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Abstract. This paper presents the development of a simplified model for predicting plate end (PE) debonding capacity
of reinforced concrete (RC) beams flexurally strengthened using fiber reinforced polymers (FRP). The proposed model is
based on the concrete shear strength of the beams considering main parameters known to affect the opening of the shear
cracks and consequently affect PE debonding. The model considers also the effect of the location of the cut-off point of FRP
plate along the span of the beam. The proposed model was verified against experimental database of 128 FRP-strengthened
beams collected from previous studies that failed in PE debonding. In addition, the predictions of the proposed model
were also compared with those of the existing PE debonding models. The predictions of the model were found to be com-
parable to the best predictions provided by the existing models, yet the proposed model is simpler. Furthermore, the pro-
posed model was combined with the ACI 440 IC debonding equation to provide a procedure for predicting the governing
debonding failure mode in FRP strengthened RC beams. The procedure was validated against 238 beam tests available in

the literature, and shown to be a reliable approach.
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Introduction

The use of fiber reinforced polymers (FRP) for strengthen-
ing reinforced concrete (RC) members has become popu-
lar in the engineering practice. This is attributed to the su-
perior characteristics of FRP materials which make them
more attractive to be used in repair and upgrade applica-
tions of existing concrete structures. FRP materials have a
high strength to weight ratio as well as high immunity to
corrosion according to ACI 440.2R (American Concrete
Institute [ACI], 2017). Nevertheless, delamination of FRP
reinforcement from the concrete surface represents one of
the challenges that limits the full use of strain capacity of
FRP materials in the design process. Reinforced concrete
beams strengthened in flexure using FRP reinforcement
generally fail either in intermediate-crack (IC) debond-
ing or plate end (PE) debonding. The tensile strain de-
veloped in FRP reinforcement at the occurrence of any
of such debonding failures represents a fraction of FRP
ultimate tensile strain. Compared to beams failing in IC
debonding, beams failing in PE debonding generally ex-

perience a lower FRP tensile strain at failure which makes
PE debonding a more critical mode of failure (National
Research Council, 2013; Al-Saawani et al., 2015).

PE debonding occurs in beams with relatively small
shear span to depth ratio. Because in such beams, the
bending moment is relatively small and the behavior is
governed by shear not by flexure. This reduces the chance
of the occurrence of IC debonding failure. PE debond-
ing initiates at the FRP plate end propagating towards
the midspan of the beam. It occurs as separation of the
concrete cover at the level of main tensile steel or as in-
terfacial debonding of the plate from the concrete of
the beam soffit. The concrete cover separation (CCS) is
more commonly to occur than the plate end interfacial
debonding in FRP-strengthened RC beams. For beams
with FRP terminated close to the support, CCS occurs
after the formation of shear cracks at the plate end re-
gion (Oehlers, 1992; Smith & Teng, 2002a; Zhang & Teng,
2016; Achintha & Burgoyne, 2008, 2011). Shear cracks
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are inclined and associated with horizontal and vertical
opening displacements between the two surfaces of the
crack. Horizontal displacement induces interfacial shear
stresses between FRP plate and the concrete surface. On
the other hand, vertical displacement induces normal ten-
sile stresses acting on the concrete cover between the FRP
and the embedded tensile steel bars (International Federa-
tion for Structural Concrete [fib], 2001). Opening of the
shear crack under loading will increase both horizontal
and vertical displacements which in turn will increase
both interfacial and normal stresses, respectively. In CCS
failure, the normal tensile stresses are more critical than
interfacial shear stresses. The increase of these stresses
leads to the formation of horizontal splitting cracks at the
level of the tensile reinforcing steel bars and separation of
the concrete cover. The concrete cover with the bonded
FRP plate separate as one unit as shown in Figure 1. For
strengthened beams with FRP terminated away from the
support, CCS occurs after the formation of inclined cracks
that develop at the plate end and propagate in the beam
towards the tension steel bars. Once the cracks reach the
level of the steel bars, they propagate horizontally caus-
ing splitting of the concrete cover (Achintha & Burgoyne,
2008, 2011). Plate-end interfacial debonding occurs due
to higher interfacial shear stresses near the FRP plate end,
which are more critical than the normal stresses in this
case. Debonding initiates at the end of the FRP plate when
the interfacial stresses exceed the tensile strength of the
concrete substrate. It propagates along the interface of
concrete and FRP towards the middle of the beam without
reaching the level of tension steel reinforcement, as shown
in Figure 2. This debonding failure is most likely to occur
when the FRP plate width is significantly narrower than
the beam width (Zhang & Teng, 2016).

Shear span

| L

o

~

Concrete cover separation

Figure 1. Concrete cover separation
in FRP strengthened RC beams
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Figure 2. Plate end interfacial debonding
in FRP strengthened RC beams

In addition to experimental studies, the topic of plate
end debonding has attracted the researchers to conduct
numerical investigations on FRP strengthened concrete
beams using different finite element (FE) models. The
studies suggested two-dimensional (2D) or three-dimen-
sional (3D) models (e.g., Zhang & Teng, 2014; Kotynia
et al., 2008; Sakr, 2018) to analyze plate-end interfacial
debonding and concrete cover separation failures using
different commercial FE packages.

The occurrence of PE debonding at lower FRP ten-
sile strain diminishes the feasibility of using FRP ex-
ternal strengthening. To enhance the efficiency of FRP
strengthening, end anchorage system should be provided
to mitigate/prevent the premature PE debonding failure.
To properly design such an end anchorage system, the
PE debonding capacity of an FRP-strengthened beam
should be reliably predicted first. The aim of this study is
to develop a simplified model for predicting the plate end
debonding in RC beams flexurally strengthened with FRP
reinforcement. This paper presents the development of the
model which is based on the concrete shear strength of RC
beams. The beneficial effect of the shear reinforcement on
restricting the widening of shear cracks and consequently
increasing the PE debonding capacity is considered in
the model. Also, the effect of the location of the termina-
tion point of FRP plate along the beam span is consid-
ered. The model is verified using experimental database
collected from previous studies. In addition, the model is
compared with the existing models in predicting the PE
debonding capacity of FRP strengthened beams included
in the database. The study is extended by combining the
model with ACI 440.2R (ACI, 2017) IC debonding equa-
tion for predicting the governing debonding failure mode
of FRP strengthened RC beams.

1. Overview of existing shear based models

There are several existing models for predicting PE
debonding failure in FRP strengthened RC beams. Most
of these models are based on shear strength of the beams
or based on fracture mechanics. This section provides an
overview of the shear based models as they represent the
majority of the available models while other models based
on fracture mechanics will be presented later in the pa-
per in Section 6. A total of ten models proposed by re-
searchers or recommended by relevant design codes and
guidelines are presented. All the following equations are
presented in SI unit format.

1.1. Oehlers’ model

Earlier work was conducted by Oehlers (1992) and re-
sulted in developing a strength model based on the shear
force and bending moment acting at the plate end. Oe-
hlers’ work was carried out on RC beams strengthened
with steel plates and yielded the following moment-shear
interaction expression:
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where My, .,y and Vy, ,.; are the bending moment and
shear force applied at the plate end at failure, respectively.
The term My, s is the debonding moment at the end of a
plate terminated in the constant moment region, whereas
the term Vj,  is the debonding shear force at the end of a
plate terminated near the support.

Ocehlers (1992) indicated that there are two extreme
positions of soffit plate termination. For a plate terminated
close to the supports in a simply supported beam, the ap-
plied moment My, ,,.; at the plate end will be zero, and the
PE debonding occurs when the applied shear force Vy, .4
at the plate end reaches the concrete shear strength V. of
the beam. On the other hand, for a plate terminated in the
constant moment region, the applied shear force Vy, 4 at
the plate end will be zero and the PE debonding occurs
when the applied moment My, s reaches My, » The ulti-
mate debonding moment Mg, ; is given by the following

equation:
Ec Itr,c fct

= 2
©I 09 Eg, th, @

where E_ and Ej;,, are the moduli of elasticity of the con-
crete and the FRP respectively, I,, . is the cracked sec-
ond moment of area of the plated section transformed
into equivalent concrete, f., the cylinder splitting tensile
strength of concrete and fg, the FRP plate thickness. If
the splitting tensile strength is not determined from tests,
[+ (in MPa) is taken as 0.56\/7; where f.' is the concrete
cylinder compressive strength.

The concrete shear strength V, of the beam is calcu-
lated by Oehlers (1992) using the Australian code AS 3600
(Standards Australia, 1988) equation, given as:

v, =[1.4-(d/2000) [bd(p,f; )“3, (3)
where b and d are the width and effective depth of the
beam cross section, respectively; p, is the ratio of tension
steel reinforcement.

1.2. Jansze’s model

Jansze (1997) proposed a plate-end debonding strength
model, which was originally developed for steel-plated
beams. The proposed model considered the occurrence
of PE debonding failure at the onset of shear cracking in
RC beams. The critical shear force at the plate end which
causes debonding, Vy, .4 is given as:

Vipend = Tppsbd =0.18 3/31, [1 + %)moomﬂ bd,
a

(4)

where a’ is a modified shear span, equal to:

(5)

in which L, is the unplated length. If a’ is greater than the
actual shear span, g, then the average value of both values
(a’ + a) /2 should be used.

1.3. Ahmed and van Germert’s model

The Jansze’s (1997) model was modified by Ahmed and
van Germert (1999) to account for the difference between
FRP and steel properties and also to include the effect of
shear reinforcement. The modified equation proposed by
Ahmed and van Germert (1999) is given:

Vibend = (TPES +TA,04 )bd> (6)
where
A nod = TPEde( 5% —S&]+61885[ﬂj;
Loy 1 ppcba bd
(7)
= [0.15776 £+ 17'23j6psd)+0'9 As:l{yv ) )

where Tpgg is the same as suggested by Jansze (1997) as
per Eqn (4); S5, and S; are the first moments of area about
the neural axis, respectively, for FRP plate, and that of an
equivalent steel plate. The equivalent steel plate is the one
that has the same tensile capacity and width as that of the
FRP plate but with an equivalent thickness determined as-
suming that the yield stress of steel is 550 MPa. The terms
I, . and I care the moments of inertia of a cracked plated
section with FRP plates and equivalent steel plates, respec-
tively, while by, and b, are the widths of FRP plate and
adhesive, respectively, which can be practically considered
the same. The terms A, and f,, are the cross sectional area
and yield stress of the steel stirrups, whereas s is the stir-
rup spacing.

1.4. Smith and Teng’s model

Smith and Teng (2002b) proposed a model that is based
on the concrete shear strength only. The debonding shear
force at the plate end, Vb end> 18 given by:

de,end :l.SVC, (9)

where V_ is the shear capacity of the concrete calculated
based on the Australian code AS 3600 (Standards Austral-
ia, 1988) given by Eqn (3). The applicability of this model
is suggested to be limited for FRP strengthened beams
with the ratio of the applied moment to the ultimate mo-
ment My, ,,.; /M, <0.67.

1.5. Colotti’s et al. model

A theoretical model based on truss analogy was proposed
by Colotti et al. (2004) to predict the failure mode and
ultimate capacity of RC beams strengthened with FRP. In
this model, the load capacity of the beam is predicted as
the minimum value obtained from four different shear
strength equations corresponding to: (a) plate-debonding
failure; (b) shear failure; (c) tension/concrete crushing fail-
ure; and (d) rupture of FRP plates.
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The ultimate shear load for the plate-end failure mode
of FRP-strengthened beam is given by:

Vavend zpyd|:¢+a_ (¢+a)2 _2¢B:| > Py >0, (10)

where p, is the strength of the transverse reinforcement
taken as p, =A f,,/s; o is the ratio of shear span to
beam effective depth, oo =a/d; 3 represents the ratio of
plate length in shear to beam effective depth, f=1,/d;
and ¢ is the ratio of bond strength to stirrup strength,
o=U,/p,.

Two equations to determine the limiting bond strength
are provided in this model. They characterize the two
types of PE debonding failure. The limiting bond strength
in the case of PE interfacial debonding is given by:

U, =b, [2.77+0.06(f;—20ﬂ for f >20MPa. (11)

The effective width of the plate-adhesive interface, b,,,
is assumed to be the average of the beam and FRP plate
widths: b,, =(b+bg, ) /2.

For the case of concrete cover separation, the effective
bond strength is taken as the minimum value calculated
by Eqn (11) above and Eqn (12) below:

U =fctscb)
4 C

c

(12)

where f,, is the tensile strength of the concrete; C, is the
concrete cover thickness (mm); s, is the width of the tie
element, assumed as a fraction of the crack spacing size I,
(mm) and taken as s, =1./5. The crack spacing /. could be
calculated according to Eurocode 2 (European Committee
for Standardization, 2004):

I =50+0.25k k)0, /p,» (13)

where ¢, is the diameter of tension steel reinforcement; k;
and k, are coeflicients for crack spacing size taken as 0.8
and 0.5, respectively; and p, is the effective tensile steel
reinforcement ratio taken as p, = A_,/2.5bc,, in which the
effective area of flexural tension reinforcement A, = A /2.

Shear failure in the concrete web or yielding of the
steel stirrups is assumed to occur when:

bd,
1% :%[\/Haz —a}+pydoc for
<P_y<—,l+(xz—0c'

0< < ; (14a)
bf.  2J1+a?
2 Py \/1"1‘&2 —Q Py
pybd fo|1-—=| for ———<—-<0.5;
bf, Wl+o? b
(14b)
V:% for p—y>0.5 (14¢)

2

c
in which f, is the effective concrete compressive strength.

