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Abstract: This paper presents the results of a parametric study on the response of unreinforced and
retrofitted masonry specimens. The adopted strengthening technique is the steel-reinforced plaster,
which is very commonly used but it is not supported by a proper theoretical and experimental
characterization in the scientific literature. The aim was to investigate the main parameters that affect
the structural performances of the walls. Several numerical models were implemented using the
finite element method to analyze the influence of the bricks’ arrangements, the mechanical properties
of the mortar joints, the number of connectors, and the mechanical properties and thickness of the
plaster coating. A concrete damage plasticity model was adopted to describe the bricks, the mortar
joints, and the plaster behaviors. For the unreinforced specimens, the outcomes confirmed that
the mortar strength had a significant influence on the performance of the wall, together with the
presence of potential weaknesses in the bricks, while the bond effect was negligible. For reinforced
walls, the connectors do not have a significant influence on retrofitted wall capacity but may prevent
instability if a proper number is considered. Furthermore, the strength of the plaster coating does not
affect the collapse load significantly, while increasing the fracture energy, which can be produced,
for instance, by using fiber-reinforced concrete, increases the capacity of retrofitted walls, with more
limited damage. Finally, an increase in the plaster thickness may be beneficial in terms of collapse
load, even though greater thickness may increase the seismic masses significantly.

Keywords: masonry; retrofitting; steel reinforced plaster; nonlinear analysis; diagonal compression test

1. Introduction

Unreinforced masonry (URM) has been used for centuries, and worldwide, to build
residential and public buildings, some of which are distinguished as examples of cultural
heritage. These structures, which are usually designed to resist gravity loads, show poor
shear resistance with respect to horizontal loads. Seismic events, long-term weathering,
degradation phenomena, foundation settlements, enhanced bearing capacity requirements,
or overloads in existing masonry can require structural solutions through strengthening or
retrofitting, i.e., the structural protection and rehabilitation of existing masonry structures.

Masonry is a composite material that is usually made by stones or bricks in combina-
tion with mortar joints. It is characterized by a very complex nonlinear response, with a
brittle response to tension and a frictional response to shear and anisotropy [1–5]. Brick
or stone units and mortar usually have very different material properties, and they both
show marked brittle behavior, which often causes the development of cracks. Due to
these intrinsic characteristics, the prediction of masonry’s structural response is a very
difficult task, and, despite the significant efforts undertaken by the scientific community,
further experimental and theoretical developments are necessary. Given the importance
of masonry structures in the existing building stock, upgrading interventions aimed at
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increasing their seismic performances are of the utmost importance, and a better under-
standing of masonry’s behavior is fundamental to design these structures effectively. When
local out-of-plane wall failures are prevented by appropriate connections between elements,
the resisting mechanism that governs the global response of the structure is the in-plane
shear capacity of the walls, which is directly associated with the masonry’s shear strength.
Among the different techniques commonly adopted to improve the in-plane performance
of URM (see, for instance, [6–13]), reinforced plaster (RP) is a widely used approach. It
consists in placing a steel mesh on the wall surfaces and coating it with a layer of plaster,
which can be made of concrete or a ready-mix mortar. In order to transfer the shear stresses
on the wall across the concrete–masonry interface, appropriate anchors are fixed with a
qualified mortar system (adhesive or cementitious grout) into pre-drilled holes made in
the masonry wall and connected to the steel mesh. The method is easy to install, and it
produces high increases in strength and stiffness. It is not surprising, therefore, that RP
coating is one of the most common retrofitting interventions on masonry.

Despite its frequent use, and even though many technical codes [14,15] often suggest it
as an effective retrofitting technique, it is difficult to obtain a satisfactory characterization of
masonry with RP in the scientific literature, especially from an experimental point of view.
To cover this lack of knowledge, an experimental study on masonry specimens retrofitted
with RP is ongoing at Politecnico di Milano, with the aim of investigating the effectiveness
of this strengthening solution. The diagonal compression test [16–19], recommended by
several national and international building codes to characterize the tensile strength of
masonry, is being used as a tool to compare the responses of the analyzed specimens. In
order to provide guidance to the experimental program, a numerical study was conducted
on masonry walls, unreinforced and retrofitted with RP, analyzing the main parameters
that have an influence on the in-plane structural response. Attention was given to several
parameters, such as the mortar and plaster’s properties, or the number of anchors.

The high level of complexity associated with the modeling and analysis of masonry
structures has led to the development of very different approaches, based on different
hypotheses, with different levels of accuracy and computational costs. The possibilities
span from distinct element models [20–22] to continuous finite element models, with the
latter covering a variety of cases, depending on the level of discretization detail: homo-
geneous macromodels [23–25], simplified micromodels with no unit–joint interfaces [26],
micromodels with simplified interfaces [27,28], or detailed micromodels [29], with diverse
options of material constitutive laws. For this research, the numerical procedure is based
on finite element modeling, which considers the local mechanical parameters of bricks
and mortar with a simplified micro-modeling approach. The preliminary experimental
outcomes of the experimental program were used to validate the numerical models.

