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1. Introduction

In the last few decades, the civil engineering community and
construction industry have witnessed a rapid growth of interest
about the fibre-reinforced composites. Great attention has been
devoted particularly to fibre reinforced polymer (FRP) composites,
comprised of high strength fibres embedded within a thermoset-
ting organic matrix, usually epoxy resin. Rehabilitation and
strengthening of reinforced concrete (RC) structures with exter-
nally bonded (EB) FRP composites represent a sustainable alterna-
tive to new construction because they allow for an extension of the
original service life and therefore prevent demolition of existing
structures. The necessity of strengthening RC structures may de-
pend on different reasons, such as ageing, improper design or con-
struction, change of the design loads, lack of maintenance, damage
caused by environmental factors or seismic events.

The use of externally bonded FRP composites has shown to be
an effective technique for rehabilitation/strengthening/retrofitting
of RC structures in shear (see for instance some works developed at
the University of Padova as [2–4]), flexural [5,6], and confinement
[7,8] applications. Although many experimental and analytical
works are available in literature, some issues concerning this tech-
nique are still under discussion. One of the most important issues
is represented by proper design against various debonding failure
modes [9–14], including cover separation, plate end interfacial
debonding, intermediate flexural crack-induced interfacial deb-
onding, and diagonal crack-induced interfacial debonding. Several
analytical models for the evaluation of the FRP–concrete bond
strength were proposed by various authors and some of them are
included in design codes/recommendations/guidelines.

This work presents an assessment of twenty analytical models
for the evaluation of the bond strength between FRP and concrete.
The assessment was carried out by means of a wide database
including several experimental results available in literature.

Some authors [15] showed that there exist many experimental
setups to evaluate the FRP–concrete bond strength. Nevertheless a
shared standard test procedure does not exist yet. The most dif-
fused experimental setups are represented by the single shear test,
the double shear test and the bending test (Fig. 1). In the former
the FRP composite is bonded to one face of a concrete prism and
the fibres are usually pulled while the prism is restrained. Double
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Fig. 1. Test setups for the evaluation of the FRP–concrete bond strength; (a) single shear test, (b) double shear test, and (c) small-scale bending test.
shear test consists in pulling two concrete prisms connected one to
the other by means of FRP composites bonded on opposite faces. In
bending tests the FRP composite is bonded to the bottom of a beam
subjected to flexure. Bending tests are sometimes carried out on
small scale specimens where a notch or a hinge is provided in order
to initiate debonding at a specific cross-section. However, the com-
bination of results related to both small- and full-scale specimens
is arguable due to different mechanisms and resisting contribu-
tions developing in small- and full-scale beams. For this reason,
in this work the experimental tests of small-scale notched beams
were discarded and only the results of full-scale strengthened RC
beams subjected to bending tests were included in the database.

It was observed that the various test setups could lead to differ-
ent results for the same amount and type of FRP [15]. For this rea-
son, the assessment was carried out distinguishing between the
various test setups to give some elements for defining a shared test
setup allowing to properly measure the bond strength in FRP–con-
crete joints. Further, the influence of the FRP composite prepara-
tion, e.g. post-impregnated sheets or pre-impregnated laminates,
was investigated.

Since in the literature there is little information about the accu-
racy of the analytical models regarding the effective bond length,
i.e. the minimum length needed to fully develop the bond strength
capacity, a comparison between experimental and analytical provi-
sions of the effective bond length is shown and commented as well.

2. Current analytical models for predicting FRP–concrete bond
strength

Twenty analytical bond strength models were collected from
the literature. The main equations of the codes/recommenda-
tions/guidelines included in this work are briefly recalled for the
sake of clarity. The same notation adopted by the authors is re-
ported here. In each of the following models the elastic modulus,
thickness and width of the FRP composite are indicated as Ef, tf,
and bf, respectively. Further details about the analytical formula-
tions can be found in the original documents.

fib Bulletin 14-T.G. 9.3 [16]
The maximum force Nfa,max which can be anchored by the FRP

can be obtained as:

Nfa;max ¼ ac1kckbb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef tf f ctm

q
ð1Þ

where a is a reduction factor taking into account the influence of in-
clined cracks; fctm is the mean value of the concrete tensile strength;
c1 may be obtained through calibration with test results and, in case
of CFRP, is equal to 0.64; kc is a factor accounting for the state of
compaction of the concrete, and kb is a geometrical coefficient:

kb ¼ 1:06

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =b

1þ bf =400

s
� 1 ð2Þ

where b is the cross-section width of the strengthened element. If
the bonded length lb is less than the effective bond length lb,max,
the maximum force Nfa,max is reduced according to:
Nfa ¼ Nfa;max
lb

lb;max
2� lb

lb;max

� �
ð3Þ

CNR DT-200 [1]
The Italian document CNR DT-200 [1] proposes a formulation

similar to that of the fib Bulletin 14-T.G. 9.3 [16]. Using a fracture
mechanics approach it quantifies the maximum stress in the FRP
composite, ffdd, as a function of the fracture energy, CFk, of the
FRP–concrete interface. The maximum stress which can be carried
by the FRP–concrete joint is obtained as:

ffdd ¼
kcr

cf ;d
ffiffiffiffifficc
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ef CFk

tf

s
ð4Þ

where cf,d and cc are the composite and concrete safety factors,
respectively.

If the bonded length lb is less than the effective bond length le,
the maximum stress is reduced according to Eq. (5):

ffdd;rid ¼ ffdd
lb
le

2� lb

le

� �
ð5Þ

The maximum force which can be anchored by the FRP is finally cal-
culated multiplying the cross-sectional area of the composite by the
maximum stress obtained with Eqs. (4) and (5). The reduction fac-
tor kcr distinguishes between different kinds of delamination (kcr = 1
in case of end delamination, kcr = 3 in case of intermediate delami-
nation due to flexural cracking).

The fracture energy of the FRP–concrete interface is calculated
as:

CFk ¼ 0:03 kb

ffiffiffiffiffiffiffiffiffiffiffiffi
fckfctm

p
ð6Þ

where fck is the characteristic compressive cylinder strength of con-
crete and kb is a geometrical factor equal to:

kb ¼ 1:06

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =b

1þ bf =400

s
� 1 ð7Þ

A new version of the Italian recommendations CNR DT-200 is now
under preparation but not officially published. It provides some
modifications of the existing formulations according to the most re-
cent experimental studies trying to improve the accuracy of the
analytical provisions.

ACI 440.2r [17]
The Guide of the American Concrete Institute calculates the

maximum bond strength, in case of flexural strengthening, multi-
plying the maximum strain in the FRP composite at the ultimate
limit state, named effective strain efe, by the elasticity modulus of
the FRP composite Ef, assuming perfectly elastic behaviour. The
effective strain efe in the FRP composite is limited to the strain va-
lue at which debonding may occur, efd, as defined in Eqs. (8) and
(9). The effective stress in the FRP reinforcement ffe is then ob-
tained considering the mode of failure for a given neutral axis
depth, as shown in Eqs. (9) and (10). If the left term of the inequal-
ity (Eq. (9)) controls, the member fails due to concrete crushing; if



the right term of the inequality controls the member fails due to
FRP failure:

efd ¼ 0:41

ffiffiffiffiffiffiffiffiffiffiffi
f 0c

nEf tf

s
6 0:9efu ð8Þ

efe ¼ ecu
df � c

c

� �
6 efd ð9Þ

ffe ¼ Ef efe ð10Þ

where, in this guide, n indicates the number of plies of FRP rein-
forcement and tf is the thickness of one ply of FRP reinforcement,
f 0c is the specified concrete compressive strength, ecu is the ultimate
axial strain of unconfined concrete, taken as 0.003; df and c are the
FRP composite depth and neutral axis depth, respectively. The max-
imum force which can be anchored by the composite is finally ob-
tained multiplying the area of the composite by the effective
stress ffe.

In case of shear or simply axial strengthening the maximum
bond strength is calculated multiplying the maximum strain in
the FRP reinforcement at the ultimate limit state, efe, according to
Eq. (11) (valid in case of U-wraps or bonded face plies), by the
FRP elasticity modulus, assuming perfectly elastic behaviour as
for flexural strengthening (Eq. (10)). In this case the effective strain
is limited by means of an empirical coefficient, kv as follows:

efe ¼ kv efu 6 0:004 ð11Þ

kv ¼
k1k2le

11;900efu
6 0:75 ð12Þ

k1 and k2 are modification factors taken equals to 1.0 in case of pure
axial tension.

In addition to these models, sixteen other formulations pro-
posed by various authors were considered for the assessment.
The expressions for computing the maximum force Nf carried by
the FRP–concrete joint are here reported for the sake of complete-
ness. The meaning of symbols is indicated in the following if not
specified above.

CNR DT-200 R1 [18]
A new version of the Italian guidelines, CNR DT-200 R1 [18] has

been recently published. It provides new equations with the aim of
improving the accuracy of the previous version [1]. New equations
for computing the fracture energy, the effective bond length, and
the FRP–concrete strength are provided. The maximum stress ffdd

that can be carried by the composite preventing the plate end deb-
onding failure is calculated as:

ffdd ¼
kcr

cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ef CFd

tf

s
ð13Þ

ffdd;rid ¼ ffdd
lb

le
2� lb

le

� �
for lb < le ð14Þ

The specific fracture energy CFd is computed according to Eq. (15):

CFd ¼
kb � kG

FC
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
ð15Þ

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =b
1þ bf =b

s
� 1 ð16Þ

where kG = 0.023 in case of pre-impregnated laminate, and
kG = 0.037 in case of post-impregnated sheet. FC is an additional
safety factor. In order to avoid the intermediate crack-induced deb-
onding failure the maximum FRP stress must be less or equal to
ffdd,2:

ffdd;2 ¼
kq

cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef

tf
� 2 � kb � kG;2

FC
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

ps
ð17Þ
where kG,2 is an empirical coefficient equal to 0.10, and kq = 1.25 in
case of distributed load, and kq = 1.0 in all other cases.

