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Abstract

Retrofitting with fibre reinforced polymers (FRP) to strengthen and repair damaged structures is a relatively new technique. In
an extensive research program underway at the University of Toronto, application of FRP in concrete structures is being investigated
for its effectiveness in enhancing structural performance both in terms of strength and ductility. The structural components tested
so far include slabs, beams, columns and bridge culverts. Research on columns has particularly focussed on improving their seismic
resistance by confining them with FRP. All the specimens tested can be considered as full-scale to two-third scale models of the
structural components generally used in practice. Results so far indicate that retrofitting with FRP offers an attractive alternative
to the traditional techniques. In many circumstances, it can provide the most economical (and superior) solution for a structural
rehabilitation problem. Selected results from experimental and analytical research are presented in this paper.Elsevier
Science Ltd. All rights reserved.
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1. Introduction polymers (FRP) may provide a more economical and
technically superior alternative to the traditional tech-
Repair and retrofitting of existing structures have niques in many situations. The FRPs are lighter, more
become a major part of the construction activity in many durable and have higher strength-to-weight ratios than
countries. In large part, this can be attributed to aging traditional reinforcing materials such as steel, and can
of the infrastructure, and increased environmental aware-result in less labour-intensive and less equipment-inten-
ness in societies. Some of the structures are damaged byive retrofitting work.
environmental effects which include corrosion of steel, |n this paper, the use of FRP for the retrofitting of
variations in temperature, freeze-thaw cycles and peams, slabs, walls and columns is investigated. Tests
exposure to ultra-violet radiation. There are always casesgn near full-size models of wall-slabs, beams and col-
of construction-related and design-related deficiencies mns were carried out to evaluate the beneficial effects
that need correction. Many structures, on the other hand,of ysing external FRP reinforcement. Wall-slab speci-
need strengthening because the allowable loads havgnens were repaired to improve their flexural resistance,
increased, or new codes have made the structures subghie peam specimens were retrofitted for shear
standard. This last case applies mostly for seismiC gnhancement [1]. These tests were inspired by the dam-
rﬁglonr?, leere new standards are more comprenensive,yo g stained by a two-year old multi-storey concrete
than the old ones. . structure. The column specimens were tested under
Tradl_tlpnal retrofrgtmg techniques that use steel and simulated earthquake loads [2]. Although the extensive
cementitious ma?erlals do not alwgys _offer t_he MOSE st program included a large number of specimens, the
appropriate solutions. Retrofitting with fibre reinforced results from only a select group of different types of

specimens are presented here, due to space limitations.
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2. Experimental program
2.1. Specimens

Near full-scale models of wall-slab specimens, beams
and columns were tested under realistic loads. The criti-
cal section in the wall-slab specimens was subjected to
pure flexure, while the beam test was shear-critical. The
column specimens were tested to evaluate the perform-
ance of the plastic hinge region under cyclic shear and
flexure while simultaneously subjected to a constant
axia load.

2.2. Wall-slab specimens

Each of the three wall-slab specimens was 250 mm
thick, 1200 mm wide and 2100 mm long, and rep-
resented a full-scale model of afloor slab or a foundation
wall (Fig. 1). Reinforcement in the direction of span con-
sisted of 4-10M (100 mm?) bottom bars and 3-10M top
bars. Transverse reinforcement was provided by 5-10M
top and bottom bars. Small steel plates (40x25 mm) were
welded to the ends of the longitudinal bars to ensure
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Fig. 1. Wall-slab specimen details and loading.

anchorage. Each wall-dab specimen was instrumented
with 15 electric strain gauges on the longitudina bars.
Since two of the three specimens were to be repaired
with FRP, it was decided to grind the bottom surfaces
to yield a smooth, clean surface to ensure good bond
between the concrete and the FRP.

2.3. Beam specimens

Fig. 2 shows the dimensions and reinforcement details
of the two beam specimens in which the test section was
1000 mm deep and 550 mm wide. Test loading is aso
shown in the figure. The beams in the actual building
framed into walls. This was simulated by building a
haunched region and increasing the amount of reinforce-
ment for that half of the beam. As a result, shear failure
was expected in the shallower part of the beam similar
to that observed in the field. Each beam specimen con-
tained 21 electric strain gauges on longitudinal and trans-
verse steel. The casting was carried out in two steps. In
the first step, the beam was cast without the haunch.
Three days later, the haunch was constructed.

