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ARTICLE INFO ABSTRACT

Keywords: Composite Reinforced Mortar (CRM) is an emerging technique for strengthening masonry
Flexural Streﬂgthéning structures, based on the use of a pre-cured FRP mesh embedded within an inorganic matrix.
Shear strengthening Although CRM systems can be certified within the European Union, specific design codes are still

Mortar-based composites
Glass fibre reinforced polymer mesh
Experimental database

lacking, and the available guidance remains fragmented. This paper provides an overview of
experimental investigations carried out on CRM constituent materials to test mechanical prop-
erties and durability, and on structural members strengthened with CRM, such as masonry walls
subjected to in-plane and out-of-plane actions, vaulted elements, and crowning beams. Existing
analytical models for predicting the capacity of masonry elements retrofitted with CRM are
reviewed and critically discussed in the light of experimental evidence. The shake table tests
conducted to investigate the seismic behaviour of masonry structures strengthened with CRM are
also described. Furthermore, the potential use of CRM for integrated energy-structural retrofitting
solutions is examined, together with low-impact strategies suitable for fair-faced masonry ap-
plications and architectural heritage.
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1. Introduction

Composite Reinforced Mortar (CRM) is an innovative technology for strengthening masonry structures. It comprises an industrially
prefabricated pre-cured mesh made from Fibre Reinforced Polymer (FRP) materials, such as AR glass, carbon, or basalt fibres,
immersed in a thermosetting resin (Fig. 1a). The mesh is embedded within a mortar matrix, typically based on lime, cement, or
geopolymer binders. The load transfer from the masonry to the mesh relies on two concurrent mechanisms. The first depends on the
chemical bond between the matrix and the surface of the substrate and of the mesh and is ensured by the composite action developed
within the hardened mortar layer, which provides adhesion, friction, and confinement around the fibres. The second is due to the
mechanical connectors, made of either the same FRP material or steel, which are inserted into drilled holes and grouted with fast-
curing thermosetting resins or mortars to guarantee a reliable anchorage to the substrate and to prevent premature debonding
(especially out-of-plane). In some cases, an additional mesh patch is applied around the connector area to improve local stress dis-
tribution and enhance the overall transfer mechanism (Fig. 1b). The application procedure resembles that of traditional steel-
reinforced plaster and can be performed either manually or by mechanical spraying (Fig. 1c). Nonetheless, because the reinforce-
ment is not susceptible to galvanic corrosion, no minimum cover thickness is required beyond that needed to fully encapsulate the
mesh and promote uniform stress transfer. However, the alkaline environment provided by the mortar matrix can still induce a slow,
long-term degradation of the fibres, depending on their nature and protective coatings. For this reason, CRM systems are considered
highly durable but not immune to ageing phenomena, and the mortar cover should be proportioned to ensure both adequate me-
chanical performance and long-term stability. Due to its mechanical characteristics and construction-related features, CRM is
particularly suited to applications in masonry, which is characterized by relatively low stiffness (compared with reinforced concrete),
negligible tensile strength, and rough surfaces. The high strength of CRM enhances the mechanical performance of strengthened
masonry elements, effectively absorbing tensile stresses and thus increasing the masonry strength. Beyond these well-documented
benefits, CRM systems can foster stress redistribution in the cracked stage, with potential benefits also in terms of deformation ca-
pacity and energy dissipation under seismic loading. Notable benefits can also arise from the constraints that prevent disaggregation
and leaf separation, which are the most critical failure modes of rubblestone masonry built with multiple leaves, weak mortars, small
units, and exhibiting poor connections at corners and with horizontal elements. Additionally, CRM exhibits good resistance to high
temperatures, chemical-physical compatibility with masonry substrates, and, depending on the mortar used, vapor permeability.
Lastly, it can be easily applied using traditional methods, even on damp, wet, and irregular surfaces.

These features, as discussed in the following sections, have been progressively evidenced by the research conducted primarily
within the scientific community involved in the structural rehabilitation with composite materials, including FRP [1-5], and Fabric
Reinforced Cementitious Matrix (FRCM) or Textile Reinforced Mortar (TRM) [6-13]. While FRP and FRCM/TRM are generally
regarded as established externally bonded strengthening techniques, CRM systems are increasingly emerging as a reliable and effective
alternative for a broad range of applications to masonry structures.

This progress is already being transferred into engineering practice through the development of product qualification procedures.
CRM systems can now be certified within the European Union through the European Technical Assessment (ETA) [14], a step toward
CE marking. In Italy, certification guidelines [15] lead to a Technical Assessment Certificate (CVT). On the other hand, there are
currently no established design guidelines specifically developed for CRM systems. Amplification coefficients can be applied to the
mechanical properties of masonry, as specified in the Italian Building Code [16] for traditional steel-reinforced plasters, a highly
simplified approach to conduct global analyses. But it lacks specific validation for CRM and cannot be used for the assessment of local
collapse mechanisms.

Alternatively, design methods developed for FRCM/TRM systems [17,18] can be adapted, though these mortar-based composites,
while related, differ significantly from CRM. First, compared to FRCM/TRM, CRM includes meshes with larger spacing (30-100 mm
versus 8-25 mm) and higher stiffness (precured FRP mesh instead of a dry, coated, or lightly pre-impregnated textile). Second, matrix

Fig. 1. FRP mesh of a CRM system (a); L-shaped FRP connector installed with an additional mesh patch (b); sprayed application of the mortar
matrix (c).



S. De Santis et al. Journal of Building Engineering 129 (2026) 116799

layers are thicker (30-50 mm versus 8-12 mm). Third, the presence of mechanical connections is essential and CRM systems always
include them according to existing qualification codes, while provisions dealing with FRCM/TRM do not mandate the use of con-
nectors. Finally, certification is conducted according to different mechanical characterization protocols, since CRM mesh and mortar
are certified separately and the mesh is tested under tensile loading only, while FRCM/TRM are qualified as a composite and shear
bond tests are essential. These features highlight that the development of tailored design guidelines for CRM is necessary.

For this purpose, both academic and industrial research have significantly contributed not only to the development of CRM systems
(through laboratory tests on small-scale specimens, such as tensile tests on meshes and coupons, shear bond tests, and pull-out tests),
but also to the investigation of their effectiveness for the structural rehabilitation of masonry. These studies have been mainly con-
ducted through tests on medium-to large-scale structural elements (e.g., panels subjected to in-plane and out-of-plane loading, floor
strips, arches, and vaults), as well as full-scale building experiments and have provided valuable insights for design applications. The
investigations described in the literature include quasi-static tests with monotonic or cyclic loads, and dynamic/seismic tests using
shake tables, and employ a wide range of setups and displacement measurement technologies. Specific references are listed hereinafter
in the dedicated chapters of this paper. It is worth noting that the number of articles indexed in major databases (e.g., Scopus, Web of
Science) has grown exponentially, from fewer than 10 per year between 2000 and 2012, to an average of around 50 per year since
2018. This trend, alongside a similar increase in publications in specialized journals for practitioners, demonstrates the growing in-
terest CRM systems have generated in the research, manufacturing, and engineering communities. Despite scientific evidence provides
a sufficiently extensive body of work demonstrating the effectiveness of CRM systems, the knowledge developed so far has remained
fragmented. This has hindered a clear and shared identification of the areas that still require investigation, from both experimental and
theoretical standpoints. Furthermore, the absence of validated analytical formulations and design criteria has, to date, limited the
adoption of CRM in engineering practice.

To advance the technical and scientific knowledge on the mechanical behaviour of CRM systems and of structural elements
strengthened with this technology, and to promote an informed application in the field of structural rehabilitation, it is now necessary
to:

(i) Compile a state-of-the-art review of the experimental evidence available in the scientific literature, in order to thoroughly
understand the mechanical response of CRM systems, assess their effectiveness in enhancing the structural capacity for the
various possible applications, and establish the current level of knowledge in this specific field;

(ii) Collect experimental test databases in an organized and consistent form, suitable for the development, validation, and cali-
bration of numerical models for simulating the structural behaviour of masonry elements strengthened with CRM;

(iii) Compile a state-of-the-art review of the analytical models proposed in the literature for the theoretical estimation of the ulti-
mate strength of structural elements retrofitted with CRM, discuss their reliability in order to identify formulations suitable for
design purposes, which need to be validated and calibrated against experimental evidence in order to be effectively employed in
professional engineering practice;

(iv) Identify the areas in which further knowledge is required and that therefore demand additional scientific research efforts.

This paper provides an overview of the experimental investigations carried out on CRM systems, including durability assessments,
as well as on structural members retrofitted with CRM, specifically, masonry walls under in-plane shear loading, masonry walls
subjected to out-of-plane bending, crowning beams, and vaulted structures. For each strengthening application, dedicated databases
compiling the corresponding experimental results are presented. Construction details and on-site installation procedures are discussed
whenever experimental evidence is available.

The capacity models proposed in the literature for estimating the strength of retrofitted structural elements are also reviewed, and
the conditions under which these models provide the most accurate strength predictions are critically discussed. Furthermore, the
paper explores the latest technologies combining structural reinforcement with energy efficiency, such as the use of high-performance
mortar matrices for thermal-acoustic insulation. Lastly, it describes the effectiveness shown by CRM systems for seismic retrofitting,
even when consisting of one-sided interventions aimed at minimizing the invasiveness, preserving decorated surfaces, or maintaining
fair-faced masonry, which is required by applications to architectural heritage.

Applications to columns are instead excluded since CRM is unsuitable for confinement. The lower tensile stiffness of the FRP meshes
used for CRM composites compared to that of carbon and steel textiles used in organic and inorganic matrix-based composites makes
these latter technologies currently preferable over CRM for confinement. Moreover, the pre-cured L-shaped corner mesh elements
included in CRM kits can be used to ensure continuity of the reinforcement across building corners (adequate overlaps are needed) but
are not designed to sustain the tensile stresses expected in confining overlays.

Although a comparative economic assessment does not fall within the scope of this work, it cannot be overlooked that the
application costs of CRM systems significantly influence the widespread adoption of this technology within a market context where the
main competing solutions are FRP and FRCM systems. In practice, the overall installed cost of strengthening interventions is strongly
affected by several factors, including the type and weight of the reinforcing mesh or fibres, the number of layers, the thickness of the
mortar matrix, the condition and accessibility of the substrate, site-specific constraints, local regulations, and the total extent of the
intervention. Based on current practice and available cost assessments, FRP systems generally fall within a range of 80-250€/m? when
expressed per unit area. However, this metric can be misleading because FRP reinforcements are typically applied in a discrete manner
(strips, laminates, or bars placed only where needed) so their actual incidence per square meter of wall surface is often significantly
lower than that of surface-distributed systems. FRCM solutions, by contrast, are applied as continuous layers over the entire surface
and therefore exhibit more directly comparable areal costs, typically around 60-200€/m?, reflecting the use of inorganic matrices and
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installation procedures like traditional plastering. CRM systems also involve full-surface application but require thicker mortar layers,
mechanical connectors, and longer installation times; as a result, their overall costs commonly range from about 200 to 400€/m?

It should be noted that these considerations ideally refer to strengthening solutions designed to achieve comparable structural
performance targets, such as similar increases in shear or flexural capacity, consistently with cost-benefit approaches available in the
literature [19]. Although rigorous quantitative assessments would require case-specific structural analyses and detailed
bill-of-quantities evaluations, FRP systems generally require smaller material quantities but involve higher unit costs, whereas FRCM
and CRM systems rely on full-surface applications characterized by lower material costs but higher labour incidence. Systematic
studies directly comparing the cost effectiveness of the different strengthening techniques are still not available in the scientific
literature, but in construction price lists (see, for instance, Ref. [20]) CRM interventions are associated with the abovementioned
higher unit costs due to thicker mortar layers and the use of mechanical connectors.

Within this framework, a systematic and critical organization of the available knowledge appears essential to bridge the gap be-
tween experimental evidence, analytical modelling, and engineering practice, and also the techno-economic considerations that in-
fluence the selection among different strengthening strategies. The absence of consolidated and CRM-specific design guidelines further
reinforces the need for a structured synthesis of existing research outcomes, not only in terms of mechanical performance but also with
respect to practical implementation aspects. Accordingly, the following sections provide a reference framework for both researchers
and practitioners, supporting the interpretation of experimental evidence and facilitating the development of practice-oriented
methodologies for the applications to CRM systems to masonry structures.

2. Material properties
2.1. Mechanical characterization tests and certification protocols

In the case of CRM strengthening systems, the main geometric properties of the meshes are the grid spacing and the cross-sectional
area of each fibre bundle, which must be specified separately in the warp and weft directions for unbalanced meshes. More rarely,
reference is made to the equivalent thickness of the mesh, defined as the net cross-sectional area of fibres per unit width of the textile
(tp), which is, instead, the universally adopted practice for textiles used in FRCM composites. Concerning mechanical properties, the
main parameters of the mesh are the tensile strength (ff) and the tensile modulus of elasticity (Ef). The tensile response is typically
linear-elastic up to brittle failure. Strength and stiffness are generally referred to the cross-sectional area of the individual fibre bundle
(which includes the impregnating resin), whereas only in rare cases are they expressed with respect to the net area of the fibres alone.
Such mechanical properties may differ between weft and warp, even for balanced meshes, since the industrial manufacturing process,

Fig. 2. Experimental setups of direct tensile tests on mesh bundles (a) and CRM coupons (b), of pull-out tests (c), and of shear bond tests (d).
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based on mechanical weaving looms, typically produces a grid in which the weft consists of flat, parallel fibre bundles, whereas the
warp is formed by two twisted fibre bundles wound around each other to enable an effective stitching at the intersections between weft
and warp (Fig. 1a).

Certification protocols have been developed in the EU [14] and in Italy [15] to establish standardized criteria for testing CRM
systems and obtaining the ETA (European Technical Assessment, EU) or CVT (Certificato di Valutazione Tecnica, Italy) certifications
required for their commercialization and use in structural strengthening. Both standards require laboratory tests to be performed only
on the FRP mesh, on the FRP mesh corner elements, and on the mechanical connectors that provide mesh-to-substrate stress transfer.
These tests include direct tensile tests, which determine the tensile strength and the tensile modulus of elasticity (Fig. 2a); pull-out tests
on connectors, used to assess their pull-out resistance from standardized substrate materials (Fig. 2c); and tensile tests on connector
overlaps, which evaluate the connector-to-connector stress-transfer capacity along a specified overlap length (transverse connectors
may consist of two elements inserted from opposite sides of the wall). For each test type, 9 specimens are to be tested. Durability tests
are also required on specimens aged in alkaline or saline solutions, high humidity, or subjected to freeze-thaw cycles. In all these cases,
testing is carried out exclusively on the FRP components of CRM systems.

Conversely, certification protocols do not require testing of the mortar matrices. Any mortar certified for structural use is deemed
suitable for CRM applications. This approach is consistent with that adopted for more traditional construction materials, including
those used for structural retrofitting (for example, steel meshes and mortars/concretes employed in reinforced plaster systems), yet
differs from the certification procedures prescribed for FRP [21] and FRCM/TRM [22,23] composites. Limiting testing to the FRP
components of CRM systems streamlines the certification process, since composite specimens do not need to be fabricated, cured, and
tested in the laboratory, which would be time-consuming and costly. It also allows CRM systems to incorporate a much wider range of
constituent materials, because the FRP components and mortars do not need to be supplied by a single manufacturer.

Experimental studies available in the literature, either specifically focused on the mechanical behaviour of FRP meshes used in
CRM strengthening systems [24-27] or conducted as part of broader experimental programmes on strengthened structural elements,
consistently report comparable ranges of mechanical properties. Tensile strength values (ff) typically fall between 1000 MPa and
1500 MPa, while the tensile modulus of elasticity (Ef) ranges from 55 GPa to 75 GPa. Peak strain measurements are generally reported
between 10-10° and 22.10~2, These data are obtained from direct tensile tests performed on single bundles extracted from the FRP
mesh (Fig. 2a), on specimens consisting of two or three bundles, and, less frequently, on CRM composite prismatic specimens (coupons,
Fig. 2b). In these investigations, to ensure uniform stress transfer at the load introduction areas, metallic or composite tabs were
bonded to the ends of mesh specimens, while FRP wraps were applied along the edges of coupons.

Few experimental studies exist that have also examined the bond between CRM composites and masonry substrates, following
approaches typically adopted for FRCM systems [25,27] (Fig. 2d). From a design perspective, the contribution of the
matrix-to-substrate bond cannot be regarded as uniformly secondary. Its effectiveness depends strongly on the relative in-plane
stiffness of the CRM layer and the underlying masonry. When this stiffness mismatch is large, premature debonding may occur
under in-plane loading, making the role of mechanical connectors crucial for ensuring reliable load transfer. Local stress concentra-
tions, as well as long-term effects associated with cyclic loading or temperature variations, may also contribute to bond degradation.
Conversely, as the stiffness of the CRM layer approaches that of the substrate, the bond mechanism may become progressively more
effective, reducing the demand on the connectors and allowing a more distributed transfer of stresses across the interface.

No experimental investigations are currently available in the scientific literature for the mechanical characterisation of meshes
used in CRM strengthening systems that incorporate fibres other than glass.

An innovative contribution to the mechanical characterization of CRM materials was recently provided by De Santis and co-authors
[27] and consisted of the development of self-sensing systems, in which Fibre Bragg Grating (FBG) sensors are embedded within a glass
FRP mesh to enable simultaneous strengthening and monitoring. Experimental investigations included direct tensile tests on fibre
bundles and CRM coupons, shear bond tests on CRM-to-masonry interfaces, and pull-out tests on GFRP connectors, and confirmed the
outcomes of previous studies dealing with the mechanical testing of CRM constituents, but, in addition, demonstrated the ability of
FBGs to capture strain evolution, detect early damage phenomena such as cracking, slippage, and interface degradation, and monitor
load redistribution during progressive failure.

