
fbuil-06-00051 April 26, 2020 Time: 13:50 # 1

ORIGINAL RESEARCH
published: 28 April 2020

doi: 10.3389/fbuil.2020.00051

Edited by:
Eleni N. Chatzi,

ETH Zürich, Switzerland

Reviewed by:
Paolo Zampieri,

University of Padova, Italy
Antonio Maria D’Altri,

University of Bologna, Italy
Antonio Formisano,

University of Naples Federico II, Italy

*Correspondence:
Ernesto Grande

e.grande@unimarconi.it

Specialty section:
This article was submitted to

Computational Methods in Structural
Engineering,

a section of the journal
Frontiers in Built Environment

Received: 13 December 2019
Accepted: 31 March 2020

Published: 28 April 2020

Citation:
Grande E, Milani G, Bertolesi E,

Fagone M and Rotunno T (2020)
Modeling of the Tensile Behavior

FRCM Systems for Repair
and Strengthening Interventions

of Masonry Structures.
Front. Built Environ. 6:51.

doi: 10.3389/fbuil.2020.00051

Modeling of the Tensile Behavior
FRCM Systems for Repair and
Strengthening Interventions of
Masonry Structures
Ernesto Grande1* , Gabriele Milani2, Elisa Bertolesi3, Mario Fagone4 and
Tommaso Rotunno5

1 Department of Sustainability Engineering, University Guglielmo Marconi, Rome, Italy, 2 Department of Architecture, Built
Environment and Construction Engineering, Politecnico di Milano, Milan, Italy, 3 Institute of Science and Technology of
Concrete, Universitat Politècnica de Valencia, Valencia, Spain, 4 Dipartimento di Ingegneria Civile e Ambientale, Università
degli Studi di Firenze, Florence, Italy, 5 Dipartimento di Architettura, Università degli Studi di Firenze, Florence, Italy

Fiber Reinforced Cementitious Matrix (FRCM) systems are an innovative solution for
strengthening interventions of existing masonry and concrete constructions. The current
literature provides interesting experimental and numerical studies which underline the
potentialities of FRCMs and their specific features. Direct tensile tests are generally
used for characterizing the behavior of FRCM strengthening systems. These tests
particularly underline the occurrence of both matrix cracking and debonding of the
reinforcement from the matrix, phenomena which particularly influence the performance
of FRCM systems. The present paper aims at numerically analyzing the response of
FRCM strengthening systems during tensile tests carried out throughout different setup
configurations. To this end, a simple model carried out from literature and opportunely
modified is presented in the paper and validated with reference to experimental case
studies. Moreover, the obtained results are critically examined to emphasize the role
of the proposed model for the interpretation of the results carried out from standard
tensile tests.

Keywords: FRCM, tensile test, cracking, de-bonding, modeling

INTRODUCTION

The current literature contains a relevant number of studies concerning the use of composite
material for strengthening interventions of constructions. The majority are based on the use of
Fiber Reinforced Polymers, FRP (Bertolesi et al., 2017a; Fabbrocino et al., 2019) and, only in recent
years natural materials for the reinforcement (Formisano et al., 2017a,b) or inorganic materials for
the matrix have been introduced.

Indeed, strengthening systems based on the use of fabric reinforced cementitious matrix
(FRCM) have been recently introduced for the repair and rehabilitation of structures. This system
is composed of inorganic matrices (in lieu of epoxy matrices), incorporating a reinforcement with
a grid configuration.

The current literature contains studies specifically concerning this type of strengthening
system. They concern both experimental issues (Arboleda, 2014; de Felice et al., 2014;
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Carozzi F. G. et al., 2014; D’Antino et al., 2015a,b; Donnini et al.,
2015; Grande et al., 2015; Caggegi et al., 2017; Carozzi et al., 2017;
DeSantis et al., 2017; Leone et al., 2017; Lignola et al., 2017) and
theoretical and numerical models (D’Ambrisi et al., 2012, 2013;
Bertolesi et al., 2014, 2017b; Carozzi and Poggi, 2015; Grande
et al., 2015, 2017; Ombres et al., 2016; Grande and Milani, 2018;
Malena et al., 2019).

The majority of experimental tests concerns both shear-lap
tests, mainly finalized to examine the local bond behavior of
FRCMs applied to masonry and concrete supports and, tensile
tests, recently introduced for experimentally characterizing
FRCM strengthening systems (ACI434, 2016).

Regarding shear-lap bond tests, they underline the
occurrence of the following phenomena (Valluzzi et al.,
2012): cohesive failure of the substrate; de-bonding at
the reinforcement/substrate interface; de-bonding at the
textile/matrix interface; sliding of the textile within the
reinforcement thickness; tensile failure of the textile in
the un-bonded portion and tensile failure of the textile
within the mortar.

