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Abstract: As an alternative to externally bonded FRP reinforcement, near-surface mounted
(NSM) FRP reinforcement can be used to effectively improve the flexural performance of RC
beams. In such FRP-strengthened RC beams, end cover separation failure is one of the
common failure modes. This failure mode involves the detachment of the NSM FRP
reinforcement together with the concrete cover along the level of the steel tension
reinforcement. This paper presents a new analytical strength model for end cover separation
failure in RC beams strengthened in flexure with NSM FRP strips (i.e. rectangular FRP bars
with a sectional height-to-thickness ratio not less than 5), which was formulated on the basis
of extensive numerical results from a parametric study undertaken using an efficient finite
element approach. The proposed strength model consists of an approximate analytical
equation for the debonding strain of the FRP reinforcement at the critical cracked section and
a conventional section analysis to relate this debonding strain to the moment acting on the
same section (i.e. the debonding strain). Once the debonding strain is known, the load level at
end cover separation of an FRP-strengthened RC beam can be easily determined for a given
load distribution. Predictions from the proposed strength model are compared with those of
two existing strength models of the same type and available test results, which shows that the
proposed strength model is in close agreement with test results and is far more accurate than
the existing strength models.
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1 INTRODUCTION

Extensive research has been undertaken on the flexural strengthening of reinforced concrete
(RC) beams using bonded FRP reinforcement. Strengthening using externally bonded FRP
reinforcement has received by far the largest amount of research [1-4], but the alternative of
near-surface mounted (NSM) FRP reinforcement has also received increasing attention [e.g.
5-8]. The externally bonded FRP method involves the external bonding of FRP laminates,
either formed in-situ via the wet layup process or prefabricated off site generally by
pultrusion, to the tension surface of RC members, and the NSM FRP method involves the
cutting of grooves in the cover concrete and the embedding of FRP bars in the grooves using
an adhesive. FRP bars of various cross-sectional shapes can be used in NSM FRP
strengthening of structures, including round, square, and rectangular bars [6]. As a special
form of rectangular bars with a large cross-sectional height-to-thickness ratio, FRP strips are
an attractive form of NSM FRP reinforcement due to their superior bond performance over
NSM FRP bars of other shapes. This is because an FRP strip usually has a much larger
perimeter for the same cross-sectional area than an FRP bar of other sectional shape and
hence better bond performance, allowing a fuller utilization of the tensile strength of the FRP
material [e.g. 9, 10]. Against this background, the present study is only concerned with NSM
FRP strips which are defined as narrow rectangular FRP bars with a sectional
height-to-thickness ratio not less than 5 [11]. For ease of presentation, the discussions in the

paper are limited to simply supported beams.

In RC beams strengthened in flexure with NSM FRP bars, several debonding failure modes
have been observed in laboratory tests, including end debonding failure and intermediate
crack (IC) induced debonding failure. End cover separation (Fig. 1), as one of the end
debonding failure modes, has been found to be by far the most common failure mode [6, 8].
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End cover separation failure process is initiated by the formation of a vertical crack in the
un-strengthened region but near the critical end of the FRP reinforcement, followed by the
propagation of a major crack at the level of the tension steel reinforcement towards the
middle of the strengthened region. Another possible end debonding failure mode, namely
interfacial debonding at the FRP-to-concrete interface, has been rarely if ever observed in
laboratory tests [8]. A major reason that end cover separation is much more likely than end
interfacial debonding is the significant radial stresses generated by the steel tension bars on
the surrounding concrete, making the plane of steel tension bars a more critical plane than the

plane near the adhesive-concrete bi-material interface [12].

For RC beams strengthened with externally bonded FRP reinforcement, a large number of
finite element studies on end cover separation failure have been undertaken [e.g. 13-15] and
several analytical strength models for this failure mode have been established [e.g. 16-19]. By
contrast, for RC beams strengthened with NSM FRP reinforcement, very limited research has
been conducted on finite element modelling [12, 20] or the establishment of strength models
[21, 22] for the end cover separation failure mode. This situation is not surprising as the NSM
FRP strengthening method emerged much later than the externally bonded FRP method and
the associated research challenges are greater due to the presence of a large number of

significant parameters.

