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Shear Strength Model for FRP-Strengthened RC Beams with

Adverse FRP-Steel Interaction
G.M. Chen'; J. G. Teng?; and J. F. Chen?

Abstract: RC beams shear-strengthened with externally-bonded FRP U-strips or side
strips usually fail due to debonding of the bonded FRP shear reinforcement. Because
such debonding usually occurs in a brittle manner at relatively small shear crack widths,
some of the internal steel stirrups intersected by the critical shear crack may not have
reached yielding at beam shear failure. Consequently, the yield strength of internal steel
stirrups in such a strengthened RC beam cannot be fully utilized. This adverse shear
interaction between the internal steel shear reinforcement and the external FRP shear
reinforcement may significantly reduce the benefit of the shear-strengthening FRP but
has not been considered explicitly by any of the shear strength models in the existing
design guidelines. This paper presents a new shear strength model considering this
adverse shear interaction through the introduction of a shear interaction factor. A
comprehensive evaluation of the proposed model, as well as three other shear strength
models, is conducted using a large test database. It is shown that the proposed shear
strength model performs the best among the models compared, and the performance of
the other shear strength models can be significantly improved by including the proposed
shear interaction factor. Finally, a design recommendation is presented.
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INTRODUCTION

The external bonding of fiber-reinforced polymer (FRP) to reinforced concrete (RC)
structures has become a popular strengthening technique in the past decade; the
technique has also received much research attention (Bank 2006; Hollaway and Teng
2008; Oehlers and Seracino 2004; Teng et al. 2002). In particular, the shear resistance of
RC beams can be enhanced by bonding FRP shear reinforcement in the forms of
complete wraps, U-jackets and side strips (Chen and Teng 2003a, b; Teng et al. 2002).
Without loss of generality, the FRP shear reinforcement is assumed herein to be in the
form of discrete strips for ease of discussion; a continuous sheet with fibres oriented in a
single direction can be treated as discrete strips in the fibre direction with a zero net gap
between strips.

Existing research has established a general picture of the structural behaviour of RC
beams shear-strengthened with FRP and led to a number of shear strength models for
them (Chen and Teng 2003a, b; Khalifa et al. 1998; Monti and Liotta 2007; Triantafillou
1998; Triantafillou and Antonopoulos 2000); the more reliable of these shear strength
models have been adopted by design guidelines (ACI-440.2R 2008; CNR-DT200 2004;
fib 2001; HB305 2008). A comprehensive review of existing work (Chen 2010), however,
reveals that several aspects of the behaviour of such strengthened beams are still not well
understood. In particular, the adverse interaction between the different components of
shear resistance (Ali et al. 2006; Chen et al. 2010; Pellegrino and Modena 2002, 2006,
2008) has been identified as a major issue that requires further research.

This paper deals with the effect of interaction between the internal steel shear
reinforcement (only stirrups are considered to simplify the problem) and the external
FRP shear reinforcement in RC beams shear-strengthened with FRP U-strips or side
strips. Such strengthened beams commonly fail due to the debonding of FRP strips from
the beam sides (Chen and Teng 2003b; Teng and Chen 2009). This failure mode is
usually brittle so that the width of the critical shear crack is limited when FRP debonding
occurs (Ali et al. 2006; Chen et al. 2010; Pellegrino and Modena 2008). As a result, at
the instance of debonding failure, the component of shear resistance from concrete is
likely to be well maintained (e.g. Bousselham and Chaallal 2008), but the component of
shear resistance from steel may be significantly below what is expected in a conventional
RC beam because not all steel stirrups in an FRP-strengthened RC beam intersected by
the critical shear crack can reach yielding at the shear failure of the beam (Ali et al. 2006;
Chen et al. 2010; Deniaud and Cheng 2001; Li et al. 2002; Monti and Liotta 2007,
Pellegrino and Modena 2008; Teng et al. 2002; Teng et al. 2004). It may be noted that
this adverse shear interaction effect has not been duly considered in any of the existing
design guidelines (Chen 2010).

Shear strength models in existing guidelines are based on the simple additive
approach that the shear resistance of a shear-strengthened RC beam can be found from
the following equation::

Vo=Vt V+V, (1
where V., Vi and V; are the components contributed by the concrete, the steel shear
reinforcement, and the FRP shear reinforcement respectively. The values of V. and V are
generally evaluated using provisions in existing design codes for RC structures, while
various expressions have been proposed for V; Eq. (1) implies that the three shear
resistance components reach their ultimate values simultaneously in a real beam, which
is over-optimistic and un-conservative.

A number of studies have been conducted to consider the shear interaction issue (e.g.
Ali et al. 2006; Li et al. 2001; Pellegrino and Modena 2002, 2006, 2008), leading to
several shear strength models that consider the shear interaction effect (Li et al. 2001;
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Pellegrino and Modena 2002, 2006, 2008). These models, however, have been developed
on the basis of limited experimental results and thus suffer from inevitable limitations.
Recently, Modifi and Chaallal (2011) proposed a new shear strength model that accounts
for this adverse shear interaction effect by introducing the so-called cracking
modification factor (f.) which is related to the rigidities of both steel shear reinforcement
and FRP shear reinforcement; the expression of B, was determined by curve-fitting of the
experimental results for V. These authors have shown that the inclusion of B. can
improve the performance of the proposed shear strength model as well as some other
shear strength models. Whilst the work represents a valuable step forward in
understanding and modeling the FRP-steel interaction effect, their model requires
improvement, especially for beams with FRP U-strips where the FRP shear contribution
(Vy) 1s significantly overestimated for a large number of specimens.

To understand the interaction between the three components of shear resistance in Eq.

(1), it is necessary to investigate how each of them develops during the loading process.
If these components are quantified during the loading process, the shear resistance of the
beam can also be quantified throughout the loading process and its ultimate value can be
obtained by finding the maximum of the sum of the three components as schematically
shown in Fig. 1. The authors have recently employed a theoretical approach to establish
the development of shear contributions from the FRP (Chen et al. 2011) and the steel
stirrups (Chen et al. 2010) throughout the loading process as characterized by the critical
shear crack width. This paper first presents a shear strength model for FRP debonding
failure considering the adverse FRP-steel shear interaction developed based on the work
presented in Chen et al. (2010; 2011). Its performance is then assessed using a large test
database collected from the literature. A simplified design recommendation is finally
presented.
SHEAR STRENGTH MODEL ACCOUNTING FOR FRP-STEEL INTERACTION
As with most of the shear strength models in existing guidelines, the proposed shear
strength model is based on the assumption that the shear failure of an FRP
shear-strengthened RC beam is dominated by a single critical shear crack as
schematically shown in Fig. 2, and the shear contributions of both FRP strips and steel
stirrups can be evaluated by truss analogy.