2.4. Column specimens

Each of the eight column specimens consisted of a
356 mm diameter and 1470 mm long column cast inte-
graly with a 510x760x810 mm stub (Fig. 3). All col-
umns were tested under lateral cyclic loading while sim-
ultaneously subjected to constant axia load throughout
the test. Each column contained six 25M (500 mm?)
longitudinal steel bars, and the spirals were made of
US#3 (71 mm?) bars. The reinforcement for the stub
consisted of 10M (100 mm?) horizontal and vertical stir-
rups at 64 mm spacing. The design of the specimens
aimed at ensuring that failure occurred in the potential
plastic hinge region of the column (i.e. within a distance
of 800 mm from the face of the stub), by reducing spira
pitch outside the test region. All the specimens were cast
together in the vertical position.

The first group of column specimens consisted of
steel-reinforced columns S-INT, S-2NT, S-3NT and S
ANT. Specimens S-ANT and S-2NT contained the
amount of spiral reinforcement which satisfied the ACI
and Canadian code provisions [3,4] for seismic resist-
ance, whereas specimens S-3NT and S-4NT contained
much less spiral reinforcement. These four control col-
umns were tested to failure to establish the standard
behaviour against which columns retrofitted with FRP
could be compared. The second group consisted of four
columns ST-2NT to ST-5NT which contained the same
amount of spira reinforcement as specimens S-3NT and
SANT, but were strengthened with GFRP or CFRP
before testing. Each specimen had 18 strain gauges
installed on longitudinal bars, and 6-9 strain gauges on
the spiral. In addition, 24 linear variable differentia
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Fig. 2. Details of beam specimens. (a) Cross section and reinforcement details. (b) Zone of FRP-repair.
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Fig. 3. Column specimen.

transducers (LVDTs) were used to measure deflection
and deformation in the core of the columns.

2.5. Materials

TYFO FIBERWRAP system was used for retrofitting.
The epoxy was prepared by mixing two components as
suggested by the manufacturer. The carbon or glass fab-
ric was saturated with the epoxy, and a layer of epoxy
was also applied to the surface of the specimen. The
saturated fabric was then applied to specimens, with
fiber orientation in the appropriate direction. Fig. 4
shows a typical FRP test coupon and the tensile behav-
iour of the three types of FRP employed. Since the thick-
ness of composite depends on the amount of epoxy used,
strength is represented as a force per unit width instead
of stress.
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Fig. 4. Tensile characteristics of FRP.
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Ready-mixed concrete, with specified compressive
strength of 30 MPa and 20 mm maximum size coarse
aggregate, was used. Development of concrete strength
with age was monitored by testing two or three cylinders
at one time. The strength of concrete in wall-slab speci-
mens varied between 48.4 and 53.9 MPa, while in the
two beam specimens it was 44.7 and 45.7 MPa. Cylinder
strength for concrete in the columns ranged between 39
and 45 MPa.

Deformed bars were used in all the specimens. US #3
bars (71 mm?) were of grade 60 stedl, while grade 400
steel was used for Canadian sizes 10M (100 mm?), 25M
(500 mm?) and 30M (700 mm?). Fig. 5 shows the stress—
strain curves for the steel bars used in the test program.

3. Testing
3.1. Wall-dlab specimens

The three wall-slab specimens were tested under
deformation control in a2700-kN universal MTS testing
machine (Fig. 6). Two line loads were applied to the
specimens (simply supported at two ends) to produce
flexural cracking similar to that observed in the field.
Two curvature meters and three LVDTs were also used
to measure deformations during loading, in addition to
the strain gauges installed on the steel cages. The cracks
(as they developed under 1oad) were monitored in speci-
men Walll to determine the point at which the other
two specimens (Wall2 and Wall3) would be repaired.
Specimen Wall1 failed in flexure at a total load of 193
kN.

Specimen Wall2 was initially loaded to 135 kN. The
average strain at the centre of the bottom flexural steel
was 3.3x10 2 at this stage. Two flexural cracks had for-
med at this load. The crack widths at various locations
varied between 0.3 and 0.7 mm at the bottom of the slab,
with an average width of about 0.4 mm. These cracks
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Fig. 5. Stress—strain characteristics of steel.

