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A technique for the seismic retrofit and
rehabilitation of existing welded steel plate edge
connections between precast concrete shear wall
panels using carbon fiber reinforced polymer (FRP)
composite sheets is presented. Nine lateral load
tests were performed on shear wall assemblies
comprising three 4 x 12 ft x 8 in. (1.22 x 3.66 m x
203 mm) hollow-core precast concrete wall
panels. Each wall assembly was loaded in the in-
plane direction by quasi-static simulated seismic
loads. The test variables were the covered area of
FRP composite sheets, the number and orientation
of FRP composite layers, and wall panel surface
preparation. Concrete surface preparation using
high-pressure water jet and subsequent application
of a bonding agent resulted in the most effective
bond between concrete and FRP composite. The
tests demonstrated that FRP composite
connections could transfer the applied load across
the joint effectively and achieve a higher capacity
compared to welded steel plate edge connectors.

Connections play a vital role in the design and con
struction of precast/prestressed concrete structures,
especially in high seismic regions. Until recently,

fiber reinforced polymer (FRP) composites had been used
extensively in the aerospace, automotive, and chemical in
dustries. Due to lack of research, design specifications, and
a relatively high cost, their use in the construction industry
has been limited. With production costs steadily decreasing,
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the use of FRP composites is gradu
ally becoming economically feasible
in a variety of engineered structures.

High ultimate strength, relative ease
of application, and the ability to con
form to irregular surfaces make FRP
composites an attractive alternative for
seismic retrofitting of existing struc
tures. FRP composites exhibit resis
tance to environmental and chemical
corrosion, which makes them an ex
cellent material for use in aggressive
environments.1

FRP composites have been used in a
variety of bridge and building projects,
including composite decks, composite
beams, column wrapping, strengthen
ing of reinforced concrete beams and
joints with external FRP composite
sheets, and external prestressing.

Many recent projects using FRP
composite systems have been docu
mented, including the seismic rehabili
tation of a tilt-up concrete building,2
the strengthening of column brackets,3
the flexural reinforcement in pre
stressed concrete beams,4 the flexural
strengthening of prestressed concrete
bridge slabs,5 and the fabrication of
pretensioned and post-tensioned gird
ers.6 These applications comprise seis
mic retrofitting, post-earthquake reha
bilitation, flexural and shear
strengthening of structural members,
and new construction.

The bond and force transfer mecha
nism in FRP composite material plates
bonded to concrete was investigated
by Chajes et al.7 The objective of that
study was to develop rehabilitation
procedures involving externally ap
plied FRP composite plates for con
crete structures. Direct bond tests were
performed on joints consisting of FRP
composite material plates bonded to
concrete.

Two types of failure mechanisms
were observed: failure by direct con
crete shearing beneath the concrete
surface and a cohesive type of failure.
The failure modes depended on the
surface preparation of the concrete and
the type of bonding agent used.

The PCI PRESSS (Precast Seismic
Structural Systems) investigators have
taken the lead on research and design
recommendations for precast concrete
structures in areas of high seismic
ity.8’9 One of the vulnerable structural

elements observed in recent earth
quakes is the connection between pre
cast shear wall panels.1°These con
nections may not have the ductility
needed to develop the yield capacity
of the members.

One suggestion for improving the
capacity of these connections is the
addition of steel plates across the
joint.’1When considering this method,
however, care must be taken to ensure
adequate anchor bolt capacity by pro
viding adequate edge distances. Sim
ple shear connections for wall panels
or slabs have been tested and their ca
pacity evaluated and compared to the
PCI Design Handbook.’2The shear
connections tested that are relevant to
the present study did not perform sat
isfactorily.

Cyclic testing of new edge connec
tors for wall panels has shown that
such connectors can exhibit limited
ductility;’3however, they are still sus
ceptible to concrete spalling and low
cycle fatigue.

Structural engineers are increasingly
faced with the problem of finding
cost-effective solutions to strengthen
ing of non-ductile structural elements,
which are vulnerable to damage in
strong earthquakes. Panel-to-panel
connections made of steel inserts are
non-ductile and may not be able to
transfer overturning moments and
forces between panels.’4

One evaluation of welded loose-
plate steel connectors located in the
vertical joint between panels has
shown that the connection possessed
little ductile capacity.15 The lack of
seismic retrofit and rehabilitation tech
niques for welded shear connections
in precast concrete wall panels led to
the present investigation.

The overall goal of this research was
to develop a cost-effective seismic
retrofit and rehabilitation technique for
shear connections between precast
shear wall panels using FRP compos
ites. The reasons for developing such
shear connections are related to the ad-
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Fig. 1. Configuration of specimens and setup for pullout tests: (a) concrete block and
(b) block assembly showing carbon FRP composite strips.
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vantages offered by the FRP compos
ite material; these include corrosion re
sistance, high ratio of stiffness to
weight, directional material properties,
and speed of installation. The objec
tives of this investigation were to study
the feasibility of an FRP shear connec

tion for seismic retrofit of precast con
crete panel connections, to develop the
details of an FRP composite shear con
nection between precast concrete pan
els, and to quantify the strength and
deformation characteristics of the FRP
composite shear connection.

