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1. Introduction

A significant portion of the world culture heritage buildings is
constituted by unreinforced masonry structures. Masonry struc-
tures are particularly susceptible to damage from accidental loads
such as those generated by seismic events that worldwide con-
tinue to highlight the need to strengthen these structures. In the
last decades, strengthening techniques based on the use of com-
posite materials have been proposed and applied. Among these,
one of the most commonly used technique is represented by FRP
strips which can be externally glued on both concrete and masonry
structures.

FRP materials present several advantages that allow them to be
particularly suitable for civil constructions reparation and rehabil-
itation: high strength-to-weight ratio, corrosion resistance, dura-
bility and versatility. However, some concern exists on the bond
between the composite material and the substrate, namely the
long-term performance and the uncertainties on the failure modes.

In recent years, several experimental and numerical investiga-
tions have been conducted for concrete structure reinforced by
composite materials [1-6], but only in the last few years some
studies have been carried out with reference to masonry supports
[7-17] and in some cases FRP reinforcement was adopted for
seismic upgrading of existing structures [18].
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In this paper, the problem of the bond strength in a “pull-push”
test on six CFRP reinforced masonry specimens with different bond
length was examined. Single-lap shear tests initially controlled by
the loaded edge displacement and subsequently, at the onset of the
debonding process, by a clip gauge mounted at the free end of the
reinforcement, are presented. The complete equilibrium path was
followed up to complete debonding of the reinforcement from
the masonry support. According to what suggested by the Italian
recommendation [19], the existence of a minimum anchorage
length was established, past which the ultimate load cannot fur-
ther increase.

The experimental tests were simulated by means of a finite
element model, based on a cohesive approach to simulate the deb-
onding and on a Riks procedure to follow the snap back-branch of
the response.

According to the cohesive approach the non-linearities are con-
centrated at the interface, while FRP and substrate are character-
ized by an elastic behavior. In literature, many theoretical models
in terms of shear stress versus interface slip were developed for the
case of concrete supports, based on observed experimental behav-
ior of strengthened components. Among these, for instance, the
models proposed in [1,4,5] are based on an exponential law, while
the model proposed in the Italian recommendation [19] is based on
a simple bilinear law. In the case of masonry supports, only few
studies concerning the modeling of FRP/masonry interface can be
found in literature. For instance, in [8,16] an exponential law, in
[14] a trilinear law and in [9,10,13,16,19] a bilinear shear
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stress—slip laws are suggested, often based on models already pro-
posed for concrete supports.

Other micro-modeling approaches based on homogenization
techniques [20] or smeared crack models [21] are applied to infer
the non-linear material behavior of brick masonry in the presence
of quasi-brittle damage.

In the present analyzed cases, the cohesive law approach was
used and the interface material parameters identified by means
of a best fitting procedure, which allowed reaching a good agree-
ment between the experimental and numerical results, in terms
of ultimate load and pre and post-peak response of the CFRP-
masonry joint.

2. Experimental techniques
2.1. Specimens preparation and mechanical properties of the materials

Three prismatic masonry specimens were constituted by three
standard bricks, with size 250 x 120 x 55 mm, intersected by
two fiber-reinforced cement mortar joints with thickness equal
to 20 mm. In relation to the size of the test frame, it was necessary
to add in the bottom part of the specimen a brick, joined with a
layer of bicomponent epoxy adhesive, so as to increase the height
of the specimens to the final size of 250 x 120 x 265 mm.

The mechanical properties of brick and mortar, determined
according to [22,23], are reported in Table 1. The tests on mortar
specimens were conducted after 90 days of curing, just before
the test on masonry pillars.

The material properties of the 0.10 mm thick carbon fiber rein-
forced polymer (CFRP), externally glued to the substrate by an
in situ impregnation with an epoxy resin, were: tensile strength
equal to 4.8 GPa, Young modulus equal to 215 GPa with a maxi-
mum deformation of 2.2%.

