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Fiber Reinforced Cementitious Matrix (FRCM) composites are a relatively new strengthening system family,
whose mechanical behavior is strongly aﬀected by the wide array of possible inorganic matrices and composites
fabrics that can be used and coupled together. Structural tests highlighted that global capacity of the system is
strongly aﬀected by fabric-matrix adhesion mechanism. In the present paper, the experimental results of tensile
and single-lap shear tests, aimed to deﬁne mechanical properties of four FRCM types, are discussed and compared. For each system type, the failure modes for both types of test have been physically identiﬁed and clariﬁed.
The following development of detailed ﬁnite element models, carefully reproducing the mechanical behavior of
the diﬀerent layers of the strengthening system, allowed for the proposal of a reliable shear stress-slip relation
for the ﬁber-matrix interface. The experimental outcomes showed the relevant dispersion of the results in terms
of performance, eﬀectiveness and failure mechanisms exhibited by the diﬀerent FRCM types while the numerical
interpretation allowed for a better understanding of the reasons and the parameters behind them.

1. Introduction

complex failure modes, inﬂuenced by mechanical properties, geometry
and type of grid and mortar [20–23]. Several experimental analyses
have been carried out to characterize the bond behavior of FRCM systems applied to both concrete and masonry substrates [24–28]. The
observed failure modes (see Fig. 1) collected from an overview of the
existing literature have been:

In the last decades, the growing need for repair and rehabilitation of
existing buildings boosted the research of innovative restoration and
strengthening techniques. In this framework, Fiber Reinforced
Cementitious Matrix (FRCM) represents an innovative and eﬀective
retroﬁtting system. It is characterized by some promising features such
as better compatibility with the substrate, vapor permeability, ﬁre resistance, reversibility, applicability on wet surfaces, reduced times and
costs of installation and durability [1], which often made it preferable
to other reinforcement techniques (e.g. FRP), also in view of sustainability of intervention.
Even though several studies are currently available concerning the
tensile behavior and bond performance of FRCMs [2–8], some fundamental mechanisms are still to be comprehensively clariﬁed. Among
these, one of the most relevant, but at the same time not completely
identiﬁed, concerns the description of force transfer between the various layers of the reinforcement, while the reinforcement-substrate interface is usually much stronger [9] and provides for a negligible contribution to the deformation of the whole strengthening system [10,11].
In fact, if in FRP composite materials the most common failure mode is
debonding from the substrate with detachment of a thin layer of material [12–19], FRCM systems typically show diﬀerent and much more
∗

• debonding inside the substrate with detachment of a thin layer of
substrate and of the entire FRCM strip (I);
• debonding at FRCM-substrate interface with detachment of the entire composite (II);
• debonding at the ﬁber-matrix interface with delamination of the
inner layer of mortar (III);
• purely ﬁber slippage within matrix layers (IV);
• ﬁber slippage within the matrix layers with cracking of the outer
layer of mortar (V);
• tensile failure of the ﬁber out of the bonded region (VI).
As an outcome emerging from a wide literature review [3,4,29], the
authors found that a common failure mode, described by several authors, is the type III: debonding at the ﬁber-matrix interface. It is typically characterized by delamination of the reinforcement from the
mortar of the inner layer also coupled to minor slippage and
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Fig. 1. Most typical failure modes observed for FRCM: (a) Debonding inside the substrate with detachment of a thin layer of substrate and entire FRCM strip; (b)
Debonding at FRCM-substrate interface with detachment of the entire composite; (c) Debonding at the ﬁber-matrix interface; (d) Purely ﬁber slippage within matrix
layers; (e) Fiber slippage within the matrix layers with cracking of the outer layer of mortar; (f) Tensile rupture of the ﬁber out of the bonded surface.

deformation of the longitudinal ﬁber bundles. Moreover, it was found
that the type of failure mechanism is strongly dependent from the type
of ﬁber grid adopted for the reinforcement preparation [21,22]. However, the addiction of other components, such as, for example, an adhesion promoter, together with the modiﬁcation of some mechanical
properties of the mortar used as a matrix [30] can considerably change
the maximum debonding load and the expected failure modes of the
samples when subjected to bond tests.
In this framework, the present paper mainly focuses on the role
played by ﬁber-matrix interface in deﬁning the tensile and bond behavior of diﬀerent types of FRCM systems. The problem has been investigated experimentally and then the experimental tests have been
numerically modelled in order to better identify the shape of reliable
interface laws and their role.
In more details, specimens constituted of bi-directional glass and
carbon grids and natural hydraulic lime (NHL) mortars were prepared
and tested under tensile tests or applied on masonry panels and tested
under single-lap shear tests. Four diﬀerent types of FRCM systems,
based on dry carbon ﬁbers, coated glass ﬁbers or on glass and carbon
ﬁbers applied with the addition of an adhesion promoter, were tested in
the experimental campaign. In order to analyze a wide scenario of
diﬀerent failure modes cracks propagation and adhesion mechanisms,
the four diﬀerent systems were selected because considered as limit
cases in the range of the current FRCM applications.
A further aspect investigated during experimental tests was the
deﬁnition of the mortar tensile strength by adopting two diﬀerent type
of tests: tensile and ﬂexural tests. The corresponding strengths were
compared and interesting results emerged in view of the setting up of a
characterization protocol to be adopted for the certiﬁcation of FRCM
systems.
In order to analyze the tensile and shear behavior of the diﬀerent
FRCM classes, detailed ﬁnite element (FE) models were created to
carefully reproduce the mechanical behavior of the various layers of the
strengthening systems, allowing for a better understanding of the various experimental scenarios. In particular, for each type of reinforcements the FE model included a detailed modelling of the two layers of
matrix, of the composite glass or carbon grid and of the matrix-ﬁber
interface. At a material level, to introduce inside the FEM a random
crack pattern (connected to tensile strength variability of the matrix
mortar); ﬁve diﬀerent matrix mortar classes were deﬁned following a
Poisson distribution for their tensile strength. Then, local τ-slip relations were indirectly evaluated and calibrated against global force-slip
curves coming from considered bond tests. The obtained relations were
also compared with analytical relations existing in literature. Finally,
after introducing the matrix properties and the interface laws inside the
FE models, their reliability was veriﬁed against the force-elongation
curves coming from the tensile tests.
The analysis carried out clariﬁed the importance of the diﬀerent
aspects of the interface laws and suggested the role of the ﬁber bundles
orthogonal to the applied force during the bond tests.
The presented results will also contribute to the collection of an
extended database of results for describing the mechanical behavior of
FRCM composites.