The failure of the concrete web or the failure of the longi-
tudinal reinforcement occurs when the shearing force is:

2T Viro2 -
V=p,d —2 +a? —a| for p—y>M;
p, bf.  2J1+a?
(15a)
4T T
V=bdfc{ y(I— ’_|+a?-o| for
2 L bdf.\  bdf,
N
by Nlra?—a T, <0.5bdf,; (15b)
b, 2\1+02
bd N 2 _
V:—fc[\/1+0c2—0c} forp—yS—lﬂx =,
2 ¢ 21+l
T, >0.5bdf, . (15¢)

Composite failure by rupture of FRP reinforcement,
failure of main tensile steel or concrete crushing occurs
when:

M
V=—->XH~t, (16)

a
where the flexural capacity of the cross section is calcu-

lated as specified in ACI 440.R2 guide (ACI, 2002).

1.6. Teng and Yao’s model

Yao and Teng (2007) and Teng and Yao (2007) conduced
experimental and analytical investigations on FRP-
strengthened beams which led to modify the moment-
shear interaction expression proposed by Oehlers (1992).
The modified interaction equation as proposed by Teng
and Yao (2007) is as follows:

2 2
M \%4
db,end I db,end -1.0, (17)
0.85M,, s 0.85V,, ,
where the flexural debonding moment Mg, ; of FRP plate
end terminated in a pure bending region is given by:

0.488M,,

Mdb,f = )1/9 gMu,O’ (18)

(aﬂex Qgyial Cw
where M, is the moment capacity of the unplated sec-
tion; O,y Olgyie and o, are three dimensionless param-
eters reflecting the effect of the contribution of the FRP
to the flexural rigidity of the cracked section, the effect of
the axial rigidity ratio, and the effect of the width ratio,
respectively, defined by:

flex (EI)CO > Paxial Ec d >
b >
a, =—<3, (19)
bjip

where (EI). , and (EI). are the flexural rigidities of the
cracked section with and without FRP, respectively; E,
and t5,, are the modulus of elasticity and thickness of FRP
plates.
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The shear debonding force V,  at an FRP plate end
terminated at or near the supports was modified by Teng
and Yao (2007). In addition to V, component, the contri-
butions of FRP plate Vfrp, and internal shear steel rein-
forcement ¢, ,V, to the shear capacity of the beam were

also added as follows:

de)s = VC + Vﬁp +¢€ V (20)

v,e s>

where V. is the shear force carried by the shear steel rein-
forcement per unit strain, given by:

V,=AE,d/s (1)

sV sV

in which E_, is the elastic modulus of the stirrups. In Eqn
(20), €, is the effective strain in the stirrups. The best-fit
expression for g, , is given by:

_ 10 22)

1/2°
(aﬂex Op Oy aw)
where o represents the elastic moduli ratio oy =E,, / E 5
and o, is the ratio between the FRP plate thickness and the

81’,6

13
effective depth of the section o, = (t fp ! d) .

For the predictions of the shear capacity contributed
by the concrete V; and the FRP plate Vj, Teng and Yao
(2007) suggested that Oechlers et al’s prestress model
(Oehlers et al., 2004, 2005) is to be adopted. For design
purposes, however, Teng and Yao (2007) explained that
the shear capacity of concrete beams, V,, to be used in
Eqn (20) can be obtained from current code specified
equations, while the contribution of Vj, is usually small
enough and could be ignored.

1.7. fib Bulletin 14 model

The fib Bulletin 14 (fib, 2001) presented the model pro-
posed by Blaschko (1997) which is based on the concrete
shear strength of the beam. This model indicates that PE
debonding may be prevented by limiting the acting shear
force at the plate end to the shear cracking strength of the
beam as follows:

de,end < 0.15]“61](/3 bd, (23)

where f, is the characteristic compressive strength of
concrete determined according to Eurocode 2 (European
Committee for Standardization, 2004).

1.8. Concrete Society TR 55 model

The Technical Report 55 (TR55) of the Concrete Society
(2012) recommended an upper limit for the acting shear
force at the plate end region to avoid PE debonding:

Viib,end <0-67Vggs (24)

where Vy,; is the shear strength of the beam section de-
termined in accordance with Section 6.2 of Eurocode 2
(European Committee for Standardization, 2004).

1.9. ACI 440.2R model

The ACI 440 Committee in its document ACI 440.2R
(ACI, 2017) provides also an upper limit for the factored
shear force at the termination point of the plate to avoid
PE debonding:

Vigpend <0.67V,, (25)

where V_ is the concrete shear strength of the beam sec-
tion determined in accordance with the ACI 318 code
(ACI, 2014).

1.10. AS 5100.8 model

The Australian Standard AS 5100.8 (Standards Australia,
2017b) follows similar approach to that of TR 55 of Con-
crete Society (2012) and ACI 440.2R (ACI, 2017) by pre-
scribing an upper limit for the acting shear force at the
plate end region:

de,end < 0'67Vu’ (26)

where V,, is the nominal shear strength of the beam sec-
tion determined in accordance with the AS 5100.5 stand-
ard (Standards Australia, 2017a).

2. Experimental database of PE debonding failure

A relatively large database including 128 beam test results
from 32 different studies was established, as given in Ta-
ble 1. The beams included in the database were collected
based on the following criteria: (1) all beams failed by PE
debonding either by interfacial debonding or CCS; (2) all
beams were simply supported and were tested under one-
or two-point loading systems; (3) the FRP plate/sheet was
neither prestressed nor anchored at its ends; and (4) suf-
ficient details for various geometric and material param-
eters were provided. The database had a broad range of
design parameters. Considering the beam geometry, the
width of the test beams was in the range of 100 to 400
mm with a total beam height of 100 to 450 mm, while the
clear span ranged from 812 to 3800 mm. The test beams
had different shear span/depth ratio in the range of 2.29
to 6.25. The tension steel reinforcement ratio ranged from
0.32 to 2.12%. Considering the material type, the database
included 43 beams strengthened by pultruded FRP plates
and 85 beams strengthened by wet lay-up FRP sheets. The
width of the FRP was in the range 30 to 360 mm. The
thickness of a single layer of dry fibers was in the range
of 0.11 to 0.176 mm for the wet lay-up FRP sheets while
the total thickness for pultruded FRP was in the range of
0.82 to 4.76 mm. The elastic modulus of the FRP materi-
als ranged between 10.3 and 400 GPa. The ratio of the
plated length beyond the point load to the shear span of
the beam was in the range of 0.25-1.00. The compressive
strength of the beams was in the range of 19.2 to 66.4
MPa. A total of 114 beams were tested under two-point
loading system while 14 beams were tested under one-
point loading system. Table 1 gives relevant details for the
beams included in this database.
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Table 1. Database of beams failed by plate-end debonding

RC beam Steel reinforcement FRP reinforcement Loading configuration »

Ref. No. | Beam b d fle | Ten. fy Uy o Epp Jiu Lp by L a | Ly | 1)
(mm) | (mm) | (MPa) | Rein (MPa) | (MPa) v (GPa) | (MPa) (mm) (mm) | (mm) | (mm) | (mm)

1 C 152 | 250.8 | 400 | 2-127 | 414 | 250 | 0.0064 | 1172 | 160.6 476 | 1520 | 2,438 | 914 | 80 | 1108
o 2 D 152 | 2508 | 400 | 2-12.7 | 414 | 250 | 0.0064 | 11.72 | 160.6 476 | 1511 | 2438 | 914 | 80 | 1193
ﬁ‘;;hll)e etal. 3 G 152 | 2508 | 433 | 2-127 | 414 | 250 | 0.0064 | 103 | 184.1 419 | 1520 | 2,438 | 914 | 00 | 1258
4 I 152 | 2508 | 400 | 2-127 | 414 | 250 | 0.0064 | 27.579 | 319.2 406 | 1499 | 2,438 | 914 | 80 | 1012
5 M 152 | 2508 | 433 | 2-127 | 414 | 250 | 0.0064 | 117.9 | 1,4892 | 127 | 1520 | 2438 | 914 | 0.0 | 144.1
6 B2 100 | 84 | 424 | 36 350 | 350 | 0.0028 | 49.00 | 1,078 | 1Ix12 | 80.0 | 900 | 300 | 200 | 34.0
Quantrill 7 B3 100 | 84 | 424 | 36 350 | 350 | 0.0028 | 49.00 | 1,078 | 1x12 | 300 | 900 | 300 | 200 | 246
etal (1996) | 8 B4 100 | 84 | 424 | 36 350 | 350 | 0.0028 | 49.00 | 1,078 | 1x1.6 | 60.0 | 900 | 300 | 200 | 35.0
9 B6 100 | 84 | 424 | 36 350 | 350 | 0.0028 | 11850 | 987 1x12 | 80.0 | 900 | 300 | 200 | 408
o 10 Ad 200 | 163 | 330 | 2-14 | 540 | 540 | 0.0019 | 167.00 | 2,906 | 1x1.3 | 150.0 | 2,000 | 700 | 150.0 | 110.0
2’9‘19“7‘)“1 etal. [y A5 200 | 163 | 330 | 2-14 | 540 | 540 | 0.0019 | 167.00 | 2,906 | 2x13 | 150.0 | 2,000 | 700 | 150.0 | 90.0
12 B3 200 | 163 | 330 | 3-13 | 540 | 540 | 0.0034 | 400.00 | 3,000 | 3x0.17 | 300.0 | 2,500 | 1,100 | 100.0 | 228.0

13 1Bu 100 68 47.3 3-6 350 350 ] 0.0028 | 111.11 | 1,273 1x0.7 65.0 900 300 20.0 | 36.6
14 2Bu 100 68 47.3 3-6 350 350 | 0.0028 | 111.11 | 1,273 1x0.7 65.0 900 340 20.0 | 34.0
Garden et al. 15 3Bu 100 68 47.3 3-6 350 350 | 0.0028 | 111.11 1,273 1x0.7 65.0 900 400 20.0 [ 34.6
(1997) 16 1Cu 100 68 47.3 3-6 350 350 | 0.0028 | 111.11 | 1,273 1x1.0 45.0 900 300 20.0 [ 32.0
17 2Cu 100 68 47.3 3-6 350 350 | 0.0028 | 111.11 | 1,273 1x1.0 45.0 900 340 20.0 [ 35.6
18 3Cu 100 68 47.3 3-6 350 350 | 0.0028 | 111.11 | 1,273 1x1.0 45.0 900 400 20.0 [ 30.8

19 | Blu,l1.0 100 84 43.2 3-6 350 350 | 0.0028 | 111.00 | 1,414 0.82 67.0 900 300 | 20.0 | 32.0
Gardenetal. | 20 | B3u,l.0 100 84 43.2 3-6 350 350 | 0.0028 | 111.00 | 1,414 0.82 67.0 900 340 | 20.0 | 34.0
(1998) 21 | B4u,l1.0 100 84 43.2 3-6 350 350 | 0.0028 | 111.00 | 1,414 0.82 67.0 900 400 | 20.0 | 34.5
22 | Blu,2.3 130 206 37.6 3-10 556 556 | 0.0029 | 115.00 | 1,284 1.28 90.0 | 2,200 | 845 | 40.0 | 100.3

23 VR5 120 214 33.6 2-10 565 738 ] 0.0043 | 230.00 | 3,400 4x0.11 120.0 | 2,350 | 783 75.0 | 102.2
Beber et al. 24 VR6 120 214 33.6 2-10 565 738 ] 0.0043 | 230.00 | 3,400 4x0.11 120.0 | 2,350 | 783 75.0 | 100.6

(1999) 25 | VR7 | 120 | 214 | 336 | 210 | 565 | 738 | 0.0043 | 230.00 | 3,400 | 7x0.11 | 1200 | 2,350 | 783 | 75.0 | 1242
26 | VRS | 120 | 214 | 336 | 2-10 | 565 | 738 | 0.0043 | 230.00 | 3,400 | 7x0.11 | 1200 | 2,350 | 783 | 75.0 | 124.0
27 P2 150 | 257 | 400 | 2-14 | 500 | 500 | 0.0027 | 150.00 | 2,400 | 1x12 | 100.0 | 2,800 | 933 | 200.0 | 136.0
Davidetal. | 28 P3 150 | 257 | 400 | 2-14 | 500 | 500 | 0.0027 | 150.00 | 2,400 | 1x12 | 100.0 | 2,800 | 933 | 2000 | 1422
(1999) 29 P4 150 | 257 | 400 | 2-14 | 500 | 500 | 0.0027 | 150.00 | 2,400 | 2x12 | 100.0 | 2,800 | 933 | 200.0 | 156.0
30 P5 150 | 257 | 400 | 214 | 500 | 500 | 0.0027 | 150.00 | 2,400 | 2x12 | 100.0 | 2,800 | 933 | 200.0 | 159.0
g‘;‘;g al 31 2 150 | 205 | 354 | 210 | 537 | 537 |o0.0105| 1972 | 259 132 | 1500 | 1,500 | 500 | 350.0 | 106.0
] 32 | A3 150 | 250 | 517 | 4159 | 427 | 427 | 0.0076 | 230.0 | 3,400 | 3x0.165 | 150.0 | 2,130 | 1,065 | 0.0 | 1722
Zt“a‘fl?g;% 33 A8 150 | 250 | 517 | 4-159 | 427 | 427 | 0.0076 | 2300 | 3,400 | 6x0.165 | 750 | 2,130 | 1,065 | 0.0 | 196.4
34 | 2 150 | 250 | 517 | 4159 | 427 | 427 | 0.0038 | 230.0 | 3,400 | 3x0.165 | 150.0 | 2,130 | 1,065 | 0.0 | 1586
35 | AR2 | 125 | 193 | 41 28 | 568 | 553 | 0.0064 | 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 200 | 83.0
36 | AE2.1 | 125 | 193 | 41 28 | 568 | 553 | 0.0064 | 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 150 | 858
37 | AE3 | 125 | 193 | 41 28 | 568 | 553 | 0.0064 | 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 100 | 966
38 | AR4 | 125 | 193 | 41 2-8 | 568 | 553 | 0.0064 | 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 111.0
39 | BE2-1 | 125 | 193 | 41 2-8 | 568 | 553 | 0.0027 | 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 90.0
40 | BE3-1 | 125 | 193 | 41 28 | 568 | 553 | 0.0045| 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 104.0
41 | CE21 | 125 | 193 | 43 28 | 568 | 553 | 0.0064 | 240 | 3.500 | 2x0.167 | 75 | 1,500 | 500 | 100 | 104.8
g}(;‘&e)d 42 | CR3-1 | 125 | 193 | 43 38 | 568 | 553 | 0.0064 | 240 | 3.500 | 2x0.167 | 75 | 1,500 | 500 | 100 | 1182