PUllOUT TESTS

The bond properties of FRP com
posites to concrete were investigated
using various preparation techniques
as part of the research.’6Concrete
blocks with dimensions 31/2 x 3’12 x 10
in. (89 x 89 x 254 mm) were made
with a 28-day compressive strength of
2000 psi (14 MPa).

A No. 5 (16 mm) Grade 60 (414
MPa) steel bar was used as the tab for
the grips of the testing machine. Each
steel bar was welded to a 3’/2 x 3’12 x
in. (89 x 89 x 10 mm) steel plate as
shown in Fig. 1(a). Two concrete blocks
were aligned as shown in Fig. 1(b), and
the gap between the two blocks was
sealed with polymer cement.

Two layers of carbon fibers were
cut into 2 x 12 in. (51 x 305 mm)
strips; the fibers were saturated with
resin consisting of Shell Epon Resin
#828 epoxy and Epicure 3234 hard
ener and applied to two opposite sides
of the concrete blocks; the FRP com
posite was cured at room temperature
for seven days.

Table 1. Carbon FRP composite properties.

FRP Number of Ultimate tensile Modulus of Ultimate tensile

composite fllaments strength, elasticity, strain

type t per tow ksi (MPa) ksi (GPa) (percent)

12k 12,000 139(960) 10,600(73) 1.33

48k 48,000 168 (1160) 12,300 (85) 1.36

Note: I ksi = 6.895 MPa; 1 ksi = 0.006895 GPa.

Table 2. Adhesion of FRP composite for various preparation techniques.

Preparation Number of Surface stress, a,’

type samples psi (MPa)

No surface preparation 3 250 (1.72) 5.59 (0.46)

Sandblast, no bonding agent 5 273 (1.88) 6.10(0.51)

Water jet, no bonding agent -. 5 294 (2.03) 6.57 (0.55) —

Sandblast, with bonding agent 5 288 (1.98) 6.44 (0.53)

Water jet, with bonding agent 4 326 (2.25) 7.29 (0.59)

* Pullout load divided by FRP composite surface area of 24 sq in. (0.0 15 m2).
I f,’ = concrete compressive strength of 2000 psi (14 MPa).
Note: I psi = 1)006895 MPa.
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Fig. 2. Typical setup for in-plane test of wall assembly.
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Surface preparation of the speci
mens included three treatments: sand-
blasting, high-pressure water jetting
(with a water jet pressure of 40,000
psi, or 276 MPa, dispersed with a mul
tiple head nozzle), and no surface
preparation. For some of the speci
mens, a bonding agent was applied be
tween the FRP composite and con
crete, whereas for others no bonding
agent was used. For these pullout
tests, the bonding agent was Sikadur
32, a multi-purpose, two-component
structural epoxy adhesive that con
forms to ASTM C 88 1-90 Type I and
Type II epoxy resin adhesive. The
bonding agent was applied using hand
tools.

The properties of the FRP compos
ite are given in Table 1. The carbon
fibers used in the pullout tests con
sisted of 48k (48,000 fibers per tow)
woven unidirectional fabric. When the
bond between carbon FRP composite
and concrete was sufficiently strong,
the concrete failed in a cohesive fail
ure mode, which is essentially a sub
strate failure in the concrete. However,
the carbon FRP composite lay-up,
their dimensions, and the bonding
agent were instrumental in achieving a
stronger bond with the concrete.

The water-washed surface exposed
the concrete aggregate better than
sandblasting. As a consequence, for
the water-jet-prepared concrete speci
mens, the FRP composite pulled out
some concrete in a cohesive concrete
failure mode, as opposed to predomi
nant bond failure in the sandblasted
specimens.

Table 2 shows the results of the
study on surface preparation and ap
plication of bonding agent. Two layers
of FRP composite were used for all
specimens. Both sandblasted and
water-jet specimens performed better
than the specimens with no surface
preparation. The adhesive bond stress
can be described for different condi
tions in terms of .,/77 times a constant,
which for psi units varies from 5.59
for the case of no surface preparation
to 7.29 for the case of water jet with a
bonding agent (0.46 to 0.59 for MPa
units).

The water-jet specimens with bond
ing agent had a surface stress an aver
age of 13 percent better than the sand-

blasted specimens. The water-jet spec
imens without bonding agent had a
surface stress an average of 8 percent
better than the sandblasted specimens
without the bonding agent. Finally, the
water-jet specimens without bonding
agent were 2 percent better than the
sandblasted specimens with bonding
agent. It is clear from these tests that
water-jet preparation offers tangible
technological and economical advan
tages.

