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1. Introduction

Fiber Reinforced Polymer (FRP) materials are usually adopted for 
the strengthening of masonry structures. In particular, masonry 
structures are scarcely resistant to horizontal load and so highly 
vulnerable to seismic actions. Conventional retrofitting techniques 
have proven to be complex, time expensive, add considerable mass 
to the structures and often could not be adapted to masonry struc-
tures. In the last years the use of FRP materials as reinforcements 
instead of conventional methods seems then a suitable solution for 
the seismic upgrading. FRP strengthening systems can be con-
veniently used to increase the capacity of panels, arches and vaults, 
to wrap columns in order to increase their strength and ductility, 
for floor stiffening to act as a stiff diaphragm, to wrap buildings at 
floor and roof level etc. These materials present, in fact, good 
mechanical properties, rapid installation and lightness and could be 
applied on different substrates (clay bricks and natural stones). On 
the other hand the drawbacks are related to the poor behavior of 
epoxy resin at elevated temperatures and the durability of the bond 
under environmental actions (water, moisture, thermal cycling 
etc.) [1,2]. Finally it should be pointed out that the un-reversibility 
of these installations and the penetration of the
primer in the substrate [3,4] pose some problems to the use of 
FRP systems for the strengthening of ancient masonry structures.

1.1. Problem statement

The most critical phenomenon influencing the effectiveness of 
the FRP repair of masonry structures is debonding of the reinforc-
ing system from its substrate [5]. In most real situations and exper-
imental texts, the performances of the strengthened structural 
elements have been limited by the debonding (at the reinforce-
ment end or along the reinforcement) of the FRP reinforcement 
from the substrate. Debonding is also a very brittle phenomenon, so 
the bond between the FRP and the substrate should be properly 
designed. For this reason the bond strength evaluation is very 
important from the design point of view and involves the defini-
tion of a specific analytical model and experimental procedures in 
order to calibrate the relevant coefficients [6]. These calibrations 
should also be performed for different substrates (clay bricks and 
natural stones), reinforcement types (pultruded strips or textiles) 
and reinforcement materials (glass, carbon and aramid fibers). 
Besides, the environment effect of the bond behavior must be taken 
into account. It was in fact proven in the literature that the bond 
between the reinforcement and the substrate is sensitive to water, 
moisture and thermal cycling. In the revised version of the CNR-DT 
200 R1/2013 guideline [7] for the design and construction
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Nomenclature

d interfacial slip
us,uf substrate and reinforcement longitudinal displacement
Ns,Nf substrate and reinforcement axial force
As,Af substrate and reinforcement cross sectional area
ef reinforcement longitudinal strain
Fmax maximum experimental transferable load
s,smax tangential and maximum tangential stress at the inter-

face
Es,Ef substrate and reinforcement Young’s modulus
du ultimate interfacial slip
kb,kG reinforcement width and fracture energy corrector

factor
CF mode II fracture energy
fcm,fctm compressive and tensile strength of the clay brick

substrate

bf,bs reinforcement (bond) and substrate width
b1 bond length corrector factor
lb,le bond and effective bond length
tf reinforcement thickness

Subscript
f reinforcement
s substrate
a adhesive layer

Acronyms
FRP Fiber Reinforced Polymer
CFRP Carbon Fiber Reinforced Polymer
DIC Digital Image Correlation
of externally bonded FRP strengthening systems for masonry 
structures, models were proposed for the bond strength and the 
relevant environmental conversion factors. Anyway, a refined 
debonding model is needed and additional experimental tests are 
required in order to achieve a refined calibration of the pertinent 
parameters.

1.2. Scope of the research

In this study the bond strength of the Carbon Fiber Reinforced 
Polymers (CFRP) reinforcement applied on a clay brick substrate 
is investigated. The reinforcement was realized by carbon textiles 
impregnated and bonded by epoxy resin. No other kind of sub-
strate (e.g. natural stone), reinforcement type (e.g. pultruded 
strips) and reinforcement material (e.g. glass or aramid fibers) 
were considered in this work. Double lap push–pull shear tests 
were performed. In the specimen set-up, no specific surface prep-
aration and primer application was implemented in order to 
increase the surface roughness and to promote the bond between 
the reinforcement and the substrate. Strains distributions on the 
reinforcement surface were collected during the tests by means 
of electric strain gauges. Digital Image Correlation (DIC) technique 
was also implemented in order to investigate qualitatively the 
strains field. Analytical models [8] are then proposed to investigate 
the load transfer mechanism and to estimate the relevant bond 
strength of the reinforcement system. The reinforcement strain 
and shear stress distribution in the adhesive layer was evaluated 
from the load transfer model and compared to experimental data. 
Besides, an enlarged experimental database for the bond strength 
was constructed by adding the achieved experimental results to 
the ones selected from the literature. This enlarged database was 
used to statistically estimate the coefficients of the proposed 
analytical model. The effect of bond length and width was also 
enucleated and used to validate the analytical outcomes. Finally, 
no attempt was performed in order to investigate the effect of 
environmental condition on bond strength.