To predict end cover separation failure in RC beams strengthened with NSM FRP
reinforcement, a full 2-D (plane stress) nonlinear finite element (FE) approach (referred to as
“the full FE approach” for brevity) has recently been developed by the authors [12, 20].
Using this full FE approach, the important factors that influence the accuracy of FE

prediction of end cover separation failure have been identified. One of the factors is the radial



stresses exerted by the steel tension reinforcement onto the surrounding concrete, which was
introduced by the authors into FE modelling of end cover separation failure in RC beams
strengthened with FRP for the first time [12, 20]. Based on the findings from the full FE
approach, a simplified 2-D (plane stress) FE approach (referred to as “the simplified FE
approach” for brevity) [23, 24], in which only the part of the RC beam between the two
adjacent cracks nearest to the critical end of the FRP reinforcement is included, was
established for predicting end cover separation failure. This paper presents a study which was
conducted using this simplified FE approach for the development of an analytical debonding

strength model for RC beams strengthened with NSM FRP strips.

2 EXISTING STRENGTH MODELS

To date, only two strength models for end cover separation in RC beams strengthened in
flexure with NSM FRP have been proposed [21, 22], and both of them are based on the
concept of the so-called concrete tooth model (CTM) (Fig. 2). In a CTM, the “tooth” (Fig. 2),
which is the concrete cover between two adjacent cracks, is treated as a cantilever, with the
horizontal shear stress 7 (from the NSM FRP) acting on its tip (i.e. free end). In addition to
these two models, Hassan and Rizkalla [25] proposed a model based on interfacial stress
analysis between NSM FRP strips and concrete to predict end interfacial debonding failure
(another important end failure mode) in RC beams strengthened with NSM CFRP strips. For
comparison purposes, Hassan and Rizkalla’s model [25] is also introduced in this section

although it deals with a slightly different failure mode.

2.1 De Lorenzis and Nanni’s model [21]
Based on Zhang et al.’s model (the first CTM for end cover separation) [26] for RC beams

strengthened in flexure with an externally bonded steel plate, De Lorenzis and Nanni [21]
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proposed a strength model for end cover separation in RC beams strengthened in flexure with
NSM FRP round bars. Assuming a linear elastic behaviour, the tensile stress o, at the

tension corner near the root of the concrete tooth (Point A in Fig. 2) can be calculated as

e

where M, =mzd,lh is the bending moment at the foot of the concrete tooth, |, = b'%z

is the sectional moment of area of the concrete tooth cross-section, h' is the vertical distance
between the root of the concrete tooth and the centroid of the NSM FRP, b is the width of

the RC beam, d, is the diameter of the FRP round bar, n is the number of the FRP bars,

7 is the average interfacial shear stress between the NSM FRP bar and the concrete, and |

is either the minimum stabilized crack spacing, | or the maximum stabilized crack

min !

spacing, | =2l _. . The minimum stabilized crack spacing 1l isgiven by

max

|- At
" us Zobars + uNSM ZONSM

)

where f, =0.36,/f, (both f, and f, are in MPa) is the concrete tensile strength

is the sum of perimeters of all

bars

while f is the concrete cube compressive strength; ZO
the steel tension bars; u, = 0.28\/1‘_cu (both u, and f, arein MPa) is the average shear
bond strength between steel bars and concrete; ZONSM is the sum of perimeters of all the
NSM FRP round bars; u,, is the bond strength between NSM FRP bars and concrete;
A, =2hbis the cross-sectional area of the concrete in the beam that is under tension, which
is taken to be the product of twice the distance from the centroid of the tension steel to the

soffit of the beam (i.e. h,) and the beam width. De Lorenzis and Nanni [21] recommended

that u,g, be taken as the local bond strength between NSM FRP bars and concrete.
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Substituting M, and 1, into Eq. 1 and assuming that cover separation failure occurs when
the tensile stress o, is equal to the tensile strength of concrete f,, the average interfacial

shear stress 7., at failure can be found as

. &l b
failure — 6h nﬂdb

@)

The interfacial shear stress is balanced by the axial stress in the FRP. At the critical location
(such as the loading point for three-point or four-point bending beams), the critical axial

stress in the FRP can be found as

O _ 4Tfailurel-p _ 2|bft|—p
failure db 3n72‘hdbz

(4)

by assuming that the interfacial stress is uniformly distributed over the effective length of the

NSM bars L,. De Lorenzis and Nanni (2003) proposed the following expressions to

estimate the effective length L :

L, =min (L, L) (5)
L,, =1.8612, 1271, +2436  if |, <50mm  (6a)
L,, =736 if 1. >50mm  (6b)

where L, is the length of the NSM FRP bar in the shear span.

2.2 Al-Mahmoud et al.’s model [22]

Al-Mahmoud et al. [22] proposed a strength model of end cover separation in RC beams
strengthened with NSM FRP round bars. Their model is also based on the general concept of
the CTM, but the methodology is slightly different from that proposed by De Lorenzis and

Nanni [21].