43 CF4-1 125 193 43 2-10 568 553 | 0.0064 240 3,500 | 2x0.167 75 1,500 | 500 100 | 140.2
44 DF2 125 193 42 3-8 568 553 | 0.0045 240 3,500 | 2x0.167 75 1,500 | 500 50 120.5
45 DF3 125 193 40.5 3-8 568 553 | 0.0045 240 3,500 | 2x0.167 75 1,500 | 500 50 120.0
46 DF4 125 193 40.5 3-8 568 553 | 0.0045 240 3,500 | 2x0.167 75 1,500 | 500 50 125.5

47 | BE1-1 | 125 | 193 | 46 38 | 568 | 553 | 0.0045| 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 131.8
48 | EE3-1 | 125 | 193 | 38 38 | 568 | 553 | 0.0045| 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 119.0

49 | EE4-1 | 125 | 193 | 33 38 | 568 | 553 | 0.0045| 240 | 3,500 | 2x0.167 | 75 | 1,500 | 500 | 50 | 120.6

50 | BE2 | 200 | 409 | 365 | 4-16 | 59 | 560 | 0.0050 | 159 | 3,200 | 1x1.2 | 100 | 3,800 | 1250 | 70 | 370.0

Matthys 51 | BE3 | 200 | 409 | 349 | 416 | 59 | 560 | 0.0050 | 159 | 3200 | 1x1.2 | 100 | 3,800 | 1250 | 70 | 372.0
(2000) 52 | BF4 | 200 | 409 | 308 | 416 | 59 | 560 | 0.0050 | 159 | 3200 | 1x1.2 | 100 | 3,800 | 1250 | 70 | 368.4
53 | BF5S | 200 | 409 | 37.4 | 416 | 59 | 560 | 0.0050 | 159 | 30200 | 1x1.2 | 100 | 3,800 | 1250 | 70 | 354.0

54 F5 155 | 203 | 664 | 312 | 532 | 3055 | 0.0029 | 155 | 2,400 | 1x12 | 120 | 2,800 | 1100 | 385 | 100.0

Fanningand | 55 F6 155 | 203 | 664 | 312 | 532 | 3055 | 0.0029 | 155 | 2,400 | 1x12 | 120 | 2,800 | 1100 | 385 | 103.0
Kelly (2001) | 56 F7 155 | 203 | 664 | 3-12 | 532 | 3055 | 0.0029 | 155 | 2,400 | 1x12 | 120 | 2,800 | 1100 | 462 | 97.5
57 | Fl0 155 | 203 | 664 | 3-12 | 532 | 3055 | 0.0029 | 155 | 2,400 | 1x12 | 120 | 2,800 | 1100 | 550 | 82.0

Gao etal, 58 | 1N4 | 150 | 162 | 357 | 2-10 | 460 | 460 | 0.0089 | 235 | 4,200 | 4x011 | 75 | 1,500 | 500 | 150 | 86.4
(2001) 59 | IN6 | 150 | 162 | 357 | 2-10 | 460 | 460 | 0.0089 | 235 | 4,200 | 6x0.110 | 75 | 1,500 | 500 | 150 | 86.3
] 60 | Beam3 | 115 | 125 | 303 | 3-10 | 534 | 365 | 0.0082 | 230 | 3.400 | 0.111 | 115 | 1,350 | 500 | 75 | 860
gf:;lzggf) 61 | Beamd | 115 | 125 | 303 | 3-10 | 534 | 365 | 0.0082| 230 | 3,400 | 0.111 115 | 1,350 | 500 | 75 | 82.0
62 | Beam5 | 115 | 125 | 303 | 310 | 534 | 365 | 0.0082 | 230 | 3,400 | 0111 | 115 | 1,350 | 500 | 75 | 79.0

63 | A950 | 120 | 120 | 257 | 3-10 | 384 | 400 | 0.0094 | 181 | 3,140 | 1x12 80 | 1,330 | 440 | 190 | 562
g%‘a’ﬁnﬁal' 64 | A1100 | 120 | 120 | 257 | 3-10 | 384 | 400 |0.0094 | 181 | 3,140 | 1x12 80 | 1,330 | 440 | 115 | 574

65 A1150 120 120 25.7 3-10 384 400 | 0.0094 181 3,140 1x1.2 80 1,330 | 440 90 59.0
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End of Table 1

RC beam Steel reinforcement FRP reinforcement Loading configuration »
Ref. No. | Beam b d fle | Ten. fy y o Egp S bip byip L a | Ly | o)
(mm) | (mm) | (MPa) | Rein | (MPa) | (MPa) v (GPa) | (MPa) (mm) (mm) | (mm) | (mm) | (mm)

.4 66 Ad 200 | 120 | 492 | 210 | 575 | 575 |0.0019 | 127 | 1,532 | 1x02 | 150 | 2,100 | 750 | 85 | 619
Eli}t‘l’;‘l‘n:: 67 A6 200 | 120 | 492 | 2-10 | 575 | 575 | 0.0019| 127 | 1,532 | 1x02 150 | 2,100 | 750 | 85 | 59.4
(2001) 68 A8 200 | 120 | 492 | 210 | 575 | 575 |0.0019 | 127 | 1,532 | 1x02 | 150 | 2,100 | 750 | 85 | 652

69 BS 200 | 120 | 492 | 210 | 575 | 575 |0.0038 | 127 | 1,532 | 1x02 | 150 | 2,100 | 750 | 85 | 69.7
70 1A 154 | 215 | 315 | 2x10 | 506 | 506 | 00102 | 271 | 3,720 | 2x0.165 | 147 | 1,500 | 500 | 250 | 59.7
71 1B 154 | 215 | 315 | 2x10 | 506 | 506 | 00102 | 271 | 3,720 | 2x0.165 | 147 | 1,500 | 500 | 25 | 1002
Smith and 72 2A 151 | 215 | 486 | 2x10 | 506 | 506 | 0.0095 | 271 | 3,720 | 2x0.165 | 147 | 1,500 | 500 | 375 | 48.1
Teng (2003) | 73 2B 151 | 215 | 486 | 2x10 | 506 | 506 | 0.0095 | 271 | 3,720 | 2x0.165 | 147 | 1,500 | 500 | 125 | 86.4
74 3A 151 | 215 | 453 | 2x10 | 506 | 506 | 0.0095 | 257 | 4519 | 2x0.165 | 147 | 1,500 | 500 | 175 | 79.9
75 3B 151 | 215 | 453 | 2x10 | 506 | 506 | 0.0095 | 257 | 4,519 | 2x0.165 | 147 | 1,500 | 500 | 50 | 98.0
Valcuende 76 | ASI | 100 | 128 | 395 | 2x10 | 500 | 500 | 0.0057 | 165 | 2,600 | Ix1.2 50 | 1,000 | 400 | 50 | 786
etal. (2003) [ 77 | B.SI | 100 | 128 | 41.6 | 2x10 | 500 | 500 | 0.0057 | 165 | 2,600 | 1Ix12 50 | 1,000 | 400 | 50 | 702
78 | ALL | 102 | 89 | 422 | 1x95 | 435 | 420 | 0.0053 | 230 | 3,790 | 1x0.165 | 51 | 812 | 330 | 25 | 27.9
79 | A21 | 102 | 89 | 422 | 1x95 | 435 | 420 | 0.0053 | 230 | 3,790 | 2x0.165 | 51 812 | 330 | 25 | 314
80 | A31 | 102 | 89 | 533 | 1x95 | 435 | 420 | 0.0053 | 230 | 3,790 | 3x0.165 | 51 | 812 | 330 | 25 | 39.0
81 | A4l | 102 | 89 | 533 | 1x9.5 | 435 | 420 | 0.0053 | 230 | 3,790 | 2x0.165 | 76 | 812 | 330 | 25 | 36.8
Brefia and 82 | A51 | 102 | 89 | 533 | 1x95 | 435 | 420 | 0.0053 | 230 | 3,790 | Ix0.165 | 102 | 812 | 330 | 25 | 352
Macri (2004) [ 83 | A1l | 102 | 89 | 422 | 2x9.5 | 435 | 420 | 0.0053 | 230 | 3,790 | 1x0.165 | 51 | 812 | 330 | 25 | 402
84 | A2 | 102 | 89 | 422 | 2x95 | 435 | 420 | 0.0053 | 230 | 3,790 | 2x0.165 | 51 | 812 | 330 | 25 | 445
85 | A3 | 102 | 89 | 533 | 2x9.5 | 435 | 420 | 0.0053 | 230 | 3,790 | 3x0.165 | 51 | 812 | 330 | 25 | 480
86 | A4l | 102 | 89 | 533 | 2x9.5 | 435 | 420 | 0.0053 | 230 | 3,790 | 2x0.165 | 76 | 812 | 330 | 25 | 525
87 | A5 | 102 | 89 | 533 | 2x9.5 | 435 | 420 | 0.0053 | 230 | 3,790 | 1x0.165 | 102 | 812 | 330 | 25 | 489
88 | IT6LN | 150 | 162 | 47.8 | 2x10 | 460 | 250 | 0.0089 | 235 | 4200 | 6x0.11 | 150 | 1,500 | 500 | 20 | 116.2
g;%:;;‘l' 89 | 2T6LN | 150 | 162 | 621 | 2x10 | 460 | 250 | 0.0089 | 235 | 4,200 | 6x0.11 | 150 | 1,500 | 500 | 20 | 1359
90 | 2TALN | 150 | 162 | 621 | 2x10 | 460 | 250 | 0.0089 | 235 | 4,200 | 4x0.11 | 150 | 1,500 | 500 | 20 | 1333
Gao et al. 91 A0 150 | 162 | 357 | 2x10 | 531 | 250 | 0.0089 | 235 | 4200 | 2x0.11 | 75 | 1,500 | 500 | 150 | 80.7
(2004b) 92 BO 150 | 162 | 357 | 2x10 | 531 | 250 | 0.0089 | 235 | 4,200 | 4x0.11 | 75 | 1,500 | 500 | 150 | 86.4
Grace and 93 | Bbl 152 | 2112 | 310 | 3x159 | 414 | 414 | 00091 | 138 | 2,070 | 1x12 | 152 | 2,540 | 864 | 152.5 | 136.6
Singh (2005) | 94 | Bb3 152 | 2112 | 310 | 3x159 | 414 | 414 | 00091 | 227 | 2,758 | 2x02 | 152 | 2,540 | 864 | 152.5 | 1335
95 | Ela 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 141.4
9% | Elb 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 1492
97 | Eza 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 350 | 102.8
98 | E2b 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 350 | 106.8
Pham and 99 | E3a 140 | 220 | 537 | 2x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 132.0
Al-Mahaidi | 100 | E3b 140 | 220 | 537 | 2x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 130.4
(2006) 101 | E4a 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 158.0
102 | E4b 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 6x0.176 | 100 | 2,300 | 700 | 150 | 122.4
103 | E5a 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 9x0.176 | 100 | 2,300 | 700 | 150 | 126.6
104 | Esb 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3,900 | 9x0.176 | 100 | 2,300 | 700 | 150 | 126.4
105 | E3b2 | 140 | 220 | 537 | 3x12 | 551 | 334 | 0.0090 | 209 | 3.900 | 6x0.176 | 100 | 1,600 | 700 | 150 | 120.0
ft eghe(dz‘(i)‘(’)‘;) 106 | RBI 120 | 129 | 210 | 2x10 | 400 | 235 |0.0047 | 165 | 2,800 | 1x1.2 100 | 1,800 | 600 | 50 | 40.1
, 107 | B312D | 150 | 166 | 252 | 2x12 | 400 | 350 |00084| 240 | 3800 | 2x0176 | 150 | 1,600 | 600 | 100 | 709
Esfahani 2L15
etal- (2007) | og B43'L112;) “| 150 | 166 | 252 | 2x12 | 400 | 350 | o0.0084| 240 | 3800 | 3x0.176 | 150 | 1,600 | 600 | 100 | 74.4
109 | CSB | 150 | 215 | 246 | 2x10 | 536 | 536 | 0.0105 | 256 | 4114 | 2x0.165 | 148 | 1,500 | 500 | 50 | 815
110 | CS.L3-B | 150 | 215 | 263 | 2x10 | 536 | 536 | 0.0105| 256 | 4,114 | 3x0.165 | 148 | 1,500 | 500 | 50 | 785
Yao and Teng Cs.
(2007) UL | oo | 150 | 215 | 302 | 2x10 | 536 | 536 | 00105 256 | 4114 | 2x0.165 | 100 | 1,500 | 500 | 50 | 809
112 | CPB | 150 | 215 | 296 | 2x10 | 536 | 536 | 0.0105| 165 | 2,800 | 1x12 | 148 | 1,500 | 500 | 50 | 76.1
] 113 | A3 100 | 150 | 269 | 2x10 | 452 | 537 | 00067 | 230 | 3,450 | 2x0.167 | 100 | 2,000 | 880 | 300 | 40.0
(Cze()rf(;‘ 114 | B2 100 | 150 | 269 | 2x12 | 441 | 537 | 0.0067 | 230 | 3,450 | 1x0.167 | 100 | 1,800 | 780 | 400 | 492
115 | B3 100 | 150 | 269 | 2x12 | 441 | 537 | 0.0067 | 230 | 3,450 | 2x0.167 | 100 | 1,800 | 780 | 400 | 482
| 116 | BSSP | 110 | 155 | 500 | 2x10 | 611 | 420 | 00114 | 215 | 2,500 | 1Ix1.4 | 100 | 1,690 | 5615 | 845 | 60.7
ilia(‘;érﬁ‘) 117 | B70P | 110 | 155 | 500 | 2x10 | 611 | 420 | 0.0114 | 215 | 2,500 | Ix1.4 | 100 | 1,690 | 5615 | 169 | 47.1
118 | B25P | 110 | 155 | 500 | 2x10 | 611 | 420 | 0.0114 | 215 | 2,500 | 1xl4 | 100 | 1,690 | 561.5 | 4225 | 51.9
if“:f?z"(fff)z‘ 19 | 2 100 | 130 | 400 | 2x10 | 382 | 379 |o0.0168| 235 | 3900 | 2x0.111 | 100 | 1,000 | 333 | 50 | 7538
Al-Saawani |0 | S-05-35-1 400 | 515 | 350 | 3x14 | 470 | 420 | 00038 | 165 | 2800 | 1x14 | 360 | 3000 | 1000 | 100 | 2351
etal. (2015) 360
Hasnat 121 [S(ATL)C| 150 | 166 | 483 | 2x8 | 414 | 414 | 00118 | 120 | 2,260 | 1xl2 | 100 | 1,296 | 432 | 50 | 100.0
etal (2016) | 122 |B(ATL)C| 150 | 166 | 475 | 2x8 | 414 | 414 | 00118 | 120 | 2,260 | 1xl2 | 100 | 1,296 | 432 | 50 | 1016
123 | BCI-1 | 100 | 175 | 280 | 2x8 | 562 | 358 | 00113 | 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 79.0
124 | BC12 | 100 | 175 | 280 | 2x8 | 562 | 358 | 0.0113 | 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 78.0
f/l:l‘ltv‘g:; and 5o RCo 1 | 100 | 175 | 280 | 2x8 562 | 358 | 0.0113| 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 79.5
(2016) 126 | BC3-1 | 100 | 175 | 192 | 2x8 | 562 | 358 | 00113 | 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 68.0
127 | BCa1 | 100 | 175 | 264 | 2x6 | 358 | 358 | 0.0057 | 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 44.0
128 | BC42 | 100 | 175 | 264 | 2x6 | 358 | 358 | 00057 | 232 | 3,850 | 1x0.167 | 100 | 1,200 | 400 | 50 | 48.0
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3. Proposed method for predicting
PE debonding capacity