Van Gemert [19]:

Nf ¼ 0:5 � bf � lb � fctm ð18Þ

Tanaka [11]:

Nf ¼ ð6:13� ln lbÞ � bf � lb ð19Þ

Hiroyuki and Wu [20]:

Nf ¼ bf � lbð5:88 � l�0:669
b Þ� ð20Þ

where the quantity within the brackets represents the average bond
strength su expressed in MPa, and lb within the brackets is ex-
pressed in centimetres.

Maeda et al. [11]:

Nf ¼ 110:2� 10�6 � Ef � tf � bf � le ð21Þ

Neubauer and Rostàsy [21]:

Nf ¼ 0:64 � kp � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fctm � Ef � tf

q
if lb P le ð22Þ

Nf ¼ 0:64 � kp � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fctm � Ef � tf

q
� lb

le
� 2� lb

le

� �
if lb < le ð23Þ

where kp is a geometrical factor equal to:

kp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:125

2� bp=bc

1þ bp=400

s
ð24Þ

Khalifa et al. [22]:

Nf ¼ 110:2� 10�6 � fck

42

� �2=3

Ef � tf � bf � le ð25Þ

Adhikary and Mutsuyoshi [23]:

Nf ¼ bf � lb � ð0:25 � f 2=3
ck Þ ð26Þ

Chen and Teng [11]:

Nf ¼ 0:315 � bp � bL �
ffiffiffiffiffi
fck

p
� bf � le ð27Þ

bp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =b
1þ bf =b

s
ð28Þ

bl ¼
1 if lb � le
sin plb

2le
if lb < le

(
ð29Þ

De Lorenzis et al. [24]:

Nf ¼ bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Gf

q
ð30Þ

where Gf is the fracture energy per unit area of the joint, assumed
equal to 1.43 Nmm/mm2. It should be noted that Eq. (30) was orig-
inally proposed by Taljsten [9].

Yang et al. [13]:

Nf ¼ 0:5þ 0:08 �
ffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf

1000

r !
� bf � le � 0:5 � fctm ð31Þ

Izumo [25]:

Nf ¼ ð3:8 � f 2=3
ck þ 15:2Þ � lb � bf � Ef � tf � 10�3 ð32Þ

Iso [25]:

Nf ¼ bf � le � 0:93 � f 0:44
ck ð33Þ

Sato [25]:

Nf ¼ ðbf þ 7:4Þ � le � 2:68 � f 0:2
ck � Ef � tf � 10�5 ð34Þ



Dai et al. [26]:

Nf ¼ ðbf þ 7:4Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Gf

q
ð35Þ

Gf ¼ 0:514f 0:236
c ð36Þ

where fc is the compressive strength of concrete.
Lu et al. [13]:

Nf ¼ bl � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Gf

q
ð37Þ

Gf ¼ 0:308b2
w

ffiffiffi
ft

p
ð38Þ

bw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:25� bf =b
1:25þ bf =b

s
ð39Þ

where ft is the concrete tensile strength and bl = sin[(p�lb)/(2�le)] is
the effective bond length factor.

Camli and Binici [27]:

Nf ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
sf � df

p
�
ffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf

q
� bf � tanh

h � lb

le

� �
ð40Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

sf

du

ffiffiffiffi
fc

p
s

ð41Þ

sf ¼ 3:5f 0:19
c ð42Þ

du ¼ f a
c

lb

le

� �b bf

b

� �c

ð43Þ

where a, b, and c are coefficient found through non-linear regres-
sion analysis and equal to �0.4, 0.80, and 0.40, respectively.

The above analytical models were applied without using par-
tial safety factors, assuming that they provide the mean value
of the maximum force which can be carried by the FRP–
concrete joint.

3. Experimental database

A wide experimental database was collected from the litera-
ture and used to assess the analytical models for the FRP–
concrete bond strength described above. The database contains
404 specimens, 231 of which tested using the single shear test
setup [10,11,13,28–34], including both laminates (25 specimens)
and sheets (206 specimens); 60 specimens strengthened with
sheets tested using the double shear test setup [11,13,14]; 124
specimens tested in bending [35–40,42], including both laminates
(74 specimens) and sheets (39 specimens). The detailed charac-
teristics of the specimens included in the database are reported
in Appendix A.

4. Assessment of the FRP–concrete bond strength models

The accuracy of each analytical model was evaluated comparing
the experimental bond strength results with the corresponding
analytical predictions. The results are provided in terms of maxi-
mum experimental (measured) force Pexp,i, and theoretical force
Pth,i, that can be carried by the FRP–concrete interface of the ith
specimen. Experimental vs. theoretical bond strength diagrams
were built [13,38,41]. The accuracy of the various models was
assessed through computing the coefficient of variation CoV,
defined by Eq. (47). CoV = 0 indicates perfect matching between
experimental and analytical bond strength. In addition, the average
Avg, and the standard deviation StD were calculated according to
Eqs. (45) and (46), respectively:
xi ¼ Pexp;i=Pth;i ð44Þ

Avg ¼
Pn

i¼1xi

n
ð45Þ

StD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðxi � AvgÞ2

n

s
ð46Þ

CoV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðxi � Avgref Þ

2

n

s
ð47Þ

Fig. 2 shows, as an example, the diagrams for CNR DT-200 [1], fib
Bulletin 14 T.G. 9.3 [16], ACI 440.2R [17], and CNR DT-200 R1
[18]. The values above the line Pexp/Pth = 1 are conservative since
the experimental bond strength is greater than the corresponding
analytical prediction, whereas values below the line Pexp/Pth = 1
are unconservative.

The statistical procedure was carried out distinguishing be-
tween different test setups, i.e. single shear test (Single), double
shear test (Double), and bending test (Bending). The statistical anal-
ysis was also developed distinguishing between FRP post-impreg-
nated sheets (Sheet) and FRP pre-impregnated laminates
(Laminate). Table 1 summarises the results for all considered mod-
els, listing the coefficient of variation CoV together with the corre-
sponding average value of the ratio between the experimental and
theoretical value Avg.

Analysing the results obtained for the most important guide-
lines (CNR DT-200 [1], fib Bulletin 14 T.G. 9.3 [16], and ACI
440.2R [17], CNR DT-200 R1 [18]), it can be noted that the predic-
tions are sometimes non-conservative (Fig. 2). The ACI 440.2R [17]
provides more conservative predictions in terms of maximum FRP–
concrete bond strength with respect to the other models, but its
accuracy, measured in terms of coefficient of variation, is rather
poor. This can be due to the fact that the American formulations
are based on the analysis of few experimental data.

The results reported in Table 1 shows that some models are
more accurate when compared to double shear tests whereas oth-
ers are more accurate when compared to single shear tests. The
best result in terms of coefficient of variation was obtained by
the model of Lu et al. [13] for single shear tests (CoV = 0.18),
whereas the model of Neubauer and Rostàsy [21] gives the best re-
sult for double shear tests (CoV = 0.22). It should be noted that, ex-
cept for CNR DT-200 [1] (CoV = 0.33), the analytical calculations are
particularly inaccurate for full-scale bending tests. Furthermore, it
seems that the accuracy of the Italian Guidelines reduces from the
previous to the new version for bending tests and when laminates
are used.

The general reduction of accuracy when analytical models are
compared with results related to bending tests can be justified
by the fact that most of the analytical models were formulated
and calibrated mostly using single and double shear tests, because
of their lower cost with respect to full-scale bending tests. It should
be noted that, in the case of full-scale bending tests, the maximum
load that can be carried by the FRP–concrete interface is not di-
rectly measured but it is calculated according to the flexural mo-
ment and the corresponding measured beam failure load (2P in
Fig. 1c). Therefore, the hypotheses on which the above calculations
are based, mainly related to the assumption that the cross-sections
of the beam remain plane, have to be taken into account for the
interpretation of the results of this study.

A clear influence of the material preparation (e.g. between post-
impregnated sheet and pre-impregnated laminate composites)
was not observed, but it has to be pointed out that laminate com-
posites are usually employed in case of full-scale bending test,
whereas sheets composites are more diffused in case of single
and double shear test. Furthermore, double shear tests carried
out using FRP laminates were not available at the time in which
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Fig. 2. Comparison between experimental and analytical values for various experimental setups (Single, Double, Bending), and different FRP composite material preparations
(Laminates, Sheets).
the database was formed. For these reasons the analysis of the
influence of the material preparation for a given test setup was
not developed.
Considering the overall results without distinguishing test set-
ups and material preparation, the statistical analysis shows that
the analytical formulation of Camli and Binici [27] for the evalua-



Table 1
Results of the statistical analysis in terms of coefficient of variation CoV and average values Avg.

