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Summary: The performance of the most well-known models for the prediction of the contribution of
FRP systems for the EBR shear strengthening of reinforced concrete beams is compared in this
paper. The comparison was made using experimental results collected in a large database consisting
of approximately 200 FRP strengthened concrete beams with various strengthening configurations
and geometric dimensions. The results are not promising and a large scatter between the considered
models was obtained. In addition, none of these models predict the ultimate shear capacity very
accurately, which is of serious concern considering that some of the models are used in various
design codes.

1 INTRODUCTION

In the last decade intensive research has been conducted on shear strengthening of concrete
structures using fiber reinforced polymers (FRP). In the beginning, the majority of the researchers
assumed that externally bonded (EBR) FRP materials behave like internal stirrups. Later, studies were
focused on developing new theories that take into account the strain field installed in the FRP
systems. During the years, many theoretical studies have been carried out. Most of the models use
the additional principle that the contribution from the FRP can be added to the ones derived from the
stirrups and concrete, not considering any influence of existing strain fields or interaction with steel
stirrups. One of the first models to predict the shear contribution of FRP was proposed by Chaallal et
al. [1]. The corresponding formulation is based on the assumption that the composite materials and
the stirrups have similar behavior. The model assumes that the FRP tensile strength is reached when
the composite is intersected by the shear failure crack, if sufficient bond length is available. Malek and
Saadatmanesh [2, 3] introduced the anisotropic behavior of the FRP considering the fiber orientation.
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Triantafillou [4] and Triantafillou and Antonopoulos [5], based on the computation of an effective FRP
strain, and using the truss theory, they derived a model supported from experimental fitting. Khalifa et
al. [6, 7] modified Triantafillou’s [4] model introducing strain limitations due to shear crack opening and
loss of aggregate interlock. The performance of the proposed model was assessed by considering
more tests. From the performed tests, Deniaud and Cheng [8, 9] stated that the FRP strains are
uniformly distributed among the fibers crossing the crack. A design model was derived combining the
strip method and the shear friction approach, based on the failure mechanism observed on the tested
specimens. A refined model was proposed in 2004 [10]. Pellegrino and Modena [11] suggested a
modified reduction factor for the model of Khalifa et al. [6]. According to the experimental results, the
ratio between the steel stirrup and the FRP shear reinforcement percentages has a significant effect
on the strengthening effectiveness of FRP systems. Carolin [12] and Carolin and Taljsten [13]
presented an equation for predicting the contribution of EBR composites for the shear strengthening.
Comparisons between the results recorded from experimental tests and obtained from theoretical
models (using measured strains) showed good agreement. The non-uniform distribution of the strains
in FRP over the cross section was stated. It must be noticed that anchorage failure was not
considered in the present design. Chen and Teng [14, 15, and 16] analyzed the shear failure of
reinforced concrete (RC) beams strengthened with FRP and reached the conclusion that the stress
(strain) distribution in the FRP along the crack is non-uniform. They presented a model for reinforced
concrete beams strengthened with FRP, based on the fiber rupture and debonding. Stress limitation is
introduced by bond length coefficient and strip width coefficient. Based on the works of Chen and
Teng, new design proposals have been formulated using reduction factors for the ultimate tensile
strength and for the spacing between FRP strips. Aprile and Benedetti [17] presented a new flexural —
shear design model for RC beams strengthened with EBR FRP systems. This approach combines the
modified compression field theory [18] with the variable angle truss model (that takes into account the
influence of the FRP systems), in order to predict the contribution of FRP sheets to the shear capacity
of RC beams. Although the derivations are coherent, the model has some limitations, since it can only
be used for a fully wrapped strengthening scheme, hence the debonding failure mechanism for side
bonding strengthening configuration cannot be predicted. Furthermore, the model does not simulate
the strain concentration at the composite-crack intersection, so it is unable to foresee the potential
rupture of the composite at cracking regions for U wrapping or fully wrapped schemes. Theoretical
predictions were compared with experimental results and unfortunately found to be incompatible. Cao
et al. [19] proposed an empirical model to predict the FRP contribution to the shear strengthening of
RC beams strengthened with FRP wraps failing by FRP debonding. The strain distribution modification
factor gave uncertain results, due to the large scatter of the test data. The comparison of the
theoretical prediction with the experimental results has shown “a general agreement between the two”
with “a significant scatter’. The shear bond model proposed by Zhang and Hsu [20] followed two
approaches: model calibration by curve fitting and bond mechanism. The smallest reduction factor for
the effective strain obtained from the two methods was suggested to be used. The model for the shear
debonding strength developed by Ye et al. [21] has its theoretical starting point in Chen and Teng'’s
model [15], and is now used in the Chinese Design Code. Aspects regarding lateral concrete peeling
failure, under shear loading, of FRP were studied by Pellegrino and Modena [22]. This model follows
the truss approach and describes the concrete, steel and FRP contribution to the shear capacity of RC
beams based on the experimental observations made. Monti and Liotta [23] proposed a debonding
model for the FRP-based shear strengthening of RC beams. The features of the model are divided in
three steps: generalized constitutive law for the FRP-concrete bond, boundary limitations and shear
crack opening provisions. A generalized failure criterion of FRP strips/sheets is introduced. Two cases
are considered: straight strip/sheet and strip/sheet wrapped around a corner. The design proposal
described in this model is used currently in the Italian design code CNR [24]. The research carried out
in the present paper is a step forward from the research performed by Lima and Barros [25].
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2 MODELS DESCRIPTION