2.2. Design values of mechanical properties

According to Eurocodes, as well as to the scientific and technical literature, the design values of the mechanical properties of
construction materials are derived from the results of laboratory characterization tests carried out in accordance with certification
standards, while accounting for expected uncertainties, variability, and long-term effects. Even remaining only within the field of
innovative composite materials for structural strengthening that are close to CRM, this is the same approach already recommended for
organic-matrix composites [28], inorganic-matrix composites [17], and even for FRP bars used as internal reinforcement in concrete
structures [29]. To date, however, a design guide for CRM systems has not been developed, so no shared indications are currently
available for determining the design values of the mechanical parameters to be used in ultimate limit state and service limit state
calculations.

For design purposes, the main mechanical parameters are the tensile modulus of elasticity and the tensile strength (or strain),
assuming that a linear elastic constitutive behaviour up to a brittle failure can be adopted. The nominal value of the tensile stiffness
corresponds to the average value obtained from direct tensile tests. Regarding strength, the characteristic value (5% fractile) is
calculated as the mean minus twice the standard deviation [14], following the design-by-testing approach recommended in Annex D of
Eurocode 0 [30], considering that nine specimens are tested in direct tension for mechanical characterization [14].



S. De Santis et al. Journal of Building Engineering 129 (2026) 116799

The design value of the ultimate strength is then obtained by dividing the characteristic value by an appropriate partial safety
factor, which should be calibrated based on the variability of test results. To establish such a factor, existing investigations should be
compiled and statistically analysed, a task that clearly deserves targeted research initiatives in the near future. Additionally, an
environmental reduction factor should be applied to account for long-term degradation. Durability tests are required to calibrate this
factor under various aggressive exposures. Limited knowledge is currently available on this specific aspect, although recent studies
promoted within international scientific committees, such as RILEM TC 290-IMC, have begun to address it. Further information may
also be extracted from tests conducted by manufacturers for product certification, which should be collected and analysed.

As a preliminary approach, and until specific calibrations and dedicated investigations on CRM systems are available, the values
adopted for externally bonded glass FRP composites are generally adopted. These include a partial safety factor of 1.3 and environ-
mental reduction factors of 0.75, 0.65, and 0.50 depending on the exposure conditions (indoor, outdoor, aggressive).

2.3. Durability tests

Even though CRM systems have been increasingly adopted for the strengthening of masonry structures over the past two decades,
durability has emerged as a key factor governing long-term effectiveness only in recent years, thus remaining a major concern. The
durability of CRM is influenced by the chemical nature of its constituents and by the interactions among reinforcement, mortar matrix,
and substrate, as well as by environmental exposure conditions. The scientific research has investigated some of these aspects, partially
building upon the knowledge previously developed for FRP and FRCM systems, at least from a methodological standpoint. Experi-
ments relied on the accelerated aging protocols already used for these other composites, including exposure to alkaline or saline
solutions, freeze-thaw cycles, salt fog, and hygrothermal conditioning. On the other hand, while some experimental findings derived
from FRP and FRCM provide valuable insights also for CRM, primarily those on the tensile strength of the mesh retained after aging,
fundamental differences in terms of technology and structural functioning require dedicated experimental investigations, e.g., with
reference to the role played by the properties of the mortar matrix and to the long-term connector-to-substrate bond properties.

The most significant studies have focused on the behaviour of the FRP meshes, investigated through laboratory tests performed on
artificially aged specimens. Glass fibres, which are the most widely adopted in CRM systems, have been extensively studied due to their
potential susceptibility to alkaline attack, which is first of all constituted by the mortar matrix. Alkali-resistant (AR) glass fibres showed
better performances than E-glass, but, if not adequately protected, exposure to alkaline attack may lead to strength degradation over
time even in AR glass [26,31].

As regards other fibre materials, basalt exhibits improved chemical stability compared to conventional E-glass, but its long-term
performance under alkaline and wet conditions remains a primary concern [32]. Carbon exhibits excellent resistance to alkaline
environments, moisture, wet-dry, and thermal cycles, resulting in superior durability performance [33], but its higher cost is currently
the main obstacle to its wider adoption in CRM systems, also considering that most structural applications do not require fully
exploiting its higher tensile strength and stiffness compared to glass and basalt.

In this area, a key contribution was provided by an extensive experimental study conducted in Ref. [26], assessing the residual
tensile strength of different fibres, including E-glass, AR-glass, basalt, PBO, carbon, and steel, after exposure to multiple alkaline aging
protocols. Both dry and impregnated fibres were tested in cementitious and lime-based environments, totalling nearly 800 tensile tests.
Results showed significant differences in chemical resistance. E-glass and basalt fibres were highly susceptible to degradation, whereas
AR-glass maintained strength reductions generally within 20%, and carbon and steel fibres exhibited negligible loss. SEM analyses
revealed the initiation and progression of chemical attack at the fibre surface. The study highlighted the importance of considering the
type and concentration of alkaline species, the accelerating role of temperature, and the need for dedicated aging protocols and
quantitative criteria for the qualification of FRCM/CRM systems. In a follow-up investigation, CRM proved to retain a significant
portion of its mechanical capacity after aging even under high-temperature exposure, with degradation rates markedly lower than
those observed in FRP composites [34].

The role of the mortar matrix and the associated stress-transfer mechanisms is a critical aspect for the durability and long-term
effectiveness of mortar-based composites, particularly in FRCM. In these systems, the reinforcement is typically provided in the
form of dry, coated, or partially impregnated textiles. As a consequence, the porosity, tensile strength, cracking susceptibility, and
permeability of the mortar matrix play a key role in controlling durability, because they can lead to the direct exposure of the fibres to
aggressive agents originating from the substrate or the external environment. In contrast, in CRM, the influence of the mortar matrix is
comparatively less pronounced because the fibres of the reinforcing FRP mesh are fully embedded within a polymeric matrix,
inherently providing enhanced protection against chemical and environmental attack.

A similar distinction applies to the role of adhesion mechanisms. While the structural efficiency and durability of FRCM systems
strongly depend on the quality and stability of the textile-to-matrix and matrix-to-substrate bond, mechanical connectors are sys-
tematically used in CRM applications to ensure effective stress transfer between the FRP mesh and the structural element. This
significantly reduces the sensitivity of CRM systems to degradation phenomena affecting adhesive interfaces, thereby enhancing
robustness and durability under long-term environmental exposure and sustained loading conditions [35].

Time-dependent phenomena such as creep, shrinkage, and stress relaxation are expected to play a non-negligible role in the
durability of CRM-strengthened members. The mortar matrix exhibits viscoelastic behaviour under sustained stress, potentially
leading to stress redistribution between fibres and matrix over time. Sustained loading combined with environmental exposure can
amplify degradation effects, particularly in systems with lower fibre volume fractions. Although creep effects in CRM systems are
theoretically lower than those observed in polymer-based composites at elevated temperatures, their influence on serviceability and
crack control requires further investigation, especially in long-span or heavily loaded structural elements.



S. De Santis et al. Journal of Building Engineering 129 (2026) 116799

With regard to high-temperature exposure, one of the most significant advantages of CRM systems lies in their superior perfor-
mance under fire conditions over FRP, thanks to the presence of the mortar matrix, which protects the embedded FRP mesh, and FRCM,
thanks to the larger thickness. Additionally, CRM composites do not rely on organic resins (whose mechanical properties degrade
rapidly at relatively low temperatures) to ensure the load transfer with the substrate and include a layer of mortar. Experimental
campaigns (on FRCM) have demonstrated that members strengthened with inorganic matrix composites retain a substantial portion of
their load-carrying capacity after exposure to temperatures exceeding 400-600 °C, depending on fibre type and matrix composition
[36,37]. Thermal compatibility between matrix and substrate further enhances durability by limiting thermally induced stresses and
debonding phenomena. Even if specific studies on CRM have not been conducted so far, these characteristics suggest that CRM systems
are particularly suitable for applications where fire resistance and post-fire functionality are critical design requirements.

At the current state of the art, the growing body of experimental evidence has provided some information on the long-term
behaviour of CRM systems and has supported the development of certification standards [14], in which, building on the knowl-
edge already established for FRP and FRCM, durability is a key aspect. Several challenges, however, remain open. First, additional
experimental investigations are required that consider a wider range of constituent materials and investigate their behaviour under
different aging scenarios and exposure conditions. Increasing the number and diversity of experimental evidence is essential to
improve the understanding of degradation phenomena, to guide industrial development toward increasingly durable CRM systems,
and to provide a statistically robust basis for the definition of durability-related coefficients (environmental reduction factors) to be
introduced into design standards. Ultimately, the availability of a broader and more reliable experimental database would enable the
refinement and calibration of artificial aging protocols currently prescribed in certification standards, leading to more representative
and effective laboratory procedures for durability assessment. Future research is also expected to combine experimental, analytical,
and numerical approaches, focusing on multiscale modelling of degradation mechanisms, probabilistic durability-based design, and
the development of digital tools for predicting residual performance over the service life.

2.4. Compatibility issues

The great flexibility arising from the possibility of combining different certified FRP meshes with mortar matrices places increased
emphasis on the assessment of compatibility both among the constituent materials of the CRM system and between the CRM system
and the existing substrate. Although no specific requirements addressing these aspects are provided in the current standards, exper-
imental studies have highlighted that the interaction among mesh, mortar and substrate influences the structural response and long-
term effectiveness of CRM-strengthened masonry elements [38,39]. Therefore, several aspects deserve careful consideration during the
material selection phase.

First, the rheological and granulometric characteristics of the mortar affect its penetration around the mesh yarns and nodes,
governing stress transfer mechanisms and the effectiveness of the mechanical interlock developed at the interface [35]. Mechanical
interaction between the mesh and the mortar is generally enhanced when the mesh is produced by interweaving continuous fibres at
the nodes, whereas thermally bonded meshes may exhibit reduced load transfer efficiency and increased susceptibility to slip. These
mechanisms may also be influenced by the presence of short dispersed fibres within the matrix [40].

Second, from a chemical standpoint, the durability of the mesh, despite the use of alkali-resistant (AR) fibres and epoxy impreg-
nation, as well as that of the fibre-to-matrix interface, may be affected by prolonged exposure to alkaline environments [26,31]. This
highlights the importance of chemical compatibility between the FRP mesh and the matrix, whose composition and alkalinity may play
a significant role in governing the long-term durability of the composite system. The high pH, which may range from approximately 12
to 14 depending on the mortar composition and curing stage, can promote the attack of OH™ ions on glass and basalt fibres, leading to
hydrolysis and progressive degradation. Even limited surface damage induced by alkaline corrosion may result in a reduction in fibre
tensile strength [26].

As regards compatibility with the substrate, adequate interaction between the mortar matrix and the masonry is required to
minimize stiffness mismatch and localized stress concentrations, particularly in heritage structures characterized by low-strength
materials. Finally, when CRM systems are employed for the strengthening of historic masonry, natural hydraulic lime (NHL)-based
mortars are often preferred owing to their physical, chemical and mechanical compatibility with traditional construction materials, as
well as their favourable hygrothermal behaviour, which helps prevent moisture accumulation within highly porous masonry substrates
[39].

3. In-plane strengthening of masonry walls
3.1. General considerations

Masonry walls are subjected to in-plane shear loads mainly due to earthquakes and typically develop diagonal cracking. At the
onset of ground motion, small lateral displacements may cause fine cracks to form near openings, where stress concentrations are
present. As shaking increases, these cracks extend following a diagonal path, generally at about 45°, from the corners of openings or
from the wall base. Cyclic loading leads to the formation of a second diagonal crack, producing the typical shear-induced X-shaped
crack pattern. With increasing demand, these cracks widen, mortar joints progressively degrade, and localized crushing or
dislodgement of units may occur, indicating the approach to shear failure.

Besides this typical shear collapse mechanism, an in-plane bending mechanism may also occur (for example, in slender elements
under low axial stress). This phenomenon mainly involves the element extremities, where the bending moment is higher, activating
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cracking of the cross-section on one side and crushing of the masonry on the opposite side. Cyclic loading leads to alternating cracking
and crushing on opposite sides, and a sliding mechanism along the cracked mortar joints may also occur.

The need to protect the built heritage in seismic-prone areas and to upgrade the in-plane capacity of walls under earthquake-
induced shear damage has significantly stimulated research efforts. In this context, experimental studies on large-scale masonry
wall prototypes subjected to in-plane loads saw substantial development in the late 1990s, aiming to predict the shear behaviour of
masonry and to identify suitable strengthening techniques for constructions damaged by earthquakes. Tests have been conducted both
in the laboratory and in situ, improving the understanding of masonry mechanical properties, which is essential for assessing seismic
vulnerability and designing effective retrofit interventions.

CRM systems have demonstrated their ability to enhance the coupling of the compressive strength of masonry with the tensile
capacity of a reinforcing mesh. This combination provides the wall with increased resistance to cyclic lateral loads, limits cracking, and
prevents brittle failure. CRM overlays can be applied to one or both faces of the wall. Their application over the entire wall surface
ensures a distributed strengthening effect and prevents masonry disaggregation. Moreover, transverse connectors ensure effective load
transfer between the CRM system and the masonry substrate, and prevent leaf separation in multi-leaf walls.

3.2. Experimental evidence

The effectiveness of CRM for improving the strength and deformation capacity of masonry walls has been investigated through
laboratory diagonal compression tests and shear-compression tests. Among the testing procedures, the diagonal tension test, stan-
dardized by ASTM 519 [41], is the most commonly used. In this test, the shear load is applied along one diagonal of a square masonry
panel by means of a hydraulic actuator, and failure typically occurs through the formation of a diagonal crack initiating near the panel
centroid, where the principal tensile stresses are highest. This test configuration allows for the determination of the shear strength of
masonry by loading the panel in compression along its diagonal (Fig. 3a). An additional advantage of the diagonal tension test is that it
can also be performed in the field, by extracting a square masonry panel from the structure.

Several experimental studies have been carried out over the past 15 years to quantify the increase in shear strength, ductility, and
energy dissipation provided by CRM applied to masonry walls. Compared with other applications, such as the out-of-plane flexural
strengthening of walls or the retrofitting of vaulted structures, the use of CRM for in-plane strengthening has received predominant
attention in the scientific literature.
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Fig. 3. Crack patterns (a-c), highlighted by DIC strain fields when available (b,c) and response curves (d-f) of masonry specimens strengthened with
CRM: diagonal compression tests on masonry walls [38] (a,d), compression-shear tests on masonry piers [42] (b,e), and bending-shear tests on
masonry spandrels [43] (c,f).
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The first study was carried out in Ref. [44]. The authors conducted an extensive investigation on wall panels of solid
double-headed, triple-headed, and multi-leaf brickwork with a weak inner core of loose material, as well as roughly squared stone
masonry, all reinforced with a plaster layer embedding a GFRP mesh. Diagonal compression tests demonstrated the effectiveness of the
CRM system across all masonry types, with shear strength approximately doubling for double-headed brickwork and tripling for
roughly squared stone. All strengthened configurations exhibited improved ductile behaviour, showing a gradual reduction in strength
while retaining significant residual capacity even at large deformation levels.

Four years later, Corradi and colleagues [45] tested wall panels extracted from three historic Italian buildings, two constructed with
rubble stone masonry and one with solid brick masonry, which underwent diagonal compression and combined shear-compression
tests. The results showed a substantial increase in shear strength after jacketing, with strengthened specimens achieving lateral
loads more than an order of magnitude higher than the unstrengthened panels. In addition to strength enhancement, the retrofitted
panels exhibited improved ductility and energy dissipation. These benefits were attributed to the effective interaction between the
GFRP mesh and the mortar matrix, which promoted a more uniform stress distribution and delayed the onset of failure mechanisms
typically observed in unstrengthened masonry.

A subsequent work by Gattesco and Boem [38], carried out in the wake of [44], compiled experimental results to evaluate the CRM
system for different masonry typologies, namely solid brick, cobblestone, and rubble stone, and for panels with varying thicknesses.
Reference and strengthened specimens were tested, the latter retrofitted with a GFRP mesh embedded in different mortar types applied
on both wall faces. The results confirmed substantial increases in shear strength and ductility due to the strengthening intervention.
Importantly, the effectiveness of the system was found to be only marginally influenced by the mechanical strength of the mortar
coating.

After these pioneering studies, more research has been conducted to assess the gain in strength and ductility provided by CRM
composites on masonry walls loaded in their plane, to investigate the role played by mesh architecture and mortar properties, the
effectiveness of mechanical connectors for preventing bond-related failure modes, the extent to which CRM overlays applied only to
one wall side offer performance comparable to symmetric double-sided configurations, and even the effect of high temperatures.

In the investigation presented in Ref. [46], masonry wall prototypes constructed using a two-leaf bond with clay bricks were
retrofitted with a CRM system embedding a GFRP mesh. Significant improvements in shear strength, ductility, and stiffness were
observed. Further diagonal compression tests in Refs. [47,48] confirmed these results. In this case, several CRM systems using the same
mortar, but different FRP meshes, namely basalt, glass, and carbon, were tested on solid brick and insulated concrete masonry walls.
All systems proved effective in enhancing shear strength and deformation capacity, although the basalt mesh showed only minimal
improvement in strength and ductility. The analysis of failure modes indicated that the mesh-matrix interface was the weakest link in
the system.

