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ABSTRACT: Externally bonded Cabon Fiber Reinforced Polymer (CFRP) sheets have been successfully
applied to reinforced concrete (RC) beams and other structurd elements to increase the load carrying capacity
of such dements. The focus of this sudy is the combined effect of wet-dry environmental exposure and &tigue
on the performance of CFRP drengthened RC beam sysem with inddlation defects in the form of induced
ddaminations. The test program conssts of four CFRP sheet strengthened reinforced concrete beams, three
with induced ddlaminations between the concrete substrate and CFRP sheet and one without delaminations to
serve as a reference specimen.  Mid-span cEflection, crack widths, strains in the rebar and in the CFRP sheet as
well as ddamindion sze were measured during the course of faigue loading. The effect of ddaminaion on the
performance of CFRP srengthened reinforced concrete beams, under fatigue and wet-dry cycles, is discussed
and recommendations regarding the sze of the tolerable ddamination are made. The test results indicated that
largest delamination Sze conddered in this sudy did not affect the fatigue performance of CFRP strengthened
RC dructures hence the beams with smdler sze dedaminations were not used to sudy the effect of
ddaminations but used to invedigate the effectiveness of the repar techniques such as lgp splicing the
delamination region with new FRP shedts.

1. INTRODUCTION durability and performance of FRP sheet strengthened
RC members is a concen in cvil enginearing

Structurd elements such as beams, dabs and columns  community.  In North America and some European

may require drengthening during ther service life
period. The need for strengthening may arise due to
one or a combination of severd factors including
congruction or dedgn defects, increased load
carrying demands, change in use of dructure, seiamic
upgrade, or meeting new code requirements. Studies
have shown that Fiber Reinforced Polymer (FRP)
composites, in the form of sheets, have emerged as a
vidble, cod-effective dterndive to Sted plates or
other techniques in drengthening RC members
(Seadatmanesh 1991, Meer 1993). The principd
advantages of FRP sheets over ded plates include
high drength-to-weight ratio, corroson resstance and
flexibility in its use.  Another dgnificant advantage of
this repair technique is that overdl repar cogst in
terms of labor, materia and equipment is low and can
offst the high materid cost. However, the long-term

countries highway bridges are subjected to a variety
of harsh conditions such as de-idng sdts, moisture
and exposure to a wide range of temperatures. It is
feared that these exposures may lower the
peformance of the compodte materids and/or ther
bond to the RC dructurd dements and hence affect
the peformance of such drengthened Sructurd
elements.

This dudy examines the faigue peformance of
CFRP drengthened RC beams in the presence of
delaminations, that occur due to indalation defects,
in combination with wet-dry cycles. The
requirements of lagp splice length for CFRP sheet
under fatigue loading are dso investigated.
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2. FATIGUE AND WET-DRY CYCLESIN
HIGHWAY BRIDGES

Highway bridges ae desgned to ress faigue
loading. Fatigue can be defined as the process of
progressve and irreversble deterioration in a meterid
subjected to repetitive stresses.  Fatigue is expressed
by a paamee cdled “fatigue life’ which represents
the number of cycles needed to fal the materid under
a given repetitive load. The reasons for congdering
the effect of fdigue in the desgn of renforced
concrete sructures are very well documented in the
firsda and subsequent reports of ACI Committee 215
(ACI Committee 215).

The various dructurd dements in an RC highway
bridge are exposed to wet-dry cycles resulting from
ran and vaiabdle humidity conditions While wet-dry
cycles have little documented effect on RC structurd
dements, they may affect the bond between the
composte materids and RC dructurd eements.
Wet-dry cydes smulate the in-gtu conditions of
goplication of FRP sheets in highway bridges such as
runoff water due to a poor deck joint, deficient
drainage, traffic solashes or vaiable humidity
conditions (Yveset d. 1998).

Deamingtions usudly occur when FRP sheets are
atached to RC dructurd dements by wet lay-up
procedure.  The “ddamination”, as agpplied in this
study, is defined as the region in the strengthened RC
dructure, where there is no contact between the
concrete substrate and strengthening FRP sheet.