1.3. Previous studies

In the last 20 years several research studies were dedicated to 
the investigation of the effectiveness of the strengthening of rein-
forced concrete structures by FRP systems. On the other hand a 
limited amount of research activities were dedicated to the inves-
tigation of the efficacy of FRP materials for the strengthening of 
steel or masonry structures. With a specific reference to the bond 
strength between the FRP reinforcement and the masonry
substrate, experimental campaigns were carried out to investigate 
the debonding load and the effective length of single brick rein-
forced with CFRP materials [9–12]. The strain and stress distribu-
tions were generally recorded by means of electric strain gauges 
located on the reinforcement surface. In [11] an analytical model 
was also proposed and validated through experimental data for the 
shear stress – interfacial slip behavior at the reinforcement/
substrate interface. A wide experimental campaign was recently 
illustrated in [13]. Single and double lap push–pull shear tests were 
performed on clay bricks reinforced with different composite 
materials (steel, carbon, glass and basalt). Recently, Ceroni et al.[14] 
collected experimental data from the literature in order to cal-
ibrate the coefficient used in the Italian guideline CNR DT200 R1/ 
2013 [7] to calculate the fracture energy and the maximum load. 
Different set-ups were proposed in the literature to evaluate the 
bond strength between the substrate and the reinforcement. The 
most commonly used are the single and double lap push–pull shear 
test set-ups. In Valluzzi et al. [13] it was showed that the results of 
these two experimental set-ups are comparable, while other 
experimental studies and numerical analyses [15] demon-strated 
that the test set-up could strongly influence the debonding 
strength and the failure mode.

2. Experimental program

In this section the results of an experimental program carried 
out at the Materials Testing Laboratory of the Politecnico di Milano 
are presented. In particular, a series (28 specimens) of double lap 
push–pull shear tests on carbon textiles applied to the top/bottom 
faces of a single brick were performed. Different bond lengths (50, 
100, 150, 180 and 200 mm), bond widths (30, 40, 50 and 60 mm) 
and substrate compressive strengths (70 MPa and 30 MPa) were 
considered in order to investigate the effect of these parameters 
on the bond strength. The double lap push–pull shear test config-
uration was selected due to its symmetry and to avoid additional 
flexural moment and peeling stresses related to un-symmetric 
set-up.

2.1. Materials

The reinforcement system was constituted of carbon textiles 
and two-components structural epoxy resin. Uniaxial tensile tests 
were performed on five coupons of carbon textile in order to inves-
tigate the tensile strength and the Young’s modulus. Tests were 
carried out according to ASTM D3039 [18] using a servo-hydraulic 
testing machine with a load cell axial capacity of 100 kN. In order



to avoid local damage of the specimens and slip phenomena during 
the tensile tests, cardboard tabs were placed at the ends of the tex-
tile. The experimental results are summarized in Table 1.

Uniaxial tensile tests were carried out on three coupons in order 
to characterize the mechanical properties of the epoxy resin. Tests 
were performed under displacement control according to ASTM 
Standard D638 [19] using a servo-hydraulic testing machine with 
a load cell axial capacity of 250 kN. An extensometer was set at 
the full gauge length of the specimen to determine the Poisson’s 
ratio. The experimental results are summarized in Table 2.

Two clay brick types of dimensions equal to 250 � 120 � 55 mm 
(length � height � thickness) were used in the experimental 
campaign, in order to investigate the influence of the mechanical 
properties of the substrate on the bond strength and the failure 
modes. For the first brick type (Brick_1), compression and tensile 
strength, elastic modulus and water absorption were experimen-
tally determined [16] according to [20–23], while for the second 
one (Brick_2) just the compressive strength was investigated. The 
experimental results are summarized in Table 3. The two clay brick 
types show quite different average compressive strength, equal to 
68.87 MPa and 30.26 MPa, in order to investigate the effect of this 
parameter on the debonding strength.

2.2. Test set-up and specimens preparation

Experimental tests (Fig. 1) were performed on double lap push–
pull joints realized with a carbon textile and an epoxy matrix. The 
reinforcements were bonded to the two sides of a single brick. This 
work represents a part of a more complex experimental program 
developed at Politecnico di Milano with different reinforcement 
materials [16,17].

The reinforcements were bonded to two opposite brick surfaces 
without any specific preparation of the substrate. The surfaces 
were, in fact, simply air cleaned in order to remove incoherent
Table 1
Mechanical characterization of carbon textile.

Tensile strength
[MPa]

Young’s modulus
Ef [GPa]

Elongation at
failure [%]

Average 1595.8 (5) 240.4 (5) 1.43 (5)
Co.V. [%] 3.18 10.5 15.2

Note: within brackets # of samples.

Table 2
Mechanical characterization of epoxy matrix.

Young’s
modulus Ea

[GPa]

Poisson
coefficient m
[�]

Tensile
strength
[MPa]

Elongation at
failure [%]

Average 12.84 (3) 0.29 (3) 30.20 (3) 0.358 (3)
Co.V. [%] 9.89 7.78 3.73 12.12

Note: within brackets # of samples.

Table 3
Mechanical characterization of bricks.

Sample Es [GPa] Compressive
strength fcm [N/mm

Standard UNI EN 14580 UNI EN 772–1
Average Brick_1 12.33 (4) 68.87 (12)
Standard deviation 6.18 4.23
Average Brick_2 – 30.26 (6)
Standard deviation – 1.29

Note: within brackets # of samples.
particles and no specific treatment were performed to increase the 
surface roughness. No primer was applied to promote the adhesion. 
The epoxy adhesive was then distributed on the brick surfaces and 
the reinforcement was laid on the adhesive layer and finally the 
carbon textile was impregnated and pressed. The adopted bonding 
procedure represents the worst on site situation and it was selected 
since it gives conservative estimation of the debonding failure load.

A testing machine with the ultimate capacity of 250 kN was 
used and the tests were performed in displacement control. A sup-
porting rig with a spherical joint was designed and realized to 
guarantee the correct position of the specimen and avoid the pos-
sible misalignments of the applied load (Fig. 2a).