The experimental study described in Ref. [49] focused on ten clay brick masonry panels with two CRM configurations tested under
diagonal compression. Results showed improved shear capacity and ductility, particularly when CRM was applied to both wall sur-
faces. Panels retrofitted on only one side were more susceptible to out-of-plane instability and showed reduced strength. The study in
Ref. [40] examined how reinforcement configuration, cement content in the matrix, and mesh type (steel and GFRP with
30mm x 30 mm and 40mm x 40 mm spacing) influenced performance. Shear capacity nearly doubled when CRM was applied to both
sides. Higher cement content led to significant improvements in strength, stiffness, and energy dissipation. Among the mesh types, the
wider GFRP mesh was the most effective, highlighting the importance of both geometric and mechanical mesh properties. The increase
in shear strength provided by CRM was confirmed by the tests conducted by D'Antino and co-authors [50], carried out on brickwork
panels extracted from an early-twentieth-century building.

Over the past few years, a broader comparison was made of CRM systems with different mortars, mesh types, and connector
configurations in Ref. [51]. Diagonal compression tests on stone masonry panels showed the most significant improvements with high
connector densities. Increasing mortar strength also correlated with better performance, while mesh type and connector type showed
no significant influence. Ponte and co-authors [52] investigated rubble stone masonry typical of historic buildings in Southern Portugal
and other Mediterranean regions. Panels strengthened on one face with either carbon or glass mesh were tested under cyclic loading
with cantilever boundary conditions. Both systems yielded similar performance, although the full potential of the carbon mesh was not
fully realized.

In [37], the effects of high temperature (600 °C) were studied on masonry wall panels retrofitted with carbon and glass CRM, tested
before and after thermal exposure. At room temperature, CRM systems improved their strength and ductility. Post-fire tests showed
that carbon CRM, when applied after heating, restored both strength and stiffness and improved ductility. Glass fibre systems per-
formed worse, primarily due to lower mesh durability. When CRM was applied before heating, carbon meshes still restored strength
but not stiffness, while specimens retrofitted with glass meshes behaved similarly to the unstrengthened ones. Debonding occurred in
the latter case, indicating the need for further investigation into connector use to improve post-fire bonding performance.

Attention to sustainability has driven part of the research on innovative composites, such as CRM for the rehabilitation of existing
structures, either by selecting low-impact materials (natural or recycled) or by integrating structural and energy upgrades. In Ref. [53],
the authors evaluated a CRM system using hemp fibres combined with two types of mortar, applied to panels made of Neapolitan
yellow tuff and solid clay bricks. The results highlighted the effectiveness of the reinforcement system, which provided performance
comparable to commercial solutions while offering a more sustainable alternative. In a follow-up study [54], the same research group
compared the performance of hemp fibre meshes with that of conventional GFRP meshes. The hemp-retrofitted panels showed greater
strength increases, with failure occurring due to mesh rupture. In contrast, the GFRP- retrofitted specimens exhibited debonding, likely
due to the higher axial stiffness of the glass fibres. High ultimate deformation values were achieved in all cases, especially in panels
retrofitted with thinner plaster layers. An example of integrating thermal and structural performance is given in Ref. [55], in which
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four different CRM systems were tested using various mortar types, including thermal-insulating mortars. Mechanical and thermal
testing confirmed the feasibility of this solution. In Ref. [56], the authors investigated walls made of sharp limestone blocks and weak
hydraulic mortar, retrofitted with systems that included recycled fine aggregates from limestone cutting waste. The strengthening
improved the load-bearing capacity and altered the mechanical behaviour, including failure modes and strain-energy retention,
thereby preventing the complete disintegration of the masonry panels. Lastly, the campaign in Ref. [57] studied CRM systems as
dual-purpose retrofitting solutions for both thermal and seismic improvement. Two mortar types were tested, traditional lime-based
and geopolymer-based, against conventional techniques. Both improved shear strength and modulus, with the lime-based system
showing higher strength and the geopolymer system yielding greater ductility. More details on the integration of structural and en-
ergetic upgrades are provided in Section 8.

Some investigations compared CRM with other mortar-based composites. The authors in Ref. [58] compared CRM with FRCM
systems through diagonal compression tests on clay brick panels. CRM systems exhibited less widespread cracking and a greater
sensitivity to mortar properties, likely due to the wider mesh and thicker mortar. The increased matrix thickness also contributed to
higher load capacities. CRM-retrofitted panels demonstrated more ductile behaviour and higher initial stiffness. In Ref. [59], the
effectiveness of a glass mesh versus a balanced basalt-stainless steel mesh was tested on clay brick panels. The former used a lime-based
mortar, while the latter used a lime mortar with mineral binders. Both systems were effective, although GFRP yielded higher peak
loads, whereas the basalt-stainless-steel mesh provided greater ductility.

The experimental evidence confirms the effectiveness of CRM systems in enhancing the structural performance of masonry walls,
particularly in terms of in-plane shear strength, ductility, and post-peak energy dissipation. The results are consistent across various
masonry typologies and configurations, highlighting the adaptability of the technique. While glass and carbon mesh are commonly
used, alternative materials such as hemp fibres also show promising outcomes, particularly for sustainable retrofitting applications.
The performance of the CRM system is influenced by several parameters, including mesh type and spacing, mortar composition,
strengthening configuration (single-versus double-sided), and the presence of mechanical connectors. Furthermore, CRM systems have
demonstrated potential for post-fire repair and combined thermal-structural retrofitting when used with insulating mortars. Despite
some limitations, such as potential bond weakness at the mesh-matrix interface, CRM proves to be a practical and efficient solution for
preserving and seismic upgrading existing masonry structures. Future research should focus on optimizing bond performance, eval-
uating long-term durability, and developing integrated approaches that address both structural and energy-related requirements.

As regards progressive damage development, experiments have shown that it is governed by a sequence of interacting mechanisms
that reflect both the behaviour of the masonry substrate and the contribution of the CRM system. Initial cracking typically occurs
within the masonry, often along mortar joints or pre-existing weaknesses, as the panel undergoes shear deformation under increasing
load. As the stress level increases, cracks propagate and progressively activate the reinforcing mesh embedded in the mortar layer,
which begins to carry tensile forces and redistribute stresses over a wider area compared with the typical response of unstrengthened
masonry (Fig. 3a). With further in-plane loading, the system enters a more complex phase in which the masonry substrate and the CRM
layer interact, though not always in perfect compatibility. Local debonding or partial detachment between the mortar matrix and the
masonry may occur, particularly near pre-existing cracks or along panel edges, reducing the effectiveness of tensile stress transfer. The
reinforcing mesh may consequently experience localized strain concentrations, potentially leading to progressive rupture of individual
fibres or bundles, even though this phenomenon is rarely observed in laboratory tests. Overall failure typically results from the
combined action of these mechanisms rather than from a single abrupt event. The panel usually exhibits a global multi-diagonal
cracking pattern along the compressed diagonal direction, which continues to develop until the strengthening system is no longer
able to sustain the imposed tensile stress demand (Fig. 3a—c).

The experimental response curves are inherently and strongly influenced by the specimen geometry, the mechanical properties of
the masonry substrate, and the layout of the applied strengthening system, as well as by the boundary conditions and the presence of an
axial compressive load. Fig. 3d—f provide representative examples of the comparison among response curves obtained from diagonal
compression tests (Fig. 3d, [38]), shear-compression tests on masonry piers (Fig. 3e [42]), and shear-flexure tests on spandrel elements
(Fig. 3f [43]). The drift values (8) reported on the horizontal axis and the shear (V) reported on the vertical axis cannot be directly
compared in quantitative terms, as they refer to experimental campaigns carried out on different masonry prototypes and employing
different CRM configurations.

Nevertheless, the overall shapes of the curves highlight a fundamental difference in structural behaviour. In the case of diagonal
compression tests (relatively easy and cheap to carry out, which provide a general evidence of the reinforcement benefits), the
specimens exhibit a stiff initial response up to the attainment of a peak load, typically associated with cracking and crushing of the
mortar matrix, followed by a progressive post-peak strength degradation, in which the FRP mesh predominantly carries the applied
load. This behaviour is further evidenced by the fact that the prototype strengthened solely with mortar overlays attains peak load
levels comparable to those of the specimen reinforced with a complete CRM system, while exhibiting a much more rapid degradation of
load-carrying capacity in the post-peak regime (Fig. 3d). Conversely, shear-compression and shear-flexure tests (more complex and
expensive to perform, but which reproduce more realistically the actual configurations) are characterised by a less brittle response. In
these tests, the presence of CRM strengthening leads not only to an increase in the maximum shear resistance, but also to a pronounced
enhancement of displacement capacity and of the ability to withstand large drift demands over repeated loading cycles (Fig. 3e and f).
Lastly, the shear-compression tests on masonry piers described in Ref. [42] indicate that a CRM system applied to only one side of the
wall, although resulting in a response that appears essentially similar in the positive and negative quadrants of the plot, leads to
reduced capacity both in terms of maximum shear and ultimate drift when compared to symmetrically CRM configurations (Fig. 3e).
However, the increase in performance is significant compared to the unreinforced configuration.

Table 1 summarizes the experimental data on masonry walls strengthened with CRM under shear loading (data curated according
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Table 1
Summary of the experimental results of in-plane shear tests on masonry walls.
Ref. Masonry wall specimen * CRM system ” Results
Label ty [m] fe,urm [MPa] ty, [mm] fem [MPa] fm [MPa] Fib. GS [mmxmm] te [mm?/m] fr [MPa] Ef [GPa] TC To [MPa] /70 [—]
[44] MT-1A-F33S 0.38 11.5 30 7.8 1.56 G 33x33 0.348 897 23 Y 0.47 1.64
MT-1A-F66S 0.38 11.5 30 7.8 1.56 G 66 %66 0.174 963 23 Y 0.47 1.65
MT-1A-F66SL 0.38 11.5 30 7.8 1.56 G 66x66 0.174 963 23 Y 0.47 1.92
MP-1A-F33S 0.40 1.45 30 7.8 1.56 G 33x33 0.348 897 23 Y 0.20 2.85
MP-1A-F66S 0.40 1.45 30 7.8 1.56 G 66x66 0.174 963 23 Y 0.20 2.66
MP-1A-F66D 0.40 1.45 30 7.8 1.56 G 66x66 0.348 760 27 Y 0.20 3.08
MD-1A-F33S 0.25 11.5 30 7.8 1.56 G 33x33 0.348 897 23 Y 0.47 1.98
MD-1A-F66S 0.25 11.5 30 7.8 1.56 G 66x66 0.174 963 23 Y 0.47 2.06
MD-1A-F99S 0.25 11.5 30 7.8 1.56 G 99x99 0.116 586 23 Y 0.47 2.14
MD-1C-F33S 0.25 11.5 30 7.8 1.56 G 33x33 0.348 897 23 Y 0.63 1.62
MD-1C-F66S 0.25 11.5 30 7.8 1.56 G 66x66 0.174 963 23 Y 0.63 1.91
MD-1C-F99S 0.25 11.5 30 7.8 1.56 G 99%x99 0.116 586 23 Y 0.63 1.97
[38] B2A-N-1 0.25 11.5 30 4.66 1.21 G 66x66 0.174 797 25 Y 0.47 1.87
R4D-N-1 0.40 1.45 35 4.6 1.20 G 66x66 0.174 797 25 Y 0.36 1.84
R4D-M-1 0.40 1.45 35 7.3 1.51 G 66 %66 0.174 797 25 Y 0.36 1.93
R7E-M-1 0.70 1.45 35 7.3 1.51 G 66x66 0.174 797 25 Y 0.36 1.78
R7E-Z-1 0.70 1.45 35 11.6 1.91 G 66x66 0.174 797 25 Y 0.36 1.64
CA-M-1 0.40 1.27 35 7.3 1.51 G 66 %66 0.174 797 25 Y 0.18 3.18
[54] CB_H_M1 s1 0.25 5.35 15 14.5 2.13 H 20%20 0.350 202 6.7 Y 0.30 2.80
T_G_M1 sl 0.25 3.3 15 14.5 2.13 G 120x120 0.235 960 48 Y 0.25 2.60
T_G_M2sl 0.25 3.3 40 6.4 1.42 G 120x120 0.235 960 48 Y 0.25 2.92
T_H_M1.s1 0.25 3.3 15 14.5 2.13 H 20%20 0.350 202 6.7 Y 0.25 2.24
[55] 37-R2 0.25 6.1 30 0.8 0.50 G 66x66 0.152 600 38 N 0.23 1.60
39-C 0.25 6.1 30 2.7 0.92 G 66x66 0.152 600 38 N 0.23 2.12
[471 WG2 0.15 3.5 10 40 3.54 G 30%x30 0.090 1280 32 N 0.50 2.48
WG5 0.15 3.5 10 40 3.54 G 30x30 0.090 1280 32 N 0.50 2.44
[48] W2-G-11 0.20 3.6 10 40 3.54 G 30x30 0.090 1280 32 N 0.27 3.07
[58] CRM_M15_SP3 0.25 5.83 30 15 217 G 38x38 0.087 1825 25 N 0.40 2.68
[571 CRM 0.12 8.7 30 9.1 1.69 G 33x33 0.108 1489 48 N 0.53 2.60
[37] G20 0.23 4.9 12 15 2.17 G 30x30 0.056 1350 33 N 1.03 1.27

@ Masonry wall specimen: ty: thickness; f. yrm: compressive strength of unreinforced masonry.

b crRM system: ty,: overall thickness; f.,: compressive strength of mortar matrix; f,,: tensile strength of mortar matrix computed (in absence of specific information) as 0.56 fg,’,f according to Ref. [51];
Fib.: fibres of the mesh: G: glass, H: hemp; GS: grid spacing of the mesh; t;: dry fibres of the mesh; fi: tensile strength of the mesh; E¢: tensile modulus of elasticity of the mesh; TC: transversal connectors: Y:
yes; N: no. All specimens were strengthened with CRM applied to both wall sides.
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to Ref. [60]). The database was cleaned by applying a set of methodological criteria aimed at ensuring the consistency, comparability,
and reliability of the experimental evidence. Only tests performed on masonry panels subjected to in-plane shear were retained, and
the experimental setup was required to be compatible with the ASTM diagonal compression procedure [41] or with equivalent
configurations capable of producing comparable shear mechanisms. Studies were excluded when essential mechanical or geometric
data were missing, when failure modes could not be clearly attributed to shear, or when the strengthening system did not fall within
the CRM family as defined in this study. Results affected by evident experimental anomalies, non-representative boundary conditions,
or unclear material characterization were also discarded to avoid bias. Lastly, only tests providing measurable shear strength values for
both unstrengthened UR and strengthened configurations were retained, ensuring that the contribution of the CRM system was clearly
identifiable and could be reliably extracted and compared across the dataset.

The cleaned dataset includes key performance metrics from multiple test campaigns, covering both historic and modern masonry
specimens subjected to diagonal compression and shear-compression tests. Reported parameters include wall geometry, masonry type,
mortar composition, mesh material and configuration, anchorage details, peak shear loads, and displacement capacities. Comparative
results between unstrengthened and CRM-strengthened panels are also provided by the ratio between the average shear stress
(computed according to Ref. [41]) attained at collapse by the retrofitted specimen and that of the unreinforced masonry (t/7o),
highlighting the improvements in load-bearing capacity.

Overall, the experimental shear strength is closely related to the properties of the applied CRM strengthening system. In particular,
it increases with the tensile strength (Fig. 4a) and compressive strength (Fig. 4b) of the mortar matrix overlay (the two are clearly
correlated), as well as with the tensile strength of the FRP mesh (Fig. 4c). Strengthening configurations that include anchorage devices
generally exhibit higher shear resistance than those without them. On the other hand, the presence of connectors does not affect the
correlation between the shear strength and the mechanical properties of the mortar matrix.

3.3. Analytical models

Diagonal compression tests are essential for determining the shear response of CRM-strengthened masonry panels. Nonetheless,
they do not capture the full range of mechanisms that may develop in real structural elements. When masonry piers or spandrels are
tested under combined shear-axial loading [43,61], or when cantilever-type boundary conditions are considered [52], the strength-
ening system contributes not only to shear resistance but also to the in-plane flexural capacity, particularly when the reinforcement is
adequately anchored. In shear-compression tests, as well as on spandrel elements, CRM overlays have been observed to promote a
mixed-mode response. As lateral loads increase, diagonal cracking associated with shear typically coexists with flexural cracking at the
element edges, where tensile stresses tend to concentrate. In some cases, the ultimate collapse is governed by shear, while in others, the
failure shifts toward a flexural or flexural-compression mode. In this context, the contribution of the mesh is crucial, as once the mortar
matrix has cracked, the mesh provides the tensile capacity needed to bridge cracks, stabilize the post-peak response, and prevent
sudden loss of load-carrying capacity. This behaviour cannot be inferred from diagonal compression tests alone, yet it is essential for
understanding the global seismic performance of strengthened masonry walls. The analytical correlations discussed in this study
should therefore be interpreted with their intended purpose in mind, namely, predicting the peak shear strength measured in diagonal
compression tests.