2. Materials characterization and test set-UPS
2.1. Experimental program, materials characterization and samples
preparation
The present experimental campaign focuses on the analysis of the
tensile and bond behavior of four diﬀerent types of FRCM composites
applied on masonry substrate. Carbon FRCM (CFRCM) and Glass FRCM
(GFRCM) strengthening systems, characterized by bi-directional grid
embedded inside natural hydraulic lime mortar, were tested. A total of
20 tensile tests and 20 bond tests (i.e. 5 repetitions for each of the four
groups) were carried out.
In order to investigate the bond behavior of the reinforcements,
masonry panels composed of ﬁve clay bricks (with dimensions
250 × 120 × 55 mm3) spaced by lime mortar joints about 10 mm thick
were prepared. The bricks adopted are ﬁred clay bricks produced by
compaction, with mechanical properties similar to those of existing clay
bricks constituting historical buildings [31]. They were characterized
by performing, on samples extracted by the bricks, compressive and
ﬂexural tests along directions perpendicular and parallel to the bed face
[32]. Mechanical properties of NHL mortar used for masonry panels
(NHLm) and for strengthening systems (NHLr) were deﬁned according
to UNI EN 1015–11:2007 [33]. Results obtained from materials characterization are summarized in Table 1.
Four diﬀerent types of balanced bi-directional ﬁber grids were
adopted in the study:

• the ﬁrst grid was based on dry carbon ﬁbers with a strand spacing of
•
•
•

9 mm and a density of 170 g/m2 (with an equivalent dry ﬁber
thickness of 0.047 mm), and was applied by using an adhesion
promoter (CP group of specimens);
the second one, based on uncoated glass ﬁbers with a nominal
spacing of 12 mm, a density of 300 g/m2 and an equivalent dry
thickness of 0.060 mm, again applied together with an adhesion
promoter (GP group of specimens);
the third grid, based on dry carbon ﬁbers with a density of 170 g/m2
and a spacing of 20 mm with equivalent dry ﬁber thickness
0.047 mm, was used for preparation of CD group of specimens;
the fourth strengthening system, based on coated glass ﬁbers with a
density of 300 g/m2, a nominal spacing of 18 mm and an equivalent
thickness of 0.055 mm, was used in GC group of samples.
CP and GP samples have NHLr,1 mortar, whereas for CD and GC

Table 1
Materials characterization of bricks and mortars adopted in the experimental
tests (average values).

412

Material

Compressive strength
fc [MPa]

Flexural strength
ft,ﬂex [MPa]

Splitting tensile
strength ft,split [MPa]

Brick (⊥ bed)
Brick (∕∕ bed)
NHLm mortar
NHLr,1 mortar
NHLr,2 mortar

18.59
23.05
6.01
9.83
16.07

4.66
4.86
2.76
3.84
5.82

2.59
3.14
–
–
–
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Fig. 2. Experimental set-up and view of results of tensile tests on unreinforced mortar coupons: (a) tensile tests; (b) single-lap shear tests; (c) view of defects on
mortar matrix detected at the end of tensile tests.

2.2. Tensile tests

specimens, NHLr,2 mortar was used. Tensile strength and elastic modulus of the various grids are respectively: 2200 MPa and 240 GPa (CP
samples), 1000 MPa and 65 GPa (GP samples), 1900 MPa and 240 GPa
(CD samples), 1055 MPa and 70 GPa (GC samples). An adhesion promoter, developed in order to improve the ﬁber-matrix adhesion capacity, was used for CP and GP groups of samples. The promoter is a twocomponent, water-based product, consisting of two resins supported on
an inorganic, microcrystalline, thixotropic matrix, characterized by a
ﬂexural strength of 5 MPa, an elastic modulus of 4.5 GPa and an ultimate deformation of 1.2%.
FRCM strengthening systems subjected to tensile test (Fig. 2a) and
bond test (Fig. 2b) were prepared, for each group, by using the same
materials, the same geometry and the same thickness, in order to
analyze and compare homogeneous results. The reinforcement width (w
in Fig. 2b) was chosen as an integer multiple of the grid spacing in order
to include at least 4 longitudinal bundles. The adopted reinforcement
width was 54 mm for CP samples (6 yarns included), 60 mm for GP
samples (5 yarns), 80 mm for CD specimens and 72 mm for GC specimens (i.e. 4 yarns included for these last two groups). Thickness of the
two mortar layers of the reinforcement systems was controlled by using,
during the casting, appropriate spacers 3 mm thick (for a total mortar
thickness t = 6 mm). Before the application of the reinforcement
system, the masonry substrate was prepared trough brushing, cleaning
and wetting of the surface.
The adhesion promoter, when present, was applied above the ﬁrst
mortar layer before placing the composite grid and then above the grid
before the application of the upper mortar layer.
A bond length (BL in Fig. 2b) of 260 mm was chosen for all the
specimens subject to single-lap shear test, after an unbonded length (UL
in Fig. 2b) of 30 mm, measured from the front side of the samples.
Specimens for tensile tests were prepared according to the same procedure and adopting the geometry (t and w) already described, but with
a total length of 500 mm.

Specimens were strengthened at their extremities by using composite tabs and, by means of the hydraulic clamping system, an appropriate pressure was chosen in order to prevent damage to the specimen
edges and to avoid slippage phenomena. Tests were performed by using
a MTS hydraulic testing machine under displacement control at a rate
of 0.1 mm/min during the un-cracked phase and of 0.2 mm/min during
the cracked phase. Longitudinal strain in the central portion of the
samples was measured by using a MTS extensometer, with a gage
length of 200 mm. A view of the experimental set-up is reported in
Fig. 2a.
2.3. Bond tests
The experimental single-lap set-up used for bond tests is shown in
Fig. 2b. Samples were placed in a rigid steel frame, ﬁxed on the lower
grips of a MTS hydraulic testing machine (the same used for tensile
tests), characterized by a maximum capacity of 100 kN. In order to
promote a correct transverse distribution of the applied force among
the diﬀerent bundles, the loaded extremity of the FRCM reinforcement
was impregnated with epoxy resin and then clamped by the wedges of
the testing machine.
Tests were performed under displacement control, by imposing a
rate of 0.15 mm/min. Two 20 mm displacement transducers (LVDTs)
were used to measure the relative displacement (i.e. the total slip) between the reinforcement and the substrate (see Fig. 2b).
2.4. Useful remarks on the tensile strength of the reinforcement mortar
In order to properly evaluate the tensile strength of the mortar used
as matrix within FRCM reinforcement (i.e. NHLr mortar), so to accurately deﬁne the parameters adopted in the numerical models, direct
tensile tests on two-layers mortar coupons prepared without reinforcement grid have been carried out, using the same set-up adopted
for tensile tests on FRCM specimens. Results have been compared with
413
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Table 2
Comparison between the tensile strength of the reinforcement mortar obtained by means of diﬀerent test types.
Material

