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Composite reinforced mortar (CRM) systems represent a strengthening solution for existing masonry structures
consisting of a composite mesh embedded within a layer of structural mortar. Diagonal compression tests on
natural stone masonry panels (URM) are reported, aimed at assessing the effectiveness of a hybrid CRM-FRCM
system. The tested system was comprised of a 25 mm natural hydraulic lime-based mortar and a 20 x 20 mm AR
glass grid applied on only one side of the panels in order to simulate the most commonly encountered
strengthening configuration. The results showed an average increase in shear resistance of 32% compared to the

average properties of the URM walls, while preserving the average shear stiffness. In addition, previously tested
natural stone URM panels were repaired using the same strengthening solutions and were retested in diagonal
compression. For the retested specimens the original shear capacity was recovered up to 98%, demonstrating the
effectiveness of the strengthening system as a remediation solution for damaged masonry.

1. Introduction

Unreinforced masonry (URM) buildings dominate the existing
building stock in many countries worldwide, with specific masonry
characteristics and construction practices often varying greatly even
within a single country. Despite this variability, a common trait of URM
buildings is a high vulnerability to seismic loading [1-6], with
out-of-plane wall failures being characterised as a local failure mecha-
nism [7] whereas the overall seismic performance of a URM building is
typically associated with the in-plane wall capacity [8]. Among the
available in-plane strengthening solutions for URM walls, jacketing
using various types of reinforced coatings has become increasingly
popular as an efficient method to increase the in-plane seismic capacity
by improving both the strength and deformation capacity of existing
masonry piers and spandrels [9-12].

Concrete jacketing reinforced with welded steel mesh (also known as
ferrocement jacketing) has been extensively used to strengthen masonry
since the early 1980s [13-15], endorsed in Italy by codes drafted in the
aftermath of the 1976 Gemona earthquake and the 1980 Irpinia earth-
quake [16]. The thickness of the concrete jacket usually varies from
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40 mm to 70 mm such that the reinforced concrete jacketing results in a
significant increase in the wall mass and stiffness, which may adversely
affect the seismic behaviour of the overall masonry structure [17-19].
Moreover, the application of this technique involves other disadvan-
tages such as a possible reduction of available floor plan area, the po-
tential for steel corrosion (with associated loss of capacity and volume
instability) and most notably a lack of reversibility [8,20,21].
Following the development of composite materials the practice of
concrete jacketing has been partially replaced by the adoption of Fibre-
Reinforced Polymer (FRP) as a retrofit solution [18,21,22], combining
various organic matrices with glass, aramid or carbon fibres. Guidelines
for the application of these techniques are available for the process of
identification and qualification [23] and for design [24,25]. FRP solu-
tions have proven to be highly effective in enhancing shear resistance
[26-30] and offer several advantages over traditional retrofitting ma-
terial, including a large strength to weight ratio, a faster installation rate
and a reduced plaster thickness (between 2 mm and 5 mm) [31].
However, the application of FRP as a URM jacketing solution also has
some important drawbacks, such as poor compatibility with the sub-
strate, lack of vapour permeability, the need for expert craftmanship

E-mail addresses: giovanni.sommacal@unitn.it (G. Sommacal), ermes.rizzi@unitn.it (E. Rizzi), j.ingham@auckland.ac.nz (J. Ingham), ivan.giongo@unitn.it

(I. Giongo).
1 ORCID number: 0000-0002-0989-909
2 ORCID number: 0000-0002-3867-2334

https://doi.org/10.1016/j.conbuildmat.2026.146709

Received 2 May 2025; Received in revised form 10 May 2026; Accepted 12 May 2026

Available online 23 May 2026

0950-0618/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-3867-2334
https://orcid.org/0000-0002-3867-2334
mailto:giovanni.sommacal@unitn.it
mailto:ermes.rizzi@unitn.it
mailto:j.ingham@auckland.ac.nz
mailto:ivan.giongo@unitn.it
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2026.146709
https://doi.org/10.1016/j.conbuildmat.2026.146709
http://creativecommons.org/licenses/by/4.0/

G. Sommacal et al.

and, again, the lack of reversibility [21,32,33]. Many of these problems
are related to the use of epoxy resins applied to impregnate the rein-
forcing fibres.