The present chapter is intended to briefly describe the most well-known models proposed in the
last years for the prediction of the EBR FRP contribution for the shear strengthening of RC beams.
Due to limitation of space, some models mentioned in the introduction section are not analyzed here.

2.1 Triantafillou

According to Triantafillou [4], and Triantafillou and Antoniades [5], an accurate estimation of the
FRP contribution to the shear capacity is quite difficult to obtain because the failure is dependent on
too many factors. The formulation is based on the following equations:

0.9 .
Vip =~ PipErpEimebd (14 cOt B)sin 8 (1)

frp

+0,0104(p, E, ), 0< p E_ <1 (2)

=0,0119-0,0205p, E,,
&40 = ~0,00085p, E, +0,00245 , p, E, >1 (3)

where the meaning of the symbols is presented in the notation list section, at the end of this paper.
The model was derived using the truss analogy, based on a semi - quantitative approach. The key
parameter of the analytical expression &, Was obtained from regression of experimental data with
beam tests, which may suggest a narrow coverage solution for the shear problem. At this moment no
clear distinction was made between the different types of strengthening and the application of the
formula. The research was extended on a larger data base of available test reports [5]. The model
evolved still based on the regression analysis, but with effective strain for detailed failure types and
different strengthening schemes and materials. However, this model cannot simulate the FRP
effective strain of the side bonding shear strengthening configuration, which is a serious limitation of
its use. Due to the limited data available at the moment of the model’s derivation, its prediction
accuracy is unsatisfactory.

8frp e

frp

2.2 Khalifa

Based on theTriantafillou model [4], Khalifa et al. [6, 7] recommended a modified effective strain,
both for fiber rupture and debonding failure. The FRP shear contribution to the total capacity of the
beam is given by:

v, - A fipe (sinB+cos B)d,

= 4
frp Sf,p ( )

By regression of experimental data, the following equation for the ratio of effective stress/strain R was
obtained:

R =0.5622(p, E, ) —1.218p, E, +0.778 < 0.5 (5)

The R factor was plotted against pi,Es, to eliminate the different variation of the thickness of the FRP
sheets used in experimental work. Since the derived R may not be valid for debonding failure, Khalifa
et al. proposed a bond model approach based on the bond model of Maeda et al. [26]:
2
fe  0.0042(f )A W,
R="—= 058 (6)

f

frp (pfrp Efrp ) gfrp,udfrp
The real width parameter, w, was replaced with an effective width we; to account for several effects
such as: shear crack angle (assumed to be 45°), the effective bond and configuration of the
strengthening i.e. wrapped, U-jacketing (equation 7a) or side bonded (equation 7b).

. (b)w,, =d 26(6.134—0.58In(t,mE,,p)) (7a,b)
) ef — U~

(@)w = d _e(6.134—0‘58ln(t,,pE,,p))
€
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Based on experimental data acquired by Maeda et al. [26] an effective bond length equation was
proposed:
L :e6.134—0.58ln(t,,pE,,p) (8)

Due to its empirical deduction, and the lack of test data at that moment, the effective bond length
model is limited. To the final shear capacity of the beam Khalifa et al. suggested a reduction factor of
0.7.