Al-Mahmoud et al. [22] related the bending moment at the root of the concrete tooth to the
axial stress in the FRP bar at the left cracked section (i.e. the left vertical surface of the

concrete tooth in Fig. 2, which is referred to as the critical cracked section in this paper) as
M, =0c,Ah =cnmdh (7)

Combining Egs. 1 and 7 and assuming that end cover separation occurs when the tensile

stress o, reaches the tensile strength of concrete f,, the axial stress in the FRP bar at the

critical cracked section can be expressed as

b.I?
O =—C . 8
f 6 dbzh t ()

The axial stress in the FRP bar can be related to the bending moment M, of the

strengthened beam at the critical cracked section as

. :n{“ol— y"jM, ©)

cr

where n, =E, /E_ is the ratio of elastic modulus between FRP and concrete, 1, is the

cr

transformed second moment of area in terms of the concrete of the cracked section, h, isthe

distance between the compression face of the beam and the centroid of the NSM FRP

reinforcement, and vy, is the distance between the top surface of the beam and the neutral

axis of the critical cracked section. Combining Egs. 8 and 9 leads to the following expression
for the bending moment of the strengthened beam at the left cracked section at cover

separation failure:

f.1_bl?
| = tzcr' (10)
6nf nﬂdbh (ho B yo)




2.3 Hassan and Rizkalla’s model [25]

Hassan and Rizkalla [25] established a model for the end interfacial debonding strength of
RC beams strengthened with CFRP strips. Based on the interfacial stress analysis by Malek et
al. [27] of RC beams strengthened with an externally bonded FRP plate, Hassan and Rizkalla
[25] proposed a closed-form solution for the interfacial shear stress = between the NSM
CFRP strip and the concrete in RC beams strengthened with NSM CFRP strips, which leads
to the following two equations for a simply supported beam subjected to 3-point bending (Eq.

11) and 4-point bending (Eq. 12) respectively:

t. [ n Pa n P
SR Bl L £ (11)
2| 21, 21,
t [nP n a |
S Y et N ¢ PYer e (12)
2 Ieff Ieff
2G
o' =—2 (13)
tathf

where X is the distance from the critical end of the CFRP strip; t, is the thickness of the
CFRP strip; P is the concentrated load; y, is the distance from the strip centroid to the
neutral axis of the section; I, is the effective second moment of area and can be calculated
using Eq. 14; eis the base of natural algorithm; G, is the shear modulus of the adhesive;

t, is the thickness of the adhesive layer; and a is the distance from the critical end of the

a

NSM strip to the nearest support.

MCF ’ MCF ’
(e i) s

where M, and M, are the cracking and the applied moments on a beam section,

respectively; 1, is the transformed gross second moment of area in terms of concrete of the
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strengthened section; and 1 is the transformed second moment of area in terms of concrete

cr

of the cracked section.

Obviously, the interfacial shear stresses calculated using Egs. 11 and 12 achieve the largest
values when X is equal to zero (i.e. at the end of the FRP strip). By using the
Mohr-Coulomb failure criterion, the interfacial shear stress at interfacial debonding failure of

the FRP strip end, 7., , can be determined from the following equation:

max !

Toox = —— (15)

where f, is the concrete cylinder compressive strength; and f, is the concrete tensile

strength. Substituting Eq. 15 into Eg. 11 or Eq.12 with x=0 yields the applied load at

interfacial debonding failure of the FRP strip end.

2.4 Summary

As can be seen from the above review, in the end cover separation strength model proposed
by Al-Mahmoud et al. [22] and the end interfacial debonding strength model proposed by
Hassan and Rizkalla [25], the concrete is assumed to be a linear elastic material in
compression; in De Lorenzis and Nanni’s model [21], the concept of effective length of the
NSM FRP is introduced, and in the effective length region, the interfacial stress is assumed to
be uniformly distributed. In all three models, the bonded interface between FRP and concrete
and that between steel bars and concrete are assumed to experience no interfacial slips.
Despite these assumptions, which may lead to significant prediction errors, they represent
valuable attempts at formulating strength models for end debonding failures in RC beams

strengthened with NSM FRP reinforcement.



In the present study, only Al-Mahmoud et al.’s model [22] and Hassan and Rizkalla’s model
[25] are compared with the present model. De Lorenzis and Nanni’s model [21] was
developed for NSM FRP round bars and cannot be easily adapted for use of NSM FRP strips.
Although Al-Mahmoud et al.’s model [22] was originally proposed for RC beams
strengthened with NSM round FRP bars, it can be easily modified for application to RC
beams strengthened with NSM FRP strips: by replacing the formula for cross-sectional area

for a circular section with that for a rectangular section.