The above issues may be overcome by using more modern composite
jackets, made by placing reinforcement meshes in an inorganic matrix
consisting of either lime-based or cement-based mortars. These solutions
combine high mechanical performance with the equally important fea-
tures of sustainability and durability. Furthermore, the use of high-
performance lime-based mortars [34] to provide the matrix of the
composite ensures a high level of compatibility between the inorganic
jacket and the masonry surface, resulting in an effective solution for
historical masonry structures [20,32,35-38] and these lime-based
inorganic-matrix composite materials can be removed with relative
ease, guaranteeing reversibility of the solution [39]. These systems are
categorized into two different groups according to their jacket thickness
and mesh grid spacing, named Fabric Reinforced Cementitious Matrix
(FRCM) and Composite Reinforced Mortar (CRM). Both systems can be
applied in either a single-sided or double-sided configuration, with the
double-sided configuration being more efficient in terms of enhancing
resistance but the single-sided configuration frequently being preferred
because of the practical challenges of providing a jacket to both wall
surfaces [40].

FRCM solutions are also sometimes referred to as Textile Reinforced
Mortar (TRM) [37,41-43] or Textile Reinforced Concrete (TRC) [44,45],
and consist of a relatively thin jacket that combines medium-high per-
formance mortars with FRP meshes generally made of Akali Resistant
(AR) glass, basalt, carbon or aramid fibres. High-performance steel cords
can also be embedded in the inorganic mortar, in which case the system
is usually named Steel Reinforced Grout (SRG) [46]. When the reinforcing
meshes are replaced by steel fibers randonmly spread in the mortar, the
system is referred to as Steel Fiber Reinforcing Mortar SFRM [47]. The
randomly distributed fibers can also be made of basalt or glass, in which
case the system is referred to as BFRM or GFRM, respectively [48].
Hybrid configurations have also been investigated, consisting of TRM
systems with an inorganic matrix modified with short PVA fibers
[49-51]. Returning to FRCM systems, which in some cases are also
referred to as FRM [52] the reinforcement grids are characterized by a
reduced thickness and by a spacing of less than 30 mm. The thickness of
the composite may vary depending on the number of layers [53] and the
textile used, but when a single layer of mesh is employed the FRCM
system has a thickness of between 5 mm and 15 mm whereas when more
than two layers are used the thickness can reach 30 mm. The use of
mechanical anchorages is not always mandatory, but it is mandatory for
an asymmetrical configuration [54]. For these reasons FRCM applica-
tions can be compared with FRP applications, with specific identifica-
tion and qualification [55,56] and design [57,58] guidelines for FRCM
systems.

CRM techniques are high thickness strengthening solutions that
combine a 30-50 mm thickness mortar matrix with only one layer of
mesh reinforcement, usually manufactured using AR-glass fibres
embedded in epoxy resin [59-63]. This type of grid typically presents a
larger wire cross section than used in FRCM solutions and has a spacing
of at least 30 mm, with the provision of mechanical connectors being
mandatory. CRM solutions can be considered as a substitute for tradi-
tional ferrocement jacketing of masonry structures. For CRM only
identification and qualification guidelines are available in Italy [64] and
in Europe [65] to date. Therefore, according to the current design codes,
for their design it is necessary to refer to the simplified approach pro-
posed by the application document for the current Italian Building Code
(Circolare n.7 2019) [66]. Nevertheless, analytical prediction models for
TRM systems incorporating the contribution of the mortar layer have
also been proposed in the literature [67,68].

