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Abstract: Traditional stone masonry walls are structural elements in most historic build-
ings. To preserve them and improve their ability to withstand extreme events, such as
earthquakes, it is necessary to implement effective reinforcement solutions. This paper
presents the modeling of traditional Portuguese rubble stone masonry walls, reinforced
with external steel mesh, sprayed micro-concrete layers and transverse confinement by
steel connectors, which were developed and tested experimentally in uniaxial compression.
The modeling is carried out using micro-modeling through a 2D particle model (PM).
The process of calibrating the properties of both micro-concrete and concrete is presented,
the methodology for generating the numerical models is described and the numerical
response is compared with the experimental results. The numerical results show that
the PM can adequately reproduce the experimentally observed behavior of this type of
reinforcement solution.

Keywords: traditional stone masonry walls; strengthening solution; micro-concrete layer;
uniaxial compression tests; numerical modeling; particle model

1. Introduction

Stone masonry walls are used as structural elements in most existing building stock
in many countries [1]. In Portugal, ancient buildings built before reinforced concrete
constructions represent around 50% of the built heritage, and their load-bearing walls are
mostly made of stone masonry.

Rubble stone masonry typically consists of stone blocks and a binding agent (e.g., lime
or cement-based mortar). By nature, this type of masonry is heterogeneous, and its con-
stituents often exhibit irregular geometry [2] and a high variability in their mechanical
properties. The performance of rubble stone masonry is strongly conditioned by the me-
chanical properties of mortars [3,4], which have significantly lower strength and cohesion
compared, for instance, with concrete.

Past and recent earthquake events have revealed severe vulnerabilities in ancient
buildings, which have been major contributors to the socioeconomic losses caused by
earthquakes worldwide [5-7]. Masonry structures have experienced varying degrees
of damage due to distinct failure mechanisms, often linked to their material properties,
construction techniques, lack of maintenance and inadequate pre-earthquake interventions.
The most frequent failure types recorded during post-earthquake surveys, e.g., in Gorkha,
Nepal in 2015 [8,9], Central Italy in 2016 [10], and Levsos, Greece [11], Durres, Albania [12]
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and Turkey—Syria in 2023 [7,13] are as follows: (i) in-plane cracking (diagonal or bi-diagonal)
caused by insufficient in-plane wall stiffness, (ii) out-of-plane damage and collapse that is
significantly affected by the lack of connection between the floor/roof and the masonry
walls and (iii) delamination of masonry wythes.

Mechanical pathologies caused by earthquake damage, such as diagonal cracks in
walls and out-of-plane bending [14,15], can be worsened by the disaggregation of rubble
stone masonry [4]. To protect historic buildings and to enhance their ability to withstand
extreme events, it is essential to implement effective reinforcement and strengthening
solutions. Seismic upgrading techniques for existing masonry structures can be categorized
into three main approaches: (i) enhancing the cyclic behavior of the individual structural
elements, (ii) improving the overall structural integrity and (iii) reducing the seismic forces.

The global seismic performance of ancient masonry buildings is improved by promot-
ing box-like behavior through the stiffening of masonry walls and diaphragms. Seismic
force control and dissipation can be further enhanced with the integration of specialized
devices. Strengthening techniques for individual elements focus on improving their ability
to withstand tensile stresses, thereby enhancing their strength, stiffness and ductility. These
techniques include grout and epoxy injection, repointing, steel tying, reinforced plastering
and fiber-based reinforcement, among others. A comprehensive review of existing and
potential future trends in the repair and strengthening of masonry structures is provided
in [16,17].

Among the seismic strengthening methods for masonry structures [18-20], the appli-
cation of an external steel-meshed mortar layer is widely employed to reinforce and retrofit
existing masonry walls, including those made of stone [4,21,22]. This solution significantly
enhances both the in-plane and out-of-plane behavior of masonry walls. Its popularity
stems from several advantages: the availability of aggregate materials, ease of construction,
minimal need for foundation surface preparation and limited disruption to the original
masonry wall structure.

Given the distinct characteristics of rubble stone masonry [23], further experimental
and numerical investigations are essential to deepen the understanding of the structural
behavior of historic stone masonry walls and to assess the impact of reinforcement solutions
on their strength capacity [24,25]. The numerical assessment of structural vulnerability for
existing buildings with resistant masonry walls relies on a sufficient knowledge level (KL)
of the structure and its mechanical properties.

Two main numerical modeling strategies are adopted for masonry: macro- and micro-
modeling [25,26]. The macro-modeling approach assumes masonry as a homogeneous
and continuous material, typically implemented within a finite element framework. This
approach provides a reasonable compromise between accuracy and computational effort,
making it practical for assessing the global seismic capacity of masonry structures [26].

Micro-modeling strategies can capture the heterogeneous nature of the wall geometry
and material characteristics (stones, mortar and interface) of the masonry and represent
local behaviors and failure mechanisms more accurately [3,25]. They can be also used to
improve the predictions of macro-models. When a micro-modeling approach is adopted,
two fundamental conditions need to be met: sufficient computational resources and the
availability of an adequate structural KL. Both drawbacks can benefit from emerging techni-
cal advances, by increasing computational capacity at an affordable cost and by increasing
the KL. By combining new techniques, image segmentation and machine learning (ML),
it is possible to provide accurate and reliable information on the geometry, block—-mortar
distribution and mechanical properties identification [27,28] of existing masonry. This may
contribute to the improvement of geometry idealization processes [29,30].
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Numerical methods that can be adopted within the micro-modeling approach, as dis-
cussed in [2,26,31], include, but are not limited to, the finite element method (FEM) [29,32],
the discrete element method (DEM) [33-36] and coupled methodologies that combine FEM
and DEM [37-41].