When comparing Hassan and Rizkalla’s model [25] with the present model in predicting end
cover separation failure, it should be noted that the former is for end interfacial debonding
while the latter is for end cover separation. However, it can be expected that the failure load
predicted by Hassan and Rizkalla’s model [25] should not be smaller than the test result as
well as the prediction from the present model; otherwise, the beam should have failed by end
interfacial debonding instead of end cover separation. The comparison thus can be used to

check whether Hassan and Rizkalla’s model [25] does provide an upper bound prediction.

3 SIMPLIFIED FE APPROACH FOR END COVER SEPARATION

The simplified FE model developed by Zhang and Teng [23, 24] for cover separation failure
in FRP-strengthened RC beams was employed in a parametric study to generate numerical
data for use in the formulation of a strength model. A brief summary of this simplified FE
model is given herein to set the background for the parametric study. For more details of this

simplified FE model, the reader is referred to Ref. [24].

In the simplified FE model, the segment of the RC beam between the two major cracks near
the critical end of the FRP reinforcement is isolated to form the model for analysis (Fig. 3),
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with the moments acting on the two cracked sections being imposed using two pairs of
external loads (R and Pz as one pair on the critical, left cracked section, and P and P> as
another pair on the other cracked section at the FRP strip end in Fig. 3). A rigid plate is
attached to each cracked section to enforce the plane section assumption. As can be seen from
Fig. 3, if the strain in the FRP reinforcement at the critical crack (Point B in Fig. 3) at end
cover separation is known, the moment acting on the same section can be obtained through
section analysis. The concrete is modelled using 4-node plane stress elements; the steel
reinforcement is simulated using 2-node beams elements and both sides of the steel
reinforcement are connected to the rigid plates. The cohesive-element-pair (CEP) proposed
by Zhang and Teng [23, 24] is used to simulate the radial stresses exerted by the tension steel
bars onto the surrounding concrete when they are in tension. The FRP is modelled using
2-node beam elements located at the centroid of the NSM FRP reinforcement. Only one end
(the left end in Fig. 3) of the FRP reinforcement is connected to the adjacent rigid plate, while
the other end (the right end) representing the actual end of the FRP reinforcement and is left

free.

The behaviour of cracked concrete is simulated using the orthogonal fixed smeared crack
model. The crack band concept [28] is employed in the simplified FE model with the fracture
energy being that given by CEB-FIP [29]. The maximum tensile stress criterion is adopted to
describe the initiation of cracking while the yield surface proposed by Buyukozturk [30] with
the associated flow rule is used to describe the compression-dominated behaviour of concrete.
The tension-softening behaviour and the shear stress-slip behaviour of cracked concrete as
well as the compressive behaviour of concrete are properly modelled. The FRP is modelled
as an elastic isotropic brittle material, and the steel reinforcement including tension bars,

compression bars and stirrups is modelled as an elastic-perfectly plastic material. The
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interfacial behaviour between longitudinal steel bars and concrete is simulated using the
bond-slip model given in CEB-FIP 29] while that between NSM FRP strips and concrete is
simulated using the bond-slip model proposed by Zhang et al. [31]. The latter means that the
FE model is only applicable to RC beams strengthened in flexure with NSM CFRP strips
although applicability to other forms of FRP reinforcement can be easily enabled by replacing

Zhang et al.’s bond-slip model [31] with an appropriate model.

4 STRENGTH MODEL FOR END COVER SEPARATION

As explained earlier, if the strain in the FRP reinforcement at the critical cracked section
(Point B in Fig. 3) at end cover separation failure (i.e. the debonding strain in the FRP or
simply the debonding strain) can be obtained, a section analysis can be conducted to find the
moment acting on the critical cracked section based on the plane section assumption, and the
shear force and the load level of the beam can be easily found from the bending moment
value for a given load distribution. The proposed debonding strength model for end cover
separation failure thus consists of a method for predicting debonding strain and a
conventional section analysis based on the plane section assumption, with the former being
the key element. In the present study, the section analysis is based on the BS 8110 [32]
compressive stress-strain curve of concrete, so the ultimate concrete compressive strain is

taken to be 0.0035.

4.1 Debonding strain in the FRP at end cover separation

The FE approach described earlier was used to conduct a parametric study to generate
numerical results for the development of an approximate analytical equation for the
debonding strain. The following geometric and material properties define the reference case

for the parametric study unless otherwise specified: concrete cylinder compressive strength
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f.=30 MPa; elastic modulus of FRP E, =150 GPa; A, =40 mm?; thickness of FRP strip =
2 mm; second moment of area of FRP strip 1, = 1333 mm*; vertical distance between the

centroids of the steel and the FRP reinforcements c,= 30 mm; crack spacing s,= 100 mm

(length of the beam segment in the FE model); height of the beam h =300 mm; width of the

beam b= 150 mm; sum of diameters of all steel tensions bars D,= 24 mm (i.e. 2¢12); and

moment ratio between the right and the left cracked sections g, =0.5.

