LATERAL-LOAD RESPONSE OF TwWO REINFORCED CONCRETE BENTS

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

AssTRACT: Two reinforced concrete bridge bents were subjected to large, transverse displacements. The bents
contained detailing deficiencies typical of the 1960s, including minimal transverse reinforcement, short rein-
forcing splices, and a lack of top reinforcement in the footings. Spalling of the concrete cover at the column
tops began at a drift ratio of 1.5%. At this drift ratio, the column displacement ductility was approximately four,
the curvature ductility was eight, and nominal curvature in the plastic hinges corresponded to a nominal maxi-
mum concrete strain of 0.01. In spite of their deficiencies, the bents resisted transverse loads equal to nearly
40% of the bridge’s weight at a drift ratio of 3%. The ductile response was attributed to a low shear demand
and to the influence of the soil in redistributing the rotational demands away from the column splices. The
measured response was reproduced well by an analytical model that considered the nonlinear force-deformation
relationships of the columns and soil. The results of a parametric study indicated that the soil surrounding the
column bases increased the column shear demand by 25%.

INTRODUCTION

Extensive testing has been directed at predicting the resis-
tance of reinforced concrete components to cyclic displace-
ments. On the basis of such tests and of experience gained
during past earthquakes, many investigators have identified de-
ficiencies in existing components and have developed retrofit
schemes that increase the earthquake resistance of older rein-
forced concrete bridges (e.g., Priestley et al. 1992; Thewalt
and Stojadinovic 1995). In contrast, few destructive, lateral-
load tests of structural systems have been performed, and little
data is available to calibrate analytical models of the large-
displacement seismic response of bridges.

The planned demolition of a pair of obsolete reinforced con-
crete bridges provided the opportunity to measure the trans-
verse force-displacement response of one of these three-span
bridges (Fig. 1) (Eberhard et al. 1993). Eberhard and Marsh
(1997) discuss tests and analyses of the bridge in its initial
state, in which two bents and two abutments provided the
bridge’s resistance to transverse loads. Although the bridge
was constructed in 1966 and was not designed to resist sig-
nificant lateral loads, the bridge was extremely stiff and strong.
The bridge resisted a transverse load (3,400 kN) equal to 65%
of the bridge’s weight at a bent displacement (12 mm) equal
to 0.2% of the clear column height. The bridge’s large initial
strength and stiffness were attributed to the bridge’s continu-
ous superstructure and the resistance that the abutments pro-
vided. ‘

This paper analyzes a second series of tests, in which the
bents [Fig. 1(b)] were subjected ‘to drift ratios of up to 3%.
The objectives of the bent tests and analyses were as follows:

1. To measure the stiffness, strength, and toughness of the
bents i

2. To estimate the vulnerability of similar bents

3. To compare the observed response with that computed
with an analytical model

4. To investigate the sensitivity of the computed response
to several modeling options

O’Donovan et al. (1994) provide details of the tests.
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DESCRIPTION OF BENTS

The bents that were tested served as the intermediate sup-
ports for the bridge shown in Fig. 1. This three-span bridge
had been constructed in 1966 to carry two lanes of east-bound
traffic (Interstate-90) over a railroad line. The two exterior
spans measured 12.5 m each, and the center span measured
18.3 m [Fig. 1(a)]. The superstructure consisted of a 165-mm
thick reinforced concrete slab that was supported by six pre-
stressed concrete I-girders [Fig. 1(b)]. The abutments consisted
of a diaphragm and two wingwalls that rested on a pedestal
[Fig. 1(c)]. Eberhard and Marsh (1997) provide details of the
superstructure and abutments.

Fig. 2 shows an elevation of the bents. To make the structure
continuous for resisting live loads, the bridge designers had
provided a 305-mm thick cast-in-place diaphragm to tie to-
gether the slab, I-girders, and the bent crossbeam (Fig. 2, sec-
tion A-A). The resulting slab/diaphragm/crossbeam combina-
tion was more than 2 m thick, and it was much stronger and
stiffer than the supporting columns.

The column details were typical of 1960s construction in
the United States. The two 915-mm diameter columns were
reinforced longitudinally with eleven No. 9 bars (diameter, d,
= 28.6 mm), which corresponds to a longitudinal reinforce-
ment ratio of 1.1%. The column’s transverse reinforcement
consisted of No. 3 hoops at 305 mm spacings, which provided
an equivalent spiral reinforcement ratio of 0.14%. This ratio
is less than one tenth of that required by current seismic design
codes (AASHTO 1994). Although the ends of the hoops over-
lapped by 350 mm, the hoops’ detailing was inadequate be-
cause no hooks extended into the column core. The column
axial load of 950 kN was relatively low. It corresponded to a
compressive stress equal to 5.2% of the specified concrete
compressive strength (28 MPa).

The splices were also typical of older reinforced concrete
bridges. At the base of the columns, the longitudinal reinforce-
ment was lap spliced to dowels that were embedded in the
spread footings. These splices were only 1,000 mm long
(35d,), and no additional confinement was provided along the
splices’ length. In the footings, the dowels were bent to 90°
and extended 20d, horizontally away from the columns. The
footings were reinforced with No. 8 bars in each direction on
the bottom. In contrast to current requirements, the footings
had no top reinforcement.

