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1~ Introduction: Identification of system parameters with the help of records made on base-isolated bridge during earthquakes
provide an excellent opportunity to study the performance of the various components of such bridge system. This study utilizes
a system identification methodology developed earlier by the authors [1] to reliably identify structural parameters of such
bridges from recorded acceleration data. Appli-

cation of this methodology to two base jsolated N@
bridges which were shaken by the 1995 Kobe To Osaka%n
earthquake enabled to examine soil-structure in- -
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teraction (SSI) effect in these bridges by com- Bridge A A—z
paring the identified and physical parameters. (180 m)
2- System ldentification Methodology: The Fig. 1. Layout Plan of (211.5 m) 7
system identification method developed by the Matsunohama Bridges \7/ To Airport

authors consists of two steps. Firstly, modal pa-
rameters of the non-classically damped system are identified by using the free field ac- ; :
celeration as input and accelerations at pier cap and girder as the output. Later, the
structural parameters are identified by a global search scheme such that the normalized
error between the identified and structural frequencies and damping ratios is minimized.
3- Matsunohama Viaduct Bridges: Matsunohama Viaduct on the Wangan route of the
Hanshin Expressway incorporates special earthquake resistant design features as some .\Ll;‘\%l%
of its spans are supported by base isolation bearings. The viaduct has two base isolated
bridges within a distance of 185 m as shown in Fig. 1. Both bridges are 4-span continu- y o

X X . L. . Fig. 2a. Accelerometer  Fig. 2b. 2DOF
ous bridges. Bridge A has a stee] I-girder super-structure which is supported on lami- | cation at P23 & P32
nated rubber bearings on the interior piers and Teflon sliding bearings at the end
piers. Whereas the two non-composite steel box girders of Bridge B are sup-
ported by lead rubber bearings on the interior piers and pivot roller bearings at

Pil

Table 1: Summary of recorded earthquakes

Maximum Acceleration (cmlsz)

. . . . Earthqual Bridge A Bridge B
the end piers. The bridges were excited by one main shock and four aftershocks e Fre:l f Pier Fre: l Pier
of the 1995 Kobe earthquake whose summary is presented in Table 1. Pier P23 field | cap || field | cap
of Bridge A and P32 of Bridge B is instrumented at four locations as shown in [ MainShock | 149 | 226 136 | 201
Fig. 2a. A 2DOF lumped mass model is selected to represent the dynamics of the ’/:?“S:"ct; ?2 i?) ?g ;g

: : s : : . s tershoc g
bridge in the longitudinal direction as depicted in Fig. 2b. ATershock 3 Z 9 7 3

4- Physical Modelin . . . . Aftershock 4 || 20 | 27 12 17
a) Seismic response analysis of site and pile group impedance: The sub-

structure consists of reinforced concrete piers supported on 1.2m diameter cast-in-situ reinforced concrete piles. Number,
length and arrangement of piles vary for all piers of both bridges. Soil properties were found from SPT logs of bore holes 8 and
9 for Bridge A and from bore holes 10, 11 and 13 for Bridge B. Shear strain compatible dynamic shear wave velocity, soil

Model of the Bridge

shear .modulus and soil Table 2. Dynamic Soil Parameters during Earthguakes
damping  ratio  were [Tprpes Soil Shear Modulus (MPa) Soil Damping Ratio (%)
determined by con- BH 8 BHY9 | BH10 | BHil | BH13 | BHS BHY9 | BH10 | BH11 | BH13
ducting a deconvolu- [ Main Shock || 12473 | 100.72 | 8270 | 7256 | 6346 | 597 592 666 | 726 | 733
tion analysis by com- [ Aftershock I || 191.62 [ 139.61 } 116.53 | 124.12 | 97.57 1.89 2.18 242 2.12 2.55
puter program | Aftershock2 | 196.49 | 14241 | 11938 | 129.51 | 10076 1.71 1.94 2.12 1.74 2.18
SHAKE9] [2]. Results | Aftershock3 [ 202.21 | 14523 | 123,12 | 13782 | 104.83 1.33 1.65 1.58 0.93 1.64
Aftershock 4 {| 19310 | 140.23 | 118.80 | 128.30 | 100.22 || 190 2.12 2.17 1.80 225

of this analysis are
shown in Table 2. These soil parameters were then used to compute horizontal and rocking dynamic pile group impedance ac-
cording to the procedure of Dobry and Gazetas [3]. Kinematic interaction and frequency dependence of pile group impedance
were found to have negligible effect up to the frequency of interest (<5 Hz.) and thus were ignored.

b) Stiffness of reinforced concrete columns: Actual stiffness of a bridge column can be found from the theoretical load vs.
deflection curves and the actual recorded deflection. Theoretical deflection, A, can be determined by integrating the theoretical
curvatures and shear strains over the entire height of the column for a particutar value of lateral load, P. Theoretical moment-
curvature and shear strain vs. shear stress relationships for sections subjected to combined axial load, moment and shear force
were found by computer program RESPONSE-2000 [4]. Stiffness of all columns was calculated as secant stiffness from the
theoretical P-A curves for the maximum recorded pier cap displacement relative to the pile cap.