The aim of the paper is to present and discuss the results of the parametric study, to
allow a satisfying characterization of the retrofitting method and to guide researchers and
engineers in their choice of proper design parameters. After the presentation of the main
data about the experimental tests, the implemented numerical model is described, together
with the constitutive models adopted for the different materials. The parametric analysis
follows, with discussions on the effect of the analyzed parameters on the performance
of the reinforced wall. The results of this study show that the connectors do not have a
significant influence on the retrofitted wall capacity, but may prevent instability phenomena
if a proper number is considered. Furthermore, the strength and thickness of the plaster
may be beneficial in terms of collapse load, even if, regarding the thickness, it is always
recommended to use smaller values to keep the seismic mass as low as possible. Lastly,
the presence of the steel reinforcement is convenient to increase the maximum load and,
especially, the ductility of the system. As an alternative to the steel mesh, the use of fiber-
reinforced concrete may be considered, with analogous performance of the retrofitted wall,
but with more limited damage.
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2. Experimental Test
2.1. Specimen and Experimental Set-Up

The geometry of the specimen, defined according to the suggestions given by ASTM-
E-519-02 [21], was 1290 mm × 1290 mm, with a 250-mm thickness. Solid clay bricks,
assembled with mortar joints of 10 mm, were considered. The bricks were the “Rosso
Vivo A6R55 W”, which are very common in existing masonry buildings in Italy, produced
by San Marco Terreal, with dimensions of 250 mm × 120 mm × 55 mm. The bricks
were arranged in English bond layout (Figure 1a). A lime-cement mortar classified as
M2.5 by Italian Building Code [14] was used for bed joints, with 1:5 water/cement ratio
by weight. The mechanical characterization of the materials was derived from three-
point bending and compressive tests, performed according to ASTM C293 [30] and ASTM
C348 [31]. The average compressive strength of the bricks was 23.3 MPa. The mean value
of mortar compressive strength was 5.4 MPa, and the mean flexural strength was 2.1 MPa.
In the reinforced configuration, a steel mesh of 6-mm-diameter wire (B450C class) with
a spacing of 100 mm in both horizontal and vertical directions was embedded in the
plaster as reinforcement. A cement-based mortar was adopted for the plaster (Figure 1b).
Experimental tests (i.e., three-point bending and compressive tests) were also performed
for the plaster mortar, which gave a mean compressive strength of 33.91 MPa and a mean
flexural strength of 6.38 MPa. The RP was connected to the masonry wall by using steel
anchors in the form of steel-ribbed rebars (B450C, 8-mm diameter, 200-mm embedment
depth), bent at one end with a 90-degree hook 50 mm in length (Figure 1c). The anchors
were installed with a hybrid adhesive into boreholes 10 mm in diameter and following a
quincunxes pattern with a density of 5 anchorage/m2. The plaster was applied on both
sides of the specimen.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 23 
 

fiber-reinforced concrete may be considered, with analogous performance of the retrofit-
ted wall, but with more limited damage. 

2. Experimental Test 
2.1. Specimen and Experimental Set-Up 

The geometry of the specimen, defined according to the suggestions given by ASTM-
E-519-02 [21], was 1290 mm × 1290 mm, with a 250-mm thickness. Solid clay bricks, as-
sembled with mortar joints of 10 mm, were considered. The bricks were the “Rosso Vivo 
A6R55 W”, which are very common in existing masonry buildings in Italy, produced by 
San Marco Terreal, with dimensions of 250 mm × 120 mm × 55 mm. The bricks were ar-
ranged in English bond layout (Figure 1a). A lime-cement mortar classified as M2.5 by 
Italian Building Code [14] was used for bed joints, with 1:5 water/cement ratio by weight. 
The mechanical characterization of the materials was derived from three-point bending 
and compressive tests, performed according to ASTM C293 [30] and ASTM C348 [31]. The 
average compressive strength of the bricks was 23.3 MPa. The mean value of mortar com-
pressive strength was 5.4 MPa, and the mean flexural strength was 2.1 MPa. In the rein-
forced configuration, a steel mesh of 6-mm-diameter wire (B450C class) with a spacing of 
100 mm in both horizontal and vertical directions was embedded in the plaster as rein-
forcement. A cement-based mortar was adopted for the plaster (Figure 1b). Experimental 
tests (i.e., three-point bending and compressive tests) were also performed for the plaster 
mortar, which gave a mean compressive strength of 33.91 MPa and a mean flexural 
strength of 6.38 MPa. The RP was connected to the masonry wall by using steel anchors 
in the form of steel-ribbed rebars (B450C, 8-mm diameter, 200-mm embedment depth), 
bent at one end with a 90-degree hook 50 mm in length (Figure 1c). The anchors were 
installed with a hybrid adhesive into boreholes 10 mm in diameter and following a quin-
cunxes pattern with a density of 5 anchorage/m2. The plaster was applied on both sides of 
the specimen. 

   
(a) (b) (c) 

Figure 1. (a) Unreinforced masonry specimen; (b) retrofitted specimen; (c) anchor detail. 