The alignment between the specimen and the loaded end should 
be ensured since when the force is not perfectly aligned, flexural 
moment may generate peeling stresses at the reinforce-ment-to-
substrate interface and then premature debonding. A spherical 
joint was used to this purpose. Furthermore, in order to guarantee 
equal loading of the two composite strips, the textile was place 
around a steel cylinder with a diameter equal to the dis-tance 
between the two textile strips. Two Teflon sheets were used to 
minimized friction between the carbon textile and the steel cyl-
inder. Different bond lengths (50, 100, 150, 180 and 200 mm) and 
widths (30, 40, 50 and 60 mm) were considered in order to inves-
tigate the effects of these geometrical parameters on the debond-
ing strength. As stated above, two different clay brick substrates 
were considered in order to investigate the effect of the brick 
mechanical properties on the debonding load. In particular, 21 
experimental tests were performed with an high substrate average 
compressive strength (68.87 MPa) and 7 with a medium one (30.26 
MPa). The main features characterizing the experimental response 
of the reinforced bricks are summarized in Table 4.

Specimen labels are as follow. The first 2 letters indicate the 
brick type (S1 for the Brick_1 type and S2 for the Brick_2 type). The 
next number indicates the bond length while the subsequent 
number refers to the bond width. Eventually, the specimen number 
is designed by the final digit. As an example, S1-50-60_1 indicates 
the first tested specimen realized by using Brick_1 type with a bond 
length of 50 mm and a bond width of 60 mm.

2.3. Recording equipment

Two LVDTs were installed on each specimen in order to monitor 
the experimental tests. The transducers were positioned on the 
brick and reinforcement surface as showed in Fig. 2b. They were 
located as close as possible to the reinforcement end in order to 
control the onset of the interfacial debonding.

Two different techniques were used to analyze the reinforce-
ment longitudinal strain of some experimental tests. The first one 
involved the use of strain gauges while for the second one the DIC 
technique was used. Four strain gauges were installed along the 
reinforcement of four specimens type S1-150-60. They were 
located in the mid-span and in the upper part of the rein-forcement 
at a distance of about 10 mm. The strain gauges layout
2]
Tensile strength
fctm [N/mm2]

Coeff. of water
absorption [kg/m2min]

Pull-off
strength [MPa]

EN 12390–6 UNI EN 1015–18 UNI EN 1542
6.24 (3) 1.37 (6) 3.07 (12)
0.84 0.37 0.23
– – –
– – –



Fig. 1. Test set-up (dimensions in mm).

Fig. 2. Testing machine and recording equipment. (a) supporting rig (b) strain
gauges and LVDTs arrangement (c) strain gauges layout (dimensions in mm).

Table 4
Layout of experimental tests.

Sample Substrate Bond length [mm] Bond width [mm] N. tests

S1-50-30 Brick_1 50 30 2
S1-50-60 Brick_1 50 60 2
S1-100-40 Brick_1 100 30 2
S1-100-40 Brick_1 100 40 2
S1-100-50 Brick_1 100 50 3
S1-100-60 Brick_1 100 60 2
S1-150-60 Brick_1 150 60 8
S2–150-50 Brick_2 150 50 3
S2–180-50 Brick_2 180 50 2
S2–200-50 Brick_2 200 50 2

Fig. 3. DIC technique set-up. (a) specimen surface with randomly distributed
reference points (b) image recording with a digital camera.
is reported in Fig. 2c. Just few specimens were equipped with strain 
gauges since the main objective was to verify the load transfer 
mechanism.

DIC is a contactless technique which offers qualitative and 
quantitative information on the heterogeneous deformations of an 
object surface. It provides a full-field displacement over a two or 
three dimensional surface by comparing images of the deformed 
specimen surface to the un-deformed one [24]. The surface of the 
sample was painted with white paint and a black pattern of points 
(Fig. 3a). The location and the dimensions of the reference points 
were random. The light sources and the camera (Fig. 3b) were 
located near the sample surface and calibrated in order to guaran-
tee an high degree of information content of the images.

The density distribution of the reference points should have a 
shape as close as possible to Gaussian. The DIC technique is, in fact, 
based on the maximization of a correlation coefficient that is deter-
mined by examining pixel intensity array subset on two or more 
corresponding images and extracting the displacement mapping 
function that relates the images [25].

3. Experimental results

In this section experimental results are presented in term of
observed failure mode and recorded failure load.



Table 5
Average test results (mean value at debonding load recorded by the testing machine).

Length [mm] Width [mm]

30 40 50 60

50 10.11 kN⁄ – – 21.26 kN⁄.
100 15.32 kN⁄ 12.95 kN⁄ 21.04 kN⁄. 28.11 kN⁄

150 – – 14.10 kN⁄⁄ 21.11 kN⁄

180 – – 12.99 kN⁄⁄ –
200 – – 12.17 kN⁄⁄ –

⁄ Sample prepared with Brick_1.
⁄⁄ Sample prepared with Brick_2.
3.1. Failure mode

Failure mode was mainly due to the reinforcement debonding 
from the substrate with a thin brick layer attached to the reinforce-
ment. The thickness of the brick layer was equal to few millime-
ters. Only in specimen type S1-50-30 a slippage of the textile 
was observed. The typical failure mode is reported in Fig. 4.

3.2. Failure load

Table 5 reports the maximum average failure load for each con-
figuration. Note that the values reported in Table 5 refers to load P 
(see Fig. 1) recorded by the loading cell of the testing machine and 
then they are equal to two times the load F in the carbon textiles.

