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tively. It is noted that piers with height of 10 m subjected to any input wave yield the same amount of displacement
regardless the material which the piers were made of. The maximum value of the response displacement was 67 cm.
Also, the girder and pier of isolated bridge system yield the maximum relative displacement of about 40 cm.

The superstructure yields greater response velocity than the pier top does. For the steel bridge with pier height of 10
m and 20 m, the response velocity ranged 100-187 cm/sec or 139-234 cmy/sec, respectively. For RC bridge, it ranges
95-183 cmysec or 112-190 cm/sec for the corresponding cases.

It is also significant that when the girders move in inverse phase, about twice the displacement and the velocity
should be considered in the design. On the base of this assumption, it can be concluded that maximum relative dis-
placement and maximum relative velocity to be considered in designing the connecting plates is about 100 cm and
about 350 cmysec respectively.
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Table 3.1 Maximum response displacement and Maximum response velocity

sw(I) sw(I) sw (I Kobe JMA IR Takatori

(disp.; em, vel.; cm / sec) disp. vel.  disp. vel. disp. vel. disp. vel. disp. vel
10m-Steel Isolation SS 269 1002 319 1396 298 1212 237 1440 418 1871
PT 18 87 21 114 20 110 1.7 90 27 152

Bearing  SS=PT 26 293 28 43 35 548 73 842 356 762

20m-Steel Isolation SS 413 139.0 S52.8 1722 659 2096 312 1455 669 2215
PT 188 671 242 833 307 101.7 137 692 312 1048
Bearing  SS=PT 353 1416 454 1770 524 1844 383 2085 624 2342

10m-RC Isolation Ss 261 954 304 1348 291 1171 229 1405 399 1832
PT 1.1 9.5 15 106 13 9.8 1.1 114 29 218

Bearing  SS=PT 13 128 17 214 20 256 74 399 35 404

20m-RC Isolation S8 309 111.8 347 1494 358 1305 26.6 1427 458 190.0
PT 77 355 90 407 107 459 9.8 839 111 859

Bearing  SS=PT 11.5 589 129 685 132 68.0 193 1467 273 1085

4. IMPACT BEHAVIOR OF BRIDGE CONNECTING PLATES

Shock response analyses were performed in order to examine impact behavior that a bridge unseating may produce
on a girder connecting device. Concerning these kinds of problems as the problems in the gravitational field, three
dimensional nonlinear impact response analyses were numerically performed utilizing the analytical model as shown
in Figure 4.1 and Table 4.1. It takes about 28 hours for calculating one case with Sun Spark Station 20. Analytical
results confirmed the facts mentioned below.

Out-of-plane plastic deformation of connecting plates (Fig. 4.2), which was one of the typical failure modes ob-
served in girder bridges damaged by the Kobe Earthquake, necessarily occurs by the action of longitudinal severe
loads. Mainly because of the existence of the clearance between a connection plate and stiffening plates, which are
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usually set for preventing coupling pins from shearing failure, coupling pins seem to be pulled by the connection plate
acting like a bottle opener.

In figure 4.3, time history of tensile force applying to one of the pair of connecting plates. The maximum tensile
force was found tobe f__ =72.7f =2.63 V2 (Rd/2), and equivalent impact coefficient would be le = 2.63. When the
ratio (o, / o) of the yield stress to the meximum stress and the ration (o ,/0,) 10 the allowable stress are assumed

to be 1.7 and 2.9 respectively, the plate still remains in the state of yielding [1.7 V2Z(Rd/2) < 2.63 Y2(Rd/2) < 2.9V2(Rd/
2)], and the internal stress is in the range of flow stress. Therefore, the design force of connection plates under
consideration of suspending states of bridge girders should be ¥2 Rd per a girder at least in the working stress design.

The velocity of the forces acting to the connection plates was 267 cm/sec. The loading velocity seems to result in
strain rate of 20 - 25 sec that should be considered strain-rate effects for the material properties. More detailed
description of the strain-rate effects are found in the next section about impact fracture analyses.

Table 4.1
Span: 30.0 m
Girder depth : 1.7 m
Dead load (Rd; per a girder): 39.09 tf
Number of elements: 1,780 (solid) + 372 (shell)
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M: Movement joint, F: Fixed joint Fig. 4.2 Out-of-plane plastic deformation of the
connecting plate (analyzed)
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Fig. 4.1 Analytical model of the superstructures Fig. 4.3 Time history of tensile force applying
and connecting device to one of the pair of the plates (analyzed)

5. IMPACT FRACTURE ANALYSIS OF CONNECTING PLATES

Against extremely severe earthquakes like the Kobe Earthquake, which may not occur in the life of structures,
secondary members or attached members as connection facility should serve to maintain the minimum functional
requirement of bridges which is to let vehicles pass after emergency treatment. Allowable damage design method is
based on the philosophy mentioned above. To establish this type of design method for any structures, failure behavior
of structural members should be clarified.

