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Abstract

This paper descvibes numerical studies on the bent collapse of the Cypress Viaduct duving the Loma Prieta
Earthquake and on the seismic performance of the same type of retrofitted bent. The purpose of the first simulation
is lo identify seismic behavior of collapsed and surviving bents due to ground conditions and structural types and
that of the second simulation to estimate seismic performance against several earthquakes consistent with the curvent
U. S. design standard. Systematized analyses comsist of the followings : O dynamic response of ground, @
soil-foundation dvnamic intevaction, @ nonlinear static behavior of bent, and @ nonlinear dynamic vesponse of
bent. These analytical vesults provided following conclusions. O Amplified seismic motion on the surface ground
was predicted based on the multiple reflection theory. (@ Finite element nonlinear analyses provided good agreement
with test vesults both of pre-retrofitted and retrofitted bents. (B Nomlinear dynamic response analyses provided a
quantitative explanation on the relationships between ground conditions, bent lypes, and bent collapses and also
ensured sufficient seiswic safety of the retvofitted bent.

1. Introduction

Catastrophic collapse of the Cypress Viaduct at
Loma Prieta Earthquake 1989, caused 41 fatalities and
amount of economic losses in San Francisco Bay area.
A great concern was concentrated on the engineering
issue to be resolved with 48 bent collapses in the 1.2
In the
U.S., comprehensive seismic design specification was
provided after the 1971 San Fernando Earthquake.
However a great number of bridges including the

km long part of I-830 at the Cypress section.

Cypress Viaduct, were constructed in 1950’s and 1960’
s. As the results, seismic vulnerability of existing
bridges and seismic strengthening method were urged
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to investigate and a number of experimental and
analytical studies have been conducted including field
tests with survived bents. In these backgrounds, this
paper presents numerical simulation studies on the
collapse of the Cypress Viaduct and on the seismic
performance of the retrofitted bent against several
earthquakes consistent with the current U. S. seismic
design guideline. A rational prediction of the
Cypress Viaduct collapse is believed to contribute in
the future earthquake hazard mitigation practice.
Also a prediction on the seismic performance of the
retrofitted bent may provide effective information in
promoting seismic strengthening program for similar

type viaduct in California.
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2. General

2,1 Damage Summary

As reported in the JSCE Reconnaissance Report
on the Loma Prieta Earthquake of Oct. 17, 1989V, the
cause of bent damages is considered as deeply related
with the underlying ground condition and the struc-
ture type. The Cypress north side section was on
reclaimed soft soil, while the south side section on
dense silty sand. In the north side, all the upper
decks fell down onto lower decks except one span
On the other hand in the south side falling
down of upper decks was prevented except about 150

m portion next to the north side.

portion.

The bent types are conceptually categolized into
3 structure types as shown in Fig. 1 due to location of
pinned joint and bent-cap structural type, i. e. reinfor-
ced or prestressed concrete. B type bent was em-
ployed in many parts and all collapsed in the north
side. Among five A type bents existed in the north
side, two of them survived despite significant damages
suffered. In the south end of north side, all the C type
bents also collapsed.
2,2 Obijectives of Present Study

Numerical simulations are classified into two

phases, i. e. collapse simulation of existed bents and

I Boring Information, Geologic Data
g ———— o

Comparison with | }

seismic performance simulation of a retrofitted bent
as shown in Fig. 2.

The objective of 1st simulation is to provide
rational answer to the following two questions: Are
bent collapse in the north side section and bent sur-
vival in the south side section predicted if considering
different ground conditions? and do B and C type bents
collapse and an A Type bent not collapse in the north
side section?. As shown in Fig. 2, analytical studies
for this simulation consist of 4 parts: () dynamic
response analysis of ground, (@D soil-foundation
dynamic interaction analysis, @ static nonlinear-
analysis of bent and (¥ nonlinear dynamic response
analysis of bent. The objective of 2 nd simulation is
to provide similar rational answer to the following
question : how much structural margin does retrofitted

bent possess against earthquakes with the accelera-
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A-~Type B-Type C-Type
Fig. 1  Bent Type-Conceptual Structure
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Fig. 2 Analytical Study Procedure
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tion amplitude consistent with the current seismic
design standard? As shown in Fig. 2, analytical
studies for this simulation consist of two parts: &)
Static nonlinear analysis of retrofitted bent and &)
Nonlinear dynamic response analysis of retrofitted
bent.