As discussed earlier, the contributions from the concrete, internal steel stirrups and
external FRP strips develop gradually during the loading process (Fig. 1). For FRP
debonding failure, it may be assumed that the contribution of concrete to the shear
capacity of the beam (V. ) is the same as that in an un-strengthened RC beam because the
width of the critical shear crack is likely to be small when the beam fails due to FRP
debonding (Bousselham and Chaallal 2008). Therefore, the shear resistance of the beam
can be expressed as [instead of Eq. (1)]:

V,=V.+KV, ,+K/,JV,, (2)

s’ s,p
where V, jand V,  arethe maximum shear contributions of steel stirrups and FRP strips

respectively, K and K, are mobilization factors for the steel stirrups and FRP strips
respectively which have been defined by Chen et al. (2010) as:

K=o/, 3)
Ky=0,./f. (4)
in which o, and oy, are respectively the average stress in the steel stirrups and FRP strips
intersected by the critical shear crack, f, is the yield strength of the steel stirrups, and fz.
is the effective (average) stress in the FRP intersected by the critical shear crack when V'
peaks (i.e. V, =V, , which does not necessarily correspond to the ultimate state of the



beam as shown in Fig. 1).

K and K are respectively proportional to the average stress in the steel stirrups and
that in the FRP strips, which are in turn directly related to the shear crack width w.
Clearly, K, and K reflect the degree of mobilization of the steel stirrups and that of the
FRP strips respectively in resisting shear at a given load level or a shear crack width and
capture the interaction between steel stirrups and FRP strips in resisting shear.

Development of the FRP Contribution K¢Vt with crack width
It shall be noted that in both the numerical study (Chen et al. 2010) and analytical
solution (Chen et al. 2011) on which the present study is based, it was assumed that the
width of the critical shear crack varies linearly from the crack tip to the crack end; this
assumption normally leads to conservative results for both FRP strips and steel stirrups
(Chen 2010). With this assumption, the maximum value of the shear crack width is
always at the crack end (Fig. 2); this value is referred to as the crack end width and is
represented by w, in this paper. In Chen et al. (2010, 2011), it was also assumed that
the upper end (i.e. the crack tip) of the critical shear crack at the ultimate state is located
at 0.1d from the compression face of the beam (see Fig. 2), with d being the effective
depth of the beam.

Based on the above assumptions and the full-range behaviour of FRP-to-concrete
bonded joints, Chen et al. (2011) developed closed-formed solutions for the development
of the shear contribution of FRP (V) with the crack end width (w,) for both FRP

U-strips and side strips. Figure 3 shows example ¥, —w, curves, where the peak loads
are denoted by P and P respectively for FRP U-strips and side strips. From the
V,—w, curve, the K, —w, curve can be easily obtained according to Eq. (3). Figure 4
shows the K, —w, curves corresponding to the V,—w, curves in Fig. 3. Chen et al.
(2011) demonstrated that the K, —w, curve depends mainly on the FRP stiffness E 7,
and the beam height (which can be represented by the effective height of FRP 4, as

shown in Fig. 2).
The maximum FRP contribution V, = (the peak value on the V', —w, curve) can be

obtained by setting 0V, / ow, =0 based on the V', —w, relationship presented in Chen
etal. (2011). The general expression for ¥, = is given as (Chen et al. 2011):
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where f, is the effective (average) stress in the FRP intersected by the critical shear
crack; w, is the width of individual FRP strips perpendicular to the fiber direction (all
FRP strips are assumed to have the same w,); s is the centre-to-centre spacing of FRP

strips measured along the longitudinal axis of the beam (the FRP strips are assumed to be
evenly distributed; and thus for an FRP continuous sheet, Sp=w, / sin 3 .); { is the

FRP strip thickness; € is the angle between the critical shear crack and the longitudinal
beam axis; £ is the angle between the fiber direction and the longitudinal beam axis;

O max 18 the maximum stress in the FRP strips intersected by the critical shear crack;
O pma 18 the maximum stress in the FRP strips intersected by the critical shear crack as
governed by debonding failure; L __ is the maximum bond length of FRP strips
intersected by the critical shear crack; L, is the effective bond length of FRP strips as
defined by Eq. (16); A, is the thickness of concrete cover (from the beam bottom to the
crack end) (see Fig 2); 4, is the vertical distance from the top of FRP strips to the crack
tip (see Fig 2); and D, is the stress/strain distribution factor determined according to

Chen et al. (2011) as follows.
For FRP side strips, the expression of D, is given by
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For FRP U-strips, the expression of D, is given by
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In Egs. (8)-(21), L, is the maximum mobilized bond length in the fibre direction from
the critical shear crack to the softening front (see Fig 5); h, is the vertical distance

from the crack end to the intersection between the right most debonded FRP strip and the
critical shear crack (i.e. point N in Fig. 5); A, is the vertical distance from the crack tip

to the point of the intersection between the debonding front and the critical shear crack
(i.e. point M in Fig. 5); w, , (denoted by w, and w in Fig. 3 for FRP side

e,p—s e,p—u
strips and FRP U-strips respectively ) is the crack end width at which the FRP shear
contribution (V) reaches its peak value V, = (denotedby V, and V, , inFig. 3

for FRP side strips and FRP U-strips respectively); s, is the interfacial slip at the shear
crack at which the FRP is fully debonded; g, is the strip width coefficient; G, and z,

are the interfacial facture energy and maximum interfacial shear stress respectively,
which can be determined according to Lu et al.’s (2005) bond-slip model as shown in
Egs. (18)-(21); f., is the cube compressive strength of concrete and can be estimated

from the cylinder compressive strength of concrete using £, = £, /0.8as may be deduced
from EN-BS 1992-1-1 (2004). It should be noted that in deriving the expressions of D

Jip
[i.e. Egs. (8) and (13)], the following condition representing a reasonable limitation on
the practical FRP configuration and/or beam size should be satisfied as explained in
Chen et al. (2011): (4, +h, ,)cosecf > hcosecf and (h,+h,  )cosecf > L,.

Ks-we Curve

To study the shear interaction between externally bonded FRP strips and internal steel
stirrups, an FE model was proposed by Chen et al. (2010) in which appropriate bond-slip
relationships were employed to accurately depict the bond behaviour of both FRP strips
and steel stirrups. Numerical results from Chen et al. (2010) showed that the
mobilization factor K of steel stirrups depends mainly on the beam height as well as

the diameter ¢, and yield strength /| of steel bars. The concrete strength ( £.) also has

some effect on the K, —w, curve, but it is rather small within the practical range of £,

values.
Based on these observations, the following expression for the K —w, curve was

developed by curve-fitting based on the numerical results for a concrete
strength f, =30 MPa (Chen 2010):

1.4
w

K =—*"— 22
oA+ w? (22)
where A is a constant reflecting the effects of beam size, steel bar diameter and yield

strength. For plain bar stirrups,
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Example comparisons between the predictions of the Egs. (22)-(24) and the original
numerical results are shown in Figs. 6 and 7 respectively for plain and deformed bars.
Clearly these expressions are in close agreement with the numerical K —w, curves. It

should be noted that although only a limited number of cases are considered in Figs. 6
and 7, this conclusion has been validated against a much larger number of K —w,

curves covering practical ranges of beam height, bar diameter, and bar yield strength
(Chen 2010).