Analytical model Single Double Bending Sheet Laminate Sheet + Laminate

Avg CoV Avg CoV Avg CoV Avg CoV Avg CoV Avg CoV

Van Gemert [19] 1.51 0.84 0.94 0.54 0.79 3.07 1.21 0.66 0.76 1.02 1.10 0.76
Tanaka [11] 1.75 1.20 1.40 0.70 – – 1.88 1.00 1.96 2.54 1.77 1.21
Hiroyuki and Wu [20] 1.91 1.15 1.82 1.25 1.90 1.38 1.88 1.37 1.96 1.40 1.90 1.38
Maeda et al. [11] 0.97 0.24 1.05 0.32 1.34 0.91 1.09 0.56 1.07 0.44 1.09 0.53
Neubauer and Rostasy [21] 0.87 1.38 0.99 0.22 1.31 0.91 1.02 0.51 0.99 0.53 1.02 0.51
Khalifa et al. [22] 1.24 0.41 1.05 0.38 1.25 0.88 1.28 0.62 1.01 0.42 1.22 0.58
fib Bulletin 14-T.G. 9.3 [16] 0.84 0.23 0.85 0.26 1.10 0.72 0.93 0.44 0.87 0.41 0.91 0.43
Adhikary and Mutsuyoshi [23] 0.90 0.41 0.55 0.55 0.20 0.81 0.72 0.47 0.45 0.81 0.65 0.57
Chen and Teng [11] 1.47 1.38 1.66 0.75 2.21 1.88 1.71 1.11 1.72 1.13 1.71 1.12
De Lorenzis et al. [24] 0.67 0.36 0.72 0.34 0.88 0.60 0.75 0.45 0.70 0.42 0.74 0.44
Izumo [25] 0.85 0.39 0.69 0.62 0.10 0.98 0.74 0.52 0.07 0.93 0.62 0.61
Iso [25] 1.06 0.26 0.96 0.31 1.06 0.77 1.10 0.49 0.87 0.41 1.04 0.47
Sato [25] 0.73 0.36 0.85 0.53 0.50 0.81 0.76 0.47 0.44 0.73 0.68 0.54
Yang et al. [13] 1.14 0.30 1.04 0.35 1.34 0.91 1.22 0.58 1.09 0.43 1.18 0.55
CNR DT-200 [1] 1.42 0.52 1.34 0.52 0.94 0.33 1.34 0.50 1.03 0.39 1.26 0.47
Dai et al. [26] 0.61 0.41 0.67 0.38 0.86 0.59 0.70 0.47 0.66 0.45 0.69 0.46
Lu et al. [13] 1.00 0.18 1.17 0.32 1.55 1.14 1.18 0.64 1.18 0.62 1.18 0.63
Camli and Binici [27] 1.01 0.31 0.84 0.37 0.60 0.56 0.93 0.35 0.68 0.52 0.87 0.40
ACI 440.2R [17] 1.45 0.59 1.78 0.94 2.23 1.50 1.54 0.72 2.12 1.40 1.68 0.93
CNR DT-200 R1 [18] 1.30 0.44 1.22 0.42 1.26 0.77 1.23 0.36 1.41 0.91 1.28 0.55
tion of the FRP–concrete bond strength shows the smallest coeffi-
cient of variation, equal to 0.40.
Table 2
Results of the statistical procedure to assess the FRP effective bond length analytical
models.

Analytical model CoVe StDe Avge Overestimated (%)

CNR DT-200 [1] 0.17 0.17 0.97 73
fib Bulletin 14-T.G. 9.3 [16]
Neubauer and Rostasy [21]
Chen and Teng [11] 0.19 0.19 0.98 67
Camli and Binici [27]
Sato [25] 0.41 0.16 0.62 100
Iso [25] 0.48 0.28 1.39 10
Lu et al. [13] 0.85 0.32 1.79 0
Maeda et al. [11] 4.74 3.90 3.75 2
Khalifa et al. [22]
ACI 440.2R [17] 5.18 4.22 4.06 2
CNR DT-200 R1[18] 0.15 0.11 0.89 90
5. Assessment of the effective bond length evaluation models

Twelve analytical models for the evaluation of the effective
bond length were analysed comparing the experimental value, le,-

exp, with the theoretical provisions, le,th.
The following models for the effective bond length are

considered:
fib Bulletin 14-T.G. 9.3 [16] – CNR DT-200 [1] – Neubauer and Ros-

tàsy [21]
The European [16], Italian [1], and Neubauer and Rostàsy [21]

models propose the same formulation to compute the effective
bond length for FRP strengthening:

le ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ef tf

2f ctm

s
ð48Þ

ACI 440.2R [17]
The ACI 440.2R [17] defines the effective bond length, indicated

as active bond length le, as the length over which the majority of
the bond strength is maintained. This length is given by Eq. (49):

le ¼
23;300

ðnf tf Ef Þ0:58 ð49Þ

where nf is the modular ratio of elasticity between FRP and concrete
equal to Ef/Ec. It should be pointed out that in case of pure axial
strengthening a bonded length equal to 2le is suggested in order
to obtain the strain levels provided by Eq. (11).

CNR DT-200 R1 [18]
The CNR-DT 200 R1 [18] computes the effective bond length,

named optimum bond length, according to Eqs. (50) and (51).

le ¼min
1

cRd � fbd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � Ef � tf � CFd

2

r
;200

( )
ð50Þ

fbd ¼
2 � CFd

su
ð51Þ

where su = 0.25 is the ultimate slip between the FRP and the con-
crete support, and cRd = 1.25 is a safety modification factor.
Maeda et al. [11] – Khalifa et al. [22]:Khalifa et al. [22] adopted
the same model proposed by Maeda et al. [11]:

le ¼ e6:13�0:580 ln Ef tf ð52Þ

Chen and Teng [11]:

le ¼
ffiffiffiffiffiffiffiffiffi
Ef tfffiffiffiffi

f 0c
p

s
ð53Þ

Iso [25]:

le ¼ 1:89ðEf tf Þ0:4 ð54Þ

Sato [25]:

le ¼ 0:125ðEf tf Þ0:57 ð55Þ

Lu et al. [13]:

le ¼ aþ 1
2k1

ln
k1 þ k2 tanðk2aÞ
k1 � k2 tanðk2aÞ ð56Þ

k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
smax

s0Ef tf

s
ð57Þ

k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

smax

ðsf � s0ÞEf tf

s
ð58Þ

a ¼ 1
k2

arcsin 0:99

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sf � s0

sf

s" #
ð59Þ



smax is the maximum local bond stress defined as:

smax ¼ a1bwft ð60Þ

where a1 = 1.5, and s0 is the corresponding local slip calculated as:

s0 ¼ 0:0195bwft ð61Þ

Camli and Binici [27]:

le ¼
ffiffiffiffiffiffiffiffi
Ef tfffiffiffiffi

fc

p
s

ð62Þ
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Fig. 3. Comparison between experimental and analytical effective b
Since there are few works in which the effective bond length was
experimentally measured due to the practical difficulty of the pro-
cedure, the database was comprised of 48 specimens taken from
[10,14,31–34,42]. The same statistical procedure adopted to assess
the FRP–concrete bond strength models was carried out to assess
the accuracy of the analytical models for the effective bond length.
Table 2 summarises the results of the statistical analysis for each
model (models proposing the same analytical formulation were
gathered together). The value of the coefficient of variation, CoVe,
and the corresponding average value of the ratio between the
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Fig. 4. Trend of the experimental and analytical effective bond length as the FRP
stiffness increases for CNR-DT 200 2004 [1], fib Bulletin 14 T.G. 9.3 [16], ACI 440.2R
[17], and CNR-DT 200 R1/2013 [18].
experimental and theoretical effective bond length, Avge, are re-
ported. In addition, the standard deviation StDe, and the percentage
of the overestimated (not safe) effective bond length values are re-
ported in Table 2 for each model. In this case the influence of the
test setup and material preparation were not considered during
the statistical analysis due to the small amount of available exper-
imental data.

The most accurate result (CoVe = 0.15) was obtained by the new
version of the Italian guidelines CNR-DT 200 R1/2013 [18], which
improves the model originally proposed by Neubauer and Rostasy
[21] and adopted by the European guidelines [16] (Fig. 3).

The trend of the effective bond length as the FRP stiffness (Ef tf)
increases was studied and reported in Fig. 4 for CNR DT-200 [1], fib
Bulletin 14 T.G. 9.3 [16], ACI 440.2R [17], and CNR DT-200 R1 [18].
Furthermore, in Fig. 4 it can be seen that the predictions are gener-
ally quite good for small values of the FRP stiffness, whereas be-
come more scattered for higher values. The ACI 440.2R [17]
model showed an opposite trend with respect to the other main
formulations. This can be due to the fact that the American model
is calibrated with few experimental observations and does not take
into account the cohesive nature of the concrete substrate.
6. Conclusions

This paper presents a systematic assessment of twenty existing
FRP–concrete bond strength models and twelve effective bond
length formulations. The accuracy of each model was evaluated
through computing the coefficient of variation of the ratio between
the experimental results and the analytical provisions.
Table A.1
Geometrical and mechanical characteristics of the specimens tested using single shear tes

References Specimen name Concrete FRP strengthening

b (mm) fc (MPa) FRP n tf (mm

[10] BN6 150 34.50 G_S 1 1.000
BN20 150 34.50 G_S 2 2.000
BN25 150 34.50 C_S 1 0.330
BN32 150 34.50 C_S 2 0.660

[11] C1 228.6 36.1 G_L 1 1.016
C2 228.6 47.1 G_L 1 1.016
C3 228.6 47.1 G_L 1 1.016
C4 228.6 47.1 G_L 1 1.016
C5 228.6 43.6 G_L 1 1.016
C6 228.6 43.6 G_L 1 1.016
The assessment was performed using an experimental database
consisting in 404 specimens for the bond strength models and 48
specimens for the effective bond length models. The influence of
the test setup and material preparation on the accuracy of the con-
sidered bond strength models was investigated. The results show
that the most diffused guidelines are sometimes unconservative
in the estimation of the FRP–concrete bond strength.

The considered models seem to fit well the experimental results
when compared to direct shear and double shear test setup,
whereas the comparisons are typically more scattered and the ana-
lytical predictions become quite inaccurate when compared with
full-scale bending tests. The reason is probably that existing bond
strength models have been mainly calibrated with small databases
mostly including single and double shear tests of few authors.
However, it should be noted that the hypotheses on which the cal-
culations of the bond strength of full-scale bending test are based,
mainly relating to the assumption that the cross-sections of the
beam remains plane, have to be taken into account for the
interpretation of the results of this study. Based on this observa-
tion, a deep study of the parameters affecting the results in case
of full-scale bending tests with respect to direct shear tests seems
to be needed.