Test protocol

Test type

Tensile strength ft [MPa]

CoV [%]

Ratio ft,ﬂex/ft,tensile

NHLr,1 mortar

UNI EN 1015–11:2007
Tensile test on FRCM (see Section 2.2)

Flexural test (ft,ﬂex)
Pure tensile test (ft,tensile)

4.20
2.01

15.3
11.6

2.09

those found by conventional test methods typically adopted for mortar
materials characterization (i.e. three-point bending tests on prisms). To
this purpose, by using NHLr,1 mortar, 10 coupons 6 × 60 × 500 mm3
and 10 standard prisms 40 × 40 × 160 mm3 were prepared and then
tested after a curing period of 28 days. Results obtained by the two
diﬀerent types of test are summarized in Table 2.
As expected, the ﬂexural strength ft,ﬂex obtained according to UNI
EN 1015-11 via three-point bending test is about two times higher than
the tensile strength ft,tensile obtained through direct tensile tests on the
coupons.
The obtained results can be explained by considering the diﬀerent
role played by the unavoidable defects (see the air bubbles in Fig. 2c)
located inside specimens of diﬀerent thickness (about 6 mm for mortar
coupons vs 40 mm for standard prisms) and with diﬀerent stress distributions (due to diﬀerent test methods). These preliminary results
could open a debate on the most suitable tests to be adopted for the
mechanical characterization of mortar matrix, also in view of a standardization of materials qualiﬁcation procedure and certiﬁcation process. The subject is not addressed here for reason of space and clarity of
purpose but will be object of future researches.
3. Experimental results
3.1. Tensile tests
The main results are reported in terms of failure modes and stressstrain diagrams for the four diﬀerent types of FRCM strengthening
systems. In particular, the stress is considered as the ratio between the
applied load and the area of longitudinal dry ﬁbers while strain was
measured by means of an extensometer located in the central part of the
sample, as shown in Fig. 2a. Table 3 shows the elastic moduli characterizing the diﬀerent branches of the diagrams. In addition, the
parameter εlim,conv, intended as the conventional limit strain corresponding to bond tests, has been reported. It was calculated as the ratio
between characteristic stress value emerging from bond tests and elastic
modulus of dry ﬁbers of the strengthening systems, according to the
recent CNR-DT 215 guidelines on the design of FRCM interventions
[34]. The observed failure modes were (I) tensile failure inside the gage
length of the extensometer or (II) ﬁber rupture outside the gage length
in proximity of the tabs (see Fig. 3).

Fig. 3. Failure modes identiﬁed during tensile tests: (a) Failure mode I (tensile
failure inside the gage length of the extensometer); (b) Failure mode II (ﬁber
rupture outside the gage length); (c) Example of matrix disaggregation.

formation of a critical crack. The transition between following branches
was smooth due to the presence of the adhesion promoter and with low
scattering of results, if compared with those obtained without the adhesion promoter (see Table 3). As a remark, third phase elastic modulus
(E3) is very similar to the elastic modulus of dry carbon ﬁbers, conﬁrming that, along the ﬁnal branch, only the reinforcement grid was
eﬀective.

3.1.1. CP reinforcement
CP samples (Fig. 4a) showed a typical trilinear behavior with continuous transition between the diﬀerent branches. During the tests, the
cracking pattern observed along the specimens was characterized by a
number of very small and distributed cracks ﬁnally leading to the
Table 3
Mechanical parameters describing the tensile behavior of FRCM samples.
Sample type

σ1 [MPa]

σ2 [MPa]

σu [MPa]

ε1 [%]

ε2 [%]

εu [%]

E1 [GPa]

E2 [GPa]

E3 [GPa]

εlim,conv [%]

Failure mode

CP

203
9.9
125
6.0
310
35.0
127
26.1

1359
5.5
–
–
–
–
199
13.3

2530
5.0
1165
3.2
1290
6.9
854
2.9

0.051
17.0
0.055
20.2
0.019
20.0
0.009
14.2

0.638
7.1
–
–
–
–
0.345
19.8

1.137
4.4
1.542
2.4
0.701
10.2
1.539
8.5

410
18.6
236
19.0
1687
34.9
1420
33.2

197
2.1
–
–
–
–
22
54.6

234
3.1
70
4.5
190
13.9
56
6.6

0.534

I - II

1.038

II

0.120

I - II

0.599

I - II

GP
CD
GC

Average
CoV [%]
Average
CoV [%]
Average
CoV [%]
Average
CoV [%]
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Fig. 4. Stress-strain graphs coming from tensile test on FRCM strengthening systems and comparison with numerical (FEM) model: (a) CP specimens; (b) GP samples;
(c) CD specimens; (d) GC samples.

a second cracked phase characterized by several evident small load
drops, associated to new cracks opening, and a third almost linear
branch where the stabilized cracks increased their width. Unlike GP
samples, cracks were less distributed and were much more visible on
the specimens, with some ﬁber slippage. As far as the tensile behavior
of the samples is concerned (see Table 3), ultimate stress, strain and
third branch elastic modulus (E3) seem similar among tests repetitions,
whereas E1 and E2 showed the largest variability.

Table 4
Main experimental results from bond tests.
Sample type

Failure mode
(recurring of
mechanism)

Average
maximum load
[kN]

Average
ultimate stress
(σf) [MPa]

CoV of
σf [%]

CP
GP
CD
GC

III(5)
III(1)-VI(3)-VIa(1)
IV(5)
IV(3)-IVb(2)

3.838
2.843
1.182
2.341

1438
790
314
591

5.5
7.3
3.9
14.5

a
b

3.2. Bond tests

Partial delamination before ﬁber tensile failure.
Fiber slippage with ﬁnal tensile failure of the reinforcement.