Previous studies (Oehlers, 1992; Smith & Teng, 2002a;
Zhang & Teng, 2016; Achintha & Burgoyne, 2008, 2011)
indicated that there is a relationship between the PE
debonding failure and the shear cracks developed at the
plate end region in FRP strengthened RC beams. This
explains the existence of several shear based models that
were developed for predicting PE debonding failure as re-
viewed in the preceding section. The goal of this study is
to develop a simple model capable of predicting the PE
debonding failure of FRP strengthened RC beams. The
proposed model is to be expressed as a function of the
concrete shear strength V. of the beam as follows:

de,end = B Vc . (27)

The equation developed by Zsutty (1971) for evaluat-
ing V, was selected to be used in this proposed model. It
is given as follows:

d 1/3
V. = 2.17( fips —j bd, (28)
a

where f, is the specified concrete compressive strength
of the beam; p, is the longitudinal reinforcement ratio of
the main steel; d is the effective depth of the beam; and
a is the shear span. The Zsutty’s equation was decided to
be used in this model because it accounts for the main
design parameters known to affect V, and gives accurate
and reliable predictions for the concrete shear strength of
RC beams (Zsutty, 1971).

The term B in Eqn (27) is a factor that will be deter-
mined. It can be noted that the proposed model is similar
to the model of Smith and Teng (2002b) (Eqn (9)) and to
that of the ACI 440.2R (ACI, 2017) (Eqn (25)). In Smith
and Teng’s model (2002b), the factor B was 1.5 whereas in
the ACI 440.2R (ACI, 2017) model, the factor § was 0.67.
The actual variation of the factor 3 can be determined us-
ing the experimental database given in Table 1. The ratio
of the experimental shear force V,,, corresponding to the
PE debonding failure, to the calculated concrete shear
strength of the beams V_ was plotted against V, as shown
in Figure 3. The V, values of the beams were calculated
using Eqn (28). Figure 3 indicates that almost all beams
gave a ratio of V,,,/V, higher than 1, meaning that all the
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Figure 3. Variation of the ratio V,,/V;
for PE debonding database

beams failed after the onset of the major shear crack. The
range of the ratio V,,,/V was between 0.98 and 2.91. The
figure also indicates that the factor B of 0.67 proposed by
ACI 440.2R (ACI, 2017) is very conservative. On the oth-
er hand, the factor § of 1.5 proposed by Smith and Teng
(2002b) seems to be better than that of the ACI 440.2R
(ACI, 2017). However, having a fixed value for the factor
B does not seem appropriate as the beams of the data-
base showed a relatively large band width of variation of
the ratio V,,,/V.. Instead, the parameters that control the
widening of the shear cracks should be considered in for-
mulating the factor . This is because the widening of the
shear cracks at the plate end region is responsible for trig-
gering the PE debonding failure as previously discussed.
The amount of the shear reinforcement is one of the main
parameters that control the opening of the shear cracks.
Also, the amount of the longitudinal reinforcement has an
influence on the opening of the shear cracks. The influ-
ences of these parameters are discussed in the following
subsections.

3.1. Influence of longitudinal reinforcement ratio

It was established that the amount of main tensile rein-
forcement has a beneficial effect on increasing the con-
crete shear strength V, and limiting the widening of the
shear crack in RC beams (Kani, 1999; Rebeiz, 1999). This
effect was recognized by most of the design methods by
incorporating the longitudinal reinforcement ratio p, of
the main steel in their V, design equations. Eqn (28) in-
cludes p; among the main parameters that contribute to
V.. Recently, El-Sayed (2014) has indicated that external
FRP longitudinal strengthening also contributes to the
concrete shear strength of RC beams. Its effect has been
considered by replacing the effective depth and steel rein-
forcement ratio in V, design equations by the equivalent
effective depth d,, and equivalent reinforcement ratio p,,
as follows:

AEd+A. E. h
g = (29)
AE +ApEq
E
Jip
{A5+Aﬂp E, J
Pog =" (30)

(bd)

where A and E; are the internal steel area and modulus
of elasticity; Ap, and Ef, are the external FRP area and
modulus of elasticity; b, d and h are beam width, effective
depth of tension steel, and total depth of beam, respective-
ly. Thus, the influence of the longitudinal reinforcement
is not included in formulating the factor B as it is already
considered in the V, equation.

3.2.Influence of shear reinforcement ratio

In the light of understanding the mechanism of PE
debonding, it is anticipated that the reinforcing stirrups
will have a beneficial effect on the PE debonding capacity
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of FRP strengthened beams. The reinforcing stirrups con-
trol the opening of the shear crack and also increase the
resistance to the bond failure of concrete splitting along
the main longitudinal steel. To the best knowledge of the
authors, no systematic study has been conducted to in-
vestigate the influence of reinforcing stirrups on the PE
debonding failure. Among the beams tested by Ahmed
(2000), there were 3 beams with different amounts of steel
stirrups. The results indicated that the PE debonding fail-
ure load increased with the increase of the stirrup amount.
To quantify the effect of the stirrup reinforcement ratio p,,
the experimental shear strength corresponding to the PE
debonding failure of the beams included in the database
was plotted against p,. To eliminate the effect of the loca-
tion of the cut-off point of FRP along the shear span, the
beams with FRP reinforcement extended to the support
(within 50 mm from the support) were only considered.
Figure 4 shows a plot of the experimental shear strength
Vexp normalized with respect to the calculated V, against
p, for 62 test beams from the database with FRP termi-
nated at the supports. It should be pointed out that the
calculated concrete shear strength V_ of the beams was cal-
culated using Eqn (28) after replacing d and p, by d,, and
Peg respectively. Figure 4 indicates that the PE debonding
capacity increases with the increase of the shear reinforce-
ment ratio p,. It was found that the shear strength at PE
debonding failure is proportional to (p,)*. Based on this
analysis, the factor 3, that can be introduced into Eqn (27)
to account for the influence of the shear reinforcement can
be expressed as:

B, =2.15(p, ). (31)

It can be noted that the factor B, is a function of the
amount of shear reinforcement ratio only and does not
include the effect of the grade of the steel stirrups. This is
because PE debonding generally occurs after the forma-
tion of the shear cracks but before the occurrence of the
shear failure of the beam.

3.3. Influence of the location of FRP cut-off point

Several studies indicated that PE debonding failure is re-
lated to the shear force and bending moment in the beam
at the FRP plate end (Oehlers, 1992; Yao & Teng, 2007;
Teng & Yao, 2007; Ahmed, 2000; Matthys, 2000; Fanning
& Kelly, 2001; Nguyen et al., 2001; Smith & Teng, 2003;
Pham & Al-Mahaidi, 2006). Experimental results obtained
from those studies indicated that the PE debonding failure
load decreased with the increase of the plate end distance
from the support in simply supported beams. This is be-
cause in the case of beams with FRP terminated at the
supports, the shear force is the highest while the bending
moment is zero at the plate end region. On the other hand,
when the FRP plate end is moved away from the support,
the bending moment increases relative to the shear force
at the plate end region leading to the reduction of the
PE debonding failure load. To account for this effect in
the proposed model, a factor B; can be introduced into
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Figure 4. Influence of shear reinforcement ratio
on PE debonding capacity
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Figure 5. Influence of the location of FRP cut-off point
on PE debonding capacity

Eqn (27). This factor represents the ratio of the unplated
length L, along the beam (measured from the support to
the plate end) to the shear span a. The factor ; can be
obtained by plotting the experimental shear strength of
selected beams in the database against the ratio L, /a as
presented in Figure 5. Twenty-one data points were used
for generating Figure 5. These data were selected from
five different studies (Ahmed, 2000; Fanning & Kelly,
2001; Nguyen et al., 2001; Smith & Teng, 2003; Pham &
Al-Mahaidi, 2006) where the unplated length was varied.
The vertical axis of the figure represents the experimental
shear strength V,,, normalized with respect to the calcu-
lated V, and the factor B,, while the horizontal axis rep-
resents the ratio L, /a. The figure shows the decrease of
the normalized shear force with the increase of the ratio
L,p/a. This correlation resulted in the factor B;, which can
be expressed as:

I -0.34
BL=0.57[ “*"J <1.0. (32)

a

It can be noted that an upper limit of 1.0 was set for
the factor ; indicating that when the FRP is extended to
the support, B; equals 1.0. This value is reduced to reach
0.57 when L= a.

3.4. Proposed equation

Based on the previous analysis and discussion, the pro-
posed shear force at the plate end corresponding to the
PE debonding failure can be expressed as:



126
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., d
de,end :BVBL2'17 fcpeq% bdeq’ (33)

where the factors 3, and B3; are as given in Eqns (31) and
(32), respectively. Also, the equivalent effective depth d,,
and equivalent reinforcement ratio Peq are as given in
Eqns (29) and (30), respectively. It can be noted that the
shear span, g, can be determined in the case of a beam
under concentrated loading as it is the distance from the
concentrated load to the support. For a beam with uni-
formly distributed loading, the term a in Eqn (33) can
be replaced by the ratio of the factored moment to the
factored shear, M/V, occur simultaneously at the critical
section for shear. On the other hand, for calculating the
factor B; as per Eqn (32) for a beam under uniformly dis-
tributed loading, the term a can be replaced by L/2, where
L is the span of the beam.

4. Verification of the proposed equation

To verify the proposed method, Eqn (33) was used for
calculating the shear force V_,; at the FRP plate end for 128
beams included in the collected database. The calculations
of Eqn (33) were compared with the experimental shear
force V,,, of the beams. Table 2 gives the ratio of V,,,/V,
for each beam. The table also gives the average ratio of
Vexp! Vear the coefficient of variation, and the percentage
of specimens with unconservative predictions expressed as
the exceedance percentage for the 128 beams. The exceed-

ance percentage is defined as the percentage of number
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of tests with V,, exceeding V,,, meaning that the ratio of

Vexp! Vear 18 less than 1.0. Table 2 shows that the proposed
equation gave reasonably accurate and conservative pre-
dictions with an average ratio of V,,,/V, of 1.14 for the
128 beams included in the database. The table also shows
that the proposed method gave reasonably scattered pre-
dictions with a coeflicient of variation of 17.7% and per-
centage of exceedance of 20.3%. Figure 6 shows the vari-
ation of the ratio V,,,/V,, against the parameters fi, Peg
p,» and L,,/a which are known to affect the PE debonding
capacity. The figure shows that the ratio V,,,/V,, varied
consistently over a relatively smaller band width of the
scattered results. This can be observed for the variation
of V,y,/ V., against each of the four variables shown in

the figure.

5. Comparison with existing shear based models

To further verify the proposed equation, the predictions
of Eqn (33) were compared with those from the exist-
ing shear based models presented earlier in the paper.
The same 128 test data were used in this comparison.
The predictions for each beam using the ten shear based
models are also given in Table 2. Figure 7 compares the
predictions of the proposed equation with the predictions
of these methods. It can be observed from Table 2 and
Figure 7 that fib Bulletin 14 (fib, 2001), ACI 440.2R (ACI,
2017), and Oheler (1992) gave very conservative predic-
tions compared to the proposed equation. The average ra-
tio of V,,,/ V., for these methods were 3.87,2.78, and 1.7,
respectively, compared to 1.14 for the proposed equation.

