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Abstract: The research addressed in the paper is aimed at calibrating a numerical model developed by using a free open-source
finite-element code for the assessment of the structural performances of historical masonry buildings strengthened using the textile-reinforced
mortar (TRM) technique. TRM is a near-surface-mounted system, which couples inorganic matrices with fiber-based textile or meshes. The
main purpose is to develop a multiple-level numerical approach, starting with the detailed modeling of components and interfaces, followed
by a computationally efficient intermediate level model, using layered elements, for the calibration of a lumped plasticity-based model suit-
able for the global analysis of structures. In this paper, the first research results are presented. In particular, a broad literature review concern-
ing the mechanical characterization and analysis of TRM systems is collected. Then, the calibration of the numerical model, the validation
through comparison with the results of experimental characterization tests available in the literature (tensile, shear bond, and in-plane shear
tests) and a sensitivity analysis are reported. Nonlinear static analyses were performed, considering the nonlinearity of the composite material
components and interfaces. The model was capable of accounting for the main parameters affecting the behavior of the composite material,
such as the reinforcement ratio and orientation, the mortar characteristics and the wire–mortar interaction and proved to be a valid tool to
investigate the optimization of TRM applicative details. DOI: 10.1061/(ASCE)CC.1943-5614.0001240. This work is made available
under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

Masonry, composed of brick or stone units jointed through weak
lime mortar, represents the par excellence and most widespread
construction material for historical buildings, characterizing many
urban and rural centers, often part of the architectural and cultural
heritage (Fernandes et al. 2010). Unfortunately, these structures are
particularly vulnerable to exceptional actions (earthquakes, crush-
ing, blasts) and to long-term materials deterioration (Binda et al.
2003; Makovička and Makovička 2003; Gostič and Dolinšek
2008; Ural et al. 2012; Basset-Salom and Guardiola-Víllora
2014; Penna et al. 2014; Fiorentino et al. 2018; Sorrentino et al.
2019; Wilson et al. 2017). Thus, to ensure safety and conservation
of these assets, structural interventions are often needed (Tomaževič
1999) to provide an effective connection between floors and walls
and between adjacent walls, to counteract pushing elements, to pre-
vent the masonry disaggregation or multiple-leaf separation phenom-
ena. In addition, it is sometimes necessary to increase the masonry
resistance itself (in-plane and/or out-of-plane).

For this purpose, the application of textile-reinforced mortars
(TRMs) represents an innovative, effective, and compatible rein-
forcement strategy, consisting of plastering the masonry walls by
means of mortars with fiber-based elements embedded (meshes

or textiles made of long fibers, made for example of carbon,
glass, basalt). In the literature, TRM are also called fiber-reinforced
cementitious matrix/mortar (FRCM), textile-reinforced concrete
(TRC), TRM, fabric-reinforced mortar (FRM), or inorganic matrix-
grid (IMG) composites. Such types of reinforcement avoid the typ-
ical durability drawbacks related to ordinary steel corrosion; more-
over, the application of inorganic matrix fosters compatibility with
the masonry substrate, transpirability, fire resistance, easiness of
application, and reversibility (Papanicolaou et al. 2007a, b). Over
the last 20 years, many researchers focused on the development
of TRM systems and on the experimental evaluation of the perfor-
mances of TRM-strengthened masonry elements (Kouris and
Triantafillou 2018). Although some codes and guidelines have al-
ready been released (ACI 2016; CSLP 2018, 2019a, b; ACI
2020; CNR 2020), the definition of a broad, structured predictive
model for TRM-strengthened masonry is still a current issue.
The robust computational models developed for unreinforced ma-
sonry (Lourenço and Rots 1997; Magenes 2000; Calderini and
Lagomarsino 2008; Macorini and Izzuddin 2013) cannot be
adopted as-are for TRM applications, due to the complex interac-
tions with the masonry substrate and within the reinforcement.

In this context, the project “conFiRMa” (Boem 2021a), acro-
nym for “calibration of a numerical model for fiber-reinforced mor-
tar analysis,” is aimed at calibrating a validated numerical method,
implemented using a free, open-source finite-element code (Patzák
and Bittnar 2001; Patzák 2002, 2012) for the assessment of the
structural performances of historical masonry buildings strength-
ened with TRM. The purpose is to develop a multiple-level ap-
proach, starting with the detailed modeling of components and
mutual interfaces, followed by an optimization procedure to get a
computationally efficient intermediate level model (e.g., using lay-
ered elements) for the calibration of the lumped plasticity-based
model suitable for the global analysis of structures. This paper
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deals with the characterization of the TRM systems: a broad liter-
ature review is initially presented, giving a wide overview on ex-
perimental, analytical, and numerical aspects. Then, the results
concerning the selection, calibration, and validation of the TRM
material model at the detailed level are presented. In particular,
nonlinear static analyses are performed, considering the nonlinear-
ity of the material components and interfaces. The results of previ-
ous experimental tests available in the literature, concerning TRM
mechanical characterization, are considered: in particular, pullout
tests, to calibrate the interaction between the mortar matrix and
the embedded reinforcement; and tensile tests, shear bond tests,
and in-plane shear tests, to validate the numerical model. More-
over, a sensitivity analysis allows to investigate on the main param-
eters influencing the response.

State of the Art

A number of experimental tests performed in the last 10–15 years
for the characterization of different TRM systems is available in the
literature; in addition, analytic and numeric models were developed
and calibrated, to deeply analyze the resisting mechanisms and pro-
vide robust interpretations. This literature review is aimed at depict-
ing the great variety of aspects that deserve attention when dealing
with TRMs characterization, related to the multitude of possible
materials combinations as well as to their mutual interaction and
with the masonry support.

Experimental Evidences

The experimental characterization tests on TRMs typically concern
tensile tests on TRM coupons [Fig. 1(a)] and shear–bond tests on
TRM layers applied on masonry substrates [Fig. 1(b)]. The most
relevant results are related to the activities of the RILEM Technical
Committee 250-CSM (2012–2019), which involved different Euro-
pean research institutions focusing on the study of synthetic and in-
organic fibers (Caggegi et al. 2017; Carozzi et al. 2017; De Santis
et al. 2017a; Leone et al. 2017; Lignola et al. 2017). In addition,
some attention was devoted to the use of natural fibers, which
can represent a more sustainable and optimized alternative (Olivito
et al. 2016; de Carvalho Bello et al. 2019; Trochoutsou et al. 2021).