Fig. 6. Wall-dab specimens 1, 2 and 3.

were similar to the ones measured in the field. As a
result, the displacement was maintained at this level
while the repair was carried out with carbon FRP com-
posite. All externa instrumentation was removed in
order to apply the fabric. Three strips of fabric approxi-
mately 600 mm in width were used, as shown in Fig. 7.
The outer strips of fabric were folded and bonded to
the sides of the specimen to eliminate premature FRP
separation from the concrete. In the field, sufficient
anchorage length was available to develop the full
strength of the FRP. The epoxy was allowed to cure for
three days, during which the load fell to about 115 kN
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Fig. 7. Details of FRP retrofitting of wall-sab specimens.

under constant displacement. At the end of thistime, the
external instrumentation was re-applied and the load was
increased until the specimen failed in shear at aload of
478 kN, with large inclined cracks and delamination of
the CFRP.

The third specimen (Wall3) was tested the same way
as specimen Wall2, except that glass FRP was used for
repair. The behaviour of specimen Wall3 was similar to
that of Wall2, but shear failure occurred at an applied
load of 422 kN.

3.2. Beam specimens

A single point load was applied on the haunched por-
tion to test the beam and produce cracking similar to
that encountered in the field. External instrumentation
consisting of linear variable differential transducers was
used to obtain information about the shear strain and the
deflection profile as the test progressed.

The first specimen, Beam1, was considered as a con-
trol specimen against which the performance of the FRP-
retrofitted beam was to be measured. Fig. 8 shows the
tested Beaml. As the load was increased, several shear
cracks appeared and were monitored to determine the
similarity of distress between the specimen and the
beams in the building. At a load of 1600 kN, crack
widths exceeded 2.0 mm; the beam failed in a brittle
manner at aload of 1700 kN, corresponding to a deflec-
tion of 14 mm. This mode of failure is typical of large
beams that are shear-critica and contain very light
shear reinforcement.

The specimen Beam2 was loaded to 1180 kN when
five diagonal cracks, ranging in width from 0.2 to 0.8
mm, were observed. The average tensile strain at the
centre of the bottom flexural steel was approximately
1.5x1072 at this stage. The crack pattern and the crack
widths appeared similar to what was observed in the
beams of the building. As a result, the displacement
imposed on the beam was maintained while the repair
procedure was initiated by removing all the externa
instrumentation. Three strips of fabric, each approxi-
mately 610 mm in width, were wrapped around the
specimen in the damaged zone (Fig. 2). The specimen

Fig. 8. Specimens beam 1 and 2 at failure.

remained under load for three days for the duration of
repair and curing of epoxy. The load during this time
dropped from 1180 kN to approximately 1000 kN. After
re-installing the instrumentation at the end of this time,
the loading was re-commenced. The specimen was
unloaded a few times to either readjust various instru-
ments to capture large deformations, or to strengthen the
haunched portion of the beam under the load point
(which showed signs of concrete failing). The maximum
load reached in this beam was 2528 kN, corresponding
to a deflection of 143 mm. The final failure was caused
by the rupture of carbon fabric at a top edge close to



874

the applied load as shown in Fig. 8. Before the repair
was carried out, the sharpness of the edges was some-
what reduced by dight grinding. A well-rounded edge
perhaps would have eliminated this type of CFRP rup-
ture.

3.3. Column specimens

The test setup is shown in Fig. 9. A hydraulic jack
with a capacity of 4450 kN was used to apply the axial
load, and the cyclic lateral load was applied by an MTS
actuator having 1000-kN load capacity and £150 mm
stroke capacity. Prior to testing, each specimen was
aligned both vertically and horizontally, until the centre-
line of the column coincided with the line of action of
the axial load. All the specimens were subjected to cyclic
lateral displacement while simultaneously carrying a
constant axial load throughout the test. The lateral load
sequence, shown in Fig. 10, consisted of one cycle to a
displacement of 0.754,, followed by two cycles each to
A,, 24,, 3A; and so on, until the specimen was unable
to maintain the applied axia load. The deflection para
meter A, was defined as the lateral deflection corre-
sponding to the maximum lateral load along a line that
represented the initial stiffness of the specimen, asillus-
trated in Fig. 10.