In this section, bond failure modes, bond capacity and load-slip (Fslip) curves will be analyzed and discussed for the diﬀerent types of
FRCM strengthening systems tested. Slip is deﬁned as the relative displacement between the beginning of the FRCM unbonded portion and
the adjacent substrate. Table 4 shows bond capacity together with the
identiﬁed failure mode (Fig. 5) for the specimens tested.

3.1.2. GP reinforcement
The tensile behavior of GP samples is shown in Fig. 4b. Stress-strain
graphs show, unlike the previous case, a typical bilinear behavior,
where the second and third branches became a single, almost linear,
branch until failure. As for CP specimens, the use of an adhesion promoter led to the formation of very small and distributed cracks, with the
corresponding smooth transition between the uncracked and the
cracked phase.
3.1.3. CD reinforcement
CD specimens showed a large scattering of results, with a signiﬁcant
stiﬀness reduction after ﬁrst cracking (Fig. 4c). The tension stiﬀening
eﬀect was not so apparent since the formation of few cracks rapidly
increasing their opening, due to a noticeable ﬁber slippage and often
matrix disaggregation, led abruptly to the third branch (see Fig. 3c).
The elastic modulus of the third branch reported in Table 3, generally
lower than that of carbon ﬁbers, conﬁrmed the presence of not negligible slippage phenomena.

3.2.1. CP reinforcement
All CP specimens showed failure mode III: full delamination inside
the lower mortar layer. This failure mode (Fig. 5a) is typical of carbon
grids with a good ﬁbers-matrix adhesion (due to the presence of an
adhesion promoter) and occurred with the detachment of the carbon
grid together with a thin mortar layer of the lower matrix, with the
upper layer remaining attached to the grid. As before, the adhesion
promoter led to a reduced statistical variation with a coeﬃcient of
variation (CoV) referred to the ultimate stress, which resulted lower
than 6% (see Table 4). The load-slip curves reported in Fig. 6a are
characterized by a ﬁrst almost linear branch followed by a typical wavy
sub-horizontal behavior, starting after the onset of the delamination
process.

3.1.4. GC reinforcement
The typical behavior of GC specimens is presented in Fig. 4d.
Samples showed a trilinear behavior diﬀerent from CP specimens, with

3.2.2. GP reinforcement
Two alternative failure modes were observed, characterized by
tensile failure of the unbonded ﬁbers (VI) (see Fig. 5b) or by partial
415
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Fig. 5. Failure modes identiﬁed during bond tests: (a) Failure mode III (debonding for delamination of the inner mortar layer); (b) Failure mode VI (tensile rupture of
the ﬁbers in the unbonded region); (c) Failure mode IV (purely ﬁber slippage within the matrix layers); (d) Failure mode IV** (ﬁber slippage with ﬁnal tensile
failure).

capacity was observed, even though the connections between orthogonal bundles were not so eﬃcient. In order to conﬁrm this aspect, after
the bond test an accurate survey of the state of the transverse bundles
was carried out by removing the outer matrix layer. Fig. 7a shows that
transverse bundles are embedded exactly in their original position still
wrapped by the two matrix layers and they do not follow the slippage of
the longitudinal yarns. In Fig. 7 the original connections positions are
the light gray spots on the longitudinal bundles indicated by the arrows.
Moreover, the broken longitudinal bundles shown in Fig. 7b present in
the failed portion a sawtoothed aspect maybe to be attributed to rubbing damage of ﬁbers on the granular texture of matrix. This caused a
premature failure of the bundle, even if for a low load value.
One of the bond tests was extended until the complete pullout of the
longitudinal bundles (see Fig. 8). During the process, one of the bundles
failed with a residual applied force about one-half of the peak-value.
Analysis of the broken part suggested that frictional rubbing could have
reduced the cross-section, thus explaining why, also for lower level of
slip some bundles prematurely failed during the bond test.

(VI*) or full (III) delamination of the reinforcement. As for CP samples,
the maximum bond capacity (or i.e. the ultimate stress) showed a reduced variability (CoV = 7%). Fig. 6b shows the typical bond behavior
of GP samples, where, after the ﬁrst almost linear branch, in most cases,
there was a sudden failure or a limited sub-horizontal curve, corresponding to the tensile failure of the textile.
3.2.3. CD reinforcement
CD specimens are characterized by the use of dry carbon ﬁbers
without coating, which led to failure mode IV (Fig. 5c) and to an apparent ﬁbers slippage inside the matrix. Repeatability of tests is good
(CoV < 4%) even though the bond capacity is quite low. The analysis of
load-slip curves in Fig. 6c shows a ﬁrst linear branch followed by a
softening branch, which is governed by ﬁber slippage. After large slips,
a residual bond capacity can be observed due to ﬁbers-mortar friction.
For this type of dry grids, the transverse bundles seem not eﬃcient and,
after the breaking of the weak connections between the orthogonal
bundles, they have a negligible inﬂuence on the slippage of the longitudinal dry carbon yarns.

4. Numerical interpretation and comparison with experimental
results

3.2.4. GC reinforcement
GC samples are the only ones, among those considered, presenting
ﬁbers with an external coating, which is quite common on the market
[21]. Typical failure mode revealed by this group of samples is again
the # IV (slippage of the textile within the matrix as for CD samples),
while in some cases, ﬁnal ﬁbers tensile failure also occurred (failure
mode IV** showed in Fig. 5d).
Fig. 6d shows load-slip curves of GC specimens, which are characterized almost from the beginning by a nonlinear behavior. Fibers
slippage probably started before the peak and took control of the test
during the softening branch. For large slips, an important friction bond

4.1. Description of FE models
In order to understand the local behavior of the strengthening
system components, a nonlinear ﬁnite element (FE) model was created,
starting from the geometry of the real specimens. Due to the particular
restraint and loading conditions prescribed during the experimental
tests, the hypothesis of plane stress condition across the longitudinal
section of the specimens was assumed for both the analysis of the
tensile and bond behavior of the FRCM systems. In particular, for
416
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Fig. 6. Results of experimental bond test performed on the four diﬀerent types of strengthening systems and comparison with numerical (FEM) model: (a) Type CP;
(b) Type GP; (c) Type CD; (d) Type GC.