In the tensile tests, the TRM layer is gripped at opposite ends
and pulled according to monotonic loading, allowing the

measurement of the equivalent stress–strain behavior of the com-
posite material. The response is generally characterized by a tri-
phase curve, consisting in a first elastic branch (as the mortar re-
mains uncracked), a second cracking-formation stage (with cracks
approximately orthogonal to the loading direction), and a final
crack-stabilization branch (De Santis et al. 2017b). In the latter,
the stiffness is almost comparable with that of the bare textile
and possible tension-stiffening effect due to the mortar within the
cracks that may occur, but the stiffness can sometimes be lower,
due to the telescopic failure of the yarns (Larrinaga et al. 2014).
The extent of each stage depends on the characteristics of the com-
bined materials and their mutual interaction. The strains in the tex-
tile rise suddenly once a crack forms, just in correspondence of the
fracture (Liu et al. 2021; Trochoutsou et al. 2021); as the load in-
crease, new cracks form, inducing other localized strain peaks in
the textile. When the tensile stress in the intact mortar between
cracks can no longer increase, the cracks stabilize (the minimum
crack distance is reached). Typically, more and closer cracks result
by using properly coated or pre-impregnated textiles, in respect to
dry reinforcements, since the bond performances with the mortar
matrix are improved; similarly, under a constant reinforcement
ratio, the use of closer grid sizes, within certain limits, can led to
a more diffuse crack pattern. The coating can also improve the ul-
timate tensile strength and stiffness in the cracked stage; more re-
sistant mortars can result in closer cracks, which typically
develop at the location of the transversal yarns.

The collapse may be induced by the textile failure or by the tex-
tile slippage in the gripping area; spalling of the mortar may also
occur. Several authors warned about the importance of an adequate
design of the clamping heads when testing TRMs, since unrealistic
stress concentration, local damage, or slippage may distort the
global response of the samples (De Santis and de Felice 2015;
Arboleda et al. 2016; D’Antino and Papanicolaou 2018; Kim
et al. 2018).

In shear–bond tests, the TRM layer is applied on a masonry sub-
strate and loaded in parallel to that surface, by applying a shear tear-
ing to the textile (single- or double-lap shear tests); a proper setup
adjustment is necessary to limit eccentricity and/or misalignment
(Calabrese et al. 2020). The results are generally reported in
terms of textile stresses at the varying of the textile slip; the collapse
may occur for debonding of the TRM layer from the masonry sub-
strate or at the textile–mortar interface; in addition, slippage of the
textile within the matrix or textile failure can arise. Usually, for
lower force values, the strains in the textile activates in the vicinity
to the loaded side; then, for higher force values, the involved length
increases (D’Antino et al. 2014). By testing different bond lengths
(de Felice et al. 2014; Carozzi and Poggi 2015; Alecci et al. 2016;
Askouni and Papanicolaou 2017; Donnini and Corinaldesi 2017;
Gattesco and Boem 2017a; Rovero et al. 2020, Hadad et al.
2021), it is possible to check for the minimum anchorage; it is
also possible to calibrate the local bond–slip relationship between
the textile and the matrix, useful for numerical simulations
(D’Ambrisi et al. 2013; Santandrea et al. 2020). Although the de-
bonding from the substrate is not a common failure mode in
TRM systems, the type of masonry may influence the effectiveness
of the TRM application (de Felice et al. 2014; De Santis and de
Felice 2015; Bilotta et al. 2017; Senaldi et al. 2020) and the mortar
deterioration tends to reduce the bond capability (Grande et al.
2013). However, the surface preparation (cleaning from dust, ade-
quate roughness, sandblasting, wetting, curing procedure) can sig-
nificantly improve the bond (Razavizadeh et al. 2014; De Santis
and de Felice 2015).

The characterization tests obtain the design parameters for TRM
reinforcements (Ascione et al. 2015). The bond between the textile

(a) (b) (c)

Fig. 1. Characterization tests for TRM: (a) direct tensile tests; (b) shear
bond tests; and (c) pullout tests.
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and the matrix is confirmed as fundamental in determining the perfor-
mances of TRM systems, which can be improved by the coating
(Dvorkin et al. 2013; Donnini et al. 2016; D’Antino and Papanicolaou
2017) as well as by surface treatments (Martins et al. 2015; Donnini
et al. 2016; D’Antino and Papanicolaou 2017; Signorini, et al. 2018a)
or a proper textile configuration (Peled and Bentur 2003; Padalu et al.
2018; Askouni and Papanicolaou 2019). To better investigate of this
key aspect, that is, the yarn-to-matrix interaction, some authors per-
formed pullout experimental tests on single yarns or small portions
of textile [Fig. 1(c)], to calibrate the fiber-to-mortar slip response
(Dvorkin et al. 2013; Ghiassi et al. 2016; Gattesco and Boem
2017a; Dalalbashi et al. 2018a). The typical pullout behavior of un-
ribbed rods emerged (Cosenza et al. 1997): the shear–bond perfor-
mances are characterized by an initial elastic branch, followed by a
progressive stiffness degradation, as chemical adhesion is lost and de-
bonding develops, and a descending branch, mostly governed by the
friction due to the interface surface roughness, which mostly
depends on the coating treatment rather than the matrix characteristics
(Contamine et al. 2011; Zhu et al. 2011; Carozzi and Poggi 2015;
Martins et al. 2015; Bellini and Mazzotti 2016; Dalalbashi et al.
2018b; Donnini et al. 2018; Bellini et al. 2019; Liu et al. 2019). Ben-
efits were recognized in multiple-ply configurations, with the forma-
tion of more cracks, as the number of ply increased (Larrinaga et al.
2014; Bilotta et al. 2017; Liu et al. 2021); however, the improvement
resulted often less-than-proportional, as the matrix delamination oc-
curred (Donnini and Corinaldesi 2017; Calabrese et al. 2020).

Some authors also analyzed the influence of the load cyclicity
and load rate on the TRM characterization tests. Tensile and
shear–bond cyclic tests revealed performances quite comparable
with that of monotonic loading, in terms of strength, but some
more pronounced displacements, when the progressive deteriora-
tion of the textile–matrix interface during cycles occurred (Carozzi
and Poggi 2015; Bellini and Mazzotti 2016; Bellini et al. 2019);
this emphasized delamination can also led to wider and more
spaced cracks (De Santis and de Felice 2015). Quasi-static mono-
tonic loading resulted as a safe-side approach in respect to high-
speed loading and provided generally comparable or even lower
performances (Zhu et al. 2011; Liu et al. 2019). Few experimental
outcomes are available on the in-plane shear response of TRM lay-
ers; however, some picture-frame shear tests were performed by ap-
plying monotonic diagonal compression (Contamine et al. 2011) or
horizontal cyclic loading (Sisti et al. 2019). The tests evidenced an
appreciable global ductility, due to the presence of the embedded
reinforcement crossing the mortar cracks, which allowed a wide
crack diffusion.

TRM systems can be exposed to harsh environmental condi-
tions, such as saline air or water, high temperatures, wet–dry or
freeze–thaw cycles, and salt migration from the subsoil (Al-Lami
et al. 2020); moreover, the alkaline ions content of the inorganic
matrix itself can be detrimental. Accelerating aging protocols,
based on baths in specific solutions under controlled temperature,
are typically performed to investigate TRM durability. However,
the correlation between the accelerated tests and natural conditions
is still going to be determined (see, for example, the activities of the
RILEM Technical Committee 290-IMC, started in 2019).

Tensile tests on bare fiber-based textiles evidenced a higher sen-
sitivity to alkaline baths of E-glass and basalt dry fibers, in respect
to alkali resistant (AR) glass and PBO, while carbon fibers were
very limitedly influenced (Micelli and Aiello 2019). The pre-
impregnation of AR-glass fibers with polymeric resin provided
an effective protection against deterioration; fatigue loading treat-
ments enhanced degradation in strength and Young’s modulus
(Righetti et al. 2016; Micelli et al. 2017).