utilized as an input motion and foundation char-

Results from part I and II analyses are also

acteristics for the part &) dynamic response analyses.
From the damage observation of survived bent and
from the available accelerogram observed in the
nearby site, the transverse motion of bridge axis is
considered as dominant. Accordingly, all the above
analyses are carried out against transverse motion of
bridge axis neglecting structural contribution from
the members parallel to the bridge longitudinal axis

such as box girders except their gravity load.
3, Collapse Simulations

3,1 Dynamic Response of Ground
3.1.1 Analytical Method
analysis of a multi-layered ground is conducted based

A dynamic response
on the multiple reflection theory. The equivalent
linear method is utilized to consider nonlinear behav-
ior of soil material® becasuse of comparatively small
Soil
layers in the north side and the south side sections are

input acceleration of 0.035G from bedrock.

modelled on the basis of boring log datas® and PS
velocity logging datas.®® A significant difference
appears from the surface to 16.5m depth below
ground line (G.L.), i. e. soft bay mud from 2to 6 m
depth in the north side while dense silty sand from 4.5
to 16.5 m depth in the south side.
recorded at Yerba Buena Island, rocky outcrop about
7 km distant from the Cypress section (EW : 0.067 G,
NS: 0.029G) is employed as an input wave from

An accelerogram

bedrock. This island consists of Franciscan forma-
tion identical to the bedrock of the Cypress section.
A half of EW component, is utilized as the incident
wave from bedrock.

3.1,2 Analytical Results
calculated transfer function between bedrock and

Fig. 3 illustrates the

ground surface, in which the first natural period
predicted is respectively 0.61 and 0.68 Hz in each side
and its amplification factor is nearly equal to each
other, however the amplification in the higher fre-
quency region (1 Hz~4 Hz) is larger in the north side
than in the south side. The analytical period agrees
fairly well with the measured value of 0.7 Hz in the
ambient vibration”. Fig. 4 illustrates the calculated
ground surface acceleration waves with maximum

accelerations of 194 gal in the north side and of 135 gal
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Fig. 3 Calculated Transfer Function
Between Bedrock and Ground Surface
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Fig. 4 Ground Surface Acceleration
Based on Multiple Reflection Theory

Table. 1 Dynamic Characteristics of Ground
North Side South Side

Layer Dynamic Soil Properties Dynamic Soil Properties

Thick{S-Wavé'|after ELM** Convergence|| Thick-| S-Wave* | after ELM* Convergence

No. ness | Velocity] Shear |Damping| Shear || ness|Velocity| Shear |Damping| Shear

(m) | (m/sec)| Modulus {Ratio | Strain I} (m) |(m/sec}| Modulus [ Ratio Strain

(tf/m) | (%) | (10 (ti/m®) | (%) | (109
1 2.1 150 3,950 3.3 0.7 4.0 200 7,180 2.9 0.5
2 4.2 80 870 8.0 11.7 2,91 250 |10,800| 3.7 0.9
3 8.7 229 9,900} 4.8 1.9 10.0} 350 ;21,200f 3.7 0.9
4 9.0 80 9,720} 5.4 2.9 ||10.0] 350 [20,000; 4.9 1.5
5 9.5 80 9,450 5.7 3.6 (10.07 226 9,700 5.7 4.3
6 9.5 80 |11,100{ 5.5 3.5 |115.5| 226 [10,700| 5.8 4.6
7 |12.5| 350 |21,200] 6.1 2.4 |i16.5| 372 |23,900| 5.8 2.2
8 112.5| 350 20,600/ 6.7 3.0 }|17.51 372 [23,600| 6.3 2.6
9 [14.0) 350 }20,100| 7.3 3.5 17.04 372 (22,700 7.3 3.5
10 [13.5| 512 147,500] 4.9 1.5 19.0} 518 (47,600 5.3 1.8
11 114.0] 512 |47,300) 4.9 1.5 |/20.5| 518 147,500| 5.3 1.8
12 9.5! 300 |12,700! 9.8 5.7 21.5 604 |[67,000( 4.8 1.4
13 [18.0| 543 [53,500] 4.8 1.5 18.0| 604 |66,200| 5.0 1.6
14 [18.0| 543 |52,900| 5.1 1.6 — - — — —
15 }118.5| 543 162,600| 5.2 1.7 — — — — —

