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ABSTRACT

Fiber Reinforced Polymers have become a popular material for external strengthening
of masonry structures. The performance of this strengthening technique is strongly
dependent on the bond between FRP and substrate. This paper presents numerical
modeling of the bond behavior in FRP-strengthened masonry components using
interface elements, based on a recent testing program at the University of Minho. A
trilinear bond-slip model is proposed for the interface elements based on observed
experimental behavior of strengthened components. The comparison between numerical
and experimental results shows that the proposed model is suitable for numerical
simulation of the bond behavior and allows a better understanding of the mechanisms
involved in the failure process.
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1. INTRODUCTION

Composite materials, such as Fiber Reinforced Polymers (FRP) and Fiber Reinforced
Grouts (e.g. SRG), have been used extensively for external strengthening of masonry
structures in recent years. The effectiveness of this strengthening technique is
intrinsically dependent on the bond performance between the composite material and
the masonry substrate. As the bond is a key mechanism in transferring the stresses from
structural elements to the composite material, its failure results in deterioration of the
strengthening system or premature debonding. Although the bond behavior in FRP-
strengthened concrete has been extensively studied experimentally and analytically [1-
11], a detailed understanding of aspects such as failure initiation, nonlinear bond
mechanisms, and constituent property effects on local phenomena is still under
development in the case of masonry substrates [12-21].

Significant progress has been achieved in the last years in the development of
refined computational approaches to investigate the debonding mechanism and damage
in FRP-strengthened concrete [5—11] and masonry [18-21] elements or analysis of full-
scale strengthened structures [22-25]. Numerical models usually follow two main
approaches. In the first approach, the bond behavior is modeled using a zero thickness
interface element between FRP and substrate [6-9, 18, 19]. Within this approach the
nonlinearities are usually concentrated at the FRP—substrate interface, while FRP and
substrate are characterized by an elastic behavior. This approach is attractive, in
principle, since it can potentially capture the critical aspects related to interfacial
mechanics and bond failure initiation and propagation by using suitable interface (bond-
slip) laws. Bond-slip laws are generally provided by relevant standards (e.g. [26]) or can

be obtained experimentally on the basis of simple shear bond tests. However, this



approach is unable to provide information on 3D effects of the debonding mechanism.
The critical aspects that still need to be elucidated include the accurate prediction of
strain distribution (local level) and force-slip evolution (global level), especially when
the structural response becomes nonlinear. The second approach consists of the cracking
and failure of all constituents according to a meso-scale model [10, 11, 20, 21]. An
advantage of this approach is that the complex stress conditions and interaction of
cracks observed in real structural systems can be simulated. But as a disadvantage, this
approach requires many parameters related to the constituent properties (pertaining to
substrate, adhesive, and FRP), which affects its application in engineering usage and
poses questions about the availability and selection of relevant data.

This paper deals with the numerical analysis of experimental single-lap shear
tests of composite materials glued on brick samples carried out at the University of
Minho [27]. The main object is to simulate the nonlinear bond behavior of brick
specimens strengthened with Carbon (CFRP), Glass (GFRP), and Basalt Fiber
Reinforced Polymer (BFRP) as well as Steel Reinforced Polymer (SRP) composites
with respect to local strain distribution and global force-slip curves. BFRP and SRP are
presented as innovative materials for strengthening masonry structures.

A 2D plain stress finite element model is used for studying the delamination
problem in this study. The bond behavior has been modeled using interface elements
with a trilinear interfacial constitutive model which is proposed based on the presented
experimental tests. The obtained numerical results are then presented and discussed
critically. The validity of the approach is assessed through a comparison with
experimental data. It is shown that the FE simulations are in satisfactory agreement with
the experimental results, in terms of force-displacement curves, strain distribution along

the bonded length, and failure mode. The proposed bond-slip model is also compared



with the bond-slip model proposed by the Italian design code CNR DT200 [26] as an

example of available relevant standards.

2. BRIEF DISCUSSION OF EXPERIMENTAL PROGRAM

2.1. Tests description
Single-lap shear bond tests have been performed at the University of Minho on masonry
bricks strengthened with different epoxy based composite materials, namely carbon,
glass, basalt, and steel [27]. The FRP/SRP strips of 50 mm width were applied on
masonry bricks following the wet layup procedure. The bonded length of the strips was
equal to 160 mm with a 40 mm unbounded part at the loaded end, as illustrated in Fig.
1. Six specimens were tested for each type of composite material.