4.2.1  Effect of second moment of area of FRP strip
The second moment of area of the FRP strip, 1, , was varied from 1x10°mm* to
2x10* mm* to examine its effect on the debonding strain. The cross-sectional area of the FRP

strip was kept constant at 40 mm?, but the height and thickness of the FRP strip

cross-section were changed to achieve the desired |, value. Note that for the reference
beam with a width of 150 mm, 1, = 5x10° mm*, which is a practically likely value (e.g.
I, = 5.2x10° mm*for two 2x25 mm NSM CFRP strips). Therefore, the selected range of

I, values was large enough to cover practical situations and to examine its influence.

The predicted debonding strains are listed in Table 1. The maximum difference between the

predicted FRP strains is only about 2% within the range of 1, values investigated, so it
may be concluded that for practical applications, the effect of 1, is minimal and can be

neglected.

4.2.2  Effect of beam height

Table 2 provides the predicted debonding strains for three beam heights: h= 300 mm, 600
13



mm, and 900 mm:; all other properties are the same as those of the reference case. Clearly
the effect of beam height is also insignificant, so it can also be neglected in evaluating the

debonding strain in the FRP.

423  Effect of moment ratio

The effect of moment ratio 3, was examined for three different concrete strengths ( f,= 20

MPa, 30 MPa and 40 MPa), four values of the distance between the steel and the FRP

reinforcements (c, =15 mm, 30 mm, 45 mm, and 60 mm), and four different crack spacings
(s, =50 mm, 75 mm, 100 mm, and 150 mm). In each case, the moment ratio between the right

and the left cracked sections was varied from 0 to 1.0 at an interval of 0.1. The predicted
debonding strains, normalized with respect to the debonding strain of the corresponding case
with a moment ratio of 0.6, are shown in Fig. 4. For ease of reference, each numerical case
(or numerical specimen) in Fig. 4 is given a name, which starts with a number to represent

the cylinder compressive strength of concrete ( f.), followed by a number to represent the

elastic modulus of FRP ( E, ), and then a number to represent the distance between steel and

FRP reinforcements (c, ), and finally a number to represent the crack spacing (s, ). It is seen

that as the moment ratio increases, the debonding strain first increases nearly linearly

regardless of the values of the other parameters (i.e. f., ¢, and s_) until the moment

.
ratio reaches 0.6; afterwards, the debonding strain decreases nearly linearly. All of the
normalized curves shown in Fig. 4 are almost identical to each other, with most values falling
in the range from 0.9 to 1. The effect of moment ratio on the debonding strain is therefore
small and is ignored in the approximate predictive equation for debonding strain presented

later in the paper.
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4.2.4  Effect of axial rigidity of FRP strip

The axial rigidity of the FRP strip A, E, was varied from 2000 kN (20 mm? x 100 GPa) to

16000 kN (80 mm? x 200 GPa) to study its effect on the debonding strain. The relationship

between the FRP debonding strain obtained from FE analysis and the reciprocal of FRP axial

rigidity A,E, is plotted in Fig. 5, from which it can be seen that the variation of the FE

debonding strain with the reciprocal of FRP strip axial rigidity follows approximately a

power function.

4.25  Effect of concrete strength

The effect of concrete strength f. was examined for three different values of the elastic
modulus of FRP (E, = 100 GPa, 150 GPa, and 200 GPa) and four different values of the
cross-sectional area of FRP strip (A, =20 mm?, 40 mm?, 60 mm?2and 80 mm?). The other

geometric and material properties of the beams were the same as those of the reference beam.

The predicted relationship between the debonding strain and the concrete strength is shown in
Fig. 6, which indicates that the FRP strain is approximately proportional to \/f_c Each

numerical specimen in Fig. 6 is given a name, which starts with a number to represent the

elastic modulus of FRP (E,;) and is then followed by a number to represent the

cross-sectional area of FRP strip (A, ).