Shear Interaction Factor (K)

The equation for the shear capacity of an RC beam shear strengthened with FRP [i.e. Eq.
(2)] may alternatively be expressed as

V=V +V,,+KV,, (25)
where K is termed the shear interaction factor which reflects the reduction of the
efficiency of the FRP strengthening due to the adverse interaction effect between steel
stirrups and FRP strips. The term KV, in Eq. (25) thus represents the net additional

shear resistance contributed by the externally bonded FRP shear reinforcement.
Comparing Eq. (2) with Eq. (25) gives:

V.

K:K_/V+(KS—1) - :Kf+(KS—1)-,u (26)
Vfﬂp

where y 1s the ratio of the shear contribution of steel stirrups to that of FRP strips if the

effect of shear interaction is not considered:

V A
ﬂ:i:@ 27)

Vf,p ff,eAfrp
in which 4, and 4, are respectively the cross-sectional area of the steel stirrups and

that of the FRP strips intersected by the critical shear crack. Eq. (26) shows that the
efficiency of FRP shear strengthening is affected not only by the mobilization factors

K, and K, but also by the cross-sectional area of steel stirrups relative to that of FRP

strips as implied by the definition of z.
For a given strengthening design, z is known, so the development of K with the crack
end width can be found by substituting the expressions of K and K, into Eq. (26).

Examples of the K —w, curve so obtained are shown in Figs. 8(a) and 8(b) respectively

for FRP side strips and FRP U-strips. Clearly, an increase in g results in a decrease in

the peak value of K, indicating that the FRP strengthening is less efficient for beams with
heavier steel shear reinforcement. This trend is in agreement with test observations
(Bousselham and Chaallal 2004; Li et al. 2001; Pellegrino and Modena 2002, 2006).

At the ultimate state, the contribution of steel stirrups and FRP strips combined
reaches the maximum value. This is equivalent to K reaching its maximum value K __



onthe K —w, curve as shown in Fig. 8. The K.« value can then be used in Eq. (25) for
the ultimate limit state design.
For FRP U-strips, the K, _,_ value usually occurs at a crack end width w, when

V,peaks (i.e. w,=w, ), thus, K, =K, =1 [see Fig. 8(b)]. Consequently, the K
value can be obtained by substituting K, =1 into Eq. (26) and the corresponding value

of w,(i.e. w,=w,,)fromEq. (15) (see Fig. 3) into Eq. (22) respectively, as follows:

Kmax :l_ﬂ(l_Kq) (28)
in which
1.4
j - (29)
oA+w?

where 4 can be obtained from Eqs. (23) and (24) respectively for plain bars and
deformed bars, and w, , from Eq. (15).

For FRP side strips, the crack end width at which K occurs,w, ,, varies with u
[see Fig. 8(a)]: the larger the g, the larger the w,, . Finding the K

K —w, curve shown in Fig. 8(a) is somewhat involved because it in turn depends on the

nax Value using the
corresponding K, —w,and K —w, curves. To address this problem, the following
approximate expression of K __ has been developed based on a regression analysis of a

large number of K . values obtained from the above procedure covering the

geometrical and material properties of the FRP strips, steel stirrups and beam over their
respective practical ranges (see the specifications below):

B (30)
max B + ILI
in which
1.01x10° . .
B= W(ﬂh +2.1 1) for plain bar stirrups (31)
and /
5
B= %( A, +1.58) for deformed bar stirrups (32)
¢S . ﬂ)

where 4, =h,, /Le is the normalized effective height of FRP on the beam sides. It
should be noted that Egs. (30)-(32) were obtained using the flowing ranges of parameters:
for plain bars, f) =250~450MPa , @4 =6~10mm ; for deformed bars,
f, =450~650 MPa, ¢ =8~16 mm;and 4, =1~20.

Representative comparisons between predictions of Egs. (30)-(32) and K, values

obtained directly from K —w, curves are shown in Figs. 9(a) and 9(b) for plain bar

stirrups and deformed bar stirrups respectively. Clearly these expressions provide a close
approximation to the K_ _ value for FRP side strips and are adopted in the following

analyses.

COMPARISON WITH TEST DATA
To validate the proposed shear strength model, an extensive literature review has been
carried out to collect test data of RC beams shear-strengthened with bonded FRP. Table 1
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presents the collected database for shear-strengthened RC beams that failed due to FRP
debonding. It contains 131 specimens, including 78 beams shear-strengthened with FRP
side-strips and 53 beams shear-strengthened with FRP U-strips. Only the geometric and
material properties required to determine the contribution of FRP strips to the shear
capacity of the strengthened beam by the strength model presented in this paper are
shown. Further details can be found in the original sources or in Chen (2010). Test
results that were not sufficiently well documented, and those specimens damaged before
strengthening [e.g. specimen F1 of Mitsui et al. (1998)], with a very low concrete

strength ( f. <15 MPa) [some specimens of Monti and Liotta (2007)] or having a

marginal FRP shear enhancement [e.g. specimen V4 of Sundarraja et al. (2008)], have
been excluded from the database. The test data listed in Table 1 have the following
parametric ranges: beam height #=110-600 mm; web thickness b, =70-300 mm;

cylinder compressive strength of concrete f, =20.5-71.4 MPa ; and steel shear

reinforcement ratio p, =0.0-0.75% . Most of these specimens have a shear

span-to-depth ratio s/d >2.2 ; a few test specimens with s/d <2.2 [e.g. some
specimens of Mitsui et al. (1998) with s/d <2.2] are also included in the test database
because the FRP debonding failure mode was clearly observed in these specimens. It
shall be noted that in Table 1, if the strengthened specimen has a different concrete
strength from that of the control specimen, the test shear contribution of the FRP has
been adjusted using the method described by Chen and Teng (2003a).

The new shear strength model presented in this paper, as well as the three shear
strength model adopted by the recent design guidelines are compared with the collected
test data: a) the Australian guideline HB 305 (2008) which adopts Chen and Teng’s
(2003b) model; b) ACI.440.2R (2008) which adopts Khalifa et al.’s (1998) model; and c)
the Italian guideline CNR-DT200 (2004) which adopts Monti and Liotta’s (2007) model.
As noted by many researchers (Chen and Teng 2003a, b; Khalifa et al. 1998; Monti and
Liotta 2007; Triantafillou 1998; Triantafillou and Antonopoulos 2000), the shear crack
angle has a significant effect on the FRP shear capacity [also see Eq. (5)]. Given the
significant effect of the shear crack angle, the evaluations presented below are in two
steps.

