LATERAL-LOAD RESPONSE OF A REINFORCED CONCRETE BRIDGE

By Marc O. Eberhard,' Member, ASCE, and M. Lee Marsh,” Associate Member, ASCE

ABSTRACT: Cyclic, transverse loads were applied to the bents of a three-span reinforced concrete bridge. At
a load equal to 45% of the bridge’s weight, the bent drift ratio was 0.5%. The bridge’s high stiffness was
attributed to its continuous superstructure and stiff abutments, which resisted approximately 80% of the applied
load. After the soil surrounding the abutments had been excavated, the bridge’s stiffness was 15% of the initial
stiffness. After the researchers had isolated the bridge superstructure from the abutments, the stiffness was 9%
of the initial stiffness. Despite the bents’ poor details, damage was limited to yielding of the wingwalls and
column cracking; similar bridges should resist likely transverse seismic motions with little damage. The tests
provided estimates of the abutment and bent resistances that can be used to evaluate modeling procedures.
Following existing modeling procedures, the researchers assembled a model that reflected the measured nonlinear
properties of the concrete, steel, soil, bearing pads and polystyrene. The model reproduced the measured response

well.

INTRODUCTION

Many bridges are located in seismically active regions of
the United States but do not meet current standards for earth-
quake-resistant construction. Bridge bents built before the
mid-1970s are particularly vulnerable to strong earthquakes,
and ideally, the responsible agencies would remediate the de-
tailing deficiencies in all old bents. In practice, these agencies
can afford to retrofit only the most important bridges and the
most vulnerable bents (Lwin and Henley 1993; Roberts 1991).

Identification of the most vulnerable bents in a bridge in-
ventory can be difficult. A bent’s vulnerability depends not
only on its own stiffness, strength and ductility, but also on
the properties of the superstructure, the abutments and the
other bents. The properties of the entire structure affect the
bent’s displacement demand (i.e., the displacement to which a
bent is subjected), and in turn, the displacement demand af-
fects the likelihood of flexural failure, splice failure, shear fail-
ure, and joint failure (Priestley et al. 1992; Aschheim and
Moehle 1992). Unfortunately, little field test data are available
to calibrate analytical models of bridge response to large, lat-
eral loads. Although numerous dynamic tests have been per-
formed on bridges (e.g., Crouse et al. 1987; Douglas and Reid
1982), the displacements induced during these tests are orders
of magnitude smaller than the displacements likely to occur
during strong earthquakes.

This paper discusses the lateral-load response of a three-
span reinforced concrete bridge that was constructed in 1966
(Fig. 1). The objectives of the work discussed in this paper
were as follows:

1. To develop a method to subject bridges to large, cyclic,
transverse loads

2. To measure the stiffness and strength of the bridge

3. To estimate the contribution to resistance the abutments
and bents provided

4. To estimate the vulnerability of similar bridges

5. To compare the observed response with that calculated
with analytical models

O’Donovan et al. (1994) and Eberhard and Marsh (1997) dis-
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cuss a second series of tests in which the bents were subjected
to drift ratios of up to 3%. Rodehaver (1993) discusses com-
panion small-displacement and dynamic tests.

DESCRIPTION OF BRIDGE

The bridge that was tested (Fig. 1) was located on Interstate
90 in Washington State. It was one of a pair of reinforced
concrete bridges that had been slated for replacement by fill
because the bridges spanned an abandoned railroad line.

Fig. 2 depicts the bridge in plan and elevation. The 12.2-m
wide bridge had two end spans of 12.5 m each and a center
span of 18.3 m. The abutments and the bents were skewed by
12.8°. The lateral stiffness of the superstructure was provided

(b)
FIG. 1. Bridge South Elevation and West Bent
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FIG. 2. Bridge Geometry and Instrumentation

mainly by a 165-mm thick, reinforced concrete slab, which
was continuous over the two bents. The slab was constructed
compositely with six, prestressed concrete I-girders (Fig. 1).

