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Mechanics of debonding in FRP-plated RC beams

J. G. Teng BEng, PhD, FHKIE, FIIFC and J. F. Chen BEng, MSc, PhD, FIIFC

Both the flexural and shear strengths of reinforced
concrete (RC) beams can be substantially increased
using externally bonded fibre-reinforced polymer (FRP)
reinforcement in the forms of sheets/strips/plates (all
referred to as plates for brevity). Failures of such FRP-
plated RC beams often occur by debonding of the FRP
plate from the RC beam in a number of distinct modes.
This paper provides a summary of the current
understanding of the mechanics of debonding failures in
FRP-plated RC beams largely based on the research of
the authors and their co-workers. A systematic
classification of possible debonding failure modes is
presented following a brief outline of the common
strengthening methods. The interfacial stresses and
bond behaviour between FRP and concrete are then
discussed before the mechanisms and processes of
debonding failures are examined. Furthermore,
advanced strength models for the key debonding failure
modes are presented. The paper concludes with a brief
discussion of future research needs.

I. INTRODUCTION

Strengthening reinforced concrete (RC) structures with
externally bonded fibre-reinforced polymer (FRP) composites
has become a popular technique in recent years."? The
technique may be used to enhance the load-carrying capacities
of RC beams, slabs and columns as well as the ductility of RC
columns through lateral confinement.

Both the flexural and shear strengths of RC beams can be
substantially increased using externally bonded FRP
reinforcement in the forms of sheets/strips/plates (all referred
to as plates hereafter unless specific differentiation becomes
necessary). Failures of such FRP-strengthened RC beams (also
referred to as FRP-plated RC beams) often occur by debonding
of the FRP plate from the RC beam in a number of modes.
Despite numerous theoretical and experimental studies, current
knowledge of the mechanics of such debonding failures is still
far from complete.

The current paper provides a summary of the authors’
understanding of the subject largely based on the research of
the authors and their co-workers. Following a brief outline of
the common methods for the flexural and shear strengthening
of RC beams using FRP composites, the paper examines the
following issues in some detail
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(a) interfacial stresses and bond behaviour between FRP and
concrete

(b) classification of debonding failure modes

() mechanisms and processes of debonding failures

(d) theoretical models for debonding failures.

The paper concludes with a brief discussion of future research
needs. For simplicity, all discussions in this paper are presented
with explicit reference to a simply supported beam (Figure 1),
but the information is also generally applicable to
indeterminate beams by treating each segment between two
points of inflection as a simply supported beam.

2. COMMON METHODS FOR FLEXURAL AND
SHEAR STRENGTHENING

2.1. Flexural strengthening

FRP flexural strengthening of RC beams is commonly achieved
by bonding an FRP plate to its soffit (Figure 1). The FRP plate
may be a prefabricated (e.g. pultruded) plate or a plate formed
on site in a wet lay-up process.! The strengthening plate is
most commonly unstressed. However, the plate may be pre-
tensioned to achieve a fuller use of the tensile strength of the
FRP plate, to obtain a significant increase in the stiffness of the
beam or to reduce the widths of cracks in the beam. Anchors
such as U jackets® and fibre anchors* may be provided to
reduce the risk of debonding failures. For simplicity of
discussion, this paper is focused on RC beams strengthened
with unstressed plates without additional anchors.

Existing research has shown that RC beams bonded with a
tension face plate often fail by debonding of the FRP plate
from the beam in one of several possible modes."*-8 Despite
extensive existing research, there is still considerable
uncertainty regarding many aspects of debonding failures,
including the classification of debonding failure modes.

rA RC beam
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2.2. Shear strengthening