EXPERIMENTAL SETUP AND
TEST PROCEDURE

Test Facility and Setup

Testing of the precast shear wall
panel assemblies with FRP composite
connections was performed at the Uni
versity of Utah Structures Labora
tory.17 Three 4 x 12 ft (1.22 x 3.66 m)
precast hollow-core concrete panels
were used to create each wall assem
bly (see Fig. 2).

Each concrete panel had an overall
thickness of 8 in. (203 mm) and con
tained two hollow cores and one solid

concrete core. This configuration was
essential in forming the base supports.
The lateral load was provided through
a 150 kip (667 kN) hydraulic actuator
attached to one of the load frame
columns.

A steel belt was constructed out of
two W5x 19 sections to hold the three
wall panels together. This steel belt
was connected to the hydraulic actua
tor so that the wall section could be
pushed or pulled by way of the steel
belt to simulate the effects of seismic
loads (see Fig. 2).

To reduce friction and localized
damage to the concrete walls, two 1/8
in. (3 mm) high-strength HDPE pads
were placed between adjoining wall
panels at top and bottom. This gave a
standard 1/4 in. (6 mm) space between
panels (see Fig. 2). A set of five strain
gauges — Gi, G2, G3, G4, and G5 —

were placed in the fiber direction and
spaced 1 in. (25.4 mm) apart. Al
though the configuration shown in
Fig. 2 was typical, other strain gauge
configurations and FRP composite
lay-ups were also used.

Several strain gauge rosettes were
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Fig. 3. Strain gauge locations for a typical assembly.
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Fig. 4. Support conditions during cyclic loading: (a) push, (b) pull.

Fig. 5. Lateral load pattern used in the tests.

Fig. 6. Carbon FRP composite lay-up for Assembly 7.

also used in selected tests on the FRP
composite connection. Four strain
gauges VI, V2, V3, and V4 —

were also placed on the second FRP
composite connection in a vertical
configuration, as shown in Fig. 3.

Test Procedure

The concrete panels were tested in
the in-plane direction using a quasi-
static load in the configuration shown
in Fig. 2. Pin supports at the bottom,
one at the left wall panel and one at
the right, allowed the wall assembly to
rotate. The pin supports lifted the two
outer panels 1.5 in. (38 mm) off the
base. The center panel rested on steel
plates that raised it up to the same
level as the outer panels.

The support conditions changed de
pending on the load direction. When
the assembly was pushed to the right,
as shown in Fig. 4(a), the steel plate
on the left of the middle concrete
panel did not touch the concrete; when
the assembly was pulled to the left, as
shown in Fig. 4(b), the steel plate on
the right of the middle concrete panel
did not touch the concrete. As the hy
draulic actuator applied the load at the
top left of the wall section, the first
panel rotated, the connecting force
was transferred through the FRP com
posite connection to the middle panel,
and, by the same mechanism, the force
was transferred to the third panel.

The lateral load was applied through
the steel belt in 5 kip (22.2 kN) incre
ments until failure, with failure de
fined as the load beyond which the
connection could not sustain further
increase in the lateral load. Each time
the load was increased, it was repeated
quasi-statically three times to com
plete one load step (see Fig. 5). The
load was applied very slowly in a
quasi-static fashion to simulate dam
age resulting from seismic excitations
and to allow time for detailed observa
tions of the test specimens.

TEST SPECIMENS
The precast concrete walls had an

average measured 28-day compressive
strength of 7150 psi (49 MPa).’8 The
wall panels were manufactured on a
continuous cast in an 8 ft (2.44 m)

LOAD (PUSH) LOAD (PULL)

(a) (b)

50

40

— 30
Co

10
0
i0

-10

0 500 1000 1500 2000 2500 3000

TIME (sec)

I
34??

I

jE— 22”— -22”-- IE-22”—

I
34”

34’,

450 450

1st LAYER + 2nd LAYER

450 450

= FRP CONNECTION

96 PCI JOURNAL



Table 3. Carbon FRP composite connection test results.

Wall No. of Total carbon Area of 1 Failure Lateral

assembly Fiber Connection layers per FRP thickness, connection, Surface Failure load, deflection,

no. type type connection in. (mm) sq in. (m2) Ljaration mode kips (kN) in. (mm)

V I - 12k* Rectangular 6@±60 j 0.09 (2.3) J768 (0.49) Water jet Support 40.9 (182) 0.52(13.2) -

2 48k Butterfly 2@±45° 0.10 (2.5) 512 (0.33) Water jet
Adhesive in

36.1 (161) 0.55 (14.0)
j- bonding agent

3 12k Rectangular 4@±45° 0.06 (1.5) 330 (0.21) Waterjet Cohesive 23.0 (102) 0.46(11.7)
45 48k Butterfly 2@±45° 0.10 (2.5) (0.58)_J Water jet Support 35.1 (156) 0.59 (15.0)
55 - - - - - - -