The design-oriented models proposed for the pure in-plane shear strengthening of masonry walls with CRM have been adapted from
those provided by existing guidelines for reinforced plaster [16] or FRCM systems [17]. To this aim, empirical coefficients have been
recalibrated or introduced using available experimental data. However, relying on FRCM-based models to predict CRM behaviour
presents some limitations, due to differences between the two systems in terms of material composition, mechanical interaction, and
failure mechanisms. Because of the reduced thickness (8-10 mm), the contribution of FRCM systems depends strongly on the bond

@ With transversal connectors
B Without transversal connectors

500 500 500
(a) (b} (c)
asof Py { as0 Y 450 ®
400 ® | 400 ® 40 L
3so} ° { 3s0 ° 350 °
£ 300 o .. 1£ 300 r .. £ 300 @ [} P
£ 250} L4 {= 250 ® % 250 o ... °
= o] £ ® L4 £ O
= 200} 1 = 200 L = 200 e
> & | 2 n® > B 8
150 : 1" 150 150 °
g o |
100} g {100 100 o
50 50 50
0 0 n L 0 L M " " M L
100 200 300 400 500 0 10 20 30 40 50 60 70 0 50 100 150 200 250 300 350
oty [KN/m] fot, [KN/) fiety [KN/m]

Fig. 4. Correlation between the experimental shear strength of masonry walls strengthened with CRM and the compressive strength of the mortar
matrix layer (a), the tensile strength of the mortar matrix layer (b), and the tensile strength of the FRP mesh (c).
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behaviour (between textile and matrix and between matrix and substrate) and on the ability of the textile to bridge cracks once the
matrix has cracked. In contrast, CRM systems, which use a thicker structural mortar layer (30-40 mm), the role played by the matrix
and associated with its mechanical properties and cross-sectional area is stronger, while bond failure is prevented by mechanical
connectors, such as the tensile failure of the mesh, which is often attained.

An FRCM-based model generally assumes limited composite action and localized debonding between reinforcement and matrix.
These assumptions underestimate the continuous stress transfer that occurs in CRM overlays. If this holds in general for any appli-
cation, it plays a particularly remarkable role in the case of shear strengthening, as it results in an underestimation of the shear strength
or a misrepresentation of the stress distribution within the strengthened wall. In FRCM formulations, the reinforcement contribution is
typically expressed as a function of the effective fibre strain and fibre area, with the mortar contribution often considered negligible
after cracking. In CRM systems, however, the mortar matrix itself provides a significant portion of the shear and compressive strength,
and its interaction with the mesh creates synergistic effects that are not captured by fibre-based models alone. Therefore, applying
FRCM formulations directly can lead to an underestimation of the mechanical contribution of the mortar and an omission of the
composite action between mesh and mortar that enhances stiffness and energy dissipation. Furthermore, when FRCM-based equations
are extended to CRM systems merely by introducing empirical coefficients, their accuracy becomes highly dependent on the cali-
bration database. Because experimental data for CRM systems are still limited and vary across materials (lime vs. cement mortars, glass
vs. carbon meshes), the predictive capability of the model may be valid only for the specific conditions used in calibration. This re-
stricts its applicability to different masonry typologies, wall geometries, or boundary conditions.

Nonetheless, a common starting point used in codes and models exists and is the additive approach, meaning that the total shear
strength of the retrofitted wall (VR) is obtained as the sum of the contribution of the unstrengthened masonry (including shear friction
and any compression-dependent shear capacity, Vyr) and that of the strengthening system (V;) (Eq. (1)).

Vi =Vygr + Vi 1)

A typical expression for the unstrengthened masonry term may be written as in Eq. (2), in which t,y is the wall thickness, h is the
shear length (height of panel), and 1 is the shear strength of the unstrengthened masonry, which may depend on the vertical
compressive stress (6y), cohesion (c), and internal friction ¢ (e.g .,To = ¢ + o, tan ¢ or an empirical 7o (oy)).

Vir=tw h1o 2)

In FRCM-based models, the contribution of the reinforcement (VF*M) is typically derived from the tensile strength of the textile
mobilized across cracks, and is projected into a shear contribution through geometric considerations and an efficiency factor (Eq. (3)):

VERM — K, A fr, sina 3

where Af is the reinforcement area per unit wall width oriented to resist shear, fg is the effective tensile stress in the fibres under
working conditions, « is the angle between the reinforcement tensile direction and the horizontal shear plane (commonly taken as 45°),
and k. is an empirical efficiency factor accounting for bond-slip, load distribution, and partial exploitation of fibre strength, as dis-
cussed below.

A more detailed expression developed for FRCM explicitly uses an effective strain efefr (Eq. (4)):

VERCM — A¢ Ff efefe Sin @ 4

with egefr (Ip,Tp); Where E¢ is the tensile modulus of elasticity of the textile embedded in the FRCM composite, 1y, is the shear bond
transfer length, and 1y is a bond stress parameter. In practice, ¢ is obtained from simplified bond-slip laws and/or experimental
calibration [17]. These FRCM-based formulations, as said before, rely on the assumptions that the reinforcement contribution is
dominated by the fibres after matrix cracking, fibre strain is governed by bond-slip, the mortar layer is thin, so it contributes negligibly
after cracking, and its own compressive or frictional contribution is negligible.

As a first attempt, the approach developed for FRCM could be extended to CRM; indeed, some authors have followed this direction
in their formulations. Meriggi and co-authors [62] proposed a design-oriented approach to estimate the shear strength increase
provided by externally bonded FRCM and CRM (V,), to be added to the shear strength of the unstrengthened masonry (Vyg) to compute
that of the retrofitted wall (Vg). The method assumes that the main contribution arises from the development of a strut-and-tie resisting
mechanism, defined on the basis of the mechanical and geometrical characteristics of the FRCM or CRM system. Other contributions,
such as the increase in resisting cross-section (compressed diagonal strut provided by the mortar matrix) or the confinement effect
ensured by transversal connectors, when present, are neglected in order to derive simplified expressions suitable for engineering
practice. The analytical expression for V; (Egs. (5) and (6)) was validated experimentally and calibrated according to the
design-by-testing procedure of Annex D of Eurocode 0 [30]. Specific coefficients were introduced to amplify the bond capacity (f,)
associated with intermediate debonding («; =1.15), to reduce the tensile strength of the textile (f) to account for uneven stress
distributions (ap = 1.25), and to consider the effects of eccentricity in unsymmetrical reinforcements (1 =0.7 in case of single-side
reinforcements). Model uncertainties for ultimate limit state verifications were also considered using a fractile coefficient yx = 0.5
for the calculation of the design strength of the retrofitted wall (Eq. (7)). The authors adopted the assumptions commonly used for
FRCM composites and demonstrated that a specific calibration for CRM provides good agreement between experimental results and
theoretical predictions.
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Vr =1 Afff (5)
. fe

fe=min( o;fp; — 6)
[L5]

Ve =Vur + 7, Ve @

Apart from Ref. [62], the other authors who proposed analytical models specifically for CRM reinforcements introduced additional
terms to explicitly and separately account for the contributions of the mortar and of the reinforcement mesh, which will be referred to
as Vrand Ve hereinafter, and calibrated them on experimental basis to quantify also the effect of their interactions. These interactions
may lead to delayed matrix cracking, increased shear transfer at the masonry-overlay interface (in turn promoted by the mechanical
connectors), and a more realistic exploitation of the ultimate capacity of the constituent materials under real-world conditions.

In the early stages of research on this topic, Gattesco and Boem [38,63] proposed a preliminary approach to quantify the shear
strength of masonry panels strengthened with CRM, expressed as the sum of the contributions of the unstrengthened masonry and the
mortar coating (assumed proportional to its tensile strength), neglecting any contribution from the embedded mesh. Comparison with
the strengths obtained from diagonal compression tests (investigating different masonry types and coating mortars) indicated that the
predictions were generally on the safe side; therefore, an amplification coefficient > 1 was calibrated to improve the accuracy of the
estimates, likely accounting for the beneficial influence of the mesh. However, in some cases (e.g., strong and regular masonry with
very brittle post-peak behaviour combined with high-strength mortars), the estimates proved unsafe, requiring the calibration of a
reduction coefficient p < 1. In fact, once the brittle masonry cracked, its contribution was suddenly lost, while the contribution of the
mortar had not yet been fully mobilized. The authors generally concluded that the different contributors to the shear strength, i.e., the
masonry, the mortar coating, and the mesh, need to be considered. However, since they are not mobilized simultaneously, their
combination should account for their nonlinear behaviour.

A first model for estimating the total shear strength of the retrofitted wall, going beyond the first uncracked stage, was proposed by
Cascardi and co-authors [64]. The model computes the shear resistance of the retrofitted wall (VR) as a combination of the contri-
butions associated with the unstrengthened masonry (which depends on its compressive strength f.yg, its cross-sectional net area Apas,
and a coefficient a accounting for the multi-crack behaviour induced by the presence of the retrofitting), the mesh (V¢) and the matrix
(Vmat) as shown in Eq. (8) and makes use of the tuning coefficients a, v, p and y provided in Egs. (9)—(12), which were calibrated using
artificial neural networks (ANN). The contributions of the mesh (V¢) and of the matrix (Vo) are provided by Egs. (13) and (14).

In Egs. (8)—(14), fcm is the compressive strength of the matrix, ef and Ef are the tensile strain and modulus of elasticity of the mesh, n
is the number of wall sides reinforced with CRM, and ng is the number of mesh plies per side. The calibration was based a dataset
comprising 75 experimental results from diagonal compression tests on masonry panels, encompassing a range of material properties
and geometries, and including both FRCM and CRM systems. The ANN approach was selected for its ability to capture complex,
nonlinear relationships between input variables and output responses, making it particularly suitable for representing the behaviour of
CRM-strengthened masonry walls.

VR = f(c)USR Amas + Vf + Vmat (8)
0.363

Tlyer ©

y= —0.52 +1.36B -+ 0.05y (10)

n ng Af &f Ef

p=——— an
O~7\/ fc.UR Amas
f m

y=2 (12)
c,UR

Vf =0.67 n Ny Af 0.5 &f Ef (13)

Vinar = 0.1 1 Ao form (14)

The model proposed by D'Antino and co-authors [50] extended the approach provided by ASTM 519 [41] to the case of
CRM-strengthened square walls by considering only the tensile strength (fiy,, herein computed as 0.56 fg"? according to Ref. [65]) and
the thickness (tpyat) of the mortar matrix, and the number of mesh plies per side (ng) to calculate the contribution of CRM to Vg (Eq.
(15)). In this latter expression, by, and t,y are the wall width and thickness, and fiyg s the tensile strength of UR masonry. The calibration
of the analytical model was specifically tailored to CRM systems and was based on diagonal compression tests conducted on masonry
walls constructed with historic bricks and strengthened using CRM, focusing on parameters such as wall dimensions, typology
(double-leaf with or without diaphragm), and the presence of steel anchors.

VR (ftUR tw + ftm ¢ tmat) (1 5)

— bw
©0.707
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The analytical model developed by Thomoglou and co-authors [66] provides an estimate of the shear strength of masonry walls
externally strengthened with mortar-based composites, including CRM. The authors proposed a design-oriented approach that ac-
counts for both material and structural parameters, introducing an empirical coefficient (k) to quantify the combined contribution of
the mortar and the reinforcement textile/mesh fabric to the overall shear capacity of the strengthened wall (Vg) as expressed by Eq.
(16), where Vyp is the shear strength of the unstrengthened masonry, and the contributions of the mesh (V¢) and the mortar matrix
(Vmat) are calculated with Egs. (17) and (18), in which Ep, is the Young's modulus of the matrix and the other symbols are as above.

Vr =Vur + K(Ve + Vinar) (16)
Vf:nnf Af er Ef (17)
Viar =10 Amat Eem €mat (18)

The coefficient k of Eq. (16) ranges from 0.52 to 0.60 depending on the masonry unit and reinforcement type, and accounts for the
mortar-mesh interaction, which reduces the effective contribution of the CRM system. The authors noted that including the mortar
contribution improves the predictive accuracy of the model compared with older formulations that neglected it. However, applying
k < 1 to both the mesh and matrix terms may underestimate the actual participation of the mortar, which experimental results have
shown can reach its tensile strength at the shear capacity of the strengthened masonry.

Similar to Ref. [50], Angiolilli and co-authors in Ref. [65] extended an analytical model originally proposed for three-leaf masonry
walls to the case of CRM-strengthened masonry. In this case, the contribution provided by CRM to the shear strength of the wall, Vg,
depends on the interaction between the unstrengthened masonry and the mortar of the strengthening overlay and introduces a model
coefficient Ay, > 1, as shown in Eq. (19), in which Ap,,s is the cross-sectional net area of the UR masonry, ty, is its thickness and 7 is its
shear strength, while Ay, and ty, refer to the cross-sectional net area and thickness of the CRM matrix per side, and fi, is the tensile
strength of the matrix, determined as a function of its compressive strength f.y, as per Eq. (20).

Amas To tw Amat ftm tm
Ve =N\ 19
N "(tw+tm AT (19

fim = 0.56 27 (20)

The model proposed in Ref. [65] was developed and calibrated on the basis of cyclic diagonal compression tests carried out on stone
masonry specimens extracted from the walls of a historic building in L'Aquila, Italy, considered representative of existing constructions
typical of the central Apennines region. The CRM system adopted in the study consisted of a GFRP mesh embedded in a natural hy-
draulic lime-based mortar, applied as a coating on the masonry surfaces, together with CFRP connectors. The experimental results
showed that the application of CRM enhanced the shear strength and the energy-dissipation capacity of the masonry walls, confirming
its effectiveness as a strengthening solution for historic structures. It should be noted that the authors proposed to neglect entirely the
contribution of the mesh in their analytical model.

In [67], an analytical formulation was proposed to evaluate the shear strength of masonry panels strengthened with FRCM systems,
which considers both the contributions of the reinforcing fibres and of the matrix. Although the proposal was developed for FRCM
systems, pre-impregnated mesh was considered in the calibration; therefore, the model is herein applied to the CRM scope. The authors
observed that the increase in shear strength depends primarily on the expected tensile contribution of the fibres and on the bond
strength between the strengthening system and the masonry substrate. Experimental results showed that the attainment of the shear
strength generally does not correspond to fibre rupture, highlighting instead the crucial role of the mortar matrix. The analytical model
(Eq. (21)) proposes a weighted sum of the contributions from the unstrengthened masonry (Vyr), the matrix (Viat), and the mesh (Vy).
Vmat depends on the number of reinforced wall sides (n), the cross-sectional net area, and the tensile strength of the mortar matrix (fi,)
(Eq. (22)). V¢ depends on the number of reinforced wall sides (n), the mesh plies per side (1), and the area (A¢), ultimate strain (ef), and
tensile modulus of elasticity of the mesh (Eg), according to Eq. (23), in which the coefficient \/i/ 2 accounts for the inclination of the
fibres with respect to the principal tensile stress direction.

Vr =01 Vyr + 0z Vinae + 03 V¢ 21

Viat =10 Amat ftm (22)
2

Vf :gn ¢ Af &f Ef (23)

The empirical coefficients oy, ag, and as, ranging between 0 and 1, were calibrated on the results of diagonal compression tests and
represent the interaction between the CRM overlays and the masonry substrate, depending on the substrate and mesh type. Reported
values of a; vary between 0.43 and 0.51 for panels strengthened with basalt fabric, corresponding to ay values of 0.09-0.10 and o3
values between 0.75 and 0.91. In general, a; can be assumed as 20% of the ratio between the residual capacity of the UR at the second
peak of the response curve (the one associated with the tensile failure of the mesh) and its ultimate capacity, while ay is approximately
20% of ay, to reflect the marginal contribution of the mortar. Suggested values for oz are 0.63, 0.43, and 0.73 for basalt, carbon, and
glass fabrics, respectively.

Longo and co-authors [68] proposed an analytical model for masonry walls strengthened with mortar-based composites (FRCM,

15



S. De Santis et al. Journal of Building Engineering 129 (2026) 116799

CRM, SRG), in which the shear strength of the retrofitted wall is given by the sum of the shear strength of the unstrengthened masonry
(Vyr) and the contribution provided by the reinforcement (V,), according to Eq. (24). V, is calculated as a function of Vyg (Eq. (25))
using the coefficients n¢ (Eq. (26)) and nmat (Eq. (27)), which represent the geometrical percentages of the mesh and the matrix within
the strengthening system, respectively, and were proposed based on a novel design-oriented approach that accounts for the
mesh-to-matrix interaction through multiple linear regression.

VR = VUR + Vr (24)

V:=Vur (0.07 ng+1.08 n,. —0.04 T],znat) (25)
nng t; & E

= 26)

Dty 0.56 £
o tw To

mat (27)

Lastly, Calo and co-authors [60] proposed an analytical model that computes the shear strength of the retrofitted wall (Vg, Eq. (28))
as the sum of the contributions of the unstrengthened masonry (Vyg), the matrix (Vpat, Eq. (29)), and the mesh (Vy, Eq. (30)). In this
latter expression,  is the exploitation factor, which quantifies the effective utilization of the tensile capacity of the reinforcement and
is defined as the ratio between the effective tensile force developed in the reinforcement and its ultimate tensile capacity. It is
calculated as per Eq. (31), with coefficients provided by Egs. (32)-(34). The exploitation factor accounts for the real-world perfor-
mance of the reinforcement, recognizing that not all of its theoretical tensile strength is mobilized under service loads due to factors
such as imperfect bond, material heterogeneity, and the presence of defects. For the systems studied, v is influenced by the interaction
between the mortar matrix and the fibre grid, as well as the quality of the bond between these components.

Va=Vor + Vi + Vs with = <3 (28)
0
Vinat =10 Amat 0.56 fo (29)
Vf =0.5n ng Af Y e Ef (30)
o[ Nmat o M
e Ne _e Ng 1
0O<y=—r——————<1with 22 <0.7and n, >0 (31
« (nmm> 70{ (nmal) N
Ne Ng
e +e
o= 0q + O¢ + Og (32)

Dty 0.56 for

tur To

(33)
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Fig. 5. Taylor's diagram for the comparison between experimental results of in-plane shear tests and theoretical estimates of the shear strength of
masonry walls strengthened with CRM.
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n ng ty & Ef

T 7o (34)
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The capability of the analytical models described above to estimate the shear strength of CRM retrofitted walls is quantitatively
evaluated through direct comparison with the experimental data (averaging consistent results and setting all the design-oriented
coefficients to 1) reported in Table 1 using statistical indicators, including standard deviation, root mean square error (RMSE), and
the coefficient of determination (R?), which collectively characterize the agreement between predicted and observed values in terms of
accuracy, precision, and linear correlation, respectively. To facilitate the visual interpretation of model performance, Fig. 5 shows a
Taylor's diagram [69]. This graphical tool enables the simultaneous representation of correlation, variability, and error magnitude
within a polar coordinate system. The red square marker identifies the experimental benchmark, whereas each analytical model is
represented by a distinct blue circle, and its position depends on statistical indicators computed from the corresponding array of ratios
between theoretical and experimental values; each array contains as many elements as the number of experiments available in the
database. The radial axis of the diagram corresponds to one plus the standard deviation, while the angular displacement reflects the
correlation coefficient, with angles ranging from 0° to 90° representing R values from 1 to 0, respectively. Concentric circles centred at
the reference point denote increasing RMSE values, allowing a compact visualization of model fidelity.