In step one, only those specimens with the experimental shear crack angle
information (pictures, sketches or text descriptions) in the original sources (which
include 74 specimens: 46 with FRP side strips and 28 with FRR U-strips) are used to
evaluate the performance of the models mentioned above. The results are shown in Figs.
10(a)-10(d) and Figs. 11(a)-11(d) for the proposed model and the models in HB 305
(2008), ACIL.440.2R (2008) and CNR-DT200 (2004), respectively. The coefficient of
determination (R’) is shown in the respective figure for each case. Other statistical
characteristics are presented in Table 2. It should be noted that for each of these shear
strength models, two comparisons are made: one with the effect of shear interaction
neglected (Fig. 10), and the other with the effect of shear interaction included (Fig. 11). It
should also be noted that these comparisons are made between the predictive models and
the test results, so all partial safety factors for design use have not been included.

Figure 10 clearly shows that if the effect of shear interaction is not considered, the
performance of the proposed model in predicting experimental results is similar to that of
the model in HB 305 (2008). Both models provide significantly better predictions than
the other two models in terms of the coefficient of determination (R”) and other statistical
measures (see Table 2). In particular, it is of interest to note that three of the four models
[i.e. except the CNR-DT200 (2004) model] predict an average value of the
predicted-to-experimental ratio (referred to as the average ratio hereafter) quite close to
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1.0. The same conclusion can be drawn if the predictions for FRP side strips and FRP
U-strips are separately assessed (Table 2).

The predictions of the CNR-DT200 (2004) model have a very low average ratio of
0.52 for FRP side strips but a high value of 1.26 for FRP U-strips, indicating that it
significantly underestimates the FRP shear contribution (V) for FRP side strips but
overestimates }; for FRP U-strips. The significant underestimation of V; for FRP side
strips is chiefly due to the neglect of the FRP bond length above the crack tip and that
below the crack end of the effective shear crack as explained in detail by Chen (2010).
For FRP U-strips, the overestimation of V; is caused by the following reasons according
to analyses detailed in Chen (2010). First, unlike the HB 305 (2008) model and the
proposed model, the CNR-DT200 (2004) model does not specify an upper bound to the
FRP maximum stress. As a result, the FRP shear contribution may be overestimated if the
FRP material has a very low strength f, [e.g. for specimen “IIGu” in Malek and

Saadatmanesh (1998)]. Second, the model uses 0.9d to determine the FRP area
contributing to the shear capacity (where d 1is the effective depth of the RC beam)
regardless of the actual bond length of FRP. This may overestimate the FRP shear
contribution if the FRP U-strips are bonded to only part of the beam height [e.g.
specimens in Khalifa and Nanni (2000)]. Third and more importantly, the expression for
the FRP shear contribution in CNR-DT200 (2004) is the FRP force in the fiber direction

and it is only valid when the fiber orientation is vertical ( £ =90"); for other fiber

orientations, the expression is incorrect and may lead to unsafe results [e.g. specimen of
Hutchinson and Rizkalla (1999)].

Fig. 11 shows that if the effect of shear interaction is considered, the proposed model
and the HB 305 (2008) model also perform better than the two other models in terms of
R’; similar conclusions can be drawn if FRP side strips and FRP U-strips are assessed
separately as shown in Chen (2010). If other statistical indexes are assessed (Table 2), the
Chen and Teng (2003b) model in HB 305 (2008) is slightly more accurate in predicting
experimental observations than the proposed model in terms of the coefficient of
variation. Both models provide better predictions than the other two models [ACI.440.2R
(2008) and CNR-DT200 (2004)].

By comparing Fig. 10 with with Fig. 11, it is clear that considering the effect of shear
interaction significantly improves the performance of all four models. The same
conclusion can be drawn from the statistical indexes in Table 2.

In step two, the shear crack angle is set to be 45° for all specimens in the database as
is done in most design guidelines [e.g. ACI 440.2R (2008)]. The comparisons on the
basis of this assumption are shown in Figs. 12 and 13, with the corresponding statistical
information shown in brackets in Table 2. The assumption leads to much more
conservative predictions for all the models as expected (see Figs. 12 and 13 and Table 2).
Again, it can be seen from the statistics in Table 2 that the proposed model and Chen and
Teng’s (2003b) model provide the best predictions with the proposed model being
slightly better, and that considering the effect of shear interaction significantly improves
the performance of all four models.

DESIGN RECOMMENDATION

From the above assessments, it can be seen that although the proposed model is
developed upon a more rigorous basis and provides the best performance in predicting
the shear contribution of FRP to the shear resistance of the beam when the shear crack
angle is set to 45°, Chen and Teng’s (2003b) model as adopted in HB 305 (2008) is still
capable of providing satisfactory predictions, particularly when the effect of shear
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interaction is considered using the shear interaction factor (K,,,) proposed in this study.
In addition, Chen and Teng’s (2003b) model has a simpler form compared with the
proposed model; thus, it is more suitable for design use.

For FRP side strips, Egs. (30)-(32) can be employed to consider the effect of shear
interaction.

For FRP U-strips, in general, Eqgs. (28) and (29) can be employed to consider the
effect of shear interaction. However, the effect of shear interaction is limited if w, , is

larger than a certain value, and can be neglected. For example, when w, , >3.0 mm
[which eventually leads to a limitation on 4, =h,, /Le according to Eq. (15) for a
certain FRP configuration (i.e.w,,s and f) and certain values of f.,0), it can be
inferred from Eq. (26) that K __ is usually larger than 0.9 as K, is normally larger
than 0.9 (see Figs. 6 and 7 for reference) and K, =1 in this case, subject
tou=V,/V, <1

CONCLUDING REMARKS

Built upon the authors’ previous work as presented in Chen et al. (2010) and Chen et
al. (2011), this paper has presented a shear strength model for the FRP debonding failure
mode for RC beams shear-strengthened with FRP strips. A salient feature of the new
model is that it takes into account the process of debonding failure (see Chen et al. 2011)
and the effect of shear interaction between externally bonded FRP strips and internal
steel stirrups (Chen et al. 2010). The new model has been shown to perform well in
predicting the shear contribution of FRP by comparing its predictions with a large test
database.

Performance comparisons between the new shear strength model and three other
shear strength models adopted in existing design guidelines have also been undertaken.
These comparisons indicate that the new model has the best performance among the four
models examined, and the inclusion of the effect of shear interaction leads to a
significant improvement to the performance of all four models. The results have also
revealed that the model in ACIL.440.2R (2008) shows unsatisfactory performance
probably due to its empirical nature and the use of an inappropriate model for the
effective FRP bond length; the model in CNR-DT200 (2004) generally provides
conservative predictions for FRP side strips but overestimates the shear resistance
offered by FRP U-strips. A design recommendation has been proposed based on these
comparisons.