Results listed in Table 5 are, from a general point of view, coher-
ent with the literature outcomes. First, the debonding load linearly 
increases with the bond width. Moreover, the higher the substrate 
compressive strength the higher the debonding load. Finally, the 
effective bond length for low brick compressive strength appears 
to be approximately equal to 150 mm while for high substrate 
compressive strength it seems to be around 100 mm.

Figs. 5a and b and 6 report the load–displacement curves as 
recorded by the testing machine (load cell and stroke displacement).

In these two figures, just the tests for the substrate ‘‘Brick-1’’ 
with a bond width of 60 mm (12 tests) and a bond length of 100 
mm (9 specimens) and the tests with substrate ‘‘Brick-2’’ (7 tests) 
were reported. Note again that the values showed in Figs. 5 and 6 
refers to the load P recorded by the loading cell of the testing 
machine and then they are equal to two times the load F in the car-
bon textiles (see Fig. 2). The load–displacement curves in Figs. 5 
and 6 exhibit a linear behavior up the maximum debonding load 
followed by a sudden drop of the applied load.

4. Analytical models

In this section two analytical models are presented. The first
one investigates the load transfer mechanism between the rein-
forcement and the substrate while the second model analyzes
the reinforcement bond strength and provides an estimation of
the debonding load.

4.1. Load transfer model

In the model to investigate the load transfer mechanism
between the substrate and the reinforcement the following
assumptions are made:

1. Substrate and reinforcement are homogeneous and linear
elastic.
Fig. 4. Typical failure mode.

Fig. 5. Load–displacement curves for debonding tests. (a) bond length of 50, 100
and 150 mm and width of 60 mm (brick-1) (b) bond length of 100 mm and width of
30, 40, 50 and 60 mm (brick-1).
2. Linear kinematic relationships for the substrate and the
reinforcement.

3. Interfacial linear ascending with a sudden drop bond-slip
relationship.

4. Adhesive layer is subjected to constant shear stress across the
thickness.

5. Normal (peeling stress) in the adhesive layer are not taken into
account.



Fig. 6. Test results of specimens with bond length of 150, 180 and 200 mm, and
width of 50 mm (brick-2).
6. Bending effect are neglected.

The push–pull scheme adopted in the model is shown in Fig. 7.
The interfacial slip is defined as the relative longitudinal dis-

placement between the reinforcement and the substrate.

d ¼ uf � us ð1Þ

where uf and us are the reinforcement and substrate longitudinal 
displacement, respectively. The local equilibrium in the reinforce-
ment in the longitudinal direction reads (see Fig. 7):

1
bf
� dNf

dx
� s ¼ 0 ð2Þ

where Nf is the reinforcement axial force, bf is the reinforcement 
width and s is the tangential stress in the adhesive layer.

The global equilibrium (see Fig. 7) in the longitudinal direction 
states:
Fig. 7. Push–pu
Ns þ 2Nf ¼ 0 ð3Þ

where Ns is the substrate axial force. According to assumptions 1–3,
the constitutive relationships for the reinforcement, the substrate
and the interface are:

Nf ¼ Af Ef ef ¼ Af Ef
duf

dx
ð4Þ

Ns ¼ AsEses ¼ AsEs
dus

dx
ð5Þ

s ¼ s2
max

2CF
d ð6Þ

where Af and As are the reinforcement and substrate sectional area, 
respectively, ef and es are the reinforcement and substrate longitudi-
nal strain while Ef and Es are the reinforcement and substrate Young’s 
modulus. As per assumption 3, the shear stress-slip relationship is 
assumed linear up to the maximum allowable interfacial shear 
stress, smax, that is, before the occurrence of interfacial fracture (see 
Fig. 7). The shear stress is then assumed to suddenly drop to zero 
when the value of the slip exceeds du without consideration of the 
softening behavior. The shear stress-slip relationship in Eq. (6) is 
function of the mode II fracture energy CF which is defined as the 
energy required for local bond fracture and is represented by the 
area under the shear stress-slip curve (see Fig. 7). This is a simplified 
interface behavior but it produces meaningful results in term of max-
imum transferable load by the carbon textiles, Fmax = Pmax/2, and 
effective bond length, le. Inserting Eqs. (3)–(6) into Eq. (2) one has:

d2d

dx2 �
f 2

f 1
d ¼ 0 ð7Þ

f 1 ¼
2CF

bf s2
max

ð8Þ

f 2 ¼
2

EsAs
þ 1

Ef Af
ð9Þ

Defining k2 ¼ f 2
f 1

one finally obtains the following second order dif-
ferential equation for the interfacial slip d:

d2d

dx2 � k2d ¼ 0 ð10Þ

k2 ¼ bf s2
max

2CF

2
EsAs

þ 1
Ef Af

� �
ð11Þ
ll scheme.



with the boundary conditions at the lower (x = 0) and upper (x = lb)
reinforcement ends:

Nf ¼
1
f 2

dd
dx
¼ 0 at x ¼ 0 ð12Þ

Nf ¼
1
f 2

dd
dx
¼ P

2
at x ¼ lb ð13Þ

The expression for the interfacial slip is:

d ¼ P � f 2

2k sinhðklbÞ
cosh kxð Þ ð14Þ

The longitudinal strain in the reinforcement layer is equal to:

ef ¼
P

2Af Ef
� sinh kxð Þ
sinhðklbÞ

ð15Þ

while the tangential stress on the interface is given by:

s ¼ P � k
2bf
� cosh kxð Þ

sinhðklbÞ
ð16Þ

Fig. 8 shows the interfacial slip distribution at different load levels 
obtained by the analytical model (Eq. (14)) for specimen type 
S1-150-60.