The tests were performed using a closed-loop servo-controlled testing machine
under displacement controlled conditions. The displacements were imposed following a
constant speed of Sum/min at the end of the FRP strip. The resulting load was measured
by means of a load cell, while the strain distribution was obtained from four strain
gauges attached to the composite material surface, see Fig. 1. In particular, three strain
gauges were glued on the bonded area and one was glued on the unbounded area.

The masonry units used as the substrate were clay bricks with dimensions of 250
x 120 x 55 mm°’, a mean compressive strength of 19.75 MPa (CoV=2.5%), a tensile
strength of 2 MPa (CoV=4%), and modulus of elasticity of 5579 MPa (CoV=5.2%).
The compressive strength values of the bricks were kindly provided by the University of
Padova in the framework of RILEM TC 223-MSC [27]. The experimentally obtained
mechanical characteristics of the composite materials are shown in Table 1 in terms of
and

modulus of elasticity, E,, tensile strength, f,, ultimate deformation, &

max °

f 9
composite thickness, ¢ P

2.2. Experimental results



The local bond stress-slip (1—s) curves have been obtained from the experimental strain
profiles measured along the FRP reinforcement at different load levels based on the
approach given in [15], see Fig. 2. In fact the bond stress distribution within the bonded
length can be evaluated by imposing the equilibrium condition of an FRP strip with a
length dx bonded to masonry, assuming an elastic behavior of the reinforcement, as:

gl
700 =1,E, — (1)

where de ; /dx is the gradient of FRP strain along the sheet length captured by the strain
gauges, E is the FRP elastic modulus, and 7, is the FRP thickness. Moreover, the slip

at distance x from the free end of the specimen can be calculated assuming a zero slip in

the free end as:

s(x)= Igfdx 2)

As the strain values along the element are captured in a discrete form, the bond

stress and slip values can be approximated numerically as:
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The local bond-slip behavior (z-s curve) along the bonded length in the tested
specimens, which is used in this study as the basis for the adopted bond-slip model, can
be obtained analytically using Eqs. (3) and (4). Furthermore, the total relative
displacement of the composite strip can be obtained using Eq. (4) and assuming that the
strain at the loaded end is given by strain gauge 4 placed in the unbounded zone. This

evaluation is based on the assumption that strain is constant along the unbounded zone.



The analytical 7—s curves may show some irregularity as they are obtained based on
discrete and limited strain readings. While numerical integration has a smoothing effect,
numerical differentiation tends to magnify these irregularities [15].

The strain profiles shown in Fig. 2 are for different load levels of 20%, 40%,
60%, 80%, and 100% of the ultimate load. As can be seen, for low load levels the strain
profiles follow an exponential curve, indicating that the load transfer occurs along a
short length close to the loaded end. With an increase in the load level, longer load
transfer lengths are mobilized, which is in agreement with the behavior observed by
other authors [12—-17].

The local bond-slip curves of the specimens have been obtained by means of
Egs. (3) and (4) using the strain distributions obtained from the experimental tests (Fig.
2). As an example the envelope of the local bond-slip behavior near the loaded end
(strain gauge 3 in Fig. 1) is shown in Fig. 3 for each composite material. From visual
observation it can be noted that a similar overall behavior is found for different
composite materials with small differences in bond strength and slip. The bond-slip
curves in all the specimens follow a trilinear trend with a plastic branch in the middle.
Based on this observation, a trilinear bond-slip law has been adopted for numerical
analyses, which is described in the next sections.

The global force-relative displacement behavior of the specimens has been
obtained using the force-slip values at the loaded end of the specimens in each step. The
resulting curves are shown in Fig. 4 for all the specimens. A relatively ductile behavior
is observed in the force-relative displacement curves for all FRP types.

In order to obtain better insight into the experimental results, a comparison is
made between different FRP composites by illustrating the envelopes of force-relative

displacement curves in Fig. 5. It can be seen that the specimens strengthened with CFRP



and SRP have similar global behavior, while some similarity also exists between BFRP
and GFRP strengthened specimens. In general, BFRP and GFRP specimens have lower
strength and higher ductility than CFRP and SRP. This result seems to be a direct
consequence of the mechanical and geometrical properties of the composite materials,
see Table 1, and will be further discussed with the assistance of numerical modeling.

In all specimens, delamination of the FRP strip with a thin and uniform layer of

brick (approximately 1 mm) was observed.

3. NUMERICAL MODELING OF SHEAR BOND TESTS

Since the tensile strength of brick is lower than that of the epoxy resin, debonding in
FRP-masonry elements under pull-out or peeling stresses must occur in the brick or
FRP-brick interface. The thickness of the debonded material in the tests was very small
in comparison to the unit thickness. Therefore, it seems reasonable to assume that the
damage can be modelled as interfacial debonding by using interface elements between
FRP and masonry. This approach allows a significant reduction of the analysis time and
use of a simpler mesh, while producing suitable results in the presence of an appropriate
bond-slip law.