The different reinforcement configurations considered are
shown in Fig. 1: strips 50 mm width and 50-100-150 mm bond
lengths were tested. The purpose was to determine the influence
of the reinforcement geometry on the response of the system, in
particular the influence of the bond length, and to support the
numerical modeling aimed at capturing the failure mechanisms
in a pull out test.

2.2. Experimental setup

The testing system consisted of a closed-loop electromechanical
Instron load frame with a maximum capacity of 100 kN (Fig. 2).
The main characteristics are as follows:

(i) electromechanical control with a minimum speed of 2 pm/
h
(ii) three control channels, one of which can be external (giving
the possibility to choose the feedback signal that allows sta-
ble test control);
(iii) closed-loop control with integral and derivative gain (in
order to remove the effect of the finite stiffness of the

machine).
Table 1
Brick and mortar properties.
Mortar Brick

Compressive strength f. (MPa) 45 14
Tensile strength f; (MPa) 6.0 14
Young modulus E (GPa) 15.0 24
Poisson’s ratio v 0.10 0.15
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Fig. 1. Configuration of the masonry specimens, values in [mm].

The specimen was fixed by means of a steel support designed to
reduce the elastic rotation, i.e. the deformation of the support and
of the specimen. The supporting steel plates were controlled by
bolts, which permitted reduction in geometrical eccentricities by
regulating the specimen arrangement, see Fig. 2. The alignment
was checked with an electronic digital caliper with accuracy
0.02 mm. The end of the FRP strip subjected to traction was
clamped within two steel plates compressed by bolts. To capture
the post-peak behavior of the system even with snap-back soften-
ing branch, the tests were performed in a servo-controlled load
frame, with a strain gauge transducer (clip gauge), positioned at
10 mm from the free end of the reinforcement, that measured
the relative slip between the FRP strip and the substrate, as monot-
onously increasing feedback signal, see [24]. In addition, two
LVDTs measured the relative displacement between the FRP strip
at the beginning of the bonded area (at a distance around
25 mm) and the substrate, see Fig. 3.



Fig. 2. Test pattern setup for the single shear lap test.

Fig. 3. Point sensors (LVDTs and clip gauge) monitoring relative displacements
between the reinforcement and the masonry.

The tests were started in stroke control at a rate of 0.05 pm/s
(0.03 um/s in the case of 150 mm bond length) until the displace-
ment measured by the clip gauge registered some displacements.
Then the control was switched to the clip gauge with a speed grad-
ually increasing during the debonding process. So, it was possible
to follow stable propagation of fracture.

3. Experimental results and comparison with the Italian
guidelines

Six specimens were tested, two for each bond length; and the
load versus clip gauge displacement curve was measured for one
test for each reinforcement length. The brittle response of the
joints is shown in Fig. 4. Except for both the tests related to
100 mm bond length, for which the control of the test was lost at
the peak load, the load-stroke displacement curves present
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Fig. 4. Load-stroke curves for different bond lengths.

post-peak snap-back branches, which was possible to follow thanks
to the adopted feedback signal. Fig. 5 shows the different load-clip
gauge displacement curves for the different bond lengths
considered. LVDTs measurements were not considered because
strongly affected by a non-uniform propagation of the debonding
process, which induced small finite rotations of these instruments.

In Table 2 the results of these experimental tests are summa-
rized and compared to the theoretical predictions based on the
design formula suggested in CNR DT200 [19].

According to this recommendation, the specific fracture energy
I'r and the interface shear strength 7, can be evaluated as:

{FF:kgkb\/fbcfbt (1)

T = 2FF/SU

where s, is the maximum interface slip assumed equal to 0.4 mm,
ky is an empirical coefficient (assumed equal to 0.093 mm or
0.031 mm to evaluate the mean I, or characteristic I'p value,
respectively) and k;, is a non-dimensional geometrical coefficient
defined as:
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being brand b the width of the FRP and of the masonry, respectively.
In (1), foc and f, denote the mean value of the compressive and
tensile strength of the masonry bricks, respectively. The masonry
average tensile strength f,. can be assumed equal to 10% of the aver-
age compressive strength [19].