The shear capacity of an RC beam can also be effectively
enhanced using externally bonded FRP reinforcement in various
forms (Figure 2). These include bonding FRP to the sides of a
beam only (side bonding), bonding FRP U jackets to both the
sides and the soffit (U jacketing) and wrapping FRP around the
whole cross-section of a beam (complete wrapping). Both FRP
strips and continuous sheets have been used. The fibres may be
orientated in such directions as to best control shear cracks.
Furthermore, fibres may be arranged at two different directions
to satisfy the requirement of shear strengthening in both
directions if the shear forces in a beam may be reversed under
reversed cyclic loading and earthquake attacks. The use of fibres
in two directions can obviously be beneficial to shear resistance,
even if strengthening for reversed cyclic loading is not required.
In this sense, FRPs with fibres in three directions (e.g. 0°/60°/
120°) may also be used. The combination of different bonding
configurations, fibre orientations and fibre distributions can
result in many different strengthening schemes (Figure 2). For
both side bonding and U jacketing, mechanical anchors may be
required at the free ends of FRP strips/sheets.

Experimental evidence shows that debonding of FRP from
concrete occurs in almost all RC beams shear-strengthened
with FRP,%-!! although in the case of complete wraps,
debonding does not directly control the ultimate load because
debonded FRP wraps can continue to carry forces.!!

3. INTERFACIAL STRESSES

In an FRP-plated beam, high interfacial stresses exist between
the FRP plate and the RC beam near the plate ends.'? The two
main components of interfacial stresses are the interfacial shear
stress 7 and the interfacial normal stress o, (Figure 3). These
high interfacial stresses play an important role in some of the
debonding failure modes including the modes of concrete cover
separation and plate end interfacial debonding which are
discussed in more detail later. Obviously, higher interfacial
stresses mean a greater risk of debonding failure at a plate end,
although it is difficult to relate the magnitude of interfacial
stresses to debonding failure in a simple direct manner.

Many analytical solutions have been presented for interfacial
stresses in FRP-plated beams, with most of them being

Fibre orientations and distributions
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Figure 2. Shear strengthening schemes for RC beams using externally bonded FRP reinforcement
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Figure 3. Stresses acting on a concrete element adjacent to
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concerned with the linear elastic analysis of FRP-plated beams.
A simple analytical solution for interfacial stresses in such
beams has been presented by Smith and Teng.'? Interfacial
stresses predicted by finite element analysis show a much more
complex picture,!® but results from the simple analytical
solution of Smith and Teng,'? as shown in Figure 4 for a
typical case, are sufficient to illustrate the stress concentration
phenomenon in the vicinity of the plate end. Figure 4 shows
that near the plate end, both the interfacial shear and normal
stresses increase rapidly. For a given simply supported beam
under transverse loading, the magnitudes of these stresses
increase with the distance between the support and the plate
end, with both the elastic modulus and the thickness of the
plate, and with the elastic modulus of the adhesive layer, but
decrease as the thickness of the adhesive layer increases.'?"!°

4. BOND BEHAVIOUR

4.1. General

A good understanding of the bond behaviour between the FRP
plate and the substrate concrete is of great importance for
understanding and predicting debonding failures in FRP-plated
RC beams. Bond behaviour between FRP and concrete has been
widely studied experimentally using simple pull-off tests or
using theoretical/finite element models.'®~!® Figure 5 shows the
schematic diagram of the widely used simple pull-off test. A
more detailed discussion on the bond strength test methods can
be found in Chen et al.'® The discussions presented below use
the simple pull-off test (Figure 5) as the reference case.

4.2. Bond strength

The ultimate tensile force that can be resisted by the FRP plate
in a simple puff-off test before the FRP plate debonds from the
concrete prism is referred to as the ultimate load or the bond
strength. The bond strength is defined herein using the tensile
force (or the tensile stress) in the plate instead of the average
interfacial shear stress because the latter can be conceptually

Shear stress

/

Normal stress

Stress: MPa
O a N W b oo N

100 200 300 400 500 600 700 800 900

Distance from the plate end: mm

|
N

Figure 4. Typical interfacial shear and normal stress

distributions
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Bonded plate

Concrete

Figure 5. Schematic diagram of a simple pull-off test:

(a) elevation; (b) plan

misleading. Existing research has shown conclusively '®-'® that
the ultimate load of a pull-off test initially increases as the
bond length increases, but when the bond length reaches a
threshold value, any further increase in the bond length does
not lead to a further increase in the ultimate load. Therefore,
when a long bond length is used, only part of the bond length
is mobilised in resisting the ultimate load, so the use of an
average interfacial stress referring to the entire bond length is
inappropriate. This threshold value of the bond length is
referred to as the effective bond length.'®

The fact that the bond strength cannot increase further once the
bond length exceeds the effective bond length means that the
ultimate tensile strength of an FRP plate may never be reached
in a pull-off test, however long the bond length would be. A
longer bond length, however, can improve the ductility of the
failure process.!”"'® In most tests on FRP-to-concrete bonded
joints, failure occurred by crack propagation in the concrete
adjacent to the adhesive-to-concrete interface, starting from the
loaded end of the plate. This phenomenon is substantially
different from the bond behaviour of internal reinforcement, for
which a bond length can always be designed for its full tensile
strength if an adequate concrete cover can be provided.

Many theoretical models have been developed to predict the
bond strength of FRP-to-concrete bonded joints.'®2° Among
the existing bond strength models, the model developed by
Chen and Teng'® has recently been confirmed by Lu et al.?° to
provide the most accurate predictions of test results. Chen and
Teng’s'® bond strength model predicts that the stress in the
bonded plate in MPa, to cause debonding failure in a simple
pull-off test is given by

Efrp\/ﬁ

Op = aﬁwﬁL s
P

where the FRP-to-concrete width ratio factor is given by

12— b/ be
2 " = Z  Thmp/ e
ﬁ 1+bﬁrp/bc
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and the bond length factor is given by

1 if L= L
NI
s E 1_f L< Le

e

with the effective bond length being defined by

4 L= [Fmi
V fe

in which Egy, tgp and by, are the elastic modulus (MPa),
thickness (mm) and width (mm) of the FRP plate respectively,
f¢ and b, are the concrete cylinder compressive strength (MPa)
and width (mm) of the concrete prism respectively, and L is the
bond length (mm). A value of 0-427 for a was found by Chen
and Teng'® to provide the best fit of the test data gathered by
them, while a value of 0-315 was shown by them to provide a
95 percentile lower bound which is suitable for use in ultimate
limit state design.

4.3. Bond-slip behaviour

For the accurate prediction of debonding failures in FRP-plated
RC beams, the bond-slip behaviour of FRP-to-concrete
interfaces needs to be understood and accurately modelled.
Both experimental and theoretical studies have been
undertaken on the FRP-to-concrete bond slip behaviour.
Lu et al.?° conducted a thorough review of bond—slip models
and then proposed a set of three bond—-slip models of different
levels of sophistication based on a combination of
experimental data and meso-scale finite element simulations:
the precise model, the simplified model and the bilinear model
(Figure 6). The bilinear model is the easiest to implement,
without a significant loss of accuracy compared with the

18,21

precise and simplified models and is defined by the following
equations

T=Tmax— If S< 8g
So
Sf— S .
T = Tmax if sp <s=<s¢
St — So

T === n e
max —— Bilinear model

o Simplified model

—— Precise model

So St S

Figure 6. Lu et al’s bond—slip models: (a) FRP rupture;
(b) crushing of compressive concrete

=0 if s> s

where

Sf = 2Gf/‘[max

In the above equations, Tpax = 1-50w ft, So = 0-01958,, ft,

Gy = 0-30852%+/f;, s (mm) is the local slip, so (mm) the local
slip at the maximum local bond stress 7y.,x (MPa), and s¢ (mm)
the local slip when the local bond stress 7 (MPa) reduces to
zero. The interfacial fracture energy is denoted by Gy
(MPamm), and £ is the concrete tensile strength (MPa). It
should be noted that in Lu et al.’s original model,?° a slightly
different expression was proposed for the width ratio factor 3,
but the expression given by Equation 2 can be used in the
above equations without any significant loss of accuracy.