It should be noted that the new shear strength model is based on two assumptions: (a)
the FRP debonding failure process is dominated by the widening of a single critical shear
crack; (b) the critical shear crack governing the FRP debonding process has a linear
crack shape. In real RC beams shear-strengthened with FRP strips, secondary shear
cracks may exist, and they can have a significant effect. The actual width variation of the
critical shear crack is complex and depends on many factors including the amounts of
steel and FRP shear reinforcements and steel tension reinforcement. The effects of these
two assumptions should be examined in future research.
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Table 1. Experimental Database for FRP Shear-Strengthened RC beams Failing by FRP Debonding

Reference Speci. Beam properties FRP properties Steel stirrup properties Test results
J2 b, h d Sect. | Type | Conf. E, I fr wy S B Type 72X S E, 1 0 Vitest Vitest
MPa | mm | mm | mm GPa mm MPa mm mm deg. mm mm GPa MP: deg. kN kN
Uji (1992) 5 241 | 100 | 200 | 160 | R C SP90 | 230 0.097 | 2454 | 100 100 |90 | NA 5 | 446 | 201
269 | 100 | 200 | 160 | R C SP45 | 230 0.097 | 2454 | 100 1414 | 45 | NA 45 | 568 | 314
7 269 | 100 | 200 | 160 | R C SP90 | 230 0.194 | 2454 | 100 100 |90 | NA 35| 446 | 192

Al-Sulaimani | SO 377 | 150 | 150 | 113 | R C SS90 | 16 3 200 20 50 90 | D 6 200 | 200 450 45 | 415 |82
etal. (1994)  [~Sp 37.7 | 150 | 150 | 113 | R C SS90 | 16 3 200 20 50 9 | D 6 200 | 200 450 45 | 412 |79
WO 377 | 150 | 150 | 113 | R C SP90 | 16 3 200 20 20 9% | D 6 200 | 200 450 ¥ | 420 |87
WP 377 | 150 | 150 | 113 | R C SP90 | 16 3 200 20 20 90 | D 6 200 | 200 450 ¥ | 452 | 119
Sato et al | S2 452 | 200 | 300 | 260 | R C SS90 | 230 0.11 3430 | 30 60 90 | NA 28 | 1605 | 63.4
(1996) S4 375 | 200 | 300 | 260 | R C SP90 | 230 0.11 3480 | 30 30 90 | NA 28 | 1563 | 642
Kage et al | SBI310 | 39.2 | 200 | 200 | 160 | R C SP90 | 2842 | 0.097 | 3430 | 100 100 |90 [|R 3 100 | 17836 | 1323 | 45 | 84.7 | 31.1
(1997) SBI1210 | 392 | 200 | 200 | 160 | R C SPO0 | 2842 | 0.097 | 3430 | 100 100 | 90 | R 3 100 | 17836 | 1323 | 45 | 79.0 | 22.1
SB1214 | 392 | 200 | 200 | 160 | R C SP90 | 2842 | 0.097 | 3430 | 100 100 |90 [|R 3 100 | 17836 | 1323 | 45 | 782 | 24.7
SBI218 | 392 | 200 | 200 | 160 | R C SP90 | 2842 | 0.097 | 3430 | 100 100 |90 [|R 3 100 | 17836 | 1323 | 45 | 792 | 256
Chaallal et al. | RS90 35 150 | 250 | 210 | R C SS90 | 150 1 2400 | 50 100 |9 |D 6 200 | 200 400 45 | 913 | 343
(1998) RSI135 35 150 | 250 | 210 | R C SS45 | 150 1 2400 | 50 50 |45 | D 6 200 | 200 400 75| 968 | 435
Mitsui et al. | Al 285 | 150 | 250 | 220 | R C SP90 | 230 0.167 | 3430 | 50 350 90 | NA 20 | 1344 | 402
(1998) Bl 285 | 150 | 250 | 220 | R C SP90 | 230 0.167 | 3430 | 50 50 90 | NA 20 | 1373 | 432
Cl 285 | 150 | 250 | 220 | R C SP90 | 230 0.167 | 3430 | 50 350 90 | NA 20 | 1285 | 343
DI 285 | 150 | 250 | 220 | R C SP90 | 230 0.167 | 3430 | 50 350 90 | NA 20 | 1265 | 55.4
El 285 | 150 | 250 | 220 | R C SP90 | 230 0.167 | 3430 | 50 350 90 | NA 20 | 1089 | 378
Triantafillou | Sla 30 70 | 110 | 100 | R C SS90 | 235 0.11 3300 | 30 45 90 | NA 20 | 835 | 271
(1998) S1b 30 70 | 110 | 100 | R C SS90 | 235 0.1 | 3300 |30 45 90 | NA 20 | 389 | 225
S1(45) 30 70 | 110 | 100 | R C SS45 | 235 0.11 3300 | 30 63.63 | 45 | NA 20 | 445 | 281
S2a 30 70 | 110 | 100 | R C SS90 | 235 0.11 3300 | 30 30 90 | NA 20 | 481 | 317
S2b 30 70 | 110 | 100 | R C SS90 | 235 0.11 3300 | 30 30 90 | NA 20 | 22 | 258
S2(45) 30 70 | 110 | 100 | R C SS45 | 235 0.11 3300 | 30 0242 | 45 | NA 20 | 473 | 309
S3a 30 70 | 110 | 100 | R C SS90 | 235 0.147 | 3300 | 30 30 90 | NA 20 | 28 | 264
S3b 30 70 | 110 | 100 | R C SS90 | 235 0.147 | 3300 | 30 30 90 | NA 20 | 375 | 2I1
S3(45) 30 70 | 110 | 100 | R C SS45 | 235 0.147 | 3300 | 30 0242 | 45 | NA 20 | 407 | 243
Kachlakev Cl,2L 275 | 152 | 152 | 101 | R C SP90 | 230 0222 | 3400 | 50 50 90 | NA 25 | 114.0 | 19.1
?{1399)3”“65 Cl1,3L 275 [152 [ 152 [ 101 [ R C SP90 | 230 0333 [ 3400 | 50 50 90 NA 25 100.6 | 18.2
C2,3L 275 | 152 | 152 | 101 | R C SP90 | 230 033 3400 | 50 50 90 | NA 25 | 848 | 34.1
Taljsten and | SRI 538 | 180 | 500 | 460 | R C SS45 | 708 | 0.8 860 300 8485 | 45 | NA 45 | 195.0 | 89.0
Elfgren(2000) [~gp> 527 | 180 | 500 | 460 | R C SP45 | 708 | 0.8 860 1 1414 | 45 | NA 45 | 2430 | 1225
Ref[1] BTS 35 150 | 405 | 360 | T C SS90 | 228 0.165 | 3790 | 50 125 | 90 | N4 45 | 1215 | 315
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Table 1. (Continued.)