It is assumed that the FRP sheet and masonry unit are linear elastic materials and
the nonlinearity of the strengthened component is concentrated in the interface region.
The accuracy of the results in this modeling approach depends on the adopted bond-slip
law for the interface elements, which should be a function of the adhesive type, bonded
area, and FRP and substrate mechanical properties. However, it can also be obtained

directly from the results of shear bond tests as described in Section 2.2.



3.1. Finite element model

The numerical analysis has been performed with a plane stress finite element model in
the FE code DIANA [28], see Fig. 6. The adopted mesh includes eight-node plane stress
elements (labelled as CQ16M in DIANA) for representing the masonry unit, two-node
truss elements (labelled as L2TRU in DIANA) for the FRP strip, and six-node zero-
thickness interface elements (labelled as CL12I in DIANA) for the FRP-brick interface.
The constraints and loading conditions are applied to the model as shown in Fig. 6. An
incremental monotonic displacement load is applied to the free end of the FRP strip for
simulating the test conditions. A modified Newton-Raphson iterative scheme together

with the line search method is used for solving the nonlinear equations.

3.2. Material models

3.2.1. Brick and FRP constitutive model
Isotropic elastic material models are used for brick and FRP sheets. The validity of this
assumption is discussed comprehensively in Section 3.4. The mechanical properties
selected for brick and FRP sheets are those obtained from the tests, see Section 2.1.
3.2.2 Interface constitutive model
Although the interfacial behavior has been the subject of many studies and different
bond-slip laws have been proposed for FRP-concrete elements [4-7], this information
for FRP-masonry received far less attention. Bond-slip models used for FRP-concrete
components can be categorized as linear [4], bilinear [5], and nonlinear types [6, 7], as
shown in Fig. 7. As the available results on FRP-masonry bonds are scarce, bond-slip
models similar to the ones proposed for FRP-strengthened concrete elements have been
used [18, 19].

In this study, a bond-slip model has been proposed based on the observed local

bond response of specimens, see Fig. 8. The adopted bond-slip model is defined by four



parameters being bond strength, 7 the slip value corresponding to the elastic limit,

max >
s,, the slip at the end of the plastic branch, s;, and the ultimate slip, s,. These
parameters have been obtained for each composite material by performing a parametric
study to obtain the best global (force-relative displacement behavior) and local (strain
distribution along the bonded length) responses in comparison to the experimental

results. The values adopted for these parameters are shown in Table 2.

3.3.Analysis results

The numerical results are compared with the experimental ones in Fig. 9 to Fig. 11 in
order to assess the reliability of the proposed model.

Figure 9 shows the comparison between the global force—relative displacement
curves obtained from numerical analysis and the envelope of the experimental results.
The numerical results fit the experimental results with reasonable accuracy. It can be
seen that the bond strength, bond stiffness, and ductility have been simulated
reasonably.

Accurate prediction of strain distribution along the bonded length is crucial in
predicting the evolution of debonding and computing the effective transfer length,
which are key issues in design procedures. It was observed in this study that the adopted
bond-slip model plays an important role in predicting the strain distribution along the
bonded length of the FRP sheets and its proper selection is crucial in delamination
problems. Figures10 and 11 show that the numerical strain distribution along the
bonded length is in good agreement with the corresponding experimental values
captured by the strain gauges. The comparison is made for the load levels of 40% and
80% of the maximum load, corresponding to moderate and high levels of nonlinear

behavior, respectively. To the knowledge of the authors, in the previous studies this



comparison was usually made at low load levels such as 20% of the ultimate load in
[19].

A comparison of the experimental local bond-slip behavior with the adopted
bond-slip model is shown in Fig. 12. It can be observed that the proposed bond-slip
model fits the experimental bond behavior quite well.

The results show that the BFRP- and GFRP-strengthened specimens have shear
fracture energies comparable to CFRP-strengthened specimens, which can be attributed
to the same failure mechanism, see Table 2. BFRP- and GFRP-strengthened specimens
exhibit high ductility, while SRP- and CFRP-strengthened specimens show lower
ductility, see Fig. 9.This similarity also exists in the case of effective transfer length.
The effective transfer length in BFRP- and GFRP- strengthened specimens is around 80

mm and it is 120 mm in SRP- and CFRP-strengthened specimens, see Figs 10, and 11.