2.3 Chen and Teng

An extensive work performed by Chen and Teng [14, 15, 16] resulted in one of the most used
shear models. The general equation is based on the truss model theory, with the remark that discrete
FRP strips were modeled as equivalent continuous FRP sheets/plates, and a reduction factor for the
stress is used, instead of strain as in the previous models. The general equation of the FRP
contribution to the shear capacity is written as:
hype (COtO +cot 8)sin 8

S,

2ttt w

\Z frp,e tip Wrp » Where ffrp.e = PipTirp,max 9)

P =
frp

The average stress of the FRP intersected by the shear crack, fipe, is determined based on the
assumption that stress distribution in the FRP along the shear crack is not uniform at the ultimate limit
state for both rupture and debonding failure modes. The Dy, stress distribution factor and the & max
maximum stress that can be reached in the FRP intersected by the shear crack are the key factors of
the model. The above mentioned parameters are determined for both failure modes as:

z,

z, _
J‘o-frpvzdz Iszdz
Zt

(10)

D

frp
hfrp,e O-frp,max hfrpye Emax

FRP Rupture

Different shapes of non linear distribution of the strains over the crack are considered in the model,
similar to the approach found by Carolin [13]. For a general strengthening scheme, the stress
distribution factor can be expressed as:

Dy, _I+g +2§ where¢ =2z, /z, (11)
z, =(0.1d +d,)-0.1d =d,, is the coordinate of the top extremity of the effective FRP (12)
z, =[d - (h-d,)]-0.1d, is the coordinate of the bottom extremity of the effective FRP (13)

When fiber rupture occurs, the maximum stress in the FRP is considered to be the ultimate tensile
strength. It was stated that shear failure of the beam may occur before reaching the ultimate tensile
failure of the fiber due to the loss of aggregate interlocking.

FRP Debonding

The debonding model developed by Chen and Teng [15] considers as a very important factor the
“effective bond length beyond which an extension of the bond length cannot increase the bond
strength”. The maximum stress in the FRP at debonding is considered to be:

fi 1 if 2>1
fp [ 4 - \/z_wfm 1 (s, SInB)

Cipmax = 042755, ,Efrtp\/g A= sin(%} ifl<1|’ 1+W,, / (S, sin f)
frp

(14)

frp
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Analyzing the model, a dimensional inconsistency of the maximum stress expressed in this
mathematical form can be noticed. The reason might be considered to be the fracture mechanic
approach and regression analysis on the ultimate bond strength and the FRP width ratio. The two
coefficients £, A, reflect the effective bond length and the effect of FRP to concrete width ratio,
respectively. The parameters: normalized maximum bond length 4, the maximum bond length L.« and
the effective bond length L are given as:

Lm . . . . . . Efrptfrp
A =2 Lna=hgpe/sin B for U jacketing, Lma=hsp o/ (2 sin B) for side bondingand L, = |——

L Jt

In this model it was assumed that all the FRP crossing the shear crack can develop full bond
strength. Under this assumption the stress distribution factor for debonding failure was derived
(equation 16a). It must be noted as equally important that the bond strength of a strip depends on the
distance from the shear crack relative to the ends of the strip. For design purposes a simplified formula
was proposed in which 95% characteristic bond strength given by the analytical model is used.

(15)

1-cosZ A
3 if 1<1 O'8ffrp /yfrp
A LT . _
(a) Dfrp SII"IE/?, ’ (b) Gfrp,max - EﬂwﬂL %\/{ (16a,b)
— 7 1
1-722 it 151 ’ i
A

2.4 Zhang and Hsu

The shear bond model proposed by Zhang and Hsu [20] was derived in two steps: model
calibration by curve fitting and bond mechanism. The smallest reduction factor, obtained using the two
methods, was suggested to be used for the evaluation of the effective strain.

Curve fitting model

To determine the reduction factor for the effective strain when debonding failure occurs, the initial
model proposed by Khalifa [6] was used (equation (17a). With more data collected from test results, a
power regression line was used to determine the reduction factor. The power regression gives higher
r-square values than the polynomial, which leads to the conclusion that the regression line gives a
more realistic equation for the simulation of the structural behavior (equation (17b)).

