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ABSTRACT: Externally bonded Fibre Reinforced Polymers (FRP) Laminates have been extensively used to

strengthen reinforced concrete beams and slabs in flexure.

Most design codes of practice provisions assume full

strain compatibility between the FRP laminates and the concrete section in order to estimate the moment re-
sistance of this hybrid system. However, as shown here, strain compatibility is lost during the early stages of
loading. The current design methodologies account for premature failure due to interfacial crack debonding
mechanisms by limiting the strains in the FRP to low values, resulting in the use of only a small portion of the
FRP laminate capacity. Experimental investigations previously performed on precast bridge girders, hollow
core slabs, and beam specimens — all with CFRP laminates bonded to their soffits — highlight the loss of strain
compatibility and interfacial debonding. In this paper, recommendations are presented in order to tackle both

issues.

1 INTRODUCTION

The use of Fibre Reinforced Polymers (FRP) lam-
inates in structural engineering has progressed be-
yond the experimental stage to implementation in a
number of construction projects worldwide. Flex-
ural strengthening of reinforced concrete beams/slabs
is one of the major applications, and is commonly
performed by bonding FRP laminates to the soffit of
the beam/slab. In such cases, failure modes can be
separated into two categories based on the duration of
composite action between the two materials (Fig. 1).
When composite action is maintained until the ulti-
mate load is reached, failure occurs in one of three
failure modes depending on the reinforcement ratio
and the shear strength of the beam: concrete crush-
ing prior to or following yielding of the steel rein-
forcement, tensile rupture of the FRP laminates, or
shear failure of the concrete beam.

When composite action is not maintained up to the
ultimate load, premature failure occurs due to
debonding of the FRP laminates from the beam/slab.
This failure mode is termed interfacial debonding
(Teng et al. 2002, Lu et al., 2005, Sayed-Ahmed et al.
2004 and 2009, Hosny et al. 2006, Bakay et al. 2009,
Zhu et al. 2016, Hensher 2016). It is the most

common failure mode for beams/slabs strengthened
in flexure using externally bonded FRP laminates.
Interfacial debonding (Teng et al. 2002, Lu et al.,
2005, Smith and Teng 2002a and 2002b, Oehlers wt
al. 2003, Teng ta al. 2004, Ombres 2010) may occur
due to concrete cover separation along the end of the
bonded FRP plate, plate-end interfacial debonding,
intermediate (flexure or flexure shear) crack-induced
interfacial debonding (IC), or critical diagonal crack-
induced interfacial debonding (CDC).

Much of the success of externally FRP-bonded re-
inforced concrete members strengthening lies in the
integrity of the bond between the two materials.
The degree to which strain can be transferred, or con-
versely how much slip occurs in the adhesive, will de-
termine the forces in each material and the overall re-
sistance of the section.

For steel-reinforced concrete, perfect bond is as-
sumed between the concrete and the steel reinforce-
ment. Strain compatibility follows this assumption
and, thus, lies at the heart of many analysis and design
methods for reinforced concrete.  Strain compatibil-
ity through the depth of a reinforced concrete section
with externally bonded FRP also relies on perfect
bond: some experimental investigations support the
assumption (e.g. Spadea et al. 1998, Meier 1995, Lee
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et al. 1999, Triantafillou and Plevris 1992, Ombres
2012, Choi et al. 2013, Zhou 2013, Hosseini and
Mostofinejad 2014, D'Antino 2015).
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Fig. 1. Failure modes of RC beams with bonded FRP-strips: a)
flexure failure by FRP rupture; b) flexure failure by concrete
crushing; c) shear failure; d) concrete cover separation; e) plate-
end interfacial debonding; f) flexure crack-induced interfacial
debonding; g) critical diagonal crack-induced interfacial
debonding.