4.2.6 Effects of crack spacing and distance between steel and FRP reinforcements

The effect of distance between steel reinforcement and FRP reinforcements, c,, was
examined by obtaining FE predictions for four different values: 15 mm, 30 mm, 45 mm, and

60 mm. The effect of crack spacing, s., was also examined by obtaining FE predictions for
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four different values: 50 mm, 75 mm, 100 mm, and 150 mm. The relationship between the

debonding strain and c, is shown in Fig. 7 while that between the debonding strain and s,

is shown in Fig. 8. Fig. 7 indicates that the debonding strain decreases nearly linearly as the

value of ¢, increases, with the slopes of the linear best-fit lines for different s, values

being nearly the same. Fig. 8 indicates that the debonding strain increases with the value of

s.. As the value of c, increases, the relationship between the debonding strain and s,

changes from a power function to a linear function. To see a clearer trend, the debonding

strains normalized with respect to the strain of the case with a ¢, value of 30 mm are shown

in Fig. 9, which indicates that the normalized strain decreases nearly linearly as the value of

c, increases regardless of the values of s, and the magnitude of slope of the linear best-fit

lines decreases as the value of s, increases.

4.2.7 Effects of beam width and sum of steel tension bar diameters

The debonding strain in the FRP is expected to be proportional to the clear width of the beam

Byear =0 — D,, where Dy is the sum of all steel tension bar diameters, if other parameters are

clear

b

the same. Furthermore, the debonding strain is expected to depend on the “clear D ratio as the

t

b

effect of radial stresses from steel tension bars is affected by the “clear D ratio. In the

t
parametric study, the following beam widths were examined: 50 mm, 100 mm, 150 mm, 200

b

mm, and 250 mm, with the corresponding ~clear D ratios being 1.08, 3.17, 5.25, 7.33 and

t

9.42. The corresponding values chosen for the cross-sectional area of the FRP strip, A, , are

8.25 mm?, 24.13 mm?, 40.00 mm?, 55.88 mm? and 71.75 mm?, in order to keep the A%
clear

16



ratio constant. Fig. 10 shows that the predicted debonding strain increases with the bde&%)
t

ratio approximately following a power function.

4.2.8 Approximate equation for the debonding strain
Based on the regression analysis of the results of 168 numerical specimens examined in the
parametric study, Eq. 16 is proposed as a design model for predicting the debonding strain in

the FRP at end cover separation failure:

gdb :104 ><ﬂcsﬂAEﬁbodbclear'\/ fc (16)
45 ¢, S

= (- - ) (= -0.1 17
B = (a0 )

1
= 18
ﬂAE AfEf 0.9 ( )

0.1
b

ﬁo =[ clearJ (19)

bod Dt

where p reflects the combined effect of c, (distance between the steel and the FRP
reinforcements, in mm) and s, (crack spacing, in mm); g, reflects the effect of axial
rigidity of FRP strip A E, (A, inmm?and E, in GPa); and f8,,, reflects the effect of

ratio between beam clear width b (in mm) and sum of steel tension bar diameters D,

clear

(in mm). The concrete cylinder strength  f_ isin MPa.

A comparison between the predictions of the simplified FE model and the analytical
debonding strain equation (Eq. 16) is shown in Fig. 11, indicating very close agreement
between the two sets of results. The ratios between the analytical and the FE predictions have

an average value of 1.00, a standard deviation (STD) of 0.070 and a coefficient of variation
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(CoV) of 0.070.

4.2 Crack spacing
To determine the debonding strain as well as the distance between the left cracked section

and the nearest support, the crack spacing is needed as input. In the present study, the

minimum stabilized crack spacing, s™", proposed by Zhang et al. [26] is adopted:

c

i f
S:;nm — Ae t (21)
us Zobars +Uu f C failure

where u, =0.28,/f_, isthe average shear bond strength between FRP and concrete, C

u failure

is the perimeter length of the failure plane which is taken to be the total length of the three

mn the maximum

c

groove sides. In the next section, the minimum stabilized crack spacing, s

stabilized crack spacing, 2s™, and an intermediate value, 1.5s!™, are all examined to

investigate the effect of crack spacing.

5 COMPARISON WITH TEST DATA

For the proposed debonding strain equation for end cover separation to be used with
confidence in practical design, its accuracy needs to be assessed using laboratory test data.
The test data of 10 RC beams strengthened with NSM FRP strips were collected from the
published literature for this purpose. For all these 10 beams, sufficient details have been
provided in the papers for them to be used in the comparison. Details of these 10 test beams
are given in Tables 3 and 4. In addition to the present debonding strength model, the models

of Al-Mahmoud et al. [22] and Hassan and Rizkalla [25] are also included in the comparison.

The predictions of the present debonding strength model for three different crack spacings
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mno o 1.5s™ and 2s™ respectively) are compared in Fig. 12 with the test

(i'e' SC = SC Cc C
results. The predictions of the two existing models for these 10 RC beams are compared with
the test results in Figs. 13 and 14 respectively. All the analytical predictions and the test

results for the shear force are listed in Tables 5.