+1 Eualuated by N-value?
+2 ELM : Equivalent Linear Method
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in the south side. Calculated dynamic characteristics
of the ground are tabulated in Table. 1.

3.2 Soil-Foundation Dynamic Interaction

3.2,1 Analytical Method
umns stand on the independent foundation with each

As a pair of bent col-

other, a unit of pile cap-pile foundation system is
idealized. Representative analytical bents to be dis-
cussed in this paper are No.96, 85 and 71 for A, B and
C type bent respectively. The dynamic response
under forced vibration is calculated® with using the
axsymmetric finite element model as shown in Fig. 5.
The material characteristics of ground layers such as
shear stiffness and damping are provided by the
results obtained in the previous ground response anal-
ysis. The nonlinear bhehavior such as slip between
soil and foundation is neglected because no ground
surface cracks suggesting significant slip were obser-
ved in the post-earthquake field investigation.

3.2.2 Analytical Results
effective input acceleration are evaluated on the top

The spring stiffness and

of pile cap. Fig. 6 illustrates frequency dependent
characteristics of the spring analytically obtained
from load-displacement relationship under horizontal
harmonic excitation at the pile top. The real part
corresponds to stiffness while the imaginary part
damping characteristics. The spring stiffness in the
south side provides about 3.5 times that in the north
side. Obtained effective input acceleration is shown
in Fig. 7.

[South Side | [North Side |
Transmitting Boundary o 5, 5m  lransmitting Boundary

_ T .7
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T
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R—
Pile Group Elements '
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Fig. 5 Axsymmetric Finite Element Models
for Interaction Analysis
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Fig. 8 (a) Typical Failure Sequence of a B Type
Bent (Ref. 9)
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Fig. 8 (b) A Shear Crack along Bent Down Rebar
in The Joint (Ref. 9)
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3.3 Static Nonlinear Behavior of Bents

A typical bent failure sequence® and an critical
shear crack along bent down rebar in the joint are
illustrated in Fig. 8 (a) and (b).
section are to predict this critical shear failure and

The objectives in this

load-displacement relationships for the nonlinear
dynamic response analysis in the following section.
Caltrans conducted horizontal loading tests'® to esti-
mate ultimate loading capacity of the existing bent
(undestructive test) and to investigate seismic perfor-
mance of the retrofitted bent (destructive test) with
using the survived bents No. 45-47 categorized as B
type in the present study. The accuracy of present
analyses will be verified through comparison with this
nondestructive test result.
3.3.1 Analytical Method The finite element non-
linear analysis program ‘ABAQUS!?’is utilized com-
bined with the separate subroutine for concrete con-
stitutive law'®, Material constants are assumed as
follows on the basis of the sampling test results and
design informations'®: for concrete, f.’ =443 kgf/cm?,
fu=7.5 /6300 psi=595 psi=42 kgf/cm? E.=2.8 X 10°
kegf/cm? and for steel reinforcement, f,=3032 kgf/
cm? (Grade 40 steel), Es=2%x10%kgf/cm? The case
of concrete tensile strength of fi=60 kgf/cm? is addi-
tionally analized to discuss the effect of material
constant variation on the nonlinear behavior.

After applying dead load, i. e. weight of bent caps
and one span length box girder, static horizontal load
uniformly distributed in each bent cap is incremental-

9,600 .

D% i T' -
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e
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Fig. 9 Dimention and Reinforcement Detail of
B Type Bent-No. 88 (Ref. 14)
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ly increased. A horizontal load distribution on the
height, i. e. the ratio, of P, to P, is determined based
on the elastic first mode. Fig. 9 illustrates dimension
and steel reinforcement arrangements of the represen-
tative bent (B type)'®.

concrete through shear key are assumed as monolith-

The upper and the lower

ically connected except those through fiber board.
No damage suffered in the past is assumed with all
bents.