At the bents, the prestressed girders extended 51 mm into
305-mm thick diaphragms, which were heavily reinforced and
cast monolithically with the slab. The drop crossbeams were
monolithic, with two (914-mm diameter) columns that were
supported on 2.9 m by 2.9 m spread footings. The column
clear height (crossbeam soffit to top of footing) was approxi-
mately 7.6 m, but compacted fill surrounded the lower 3.7 m
of the columns. Because the ground surface had a 2-to-1 slope,
the soil depth at the footing edges was 4.4 m on the uphill
side and 2.9 m on the downhill side. The column longitudinal
steel ratio was 1.1%, and the transverse reinforcement con-
sisted of #3 hoops spaced at 305 mm. O’Donovan et al. (1994)
provide bent details.

At the abutments, the prestressed girders extended 51 mm
into the endwalls (Fig. 3). The endwalls were cast monolith-
ically with wingwalls that extended 2.1 m parallel to the high-
way. Because the wingwalls were embedded in compacted fill,
it was expected that passive soil pressure would resist trans-
verse motion of the endwall. As depicted in Fig. 3, the dia-
phragm’s transverse motion was restrained also by expanded
polystyrene and six elastomeric bearing pads (270 X 270 X
22 mm). The polystyrene and bearing pads rested on a con-
crete pedestal that was supported by a 1.1-m wide footing.

The bridge had deteriorated little during 25 years of service.
An inspection revealed only minor cracks and honeycombing.

TEST PROGRAM
Loading History

Six cycles of transverse displacement were imposed to the
bents (Fig. 4). The loading was controlled such that the dis-
placements of the bents would be approximately equal.

A preliminary test (test P) was conducted first to check the
loading system and instrumentation without damaging the
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bridge. The following two cycles, denoted as test I, had a
target bent displacement of 3.8 mm, which for a clear column
height of 7.6 m, corresponded to a drift ratio of 0.05%. In test
11, researchers applied the maximum horizontal load that could
be applied safely with the loading system, 3,420 kN. This load
was approximately equal to 65% of the bridge’s weight.

The final two tests Excavated and Isolated (EXC and ISO,
respectively) were conducted after the researchers had modi-
fied the abutment resistance. Test EXC was conducted after
the soil behind the wingwalls and along the abutment endwall
had been excavated. After test EXC, the researchers replaced
the bearing pads and expanded polystyrene (Fig. 3) with nylon
blocks that rested on greased, polished, stainless-steel plates.
The nylon block/steel plate support was selected to isolate the
bents and superstructure from the abutments. The final cycle,
test ISO, was conducted to measure the bents’ resistance.

Loading System

The loads were applied to the bents with the apparatus de-
picted in Fig. 5. In each direction, sixteen 13-mm diameter
prestressing strands applied loads to each bent. Each set of
strands was pulled by two hydraulic rams that were installed
in a jacking frame located at ground level. Reactions were
provided by a second set of prestressing strands that was an-
chored by deadman anchors. In the horizontal plane, all com-
ponents of the load train were aligned along the 12.8° skew
of the bridge. In the vertical plane, components were aligned
at an angle of 14° below the horizontal.

Instrumentation

Ten displacement transducers (linear-variable-differential-
transformers and Temposonics™ transducers) were installed to
monitor displacements of the superstructure (Fig. 2). Eight of
these instruments measured horizontal displacements of the su-
perstructure relative to reference posts located S—7 m from the
bridge. Transverse displacements along the skew were mea-
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sured at each abutment and bent, whereas longitudinal dis-
placements were measured at the abutment only. Each super-
structure instrument measured the movement of a weight that
was coupled to the bridge by a cable and pulley system. Before
the tests were conducted, the accuracy of the instrumentation
apparatus was established as approximately +0.03 mm. Two
instruments monitored the relative transverse displacement be-
tween the abutment diaphragms and the supporting pedestals
(Fig. 3).