The formulations for the effective bond length are quite good
for small values of the FRP stiffness (Ef tf), whereas they become
worse and, sometimes, unconservative as the FRP stiffness in-
creases. Each analysed model for the effective bond length, as for
the experimental results, shows an increasing trend of the effective
bond length as FRP stiffness increases, except for the American
guidelines that show an opposite trend and significant inaccuracy.
Despite the practical difficult to experimentally measure the effec-
tive bond length, an increase of the database, in particular for high
FRP stiffness, seems desirable for a better assessment of the exist-
ing analytical models.

The obtained results can give some insights for improving the
existing models to fit better the experimental results and show
the need of further investigations to properly understand FRP–con-
crete failure mechanism. Furthermore, this work could further
stimulate the discussion in the scientific community with the
aim of finding a shared test procedure for measuring key parame-
ters for bond behaviour in RC elements strengthened with FRP
composites.

Appendix A. Test database

The geometrical and mechanical characteristics of the tested
specimens included in the database are reported in the following
tables. Single shear tests and double shear tests are included in
Tables A.1 and A.2, respectively. The characteristics of the RC
beams tested in bending are shown in Table A.3, whereas
t setup.

Test results

) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

25.4 180.0 29,200 472 11.41 75
25.4 320.0 29,200 472 21.40 100
25.4 160.0 75,700 1014 8.50 55
25.4 320.0 75,700 1014 15.10 70
25.4 76.2 1,08,470 1655 8.46 –
25.4 76.2 1,08,470 1655 9.93 –
25.4 76.2 1,08,470 1655 10.64 –
25.4 76.2 1,08,470 1655 10.64 –
25.4 76.2 1,08,470 1655 10.53 –
25.4 76.2 1,08,470 1655 8.96 –

(continued on next page)



Table A.1 (continued)

References Specimen name Concrete FRP strengthening Test results

b (mm) fc (MPa) FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

C7 228.6 43.6 G_L 1 1.016 25.4 76.2 1,08,470 1655 9.61 –
C8 228.6 43.6 G_L 1 1.016 25.4 76.2 1,08,470 1655 10.52 –
C9 228.6 43.6 G_L 1 1.016 25.4 76.2 1,08,470 1655 11.20 –
C10 228.6 24 G_L 1 1.016 25.4 76.2 1,08,470 1655 9.87 –
C11 228.6 28.9 G_L 1 1.016 25.4 76.2 1,08,470 1655 9.34 –
C12 228.6 43.7 G_L 1 1.016 25.4 76.2 1,08,470 1655 11.20 –
C13 228.6 36.4 G_L 1 1.016 25.4 50.8 1,08,470 1655 8.09 –
C14 228.6 36.4 G_L 1 1.016 25.4 101.6 1,08,470 1655 12.81 –
C15 152.4 36.4 G_L 1 1.016 25.4 152.4 1,08,470 1655 11.92 –
C16 152.4 36.4 G_L 1 1.016 25.4 203.2 1,08,470 1655 11.57 –
C100 50A 200 54.2 C_L 1 1.250 50 100.0 1,70,000 2497 17.30 –
C200 50A 200 59.8 C_L 1 1.250 50 200.0 1,70,000 2497 27.50 –
C300 50A 200 65.8 C_L 1 1.250 50 300.0 1,70,000 2497 35.10 –
C400 50A 200 65.8 C_L 1 1.250 50 400.0 1,70,000 2497 26.90 –

[28] I-1 150 23.0 C_S 1 0.165 25 75.0 2,56,000 4114 4.75 –
I-2 150 23.0 C_S 1 0.165 25 85.0 2,56,000 4114 5.69 –
I-3 150 23.0 C_S 1 0.165 25 95.0 2,56,000 4114 5.76 –
I-4 150 23.0 C_S 1 0.165 25 95.0 2,56,000 4114 5.76 –
I-5 150 23.0 C_S 1 0.165 25 95.0 2,56,000 4114 6.17 –
I-6 150 23.0 C_S 1 0.165 25 115.0 2,56,000 4114 5.96 –
I-7 150 23.0 C_S 1 0.165 25 145.0 2,56,000 4114 5.95 –
I-8 150 23.0 C_S 1 0.165 25 190.0 2,56,000 4114 6.68 –
I-9 150 23.0 C_S 1 0.165 25 190.0 2,56,000 4114 6.35 –
I-10 150 23.0 C_S 1 0.165 25 95.0 2,56,000 4114 6.17 –
I-11 150 23.0 C_S 1 0.165 25 75.0 2,56,000 4114 5.72 –
I-12 150 23.0 C_S 1 0.165 25 85.0 2,56,000 4114 6.00 –
I-13 150 23.0 C_S 1 0.165 25 95.0 2,56,000 4114 6.14 –
I-14 150 23.0 C_S 1 0.165 25 115.0 2,56,000 4114 6.19 –
I-15 150 23.0 C_S 1 0.165 25 145.0 2,56,000 4114 6.27 –
I-16 150 23.0 C_S 1 0.165 25 190.0 2,56,000 4114 7.03 –
II-1 150 22.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.20 –
II-2 150 22.9 C_S 1 0.165 25 95.0 2,56,000 4114 6.75 –
II-3 150 22.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.51 –
II-4 150 22.9 C_S 1 0.165 25 190 2,56,000 4114 7.02 –
II-5 150 22.9 C_S 1 0.165 25 190.0 2,56,000 4114 7.07 –
II-6 150 22.9 C_S 1 0.165 25 190.0 2,56,000 4114 6.98 –
III-1 150 27.1 C_S 1 0.165 25 100.0 2,56,000 4114 5.94 –
III-2 150 27.1 C_S 1 0.165 50 100.0 2,56,000 4114 11.66 –
III-3 150 27.1 C_S 1 0.165 75 100.0 2,56,000 4114 14.63 –
III-4 150 27.1 C_S 1 0.165 100 100.0 2,56,000 4114 19.07 –
III-5 100 27.1 C_S 1 0.165 85 100.0 2,56,000 4114 15.08 –
III-6 100 27.1 C_S 1 0.165 100 100.0 2,56,000 4114 15.75 –
III-7 100 27.1 G_L 1 1.270 25.3 100.0 22,500 351 4.78 –
III-8 100 27.1 G_L 1 1.270 50.6 100.0 22,500 351 8.02 –
IV-1 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.86 –
IV-2 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.90 –
IV-3 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 5.43 –
IV-4 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 5.76 –
IV-5 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.00 –
IV-6 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 7.08 –
IV-7 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.50 –
IV-8 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 5.93 –
IV-9 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.38 –
IV-10 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 6.60 –
IV-11 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.51 –
IV-12 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 5.67 –
IV-13 150 18.9 C_S 1 0.165 25 95.0 2,56,000 4114 6.31 –
IV-14 150 19.8 C_S 1 0.165 25 95.0 2,56,000 4114 6.19 –
V-1 150 21.1 C_S 1 0.165 15 95.0 2,56,000 4114 3.81 –
V-2 150 21.1 C_S 1 0.165 15 95.0 2,56,000 4114 4.41 –
V-3 150 21.1 C_S 1 0.165 25 95.0 2,56,000 4114 6.26 –
V-4 150 21.1 C_S 1 0.165 50 95.0 2,56,000 4114 12.22 –
V-5 150 21.1 C_S 1 0.165 75 95.0 2,56,000 4114 14.29 –
V-6 150 21.1 C_S 1 0.165 100 95.0 2,56,000 4114 15.58 –
V-7 100 21.1 C_S 1 0.165 80 95.0 2,56,000 4114 14.27 –
V-8 100 21.1 C_S 1 0.165 80 95.0 2,56,000 4114 13.78 –
V-9 100 21.1 C_S 1 0.165 90 95.0 2,56,000 4114 13.56 –
V-10 100 21.1 C_S 1 0.165 90 95.0 2,56,000 4114 15.66 –
V-11 100 21.1 C_S 1 0.165 100 95.0 2,56,000 4114 15.57 –
V-12 100 21.1 C_S 1 0.165 100 95.0 2,56,000 4114 17.43 –
VI-1 150 21.9 C_S 1 0.165 25 95.0 2,56,000 4114 6.01 –
VI-2 150 21.9 C_S 1 0.165 25 95.0 2,56,000 4114 5.85 –
VI-3 150 21.9 C_S 1 0.165 25 145.0 2,56,000 4114 5.76 –
VI-4 150 21.9 C_S 1 0.165 25 145.0 2,56,000 4114 5.73 –



Table A.1 (continued)

References Specimen name Concrete FRP strengthening Test results

b (mm) fc (MPa) FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

VI-5 150 21.9 C_S 1 0.165 25 190.0 2,56,000 4114 5.56 –
VI-6 150 21.9 C_S 1 0.165 25 190.0 2,56,000 4114 5.58 –
VI-7 150 21.9 C_S 1 0.165 25 240.0 2,56,000 4114 5.91 –
VI-8 150 21.9 C_S 1 0.165 25 240.0 2,56,000 4114 5.05 –
VII-1 150 24.9 C_S 1 0.165 25 95.0 2,56,000 4114 6.8 –
VII-2 150 24.9 C_S 1 0.165 25 95.0 2,56,000 4114 6.62 –
VII-3 150 24.9 C_S 1 0.165 25 145.0 2,56,000 4114 7.33 –
VII-4 150 24.9 C_S 1 0.165 25 145.0 2,56,000 4114 6.49 –
VII-5 150 24.9 C_S 1 0.165 25 190.0 2,56,000 4114 7.07 –
VII-6 150 24.9 C_S 1 0.165 25 190 2,56,000 4114 7.44 –
VII-7 150 24.9 C_S 1 0.165 25 240.0 2,56,000 4114 7.16 –
VII-8 150 24.9 C_S 1 0.165 25 240.0 2,56,000 4114 6.24 –