The diagonal compression (DC) test [16–18,32] was used for the characterization of 
the in-plane behavior of the masonry panels. The test consists of loading a masonry as-
semblage of compression along with one of the diagonals, thus causing tension failure, 
with the specimen splitting apart parallel to the direction of load. It should be stressed 
that the test is not able to catch all the possible failure modes (e.g., rocking/crushing), but 
only the diagonal cracking failure, which is a recurrent failure mechanism usually ob-
served after earthquakes [33,34]. 

Figure 1. (a) Unreinforced masonry specimen; (b) retrofitted specimen; (c) anchor detail.

The diagonal compression (DC) test [16–18,32] was used for the characterization of the
in-plane behavior of the masonry panels. The test consists of loading a masonry assemblage
of compression along with one of the diagonals, thus causing tension failure, with the
specimen splitting apart parallel to the direction of load. It should be stressed that the test
is not able to catch all the possible failure modes (e.g., rocking/crushing), but only the
diagonal cracking failure, which is a recurrent failure mechanism usually observed after
earthquakes [33,34].

Two hydraulic jacks, each with a capacity of 300 kN, were placed on both sides of
the wall (Figure 2a), along the diagonals of the specimen. The load was continuously
monitored with a couple of load cells. Two steel shoes with L-shaped cross-sections and
150 mm in web length were placed at the ends of the main diagonal to transfer the diagonal
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displacement applied by hydraulic jacks. The tests were performed under displacement
control at a displacement rate of 0.05 mm/s. Two linear variable differential transformers
(LVDTs) were fixed along the diagonals of each lateral surface, with a 90-degree angle
between them (gauge length of about 800 mm) (Figure 2b). Another two LVDTs were
applied on each face, orthogonally to the front and backside of the specimen, to monitor
the out-of-plane deformation of RP.
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2.2. Experimental Results

The first noticeable damage was located close to the loading shoes, where a detachment
of the RP was detected. Diagonal cracks also appeared on the surface of the plaster. The
detachment and the damage progressively increased with the increase in the imposed
displacement. The maximum load was reached at 875 kN. Figure 3 shows the load vs.
displacement curve, in which the displacement data were obtained by geometrical relations
on the LVDTs measurements. The formation of damage corresponds to the beginning of the
non-linear phase of the curve. At the peak load, a significant level of damage was already
achieved. Figure 4 shows the crack pattern at failure on both plaster and masonry, and the
detachment of the plaster layer. The cracks in the plaster resulted in a large area, while
in the masonry, a small number of main cracks were detected along the loaded diagonals.
At failure, the area close to the loading shoes was completely crushed and several anchor
hooks were bent up again and punched the concrete cover.
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3. Numerical Simulations
3.1. Finite Element Model

The numerical analyses were performed using 3D FE models of the specimens (Figure 5a),
which were developed with the commercial software, Abaqus [35]. Since the analyses were
restricted to wall specimens of limited dimensions, a simplified micro-modelling approach
was adopted for the masonry by defining the individual mechanical properties of the units
and the mortar, with no unit–mortar interfaces [8,26].
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The size of the mesh and the typology of the elements were defined based on a
sensitivity analysis. The interactions of the masonry components were fully compatible.
Solid tetrahedral elements with mesh sizes of 20 mm and 10 mm were adopted for the
brick and the mortar, respectively. The unit–mortar interface was not modeled in order
to keep the computational time reasonable. For the retrofitted configuration, solid linear
tetrahedral elements with mesh sizes of 20 mm and 5 mm were adopted for the plaster
and nails, respectively. For the anchors, due to their curved geometry, a refined mesh
was adopted compared to the other materials to avoid overclosure at the interface with
the masonry and plaster. The interaction between the plaster and the wall surface was
defined as normal hard contact and tangential behavior with friction coefficient µ = 0.1. This
assumption made possible the development of debonding mechanisms. The interaction
between the anchors and the plaster was also defined as normal hard contact and tangential
behavior, but with a friction coefficient of µ = 0.4. The steel net was modeled by using
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beam elements embedded in the plaster region. A view of the reinforced specimen mesh is
reported in Figure 5b, while a detail of the anchor’s mesh is reported in Figure 5c.

The numerical simulations followed the protocol suggested by ASTM-E519 [36]. The
test setup is represented in Figure 6a. The steel shoes were modeled as rigid elements,
and their interaction with the masonry was defined as normal hard contact and tangential
behavior, with a friction coefficient of µ = 0.2. The simulation of the load application was
performed through the imposed displacements applied on one shoe, while the other shoe
was considered fully constrained to the ground. Figure 6b shows the finite element model
of the specimen, with the load and boundary conditions.
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The numerical solution was conducted by adopting a dynamic explicit solver, which
uses the central difference time integration by considering the diagonal mass matrix of the
system. Since the model is intrinsically nonlinear, the dynamic explicit solver can capture
the nonlinear behavior of the specimen if a large number of small increments is adopted.
Nevertheless, it should be considered that the real specimen is placed under static loading
and not dynamic. For this reason, the time increment and the sizes of the meshes were
optimized to solve the problem in a quasi-static manner, by diminishing the effects of the
kinetic energy.