The major factors affecting the bond-slip behav-
iour (and thus composite action) between the concrete
surface and the FRP laminates are the concrete com-
pressive strength, the bond length up to a certain ef-
fective length, the axial stiffness of the FRP lami-
nates, the FRP-to-concrete width ratio, the adhesive
axial stiffness and the adhesive compressive strength
(Lu et al. 2005, Chen and Teng 2001, Uedat et al.
2003, Yuan et al. 2004). Many models have been
proposed for describing and determining the bond
strength between the FRP laminates and the concrete:
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these are summarized elsewhere (Sayed-Ahmed et al.
2009). However, further investigations are still
needed to reach an effective model for predicting fail-
ure due to intermediate crack induced interfacial
debonding.

In the current design codes of practice, the calcu-
lation of the moment resistance of members with
bonded FRP laminates is based on strain compatibil-
ity, equilibrium of forces and controlling the mode of
failure. However, perfect bond between the FRP
laminates and concrete does not always occur. The
work presented here is based on three experimental
investigations performed by the authors (Sayed-Ah-
med et al. 2004, Hosny et al. 2006, Bakay et al. 2009).
These investigations involved flexural strengthening
with externally bonded FRP to reinforced concrete
precast bridge girders, prestressed precast hollow
core slabs, and reinforced concrete beam specimens.
Premature failure was consistently encountered in all
these cases due to interfacial debonding.  Strain
distributions were recorded during the loading history
in the tests, which clearly revealed the lack of strain
compatibility. The incompatibility of strains and
the premature debonding failures are discussed, and
recommendations are outlined tackling the strain lim-
its defined by the ACI 440.2R-08.

2 THE EXPERIMENTAL INVESTIGATION

Three experimental investigations have been per-
formed on: (1) precast reinforced concrete bridge
girders strengthened in flexure with soffit-bonded
CFRP strips, (2) precast prestressed hollow core slabs
strengthened in flexure to resist negative moments us-
ing externally bonded CFRP strips to their top sur-
faces, and (3) reinforced concrete beam specimens
tested in the lab with soffit bonded CFRP strips.

2.1 Precast Reinforced Concrete Bridge Girders
Load Combinations

HC-Type precast girders (Fig. 2) have an inverted U
cross-section and are placed, simply supported, be-
side each other to form the base of the bridge deck.
The girders tested were 11.6 m long. Over their ser-
vice years, these girders had developed major prob-
lems. The initial concrete cover provided was too
small in comparison to the amount of steel reinforce-
ment; the cover is also deemed to be inadequate based
on the current design code. As a result, cracks ap-
peared around the reinforcement, exposing most of
the steel in the mid-spans of the girders, with rust de-
veloping in the steel bars (Fig. 2).
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Fig. 2. Cross section and section elevation of an HC-Type pre-
cast bridge girder (above) and current girders state (below).

Two girders were patched, strengthened with Car-
boDur® S1012 CFRP strips (1.2 mm thick x 100 mm
width) and Replark® CFRP-sheets (0.12 mm thick x
250 mm width) and tested in flexure using a 4-point
load scheme (Fig. 3). The CFRP strips are used to
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strengthen the girders in flexure while the sheets are
used to increase its shear strength and anchor the
strips at their ends. The modulus of elasticity, the
tensile strength and the maximum elongation of the
CFRP strips are 165 GPa, 3050 GPa and 1.7, respec-
tively; while those for the CFRP sheets are 230 GPa,
3400 GPa and 1.55%, respectively.

Strain gauges were mounted on the concrete, the
steel reinforcement (before patching) and the CFRP
strips.  Thus, a full strain profile could be drawn for
the constant moment zone at each applied load level.

Fig. 3. HC-Type Girder after rehabilitation using CFRP strips
bonded to the soffit of the web (left) and CFRP sheets bonded at
the end of the web (right).

Without the externally bonded CFRP strips, the
nominal ultimate moment of the girders was calcu-
lated to be 987 kN-m. With the bonded CFRP
strips, the nominal moment was calculated based on
equilibrium of forces and compatibility of strains, and
estimated to be 1236 kN-m. A 25% strength en-
hancement was thus expected.