[13] 1-11 100 2.86 C_S 1 0.167 40 100.0 2,30,000 3481 8.75 –
1-12 100 2.74 C_S 1 0.167 40 100.0 2,30,000 3481 8.85 –
1-21 100 2.86 C_S 1 0.167 40 200.0 2,30,000 3481 9.30 –
1-22 100 2.74 C_S 1 0.167 40 200.0 2,30,000 3481 8.50 –
1-31 100 2.86 C_S 1 0.167 40 300.0 2,30,000 3481 9.30 –
1-32 100 2.74 C_S 1 0.167 40 300.0 2,30,000 3481 8.30 –
1-41 100 2.86 C_S 1 0.167 40 500.0 2,30,000 3481 8.05 –
1-42 100 2.86 C_S 1 0.167 40 500.0 2,30,000 3481 8.05 –
1-51 100 2.73 C_S 1 0.167 40 500.0 2,30,000 3481 8.45 –
1-52 100 2.73 C_S 1 0.167 40 500.0 2,30,000 3481 7.30 –
2-11 100 2.64 C_S 1 0.167 40 100.0 2,30,000 3481 8.75 –
2-12 100 2.64 C_S 1 0.167 40 100.0 2,30,000 3481 8.85 –
2-13 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 7.75 –
2-14 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 7.65 –
2-15 100 2.61 C_S 1 0.167 40 100.0 2,30,000 3481 9.00 –
2-21 100 2.64 C_S 1 0.334 40 100.0 2,30,000 3481 12.00 –
2-22 100 2.64 C_S 1 0.334 40 100.0 2,30,000 3481 10.80 –
2-31 100 2.64 C_S 1 0.501 40 100.0 2,30,000 3481 12.65 –
2-32 100 2.64 C_S 1 0.501 40 100.0 2,30,000 3481 14.35 –
2-41 100 2.61 C_S 1 0.165 40 100.0 3,73,000 2942 11.55 –
2-42 100 2.61 C_S 1 0.165 40 100.0 3,73,000 2942 11.00 –
2-51 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 9.85 –
2-52 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 9.50 –
2-61 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 8.80 –
2-62 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 9.25 –
2-71 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 7.65 –
2-72 100 2.71 C_S 1 0.167 40 100.0 2,30,000 3481 6.80 –
2-81 100 3.87 C_S 1 0.167 40 100.0 2,30,000 3481 7.75 –
2-82 100 3.87 C_S 1 0.167 40 100.0 2,30,000 3481 8.08 –
2-91 100 2.61 C_S 1 0.167 40 100.0 2,30,000 3481 6.75 –
2-92 100 2.61 C_S 1 0.167 40 100.0 2,30,000 3481 6.80 –
2-101 100 2.64 C_S 1 0.111 40 100.0 2,30,000 3481 7.70 –
2-102 100 2.71 C_S 1 0.111 40 100.0 2,30,000 3481 6.95 –
NJ2 150 2.08 C_S 1 0.083 100 100.0 2,40,000 3550 11.00 –
NJ3 150 2.08 C_S 1 0.083 100 150.0 2,40,000 3550 11.25 –
NJ4 150 2.87 C_S 1 0.083 100 100.0 2,40,000 3550 12.50 –
NJ5 150 2.87 C_S 1 0.083 100 150.0 2,40,000 3550 12.25 –
NJ6 150 2.87 C_S 1 0.083 100 150.0 2,40,000 3550 12.75 –
Ueda_B1 500 2.64 C_S 1 0.110 100 200.0 2,30,000 3479 20.60 –
Ueda_B2 500 3.49 C_S 1 0.330 100 200.0 2,30,000 3479 38.00 –
Ueda_B3 500 3.71 C_S 1 0.330 100 200.0 2,30,000 3479 34.10 –
S-CFS-400-25a 100 4.21 C_S 1 0.222 40 250.0 2,30,000 4200 15.40 –
S-CFS-400-25b 100 4.21 C_S 1 0.222 40 250.0 2,30,000 4200 13.90 –
S-CFS-400-25c 100 4.21 C_S 1 0.222 40 250.0 2,30,000 4200 13.00 –
S-CFM-300-25a 100 4.21 C_S 1 0.167 40 250.0 3,90,000 4400 12.00 –
S-CFM-300-25b 100 4.21 C_S 1 0.167 40 250.0 3,90,000 4400 11.90 –
S-CFM-900-25a 100 4.21 C_S 1 0.500 40 250.0 3,90,000 4400 25.90 –
S-CFM-900-25b 100 4.21 C_S 1 0.5 40 250 3,90,000 4400 23.40 –
S-CFM-900-25c 100 4.21 C_S 1 0.500 40 250.0 3,90,000 4400 23.70 –
DLUT15-2G 150 2.50 C_S 1 0.507 20 150.0 83,000 3271 5.81 –
DLUT15-5G 150 2.50 C_S 1 0.507 50 150.0 83,000 3271 10.60 –
DLUT15-7G 150 2.50 C_S 1 0.507 80 150.0 83,000 3271 18.23 –
DLUT30-1G 150 3.22 C_S 1 0.507 20 100.0 83,000 3271 4.63 –
DLUT30-2G 150 3.22 C_S 1 0.507 20 150.0 83,000 3271 5.77 –
DLUT30-3G 150 3.22 C_S 1 0.507 50 60.0 83,000 3271 9.42 –
DLUT30-4G 150 3.22 C_S 1 0.507 50 100.0 83,000 3271 11.03 –
DLUT30-6G 150 3.22 C_S 1 0.507 50 150.0 83,000 3271 11.80 –
DLUT30-7G 150 3.22 C_S 1 0.507 80 100.0 83,000 3271 14.65 –
DLUT30-8G 150 3.22 C_S 1 0.507 80 150.0 83,000 3271 16.44 –
DLUT50-1G 150 3.60 C_S 1 0.507 20 100.0 83,000 3271 5.99 –
DLUT50-2G 150 3.60 C_S 1 0.507 20 150.0 83,000 3271 5.90 –

(continued on next page)



Table A.1 (continued)

References Specimen name Concrete FRP strengthening Test results

b (mm) fc (MPa) FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

DLUT50-4G 150 3.60 C_S 1 0.507 50 100.0 83,000 3271 9.84 –
DLUT50-5G 150 3.60 C_S 1 0.507 50 150.0 83,000 3271 12.28 –
DLUT50-6G 150 3.60 C_S 1 0.507 80 100.0 83,000 3271 14.02 –
DLUT50-7G 150 3.60 C_S 1 0.507 80 150.0 83,000 3271 16.71 –
DLUT15-2C 150 2.50 C_S 1 0.330 20 150.0 2,07,000 3890 5.48 –
DLUT15-5C 150 2.50 C_S 1 0.330 50 150.0 2,07,000 3890 10.02 –
DLUT15-7C 150 2.50 C_S 1 0.330 80 150.0 2,07,000 3890 19.27 –
DLUT30-1C 150 3.22 C_S 1 0.330 20 100.0 2,07,000 3890 5.54 –
DLUT30-2C 150 3.22 C_S 1 0.330 20 150.0 2,07,000 3890 4.61 –
DLUT30-4C 150 3.22 C_S 1 0.330 50 100.0 2,07,000 3890 11.08 –
DLUT30-5C 150 3.22 C_S 1 0.330 50 100.0 2,07,000 3890 16.10 –
DLUT30-6C 150 3.22 C_S 1 0.330 50 150.0 2,07,000 3890 21.71 –
DLUT30-7C 150 3.22 C_S 1 0.330 80 100.0 2,07,000 3890 22.64 –
DLUT50-1C 150 3.60 C_S 1 0.330 20 100.0 2,07,000 3890 5.78 –
DLUT50-4C 150 3.60 C_S 1 0.330 50 100.0 2,07,000 3890 12.95 –
DLUT50-5C 150 3.60 C_S 1 0.330 50 150.0 2,07,000 3890 16.72 –
DLUT50-6C 150 3.60 C_S 1 0.330 80 100.0 2,07,000 3890 16.24 –
DLUT50-7C 150 3.60 C_S 1 0.330 80 150.0 2,07,000 3890 22.80 –
D-AR-280-30a 100 61.30 C_L 1 1.000 100 300.0 23,900 4400 12.75 –
D-AR-280-30b 100 61.30 C_L 1 1.000. 100 300.0 23,900 4400 12.85 –
D-AR-280-30c 100 61.30 C_L 1 1.000 100 300.0 23,900 4400 11.90 –

[29] I-1 200 17.00 C_S 3 0.165 50 100.0 110,000 660 7.56 –
I-2 200 17.00 C_S 4 0.165 50 100.0 110,000 660 9.29 –
I-3 200 17.00 C_S 5 0.165 50 100.0 110,000 660 11.64 –
I-4 200 17.00 C_S 6 0.165 50 100.0 110,000 660 12.86 –
II-1 200 46.00 C_S 3 0.165 50 100.0 110,000 660 12.55 –
II-2 200 46.00 C_S 4 0.165 50 100.0 110,000 660 14.25 –
II-3 200 46.00 C_S 5 0.165 50 100.0 110,000 660 17.72 –
II-4 200 46.00 C_S 6 0.165 50 100.0 110,000 660 18.86 –
III-1 200 61.50 C_S 3 0.165 50 100.0 110,000 660 13.24 –
III-2 200 61.50 C_S 4 0.165 50 100.0 110,000 660 15.17 –
III-3 200 61.50 C_S 5 0.165 50 100.0 110,000 660 18.86 –
III-4 200 61.50 C_S 6 0.165 50 100.0 110,000 660 19.03 –