‘()-EOO“Z‘M; (b) R =0.1466( 0,,E,,

)0.58 gfu df

-0.8193

.\—0.7488
@) R-  (c)R =1.8589(p,, E,, /1) (17a,b,c)

frp tfrp

Separate analysis was performed for the debonding and fiber rupture failure modes. A large scatter
was observed between the two failure modes. Fiber rupture occurred at 0<pi,Eq, <0.55 GPa and
debonding occurred at 0<piEqp<1.2 GPa. Authors concluded that debonding dominates over the
tensile fracture of the CFRP laminates as they become thicker and stiffer, resulting the necessity of
reducing the effective strain. The influence of the concrete strength was also considered when
debonding occurs. It was observed that the effective strain in the fibers increased with the increase of
the concrete strength. Based on the influence of the concrete strength, another model was derived
using the same principle, power regression line (equation 17c¢).The new reduction factor was obtained
by dividing the axial FRP stiffness to the concrete compressive strength. The new model was
considered to have better results in terms of r-square, when compared to the results obtained using
the other reduction factors.
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Bond mechanism model

Proposed for design purposes, the model uses a triangular shape distribution of the shear stresses.
Using a simple equilibrium equation for the pure shear stress transfer (not including normal stresses)
the total force that can be transferred on two sides and the force at shear failure of the beam are given
in equations 18a and b, respectively. Applying the equilibrium condition for the two equations, the
strain (stress) reduction factor is determined as shown in equation (18c).

fl’ e L

(@ T =lrmaXLe(2~weﬁ );(b) T =2t w,f .;(C)R=-"% = Jmace <4 (18a,b,c)
2 ’ : ffrp,u 2tfrpffrp,u

where L. is the effective bond length, set by the authors as being equal to 75 mm. The maximum

shear stress was computed as a best-fit polynomial of the concrete compressive strength, resulting:
T = (7.64£,7x107*) - (2.731,x10% ) +6.38 (19)

Aware of the empirical nature of the model, Zhang and Hsu suggested adjustments to the model when
more experimental data are available.

2.5 Carolin and Téljsten

The design model of Carolin and Taljsten [12, 13] is based on the superposition principle of the
shear contributions of the strengthening and the strut and tie model. A reduction factor to consider the
non uniform strain distribution over the cross section was proposed. This reduction factor, 7,
expresses the average strain in the fibers over the height of the beam in relation to the strain in the

most stressed fiber, gnax.
h/2

& (Y)Y

I w) (20)
gmax . h

The reduction factor includes the relative stiffness between concrete in compression, cracked

reinforced concrete in tension and lightly reinforced concrete in tension. The proposed design model

by Carolin and Taljsten [13] is given as:

]7:

sin(6+ )
sing
The critical strain, &;, is limited by a minimum value of the ultimate allowable fiber capacity, g ui, the
maximum allowable strain without achieving anchorage failure g4, and maximum allowable strain to
achieve concrete contribution, & max, €.9. concrete contribution due to aggregate interlocking.

Vf :n'gcr.Efrp'tfrp. frp.Z (21)

Eimp ] sin(aly, ) for L, < 21

(@) &, =min< gy, -sin®(0+5) ¢, (b) gy, S [2E Gy @ (22a,b)
T
Eomax *SIN” (0 + B) e 1 for L, >~

The derivation of the effective strain when debonding occurs (equation (22b)) is presented in [26]. Gy is

the concrete fracture energy and o is defined as:

2
T

o= max (23)
2 : Efrp : tfrp : Gf

The reduction of sin2(¢9+ﬁ) to the anchorage and concrete contribution comes from the anisotropic
behavior of the composite. If the concrete contribution is not included in the shear bearing capacity,
the limiting parameter & nax can be ignored. The critical strain times the reduction factor gives the
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effective strain, &qe, described earlier. The factor ry, depends on the FRP shear strengthening
configuration, being ry,=sing for whole coverage and rq,=w/ss,, for composite strips.

