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shook a bridge to the
failure point and then
applied carbon fiber
reinforcemant, which
doubled the ductility
and increased the
lateral load capacity

by nearly 20%.
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LAWRENCE D. REAVELEY, P.E., AND SCOTT M. MERRY, P.E.

any reinforced concrete bridges are

vulnerable to seismic deformations,

but tests carried out on a bridge sec-
tion in Utah could lead to better bridge designs and
rehabilitation techniques. In situ tests on bridges
allow researchers to verify design methods and
establish failure capacities. By better understand-
ing the lateral load capacity of bridges, especially
older ones, engineers may be able to prevent cata-
strophic bridge failures during earthquakes.

Lateral load tests on two bridge bents on
Interstate 15 in Sait Lake City determined the
strength and ductility of an existing concrete
bridge, as well as the effectiveness of using a
fiber-reinforced plastic (FRP) composite for
rehabilitation.

The opportunity to test two aging bridge bents
arose because the Utah Department of Transporta-
tion (UDOT) is reconstructing 1-15 in Salt Lake
City. The South Temple Bridge, designed and
built in the early 1960s, lacked the basic rein-
forcement necessary to provide adequate lateral
load capacity and ductility in a seismic zone and
was scheduled to be demolished and rebuilt.

Wasatch Constructors, which is reconstruct-
ing the highway for UDOT, made two bents and
the deck between them available for testing prior
to demolition. The National Science Foundation,
the Federal Highway Administration, UDOT, the
University of Utah, and the Idaho National Engi-
neering and Environmental Laboratory provided
about $550,000 for the tests. '

Lateral load testing of the reinforced concrete
bents was performed with and without FRP com-
posites to demonstrate the ability of composite
materials to restore structural integrity and
improve resistance to seismic loading.

The FRP composite strengthened the
column-—cap beam joints and increased the shear
stresses by 35%. The retrofitted bent reached a
displacement ductility of 10——twice that of the as-
built bent. In addition, the peak lateral load capac-
ity increased by 18%.

THE TEST SITE

The 27 1t high test bents were 64 6 ft wide and
supported a 71.8 ft long deck. The three columns
in each bent were 36 in. square and the cap beam
was 36 by 48 in. A 7 ft square by 3 ft thick pile
cap bearing on four 12 in. outside diameter con-
crete-filled steel pipe piles, which were 65 ft long.
supported the two exterior columns A 9 1t square
pile cap bearing on five piles supported the mid-
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die pile cap (see Fig. 1).

Modifications to the deck supports ensured
that the test could be conducted safely. The modi-
fications included fixing the steel girders on one
bent by attaching them to the cap beam and plac-
ing the girders on rollers at the cap beam of the
other bent, enabling the deck to move during load
application.

Modifications were also necessary at the
interface of the pile cap and the concrete-filled
steel piles at the foundation. This improved the
connection so that the tops of the piles would not
pull out of the pile caps in response to the large !
uplift and horizontal forces anticipated in the
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The ductility of the bent wrapped with
carbon fiber nearly doubled.

tests. In addition, the three pile caps were linked

to the foundations of the reaction frame using ten-

sile and compressive struts. The struts prevented

excessive lateral movements of the pile caps or |

flexural failure of the piles. |
The soils at the site are deep and highly vari-

able, for the most part comprising thinty bedded

alluvium and Lake Bonneville deposits. The

uppermost materials within the bearing zones con-

sist of a 2 ft thick gravelly clay fill underlain by a 5

ft thick layer of very soft silty clay. Standard pene-

tration test blow counts in the area varied from 0

to 3, with undrained shear strengths of 400 1o 600

psf. The soils beneath these layers are primarily
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silts and clays of medium stiffness interbedded
with thin layers of sands and silty sands.

A second soft layer approximately 15 ft thick
exists about 20 ft below the bearing level. These
materials were inadequate to support the large lat-
eral and uplift forces from the reaction frame with
shallow footings. As a result, the researchers con-
sidered two alternative systems for the reaction
frame foundation: concrete-filled pipe piles and a
geopier foundation system.

The foundation supplied by the Geopier Foun-
dation Co., Atlania, was selected because of lower
cost, estimated to be about half that of the piles,
and because the proprietary contractor was will-
ing to donate a significant portion of the pier
installation cost in return for research on the
pehavior of the system during the fests.

The reaction frame foundation consisted of
two 8.25 by 24.5 ft rectangular footings 39 in.
thick bearing on the ground surface. Each footing
was supported by 10 piers, each 36 in. in diame-
ter and 15 ft tall, arranged in two symmetric rows

The piers provided resistance 1o the large
uplift and lateral forces via 34 in. diameter, 0.5 in.
thick circular steel plates located at the bottoms of
the piers. Four no. 7 threaded steel bars extend-
ing vertically through the perimeter of each pier
attached the plates to the footings.