According to [19], the minimum bond length [, is defined as
follows:

1 TEzEfthF
e 3)

Table 2
Comparison in terms of maximum force: experimental and theoretical results.

l.=

where 7y is the interface shear strength, and Efand t; are the Young
modulus and thickness of FRP strip, respectively. Considering I'gy,
or I'g, the mean bond length L, or the characteristic bond length
le;, are assessed, respectively.

According to Eq. (3), the minimum bond length depends on the
width of the reinforcement through parameter kj, used to compute
the fracture energy, see Eq. (1), entering the formula for the mini-
mum bond length.

The theoretical maximum force Fqy, transmitted by a joint
with bond length [, equal or greater than [, is given by:

Fmax,rh = bf\ / ZEfFth,

Considering I'gy, or 'y, the mean maximum force Fpaxemm Or the

characteristic maximum force Fy,qynx are computed, respectively.
Conversely, if the effective bond length I, is smaller than the

minimum bond length [, the force F4y ¢ has to be reduced to:

4)

l l
Fmax.[h,rid = Fmax.thl_b ( - l_b> . (5)

The experimental results confirm that the maximum force increases
with the bond length, but once the minimum bond length [, is
guaranteed (Test 2 and 3), the ultimate load cannot further increase
significantly and depends on the fracture energy I'r only. On the
contrary if the minimum bond length [, is not achieved (Test 1),
the maximum force also depends on the reinforcement bond length
and, in turns, on the interface shear strength, see Eq. (3).

In the debonding process on strengthened concrete specimens a
final competition of two damage mechanisms may occur, see e.g.
[25]: (i) debonding along the interface (mode-II), starting from
the loaded end and generally affecting few millimeters of the con-
crete surface, (ii) cracking (mixed-mode) starting at the free end
and propagating along an inclined path, with the formation of a
resistant bulb. Both debonding and inclined crack opening start
when the strain energy release rate, associated with its propaga-
tion, is larger than the corresponding fracture energy of the
cracked surface. In particular, it turns out that the formation of a
resistant bulb allows the system to reach a higher maximum force.
This phenomenon affects the load-stroke and load-clip curves
with an instantaneous load drop (first peak) corresponding to the
formation of the bulb, followed by a new load increase up to fail-
ure, see e.g. [25].

In the case of reinforced masonry specimens, the formation of
the bulb did not emerge clearly and the delamination seemed to
involve the cortical layer of bricks and mortar only (Fig. 6). The
mechanical behavior shown in the load-stroke and load-clip
curves generally presents a linear (o bilinear) branch up to the
maximum load. Only in the case of 150 mm bond length, the curve
depicts a first peak before reaching the maximum load. Note that
this first peak occurs approximately in correspondence of the max-
imum load achieved with a 100 mm bond length (around 11.4 kN).
Therefore, the formation of the first peak may depict the germinal
formation of a bulb, which is also reflected by an increment of the
joint performance with respect to the case of bond length equal to
100 mm (see Fig. 4 and Table 2).

Reinforcement Finaxexp (KN) lem (mm) le. (mm) Finax,m (KN) Finaxtn i (KN)
Test 1 50 mm x 50 mm 5.8 82 142 7.0 2.8
Test 2 50 mm x 100 mm 114 82 142 8.2 4.3
Test 3 50 mm x 150 mm 11.1% (13.6") 82 142 8.2 47

2 Value of the first peak.
b Value of the second peak.



Fig. 6. Failure mechanism for the different bond lengths analyzed.