A dgnificant amount of research rdaed to fatigue of
reinforced concrete structures has been carried out;
but very little work has been carried out to study the
fatigue performance of FRP sheet drengthened RC
beams (Mohsen and Thomas, 1998; and Richard and
Geoffrey, 1999). No work that the authors are aware
of has been conducted to invesigate bond
performance related to inddlation defects such as
ddlaminations under the combined effect of fatigue
loading and wet-dry cycle.  This sudy investigates
this important issue on the influence of induced
ddaminations on the fatigue performance of FRP
drengthened RC beams in the presence of wet-dry
cycles.

3. RESEARCH OBJECTIVES

At present there are no guidelines available regarding
the pemissble ddamingion dzes in  FRP
drengthened RC dructures.  ACI Committee 440 has
made unpublished recommendations regarding the
gze of the deaminaions i.e. deamnations of area
less than 1300-mn? can be ignored and
delaminetions of aea greater than 16,000-mm?
should be replaced with new shedt, while the
delaminations of dimensons in between the two
limits need to be epoxy injected. It should be noted
thaa ACI Committee 440's recommendations
regarding the ddamination szes are conddered for
publication.

The man objective of this dudy is to investigate the
adaptability of the recommendations of the ACI
Committee-440 regarding the tolerable delamination
gze and examine the growth in deamination in FRP
sheet dtrengthened RC beams, when subjected to the
combined effect of faigue and we-dry cycles.
Specifications regarding lgp splice requirements for
CFRP gheets under datic loading are avalddle
(Mbrace Compodte Strengthening System  Design
Guide, 1998). This study will dso address the issue
of minimum lap splice requirement for CFRP sheet to
sudain fatigue loading.

4. DESCRIPTION OF EXPERIMENTAL
PROGRAM

Four RC beams (250x150x3100-mm) were fabricated
in the laboratory with the reinforcement configuration
illudrated in Fgure 1. The bottom flexurd
reinforcement conssted of three 9-nm diameter bars
providing a total cross section of 71-mn? and the top
flexurd  reinfforcement conssed of two 9-mm
diameter bars providing a tota cross section of 47-
m?. This quantity of sted is dightly higher than the
minimum vaue prescribed for flexura  reinforcement
by the ACI 318-99 (ACI 318). Stirrups made of 6
mm diameter rods were used a a spacing of 150-mm
to provide adequate shear reinfforcement. CFRP sheet
was used to strengthen the beams. The CFRP sheets
are 200-mm wide and 0.16mm thick and are placed
throughout the length of the beam. The dimenson of
CFRP sheet was selected to guarantee yieding of the
renforcing ded in tenson followed by concrete
crushing without the rupture of CFRP sheet at
utimate load. The test beams differed only in the
gze of the deaminations they contained; first beam
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contained delaminations of sze 150-mm in diameter,
the second beam had delaminaions of size 100-mm
in diameter and the third beam contained
ddaminations of dze 50-mm in dianeter. The
crcular ddammatlon of sgze 150-mm represented a
sze of 18241 mm? tha is dightly higher than the
worst-case delamination size of 16000 mm?. The
idea of providing three different sets of dzes of
ddamination is to invedtigate the role of dze of the
ddamination as a varidble. An additiond beam was
fabricated without delaminations to serve as reference
beam. Each of the drengthened beams was pre-
cracked prior to the ingalation of laminates.