The proximity of a model marker to the reference point directly indicates its predictive accuracy and consistency. The theoretical
models are identified in the plot with labels C [64], D [50], T [66], A [65], F [67], L [68], and K [60].

Among the evaluated models, those proposed by Refs. [50], [68], and [60] demonstrated superior performance, exhibiting the most
favourable combination of precision, low error, and strong linear correlation with the experimental dataset. These findings reinforce
the conclusion that, in the context of CRM strengthening of masonry walls, the dominant structural contribution arises from the mortar
layer. Conversely, the influence of the FRP mesh appears secondary and can be either attenuated through calibration or omitted from
predictive formulations without significant loss of accuracy.
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- Only mortar matrix CRM 1 side
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Fig. 6. Crack patterns (a-c), highlighted by DIC strain fields when available (c) and response curves (d-f) of masonry walls strengthened with CRM
subjected to out-of-plane bending tests conducted by Ref. [71] (a,d) [72], (b,e), and [42,73] (c,f).
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4. Out-of-plane strengthening of masonry walls
4.1. General considerations

Traditional masonry buildings subjected to seismic actions frequently experience the activation of out-of-plane collapse mecha-
nisms [70]. This vulnerability is typically associated with slender walls, weak or missing wall-to-floor connections, flexible di-
aphragms, or large inter-story heights. However, an additional and equally significant condition occurs in the presence of masonry
vaults. During an earthquake, vaulted systems can amplify their lateral thrust, which is transmitted to the adjoining vertical walls.
When these walls exhibit low transverse stiffness, the increased horizontal thrust may trigger or accelerate an out-of-plane collapse
mechanism. In such configurations, the seismic response is governed not only by the geometry and connections of the vertical walls but
also by the dynamic interaction between the vault and the supporting wall system.

Out-of-plane bending induces tensile stresses in the masonry, which inherently possesses low tensile strength, thus triggering a
collapse mechanism characterized by mutual rocking among masonry blocks that resist only in compression and whose equilibrium is
governed by gravitational loads. The seismic vulnerability to out-of-plane actions is further exacerbated in masonry with very weak
mortar, small units, and irregular arrangement, which tends to disaggregate, and in multiple-leaf masonry with unconnected leaves,
which tends to exhibit leaf separation, even before the activation of a proper mechanism involving masonry blocks. Experimental
studies have demonstrated that applying fibre reinforced composite materials (including CRM systems) on masonry surfaces is an
effective strategy to prevent out-of-plane collapses. Their primary contribution lies in their excellent tensile properties, which
compensate for the intrinsic weakness of masonry in tension, thereby inhibiting or delaying the activation of collapse mechanisms. The
effectiveness of the strengthening system also relies on the adoption of transverse connection devices, such as artificial through ele-
ments (sometimes referred to as diatones), steel ties, or other suitable connectors, to provide adequate confinement and prevent leaf
separation and/or masonry disaggregation.

Under optimal conditions, the out-of-plane failure of a masonry wall strengthened with externally bonded composite re-
inforcements occurs when the fibres reach their maximum tensile strain. Nevertheless, depending on the geometric and mechanical
characteristics of both masonry and reinforcement, as well as on the loading and boundary conditions, premature failure may occur
due to debonding or delamination of the composite, crushing of masonry in compressed zones, or shear failure across the wall
thickness. The analytical capacity models available in the literature generally account for these possible failure modes. CRM systems,
thanks to the high stress transfer capacity provided by the mechanical connectors, that prevents debonding, can enable fibre rupture to
be often achieved at failure. Moreover, since such anchors are always present, CRM is inherently effective in enhancing the transversal
connection between wall leaves when installed on both sides.

Table 2
Summary of the experimental results of out-of-plane bending tests on masonry walls.
Ref. Masonry wall specimen * CRM system Results Label
:
NS bw tw Masonry Loading Matrix ¢ GFRP mesh ¢ Config.  Fnax dy AFmax  Ady
[m] [m] [m] type scheme " ¢ [kN] [mm] [-] [-]

[72] 2.84 1.00 0.25 Brickwork 4P-M Lime-cement 66mm x 66 mm UR 9.6 0.38 - -
Single leaf mortar t, =30mm t;=57.6 mm%/m R-2 45.5 32.6 4.7 85.8 A

0.40 Rubblestone fem = 6.3 MPa fr=1345MPa UR 25.5 0.46 - -
Double leaf fim = 1.1 MPa Ef=73.7 GPa R-2 86.2 19.9 3.4 433 B

0.40 Cobblestone Ecm =14.4 GPa L-shaped connectors + UR 15.1 0.56 - -
Double leaf artificial diatones for R-2 101.3° 13.8 6.7 246 C

[42, 2.70 1.00 0.25 Brickwork 3P-C Lime-cement double-leaf walls UR 3.4 4.3 - -
73] Single leaf mortar t, =30 mm R-1 35.1 58.6 10.3 13.6 D

0.25 Brickwork fem = 15.3 MPa UR 3.3 23.1 - -
Double leaf frm = 3.4 MPa R-1 29.0 44.5 8.8 19 E

0.35 Rubblestone Eem = 10.1 GPa UR 6.5 2.8 - -
Double leaf R-1 52.0 63.0 8.0 225 F

[71] 1.13 0.80 0.25 Brickwork 3P-M Lime-cement 27mm x 27 mm UR 111 1.8 - -
Single leaf mortar t, = 30mm  tr=29.2mm?/m R-2 41.0 5.4 3.7 3.0 G

0.25 Tuff fem = 8.4 MPa fr=1319 MPa UR 1.5 0.1 - -
Single leaf ffm = 3.0 MPa Ef=67.0 GPa R-2 40.9 3.1 27.3 31.0 H

Eem = 12.3 GPa Stainless-steel helical
conn.

@ Masonry wall specimens: NS: net span; b,,: width; ty: thickness.

b Loading scheme: 4P-M: vertical four-point bending tests, monotonic quasi-static loading; 3P-C: vertical three point bending tests, quasi-static
cyclic loading; 3P-M: vertical three-point bending tests, monotonic quasi-static loading.

¢ CRM mortar matrix: t,,: overall thickness; f.,: compressive strength; f.,: tensile strength; fz,,: flexural tensile strength; E.,,: Young’ modulus.

4 GFRP mesh: te dry fibres; fy: tensile strength; Eg: tensile modulus of elasticity.

¢ Configuration: UR: unstrengthened masonry: R-1: CRM strengthened masonry on one side; R-2: CRM strengthened masonry on two sides.

f Label used in the bar chart of Fig. 7b.

8 Ultimate strength reported to be higher than expected due to friction in the experimental setup.
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4.2. Experimental evidence

Several studies available in the literature have investigated the out-of-plane behaviour of masonry walls strengthened with
externally bonded mortar-based composites. These studies have employed a wide range of experimental setups and loading conditions,
including three- or four-point bending tests, air-bag tests, uniformly distributed loading, eccentric compression, and bi-dimensional
bending, as well as different testing procedures such as monotonic, loading-unloading, cyclic, and dynamic protocols (Fig. 6). Vari-
ations also exist in the arrangement of the wall prototypes (horizontal or vertical), the bending direction (perpendicular or parallel to
the bed joints), and the application of pre-loading through additional axial compression. Most of the existing research has focused on
FRCM (see, among others, [74-76]), while comparatively fewer studies have addressed the behaviour of masonry specimens
strengthened with CRM [42,71-73,77].

A first experimental investigation was conducted by Ref. [72] and involved monotonic four-point bending tests on full-scale
vertically arranged masonry wall specimens (1.0m x 3.0m) with free rotation at both the top and bottom supports (net span of
NS =2.84m) (Fig. 6b). Only the self-weight was considered in the vertical direction. Three masonry typologies were investigated,
namely single-leaf solid brickwork (wall thickness t,, =0.25mm), rubblestone masonry (t,, =0.40m), and cobblestone masonry
(tw = 0.40m). For each typology, one specimen was tested in the unstrengthened condition and another was strengthened with CRM on
both sides. The CRM consisted of a t; = 30 mm thick hydraulic lime and cement-based mortar (f., = 6.3 MPa compressive strength,
fim =1.1 MPa tensile strength, E.,=14.4GPa Young's modulus) embedding 66mm x 66 mm GFRP mesh (equivalent to
tr="57.6 mm?/m of dry fibres, having f;=1345 MPa tensile strength, and E¢=73.7 GPa tensile modulus of elasticity) and L-shaped
GFRP transversal connectors (6/m2).

The response curve shown in Fig. 6e, with displacement d on the x-axis and horizontal load F on the y-axis, highlights that the CRM
strengthening provided a significant increase not only in flexural strength but also in out-of-plane displacement capacity. More spe-
cifically, the strengthened specimens exhibited out-of-plane load capacities 3.4 to 6.7 times higher than those of the unstrengthened
walls and reached ultimate deflections ranging from 1/206 to 1/87 of the net span prior to collapse. In the unstrengthened specimens,
the formation of a single horizontal crack led to the onset of a kinematic mechanism, after which only residual resistance due to self-
weight remained. Conversely, in the strengthened specimens, two distinct behavioural stages were identified, such as an initial phase
up to the first cracking of the mortar coating, followed by a second phase characterized by the sequential formation of multiple
horizontal cracks in the central region of the wall experiencing tensile stresses, accompanied by further strength gains with increasing
deflection. Final failure occurred when the vertical glass fibres of the GFRP mesh reached their ultimate strain nearly simultaneously
along one of the major cracks.

A second experimental investigation, conducted by the same research group, utilized a CRM system very similar to that already
used in Ref. [72], which featured the same 66mm x 66 mm GFRP mesh and L-shaped GFRP transversal connectors (6/m?), but a
different lime and cement-based mortar (f., = 15.3 MPa compressive strength, fs, = 3.4 MPa flexural tensile strength, E.,, = 10.1 GPa
Young's modulus). In this occasion, the CRM system was applied on a single side of the masonry only [42,73]. Vertical three-point
cyclic bending tests were performed on full-scale masonry specimens (1.0m x 2.5m) equipped with two 0.25m thick reinforced
concrete beams at the extremities (NS = 2.7m), with free rotation at the top and bottom (Fig. 6¢). Only the self-weight was considered
in the vertical direction.

The response curve, represented in the F-d plane as in the previous case, illustrates in the positive quadrant the mechanical
behaviour of the specimen under the loading condition in which the CRM system is subjected to tension, thereby contributing to the
flexural response of the strengthened wall. In the negative quadrant, the response corresponding to the opposite loading condition is
shown, in which the CRM system is located on the compressed side of the wall and therefore does not provide a significant contribution
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Fig. 7. Out-of-plane bending tests on masonry walls strengthened with CRM: correlation between the experimental resisting bending moment and
the strengthening layout (a), comparison between experimental results and theoretical estimates of the resisting bending moment (b), and corre-
lation between accuracy of theoretical estimates and experimental resisting bending moment (c). Tests conducted by Refs. [42,71-73].
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to the mechanical behaviour. The comparison between the two quadrants highlights that the strengthening system plays a crucial role
in enhancing both the maximum resisting bending moment and the out-of-plane displacement capacity, even under repeated loading
cycles.

Three configurations were examined, such as single- and double-leaf brickwork (t,, = 0.25m) and double-leaf rubblestone masonry
(tw =0.35m). In the double-leaf specimens, GFRP transversal connectors (4/m?) were combined with artificial diatones (2/rn2),
consisting of stainless-steel bars embedded in concrete cores drilled into the masonry. Out-of-plane loading cycles were applied with
increasing displacement amplitudes, in both the positive and negative directions; the CRM layer was therefore subjected to tensile
(positive loading direction) or compressive (negative) stresses. Once a net deflection equal to 1/150 of the span was reached, the test
continued monotonically in the positive direction only. The comparison between the responses in the two loading directions allowed
an indicative assessment of the behaviour of strengthened versus unstrengthened masonry, since the contribution of the CRM in
compression is negligible apart from the small additional thickness of the mortar layer. This is highlighted by the response curve in
Fig. 6f, represented in the F-d plane as in the previous case. The plot shows in the positive quadrant the mechanical behaviour of the
specimen under the loading condition in which the CRM system is subjected to tension, thereby contributing to the flexural response of
the strengthened wall, and, in the negative quadrant, the response corresponding to the opposite loading condition is shown, in which
the CRM system is located on the compressed side of the wall and therefore does not provide a significant contribution to the me-
chanical behaviour.

Consistently with previous findings [42], negative loading (CRM in compression) led to the formation of one or two sub-horizontal
cracks and activation of the collapse mechanism. Conversely, positive loading (CRM under tensile stresses) triggered multiple hori-
zontal cracks spreading from the mid-height region of the specimen, and collapse occurred due to tensile rupture of the vertical bundles
of the GFRP mesh. Remarkable strength increases were observed, ranging from 8.0 to 10.3 times, with ultimate deflection values
between 1/58 and 1/41 of the span. Lastly, it is worth noting that, in all the tests, no detachment of the CRM layer was observed. This
outcome is consistent with the use of mechanical connectors, which are an essential component of the system and proved effective in
preventing debonding of the composite overlay from the masonry substrate.

Donnini and co-authors [71] carried out monotonic three-point vertical bending tests on single-leaf brickwork and tuff masonry
panels with overall dimensions of 0.8 x 1.2m (NS =1.13m) and t,, = 0.25m thickness, subjected only to self-weight (Fig. 6a). For each
masonry type, three specimens were tested in the unstrengthened condition, followed by three additional specimens strengthened with
a CRM system applied on both faces. The CRM consisted of a t;, =30mm thick layer of hydraulic lime and cement mortar,
(fom =8.4MPa, ff, =3.0MPa, E.,=12.3GPa) embedding a 27mm x 27mm GFRP mesh (tr=29.2 mrnz/m, ff=1319 MPa,
Ef=67.0 GPa), and supplemented with transverse stainless-steel helical connectors.

Unstrengthened panels failed after the formation of a single horizontal crack in the midspan region. In the strengthened specimens,
once the mortar layer had cracked, the embedded mesh remained intact and continued to carry load, producing a substantial increase
in both resistance and deformation capacity until failure occurred due to tensile rupture of the vertical mesh yarns at the horizontal
crack location (Fig. 6a). The bending capacity increased on average by approximately 3.7 times for brickwork and 27.3 times for tuff
masonry, with corresponding ultimate deflections of about 1/209 and 1/365 of the span, respectively. Consistently with the experi-
mental findings commented above, no detachment of the CRM layer was observed. This outcome is attributable to the mechanical
connectors, which effectively ensured load transfer between the CRM overlay and the masonry substrate, preventing debonding
phenomena.

The response curves shown in Fig. 6d illustrate the differences in terms of flexural strength and out-of-plane displacement capacity
between CRM-retrofitted specimens and unstrengthened ones. Moreover, the comparison with the response curves discussed above
(Fig. 6e and f), irrespective of the load and deflection values that cannot be directly compared, highlights that the experimental
outcomes are strongly dependent on the adopted test setups, boundary conditions, and the presence of axial load. In particular, it can
be observed that the ability to sustain both loads and displacements under repeated loading-unloading cycles can be more effectively
investigated when tests are performed on large-scale specimens and under combined bending and axial compression conditions.
Naturally, these represent more complex and costly experimental conditions; however, they are likely better able to replicate the

Cut

o

CRM

Fig. 8. Cross-section of a masonry wall strengthened with CRM, and strain and stress profiles, for calculating the resisting bending moment under
the hypothesis of tensile rupture of the fibres, with compressive strains in the plateau. Neutral axis position at balanced failure.
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boundary and loading conditions experienced by structural elements within an actual building.

Table 2 summarizes the results of the experimental investigations described above, reporting the maximum applied force Fyax and
the corresponding ultimate deflection d,,. The table also provides the strength and deformation increments AF,,x and Ad,, calculated
as the ratio between the strengthened and the unstrengthened configurations. Lastly, although the number of experimental tests
available in the scientific literature is relatively limited, the outcomes indicate a correlation between the resisting bending moment and
the strengthening configuration, in particular with the tensile strength of the FRP mesh and the wall thickness (Fig. 7a).

4.3. Analytical models

According to the scientific literature [72,78] and existing technical guidelines [16-18], the flexural capacity of a masonry wall
strengthened with mortar-based composites (i.e., the maximum resisting bending moment, Mg) can be estimated through a
cross-sectional analysis. This capacity primarily depends on the mechanical properties of the masonry and the composite, the thickness
of the masonry panel, the boundary conditions, and the axial compressive stress. Theoretical models have been primarily developed for
FRCM composites, and in absence of specific alternatives, they can also be considered for CRM-reinforced walls. Such models adopt the
classical beam theory assumptions for reinforced sections subjected to combined axial load and bending, namely: (i) plane sections
remain plane, (ii) perfect bond exists between CRM and masonry (thanks to the proper installation of a certain number of transversal
connectors per square metre according to the manufacturer provisions), (iii) the masonry constitutive relationships in compression are
assumed to be linear-plastic (or parabolic-plastic) up to ultimate strain (typically e,yr = 0.35%), while the tensile contribution is
neglected, and (iv) the tensile behaviour of the CRM is linear-elastic up to the attainment of its limit strain (e,¢), while the contribution
of CRM under compression is neglected.