On the other hand, important properties influenced by
the damage of the matrix (cracking) and the damage of
the reinforcement-matrix interface (debonding) are derived by
performing direct tensile tests. Although different setup devices
(particularly in terms of gripping mechanisms) are available
in literature for carrying out tensile tests on FRCM specimens
(Contamine et al., 2011), the most common ones are the clamping
gripping and clevis gripping configurations. The clamping
configuration is characterized by clamping with a significant
lateral pressure steel or aluminum plates to the specimen ends
and connecting the plates to the machine (Figure 1). Differently,
according to the Annex A of AC434, the clevis-grip setup is
carried out by bonding steel or aluminum plates to the specimen
ends by high-strength epoxy glue (Figure 2).

In this paper the response of FRCM specimens subjected to
tensile tests carried out by both clamping and clevis gripping
setups is numerically analyzed. In particular, a simple model is
used for simulating the experimental response and to capture
both the phenomena related to the tensile response of the
matrix and the ones depending on the bond between the
reinforcement and the matrix. The main feature of the proposed
model is its simplicity consisting of using spring-elements for
reproducing the behavior of the components of the specimen
(matrix and reinforcement) and their interaction at the level
of the reinforcement-matrix interface. The constitutive laws
introduced in the model for simulating the behavior of each
component are indeed directly derived from standard tests
on bare materials (in particular tensile tests involving matrix
and reinforcement specimens) and shear lap tests devoted to
investigated the interaction between the reinforcement and the
matrix. This allows to analyze the role of each component on
the tensile global response of the specimen by considering the
occurrence of the different failure phenomena experimentally
observed. Then, the proposed model results a simple but valid
support tool for the design of FRCM strengthening systems.

After the presentation of the model by underlying its main
features concerning the two accounted setup configurations,

the results of the numerical analyses are discussed in detail.
The comparison with the experimental results is then reported
for validating the proposed modeling approach and to better
understand the role of the setup configuration.

SPRING-MODEL APPROACH

The proposed modeling approach for the simulation of the
tensile behavior of FRCM specimens is based on the work
carried out by Grande et al. (2019) by introducing some
important modifications for considering the different setup
configurations here accounted. The model consists of a simple
1D-schematization of the reinforcement-interface-matrix system
obtained throughout the assemblage of translational non-linear
springs (Figure 3). Each element E composing the mesh of
the specimen is characterized by six nodes, and then, by six
translational degrees of freedom along the direction of the
reinforcement:

UE
=

[
uI uJ uK uL uM uN

]T
(1)

The stiffness coefficients of the springs connecting among them
the nodes of the matrix and the nodes of the reinforcement,
km,i(1Um,i), km,e(1Um,e), kf (1Uf ), are dependent on the
axial deformation of these components of the specimen:
1Um,i = uL-uI ; 1Um,e = uN-uK ; 1Uf = uM-uJ . On the contrary,
the stiffness coefficients of the two zero-length non-linear springs,
kint,i(1Uint,i) and kint,e(1Uint,e), depend on the values of the
relative displacements between the strengthening and the matrix:
1Uint,i = uJ-uI ; 1Uint,e = uJ-uK .

The constitutive laws of the springs composing the model
are carried out on the basis of the experimental behavior of the
bare materials (mainly tensile tests on matrix and reinforcement
specimens) and, also considering the experimental outcomes
emerging from shear-lap tests. Indeed, according to the model
proposed in Grande et al. (2019), different non-linear constitutive
laws are introduced for simulating the behavior of the springs
with the main goal to account for the cracking of the matrix and
the debonding of the reinforcement within the matrix (Figure 4).

The whole model has been implemented in The Mathworks
Inc. Matlab Version (2018) by considering an iterative procedure
based on the classic Newton-Raphson algorithm.

Clamping Gripping Case
Regarding the clamping setup configuration, according to the
model proposed by Grande et al. (2019), the effect of the
steel plates of the setup has been introduced by imposing the
same displacement at the end joints of both matrix-springs and
reinforcement-matrix interface spring. Indeed, thanks to the
pressure imposed by the plates, the zones of the specimen covered
by these plates are not affected by either the cracking of the matrix
(the pressure imposed by the plates opposes to axial deformations
of matrix) nor the slipping of the reinforcement from the matrix
(Figure 1). These effects also emerge from the experimental
evidences: after the cracking of the matrix zone not covered by
the steel plates, the response of the specimen is governed by the
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FIGURE 1 | Clamping setup configuration: (A) setup scheme; (B) scheme accounted for the modeling phase (reproduced from Grande and Milani, 2020).