The tes results from beam with largest delamination
gze indicated that delaminations of these Szes have
minima  effect on fatigue peformance of CFRP
srengthened RC dructures. Hence, the beams with
gndler sze ddaminations were used to invedigate
the minimum lgp splice length required for CFRP
shedts to sudtain fatigue loading.
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Figure 1. Geometric Detail s and Configuration of Test Beams

In the beams with induced ddaminations of 100-mm
and 50-mm diameter, the CFRP sheet a mid-span

was cut throughout its width. A new CFRP sheet of
width 200mm was epoxied to the exising CFRP
sheet with a lgp splice of 50-mm on one dde of the
cut and 150-mm on the other sde of the cut in the
beam contaning ddaminaion of Sze 100-mm in
diameter. A lap splice length of 75-mm on one sde
of the cut and 150-mm on the other sde of the cut
was provided in the beam containing the ddlamination
of dze 50-mm in diameter. The minimum lap splice
length required for CFRP sheets to deveop full
tensle cqoacnty under datic loading is 50-mm
(Mbrace® Composite Strengthening System  Design
Guide, 1998). To invedigate if the same lap plice
length, required under datic loading, is suficient to
withstand fatigue loading, the minimum lgp splice
length of 50-mm was selected in this study.

Indentations of 5-mm deep and 150-mm in diameter
were created a the bottom faces of the test specimens
a vaious locations adong the length of the beam.
These indentations, shown in Figure 1 (b), served as
the regions of delaminaion between the CFRP sheet
and concrete subdstrate.  After 28 days of normd
curing and drying, the bottom face of the specimens
was prepared to attach CFRP sheet. CFRP sheet was
bonded to the tenson face of the beam usdng an
epoxy resn throughout the length of the beam as
shown in Figure 1. The location of delaminations and
the position of strain gages in rebars and CFRP sheet
are shown in Figure 2.

A hollow copper tube was placed in the beam with
one of its open end in the ddamination region and its
other open end projecting out of the top surface of the
beam. This tube acted as a conduit for the passage of
sdt water to the region of dedamination. As sdt water
is more corrosve than ordinary waer and closdy
samulates the de-icing st solution gpplied on high
way bridge decks, the ddamination region was
subjected to wet-dry cycle usng sdtwater to smulate
the gStuation that occur in a highway bridge deck or
girder.
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Figure 2. Delamination and Strain Gage Position

The properties of the materid used for the fabrication
of the specimens are shown in Table 1.

Table 1. Material Properties

Material Yidd Ultimate Young's
Strength Strength Modulus

(MPa) (MPa) (MPa)

Steel rebar 358 537 2x105
CFRP sheet NA 3790 23x105

Concrete NA 34 27,770

5. TEST SETUP AND PROCEDURE

All beams were tested in three-point bending
configuration with a samply supported test span of
2750-mm. The faigue loading on beams was stopped
when dther the specimen faled or after 2 million
cycdes whichever occurred firs.  Highway bridges
experience a very low rae of faigue cydes usudly
of the order of 0.1-1 Hz depending on the location of
the bridge. Since it is impossble to duplicate the red
life faigue-loading gtuation, continuous, acceerated
fatigue tests are conducted in the laboratories. A
frequency of 3-5 Hz is practicd and high enough to
reduce the teding time, however test results involving
higher frequencies need to be carefully interpreted as
higher frequencies produce undesirable heeting of the
goecimen.  Studies indicate that frequency of loading
between 1 Hz and 15 Hz has very little effect on
faigue life of concrete and sed (ACI Committee
215). Satidics about vehicular traffic across the
world indicate that a highway bridge experiences 2
million fatigue cydes during its life period of
approximately 40 years.

A dnusoidd loading, ranging from a minimum of
10.4 kN to a maximum of 19.3 kN, at a frequency of
3 Hz was used in this sudy. The minimum and
maximum loadings corresponded to 31% and 58% of
the utimate moment carrying capacity of the beam.

The above sad loading range was chosen to smulate
the magnitude of dead load and dead load plus service
load that occurs normdly on a highway bridge deck
or girder.

While the fatigue loading was being applied, sdt-
water solution (a solution containing 15% of Sodium
chloride and 85% of water by weight) was poured
periodicaly through the horizonta copper tubes to
samulate the effect of wet-dry cycles Out of the five
delaminations present in the test specimen, three were
subjected to a combined fatigue loading and wet-dry
cycles while the other two ddaminaions were kept
al the time dry throughout the test. Static tests were
conducted at the beginning of the test and after 5000,
100000, 500000, 1000000 and 2000000 cycles.
During the pseudo datic test, the deflection at mid-
gpan was measured using LVDT and the drains in the
rebar and CFRP sheet were measured using sran
gages.  All the messured quantities, including the
load, were recorded in a computer through an
autometic data acquisition system.