In all the ‘'S series column specimens (Group 1), the
most extensive damage was concentrated in the column
at about 295-350 mm from the stub face. During the last
cycle, buckling of longitudinal bars was observed, which

SA. Sheikh/ Engineering Structures 24 (2002) 869-879

indicated the commencement of failure. Spiral steel frac-
tured in specimens S-INT and S-2NT, and brought about
the termination of the tests. However, in specimens S
3NT and S-4NT, spira reinforcement did not yield. For
the ‘ST’ series specimens, separation of fabric from con-
crete along the circumference was observed within the
hinging zone, as indicated by a change in FRP color,
during the fourth or fifth cycle when the concrete
crushed. As the applied displacement increased, this sep-
aration of the FRP wraps extended for a distance of 200—
400 mm from the stub.

During the wrapping of the FRP, the fabric was weak-
ened by the extruded LVDT bars, which could cause
premature rupture of the composite. To avoid this type
of failure, one additional FRP strip of 75 mm width was
installed along the extruded LVDT bars on all the speci-
mens reported here. The most extensive damage for all
the columns with FRP wraps occurred at about 250-300
mm from the stub face, which is aso the location of the
first fiber rupture. Failure for all specimens was domi-
nated by flexural effects. No cracking was observed in
the stub in any specimen.

4, Results and discussion
4.1. Wall-dabs

The load vs maximum-deflection curves for the three
specimens are presented in Fig. 11. Although the use of

4 High-strength rods

[ |
7
. . \ 478 m
] MTS
Stiffeners I actuator
~1.04 m 201m——
’| 2 High strength
i - /dymdag bars
L I 7 - [T
Axial Hydraulic Hinges ,J&_uLL High strength Lolelad
load \\ jack | r——= . threaded rods | ©®
level = ] ,h‘ d s E————= =
T = | 4 2 Nl e & 287m
(4450 kN) - LIl specimen .
114 m TTr 305x305x1473mm
: s B Y 0 ple
vtu'a'n— i
FITTTTT 77T 7777777 Tr 777777777 ////_4:’///////1/// 7777 //////////_ _/// FITTT7 7777777777777 7
} 7.52m

Fig.9. Test setup for columns.



SA. Sheikh/ Engineering Structures 24 (2002) 869-879 875

(=]
[
|
|
|

H
T
I
|

ANAAN

BN

e e
a

N

DEFLECTION A/A1
N~

a N

T

|

|

|

|

|
—

)
—
—
—

=Y v \/

[
|
I
|

»

LATERAL LOAD

A1
S LATERAL DEFLECTION

LOADING CYCLE

Fig. 10. Specified displacement history.

500

478 kN » wal 2, CFRP Repaired

400 3 _~422kN
z _~"Wall 3, GFRP Repaired
a S
2 00
o 4
3 i
:tl 200— / Wall 1, Control Specimen
5 f 193 kN
l—

100

0 ! 1 ! 1 1 1 1
0 5 10 15 20 25 30 35 40

CENTRAL DEFLECTION (mm)

Fig. 11. Load—deflection behaviour of wall-slab specimens.

FRP resulted in a substantial (119% for GFRP and 148%
for CFRP) increase in the ultimate capacity of the slabs,
the full potential of FRP was not realized in the repaired
dabs. The external FRP reinforcement was aimed at
maximizing the enhancement in the flexural capacity of
the slabs without causing premature bond failure of FRP
or its peeling off the concrete surface. The load corre-
sponding to the shear capacity was much lower than that
for the enhanced flexural capacity. The failure in both
repaired dabs was, therefore, caused by shear.

From the available analytical procedures, the
moment—curvature responses of the three wall-slab
specimens were developed. In addition to hand calcu-
lations, a computer program RESPONSE developed at
the University of Toronto by Bentz [5], was also used
to calculate the response. For Walll, hand calculations
were performed without tension stiffening effects as well
as with a tension-stiffening factor of 0.5. As shown in
Fig. 12, the yield and the ultimate moment capacities are
better predicted by ignoring the tension stiffening factor.
Program RESPONSE automatically adjusts for the effect
of tension stiffening, based on the information provided.