Tests on TRM made of pre-impregnated AR glass evidenced
that that alkaline and saline environments can induce the premature
textile slippage from the mortar matrix, resulting in both decreases
of the ultimate tensile strength and strain capacities (Butler et al.
2009, 2010; Nobili 2016). Wetting and dry cycles favored the sa-
line penetration, reducing the bond between the TRM layer and
the masonry substrate (Donnini 2019). TRM systems based on
dry PBO textiles were analyzed by Senaldi et al. (2020) and
Arboleda et al. (2014): moist, saline, alkaline, water, and freeze–
thaw conditions revealed only in some cases a moderate decrease
in the ultimate tensile strength and strain, related to the deteriora-
tion of the textile and/or its bond. Nobili and Signorini (2017)
and Signorini et al. (2018b) found, for impregnated carbon TRM,
that saline and alkaline environments are especially detrimental
for the textile–matrix bond, evidencing in the tensile tests a reduced
number of wider cracks; however, early-stage protection limits this
effect. Distilled water, hydrochloric acid, and freeze–thaw cycles
had a lesser impact on the performances. Tran et al. (2019) evi-
denced that the lap–splice performances of carbon textiles can be
affected by harsh conditions (saline, high temperature, humidity,
sustained load). High temperatures affected the textile bonding,
due to modifications in the organic resins used for impregnation
(Liu et al. 2019; Silva et al. 2014; however, within certain temper-
ature limits (≤200°C), TRM preheated and then tested at room tem-
perature showed just small alterations (Colombo et al. 2011;
Donnini et al. 2017).

Analytical Procedures

For the description of the textile–matrix slip phenomena, the re-
searchers generally assumed pure Mode-II fracture mechanics
and provided the cohesive material law representing the shear stress
at the interface at the varying of the relative slip between the textile
and the matrix, along the longitudinal direction. Both pullout and
shear–bond experimental characterization tests served for the cali-
bration. Shear stress–slip laws were based either on simplified bi-
linear/trilinear functions (Carozzi et al. 2016; Olivito et al. 2016;
D’Antino et al. 2018; Calabrese et al. 2019; Colombi and D’Antino
2019; Barducci et al. 2020; Rovero et al. 2020) or on more articu-
lated nonlinear functions (D’Ambrisi et al. 2013; Carozzi et al.
2014; Focacci et al. 2017; Dalalbashi et al. 2018b; Ascione et al.
2020; Santandrea et al. 2020). The residual shear stress was tended
to zero or to a constant value related to friction at the debonded in-
terface. Once the stress–slip law was defined, the global load–slip
behavior of the TRM strip subjected to bond test was evaluated by
setting a system of differential equations along the bonded length,
based on displacement compatibility and force equilibrium. Grande
et al. (2018) adopted a simplified elastic/brittle relationship for the
shear stress–slip but also introduced the possibility of tensile failure
for the mortar.

In regard to the direct tensile tests, Focacci et al. (2020) analyzed
analytically the local behavior of TRM samples assuming nonlinear
functions for both the fiber–matrix interface and the matrix and pro-
vided the TRM tensile stress–strain analytical curve by solving a
system of differential equations. Similarly, Grande et al. (2020) pro-
posed a theoretical model, based on equilibrium considerations and
differential equations, able to predict the crack pattern of TRM ele-
ments subjected to tension, considering the nonlinear local behavior
of the matrix, the reinforcement, and the reinforcement/matrix inter-
face. This method was capable to predict each single crack forma-
tion; differently, other authors focused on the prediction the TRM
equivalent tensile tri-linear behavior. For example, Larrinaga et al.
(2014) and Liu et al. (2021) applied the Aveston–Cooper–Kelly the-
ory (Aveston and Kelly 1973). Liu et al. (2021) also compared the
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results of the Aveston–Cooper–Kelly model with those obtained
from the Comité Euro-International du Béton (CEB) model (CEB
2010) for reinforcement concrete cracking considering the ten-
sion–stiffening effect. Larrinaga et al. (2013) proposed the “crack-
ing model,” based on the Eurocode 2 approach for concrete crack
control (CEN 2004) and assumed a nonlinear relationship for the
textile accounting for its progressive stiffness degradation.

Numerical Modeling

The aim of replicating the slippage and cracking phenomena ob-
served experimentally led to the development of numerical models
based on nonlinear analysis (for the most, nonlinear static analysis).

To reproduce shear–bond tests, spring models were proposed by
Grande and Milani (2018) and Bertolesi et al. (2019): a linear be-
havior was assigned to the masonry support and the reinforcement,
while a nonlinear behavior was considered for the upper mortar
layer and for the interfaces of the reinforcement.

The same authors also proposed a two-dimensional (2D) model
based on quadrilateral plane stress elements (for the masonry sup-
port and the mortar, along the thickness) and truss elements (for the
reinforcement). Zero-thickness elements were introduced for the
interface between the reinforcement and the mortar layer; nonlinear
constitutive laws were assumed for the materials and the interfaces.
Grande et al. (2013) also added some local discontinuity between
the TRM and the substrate, to represent the presence of weak-bond
mortar joints. Razavizadeh et al. (2014) assumed elastic behavior
for the materials and introduced nonlinear interfaces both between
the reinforcement and the matrix and between the matrix and the
masonry. Tamborrino et al. (2021) modeled linear-elastic plane
stress and truss elements, for the mortar and the yarns, and intro-
duced line-to-line interfaces with a linear bond slip law, for the
yarn–mortar interface, and point-to-point interface with infinitely
rigid behavior to couple the upper and lower mortar layer; the ma-
sonry substrate was simply replaced by fixed boundaries. The main
hypothesis of the 2D model developed by Donnini et al. (2018)
were plane strain state, brittle fracture for the matrix and the fibers,
and bond–slip nonlinear behavior at matrix–fiber interface.

In three-dimensional (3D) models of shear–bond tests, the plas-
ticity is typically lumped at the interfaces: Carloni et al. (2018)
modeled linear-elastic solid elements and introduced three types
of zero-thickness interfaces to account for the debonding at the ma-
trix–fiber interface, for the interlaminar failure of the matrix (inner–
outer layers), and for the detachment from the substrate. The inter-
faces accounted for both Mode-II and Mode-I fracture mechanics
by means of nonlinear contact laws. Carozzi et al. (2014) consid-
ered rigid and indefinite resistant elements (solid for the masonry
and the matrix, truss for the reinforcement) connected by means
nonlinear elements (quadrilateral interfaces and axial springs, re-
spectively); the reinforcement interacted with the mortar by
means of nonlinear interfacial tangential stresses.

