estimation Method using Response Spectra (Method B). This estimates maximum response values by using
method of equivalent linearization and the acceleration response spectra described in Specifications for Highway
Bridges (1990). The acceleration response spectrum is calculated by modifying the basic acceleration response
spectrum with correction factors according to zone, importance classification, and damping constant. There are
upper limits set for acceleration response spectra. In Level I, the limits for ground types 1, II, and W are
0.4G, 0.5G, and 0.6G, respectively. In Level II, upper limits are 1.4G, 1.7G, and 2.0G, respectively. Figure

2 (right side) and Fig. 3 shows the flow chart of Method B and the basic acceleration response spectra for
Level I, respectively.
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Fig. 3. Basic acceleration response spectra for Level Il . (Damping constant is 5%.)

Estimation Method by Equilibration of Energies (Method C). This method uses the equilibration of energies for
estimating maximum responses. That is, the total input energy from seismic waves is balanced to the total

absorbed energy of the seismic isolated bearing.
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Fig. 4. The total absorbed energy of the structure and flow chart of Method C.

The total absorbed energy is described in Fig. 4 with reference to Recommendation )[or the Design o][ Base
Isolated Buildings (1993). The total absorbed energy Wiga Of the structure is defined as the sum of elastic
strain energy W, (i.e. shaded area in Fig. 4) due to post-yield stiffness &, and hysteretic absorbed energy



during one cycle Wi, (i.. area of the loop in Fig. 4) multiplied by a certain factor, hysteretic absorbed energy
factor « .

In Recommendation f::r the Design of Base Isolated Bui/a]ings (1993), a isequal to 2. In this analysis, the value
of a is computed from

E(tp) = W, . aWq, (1)
where E (o) is the total input energy of seismic waves. The average values of a, for the 54 cases considered,
are calculated according to Level I and Level I, as well as io the types of ground; provided that those cases
which do not satisfy antiseismic conditions indicated in Recommendation for the Design 0][ Base Isolated
Buildings (1993) are neglected. In Level I, the values of « for ground types I, I, and I are 1.62, 3.29,
and 6.85, respectively. In Level II, these are 2.40, 3.26, and 10.31, respectively. The computed average

values of hysteretic absorbed energy factor « are then used in Method C. The flow chart of Method C is
shown in Fig. 4 (left).

T;me History Ana/ysis fOf Nonlinear MOJB/S

In order to evaluate the three estimation methods mentioned above, time history analysis for bilinear model is
applied and method of linear acceleration is used in the analysis. The seismic waves described in Manual for
Menshin Design o][ Higilway Bridges (1992), i.e. for Level I, and in Speciﬁcations ][or Higilway Bricjges
(1990), i.e. for Level II, are inputed according to types of ground. The maximum acceleration response and
maximum relative displacement are computed with respect to the input seismic waves.

RESULTS

The maximum response acceleration and relative displacement estimated by using the three methods discussed
are compared and checked with the results of time history analysis, assuming that the estimated values

correlates linearly with the results of time history analysis. Figure 5 and Fig. 6 shows the results for Level I
and Level I, respectively, where R is coefficient of correlation. Figure 7 indicates the values of hysteretic
absorbed energy factor « of ground Type Il . From these results, the following have been ascertained.

(D Method A. In Level I , the estimated values show good correlation with the results of time history analysis.
These also exceed the results of time history analysis, thus, indicate safety estimations (Fig. 5). However, in
Level Il, the estimated values become lesser than the results of time history analysis as response values
increase. Also, coefficient of correlations decrease as ground becomes weak (Fig. 6).

(2) Method B. In both levels, estimated values correlate closely with results of time history analysis. In ground
Typelll of Level I, estimations are less than the analytic resuls.

&) Method C. In both levels, estimated values are approximately equal to the results of time history analysis,
irespective to types of ground. Moreover, safety estimated values can be obtained for small values of « , and
good results can be obatained for a = 2, in both levels.

CONCLUSIONS

To summarize, the results of the three estimation methods for inelastic responses of structure, assumed as
single-degree-of-freedom model with bilinear hysteretic restoring force, confirm the following

@ Estimation method for static response based on seismic coefficient is a simple estimation method. But since
there are upper limit values, its degree of correlation with respect to the results of time history analysis
decreases and its results show small values, in cases where response values are large.

(2) Estimation method using response spectra and equivalent linear method is effective and reveals good resuits

with time history analysis. However, since estimations depend on acceleration response spectra, establishment
of standard acceleration response spectra is very important.

(3 Estimation method by equilibration of energies is effective, irrespective to seismic load level and types of
ground, although requires adequate value for hysteretic absorbed energy factor « .
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(In here, R represents the coefficient of correlation.)

Fig. 5. Comparison of maximum estimated response values of methods A, B, and C for Level 1.



Estimated Values of Method B Estimated Values of Method A

Estimated Values of Method C

3000

2000[

Ground Type I; R=084
----- Ground Type II; R=0.75
== =« Ground Type II; R=0.36

oO 1000 2000 3000
Time History Analytic Results
3000 ! !
=———=Ground Type I:R=097
---- Ground Type II; R=094
=~ = =Ground Type II; R=090
.~
0 \ i
0 1000 2000 3000
Time History Analytic Results
3000 T T 7
- Ground Type I:R=0.76 1
""" Ground Type II; R=085
=— = =Ground Type II; R=0.88
2000_ JEUTISU R I . i,'} [T -
/
: ]
1 OOO b S e [ —
O n n | A < i i n
0 1000 2000 3000

Time History Analytic Results

(2) Maximum response acceleration (gal)

Estimated Values of Method B Estimated Values of Method A

Estimated Values of Method C

300 ! T
Ground Type I; R=0.89
----- Ground Type II; R=0.64
—- = =-Ground Type II; R=0.50
200 P o I
" -
: -
P N S |
1 OO p e e . ’l ------- -
sl
- i
0 i i
0 100 200 300
Time History Analytic Results
300 ‘ T
Ground Type I;R=093
L[ === Ground Type II; R=094
= = = Ground Type II; R=0.86 P
et
PR
7
0 i j
0 100 200 300
Time History Analytic Results
300 T ——
Ground Type I; R=0.73 .
----- Ground Type II; R=085 |, 7 |
== = -Ground Type HI; R=092
1000 /,,’ ' ]
ob— j P
0 100 200 300

Time History Analytic Results

(b) Maximum relative displacement (cm)

Fig. 6. Comparison of maximum estimated response values of methods A, B, and C for Level II.
(In Lere, R represents the coefficient of correlation.)
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