FRCM solutions are characterised by a reduced footprint and a small
mass increase because of their reduced jacket thickness, and when no
mechanical connectors are used these jackets require a low labour input.
However, FRCM plasters are generally less suitable for application on
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irregular masonry surfaces, even though examples of successful appli-
cations to masonry panels with irregular textures are available in the
literature [38,69], because of the difficulty in achieving a thin, uniform
levelling layer over an uneven substrate. Conversely, due to the con-
current presence of a more consistent matrix and a stiffer grid combined
with a greater jacket thickness, CRM plasters are ideal for reinforcing
irregular masonry [39] but they can become more expensive because of
their perforations and the installation of the required anchorages.

While recent research has provided in-depth experimental and nu-
merical insights into the performance of double-sided FRCM systems
applied to stone masonry [38], there remains a need to investigate
asymmetrical configurations and the effectiveness of such systems for
the repair of pre-damaged elements. In the present work the mechanical
behaviour of stone masonry panels strengthened with an asymmetrical
hybrid CRM-FRCM reinforcing plaster solution made of a flexible GFRP
grid embedded in a 25 mm lime-based mortar thickness was experi-
mentally investigated. The CRM jacket system was adopted due to its
suitability for application on the irregular surfaces typical of stone ma-
sonry. However, since the experimental campaign was undertaken in
2019, prior to the official release of standardised procedures [64,65],
the adopted system did not comply with the Italian Guidelines for CRM
systems [64]. In particular, the jacket thickness of 25 mm was below the
minimum threshold of 30 mm, the fabric grid spacing of 20 mm was
smaller than the required 30 mm, and the connectors used were made of
steel rather than FRP, as specified in the qualification guidelines [64,
65], which were not yet available at the time the testing campaign was
planned and executed. The reduced nominal thickness is not expected to
have significant technical implications, as substrate irregularity results
in an average reinforcement thickness within the limits defined in [64].
Although the denser thread distribution may improve the mesh effec-
tiveness against diagonal cracking, the overall geometrical and me-
chanical properties (tensile strength per unit width and elastic modulus
of the mesh, reinforcement thickness over mesh width ratio) are com-
parable to those of typical CRM system. For this reason and for the sake
of brevity, the investigated strengthening solution will be referred to as a
CRM system in the subsequent sections. In-plane diagonal tests were
undertaken on both unreinforced and reinforced panels to establish the
effectiveness of the reinforcement in term of shear strength and stiffness
and energy dissipation. CRM was applied on only a single face of the
wall to simulate a common practical application scenario that is less
reported in the scientific literature. The use of a natural hydraulic
lime-based mortar provided maximum compatibility with the wall sur-
face. The reported study provides an important contribution to the sci-
entific community by complementing existing experimental data for
FRCM/CRM systems applied to stone masonry via the provision of
experimental data for asymmetrical configurations for both strength-
ening and repair scenarios.

2. Experimental program

The purpose of the reported experimental campaign was to assess the
effectiveness of a single-sided CRM system applied on rubble stone
masonry wallettes. The campaign comprised a series of diagonal tension
(shear) tests carried out according to the general procedure outlined in
ASTM E519/E519M-15 [70]. A total of 12 tests were performed on eight
1200 x 1200 mm? x 400 mm-thick double-leaf rubble stone masonry
wallette panels that were built by expert craftmanship. The specimen
thickness was compliant with the limitations proposed in NTC18 [71],
which sets the lower bound for the thickness of structural masonry as
equal to 240 mm. Despite being a rather common typology in traditional
buildings, the selected masonry type has rarely been investigated in
previous experimental works. The eight masonry wallettes were iden-
tified by means of numerical labels and subdivided into 2 groups of four
specimens each, named Group 1 and Group 2. Group 1 wallettes were
first tested in the as-built (AsB) configuration, and then the CRM system
was applied to the damaged Group 1 wallettes and the wallettes were
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subsequently re-tested in the repaired (RP) condition, being represen-
tative of a scenario where the CRM system is applied to an existing
masonry structure that was previously damaged, with the aim of
restoring the original mechanical properties of the wall. Group 2 spec-
imens were tested in the RT (retrofitted) configuration only. All speci-
mens were tested shortly after the 28-day mortar curing time had
elapsed, with test designations identified in Table 1.