The ddaminations were monitored for their growth in
gze peiodicdly usng thermogrgphy  techniques.
Thermography is a nondedtructive technique used to
detect debonds in laminates and composite structures.
Thermographic technique can be used effectively in
detecting the presence of the delamination between
concrete and FRP sheet.  Thermography uses the
principle of variaion in heat conduction property
produced by the presence of ddaminations. If the
FRP bonded concrete contaning ddamingion is
heated, the delamination area will conduct the hesat
dowly than other aess. This difference in heat
conduction property produced by the presence of
delaminations is recorded usng an infrared camera.
The infrared camera produces images of the
ddaminaion which appears as “hot spots’ on a
relatively “cool” background.

6. TEST RESULTSAND DISCUSSION

The reference beam and the beam with ddamination
sgze of 150-mm in dianeter showed adequate
dructurd performance even ater 2 million cycles.
The beam with 50-mm lap Folice length faled after
286,930 prematurdly due to the dipping and eventud
debonding of CFRP sheet in the lap splice region.
The beam with 75-mm lgp splice length completed 2
million cydes with no dameage in the lap splice
region.
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Mid-span deflection, crack width and the size of the
ddlamination region were monitored during the
course of fatigue test. The performance of each beam
in terms of diffness, crack widening with number of
cycdes and faigue life and delaminaion growth are
discussed below.

6.1 Siffness

Stiffness is defined as the dope of the load —
deflection relaionship a mid-span.  In Figure 3, mid-
goan deflection is plotted againgt the applied load
during the datic test for the reference beam. The
intid diffres and find diffness ater 2 million
cyces of faigue loading of the reference beam was
cdculated to be 136 kN/mm and 1.25 kN/mm
respectivdly. There was a diffness reduction of
approximately 8% for the reference beam.

Fgure 4 illugrates the load-deflection curve for the
CFRP grengthened RC beam with 150-mm diameter
dlamination. The diffness reduction after 2 million
cycles was gpproximately 4%.

Figure 5 illudrates the load-deflection curve of the
beam contaning 50-mm lgp splice  The diffness
reduction of this beam, after 100,000 cycles, was
dgnificant,  goproximately  40%. This  beam
experienced the highest dtiffness reduction.  As noted
previoudy, this beam faled in the lgp spolice region
after 286,930 cycles. Figure 6 iludrates the diffness
degradation for the beam with 75-mm lgp solice
length that was found to be gpproximately 13%.

6.2 Fatigue Life of lap spliced specimen

The beam repaired with a lagp splice length of 50-mm
survived only 286,930 cycles and failed by sparation
of the epoxy at the sheet interface leved (i.e lap splice
CFRP sheet to exising CFRP sheet); the extent of
separation  (debonded  length) was  throughout  the
entire lap solice length of 50-mm upon falure.  The
beam with 75-mm lg lice sudaned 2 million
cycdles of faigue loading with a diffness degradation
of gpproximately 13%. The fatigue life of beam with
lap splice length of 75-mm is higher than the fatigue
life of beam with 50-mm lgp lice length; this
indicates tha a lgp splice length of 50-mm is
inaufficient for CFRP sheets to sudtain faigue loading
of 2 million cydes
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Figure 3. Load versus Mid-Span Deflection of the Reference
Beam
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Figure 4. Load versus Mid-Span Deflection of the beam with
150-mm Delamination

6.3 Delamination Growth

The ddaminaions, in the beam with ddamingtions of
sze 150-mm in dianee, were monitored usng
thermographic techniques and photographed by an
infrared camera.  The growth of delamination a the
mid-span that was subjected to combined effect of
fatigue and wet-dry cydes and maximum loading was
monitored. Thermograhic imeges of the deamination
were obtained before conducting pseudo datic ted.
Figure 7 shows the thermographic images of the
delamination a the beginning of the test and after 2
million cydes.