2.6 Monti and Liotta

A complete design method was developed by Monti and Liotta [23] considering all the
strengthening schemes and failure modes known at that time. The model was derived by considering
three main steps: 1) a generalized FRP-concrete bond constitutive law is defined, 2) boundary
limitations are defined, and 3) the stress field in the FRP crossing a shear crack is analytically
determined. Also the following assumptions are considered: the cracks are evenly spaced along the
beam axis with an inclination of 6, the crack depth is equal to the internal lever arm z = 0.9d for the
ultimate limit state, the resisting shear mechanism is based on the truss analogy for wrapping and U-
jacketing. For side bonding, the development of a “crack-bridging” resistance mechanism was
considered, due to the missing tensile diagonal tie in the truss analogy. The last two assumptions yield
that, for wrapping and U-jacketing the truss resisting mechanism can be activated, while for side
bonding the role of the FRP is that of “bridging the crack”. The effective bond length (optimal
anchorage length), le, and the debonding strength, f;, 44 are defined for side bonding.

E t 2E. T
T - (b)f _ 080 125w’ me \ith . —0.03k, f.f and
2f frp,dd 7, t Fk bV 'ck ‘ctm
ctm frp,d frp
(24a,b)
k, = /M >1
1+w /400

When sufficient bond length (l,) cannot be provided due to the strengthening scheme and the apparent
shear crack alignment, the bond strength is reduced according to:

I I
ffrp,dd (Ib ) = ffrp,dd l_b[2 _l_b] (25)

e e

A reduction coefficient, considering the radius of the corner of the beam, is defined for U-jacketing and
wrapping as:

o :0.2+1.6%f0r 0s%go.5 (26)

The ultimate strength of the FRP for all types of strengthening is defined using the following function:
ffrp,ult (|b75e=rc) = ffrp,dd (Ib ) + <§0R 'ffrp,un _ffrp,dd (Ib )> : 5e (27)

If the term in «» of this function becomes negative it should be considered null. Also, a generalized
stress-slip constitutive function, cipu,b,s) Was proposed. The stress-slip law is denoted as a function
of the applied slip, u, at the loaded end of the available bond length, |,, and the end restraint, &. To
define the crack width a coordinate system was proposed with the origin placed at the tip of the shear
crack and with the abscissa axis along the shear crack. In this way, the crack width, w, can be
considered perpendicular to the crack axis. Crack opening is considered to be governed by a linear
expression; a slip is imposed to the strip/sheet crossing it.
w(x)=a-x (28)

Symmetry, with respect to the coordinate system defined above, is considered at both sides of the
crack to impose a slip to the FRP crossing this angle. The slip function is given as:

u(a,x)z@sin(9+ﬁ):%axsin(9+ﬂ) (29)

Boundary conditions are imposed as a function of the strengthened scheme adopted i.e. side bonding,
U jacketing or wrapping. With the compatibility (crack width) and boundary conditions, the stress
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profile in the FRP along the crack aipe(X) is determined. In order to determine the FRP contribution to
the shear capacity an effective stress along the shear crack length z/sinéis defined as:

z/sin@

ZTemg | e [ul@x) 1 00]ox (30)

The effective debonding strength, fi,cq, is given by equations (31a), (31b) and (32) for side bonding,
for U-jacketing, and for wrapping, respectively.

2
Zri e le 1 Ie sin
(@) fpeq = $[1—0.6 2 ] s (0)fies = Froaa [1 —ﬁJ (31a,b)

O-frp,e (O!) =

™% min{0.9d,h, | Zige 3 min{0.9d,h, }
1 I, sing 1 I.sing
fooq=f 1-—————— |+ —(gf , —f 1-——
frp,ed frp,dd ( 6 mln{09d,hW}J+ 2(¢R frp,u frp,dd )( mln{09d,hw}J (32)
Zigeq = min{O.Qd,hW}—(le —S—']Sinﬂ (33)
ffrp,dd /Efrp

The FRP contribution to the shear capacity is computed considering two approaches: the Mdrsch
resisting mechanism for U jacketing and wrapped strengthening schemes (equation (34a)), while for
side bonding the “bridging” of the shear crack principle (equation (34b)).