The numerical simulation of direct tensile tests on TRM systems
was performed by Larrinaga et al. (2014), by adopting a 3D
smeared crack model with eight-node solid elements for the mortar
and truss elements for yarns; the materials had a nonlinear behav-
ior. The model allowed a feasible reproduction of the crack pattern;
the analyzed configurations resulted almost independently from the
bond–slip curve governing the interface between the reinforcement
and the mortar (thus, perfect bond was assumed in a simplified
way). Bertolesi et al. (2014) considered a 2D model through the
thickness of the sample, with plane–stress elements for the mortar
and truss elements for the yarn. A brittle behavior was adopted for
the yarns and perfect bond with the matrix was assumed; different
material models were instead considered for the mortar:

elastic-perfectly-plastic law with limited ductility, or with more so-
phisticated softening laws. The effects of reinforcement nonplanar-
ity of specimen bending and of preexisting microcracks were
investigated. Nerilli et al. (2020) studied the behavior of a single
unit cell of TRM by combining three superimposed layers of
plane stress and linear-elastic elements, representing the two outer
layers of mortar and the inner layer made of fibers and mortar.
Three types of interfaces were introduced to account for the mortar
cracking (intralayer interface), for the fiber–mortar slippage both
within the inner layer (intralayer interface), and between the inner
and the outer layers (interlayer interface). The cell units were sub-
jected both to tension and to in-plane shear loading. It was generally
concluded that damage is governed by the intralayer interfaces, while
interlayer ones do not provide a significant influence; moreover, for a
more accurate prediction of the shear behavior at advanced strain lev-
els, also the mortar crushing has to be considered.

Considering the outcomes of the available studies, it is observed
that there is not a unique numerical model applied for the simula-
tions of the different types of TRM characterization tests and
that, depending on the case, only selected failure modes are consid-
ered. Instead, the modeling approach herein presented is proved to
be capable for the simulation of the different setups (i.e., tensile,
shear bond, and in-plane shear tests), considering the possible dam-
age and collapse mechanisms that can affect both individual mate-
rials and their interactions. Moreover, the influence of transversal
yarns, orthogonal to the main direction, is taken into account for,
and a broad sensitivity study is conducted.

Strengthening Characteristics and Experimental
References

In this study, a type of TRM reinforcement called composite rein-
forced mortar (CRM) is taken into consideration. The technique
consists in the application of a fiber-reinforced polymer mesh on
the faces of the masonry wall, embedded in a mortar layer having
a nominal thickness of 30 mm (Fig. 2). Fiber-based L-shape con-
nectors injected into the masonry and provided with mesh devices
are also applied.

The wires of the fiber-reinforced polymer meshes are composed
of long AR-glass fibers. The dry fiber wires are soaked in a thermo-
hardening resin made of epoxy vinylester, with benzoyl peroxide as
catalyst. Then, before the resin harden, the mesh is formed by twist-
ing the wires in one direction (warp) across the wires in the perpen-
dicular direction (weft), which fibers remain parallels. Typically,
each wire has an area of dry fibers equal to 3.8 mm2; the main char-
acteristics of the wires are detailed in Table 1 (Type “S”). Wires of
doubled dry fibers area (Type “D” in Table 1) are also available,

Fig. 2. Schematization of the considered CRM reinforcement
technique.
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even though they are less frequently used. Usually, the mesh has a
squared grid pitch of 66 × 66 mm2; meshes having grid pitches 33 ×
33 mm2 and 99 × 99 mm2 are also available.

The resistance of the mesh intersections, tested accordingly to
CEN (2019a), is also reported in Table 1: coherently with the
mesh production process, the joint resistance along the parallel fi-
bers wire direction is mainly due to the presence of the thermoset-
ting resin [Fig. 3(a)], differently, along the twisted fibers wire
direction, the orthogonal fibers oppose to the slip and progressively
shear out [Fig. 3(b)].

Extensive experimental results are available in the literature for
this technique, in terms of materials and CRM system characteriza-
tion (Gattesco and Boem 2017a; Sisti et al. 2019), as well as of
CRM-strengthened masonry walls performances for in-plane and
out-of-plane loading (Gattesco and Boem 2015, 2017b). The
main experimental evidence concerning the CRMmechanical char-
acterization (pullout, tensile, shear bond, and in-plane shear tests)
are summarized in this section, to allow comparison with the nu-
merical outcomes. More-detailed reports concerning the pullout,
tensile, and shear bond tests are available in Gattesco and Boem
(2017a); the experimental results of the in-plane shear tests can in-
stead be found in Sisti et al. (2019).

In the considered tests, the matrix was made by mixing 300 kg
of hydraulic lime and 100 kg of Portland cement per m3 of mortar,
calcareous sand (with grain diameter range 0.5–2.0 mm), and water
addition until attainment of a smooth consistency. The average me-
chanical characteristics of the mortar were assessed through tests on
mortar cylinders (100 mm in diameter and 200 mm in height) after
28 days of air curing. The tests provided an average compressive
strength fc= 6.3 MPa (c.o.v. 11%), a tensile strength ft= 1.1 MPa
(c.o.v. 8%), and a Young’s modulus of E= 14.43 GPa (c.o.v.
14%) (CEN 2009, 2019b, 2021).

Pullout Tests

Pullout experimental tests concerned 180 × 180 × 30 mm3 CRM
coupons, in which the central wire of the 66 × 66S mm2 mesh
was gradually pulled out (effective bond length: 120 mm); the

displacement between the central wire and the mortar-coated pulled
edge was measured (base length: 140 mm). Tests were performed
with the twisted fiber wires along both the loading direction
(PO-T-66S) and orthogonal (PO-P-66S).

The former arrangement evidenced a progressive failure due to
the wire extraction [Fig. 4(a)] or, sometimes, to the rupture of the
central wire (mean load 4.14 kN, c.o.v. 10.3%). In the latter
[Fig. 4(b)], the wire extraction always occurred (mean resistance
4.08 kN, c.o.v. 14.3%). The experimental force–displacement
curves [Fig. 4(c)] evidenced a progressive wire detachment from
the mortar, from about 30%–35% of the peak load. After the
peak load, a brittle behavior resulted in samples with the wire fail-
ure, while a gradual resistance decrease was observed in the other
cases (more pronounced when pulling the parallel fibers wire).

Tensile Tests

The experimental direct tensile tests on CRM were performed on
coupons of two different dimensions: 900 × 132 × 30 mm3 and
1,220 × 132 × 30 mm3, identified as Types “a” and “b,” respec-
tively. In both cases, the clamping heads were created by wrapping
the extremities with FRP carbon strips, for a length of 132 mm. In
Type “b” samples, the mortar discontinuity was created at the
clamps. The samples were provided with a 66 × 66S mm2 mesh,
having the twisted fiber wires disposed in the loading direction.
A monotonic loading was applied, at displacement control.

During the tests, transversal cracks generally formed in the mor-
tar, in the vicinity of the transversal wires and the average distance
between cracks ranged from 1 to 2 grid pitches, as can be observed,
for example, in Fig. 5(a) (TS-Ta-66S, Type “a” samples) and
Fig. 5(b) (TS-Tb-66S, Type “b” samples). The obtained equivalent
stress–strain curves are also reported in Figs. 5(a and b) (the stresses
refer to the dry fibers cross section); no significant differences
emerged from the two sample types. The tests provided a trilinear be-
havior, with the uncracked stage until about ɛ= 0.01% and the
cracked stage starting from about ɛ= 0.55%. The first cracking oc-
curred at about 4.9 kN (c.o.v. 10.4%) and the failure at 11.32 MPa
(c.o.v. 11.8%), due to the wires’ breakage. A tension–stiffening ef-
fect of the intact mortar between the cracks was observed.