5. DEBONDING FAILURE MODES OF FLEXURALLY
STRENGTHENED RC BEAMS

5.1. Classification of failure modes

A number of distinct failure modes of FRP-plated RC beams
have been observed in numerous experimental studies. 82223
A schematic representation of these failure modes is shown in
Figures 7 and 8. Failure of an FRP-plated RC beam may be by
the flexural failure of the critical section (Figure 7) or by
debonding of the FRP plate from the RC beam (Figure 8). In the
former type of failure, the composite action between the
bonded plate and the RC beam is maintained up to failure,
while the latter type of failure involves a loss of this composite
action. Debonding failures generally occur in the concrete,
which is also assumed in the strength models presented in this
paper. This is because, with the strong adhesives currently
available and with appropriate surface preparation for the
concrete substrate, debonding failures along the physical
interfaces between the adhesive and the concrete and between
the adhesive and the FRP plate are generally not critical.

Debonding may initiate at a flexural or flexural-shear crack in
the high moment region and then propagates towards one of
the plate ends (Figure 8(a)). This debonding failure mode is
commonly referred to as intermediate crack (IC) induced
interfacial debonding (or simply IC debonding).!"7-2425
Debonding may also occur at or near a plate end (i.e. plate end
debonding failures) in four different modes

FRP rupture

/7 N NN
l—%if

—_—
—_

Concrete crushing —» ——=

70 LT UN NN N

(b)

Figure 7. Conventional flexural failure modes of an FRP-plated
RC beam
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Figure 8. Debonding failure modes of RC beams bonded with
a soffit FRP plate: (a) IC debonding; (b) CDC debonding;
(c) CDC debonding with concrete with separation;

(d) concrete cover separation; (€) concrete cover separation
under pure bending; (f) plate end interfacial debonding

(a) critical diagonal crack (CDC) debonding (Figure 8(b))??

(b) CDC debonding with concrete cover separation (Figure
8(c))®

(c) concrete cover separation (Figures 8(e) and 8(d))!

(d) plate end interfacial debonding (Figure 8(f)).! Based on the
understanding gained from the existing studies, a simple
description is given below for each of the distinct
debonding failure modes.

5.2. IC debonding

When a major flexural or flexural-shear crack is formed in the
concrete, the need to accommodate the large local strain
concentration at the crack leads to immediate but very
localised debonding of the FRP plate from the concrete in the
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close vicinity of the crack, but this localised debonding is not
yet able to propagate. The tensile stresses released by the
cracked concrete are transferred to the FRP plate and steel
rebars, so high local interfacial stresses between the FRP plate
and the concrete are induced near the crack. As the applied
loading further increases, the tensile stresses in the plate and
hence the interfacial stresses between the FRP plate and the
concrete near the crack also increase. When these stresses reach
critical values, debonding starts to propagate towards one of
the plate ends, generally the nearer end where the stress
gradient in the plate is higher.

A typical picture of flexural crack-induced debonding is shown
in Figure 9, which shows that a thin layer of concrete remained
attached to the plate suggesting that failure occurred in the
concrete adjacent to the adhesive-to-concrete interface. IC
debonding failures are more likely to occur in shallow beams.
This is because shallow beams are more prone to flexural
cracking which leads to IC debonding, and less prone to shear
cracking which is associated with plate end debonding. In
general, IC debonding failures are more ductile than plate end
debonding failures.

5.3. Concrete cover separation

Concrete cover separation involves crack propagation along the
level of the steel tension reinforcement. Failure of the concrete
cover is initiated by the formation of a crack near the plate
end. The crack propagates to and then along the level of the
steel tension reinforcement, resulting in the separation of the
concrete cover. As the failure occurs away from the bondline,
this is not a debonding failure mode in strict terms, although it
is closely associated with stress concentration near the ends of
the bonded plate. A typical picture of a cover separation failure
is shown in Figure 10. The cover separation failure mode is a
rather brittle failure mode.

5.4. Plate-end interfacial debonding

A debonding failure of this form is initiated by high interfacial
shear and normal stresses near the end of the plate that exceed
the strength of the weakest element, generally the concrete.
Debonding initiates at the plate end and propagates towards
the middle of the beam (Figure 8(f) and Figure 11). This failure
mode is only likely to occur when the plate is significantly
narrower than the beam section, as otherwise, failure tends to
be by concrete cover separation (i.e. the steel bars—concrete
interface controls the failure instead).