In the repaired specimens, the initial curvature at the
time of repair was considered in the analysis by alowing
for the initial strains in the slab section. The analytical
moment—curvature curves from RESPONSE shown in

Fig. 12 simulate the experimental behaviour reasonably
well up to the point when both specimens failed in shear.
The analytical curves are shown up to a point where
a quick drop in load was observed. Table 1 shows the
experimental and analytical failure loads and moment
values. For Wall1, the analytical moment capacity was
determined by hand calculations using the code pro-
visions [3,4]. The analytical values for repaired speci-
mens Wall2 and Wall3 are based on the shear capacity
calculated according to the general method of the Canad-
ian Code [4].

4.2. Beams

The load—deflection curves for the two beams are
shown in Fig. 13. Whereas Beaml failed in shear at a
load of 1700 kN, Beam? retrofitted with CFRP had an
ultimate capacity of 2528 kN and failed in flexure. The
maximum deflection at failure in the origina beam was
14 mm under the load point, which increased to 143 mm
in the repaired beam. The energy dissipation capacity of
the repaired beam was more than 2600% of that of the
origina beam. The failure load for the control beam,
based on the shear capacity calculated from the Canadian
Code [3], was 1095 kN for the General Method and 1167
kN for the Simplified Method. The beam capacity calcu-
lated from the ACI Code [1] equationsis 1561 kN. Load
estimates from both codes were conservative. The shear
span—depth ratio of the beam was approximately equal
to 2.0, which may have contributed to the development
of compression struts after significant cracking had
occurred (and hence to the larger shear capacity
observed in the test).

In the application of code equations to predict the
shear capacity of the repaired beam, the carbon fabric
was considered as a series of equivaent stirrups. The
shear failure load based on the General Method of the
Canadian Code [3] was 5245 kN. The shear capacity
from the ACI Code [1] and the Simplified Method of
the Canadian Code [3] was 4985 kN. The beam, how-
ever, failed in flexure at aload of 2528 kN. The analyti-
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Table 1
Load and moment values at failure in wall-slab specimens
Specimen Experimental Analytical Failure mode
Load (kN) Moment (KN-m) Load (kN) Moment (KN-m)
WALL1 193 62.7 182 59.1 Flexure
WALL2 478 155.4 484 157.3 Shear
WALL3 422 137.2 430 139.8 Shear
cal moment—curvature response of the beam section sub- 4.3. Columns

jected to the maximum moment is shown in Fig. 14
along with the behaviour obtained from the test. The two
curves agree quite well. It should be noted that the ana-
Iytical flexural response in Fig. 14 is unaffected by the
presence of FRP.

The column section adjacent to the stub was subjected
to the maximum moment, but failure in all the columns
initiated at a location 200400 mm away from the stub.
A few representative column failures are shown in Fig.
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15. The additional confinement provided by the stub
strengthened the critical section, such that failure took
place at a location of lesser moment away from the stub.
The moment—curvature responses of the most damaged
column sections are presented in Fig. 16 for the eight
columns. A number of variables can be examined by
comparing different specimens.

Anincrease in axia load from 0.27P, in specimen S
2NT to 0.54P, in specimen S-INT resulted in reduced
ductility and deformability of the column. The energy
dissipation capacity of the section under lower axial load
is approximately seven times that of the section under
high axia load. It should be noted that columns in speci-
mens S-INT and S-2NT were designed according to
seismic provisions of the ACI and Canadian Codes [3,4].
Although the test results show that the amount of con-
fining reinforcement should be larger for higher axial
loads in columns, the required amount of confining
reinforcement is not a function of the level of axial load
in these codes. The effect of the amount and spacing of
spiral reinforcement can be examined by comparing the

behaviour of specimen S-INT with that of S-3NT, and
the behaviour of S-2NT with that of S-4NT. An increase
in the amount of spira reinforcement provides higher
confining pressure, and the reduced spiral pitch improves
the stability of the longitudinal bars, thus resulting in
more ductile behaviour of the columns. Energy dissi-
pation capacity of the columns with more spird
reinforcement and reduced pitch is orders of magnitude
larger than that of specimens with smaller amount of
spiral steel placed with larger pitch.