3.2. Mechanical Properties and Constitutive Laws

The mechanical properties adopted in the numerical analyses are collected in Table 1,
where γ is the weight density, E is the Young modulus, υ is the Poisson ratio, and σcu
and σt0 are the failure stress in the compression and tension, respectively. The values
for the masonry, concrete, and steel were defined based on the data available from the
experimental tests and according to EC2 [19]. All the unavailable mechanical data were
quantified by calibration on the experimental results or on the basis of studies published by
other researchers on analogous materials.

A concrete damage plasticity (CDP) model [37], already implemented in the Abaqus
code, was assumed for the mortar, blocks, and concrete, while elastic–plastic behavior with
strain hardening was considered for the steel, with yielding stress of 450 MPa, ultimate
stress of 550 MPa, and plastic strain equal to 0.14. The CDP was developed by Lubliner [37]
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to describe the non-linear response of concrete, but it was found to be suitable for all appli-
cations with materials that exhibit brittle/quasi-brittle behavior and damage. Examples of
the application of the CDP model to masonry structures may be found in [18,38,39]. The
main features of the CDP model are the following: (1) linear and isotropic behavior in the
elastic regime; and (2) elastic–plastic damageable behavior in the nonlinear range, taking
into account the difference between the compressive and tensile strengths and the softening
behavior once the strength of the material is reached.

The adopted plasticity-based damage model assumes that the two main failure mech-
anisms are tensile cracking and compressive crushing. Under uniaxial tension, the stress–
strain response follows a linear elastic relationship until the value of the failure stress, σt0,
is reached. The failure stress corresponds to the onset of micro-cracking in the material.
Beyond the failure stress, the formation of micro-cracks is represented macroscopically
with a softening stress–strain response, which induces strain localization in the material’s
structure. Under uniaxial compression, the response is linear until the value of the initial
yield, σc0. In the plastic regime, the response is typically characterized by stress hardening
followed by strain softening beyond the ultimate stress, σcu. It is assumed that when the
material is unloaded from any point on the softening branch, the response is characterized
by a reduced elastic stiffness (damage). The degradation “d” of the elastic stiffness is
governed by two damage variables, dc and dt, which are assumed to be functions of the
plastic strains. These variables may assume values from zero (undamaged material) to one,
which represents the total loss of stiffness.

Table 1. Mechanical properties for brick, mortar, plaster, and steel.

Material
γ E υ σcu σt0

(T/mm3) (MPa) (-) (MPa) (MPa)

Brick 1.56 × 10−9 5756 0.15 23 3.0
Mortar 2.40 × 10−9 900 0.20 5 1.1
Plaster 2.50 × 10−9 30,000 0.20 30 3.0
Steel 7.85 × 10−9 200,000 0.30 - -

Figure 7 reports, for the mortar, brick, and plaster, the stress–strain behavior of the
compression, the post-failure stress–displacement curves of the tension, and the values of
the damage factor of the tension and compression.

A Drucker–Prager (DP) strength domain was assumed; its main parameters for the
different materials are reported in Table 2. K is a parameter whose role is to smoothly
distort the DP surface in the deviatoric plane from a circle to a surface more similar
to a Mohr–Coulomb one; the adopted K value was the one suggested by the user’s
guide to closely approximate a Mohr–Coulomb failure criterion. The regularization of
the tensile corner was also adopted by means of a correction parameter, referred to as
eccentricity e, expressing the rate at which the plastic flow potential approached the
linear Drucker–Prager function at high confining pressure stress. A default value equal
to 0.1 was adopted, which ensured that the dilation angle would remain constant over a
wide range of confining pressures. Another important issue in dealing with masonry
is the non-associativity of the plastic part. CDP allows the setting of a user-defined
dilation angle Ψ of the elastoplastic part of the inelastic deformation. The ratio between
the biaxial and the monoaxial compression strength σb0/σco was set to be equal to 1.16,
while a relatively large value of the viscosity parameter µ was adopted to promote faster
convergence based on the recommendations found in the literature [35,40], after several
trial-and-error attempts.
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Table 2. CDP parameters for brick, mortar and plaster.

Material Ψ (◦) e σb0/σco K µ

Brick 28 0.1 1.16 0.667 0.0003
Mortar 20 0.1 1.16 0.667 0.0003
Plaster 28 0.1 1.16 0.667 0.0003

3.3. Validation

The preliminary experimental test results were used to calibrate and validate the
numerical model, which reproduced the geometric and mechanical properties of the
tested specimens. The choice of a suitable reference measurement for the comparison
between the experimental and numerical curves constituted a crucial aspect of the study.
To compare the numerical displacement with the experimental displacement in Figure 3,
two nodes along each diagonal were considered as “virtual LVDT’s” and placed in the
same position as the experimental ones. From the comparison between the experimental
and numerical curves (Figure 8) it is evident that the numerical simulation is able to
reproduce the initial stiffness, the peak load, and the value of the displacement at the
peak, while it overestimates the post-peak ductility. Figures 9 and 10 show the damage
evolution for the different values of the displacement of the tension and compression,
respectively. The first tensile damage is detected when the material response leaves
the linear range (about 1 mm); at the peak load, several cracks are evident along the
compressed diagonal, while some crushing damage can be highlighted close to the
loading shoes. After the peak, with the decrease in the load, both compressive and
tensile damage grow. At collapse, the crack pattern spreads across a wide area of
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the plaster; punching of the anchors is manifested, together with significant crushing
damage close to the loading area. The final damage configuration reproduces exactly
the damage observed after the experiment, and is reported in Figure 4.
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4. Parametric Analyses