Table 2. Comparison of experimental results with predictions of PE debonding failure load

Experimental to calculated shear load at failure, V,,, /V
Shear capacity based models Other code predictions
Vv Ahmed .
No. P Smith .| Teng fib fib TR55
(kN) Pl;zizgd Oehler | Jansze 2;;?1 and C;lglt t and Bulletin (§0R15 25) 42)C21R AS5100.8 | Bulletin | (2012) | CNR-DT
(1992) | (1997) Germert Teng (2004) Yao 14 (2001) Eqn (24) (20'17) (2017) 14 (2001) Eqn 200 (2013)
(1999) (2002b) (2007) | Eqn(23) Eqn (34) (37)

1 55.4 0.93 1.16 0.63 0.63 1.18 0.61 0.84 2.83 0.89 2.03 0.90 135 1.46 1.33
2 59.6 1.00 1.25 0.67 0.67 1.27 0.65 0.90 3.05 0.95 2.18 0.97 1.46 1.57 1.43
3 62.9 1.05 1.26 0.41 0.41 1.31 0.66 0.84 3.13 1.00 2.21 1.02 1.58 1.69 1.55
4 50.6 0.80 1.06 0.57 0.57 1.08 0.55 0.88 2.59 0.81 1.85 0.82 1.10 1.20 1.07

5 72.0 1.06 145 0.47 0.47 1.50 0.76 1.22 3.59 1.14 2.54 1.16 145 1.64 1.40
6 17.0 1.12 1.60 0.88 0.88 1.32 1.04 1.01 3.87 1.68 2.74 1.51 111 1.24 1.11

7 12.3 0.86 1.16 0.64 0.64 0.95 0.90 0.75 2.80 1.21 1.98 1.10 1.07 1.15 1.12
8 17.5 1.15 1.66 0.91 0.90 1.36 1.14 1.06 3.98 1.72 2.82 1.56 1.17 1.30 1.22
9 20.4 1.19 1.96 1.06 1.05 1.58 1.25 1.19 4.64 2.01 3.29 1.82 1.06 1.21 1.06
10 55.0 1.06 1.73 1.39 1.39 1.26 1.06 1.35 3.51 1.41 2.59 1.32 1.21 1.50 1.17
11 45.0 0.76 1.51 1.14 1.14 1.03 0.86 1.08 2.87 1.16 2.12 1.08 0.95 1.19 0.92
12 114.0 0.76 1.01 1.20 1.19 1.20 0.59 1.07 2.26 0.83 1.69 0.91 1.20 1.36 1.11
13 18.3 1.15 1.65 0.92 0.91 1.37 1.14 1.04 4.02 1.79 2.80 1.61 1.17 1.30 1.14
14 17.0 1.11 1.53 0.85 0.85 1.27 0.98 1.00 3.73 1.66 2.60 1.49 1.23 1.37 1.20
15 17.3 1.20 1.56 0.87 0.86 1.29 0.92 1.08 3.80 1.69 2.64 1.52 1.47 1.64 1.44
16 16.0 1.01 1.46 0.80 0.80 1.20 1.06 0.93 3.51 1.56 2.44 141 1.07 1.18 1.08
17 17.8 1.17 1.62 0.89 0.89 1.33 1.11 1.07 391 1.74 2.72 1.56 1.35 1.49 1.36
18 154 1.07 1.40 0.77 0.77 1.15 0.89 0.98 3.38 1.50 2.35 1.35 1.37 1.52 1.39
19 16.0 1.02 1.51 0.82 0.82 123 1.02 0.95 3.62 1.58 2.56 143 0.99 1.11 1.02
20 17.0 113 1.61 0.88 0.87 1.31 1.01 1.05 3.85 1.68 2.72 1.52 1.19 1.34 1.22
21 17.3 1.21 1.63 0.89 0.89 133 0.94 1.12 3.90 1.71 2.76 1.54 1.42 1.60 1.46
22 50.2 1.19 1.57 1.10 1.10 1.39 0.96 1.44 3.73 1.54 2.69 1.47 1.26 1.42 1.27
23 51.1 1.32 1.79 1.65 1.65 1.74 0.79 1.48 4.11 0.73 3.03 0.76 1.46 1.76 1.38
24 50.3 1.30 1.76 1.63 1.62 1.71 0.78 1.46 4.05 0.71 2.98 0.75 1.44 1.73 1.36
25 62.1 1.48 2.21 2.01 2.00 2.11 0.96 1.91 5.00 0.88 3.68 0.92 1.78 2.23 1.56
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Continue of Table 2

Experimental to calculated shear load at failure, V,,, /V
Shear capacity based models Other code predictions
V. Ahmed .
No. P Smith .| Teng fib fib TR55
(kN) Pl;g};g:d Oehler | Jansze 2/,2: and Ceotlzlt tl and Bulletin (2(1}15 25) 4:?0CZIR AS5100.8 | Bulletin | (2012) | CNR-DT
(1992) | 1997) | o 0| Teng | Sooa | Yao | 1aoon) | RO ORSY | @o17) | 142000 | Eqn | 200 (2013)
(199) | (20020) (2007) | Eqn (23) Eqn(34) | (37)

26 62.0 1.48 2.21 2.00 2.00 2.11 0.96 1.90 4.99 0.88 3.68 0.92 1.78 2.22 1.56
27 68.0 1.11 1.55 1.57 1.57 1.35 1.06 1.44 3.44 1.21 2.46 1.19 1.22 1.50 1.23
28 71.1 1.17 1.62 1.65 1.64 141 1.10 1.50 3.60 1.26 2.57 1.25 1.28 1.56 1.29
29 78.0 1.17 1.89 1.80 1.80 1.55 1.21 1.69 3.94 1.38 2.82 1.37 1.48 1.86 1.52
30 79.5 1.19 1.92 1.84 1.84 1.58 1.23 1.73 4.02 141 2.88 1.40 1.51 1.90 1.55
31 53.0 121 1.16 1.83 1.93 1.57 1.09 1.37 3.50 0.38 2.56 0.41 0.92 1.14 0.90
32 86.1 0.98 1.25 0.33 0.33 1.16 1.30 0.94 4.11 0.80 2.82 0.75 1.00 1.04 0.96
33 98.2 1.12 1.26 0.38 0.38 1.33 1.48 1.34 4.69 0.91 3.21 0.86 117 1.25 1.17
34 79.3 0.95 1.06 0.30 0.30 1.07 1.28 1.06 3.78 1.24 2.59 1.08 0.92 0.95 0.89
35 41.5 1.39 1.71 1.89 2.00 1.59 1.13 1.41 3.33 0.57 2.37 0.61 1.23 1.34 1.22
36 429 1.30 1.61 1.87 1.92 1.64 0.99 1.29 3.44 0.59 245 0.63 1.27 1.38 1.26
37 48.3 1.28 1.83 1.97 1.96 1.85 0.96 1.30 3.87 0.66 2.76 0.71 143 1.56 1.42
38 55.5 1.45 1.48 1.90 1.89 2.12 0.97 1.37 4.45 0.76 3.17 0.81 1.65 1.79 1.63
39 45.0 1.24 1.55 1.54 1.54 1.72 1.03 1.23 3.61 1.18 2.57 1.26 1.34 1.45 1.32
40 52.0 1.38 1.55 1.78 1.78 1.99 0.99 1.35 4.17 0.94 2.97 1.00 1.54 1.68 1.53
41 52.4 1.29 1.69 1.89 1.88 1.81 1.02 1.28 4.13 0.71 2.92 0.75 1.33 1.43 1.32
42 59.1 1.40 1.87 1.99 1.99 1.94 1.15 1.38 4.66 0.81 3.30 0.84 1.35 1.44 1.34
43 70.1 1.53 1.52 2.07 2.06 2.07 1.40 1.51 5.53 0.96 391 0.98 1.29 1.36 1.29
44 60.3 1.44 1.75 1.72 1.72 1.99 1.13 145 4.79 1.08 3.40 1.12 1.39 1.47 1.38
45 60.0 1.40 1.77 1.74 1.73 2.01 1.15 1.55 4.83 1.08 3.45 1.12 1.31 1.55 1.30
46 62.8 141 1.99 1.82 1.81 2.10 1.20 1.65 5.05 1.13 3.61 117 1.35 1.69 1.32
47 65.9 1.53 2.33 1.83 1.82 2.12 1.19 1.52 5.08 118 3.55 1.22 1.50 1.59 1.48
48 59.5 1.48 1.99 1.76 1.76 2.04 1.17 1.50 4.89 1.08 3.53 1.12 1.39 1.47 1.38
49 60.3 1.57 2.04 1.87 1.86 2.16 1.26 1.63 5.20 1.10 3.84 1.15 1.44 1.54 1.43
50 185.0 1.30 2.15 1.44 1.44 1.77 1.34 1.67 4.55 0.90 3.30 0.93 1.23 1.53 1.33
51 186.0 1.32 2.08 1.47 1.47 1.81 1.37 1.71 4.64 0.91 3.40 0.93 1.25 1.56 1.37
52 184.2 1.37 2.07 1.52 1.52 1.87 1.44 1.79 4.79 0.91 3.58 0.93 1.30 1.61 1.42
53 177.0 1.23 2.25 1.37 1.37 1.68 1.27 1.58 4.31 0.86 3.12 0.88 1.16 1.45 1.26
54 50.0 1.02 191 1.24 1.24 091 1.09 1.21 2.62 1.30 1.72 1.16 1.09 1.34 1.06
55 51.5 1.05 1.97 1.28 1.28 0.94 1.12 1.25 2.69 1.34 1.77 1.20 1.12 1.38 1.10
56 48.8 1.05 2.07 1.27 1.27 0.89 1.20 1.28 2.55 1.26 1.68 113 1.06 1.31 1.04
57 41.0 0.94 1.81 1.09 1.11 0.75 1.19 1.17 2.15 1.06 1.41 0.95 0.89 1.10 0.87
58 43.2 1.24 1.22 1.67 1.67 1.46 1.05 1.30 3.60 0.55 2.63 0.54 1.26 1.36 131
59 43.2 1.18 1.25 1.67 1.67 1.46 1.05 1.39 3.60 0.55 2.62 0.54 1.16 1.32 1.22
60 43.0 1.60 1.23 1.68 1.67 1.88 1.57 1.36 6.40 1.15 4.79 1.11 1.28 1.35 1.24
61 41.0 1.49 1.08 1.60 1.59 1.80 1.50 1.47 6.10 1.10 4.57 1.06 1.17 1.41 1.13
62 39.5 1.39 1.70 1.54 1.53 1.73 1.45 1.51 5.88 1.06 4.40 1.02 1.16 1.43 1.05
63 28.1 1.27 1.77 1.46 1.44 1.30 1.71 1.48 441 0.62 3.40 0.61 0.90 1.08 0.95
64 28.7 1.09 2.83 1.31 1.30 1.32 1.33 1.31 4.50 0.63 3.47 0.63 0.92 1.11 0.97
65 29.5 1.03 2.73 1.27 1.26 1.36 1.26 1.30 4.63 0.65 3.57 0.64 0.94 1.14 1.00
66 31.0 0.88 2.66 0.94 0.94 0.94 0.51 0.89 2.35 0.99 1.62 0.97 1.24 1.46 1.15
67 29.7 0.79 2.54 0.90 0.90 0.90 0.49 0.87 2.25 0.95 1.56 0.93 1.13 141 1.00
68 32.6 0.93 235 0.99 0.99 0.99 0.54 0.94 247 1.04 171 1.02 1.31 1.54 1.21
69 34.9 0.89 2.33 1.06 1.05 1.05 0.49 1.00 2.64 0.70 1.83 0.71 1.32 1.65 1.17
70 39.8 1.00 1.22 141 1.53 117 0.87 1.02 2.54 0.29 1.89 0.31 0.72 0.79 0.68
71 66.8 1.21 1.83 1.45 1.44 1.96 0.73 1.10 4.26 0.48 3.17 0.52 1.21 1.33 1.14
72 32.1 0.82 0.84 1.07 1.19 0.83 122 0.99 1.80 0.25 1.25 0.27 0.54 0.60 0.50
73 57.6 1.01 1.36 1.62 1.63 1.48 0.69 0.97 3.24 0.45 2.25 0.48 0.97 1.07 0.90
74 53.3 1.08 1.33 1.61 1.68 1.40 0.77 1.02 3.07 0.41 2.15 0.44 0.92 1.01 0.85
75 65.3 1.08 1.54 1.51 1.50 1.72 0.66 0.97 3.76 0.51 2.64 0.54 1.13 1.24 1.05
76 39.3 1.46 2.65 1.61 1.60 1.95 1.44 1.71 6.01 1.22 4.31 1.19 1.19 1.42 1.29
77 35.1 1.29 2.31 1.42 1.41 1.71 1.26 1.49 5.28 1.08 3.75 1.06 1.05 1.25 1.13
78 14.0 0.95 1.22 0.79 0.79 1.09 0.67 0.75 2.94 0.73 2.09 0.73 1.15 1.24 1.16
79 15.7 1.02 1.40 0.89 0.89 1.23 0.75 0.93 3.31 0.82 2.35 0.82 1.14 1.25 1.16
80 19.5 1.12 1.57 1.03 1.02 1.42 0.83 1.05 3.81 1.00 2.60 0.99 1.24 1.38 1.25
81 18.4 1.06 1.46 0.97 0.96 1.34 0.70 0.96 3.59 0.94 2.45 0.94 113 1.26 1.07
82 17.6 1.06 1.37 0.93 0.92 1.28 0.61 0.84 3.44 0.90 2.34 0.90 1.15 1.27 1.05
83 20.1 1.12 1.74 0.85 0.85 1.25 0.96 0.93 4.24 1.05 3.01 0.97 1.07 1.12 1.08
84 22.3 121 1.96 0.94 0.94 1.39 1.06 1.15 4.70 1.16 3.33 1.08 1.10 1.16 1.11
85 24.0 1.17 1.90 0.94 0.93 1.38 1.02 1.14 4.69 1.23 3.20 1.13 1.07 1.15 1.07
86 26.3 1.28 2.05 1.03 1.02 1.51 1.00 1.20 5.13 1.34 3.50 1.24 1.14 123 1.10
87 24.5 1.23 1.88 0.96 0.95 1.41 0.85 1.00 4.77 1.25 3.26 1.15 1.11 1.18 1.05
88 58.1 1.11 1.77 1.24 1.23 1.79 0.80 1.23 4.39 1.12 3.05 1.15 1.17 1.42 1.06
89 68.0 1.19 1.82 1.33 1.32 1.92 0.84 1.27 4.71 1.28 3.13 131 1.30 1.54 1.16
90 66.7 1.25 1.77 1.30 1.30 1.88 0.83 1.19 4.62 1.26 3.07 1.28 1.42 1.59 1.27
91 40.4 1.23 1.51 1.56 1.56 1.37 1.10 0.97 3.36 0.80 2.45 0.82 1.19 1.25 1.19
92 43.2 1.24 1.70 1.67 1.67 1.46 1.18 1.24 3.60 0.85 2.63 0.88 1.15 1.24 1.16
93 68.3 1.05 2.05 135 1.35 1.32 1.48 1.29 4.52 0.67 3.37 0.66 1.02 1.23 1.01
94 66.8 1.07 1.95 1.32 1.32 1.29 1.44 1.01 4.41 0.65 3.30 0.64 1.05 1.10 1.02
95 70.7 1.04 1.72 1.51 1.51 141 1.21 1.24 4.06 0.85 2.76 0.84 0.99 1.24 0.90
96 74.6 1.10 1.82 1.59 1.59 1.49 1.27 1.30 4.28 0.90 2.92 0.89 1.05 1.31 0.95
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End of Table 2