Additional instruments measured the relative rotations of
critical beam and column cross sections at the bents. To pro-
vide access to the base of the west-bent columns, 1-m wide
trenches were excavated to the top of the footings. These
trenches were oriented perpendicular to the direction of the
applied load to minimize the effect of the excavation on the
bent’s lateral-load resistance. On the east bent, instruments

were placed only on the crossbeams and at the top of the
columns, and no access trenches were excavated.

The applied loads were determined based on the pressures
in hydraulic jacks that had been calibrated before the tests.
Eberhard et al. (1993) provide details of the instrumentation.

OBSERVED RESPONSE

To organize the observed response, it is convenient to in-
troduce a naming convention to refer to each half cycle of
loading. Each half cycle will be referred to by the test name
(P, I, II, EXC or ISO), the direction of applied load (S or N)
and the number of times the bridge had been pulled in that
direction during the test (1 or 2). For example ‘‘half-cycle
IIS2’’ corresponds to the second pull to the south during test
IL
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For each half cycle, Table 1 lists the average abutment and
bent displacements measured between the beginning of each
half cycle and the time of maximum load. The corresponding
displacement response histories are presented in Fig. 6.

Test P

During test P, the bents were subjected to an applied load
of 1,350 kN, which corresponded to approximately 25% of the
bridge’s weight. The bent displacement was only 1.6 mm, and
no new damage was observed during this test.

Test |

In test I, the researchers imposed two cycles of displacement
to a drift ratio of 0.05% (Fig. 4). The average maximum ap-
plied load for the four cycles (2,500 kN) was equal to 45% of
the bridge’s weight.

The first flexural crack was found after the maximum load
for half-cycle IS1 had been applied. This small crack (less than
0.25-mm wide) was located at the top of the south face of the
southeast column. At the same time, researchers observed a
small separation between the northwest wingwall and the sur-
rounding soil. After reversing the direction of applied load
(IN1), small flexural cracks formed on the north faces of the
east columns, and minor crack extension was observed on the
northwest wingwall.

During subsequent half cycles (IS2, IN2), no new cracks
were found. Existing cracks opened on the column faces that
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were subjected to tension, and cracks closed completely when
the faces were in compression. A small gap formed between
the southeast wingwall and the soil.

Half Cycle IIS1

During half cycle IIS1, the average bent displacement was
8 mm (drift ratio = 0.10%) at the maximum load (3,420 kN).
Flexural cracks formed at the tops of all the columns. The
largest crack (0.25-mm wide) formed on the south face of the
southeast column. Cracks on the northeast and southeast wing-
walls opened up slightly more than in previous cycles. Gaps
between the north sides of the wingwalls and the soil in-
creased, some of which were as large as 3 mm.

Haif Cycle IIN1

During half-cycle IIN1, the bridge lurched northward at the
maximum load (3,420 kN), which was equal to 65% of the
bridge’s weight. Although the applied loads on each bent were
nearly equal, the bridge twisted in a counterclockwise direc-
tion (as seen from above). The maximum displacement during
this half-cycle was 18 mm at the east abutment and 4 mm at
the west abutment. After the lurch, the researchers found a
2.5-mm wide crack on the north face of the southeast wing-
wall, a 0.5-mm wide crack on the north face of the northeast
wingwall, and 13-mm gaps between the south faces of the east
abutment wingwalls and the surrounding soil. Although some
soil separation was observed at the west abutment also, less
damage was apparent at the west abutment than at the east
abutment. This distribution of damage was consistent with the
measured twist of the superstructure.

The amount of cracking and soil disturbances at the bents
was larger in half-cycle IIN1 than in previous cycles. Flexural
cracks, spaced approximately every 0.3 m, formed in the top
1 m of the east-bent columns. On the west-bent columns,
cracking was visible for the top 0.3 m. Nonetheless, the cracks
were small. With the exception of a single 0.5-mm wide crack
on the southeast column, the column cracks were 0.25-mm
wide or less. No cracks were visible at the bottom of any of
the columns. The only manifestation of movement of the lower
portion of the columns were small separations between the
columns and the surrounding soil.