The implemented and validated FE models were employed to investigate the effects
of different parameters on the non-linear responses of the unreinforced and strengthened
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walls. Some analyses were performed on the URM specimens, to estimate the influence
of the bricks and mortar’s mechanical properties on the overall performance. Several
retrofitted configurations were then analyzed considering the use of the reinforced plaster,
investigating the effect of the number of connectors, the mechanical properties and thickness
of the plaster, and the presence of the steel reinforcement. Additional tests were performed
on the reduced specimens to investigate the optimal orientation of the nails. A summary of
all the performed simulations is reported in Table 3.

Table 3. Summary of the performed simulations.

Test Investigate Parameter Reinforced/Unreinforced

1 Mortar strength unreinforced
2 Presence of weak bricks unreinforced
3 Anchors orientation reinforced
4 Plaster reinforcement reinforced
6 Anchor density reinforced
6 Plaster strength and fracture energy reinforced
7 Plaster thickness reinforced

In the following sections, each numerical test is presented, with a discussion of the
obtained results.

4.1. Unreinforced Masonry—Effect of the Joint Mortar Strength

The performance of a masonry wall is strongly dependent upon the properties of
its constituents. The mortar joints are usually the weakest elements of an assemblage,
and their non-linear response is one of the most relevant features of masonry response.
Moreover, it is well known that the difference between the elastic properties of the unit
and mortar is the main cause of the failure of these structures. For these reasons, different
grades of mortar were considered, with different ratios of cement, lime, and sand, to
investigate the effect of the mortar’s strength on the overall behavior of the masonry walls.
The mechanical properties of the mortars (Table 4) were selected as in [41], where an
experimental characterization of mortar cubes is presented.

Table 4. Mechanical properties of mortars.

Mortar (Cement:Lime:Sand) Failure Strain σcu
(N/mm2)

E
(N/mm2)

Weak (1:0:6) 0.0102 3.1 545
Modified weak (1:0.7:5.5) 0.0092 5.5 1100

Intermediate (1:0.5:4.5) 0.0083 15.2 3300
Strong (1:0:3) 0.0099 20.6 3750

Figure 11 shows the results in terms of load vs. displacement curves, while Figure 12
shows the damage pattern at failure for the different configurations. For lower values of
mortar strength, the peak load was lower and the damage that developed in the mortar
joints, was spread over a wider area. For the strong mortars, a main crack developed
along the compressed diagonal, involving both the joints and the bricks, with additional
smaller cracks around the main crack. Moreover, more ductile behavior was detected at the
peak load.



Appl. Sci. 2022, 12, 5090 11 of 22

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 23 
 

From the results, it was confirmed that, when the mechanical properties of the mortar 
are close to those of the brick, the peak stress is reduced, the overall response of the wall 
is more homogeneous, the masonry components are fully exploited, both in terms of re-
sistance and stiffness, and more ductile behavior is achieved. 

 
Figure 11. Load vs. displacement curves for different mortar grades. 

Table 4. Mechanical properties of mortars. 

Mortar (Cement: Lime: Sand) Failure Strain 
σcu 

(N/mm2) 
E 

(N/mm2) 
Weak (1:0:6) 0.0102 3.1 545 

Modified weak (1:0.7:5.5) 0.0092 5.5 1100 
Intermediate (1:0.5:4.5) 0.0083 15.2 3300 

Strong (1:0:3) 0.0099 20.6 3750 
 

    
(a) (b) (c) (d) 

Figure 12. Damage distribution for different mortar grades: (a) weak; (b) modified weak; (c) inter-
mediate; (d) strong. 

4.2. Unreinforced Masonry—Effect of Weak Bricks 
The quality of the brick in a masonry wall may have a significant effect on its overall 

response. Several factors influence brick quality: workmanship, the presence of inner 
cracks due to transportation to the job site, nonuniform heat distribution in the oven dur-
ing the drying time, damage recorded after seismic events, etc. This section analyzes the 
effect of the distribution of some of the weak bricks on the overall wall structural response. 
Three different weak-brick patterns were defined (Figure 13), representing a wall with a 
random distribution of weak bricks (R1), a wall in which an opening has been closed so 
that the edges of the former window represent lines of structural weakness (R2), and a 

Figure 11. Load vs. displacement curves for different mortar grades.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 23 
 

From the results, it was confirmed that, when the mechanical properties of the mortar 
are close to those of the brick, the peak stress is reduced, the overall response of the wall 
is more homogeneous, the masonry components are fully exploited, both in terms of re-
sistance and stiffness, and more ductile behavior is achieved. 

 
Figure 11. Load vs. displacement curves for different mortar grades. 

Table 4. Mechanical properties of mortars. 