The resisting bending moment is calculated from the rotational equilibrium equation, and the neutral axis in the cross-section from
the axial equilibrium equation (Fig. 8). Different cases are distinguished, and the solution is the lowest of the three, namely crushing at
the compressive edge with the fibres in the tensile elastic range (Failure mode I), or attainment of the limit tensile strain of the fibres,
with either compressive strain in the plateau or a linear stress distribution in compression (Failure mode II). In the cited studies, the
collapse always occurred for the tensile rupture of the fibres with the compressive strain in the plateau, thus Eq. (35) applies.

+tm
2

2 2 (35)

Mg = af by px (tw tw + tm tm)

—B3) + Ak

In Eq. (35), by is the width of the masonry cross-section, t,y and ty, are the thickness of the masonry and of the CRM layer, f. is the
compressive strength of masonry, a = 0.85 and p = 0.70 are the stress block coefficients, Ar and fis are the cross-sectional area and the
tensile strength of the CRM reinforcement (i.e., of its FRP mesh), N is the compressive axial force, and x is the depth of the neutral axis,
provided by Eq. (36).

N+ Aefy

~ afbyp (35a)

Notably, this behaviour differs from FRCM systems, where typically, the composite-to-substrate load transfer relies on adhesion and
failure may occur due to debonding, such that the limit strain, or the maximum stress, are associated to debonding and not to the
tensile rupture of the fibres, as in the case of CRM.

The resisting bending moments of the masonry wall specimens strengthened with CRM described above were analytically eval-
uated by applying Eq. (35) (mean mechanical properties were considered), to assess the reliability of the analytical model. The results
are reported in Fig. 7b showing that, although neglecting the compressive contribution of the mortar, the model approximates with
good accuracy the experimental results. A larger dataset would be needed to develop more robust conclusions; however, the com-
parison between analytical predictions and experimental results suggests that the analytical methods tend to underestimate the actual
load-carrying capacity observed in the tested specimens, particularly for large-scale walls, which exhibited higher flexural strength
(Fig. 7c). However, this is likely related to the adopted CRM strength values (fi,), obtained from tests on single wires and thus
neglecting the beneficial group effect of multiple mesh wires, as well as the stress homogenizing effect of the mortar matrix.

5. Crowning beams
5.1. General considerations

Reinforced masonry crowning beams (also referred to as ring beams) can be constructed at the top of walls or, more rarely, at floor
levels to enhance their out-of-plane bending capacity and to ensure an effective connection between orthogonal walls, thereby
providing the structure with a box-type behaviour and an adequate transfer of actions during earthquakes. These crowning beams are
typically constructed using rubble stone or clay bricks, depending on the existing masonry, which yields good compatibility with this
latter, in terms of mass and stiffness. An effective connection must, of course, be ensured using vertical mechanical connectors.
Crowning beams may be strengthened with steel or composite bars. The use of the FRP meshes developed for CRM systems has also
been investigated for this application. The meshes are embedded within the bed joints during the construction of the crowning beam,
with appropriate overlaps at the intersections between orthogonal walls.
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Table 3
Results of bending tests on masonry crowning beams and theoretical estimates.
Ref. Crowning beam specimen * FRP mesh " Results © Label ¢
h [m] b [m] f. [MPa] Masonry type Test dir. Type t¢ [mm?/m] fr [MPa] E¢ [GPa] ne [-] Mg [kNm] My [kNm]
[79] 0.09 0.50 11 FT (0] GFRP 110 1252 77.4 3 19.0 23.4 A
0.09 0.80 11 SM I 33mm x 33 mm 110 1252 77.4 3 3.7 5.6 B
[80] 0.50 0.50 3.4 SM I GFRP 97 840.1 85.3 3 22.7 29.0 C
0.50 0.50 3.4 SM (0] 12mm x 12 mm 97 840.1 85.3 3 17.4 241 D
0.50 0.50 3.4 SM I + PBO cords 97 1483.6 150.7 4 24.2 47.0 E
0.50 0.50 3.4 SM (0] 97 1483.6 150.7 4 22.7 39.1 F
0.50 0.50 3.4 SM I GFRP 160 1252 77.4 4 50.5 41.8 G
0.50 0.50 3.4 SM (0] 33mm x 33 mm 160 1252 77.4 4 44.3 34.0 H
0.50 0.50 3.4 SM I 160 1252 77.4 4 54.7 41.8 I
0.50 0.50 3.4 SM (o] 160 1252 77.4 4 40.8 34.0 J
0.30 0.40 11 HB I 160 1252 77.4 5 39.7 28.0 K
0.30 0.40 11 HB (o) 160 1252 77.4 5 30.7 33.0 L
[81] 0.66 0.35 2.5 SM (0] GFRP 57.6 1345 72.8 4 14.0 129 M
0.47 0.25 6.7 SB (0] 66mm x 66 mm 57.6 1345 72.8 6 9.3 8.4 N

@ Masonry crowning beam specimen: h: height; b: width; f.: masonry compressive strength; masonry type: FT: solid flat tiles; SM: stone masonry; SB; solid bricks; HB; hollow bricks; Test dir.: test
direction: O: out-of-plane; I: in -plane.

b FRP mesh: te dry fibres; fi: tensile strength; Eg: tensile modulus of elasticity; ng: number of mortar joints embedding the mesh.

¢ Results: Mg: resisting bending moment from experimental tests; My,: resisting bending moment from theoretical model.

4 Label used in the bar chart of Fig. 9b.
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Fig. 9. Bending tests on crowning beams reinforced with FRP meshes: correlation between the experimental resisting bending moment and the
tensile strength of the FRP mesh and the strengthening layout (a), comparison between experimental results and theoretical estimates of the resisting
bending moment (b), and correlation between accuracy of theoretical estimates and experimental resisting bending moment (c). Tests conducted by
Refs. [79-81].

5.2. Experimental evidence

Few experimental investigations [79-81] have explored the possibility of constructing masonry crowning beams by placing the FRP
meshes of CRM within the bed joints, to provide tensile and bending strength. In the first work [79] ring beams built with solid flat tiles
were reinforced by embedding 33mm x 33 mm GFRP mesh (tr=110 mm?/m, ff= 1252 MPa, E;=77.4 GPa) in the bed joints; one
specimen was tested under out-of-plane loads (bending axis orthogonal to the bed joints) and another one under in-plane loads
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Fig. 10. Cross-section of a masonry crowning beam reinforced with FRP mesh in two bed joints, and strain and stress profiles, under horizontal
bending (out-of-plane loads, a) and vertical bending (in-plane loads, b), for calculating the resisting bending moment under the hypothesis of tensile
rupture of the fibres. Neutral axis position at balanced failure.
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(bending axis parallel to the bed joints). Bending tests were conducted on simply supported beams with 3.80m net span with a
four-point bending scheme using a hydraulic actuator.

In the second study [80], crowning beam specimens were built with stone masonry and with hollow bricks and reinforced in the bed
joints with different meshes. Two meshes were composed of 12mm x 12mm GFRP sheets and PBO cords (tf=97 rnrnz/m,
fr=840 MPa, Ef=85.3 GPa for twisted cord configuration; tf=97 mm?/m, ff= 1483 MPa, Ef=150.7 GPa for unidirectional cord
configuration) and one mesh was the same 33mm x 33 mm GFRP mesh used in Ref. [79]. Also in this case, bending tests were con-
ducted on simply supported beams with 4.00m span, but the load was applied by means of concrete blocks and mortar bags.

The third experimental campaign [81] concerned masonry crowning beams with a length of 3.5m, having 66mm x 66 mm GFRP
meshes (t;=57.6 mm?/m, f;= 1345 MPa, E;= 72.8 GPa) embedded in the bed joints and tested under horizontal cyclic loading. Two
different masonry types were considered: rubble stones (beam cross section 350mm x 660 mm, total of 4 strengthened bed joints) and
single wythe solid bricks (250mm x 465 mm, total of 6 strengthened bed joints). The horizontal translations at the two lateral ends of
the specimen were restrained, while the beam lay on trolleys allowing free horizontal deflection (net span 3.0m). An actuator
alternating pushed and pulled the samples midspan, with progressively increasing displacements.

The results of the cited studies, listed in Table 3, demonstrate that FRP meshes can increase load-bearing capacity, improve stress
distribution, and allow greater deformations before failure of the masonry crowning beam. Tests indicated that strengthened masonry
is less sensitive to local defects and that the continuous reinforcement limits crack propagation, especially under concentrated vertical
loads and simulated seismic actions, resulting in a more uniform response. Overall, these experimental outcomes suggest that masonry
crowning beams reinforced by FRP meshes constitute a promising technology for enhancing the structural performance of masonry
walls while remaining compatible with pre-existing structural members in terms of mass and stiffness. Although limited in number, the
experimental results highlight a correlation between the experimental resisting bending moment and the CRM strengthening layout,
specifically showing an increase in flexural capacity with higher tensile strength of the FRP mesh and greater height of the crowning
beam (Fig. 9). However, the tests also showed that the effectiveness of the intervention is compromised if the reinforcement is not
properly embedded within the mortar layer.

5.3. Analytical models

The analytical method proposed in the literature, and foreseen in existing design guides for FRCM composites [17,18], to estimate
the flexural strength of reinforced masonry crowning beams is based on a cross-sectional analysis under the assumptions of strain
compatibility between masonry and mesh and plane section conservation (Fig. 10). The approach is analogous to that adopted for
masonry walls subjected to bending, but, in the case of crowning beams, no axial compression acts on the cross-section in this case. The
constitutive model for the mesh is linear elastic-brittle in tension, while a stress block diagram is adopted for masonry in compression.
The tensile strength of masonry and the compressive strength of the mesh are neglected. Flexural failure of the crowning beam
cross-section can occur either through crushing of masonry in compression (mode I) or tensile rupture of the mesh (mode II) and is
primarily driven by out-of-plane loads inducing horizontal bending in the crowning beam (Fig. 10).

Horizontal bending is generated by external loads directed out of the plane of the wall (Fig. 10a). In the case of failure for the tensile
rupture of the fibres (occurring when their strain equals €, and the corresponding stress equals fif), which is the most common collapse
mode observed in experiments, the resisting moment for out-of-plane bending is provided by Eq. (37), in which b and h are the width
and the height of the crowning beam, f. is the compressive strength of masonry, « = 0.85 and p = 0.70 are the stress block coefficients,
fif is the tensile strength of the FRP mesh, Ag is the cross-sectional area of one mesh layer (it is hereinbelow assumed that the mesh is
placed in two bed joints, for the sake of an example), and x is the depth of the neutral axis, determined from the equilibrium of internal
forces (Eq. (38)).

My = 2Asfi¢ (h 5 X) ( h+g L 7ﬁx> (37)
_ Adyh
" Agfys + af ph (38)

Vertical bending is generated by external loads directed in the plane of the wall (Fig. 10b), and is rare, as it would require partial or
complete collapse of the underlying wall. In this case, the resisting moment is provided by Eq. (39), assuming, as the sake of an example
and as above, that the FRP mesh is placed in two bed joints of the crowning beam, and that failure occurs when the first mesh layer
attains its ultimate strain e,s, which corresponds to a stress equal to the tensile strength fis.

h 1
My — Apftf( ﬁX> bk X (h 21 ﬁX> (39)

In Eq. (39), tp denotes the thickness of a single layer of the masonry crowning beam (e.g., the height of one brick), while x is the depth
of the neutral axis, determined from equilibrium by solving Eq. (40), where b is the width of the crowning beam, and the other symbols
are as above.

af pbx? — |af.pb(h — 2ty) + 2A¢fi| X + Apfr(2h — 3t,) =0 (40)
The comparison between analytical predictions and experimental results is presented in Fig. 9b and c. The reliability of the
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theoretical models is not always fully satisfactory, as they tend to overestimate the load-carrying capacity of thinner crowning beams,
while slightly underestimating the capacity, generally within 20-25% error, for higher crowning beams, which exhibit higher resis-
tance. No significant differences in the accuracy of the analytical models are observed between bond beams subjected to in-plane and
out-of-plane bending.

Lastly, formulations are also provided for tensile loading, which corresponds to the action of the crowning beam at the corners
connecting orthogonal walls, allowing the structure to exhibit a box-type behaviour under horizontal forces. In this case, the tensile
capacity of the crowning beam depends solely on the net area of the reinforcing mesh placed in the bed joints and is included in the
calculations of local overturning collapse mechanisms.

6. Strengthening of arches and vaults
6.1. General considerations

Arches and vaults are widespread in masonry constructions, especially in historical monuments, as well as in residential buildings
and bridges. Curved surfaces make it possible to cover large spans taking advantage of the high compressive strength of masonry. The
system performs well under vertical loads, and structural stability is ensured when the thrust line remains within the thickness of the
element. The behaviour changes under earthquake-induced horizontal actions or under highly unsymmetric loading conditions. In
these cases, a progressive collapse can occur, characterized by the formation of a kinematic mechanism with hinge openings that
develop in different patterns depending on the boundary conditions. This explains the growing need for effective and non-invasive
strengthening solutions that can prevent or limit the hinge openings that lead to collapse mechanisms. Composite materials can
inhibit kinematic failure mechanisms and thereby significantly enhance the structural capacity of curved masonry surfaces, thanks to
their tensile strength. CRM systems, in particular, have been tested in several studies for the retrofitting of arches and vaults, where
they are mainly tensile-activated in the regions where hinges would typically form in the un-strengthened configuration.

Experimental investigations on CRM-strengthened arches are still limited compared to those conducted on masonry walls,
particularly under in-plane loading. Nevertheless, the available studies have demonstrated the potential of CRM for this application.
Existing guidelines on mortar-based composites [17,18] provide general recommendations for the strengthening of masonry arches
and suggest performing cross-sectional analyses at potential hinge sections for collapse analyses (consistently with the approach
described in Section 4). However, the exact position of the hinges is not known a-priori and, besides, the bending resistance of the cross
section is influenced by the axial load, in turn depending on the hinge position and on the lateral load amplitude. This interdependency
makes the analytical estimation of the arch resistance rather complex (an example of an analytical strategy was proposed by Ref. [82]).
The practical implementation of this approach in routine engineering practice is not straightforward, and no applications in the design
of CRM-strengthened arches have yet been reported in the literature (although several interventions have already been carried out in
practice).

6.2. Experimental evidence

Several recent experimental studies have demonstrated the effectiveness of FRCM composites for the retrofit of masonry arches,
highlighting the significant increases in both strength and displacement capacity that can be achieved by bonding the reinforcements
either at the intrados or at the extrados [83-88], possibly in combination with the reinforcement of buttress walls [89], and even under
dynamic excitations [90]. Conversely, investigations employing CRM systems are far less numerous [91-95].

The first experimental study on CRM-strengthened vaults was conducted by Gattesco and co-authors [91] on barrel masonry vaults
with thickness s = 0.12m, span S = 3.98m, radius R = 2.06m, rise r = 1.54m, corresponding to a rise-to-radius ratio (r/R) of 0.75, and,
lastly, a width b =0.77m (Fig. 11a). The specimens, built with solid bricks and thin lime mortar joints, were subjected to quasi-static
cyclic horizontal loads applied at sixteen points along the vault sides, simulating the distributed mass and aiming at evaluating the
seismic response of the retrofitted vaults. Three configurations were tested, such as one unstrengthened (as reference), one
strengthened with a CRM system applied at the extrados, and one with the same system applied at the intrados. The reinforcement
consisted of a pre-mixed mortar based on hydraulic lime and cement, having 9.8 MPa compressive strength, 1.7 MPa tensile strength,
10 GPa modulus of elasticity and overall thickness of 30 mm, embedding a GFRP mesh, with 66mm x 66 mm grid spacing, 4.5 kN
tensile strength of the longitudinal wire and 25.3 GPa tensile modulus of elasticity, and L-shaped connectors with 7mm x 10 mm
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Fig. 11. Masonry vaults tested by Ref. [91] (a) [92], (b), and [93] (c).
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Fig. 12. Connections at the abutments for CRM applied to the intrados (a) and to the extrados (b) of masonry vaults [93].

cross-section and 36 kN tensile strength. The results showed that the CRM strengthening system significantly enhanced the vault
capacity in terms of both maximum horizontal load and ultimate displacement. The ultimate load of the strengthened specimens
increased by 3.7 and 2.5 for the extrados- and intrados-strengthened configurations, respectively. Furthermore, the retrofitted vaults
exhibited larger displacements and improved ductility, which was attributed by the authors to the increased deformation capacity
associated with cracking in the matrix and the concentrated rotations occurring at the hinges formed on the unstrengthened side of the
vault.

This experimental program was later extended by the same authors through testing three additional vault prototypes, built with the
same masonry type and strengthened with a similar system [92]. The vaults had the same thickness (s = 0.12m), radius (R = 2.06m),
and width (b = 0.77m) as in the previous study, but different span (S = 3.575m) and rise (r = 1.03m), corresponding to a rise-to-radius
ratio of r/R = 0.50 (Fig. 11b). One vault was tested unstrengthened, one was strengthened at the extrados, and one at the intrados. The
experimental results confirmed the effectiveness of the CRM, showing that the presence of reinforcement delayed the formation of the
final hinge required for the collapse mechanism to develop. Specifically, for vaults of the same geometry, extrados-strengthened
specimens achieved significantly higher strength gains, but slightly lower displacement capacities compared to those strengthened
at the intrados. Conversely, the larger-span vaults exhibited greater ultimate displacements but lower load-bearing capacities than the
smaller ones.