4.2. Bond strength model

The evaluation of the maximum transferable load by the carbon 
textiles, Fmax, requires the definition of a reliable interfacial bond-
slip model. Different models were studied in the last years with 
reference to different substrates (in particular concrete and steel). 
Lu et al. [27] summarized different existing bond-slip models for 
adhesive interface of a FRP-to-concrete. As stated above, in the pro-
posed load transfer model a linear ascending model with a sudden 
drop bond-slip is adopted. Failure (debonding) is achieved when 
the interfacial shear stress at the upper reinforcement end (x = lb) is 
equal to the local bond strength smax. Based on the shear stress 
distribution provided by Eq. (16), the maximum transferable load, 
Fmax, can be calculated as:

Fmax ¼
smax � bf � tanhðklbÞ ð17Þ

k

For large values of the bond length, lb, Eq. (17) reduces to:

Fmax ¼
smax � bf

k
ð18Þ
Fig. 8. Interfacial slip distribution for different load levels.
If EsAs � EfAf one has from Eq. (11):

k ¼ smaxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2CFEf tf

p ð19Þ

and then the following expression is obtained for Fmax:

Fmax ¼ bf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2CF Ef tf

q
ð20Þ

Despite the adopted simplified bond-slip model (see Eq. (6)), the 
expression for the maximum transferable load given in Eq. (20) is 
the usual one adopted in the literature.

The effective bond length, le, is usually defined as the bond 
length needed to transfer 97% of the maximum transferable load. 
One has then from Eq. (17) tanh(kle) = 0.97 and finally:

le ¼
2
k

ð21Þ

Eq. (20) provides a rather conservative estimation of the effective 
bond length and it is sometime adopted in the literature [27].

The mode II fracture energy CF is defined as the area under the 
bond-slip relationship (see Fig. 8).

CF ¼
Z 1

0
sdx ¼ 1

2
smaxdu ð22Þ

The evaluation of the fracture energy requires the evaluation of the 
maximum tangential stress at the interface, smax, and the ultimate 
interfacial slip, du. In  [7], a value du = 0.4 mm is suggested for 
the ultimate interfacial slip. In [8,14], the Mohr–Coulomb failure 
crite-rion is used to determine the value of smax. The following 
expression was suggested for the maximum tangential stress at 
the interface:

smax ¼
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cmf ctm

q
ð23Þ

where fcm and fctm are the compressive and tensile strength of the
masonry substrate.

The mode II fracture energy, CF, is then evaluated from Eq. (22)
as:

Cf ¼
1
4

du

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cmf ctm

q
ð24Þ

The maximum transferable load is finally evaluated, for a bond 
length greater than the effective bond length (see Eq. (21)), insert-
ing Eq. (24) in Eq. (20). However, in the developed theoretical model 
the width effect was not taken into account. In practical applica-
tions, in fact, the reinforcement width is smaller than the substrate 
one. In the literature a geometric corrector factor kb is then intro-
duced in Eq. (23) in order to take into account the real stress distri-
bution in the substrate and the three-dimensional effect of shear 
transfer. The following expression is suggested in [7]:

kb ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
3� bf

bs

1þ bf

bs

vuut ð25Þ

where bf and bs are the reinforcement and substrate width, respec-
tively. Additionally, fracture (debonding) occurs in an inhomoge-
neous zone due to the mix of the substrate and adhesive. The 
material properties of the interfacial zone cannot be evaluated 
experimentally and then a corrector factor, kG, to be calibrated 
experimentally, is required in Eq. (24). The final corrected expres-
sion of the mode II fracture energy, CF, is then:

Cf ¼
1
4

kbkGdu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cmf ctm

q
ð26Þ

If the bond length is lower than the effective one, an additional 
correction factor, b1, has to be introduced. This takes into account 
the influence of the bond length lb, and is defined in [7] as:



Fig. 9. Reinforcement longitudinal strain distribution: analytical and experimental
results for a load level equal to 5 kN.

Fig. 10. Interfacial shear stress distribution: analytical and experimental results for
a load level equal to 5 kN.
b1 ¼
lb

le
2� lb

le

� �
ð27Þ

Eq. (27) is effective for lb/le < 1 while for lb/le > 1 the value 
cor-responding to lb/le = 1 is used. The corrected expression for the 
max-imum transferable load, Fmax, is then:

Fmax ¼ b1bf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2CF Ef tf

q
ð28Þ

where the mode II fracture energy, CF, is given by Eq. (26).
The effective bond length, le, is provided by Eq. (21). However, 

this formula was derived under the assumption of a linear bond-
slip relationship (see Fig. 8). If a bilinear bond-slip model is used 
[27], one has sin(kle) = 0.97 and then:

le ¼
p
2k

ð29Þ

which provides a less conservative estimation of the effective bond 
length. Inserting Eq. (19) into Eq. (29), the following expression for 
the effective bond length is obtained:

le ¼
1

smax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2Ef tf CF

2

r
ð30Þ
Fig. 11. Strain field from DIC technique for a load level equal to 22 kN.
5. Validation of the load transfer model

In this section the results of the load transfer model are com-
pared to the experiments in term of reinforcement longitudinal 
strains and bond shear stresses.

5.1. Reinforcement longitudinal strain

The longitudinal strains distribution achieved by using the load 
transfer model is compared in Fig. 9 to the experimental data col-
lected for specimen type S1-150-60 by the strain gauges located on 
the reinforcement surface. Fig. 9 shows a good comparison 
between experimental and analytical results.