Mortar (Cement: Lime: Sand) Failure Strain 
σcu 

(N/mm2) 
E 

(N/mm2) 
Weak (1:0:6) 0.0102 3.1 545 

Modified weak (1:0.7:5.5) 0.0092 5.5 1100 
Intermediate (1:0.5:4.5) 0.0083 15.2 3300 

Strong (1:0:3) 0.0099 20.6 3750 
 

    
(a) (b) (c) (d) 

Figure 12. Damage distribution for different mortar grades: (a) weak; (b) modified weak; (c) inter-
mediate; (d) strong. 

4.2. Unreinforced Masonry—Effect of Weak Bricks 
The quality of the brick in a masonry wall may have a significant effect on its overall 

response. Several factors influence brick quality: workmanship, the presence of inner 
cracks due to transportation to the job site, nonuniform heat distribution in the oven dur-
ing the drying time, damage recorded after seismic events, etc. This section analyzes the 
effect of the distribution of some of the weak bricks on the overall wall structural response. 
Three different weak-brick patterns were defined (Figure 13), representing a wall with a 
random distribution of weak bricks (R1), a wall in which an opening has been closed so 
that the edges of the former window represent lines of structural weakness (R2), and a 

Figure 12. Damage distribution for different mortar grades: (a) weak; (b) modified weak; (c) interme-
diate; (d) strong.

From the results, it was confirmed that, when the mechanical properties of the mortar
are close to those of the brick, the peak stress is reduced, the overall response of the wall
is more homogeneous, the masonry components are fully exploited, both in terms of
resistance and stiffness, and more ductile behavior is achieved.

4.2. Unreinforced Masonry—Effect of Weak Bricks

The quality of the brick in a masonry wall may have a significant effect on its overall
response. Several factors influence brick quality: workmanship, the presence of inner
cracks due to transportation to the job site, nonuniform heat distribution in the oven during
the drying time, damage recorded after seismic events, etc. This section analyzes the effect
of the distribution of some of the weak bricks on the overall wall structural response. Three
different weak-brick patterns were defined (Figure 13), representing a wall with a random
distribution of weak bricks (R1), a wall in which an opening has been closed so that the
edges of the former window represent lines of structural weakness (R2), and a wall that
shows damage along the diagonal because of an earthquake (R3). The number of weak
bricks is constant in the different configurations. The assumed elastic properties of the weak
bricks were an elastic modulus E = 500 MPa and a Poisson ratio ν = 0.17. The obtained
results were compared, and then compared to those of the configuration with no weak
bricks (i.e., reference configuration).
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Figure 14 shows the load vs. displacement curves for the different configurations. It is
evident that the presence of weak bricks determines a lower peak load and more ductile
behavior of the specimen with respect to the reference configuration, but it is interesting to
highlight how different distributions of the same number of weak bricks can determine
different overall responses. In particular, when the weak bricks are located along the
diagonal (i.e., case R3), a significant reduction in terms of the peak load and stiffness is
evident with respect to cases R1 and R2. This result confirms the importance of considering
the presence of weaknesses (e.g., pre-existing damage) in the modeling of existing masonry
structures because they can significantly affect the overall structural response.
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Figure 15 shows the damage distribution for the different configurations at failure. The
cracks followed the mortar joints and the bricks were broken only rarely. In the R1 pattern
(a), the damage was widespread in a larger area around the compressed diagonal and, even
though a main diagonal crack was detected, several minor cracks involved both the mortar
joint and the weak bricks. The R2 case (b) showed several diagonal cracks, which were
mainly driven by the location of the weak bricks. In the case of R3 (c), the damage was
entirely localized on the compressed diagonal, and only a few other cracks were detected
in the mortar joints outside the damaged diagonal. The reference configuration without
weak bricks (d) mainly shows stair-stepped cracks along the compressed diagonal.
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Overall, it is evident that, for all the cases, the damage distribution was strongly
influenced by the presence of weak elements, since the load always chose the path that
minimized its internal work. When the damage (i.e., weak breaks) was distributed in a
larger area, the wall response was more homogenous and the stress peaks, where the cracks
usually initiated, reduced.

4.3. Retrofitted Masonry—Optimal Orientation for the Anchors

The function of anchors in the reinforced plaster technique is fundamental to guarantee
the transfer of in-plane forces from the masonry to the plaster [42]. Good collaboration
between the two materials depends on the stiffness of the anchors, which is influenced by
the anchors’ orientation. To investigate the effect of the orientation of the anchors, several
models were implemented, varying the angle with respect to the horizontal from 0◦ to 45◦.
The simulations were conducted using a reduced volume of masonry, made by three bricks,
10-mm mortar joints, and 50-mm plaster (Figure 16).
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Figure 16. Geometry, loads, and boundary conditions.