4. Numerical modeling

The push-pull test was simulated adopting a plane stress finite
element model implemented in the code Abaqus. The lower edge is
constrained in vertical direction and 3/4 of the right edge (starting
from the bottom) is constrained in horizontal direction. A displace-
ment is applied to the loaded end of the FRP strip, within a Riks
procedure in order to be able to follow the post-failure snap-back
branch of the system response. The mesh was refined where higher
stress gradients, damage and cracking phenomena were expected.
For the models with 50 mm, 100 mm and 150 mm bond lengths,
the mesh consisted of 9640, 12,598 and 12,972 linear quadrilateral
elements for a total number of 20,382, 26,340, 27,110 DOFs,
respectively. Fig. 7 shows the geometry, the constrains and loading
conditions of the numerical model, with a zoom in the areas close
to the free end of the FRP strip and to the end of the masonry spec-
imen. In particular, zero-thickness interface elements were
inserted between masonry substrate and FRP, to take into account
the non-linear behavior of the interface, by means of user’s defined
routine (UEL) implemented in Abaqus and endowed with a proper
cohesive law described below. It was assumed that FRP strip, bricks
and mortar were linear, elastic materials, with the mechanical
properties reported in Section 2.1.

4.1. Cohesive model

Cohesive laws regard fracture as a gradual separation between
two surfaces resisted by cohesive tractions which the two surfaces
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Fig. 8. Exponential bond-slip law adopted in the analyses.

exchange and which are assumed to be function of the opening/
sliding displacements.

Several alternative cohesive laws were suggested to describe
the interface nonlinear behavior in terms of shear stress versus slip
[8]. Bilinear [9,10,13,16] or trilinear [14] cohesive laws are often
adopted. However, it is well known that the role played in the
numerical simulations by the shape of the cohesive law is marginal
compared to the role played by the peak of the curve, i.e. the inter-
face strength, and the area under it, i.e. the fracture energy. In the
present analyzed cases, the exponential cohesive law used in
[26,27] for steel specimens reinforced using CFRP plates was
selected, resuming the one originally proposed in [28].

Assuming w as a scalar measure of the displacement jump
vector across the interface, the non-holonomic behavior of the
interface model is governed by the maximum attained effective
interface jump Wy,q, Which represents the only internal variable
of the model:

w= /s + &
o w if w=wp,andw >0 (6)
™10 otherwise

where B is a parameter assigning different weights to the sliding, s,
and opening, 4, relative displacement components.

Under progressive debonding, the response of the cohesive
interface is characterized by a shear stress which increase up to
the maximum value 7;yand then it decrease asymptotically to zero
in the softening regime, see Fig. 8. Cohesive tractions are obtained
by derivatives of the free energy density function ¢ defined in,

r
S .o NN .

’
e

Brick
i
= T
DT
@iﬁ&:
i
ﬂﬁt
k

Drigk

A A A A A A A A A A

Fig. 7. Geometry, discretization, constraints and loading conditions of the numerical model.



Table 3

Comparison between the parameters 7; and I, as suggested by the recommendation [19] and as adopted for the best-fitting curve.

Trcngk (MPa) T pestfic (MPa) e Trm,cng (N/mm) Tkmpestfic (N/mm) Lomseszc
Test 1 3.14 245 0.78 0.63 0.36 0.57
Test 2 3.14 4.09 1.30 0.63 0.58 0.92
Test 3 3.14 4.09 1.30 0.63 0.58 0.92

e.g., |26], with respect to the relative displacements, while a linear
path back to the origin is assumed during unloading, therefore:

On = %‘; = ‘%fce(l_w_vi)é

if w=wpne and w >0 (7)
Ts = %_? — %e(lfwlc)/szs
0 = ZLe( %85
¢ if w<wpy and w< 0 (8)

T = :‘/_f;e(l—‘;’,’—g")ﬁzs
where e is the Neper constant, oy is the maximum cohesive normal
traction and w is a characteristic opening displacement.

The area enclosed by cohesive curves for mode-I and mode-II is
the same and represents the fracture energy I'r.

Whereas mode-I resistance oy and mode-II resistance 75 the
fracture energy can be defined as follows:

I =eopw,
p 9)

r=r'—r,
s It =etw;

where t7= oy and wy=w,/p.

Therefore, the adopted cohesive law is characterized by three
independent parameters: oy, 7y and I'r.