Figure 9. FRP-plated RC beam: IC debonding
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Figure 12. FRP-plated RC beam: CDC debonding

Figure I 1. FRP-plated RC beam: plate end interfacial

debonding

5.5. CDC debonding

This mode of debonding failure occurs in flexurally
strengthened beams where the plate end is located in a zone of
high shear force but low moment (e.g. a plate end near the
support of a simply supported beam) and the amount of steel
shear reinforcement is limited. In such beams, a major diagonal
shear crack (critical diagonal crack, or CDC) forms and
intersects the FRP plate, generally near the plate end. As the
crack widens, high interfacial stresses between the plate and
the concrete are induced, leading to the eventual failure of the
beam by debonding of the plate from the concrete; the
debonding crack propagates from the CDC towards the plate
end (Figure 12).

In a beam with a larger amount of steel shear reinforcement,
multiple shear cracks of smaller widths instead of a single
major shear crack dominate the behaviour, so CDC debonding
is much less likely. Instead, cover separation takes over as the
controlling debonding failure mode. In other cases, particularly
when the plate end is very close to the zero-moment location,
CDC debonding leads only to the local detachment of the plate
end, but the beam is able to resist higher loads until cover
separation occurs (Figure 8(c)). The local detachment owing to
CDC debonding effectively moves the plate end to a new
location with a larger moment, and cover separation then starts
from this ‘new end’. The CDC failure mode is thus related to the
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cover separation failure mode. If a flexurally strengthened
beam is also shear-strengthened with U-jackets to ensure that
the shear strength remains greater than the flexural strength,
the CDC debonding failure mode may be effectively suppressed.

6. DEBONDING FAILURE MODES OF SHEAR-
STRENGTHENED RC BEAMS

The shear failure process of FRP-strengthened RC beams
involves the development of either a single major diagonal
shear crack or a number of diagonal shear cracks, similar to
normal RC beams without FRP strengthening.®'° For ease of
description, the existence of a single major diagonal shear
crack (the critical shear crack) is assumed whenever necessary.
This treatment is conservative because recent research has
shown that the existence of multiple cracks is beneficial for the
development of the maximum debonding stress in the FRP.2%27
Eventual failure of almost all test beams occurred in one of the
two main failure modes: tensile rupture of the FRP and
debonding of the FRP from the concrete. The FRP rupture
failure mode has been observed in almost all tests on beams
with complete FRP wraps and in some tests on beams with FRP
U-jackets, while the debonding failure mode has been observed
in almost all tests on beams with FRP side strips and most tests
on beams with FRP U-jackets. Generally, both failure modes
start with a debonding propagation process from the critical
shear crack. Tensile rupture starts in the most highly stressed
FRP strip, followed rapidly by the rupture of other FRP strips
intersected by the critical shear crack. In beams with complete
FRP wraps, it is also common that many of the FRP strips
intersected by the critical shear crack have debonded from the
sides over the full height of the beam before tensile rupture
failure occurs. In beams whose failure is by debonding of the
FRP from the RC beam, failure involves a process of sequential
debonding of FRP strips starting from the most vulnerable strip
(Figure 13).

7. OTHER ASPECTS OF DEBONDING

The risk of debonding is increased by a number of factors
associated with the quality of on-site application. These include
poor workmanship and the use of inferior adhesives. The
effects of these factors can be minimised if due care is
exercised in the application process to ensure that debonding
failure is controlled by concrete. In addition, small unevenness
of the concrete surface may cause localised debonding of the
FRP plate but it is unlikely that such small unevenness can
lead to the complete separation of the FRP plate from the
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Figure |3. FRP-plated RC beams: debonding of FRP U-jackets

concrete member. Mechanical anchors and FRP U-jackets can
be used in soffit plated beams to prevent plate end debonding.
The latter may be used for shear strengthening at the same
time. For beams shear strengthened with FRP U-jackets and
side strips, mechanical anchors can also be used to suppress
FRP debonding failure so that the failure mode is changed from
debonding to rupture. However, care needs to be excised to
avoid local failure adjacent to the anchors.