The effectiveness of FRP in strengthening deficient
columns can be evaluated by considering two sets of
specimens. The first set includes specimens S-INT, S
3NT, ST-2NT and ST-3NT tested under an axial load of
0.54P,. Specimen S-3NT was similar to specimens ST-
2NT and ST-3NT in all respects, except the lack of FRP.
Comparison of the behaviour of these three specimens
shows the remarkabl e beneficia effects of FRP wrapping
on strength and ductility of columns. While S-3NT failed
during the fifth load cycle (maximum displacement of
34,), specimens ST-2NT and ST-3NT, retrofitted with
two layers of GFRP and one layer of CFRP respectively,
were able to sustain 12 load cycles with a maximum
displacement of 64, and 11 load cycles with a maximum
displacement of 5A,, respectively. Both the retrofitted
specimens showed no strength degradation. Energy dis-
sipation capacity of the critical sections of the columns
increased by a factor of about 40 due to retrofitting with
GFRP and CFRP. Behaviour of the two FRP-strength-
ened specimens was even better than that of specimen
S-INT, in which the spiral reinforcement satisfied the
seismic code provisions of the ACI and Canadian
Codes [3,4].

The second set of columns which were tested under
P=0.27P, includes specimens S-2NT, S-4ANT, ST-ANT
and ST-5NT. Specimen S-4ANT was identical to speci-
mens ST-ANT and ST-5NT in all respects, except the
lack of FRP. Similar to the first set, specimens strength-
ened with FRP displayed higher energy dissipation
capacity and strength than specimen S-4NT. The overall
responses of specimens ST-4NT and ST-5NT, retrofitted
with FRP, were similar to or better than that of specimen
S-2NT in which the spiral reinforcement was designed
according to the seismic code provisions of the codes
[3,4]. Under an axia load of 0.27P,, one layer of carbon
or glass FRP increased the energy dissipation capacity
of the section by a factor of more than 100.

From a comparison of specimens ST-3NT and ST-
ANT, it can be seen that the amount of confinement
required to produce comparably ductile behaviour of col-
umns depends on the level of axial load. Both columns
were confined to a similar degree with CFRP reinforce-
ment, but the column under larger axial load displayed
considerably less ductile behaviour. A similar conclusion
can also be drawn from a comparison of specimens ST-
2NT and ST-5NT. A two-fold increase in axia load



878 SA. Sheikh/ Engineering Structures 24 (2002) 869-879

Fig. 15. Column specimens S-2NT, ST-3NT and ST-5NT after testing.

appears to require more than twice the amount of lateral
FRP reinforcement for a comparable improvement in a
column’s ductile performance.

The results clearly indicate that a column designed
and detailed for non-seismic response can be upgraded
with relative ease with FRP wraps to match or exceed
the performance of columns designed according to seis-
mic provisions of the codes [3,4].

5. Concluding remarks

Results from testing of slab, beam and column speci-
mens have been presented. Responses of specimens
retrofitted with FRP are compared with those of the
specimens without FRP. It is concluded that retrofitting
with FRP provides a feasible rehabilitation technique for
repair as well as strengthening. FRP reinforcing was
very effective in enhancing flexural strength of the dam-
aged slabs, shear resistance of the damaged beams and
seismic resistance of columns.

Both carbon and glass composites provided significant
enhancement (approximately 150%) in flexural strength,
to the extent that failure of wall-slab specimens shifted
to the shear mode. The shear mode of failure may not
be acceptable in many cases. Caution is therefore
required to limit the increase in flexural capacity due to
FRP reinforcement. Wrapping of the large-size beam
with one layer of CFRP changed the brittle mode of
shear failure at 1700 kN to a very ductile flexural failure
at 2528 kN. Available analytical techniques, including

code equations, were found to provide reasonable esti-
mates of the capacities for the retrofitted specimens.

Use of carbon and glass wraps improved the seismic
resistance of columns in a very significant manner.
Behaviour of FRP-confined columns under simulated
earthquake loads matched or exceeded the performance
of columns designed according to seismic provisions of
the North American codes. Under an axial load approxi-
mately equal to the sections' balanced load, one layer of
CFRP or GFRP enhanced the column’'s energy dissi-
pation capacity by over 100 times. Columns designed
with typical non-seismic detaills can therefore be
upgraded economically with relative ease. FRP
reinforcement required under an axial load of 0.54P, was
slightly more than twice that needed for an axia load of
0.27P, for similar performance enhancement.
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Fig. 16. Moment—curvature responses of columns.
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