As reported in Section 3, in the case of single-lap shear tests,
here considered, the delamination process is mode-II dominant,
and therefore the adopted mode-dependent cohesive law plays a
marginal role.
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ment curves for different reinforcement lengths.

5. Comparison between numerical and experimental results

The results of the numerical model were analyzed and com-
pared to the experimental ones, in terms of applied force versus
displacement curve and propagation of debonding.

In all cases, the analyses pointed out that debonding starts from
the loaded edge of the reinforcement and propagated toward its
free end. Such behavior is coherent with the two competing failure
mechanisms process observed in the case of strengthened concrete
specimens, see [25].

The comparison between the experimental and numerical
results was evaluated on the basis of the load-clip gauge displace-
ment curves and the load-stroke displacement curves, the latter
being slightly affected by the deformability of the testing system.
The comparison was in terms of pre and post-peak response, in
view of fact that the implemented model was able to follow also
the snap-back branch of the curve.

The numerical results were obtained with a best fitting proce-
dure, changing parameters trand I starting from those suggested
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Table 4
Comparison between experimental and numerical maximum force.
Frmaxexp (KN) Fnax,num (KN) Err. (%)
Test 1 5.8 5.9 1.7
Test 2 114 11.7 2.6
Test 3 11.1% (13.6") 124 11.7 (-8.8)

2 Value of the first peak.
b Value of the second peak.

in [19]. Indeed, being the crack failure mode-II dominant, parame-
ter o was non-influent and the only two parameters considered in
the inverse analysis were 77 and I'f.

In particular two different interface properties sets were
expected and identified, see Table 3: one related to the case of 50
mm bond length, where the interface involves just one brick; and a
second one, for the cases of 100 and 150 mm bond length, where
the FRP reinforcement is attached to both brick and mortar joint.
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Fig. 9 visualizes the shear stress distribution in the support for
different load levels for the case of 100 mm bond length. It is
clearly shown that debonding starts from the loaded edge and
propagates toward the free one.

The numerical analyses demonstrated that:

e If I, < [, (Test 1), the anchorage length is not long enough to let
the cohesive process zone develop completely and therefore the
actual load carrying capacity is smaller than the maximum
attainable force. Finay th ria 1S NOt only function of the fracture
energy I rbut also of the interface strength 7, see Eqs. (3) and
(5). In this case the FEM model endowed with the interface
properties, as derived from the CNR guidelines, has a poor pre-
dictive capability (Figs. 10 and 11); and the identified values
present quite a large difference with respect to the CNR ones
(Table 3).

If I, > I, (Test 2 and Test 3), the maximum force is the same as the
one attained for I, = [.. In fact, as soon as the process zone is
completely developed, the force cannot increase anymore and
Finax,en 1 function of the fracture energy I'ronly, see Eq.(4). In
this case the FEM model endowed with the CNR based interface
properties has a good predictive capability (Figs. 10 and 11); and
the identified properties values compare well with the CNR ones
(Table 3).
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For all specimens tested, the numerical calibration of the
parameters I'r and 1y, reported in Table 3, allowed reaching a good
agreement between numerical and experimental results, in terms
of maximum force, see Table 4, and in terms of overall aspect of
the load displacement curves, see Figs. 10 and 11.



In the case of 100 and 150 mm bond length specimens (Test 2
and Test 3) and in relation to the average material properties, the
minimum bond length was guaranteed and the maximum force
was not affected by the interface strength 7. For this reason, this
parameter was identified primarily with respect to the experimen-
tal stiffness of the systems.

6. Numerical insight on the interface modeling role

Additional numerical cases are here considered in order to bet-
ter understand the role played by the interface modeling on the
overall response of the system. In relation to 100 mm and
150 mm bond lengths, the cases of cohesive law applied on bricks
only and on both bricks and mortar layers with different interface
properties were investigated.

Interface properties were determined according to Eq. (1), on
the basis of the bulk material properties reported in Table 1 (there-
fore, for brick 77=3.14MPa and I'r,=0.63 N/mm; for mortar
77=11.67 MPa and gy, = 2.33 N/mm).