8. DEBONDING STRENGTH MODELS FOR
FLEXURALLY STRENGTHENED RC BEAMS

8.1. Plate end debonding

Many factors control the likeliness of a particular plate end
debonding failure mode for a given plated RC beam. For
example, for an RC beam with a relatively low level of internal
steel shear reinforcement, each of the plate end debonding
modes (Figure 8) may become critical when the plate length or
width is varied. When the distance between a plate end and the
adjacent beam support (plate end distance) is very small, a CDC
may form, causing a CDC debonding failure of the beam
(Figure 8(b)). If the plate end distance is increased, the CDC
may fall outside the plated region, and only concrete cover
separation is observed (Figure 8(d)). Between these two modes,
CDC debonding followed by concrete cover separation (Figure
8(c)) may occur; this mode is critical if the CDC debonding
failure load is lower than the shear resistance of the original
RC beam as well as the cover separation failure load so that the
load can still be increased following CDC debonding. As the
plate end moves further away from the support, the cover
separation mode remains the controlling mode, and the plate
end crack that appears prior to crack propagation along the
level of steel tension reinforcement becomes increasingly
vertical.? For the extreme case of a plate end in the pure
bending region, the plate end crack is basically vertical (Figure
8(e)). For any given plate end position, if the plate width is
sufficiently small compared with that of the RC beam, the
interface between the soffit plate and the RC beam becomes a
more critical plane than the interface between the steel tension
bars and the concrete, and plate end interfacial debonding
(Figure 8(f)) becomes the critical mode. However, this mode
rarely occurs when the RC beam and the bonded plate have
similar widths.

Given the large variety of parameters that govern plate end
debonding failures, the development of a reliable strength
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model is not a simple task. The recent model by Teng and
Yao?® is the only model that appears to cover all the variations
in plate end debonding failure modes. The model caters for any
combination of plate end moment and shear force by way of
the following interaction curve

(de,end)z n (Mdb,end)2 10
Vab,s Mgy,

where Vipend and Mgy ena are the plate end shear force and the
plate end moment at debonding respectively, My ¢ is the
flexural debonding moment when the beam section at the plate
end is not subjected to any shear force (i.e. within the constant
bending moment region) and Vg is the shear debonding force
when the beam section at the plate end is not subjected to any
bending moment (e.g. at the supports in a simply supported
beam).

The flexural debonding moment, which is the bending moment
that causes debonding of a plate end located in the pure
bending zone of a beam, is found from

0-488 M,

Maps = —————75
(Oflex Faxial Cw )

< Myo

where agex, Qaxial and a,, are three dimensionless parameters
defined by

ttex = [((EDegp) — ((EDeo)] /((EDco)

Aaxial = Efrp tfrp/(EC d)

Ay = bc/bﬁ—p, bc/bfrp =3

where (El)ctrp and (El)c o are the flexural stiffnesses of the
cracked section with and without an FRP plate respectively;
Eprptrp is the axial rigidity per unit width of the FRP plate; E is
the elastic modulus of concrete, b. and d are the width and
effective depth of the RC beam respectively; and M, is the
theoretical ultimate moment of the unplated section which is
also the upper bound of the flexural debonding moment Mgy .

The shear debonding force Vg5, which is the shear force
causing debonding of a plate end located in a region of
(nearly) zero moment, can be found from

A fy

Vibs = Ve + &y Vs with Eye S &y = E
N

where V. and ev,eVS are the contributions of the concrete and
the internal steel shear reinforcement to the shear capacity of
the beam respectively, and Vj is the shear force carried by the
steel shear reinforcement per unit strain, that is

75 = Astsvde/sv
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where Ay, E, and s, are the total cross-sectional area of the
two legs of each stirrup, the elastic modulus and the
longitudinal spacing of the stirrups respectively. In Equation
10, &y is the strain in the steel shear reinforcement, referred to
here as the effective strain, and this effective strain may be
well below the yield strain of the steel shear reinforcement &,.
It should be noted that the bonded soffit plate also makes a
small contribution to the shear debonding force Vg, but this
contribution is small and is ignored in this debonding strength
model.