Almost half of each column was embedded in compacted
fill. The top-of-footing elevation was 7.6 m below the cross-
beam soffit, while the bent was only 12.5 m from the abut-
ment. Consequently, the 2:1 slope intersected the columns at
approximately midheight, and the columns were embedded in
3.7 m of fill.
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(a)
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FIG. 1. Test Bridge: (a) South Elevation; (b) East Bent; (c) Ex-
cavated West Abutment

The measured material properties for the concrete, reinforc-
ing steel, and fill are reported in Table 1. The concrete strength
was measured from 100-mm diameter cores, and the steel
properties were measured from two No. 9 steel coupons that
were extracted from the columns. The fill’s angle of internal
friction was measured from undisturbed samples collected at
the site and tested under undrained conditions.

TEST PROGRAM

The goal of the test program was to impose large transverse
displacements to the bents and monitor their response. Testing
options were constrained by the requirement that the bridge
traffic not be disrupted during installation of the loading ap-
paratus and instrumentation.

Loading

Displacements were imposed on the bents by applying
transverse loads to the bent crossbeams. The loads were gen-
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FIG. 2. BentElevation

TABLE 1. Material Properties

Parameter Value
(1) 2
(a@) Concrete
Specified minimum compressive strength 28 MPa
Measured compressive strength 44 MPa
(b) Steel
Specified minimum yield stress 275 MPa
Measured yield stress 350 MPa
Measured strength 595 MPa
Strain at onset of hardening 0.008
Strain at peak stress 0.035
{c) Fill
In-situ unit weight 17.3 kN/m’
Angle of internal friction, ¢ 38°

erated by hydraulic rams, located at ground level, and trans-
mitted to the bents by prestressing strands (Figs. 1 and 3). The
applied forces were controlled by varying the pressure in the
hydraulic rams, which had been calibrated before the tests.
Deadmen on each side of the bridge provided the reactions to
the applied loads.

During the tests, cyclic loads were applied to the bents to
produce maximum displacements of +40, 75, 150, and 230
mm in the north-south direction. Two cycles were imposed at
each displacement level. Because these displacements corre-
sponded to drift ratios of 0.5, 1, 2, and 3%, the pairs of dis-
placement cycles were designated as tests B5, B1, B2, and B3
(Fig. 4). Typically, a half cycle of loading lasted 2—4 h.

Superstructure Isolation

To minimize the resistance that the abutments provided, the
superstructure was isolated from the abutment pedestal. As
shown in Fig. 1(c), the soil that surrounded the abutment di-
aphragm and wingwalls was excavated. Then, the abutment
diaphragm was lifted with hydraulic rams, and the bearing
pads and were replaced with isolation devices. The isolation
devices consisted of polished, greased stainless-steel plates and
ultrahigh-molecular-weight plates (TIVAR-100), all enclosed
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in polyethylene envelopes. In the laboratory, the coefficient of
friction for this combination was measured to be 0.05, but
even this small friction decreased under sustained loading.
Based on the estimated abutment vertical reaction of 800 kN
per abutment, the frictional resistance provided by the isolation
system was calculated to be 80 kN. This resistance was ap-
proximately equal to 4% of the applied lateral load.

Instrumentation

The transverse displacements of both bents were measured
relative to reference posts located 7 m from the bridge. The
instrumentation setup at each bent consisted of a Temposonic
transducer that measured the vertical motion of a weight; this
weight was connected to the bent by a cable and pulley sys-
tem. Similar instrumentation monitored the transverse dis-
placements of the abutment diaphragms.

To monitor relative rotations of beam and column cross-
sections, threaded rods were epoxied into drilled holes on the
column and beam faces (Fig. 3). LVDTs and potentiometers
mounted on these rods were used to measure the change in
distance between the ends of adjacent rods. Relative rotations
were calculated from the relative displacement measurements
for pairs of instruments on opposite faces of the column or
beam.

On the west bent, 0.75-m wide trenches were excavated on
the east side of the columns to provide access to the column
bases and to the top of the footings. To minimize the effect of
the trenches on the soil resistance, the trenches were oriented
perpendicular to the direction of bent motion (the trenches
were paralle] to the direction of traffic). Clinometers mounted
on the footings measured their absolute rotation (Fig. 3).

OBSERVED RESPONSE

The bent force-displacement history, the observations of re-
corded damage, and the measured average curvatures provide
a summary of the bent’s response to the applied loads.

Bent Force-Displacement Histories

Fig. 5(a) shows the force-displacement history for the bents.
The applied forces shown in the figure include the resistance
that the isolation system provided (80 kN). This resistance had
the effect of increasing the resistance during loading and of
decreasing the resistance during unloading. The ‘‘notches’’ in
the history near the point of zero load were caused by the
viscous nature of the isolation system resistance. At the end
of each half-cycle, the bents moved slowly after the applied
load was removed as the isolation system resistance dissipated.

The force-displacement relationship was corrected to ac-
count for the effect of the isolation system during loading and
unloading. The corrected hysteresis curve as shown for a sin-
gle column is shown in Fig. 5(b). Because the corrections were
made assuming that the abutment resistance was perfectly
plastic (not viscous), the notches remained in the corrected
history. Although the column stiffnesses decreased with in-
creasing drift ratio and repeated cycling, the columns repeat-
edly provided an average lateral-load resistance of 500 kN.
Together, the four columns provided a resistance of 2,000 kN,
equal to approximately 3/8 of the bridge’s weight (5,300 kN).

0.5% Drift Ratio (Test B5)

During the first excursion to a drift ratio of 0.5%, flexural
cracks were visible on the tension face of the top 1 m of the
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FIG. 5. Force-Displacement Histories: (a) Applied Horizontal
Force; (b) Corrected Column Force
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