This study numerically examines the effectiveness of the shotcrete strengthening
method on the uniaxial performance of unreinforced masonry (URM) walls using a 2D
micro-modeling approach based on DEM. The strengthening solution consists of micro-
concrete layers sprayed on the sides of the specimen’s reinforcement made of steel ex-
panded mesh. Shear transfer between the shotcrete layer and masonry wall is provided by
transversal ties through the thickness of the specimens (continuous steel connectors) [4].
The experimental program conducted by Pinho [24] included a series of tests aimed at
obtaining the mechanical properties of the masonry constituents.

The adopted micro-modeling strategy is based on a detailed particle model (PM)
that has been developed for concrete [42] and for reinforced concrete fracture studies [43].
The particle model adopted follows a discrete element method (DEM) that was initially
proposed for granular materials [44]. Compared to continuum-based numerical models,
PMs represent the material at the aggregate level, explicitly including the randomness and
heterogeneity of the material. The PM has been applied in the modeling of traditional
unreinforced [45] and transversally confined [46] stone masonry walls under uniaxial com-
pression loading. Recent studies [47] have also proven that DEM-based PMs performed well
in reproducing the response of the brick masonry under compression-loading conditions.

The numerical models were developed based on experimental studies conducted on
ordinary masonry walls [4,24]. Following a brief overview of the chosen numerical model
and methodology, the process of developing models that accurately represent the reinforced
stone masonry structure is described. The calibration of the micro-mechanical properties of
the contacts are presented, and simple compression tests are simulated on ancient stone
masonry walls, with reinforcement solutions based on transverse confinement by steel
connector bars and micro-concrete layers [4] to assess the performance of the PM and RPM
methods. Finally, parametric studies are conducted to numerically assess the influence of
the strengthening system elements, namely the external steel plates, the steel bar connector
diameters and the micro-concrete strength properties.

The numerical studies presented show that the RPM’s predictions are in good agree-
ment with the experimental tests, particularly when it comes to increasing the value of the
maximum load and improving the failure conditions in ancient masonry walls. The pre-
sented results also show that the numerically evaluated strengthening solution is strongly
influenced by the mechanical properties of the micro-concrete and by the shear transfer
efficiency between the micro-concrete layer and the masonry wall. As shown, PMs can be
adopted in the development of reinforcement solutions based on transverse confinement,
namely in the definition of the characteristics of the bars and their quantification and in
the definition of the micro-concrete layer thickness and strength properties. The adopted
modeling approach, 2D-RPM, is shown to be a valid tool that can be adopted to study and
to further understand the behavior of old masonry walls reinforced with a combination of
transverse confinement and micro-concrete layers, which still needs to be better understood
and characterized, both experimentally and numerically.

2. Particle Model (PM) for Ancient Masonry Analysis
2.1. Fundamentals

In the adopted PM, based on the discrete element method, the masonry elements
(stones and mortar) and their reinforcement (micro-concrete and transverse confinement)
are represented by rigid circular particles with three degrees of freedom, as well as two trans-
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lations and one rotation that interact at the point of contact (Figure 1). The contacts between
the particles have normal and shear stiffness springs assigned to simulate macroscopic
elastic deformations and simple contact softening-based laws are used, which allow the
modeling of complex macroscopic nonlinear responses in tension, shear, compression and
their combinations.

Figure 1. Particle—particle single point contact.

The calculation cycle of a discrete element algorithm is based on the sequential appli-
cation of two principles: the force-displacement law and the laws of motion [42-44]:

- Force-displacement law: the forces acting on each particle are related to the particle’s
displacement relative to neighboring particles.

- Laws of Motion (Newton’s Second law): given the forces applied to the centroid of
the particle, the new position of the particle is determined by applying Newton's
second law.

In each calculation step, the increments of normal force (AF,(t)) and shear force
(AF;(t)) are determined at each contact point, based on a linear force—displacement rela-
tionship, given the normal (Ax,(t)) and shear (Ax;(t)) displacement increments and the
normal (k) and shear (ks) contact stiffness:

AF,(t) = —knAxy(t) (1)

AF(t) = —ksAxs(t) ()

The normal and shear contact stiffnesses are defined using the following expressions:

3)

ks = o ky (4)

where E is the modulus of elasticity of the equivalent continuous material; d is the distance
between the centers of gravity of the circular particles in contact; A, is the contact area and
« is the shear stiffness to the normal stiffness ratio.