Based on available test results, Teng and Yao?® proposed that

10

12 Eve = 1/2
(aﬂexaEataw) /

where agex and a,, are given by Equations 9a and ¢
respectively, while the other two dimensionless parameters are
defined by

ag = Efrp/Ec

o = (tip/d) "

For the prediction of V, in design, the design formula in any
national code may be used.

8.2. IC debonding

Two simple and reliable IC debonding strength models have
been developed by Teng ef al.?* and Lu et al.” The first
model?* is a simple modification of the bond strength model
developed by Chen and Teng.'® Lu et al.’s model” is based on
the results of an extensive finite element study in which the
simplified bond-slip model of Lu et al.?° was used. Chen et
al.?> explored an alternative approach that is based on rigorous
analytical work on the behaviour of the FRP-to-concrete
interfaces between two adjacent cracks.?%?” Chen et al.’s
approach?® therefore has the most sound mechanics basis and
is more versatile (e.g. it is applicable to all loading conditions).
Preliminary research presented in Chen et al.>® has shown this
model to be promising, and further work is in progress.

All the three models mentioned above predict a stress or strain
value in the FRP plate at which IC debonding is expected to
occur. According to Lu et al.’s model,” this debonding stress is
given by

14 O gbic = 0-114(4-41 — a)Tmax

15a Tmax = 1‘5ﬂwft

o =3-41L/Lq
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where Ly (mm) is the distance from the loaded section to the
end of the FRP plate while L. (mm) is given by

n Lee = 0-2284/ Egyp by

Again, Lu ef al.” adopted a slightly different expression from
that defined by Equation 2 for the width ratio factor 3, but
the expression given by Equation 2 can be used in this model
without any significant loss of accuracy.

9. DEBONDING STRENGTH MODELS FOR SHEAR-
STRENGTHENED RC BEAMS

Several approaches have been used to predict the shear
strength of FRP-strengthened RC beams. These include the
modified shear friction method, the compression field theory,
various truss models and the design code approach.?® The vast
majority of existing research has, however, adopted the design
code approach that is discussed below. The total shear
resistance of FRP-strengthened RC beams in this approach is
commonly assumed to be equal to the sum of the three
components from concrete, internal steel shear reinforcement
and external FRP shear reinforcement respectively.
Consequently, the shear strength of an FRP-strengthened beam
V, is given in the following form

where V. is the contribution of concrete, V; is the contribution
of steel stirrups and bent-up bars and Vg, is the contribution of

Vi=Ve+ Vs + Vi

FRP. V, and V; may be calculated according to provisions in
existing design codes. The contribution of FRP is found by
truss analogy, similar to the determination of the contribution
of steel shear reinforcement. Two parameters are important in
determining the FRP contribution: the shear crack angle which
is generally assumed to be 45° for design use and the average
stress (or effective stress) in the FRP strips intersected by the
critical shear crack. Different models differ mainly in the
definition of this effective stress. It may be noted that the
design code approach neglects the interactions between the
external FRP and internal steel stirrups and concrete. The
validity of this assumption has been questioned by several
researchers,>°-32 but the approach is the least involved for
design, most mature and appears to be conservative for design
in general. The most advanced model for FRP debonding
failure following the design code approach is probably that
developed by Chen and Teng, '° which employed an accurate
bond strength model,'® leading to accurate predictions.

