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Lateral-Load Tests of Reinforced 
Concrete Bridge 

MARC 0. EBERHARD, M. LEE MARSH, TOM O'DONOVAN, AND 

GAUKUR HJARTARSON 

Static and dynamic tests were performed on a three-span rein
forced concrete highway bridge in eastern Washington . The ob
jectives of these tests was to improve the ability of bridge engi
neers to assess the vulnerability of similar bridges to earthquakes. 
During a first series of tests, a University of Washington team 
measured the stiffness and strength of the bridge in its unaltered 
state . Large, slowly varying, cyclic loads were applied in the 
transverse direction of the bridge with hydraulic rams; small
displacement dynamic response was induced with an eccentric
mass shaker. The bridge was then isolated from the abutments 
and a second series of static tests was performed to measure the 
stiffness, strength , and toughness of the intermediate piers. Pre
liminary inspection of the measured data indicated that the tests 
provided good data with which to calibrate analytical models of 
bridge response . At a drift ratio (ratio of horizontal deflection to 
clear height of column) of less than 0.15 percent , the bridge 
resisted a transverse force equal to two-thirds the weight of the 
bridge. This large stiffness and strength were attributed to the 
contribution to resistance of the soil at the abutments and to the 
soil surrounding the columns at the intermediate piers. Tests of 
the piers demonstrated that , despite their deficiencies , the piers 
were able to resist forces up to approximately 40 percent of the 
weight of the bridge at a drift ratio of 3 percent. 

Static and dynamic tests performed on a three-span reinforced 
concrete highway bridge in eastern Washington were part of 
a Washington State Department of Transportation (WSDOT) 
research program to assess the seismic vulnerability of multiple
span state highway bridges built before 1983 and to develop 
economical retrofit strategies. The WSDOT has identified 250 
bridges in seismically active areas with superstructure defi
ciencies. A total of 85 of these bridges have in-span hinges 
and 165 bridges have inadequate support lengths at piers or 
abutments. Recognizing the vulnerability of bridges with these 
deficiencies , the WSDOT has begun to install restrainers and 
seat extensions in these bridges. An additional 127 bridges 
supported on single-column piers are scheduled to be retro
fitted within the next 20 years (J) . 

The WSDOT has identified an additional 431 bridges with 
deficient multicolumn piers, similar to those of the test bridge 
(Figures 1 and 2). Common deficiencies in piers include (a) 
bridge columns that have little confinement reinforcement, 
(b) reinforcing splices between column reinforcement and 
footing dowels that are too short and are unconfined, and (c) 
lack of top reinforcement in footings. The California De-
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partment of Transportation is committed to expeditiously im
proving the seismic response of bridges with multicolumn piers 
(2). Facing a different seismic threat (3) and political situation, 
the WSDOT has deferred retrofit of multicolumn bents until 
further research has been performed to assess the need to 
retrofit these structures (J) . Research now focuses on iden
tifying critical deficiencies in substructures . 

The vulnerability of a pier to transverse components of 
ground motion depends on the stiffness and strength of the 
entire bridge , including the effect of abutments , and on the 
stiffness, strength , and toughness of the pier itself. Despite 
its deficiencies , a pier may not require costly modifications If 

FIGURE 1 Test bridge: top, south view; bottom, west bent. 
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transverse displacements of the pier are small and if the pier 
is relatively flexible. In contrast, a pier is likely to be damaged 
during an earthquake if it undergoes large displacements, 
particularly if the pier is stiff and brittle. Data from destructive 
tests of a bridge and of piers provide the opportunity to cal
ibrate analytical models of bridge response and to improve 
estimates of pier toughness. Both the selection of an analytical 
model and the ductility capacity assumed for piers are critical 
to the decision to retrofit a pier. 
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DESCRIPTION OF BRIDGE 

The test bridge was one of a pair of bridges (Figure 2) con
structed in 1966 to carry 1-90 traffic across a railroad line located 
188 mi east of Seattle near Moses Lake, Wash. After the railroad 
line was abandoned, the WSDOT decided to eliminate these 
obsolete bridges. During testing and demolition, traffic on the 
south bridge was diverted to the north bridge. To minimize 
traffic disruption, testing was limited to 30 days. 
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FIGURE 2 Structural plan and elevation. 
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An inspection of the design calculations verified that, con
sistent with WSDOT practice for earthquake-resistant design 
at that time, the bridge was designed to resist transverse and 
longitudinal forces equal to 3 percent of the dead load of the 
bridge. In making this check, the stiffness of the abutments 
was neglected, and allowable stresses were permitted to ex
ceed those permitted for gravity loading by 33 percent. A 
result of the relatively small design forces and the increase in 
allowable stresses was that earthquake loading did not affect 
the final design. The structural design was governed by gravity 
load considerations. 