6tj48k Butterfly 2@±45° — 0.10 (2.5) L 1046 (0.68) Wire brush Adhesive in resin 15.5 (69) (16.8)

Butterfly 2@±45° 0.10 (2.5) 990(0.64) Water jet Cohesive 44.4(197) 0.71 (18.0)

8 48k Butterfly 2@±45° 0.10 (2.5) J 990 (0.64) Water jet Cohesive 34.8 (155) 0.59 (15.0)
9 48k Butterfly 2@±45° 0.10 (2.5) J990 (0.64) Water jet Cohesive 35.3(157)LJ 0.63 (16.0)

48k Butterfly [ 2@±45° 0.10(2.5) 1283 (0.83) Water jet Cohesive 33.1 (147) 0.65 (16.5)

* lk= 1000 fibers pertow
t Assembly not taken to ultimate because of failure of supports.

Assembly not tested due to failure of supports in steel connection test.
Note: tin. = 25.4 mm; 1 sq in. = 0.000645 m2; 1 kip = 4.45 kN.

wide bed. The panels were prestressed
in the direction in the 12 ft (3.66 m)
dimension, and smooth reinforcing
steel was placed at 3 ft (0.91 mm) on
center perpendicular to the prestress
ing reinforcement. After curing, the
continuous panel was cut in half longi
tudinally, which resulted in two 4 x 12
ft (1.22 x 3.66 m) specimens.

Surface Preparation of
Wall Assemblies

An important factor in the design of
FRP composites applied to concrete is
the bond between the FRP composite
and the concrete. The bond strength of
resin and concrete depends on many
parameters, among which the most
important are roughness of the con
crete surface, type and quality of the
concrete, and curing conditions of the
FRP composite.

Mechanical bond, adhesion, and co
hesion are the three factors that affect
the capacity of FRP composites exter
nally attached to concrete. Surface
preparation procedures were corre
lated with the pullout tests described
earlier.

To increase the strength of the me
chanical bond between the epoxy resin
and concrete surface, the concrete ag
gregate was exposed by removing the
thin outside layer of cement paste with
a high-pressure water jet. This in
creased the surface roughness and
bond strength of the concrete.

A high-pressure water jet was used
to remove approximately “16 in. (1.6

mm) of the concrete’s surface from
the hollow-core concrete panels. The
water jet was operated at 40,000 psi
(276 MPa) pressure with a 3 gallon
per minute (189 mLIs) water supply;
the water jet was dispersed with a
multiple-head nozzle.

In one of the wall assemblies, all
concrete surfaces were wire brushed
only. After the water jet or wire brush
treatment, the surface of the walls was
vacuum cleaned to remove the dust
and loose particles. The next stage of
preparation was the application of a
bonding agent, Sikadur 31, to the con
crete surface.

The purpose of Sikadur 31 was to
improve the bond between the FRP
composite and concrete panel and to
bring the surfaces of the two adjoin
ing concrete wall panels to the same
level. Sikadur 31 is a two-component
structural epoxy resin adhesive very
similar to Sikadur 32 used in the pull
out tests.

The three wall panels were placed
so that a 1/4 in. (6 mm) gap existed be
tween them (see Fig. 3). Underneath
the FRP composite, these gaps were
filled with cardboard material to pre
vent buckling of the FRP composite
material (see Fig. 3).

FRP Composite Shear Connections

An FRP shear connection was im
plemented to connect a pair of precast
concrete hollow-core wall panels. The
FRP shear connection was applied on
only one side of the wall assembly. An

assembly consisting of three such wall
panels with two FRP composite shear
connections was used in each test.

In typical construction, these walls
would be 8 ft wide x 24 ft high (2.44 x
7.62 m); due to space limitations, the
panels in these tests were 4 x 12 ft
(1.22 x 3.66 rn).t7’8

Nine tests were performed, with the
FRP composite shear connections con
sisting of two different types of carbon
fibers: 12k (12,000 fibers per tow) and
48k (48,000 fibers per tow). The same
epoxy resin was used for both carbon
fiber configurations. Seven of the tests
used carbon FRP composite made
with 48k tow fibers, and two tests
used 12k tow fibers.

The lay-up of the FRP composite
varied; however, the tests using 48k
tow fibers used the lay-up shown in
Figs. 3 and 6. The carbon fiber unidi
rectional sheets were 24 in. (610 mm)
wide that were cut as shown in Fig. 6.

After the surface preparation and
application of the bonding agent, the
first layer of fibers was applied at an
angle of +45 degrees from the hori
zontal (see Fig. 6) and was saturated
with epoxy resin; this consisted of
Shell epoxy resin 826 and Shell 3579
as the curing agent in a 2:1 ratio by
weight.