Fig. 7. Details of the inspection performed at the end of bond test on the GC sample reaching the lowest peak load. The arrows indicate the original connections
positions (i.e. light gray spots on the longitudinal bundles).

tensile tests, the ﬁne mesh of the plane FE model shown in Fig. 9a was
adopted to describe the geometry of a longitudinal cross-section. A
detailed modelling, through isoparametric four nodes FEs, of the two
layers of reinforcement matrix and the embedded composite ﬁber layer

was performed. The three layers were connected by two non-linear
ﬁber-matrix interfaces in order to introduce the possible relative displacement between them. Similarly, the reﬁned mesh illustrated in
Fig. 9b was adopted to describe the geometry of a longitudinal cross417

Composites Part B 161 (2019) 411–426

A. Bellini et al.

Fig. 8. Sequence of the various steps with increasing ﬁbers slippage until the complete pullout of GC specimen during a bond test.

Fig. 9. Finite element models adopted for the study of FRCM system: (a) Tensile test with detail of the ﬁve layers modelling the reinforcement; (b) Bond test.

h = 2.8 mm, governing the fracture process, was calibrated by following indications provided by Rots [37]. Material degradation was
introduced in the mortar by considering a post peak exponential decay
in tension and an elastic-plastic stress-strain relation under compression.

section of the specimens subjected to single-lap shear tests. The modelling and the numerical analyses were performed with MidasFEA
software [35], considering static loading conditions.
The properties of the materials were introduced as obtained from
experimental tests (see Tables 1 and 2). A smeared total strain crack
model [36] was considered for the simulation of damage inside the
mortar both in tension and compression states. The equivalent length
418
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relation.
As far as the ﬁrst step is concerned, the most typical failure mechanism was reproduced for each class of FRCM, according to experimental results. With reference to Fig. 1, for CP and GP classes, a failure
mode III was assumed while for CD and GC, a failure mode IV was
considered. From an accurate post-test inspection on samples adopting
the adhesion promoter, very speciﬁc aspects emerged in terms of local
behavior. As ﬁrst, since the failure mechanism III developed inside a
layer of matrix, it must be a failure involving the shear strength of the
mortar. In more details, the delamination surface has been localized in
correspondence of the penetration depth of the adhesion promoter used
to impregnate the reinforcement grid. As second, the delamination
phenomena produced an apparent dented surface in correspondence of
the transverse mortar bed joints of the wall panel, as if the diﬀerent
type of substrate (clay or mortar) could inﬂuence the penetration depth
(see Fig. 11a). Because of the latter, a diﬀerent bond-slip relation was
attributed at the interface elements localized in correspondence of
masonry joints, so to diﬀerentiate the behavior from that of interface
elements localized in correspondence of bricks (Fig. 11b). In this way,
the experimental wavy behavior of the last branch of the curves provided by this type of strengthening systems during bond-tests has been
accurately reproduced.
As far as the second step is concerned, starting from available experimental results, a local bond-slip relation has been obtained for each
FRCM class. The application of the so-called direct method [38], based
upon measures of local bond stress and ﬁber strains, presents some
practical diﬃculties in the case of FRCM materials [39]. Therefore, in
the present paper, the calibration of the local τ-slip relation, for each
FRCM class, has been obtained starting from the experimental global
force-slip curve by means of an inverse analysis by adopting, for the
sake of simplicity, a multilinear ﬁve branches τ-slip relation. For each
class, by considering four diﬀerent topologies (i.e. four topologies obtained by considering diﬀerent random attribution of reinforcement
mortar properties) for the numerical model, an iterative procedure allowed to evaluate the values that minimize the distance between the
experimental ﬁndings and numerical predictions. It was performed, for
samples of the same class, with a least square method, and allowed to
evaluate the mean values summarized in Table 6 generating the τ-slip
relations showed in Fig. 12. The last sub-horizontal branch of the bond
law allows inserting also the friction force [40] contribution that same
classes of samples showed during the debonding phase. The obtained
relations are very similar to those proposed in literature [6], but the
adoption of multilinear laws without shape-imposed curve allows a
more accurate description of the experimental tests.

Fig. 10. Randomization of the cracks position: Percentage Poisson's distribution
of the FE associated to each one of the ﬁve classes of reinforcement matrix.

4.2. Randomization of the cracking phenomena
It is well known that the ﬁrst crack along elements made of unreinforced brittle materials (i.e. cementitious mortar), subject to uniform axial loading conditions, will localize in the cross-section having
the lowest tensile strength. Correspondingly, it is not possible to deﬁne
a priori a statistical distribution of the tensile strength along all the
possible cross-sections, and the only physical measure available after
each test will be the smallest strength value.
In the present study, in order to introduce in a random way the
cracks position (connected to unavoidable defects and tensile strength
variability of the reinforcement mortar), for the tensile strength, ﬁve
diﬀerent mortar classes have been deﬁned following a Poisson distribution. One of the ﬁve classes, and its mechanical properties, has
been randomly assigned at every FE of the matrix. Fig. 10 shows the
distribution of the percentage of FEs belonging to each of the ﬁve
classes vs the class number. A Poisson distribution of the number of FEs
having a given mortar tensile strength with a number of events n = 5
and a mean value of the events λ = 1.5 was adopted for all the numerical models used to reproduce the experimental results in the following. The fracture energy, the compressive and tensile strengths
adopted for the diﬀerent classes of mortar, obtained from experimental
outcomes are reported in Table 5, together with the elastic modulus E.
In particular, tensile fracture energy of mortar used for CP-GP cases has
been ampliﬁed by 5 times in order to take into account the contribution
of the adhesion promoter, according to experimental outcomes.
4.3. Calibration of τ-slip curve

4.4. Comparison with bond tests results
The adoption of a properly assessed τ-slip relation is maybe the
fundamental aspect for a correct numerical interpretation of the experimental outcomes emerging from FRCM tests. In fact, by changing
the shape of bond-slip relation, the failure mechanism can be strongly
modiﬁed. This stage of the work has been approached by considering
two main steps: (i) the establishment of the type of failure to reproduce
and (ii) the numerical calibration of the most suitable bond-slip

4.4.1. CP reinforcement
In Fig. 6a, the curves of the experimental campaign are overlapped
to the numerical predictions obtained adopting the mean parameters
indicated in Table 6 for the topology producing the best ﬁtting. As can
be observed, the initial stiﬀness is accurately captured, the value of the
force at the plateau is comparable on average with the measured force