The test bridge included three spans of 41 ft, 60 ft, and 41 
ft (Figure 1 and 2). Gravity loads from the 6.5-in. deck were 
carried to the piers and abutments by six prestressed girders 
measuring 3 ft 6 in. deep. At each pier, the deck was contin
uous and the ends of the girders were embedded into a heavily 
reinforced, cast-in-place diaphragm. Dowels connected this 
diaphragm to a supporting cast-in-place cross beam, which, 
in turn, was supported by 3-ft-diameter columns with a clear 
height of approximately 25 ft (Figure 3). Longitudinal rein
forcement for columns consisted of 11 No. 9 bars, providing 
a reinforcement ratio of 1.1 percent. Transverse reinforce
ment consisted of No. 3 hoops at 12-in. spacings. 
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Columns were supported on spread footings that were em
bedded in approximately 10 ft of soil at the centerline of the 
column (Figure 2). At the base of each column, a 3 ft 4 in. 
splice connected longitudinal reinforcement to footing dow
els. The footings had no top reinforcement. Though the trans
verse stiffness of the abutments was neglected in designing 
the bridge, its abutments were exceptionally stiff in the trans
verse direction. At each abutment, the prestressed girders 
were embedded 2 in. into a diaphragm/endwall which, in turn, 
was cast monolithically with the wingwalls (Figure 4). Loads 
that were applied to the bents would be resisted by passive 
earth pressures developed along the wingwalls and by friction 
developed behind the endwall. Additional resistance was pro
vided by elastomeric bearing pads on which the diaphragm/ 
endwall was supported. The elastomeric bearing pads rested 
on the pedestal of a spread footing. 

TEST PROGRAM 

The test program consisted of two phases, which are shown 
schematically in Figure 5. In Phase 1, large static loads were 
applied to the bridge in its unaltered condition. Resistance to 

u; 
Q) 
I-

Week3 .. 

Week4 

FIGURE 5 Imposed displacement history: top, Phase 1; bottom, Phase 2. 
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the loads was provided by both the intermediate piers and 
the abutments. The purpose ,of this phase was to measure the 
lateral stiffness and strength of the full bridge, thus providing 
data with which to calibrate analytical models. 

After the stiffness and strength of the entire bridge had 
been measured, all soil behind the wingwalls and along the 
end diaphragms was removed. Transverse loads were then 
applied to the bridge to measure its stiffness without the con
tribution of the soil to resistance. The influence of the abut
ments was further reduced by lifting the bridge at the abut
ments and replacing the elastomeric bearing pads with a 
sandwich of hard nylon, grease, and polished stainless steel. 
Then another static test was performed to measure the stiff
ness of the bridge without the contribution of the bearing 
pads to resistance. 

During Phase 1, the static tests were complemented by small
displacement dynamic tests in which the structure was excited 
with an eccentric-mass shaker. These small-displacement dy
namic tests were performed (a) before the structure was dam
aged, (b) after slowly varying loads had damaged the bridge, 
(c) after the soil had been excavated, and (d) after replace
ment of the bearing pads. In addition, ambient vibration mea
surements and vertical impact transient vibration tests were 
performed intermittently. The dynamic tests provided further 
data with which to calibrate analytical models ( 4) and pro
vided the opportunity to compare large-displacement static 
response with small-displacement dynamic response. 

In Phase 2, the stiffness, strength, and toughness of the 
bents (i.e., intermediate piers) were measured. The structural 
properties of the intermediate piers are particularly important 
for bridges in which the abutments do not contribute signif
icant lateral-force resistance. Such bridges would rely heavily 
on the piers for stiffness and energy dissipation during an 
earthquake. 

After the test bridge had been isolated from the abutments, 
the bents were subjected to cycles of displacement of ± 1.5, 
3, 6, and 9 in., corresponding to drift ratios of 0.5, 1, 2, and 
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3 percent. The tests were finally stopped when damage to the 
columns threatened to collapse the structure. 

After testing had been completed, concrete cores and sam
ples of longitudinal- reinforcement were obtained from the 
structure to permit the measurement of material properties 
in the laboratory. Additional laboratory tests were performed 
to measure the friction properties of the bearing pads and of 
the isolation system. These tests indicated that the coefficient 
of friction of the sandwich of hard nylon, grease, and stainless 
steel was less than 8 percent. 