In addition, Type “a” samples provided with a 99 × 99S mm2

mesh and having the twisted fiber wires disposed in the loading di-
rection were tested (TS-Ta-99S); in this case, the width of the sam-
ples was 198 mm. The third stage of the equivalent stress–strain
curves was interrupted by the premature failure for the mesh slip-
page at the ends [Fig. 5(c)]. The ultimate tensile strains are more
scattered, depending on the position of the outer cracks in respect
the measurement base length.

Shear–Bond Tests

Shear–bond tests concerned solid brick masonry wallets (250×315×
120 mm3) to which the CRM layer (30 mm thick, 132 mm wide, and
a mesh of 66×66S mm2) was applied on one face, with the twisted
fiberwires oriented in the loadingdirection. Three different bond lengths
were considered: lb=120–180–240 mm. The samples were subjected

Table 1. Main mechanical characteristics of the meshes: dry fibers and gross cross section (Aw,fib, Aw,tot), gross perimeter (t), tensile strength (Tw), Young’s
modulus (Ew), and mesh intersections resistance (K ). The coefficients of variation are also reported

Glass-fiber wires Aw,fib (mm2) Aw,tot (mm2) tw (mm) Tw (kN) c.o.v. (%) Ew (GPa) c.o.v. (%) K (kN) c.o.v. (%)

Parallel fibers wire, Type S 3.8 9.41 18.0 5.62 4.8 69.5 5.7 0.55 19.9
Twisted fibers wire, Type S 3.8 7.29 9.57 4.49 6.7 62.9 9.5 0.48 23.6
Parallel fibers wire, Type D 7.6 21.4 24.5 10.4 5.5 71.6 10.8 1.13 20.3
Twisted fibers wire, Type D 7.6 14.1 13.5 7.06 3.6 67.5 22.3 0.93 28.0

(a) (b)

Fig. 3. Typical failure mode of the mesh intersections in the direction
of (a) parallel or (b) twisted fiber wires.
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tomonotonic loading at displacement control. The relative displacement
between the exceedingmesh and the mortar-coating edge was surveyed
(base length 100 mm), aswell as that between themortar coating and the
masonry support. The curves are plotted in Fig. 6(a).

The tests provided different results, depending on the bond
length: for lb= 120 mm (SB-T120-66S), the failure was due to
slip at the mesh–matrix interface [mean peak load 6.5 kN, Co.V.
18%, Fig. 6(b)]; for lb= 240 mm (SB-T240-66S) the longitudinal
wires rupture was reached (at 9.5 kN, c.o.v. 5%); the bond length
lb= 180 mm (SB-T180-66S) resulted as the minimum bond length
for the CRM reinforcement, as collapse due both to the wires rup-
ture and to the mesh–matrix slip were observed (mean peak load

9.3 kN, Co.V. 2%). Typically, the former resulted in a more brittle
behavior, in respect the second one. The mortar–masonry slip until
failure always resulted negligible (<0.05 mm). Also, the 33 × 33S
mm2 mesh was tested for lb= 240 mm, (SB-T240-33S): in this
case, the failure for the wires collapse or for the deboning of the
mesh-to-mortar interface [Fig. 6(c)] occurred for very similar
force values (16.4 kN, c.o.v. 6%).

In-Plane Shear Tests

In-plane shear tests concerned CRM panels with dimensions
1,000 × 1,000 × 30 mm3 [IS-P-66S, Fig. 7(a)] provided by a

(a) (b) (c)

Fig. 4. Experimental pullout tests: typical failure mode for (a) PO-T-66S and (b) PO-P-66S samples. The force–displacement curves are plotted in (c).

(a) (b)

(c)

Fig. 5. Experimental tensile tests: typical crack pattern and stress–strain curves of (a) TS-Ta-66S; (b) TS-Tb-66S; and (c) TS-Ta-99S.
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mesh of 66 × 66S mm2, with the parallel fiber wires disposed ver-
tically. The upper and lower edge were strengthened with FRP
carbon strips (about 180 mm in height) glued to a squared steel
frame, with pinned nodes fixed at the base and loaded horizon-
tally at the top (cyclic loading, displacement control).

At the increasing of the displacement, several cracks formed
progressively, starting from the bottom to the top of the sample, in-
ducing a gradual stiffness reduction. The cracks started with a hor-
izontal trend, near the tensed side, almost in correspondence of the
wires, and then followed an inclined trend as long as they prose-
cuted toward the center of the panel. Some diagonal cracks also ap-
peared, almost at the end of the test.

The curves representing the applied load at the varying of the
horizontal displacement at the top are plotted in Fig. 7(b). The
peak load was reached at about 33.0 kN at 13.1 mm; then, a de-
crease of resistance occurred, accompanied with the slippage or
breakage of some wires and damaging of mortar. By analyzing
the envelope curves, an increase in stiffness emerges in the branch

2–5 mm, compared with the previous one, as already noticed by
Sisti et al. (2019), but this occurrence is realistically related to
the shear behavior of the tightened bolts at the base connection
(Lin et al. 2021).

Calibration of the Numerical Model

The numerical model was developed by using a free, open-source,
finite-element code (Patzák and Bittnar 2001; Patzák 2012). Details
concerning the mentioned elements and materials models are avail-
able in the manuals section of the code webpage (Patzák 2002). The
input files of the models herein described are available for free con-
sultation and use (Boem 2021b).

The detailed level numerical model [Fig. 8(a)] was composed of
linear 3D brick finite elements (LSpace), dimensions 16.5 × 16.5×
15 mm3, representing the mortar, and linear isoparametric truss ele-
ments (truss3d), length 16.5 mm, for the embedded reinforcement.

(a) (b) (c)

Fig. 6. Experimental shear–bond tests: (a) load against textile-mortar displacement curves; (b) failure for mesh-matrix slip in SB-T120-66S; and
(c) failure for slip and debonding in SB-T240-33S.

(a) (b)

Fig. 7. Experimental in-plane shear tests: (a) typical crack pattern; and (b) horizontal load–displacement curves.
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Orthogonal wires were connected at the mesh intersections by
means of point-to-point interface elements (IntElPoint). IntElPoint
is a one-dimensional (1D) (slip) interface element that can be
used to connect two separate nodes, and the interaction is governed
by a 1D slip law. This law determines the force acting between the
nodes as a function on their relative displacement in the slip direc-
tion. The truss elements, representing the wires, were connected to
the edge of the solid elements, representing the mortar, by using
line-to-line interface elements (IntElLine1) oriented in the wires’ di-
rection. IntElLine1 is a 2D line element with a linear approximation
of the displacement jump; the element can be used to tie together
two element edges and is defined by four nodes (two on each
edge). The masonry wallets in the shear–bond tests were modeled
by means of 3D brick finite elements (LSpace), with dimensions
of 16.5 × 16.5 × 15 mm3; since negligible deformations were moni-
tored during the experimental tests, an equivalent homogeneous,
isotropic material, with indefinitely elastic behavior was assumed,
for sake of simplicity. To connect the mortar coating to the masonry
substrate, 3D surface interface elements with linear approximation
were adopted (IntElSurfTr1). The analyses were performed under
displacement control, by using the Newton–Raphson solver and a
relative convergence norm set to 10−3 displacement and force.