(Superstructure
and Abutments
not shown)

FIG. 5. Loading System
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TABLE 1. Response Maxima

Superstructure
Average
Horizontal| abutment |Average bent Recovered
Test force | displacement | displacement | Deformation | deformation
cycle (kN) (mm) (mm}) (mm) (%)
(1) (2) (3 4 (5) (6)
PS1 1,358 0.5 16 1.2 —_
— 0 -04 -1.5 -1.1 92
PN1 —1,348 -0.8 -1.5 —-0.7 —_
— (4] 0.4 1.2 08 106
IS1 2,760 1.7 39 22 —_
— i -1.8 -39 -2.1 96
IN1 —-2,711 -1.7 -3.9 -23 —_
— 0 1.6 3.6 2.1 91
182 2,211 2.0 39 1.9 _—
— 0 -13 -3.0 -1.6 86
IN2 —2,384 -1.8 =37 -19 —
—_ 0 1.0 2.9 1.9 99
1IS1 3,421 4.8 7.7 30 —_
— 0 -1.8 —-4.7 -3.0 100
1IN1 —-3,421 -11.1 —-13.8 27 —
— 0 -0.0 3.3 34 124
s2 3,421 13.2 16.1 29 _
— 0 -1.8 —4.9 -30 108
EXCNI1 —1,555 -113 -11.9 —-0.6 _
— 0 0.8 2.0 1.2 189
ISOS1 967 12.2 12.2 0.1 —
— Q —10.8 —10.8 -00 86
ISON1 —897 —-12.5 —12.6 -0.1 —_
— 0 10.0 10.3 0.3 306
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FIG. 6. Measured Response Historles
Half Cycle 1IS2

The damage observed during half cycle IIS2 was similar to
that observed during IIN1. No new cracks were reported in
the columns, but new cracks formed in the abutment wing-
walls. At the east abutment, cracks formed on the south face
of the wingwalls. The soil gaps behind the wingwalls closed
on the south faces, and new soil gaps opened to approximately

13 mm on the north faces. At the west abutment, only minor
cracking was observed, and the soil gaps were smaller than at
the east abutment.

Test EXC and ISO

After removing the soil behind the wingwalls and along the
endwalls, the researchers subjected the bridge to one half cycle
of displacement (test EXC). A horizontal load equal to 30%
of the bridge’s weight produced abutment and bent displace-
ments that were similar to those of test II. After the bearing
pads and polystyrene had been replaced with the low-friction
isolation system, the maximum load (at similar displacements)
was less than 20% of the bridge’s weight.

Column Curvatures

Fig. 7 reports the average curvatures at the top of the north-
west columns for each half cycle at the time of maximum
applied load. The curvatures were computed based on relative
rotations of adjacent beam section located 0, 75, 380, and 685
mm from the crossbeam soffit. On the basis of the measured
strength of concrete cores (44 MPa) and a rupture modulus of
0.61/44, the cracking curvature was estimated as 5 X 107°
rad/m. As shown in Fig. 7, the northwest column exceeded
the cracking curvature for the first time during test I. The mea-
sured curvatures were consistent with the observed cracking.

RELIABILITY OF MEASUREMENTS

Because it was impossible to repeat the tests, the researchers
investigated the measurement reliability by checking for in-
ternal consistency. For example, the measured transverse mo-
tion of the abutments was corroborated by the two instruments
that measured relative displacement between the abutment
endwall and the pedestal (Fig. 2). These instruments consis-
tently recorded displacements that were approximately 90% of
the abutment displacement relative to the reference posts.

Another opportunity to check for internal consistency was
the computed superstructure deformation, which was calcu-
lated as the average bent displacement minus the average abut-
ment displacement. As shown in Fig. 8, superstructure defor-
mation varied linearly with the applied load for test P, I, and
II. Such a linear relationship is reasonable because the force-
deflection relationship for the superstructure likely remained
linear, and the transverse superstructure shear was approxi-
mately proportional to the applied load. The shear was pro-
portional to the applied load because the bents were relatively
flexibie and their force-defiection relationships likely remained
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FIG. 7. Curvatures at Maximum Loads for Northwest Column
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