Experimental to calculated shear load at failure, V,y, /V,,
Shear capacity based models Other code predictions
Y Ahmed .
No. 2 | proposed Smith . Teng fib fib TR55
(kN) mgdel QOehler | Jansze 2\1/:: and C:th ti and Bulletin (£0R15 25) 42)C21R AS5100.8 | Bulletin | (2012) | CNR-DT
(1992) | (1997) | ot | Teng | Q0| Yao | 14000 | o Ot (2017) | 142000 | Eqn o | 200 (2013)
(1099) | (2002b) (2007) | Eqn(23) | ¢ Equ(34) | (37)
97 51.4 1.01 1.40 1.30 1.35 1.03 1.42 1.07 2.95 0.62 2.01 0.61 0.72 0.90 0.65
98 53.4 1.05 1.45 1.35 1.41 1.07 1.48 1.12 3.06 0.64 2.09 0.64 0.75 0.94 0.68
99 66.0 1.05 1.64 1.67 1.67 1.51 0.89 1.29 3.79 0.79 2.58 0.81 1.17 1.46 1.06
100 65.2 1.04 1.62 1.65 1.65 1.49 0.88 1.27 3.74 0.78 2.55 0.81 1.15 1.45 1.05
101 79.0 1.16 1.93 1.69 1.68 1.58 1.35 1.38 4.53 0.95 3.09 0.94 1.11 1.39 1.01
102 61.2 0.90 1.49 1.31 1.30 1.22 1.04 1.07 3.51 0.74 2.39 0.73 0.86 1.07 0.78
103 63.3 0.88 1.59 1.35 1.35 1.27 1.08 1.16 3.63 0.76 247 0.76 0.93 1.17 0.84
104 63.2 0.88 1.59 1.35 1.35 1.26 1.08 1.15 3.63 0.76 247 0.75 0.93 1.17 0.84
105 67.5 1.08 1.68 1.71 1.71 1.54 0.91 1.32 3.87 0.81 2.64 0.83 1.19 1.50 1.08
106 20.1 0.83 1.55 0.91 0.91 1.08 0.72 1.10 3.13 1.08 2.49 1.02 0.98 1.20 0.98
107 35.5 0.90 1.51 1.18 1.18 1.18 0.69 0.95 3.24 0.56 2.50 0.57 0.98 1.07 0.94
108 37.2 0.90 1.61 1.24 1.24 1.24 0.72 1.09 3.40 0.59 2.63 0.60 0.96 1.10 0.91
109 54.3 1.09 1.75 1.54 1.54 1.76 0.71 1.03 3.86 0.38 3.00 0.40 1.01 1.18 0.96
110 52.3 0.97 1.64 1.45 1.45 1.66 0.66 1.08 3.63 0.36 2.79 0.39 0.92 1.15 0.84
111 53.9 1.05 1.57 1.43 1.42 1.63 0.74 0.94 3.58 0.37 2.68 0.40 1.07 1.15 1.05
112 50.7 0.83 1.51 1.35 1.35 1.55 0.61 1.07 3.39 0.35 2.55 0.37 0.85 1.06 0.82
113 20.0 1.16 1.52 1.34 1.33 1.02 0.82 1.21 2.97 0.44 2.27 0.45 1.27 1.36 1.22
114 24.6 1.49 1.76 1.50 1.50 1.11 1.57 1.13 3.65 0.54 2.79 0.54 1.23 1.28 1.20
115 24.1 1.40 1.86 1.47 1.47 1.09 1.54 1.35 3.58 0.53 2.73 0.53 1.12 1.18 1.09
116 30.4 0.74 1.41 1.12 1.11 1.16 0.59 0.98 3.22 0.45 2.22 0.46 0.84 1.05 0.78
117 23.5 0.67 1.21 1.03 1.02 0.90 0.56 0.86 2.50 0.35 1.72 0.36 0.65 0.82 0.61
118 26.0 1.00 1.72 1.32 1.42 0.99 1.82 1.53 2.76 0.38 1.90 0.39 0.78 0.97 0.68
119 37.9 1.28 2.37 1.53 1.52 1.85 1.18 0.92 5.68 0.58 4.06 0.59 1.14 1.23 1.07
120 | 117.5 0.89 1.27 1.27 1.27 1.23 0.57 1.24 2.79 0.85 2.04 0.88 1.40 1.75 1.33
121 50.0 1.03 1.54 1.59 1.58 1.75 0.72 1.15 3.68 0.50 2.55 0.53 1.29 1.48 1.30
122 50.8 1.05 1.58 1.62 1.62 1.79 0.74 1.18 3.76 0.51 2.61 0.54 1.32 1.51 1.33
123 39.5 1.42 2.18 1.85 1.84 2.11 0.97 0.89 4.96 0.67 3.76 0.71 1.22 1.30 1.17
124 39.0 1.40 2.16 1.82 1.81 2.08 0.96 0.88 4.89 0.66 3.72 0.70 1.20 1.28 1.15
125 39.8 1.42 2.20 1.86 1.85 2.12 0.98 0.89 4.99 0.68 3.79 0.72 1.23 1.31 1.18
126 34.0 1.38 2.27 1.80 1.79 2.06 0.97 0.87 4.84 0.59 391 0.62 1.11 1.18 1.08
127 22.0 0.96 1.26 1.34 1.33 1.45 0.67 0.83 2.81 0.67 2.16 0.72 1.18 1.34 1.10
128 24.0 1.05 1.38 1.46 1.45 1.58 0.74 0.91 3.07 0.73 2.36 0.79 1.29 1.46 1.20
Average = 1.14 1.70 1.33 1.33 1.47 1.01 1.20 3.87 0.93 2.78 0.91 1.17 1.35 1.15
CV.= 17.7% 22.6% | 30.5% 30.6% 23.9% 28.2% 21.4% 23.1% 40.6% 24.4% 36.2% 18.1% 18.6% 19.1%
Exceedance = 20.3% 0.8% | 25.0% 25.0% 8.6% 49.2% 26.6% 0.0% 62.5% 0.0% 62.5% 21.1% 5.5% 21.9%
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Figure 6. Experimental to predicted shear force by proposed equation at PE debonding versus: a — concrete compressive strength;
b - equivalent longitudinal reinforcement ratio; ¢ — shear reinforcement ratio; d — unplated length to shear span ratio
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Figure 7. Comparison of predictions of the proposed equation with the existing shear based models

The corresponding coefficients of variation for these
methods were 23.1%, 24.4%, and 22.6% which are higher
than 17.7% of the proposed equation. Table 2 and Fig-
ure 7 also show that the models of Jansze (1997), Ahmed
and Van Germert (1999), and Smith and Teng (2002b)
gave conservative predictions with average ratios of V,,/
V. of 1.33, 1.33, and 1.47, respectively. These levels of
conservatism are less than those of the preceding three
models but still more conservative than that obtained by
the proposed method. These three methods also showed
more scatter predictions which were reflected by the rela-
tively higher coefficients of variation of 30.5%, 30.6%,
and 23.9%, respectively. On the other hand, both TR55
of Concrete Society (2012) and Australian Standard AS
5100.8 (Standards Australia, 2017b) provided unconserva-
tive predictions with average ratios of V,,,,/V,, of 0.93 and
0.91, respectively. The two methods provided unconserva-
tive predictions for 62.5% of the beams in the database as
can be noticed from Table 2 and Figure 7. Although the
model of Colotti et al. (2004) gave an average ratio of V,,/
V. of 1.01, it showed inconsistent predictions with coeffi-
cient of variation of 28.2% and unconservative predictions
for 49.2% of the beams in the database. Table 2 and Figure
7 indicate that the model of Teng and Yao (2007) provided
reasonably accurate and conservative predictions close to
those of the proposed equation. The average ratio of V,,/
V., for this model was 1.2 compared to 1.14 for the pro-
posed equation. However, the coefficient of variation and
the percentage of exceedance for this model were 21.4%
and 26.6% compared to 17.7% and 20.3%, respectively for
the proposed equation.

The conducted comparison with the shear based mod-
els indicates that the proposed equation provided better
predictions in terms of accuracy and consistency. More-
over, the proposed equation has the advantage of being
much simpler than most of these existing models.

6. Comparison with other code provisions

In this section, the proposed equation is to be further
verified by comparison with other existing code models
that are based on different approaches rather than shear
strength. In this comparison, the models of fib Bulletin
14 (fib, 2001), TR55 of Concrete Society (2012), and Ital-
ian code CNR-DT 200 (National Research Council, 2013)
are used. These models restrict the tensile strain in the
FRP at ultimate limit state to the debonding strain &g. The
debonding strain is used to calculate the moment capacity
of FRP strengthened RC section. Different equations for
determining &, are recommended by the different codes
and guidelines. The fib Bulletin 14 (fib, 2001) gives the fol-
lowing equations for calculating &,ron the basis of fracture
mechanics approach:

P OLlclkckbﬂfct /nfrpEfrptﬁp > lb 2 lh,max
= >
4 0Llclkckb\ fct /nﬁpEfrptﬁp (lb /lb, max)(z _lb /lb, max )’ lb < lb,max

(34)

where the maximum anchorage length [, ..., is given as
follows:

Iy, max = \/(”frpEfrptfrp ) I(erfur )

where ., is a reduction factor generally taken 0.9 but for
beams with sufficient shear reinforcement and in slabs, it
is taken 1.0; ¢; and c, are factors that can be taken 0.64
and 2.0, respectively for CFRP strips; f,, is the tensile
strength of concrete; ny,, is the number of FRP layers; k.
is a factor accounting for concrete compaction, generally
taken 1.0 but for concrete with low compaction it is taken
0.67; ky, is a geometry factor given by:

(35)

k, :1.06\/(2— by /)1 (1+by, 1400) 21, with

b

frp /b>0.33.

(36)
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The technical report TR55 of the Concrete Society
(2012) recommends a similar equation to that of fib Bul-
letin 14 (fib, 2001) for determining &, :

. _osk, [Fot 173 E ot 2l
q = >
f O'Skb\[fct /nfrpEf‘rptfrp (lb /lb, max)(z_lb /lb, max )’ lb < lb,max

(37)

where kj, is a geometry factor taken as per Eqn (36) where-
as the maximum anchorage length [, ., is given by:

lb, max — 0.7 ’nffPEffPthP /fCt . (38)

The Italian code CNR-DT 200 (National Research
Council, 2013) also specifies an equation for calculating
&y based on fracture mechanics approach:

e LY g 2T g 11 E ot i s by 2l s
= >
f I/Yf,d'\[szd /nﬁpEﬁptﬁp '(lb /lb, max )(zflb /lb, max)’ lb <lb,max

(39)

where vy is a safety factor and I'p; is the design value of
the specific fracture energy of the FRP-concrete interface
given by:

Upg =koka fo for» (40)

where f, and f,, are the mean values of the concrete com-
pressive and tensile strengths, respectively; k is a correc-
tive factor taken for pre-cured FRP as 0.063 mm for the
mean value and 0.023 mm for the 5% fractile value and
taken for wet lay-up FRP as 0.077 mm for the mean value
and 0.037 mm for the 5% fractile value; k; is the geometri-
cal corrective factor which is defined with the following
equation:

Ky = 2=ty 18)1 (1405, 10) 21, by, 102025
1.18 , bj, /b<025

(41)

The maximum anchorage length [, ... is calculated by:

lb,max = min{(l/defbd)\/nz Efrptfrp FFd /2,200 mm}

(42)
in which
Joa =

S b

u

(43)

with s, = 0.25 mm is the design bond strength between
FRP and concrete; and yp,; = 1.25 is a corrective factor.
The above equations for the three codes and guide-
lines were used for calculating the debonding strain g for
each beam in the database, then the bending moment and
shear force corresponding to PE debonding was obtained.
Table 2 also compares the experimental shear force with
the calculated shear force for each beam using the three
methods. Figure 8 presents the comparison of the predic-
tions of the proposed equation with those of the three
code equations. It can be noticed that the proposed equa-
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Prediction Model

Figure 8. Comparison of predictions of the proposed equation
with the other code models

tion gave approximately comparable predictions to those
of fib Bulletin 14 (fib, 2001) and Italian code CNR-DT 200
(National Research Council, 2013). The two methods gave
average values of V,,,/V,, of 1.17 and 1.15, respectively,
with coefficients of variation of 18.1% and 19.1%. The cor-
responding values for the proposed method were 1.14 and
17.7%. Also, the exceedance percentage for fib Bulletin 14
(fib, 2001) and Italian code CNR-DT 200 (National Re-
search Council, 2013) were 21.1% and 21.9% compared
to 20.3% for the proposed equation. On the other hand,
the Technical report TR55 of Concrete Society (2012) pro-
vided more conservative predictions with an average value
of V! Vegy 0f 1.35 with a coeflicient of variation of 18.6%
and an exceedance percentage of 5.5%.