Based on the maximum tensile stress (0,;), the maximum cohesive stress (7), the
normal force acting on the contact (F;), the friction term (j1.), the maximum compressive
stress, (0y.c) and the contact area, it is possible to define the total tensile strength (F; juax), the
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maximum cohesion (Cy;ax), the maximum shear strength (F; j4x) and the total compressive
strength (Fiic.max), as shown in Equations (5)—(8):

Fomax = ont Ac ()
Ciax = T A¢ (6)

Fs max = Cinax + Fu e (7)
Fucmax = One Ac (8)

A bilinear softening damage model is adopted for the contact point in the normal
and shear directions [42,43]. In this constitutive model, the maximum values of tensile
strength and cohesion are reduced according to the total damage value, which is defined
by the sum of tensile and shear damage. In each direction, the damage value is defined as a
function of the maximum contact displacement in that direction. As shown in [45,46], for
stone masonry walls, it is necessary to adopt a yield stress in a direction that is normal to
compression at the point of contact.

The numerical assessment of the transversally confined stone masonry walls requires
the development of a reinforced PM (RPM). The steel connectors in the RPM are repre-
sented using plane frame finite elements, with three degrees of freedom per node (Figure 2).
To define the displacement field of the plane frame, traditional shape functions (N) and
their derivatives (dN) are used, considering the nodal values [46]. The numerical analysis
incorporates an elastic—perfectly plastic stress—strain relationship for the plane frame el-
ements, which represent the steel bars. The interaction between a bar, discretized using
plane frame finite elements, and individual particles representing each component (mortar
or stone) of the masonry wall takes place through a specified contact interface, as proposed
in [46]. For contact detecting purposes, it is assumed that the geometry of the plane frame
element can be approximated by a straight-line segment connecting the nodes of the plane
frame, as can be seen in Figure 2. The RPM proved capable of reproducing the effect of
steel-based transverse confinement in ancient stone masonry walls [46].

d k
ot
B, & K
. L 0 I

d 1/ . d
dzD 3 QB\M | %’ ds \ °

Figure 2. Steel bar—particle contact interface geometry. Adapted from [46].

2.2. Model Generation from Images

The numerical models are generated by converting a wall image into block model by
mapping the stone units. Once the layout and geometry of the stones in the masonry wall
have been determined (Figure 3a), the polygons representing each stone can be defined
(Figure 3b). The stone contours serve as the geometric input for the generation of the
particles in the adopted PM implementation, Parmac2d. The interior space of each stone
element and then the external region surrounding each stone, representing the mortar,
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(a) Stone unit mapping

are also discretized (Figure 3c). The contacts between the particles are established using
the Voronoi-Laguerre tessellation of the centers of gravity of each particle (Figure 3d).
Recent trends involving the combination of machine learning and image segmentation
techniques [27,28] can ease model generation for existing masonry walls and help to
conduct parametric studies.

LU
N

Do,
AT

(b) Polygon generation (c) Mortar discretization  (d) Contact definition—Laguerre structure
Figure 3. Ancient stone masonry wall model generation steps.

The PMs representing the micro-concrete reinforcement and the concrete supporting
beams are generated in the same way as the PMs representing stones. The particle size
distribution should match the granular constitution of the material to be modeled as
closely as possible, however, due to computational constraints, it is sometimes necessary to
adopt larger particle size distributions. Hybrid FEM/DEM techniques can be combined
to consider particle deformability through inner discretization with a finite element mesh,
which, when adopted for the stones, significantly reduces the associated computational
times [39].

For the stone and mortar discretization, the particle dimensions that were chosen
were equal to those adopted in [45]. Namely, in the discretization of each stone element,
with an average dimension of 0.167 cm, a uniform distribution of radii between 0.003 m
and 0.005 m was adopted; in the discretization of the mortar, a uniform distribution of
radii between 0.000714 m and 0.00119 m was adopted, with the value of the maximum
radius corresponding to the maximum size of the sand used in the laying mortar [24]. For
the micro-concrete reinforcement discretization, a uniform distribution of radii between
0.001 m and 0.004 m was adopted, with the micro-concrete having a maximum diameter of
0.00952 m [24]. For the concrete-supporting beam discretization, a uniform distribution of
radii between 0.003 m and 0.005 m was adopted.

2.3. Contact Properties Calibration

The proposed numerical model has been validated for compression tests on URM [45],
and on transversely confined reinforced rubble stone masonry walls (RM) [46]. Ongo-
ing research is focused on compression-shear tests. In this test series, the masonry
walls reinforced with micro-concrete and steel transverse connectors are subjected to
uniaxial compression.

When compared with FEM-based approaches, one of the main disadvantages of par-
ticle models is that it is not possible to devise expressions for the elastic and strength
contact properties given laboratory results of uniaxial tensile and compression tests and
of biaxial or triaxial tests. In PMs, the elastic and strength properties of the contacts that
represent a given material, such as stone, mortar, micro-concrete and concrete, need to be
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independently calibrated based on the experimental results presented in [21]. Additional
experimental tests, namely uniaxial compression tests on stone and mortar specimens,
were carried out as part of the validation of MP-type models in ancient masonry walls [45].
The contact properties of the stone and mortar were calibrated to represent the known
behavior of the stone and mortar adopted in the experimental tests [21]. Other authors
have also provided experimental values for the mechanical properties of the stone masonry
components, which could be used for calibration purposes of the mortar and stone contacts’
properties [29,48-50]). It is worth mentioning that databases compiling results from experi-
mental studies on the mechanical properties of stone masonry walls [51,52] can provide
significant support for both research and practical engineering activities.