The length of the anchor was 200 mm (25 mm inside the plaster), while its diameter
was 10 mm. The mechanical properties of the materials are defined in Table 2. The size of
the mesh was 5 mm, except for the nail, where 2.5 mm mesh was used. The anchors were
introduced as embedded elements in both the masonry and the plaster. The interaction
between the plaster and the wall surface was defined as normal hard contact and tangential
behavior, with a friction coefficient of µ = 0.1. The load was applied uniformly on the top
face of the concrete plaster; the out-of-plane displacements of the plaster and the vertical
and horizontal displacements of the bottom face of the brick were precluded.
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Figures 17 and 18 show the anchor deformation inside the masonry, the damage of
the tension and compression, and the maximum stresses in the anchor for 45◦ and 0◦,
respectively. In both configurations, the maximum stress occurred at the interface between
the reinforced plaster and masonry prism, but in the 45◦ configuration, the stress values
were lower. It is also evident that the damage, especially that of the tension, involved a
larger area in the 0◦ configuration. Figure 19 shows how the anchor orientation influenced
the vertical plaster displacement: by increasing the nail angle, the vertical displacement of
the concrete cover decreased. This phenomenon may have two possible explanations: first,
the shear area of the rotated nail was higher with respect to the horizontal one, and, second,
as the orientation of the nail increased, the axial stiffness of the nail would collaborate to
increase the stiffness of the anchor; in other words, the virtual work performed by the
compressive force acting on the anchor reduced the final displacement, which led to a
reduction in the reinforced plaster displacement. Nevertheless, by considering the drilling
procedure to install the nails inside the masonry wall, zero degrees remains the better
solution to guarantee proper installation.
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4.4. Retrofitted Masonry—Number of Connectors

Of the parameters that influence the structural performance of a wall retrofitted with
reinforced plaster, the number of connectors is investigated in this section. Four models
were implemented with five, seven, ten (Figure 20), and no anchors, respectively. The
anchors’ positions were defined according to the Italian technical code [14], which suggests
using a quincunx pattern with an equilateral triangle. The nail diameter was 10 mm, while
its length was 200 mm. The nail was placed horizontally (i.e., 0◦). Nonlinear analyses were
performed on specimens with 30-mm plaster thickness. The mechanical and interaction
properties, loading conditions, and mesh size were those defined in Sections 2 and 3.
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Figure 20. Anchors patterns: (a) N5; (b) N7; (c) N10.

Figure 21 shows the load vs. displacement curves for the different anchor configura-
tions. The higher stiffness in the first branch of the curve was detected in all the reinforced
specimens compared to the unreinforced one, and this stiffness was the same regardless of
the considered number of anchors. No significant variation in the peak load was detected
by increasing the number of anchors from zero to five and from seven to ten, whereas from
five to seven, there was an increase of about 10%.
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Figure 22 shows the out-of-plane displacement along the compressed diagonal for
the different anchor configurations at the peak load (a) and at failure (b). The peaks in the
different curves represent the crack openings. It is evident that, at the maximum load, the
anchors were not activated, and the out-of-plane displacements were similar in the different
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configurations (less than 0.5 mm). After the peak, the displacements started to increase
significantly. At collapse, the anchors showed their retaining effect, with higher out-of-
plane displacement in the configuration without anchors and lower in the configuration
with 10 anchors.
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Even if the increase in the number of connectors does not significantly affect the
collapse load, their role is fundamental to inhibit instability by the number of limiting
out-of-plane displacements. Moreover, the numerical results show that the anchors can
guarantee a certain resistance (abut 40% of the peak load) even close to the failure point
due to the activation of a different resistant mechanism, which involves the connectors.

4.5. Retrofitted Masonry—Plaster Reiforcement

The relative contribution of reinforced plaster to the overall load-bearing capacity
of masonry can be significant, especially for thin masonry walls of poor quality. The
reinforcement of the plaster plays a significant role in improving the tensile strength
and the ductility of a specimen. The conventional approach considers the use of steel
nets as reinforcements, but, in the recent past, several alternatives have been proposed,
using innovative materials as polymers, carbon or glass fibers, and fiber meshes [43,44].
A different concept of overlay strengthening systems involves fiber-reinforced concrete
plaster [45,46], which avoids the use of reinforcement nets and has the advantage of
developing diffuse crack patterns with reduced crack width.

A numerical comparison was performed to evaluate the effect of the steel net on the
retrofitted wall, while also considering the use of steel fibers as alternatives to conventional
steel reinforcement (Figure 23).

The ductility of the fibers has a significant reinforcing effect after cracks are initiated in
the matrix (i.e., concrete plaster) and their use significantly increases the fracture energy Gf
of the material. The fracture energy is a fundamental parameter that controls the behavior
of a material after the limit strength is reached. For a certain value of plaster tensile
strength, increasing the Gf means improving the material’s ductility, and greater ductility
increases the resistance against crack growth. The value of Gf used in the simulation for
the fiber-reinforced concrete was 800 N/m (in the reference configuration, the plaster had
Gf = 80 N/m), which corresponded to a very low steel-fiber content (about 0.2%), although
significantly higher values may also be reached by increasing the fiber volume (for instance,
20,000 N/m with 1% fiber content) [47,48].
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fiber-reinforced plaster.

From Figure 23 it is evident that the use of the steel net increased the load carrying
capacity and deformability of the wall with respect to the configuration without reinforce-
ment. A similar effect in terms of capacity was obtained by using the fiber-reinforced
concrete plaster, which showed less ductility in the post-peak response than the steel net.