The second layer of carbon fibers
was then applied at —45 degrees from
the horizontal (see Fig. 6) to form the
FRP composite shear connection as
shown in Fig. 6. The width of the con
nection was 22 in. (559 mm), and the
height of the connection at the inter-
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face between the two concrete panels
was 34 in. (864 mm).

The FRP composite connection de
sign was evaluated using a computer
program based on laminate theory,’9
in terms of the dimension of the con
nection, the angle of fibers in each ply
with respect to the horizontal, and the
thickness of the FRP composite. The
FRP composite connections were
cured at room temperature and al
lowed to cure for seven days before
testing.

Typical properties of the FRP com
posite for the 12k and 48k tow fibers
were obtained using ASTM D 3039
methods,2°and these are shown in
Table 1.

EXPERIMENTAL RESULTS
Each wall assembly was tested

twice, first with the steel welded edge
connectors and then with the FRP
composite shear connections. The
welded connections in the wall assem
bly were tested first, after which the
welds were cut, the FRP composite
unidirectional sheets were applied, and
the wall assembly was tested again.
The results for welded connectors are
presented in Reference 15.

The carbon FRP composite shear
connection details for the nine tests
are given in Table 3. Note that the no
tation 6@±60° means that the first
carbon fiber layer was applied at an
angle of +60 degrees with respect to

ff[

the horizontal, followed by fibers at an
angle of —60 degrees; this was re
peated two more times, resulting in a
total of six layers for one connection.

Assembly 1

In this test, six carbon fiber sheets,
each 16 in. wide and 48 in. deep (406
x 1219 mm) in a rectangular shape,
were placed at an angle of ±60 de
grees. Fig. 7(a) shows the application
of the bonding agent and 1/4 in. card
board in the gap, and Fig. 7(b) shows
the three precast concrete wall panels,
the steel belt, and the two FRP com
posite shear connections. The fibers
used were 12k tows. (Properties of the
FRP composite are given in Table 1.)

Three-element strain gauge rosettes
were placed on the surface of the FRP
composites to determine their strain
characteristics during testing. Tensile
failure of the concrete wall support at
the bottom right pin connection termi
nated this test.

This support failure occurred at a
lateral load of 40.9 kips (182 kN). The
carbon FRP composite shear connec
tion remained in its original condition
without any visible damage; therefore,
the contact or bond area between car
bon FRP composite and concrete was
found to be more than sufficient.
Strain gauge rosette measurements on
the FRP composite confirmed that the
trend for the maximum strain in the
FRP composite was 45 degrees from
the horizontal, as shown in Fig. 8.

Because of this behavior, fibers

Fig. 7. Application of carbon FRP composite for Assembly 1: (a) Bonding agent application, (b) FRP composite sheet application.
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Fig. 8. Strain gauge rosette readings on FRP composite to determine optimal
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were configured at ±45 degrees for all
subsequent tests. In addition, the num
ber of FRP composite layers was re
duced to avoid any possible failure of
the supports.

Assembly 2

Two 16 x 24 in. (406 x 610 mm)
carbon fiber sheets, configured in a
“butterfly” shape similar to that shown
in Figs. 3 and 6, were placed at an
angle of ±45 degrees. For this connec
tion, 48k fibers were used.

At the 30 kip (133 kN) load step, the
carbon fiber sheets on the left connec
tion began to delaminate from the con
crete surface and fail in compression.
At a lateral load of 36.1 kips (160 kN),
delamination of the connection oc
cuffed and continued until the whole
left connection completely delami
nated (see Fig. 9). An adhesive type of
failure occurred at the interface be
tween the bonding agent and the con
crete surface.

This failure started at the corner of
the V-intersection of the fibers. Fig.
9(a) shows the FRP composite plate
after it was cut at the wall interface
and turned over to expose the surface
of the FRP composite. Fig. 9(b) shows
the condition of the concrete under
neath the FRP composite plate of Fig.
9(a); the outline of the FRP composite
shear connection is shown by the dot
ted line in Fig. 9(b).

The direction of the lateral load im
posed by the steel belt is shown in Fig.
9(b). Due to the rotation of the con
crete panels, which was allowed by
the test setup, both vertical shear and
horizontal tension-compression were
applied on the connection [see Fig.
9(b)]. Very little concrete was bonded
to the FRP composite plate due to the
adhesive failure of the bonding agent;
this type of failure should be avoided.

Assembly 3

For this wall assembly, 12k carbon
fiber fabric was used with rectangular
connection dimensions of 15 in. wide
and 22 in. high (381 x 559 mm), for a
contact area of 330 sq in. (0.22 m2).
The four layers of carbon fiber sheets
were rectangular in shape, similar to
Assembly 1 shown in Fig. 7(b), and
placed on the wall assembly at an

angle of ±45 degrees from the hori
zontal.

At 20 kips (89 kN), the carbon fiber
sheets on the left connection began to
delaminate from the concrete surface.
Delamination continued until com
plete failure occurred at the left con
nection at 23 kips (102 kN); the right
connection failed shortly thereafter.
The failure mode was cohesive con
crete failure.