At a load of about 65% of the ultimate, cracks
opened vertically in line with the loads, above the
level of the steel reinforcement. The cracks propa-
gated down and towards the support from the level of
the steel reinforcement at an angle of about 45° until
they reached the level of the CFRP strips. The
cracks then propagated along the interface between
the concrete and the CFRP strips (Fig. 4), occasion-
ally passing through the concrete until the strips
debonded from the girder with a thin layer of concrete
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on top: a typical interfacial debonding mode of fail-
ure. The girders failed at an average ultimate mo-
ment of 998 kN-m, only an 11% strength enhance-
ment over the experimentally recorded capacity (899
kN-m) of an unstrengthened girder (girders in their
current state were also tested to yield their unstrength-
ened capacity in flexure and shear).

CL Point Load

; 600 mm
i

Fig. 4. Crack propagation and strip separation from the soffit of
the girder (above), and CFRP strip debonding with tearing of the
CFRP sheet (below).

The significant discrepancy between the ultimate
moment obtained experimentally (998 kN-m) and the
nominal moment estimated theoretically (1236
kN-m) can be explained using the strain profiles rec-
orded during the test, plotted in Fig. 5.

Strain compatibility between the CFRP strips and
the concrete section can be seen to occur only in the
very initial stages of loading, being lost soon after
crack initiation.  Four different stages can be defined
to generalize the behaviour of the girders retrofitted
with CFRP strips. The first stage is elastic behav-
iour where the strain in the CFRP strips is slightly
higher than the strain in the steel bars but the strains
are still roughly compatible. The second stage starts
with cracking of the concrete: the concrete begins to
release some of its tension and the CFRP strips absorb
much of this tension. Thus, the strain in the CFRP
strips increases suddenly and continues to increase at
a faster rate than should occur proportionally with the
steel strain. In the third stage, the steel reinforce-
ment yields: the concrete carries no tension and
cracks extend to the neutral axis of the section. The
strain in the steel reinforcement increases considera-
bly with little increase in the beam capacity. Any
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additional tension is resisted solely by the CFRP
strips.  The neutral axis shifts in the beam while the
strain in the CFRP-strips continues to increase, but at
a slower rate compared to the steel strain. There is
now a complete lack of strain compatibility.
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Fig. 5. Strain profile at a section within the vicinity of the con-
stant moment zone for Girder G3 before yielding of steel rein-
forcement (above) and from yielding of steel reinforcement till
final failure (below).

The fourth and final stage begins with the debond-
ing of the CFRP strips. Due to the increasing forces
in the strips, high shear flow occurs between the strips
and the concrete. The concrete cracks because of
this shear and the strips debond from the girder re-
leasing some of their force. Strain is averaged over
the unbonded length. The CFRP sheets placed at both
ends of the girder for shear transfer and anchorage of
the strips hold the strips, temporarily resisting
debonding forces, and transferring shear to keep the
CFRP strips under tension. At this stage, the CFRP
strips behave as unbonded reinforcement while the
strain in the steel increases dramatically. Final fail-
ure occurs when the CFRP sheets fail to hold the
strips.  The experimentally recorded strains show
that the maximum strain reached in the CFRP strips
was about 0.6% which is significantly less than the
strain predicted at failure based on the assumption of
strain compatibility (1.38%). Thus, debonding of
the CFRP strips took place well before the assumed
ultimate strain would have been reached.
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2.2 Precast Prestressed Hollow Core Slabs

Precast-prestressed hollow core slabs are typically
designed as simply supported panels. Frequently,
architectural considerations require an overhanging
part of the floor system to act as a cantilever. In so
doing, the hollow core slabs are subject to negative
moments in contrast to typical usage. To improve
the negative moment resistance of the hollow core
slabs, CFRP strips (S&P CFK 200/2000® 100 mm
wide by 1.4 mm thick) were bonded to the top side of
full-scale hollow core slabs (Fig. 6) in the negative
moment zone using MBRACE adhesive HT65®.
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Fig. 6. Details of the precast-prestressed hollow core slabs test
in the experimental programme.