5- Comparison of Identified and Physical Sub-structure Parameters

a) Sub-structure stiffness: To clarify the SSI effect, the identified values of the sub-structure stiffness were compared with the
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equivalent physical sub-structure stiffness which consisted of three components viz.
horizontal & rocking pile group stiffness and concrete column stiffness as shown in
Fig. 3. Therefore, equivalent physical sub-structure stiffness can be represented as

ko = kck;,k;/(kc (k, +k,l)+khk;) where k. is stiffness of column, %, is horizon-

tal stiffness of pile group and k , , rocking stiffness of pile group converted to equiva-

lent horizontal stiffness for unit rotation. Comparison of the identified and physical
sub-structure stiffness is shown in Fig. 4 along with the case of a fixed base for both
bridges. It can be observed that the identified value is in agreement with the physical one for both bridges. It should be noted
that for Bridge A, the identified and physical values are nearly equal to the fixed base case while for Bridge B, the fixed base
stiffness value is nearly twice the identified value. This suggests that the effect of SSI is more pronounced at Bridge B. This is
attributed to weaker soil at Bridge B and the fact that number of piles per pier is less for this bridge.

b) Components of sub-structure compliance: Contribution of each component of sub-structure stiffness to the overall sub-
structure stiffness is investigated by

Fig. 3. Components of Stiffness

; i 3.5E+06 O ldentilied - Didentified
looking at' thc? compllance of Fhe e lapmsicat | . 1.OE+07 ; Dp:;s;C:]
system which is the inverse of stiff- g5 JHL o 5 8.08406 1] WFied Base
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F1g~ 5 shows the share of each com- Main After  After  After  After Main After After After  After
ponent during all ear[hquakes based Shock shock- 1 shock-2 shock-3 shock-4 Shock  shock- 1 shock-2 shock-3 shock-4
on the physical model. Maximum (a) b

contribution to compliance comes Fig. 4. Comparison of Sub-structure Stiffness. (a) Bridge A, (b) Bridge B

from the column while the rest is due
to the horizontal pile group compli-
ance with negligible contribution
coming from the rocking compliance.
This implies that the rocking stiffness
of the pile groups is so high that it
contributes little to the dynamics of Main  Afier  After  After  After Main  After  ARer  Afer  After

both bridges. The share of horizontal Shock  shock- 1 sh(o;l)(-Z shock-3 shock-4 Shock  shock-1 sh:()i;()-l shock-3 shock- 4
pile group compliance increases from
about 10% in Bridge A to about 40%

Fig. 5. Comp ts of Compliance. (a) Bridge A, (b) Bridge B

in Bridge B indicating a larger contribution of SSI in Bridge B. : g ¥ " ]
¢ ) Variation of soil shear modulus and shear strain during earthquakes: Variation of oor

soil shear modulus, computed by SHAKE91, during earthquakes is plotted in Fig. 6. **T

Maximum reduction in soil shear modulus was observed for bore hole 11 where its value %7 § o Dore Hote 8
was about 50% of the small strain value corresponding to soil shear strain of 0.024%. Fig. s} A Jore Hole 10

7 depicts the relationship between soil shear strain and normalized soil shear modulus. 05T 3‘&1:2 {}2}1 ii
This range of dynamic soil parameters is similar to the observation of Kokusho et al.[5]. 0.4 . + +—

6- Conclusions: This study shows that it is possible to capture the overall behavior of the Main - After - Afer - After - Afler

. . . . . Shock  shock-1 shock-2 shock-3 shock-4
Matsunohama viaduct bridges with a simple 2DOF lumped mass model. It is observed

that the identified sub-structure stiffness is nearly equal to the physical sub-structure stiff-
ness calculated by considering SSI. Effect of SSI is pronounced in Bridge B as the identi-
fied sub-structure stiffness is almost half the fixed base stiffness and the share of horizon-
tal pile group compliance is significant. This implies that ignoring the effect of SSI arising 0.9 +-
from horizontal pile group stiffness will introduce considerable error in the analysis of 0.8
Bridge B. Whereas rocking pile group compliance has a negligible contribution in both  §

. L . . . . 20.7 1
bridges. Reduction in the soil shear modulus during the main shock is more as compared ©

Fig. 6. Variation of G/Gy during
Earthquakes

1

to the aftershocks. 0617 {
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