3.4. Verification of the model assumptions

As described before, the main assumption made in this modeling approach is that the
brick and FRP composite materials are elastic and all the nonlinearities are concentrated
in the interface region. This assumption is verified in this section by investigating the
stress fields in the FRP and masonry brick.

The normal stresses along the FRP composites are captured in the ultimate stage
of the nonlinear analysis and their variation along the FRP strip is shown in Fig. 13. The
maximum stress values are considerably lower than the tensile strength of FRP
composites given in Table 1, which confirms the elastic behavior of FRP strips in the
analysis. This figure also shows that the maximum stress developed in the FRP sheets is
almost the same for all FRP types, which can be attributed to the same failure mode

observed in all specimens.
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The maximum principal stress distributions in the bricks are also controlled in
the ultimate stage of the nonlinear analysis, see Fig. 14. As expected, with the exception
of very localized peak values, the tensile stresses in the bricks are lower than their
corresponding strengths.

The analysis of the obtained results seems to confirm that FRP composites and

bricks are in their elastic regime.

4. DISCUSSION ON GUIDELINES PROVISIONS

The proposed trilinear bond-slip model is compared with the bond-slip model proposed
in the Italian CNRDT200 provisions [26] in this section. CNR DT200 proposes a
bilinear bond-slip model as illustrated in Fig. 15. This model is provided for FRP-
strengthened concrete elements and is usually used for masonry elements as well. This

bond-slip model can be obtained by identifying three parameters, namely the

characteristic fracture energy, Gf , the elastic stiffness, k,, and the ultimate slip, s, .

A simplified relation is proposed in CNR DT200 [26] for calculating the
characteristic fracture energy of the FRP-masonry elements, defined as the area under

the bond-slip curve:

Gf =\ S S vtim (5)

where ¢, 1s an empirical coefficient which should be obtained experimentally or can be
assumed to be equal to 0.015. f,, is the characteristic compressive strength of masonry,

and f,,, 1is the average masonry tensile strength. The characteristic compressive

strength can be evaluated according to the Eurocode 6 [29], see Eq. 6, and the masonry
average tensile strength can be assumed to be equal to 10% of the characteristic

compressive strength according to CNR DT200 [26]. Another approach for obtaining
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the characteristic values is multiplying the mean values by 1/0.7, which is followed in

this study for obtaining the characteristic compressive strength of masonry bricks.

fuw = K5 F32 (6)

where K is assumed to be equal to 0.55, and f, and f,, are the compressive strengths

of brick and mortar, respectively.

The slope of the elastic part of the bond-slip law can be calculated as:

h=—"—"—

where forca range of 0.5 to 0.7 is suggested (0.5 was selected for this study), 7, and ¢,,
are the adhesive and masonry nominal thickness, and G,andG,, are the adhesive and

masonry shear moduli, respectively. For the value of ultimate slip, s, in Fig. 15, CNR

DT200 suggests a range of between 0.2and 0.3 mm.

These parameters are calculated following the CNRDT200 approach and are
presented in Table 3.Moreover, the corresponding bond-slip curves are compared with
those proposed in this study in Fig. 16.

Assuming the value of 0.015 for the parameter ¢, resulted in a low fracture

energy, 0.098 N/mm, compared to the experimental fracture energy. For this reason, this
parameter has been obtained experimentally by rewriting Eq. (5) as follows, see Table
4:

G
d (8)

V kafth

¢ =

Comparison of the CNR DT200 bond-slip model with the proposed bond-slip

model and experimental bond behavior, see Fig. 16, shows that the bond-slip model

12



proposed by CNR DT200 differs slightly from the observed experimental bond behavior
in GFRP-, BFRP-, and SRP-strengthened specimens. This difference is more clearly
observed in peak strength values, which are always higher than experimental and
numerical results. The maximum slip differs slightly from the experimental envelope,
see Table 5, but it does not greatly affect the global behavior since the same fracture
energy has been obtained. The stiffness of the bond-slip model falls inside the
experimental envelope when the parameter c is set equal to 0.5 as the best choice.

An issue worth noting is that the bond-slip model proposed in CNR DT200 is
similar for different FRP types. For instance, the predicted bond-slip models for CFRP-,
GFRP-, and BFRP-strengthened bricks are almost the same, while different behavior
has been observed in the presented experimental and numerical results in terms of local
bond behavior and global force-relative displacement curves. The results show that the
bond-slip behavior is a function of mechanical properties of both the composite material
and substrate, taking into consideration the governing failure mode, which should be
considered in design procedures. However, it is still necessary to perform
comprehensive experimental and numerical studies to propose such a general bond-slip

model for FRP-strengthened masonry elements.