The damage pattern of the tension at the peak load and at failure are reported in
Figures 24 and 25. The absence of reinforcement caused the formation of a main crack
localized along the diagonal, whose width increased significantly after the peak load. The
use of the steel net made possible the spread of damage over a wider area, by means of
multiple small cracks. After the peak, the cracks increased in number and some damage
close to the loading shoes was evident, together with the punching of the connectors.
With the use of the fiber-reinforced concrete, at the peak load, the plaster cover showed
limited damage, which was mainly localized close to the loaded corners. At collapse, this
damage in the corners became even more evident, and the punching of the anchors was
also detected. Unlike the two previous configurations, no diagonal cracks are observed.
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Figure 25. Damage pattern at failure for different configurations of reinforcement: (a) no reinforce-
ment; (b) steel net; (c) fiber-reinforced plaster.

Overall, the use of steel nets is fundamental to avoid localized damage and makes it
possible to significantly increase the capacity of retrofitted walls, as well as guarantying a
certain resistance and ductility after the peak load. The use of steel-fiber concrete may be
evaluated as a valid alternative to steel reinforcement to obtain analogous load-carrying
capacity and more limited damage.

4.6. Retrofitted Masonry—Plaster Strength

In order to investigate the influence of the plaster strength on the in-plane behavior,
three different models were compared by changing the mechanical properties of the plaster,
according to the concrete types reported in Table 5. For the nonlinear analyses, the N7
anchor configuration was considered (Figure 20) with 30-mm plaster. The nail diameter
was 10 mm, while its length was 200 mm. The mechanical and interaction properties of the
other materials, loading conditions, and mesh sizes were those defined in Sections 2 and 3.

Table 5. Mechanical properties of different concrete plasters.

Concrete Type Crushing Strain σcu
(N/mm2)

E
(N/mm2)

fc20 0.0014 20 27,000
fc30 0.0018 30 30,000
fc40 0.0022 40 33,000

Figure 26 shows the load vs. displacement curves for the different plaster strengths. It
is evident that the increase in the strength was beneficial in terms of the maximum load.
Furthermore, the initial stiffness of the system was changed significantly by changing the
resistance of the plaster, and it was higher for higher strength. Figures 27 and 28 show
the damage pattern of the tension and compression for the different configurations at the
peak load. The crack distribution was clearly influenced by the strength of the plaster,
so that, for lower compressive strength, the damage tended to be localized in the area
close to the loading points, with evident crushing. This crushing was not evident in the
fc40 configuration, in which the damage was limited to the central area of the panel, with
multiple small cracks developing along the diagonal.

4.7. Retrofitted Masonry—Plaster Thickness

In this section, the effect of the plaster thickness is investigated. Three models were
implemented, with 20-, 30-, and 50-mm plaster. The mechanical and interaction properties
of the materials, loading conditions, and mesh sizes were those defined in Sections 2 and 3.
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Figure 29 shows the load vs. displacement curves for the different configurations. The
increase in the plaster thickness increased both the collapse load and the stiffness of the
retrofitted wall. In the 50-mm configuration, a first peak was evident before the maximum
load was reached, even though, as in the other configurations, a slight change in slope was
detected at the same displacement value. Figure 30 shows the damage at the peak for the
different thicknesses. For 20 mm, the damage was spread over a wider area, and consisted
in multiple thin diagonal cracks, which often started in the anchor positions. By increasing
the thickness, the damage to the plaster was more limited, and for the 50-mm configuration,
the punching of the connectors was not observed.
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Figure 30. Tensile damage pattern at the peak load for different plaster thicknesses: (a) 20 mm;
(b) 30 mm; (c) 50 mm.

Even though increasing the plaster thickness may be beneficial in terms of collapse
load, it should be always remembered that increasing the mass of the wall is not recom-
mended in seismic areas, where the plaster thickness should always remain limited.

5. Conclusions

Among the different strengthening techniques used to enhance the in-plane shear
capacity of existing masonry walls, steel-reinforced plaster coating is very common, even
though it is difficult to obtain a satisfying characterization of the method from both a
theoretical and an experimental point of view in the scientific literature. The scope of
this study was to numerically investigate the effect of major parameters on the in-plane
behavior of brickwork masonry retrofitted with this technique. After a validation of the
numerical model, which was performed by using the preliminary results of an experimental
program ongoing at Politecnico di Milano, several nonlinear analyses were performed, and
the main conclusions are as follows:

• In URM walls, when the strength of the mortar joint is similar to that of the brick,
the response of the wall is more ductile and the damage is localized along the main
diagonal; for lower mortar strengths, the capacity is clearly reduced, and the damage
spreads over a wider area.

• The main parameters that influence the capacity of RP-retrofitted walls are the com-
pressive strength and the thickness of the plaster; however, especially in seismic areas,
it is recommended to limit the thickness in order to avoid a significant increase in the
seismic mass.



Appl. Sci. 2022, 12, 5090 21 of 22

• The number of connectors does not significantly affect the maximum load, but it
plays a fundamental role in preventing instability in the coating layers (due to plaster–
masonry debonding) by reducing the amount of out-of-plane displacements.

• The use of steel reinforcement in the plaster results in the distribution of damage over
a wider area; the use of fiber-reinforced concrete with very low amounts of steel fiber
may be considered as an alternative to steel nets, with analogous capacity but more
limited damage.
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