The calibration of the materials parameters [Figs. 8(b) and 9]
was generally achieved through comparison with the available ex-
perimental results obtained from tests on single elements (wires,
mesh interfaces, mortar cylinders).

In particular, for the wires, an isotropic damage model (idm1)
was assumed, accounting for the well known brittle rupture behav-
ior in tension; the main characteristics were taken from to the ex-
perimental outcomes of direct tensile tests (Table 1).

For the mortar of the coating, a concrete-damage plasticity
model (Grassl and Jirásek 2006) was calibrated (con2dpm), to ac-
count for both cracking and crushing; the Young’s modulus and
the compressive and tensile strengths were set in accordance to

(a)

(b)

Fig. 8. Schematization of the detailed level model: (a) global view and
details of the mesh intersections, the wire–mortar interaction and the
mortar–masonry interface; and (b) main constitutive laws considered.

Fig. 9. Main characteristics of elements, materials, and interfaces in the numerical model. For unspecified parameters, the code default values were
set. (Data from Patzák 2002.)
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the experimental characterization tests performed on mortar cylin-
ders (compression tests and indirect tensile tests).

For the point-to-point interfaces, representing the intersection
between orthogonal wires, the bond–slip nonlinear model reported
in the CEB Model Code for Concrete Structures (CEB 2010) was
considered in the tangential direction (bondceb); the governing pa-
rameters were set in accordance with the experimental outcomes
on mesh intersections (Table 1): a stronger but brittle behavior
in the direction of the parallel fiber wires, instead of a quite
weaker (−13%) but more ductile behavior in that of the twisted
wires.

Also, for the line-to-line interfaces, the bond–slip model for re-
inforced concrete (bondceb) was applied, with the tangential com-
ponent described by a nonlinear function. The calibration
procedure is described in the next subsection.

Pullout Tests

For the calibration of the bond–slip relationships governing the
wire–mortar interactions, the experimental pullout tests described
in the previous section were simulated by keeping constant all
the other material parameters, already determined, and calibrating
the characteristics of the linear interface elements, to reproduce
as accurately as possible the mean results of these tests.

The shear–bond strength of the twisted fiber wires (τmax=
3.3 MPa) resulted in reasonably higher value than that of the par-
allel fiber wires (τmax= 2.0 MPa), due to the greater roughness;
however, due to the lower contact perimeter (t), the tangential re-
sistance per unit of length (v= τmax·t) was comparable; the resid-
ual resistance (τf) was higher for the twisted fibers wire,
accordingly to a better residual friction. The calibrated bond–
slip curves resulted in agreement with those reported in the liter-
ature for similar fiber-based elements embedded in an inorganic
matrix (Cosenza et al. 1997; Focacci et al. 2017). The numerical
results are reported in Fig. 10 (id. PO, followed by -T or -P, for
the twisted or parallel fibers wires oriented along the loading di-
rection, respectively, and the mesh type -66S). The different in-
terface contributions were also investigated: presence of point
interface only (suffix _X), of line interfaces only (_L), and per-
fect bond between the wires and the mortar (_B). The global per-
formances in the two loading directions are comparable until the
attainment of the peak load, at about 4 kN, but then the

resistance decrease is more gradual for the loading along the par-
allel fibers wire direction (at Δ= 10 mm, the load is about 3 kN,
instead of 1.2 kN). This is due to both the better residual friction
of the twisted wires (compare the _L curves) and to the higher
displacement capacities of the mesh intersections in this direction
(compare the _X curves). The pullout behavior is mainly gov-
erned by the wires–mortar interfaces; however, the mesh inter-
sections provide an improvement of the performances. Under
the assumption of perfect bond (_B), the wire rupture occurs, ac-
companied by some mortar splitting; it is however observed that,
in actual applications, the masonry substrate counteracts this lat-
ter occurrence.

The tangential forces per unit of length v measured along the
central wire at the varying of the distance li from the pulled
edge are plotted in Fig. 11. Different levels of displacement Δ
are considered, ranging from 0.5 to 5 mm. At the beginning, the
tangential forces are mainly concentrated in the initial wire portion
but then spread progressively, involving the entire bond length
when approaching to the peak load. Then, the residual values of
resistance are attained. As expected, when the contribution of
the mesh intersections is neglected (_L), higher values of unitary
force v result for the same displacement level Δ; thus, the debond-
ing is anticipated.

To evaluate the model sensitivity to the meshing discretiza-
tion, the pullout tests were also simulated considering a finer el-
ement discretization (8.25 × 8.25 × 7.5 mm3), and analogous
results were obtained. Differently, a coarser discretization (33 ×
33 × 15 mm3) was too rough to accurately investigate the trend
of the shear stresses along the wires for detailed modeling
purposes.

Since no masonry damaging was observed in the shear bond
experimental tests, an elastic material model was assumed for the
masonry (isoLE), with elastic properties in agreement with previ-
ous experimental outcomes (Gattesco and Boem 2017b). The
bondceb material model was considered for the tangential
stress–strain relationship governing the interaction between the
CRM layer and the masonry support. The main parameters
were set in accordance with some experimental tests and numer-
ical studies available in the literature on masonry bed joints cou-
pling bricks and mortar with characteristics similar to those
herein (Van der Pluijm et al. 2000; Zhang et al. 2018; Barattucci
et al. 2020).

(a) (b)

Fig. 10. Pullout tests: numerical curves, in comparison with the experimental results, for load applied in the direction of the (a) twisted or; and
(b) parallel fiber wires.
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Validation of the Numerical Model

To validate the numerical model, the direct tensile tests, the shear–
bond tests, and the in-plane shear tests on CRM samples previously
described were considered for comparison.

Tensile Tests

The numerical results of the direct tensile tests are plotted in
Fig. 12, in terms of force per unit of width of the CRM layer, at
the varying of the equivalent tensile strain. The ID for this numer-
ical model is TS; suffix -T indicates the twisted fiber wires oriented
along the loading, and label “a” or “b” refers to the different sample
type; moreover, the grid size and type are distinguished (-66S and
-99S).

The numerical results obtained from the two different test types
on -66S samples [Fig. 12(a)] are comparable, as well as those from
the experimental tests, to which the general trend is in agreement:
there is a first elastic branch, for ɛ< 0.01%, with high stiffness;
then, as the first crack occurred (at 4.4 kN), there is a jagged second
stage, with sequential formation of transversal cracks, and a final
linear stage, within the range ɛ= 0.50%–1.45%, ending with the

attainment of the longitudinal wires failure at 9.0 kN. More cracks
formed in the Type “b” sample, with respect to the Type “a” sam-
ple, due to the higher length.

Actually, the experimental local force peaks at the formation of
each crack were more scattered, as affected by some intrinsic var-
iability in the mortar tensile strength (c.o.v 8%) and by possible
irregularities in the effective mortar cross section, as will be
later confirmed by the sensitivity analysis. Moreover, higher resis-
tance values were often reached in the experimental tests, in re-
spect to the numerical provisions: this was due, more than to
the variability of the actual wires resistance (c.o.v. 6.7%), to the
presence of the mortar matrix, which provided an additional con-
strain to the untwisting of the wires, improving their resistance;
differently, in the numerical simulations, the values obtained
from the characterization tests on single bare wires were consid-
ered (Table 1).