In this work, a very simple trial and error calibration procedure based on user experi-
ence is adopted. The elastic contact parameters are initially set to match the macroscopic
Young modulus and Poisson Coefficient of the masonry elements, followed by setting
the contact strength parameters to match the known macroscopic parameters, such as
the tensile and the compression strength of the masonry element (mortar, stone) being
calibrated. Research efforts on the automation of the calibration of the micro-mechanical
parameters [53] make PMs more appealing, as some experimental data may not be available
for existing masonry structures.

The properties of the s—s contacts, representative of stone, were calibrated on
0.20 m x 0.20 m numerical models, and the properties of the m—m contacts, represen-
tative of mortar, were calibrated on 0.04 m x 0.04 m numerical models as described in [45].
The mc—-mc contacts, representative of the micro-concrete, were calibrated on numerical
models measuring 0.075 m x 0.15 m and the properties of the c—c contacts, representative of
concrete, were calibrated on numerical models measuring 0.085 m x 0.16 m. Note that the
model size was chosen to match the size adopted in the experimental tests. The numerical
models were subjected to pure compression and pure tension tests using the Parmac2d
PM implementation.

Figure 4 shows the final cracking field obtained in uniaxial compression and tensile
tests for the optimum parameters representative of the micro-concrete.

(a) Compression (b) Tensile
Figure 4. Micro-concrete PM cracking distribution in uniaxial compression and tensile tests.

Table 1 shows the elastic and strength macroscopic experimental and predicted nu-
merical values after calibration using uniaxial and tensile tests [21,24,45]. Table 2 shows
the calibrated properties of each contact type obtained through a trial and error procedure.
The tensile strength (07.¢) and the fracture energy in mode I (Gy,;) both contribute to the
macroscopic tensile and compressive strength values, whereas the cohesion stress (7), the
friction term (j.) and the contact fracture energy in mode II (G¢5) mainly influence the
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maximum macroscopic compression strength. The s—s and m—m contacts were calibrated
as part of the work presented in [45]. A maximum compression value of 0.80 MPa was
adopted in the normal direction, close to the maximum uniaxial compression value of the
laying mortar [21,24]. The mc—mc and c—c contacts were calibrated within the framework
of this work.

Table 1. Elastic and strength macroscopic values: experimental values and numerical values after
contact calibration.

. Experimental Values Calibrated Values
Material
o, (MPa) ot (MPa) E (GPa) v o, (MPa) ot (MPa) E (GPa) v
Stone 47.8 - 6.0 0.29 47.8 - 5.9 0.30
Mortar 0.65 0.30 0.075 0.16 0.66 0.16 0.075 0.16
Micro-concrete 37.43 - 28.50 0.20 37.44 1.86 28.50 0.20
Concrete (C25/30) - - 0.075 0.16 - - 30.00 0.20
Table 2. Calibrated properties of PM elastic and strength.
1_5' Ont T Gf.n Gf.s
Contacts (GPa) « (MPa) (MPa) He (N/m) (N/m)
s-5 8.6 0.11 8.9 35.7 1.0 0.3838 56.1403
m-m 0.09 0.43 0.22 0.22 1.0 0.0013 0.0031
mc-mc 35.38 0.32 1.92 30.50 0.5 6.5500 46,949.44
c-C 37.50 0.32 - - - - -

The mortar-stone interface contacts, denoted as m-s, were not explicitly calibrated
due to the lack of experimental results. Instead, it was assumed that their initial values
are the same as those of the mortar-mortar (m—m) contacts. However, as supported by
scientific evidence [29], this assumption may result in an overestimation of up to three
times the m-s strength.

As shown, within a PM modeling approach, the complex macroscopic response
of micro-concrete is obtained using simple interaction laws at the grain scale and the
development of cracks and rupture surfaces appears naturally as an emergent feature,
allowing large displacement to occur. With an FEM approach, complex cohesive contact
models have been proposed to model cyclic behavior [54], but these models may require
a significant number of parameters and may encounter convergence difficulties for large
displacements [55].

3. Uniaxial Compression Tests
3.1. Experimental Work

The development of the numerical models presented was based on the results of
the experimental program developed in [4,21]. The aim of the experimental work was to
quantify the mechanical strength of experimental models (walls) made of simple irregular
stone masonry and subjected to various reinforcement solutions, using test systems built
for this purpose. The experimental models were subjected to axial compression tests and
compression shear tests.

The masonry walls considered in this paper were built on concrete bases that are 0.20 m
high and have dimensions of 0.80 m x 1.20 m x 0.40 m (length x height x thickness).
On top of the concrete base, each masonry wall was built with limestone, mortared with
hydrated air-lime and sand (river and sandpit), at a 1:3 ratio (hydrated air-lime/sand).
Concrete lintels were built at the top of the walls to distribute the vertical load. A 3:1 ratio
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of stone masonry and mortar was used to build the walls, i.e., around 75% of the volume
of each wall was filled with stone and the remaining 25% of the volume was filled with
air-set mortar.

The reinforcement solution for the stone masonry walls selected for this study (M26,
M52 and M54) [21] consists of a 0.05 m thick layer of reinforced micro-concrete, transversely
confined by steel connectors (Figure 5).