Table 5
Mechanical properties of the ﬁve classes of reinforcement matrix adopted in the modelling in order to introduce a random cracks distribution (fc: compressive
strength; ft: tensile strength; Gf: fracture energy in tensile state).
Class
#

1
2
3
4
5

CP - GP

CD - GC

fc [MPa]

ft [MPa]

Gf [N/mm]

E [GPa]

fc [MPa]

ft [MPa]

Gf [N/mm]

E [GPa]

0.05
3.28
6.55
9.83
13.11

0.01
0.63
1.27
1.90
2.53

0.00
0.30
0.60
0.90
1.20

8
8
8
8
8

0.08
5.00
10.00
15.00
20.00

0.02
0.97
1.93
2.90
3.87

0.00
0.06
0.12
0.18
0.24

14
14
14
14
14
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Fig. 11. Physical vs. numerical interpretation of the behavior of diﬀerent FRCM systems: (a) Detail of the dig surface experimentally observed for the case of
delamination of the inner matrix in presence of the adhesion promoter; (b) Hypothesis of diﬀerent penetration depth of the adhesion promoter introduced to explain
the two diﬀerent τ-slip relations adopted in the FEM for the diﬀerent portions FRCM-mortar joint and FRCM-brick.

of the ﬁrst mortar bed-joint added to the whole bond capacity of the
following brick (i.e. brick between ﬁrst and second bed-joint) and to a
relevant bond force coming from the second bed-joint (Fig. 13c). Further increasing the slip, the debonding of the initial portion of the
specimen (ﬁrst bed-joint included) makes the force capacity decrease
(slip s3), until the second bed-joint approaches its maximum bond capacity (tangential stress distribution of Fig. 13d). The following peak of
Fig. 13a is attained when the full activation of the second mortar bedjoint is reached, together with the relevant involvement of following
bed-joints (Fig. 13e). In general, each peak of Fig. 13a is reached when
at least one mortar bed-joint deploys its maximum bond capacity while
the local minimum corresponds to the full debonding of the same
mortar bed-joint, with the following not yet fully active. This wavy
behavior proceeds until new mortar bed-joints are available along the

level and the numerical solution reproduces in a reliable way the wavy
behavior of the experimental results, with very similar slip intervals
between two consecutive force peaks. After the conﬁrmation that the
numerical model is able to describe properly the global behavior of the
strengthening systems, it has been used to investigate in detail what
happened in terms of local behavior at the mortar-ﬁber interface, in
order to clarify with more accuracy the debonding mechanism causing
the ﬁnal failure. For the CP type of reinforcement, the distribution of
shear stress (τ) at the interface during the bond test is reported in
Fig. 13 for ﬁve increasing slip levels, named s1-s5 and localized as
points in the force-slip global curve of Fig. 13a. At the beginning, for
low level of slip, the distribution of the shear stress decreases moving
away from the loaded-end (see Fig. 13b). The ﬁrst force peak of Fig. 13a
corresponds to a slip (s2) able to activate the maximum bond strength

Table 6
Bond-slip (τ-s) relations adopted in the numerical analyses for the study of the diﬀerent strengthening systems.
CP reinf-mortar

CP reinf-brick

GP reinf-mortar

GP reinf-brick

CD

GC

τ [MPa]

s [mm]

τ [MPa]

s [mm]

τ [MPa]

s [mm]

τ [MPa]

s [mm]

τ [MPa]

s [mm]

τ [MPa]

s [mm]

0.0
0.15
0.7
0.7
0.0
0.0

0.0
0.007
0.19
0.34
0.5
1.0

0.0
0.15
0.45
0.0
0.0
0.0

0.0
0.007
0.19
0.39
0.5
1.0

0.0
0.8
0.8
0.0
0.0
0.0

0.0
0.3
0.5
0.95
0.99
1.0

0.0
0.8
0.0
0.0
0.0
0.0

0.0
0.3
0.55
0.8
0.9
1.0

0.0
0.055
0.055
0.025
0.02
0.014

0.0
0.7
1
2.15
3.5
5.0

0.0
0.04
0.13
0.13
0.08
0.078

0.0
0.06
0.6
1.5
3.2
5.0
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Fig. 12. τ-slip relations obtained from ﬁtting procedure and then adopted in the numerical analyses of FRCM systems: (a) with adhesion promoter; (b) without
promoter.

strengthening systems and to a larger compliance. Consequently, the
maximum bond capacity of this system is considerably reduced if
compared to previous cases. In this case, the absence of a plateau in the
global force-slip curve makes the bond length leﬀ not well deﬁned. In
fact, in the global curve, at the peak point all the reinforcement length
represents an active transfer zone and, in general, is not possible to
deﬁne whether increasing the length of the specimens the peak load
value increase or not, but in general leﬀ should be 250 mm or even
more.

bonded length. The test stops with a brittle failure (s5) when an insuﬃcient bond length is left attached to the substrate; at that moment,
the bond capacity cannot be fully developed (Fig. 13f). It is important
also to notice that the described propagation mechanism is strongly
inﬂuenced by the cracking pattern developing inside the reinforcement
matrix during the loading process. The variability of this process is one
of the main sources of considerable dispersion observed among the
peak force values recorded during the experimental tests. In general,
the slip increments between two consecutive peaks are properly predicted by the numerical model leading to the four peaks usually observed during the tests (Fig. 6a). Following the criteria indicated in Ref.
[11] based on the stress transfer zone, the eﬀective bond length leﬀ can
be estimated for this class of specimens in the 80–100 mm range.

4.4.4. GC reinforcement
GC strengthening system, characterized by a coated glass grid
without an adhesion promoter, exhibited an experimental behavior similar to CD reinforcement. With reference to the latter, GC reinforcement reached an higher peak force (about double); then its force-slip
curve is characterized by a stiﬀer initial branch and an higher value of
residual friction force. Even in this case, the contribution of the transverse ﬁbers to the total strength of the system seems negligible. In
Fig. 6d the numerical curve has been overlapped to the experimental
ones, showing, also in this case, as the τ-s relation properly calibrated
for the case at hand, allows capturing the general features of the system.
The adoption of a coated reinforcement grid improves the performance
of the system with respect to the adoption of dry ﬁbers, but seems not
suﬃcient to achieve the performance of the systems with an adhesion
promoter.
Shapes and values of the τ-s relations here proposed produce a good
matching between numerical and experimental results, allowing also a
comparison of the bond performances of the diﬀerent types of reinforcements considered.