Reference Speci. Beam properties FRP properties Steel stirrup properties Test results
fc by h d Sect Type Conf. E/ Iy f/ wr S/ ﬂ Type Dy S5 E; fv 0 Vu,test mez
MPa [ mm [ mm | mm GPa mm MPa mm mm deg. mm mm GPa MPa | deg. kN kN
Park et al. | 3 254 | 100 | 250 | 200 | R C SS90 | 1786 | 12 2868 | 25 75 90 | NA 20 | 441 | 182
(2001) 5 254 | 100 | 300 | 250 | T C SS90 | 1786 | 12 2868 | 25 75 9 | D 6 75 200 | 325 |30 | 1073 | 252
Pellegrino | TR30C2 | 27.5 | 150 | 300 | 250 | R C SP90 | 233.6 | 0.165 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 1200 | 453
?ggog"de“a TR30C3 | 275 [ 150 [ 300 | 250 | R C SP90 | 233.6 | 0.495 | 3550 1 1 90 D 3 200 | 210 548 45 112.8 | 38.1
TR30C4 | 27.5 | 150 | 300 | 250 | R C SP90 | 233.6 | 0495 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 1402 | 655
TR30DI | 31.4 | 150 | 300 | 250 | R C SP90 | 233.6 | 033 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 193.0 | 315
TR30D2 | 31.4 | 150 | 300 | 250 | R C SP90 | 233.6 | 0495 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 | 2133 | 518
TR30D2 | 31.4 | 150 | 300 | 250 | R C SP90 | 233.6 | 0495 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 | 2475 | 860
TR30D4 | 314 | 150 | 300 | 250 | R C SP90 | 233.6 | 033 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 | 2088 | 473
TR30D4 | 31.4 | 150 | 300 | 250 | R C SP90 | 233.6 | 033 | 3550 | 1 1 90 | D 8 200 | 210 | 548 | 45 | 2120 | 505
Taljsten RCI 674 | 180 | 500 | 465 | R C SP45 | 234 0.11 4500 | 1 1414 | 45 | NA 35 | 306.1 | 182.0
(2003) C1 674 | 180 | 500 | 465 | R C SP45 | 234 | 007 | 4500 | 1 1414 | 45 | NA 31 | 2467 | 122.6
C2 714 | 180 | 500 | 465 | R C SP45 | 234 0.11 4500 | 1 1414 | 45 | NA 32 | 2572 | 1332
C3 587 | 180 | 500 | 465 | R C SP90 | 234 0.11 4500 | 1 1 90 | NA 30 | 2606 | 136.6
Cs 714 | 180 | 500 | 465 | R C SP45 | 234 0.165 | 4500 | 1 1414 | 45 | NA 33 | 3343 | 2106
Beber and | VO A | 328 | 150 | 300 | 261 | R C SS90 | 230 0.111 | 3400 | 50 100 |9 | NA 195 | 1962 | 824
gﬁhmf?foog Vo B 328 | 150 | 300 | 261 | R C SS90 | 230 0.111 | 3400 | 50 100 |9 | NA 195 | 2086 | 947
V21 A | 328 | 150 | 300 | 261 | R C SS90 | 230 0.111 | 3400 | 50 100 |9 | NA 195 | 2304 | 1165
VI2B | 328 | 150 | 300 | 261 | R C SS45 | 230 0.111 | 3400 | 50 1414 | 45 | NA 195 | 2033 | 895
Vi4a B | 328 | 150 | 300 | 261 | R C SS45 | 230 0.111 | 3400 | 50 1414 | 45 | NA 195 | 1833 | 695
VI3 A | 328 | 150 | 300 | 261 | R C SP90 | 230 0.111 | 3400 |1 1 90 | NA 19 | 2440 | 1302
VI3 B | 328 | 150 | 300 | 261 | R C SP90 | 230 0.111 | 3400 |1 1 90 | NA 19 | 2515 | 137.7
Vi4 A | 328 | 150 | 300 | 261 | R C SP45 | 230 0.111 | 3400 |1 1414 | 45 | NA 15 | 2568 | 142.9
VI5 A | 328 | 150 | 300 | 261 | R C SP45 | 230 0.111 | 3400 | 1 1414 | 45 | NA 15 | 2411 | 1273
V20 B | 328 | 150 | 300 | 261 | R C SS90 | 205 14 2500 | 50 100 |9 | NA 19 | 2858 | 172.0
V22 B | 328 | 150 | 300 | 261 | R C SS90 | 205 14 2500 | 50 100 |9 | NA 19 | 2250 | 1112
V21 B | 328 | 150 | 300 | 261 | R C SS45 | 205 14 2500 | 50 1414 | 45 | NA 19 | 2714 | 1576
V22 A | 328 | 150 | 300 | 261 | R C SS45 | 205 14 2500 | 50 1414 | 45 | NA 19 | 2512 | 1374
Zhang and | z4-90 | 438 | 152. | 228. | 188 | R C SS90 | 165 12 2800 | 40 127 |9 | NA 45 | 737 | 276
Hsu(2005) 73725~ (438 | 152. | 228. | 188 | R C SS45 | 165 12 2800 | 40 127 | 45 | NA 45 | 822 | 367
7690 | 43.8 | 152. | 228. | 188 | R C SS90 | 165 12 2800 | 40 127 |9 | NA 45 | 639 | 210
Corolin_and | 290a 466 | 180 | 500 | 435 | R C SP90 | 234 0.11 4500 | 1 1 90 | NA 30 | 2560 | 1340
Taljsten 2906 410 | 180 | 500 | 435 | R C SP90 | 234 0.11 4500 | 1 1 90 | NA 25 | 2980 | 181.0
(2005) 345 560 | 180 | 500 | 435 | R C SP45 | 234 017 | 4500 | 1 1414 | 45 | NA 25 334.0 | 204.0
290 363 | 180 | 400 | 335 | R C SP90 | 234 011 | 4500 | 1 7 90 | D 6 200 | 210 | 515 | 45 | 2980 | 61.0
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Table 1. (Continued.)