S. CONCLUSIONS

In this paper a review of the main results of an experimental campaign on the shear
bond behavior of composite materials (GFRP, CFRP, BFRP, and SRP) applied to clay
bricks is presented. A modeling strategy based on the use of interface elements has been
used to investigate the experimental bond behavior of the reinforced specimens.
Numerical simulation of the local (bond stress-slip) and global (force-relative
displacement) behavior represents the key aspect of the paper, together with proposing

the use of a trilinear bond-slip relationship derived from the experimental tests.
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The experimental tests contain standard bricks strengthened with CFRP (carbon
fiber reinforced polymers), GFRP (glass fiber), BFRP (basalt fiber), and SRP (steel)
composite material. Newer materials (BFRP and SRP composites) had a suitable bond
behavior while having some advantages compared to the others.

The proposed bond-slip model has been validated by comparing the
experimental and numerical results. A good agreement has been found between the
analysis and experimental results in terms of global and local behavior. This
agreementis also found in highly nonlinear ranges of behavior (80% of the peak
load),confirming the accuracy of the adopted method and appropriate selection of the
bond-slip model.

A comparison is performed between the proposed bond-slip model and the one
proposed by the Italian design code CNR DT200, and some relevant aspects for design
procedures are presented. It is shown that the code proposes the same bond-slip model
for strengthened masonry with different FRP types. However, results presented in this
study showed that the bond behavior varies from one FRP type to another, depending on

the mechanical properties and governing failure mode.
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Fig. 12. Comparison of the adopted bond-slip model and experimental bond behavior:
(a) CFRP-, (b) GFRP-, (c) BFRP-, (d) SRP-strengthened specimens.

Fig. 13. Normal stresses along the FRP composites.

Fig. 14.Stress contours in the bricks for the maximum principal stresses: (a) CFRP-, (b)
GFRP-, (c) BFRP-, (d) SRP-strengthened specimens.

Fig. 15. Bilinear bond-slip law proposed by CNR DT200 [26].

Fig. 16. Bond-slip models proposed by CNR DT200 [26]: (a) CFRP-, (b) GFRP-, (c)

BFRP-, (d) SRP-strengthened specimens.
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Table 1. Characteristics of the composite materials.

Material (MEI};a) (l\/ﬁ’a) f(’%)””)‘ (nﬁn )
CFRP 202070 2525 1.16 0.17
GFRP 77160 1350 1.86 0.12
BFRP 86090 1499 1.74 0.14

SRP 192910 2876 1.66 0.23
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Table 2. Parameters used in the numerical simulations for the proposed bond-slip

model.
Specimen Fmax 50 o1 Su G
(MPa) (mm) (mm) (mm) (N/mm)
CFRP 1.80 0.04 0.09 0.35 0.36
GFRP 1.20 0.03 0.10 0.45 0.31
BFRP 1.70 0.02 0.12 0.33 0.36
SRP 1.80 0.02 0.10 0.20 0.25
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Table 3. Parameters of the bond-slip model proposed by CNR DT200 [26].

. max G
Specimen ci c K, (l\T/IPa) (N/ n{ m)
CFRP 0.055 103.89 2.38 0.36
GFRP 0.048 2.20 0.31

0.50
BFRP 0.052 2.38 0.34
SRP 0.038 1.65 0.25

22




Table 4. Experimental values of parameter c;.

Material (1\]:[‘“1;‘&) (I{/‘i‘g‘a) N /?I{m) ¢
CFRP 28.57 1.5 0.36 0.055
GFRP 28.57 1.5 0.31 0.048
BFRP 28.57 1.5 0.34 0.052

SRP 28.57 1.5 0.25 0.038
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Table 5. Comparison of the values for ultimate slip.

Su

(mm)
Specimen
Experimental | Proposed | CNR DT200
envelope model [26]
CFRP 0.22-0.36 0.35
GFRP 0.37-0.48 0.45
0.2-0.3

BFRP 0.31-0.43 0.33
SRP 0.17-0.24 0.20
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Fig. 1. Geometry of the FRP-masonry brick specimens.
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Fig. 10. Comparison of numerical and experimental strain distributions: (a) CFRP-, (b)
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Fig. 12. Comparison of the adopted bond-slip model and experimental bond behavior:

(a) CFRP-, (b) GFRP-, (c) BFRP-, (d) SRP-strengthened specimens.
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Fig. 15. Bilinear bond-slip law proposed by CNR DT200 [26].
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Fig. 16. Bond-slip models proposed by CNR DT200 [26]: (a) CFRP-, (b) GFRP-, (c)
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