5.2. Interface shear stress

The interfacial shear stress can be evaluated from the strain 
gauges readings. Taking into account Eqs. (2) and (4) one has:
s ¼ Ef � Af

bf

def

dx
ð31Þ

The first derivative of the longitudinal reinforcement strain can be
approximated by the secant method as follow:

d�f

dx
¼

eiþ1
f � ei

f

xiþ1 � xi
ð32Þ

and then the interfacial shear stress between two consecutive strain
gauges is given by:

s ¼
Ef Af ðeiþ1

f � ei
f Þ

bf ðxiþ1 � xiÞ ð33Þ

In Fig. 10 the results of the bond strength model in term of interfa-
cial shear stress for specimen type S1-150-60 are compared to 
experimental results. Fig. 10 shows a good comparison between 
experimental and analytical results.



Table 6
Experimental enlarged database.

Author lb [mm] bf [mm] Ef [GPa] fcm [MPa] fctm [MPa] kb b1 Fmax,exp [kN] CF,exp [N/mm] kG,exp

Ceroni et al. [14] 200 50 230 19.21 1.9 1.35 1.00 6.81 0.24 0.287
200 50 230 19.21 1.9 1.35 1.00 6.81 0.24 0.287
200 50 230 19.21 1.9 1.35 1.00 6.81 0.24 0.287

Kwiecien [12] 200 50 230 9.9 1 1.35 1.00 5.78 0.16 0.385
200 50 230 9.9 1 1.35 1.00 6.81 0.23 0.535
200 50 230 9.9 1 1.35 1.00 6.69 0.22 0.516
200 50 230 9.9 1 1.35 1.00 5.88 0.17 0.399
200 50 230 9.9 1 1.35 1.00 6.25 0.19 0.451

Capozucca [26] 150 50 230 24.9 2.5 1.40 1.00 8.75 0.38 0.341
180 50 230 24.9 2.5 1.40 1.00 9.02 0.40 0.362
290 50 230 24.9 2.5 1.40 1.00 8.98 0.40 0.359
290 50 230 24.9 2.5 1.40 1.00 9.00 0.40 0.361
215 50 230 24.9 2.5 1.40 1.00 7.40 0.39 0.244
230 50 230 24.9 2.5 1.40 1.00 8.25 0.39 0.303
235 50 230 24.9 2.5 1.40 1.00 9.70 0.27 0.419
240 50 230 24.9 2.5 1.40 1.00 8.52 0.33 0.323
250 50 230 24.9 2.5 1.40 1.00 10.20 0.46 0.463

Caratelli et al. [13] 160 50 234 19.76 1.76 1.35 1.00 5.74 0.17 0.208
160 50 234 19.76 1.76 1.35 1.00 5.97 0.18 0.225
160 50 234 19.76 1.76 1.35 1.00 6.17 0.19 0.240
160 50 234 19.76 1.76 1.35 1.00 6.62 0.22 0.277
160 50 234 19.76 1.76 1.35 1.00 6.94 0.24 0.304

De Felice [13] 160 50 234 19.76 1.76 1.35 1.00 5.32 0.14 0.179
160 50 234 19.76 1.76 1.35 1.00 5.60 0.16 0.198
160 50 234 19.76 1.76 1.35 1.00 6.85 0.24 0.296
160 50 234 19.76 1.76 1.35 1.00 7.16 0.26 0.324
160 50 234 19.76 1.76 1.35 1.00 8.06 0.33 0.410

Kwiecien et al. [13] 160 50 234 19.76 1.76 1.35 1.00 5.69 0.16 0.204
160 50 234 19.76 1.76 1.35 1.00 6.37 0.20 0.256
160 50 234 19.76 1.76 1.35 1.00 7.08 0.25 0.316
160 50 234 19.76 1.76 1.35 1.00 7.46 0.28 0.352
160 50 234 19.76 1.76 1.35 1.00 8.35 0.35 0.440
160 50 234 19.76 1.76 1.35 1.00 5.78 0.17 0.211
160 50 234 19.76 1.76 1.35 1.00 5.88 0.17 0.218
160 50 234 19.76 1.76 1.35 1.00 6.25 0.20 0..247
160 50 234 19.76 1.76 1.35 1.00 6.69 0.23 0.283
160 50 234 19.76 1.76 1.35 1.00 6.81 0.23 0.293

Garmenedia [13] 160 50 234 19.76 1.76 1.35 1.00 6.10 0.19 0.235
160 50 234 19.76 1.76 1.35 1.00 6.13 0.19 0.237
160 50 234 19.76 1.76 1.35 1.00 7.62 0.29 0.366
160 50 234 19.76 1.76 1.35 1.00 7.89 0.31 0.393
160 50 234 19.76 1.76 1.35 1.00 8.04 0.33 0.409

Oliveira et al. [13] 160 50 234 19.76 1.76 1.35 1.00 6.91 0.24 0.302
160 50 234 19.76 1.76 1.35 1.00 7.72 0.30 0.376
160 50 234 19.76 1.76 1.35 1.00 7.90 0.31 0.394
160 50 234 19.76 1.76 1.35 1.00 8.59 0.37 0.466
160 50 234 19.76 1.76 1.35 1.00 8.81 0.39 0.490

Leone et al. [13] 160 50 234 19.76 1.76 1.35 1.00 4.09 0.08 0.106
160 50 234 19.76 1.76 1.35 1.00 7.36 0.27 0.342
160 50 234 19.76 1.76 1.35 1.00 5.16 0.13 0.168
160 50 234 19.76 1.76 1.35 1.00 6.87 0.274 0.298