Reference Speci. Beam properties FRP properties Steel stirrup properties Test results
£ by, h d Sect. | Type | Conf. E; i Jr wyr Ny B Type D S E b 0 Vitest Vitest
MPa | mm | mm | mm GPa mm MPa mm mm deg. mm mm GPa MPa deg. kN kN
Ref[2] 390 363 | 180 | 400 | 335 | R C SP90 | 234 | 0.17 | 4500 | 1 1 9% | D 6 200 | 210 | 515 |45 2980 | 61.0
Ref.[3] V5 201 | 100 | 150 | 120 | R G SS90 | 73 1 3400 | 40 45 90 | NA 45 295 | 135
Kim ot al. | CP2-1D | 347 | 250 | 250 | 220 | R C SS45 | 158 12 | 3160 |50 100 |45 |NA 45 1780 | 73.0
(2008) CP3-1V | 347 | 250 | 250 | 220 | R C SS90 | 158 12 3160 | 50 00 |9 |NA 45 955 | 33.0
Grande and | RS2Sa | 21 | 250 | 450 | 410 | R C SP90 | 392 | 0.191 | 2600 | 1 1 9 | D 8 200 | 210 | 476 | 55 2400 | 25.0
g%so‘g‘)’ RS3Sa | 21 | 250 | 450 | 410 | R C SP90 | 392 | 0.191 | 2600 | 1 1 9 | D 8 300 | 210 | 476 | 42 2050 | 45.0
RS3Sb | 21 | 250 | 450 | 410 | R C SP90 | 392 | 0.191 | 2600 | 1 1 9 | D 8 300 | 210 | 476 | 48 2200 | 60.0
RS4Sb | 21 | 250 | 450 | 410 | R C SP90 | 392 | 0.191 | 2600 | 1 1 9 | D 8 400 | 210 | 476 | 48 180.0 | 55.0
Sato ot al. | S3 413 | 200 | 300 | 260 | R C US90 | 230 | 0.11 | 3480 | 30 60 90 | NA 120 | 197 |39 |28 202.1 | 110.0
(1996) S5 39.7 | 200 | 300 | 260 | R C UP90 | 230 | 0.11 | 3480 | 1 1 90 | NA 120 | 197 |39 |28 1982 | 106.1
Ref[4] No.2 357 | 150 | 300 | 232 | T C UP90 | 230 | 0.111 | 3480 | 1 1 90 | R 6 100 | 183 | 387 | 46 2230 | 240
Ref[5] 1IGu 365 | 127 | 203 | 165 | R C UP45 | 200 168 | 105 1 1414 |45 | R 6 206 | 200 | 420 |35 1008 | 493
Khalifa ctal. | CO2 205 | 150 | 305 | 264 | R C US90 | 228 | 0.165 | 3500 | 50 125 |9 |NA 125 | 200 | 350 |35 880 | 40.0
(1999) C0o3 205 | 150 | 305 | 264 | R C UP90 | 228 | 0.165 | 3500 | 50 50 90 | NA 125 | 200 | 350 |35 113.0 | 65.0
Ref[6] SDI-CL | 59 |70 | 475 | 410 |1 C US45 | 230 | 0.11 | 3400 | 50 150 |45 |D 55 300 | 200 | 640 |30 2720 | 62.5
Khalifa and | BT2 35 | 150 | 405 | 360 | T C UP90 | 228 | 0.165 | 3970 | 1 1 90 | NA 45 155.0 | 65.0
g%%fg) BT3 35 | 150 | 405 | 360 | T C UP90 | 228 | 0.165 | 3970 | 1 1 90 | NA 45 1575 | 675
BT4 35 | 150 | 405 | 360 | T C US90 | 228 | 0.165 | 3970 | 50 125 |9 |NA 30 1620 | 72.0
Ref[7] BSS 36 | 200 | 450 | 390 | R C US90 | 233 | 0.111 | 3500 | 50 400 |9 |D 6 400 | 200 | 590 | 294 | 1700 | 334
Deniaud and | T6NS-4 | 44.1 | 140 | 600 | 520 | T C US45 | 230 | 0.11 | 3400 | 50 1414 |45 | NA 22 2136 | 1035
(CZ%%HI% T6S4-90 | 441 | 140 | 600 | 520 | T C US90 | 230 | 0.11 | 3400 | 50 00 |9 |R 6 400 | 200 | 520 |27 2728 | 853
T6S4-45 | 441 | 140 | 600 | 520 | T G UP% | 177 | 18 106 1 1 90 | R 6 400 | 200 | 520 |27 2975 | 109.9
Khallifa and | S03-2 | 27.5 | 150 | 305 | 250 | R C US90 | 228 | 0.165 | 3970 | 50 125 |9 |NA 314 | 1310 | 54.0
g%%g‘) SO42 | 275 | 150 | 305 | 250 | R C US90 | 228 | 0.165 | 3970 | 50 125 |9 |NA 314 | 1275 | 625
SO33 | 275 | 150 | 305 | 250 | R C US90 | 228 | 0.165 | 3970 | 75 125 |9 |NA 314 | 1335 | 56.5
SO34 | 275 | 150 | 305 | 250 | R C UP90 | 228 | 0.165 | 3970 | 1 1 90 | NA 45 1445 | 67.5
SO43 | 275 | 150 | 305 | 250 | R C UP90 | 228 | 0.165 | 3970 | 1 1 90 | NA 30 155.0 | 90.0
Diagana et | PUI 40 | 130 | 450 | 425 | R C US90 | 105 | 043 | 1400 | 40 200 |9 |R 6 300 | 210 | 240 | 45 1425 | 325
al. (2003) PU2 40 | 130 | 450 | 425 | R C US90 | 105 043 | 1400 | 40 250 |90 | R 6 300 | 210 | 240 | 45 130.0 | 20.0
PU3 40 | 130 | 450 | 425 | R C US45 | 105 | 043 | 1400 | 40 300 |45 | R 6 300 | 210 | 240 | 45 1545 | 44.5
PU4 40 | 130 | 450 | 425 | R C US45 | 105 | 043 | 1400 | 40 350 |45 | R 6 300 | 210 | 240 | 45 150.0 | 40.0
Adhikary et | C-1 372 | 300 | 300 [ 245 | R C UP90 | 230 0.167 | 3400 1 1 90 NA 45 165.0 | 53.0
al. (2004) 4-1 396 | 300 | 300 | 245 | R 4 UP90 | 120 | 0.286 | 2000 | 1 7 90 | N4 45 155.0 | 43.0
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Table 1. (Continued.)