The FRP connection failed rela
tively early compared to other tests.
This was expected because of the
fewer number of layers used (two-
thirds that of Assembly 1) and the
smaller surface area of the connection
(43 percent of Assembly 1).

Assembly 4

In this test, 48k tow carbon fiber was
used for the FRP composite connec
tions. Two layers of carbon fiber sheets
were placed on the wall panel assembly
at an angle of ±45 degrees in the “but
terfly” shape (see Figs. 3 and 6).

The connection dimensions were 16
x 48 in. (406 x 1219 mm), for a con
tact area of 896 sq in. (0.58 m2) per
connection.

Tensile failure of the concrete at the

LATERAL
LOAD

INTERNAL
FORCES

lower right 2 in. (51 mm) pin support
occurred at 35.1 kips (156 kN). Fail
ure occurred due to insufficient rein
forcement of the concrete at the
pinned support. This failure mode was
similar to that of Assembly 1.

Assembly 5

The fifth wall assembly was not
tested with FRP composite shear con
nections because the concrete around
the pin supports failed during testing
of the welded steel edge connections.
In subsequent tests for both welded
steel connections and FRP composite
shear connections, the outer wall pan
els were reinforced with FRP compos
ite sheets at the lower left and right
corner near the 2 in. (51 mm) pins, in
an effort to prevent premature failure
of the concrete at these locations and
early termination of the test.

Assembly 6

The details of the FRP composite
shear connection were similar to As
sembly 4, in the “butterfly” shape, ex
cept that the connection width was 23 x
34 in. (584 x 864 mm), for a total con
tact area of 1046 sq in. (0.68 m2) per

:

(b)

Fig. 9. Adhesive mode of failure in the bonding agent for Assembly 2.
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Fig. 10. FRP composite connection
following adhesive resin failure of
Assembly 6.

connection (see Fig. 3). The FRP com
posite was applied directly to the wall
panel surface after it had been cleaned
with a wire brush and vacuumed.

This assembly was the only one for
which the concrete surface was not
prepared with water jet; further, no
bonding agent was used, but rather a
layer of resin was applied to the con
crete surface. This was done to evalu
ate the performance of the FRP com
posite connection with an inferior
surface preparation.

Early in the loading steps, the FRP
composite began to lift from the
panel’s concrete surface at the central
area of the FRP shear connection in a
zig-zag configuration, as shown by the
dotted lines of Fig. 10; these lines
were determined by tapping the FRP
composite with a coin. When the FRP
composite peeled off the concrete sur
face, a hollow sound could be heard.

The FRP composite eventually
began to fail in compression due to
debonding of the FRP composite from
the concrete surface. This debonding
action continued until the left connec
tion failed completely, as shown in

the gap.

Fig. 10. The lateral load, 15.5 kips (69
kN), was the smallest of any wall as
sembly, which demonstrates the im
portance of surface preparation for the
FRP composite connection. This fail
ure mode was an adhesive failure in
the resin.

Assembly 7

The details of the FRP composite
shear connection were similar to As
sembly 4. The configuration was a
butterfly shape, with connection di
mensions of 22 x 34 in. (559 x 864
mm), for a total contact area of 990 sq
in. (0.64 m2) per connection. Strain
gauges were configured similarly to
the gauges shown in Fig. 3.

The strain gauges were placed in
the fiber direction and spaced 1 in.
(25 mm) apart (see Fig. 3). The strain
in the fibers was highest near the gap
between the walls. Gauge Gi indi
cated a strain of 1500 microstrain,
which gradually decreased to 100 mi
crostrain in Gauge G5. This length of
approximately 5 in. (127 mm) corre
sponds to the bond length required to
develop the strength of the connec
tion. The strain distribution was ap
proximately exponential, as shown in
Fig. 11.

The strains in the fiber direction
measured by Gauges V2, V3, and V4,

which were offset vertically, were ap
proximately the same as the strain in
Gauge Vi directly above them. This
behavior suggests that the strength of
the connection is proportional to the
vertical height of the FRP composite
in the connection, which was also sub
stantiated from strain measurements
from the other tests.

At 44.4 kips (197 kN), the FRP
composite sheets on the right connec
tion began to delaminate from the con
crete surface, and the FRP composite
shear connection failed. This was the
first time a failure occurred in the FRP
composite, and it occurred after a co
hesive concrete failure had taken
place.

Assembly 8

The details of the carbon FRP com
posite shear connection were identical
to those of Assembly 7. At 34.8 kips
(155 kN), the carbon FRP composite
sheet on the right connection began to
delaminate from the concrete surface.
Delamination began at the top of the
left side of the connection and propa
gated down toward the bottom. This
behavior occurred because placement
of the wall panels was not even, mak
ing stress concentrations inevitable.
The failure mode was a cohesive con
crete failure.
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Fig. 11. FRP composite strain distribution of Assembly 7 as function of distance from
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Fig. 12. Strain gauge readings for left connection of Assembly 9.