(b) M26 (c) M52 (d) M54

Figure 5. Photographic material of axial compression testing system and of masonry walls M26, M52
and Mb54.

The first layer of micro-concrete was mechanically sprayed with an average thickness
of approximately 2.5 cm, immediately after the surface had been moistened. To place the
steel connectors, horizontal holes with a diameter of 16 mm and a length of 45 cm were
drilled to accommodate the 50 cm length steel rods (connectors). Each steel connector
consisted of an M12 threaded steel bar connected to the two faces of the specimens by steel
plates tightened with nuts at both ends of the bars. Each steel plate had square dimensions
of 100 x 100 mm? and a thickness of 5 mm. The steel mesh was prefabricated from mild
steel plates, obtained by cutting a steel plate with a thickness of 5 mm. The mesh was fixed
to the micro-concrete surfaces according to the defined plan using nuts at both ends of the
connectors. The nuts allowed controlled tightening of the mesh against the anchor plates,
using a torque of 1 kg-m with a torque wrench. The second layer of micro-concrete had
a similar average thickness (2.5 cm). The overall average thickness of the concrete layer
is 5 cm. Figure 6 shows a schematic representation of the masonry walls reinforced with
micro-concrete and steel transverse connectors.
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Figure 6. Schematic representation of adopted reinforcement strengthening system.

The vertical load was applied to an area of 0.50 m x 0.80 m at the top of the masonry
wall, which included the concrete lintel and micro-concrete layers. At the bottom of the
wall, the load was applied to a reduced area of 0.40 m x 0.80 m, as the micro-concrete
layers are not in contact with the test base. This configuration simulates the absence of
foundation reinforcement, as considered in this series of strengthened specimens [21].

3.2. Computational Models for RPM Predictions

The numerical response of the uniaxial compression tests was conducted on 2D
models, using Parmac2D. The study presented in [56] based on the FEM demonstrated
that masonry walls subjected to in-plane loading, i.e., compression or compression—shear,
exhibited similar distributions of horizontal in-plane and shear stress in both 2D and
3D analyses.

Two numerical PMs were developed from existing reinforced wall specimens: model
W1, which used the stone and mortar layout of wall M61, and model W2, which used the
stone and mortar layout of wall M57 [21,24]. Both numerical PMs incorporate the proposed
reinforcement solution, namely micro-concrete layers on both sides and steel connectors. It
is important to note that the models explicitly represent the concrete layers at the base and
top of the masonry wall, thus improving the representation of the experimental setup.

Figure 7 shows the W1 and W2 PMs. As shown, both models consider transverse
confinement and reinforcement solutions with two layers of micro-concrete, in which the
steel plate is inserted into the micro-concrete layer. The steel plate was included in the
particle model by considering that the inter-particle contacts in the vicinity of the anchoring
steel plate behave elastically.

The representation of the numerical models by the adopted PMs required the definition
of 13 “material/contact” types. These include inner material contacts of stone, mortar,
micro-concrete, concrete, steel bars and plate effect, and inter-material contacts for mortar—
stone, lower plate and micro-concrete, upper plate and micro-concrete, metal plate and
micro-concrete, stone and micro-concrete, mortar and micro-concrete, and concrete and
micro-concrete. The properties of the contacts do not vary over the wall’s domain.

It would have been possible to consider particle deformability through the inner
discretization of each Voronoi cell with an inner FEM mesh either by adopting a hybrid
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particle/finite element model [39] or a combined finite-discrete element approach [41], but
the deformable PM would be much more computationally demanding than the adopted
PM. Note that, for this level of discretization, the influence of particle deformability is not
as relevant when compared with coarser PMs [41].

(a) Model W1 (b) Model W2

Figure 7. The PMs representing the lateral faces of the reinforced walls.

To assess the performance of the 2D-RPM in representing the experimental uniaxial
response of reinforcement masonry walls, the following methodology was followed. First,
the numerical predictions using the calibrated parameters that were based on macroscopic
predictions were compared with the experimental results. Subsequently, parametric studies
were conducted to assess the sensitivity of the model to the most uncertain parameters.
These include the placement of the steel plate (either inside or outside the micro-concrete
layer), the influence of transverse confinement and the impact of the micro-concrete strength
properties on the macroscopic response.

4. Results and Discussion
4.1. Calibrated Parameters Macroscopic Predictions

As the numerical PMs were created from existing wall specimens, the numerical PM
predictions were compared with the experimental results of the M26 and M54 reinforced
stone masonry walls [4]. In the numerical PMs, the effect of the vertical steel mesh placed
between the two layers of the micro-concrete was not explicitly considered. As mentioned,
in the vicinity of the steel plates that anchor the steel connectors, a linear elastic behavior
was assumed for the particle-particle contacts (Figure 7).