3.3.2 Analytical Results
tern of B type bent is illustrated in Fig. 10. Even

An ultimate crack pat-

during dead load application, the shear crack initiates
in the pedestal below the pinned joint of upper column

<._‘_——-1

p T { NIRWZ)
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Principal Compressive Stress Flow
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Fig. 12 Horizontal Strain &, Contour at Ultimate
Stage (B Type Bent)
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Fig. 13 Configuration of Trans-
verse Reinforcement

in the Joint Region
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Fig. 14 Load-Displacement Relationship
(A Type Bent)
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Fig. 15 Load-Displacement Relationship
(B Type Bent)

due to shear force outward the joint. With horizontal
load increasing, this crack propagates diagonally
along bent down rebar in the joint and then vertically
into concrete outer-coverage, which corresponds the
failure mode illustrated in Fig. 8 (b). The significant
compressive stresses, as shown in Fig. 11, are trans-
mitted vertically in the column inner side and rapidly
change their direction into diagonal in the joint, that
The
left end of upper bent cap is critical in flexural crack

suggests the kick-out failure of the column base.
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Fig. 16 Load-Displacement Relationship
(C Type Bent)
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Fig. 17 Load-Displacement Relationship
(Bent No. 46)

shown as the broken line in Fig. 10, which suggest the
flexural crack concentration at upper bent cap end as
shown in Fig. 8 (a) when considerng insufficieint
anchorage of D57 (No. 18) lower straight reinforce-
ment (see Fig. 9) and bond depression under cyclic
horizontal load. Fig. 12 illustrates horizontal strain
contour of & at ultimate stage in which the strain
concentration in the joint is to be comparable to the
failure surface of Fig. 8 (b). When additionally con-
sidering less and insufficient shear reinforcement, i. e.
tied hoop utilized as shown in Fig. 13, this type of
shear failure must be likely encouraged.

Horizontal load-displacement relationships for A,
B and C type bents are respectively shown in Figs. 14
to 16. As shown in Fig. 14, the analytical result
predicts flexural yielding type failure in the A type
bent. In the B type bent, after the joint shear cracks
extend to the concrete coverage, most of shear rein-

forcement in the pedestal ultimately yield. In the C
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Table. 3 Comparison of Upper Bent Responses
Between North Side and South Side Input

Motions
Upper Story M2
Bent ] South Si
Kz Type North Side outh Side
3007 (gal) 00T gal)
Lower Story M 1504 5% 150182
1501 M]“ 150§ V%V v
Ki 300 300
2001 Que) 2007 Q(1f)
Pile Cap Ms -— Input Wave
OO0 100 100+
Spring ) A
With Taking Interaction /
Effect into Account h 5 5 ) b b b h
§(em) &(em)
i 100
Fig. 18 Three Degrees of Freedom 10 v
System Model for Nonlinear 200 200
. 300 300
Dynamic Response 150{(’;31) Jl i50] (22l
150} %"\“l ' 150
300 300
200 Q(tf) 2007 Q(th)
100+ 100+
B
- T PR 1
5(cm) &{cm)
1001 100+
Table. 2 Natural Frequency of Bents /
Structure Site Frequency(Hz) 200-- 200+
3001(gal) ?gg}(gal)
Type 1st 2nd 1501 — i : o i W’
A Type | NorthSide | 2.07 4.99 10 Wy 150 !
(No.96) | South Side | 2.16 5.21 2007 Q(tf) 2007 Q(tf)
B Type North Side 2.40 5.60 Lol 100k
(No.88) | South Side | 2.55 6.25 C
(2.50 | (6.50)" b ; , , - : ; ,
: 4 2 2 4 4 2 5 4
C Type North Side 2.17 5.54 Sem) Slem)
(No.7t) | South Side | 2.31 5.71 100+ 100+
() Forced Vibration Test Results ol sl
300 3007 (gal)
Ground | 1o0] & ) R
Surface| 150 o A 1504
Acc. 300 3004
TIME, e TIMBy ey et
(sec) 40 80 120 160 200 240 280[(sec) 40 80 120 160 200 240 280