Assembly 9

The details of the surface prepara
tion, the FRP composite shear connec
tion, and the strain gauge orientation
were identical to those of Assemblies
7 and 8. At 35.3 kips (157 kN), the
carbon FRP composite sheets on the
left connection began to delaminate
from the concrete surface.

Delamination started at the left con
nection until the FRP composite sheet
completely delaminated from the con
crete surface. This failure mode was a
cohesive concrete failure, similar to
that of Assemblies 7 and 8. The strain
gauge readings from the left connec
tion are shown in Fig. 12. The notation
for the strain gauges is identical to that
shown in Fig. 2. The FRP composite
at the left connection experienced a
sudden strain increase up to 1.2 per
cent just before the cohesive concrete
failure of the connection; this was
probably due to localized stress con
centrations.

The hysteresis loops for the ninth
wall assembly, shown in Fig. 13, are
stable but narrow, which indicates that
the connection did not absorb suffi
cient energy to exhibit ductile behav
ior. The behavior shown in Fig. 13 is
typical of the hysteresis loops for all
wall assemblies that were tested.

Assembly 10

The details of the surface prepara
tion, the FRP composite shear connec

tion, and the strain gauge orientation
were identical to those of Assemblies
7, 8, and 9, except that the connection
width was 27 in. (686 mm), rather
than 22 in. (559 mm). The vertical
connection height remained 34 in.
(864 mm), for a total contact area of
1283 sq in. (0.83 m2).

At the 30 kips (133 kN) load step,
the carbon FRP composite sheets on
the left connection began to delami
nate from the concrete surface. At
33.1 kips (147 kN), the FRP compos
ite completely delaminated from the

Fig. 13. Hysterisis curve for Assembly 9.

concrete surface at the left connection.
This failure mode was a cohesive con
crete failure.

GENERALIZED BEHAVIOR
OF RETROFITTED SHEAR

CONNECTIONS
As demonstrated by the poor behav

ior of Assembly 6, surface preparation
is extremely important. That wall as
sembly surface was prepared only by
wire brushing, and failure occurred in
an adhesive failure mode in the resin.
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Fig. 14. Force-displacement behavior of Assemblies 4, 6,7,8,9, and 10.

on the effective bond length of the
FRP composite and the required bond
area.21

The results presented in this paper
are the first of a series of studies on the
subject of FRP composite shear con
nections. Subsequent studies have been
carried out which have developed the
FRP shear connection further by study
ing such effects as number of concrete
panels, out-of-plane bending, use of
adhesive anchors, and variations of the
FRP composite shear connection size,
number of layers, and location. These
studies are currently being developed
into design recommendations.22

PRACTICAL IMPLICATIONS
When the cohesive concrete failure
mode occurred, after application of the
water jet, the depth of the concrete
that was peeled off the wall panel was
much larger than the adhesive failure
mode in the resin or bonding agent.
The depth of the concrete that was
peeled off the wall panel by the FRP
composite plate ranged from 1/12 to 3/4

in. (2 to 19 mm) in the cohesive con
crete failure mode.

The corresponding maximum strain
in the FRP composite ranged from
0.24 to 0.78 percent, which is less than
the ultimate tensile strain of the FRP
composite, which ranged between 1.33
and 1.36 percent. The results for As
semblies 3, 7, 8, 9, and 10 suggest that
one possible way to improve the FRP
composite shear connection is to in
stall mechanical anchors at selected lo
cations of the connection, which would
prolong the onset of cohesive failure of
the concrete.

An envelope of the force-displace
ment behavior of representative wall
assemblies is shown in Fig. 14. It is
apparent that the behavior is linear up
to failure. According to the FEMA
273 Guidelines,1’the design of the
FRP composite shear connection must
be based on behavior governed by a
force-controlled action.

For the welded steel connec
tions,’5’7the ultimate lateral force on
the wall assembly to failure ranged
from 28.1 to 35 kips (125 to 156 kN).
For the FRP composite connections
with the water-jet surface preparation,
the ultimate lateral force to failure

ranged from 23 to 44.4 kips (102 to
197 kN). Note that the capacity of the
FRP composite connections was lim
ited by the test setup configuration. In
particular, the lateral load at failure for
Assemblies 1 and 4 might have been
considerably higher.

The ultimate lateral displacement of
the wall assembly for welded connec
tions ranged from 0.53 to 0.80 in. (13
to 20 mm), whereas for the FRP com
posite connections with the water jet
surface preparation it ranged from
0.52 to 0.71 in. (13 to 18 mm), which
indicates that both connections are
nonductile and should be designed as
force-controlled elements.