4.4.2. GP reinforcement
In this case, the situation is quite diﬀerent with respect to the carbon
grid of CP reinforcement class. In fact, as described in a previous section, the failure mode of the present strengthening system is mainly
connected to a progressive fraying of the grid ﬁbers (with few amount
of real slip) in four of the tested specimens and presents delamination
just in one case. Therefore, for this reinforcement class the strength
capacity of the ﬁbers is comparable to delamination capacity and so it is
not simple to assess, in general, which one of the two mechanisms will
govern the failure. In the curves of Fig. 6b, the real bond slip stopped at
about 0.5 mm while the rest of the measured slip is to be attributed to
ﬁbers damaging, where this type of damaging mechanism was not introduce in FE model. Therefore, the bond-slip relations were calibrated
based on the only sample failed due to delamination, with the force-slip
curve showing a wavy behavior before the complete detachment. Even
for this class of FRCM, the obtained global results are satisfying. For this
class of reinforcement the eﬀective bond length leﬀ is comparable to the
CP case.

4.5. Tensile tests
As far as the tensile tests are concerned, the numerical curves obtained by FE models with the topology showing the best ﬁtting of experimental data are reported in Fig. 4, for all the four considered cases.

4.4.3. CD reinforcement
As discussed before, CD and GC reinforcements exhibited a clear
slippage of the longitudinal ﬁbers within the two layers of the reinforcement matrix. In fact, the longitudinal carbon dry ﬁbers completely pulled out from the layers of mortar, leaving intact the transversal ﬁbers. Therefore, the initial stiﬀness of the τ-s curve would be
suﬃciently low (see Table 6) and its post peak behavior will show a
residual bond capacity, governed by friction contribution. The experimental behavior is properly matched by the numerical curve (Fig. 6c).
The poor adhesion between dry ﬁbers and mortar leads to a value of
τmax smaller than the value reported in Table 6 for GP and CP

4.5.1. CP reinforcement
The numerical curve follows the same phases identiﬁed during the
experimental tests: (i) an elastic branch concluded by the appearance of
the ﬁrst micro-cracks; (ii) increasing the elongation, the number of
cracks grows and stabilizes (between 16 and 20 detected during the
tests) and ﬁnally (iii) the cracks opening increases without the introduction of new ones, until the tensile failure of the ﬁbers. The curve
is very smooth, in agreement with experimental tests, and presents a
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Fig. 13. Distribution of shear stress (τ) obtained during the numerical analysis performed on CP reinforcement for the increasing slip levels labelled s1-s5 in (a) and
respectively depicted from (b) to (f).

a smeared crack model for computing the damaging of the specimens.

continuous transition between phases (i) and (ii). This eﬀect, mechanically related to the capacity of the adhesion promoter to penetrate
into the matrix and apparently, to increase the ductility of the material,
has been numerically obtained by increasing the tensile fracture energy
of the mortar. In fact, the system is able to keep transmitting the force,
with negligible slip discontinuity, also in correspondence of a crack.

4.5.3. CD reinforcement
As introduced in the previous section, for this class of reinforcement, the experimental curves result very scattered and sawtoothed
when cracks open. The load drops are produced by the noticeable slip
between the mortar and the reinforcement grid at the crack appearance.
The load is then recovered through the shear stress transfer mechanism,
starting from the crack edges. CD reinforcements present the ﬁrst crack
at a strain level of 0.02%, followed by further secondary cracks (about
3–6 main cracks observed during the tests) appearing at a later stage.
The fundamental role played by the ﬁrst crack is related to the small
fracture energy characterizing the shear constitutive behavior. In addition, in this case, as showed in Fig. 4c, the numerical model provides
for a good matching with experimental results. The prediction is not so

4.5.2. GP reinforcement
The comparison between experimental and numerical results is reported in Fig. 4b. A good matching can be observed. The qualitative
behavior of the curves related to CP and GP reinforcements is quite
similar since they share the introduction of the same adhesion promoter. During the cracking phase (during the tests 10 to 14 cracks were
identiﬁed), a smaller tension stiﬀening eﬀect can be observed. These
aspects are captured in a suitable way by the model, also by considering
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region, between the lower and the upper experimental boundary. In
general, the experimental-numerical comparison is very good. Furthermore, the outcomes dispersion is of the same order of magnitude of
the experimental one, thus conﬁrming also the suitability of the Poisson's distribution for the description of matrix properties variability.

accurate in the description of the second branch, due to the adoption of
a smeared crack damage model, which is not fully adequate to reproduce brittle phenomena with localized cracks.
4.5.4. GC reinforcement
The comparison between experimental and numerical results from
tensile test is reported in Fig. 4d. After the onset of cracking, the glass
ﬁbers reinforced specimens show the appearance of a larger number of
cracks (between 5 and 8 identiﬁed during the tests), characterizing a
more pronounced tension-stiﬀening eﬀect. The crack stabilization
phase starts after a deformation of about 0.4% and is mainly governed
by the reinforcement grid axial stiﬀness. The numerical stress-strain
curve properly matches the experimental features; moreover, the
smeared crack approach seems to be more suitable to describe brittle
phenomena with larger fracture energy (cracks better dispersed along
the specimen).
This is a further conﬁrmation that, in general, the simpliﬁed FE
model seems able to represent the general features of the tests, both for
glass and carbon specimens, producing numerical results in good
agreement with the experimental outcomes. It is important to highlight
that the adoption of interface elements, introducing the possible slip
between the various layers of reinforcement, is necessary in order to
capture in a realistic way the global behavior of the FRCM samples also
in tensile tests.
Furthermore, as already discussed for bond tests, in order to prove
the ability of the FE models to reproduce in a suitable way the behavior
of reinforcement systems and to verify the role played by the mortar
strength variability, the correspondence between experimental results
and numerical outcomes has been investigated also in terms of local
behavior. In particular, the number of cracks developed during the tests
have been compared. Fig. 14 shows the contour plot of the longitudinal
strain pattern at failure of the four diﬀerent types of reinforcement
system, according to the mortar properties distribution used to evaluate
curves in Fig. 4. Strain patterns of CP and GP type of reinforcement,
reported respectively in Fig. 14a and b, show a number of cracks (19 for
CP and 16 for GP type) comparable to the values observed during the
tests. With respect to CD and GC types of strengthening systems, the
number of cracks considerably reduces, ranging between 4 and 8, respectively for CD and GC systems. These quantities result in full
agreement with the experimental count. This suggest that the Poisson's
distribution adopted in the numerical simulation for tensile cracking
provides for suitable results for the study of the investigated problem.