In this section, single-hole type connecting plates (as shown in photo 2 and 3) subjected to impact loads were
investigated with three dimensional nonlinear impact analyses and compared with experimental results. In the com-
parisons, the effects of sirain rate on stress-sirain relationship are considered.

399



We first carried out static loading tests and high speed loading tests with the loading speed of 400 cm/sec of single
hole-type connecting plates. Materials used for the connecting plates and the coupling pins were SS400 and S35C,
respectively. The experimental apparatus for the high speed loading tests is given in Figure 3.1. The loading test was
performed by pushing down the Joading plate that was linked with the test specimen (connecting plate).

In order to simulate the failure behavior of connection plates under relatively high strain rate and to generalize the
behavior, three dimensional elastoplastic fracture analyses were performed with the finite element code LS-DYNA3D.
In the analyses isotropic elastoplastic solid (with failure) elements were used.

The failure was judged with one of the following criteria [6];

1. Effective plastic strain exceeds the maximum plastic
Loadings _..

strain limit;

. f o s Loading plate
efﬁ> e? v ’Ef’=fo (55555_) 23 v (3.1) —T : g P.
where &7, is the effective plastic strain, £4..is the maximum 18 @ RN C‘l’“l’]mg pin
plastic strain, and £/ is the plastic strain rate. 58 8\:}\ Specimen 13> Fastener

2. Compressive stress exceeds the maximum compressive
stress. then Front view Side view
t

P < P, ;pnol___K(an’_]_ N 5.2) Fig. 5.1 S;t:,n;;::r:(:;sthe high-speed
where p"* ' is the compressive siress at the n+1 calculation

SI€p, Pun is the maximum compressive stress, X is the bulk modulus of elasticity, and V"~ ' is the volume at the n+1
calculation step. In case the one of the criteria is satisfied in any finite element, the element is removed from the
following calculation step. Therefore crack propagation can be evaluated through the calculation.

A steel bar specimen made of S§400 which is the same as the connecting plate was subjected to tensile failure test
in order to validate the failure criteria. In this experiment,
basing from the stress-strain relationship, the properties 7000

corresponding to the analysis of the bridge connecting system €000 F Experimental Loading
were obtained. The stress-strain relationship is shown in 5; 5000 b ) !
Figure 5.2 comparing the results of the experiment and the E 4000 b
results obtained from the analysis using failure model as g 2000 Analyzed
shown in Figure 5.3. ® oo
Each material parameter used in this analysis is shown 1000
in Table 5.1. The Young's modulus, shear modulus and mass o L €
density was taken at general values. 0.00 0.10 0.20 0.30 0.40
The effect of loading s‘peed is infroduced in the analyses Fig. 5.2 Stress - strain
by changing the material properties of each material relationship
depending on the strain rate according to the ref. [7]. The
ratio of the yield stress under high speed loading to the o T

stress under static loading is given by the following equation;
Af,= 22 =1202+0040logt ... 3)

,where £ is strain rate. The ratio of the maximum stress Loading

under high speed loading to the stress under static loading is
also given by the following equation;

Fig. 5.3 Steel bar

Fig. 5.4 Bilinear stress - model (a quarter

Af, = g—“: =1.172 + 0.03710g ¢ ....oevvrenene. (5.4 strain curve model part)
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Table 5.1

.
f‘gli{; Young's modulus (kgf/em) E:  2.10 < 10°
: Tangent modulus (kgf/em?) E:  8.20 ~ 103
e i — s
i Shear modulus (kgf/em?)  G: 8.08 ~ 10°
j Yield stress (kgf/em?) ¢, 310 10°
e Failure strain £ 385 -10°
' Mass density (kgf/em’) o : 801 » 10%
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(a) Strain rates curves of the failure elements Fig. 5.8

(b) Failure elements and element numbers

Strain rate at each time step

The bridge connecting device model, as shown in Figure 5.5, was solved as the contact problem between the pin

surface and the connecting- plate inner nodes.

The impact behavior of connection plates simulated with the analyses are compared with the experimental results
in both cases of (1) the static Joading and (2) the high speed loading and given in Figure 5.6 and 5.7.
In all the analyses, the simplest failure elements are used as mentioned above, and the average value of strain rate

(£=44) is adopted to estimate material properties of the elements. Nevertheless, in both cases of the static loading and
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