There is significant uncertainty associated with the numerical modeling of the interface
between the masonry elements and the micro-concrete in the absence of known experimen-
tal data. Therefore, in order to understand this aspect, the analysis and discussion of the
numerical results are presented for three models: (i) N5e (model W1) and Né6e (model W2),
in which the contact between the existing masonry elements and the micro-concrete has
the properties of the mortar contacts; (ii) N5f (model W1) and N6f (model W2), in which
the mortar contacts have a maximum compressive stress of 2.0 MPa; and (iii) N5g (model
W1) and N6g (model W2), in which the contact between the masonry elements and the
micro-concrete has the stiffness and strength properties of the micro-concrete contacts.
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Figure 8a shows the numerically predicted force-displacement diagrams for the numer-
ical PMs derived from the W1 base model and Figure 8b shows the numerically predicted
force—displacement diagrams for the numerical models derived from the W2 base model.
Also shown are the experimental force-displacement diagrams for the M26 and M54 speci-
mens [4,21]. As shown in Figure 8, models that adopt the contact properties of the mortar
and micro-concrete contacts, with a maximum compressive stress of 2.0 MPa (N5f and N6f),
yield a more accurate estimation of the experimental force-displacement curve, ductility
and residual strength. The N5e and N6e models, in which the contact between the existing
masonry elements and the micro-concrete has the properties of the mortar contacts, predict
a peak strength that is higher than the value observed experimentally, and more brittle
behavior after the peak strength is reached with a residual strength with approximately a
50% reduction. For the N5g and N6g models, in which the contact between the masonry
elements and the micro-concrete has the stiffness and strength properties of the micro-
concrete contacts, the strength reduction after the peak strength is reached is less evident
when compared with the reduction predicted with N5e and N6e models. The residual
strength is of the same order of magnitude as the peak strength observed experimentally.
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— N5f Nb5g — Nof Nég
- Z 800.0
3 /M\
L
=
: £ 600.0 Ve,
- - v - N
~TE e A SR — =SS = ST . - S
¥ A @ = -
& 400.0
=%
g
o
o
200.0
1 1 1 1 J 0'0 1 1 1 1 J
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
Displacement (mm) Displacement (mm)
(a) Model W1 (b) Model W2

Figure 8. Force—displacement diagrams of PMs based on W1 and W2 and experimental specimens
M54 and M26 [4].

Figure 9 presents the amplified failure modes for the PMs N5e, N5f and N5g (model
W1) and the numerical models N6e, N6f and N6g (model W2). It is noticeable that there
is an influence from the arrangement of the stones within the masonry wall. In the W2
geometry, there are more stones in the center, which hinders the development of vertical
cracks in this area. In contrast, the W1 geometry is more prone to cracks, as a vertical
crack path through the mortar can easily propagate. It is also interesting to note that, in
the models without lateral confinement evaluated in Section 4.3, the numerical responses
of W1 and W2 are much closer, which indicates that lateral confinement is relevant in the
response of the masonry wall.

Figure 10 shows the force—displacement diagram of the N5f numerical model and the
M54 experimental model [4,21], with specific points highlighted in the subsequent analysis.
The evolution of the damage in the numerical model is also shown.
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Figure 9. Final failure mode and contact crack distribution for PMs Nb5e, N5f and N5g (model W1)
and PMs Né6e, N6f and N6g (model W2).
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Figure 10. PM-predicted force—displacement diagram and damage evolution (dashed line represents
the damage evolution).

Figure 11 shows the failure mode, and the contact damage obtained during the nu-
merical test of the N5f model. Four pairs of figures are presented, each corresponding to
the points, P1 to P4, marked on the force—displacement diagram indicated in Figure 10.
Although it is not noticeable in the failure mode figures, it is possible to see some damage
in the initial phase (P1), occurring before the point of maximum stress is reached (P2). This
damage accumulates progressively and more prominently until the failure occurs. Even
for low vertical loading, contact damage develops in the PM. In the experimental results
of [4,21], except for the M52 and M54 walls, cracks occurred mainly in the mortar, typically
following a path around the stones. A similar behavior was observed in the PMs. Damage
occurs only at the interface between the stone and the mortar or only between the mortar
particles. No damage is predicted in the stone-stone contacts.
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Figure 11. PM N5f (model W1) displacement and contact damage evolution.
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4.2. Overall Effect on the Macroscopic Response—Parametric Studies
4.2.1. Steel Plate External to Micro-Concrete

The possibility of placing the anchor plate of the connectors external to the micro-
concrete was numerically evaluated. The analysis and discussion of the numerical results
is presented for two models: N3e (model W1) and N4e (model W2), in which the contact
between the existing masonry elements and the micro-concrete has the properties of mortar,
and N3f (model W1) and N4f (model W2), in which the mortar contacts have a maximum
compressive stress of 2.0 MPa.

Figure 12 shows the force-displacement diagrams of the models based on W1 and W2,
including the numerical response with the steel plates placed outside the micro-concrete
model. As expected, placing the anchor plate outside the micro-concrete resulted in better
confinement in that region. This improved confinement increased the compression at the
interfaces, subsequently improving the performance of the reinforced wall. The residual
value also increased, leading to higher peak force values compared to the models in which
the plate was not positioned outside the micro-concrete layers.

1400.0 - — =M>54 M26 N5e 1600.0 - — -M54 M26 Né6e
N5f ——N3e ——N3f N6f ——N3e ——NB3f
1200.0 | _1400.0
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" 1000.0 o )
= =
& £1000.0
v 800.0 v
= = 800.0
@ 600.0 5
‘% ‘% 600.0
g 4000 S 400.0
200.0 200.0
0.0 0.0
0.0 2.0 4.0 6.0 8.0 0.0 2.0 4.0 6.0 8.0
Displacement (mm) Displacement (mm)
(a) Model W1 (b) Model W2

Figure 12. Force—displacement diagrams of the PMs based on W1 and W2, including the numerical
response with the external steel plates and the experimental specimens M54 and M26 [4,21].