Senthilnath, P., Belarbi, A., and Myers, J.J., "Performance of CFRP Strengthened Reinforced Concrete (RC) Beamsin the Presence of
Delaminations and Lap Splices Under Fatigue Loading," Proceedings of the International Conference on Composites in Construction

(CCC-2001), Porto, Portugal, October 10-12, 2001, pp. 323-328

25

. L
0 ///
o
-

0 5 10 15
Mid_Span Deflection (mm)

Load (kN)

Figure 5. Load versus Mid-Span Deflection of the beam with 50-
mm Lap Splice

at the beginning of the test after 100,000 cycles |

25
20
< 15
ks
o 10
-
5 /
0
0 5 10 15 20
Mid-Span Deflection (mm)
|—at the beginning of the test — after 2 million cycles |

Figure 6. Load Versus Mid-Span Deflection of the beam with
75-mm Lap Splice

A cdibrated scde, avalable in the software package
DELTATHERM®, was used to measure the size of
the delamination and it was noted that there was no
ggnificant growth in the ddamination after 2 million
cycles. The increase in area was approximatey 5%.
It was aso noticed that the delamination extended
randomly; the smudges in Figure 7(b) represent the
regon of extenson of ddamnation. The
delamination region does not appear to be a perfect
circle due to the oozing of epoxy resn dong the
edges of the indentation occurring during inddlation
of the sheet.

7 (8). Thermographic

7 (b). Thermographic

Image Prior to Fatigue Image after 2 Million
Cycling Cycles
6.4 Crack width

Increase in deflections and crack widths of reinforced
concrete beams subjected to cyclic loading can be
ggnificant (Baaguru and Shah, 1982). In this sudy,
the crack width of a pure flexurd crack was
monitored and measured continuoudy with the hdp
of a hand held, portable microscope while conducting
pseudo detic tests. The crack width corresponding to
the maximum load of fdigue cycle, before the
beginning of the cydic load gpplication, was recorded
to be 0.254-mm for the reference beam, 0.305-mm for
the beam having the crcular ddaminaion sze of
150-mm in diameter and 0.381-mm for the beam with
the ddamination gzes of 100-mm and 50-mm in
diameter. There was no increase in crack width,
corresponding to the maximum load of the faigue
cycle, throughout the course of fatigue loading in dl
the beams. In ordinary reinforced concrete beam, the
cack widths ggnificantly increese with  fatigue
cycdes, but in CFRP strengthened reinforced concrete
beams there was no increase in crack widths with the
number of fatigue cycles.

7. CONCLUSION AND FUTRE
RECOMMENDATION

1. Ingdlation defects such as ddaminations, up to
18,241-mn7 representing a circular area of 150 mm
in diameter, have no dggnificat effect on the
performance of CFRP drengthened RC beams in
terms of diffness of the beam. Hence, based on data
from one tet specimen, ACI Committee — 440's
recommendation that deaminations more then
16,000-mn? need to be replaced with new sheet is
consarvative.
2. Thee is an indgnificant increese in areq,
approximately 5%, of delamination of Sze 18,241-
when subjected to the combined effects of 2
million cydes of fatigue loading and wet-dry cycles.
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However, the smal increase in area of delamiantions
has no effect on fatigue performance.

3. A lap gplice length of 50-mm, between CFRP
dheets, a critical section does not survive urtil the
desred 2 million cydes. While providing 50-mm lgp
glice length in CFRP ghedts is safe under datic
conditions, CFRP sheets need more lap splice length
in gructures that resst fatigue loading. A lap splice
length of 75 mm satidactorily sustained 2 million
cydes of fatigue loading.

4. More tests need to be conducted to verify the
repeatability of test results.

5. Other environmental exposure tests under fetigue
cycing ae dso recommended to examine the
combined effects on lgp splices and ddaminations.
Field monitoring projects are dso recommended to
futher sudy these effects under actud fidd
conditions.
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