Castori et al. [13] 160 50 234 19.76 1.76 1.35 1.00 4.68 0.11 0.138
160 50 234 19.76 1.76 1.35 1.00 6.20 0.19 0.243
160 50 234 19.76 1.76 1.35 1.00 6.732 0.23 0.286
160 50 234 19.76 1.76 1.35 1.00 6.755 0.23 0.288
160 50 234 19.76 1.76 1.35 1.00 7.10 0.25 0.318

Grande et al. [13] 160 50 234 19.76 1.76 1.35 1.00 5.55 0.15 0.195
160 50 234 19.76 1.76 1.35 1.00 6.31 0.20 0.252
160 50 234 19.76 1.76 1.35 1.00 6.645 0.22 0.279
160 50 234 19.76 1.76 1.35 1.00 7.595 0.29 0.364
160 50 234 19.76 1.76 1.35 1.00 7.74 0.30 0.378

Viskovic et al. [13] 160 50 234 19.76 1.76 1.35 1.00 7.74 0.30 0.379
160 50 234 19.76 1.76 1.35 1.00 7.74 0.30 0.379
160 50 234 19.76 1.76 1.35 1.00 7.74 0.30 0.379
160 50 234 19.76 1.76 1.35 1.00 7.74 0.30 0.379
160 50 234 19.76 1.76 1.35 1.00 7.75 0.30 0.379

Lignola et al. [13] 160 50 234 19.76 1.76 1.35 1.00 5.69 0.16 0.205
160 50 234 19.76 1.76 1.35 1.00 6.48 0.21 0.266
160 50 234 19.76 1.76 1.35 1.00 7.18 0.26 0.326



Table 6 (continued)

Author lb [mm] bf [mm] Ef [GPa] fcm [MPa] fctm [MPa] kb b1 Fmax,exp [kN] CF,exp [N/mm] kG,exp

160 50 234 19.76 1.76 1.35 1.00 8.19 0.34 0.424

Valluzzi [13] 160 50 234 19.76 1.76 1.35 1.00 6.97 0.24 0.307
160 50 234 19.76 1.76 1.35 1.00 7.22 0.26 0.329
160 50 234 19.76 1.76 1.35 1.00 7.79 0.31 0.383
160 50 234 19.76 1.76 1.35 1.00 7.83 0.31 0.387
160 50 234 19.76 1.76 1.35 1.00 7.89 0.31 0.393
160 50 234 19.76 1.76 1.35 1.00 7.52 0.28 0.357
160 50 234 19.76 1.76 1.35 1.00 7.58 0.29 0.363
160 50 234 19.76 1.76 1.35 1.00 8.38 0.35 0.444
160 50 234 19.76 1.76 1.35 1.00 7.59 0.29 0.364
160 50 234 19.76 1.76 1.35 1.00 8.65 0.38 0.473

Authors 50 30 240 68.87 6.2 1.29 0.77 5.15 0.36 0.118
50 30 240 68.87 6.2 1.29 0.77 4.97 0.34 0.110
50 60 240 68.87 6.2 1.29 0.74 12.77 0.56 0.208
50 60 240 68.87 6.2 1.29 0.74 8.42 0.24 0.09
100 30 240 68.87 6.2 1.48 1.00 8.62 1.01 0.330
100 30 240 68.87 6.2 1.48 1.00 6.71 0.61 0.200
100 40 240 68.87 6.2 1.41 1.00 7.00 0.38 0.128
100 40 240 68.87 6.2 1.41 1.00 5.95 0.27 0.092
100 50 240 68.87 6.2 1.35 1.00 11.49 0.65 0.232
100 50 240 68.87 6.2 1.35 1.00 9.55 0.45 0.160
100 50 240 68.87 6.2 1.35 1.00 10.69 0.56 0.201
100 60 240 68.87 6.2 1.29 1.00 16.20 0.89 0.335
100 60 240 68.87 6.2 1.29 1.00 11.91 0.48 0.181
150 50 240 30.26 3.0 1.38 1.00 7.51 0.34 0.215
150 50 240 30.26 3.0 1.38 1.00 7.75 0.36 0.229
150 50 240 30.26 3.0 1.38 1.00 5.89 0.21 0.132
150 60 240 68.87 6.2 1.29 1.00 10.51 0.38 0.141
150 60 240 68.87 6.2 1.29 1.00 10.15 0.35 0.131
150 60 240 68.87 6.2 1.29 1.00 10.52 0.38 0.141
150 60 240 68.87 6.2 1.29 1.00 9.97 0.34 0.127
150 60 240 68.87 6.2 1.29 1.00 10.76 0.39 0.147
150 60 240 68.87 6.2 1.29 1.00 10.73 0.39 0.146
150 60 240 68.87 6.2 1.29 1.00 9.84 0.33 0.123
150 60 240 68.87 6.2 1.29 1.00 11.99 0.49 0.182
180 50 240 30.26 3.0 1.38 1.00 7.39 0.33 0.208
180 50 240 30.26 3.0 1.38 1.00 5.61 0.19 0.120
200 50 240 30.26 3.0 1.38 1.00 5.60 0.19 0.119
200 50 240 30.26 3.0 1.38 1.00 6.57 0.26 0.164

Note:

lb Bond length.
bf Reinforcement (bond) width.
Ef Reinforcement Young’s modulus.
fcm Compressive strength of the substrate.
fctm Tensile strength of the substrate.
kb Reinforcement width corrector factor.
b1 Bond length corrector factor
Fmax,exp Experimental maximum transferable load.
CF,exp Experimental fracture energy .
kG,exp Experimental fracture energy corrector factor.
Both experimental and analytical results highlighted that only 
few centimeters at the upper reinforcement end are involved in the 
load transfer mechanism. This is confirmed from the qualita-tive 
point of view by the DIC analyses in Fig. 11 for specimen S1-100-60.