As for the differences between the models based on the W1 geometry and those based
on the W2 geometry as in the previous section, both the peak values and the residual values
increased proportionally. The PM-predicted force—displacement diagrams of both models
(W1, W2) have similarities (a higher peak and residual strength when the anchor plates are
positioned on the outside of the micro-concrete).

Figure 13 shows the failure models for model W2 when the steel plates are placed
outside the micro-concrete. Also presented are the failure modes obtained with similar PMs
for the case in which the plates are internal to the micro-concrete layer. The numerical results
clearly indicate that the external placement of the anchor plates increases the confinement
of the micro-concrete, leading to better performance. The micro-concrete only cracked
in the lower regions, since this is the area that lacks confinement. This approach offers
structural advantages over placing the plates inside the micro-concrete.



Buildings 2025, 15, 1058 16 of 25

_ . Bl 0
2 9 x\

¥ o
2 ' 'g' . DS h\\\
oy iy o 1A

(a) N5e (b) N5f (c) N3e (d) N3f

Figure 13. PMs failure modes and contact crack distribution (model W1)-Inner versus outer

anchor positioning.

4.2.2. Steel Bar Diameter

In this section, the influence of the diameter of the steel bar on the behavior of the
assessed ancient masonry walls is evaluated. Four different diameters are considered, along
with a case in which steel bars were absent in the model, Table 3. Only the hypothesis
in which the contact between the existing masonry elements and the micro-concrete has
the properties of mortar and the mortar contacts have a maximum compressive stress of
2.0 MPa is presented, including both N5f (model W1) and N6f (model W2).

Table 3. Steel bar diameter assessment—PM designation.

Model @ (mm) Main Characteristic Designation
wé 88 Steel bars are absent ﬁzi Eg;
VWV; Sg 8 mm diameter steel bars Egi EZ;
“;‘g ﬁg 12 mm diameter steel bars (reference model) Egi
wé 128 16 mm diameter steel bars Egi 82
"V:g 588 20 mm diameter steel bars EZi gg;

In Figure 14, a comparison is made between the results predicted with the PM for the
different steel bar diameters and contact between the masonry elements and the micro-
concrete. The experimental results of M54 are also presented [4]. As expected, increasing the
connector diameter improves the response of the reinforced masonry walls. The predicted
numerical peak strength value is higher, as is the residual term. The absence of steel bars
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significantly weakens the wall’s macroscopic response, confirming that the connector bar
is an essential element for these types of reinforced solutions. The differences between
the models based on geometry W1 and those based on geometry W2 remain consistent
regardless of the steel bar diameter.

0.0
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Figure 14. Force-displacement diagrams of PMs based on model W1 and W2 for different steel bar
diameters, including experimental results M54 [4,21].

Figures 15 and 16 present, for model W1 and model W2, the failure mode and the
final contact crack distribution of the adopted PMs with different connector sizes. Upon
analyzing the figures, it is evident that the steel bars play a crucial role in the masonry
wall confinement. Regardless of the base model and wall geometry, when these steel bars
are absent, the cracks are larger and detachment/delamination of the micro-concrete layer
occurs, which is more detrimental to the wall behavior. The maximum vertical force in the
absence of transversal confinement is close to the values obtained experimentally for the
URM specimens of 137 kN [4]. Transversal confinement resulted in a force amplification
factor close to 4.0 [4].

Figure 15. Cont.
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Figure 15. Final failure mode (two times amplified) and contact crack distribution for different steel
diameters—-model W1.
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Figure 16. Final failure mode (two times amplified) and contact crack distribution for different steel
diameters—-model W2.

Increasing the steel bars” diameter resulted in an increase in the strength of the mod-
els, however, there were no significant differences in terms of the final deformation and
crack patterns.
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4.2.3. Micro-Concrete Strength Properties

In this section, the effect of the strength properties of micro-concrete on the per-
formance and strength of a reinforced masonry wall is assessed. Like in the previous
examples, the effect of the micro-concrete strength on the macroscopic uniaxial response
under compression was only evaluated for the modeling hypothesis in which the contacts
between the existing masonry elements and the micro-concrete have the properties of
mortar and the mortar contacts have a maximum compressive stress of 2.0 MPa: MB5f
(model W1) and MB4f (model W2). Four additional numerical PMs were assessed where
the strength properties of the micro-concrete were varied (Table 4) and compared with the
reference model.

Table 4. Micro-concrete strength properties assessment — PM designation.

Model Main Characteristic Designation
wi Elastic micro-concrete NSEE
W2 e N6f-E
W1 N5f
W2 Reference model N6f
w1 Micro-concrete with half of the strength N5£-R
W2 N6f-R

Figure 17 shows the force-displacement diagrams obtained with the PMs under
different micro-concrete strength properties, along with the force-displacement diagrams
predicted using the micro-concrete strength properties adopted in the reference model (N5f
and Né6f).
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Figure 17. Force—displacement diagrams of PMs based on model W1 and W2 for micro-concrete
strength properties, including experimental results M54 [4,21].