type bent with pinned joints at both upper column
tops, the shear crack initiates from pedestal to joint at
relatively high horizontal load. However because
one of upper columns resists no horizontal load, the
lateral shear force concentrates on the other column,
resulting in lower ultimate loading capacity and lower
lateral stiffness obtained rather than the B type bent.
The ultimate loading capacity of the B or C type
bent is numerically determined by the load level when
the internal lateral shear force in the critical column
rapidly decrease umbalancing with the external hori-
zontal load.
3.3,3 Comparison with Undestructive Test Results
In the field loading test, the horizontal load was
applied only at the upper bent cap. Fig. 17 illustrates
load-displacement relationship where the analytical
result (fi=42 kgf/cm? agrees with experimental

111

result in the ascending part. The predicted ultimate
loading capacity is 156 tf in comparison with 210 tf in
the experiment'®. Because ultimate load is deeply
dependent on shear cracks in the joint, the case with
concrete tensile strength of f;=60 kgf/cm? is alterna-
tively analized to discuss its influence. The larger
but more approximate ultimate loading capacity with
234 tf is obtained for this case. The stiffness differ-
ence between fi=42 and 60 kgf/cm? cases depends on
the difference of crack growth especially during dead
load application. When considering possible initial
crack existence in the experimental bent, the tensile
strength between these values may be more reason-
able to use. However because of better approxima-
tion in stiffness, the case of fi=42kgf/cm? is em-

ployed in all the following analyses.
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3.4 Nonlinear Dynamic Response of Bents
3.4,1 Analytical Method
response analyses are conducted with using three

Nonlinear dynamic

degrees of freedom systems including a spring taking
soil-foundation interaction effect into account as
shown in Fig. 18. As for the idealized enveloping
curve for hysteresis models, shear force-relative dis-
placements obtained from the finite element nonlinear
As
the flexural-failure-type

analyses are idealized into tri-linear type model.
for the hysteretic rule,
degrading stiffness response model, so called Takeda
model*® is utilized for both upper and lower stories of
the A type bent. In the B and C type bents, the
similar model is utilized for the lower story while the
origin-orient hysteresis model for the upper story
failed in brittle shear. Based on the dynamic interac-
tion analysis in the section 3. 2, the spring characteris-
tics at base (Fig. 18) is idealized as a linear elastic
model with damping calculated considering strain
energy for radiation damping. Superstructure damp-
ing is assumed as of 3%.
3.4,2 Analytical Results
natural frequencies obtained from the three degrees of

Table. 2shows elastic
freedom system analyses. The analytical 1st natural
frequency of 2.55 Hz agrees well with the forced
vibration test result of 2.5 Hz.? for the B type bent.
The obtained acceleration time histories and shear
force-relative displacement hystresis in the critical
upper story are tabulated in Table. 3 in which charac-
teristic responses can be identified due to bent types
In the north side B and C type
bents, the upper story collapses immeadiately after

and ground conditions.

the maximum ground surface acceleration. On the
other hand in the south side, both type bents survive
with some stiffness reduction appearance. The A

type bent in the north side does not collapse with

9,525
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Fig. 19 Retrofit Detail (Bent No. 46)
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hysteretic damping effect due to flexural yielding.
This analytical performance ensures survival of
actual No. 95 and No. 96 bents despite considerable
damages ohserved. It is considered that flexural
vielding type hysteresis characteristics significantly
contribute on preventing bent from catastrophic col-

lapse.

4, Seismic Performance Simulation of
Retrofitted Bents

4,1 Static Nonlinear Behavior of Retrofitted Bents
As described in the section 3. 3, Caltrans conduct-
ed horizontal loading tests of retrofitted bents using
survived No. 45 to No. 47 bents with less damages!'®,
After comparison with this destructive test results to
verify the accuracy, the analytical results for the
following dynamic response analysis are to be discus-
sed.