The evolution of the principal tensile strains in the mortar
layer are reported in Fig. 13(a): it can be observed that the
main cracks in the mortar are located in correspondence of the
transversal wires, at a distance of 132 mm, according to the ex-
perimental pattern [Fig. 5(b)]. The tensile stresses along the
wires, plotted in Fig. 13(b), evidence peak values in

(a) (b)

Fig. 11. Pullout tests: trend of the central wire tangential unitary force at different displacement levels (in mm), for load applied in the direction of the
(a) twisted or; and (b) parallel fiber wires.

(a) (b)

Fig. 12. Direct tensile tests: numerical curves of (a) -66S; and (b) -99S samples, in comparison with the experimental results and illustration of the
principal tensile strains in the mortar at peak load, to highlight the cracks position.
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correspondence of the cracks in the mortar. The simulation of
test TS-Ta-99S [Fig. 12(b)] confirmed the occurrence of the pre-
mature failure for the yarn’s slippage at the grips. In fact, in this
case, only one transversal wire was effectively located inside the
clamps, instead of the three yarns in the TS-Ta-66S samples.
Considering an adequate clamp, the wires failure can be reached,
and quite higher load and ultimate strain are attained; however,
the resistance is reasonably lower in respect to TS-Ta-66S (ac-
cording to the grid pitch).

Shear–Bond Tests

The numerical results of the shear–bond tests and the comparison
with the experimental ones are reported in Fig. 14(a), in terms of
force per unit of width, f, under the increasing displacement Δ be-
tween the unbonded mesh and the mortar coating. The ID for this nu-
merical model is SB-T (suffix -T refers to the twisted fiber wires
oriented along the loading direction); followed the indication of
the bond length (120, 180, or 240) and of the grid size and type
(e.g., -66S, -33S).

Considering the scatter in the experimental parameters of mate-
rials and interfaces, the numerical results are in good agreement
with the mean experimental outcomes, both in terms of f-Δ capacity
curves trend and failure modes. Indeed, when a bond length lb of
120 mm was investigated (SB-T120-66S), the failure for the slip-
page of the longitudinal wires from the mortar occurred, at
7.6 kN (Δ= 2.6 mm); then the load tuned down to about 5.8 kN
and then very gradually decreased. Also, for lb= 180 and
240 mm (SB-T180-66S and SB-T240-66S) some slips were de-
tected (the slope of the f-Δ curves gradually reduced), but the failure
was due to the wires rupture out of the bonded area, at 9 kN (Δ=
3.2 mm). Similarly, in SB-T240-33S, for which the ultimate strain
of the wires was reached at 18 kN (Δ= 2.9 mm).

The trends of the tangential force per unit of length along the
longitudinal wires, v, are plotted in Fig. 14(b), with reference to
the peak load f : in -66S samples, perfect bond was detected from
a distance li= 165 mm from the pulled edge, with a peak value of
v reached at li= 95 mm. In SB-T240-33S, perfect bond was de-
tected from a lower distance, li= 150 mm, with maximum
value of v at li= 80 mm. The tangential stresses at the mortar–

(a) (b)

Fig. 13. Sample TS-Tb-66S: evolution of (a) mortar principal tensile strains; and (b) wires tensile stresses.

(a) (b)

Fig. 14. Shear bond tests: (a) numerical curves, in comparison with the experimental results; and (b) distribution of the tangential forces in the
wire–mortar, v, and mortar–masonry, τ, interfaces, at peak load.
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masonry interface, τ, are also plotted in Fig. 14(b). The typical
behavior of shear joints connecting elastic materials was recog-
nized, with higher values at the extremities and an unsymmetri-
cal trend due to the different stiffness of the coupled materials. In
the SB-T240-33S sample, the stresses attained to the maximum
bond resistance at the pulled edge (τmax in Fig. 9), evidencing
that the collapse for debonding from the support was very
close to occur.

In-Plane Shear Tests

The numerical capacity curve concerning the in-plane shear tests
(labelled IS-P-66S) is reported in Fig. 15(a) in terms of horizontal
force F under the increasing horizontal displacement at the top Δ.
The numerical model showed an initial high-stiffness branch
until about 12 kN, then the first crack formed close to the base,
on the left side. At the increasing horizontal displacement, a grad-
ual stiffness decrease occurred since other cracks formed, as evi-
denced in the damage pattern of Fig. 15(b). The peak load, equal
to 30 kN, was attained at Δ= 10.8 mm. The higher tensile stresses
in the mesh [Fig. 15(c)] mainly involved the vertical wires on the
left, tensed side, which result was also affected by some debonding
from the matrix at the base, at the end of the test. Moderate stresses
also arose in both the horizontal and vertical wires along the sample
diagonal, while the area of the top-right corner was almost
undisturbed.

Although the final crack pattern was consistent with the exper-
imental evidence [Fig. 7(a)], the initial high-stiffness branch in the
experimental curves ended earlier (5–8 kN), and the subsequent
stiffness was lower in respect to the numerical estimations; the
curves gained stiffness from about 2 to 5 mm and the gap with
the numerical one gradually reduced.

The discrepancy, in this case, rather than to the intrinsic scatter
in materials and interfaces properties and dimensions, already men-
tioned, has to be attributed, more realistically, to the occurrence of
some slip in the bolted connection at the base of the experimental
samples. As a proof, the simulation “IS-P-66S_gap” [Fig. 15(a)]
was performed by introducing, at the sample base, two springs at
the opposite corners, accounting for the shear behavior of bolted
connections. The springs had a nonlinear behavior characterized
by an initial high stiffness (till 6.5 kN, representing the friction

transmission stage related to the bolts tightening), a slip stage
with low stiffness (caused by the gap between the holes and the
screws, set equal to 0.9 mm), and a bolt-loading stage with high
stiffness. In such a way, the trend of the numerical capacity
curve appeared more similar to the experimental one.

It should also be observed that, at advanced displacement levels,
the nonlinear-static analysis neglected possible cumulative damage
due to cyclic loading (e.g., some sliding at the base horizontal
crack, which involved the entire sample width, or some degrading
of the wires bonding).

Sensitivity Analysis

Parametric analyses were conducted to investigate on the sensitiv-
ity of the CRM performances to the main characteristics of the in-
dividual components. The different available grid configurations
were at first investigated for tensile and shear bond tests [solid
lines in Figs. 16(a) and 17]. For the tensile tests simulations,
the Type “b” sample and an adequate clamping system were as-
sumed; for the shear bond tests, a 240-mm bond length was
considered.