LOADING SYSTEM 

The short length of time, 30 days, during which traffic would 
be rerouted, was the critical constraint in designing and con
ducting these tests. The loading system (Figure 6) needed to 
be able to apply slowly varying, cyclic loads of up to 800 kips 
and yet be installed before traffic was diverted. Thus, although 
most of the mass of the bridge was located in the deck, lateral 
loads were applied directly to the piers because workers could 
obtain access to them without disrupting traffic above. 

Loads were applied to the ends of pier cross beams by 64 
prestressing cables (32 per side in groups of eight). A harness, 
composed of two ClO x 30-channel sections, welded back to 
back-a system of gusset plates and two heavy bearing plates
distributed the concentrated loads from the cables across the 
face of the cross beam. The rural location of the site allowed 
the cables to be extended at a 1:4 slope beyond the end of 
the 1-90 right-of-way into an adjacent field. Reaction forces 
were provided by deadmen anchors, consisting of four steel 
beams, each encased in 9 to 12 yd3 of concrete, buried 15 to 
20 ft below ground level. At the location at which the cables 
emerged from the ground, jacking frames enabled eight 100-
ton hydraulic jacks (four per side) to pull the cables attached 
to the bridge with respect to cables attached to the deadmen 
(Figure 7). 

FIGURE 6 Loading system schematic. Deck is not shown for clarity.· 
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FIGURE 7 Jacking frame: top, elevation; bottom, photograph. 

INSTRUMENTATION 

During the static tests, absolute displacements of the bridge 
at the piers and the abutments were measured with respect 
to reference posts that were located in soil that was undis
turbed by bridge movements (Figure 8) . In this arrangement , 
displacement transducers measured vertical movements of 
weights that were suspended on Y16·in. cables that ran over 
pulleys back to the bridge. The reliability of these measure
ments was verified using an electronic distance meter to mon
itor displacement of the structure and to verify that the ref
erence posts did not move. 

Relative rotations of cross sections of the columns and cross 
beams were recorded at 22 locations , including the tops of all 
four columns. A trench was excavated down to the footings 
to permit installation of similar instrumentation at the bottom 
of the columns of the west bent. To minimize disturbance of 
the soil resistance , the trench was oriented transverse to the 
direction of movement of the piers. In these locations, relative 
rotations of column cross sections and absolute rotations of 
the footings were measured . At the abutments , deformation 
of the bearing pads at each abutment was measured . Applied 
forces were determined from measurements of ram hydraulic 
pressure. The reliability of these measured loads was con-

firmed by measurements from a linear variable differential 
transducer (LVDT) placed to measure strand elongation. 

The harsh environment posed complications. The temper
ature varied from 60°F on some mornings and evenings to 
above 100°F during some afternoons . Fortunately , the vari
ation of temperature during one test rarely exceeded 10°F. 
The effect of these temperature variations during static tests 
on electronic components was minimized by forgoing the use 
of signal amplifiers or filters , both of which can be sensitive 
to temperature. For two cable systems that were exposed to 
the wind , protective plywood shelters were installed . Dust 
was also of great concern because the site was covered with 
ash from the 1980 eruption of Mount Saint Helens . Ongoing 
construction near the site and the windy conditions com
pounded this problem. To minimize the effect of dust on 
instrumentation , all instruments were carefully protected from 
the elements. The eight instruments that depended on pulley 
systems were placed in sealed wooden shelters along with their 
pulleys . 

An IBM AT computer was used to record the nearly 70 
channels of data measured during the static tests. All of the 
nearly 4 mi of instrument cabling was shielded and grounded 
to minimize disruptive effects of stray electrical fields. During 
dynamic tests , an accelerometer and several velocity trans-
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FIGURE 8 Plan of deck instrumentation. 

77° 13' 48" 

ducers measured the vertical and transverse response of the 
deck , abutments , and column footings. Signals were recorded 
on a Compaq 386/20 personal computer . 

OBSERVED BEHAVIOR 

The tests were completed in mid-July of 1991. Descriptions 
of observed behavior are preliminary and may be revised after 
the data have been studied further. Data from the dynamic 
tests have not yet been converted to a presentable form. 

The bridge was stronger and stiffer in Phase 1 than had 
been predicted by analysis before testing began. As indicated 
in Figure 9, the maximum lateral load resisted by the bridge 
was approximately 800 kips , corresponding to two-thirds its 
weight. The maximum load was measured at a displacement 
of approximately 0.4 in. , corresponding to a drift ratio of 0.13 
percent. Despite being subjected to large forces , damage dur
ing the first series of tests was limited mainly to cracks in the 
wingwalls , which resulted from large passive pressures (Figure 
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0.4 0.6 

Location of LVDT ___ _, 

enclosure (typical) 

10). These cracks abruptly opened to approximately 0.10 in. 
wide at an applied load of approximately 800 kips. The abut
ments were exceptionally stiff because the wingwalls were cast 
monolithically with the end diaphragm. In comparison, piers 
were relatively flexible and sustained only minimal damage 
during the first phase of testing. During Phase 1, the columns 
sustained only minor cracking, with all cracks less than 0.01 
in. wide. 