[30] C150_100_1 150 21.58 C_S 1 0.165 100 150.0 2,30,000 4800 18.97 –
C150_100_2 150 21.58 C_S 1 0.165 100 150.0 2,30,000 4800 16.51 –
C150_100_3 150 21.58 C_S 1 0.165 100 150.0 2,30,000 4800 14.26 –
C150_100_4 150 21.58 C_S 1 0.165 100 150 2,30,000 4800 15.10 –
C150_100_2L_1 150 21.58 C_S 2 0.165 100 100.0 2,30,000 4800 20.12 –
C150_100_2L_2 150 21.58 C_S 2 0.165 100 100.0 2,30,000 4800 19.87 –
C100_100_1 150 21.58 C_S 1 0.165 100 100.0 2,30,000 4800 13.63 –
C100_100_2 150 21.58 C_S 1 0.165 100 100.0 2,30,000 4800 13.36 –
C150_50_1 150 21.58 C_S 1 0.165 50 150.0 2,30,000 4800 9.80 –
C150_50_2 150 21.58 C_S 1 0.165 50 150.0 2,30,000 4800 6.00 –
C150_50_3 150 21.58 C_S 1 0.165 50 150.0 2,30,000 4800 7.00 –
C150_50_2L_1 150 21.58 C_S 2 0.165 50 150.0 2,30,000 4800 11.44 –
C150_50_2L_2 150 21.58 C_S 2 0.165 50 150.0 2,30,000 4800 9.97 –
C150_50_2L_3 150 21.58 C_S 2 0.165 50 150.0 2,30,000 4800 10.04 –
C150_25_1 150 21.58 C_S 1 0.165 25 150.0 2,30,000 4800 6.00 –
C150_25_2 150 21.58 C_S 1 0.165 25 150.0 2,30,000 4800 3.70 –
C150_25_3 150 21.58 C_S 1 0.165 25 150.0 2,30,000 4800 5.80 –
C150_75_1 150 21.58 C_S 1 0.165 75 150.0 2,30,000 4800 14.40 –
C150_75_2 150 21.58 C_S 1 0.165 75 150.0 2,30,000 4800 12.96 –

[31] W-1 125 39.00 C_S 1 0.167 46 152.0 2,30,000 3830 12.90 80
W-2 125 39.00 C_S 1 0.167 46 152.0 2,30,000 3830 12.05 76
W-3 125 39.00 C_S 1 0.167 46 152.0 2,30,000 3830 13.20 75
W-4 125 39.00 C_S 1 0.167 38 152.0 2,30,000 3830 10.09 81
W-5 125 39.00 C_S 1 0.167 38 152.0 2,30,000 3830 10.02 73
W-6 125 39.00 C_S 1 0.167 25 152.0 2,30,000 3830 5.54 80
W-7 125 39.00 C_S 1 0.167 25 152.0 2,30,000 3830 5.44 76
W-8 125 39.00 C_S 1 0.167 25 152.0 2,30,000 3830 5.36 69
W-9 125 39.00 C_S 1 0.167 19 152.0 2,30,000 3830 4.27 75
W-10 125 39.00 C_S 1 0.167 19 152.0 2,30,000 3830 4.05 78

[32] Test 7 52 31.00 C_S 1 0.167 25 152.0 2,30,000 3830 8.65 74
Test 8 52 31.00 C_S 1 0.167 25 152.0 2,30,000 3830 6.89 73
Test 12 52 31.00 C_S 1 0.167 22 152.0 2,30,000 3830 7.44 72
Test 13 52 31.00 C_S 1 0.167 22 152.0 2,30,000 3830 7.17 81
DS_2 52 31.00 C_S 1 0.167 20 152.0 2,30,000 3830 6.15 75
DS_3 52 31.00 C_S 1 0.167 20 152.0 2,30,000 3830 6.45 78

[33] DS-S1 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 8.04 79
DS-S2 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 7.74 76
DS-S3 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 7.01 85

[34] DS-ST_1 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 5.80 76
DS-ST_2 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 6.30 72
DS-ST_3 125 35.00 C_S 1 0.167 25 152.0 2,30,000 3830 6.00 73



Table A.2
Geometrical and mechanical characteristics of the specimens tested using double shear test setup.

References Specimen name Concrete FRP strengthening Test results

b (mm) fc (MPa) FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

[13] Ueda_A1 100 2.55 C_S 1 0.110 50 75 2,30,000 3479 6.25 –
Ueda_A2 100 3.48 C_S 1 0.110 50 150 2,30,000 3479 9.20 –
Ueda_A3 100 3.48 C_S 1 0.110 50 300 2,30,000 3479 11.95 –
Ueda_A4 100 3.60 C_S 1 0.220 50 75 2,30,000 3479 10.00 –
Ueda_A5 100 3.56 C_S 1 0.110 50 150 2,30,000 3479 7.30 –
Ueda_A6 100 3.56 C_S 1 0.165 50 65 3,72,000 2940 9.55 –
Ueda_A7 100 3.57 C_S 1 0.220 50 150 2,30,000 3479 16.25 –
Ueda_A8 100 3.57 C_S 1 0.110 50 700 2,30,000 3479 11.00 –
Ueda_A9 100 3.43 C_S 1 0.110 50 150 2,30,000 3479 10.00 –
Ueda_A10 100 2.59 C_S 1 0.110 10 150 2,30,000 3479 2.40 –
Ueda_A11 100 2.59 C_S 1 0.110 20 150 2,30,000 3479 5.35 –
Ueda_A12 100 2.59 C_S 1 0.330 20 150 2,30,000 3479 9.25 –
Ueda_A13 100 2.64 C_S 1 0.550 20 150 2,30,000 3479 11.75 –
D-CFS-150-30a 100 3.71 C_S 1 0.083 100 300 2,30,000 4200 12.20 –
D-CFS-150-30b 100 4.21 C_S 1 0.083 100 300 2,30,000 4200 11.80 –
D-CFS-150-30c 100 4.21 C_S 1 0.083 100 300 2,30,000 4200 12.25 –
D-CFS-300-30a 100 4.21 C_S 1 0.167 100 300 2,30,000 4200 18.90 –
D-CFS-300-30b 100 4.21 C_S 1 0.167 100 300 2,30,000 4200 16.95 –
D-CFS-300-30c 100 4.21 C_S 1 0.167 100 300 2,30,000 4200 16.65 –
D-CFS-600-30a 100 4.21 C_S 1 0.333 100 300 2,30,000 4200 25.65 –
D-CFS-600-30b 100 4.21 C_S 1 0.333 100 300 2,30,000 4200 25.35 –
D-CFS-600-30c 100 4.21 C_S 1 0.333 100 300 2,30,000 4200 27.25 –
D-CFM-300-30a 100 4.21 C_S 1 0.167 100 300 3,90,000 4400 19.50 –
D-CFM-300-30b 100 4.21 C_S 1 0.167 100 300 3,90,000 4400 19.50 –
PG1-11 100 2.90 C_S 1 0.169 50 130 97,000 2777 7.78 –
PG1-12 100 2.90 C_S 1 0.169 50 130 97,000 2777 9.19 –
PG1-1W1 100 2.90 C_S 1 0.169 75 130 97,000 2777 10.11 –
PG1-1W2 100 2.90 C_S 1 0.169 75 130 97,000 2777 13.95 –
PG1-1L11 100 2.90 C_S 1 0.169 50 100 97,000 2777 6.87 –
PG1-1L12 100 2.90 C_S 1 0.169 50 100 97,000 2777 9.20 –
PG1-1L21 100 2.90 C_S 1 0.169 50 70 97,000 2777 6.46 –
PG1-1L22 100 2.90 C_S 1 0.169 50 70 97,000 2777 6.66 –
PG1-21 100 2.90 C_S 1 0.338 50 130 97,000 2777 10.49 –
PG1-22 100 2.90 C_S 1 0.338 50 130 97,000 2777 11.43 –
PG1-1C1 100 2.90 C_S 1 0.111 50 130 2,35,000 3500 7.97 –
PG1-1C2 100 2.90 C_S 1 0.111 50 130 2,35,000 3500 9.19 –
M1 100 40.80 C_S 1 0.110 50 75 2,30,000 3500 5.80 –
M2 100 40.80 C_S 1 0.110 50 150 2,30,000 3500 9.20 –
M3 100 43.30 C_S 1 0.110 50 300 2,30,000 3500 11.95 –
M4 100 42.40 C_S 1 0.165 50 75 2,30,000 3500 10.00 –
M5 100 42.40 C_S 1 0.165 50 150 2,30,000 3500 7.30 –
M6 100 42.70 C_S 1 0.220 50 65 2,30,000 3500 9.55 –
M7 100 42.70 C_S 1 0.220 50 150 2,30,000 3500 16.25 –
M8 100 44.70 C_S 1 0.11 50 700 2,30,000 3500 10.00 –

[14] S1C1a 100 55.00 C_S 1 0.165 50 200 2,30,000 3430 19.98 72.5
S1C5a 100 55.00 C_S 1 0.165 50 200 3,90,000 3000 21.33 –
S1C5b 100 55.00 C_S 1 0.165 50 200 3,90,000 3000 16.76 –
S1C5c 100 50.00 C_S 1 0.165 50 280 3,90,000 3000 18.79 87.5
S1C5d 100 50.00 C_S 1 0.165 50 200 3,90,000 3000 12.11 65.0
S2C1a 100 55.00 C_S 2 0.165 50 200 2,30,000 3430 21.74 77.5
S2C1b 100 50.00 C_S 2 0.165 50 200 2,30,000 3430 24.67 85.0
S2C1c 100 50.00 C_S 2 0.165 50 280 2,30,000 3430 28.21 77.5
S3C1a 100 55.00 C_S 3 0.165 50 200 2,30,000 3430 28.44 106.0
S3C1b 100 50.00 C_S 3 0.165 50 200 2,30,000 3430 25.99 108.0
S3C1c 100 50.00 C_S 3 0.165 50 200 2,30,000 3430 29.33 107.5
S2C5a 100 55.00 C_S 2 0.165 50 280 3,90,000 3000 25.55 107.5
S2C5b 100 50.00 C_S 2 0.165 50 200 3,90,000 3000 27.10 100.0
S3C5a 100 55.00 C_S 3 0.165 50 200 3,90,000 3000 26.41 107.5
S3C5b 100 55.00 C_S 3 0.165 50 200 3,90,000 3000 29.73 130.0
S3C5c 100 50.00 C_S 3 0.165 50 200 3,90,000 3000 29.79 120.0
Table A.4 report the corresponding characteristics of the FRP
strengthening used. The following notation is adopted:

FRP = strengthening material preparation, C_S = carbon post-
impregnated sheets, G_S = glass post-impregnated sheets,
C_L = carbon pre-impregnated laminates, G_L = glass pre-
impregnated laminates; ff = FRP tensile strength; n = number of
FRP layers; tf = thickness of one FRP layer; Pu = experimental
maximum load; h = height of the RC beam; As = area of the rein-
forcing steel in tension; A0s = area of the reinforcing steel in
compression; ds = depth of the reinforcing steel in tension;
d0s = depth of the reinforcing steel in compression; fy = yielding
strength of the steel in tension; f 0y = yielding strength of the steel
in compression. All the remaining symbols were explained into
the text.