The system was tested in flexure to failure. Nine
slabs were tested in three series: the first series was
the control, the second had only longitudinally
bonded strips and the third series had transversely
bonded strips at the ends of the longitudinal strips.
The second series (longitudinally bonded CFRP
strips) is the series considered here. Series 3 slabs
were not considered herein as they present special
case of broken bond between the strands and the con-
crete which is not the scope of the current paper.

Transverse cracks formed in the negative moment
zone over the support of the overhanging cantilever
on the top surface of the slab. The cracks did not
immediately cross the CFRP strips after they ap-
peared, but widened with more cracks appearing in
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different parts of the negative moment zone with in-
creasing the load. In the early stages, the cracks
formed between the three strips and were not aligned
(Fig. 7). Failure occurred when the major flexural
crack (the one over the support) extended to reach the
CFRP strips then ran longitudinally along the inter-
face between the concrete and the CFRP strips in the
epoxy adhesive layer, causing debonding of the strips
from the concrete surface (Fig. 7): typical intermedi-
ate flexural crack-induced interfacial debonding.

Fig. 7. Hollow core slabs with bonded FRP (above) and interfa-
cial debonding of the strips at failure (below).

The cantilever tip displacement is plotted against
the negative moment over the support in Fig. 8.
Only negative moment resistance was considered
since the objective of these tests was to increase the
strength of HCS when the have the unusual cantilever
as mentioned earlier. It is evident from Fig. 8 that
bonding the CFRP strips to the precast-prestressed
hollow core slabs significantly increased the negative
moment resistance of the slabs. The cracking mo-
ments were increased 1.83 to 2.25 times that of the
control slabs while the ultimate moments were en-
hanced by 2.77 to 5.74 times that of the control slabs.
However, once again failure occurred prematurely
due to interfacial debonding.
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Fig. 8. Negative moment versus cantilever deflection for hollow
core slabs with top-longitudinally bonded CFRP strips.

The nominal moment of the prestressed slabs with
the surface-bonded CFRP strips was predicted based
on the assumptions of strain compatibility and equi-
librium of forces. The maximum compressive con-
crete strain was limited to 0.0035 and the maximum
tensile CFRP strain is was limited to 0.007 (limits
matching the CSA S806-02 and close to those re-
quired by the ACI 440.2-08). These procedures
yield a nominal moment of 115 kN-m, which is sig-
nificantly higher (2.8 times) than the experimentally
recorded ultimate moment of 41.3£6.5 KN-m. It is
evident from these calculations that strain compatibil-
ity is again lacking and that the flexural failure mode
should not be considered alone.

When the intermediate crack-induced debonding
mode was implemented in nominal moment predic-
tion procedures via limiting the stress in the CFRP
strips to the ultimate intermediate crack-induced
debonding strength, the nominal moment was deter-
mined to be 67.5 kN-m, 63% higher than the average
experimental ultimate moment. The remaining dis-
crepancy indicates that the crack-induced debonding
model adopted is still in need for further refinement.

2.3 Reinforced Concrete Beam Specimens

Twelve simply supported reinforced concrete
beams with soffit bonded CFRP strips were tested
monotonically in flexure in four-point loading (Fig.
9). The outcomes of these tests are summarized in
Table 1. The CFRP strips were externally anchored
as they covered the full length of the beam span, and
were trapped between the beam and its supports.
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Fig. 9. Instrumentation of the tested beams and cross section of
the tested beam.