The proposed strength model with a crack spacing of 1.5s™ leads to an average

prediction-to-test ratio of 1.10, a STD of 0.119 and a CoV of 0.108 (Table 5). These statistical

indicators are better than those for predictions of the proposed strength model obtained with

crack spacings of s™ and 2s™, for which the average prediction-to-test ratios are 0.863

and 1.17, the STDs are 0.155 and 0.172, and the CoVs are 0.180, 0.147 respectively.
Nevertheless, the proposed strength model with any of the three crack spacing values offers
much closer predictions of the test results than the two existing models proposed by
Al-Mahmoud et al. [22] and Hassan and Rizkalla [25] respectively. The predictions from
Hassan and Rizkalla’s model [25] are very conservative with a large scatter, with the
prediction-to-test average ratio, STD and CoV being 0.555, 0.259 and 0.467 respectively,
indicating that Hassan and Rizkalla’s model [25] fails to provide a reasonable upper bound
prediction. The predictions of Al-Mahmoud et al.’s model [22], on the contrary, are very
un-conservative with an even larger scatter, with the average prediction-to-test ratio, STD and
CoV being 1.90, 1.34 and 0.702 respectively. The superior performance of the proposed
debonding strength model is also clearly demonstrated by the comparisons given in Figs. 12

to 14.

7 CONCLUDING REMARKS

This paper has been concerned with the development of an analytical model for predicting the

end cover separation failure load of RC beams strengthened with FRP strips (i.e. rectangular
19



FRP bars with a sectional height-to-thickness ratio not less than 5). The approach taken was
to develop an analytical equation for the debonding strain in the FRP strips at the critical
cracked section at end cover separation failure (i.e. the debonding strain) and to find the
moment acting in the critical cracked section by conventional section analysis based on the
plane section assumption (i.e. the debonding moment). Once the debonding moment is
known, the associated shear force and the load level at cover separation failure can be easily
determined for any given load distribution. The analytical equation for the debonding strain is
thus the key element of the proposed debonding strength model. In practice, the alternative
approach of checking the strain in the FRP strips at the critical cracked section against the
prediction of the proposed debonding strain equation can be adopted to design again cover

separation failure.

To formulate an analytical equation for the debonding strain, an efficient FE approach
recently proposed by the authors [23, 24] was employed in a parametric study to obtain
extensive numerical results. These results were presented and examined to understand how
each parameter affects this debonding strain, based on which an appropriate analytical
equation for the debonding strain was proposed. The proposed strength model as well as with
two existing strength models for end debonding failure was compared with a test database
assembled from the published literature. These comparisons showed that the proposed
strength model leads to predictions in close agreement with the test results and is far more

accurate than the two existing models.
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10 TABLES

Table 1. Effect of second moment of area of FRP bar on debonding strain

Second moment of area of Debonding strain &
ebonding strain

FRP bar g 9 | percentage reduction
I, (mmé) (us)

1x10° 2483 0.00%
5x10° 2472 0.44%
1x10* 2455 1.13%
2x10* 2435 1.93%

Table 2. Effect of beam height on debonding strain

Beﬁm rr:]e[;ght Debonding strain &, Percentage reduction
(mm) (ue)

300 2482 0.00%

600 2453 1.17%

900 2416 2.66%

Table 3. Details of RC beams strengthened with NSM FRP

Source Specimen b h hy a a4 L fo E.
(mm) | (mm) | (mm) | (mmM) | (mm) | (MM) | (MPa) | (GPa)

V2R2 100 177 157 50 500 1500 46.1 32.1

Ref. [33] V3R2 100 175 155 50 500 1500 | 46.1 | 32.1
V4R3 100 180 160 50 500 1500 | 46.1 | 32.1

B500 150 300 256 1200 | 1200 | 3000 | 352 | 281

Ref. [34] B1200 150 300 256 900 1200 | 3000 | 352 | 28.1
B1800 150 300 256 600 1200 | 3000 | 352 | 28.1

Ref. [5] S2 120 170 146 60 300 900 522 | 342
S3 120 170 146 60 300 900 522 | 34.2

Ref. [35] B2 150 250 206 100 950 2500 | 50.0 | 334
B5 150 250 206 100 950 2500 | 50.0 | 334

Note: b = width of beam; h = height of beam; hy = effective depth of beam; a = distance from a bar end to the nearest
support; ay = shear span of beam; L = span of beam; f. = cylinder compressive strength of concrete; and E. = elastic modulus
of concrete.
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Table 4. Details of steel bars and FRP strips for the test beams