This comparison indicates that the proposed equation
presented conservative and accurate predictions similar
to the best predictions from other code provisions that
are based on fracture energy approach. Additionally, the
proposed equation is still simpler than these of the exist-
ing provisions.

7. Prediction of governing
debonding failure mode

As stated earlier in this paper, the two common debond-
ing failure modes in FRP strengthened RC beams are IC
debonding and PE debonding. For an FRP strengthened
beam, it is important for the designer to be aware about
the expected debonding failure mode. This is to be certain
that the debonding capacity of the beam is greater than
the factored design load. It is also important in the case of
designing an anchorage system for the purpose of mitigat-
ing the premature debonding failure. FRP strengthened
beams with relatively small shear span to depth ratio are
prone to fail by PE debonding. While FRP strengthened
beams with relatively high shear span to depth ratio are
prone to fail by IC debonding. There is a transition zone
in between for beams with intermediate shear span to
depth ratio where the occurrence of any of the debond-
ing failure modes is imminent. FRP external reinforce-
ment is generally anchored at its ends for mitigating PE
debonding in RC beams. On the other hand, anchorage
of FRP reinforcement is applied at the midspan region for
mitigating IC debonding in RC simply supported beams.
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For beams in the transition zone where the PE and IC
debonding capacities of the beam are close to each other,
the critical regions at the FRP plate ends and midspan of
the beam are required to be anchored. To come up with
such a decision, the load carrying capacity of the beam
corresponding to each debonding failure mode should be
reliably determined.

For this purpose, the proposed equation for PE
debonding could be combined with a reliable equation
for predicting IC debonding of FRP strengthened beams.
The two equations can be used to predict the debonding
capacity of the beam and the expected debonding failure
mode, either PE or IC debonding. The lesser value resulted
from the two equations represents the debonding capacity
of the beam and the corresponding type of failure (PE or
IC debonding). The ACI 440.2R (ACI, 2017) method was
proven to provide reliable predictions for IC debonding
(Alfano et al., 2012) and therefore, it was selected to be
used in this study. In this method, a design equation for
determining the IC debonding strain g is recommended
to be as follows:

Ty (44)
ne Ect fu

fro= fro* firp
where &, is the FRP design rupture strain. This calculated

strain can be used in the moment equation to calculate the
moment capacity M, of the section as follows:

Pic Byc

Af (%- d’], (45)

Sfd = 041

where A, and A’, are the cross sectional areas of tensile and
compressive steel reinforcement, respectively; f, and f," are
the stress in tensile and compressive steel reinforcement,
respectively; d and d’ are the depths of tensile and com-
pressive steel reinforcement, respectively; h is the overall
thickness of the beam; c is the depth of the neutral axis; 3,
is the ratio of depth of equivalent rectangular stress block
to depth of the neutral axis; and y¢is a reduction factor
of 0.85 as recommended by ACI 440 Committee (ACI,
2017). Once the debonding moment capacity of the beam
is calculated, the corresponding maximum shear force can
be determined to be compared with that determined by
the proposed Eqn (33).

To assess the validity of this proposed procedure for
predicting the governing debonding failure mode, a data-
base of beams failed by IC debonding was also established.
The criteria followed in collecting this database were the
same as those followed in collecting the database for the
beams failed in PE debonding except the failure mode.
The database included 110 beam test results from 30 dif-
ferent studies as given in Table 3. The database included
a wide range of design parameters. The dimensions of the
beams varied from 115 to 906 mm for the width whereas
the height of the beams varied from 100 to 470 mm. The
shear span/depth ratio of the beams was in the range of

2.8 to 12.5. The tension steel reinforcement ratio varied
from 0.39 to 1.71%. There were 49 beams strengthened
with pultruded FRP plates and 61 beams strengthened
with wet lay-up FRP sheets. The width of the FRP was
in the range of 13 to 480 mm. The thickness of a single
layer of dry FRP fibers for the wet lay-up sheets was in the
range of 0.11 to 0.572 mm. While the thickness of a single
layer of pultruded FRP was in the range of 1.2 to 1.4 mm.
The elastic modulus of the FRP materials ranged between
37.2 and 375 GPa. The ratio of the FRP plate length be-
yond the point load to the shear span was in the range
between 0.6 and 1. The compressive strength of concrete
ranged between 18.0 and 50.3 MPa. A total of 88 beams
were tested in two-point loading system, while 22 beams
were tested under one-point loading system.