From Figs. 12 and 13, which depict the response of the specimen
with respect to the above defined numerical cases, the following
remarks hold:

o If the cohesive law is applied on bricks only (blue dot line) the
curve reached a maximum load slightly smaller than the one
achieved with the cohesive law applied along the whole
interface (red dot line). The role, on the maximum load and
the minimum bond length, played by the interface elements,
applied on the mortar layers and endowed with brick based
interface properties (as suggested in [19]), is almost negligible.
If the cohesive law is applied on both bricks and mortar layers,
with different interface properties, calibrated trough Eq. (1) on
the basis of the bulk material parameters (green dashed dot
line), a larger maximum load is achieved, which can be easily
explained in view of the higher mortar material properties.

It was also observed, with reference to 150 mm reinforcement
length, that both the experimental and numerical response, the lat-
ter being achieved with two different interface parameters sets
(one for the brick-FRP and one for the mortar joint-FRP interface,
respectively), was characterized by two peaks. The first peak was
obtained when the crack front reached the second clay brick, see
Fig. 14 (point A). After the following load drop characterized by a
snap-back branch down to point B, a load recovery occurred when
the debonding process reached the second mortar layer (point C),
due to its enhanced strength and toughness properties. A best fit-
ting procedure was then applied to the mortar interface properties
only (resulted in the following calibration: 77=5.84 MPa and
I'rm = 0.58 N/mm) and the curve obtained (green continuous line,
see Figs. 12 and 13) well agreed with the experimental one.

7. Conclusions

Debonding phenomena between a carbon fiber reinforced poly-
mer strip and a masonry substrate were investigated by means of
single-lap shear specimens with different bond lengths. To monitor
the complete failure process, the tests were conducted with a clip
gauge located at the free end of the strip as feedback signal to the
servo-controller. It was not clearly detected in the experiments the
formation of a resistant bulb inside the bulk material at the end of
the reinforcement, as well as was emerged on concrete specimens
[25].

The numerical results show that, by means of the cohesive
approach implemented, it was possible to follow the overall
response of the specimens, even with snap-back softening branch

in the post failure range, which represents a remarkable result
rarely achieved in the literature. Indeed the numerical predictions
turn out to be very close to the experimental findings both in the
pre and post-peak parts of the load-displacement curve.

The experimental results showed some similarities with the
results on concrete specimens, but also some differences in relation
to the damage processes and the consequent failure mechanisms.
The numerical simulations and the experimental results showed
that the debonding process was dominated by mode-II cracking,
but at the end of the reinforcement a germinal mix-mode cracking
arose. This confirmed the presence of two potential different com-
peting failure processes even in the case of masonry specimens. The
difference with respect to concrete specimens, where the presence
of the bulb mechanism is more evident, may be explained in view of
the different microstructure of the two materials and the conse-
quent different progressive damage and cracking mechanisms
occurring. Indeed, while concrete fracture is characterized by dif-
fuse microcracking, the considered brick clay is characterized by
significant brittleness and spalling (exfoliation), occurring with
respect to preferential planes.

The adopted finite element model, based on a proper cohesive
law and on the Riks procedure to follow also snap-back behavior,
was validated on the basis the experimental results. It was con-
firmed numerically and experimentally the influence of the effec-
tive bond length on the ultimate load. In particular:

o If the effective bond length is lower than the minimum bond
length, the ultimate load increases with the bond length and
the ultimate load depends on both fracture energy I'rand inter-
face shear strength 1.

o If the effective bond length is equal or higher than the minimum
bond length, the ultimate load is no longer affected by the bond
length and it depends only on I'f.

Finally, additional numerical cases were considered in order to
better understand the role played by the interface modeling
approach on the overall response of the system. These analyses
were able to explain the system response emerged in relation to
the longest reinforcement length, which was characterized by
two load peaks, occurred, as explained by the numerical analyses,
in view of the specimen heterogeneity due to the higher mechan-
ical properties of the mortar layer.
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