Source Specimen E fi ty hy E,” i A (n/ @), ES | BT AT (n/ @)oo Eye fuy Ave Sy
(GPa) | (MPa) | (mm) | (mm) | (GPa) | (GPa) | (mm?) (GPa) | (GPa) | (mm?) (GPa) | (GPa) (mm?) (mm)
V2R2 158.8 | 27395 | 2.9 9.59 200 730 84.8 3/6 200 730 101 2/8 200 730 56.5 100
Ref. [33] V3R2 158.8 | 2739.5 2.9 9.59 200 730 107 2/6+1/8 200 730 101 2/8 200 730 56.5 100
V4R3 158.8 | 2739.5 | 4.35 9.59 200 730 151 3/6 200 730 101 2/8 200 730 56.5 100
B500 151 2068 4 16 210 532 226 2/12 210 375 101 2/8 210 375 101 100
Ref. [34] B1200 151 2068 4 16. 210 532 226 2/12 210 375 101 2/8 210 375 101 100
B1800 151 2068 4 16 210 532 226 2/12 210 375 101 2/8 210 375 101 100
Ref. [5] S2 158.8 2740 2.8 9.6 200 627 66.4 2/6.5 200 627 66.4 2/6.5 200 540 56.5 80
S3 158.8 2740 4.2 9.6 200 627 99.5 3/6.5 200 627 66.4 2/6.5 200 540 56.5 80
Ref. [35] B2 157 2580 6 15 203 530 226 2/12 203 530 226 2/12 200 530 101 100
B5 153 2500 5 20 203 530 226 2/12 203 530 226 2/12 200 530 101 100

Note: E . = elastic modulus of FRP; f . = tensile strength of FRP; t, = thickness of FRP strip; h. = height of FRP strip; E.™" = elastic modulus of steel tension bars;

yield stress of steel tension bars; A" = total cross-sectional area of steel tension bars; (n/¢)

compression bars;

compression bars; E

com
fy

ve = elastic modulus of stirrups; fVy = yield stress of stirrups; A, = total cross-sectional area of stirrups; S, = spacing of stirrups.
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= vyield stress of steel compression bars; AScom = total cross-sectional area of steel compression bars; (n/ ¢)
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= number/diameter of tension steel bars; E°™ = elastic modulus of steel
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Table 5. Test and predicted ultimate shear forces for beams strengthened with NSM FRP

Source Specimens View | Vore Voras Vore s Viress Vore,2 Vorez | Vio | Y | Vi | Vo
kN) | (kN) Viest (kN) Viest KN) | Vi | 6N Vi | (KN) | Vg
V2R2 39.25 40.7 1.04 50.3 1.28 55.3 1.41 347 | 0.884 | 143 | 3.64
Ref. [33] V3R2 40.95 43.2 1.05 544 1.33 60.4 1.48 36.2 | 0.885 | 166 | 4.04
V4R3 47.45 36.1 0.761 49.5 1.04 57.5 1.21 33.6 | 0.708 | 160 | 3.35
B500 23.9 17.0 0.710 24.7 1.03 25.4 1.06 510 | 0.213 | 15.1 | 0.631
Ref. [34] B1200 31.55 21.9 0.694 314 0.995 32.0 1.01 6.70 | 0.214 | 19.6 | 0.622
B1800 45.85 30.9 0.673 43.2 0.942 43.1 0.940 | 10.0 | 0.218 | 28.2 | 0.614
Ref. [5] S2 46.65 52.2 1.12 49.7 1.07 45.5 0.976 | 30.3 | 0.649 | 97.2 | 2.08
' S3 48.3 42.3 0.877 51.4 1.07 56.0 1.16 278 | 0576 | 941 | 195
Ref. [35] B2 639 | 501 0.925 74.9 1.17 83.3 1.30 | 36.4 | 0542 | 69.9 | 1.04
' B5 65.5 51.4 0.785 67.5 1.03 76.5 1.17 415 | 0.610 | 66.2 | 0.973
T Average = 0.863 1.10 1.17 0.555 1.90
atistica _
O . STD = 0.155 0.119 0.172 0.259 1.34
CoV = 0.180 0.108 0.147 0.467 0.702
Note: V., = shear force predicted by the proposed model with S ;
Vore1s = shear force predicted by the proposed model with 1.58™";
Ve 2 = shear force predicted by the proposed model with ZSC”"” ,

V,,_g = shear force predicted by Hassan and Rizkalla’s model [25]; and
V, = shear force predicted by Al-Mahmoud et al.’s model [22].
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11 FIGURES
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