5. Concluding remarks
The paper presents the results of tensile and single-lap bond tests
carried out on FRCM composites based on diﬀerent types of carbon and
glass grids, coupled with two diﬀerent types of natural hydraulic lime
matrices. Four diﬀerent strengthening systems were considered, trying
to cover as much as possible the current wide scenario of available
diﬀerent strengthening solutions. Two diﬀerent types of mortar coupled
with dry carbon, coated glass, impregnated glass and impregnated
carbon bi-directional grids were considered in the experimental tests. In
order to improve the adhesion between the ﬁbers and the matrix, an
adhesion promoter was used in some cases. The diﬀerent classes of
systems were selected in order to produce diﬀerent failure scenarios,
cracking propagations and adhesion mechanisms. The outcomes can be
considered as limit cases of the range of possible results expected by
current FRCM applications.
Crack patterns and failure modes of GFRCM and CFRCM strengthening systems subjected to tensile and bond tests were discussed and
analyzed, particularly on a global scale. The role of adhesion promoter
and ﬁbers coating were found to be particularly relevant in the deﬁnition of the general performance of the diﬀerent systems.
In order to investigate the local behavior of each single component
and of the corresponding interfaces, detailed 2D ﬁnite element models
were introduced. This allowed for the deﬁnition of local τ-slip curves at
the matrix-ﬁber interface and allowed a deeper understanding of the
various experimental scenarios.
The smeared total strain crack model introduced to describe the
matrix behavior was found to be appropriate for systems characterized
by a good adhesion between ﬁbers and matrix. Randomization of the
tensile strength of the matrix, according to a Poisson distribution, led to
satisfactorily results, conﬁrming also the suitability of this type of distribution.
The matrix mortar tensile strength obtained via three-point ﬂexure
tests and direct tensile tests was found to be quite diﬀerent, with a ratio
of about two. Values obtained through the latter seem in better
agreement with the experimental outcomes coming from FRCM tensile
tests. Further investigations are needed to clarify this aspect and to
standardize the test procedure (relevance of the 40 × 40 × 160 mm3
mortar specimens).
Bond capacity at the matrix-ﬁber interface has been proved to be
strongly aﬀected by the presence of the adhesion promoter, reducing
the scattering of results from tensile tests and producing a speciﬁc
geometry of the delaminated matrix surface. In particular, a dented
shape was observed in correspondence of the transversal mortar bedjoints of the masonry panel, suggesting that the type of surface on
which the strengthening system was applied inﬂuenced the penetration
depth of the adhesion promoter. Therefore, a diﬀerent bond-slip relation was attributed to the interface elements located in correspondence
of mortar bed-joints. As a result, an excellent correspondence between
experimental and numerical results was found.
For the considered cases, the role of the transverse bundles during
bond tests was found to be negligible, since they detached or slipped
with respect to the longitudinal bundles. Therefore, the considered 2D
FE models seems able to represent the general features of the tests. In
any case, the shape of the calibrated τ-slip relations (multilinear with 5
branches) implicitly also takes into account the possible role of transversal bundles. These interface relationships clariﬁed the role of the
ﬁbers coating and of the friction between the matrix and the ﬁbers,
allowing for an accurate representation of the failure mechanisms experimentally observed.

4.6. Evaluation of the eﬀects of random attribution of mortar properties on
global curves
In order to prove the reliability and stability of the numerical model
when varying its topology (i.e. the properties of the reinforcement
mortar), the main results in terms of global curves are here reported, for
the sake of brevity, for two cases. CP class of specimens was considered
for bond test, while GP class was considered for tensile test. By following the described Poisson's distribution of the matrix properties,
four diﬀerent random topologies of matrix were produced. The other
material properties, assumed as deterministic, are those obtained by
preliminary characterization tests (Tables 1 and 2) and reported in
Table 6 for τ-slip relations. Through numerical analysis, they provided
for the curves reported in Fig. 15, where the corresponding envelope of
experimental results (grey area) is also reported. The four numerical
curves in Fig. 15a show a wavy behavior oscillating inside the range of
the experimental results with similar features and values but with a
lower dispersion of results. This could be because a number of parameters were considered as deterministic in the model while they can
vary in real tests. Also in the case of tensile tests (see Fig. 15b), the
numerical results exhibit an excellent agreement with experimental
tests, again with a lower dispersion of the curves. It seems important to
notice that the numerical solutions are always included inside the grey
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Fig. 14. Numerical longitudinal strain contour for tensile tests at failure: (a) CP; (b) GP; (c) CD; (d) GC reinforcement.

It is important to notice that the adoption of interface elements
introducing the possible slip between ﬁbers and matrix is necessary in
order to properly capture the global behavior of the FRCM sample
subject to tensile tests.
The experimental results presented and the numerical analysis developed clearly remark the fundamental importance of the compatibility between the two materials (ﬁbers and matrix), which have to
work together as a system. In this framework, and for the materials
considered, less importance could be given to the mechanical properties
of the single constituent or of the substrate. At the same time, the

The comparison between numerical and experimental results from
tensile tests showed the capability of FE models to reproduce in a suitable way both the global and the local behavior of the FRCM specimens, for all the diﬀerent types of strengthening systems considered. In
particular, the eﬀect of the variation of mechanical properties of the
mortar (diﬀerent topologies) was investigated, clarifying its importance
in the deﬁnition of the experimental scattering. Only the adhesion
promoter was able to modify the behavior of the system, introducing a
gradual transition between the uncracked and the cracked phase of the
mortar and considerably reducing the slip among ﬁbers and matrix.
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Fig. 15. Results obtained by considering four diﬀerent FE mesh topologies of
the properties of the reinforcement mortar: (a) CP reinforcement in bond tests;
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mechanical interlock contribution, possibly provided by ﬁbers bundles
orthogonal to the direction of the applied force, seems to be not relevant since those bundles, in most of the cases, slide with respect to the
longitudinal bundles.
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