Table A.3
Geometrical and mechanical characteristics of the RC beams tested in bending.

References Specimen name Concrete Steel reinforcement

b (mm) h (mm) fc (MPa) As (mm2) A0s (mm2) ds (mm) d0s (mm) fy (MPa) f 0y (MPa)

[35] AF.2 125 225 41.00 157.1 56.5 202.5 22.5 568 553
AF.2-1 125 225 41.00 157.1 56.5 202.5 22.5 568 553
AF.4 125 225 41.00 157.1 56.5 202.5 22.5 568 553
DF.1 125 225 42.00 157.1 56.5 202.5 22.5 568 553

[36] F5 155 240 80 339.3 226.2 203 37 532 532
F6 155 240 80 339.3 226.2 203 37 532 532
F7 155 240 80 339.3 226.2 203 37 532 532
F8 155 240 80 339.3 226.2 203 37 532 532
F9 155 240 80 339.3 226.2 203 37 532 532
F10 155 240 80 339.3 226.2 203 37 532 532

[37] A4 200 150 54.00 157.1 100.5 120 30 575 575
A5 200 150 54.00 157.1 100.5 120 30 575 575
A6 200 150 54.00 157.1 100.5 120 30 575 575
A7 200 150 54.00 157.1 100.5 120 30 575 575
A8 200 150 54.00 157.1 100.5 120 30 575 575
A9 200 150 54.00 157.1 100.5 120 30 575 575
A10 200 150 54.00 157.1 100.5 120 30 575 575
A11 200 150 54.00 157.1 100.5 120 30 575 575
B3 200 150 54.00 157.1 100.5 120 30 575 575
B4 200 150 54.00 157.1 100.5 120 30 575 575
B5 200 150 54.00 157.1 100.5 120 30 575 575
B6 200 150 54.00 157.1 100.5 120 30 575 575
B7 200 150 54.00 157.1 100.5 120 30 575 575
B8 200 150 54.00 157.1 100.5 120 30 575 575
C3 200 150 54.00 401.9 100.5 120 30 575 575
C4 200 150 54.00 401.9 100.5 120 30 575 575
C5 200 150 54.00 401.9 100.5 120 30 575 575
C6 200 150 54.00 401.9 100.5 120 30 575 575
C7 200 150 54.00 401.9 100.5 120 30 575 575
C8 200 150 54.00 401.9 100.5 120 30 575 575

[38] DF.2 125 225 46.00 151 57 193 32 568 553
DF.3 125 225 46.00 151 57 193 32 568 553
DF.4 125 225 46.00 151 57 193 32 568 553
AF3 125 225 46.00 151 57 193 32 568 553
CF2-1 125 225 46.00 151 57 193 32 568 553
CF3-1 125 225 46.00 151 57 193 32 568 553
CF4-1 125 225 46.00 151 57 193 32 568 553
VR5 120 250 33.60 157 57 214 34 565 738
VR6 120 250 33.60 157 57 214 34 565 738
VR7 120 250 33.60 157 57 214 34 565 738
VR8 120 250 33.60 157 57 214 34 565 738
VR9 120 250 33.60 157 57 214 34 565 738
VR10 120 250 33.60 157 57 214 34 565 738
A3 150 300 51.70 792 – 250 – 427 –
A8 150 300 51.70 792 – 250 – 427 –
C2 150 300 51.70 792 – 250 – 427 –
C 152 305 39.80 253 – 251 30.5 414 –
D 152 305 39.80 253 – 251 30.5 414 –
G 152 305 43.00 253 – 251 30.5 414 –
I 152 305 39.80 253 – 251 30.5 414 –
M 152 305 43.00 253 – 251 30.5 414 –
B2 100 100 43.99 85 57 84 16 350 350
B3 100 100 43.99 85 57 84 16 350 350
B4 100 100 43.99 85 57 84 16 350 350
B6 100 100 43.99 85 57 84 16 350 350
1Au 100 100 49.05 85 57 84 16 350 350
1Bu 100 100 49.05 85 57 84 16 350 350
1B2u 100 100 49.05 85 57 84 16 350 350
1Cu 100 100 49.05 85 57 84 16 350 350
2Au 100 100 49.05 85 57 84 16 350 350
2Bu 100 100 49.05 85 57 84 16 350 350
2Cu 100 100 49.05 85 57 84 16 350 350
3Au 100 100 49.05 85 57 84 16 350 350
3Bu 100 100 49.05 85 57 84 16 350 350
3Cu 100 100 49.05 85 57 84 16 350 350
B1U, 2.3 130 230 39.01 236 101 206 25 556 556
P2 150 300 40.00 308 – 257 30 500 –
P3 150 300 40.00 308 – 257 30 500 –
P4 150 300 40.00 308 – 257 30 500 –
P5 150 300 40.00 308 – 257 30 500 –
2 150 250 36.77 157 157 205 45 537 537
4 150 250 37.60 157 157 205 45 537 537
5 150 250 42.16 157 157 205 45 537 537



Table A.3 (continued)

References Specimen name Concrete Steel reinforcement

b (mm) h (mm) fc (MPa) As (mm2) A0s (mm2) ds (mm) d0s (mm) fy (MPa) f 0y (MPa)

6 150 250 41.42 157 157 205 45 537 537
7 150 250 39.01 157 157 205 45 537 537
B 205 455 35 1013 253 400 55 456 456
SB1 200 300 53.12 402 402 252 48 527 527
SB2 200 300 53.95 402 402 252 48 527 527
SB3 200 300 53.95 402 402 252 48 527 527
MB1 200 300 58.10 402 402 252 48 527 527
HB1 200 300 58.10 402 402 252 48 527 527
FB1 200 300 53.12 402 402 252 48 527 527
B7 75 150 37 14 151 131 22 190 470
1B 200 200 54.8 143 143 152 48 410 410
1C 200 200 54.8 143 143 152 48 410 410
2B 200 200 54.8 253 143 152 48 410 410
2C 200 200 54.8 253 143 152 48 410 410
2D 200 200 54.8 253 143 152 48 410 410
3B 200 200 54.8 396 143 152 48 410 410
3C 200 200 54.8 396 143 152 48 410 410
3D 200 200 54.8 396 143 152 48 410 410

[39] A1 150 300 51.70 792 – 250 – 427 –
A2 200 200 51.70 792 – 251 – 427 –
A7 200 200 51.70 792 – 252 – 427 –
C1 200 200 51.70 792 – 253 – 427 –
B2 270 400 22.60 900 142 341 54 484 507
CS1 303 150.8 22.24 157 – 115.3 – 343 –
GS1 302 151.2 23.41 157 – 117.9 – 343 –
E 205 455 35 253 – 400 – 456 –
B1u, 4.5 145 230 39.01 33 – 114 – 517 –
4 76 127 44.7 33 – 111 – 517 –
5 76 127 44.7 33 – 112 – 517 –
6 76 127 44.7 33 – 113 – 517 –
7 76 127 44.7 33 – 114 – 517 –
8 76 127 44.7 33 – 115 – 517 –
CP1 301.5 150.5 28.05 314 – 117.4 – 343 –
CP2 303.6 151.9 39.09 314 – 111.3 – 343 –
CP3 302.7 150 13.11 157 – 108.2 – 343 –
CP5 304 149 26.56 157 – 117.4 – 355 –

[40] Cantilever 1U 100 100 64 157.1 226.2 90 10 350 350
Cantilever 1A 100 100 64 157.1 226.2 90 10 350 350
Cantilever 2U 100 100 64 157.1 226.2 90 10 350 350
Cantilever 4U 100 100 64 157.1 226.2 90 10 350 350
Cantilever 5U 100 100 64 157.1 226.2 90 10 350 350
Cantilever 2A 100 100 64 157.1 226.2 90 10 350 350

[42]a A950 120 150 32.1 236 57 120 25 384 400
A1100 120 150 32.1 236 57 120 25 384 400
A1150 120 150 32.1 236 57 120 25 384 400
B1 120 150 44.6 57 57 120 27 400 400
B2a 120 150 44.6 628 57 120 20 466 400
C5a 120 150 25.1 236 57 140 5 384 400
C10a 120 150 25.1 236 57 135 10 384 400
C20a 120 150 25.1 236 57 125 20 384 400

a Not used for the bond strength models assessment.

Table A.4
Geometrical and mechanical characteristics of the FRP strengthening used for the RC beams tested in bending (Table A.3).