Reference Speci. Beam properties FRP properties Steel stirrup properties Test results
f( bw h d Sect. Type Conf. Ef Iy f/ wr Sf ﬁ Type Dy Ss Es f) 0 Vu,test Vﬁzmz
MPa | mm | mm | mm GPa mm MPa mm mm deg. mm mm GPa MP: deg. kN kN
Feng et al. | SB1-3 326 | 150 [ 360 [ 314 [ R C UPY0 | 235 0.22 4200 |1 1 90 [R 6 135 | 205 395 | 45 240.0 | 63.5
(2004) SB1-4 326 | 150 | 360 | 314 | R C UP90 | 235 022 | 4200 |1 1 90 | R 6 135 | 205 | 395 | 45 2530 | 76.5
SB1-5 326 | 150 [ 360 [ 314 [ R C US90 | 235 0.22 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 246.0 | 69.5
SB1-6 326 | 150 [ 360 [ 314 [ R C US90 | 235 0.22 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 230.0 | 53.5
SB1-9 326 | 150 [ 360 [ 314 [ R C US90 | 235 0.44 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 240.0 | 63.5
SB1-10 [ 326 [ 150 [ 360 [ 314 [ R C US90 | 235 0.44 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 243.0 | 66.5
SB2-3 326 | 150 [ 360 [ 314 [ R C US90 | 235 0.22 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 270.0 | 52.0
SB3-2 326 | 150 [ 360 [ 314 [ R C US90 | 235 0.22 4200 | 40 120 [9 [R 6 135 | 205 395 | 45 310.0 | 35.0
Beber and | Vio A 328 | 150 [ 300 [ 261 [ R C US90 | 230 0.111 | 3400 | 50 100 [9 [Na 25 2150 | 82.4
gﬁhmf?foog V10 B 328 | 150 [ 300 [ 261 [ R C Us90 | 230 0.111 [ 3400 | 50 100 [9 [Na 25 208.6 | 94.7
V17 A 328 | 150 [ 300 [ 261 [ R C US90 | 230 0.111 | 3400 | 50 100 [9 [Na 25 2304 | 116.5
VII_A 328 | 150 [ 300 [ 261 [ R C US90 | 230 0.111 | 3400 | 50 100 [9 [Na 25 215.0 | 101.1
Vil B 328 | 150 [ 300 [ 261 [ R C US90 | 230 0.111 [ 3400 | 50 100 [9 [Na 25 212.0 | 98.1
V17 B 328 | 150 [ 300 [ 261 [ R C Us90 | 230 0.111 [ 3400 | 50 100 [9 [Na 25 205.6 | 91.7
V19 A 328 | 150 [ 300 [ 261 [ R C US4s | 230 0.111 | 3400 | 50 1414 | 45 NA 19 236.8 | 123.0
V19 B 328 | 150 [ 300 [ 261 [ R C Us4s | 230 0.111 [ 3400 | 50 1414 | 45 NA 19 2303 | 116.4
V15 B 328 | 150 [ 300 [ 261 [ R C UPY0 | 230 0.111 [ 3400 |1 1 90 [ NA 25 276.7 | 1629
V16 B 328 | 150 [ 300 [ 261 [ R C UPY0 | 230 0.111 [ 3400 |1 1 90 [ NA 25 2249 | 111.0
Pellegrino A-U1-C7 | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.165 [ 3450 |1 1 90 |[D 3 170 | 200 534 | 45 238.1 | 52.9
?ggog;["de“a A-U2-C- | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.33 3450 1 1 90 D 3 170 | 200 534 | 45 243.0 | 57.8
A-UI-C- | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.165 [ 3450 |1 1 90 |[D 3 200 | 200 534 | 45 225.0 | 55.8
A-U2-C- | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.33 3450 |1 1 90 |[D 3 200 | 200 534 | 45 229.7 | 60.5
A-UL-S- | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.165 [ 3450 |1 1 90 |[D 3 170 | 200 534 | 45 2473 | 49.1
A-UL-S- | 414 [ 150 [ 300 [ 250 [ R C UPY0 | 230 0.165 [ 3450 |1 1 90 |[D 8 200 | 200 534 | 45 2351 | 31.7
Ref[8] A12M | 402 | 150 | 300 | 280 [ R C US90 | 390 0.334 | 3000 | 25 95 90 NA 45 89.8 | 315
Ref.[9] UW 90 293 [ 200 [ 210 [ 173 [ R C UPY0 | 230 0.165 [ 3430 |1 1 90 |[D 6 160 [ 2515 [ 665. | 45 1415 | 19.3
Dias and [ 2S-M(1) [ 39.7 [ 180 [ 400 [360 [ T C US90 | 2184 [ 0.176 | 2863 | 60 114 90 |[D 6 300 | 200 542 | 60 162.6 | 12.8
Barros(2010) - 567m2) [ 39.7 | 180 | 400 | 360 | T C US90 | 2184 | 0.352 | 2863 | 60 114 |90 | D 6 300 | 200 | 542 | 60 1851 | 39.8

Note: Ref.[1]=Khalifa and Nanni (2000); Ref.[2]=Carolin and Taljsten (2005); Ref.[3]=Sundarraja et al. (2008); Ref.[4]=Sato et al. (1997); Ref.[5]=Malek and Saadatmanesh (1998); Ref.[6]=Hutchinson and Rizkalla
(1999); Ref.[7]=Matthys (2000); Ref.[8]= Barros and Dias (2006); Ref.[9]=Rizzo and Lorenzis (2009); Section of beam: R=Rectangular section, T=T-section, b,~web width of beam, Z=height of beam, d=effective
depth of beam; FRP material: C=CFRP, G=GFRP, A=AFRP, E; =elastic modulus of FRP, ¢, =nominal thickness of FRP, f; =strength of FRP, w, =width of FRP in direction perpendicular to fiber direction, s,
=center-to-center spacing of FRP strips in the beam axial direction, f=fiber orientation with respect to beam axis; Speci.=Specimen; Sect.=Section of beam; Conf.=FRP Configurations; deg.=degrees; SSxx=side strips
with f=xx°, SPxx=side sheet with f=xx°, USxx=U-strips with f=xx°, UPxx=U-sheet with f=xx°; Steel stirrups: R=round bars, D=deformed bars, @,=diameter, s;=spacing, E,=elastic modulus; f, =yield strength;
. =cylinder compressive strength of concrete; 6=angle of critical shear crack observed in test [assumed to be 45° if there is no test information except those specimens in the database of Chen and Teng (2003b) for

which the crack angles were taken from Chen and Teng (2003b)]; V,, .—test shear capacity of beam; V,~test shear contribution of FRP.
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Table 2. Performance of Shear Strength Models (results for a 45° shear crack angle are listed in brackets)

Model Proposed model HB-305 (2008) model ACI-440.2R (2008) model CNR-DT200 (2004)

S peci mens Statistics Vf,pre/V ftest Kmaxvf,prelv ftest pr rel Vf,lest Kmaxvfpre/ Vf,lesl pr rel Vi ftest Kmaxvfp rel Vf,lest nyprg/ Vf,lest Kmaxvfprelv ftest
All Average 1.01 (0.86) 0.97 (0.77) 1.01 (0.84) 0.96 (.74) 0.89 (0.92) 0.83 (0.79) 0.80 (0.68) 0.75 (0.60)
SD 0.36 (0.52) 0.29 (0.43) 036 (0.52) 0.26 (0.42) 0.80 (0.81) 0.70 (0.63) 0.74 (0.66) 0.61 (0.56)

CoV (%) 36 (61) 30 (55) 36 (62) 27 (57) 90 (88) 84 (80) 92 (97) 81 (93)
Side-strips Average 1.05 (0.83) 0.99 (0.74) 1.07 (0.82) 1.01 (0.71) 0.92 (0.92) 0.84 (0.76) 0.52 (0.43) 0.49 (0.37)
SD 0.40 (0.50) 0.30 (0.37) 039 (0.52) 0.25 (0.38) 0.98 (0.90) 0.85 (0.68) 0.43 (0.40) 033 (0.31)

CoV (%) 38 (60) 30 (51) 36 (64) 25 (54) 107 (98) 101 (89) 81 (93) 68 (85)
U-strips Average 0.96 (0.90) 0.93 (0.83) 0.91 (0.86) 0.88 (0.79) 0.84 (0.93) 0.81 (0.84) 1.26 (1.05) 1.18 (0.95)
SD 0.30 (0.55) 0.29 (0.49) 0.28 (0.53) 0.27 (0.47) 0.36 (0.66) 0.34 (0.56) 0.90 (0.79) 0.71 (0.66)

CoV (%) 31 (61) 31(59) 31 (61) 31(59) 43 (71) 42 (67) 72 (75) 61 (69)

Note: SD=standard deviation; CoV=coefficient of variation; Ky, =maximum value of the shear interaction factor (K); V.. =FRP shear contribution predicted by a strength model; V.= test value
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Fig. 13. Predicted versus experimental FRP shear contributions (shear interaction effect
included) for a 45° shear crack angle: (a) proposed model; (b) HB 305 (2008); (c) ACI
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