For “high” or “moderate” concrete strength and
“adequate” shear reinforcement beams (beams 1 to
4), flexural cracks appeared in the constant moment
region with shear cracks forming within the shear
span as expected. Simultaneously, the CFRP strips
began to debond from the beam at one end beyond the
support.  The reaction force provided by the support
prevented this debonding from leading to total sepa-
ration of the laminate from the beams. Failures oc-
curred when an intermediate inclined crack pro-
gressed from the level of the steel reinforcement
down to the external CFRP laminate and back toward
the support (Fig. 10). After failure, some concrete
remained bonded to the laminate, indicating that fail-
ure progressed through the concrete cover and not
through the adhesive layer. As the concrete in the
constant moment region did not crush, failure thus
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appeared to result from the intermediate flexure
crack-induced debonding.

Typical strain distributions corresponding to 20%,
40%, 60%, 80% and 100% of the ultimate load are
plotted in Fig. 11 for Beam 1. Itis evident that strain
compatibility between the CFRP strip and the con-
crete was lost in the section in line with the loading
point where debonding of the strip occurred at a very
early stage of loading, but the support, acting as an
external anchor, held the CFRP in place.

Fig. 10. Failure of Beam 1 in an intermediate flexure crack-in-
duced debonding mode in front (above), end (middle) and back
(below) views of the beam.

In the second section, under the other point load,
strain compatibility was also lost between 40% and
60% of the ultimate load. This loss of strain com-
patibility was found in all four of these beams, in
agreement with the findings and arguments of other
investigations (Sayed-Ahmed 2004, Brena et al.
2003, Esfahani et al. 2007). The strain in the CFRP
strips recorded at the ultimate load varied between
0.38% and 0.82% under each load point - values well
beneath the ultimate breaking strain of 1.7%. This
result indicates that less than half of the CFRP capac-
ity was utilized. At ultimate load, the sharply re-
duced reading of the CFRP strain (0.38%) under the
East point load shown in Fig. 11 is caused by the
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severe cracking of the concrete and debonding of the
CFRP in the vicinity of the strain gauge. The other
beams of this group displayed similar behaviour to
this beam.

For beams 9 to 12 with “low” concrete strength
and “adequate” shear reinforcement, failure occurred
in two distinct modes: concrete crushing in the con-
stant moment region and intermediate crack-induced
interfacial debonding. During testing it was ob-
served that compressive failure of the concrete oc-
curred prior to separation of the CFRP laminate from
the beam. Crushing occurred away from the exter-
nal load points. Cracking resulting from the strip
separation extended into the constant moment region
along the line of the steel reinforcement.

The strain distributions for Beam 9 are plotted in
Fig. 12, being representative of this group of beams:
the lack of strain compatibility between the CFRP
strips and the concrete section is again confirmed
from the early stages of loading. The maximum val-
ues of the CFRP strain measured were 0.56% and
0.66% at the two sections, utilizing only 39% of the
CFRP capacity.
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Fig. 11. Strain profiles for Beam 1 at sections under the East
point load (above) and under the West point load (below).

For Beams 5 and 6 with “low” concrete strength
and “high” shear reinforcement, cracking progressed
similarly to the previous Beams 1 to 4 and in this in-
stance the tendency of the laminate to peel away from
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the beam beyond the support tore a chunk of concrete
from the beam which remained bonded to the lami-
nate (Fig. 13). Two distinct failures were observed
for these beams. Like the previous cases, a crack
propagated from the steel reinforcement level to the
CFRP strips and back to the support separating the
CFRP strip from the beam with some concrete re-
maining bonded to the strip: distinct intermediate
crack-induced interfacial debonding.  However,
crushing of the concrete in the constant moment re-
gion was also apparent: compressive failure of the
concrete was the limiting factor for this beam and the
debonding occurred interactively with the concrete
crushing.