Vault prototypes with a reduced thickness were tested in the investigation presented in Ref. [93], in which the role of the abutments
of a mechanical connection between the vault barrel and the side walls was also considered. In this study, two-barrel vaults were
constructed using bricks arranged in a running bond pattern, with a thickness of s =0.12m, span S = 3.98m, radius R = 2.06m, rise
r=1.545m (r/R = 0.75) and width b = 0.77m. Four additional specimens were built using brick in folio masonry, with a thickness of
s =0.055m, span S = 3.90m, radius R = 2.27m, rise r = 1.155m (r/R = 0.50), and width b=0.77m (Fig. 11c).

To reproduce the presence of the supporting walls, all vaults were built on masonry abutments 0.46m high and 0.77m wide. The
CRM reinforcement, which had the same properties of the one adopted in the previous studies, was applied either at the vault extrados
or at the intrados. Moreover, in one specimen of in folio masonry vault an additional 15 mm thick mortar layer was interposed between
the masonry and the CRM to simulate cases in which removal of the existing plaster is impractical or could damage the vault, making
direct overlay application preferable. Three stainless-steel M6 bars were inserted at both skewbacks to prevent sliding in both the
transverse and longitudinal directions, as well as uplift (Fig. 12).

Table 4 collects the results of the experimental investigations described above, and lists the maximum vertical load Fp,x and the
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Table 4
Summary of the experimental results of tests on masonry vaults.
Ref. Masonry vault specimen * CRM reinforcement Results Label
R [m] S [m] r [m] s [m] b [m] Matrix ° GFRP mesh © Configuration d Fmax [KN] dpax [mm] AFax [—1 Adpax [-]

[91] 2.06 3.98 1.54 0.12 0.77 Lime-cement mortar t;, = 30 mm 66mm x 66 mm tg="7.3 mm?/m UR 3.8 0.8 - - A
fem = 9.8 MPa fr=4.5MPa R-EX 14.1 76.0 3.7 95 B
fim = 1.7 MPa E¢=25.3Gpa R-IN 11.6 93.0 3.7 116.3 C
Ecm = 10Gpa

[92] 2.06 3.575 1.03 0.12 0.77 Lime-cement mortar t,;, =30 mm 66mm x 66 mm ty="7.3 mm?/m UR 13.0 23.0 - - D
fem = 9.8 MPa fr=4.5MPa R-EX 33.9 49.3 2.6 2.1 E
fim = 1.7 MPa Ef=25.3Gpa R-IN 29.6 59.6 2.3 2.6 F
Ecm = 10Gpa

[93] 2.06 3.98 1.545 0.12 0.77 Lime mortar t,, = 30 mm 66mm x 66 mm tg=7.3 mm?/m R-EX + C 229 108.1 6.0 135.1 G
fem = 8.6 MPa fr=4.5MPa RIN + C 13.4 130.9 35° 163.6 © H
fim = 1.1 MPa E¢=25.3Gpa
Ecm = 8.5Gpa

2.27 3.90 1.135 0.055 0.77 Lime mortar t,, = 30 mm 66mm x 66 mm t¢= 7.3 mm?/m UR 0.6 1.0 - - I

fem = 8.6 MPa fr=4.5MPa R-EX + C 11.0 115.5 18.3 115.5 J
fim = 1.1 MPa Ef=25.3GPa R-IN + C 8.2 105.3 13.7 105.3 K
Ecm = 8.5GPa RIN+C+M 13.1 39.0 21.8 39.0 L

@ Masonry vault specimens: R: radius; S: span; r: rise; s: thickness; b: width.
b CRM mortar matrix: tm: overall thickness; f.,,: compressive strength; fi,,: tensile strength; E.,,: Young’ modulus.
¢ GFRP mesh: tg: dry fibres; f¢: tensile strength; Eg: tensile modulus of elasticity.

4 Configuration: URM: unstrengthened arch; R-EX: arch unstrengthened with CRM on the extrados; R-IN: arch unstrengthened with CRM on the extrados; +C: additional connectors at the abutments;

-+M: additional mortar layer.
¢ Calculated with respect to the values of the first row.
f Label used in the bar chart of Fig. 13a and b.
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Fig. 13. Tests on masonry arches strengthened with CRM: maximum vertical load (a) and corresponding ultimate displacement (b) and correlation
between the maximum load increase and the ratio between CRM and vault thicknesses (c). Tests conducted by Refs. [91-93].

corresponding ultimate displacement dpay, together with the strength and deformation increments AFp,x and Adpax calculated as the
ratio between the strengthened and the unstrengthened configurations. Experimental results showed that CRM reinforcement applied
at the extrados proved more effective than that applied at the intrados (Fig. 13). In both cases, the strengthening led to a significant
performance improvement, with ultimate load increases of 4-6 times for vaults built in running bond and even 15-22 times for brick in
folio vaults, due to the larger increase of cross-section thickness resulting from CRM application in these very slender specimens.

The vault with an additional mortar layer and intrados reinforcement achieved a 60% higher strength than the corresponding
specimen without the layer, owing to the thicker composite section (Fig. 13a). On the other hand, its displacement capacity was lower
due to partial detachment of the mortar from the masonry substrate (Fig. 13b). Finally, as concerns the connections, the stainless-steel
bars, acting mainly in tension, provided a partial rotational restraint at the skewbacks. Some progressive pull-out of the bars from the
mortar was observed; however, no visible uplift occurred at the vault supports.

Fig. 13c shows the correlation between the maximum load increase of the CRM-retrofitted specimens with respect to the
unstrengthened ones (AFp,x) and the ratio between CRM mortar (t;,) and vault (s) thicknesses. The limited number of tested specimens
available in the scientific literature, together with the restricted variability in terms of strengthening thickness, does not allow any
definitive conclusions to be drawn. Therefore, the trend observed in the plot should be interpreted only as a preliminary indication.
Nevertheless, it is consistent with previous experimental evidence obtained for other composite strengthening systems, which has
shown that the introduction of such reinforcement techniques is particularly effective for highly slender arch elements.
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Fig. 14. Masonry vault tested by Ref. [95] under centred (a) and eccentric (b) vertical load.
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The experimental results of these investigations were complemented by numerical simulations that enabled a detailed analysis of
the influence of different geometric and mechanical parameters on the behaviour of the strengthened vaults [92]. Using the experi-
mentally tested reinforcement system and the measured mechanical properties of the masonry as input data, a numerical model was
developed based on a continuum approach combined with a simplified discrete modelling strategy at the springing sections. Nonlinear
static analyses were performed, showing a high level of accuracy in reproducing the backbone trend of the experimental capacity
curves. Further parametric analyses revealed that increasing the stiffness of the GFRP mesh reduced the vault deflection without
significantly affecting its load-carrying capacity, whereas a lower GFRP tensile strength led to premature collapse, with reduced ul-
timate load and displacement values. Within the examined range of variation (£25%), changes in the mechanical properties of the
masonry or the mortar overlay (tensile strength and stiffness) had only a limited effect on the overall performance of the vault. The
strengthening efficiency of the CRM system was found to be higher for thinner vaults and for masonry with lower strength and higher
self-weight, as well as for vaults with smaller rise-to-radius ratios.

An experimental investigation was carried out in situ by Cascardi and co-authors [95], in which a CRM reinforcement system was
applied to a vault made of hollow ceramic tubules bonded with lime-based mortar, a constructive typology that can be found in both
historical and modern buildings. The tested structure was a pavilion vault with plan dimensions of 5.5m x 4.7m, thickness s =0.16m
(corresponding to the height of the tubules), span S = 5.5m, radius R =4.0m, and rise r = 1.5m (r/R = 0.375).

The CRM system was applied to the extrados of the vault. The mortar matrix was a lime-based mortar with f.;, =11.3 MPa,
fim = 4.0 MPa, E.,, = 8.1 GPa, and t;;, = 30 mm. The GFRP mesh had 66mm x 66 mm grid spacing, tf= 3.6 mm?/m, f;= 485 MPa, and
Ef=25.3 GPa. The CRM systems included steel connectors.

The load was applied along a 1.8m wide, 5.0m long strip on the vault surface (the latter approximately corresponding to the full
vault length), using 25 kg cement bags incrementally added to reach a surface load up to 4 kN/m?. Two loading configurations were
considered, such as a centred load and an eccentric load applied at one third of the span (Fig. 14). Linear Variable Displacement
Transducers (LVDTs) were placed at strategic locations on the vault to monitor displacements throughout the loading process, with the
aim of assessing the variation in structural stiffness associated with the CRM. Under the centred load condition of 4 kN/m?, the
maximum recorded displacements were 0.46 mm (downwards) and 0.12 mm (upwards), while residual deformations were negligible.
The vault was not tested prior to reinforcement, so no comparisons could be made with the unstrengthened configuration of the
structure. Nonetheless, according to the authors, the measured displacements indicated that the retrofitted vault behaved as a rigid
diaphragm under design load levels. Given that ceramic tubule vaults are substantially voided systems, with a much lower solid
fraction than conventional masonry, they are known to behave as deformable diaphragms and are typically modelled as such in
professional practice, the observed stiffness was attributed to the CRM overlay.

The authors concluded that the full-scale experimental test demonstrated effectiveness of the CRM in significantly increasing the
stiffness of the vault. Such an improvement is particularly beneficial under seismic actions, as it enables a more uniform distribution of
forces within the structure, reducing stress concentrations that may trigger localized failures. Moreover, the increased stiffness helps
limit excessive displacements of the vault, thereby maintaining global stability and preventing collapse. On the other hand, it was not
possible to drive the arch to collapse; therefore, no direct information is available regarding the effectiveness of the CRM system in
terms of load-carrying capacity enhancement. For this reason, the results of these in-situ tests are not included in Table 4 and Fig. 13.

7. Seismic upgrade

The experimental investigations presented in the previous sections on CRM-strengthened masonry walls subjected to in-plane or
out-of-plane loading were primarily aimed at isolating the behaviour of individual structural elements under specific boundary
conditions and loading scenarios. These tests, typically quasi-static, simulated seismic effects indirectly by applying cycles of pro-
gressively increasing load amplitude. While such quasi-static approaches provide valuable information on element-level response, they
cannot capture the fully dynamic effects of earthquake loading, nor the complex interaction mechanisms that govern the seismic
behaviour of masonry buildings. In particular, factors such as the interaction between orthogonal walls, the coupling between walls
and floors, the thrusts exerted by floor slabs, the presence of openings, and construction details affecting leaf-to-leaf bonding are
critical for the development of a global box-type structural response during seismic events.

To address these aspects and gain insight into the dynamic performance of masonry structures, full-scale or large-scale shake table
tests are required, ideally subjected to one or multiple seismic input records applied at the base. In this context, two recent experi-
mental investigations were carried out to validate the effectiveness of CRM systems for seismic upgrading of masonry buildings. These
studies also aimed at developing low-impact strengthening solutions compatible with conservation requirements and ongoing building
use.

De Santis and de Felice [77] investigated the seismic performance of a full-scale tuff masonry structure strengthened using CRM.
The prototype consisted of a U-shaped configuration built with 0.25m thick walls, reaching a height of 3.41m and including a facade
with a window and a side wall with a door, which introduced asymmetry and structural vulnerability. An inclined timber roof with
additional masses was placed on top. The unstrengthened structure exhibited limited seismic capacity, with collapse triggered by the
loss of interlocking between the left wall and the facade, driven by out-of-plane demands amplified by the opening.

The adopted CRM system comprised a tp, = 30 mm thick composite mortar layer with an alkali-resistant glass-FRP mesh, having
66mm x 66 mm grid spacing, 11.6 mm? cross-sectional area of each fibre bundle (corresponding to t;=57.6 mm?/m of dry fibres),
fr= 494 MPa tensile strength, and Ef = 25.4 GPa tensile modulus of elasticity. The matrix was a natural hydraulic lime-based mortar
classified as M10 strength class according to Ref. [96]. Mechanical anchorage was provided by L-shaped GFRP connectors (having
10mm x 7 mm cross section) and prefabricated mesh corner elements designed to restore wall-to-wall continuity. Strengthening was
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applied only to the damaged external surfaces of the left wall and of the facade, leaving the interior undisturbed, an approach
consistent with low-impact and conservation-oriented retrofit strategies.

Shake table tests using four natural accelerograms demonstrated a clear improvement in seismic response after CRM strengthening.
The base acceleration at collapse increased from approximately 0.41g in the unstrengthened condition to 0.89g after intervention
(+120%). When an additional steel tie-bar was later installed at the right corner, the system remained stable up to 1.78g, corre-
sponding to a +335% increase relative to the original capacity. The dynamic response also showed substantial gains in deformability.
The out-of-plane displacement capacity of the facade increased by more than 7 times, while in-plane displacements increased by up to
nearly 4 times. The CRM strengthening system prevented recurrence of the original failure mechanism; instead, collapse shifted to the
unstrengthened right wall, which experienced shear cracking. Overall, the results demonstrated that CRM significantly enhanced both
strength and deformation capacity while satisfying low-invasiveness requirements. It was also shown that system can be applied
externally within the thickness of a traditional plaster layer, is compatible with historical materials through the use of NHL mortar, and
offers a rapid installation process.

The possibility of improving the seismic capacity of masonry walls by applying CRM to only one side has recently been explored
also by Gattesco and co-workers [73] through quasi-static tests under in-plane and out-of-plane loading. The test results indicated that
one-sided reinforcements are less effective than double-sided ones, due to the reduced amount of strengthening material and, to a
lesser extent, to the unsymmetrical effects introduced in the structural member. However, the authors concluded that the maximum
load, ultimate displacement, and energy dissipation under cyclic loading were appreciably improved, although the enhancements may
be insufficient when substantial increases in structural performance are required.

Another shake table test was conducted by De Santis and co-workers [97] on full-scale fair faced rubble masonry walls strengthened
using a low-impact CRM-based system. Also in this case, natural accelerograms were selected as seismic base input. The tested wall was
3.73m high, 0.50m thick, and 1.63m wide, constructed with rubble stone units recovered from collapsed historic buildings and
lime-based bedding mortar replicating traditional practice (based on analyses conducted on sampled collected in the field within
post-earthquake surveys). The wall was strengthened with a combination of two techniques, adopting a method originally proposed in
Ref. [98]. On the fair faced external side, mortar joints were repointed and reinforced with stainless-steel micro-cords, spaced
approximately 500 mm in both vertical and horizontal directions, whereas the internal plastered side was strengthened with CRM,
making use of a 66mm x 66 mm GFRP mesh (with the same properties of the one used in Ref. [77]) and a t, = 30 mm thick layer of a
lime-based mortar developed to provide both a structural strengthening and a thermal insulation. Stain-less steel threaded bars were
inserted in transversal drilled holes to provide connection between micro-cords and GFRP mesh and prevent leaf separation.

Shake table tests showed that the strengthening system significantly improved seismic performance. The base acceleration at the
onset of damage increased from 0.22g (unstrengthened reference) to 0.58g (+163%), while the maximum base acceleration at collapse
rose from 0.45g to 0.99g (+120%), while out-of-plane displacement capacity remained comparable to the unstrengthened specimen.
Progressive damage and leaf separation were effectively constrained by the combination of reinforced repointing, stainless-steel cords,
and the CRM overlay, delaying masonry disintegration. Multi-input/multi-output dynamic identification analyses were conducted to
calculate vibration frequencies and showed that the initial wall stiffness increased by 20%, and that crack propagation and damage
accumulation were substantially reduced.

Test outcomes indicated that the proposed strengthening technique not only provided a significant upgrade in seismic capacity, but
also provided the additional advantages that the energy efficiency was improved, and the fair-faced aspect of the external facade was
preserved, thus ensuring compatibility with original masonry materials and architectural conservation, offering a low-impact, sus-
tainable solution suitable for the rehabilitation of heritage masonry in earthquake-prone areas.

Finally, recent investigations have addressed post-earthquake reconstruction strategies in which CRM-derived meshes are
employed as transversal interconnecting elements in multi-leaf masonry walls [99]. In the proposed reconstruction technique, the
internal leaf in steel reinforced hollow brick masonry provided the primary load-bearing capacity, whilst the external leaf consisted of
fair-face rubblestone, for which externally bonded overlay systems such as FRCM or CRM are generally unsuitable due to architectural
compatibility requirements. The connection system was based on a modified CRM-type GFRP mesh, specifically adapted by increasing
the grid spacing (132mm) and reducing stiffness (employing a highly deformable epoxy resin) to improve constructability and
accommodate irregular stone geometries. Shake table tests on a full-scale wall prototype confirmed the effectiveness of the connection
system in limiting leaf separation and masonry disaggregation. These results indicate that CRM-type meshes can be effectively
employed beyond their conventional use in external strengthening layers, functioning instead as mechanical interconnection devices
in seismic-resistant multi-leaf masonry structures.

8. Integration of strengthening and energy retrofitting

Recent technological advances in construction materials, particularly in CRM technology and its constituents, together with the
increasing cultural and technical awareness of the environmental impact associated with the construction and operation of buildings,
have driven the research community toward innovative solutions that integrate structural strengthening with energy retrofitting. In
this context, CRM systems specifically developed to simultaneously address both objectives within a unified intervention have
attracted growing attention, considering the potentially beneficial features of CRM, which is applied in the form of plastering, pref-
erably to the entire building envelope, or at least large portions of it, with a relevant thickness (>30 mm). Despite this growing interest,
such integrated approaches are still a relatively recent research line, characterised by heterogeneous approaches, limited experimental
datasets, and the absence of consolidated design frameworks.