As expected, the properties of the micro-concrete have a significant influence on the
behavior of the reinforced masonry wall. For an elastic micro-concrete, both its peak and
residual values increase considerably. In contrast, when the strength properties of the
micro-concrete are reduced, the predicted peak strength and residual values are lower than
those obtained with the PM reference values.
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Figures 18 and 19 show the final failure mode and the final contact crack distribution
for the assessed PMs (models W1 and W2) with different micro-concrete behavior.
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(a) N5£-R (b) N5f (c) N5£-E

Figure 18. Final failure mode (two times amplified) and contact crack distribution for different

micro-concrete behavior-Model W1.

Figure 19. Cont.
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Figure 19. Final failure mode (two times amplified) and contact crack distribution for different
micro-concrete behavior-Model W2.

As shown, when the micro-concrete is assumed to be elastic, cracks and damage occur
almost exclusively in the mortar. Conversely, in the PMs in which the strength properties
of micro-concrete are reduced, these displacements and cracks are more pronounced in
the micro-concrete.

4.3. Modeling Limitations and Future Developments

The adopted micro-modeling strategy based on a detailed particle model (PM) is
an extremely computationally intensive approach given that it requires a very refined
discretization, which limits its application to larger structures. Also, to further understand
the out-of-plane behavior of old masonry structures and to better model the localized
compression effect of the strengthening bars and steel plates, a 3D modeling approach is
required, which has even higher associated computational costs. For these reasons, it is
important to improve the efficiency of the adopted numerical approach, either by using
more efficient hybrid FEM/DEM techniques [39], or by developing parallel computing
techniques for the central processing unit (CPU) [57] or for the graphics processing unit
(GPU) [58]. A coarser particle size for the mortar representation may also be pursued to
reduce the associated computational running times.

For the adopted PM to be successfully used as a predictive model for old masonry
structures, it is fundamental to know, for both stone and mortar, the grain structure, particle
size and distribution and the experimental behavior, including the full stress—displacement
curves, under compression, under tensile and, if possible, under biaxial tests, to properly
calibrate the contact properties (stone, mortar and micro-concrete). With this purpose, an ex-
perimental program is also being carried out to characterize the mortar biaxial failure enve-
lope, which will then allow the development of a more accurate contact constitutive model.

The PM was calibrated only based on the experimental results obtained in [21,45].
Therefore, the results obtained with different masonry types, geometries, reinforcement
solutions and material properties should be interpreted considering this limitation. Exper-
imental work is also underway to validate reinforcement solutions by adopting smaller
wall geometries to reduce the required computational model for 3D PMs.
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5. Conclusions

This paper investigates the application of a 2D reinforced particle model to predict
the uniaxial compression behavior of a masonry wall that is reinforced, using combination
of transverse confinement and micro-concrete layers. The adopted computational ap-
proach that accurately captures the heterogeneity and distinctive characteristics of masonry
behavior is proving to be a promising approach for this type of analysis.

The particularity of the adopted 2D-RPM is that the contact micro-properties are inde-
pendently calibrated based on experimental data. The contact properties for which there is
no experimental data available are approximated, and in most cases require a parametric
study to understand their importance. The comparison between the numerical and the
experimental force-vertical displacement curves and the damage distribution allowed the
conclusion that the RPM manages to adequately reproduce the behavior observed experi-
mentally, namely the strength, ductility, peak load value, increase in the maximum load
value with uniaxial compression of the reinforced walls and the process of crack formation
and propagation. It can be concluded that the inter-material contact properties have an
important influence on the behavior of these elements under compression. From the pre-
sented parametric study, it was found that a more precise agreement with the experimental
results is achieved by adopting a maximum compressive strength value of 2 MPa for the
contact between mortar—mortar, mortar-stone and mortar—-micro-concrete. This result is in
line with that observed in [46]. The results presented also show that a closer agreement
with the observed behavior is obtained when the interfaces between the micro-concrete
and the wall components have the properties adopted for mortar-mortar contacts.

The effectiveness of the strengthening solution is strongly influenced by the mechanical
properties of the micro-concrete, and the efficiency of the shear transfer between the micro-
concrete layer and the masonry. From the studies presented here, in which the impact
of these parameters in the response to the reinforced masonry elements is assessed, the
following can be concluded:

e  Micro-concrete strength has a direct influence on both the peak strength and resid-
ual strength value. A higher micro-concrete strength yields a higher peak and
residual strength.

e  The presence of the transverse steel bars is fundamental for lateral confinement to occur,
assuring a better transfer of forces from the micro-concrete layer to the masonry walls.

e  Despite possible application difficulties (namely, the need to cover metallic elements),
the steel plates that are external to the micro-concrete layers contribute to an increase
in resistance/strength, as does the presence of transverse steel bars, which are funda-
mental for lateral confinement to occur, ensuring a more effective transfer of forces
from the micro-concrete layer to the masonry wall.

Overall, it is clearly shown that the adopted modeling approach (2D-RPM) can be
readily adopted for the design of similar strengthening solutions, namely in the definition
of the reinforcement diameter, number of reinforcements, steel plate and micro-concrete
strength and layer thickness.
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