Equations (33) and (45) were used to predict the shear
force corresponding to PE debonding, Vpgp, and the shear
force corresponding to IC debonding, V;cp, respectively,
for the beams in the two databases. Table 3 gives the ra-
tio of Vpgp/ Vicp for each beam in each database. For PE
debonding database, the procedure is considered to be
successful in predicting the occurrence of PE debonding
failure when the ratio of Vppp/Vcp is less than 1.0. For
IC debonding database, the procedure is considered to be
successful in predicting the occurrence of IC debonding
failure when the ratio of Vpgp/Vicp is greater than 1.0.
Figure 9 plots the ratio of Vpyp/Vicp against the shear
span to depth ratio, a/d, for the two databases. Figure 9a
and Table 3 show that the proposed procedure was suc-
cessful to predict the PE debonding failure for 96.1% of
the beams included in the PE debonding database. On the
other hand, the proposed procedure successfully predicted
the IC debonding failure for 83.6% of the beams included
in the IC debonding database as shown in Figure 9b and
Table 3. Considering the two databases, the procedure
was successful to predict the debonding failure mode for
90.3% of the 238 beams. Also, the ratios of Vpyp/Vicp for
the unsuccessful beams ranged from 1.04 to 1.12 for PE
debonding database and from 0.81 to 0.96 for IC debond-
ing database. This result indicates that the error in predict-
ing the actual debonding failure mode is not significant
as it ranged from 4 to 19%. As explained earlier, these
beams are generally in the transition zone where the PE
and IC debonding capacities of the beam are close to each
other. Figure 9a shows this transition zone for a/d ratio
between 3.0 and 3.6 for the unsuccessful predictions of PE
debonding. On the other hand, Figure 9b shows this tran-
sition zone for a/d ratio between 3.0 and 4.2 (by exclud-
ing the extremes) for the unsuccessful predictions of IC
debonding. Considering the entire database, the transition
zone of a/d ratio is between 3.0 and 4.2. The occurrence
of any of the debonding failures in this zone depends on
factors such as beam geometry, amount of tension steel
and FRP reinforcements, and concrete strength and cover.
Therefore, if the debonding failure mode is required to
be predicted to design an anchorage system and the two
equations give close prediction loads, it is advisable to ap-
ply the anchorage at the critical regions for both PE and
IC debonding.
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Table 3. Assessment of proposed procedure for prediction of governing debonding failure mode
PE debonding database IC debonding database
Ratio of predicted shear load at PE debonding to that Ratio of predicted shear load at PE debonding to that at
at IC debonding, Vg, /Vicp IC debonding, Vpgp, /Vicp
No. | Vo, T d CNR-DT Reference Beam Vexp T d CNR-DT
NEANA| 61 Bulletin 14 | 200 (National ENEane | 6p Bulletin 14 | 200 (National
Proposed Yao Proposed Yao
(2007) (2001) Res§arch (2007) (2001) Re5§arch
Council, 2013) Council, 2013)
Saadatmanesh
1 | 554 | 107 1.19 0.73 0.75 and Ehsani B 1250 | 116 0.91 0.81 0.84
(1991)
2 | 596 | 107 1.19 0.73 0.75 Ga‘(‘i;’;g al 1U45m | 300 | 135 1.13 0.81 0.79
3 | 629 | L12 1.39 0.74 0.76 A200-1/2 | 37.0 1.30 3.75 0.90 0.92
4 | 506 | 09 0.87 0.69 071 Kishi et al A4l5-1 417 1.21 1.97 0.87 0.89
5 | 720 | 0091 0.79 0.67 0.69 (1998) A623-1/2 | 395 115 1.46 0.85 0.87
6 | 170 | o067 0.74 0.67 0.68 C300-1/2 | 396 1.20 1.98 0.87 0.89
7 | 123 | 104 1.20 0.84 0.80 C445-1/2 | 42.0 .15 147 0.85 0.87
8 | 175 | 073 0.80 0.72 0.69 Kurihashi et al. BO-A 28.1 1.54 1.66 0.90 0.90
9 | 204 | 057 0.56 0.63 0.64 (1999) B40-A 262 1.54 1.66 0.90 0.90
10 | 550 | 071 0.56 0.62 0.64 BO-A 27.6 1.53 1.66 0.90 0.89
11 | 450 | 069 0.48 0.55 057 No. 2 33.9 132 1.62 0.80 0.83
12 1140 104 0.74 0.66 0.71 ko et al No.3 384 114 1.36 0.80 0.83
13 | 183 | 070 0.78 0.69 071 (1999) No. 4 135 1.04 123 0.80 0.83
14 | 170 | 076 0.84 0.69 071 No. 6 39.3 1.19 115 0.73 0.77
15 | 173 | 085 0.94 0.69 0.71 No.7 128 111 0.96 0.71 0.75
16 | 160 | 078 0.85 0.74 0.73 Zarnic etal. 1 584 | 127 0.97 0.93 0.90
17 | 178 | 085 0.93 0.74 0.73 (1999) 2 315 | 233 2.18 0.87 0.84
Bonacci and
18 | 154 | 095 1.03 0.74 0.73 Maalj (2000) B2 1480 | 0.94 0.94 0.89 0.90
19 | 160 | 067 0.72 0.69 0.67 R7-2 35.0 1.43 1.89 0.82 0.85
20 | 170 | 073 0.78 0.69 0.67 o R6-2 413 1.30 1.67 0.82 0.85
21 | 173 | 081 0.87 0.69 0.67 Ku”h;)%'(; etal. R5-2 465 116 144 0.82 0.85
22 | 502 | 085 0.70 0.81 0.80 (2000) R4-2 58.6 1.01 121 0.82 0.85
23 | 511 | 081 0.73 0.74 0.78 R3-2 776 | 0.84 0.97 0.82 0.85
24 | 503 | 081 0.73 0.74 0.78 BF8 1113 |  1.09 091 0.83 0.77
25 | 621 | 077 0.59 0.64 0.73 Matthys (2000) BF9 95.8 1.19 1.81 0.92 0.92
26 | 620 | 077 0.59 0.64 0.73 CCE%‘(‘];; al. A2 93 1.25 1.30 0.78 0.78
27 | 680 | 087 0.67 0.79 0.79 B2 1425 | 120 091 0.81 0.81
28 | 711 | 087 0.67 0.79 0.79 Chan et al. B3 1760 | 1.05 0.76 0.85 0.85
29 | 780 | 081 0.56 0.64 0.62 (2001) B6 1290 | 1.06 0.80 0.81 0.81
30 | 795 | 081 0.56 0.64 0.62 BS 2200 | 082 0.64 0.88 0.88
31 | 530 | 056 0.49 0.73 0.75 G("lzoogtl;‘l' IN2 404 | 089 1.07 0.81 0.79
32 | 861 | 084 0.88 0.82 0.85 Maeda et al. SP-C 39.2 1.09 1.38 0.73 0.78
33 | 982 | 092 0.77 0.88 0.88 (2001) SP-C2 545 | 096 0.95 0.69 0.74
34 | 793 | 0.80 0.72 0.82 0.85 Seim et al. Si1 204 | 203 1.65 0.77 0.72
35 | 415 | 0.68 0.67 0.76 0.77 (2001) SIm 21.0 1.78 0.76 0.77 0.72
36 | 429 | 074 0.75 0.76 0.77 Rahimi and B3 27.6 113 123 0.73 0.77
37 | 483 | 085 0.84 0.76 0.77 H“(tzc(})l(‘)‘lljon B4 23 | 113 1.23 0.73 0.77
38 | 555 | 087 091 0.76 0.77 Spadea et al. ALl 434 1.37 1.00 0.87 0.85
39 | 450 | 082 0.82 0.76 0.77 (2001) A3.1 37.4 131 0.94 0.87 0.85
40 | 520 | 085 0.87 0.76 0.77 Brefia et al. A3 69.2 1.26 1.06 0.95 0.95
41 | 524 | 081 0.81 0.79 0.79 (2003) Bl 66.3 1.37 1.02 0.92 0.92
42 | 59.1 | 078 0.79 0.80 0.81 Kishi et al. A250-1 2.1 121 252 0.87 0.89
43 [ 700 | 071 0.72 0.84 0.84 (2003) A400-2 80.0 1.08 1.72 0.84 0.86
44 | 603 | 077 0.77 0.81 0.81 Shin and Lee R20 394 | 133 1.54 0.98 0.98
45 | 600 | 074 0.67 0.79 0.79 (2003) R30 57.5 1.08 1.30 0.98 0.98
16 | 628 | 071 0.61 0.75 0.76 Takahashi and Fl 1135 089 146 0.83 0.85
47 | 659 | 078 0.78 0.80 0.80 Sato (2003) F2 1220 | 082 0.90 0.78 0.81
48 [ 595 | 077 0.76 0.82 0.82 F3 1350 | 0.7 0.72 0.75 0.79
19 | 603 | 076 0.74 0.83 0.83 F5 1390 | 082 0.93 0.75 0.79
50 | 1850 | 0.83 0.64 0.87 0.81 F6 1555 | 0.7 0.74 0.72 0.77
Gao et al.
51 | 1860 0.82 0.64 0.87 0.80 (2001b) A0 404 | 082 1.03 0.84 0.84
52 | 1842 081 0.62 0.85 0.78 Kotynia (2005) | _ B-08/SI 900 | 085 0.61 0.85 0.79
53 | 177.0| 083 0.65 0.88 0.81 BF-04/05S | 240 | 218 172 0.85 0.82
54 | 500 | 076 0.64 0.71 0.73 BF-06/S 13.0 1.46 1.09 0.81 0.75
55 | 515 | 076 0.64 0.71 0.73 B-08/M 70.0 1.09 0.77 071 0.74
56 | 488 | 072 0.59 071 0.73 B-08/S2 47.0 1.46 L12 0.90 0.88
57 | 41.0 | 067 0.54 071 0.73 B-083m 16.0 123 1.30 0.80 0.81
58 | 432 | 0.80 0.77 0.80 0.76 Maalej and C3 3265 | 081 0.89 0.81 0.90
59 | 432 | 076 0.65 0.78 0.74 Leong (2005) C4 3347 | 081 0.89 0.81 0.90
60 | 430 | 065 0.77 0.82 0.85 Cs5 3251 078 0.62 0.62 0.72
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End of Table 3
PE debonding database IC debonding database
Ratio of predicted shear load at PE debonding to that Ratio of predicted shear load at PE debonding to that at
at IC debonding, Vpep, /Vicp IC debonding, Vpgp, /Vicp
No. VEXP T i CNR-DT Reference Beam Vexy T 4 CNR-DT
NeaNG | 61 Bulletin 14 | 200 (National N8 AN | gh Bulletin 14 | 200 (National
Proposed Yao Proposed Yao
(2007) (2001) Res@rch (2007) (2001) Res?arch
Council, 2013) Council, 2013)
61 | 41.0 0.63 0.63 0.80 0.83 Zhang et al. A-1 63.4 1.15 1.29 0.83 0.86
62 | 39.5 0.61 0.57 0.73 0.81 (2005) A-2 63.5 1.17 1.47 0.83 0.86
63 | 28.1 0.55 0.47 0.77 0.73 A-3 63.1 1.20 1.83 0.83 0.86
64 | 28.7 0.65 0.54 0.77 0.73 A-4 65.8 1.25 2.81 0.83 0.86
65 | 29.5 0.71 0.56 0.77 0.73 A-5 62.2 1.19 1.66 0.83 0.86
66 | 31.0 0.93 0.91 0.66 0.71 A-6 62.1 1.18 1.53 0.83 0.86
67 | 29.7 0.88 0.80 0.62 0.69 B-2 40.5 1.20 2.41 0.86 0.88
68 | 32.6 0.93 0.91 0.66 0.71 B-3 42.1 1.22 2.53 0.86 0.88
69 | 349 0.92 0.81 0.62 0.69 B-4 41.1 1.24 2.71 0.87 0.89
70 | 39.8 0.52 0.51 0.71 0.76 B-6 78.2 1.07 1.65 0.82 0.85
71 66.8 0.71 0.79 0.71 0.76 B-7 79.6 1.09 1.73 0.83 0.86
72 | 32.1 0.44 0.36 0.66 0.71 B-8 78.1 1.11 1.86 0.84 0.86
73 | 57.6 0.63 0.66 0.66 0.71 C-1 75.0 0.83 1.03 0.83 0.86
74 | 53.3 0.57 0.60 0.67 0.72 C-2 76.0 0.82 0.99 0.83 0.85
75 | 65.3 0.70 0.78 0.67 0.72 C-4 45.3 1.15 1.55 0.83 0.86
76 | 393 0.66 0.56 0.81 0.75 C-5 47.2 1.13 1.48 0.83 0.85
77 | 35.1 0.66 0.57 0.81 0.75 C-6 48.5 1.10 1.38 0.81 0.84
78 14.0 0.97 1.22 0.80 0.79 C-7 34.4 1.42 2.04 0.83 0.86
79 15.7 0.86 0.94 0.77 0.76 C-8 34.0 1.41 2.07 0.83 0.86
80 19.5 0.79 0.84 0.71 0.71 C-9 35.4 1.36 1.80 0.81 0.84
81 18.4 0.70 0.77 0.66 0.69 Niu et al. Al 63.9 2.46 1.37 0.77 0.78
82 17.6 0.69 0.87 0.64 0.70 (2006) A2 65.2 2.47 1.37 0.77 0.78
83 | 20.1 0.83 1.00 0.87 0.86 A3 51.4 2.38 1.48 0.79 0.81
84 | 223 0.76 0.79 0.83 0.83 A4 66.9 2.14 1.04 0.65 0.69
85 | 24.0 0.72 0.74 0.79 0.79 A5 53.7 2.45 1.29 0.73 0.74
86 | 26.3 0.66 0.70 0.74 0.76 A6 46.9 2.67 1.76 0.85 0.86
87 | 24.5 0.66 0.81 0.73 0.77 Bl 71.9 1.89 1.07 0.77 0.79
88 | 58.1 0.65 0.58 0.61 0.67 B2 56.7 1.81 1.16 0.80 0.81
89 | 68.0 0.63 0.59 0.57 0.64 B3 54.2 2.03 1.38 0.85 0.86
90 | 66.7 0.67 0.71 0.59 0.66 C2 66.9 2.45 1.38 0.79 0.80
91 40.4 0.82 1.03 0.84 0.84 C3 53.6 2.36 1.49 0.80 0.82
92 | 43.2 0.75 0.75 0.81 0.80 C4 45.3 2.65 1.77 0.86 0.86
93 | 683 0.78 0.64 0.81 0.81 Aram et al. B3 314 1.49 1.24 0.79 0.71
94 | 66.8 0.82 0.87 0.84 0.86 (2012) B4 29.2 1.54 1.38 0.81 0.78
95 |70.70 0.69 0.58 0.72 0.79 Kotynia et al. B-08S 48.0 1.42 1.15 0.91 0.86
96 | 74.60 0.69 0.58 0.72 0.79 (2008) B-08M 70.0 1.11 0.78 0.63 0.66
97 [ 51.40 0.51 0.48 0.72 0.79 B-083m 46.0 1.17 1.31 0.79 0.82
98 | 53.40 0.51 0.48 0.72 0.79 Al-Negheimish PL-1-0.6 126.9 1.38 1.02 0.63 0.65
99 | 66.00 0.75 0.61 0.68 0.74 etal. (2012) PL-1-0.3 87.1 1.68 1.31 0.67 0.68
100 | 65.20 0.75 0.61 0.68 0.74 PL-2-0.6 115.9 1.65 1.14 0.57 0.57
101 | 79.00 0.69 0.58 0.72 0.79 S-3-0.2 83.7 1.69 1.34 0.69 0.76
102 | 61.20 0.69 0.58 0.72 0.79 Hong (2014) BPS60 32.1 1.58 0.96 0.89 0.78
103 | 63.30 0.66 0.50 0.62 0.69 BPS90 30.3 2.03 1.73 0.89 0.78
104 | 63.20 0.66 0.50 0.62 0.69 BPD90 36.9 1.95 1.35 0.71 0.62
105 | 67.5 0.75 0.61 0.68 0.74 BPDW90 46.5 1.68 1.31 0.76 0.68
106 | 20.1 0.81 0.62 0.69 0.69 Al-Saawani §-0.5-35-240 | 106.0 1.15 0.87 0.65 0.69
107 | 35.5 0.82 0.77 0.75 0.79 etal. (2015) §-0.9-35-240 | 129.7 1.05 0.79 0.70 0.73
108 | 37.2 0.78 0.64 0.73 0.77 §-1.3-35-240 | 153.1 0.96 0.72 0.73 0.76
109 | 543 0.70 0.74 0.76 0.79 S$-0.9-24-240 | 125.2 1.04 0.75 0.69 0.71
110 | 52.3 0.67 0.60 0.70 0.77 SN-0.9-35-240 | 130.4 1.07 0.80 0.74 0.77
111 | 53.9 0.81 0.90 0.80 0.81
112 | 50.7 0.63 0.49 0.62 0.64
113 | 20.0 0.86 0.83 0.79 0.82
114 | 24.6 0.71 0.93 0.86 0.88
115 | 24.1 0.66 0.68 0.82 0.85
116 | 30.4 0.62 0.46 0.54 0.58
117 | 23.5 0.53 0.41 0.54 0.58
118 | 26.0 0.39 0.25 0.50 0.57
119 | 37.9 0.64 0.89 0.72 0.77
120 | 117.5 0.97 0.70 0.62 0.65
121 | 50.0 0.79 0.70 0.63 0.62
122 | 50.8 0.79 0.70 0.63 0.62
123 | 39.5 0.67 1.08 0.78 0.82
124 | 39.0 0.67 1.08 0.78 0.82
125 | 39.8 0.67 1.08 0.78 0.82
126 | 34.0 0.66 1.05 0.82 0.85
127 | 22.0 0.83 0.96 0.68 0.73
128 | 24.0 0.83 0.96 0.68 0.73
Successful | g0 100 1 90,69 100.0% 100.0% Successful Predictions 83.6% | 72.7% 0.0% 0.0%
Predictions

Note: Vo was calculated based on ACI 440 IC debonding equation.
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The comparison with the experimental databases in-
dicated that the proposed procedure can be reliably used
for predicting the governing debonding failure mode of
FRP strengthened beams. To further verify the proposed
procedure, selected PE debonding equations can be used
instead of the proposed PE equation. In this verification,
the equations of Teng and Yao (2007), fib Bulletin 14 (fib,
2001), and Italian code CNR-DT 200 (National Research
Council, 2013) were selected. The selection of these three
equations was made because the former provided the best
predictions of the shear based models while the latter two
provided the best predictions of fracture energy approach
as presented previously in the paper. Each of the three
models was combined with the IC debonding equation
of the ACI 440.2R (ACI, 2017) guidelines to calculate the

a) 4.0
Successful predictions of
30 PE debonding = 96.1 %
g
Z
2 2.0
&
>

ratio of Vppp/Vop for each beam in the two databases as
given in Table 3. Figures 10 through 12 show the variation
of the ratio of Vpgp/Vicp with the shear span to depth
ratio using the three different PE models. As can be seen
from Table 3 and Figure 10, the procedure considering
Teng and Yao's model (2007) was successful to predict
the PE debonding mode of failure for 90.6% of the beams
included in the database. The percentage was reduced to
72.7% for the IC debonding database. The procedures con-
sidered fib Bulletin 14 (fib, 2001) and Italian code CNR-
DT 200 (National Research Council, 2013) were success-
ful to predict the PE debonding mode of failure for all
beams in the database as shown in Table 3 and Figures
11 and 12. On the other hand, the table and the figures
show that both code methods were not able to predict the
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Figure 9. Prediction of the governing debonding failure mode using the proposed PE debonding equation
and ACI 440 IC debonding equation: a - PE debonding database; b — IC debonding database
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Figure 10. Prediction of the governing debonding failure mode using Teng and Yao (2007) PE debonding model
and ACI 440 IC debonding equation: a — PE debonding database; b - IC debonding database
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Figure 11. Prediction of the governing debonding failure mode using fib Bulletin 14 (fib, 2001) PE debonding model
and ACI 440 IC debonding equation: a — PE debonding database; b — IC debonding database
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Figure 12. Prediction of the governing debonding failure mode using CNR-DT 200 (National Research Council, 2013)
PE debonding model and ACI 440 IC debonding equation: a — PE debonding database; b - IC debonding database

IC debonding failure mode for any of the beams in the
database. This is attributed to the fact that the predictions
of the two methods are based on predicting the debonding
strain g4 corresponding to PE debonding failure which is
always smaller than the IC debonding strain. This made
the calculated Vpgp by the two methods less than the cal-
culated Vjp for each beam in the database. This com-
parison indicates that the procedure with the proposed PE
debonding equation provided more reliable and correct
predictions for the debonding failure mode.

Conclusions

A proposed model for predicting PE debonding capacity
of FRP strengthened RC beams was presented. The model
was formulated empirically based on the concrete shear
strength of the beams. The main parameters affecting the
PE debonding capacity were considered in the model.
Based on the research presented in this paper, the follow-
ing conclusions can be drawn:

- The proposed model was used to predict the PE
debonding capacity of 128 FRP strengthened RC
beams from 32 different studies available in the lit-
erature. It was found that the proposed model pro-
vided accurate and conservative predictions over the
range of variables known to affect the PE debonding
capacity of the beams.

- The proposed model was compared to the existing
shear based and fracture energy based models using
the available test data. The comparison indicated that
the proposed model gave more accurate and consist-
ent predictions, yet simpler than most of the existing
models.

- The proposed model was combined with the ACI 440
IC debonding model to allow predict the governing
debonding failure mode of FRP strengthened RC
beams. The validity of the combination was verified
using two experimental databases for beams failed
in PE debonding or IC debonding. Furthermore, the
proposed combination was found to be more reliable
in predicting the debonding failure mode than other
code combinations.
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