0

ol M

RN\
N Y
NN

——20% ultimate load
——40% ultimate load
60% ultimate load |~
——80% ultimate load
——ultimate load

Depth (mm)

-0.004 -0.002 0 0.002 0.004 0.006 0.008

Strain
0
——20% ultimate load
\ \\ \ ——40% ultimate load
-50 ——60% ultimate load [~
——80% ultimate load
100 ultimate load
- \)
£ b M
= -150 e
g IR
o e
-200 \\,\\ = Dl |
- \\\\\
-300 - :

-0.004 -0.002 0 0.002 0.004 0.006 0.008

Strain

Fig 12. Strain profiles for Beam 9 at sections under the East point
load (above) and under the West point load (below).

Despite the significantly reduced concrete strength
compared to Beams 1 to 4, the ultimate load capacity
was only marginally less than, and in some cases
slightly higher than those beams.  Shifting of the pri-
mary failure mode from the premature intermediate
crack-induced debonding to concrete crushing (after
steel yielding) has allowed more efficient use of the
concrete compression region.

The strain distributions across the depth under the
two point loads are plotted in Fig. 14 for Beam 5, with
similar results obtained for Beam 6. Again, the fig-
ure indicates the incompatibility between the CFRP
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strain and the concrete strain particularly for the sec-
tion in line with the West point load. However, the
degree of strain incompatibility at ultimate load is less
severe compared to Beams 1 to 4 where failure was
solely from crack-induced interfacial debonding.
The CFRP strain gauges provided strains at the ulti-
mate load of 0.53% and 0.62% for Beam 5, and 0.52%
and 0.60% for Beam 6, implying that only about a
third of the CFRP capacity was utilized. Thus alter-
ing the failure mode did not increase the efficiency of
use of the CFRP strip.

Fig. 13. Failure of Beam 5 in concrete crushing acting interac-
tively with intermediate crack-induced debonding mode.

For Beams 7 and 8 with “low” concrete strength
and “low” shear reinforcement, a distinctive mode of
failure was evident (Fig. 15). Shear failure was the
primary mode, but acting interactively with critical
diagonal crack-induced interfacial debonding. During
loading, a shear crack developed and traversed the en-
tire depth of the beam, extending from the location of
the external load point to the CFRP laminate. In
Beam 7, the crack was steeper in the middle region of
the beam than in the upper and lower portions,
whereas for Beam 8, the slope was more uniform.

Once the crack reached the CFRP strip, propaga-
tion proceeded more slowly than in previous tests
back to the support, separating the CFRP strip from
the beam, again distinct crack-induced interfacial
debonding. At failure, some concrete crushing oc-
curred under a load point.  This may have been a lo-
calized effect as it only occurred in the vicinity of a
point load, but it also suggests the flexural and shear
capacities of the beams were nearly equal.
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Figure 14. Strain profiles for Beam 5 at sections under the East
point load (above) and under the West point load (below).

Figure 15. Failure of Beam 7 in shear acting interactively with
diagonal crack-induced interfacial debonding of the CFRP.

The strain distributions in the concrete and the
CFRP strip for Beam 7 in the same two sections as
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before are plotted in Fig. 16. There is a lack of strain
compatibility between the CFRP strip and the con-
crete section from the very early stages of loading.
The maximum CFRP strain in Beam 7 was 0.49%,
implying only 29% of the CFRP capacity was used.
Similarly, in Beam 8, the maximum recorded CFRP
strains were 0.48 and 0.65%, using only 38% of the
CFRP capacity. Thus, altering the failure mode nei-
ther increased the efficiency of CFRP usage nor
changed the incompatibility of strain between the
CFRP strip and the concrete section.
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Figure 16. Strain profiles for Beam 7 at sections under the East
point load (above) and under the West point load (below).

Three modes of failure were therefore observed in
this testing programme: concrete crushing, shear fail-
ure and crack-induced interfacial debonding. De-
pending on the concrete compressive strength and the
shear strength of the beam, interactive failure modes
were also observed: interaction between concrete
crushing and interfacial debonding, or shear failure
and interfacial debonding.