According to Chen and Teng,'° the contribution of the FRP to
the shear strength of the RC beam for a general strengthening
scheme with FRP strips of the same width bonded on both sides
of the beam (Figure 14) and with an assumed critical shear
crack angle of 6 = 45°, is given by

By e (sin B + cos )

Vfrp = forp,e Ffip Wrirp
Sfrp

where fi, . is the average stress of the FRP intersected by the
shear crack at the ultimate limit state, wy, is the width of each
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Figure 14. A general shear strengthening scheme

individual FRP strip (perpendicular to the fibre orientation), Sgy,
is the horizontal spacing of FRP strips (i.e. the centre-to-centre
distance of FRP strips along the longitudinal axis of the beam),
p is the angle of the inclination of fibres in the FRP to the
longitudinal axis of the beam (measured clockwise for the left
side of the beam as shown in Figure 2), and hy is the
effective height of the FRP bonded on the web

hfrp,e =Zy — Zt

where z; and z, are the coordinates of the top and the bottom
ends of the effective FRP (Figure 14)

20a zi = drp

pI 2y = 0:9d — (h— dgp)

in which d ppp; is the distance from the compression face to the
top end of the FRP (thus df, = O for complete wrapping), h is
the height of the beam and dp,, is the distance from the
compression face to the lower end of the FRP. When FRP is
bonded to the full height of the beam sides, Equation 19
reduces to hgpe = 0-9d as z; = 0 and z, = 0-9d.

The FRP stress distribution at debonding failure is non-uniform
chiefly because the bond lengths of the FRP strips vary with
the vertical position of the critical shear crack at a given
section. Chen and Teng'® expressed the average (or effective)
stress in the FRP along the critical crack fi,. at the ultimate
limit state as

fﬁp,e = Dfrpafrp,max

in which Ofyp mayx is the maximum stress that can be reached in
the FRP intersected by the critical shear crack and Dy, is the
stress distribution factor

ffrp

22 O frp,max = min E
aﬂwﬂL ?ﬁ’p V fé
p
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2 1—cos(74/2)

2 Dip — A sin(wd/2)

where the coefficient a has the best fit value of 0-427 and the
95 percentile characteristic value of 0-315 for design based on
Chen and Teng’s bond strength model,'® and B, and f3,, are as
defined by Equations 2 and 3. For a shear strengthened beam
with the fibres being at an angle S to the longitudinal axis of
the beam, the expressions for 3. and f3,, are re-written as

1 ifA=1
24 =
- PN an™ ipa<n
2
24b B = 2 — (wirp/Stp 5%“5) = V2
1+ (wpp/sipsinf) 2

Note that wyy /(Sgp sin ) is less than 1 for FRP strips with gaps.
It becomes 1 when no gap exists between FRP strips and for
continuous sheets or plates, yielding the lower limit value of
V/'2/2 for . The normalised maximum bond length A and the
maximum bond length L., of the FRP strips are given by

L
2’ — max
25a L
Rtrp e
™€ for U jackets
25b Lmax = illfnﬁ
—P  for side plates
2sinf

where the effective bond length L. of the FRP strips is defined
by Equation 4. The number 2 appears in the denominator for
side plates in Equation 25b because the FRP strip with the
maximum bond length appears at the lower end of the critical
shear crack for U-jacketing but at the middle for side bonding.
Equation 23 is applicable to both U-jackets and side strips. The
actual calculated values are different for these two cases even
if the configuration of the bonded FRP is the same on the beam
sides because the maximum bond length L., for U-jackets is
twice that for side strips (see Equation 25b).

10. CONCLUDING REMARKS

This paper has been concerned with the mechanics of
debonding failures in RC beams strengthened in either flexure
or shear with externally bonded FRP reinforcement. A
systematic classification of possible debonding failure modes
has been presented. The mechanisms and processes of the
different debonding failure modes have been examined.
Furthermore, advanced strength models for the key debonding
failure modes have been summarised. The information
presented in this paper may be directly applied in the practical
design of FRP strengthening systems for RC beams and serve as
a useful basis for the future development of design provisions
in design codes and guidelines.
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Despite the extensive existing research, many issues remain to
be clarified. Within the context of monotonic loading and
short-term behaviour, the existing theoretical debonding
strength models require further improvements and the effects
of preloading, load distributions, pre-tensioning of the FRP
plate, and anchorage measures require a great deal of further
research. Beyond the confinement of monotonic loading and
short-term behaviour, major issues that call for further research
include debonding under cyclic and dynamic loading as well as
long-term durability.
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