4,1.1 Analytical Method The retrofitted No. 46
bent !9 (Fig. 19), presently categorized as B type bent
is analized in this chapter. The jacking forces with
prestressing rods (25 mm, ¢35 mm for column con-
finement and ¢35 mm for bent cap flexural strength-
ening) are modelled by a pair of nodal forces and
diagonal rock bolts in the beam column joint is
A Grade 40 steel

is assumed for rock bolts and steel tubings to be

modelled as one of reinforcements.

combined with prestressing rods for column
confinement.

Inadequate and insufficient anchorage of the bent
cap lower reinforcement (D 57) as described in the
section 3. 3. 2 should be considered. The insufficient
anchorage directed depression is modelled by reducing
vielding strength of D 57 rebar in the joints from fsy=
3,023 kgf/cm? to fey=farpr=1,890 kgf/cm? based on
the pull-out test results'” which provided the devel-
oped tensile stress-bar size relationship of reinforcing
bar. Material constants and another assumption in
the analysis are similar with those provided in the
section 3. 3.

4,1,2 Analytical Results

experimental and analytical load-displacement rela-

A comparison between

tionship in the destructive test is shown in Fig. 20 to
represent good approximation of a finite element
nonlinear analysis. Analytical result in general
ensure flexural type failure with fairly good agree-
ment with experimental results.

Analytical load-displacement relationships, which
are to be idealized for the hysteresis model in the
following dynamic response analysis, are shown in

Fig. 21. The analytical bent is the same as that



KARAEEEMITgERrEE  No. 44 A Study on the Cypress Viaduct Collapse

compared with destructive test result. The locations
of yield hinges produced are also completely same as
that.

horizontal load stage because of loadings imposed on

However, they appear in about 109 earlier

both upper and lower bent caps.
4,2 Design Response Spectrum and Input Motion
Fig. 22 illustrates elastic acceleration response
spectrums by the previously predicted acceleration
wave on the Cypress north side and the representative
acceleration records in the past. The elastic seismic
response spectrums for three soil types specified in the
seismic design guidline!® are also shown. Design
response fitted waves are respectively produced for 3
soil types by modifying acceleration amplitude of
these waves with its phase angle unchanged.
4,3 Nonlinear Dynamic Response of Retrofitted
Bents
4,3.1 Analytical Method

dom system is modelled for the Cypress wave and the

A three degrees of free-

modified Cypress wave, while a two degrees of free-
dom system is modelled for another three modified
waves because foundation and ground condition are
not identified. The Takeda Model with tri-linear
type enveloping is also idealized for both upper and
lower hysteresis characteristics in shear force-relative
displacement relationship.
4,3,2 Analytical Resuits
represented in Fig. 23. For the original Cypress

Analytical results are

wave, both upper and lower story responses remain in
elastic. Except this case, the shear force reaches
beyond elastic limit but not beyond yielding for any
cases. The maximum response and the seismic per-
formance evaluation in strength and ductility are
provided in Table. 4 for each input motion respective-
ly, where the ultimate strength and the ultimate dis-
placement are temporarily defined by the yielding
shear force Qy and the relative displacement & when
concrete crush initiates at the upper story column top
respectively. For all input waves, sufficient safety
factor is assured in both strength and ductility.
These results indicate that if the present type bent is
strengthened in shear so that flexural-yielding-type
performance be assured, sufficient margin in seismic
performance can be provided against not only the
Loma Prieta earthquake but the input motions consis-

tent with the current seismic design guideline as well.
5, Concluding Remarks

Based on the results presented, a number of con-
clusions can be summarized in the followings.
@ The two dimensional finite element analyses
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Table. 4 Seismic Performance of Retrofitted Bent