Cleary, the thermal resistance of a CRM layer depends on the thickness and type of the mortar matrix, while the FRP mesh has no
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role. The main parameter is the thermal conductivity (A), which is an intrinsic material property measuring its ability to conduct heat,
and is measured in W/meK, where lower values indicate better insulating performance. Accordingly, when a mortar matrix exhibits
both sufficient mechanical strength and low thermal conductivity, it becomes suitable for the unified structural and thermal retro-
fitting. This challenge has attracted the interest of several researchers in recent years.

One of the first studies was conducted by Artino and co-authors [100], who proposed a methodological framework for a Decision
Support System (DSS) designed to orient sustainable deep renovation strategies for existing buildings by jointly addressing seismic
safety and thermal efficiency. The DSS was organised into sequential phases, including the characterisation of the building and its
context, the definition of feasible renovation strategies, the evaluation of seismic and energy performance improvements, and the
assessment of sustainability indicators. Emphasis was placed on interoperability between seismic assessment methods and energy
performance analyses, ensuring that improvements in one domain do not negatively affect the other, and highlighting the complexity
of this issue. A possible solution had already been suggested by the same authors one year earlier [101] for an integrated retrofit
strategy for reinforced concrete buildings, addressing both seismic vulnerability and poor energy performance by replacing the
external leaf of double-leaf infill walls with high-performance autoclaved aerated concrete (AAC) blocks. From a structural standpoint,
the enhanced infill panels provided increased stiffness and strength, resulting in marked improvements in seismic performance. From
an energy perspective, AAC blocks significantly reduced the original thermal transmittance.

A unified retrofitting approach for existing masonry that simultaneously addresses poor seismic performance and inadequate
thermal comfort was primarily investigated in Refs. [57,102-104]. The authors developed and experimentally assessed a novel
geopolymer-based CRM system designed to retrofit masonry walls on both faces, with the dual aim of enhancing in-plane shear
strength and reducing thermal conductivity compared with traditional lime-based CRM composites. Their experimental programme on
small-scale masonry panels demonstrated that the geopolymer-based system provided mechanical performance comparable to, and in
some respects superior to, conventional solutions, particularly in terms of higher ductility under shear loading, and significantly
improved thermal resistance due to the reduced conductivity of the mortar.

It should be noted that not all the investigated solutions can be strictly classified as CRM systems, as several studies focussed on
multifunctional coatings or modified mortars originally conceived for thermal retrofitting and subsequently assessed for their me-
chanical contribution. In this framework, Plassiard and co-authors [105] investigated the influence of an innovative multifunctional
coating on the in-plane mechanical behaviour of masonry wallets. The study compared uncoated specimens with specimens coated on
both faces using either a highly insulating aerogel-based coating or a commercial competitor. Although both coatings were originally
intended for thermal refurbishment, their structural contribution was also evaluated. Experimental results showed that uncoated walls
failed in a brittle manner with relatively low lateral strength, whereas coated walls exhibited increased shear strength and a markedly
more ductile response. The commercial coating yielded the highest strength gain, while both coatings allowed substantially larger
displacements at failure, which is advantageous for energy dissipation during seismic events. The authors concluded that even coatings
with modest mechanical properties may be effectively adopted to enhance the thermal performance of the building envelope within a
dual-efficiency retrofit strategy.

Parcesepe and co-authors [106] experimentally investigated the mechanical and thermal behaviour of hemp-lime mortar as a
sustainable retrofitting material combining renewable resources with low environmental impact. The addition of hemp fibres was
found to modify the failure mode toward increased ductility, without improving overall mechanical strength, mainly due to inho-
mogeneous fibre distribution, which increased porosity and slightly weakened the composite. Nevertheless, environmental exposure
often led to strength gains due to additional hydration of the hydraulic lime binder. Thermal tests revealed that the inclusion of hemp
fibres reduced thermal conductivity by 10%, indicating improved insulation potential even at low fibre contents, thus making this
material promising for combined seismic and energy upgrade.

Lastly, the study by Majumder and co-authors [107] provides a review of seismic and thermal retrofitting methods for masonry
buildings based on fibre reinforced composites. The review covers a wide range of approaches, including resin-based and mortar-based
systems, as well as emerging solutions using natural fibres of animal and plant origin. These materials are discussed in terms of their
ability to enhance in-plane strength, ductility, and energy dissipation capacity of masonry walls under lateral loads, while also offering
potential thermal benefits through modifications of the wall assembly and insulation properties. Particular attention is devoted to
integrated retrofitting techniques in which structural strengthening and thermal insulation are combined in a single intervention, such
as CRM applications, reflecting a rapidly growing research trend.

To date, most available studies primarily address either material-level properties or small-scale wall specimens, while compre-
hensive investigations at the structural scale, as well as unified analytical or design-oriented models capable of jointly accounting for
mechanical and thermal performance, remain scarce. Overall, this research field offers highly promising prospects for substantial
advances in both scientific investigation and technological development. Progress in this area requires the coordinated contribution of
complementary expertise, the systematic collection of experimental evidence across multiple scales, and the development of robust
theoretical and design-oriented models to ensure effective transfer into engineering practice, structural rehabilitation.

9. Installation issues

Experimental studies available in the scientific literature on CRM strengthening systems, while primarily focused on assessing their
structural effectiveness under different loading conditions and supporting the development and validation of analytical models, also
provide a growing body of evidence on construction details and execution aspects that are critical to the reliable performance of these
interventions. Although such aspects are often reported as secondary outcomes of experimental campaigns and are derived from a
limited number of case studies, they offer valuable qualitative and quantitative indications on installation requirements, detailing
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solutions, and critical issues that may affect the effectiveness of CRM systems when applied in practice. These indications, which span
different structural typologies and strengthening configurations may serve as a starting point for the progressive definition of best
practices for the correct execution and workmanship of CRM strengthening interventions aimed at ensuring their effectiveness and,
ultimately, the safety of the strengthened masonry elements.

With specific reference to the strengthening of masonry walls, the experimental evidence consistently indicates that the effec-
tiveness of CRM systems is strongly dependent on the achievement of adequate anchorage conditions. Sufficient anchorage length must
be provided to prevent excessive slip between the FRP mesh and the mortar matrix, as well as to avoid internal delamination within the
composite layer or debonding from the masonry substrate. This aspect is particularly critical in one-sided strengthening applications,
where continuity of the CRM overlay at wall extremities plays a key role in maintaining the contribution of the system. An effective
connection between the CRM layer and both the foundation system and the floor diaphragms is also essential. Experimental studies
suggest that this can be achieved by embedding vertical stainless-steel bars within the mortar overlay, either anchored into the
foundation or passing through the floor systems. Pull-out tests may be employed to calibrate the spacing and detailing of these bars,
ensuring that their resistance is compatible with that of the CRM system and that premature anchorage failure is avoided.

Lateral continuity of the CRM is likewise important, especially in the presence of out-of-plane horizontal loads. Experimental
observations indicate that stress concentrations and premature cracking may develop at wall intersections or corners if continuity is
not properly ensured. To mitigate this issue, angular or corner devices made of FRP mesh can be overlapped with the main mesh panels
to guarantee an effective transfer of stresses across orthogonal walls. Similar considerations apply to crowning beams or bond beams,
for which an effective mechanical connection to the masonry substrate must be ensured, typically through the use of vertical me-
chanical connectors. Experimental studies report that such elements may be strengthened using either steel or composite bars
embedded within the mortar matrix. When crowning beams are realized across the full thickness of the masonry, the FRP mesh should
also extend through the entire thickness. At wall intersections or corners, mesh overlap over the full depth of the bond beam is required
to ensure continuity in stress transfer between adjacent mesh layers.

As regards vaulted masonry elements, available investigations allow for qualitative considerations that can support practical ap-
plications. The experimental evidence indicates that CRM contributes to limiting the formation and opening of hinges that govern
typical collapse mechanisms of vaulted structures. Accordingly, the strengthening system should be placed on either the intrados or the
extrados surface, depending on the expected tensile stress distribution, in order to counteract hinge opening and enhance both load-
carrying and displacement capacity under vertical static and horizontal dynamic actions. When placement on the theoretically optimal
surface is not feasible, the choice must be guided by the anticipated collapse mechanism as well as by practical constraints such as
accessibility, construction feasibility, and conservation requirements, particularly in the presence of paintings or elements of historical
value.

The effectiveness of CRM overlays on vaulted elements depends primarily on the tensile strength of the embedded FRP mesh and on
the ability of the system to transfer stresses to the masonry substrate. While bond performance is a critical issue in FRP and FRCM
systems, this aspect is less limiting for CRM applications, which inherently rely on mechanical connectors to ensure load transfer
between the composite layer and the masonry. As a consequence, although extrados applications are generally preferred for FRP and
FRCM systems due to favourable normal stress components that enhance adhesion, this distinction appears to be less pronounced for
CRM. In line with this observation, published studies recommend the use of mechanical connectors for both intrados and extrados
applications, distributed along the entire vault barrel, with connector densities on the order of six connectors per square metre reported
as effective in experimental campaigns.

Additional connectors at the abutments have also been shown to play a crucial role in preventing crack localisation at the interface
between the vault and the supporting walls, thereby promoting a more distributed cracking pattern and enhanced energy dissipation.
These connections are typically achieved by embedding stainless-steel bars within the CRM matrix. For extrados strengthening, the
bars should be anchored into holes drilled into the skewbacks along the arch direction, whereas for intrados applications, holes in-
clined at approximately 45° to the vertical and passing through the impost plane have been shown to be effective. Furthermore,
additional transverse connectors installed in the skewback region are recommended to prevent premature detachment or slippage of
the reinforcement layer, as observed in experimental tests. A major limitation associated with the application of CRM systems on large
masonry surfaces concerns the labour-intensive and time-consuming installation, involving three main phases: (i) the application of a
first layer of mortar on the masonry substrate; (ii) the positioning and light pressing of the FRP mesh onto the fresh mortar layer; and
(iii) the application of a second mortar layer to fully embed the mesh within the matrix. When applied to extensive wall surfaces, these
operations significantly increase installation time and overall intervention costs, particularly in the presence of irregular substrates or
architectural constraints, as the process is largely manual and requires skilled workmanship to ensure correct mesh alignment,
adequate mortar compaction, and proper installation of mechanical connectors. Recent studies have explored alternative strategies
aimed at reducing installation complexity by spraying the mortar matrix directly onto the FRP mesh, thereby minimizing manual
layering operations and significantly accelerating construction times [77], or by resorting to mortars with dispersed short fibres, thus
eliminating the need for a continuous mesh [108,109].

Overall, the available evidence clearly indicates that further coordinated efforts within the scientific community, in close inter-
action with structural designers and manufacturers/suppliers, are required to consolidate the experimental knowledge and translate it
into more comprehensive and reliable recommendations for the proper installation and workmanship of CRM strengthening systems.
Such efforts are essential to move from preliminary, literature-based indications toward shared and robust guidelines capable of
ensuring the effectiveness and safety of CRM strengthening interventions across different structural typologies and practical
applications.
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10. Conclusions

The state-of-the-art review conducted on Composite Reinforced Mortar (CRM) systems provides a picture of the current level of
knowledge, mainly based on experimental evidence, and highlights existing research gaps that still limit a fully rational and design-
oriented application of these systems for the strengthening of masonry structures.

10.1. Experimental evidences

The available experimental results clearly demonstrate the effectiveness of CRM systems in enhancing the structural performance
of masonry constructions, particularly in terms of load-carrying capacity, stiffness, and ductility. The most extensively investigated
application concerns the in-plane shear strengthening of masonry walls through laboratory tests under diagonal compression and
combined compression and shear. In this context, a substantial body of experimental work has shown significant increases in shear
resistance, improved post-peak behaviour, and enhanced energy dissipation capacity.

Although less numerous, other applications have also produced meaningful and encouraging results. Tests on masonry walls under
compression and out-of-plane bending have demonstrated that CRM can effectively delay crack propagation, increase bending
resistance, and enhance overall stability. Similarly, experimental investigations on arches indicate a beneficial contribution of CRM in
modifying collapse mechanisms and increasing ultimate capacity, even though the number of tested specimens remains limited and
further systematic research is required. The construction of reinforced crowning beams using CRM-compatible solutions also repre-
sents a promising strategy to improve box-like behaviour and overall structural response.

Beyond conventional strengthening objectives, recent experimental campaigns have explored broader and more integrated ap-
plications. These include in-depth seismic performance assessments through shake table tests, the use of single-sided CRM systems for
minimally invasive interventions, particularly relevant for architectural heritage, and the integration of structural strengthening with
energy retrofitting measures. Such studies highlight the versatility of CRM and its potential role within holistic rehabilitation strategies
that address structural safety, conservation requirements, and sustainability targets simultaneously.

Future research should focus on expanding the experimental database for less investigated structural typologies, such as arches and
vaulted systems, as well as systematically assessing cyclic, and long-term behaviour. Experimental studies are also needed to determine
the optimal number and distribution of transverse connectors to ensure efficient stress transfer and to counter typical failure mech-
anisms of masonry, especially in historic structures, such as separation between leaves and disintegration of masonry units. The
emergence of sustainable reinforcement materials, such as hemp fibres, also represents a promising direction, offering comparable
mechanical performance with reduced environmental impact. However, variability in mechanical properties and the influence of
matrix composition on fibre behaviour necessitate more rigorous standardization and testing. Similarly, the use of CRM systems in
post-fire rehabilitation has opened new avenues for structural recovery, yet the differential performance of various fibre types under
thermal exposure calls for targeted research into high-temperature-resistant composites.

10.2. Analytical models

Analytical models specifically calibrated for CRM still present an immature stage of development. Current procedures often rely on
simplified methods or on formulations developed for FRP or FRCM, but the direct extension of these approaches to CRM is not always
appropriate. CRM systems feature a thicker mortar layer and mechanical connectors that prevent debonding, resulting in distinct stress
transfer mechanisms, strain distributions, and, in some cases, modified failure modes. The use of a fully composite FRP mesh,
compared to the dry or partially impregnated fabrics of FRCM, also affects mechanical and long-term behaviour, and this has already
led to the development of separate protocols for material characterization and certification.

No analytical formulations are available for CRM retrofitted arches. As concerns walls, distinction should be made between flexural
and in-plane strengthening. For flexural strengthening, simplified approaches based on sectional bending analysis appear, at least at a
preliminary design level, sufficiently adequate. In such cases, the structural behaviour can be reasonably approximated by adopting
compatibility of strains and equilibrium of internal forces, with the CRM system contributing as an additional tensile reinforcement
layer.

Conversely, in-plane strengthening mechanisms are significantly more complex. Compared to thinner systems such as FRCM, CRM
systems introduce a non-negligible increase in wall thickness and a three-dimensional interaction between the mortar layer, fibre
mesh, connectors, and masonry substrate. Shear transfer mechanisms involve cracking of the mortar matrix, progressive activation of
the FRP mesh, interaction with existing masonry joints, and possible contribution of connectors in limiting relative displacements. As a
result, greater discrepancies arise when attempting to extrapolate formulations originally developed for thinner reinforcement sys-
tems. One of the most debated issues in the current literature concerns the explicit introduction, within capacity models, of a term
accounting for the contribution of the added mortar layer. On the one hand, there is a clear rationale for considering the increase in
wall thickness and the potential contribution of the mortar to shear resistance and stiffness. On the other hand, significant reservations
remain regarding the appropriateness of including such a contribution in ultimate strength predictions for in-plane loaded masonry
panels. Experimental observations indicate that mortar cracking may occur at drift levels substantially lower than those required to
mobilize the ultimate tensile resistance of the embedded FRP grid within the CRM system, so purely additive formulations appear
incorrect. Moreover, under cyclic loading, seismic actions, and post-fire conditions, this early cracking may reduce the effective
contribution of the mortar, raising concerns that explicitly accounting for its strength contribution could lead to unconservative
predictions of ultimate capacity. This issue warrants further research aimed at developing design formulations that provide
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conservative estimates while fully accounting for the beneficial contributions of all CRM composite components. Furthermore,
deformation capacity and energy dissipation-related contributions of the strengthening systems, for which predictive models are
currently lacking, need to be addressed to allow for more reliable nonlinear analyses.

10.3. Promoting knowledge transfer from academia to engineering practice

From a technology-transfer perspective, one of the main priorities for the scientific community is the development of design ap-
proaches that are structurally consistent with the format and reliability framework of the Eurocode. The transition from experimentally
validated strengthening solutions to fully codified design procedures requires not only mechanical modelling advances, but also a
systematic reliability-based calibration of capacity models. To this end, it is essential to analyse the available experimental databases at
all relevant scales. This process should start from the mechanical characterisation of the constituent materials and extend to durability
studies on CRM systems. At a higher structural level, the databases derived from tests on strengthened elements and subassemblies (e.
g., panels under in-plane and out-of-plane loading, arches, and other structural components) should be assessed to probabilistically
quantify the inherent variability of material properties, bond behaviour, cracking thresholds, and ultimate resistance parameters. This
will make it possible to derive characteristic values, partial safety factors, and model uncertainty factors consistent with a semi-
probabilistic limit state design approach, specifically tailored to CRM-strengthened masonry elements and suitable for practical
design applications.

In this framework, advanced numerical modelling strategies may also play a key role in supporting the interpretation of experi-
mental evidence and the development of mechanically consistent predictive models. These approaches could improve the under-
standing of the local interaction mechanisms between masonry substrate, mortar matrix, and CRM strengthening system, while also
contributing to the calibration and validation of design-oriented formulations suitable for engineering practice and future code
implementation. Lastly, no established guidelines currently exist for monitoring and controlling the performance of CRM interventions
over time. This, together with the relatively young age of CRM systems and the still limited understanding of their long-term durability,
highlights the need for further research to better evaluate the effectiveness of CRM strengthening in the long-term and the associated
safety levels of reinforced structures along their expected lifespan.
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