6. Calibration of the bond strength model

In this section the experimental campaign carried out at the 
Politecnico di Milano (28 experimental tests) are combined to a 
set of selected data from the literature (81 experimental tests)
[12–14,26] in order to get an enlarged database of 109 tests results 
for push–pull shear tests. The criteria used to select the experimen-
tal results from the literature were:

1. Single clay brick substrate, that is, no mortar joints are
considered.

2. Debonding failure mode involving a thin layer of brick
substrate.
3. Reinforcement realized by using carbon textile and epoxy resin.

4. No specific surface preparation of the substrate. As showed in 

[9], surface preparation plays a very important role in the fail-

ure mode and recorded maximum transferable load.

Results are listed in Table 6.

Table 6 reports for each configuration the recorded experimen- 
tal failure load, the clay bricks mechanical properties and the 
geometry and mechanical properties of the reinforcement. The 
equivalent reinforcement thickness was for all cases equal to 
0.17 mm.

The mode II fracture energy, CF, and the fracture energy coeffi-
cients, kG, listed in Table 6 were evaluated according to Eqs. (28) 
and (26) as:

CF;exp ¼
F2

max;exp

2b2
1b2

f Ef tf

ð34Þ

kG;exp ¼
4CF;exp

kbdu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cmf ctm

p ð35Þ



Table 7
Calibration of kG parameter.

Distribution 5% 50%

Normal 0.109 0.285
Lognormal 0.130 0.263
where Fmax,exp is the recorded experimental failure load. The rein-
forcement width corrector factor, kb, was computed by using Eq.
(25) while the bond length corrector factor, b1, was evaluated by
using Eq. (27).

Authors’ results in Table 6 appear to be slightly conservative 
when compared to similar results from the literature. This is prob-
ably due to the adopted surfaces preparation. The decision to avoid 
any specific surface treatment and primer application probably led 
to lower debonding strength.

6.1. Statistical calibration of the bond strength model

In Table 6 the mode II fracture energy CF,exp was first computed 
from Eq. (34) and then the fracture parameter kG,exp was evaluated 
from Eq. (35). In  Fig. 12, the experimental cumulative distribution 
function of kG is compared to the normal and lognormal theoretical 
models.

The corresponding 50% and 5% percentile values were then 
evaluated and showed in Table 7.

It appears from Fig. 12 and Table 7 that the normal and lognor-
mal theoretical models produce similar results but the normal one 
seems to fit better the experimental outputs.
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Fig. 12. Statistical distribution of kG parameter. (a) probability density function (b)
cumulative distribution function.
6.2. Bond length and bond width effects

Fig. 13 shows the experimental results for the reinforcement 
width corrector factor, kb,exp, as function of the ratio between the 
reinforcement and substrate width, bf/bs. Results for kb,exp are eval-
uated from Eq. (26) as:

kb;exp ¼
4CF;exp

kGdu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cmf ctm

p ð36Þ

where kG is the 50% percentile of the experimental mode II fracture 
energy corrector factor (see Table 7).
Fig. 13 shows that the adopted model for the corrector factor kb fits 
well the experimental data. Fig. 14 shows the experimental
Fig. 13. Correction factor kb.

Fig. 14. Correction facto b1.



bond length corrector factor, b1,exp, as a function of the normalized 
bond length, lb/le. The bond length is normalized with reference to 
the effective bond length, le. Results for b1,exp are evaluated from 
Eq. (28) as:

b1;exp ¼
Fmax;exp

bf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ef tf CF

p ð37Þ

where the mode II fracture energy, CF, was evaluated by using Eq.
(26) and the experimentally calibrated (50% percentile) fracture 
energy corrector factor, kG (see Table 7).

Again, Fig. 14 shows that the adopted model for the corrector 
factor b1 fits well the experimental data. In particular, the model 
appears to be able to capture the reduction of the debonding 
strength with the bond length.

7. Conclusions

In the present paper the experimental results of 28 double lap
push–pull shear tests carried out on a single brick reinforced with
CFRP materials (carbon textiles and epoxy resin) were presented.
An analytical load transfer model was developed and the results
compared to the experimental data in term of reinforcement longi-
tudinal strains and interfacial shear stresses. The experimental
results by the authors were combined to 81 experimental data
selected from the literature in order to get an enlarged extensive
database consisting of 109 push–pull shear tests. An analytical
bond strength model was introduced and the relevant parameters
were statistically calibrated on the basis of the enlarged database.
In particular, a statistical analysis of the fracture energy parameter,
kG, was performed and the experimental data were fitted under the
assumption of both normal and lognormal distribution. Experi-
mental and analytical results show that:

1. A significant scatter of the experimental results was observed.
This is probably due to the sensitivity of the reinforcement sys-
tem to the detailing of the experimental setup. In particular the
debonding load is sensitive to the axial alignment with the
applied load and in some cases debonding tends to be of mixed
mode due to the presence of out of plane displacement. Also the
surface preparation plays an important role in the debonding
strength but in the present experimental work no specific sur-
face preparation or primer application was considered.

2. Statistical analysis shows that the normal distribution model
produces an accurate estimation of the debonding load and a
lognormal statistical model is not required.

3. The adopted bond strength model appears to fit well the exper-
imental data for a large set of reinforcement length and width.
With reference to the clay brick compressive strength, the
model are able to capture the trend for compressive strength
values ranging from, approximately, 10 MPa to 70 MPa.

Additional experimental activities are finally required in order
to investigate the effect of surface preparation (roughness) includ-
ing the influence of a primer application and the presence of mor-
tar layers on the debonding load.
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