The FRP composite had an ultimate tensile
sirength of 91 kips/sq in. and an ultimate tensile
strain of 0.01. Specific design elements for the
FRP included flexural plastic hinge confinement,
lap splice clamping and shear strengthening for
the columns; fiexural plastic hinge confinement
for the cap beam; shear strengthening of the col-
umn—cap beam joint; and development of column

Fig. 1: Setup for Lateral Load Test on Bridge Bent
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bars into the column—cap beam joint.

Before applying the composite, contractors
removed loose concrete, washed the surface with
a high-pressure waler jet and shotcreted the sur-
face of the cap beam to bring it to its original
shape. ¥Xsys Technologies, San Diego, then
applied a structural adhesive and the carbon FRP
sheets using hand layup and a room-lemperature
curing system.

LOADING UP

A hydraulic actuator attached to a structural steel
reaction frame applied the simulated seismic lal-
eral loading along the axis of the bents. Prelimi-
nary analyses of the bent caps wrapped with FRP

Fig. 2: Force vs. Displacement
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composites indicated that the maximum sustain-
able lateral force applied to the bent cap would be
400 kips.

The corresponding forces generated by the
reaction frame on its two footings consisted of
alternating compression-uplift forces of 500 kips
and cyclic lateral forces of 200 kips on each fool-
ing. The footings and their support systems were
designed to support these loads, but the maxi-
mum loads applied during the tests were about
25% greater than the design loads.

A horizontal quasi-static cyclic load was
applied at the cap beam level in the transverse
direction. After the first yielding occurred, the test
was continued by controlling the lateral displace-
ment. Three tests were conducted: bent 5 in the
as-built condition, bent 6 with FRP compasites,
and repaired bent 5 with FRP composites.

Bent 5 in the as-built condition had exiensive
diagonal cracks in the joint region, which extended
into the cap beam at the bottom level of the hori-
zontal reinforcement. The use of a high-strength
adhesive prolonged the onset of delamination of the
composite from the concrete surface. This was the
dominant mode of failure of the composite, which
occurred at about one-fifth of its tensile capacity.

Approximately 80 electronic instruments,
including strain gauges, linear variable differential
transtormers, load cells and displacement frans-
ducers, monitored the applied load, strains in the
steel reinforcement and the FRP composite, and
the displacement of the bents.

The ductility of both bent 6 and the retrofitted
bent 5 almost doubled compared with the as-built
bent 5 (see Fig. 2). In addition, the lateral load
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capacity of the retrofitted bents increased by 18%
The composite strengthened the joint, which had
an increase in shear stresses of 35%.

The in situ tests conducted a the South Tem-
ple Bridge have shown that externally bonded car-
bon FRP composites can greatly enhance the dis-
placement ductility of bents. In addition, the joint
shear capacity was found o be enhanced, the
overall damage was controlled and a residual
strength was left 1o support the dead load.

UNDERGROUND REACTION

Upon completion of the structural tests on the two
bents, researchers cut the lateral compressive and
tensile struts linking the bent pile caps so that the
foundation systems would act independently.
Geolechnical tests were then conducted in which
the bent caps were alternately pushed and pulled
in two-cycle lateral deformation levels, starting at
1in. and increasing by 1 in. increments to 12 in

Approximately 100 electronic instruments
installed in or adjacent {o the foundation systems
measured the movements, performance and
response of the pile caps and the reaction frame
foundations.

Both foundation systems performed well dur-
ing all structural and geotechnical tests. No direct
comparisons can be made between the perfor-
mances of the two foundation systems because of
significant differences in structural geometry,
materials and dead loads. For example, the dead
load was approximately 600 kips on the pile foun-
dation system and 200 kips on the geopier foun-
dation system.

The size and shape of the pile caps and reac-
tion frame footings were markedly different. Fur-
thermore, the pile caps were buried to the top of
the caps, while the reaction frame footings rested
on the ground surface. The piles were rehabili-

Rollers installed at the cap beam
allowed the deck to move during
testing.
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tated before testing to ensure adequate perfor-
mance during the tests.

Future tests are planned in which direct com-
parisons of pile and geopier foundation systems
will be made for identical structures under the
same loads, soil conditions, and structure and
foundation geometry and materials. The tests, fo
be conducted in the fall of 1999 at the South Tem-
ple Bridge, will include a complete seismic refrofit
using FRP composite wraps for the cap beam,

columns and joints, as well as & strengthening of
the foundations.
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Lawton, PE., M.ASCE, are associate professors
Lawrence D. Reaveley, P.E., M.ASCE, is a profes-
sor and Scott M. Merry, PE., M.ASCE, is an
assistant professor in the civil and environmen
tal engineering department at the University of
Utah in Salt Lake City.
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