It is clear from this investigation that concrete
strength has a significant effect on the failure mode
and hence, the ultimate load reached during the test.
Generally, the ultimate load sustained by these RC
beams with bonded CFRP strips was found to in-
crease with increasing concrete compressive strength.
The ultimate loads of beams under-reinforced for
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shear were lower than those for beams adequately- or
over-reinforced for shear.

Strain compatibility between the CFRP strips and
the concrete section was lost from the early stages of
loading in all twelve of these RC beams with bonded
CFRP strips. Increasing the concrete compressive
strength or the shear resistance of the beam had no
effect on this behaviour. The strain measurements
also revealed that the usage efficiency of the bonded
CFRP strip was reduced because of the interfacial
debonding.

3 PROPOSED PROCEDURES FOR
PREDICTION OF NOMINAL MOMENT

The ACI 440.2R-08 and CSA S806-02 specifica-
tions may be adopted to predict the nominal moments
of reinforced concrete members strengthened in flex-
ure using externally bonded CFRP laminates. Both
specifications base the nominal moment on strain
compatibility, equilibrium of forces and controlling
the mode of failure provided that: a) plane sections
remain plane, b) perfect bond exists between the FRP
strips and the concrete, ¢) the maximum compressive
concrete strain is 0.003 (ACI 440.2R-08) or 0.0035
(CSA S806-02), and d) the maximum FRP tensile
strain is:

CSA S806-02:
& =0.007

(1)
ACI 440.2R —0.8:

£ =0.4Lf/ /(nE(t,;) <0.9g, =0.9(Ceey,)

where Es is tensile modulus of elasticity of FRP, Ce is
an environmental reduction factor, n is the number of
plies of the FRP laminates, tr is the laminates thick-
ness, f is the 28 days concrete cylinder compressive
strength, er” and is the ultimate rupture strain of the
FRP laminates. The above limit on the FRP strain is
defined in order to prevent intermediate crack-in-
duced debonding failure (Teng et al. 2001, 2002 and
2004). However, it is proposed to replace the strain
limit with a limit on the FRP stress corresponding to
the debonding strength using an approach similar to
the one adopted by Teng et al. (2002, 2004) with mi-
nor modifications to the debonding strength equation.
Referring to Fig. 17, equilibrium of forces yields

C=T —ofiPob)=AF+AF+AF (2

SC™ SC
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where f¢ is the concrete compressive strength, b is the
slab width, As and Asc are the areas of the tension and
compression steel reinforcements, respectively, Fs
and Fsc are the stresses in the tension and compression
steel reinforcing, respectively, Aris the area of the
FRP laminates and Fr the stress in the FRP laminates,
and a; and g, are coefficients for the equivalent con-
crete compression block defined by the codes of prac-
tice.

Compatibility of strains requires that

d —c. . t—c

where &u IS the maximum compressive (crushing)
strain of concrete, & and & are the strains in the ten-
sion and compression top prestressing strands respec-
tively, & is the strain in the CFRP strips, t is the mem-
ber height, ds and ds' are the depths to the tension and
compression reinforcements, respectively, and c is
the depth of the compression part of the cross section.

C
/ 2 SC
d;ﬁr CJ, al %‘4_—(: c ?asc
—_——— L P e S e .
a=Psc
d. P
T: =A:F;
- —» =3
b | T+ =AfT:f &
Stress Strain

Fig. 17. Stress and strain distribution at ultimate load along the
cross section of the CFRP strengthened RC beams assuming full
strain compatibility.