By comparing the performances of the -66S, -33S, and -99S
meshes, it emerged that the increase of the reinforcement ratio gen-
erally led to higher resistances and stiffer performances. In the ten-
sile tests (Fig. 16), the cracking formation stage was shorter and
smoother, as a result of more numerous, thinner, and closer cracks
[as observed by comparing the crack pattern at peak loads, in
Fig. 16(b)], and the tension stiffening effect decreased. In the
shear bond tests (Fig. 17), the trends of the tangential forces
along the longitudinal wires at peak load for -99S were almost
comparable with -66S (v ∼ 0 for li= 170 mm), while for -33S,
the slips involved a shorter bond length (about 150 mm), due to
the contribution provided by the numerous mesh intersections
[Fig. 17(b)].

The presence of Type “D” yarns was also investigated
(meshes -66D and -99D); note that the presence of Type “D”
yarns determines a variation in the characteristics of the wires,
as well as in those of the yarn–mortar interfaces and of the
mesh intersections, according to the values reported in Table 1
and Fig. 9. The global behavior of configurations -33S and

(a) (b) (c)

Fig. 15. In-plane shear tests: (a) numerical curves, in comparison with the experimental results; (b) principal tensile strains in the mortar; and
(c) tensile stresses in the mesh at peak load.
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-66D (same reinforcement ratio) was quite similar, but with fewer
and thicker cracks in the latter and lower resistances, according to
the wires’ characteristics. Also, the bond length affected by wires
slip was a little higher (165 mm, instead 150 mm). The -99D
mesh provided a bit steeper performances, in respect to -66S,
but very similar values for both the peak load and for the bond
length affected by wire slip.

The orientation of the mesh was then varied by arranging the
parallel fiber wires along the loading direction (-P). The tensile
stress–strain curves [dashed lines in Fig. 16(a)] look generally
stiffer and stronger when compared with the respective -T sam-
ples, due to the quite higher performances of the parallel fiber
wires (Table 1); the crack pattern is almost the same. But, in the
shear bond tests [Fig. 17(a)], the failure for yarns slippage oc-
curred for all the investigated -P configurations, evidencing the
necessity of a higher bond length to exploit the whole yarns resis-
tance. This appears more clearly when analyzing the trend of the
tangential forces along the wires [Fig. 17(b)], since in -P config-
urations the whole bond length was affected by slip at peak
load (v > 0). It was also observed that a reduction or an increase

in the wires’ tensile strength (e.g., ±35%) determines, respec-
tively, a premature or postponed interruption of the capacity
curves. Variations in the wires’ Young’s modulus affect the
curve stiffness (in TS tests, only the third stage).

The effects due to variations of ±35% in the tensile strength of
the mortar coating (suffix ft), as well as in its thickness (suffix s),
can be observed in Fig. 18(a), referring to tensile tests: basically,
a stronger mortar matrix resulted in a higher cracking load, a
more scattered cracking formation stage, and a more prominent ten-
sion–stiffening effect. The shear bond performances were not sig-
nificantly influenced. The mortar Young’s modulus has in
general a negligible effect, for the investigated range (±35%), so
the respective curves are not plotted. When scaling by ±35% the
ordinates of the shear stress–slip relationship between the wires
and the mortar matrix (L), a wider crack diffusion and a higher ul-
timate strains emerged at the increasing of the bond strength, in the
tensile tests, and a reduction of the bond length affected by slip was
detected in the shear bond tests [Fig. 18(b)]. The modified distribu-
tion of the tangential forces along the wires induced very few var-
iations in the trends of the bond stresses along the mortar–masonry

(a) (b)

Fig. 16. Sensitivity analysis in tensile tests, with variation of the reinforcement ratio and orientation: (a) capacity curves; and (b) principal tensile
strains at peak load.

(a) (b)

Fig. 17. Sensitivity analysis in shear bond tests, with variation of the reinforcement ratio and orientation: (a) capacity curves; and (b) tangential forces
at the wires’ interfaces at peak load.
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interface, τ. Variations of ±35% in the resistance of the mesh inter-
sections (X ) had less influence, as expected, due to the lower con-
tribution against the wires pullout from the coating, as already
evidenced in the simulations of the pullout tests.

The sensitivity analysis performed on the in-plane shear setup
[Fig. 18(c)] confirmed that the increase of the reinforcement ratio
(e.g., -66D curve) can lead to stronger and stiffer performances.
The reversion of the mesh orientation (-T sample) resulted in a
lower resistance, according to the weaker performances of the
wires arranged vertically, but the global stiffness was not affected.
Reductions in the mortar thickness (as well as in the mortar tensile
strength) decreased the ordinates and enlarged the ultimate dis-
placement (S suffix). By increasing the wire–mortar bond strength
(L), it was possible to avoid the collapse due to wires debonding at
the base, improving the sample performances.

Conclusions

This paper collects the former results of a project aimed at the cal-
ibration of a numerical model for the prediction of the perfor-
mances of historical masonry strengthened with TRM systems.
The paper is focused, in particular, on the behavior of TRMs at
the characterization test level.

In the first part, a broad literature review collects the main exper-
imental tests features and points out the aspects influencing the re-
sponse; in addition, the analytical and numerical models developed
for the simulation of tensile and shear bond tests are described, ev-
idencing the different assumptions. What emerges from the wide
literature review is, on one hand, the large number of studies per-
formed on a wide variety of TRM systems in a relatively short pe-
riod (10–15 years), which testifies the interest in this topic and the
great variety of features that deserve attention. But, on the other
hand, it also emerges the clear lack of an exhaustive study on a spe-
cific TRM compound, comprehensive of the various aspects (at
least, at the experimental level, let alone the numerical and
analytical).

The second part of the paper deals with the calibration and val-
idation of a detailed numerical model for TRM using free, open-
source code. In the 3D model, the components (the reinforcement
yarns, the mortar matrix, and, if present, the masonry support)
were assembled by means of interface elements. The calibration
of the characteristics of the materials and interfaces, with nonlinear
behavior, was based on the results of experimental tests available in
the literature. The model validation was achieved through compar-
ison with the results of tensile, shear–bond, and in-plane shear ex-
perimental tests. The sensitivity of the models to the main
components characteristics (reinforcement ratio and orientation,

(a)

(b)

(c)

Fig. 18. Sensitivity analysis, with variations in the characteristics of the mortar and of the wires–mortar bond: (a) tensile tests; (b) shear bond test; and
(c) in-plane shear tests.
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mortar characteristics, wire–mortar interaction) was also investi-
gated, with results confirming the evidence emerged from the
state of the art. The parametric analyses also evidenced that the
modest discrepancy emerged in the comparisons with the experi-
mental results may be attributable to normal uncertainties and in-
trinsic scatter in the material and interface properties.

The detailed-level model herein applied for the calibration and
validation of a CRM-strengthening technique has general validity
and can also be applied on other TRM systems, once the appropri-
ate characterization tests on materials and interfaces are per-
formed. The model represents a useful tool to investigate on the
TRM optimization, to calibrate applicative details and to define
the equivalent behavior of TRM as homogenized material for sim-
plified modeling purposes. The modeling method will be adopted
for the simulation of in-plane and out-of-plane tests on masonry
samples, to estimate the benefits and calibrate/validate simplified
methods for the analysis of entire walls and buildings.

Data Availability Statement

Some or all data, models, or code generated or used during the study
are available in a repository online in accordance with funder data re-
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v.2.5 was used for running the analyses (Öhman et al. 2020).
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