Strain measurements on the FRP
composite connection have shown that
the vertical stress distribution in the
carbon fiber connection is approxi
mately uniform. The strength of the
FRP composite connection is thus pro
portional to the vertical dimension of
the FRP composite sheet — that is, the
load-carrying capacity is linear with
respect to the dimension of the FRP
composite parallel to the shearing
plane [the 34 in. (864 mm) dimension
shown in Fig. 3].

Hence, FRP composite shear con
nections could be designed for higher
lateral loads by applying FRP com
posite sheets on a larger vertical
length than what was used in the pre
sent tests. It is also important to con
sider the horizontal dimension of the
FRP composite. The connection must
be sufficiently wide to fully develop
the strength of the fibers and depends

In this investigation, the FRP com
posite connections failed in three dis
tinct modes: cohesive concrete failure,
which is a substrate failure in the con
crete and was the most frequent failure
mode, adhesive failure of the bonding
agent, and adhesive failure of the
resin, which occurred only for the
wire-brushed panels.

The strength of the FRP composite
shear connection with the cohesive
concrete failure mode depends on the
vertical length of the FRP composite,
the number of FRP composite layers,
the area of the connection, the surface
tension strength of the concrete, the
effective bond length of the carbon
fibers, and the concrete surface condi
tion. The other two adhesive failure
modes can be prevented if the con
crete surface is prepared properly.

The water-jet surface preparation
provides a superior bonding surface
for both strength and economy. It is
important that the on-site surface
preparation be monitored and in
spected. In this study, the butterfly-
shaped connection showed a tendency
to develop stress concentrations;
therefore, the use of a rectangular-
shaped connection is recommended.

The experimental behavior of the
FRP composite connection is linear up
to failure, which is sudden and brittle.
However, one could design for this type
of linear behavior in seismic retrofit by
following the FEMA 273 Guidelines
for a force-controlled action.

The use of mechanical anchors
could improve the cohesion strength
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of the concrete and thus increase the
strain at failure of the FRP composite,
and the capacity of the connection.
Both welded steel plate15 and FRP
composite connections are non-ductile
and should be designed as force-con
trolled elements.

The significant difference between
the welded steel plate and FRP compos
ite connections is that the latter can be
made sufficiently strong to withstand
large earthquake loads. The capacity of
the FRP composite connection could be
increased significantly, compared to a
currently used welded connection, by
providing a longer vertical length of
FRP composite connection.

Design guidelines for FRP composite
shear connections are currently under
development. The basic steps include:
(1) determining the force demand in the
connection, (2) providing sufficient
bond length and bond area for the FRP
composite connection, and (3) design
ing the connection dimensions based on
the FRP composite allowable strain,
which in turn is based on the FRP com
posite material properties.

The results of this experimental
study can be extended to FRP com
posite shear connections between hori
zontal panels in floor and roof di
aphragms. In addition, instead of the
dry lay-up FRP composite used in this
study, the use of pre-impregnated fiber
reinforced polymer composite material
should be considered.

CONCLUSIONS
A carbon FRP composite shear con

nection was investigated for the possi
ble seismic retrofit and rehabilitation

of precast concrete wall panel connec
tions. Based on the results of this in
vestigation, the following conclusions
can be drawn:

1. The FRP composite laminate suc
cessfully restored the shear connection
between damaged concrete wall pan
els. For certain FRP composite lami
nates and lay-ups, the original shear
capacity provided by the welded loose
plate connections was increased be
tween 17 and 40 percent; however, it
should be noted that this increase
could be much higher in actual struc
tures because in the experiments the
limiting condition was support failure
rather than failure of the FRP compos
ite connection.

2. Provided that there is adequate
surface preparation, such as high-pres
sure water jet with application of a
bonding agent, a cohesive concrete
failure mode can be achieved at rela
tively high FRP composite strain lev
els. Wire brushing is not an effective
surface preparation procedure for this
application.

3. The design of such an FRP shear
connection to resist a target shear
force can be achieved by using equa
tions from classical lamination theory.
Several commercial and educational
software programs are available that
can assist the designer in this task.

4. The capacity of the FRP compos
ite shear connection depends on the
FRP composite laminate — that is, the
vertical length of the FRP connection,
fiber type and orientation, lay-up, and
number of plies — and on the concrete
surface tension capacity and surface
preparation. As expected, the heavier
[+45, —45j carbon FRP composite

laminate with a large surface connec
tion area resulted in the highest lateral
load resistance.

5. The butterfly-shaped connections
developed higher stress concentrations
than the rectangular-shaped connec
tions, and hence the latter are pre
ferred. Furthermore, for architectural
reasons the FRP composite shear con
nection was applied to only one side
of the wall (the same side as the
welded connection). If there is a re
quirement for higher shear resistance,
both sides could be considered in the
design of the FRP composite shear
connection. Finally, instead of the dry
lay-up FRP composite used in this
study, the use of a pre-impregnated
fiber reinforced polymer composite
material should be considered.
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