The stresses in the bottom and top steel reinforce-
ment and in the FRP laminates are given by

FS:ES-%:SSFy
F=E & SFfu:CEFfZ

Fsc:Es'8 <|:y

sC —

(4)

where n is the number of plies of the FRP laminates,
tr is the laminates thickness, adb is a coefficient which
was calibrated against test data of beams and slabs®®
(found to be 0.4) and /& and 4 are width and bond
length coefficients, respectively, determined by

B, =J(2—bf /b)/(1+b, /b) (5a)
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L>L, =Et /f
L<L, =yEt /f

where Le is the effective bond length, L is the length
of the FRP laminates Es is the elastic modulus of the
FRP laminates, t is the thickness of the laminates, bt
is the width of the FRP laminates and b is the cross
section’s width. It is worth mentioning that the
above limit on FRP laminate stress yields the same
value as the limit defined in the ACI 440.2R-08 when
the length of the bonded laminates is greater than the
effective length (A.=1) and the laminates cover half
the width of the concrete section (4=1).

The stress in the FRP laminates is then obtained us-
ing the following equation which should replace the
second part of Equation 4:

=1.0
P (5b)

B, =sin[nL/2L,]
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Eé&;
F; = minimum of : Fa (6)
Fr =CEFf:

The nominal moment Mn of the strengthened sec-
tion is given by

M, =AkK (t—@)Jr
2 (7)
Ast(ds _(B—;C)) +Aschc((B—£C)_dé)

Applying these procedures to the beam specimens
(Table 1) reveals a good estimate for the nominal mo-
ments of all beams except those that failed in shear or
interactive failure between shear and interfacial
debonding. Further work is needed in respect of this
latter failure mode.

Table 1. Results of the experimental investigation of the twelve beam specimens.

J StirrL_Jps Eailure load Failure Mo-  Predicted Failure FRP strain (%)
Beam (MPa) Spacing (kN) ment Moment mode
(mm) (kN-m) (kN-m) West load East load
1 69.9+2.3 160 449 134.7 127.8 IC 0.83 0.38
4 64.1+2.2 160 426 127.8 122.9 IC 0.43 0.59
2 65.1+0.7 160 433 129.9 123.7 IC 0.62 0.54
3 57.2+2.0 160 408 122.4 116.7 IC 0.47 0.59
9 46.1+1.9 160 406 121.8 109 CC+IC 0.66 0.56
10 48.8+2.0 160 389 116.7 111 CC+IC 0.58 0.56
11 41.6+0.4 160 395 118.5 105.1 CC+IC 0.59 0.57
12 40.3+1.3 160 371 111.3 103.9 CC+IC 0.57 0.49
5 45.4+2.9 100 425 1275 108.4 CC+IC 0.62 0.53
6 43.7+1.5 100 410 123 107 CC+IC 0.59 0.52
7 43.7+3.5 320 343 102.9 107 SF+CDC 0.49 0.49
8 41.8+0.4 320 347 104.1 105.3 SF+CDC 0.48 0.65

*|C= intermediate flexure or flexure shear crack-induced debonding, CC = concrete crushing, SF = shear failure, and CDC=

critical diagonal crack-induced debonding.

4 CONCLUSIONS

Bonding FRP laminates to the tension side of rein-
forced concrete members subject to flexure can en-
hance the flexural capacity of such members signifi-
cantly. A better understanding of the causes of
failure for these FRP strengthened members will al-
low for more precise designs that will balance safety
and cost. The experimental investigations per-
formed on slabs and beams with externally bonded
FRP laminates revealed clearly that crack induced
debonding failure is one of the major factors affecting
the flexural strength of the member and should be

explicitly considered in calculating the nominal mo-
ment.

A recently proposed debonding model was slightly
revised and adopted together with code provisions in
estimating the nominal moments. The model showed
reasonable agreement with the test results.  Further-
more, the tests proved that strain compatibility be-
tween the FRP laminates and the concrete section is
always lost from the early stages of loading. The
strain measurements also revealed that the usage effi-
ciency of the bonded CFRP strip was reduced because
of the interfacial debonding. A model is proposed
following the procedures in the same codes but in-
cluding the debonding strength in the calculation of
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the flexural strength of reinforced concrete members
with externally bonded FRP laminates.
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