ot Input Response Safety Factor
npu - o P
St Yomax o max (o + 8 Jmax & max Q max max o/ Smax
Earthquake ory Max. Vel. | Max. Acc. | Max. Acc. | Max. Disp [Max. Shear| s/ Qe 6/8..
(cm/sec) (gal) (gal) (cm) Force(tf) | Strength | Ductility 1st Story 2nd Story
2 Q(tf)
Cypress | 04 173 398 | 1.00 | 222 [ 2.23]16.30
2 S iy e Wt
MC 6 8 34 M . 6max, Qmax)
YPresSI Ty > 397 [1.28 | 527 [1.42 | ——= 21t 5
‘ 2 680 | 2.84 | 383 | 1.29 | 5.74 u
.Hachinohe| *
M- Hachinohe|— 49 310 481 | 1.75 | 567 | 1.32 | ——— 0739 5(em)l3 45 &(cm)
MLEL Centrob—2 47 583 810 | 3.65 | 437 | 1.13 | 4.47
1 685 1.80 | 571 1.31 | ——=—
M Taft 2 52 386 729 | 3.04 | 396 [ 1.25 | 5.36
1 491 1.52 | 547 | 1.37 | ———
predicted nonlinear behaviors of the existed
bents and of the retrofitted bent up to the
failure with good agreements in comparison
with experimental results. Original Cypress
The analyses of existed B and C type “Q0r‘ead ) igg Qb
. . —wkm‘—wl\/\m' AW + + + + t
bents predicted final shear failure from the 5004 200
. . . 1,000+ &(em)
pedestal to the bent cap-column joint with ngg: Lower Story Acc. 53 1200 234
vielding of insufficient shear reinforcoment  gy[ W R 400
1,000% 600
and also suggested flexural crack concentra- 1000 fgg Q)
tion at the end of second story bent cap due to 4 e ' N 2001
. . . 1,000 Olemy
inadequate anchorage length of. longitudinal Bt '1200 !
. . 40 80 120 160 200 240 280 320 360 40.
reinforcement, those of which corresponds (se) 960400 ol
with the damages observed in the site. » ) 600
. Modified Hachinohe
On the other hand, the analysis of 1,000 (gal) [ Upper Story Acc. | 6007 Q(tD
retrofitted bent provided good agreement 57 il gt o [Upper Story ] 00
. . . . 5004
with experimental results, especially taking 1000l
the effect of insufficient anchorage length of  “so0l Lower Story Acc
longitudinal reinforcement of bent cap into 3% ot
. L . pooul 600
account by temporarily idealizing its yield 207 100
strength reduced. 5004 200 Blem)
. 1,000+ 3
@ The multi degrees of freedom system g o . . . 432l ’
. ) ) (sec) 10 80 120 160 200 240 280 320 360 400 ﬁo
nonlinear response analysis, on the basis of <00
systematized analyses, i. e. on the amplified Modified EL-Centro
round motion, on the soil-foundation interac-  1,0007(gal) 600
g_ . . 500 a Upper Story Acc. o
tion and on the nonlinear behavior of the M Ty
bents up to the ultimate, provided rational gy

explanation for the sequential collapse sce-
nario of the Cypress Viaduct.

With good correspondence to the dam-
ages observed in the site, it was predicted
that an a type bent in the north side survived
due to its ductile flexural yielding behavior
and both B and C type bents in the north side
collapsed in shear, while those in the south
side survived due to little less amplified
ground motion.

For the dificiency of observed accelera-
tion records in the Cypress Section, it can not
directly verify the accuracy of the calculated

i 1oty
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Fig. 23  Seismic Response of Retrofitted Bent
(B Type)-Acceleration Time History and
Shear Force-Relative Displacement
Relationship
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ground motion in the present procedure. However, it
should be noted that the different damages of bents
between the north and the south sides were appropri-
ately lead due to the different input motions predicted.
Namely, the present procedure with considering SH
wave input, nonlinear material characteristics of soils
and soil-foundatdon interaction, would be effective to
provide a precise effective input motion for a
simplified dynamic interaction model.

® The present type of bent retrofitted mainly in shear
provides sufficient seismic performance against input
motions with acceleration amplitude consistent with
the current seismic design guideline.

@ The collapse of the Cypress Viaduct is unlikely to
provide effective lessons to the current seismic design
practice in Japan because of the unusual structural
feature with less redundancy and inadequate and
insufficient reinforcement detail. In recent years,
neverthless, a number of existing bridges with inade-
quate reinforcement such as cut-off reinforcing bars in
column mid-section, are urged to be strengthened even
in Japan. The present study hopefully suggests one
of sophisticated method to evaluate seismic resistance
of these existing structures with higher accuracy.
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