References Specimen name FRP strengthening Test results

FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

[35] AF.2 C_S 2 0.167 75 1100 2,40,000 3500 83.00 –
AF.2-1 C_S 2 0.167 75 1200 2,40,000 3500 85.70 –
AF.4 C_S 2 0.167 75 1400 2,40,000 3500 111.00 –
DF.1 C_S 1 0.167 75 1400 2,40,000 3500 118.00 –

[36] F5 C_L 1 1.2 120 2030 1,55,000 2400 100.00 –
F6 C_L 1 1.2 120 2030 1,55,000 2400 103.00 –
F7 C_L 1 1.2 120 1876 1,55,000 2400 97.50 –
F8 C_L 1 1.2 120 1876 1,55,000 2400 64.00 –
F9 C_L 1 1.2 120 1700 1,55,000 2400 62.00 –
F10 C_L 1 1.2 120 1700 1,55,000 2400 82.00 –

(continued on next page)



Table A.4 (continued)

References Specimen name FRP strengthening Test results

FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

[37] A4 C_S 4 0.2 150 1930 1,27,000 1532 61.90 –
A5 C_S 4 0.2 150 1930 1,27,000 1532 63.20 –
A6 C_S 6 0.2 150 1930 1,27,000 1532 59.40 –
A7 C_S 6 0.2 150 1930 1,27,000 1532 70.60 –
A8 C_S 4 0.2 150 1930 1,27,000 1532 65.20 –
A9 C_S 4 0.2 150 1930 1,27,000 1532 63.90 –
A10 C_S 4 0.2 150 1930 1,27,000 1532 67.50 –
A11 C_S 4 0.2 150 1930 1,27,000 1532 69.40 –
B3 C_S 2 0.2 150 1930 1,27,000 1532 55.20 –
B4 C_S 2 0.2 150 1930 1,27,000 1532 52.50 –
B5 C_S 6 0.2 150 1930 1,27,000 1532 69.70 –
B6 C_S 6 0.2 150 1930 1,27,000 1532 69.60 –
B7 C_S 12 0.15 150 1930 1,27,000 1532 59.10 –
B8 C_S 12 0.15 150 1930 1,27,000 1532 61.60 –
C3 C_S 2 0.2 150 1930 1,27,000 1532 74.90 –
C4 C_S 2 0.2 150 1930 1,27,000 1532 77.52 –
C5 C_S 6 0.2 150 1930 1,27,000 1532 103.10 –
C6 C_S 6 0.2 150 1930 1,27,000 1532 101.40 –
C7 C_S 12 0.15 150 1930 1,27,000 1532 87.10 –
C8 C_S 12 0.15 150 1930 1,27,000 1532 86.70 –

[38] DF.2 C_S 2 0.167 75 1400 240,000 3500 60.30 –
DF.3 C_S 3 0.167 75 1400 240,000 3500 60.00 –
DF.4 C_S 4 0.167 75 1400 240,000 3500 62.80 –
AF3 C_S 2 0.167 75 1300 240,000 3500 48.30 –
CF2-1 C_S 2 0.167 75 1300 240,000 3500 52.40 –
CF3-1 C_S 2 0.167 75 1300 240,000 3500 59.10 –
CF4-1 C_S 2 0.167 75 1300 240,000 3500 70.10 –
VR5 C_S 4 0.11 120 2200 230,000 3400 51.10 –
VR6 C_S 4 0.11 120 2200 230,000 3400 50.30 –
VR7 C_S 7 0.11 120 2200 230,000 3400 62.10 –
VR8 C_S 7 0.11 120 2200 230,000 3400 62.00 –
VR9 C_S 10 0.11 120 2200 230,000 3400 64.80 –
VR10 C_S 10 0.11 120 2200 230,000 3400 68.50 –
A3 C_S 3 0.165 150 2130 230,000 3400 86.10 –
A8 C_S 6 0.165 75 2130 230,000 3400 98.20 –
C2 C_S 3 0.165 150 2130 230,000 3400 79.30 –
C G_L 1 4.76 152 2032 11,720 161 55.40 –
D G_L 1 4.76 151 2032 11,720 161 59.60 –
G G_L 1 4.19 152 2438 10,340 184 62.90 –
I C_L 1 4.06 150 2032 27,580 319 50.60 –
M C_L 1 1.27 152 2438 1,17,900 1489 72.10 –
B2 G_L 1 1.2 80 860 49,000 1078 17.00 –
B3 G_L 1 1.2 30 860 49,000 1078 12.30 –
B4 G_L 1 1.6 60 860 49,000 1078 17.50 –
B6 C_L 1 1.2 80 860 1,18,500 987 20.40 –
1Au C_L 1 0.5 90 860 1,11,000 1273 19.80 –
1Bu C_L 1 0.7 65 860 1,11,000 1273 18.30 –
1B2u C_L 1 0.7 65 860 1,11,000 1273 18.20 –
1Cu C_L 1 1 45 860 1,11,000 1273 16.00 –
2Au C_L 1 0.5 90 860 1,11,000 1273 19.30 –
2Bu C_L 1 0.7 65 860 1,11,000 1273 17.00 –
2Cu C_L 1 1 45 860 1,11,000 1273 17.80 –
3Au C_L 1 0.5 90 861 1,11,000 1273 19.50 –
3Bu C_L 1 0.7 65 862 1,11,000 1273 17.30 –
3Cu C_L 1 1 45 863 1,11,000 1273 15.40 –
B1U, 2.3 C_L 1 1.28 90 2120 1,15,000 1284 50.20 –
P2 C_L 1 1.2 100 2400 1,50,000 2400 68.00 –
P3 C_L 1 1.2 100 2400 1,50,000 2400 71.10 –
P4 C_L 1 2.4 100 2400 1,50,000 2400 78.00 –
P5 C_L 1 2.4 100 2400 1,50,000 2400 79.50 –
2 G_L 1 1.32 150 800 19,720 259 53.00 –
4 G_L 1 1.32 150 1100 19,720 259 65.40 –
5 G_L 1 2.64 150 1400 19,720 259 79.40 –
6 G_L 1 1.32 150 1100 19,720 259 63.10 –
7 G_L 1 1.32 150 800 19,720 259 53.90 –
B G_L 1 6 152 4265 3,72,300 400 125.00 –
SB1 C_L 1 1.4 120 3300 1,55,000 2400 71.40 –
SB2 C_L 1 1.4 120 3200 1,55,000 2400 75.50 –
SB3 C_L 1 1.4 120 3000 1,55,000 2400 73.90 –
MB1 C_L 1 1.4 120 3300 2,10,000 2000 79.60 –
HB1 C_L 1 1.4 100 3300 3,00,000 1400 80.10 –
FB1 C_L 1 2.4 150 3300 95,000 1800 74.40 –
B7 C_L 1 1.2 50 1480 1,50,000 2400 12.50 –
1B C_L 1 0.45 200 2740 1,38,000 2206 40.10 –



Table A.4 (continued)

References Specimen name FRP strengthening Test results

FRP n tf (mm) bf (mm) lb (mm) Ef (MPa) ff (MPa) Pu (kN) le (mm)

1C C_L 1 0.45 200 2740 1,38,000 2206 35.60 –
2B C_L 1 0.45 200 2740 1,38,000 2206 49.00 –
2C C_L 1 0.45 200 2740 1,38,000 2206 35.60 –
2D C_L 1 0.45 200 2740 1,38,000 2206 40.10 –
3B C_L 1 0.45 200 2740 1,38,000 2206 54.50 –
3C C_L 1 0.45 200 2740 1,38,000 2206 54.10 –
3D C_L 1 0.45 200 2740 1,38,000 2206 54.30 –

[39] A1 C_S 3 0.165 150 2130 2,30,000 3400 86.10 –
A2 C_S 6 0.165 75 2130 2,30,000 3400 98.20 –
A7 C_S 3 0.165 150 2130 2,30,000 3400 79.30 –
C1 C_S 1 0.165 150 2130 2,30,000 3400 72.80 –
B2 C_S 2 0.165 150 2130 2,30,000 3400 84.90 –
CS1 C_S 2 0.165 75 2130 2,30,000 3400 86.10 –
GS1 G_S 1 0.165 150 2130 2,30,000 3400 77.20 –
E G_L 1 6 152 4265 37,200 400 32.50 –
B1u, 4.5 C_L 1 1.28 90 4320 1,15,000 1284 30.00 –
4 C_L 1 0.65 63.2 1070 1,86,000 1450 14.80 –
5 C_L 1 0.65 63.2 1070 1,86,000 1450 15.30 –
6 C_L 1 0.9 63.3 1070 1,86,000 1450 14.00 –
7 C_L 1 0.9 63.3 1070 1,86,000 1450 12.80 –
8 C_L 1 1.9 63.9 1070 1,86,000 1450 18.70 –
CP1 C_L 1 1.2 50 900 1,65,000 2800 19.95 –
CP2 C_L 1 12.2 50 900 1,65,000 2800 17.58 –
CP3 C_L 1 1.2 50 900 1,65,000 2800 13.31 –
CP5 C_L 1 1.2 50 900 1,65,000 2800 10.00 –

[40] Cantilever 1U C_L 1 0.82 67 920 1,11,000 1414 16.45 –
Cantilever 1A C_L 1 0.82 67 920 1,11,000 1414 32.45 –
Cantilever 2U C_L 1 0.82 67 920 1,11,000 1414 19.31 –
Cantilever 4U C_L 1 0.82 67 920 1,11,000 1414 15.43 –
Cantilever 5U C_L 1 0.82 67 920 1,11,000 1414 11.33 –
Cantilever 2A C_L 1 0.82 67 920 1,11,000 1414 11.59 –

[42]a A950 C_L 1 1.2 80 950 1,8,000 3140 56.2 250
A1100 C_L 1 1.2 80 1100 1,81,000 3140 57.3 250
A1150 C_L 1 1.2 80 1150 1,81,000 3140 58.9 250
B1 C_L 1 1.2 80 1100 1,81,000 3140 49.2 250
B2a C_L 1 1.2 80 1100 1,81,000 3140 130.1 220
C5a C_L 1 1.2 80 1100 1,81,000 3140 71 240
C10a C_L 1 1.2 80 1100 1,81,000 3140 68 240
C20a C_L 1 1.2 80 1100 1,81,000 3140 63 240

a Not used for the bond strength models assessment.
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