FIGURE 2 | Clevis setup configuration: (A) setup scheme; (B) scheme accounted for the modeling phase.

FIGURE 3 | Spring-model for the study of the tensile behavior of FRCM specimens (Grande and Milani, 2020).

axial response of the reinforcement fixed at the zones covered by
the steel plates (Arboleda et al., 2016; Malena et al., 2019).

Clevis Gripping Configuration
In the case of the clevis gripping configuration it is very important
to account for the contribution of the two end regions of the
specimen covered by steel plates, since in these regions the two
layers of matrix behave as confined by the steel plates of the setup.
Indeed, as underlined in Arboleda et al. (2016), the slipping of

the reinforcement inside these zones of the specimen leads to
phenomena similar to the ones developing in case of a pullout
test. On the contrary, in the remaining zone of the specimen not
covered by steel plates, the slipping of the reinforcement occurs
together with the cracking of the matrix, similarly to the case of
the clamping configuration.

Taking into account these considerations, in the present paper
the model proposed in Grande and Milani (2020) referring to
the clamping configuration, has been opportunely modified to
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FIGURE 4 | Constitutive laws introduced for the springs: (A) matrix-spring; (B) reinforcement-spring; (C) reinforcement-matrix spring.

consider the effects developing at the ends of the specimen in case
of the clevis configuration.

Indeed, as shown in Figure 2, at the end of the model it has
been provided an additional element characterized by:

– Matrix springs with a linear behavior.
– Interface springs characterized by a greater value of the

bond strength respect to the interface springs composing
the remaining zone of the specimen.

The first assumption is finalized to avoid the damage of the end
zone of the matrix for simulating the presence of the steel plates.
The second assumption is aimed at considering in a simplified
way the bond overstrength due to the confining effect of the setup
steel plates covering the matrix.

ANALYSES AND OBTAINED RESULTS

Numerical analyses are performed with reference to the tensile
tests carried out in DeSantis et al. (2018), where specimens
made of a reinforcement composed of Ultra High Tensile Stress
Steel (UHTSS) cords embedded into two layers of mineral-NHL
mortar were tested by using two different setup configurations:
clamping configuration and clevis configuration.

TABLE 1 | Parameters characterizing the accounted specimens.

Component Parameter Symbol and unit Value

Reinforcement Young’s modulus Ep [MPa] 182000

Equivalent
thickness

tp [mm] 0.084

Tensile strength ff [MPa] 3157

Matrix Young’s modulus Ec [MPa] 25000

Tensile strength ft [MPa] 3.75

Reinforcement/matrix
interface

Bond strength τb [MPa] 2.9

Slip at the bond
strength

s0 [mm] 0.005

Slip at the end of
the descending
branch

su [mm] 1.1

Regarding the tests carried out by using the clamping
configuration, they involved prismatic specimens characterized
by: length L = 600 mm; width of matrix bc = 40 mm; thickness of
matrix tc = 10 mm; textile with a nominal width bp = 31.75 mm
(corresponding to a cross-section area of 2.67 mm2). Two steel
plates clamped to the matrix for a length equal to 78 mm were
provided for carrying out the tests.

On the other hand, the tests performed by using the clevis
gripping configuration concerned coupons characterized by:
length L = 500 mm; width of matrix bc = 50 mm; thickness of the
matrix tc = 13 mm. In this case eight cords composed the textile
embedded in matrix. The steel plates of the setup bonded to the
matrix surfaces were characterized by a length of 250 mm.

In a recent work carried out by Malena et al. (2019), it has
been proposed a finite element simulation of the specimens tested
in DeSantis et al. (2018), by modeling both the regions of the
specimens, i.e., the one not covered by steel plates and the one
covered by steel plates, and also modeling the steel plates bonded
to the exterior surface of the matrix.

In this paper, the model proposed for both the setup
configurations only considers the zone of the specimen not
covered by the setup steel plates. In particular, as explained in
the previous paragraphs, while in the case of the clamping setup
the zones covered by the steel plates are accounted in terms of
boundary conditions (the same displacement is imposed to the
last sections of both matrix and reinforcement), in the case of the
clevis configuration these zones are accounted by opportunely
modifying the constitutive laws of additional finite elements
added at the ends of the specimen. In particular, taking into
account the parameters reported in Malena et al. (2019) (see
Table 1), the bond strength of the additional end elements of the
clevis scheme has been deduced in order to obtain a similar value
of the experimental peak force: this has leads to a bond strength
value of these elements equal to twenty times the bond strength
of the elements in the zone not covered by steel plates.