The load-deflection response of the bridge during Phase 2 
is shown in Figure 11. In this phase , the contribution of the 
abutments to lateral-force resistance was small. The drift ratio 
shown in the figure corresponds to the average displacement 
of the intermediate piers normalized by the clear height of 
the columns. Since, in all but the simplest structures, there 
exists no unique yield point , the displacement ductility factor 
shown in the figure is approximate. It resulted from an in
spection of the force-deformation curve for the structure. De
spite the small contribution of the abutments to resistance , 
the piers resisted transverse forces equal to approximately 40 
percent of the weight of the structure. The structure continued 
to dissipate energy , with little pinching of the load-displace-

FIGURE 10 Damage to southeast wingwall at end of Phase 1. 
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FIGURE 11 Hysteretic response during Phase 2. 

FIGURE 12 Damage to top of southeast column at end of 
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10 

ment curves , up to displacements of 9 in_ , corresponding to 
a drift ratio of 3 percent. 

During Phase 2, most of the damage was concentrated at 
the tops of the columns . The cross beams remained nearly 
undamaged , except for hairline cracking. At the bottom of 
the columns damage was limited to cracking; no spalling was 
observed. Most of the cracking at the bottom of the columns 
occurred above the splice regions , suggesting that the soil 
surrounding the column may have greatly affected its stiffness 
and reduced the effective column height. The footings showed 
no signs of distress. 

Column damage increased with imposed drift. At a drift 
ratio of 0.5 percent , damage consisted of 0.02- to 0.05-in . 
flexural cracks at the top of the columns. At a drift ratio of 
1 percent , maximum crack sizes at the tops of the columns 
increased to 0.10 in . and minor flaking of the concrete in 
compression was observed. Spalling and the onset of bar buck
ling was clearly visible at a drift ratio of 2 percent. After the 
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structure was pulled to two cycles at a drift ratio of 3 percent , 
spalling was widespread and many of the longitudinal bars 
had buckled (Figure 12). Whereas the cracks had been pri
marily flexural for smaller displacements , the cracks at larger 
displacements had a more noticeable shear component. At 
this point , the tests were stopped out of concern for safety . 

CONCLUSIONS 

Full-scale testing of a bridge was shown to be a feasible means 
of obtaining data on the large-displacement behavior of a 
bridge and of a pair of piers. Full-scale testing is attractive 
because it avoids scaling limitations and permits study of the 
effect of soil on structural response . However , the results of 
these tests must be interpreted in light of the fact that full
scale tests do not duplicate the effects of earthquakes . Earth
quake motions include dynamic longitudinal , vertical , and 
torsional components that were not duplicated in the tests . 
The rates of loading during the destructive tests were much 
smaller than those that would occur during an earthquake. 

Despite the limitations of these tests, several preliminary 
observations were made. In itself, the observation that the 
bridge resisted a force equal to two-thirds its weight at a drift 
ratio of less than 0.15 percent is not trivial. The tests dem
onstrated the importance of the contribution of the soil to the 
stiffness and strength of a bridge. In this bridge , the abutments 
were stiff enough that damage would be expected to be min
imal during earthquakes of the magnitude that are commonly 
considered in design . The soil also affected the damage at the 
base of the columns. Unfortunately , from the point of view 
of the designer , estimates of soil stiffness are accompanied 
by great uncertainty. 

Although the piers were heavily damaged , they were able 
to continue to carry gravity loads while resisting transverse 
loads of 40 percent of the weight of the structure at a drift 
ratio of 3 percent. Despite their deficiencies , the columns had 
sufficient flexural ductility to prevent collapse in these tests. 
This ductility may be critical in ensuring the survivability of 
many other bridges . Many other bridges do not have abut
ments that are as strong or as stiff as the test bridge or the 
number of spans is large enough that the abutments have little 
effect on intermediate pier response. 

In the remaining year of the study , the measured static and 
dynamic response will be used to calibrate analytical models 
and to better understand the sources of stiffness and strength. 
The large amount of data that describe local behavior will be 
reduced and compared with laboratory results from previous 
investigators (5 ,6) . The role of the soil will be studied further 
(7) , as will the relationship between the measured static and 
dynamic response. 
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