sing w

1 0.9d £,,.,2t,, (cotd + cot ) ; (b)V, sinj
sind py,

1
™ frp,ed D —min {Ogd’ hw }ffrp,ed 2t

e frp frp frp

(a)V, (34a,b)

frp

3 DATABASE DESCRIPTION

A full database containing 211 experiments that was collected by Lima and Barros [25] was used to
compare the theoretical predictions of the FRP contribution to shear. The database contains values
from experiments performed on 91 beams with T cross sections and 120 with rectangular cross
sections. With respect to the strengthening configuration the following numbers of elements were
identified: 36 fully wrapped; 104 U-wrapped; and 71 side-bonded. For the appraisal of the models
performance, beams with a square cross section with the geometrical dimensions smaller than
100x300 mm were removed since these dimensions are unrealistic for shear strengthening.
Furthermore, beams with inappropriate material characteristics reported, i.e. of too low concrete
compressive and tensile strength, were also removed. In addition, beams containing different
anchorage systems were removed since theoretical models do not include the effect of the anchorage
systems in their formulations and, consequently, failure predictions are unrealistic.

After removing the values from the database that did not correspond to the above criteria, the
theoretical predictions of the models were plotted for the beams reinforced with stirrups (figure 1) and
beams without stirrups (figure 2).

4 DISCUSSIONS AND CONCLUSIONS

It is quite clear that existing shear models for FRP strengthening, at least in their present form, do
not predict the shear failure very well, see Figures 1 and 2. From the literature it can also be found that
many researchers have calibrated their models from unrealistic geometric conditions on their
laboratory specimens. No model, as the authors are aware of, considers the interaction between the
existing steel stirrups and the FRP wrap, which contributes for level of inaccuracy observed. The
Australian guideline proposes a coefficient for this purpose, but noting is reported on how this
parameter should be obtained [28].
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Consequently, before a more thorough understanding of FRP shear strengthened beams has been
obtained a conservative approach is suggested. The question is now how do we go from here? Shear
in concrete is complicated, also for non FRP-strengthened beams. Maybe we need to fundamentally
rethink how we tackle the FRP shear problem or FRP-strengthening with a conservative approach
which may be very expensive.

FRP contribution to Shear Force + Carolin
Beams with stirrups s Chen&Teng

Khalifa
X Triantafillou
X Zhang
e Monti
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Figure 1: Experimental vs. Theoretical prediction for beams with stirrups.
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Figure 2: Experimental vs. Theoretical prediction for beams without stirrups.
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Furthermore, probably the additional principle cannot be used in its current form when FRP beams are
strengthened for shear. Models must be developed that consider interaction between concrete and
steel. The existing strain field must be incorporated in the models. Also the change in inclination of the
shear cracks when FRP strengthening is used must be further studied.
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NOTATION LIST

Yhirp partial safety factor for the tensile strength of FRP

by minimum width of CS over the effective depth

d effective depth of the CS

B fibre angle direction with respect to the longitudinal axis of the beam
Srpe effective FRP strain at failure

trp thickness of the FRP

Efp the elastic modulus of FRP

fe Concrete compressive strength

Wirp width of the FRP

0 crack angle direction with respect to the longitudinal axis of the beam
dirp effective depth of FRP over the height of the beam

firp.e effective tensile stress in FRP

Nirp.e the effective height of the FRP bonded on the web

h height of the beam

d; is the distance from the compression face to the top edge of the FRP
dc the distance from the compression face to the lower edge of the FRP
frro.u Ultimate tensile strength of FRP

A the partial safety factor for bond strength equals 1.25

Erpu ultimate tensile strain of FRP

Eer is the critical strain

Tmax is the maximum shear stress of concrete

Yrp.d is a partial safety factor depending on application quality

Strn is the distance between the FRP strips/sheets

w is the width measured orthogonally to g

le is the effective bond length

ftro.ad is the debonding strength

a is the crack opening angle

frp.ed is the effective debonding strength

hy Is the height of the web of a T beam

n equals to 0.6 is the strain reduction factor

z is the length of the vertical tension tie in the truss, normally expressed as 0.9d.
Eer is the critical strain.

fex is the concrete characteristic cylinder strength

Rk is the concrete characteristic cube strength

fotm is the mean tensile strength of concrete computed as 0.27 (Rg)*
T is the specific fracture energy of the FRP to concrete bond interface
Pirp is the spacing measured orthogonally to g

& is the radius coefficient. Equals 0 for free end and 1 for wrapped around the corner
Ziid eq is equal to the vertically projected length of the FRP minus the entire length
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