The results obtained from the numerical analyses are reported
in Figure 5 for the clamping case and in Figure 6 for the clevis
case in terms of stress-strain curves. In the same figures is also
reported the envelop of the experimental curves. From both the
figures it emerges a good approximation of the experimental
global response, particularly in the case of the clamping case
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FIGURE 5 | Comparison between numerical and experimental stress-strain curves: clamping case.

FIGURE 6 | Comparison between numerical and experimental stress-strain curves: clevis case.

FIGURE 7 | Comparison between numerical and experimental stress-strain curves: clevis case modeled without the additional end elements.
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FIGURE 8 | Damage status of the components of the model (one half specimen): undamaged (green); damaged (red), ∗model with the additional end elements,
∗∗model without additional end elements.

where the second branch of the numerical curve is into the
envelope region. In the case of the clevis configuration an
overestimation of the global response is observed although the
numerical curve well reproduces the stages of the global response.
Indeed, in this case the introduction of the additional end
elements characterized by a greater bond strength is essential
for capturing the occurrence of the post-peak phase of the
reinforcement-matrix interface in the zone of the specimen not
covered by the setup steel plates. Indeed, in case of these elements
are not introduced in the model, the obtained numerical curve is
not able to reproduce the phase influenced by the debonding of
the reinforcement from the matrix as shown in Figure 7.

This feature can be observed by also examining the damage
status of the components of the model at different load steps,
reported in Figure 8 for one half of the specimen and where
green color indicates the pre-peak stage and red color indicates
the post-peak stage. From this figure it emerges that in the case
of the clamping scheme only the damage of the matrix due to the
attainment of the tensile strength occurs; differently, in the case
of the clevis scheme equipped with the additional end elements,
after the damage of the matrix (step A), also the damage of the
interface at the loaded end occurs (step B). In the case of the clevis
model without the additional end elements, it is evident that the
model is not able to reproduce the phase where the damage of the
interface occurs.

On the basis of the obtained results it is then evident the ability
of the simple proposed approach to simulate the tensile behavior
of FRCM specimens by opportunely set both the constitutive
laws of the material components and the boundary conditions

characterizing the test setup. Regarding the first ones, the authors
have selected the same constitutive laws introduced by Malena
et al. (2019) in a more sophisticated FE model, deduced on the
basis of experimental outcomes. At the same time, the test setup
configuration represents a further important aspect accounted in
the modeling phase. Indeed, the analyses here performed have
underlined that the influence of the different failure phenomena
(cracking and reinforcement-matrix debonding) on the global
response of the specimen particularly depends on the setup
configuration and, then, on its numerical schematization. Indeed,
in the case of the clevis setup configuration, it has been essential
to introduce specific elements in the model for reproducing
the behavior of the regions of the specimen inside the steel
plates of the setup.

REMARKS AND CONCLUSION

The characterization of FRCM specimens throughout direct
tensile tests is a technique nowadays recognized and suggested
by standard codes. Information derived from this type of tests
are indeed particularly useful for understanding the interaction
mechanisms between the matrix and the reinforcement, which
are the main responsible for the global response of the
strengthening system. Nevertheless, the configuration of the
tensile test influences the development of some of these
phenomena during the test.

In this paper it has been presented a simple modeling
approach for simulating the response of FRCM specimens
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during a tensile test conducted throughout two different setup
configurations: clamping and clevis setup.

Particular attention has been devoted to the clevis
configuration where the authors have here proposed the
introduction of additional end elements for reproducing the
experimental behavior of the regions of specimen covered by
the steel plates of the setup. Indeed, it has been underlined that
the behavior of these regions influences the global response
of the specimen and, in particular, the damage process of the
uncovered region. The confining effect of the steel plates leads
to an increase of the shear strength at the reinforcement-matrix
interface and, then, a different bond behavior along the length of
the specimen. In the paper, this increase has been set on the basis
of the experimental response. Future improvements will concern
the development of simple formula for estimating this effect,
whose effectiveness can be assessed just by using the proposed
modeling approach.

The numerical analyses performed with reference to case
studies derived from the current literature have allowed to
assess the reliability of the proposed model (together with
the introduced assumptions) and, moreover, to investigate the

phenomena related to the damage of matrix material (cracking)
and the debonding of the reinforcement from the matrix.

It is evident that the proposed model is based on a 1D-
schematization which does not allow to capture the distribution
of stresses along the transverse direction: an effect which could
be emphasized by the grid configuration of the reinforcement.
Moreover, although scarcely observed, the model does not
account for the debonding phenomenon at the matrix-
support interface.
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