3. Materials

The masonry wallettes were assembled using approximately square
dolomite stone blocks and natural hydraulic lime mortar. Dolomite
stone (also known as dolostone) is a sedimentary carbonate rock that
contains high percentages of dolomite mineral and typically features a
light grey colour with brown veins. The stone elements were roughly
squared by means of manual tools, resulting in blocks of variable sizes.
The average maximum dimension of the blocks was approximately
250 mm, with values ranging between 100 mm and 400 mm. The
resulting masonry texture was irregular, as shown in Fig. 1.

The mechanical properties of the stone elements were not investi-
gated within the scope of the experimental campaign. However, ac-
cording to ASTM C568/C568M-15 [72] and C170/C170M-17 [73] the
compressive strength of limestone blocks ranges between 11 MPa and
220 MPa, whilethe compressive strength of dolomite masonry units
typically ranges between 59 MPa and 196 MPa [74].

The bedding mortar used to assemble the wallette specimens was an
M 2.5 strength class NHL 5 Portland cement-free natural hydraulic lime
mortar, CE marked according to EN 998-2 [75]. This pre-mixed mortar
contained aggregates obtained via the crushing of dolomite stones, with
a maximum particle size of 2 mm, and was mixed with water according
to the technical data sheet. The specific mortar was selected to repro-
duce the mechanical properties of mortars that can be found in existing
buildings in terms of both the type of binder and the relatively low
compressive strength. The actual mechanical properties of the mortar
were determined in accordance with EN 1015-11:2019 [76] based on
the results of testing carried out as specified in the standard (see Fig. 2).
A total of six 40 x 40 x 160 mm® mortar prisms were prepared and
tested after 28 days of curing, with an average flexural strength of
fhedding mm = 1.73 MPa (6 tests, COV = 6.02%) and an average
compressive strength of fyedding m,c = 5.40 MPa (12 tests, COV = 7.36%).
The tested CRM system consisted of a GFRP mesh embedded in a 25
mm-thick layer of NHL 5 natural hydraulic lime mortar that was con-
nected to the substrate by means of helical stainless-steel dowels,
applied as illustrated in Fig. 3. The helical dowels were fixed to the
masonry substrate using a specific inorganic grout composed of NHL 5
hydraulic lime binder and fine dolomitic aggregates (maximum particle
size < 0.5 mm), with a compressive strength after 28 days of curing
greater than 15 MPa, according to [76]).

The selected grid fabric was a balanced bidirectional fabric made of
alkali-resistant glass fibres coated with a protective thermosetting resin
(GFRP) (Fig. 3), with a centre-to-centre grid spacing equal to 20 mm for

Table 1
Test designation details.
Configuration Test ID Wall ID
As-built AsB-1 1
AsB-2 2
AsB-3 3
AsB-4 4
Repaired RP-1 1
RP-2 2
RP-3 3
RP-4 4
Retrofitted RT-1 5
RT-2 6
RT-3 7
RT-4 8
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both warp and weft directions (clear grid opening equal to 18 mm). The
main geometrical and mechanical proprieties of the grid fabric accord-
ing to the technical data sheet are listed in Table 2, with data reported
separately for the ultimate tensile strength f; and the ultimate tensile
strain ¢, based on the procedures used to determine the reference value
in North America (ACI, mean minus one standard deviation) and Europe
(RILEM CNR, mean minus one fractile coefficient times the standard
deviation, where the fractile coefficient depends on the number of tested
specimens [77]). Mechanical parameters in Table 2 are related to test
methods compliant with the procedures outlined in [55,56]. A sample of
six fabric specimens was also tested to verify the values provided by the
manufacturer, confirming a linear elastic response up to failure ((ft) =
940 MPa, CoV = 3.8%; Et = 64657 MPa, CoV = 1.5%; (et) = 1.43%, CoV
= 3.3%).

The mortar used for the CRM system was a pre-mixed M10 strength
class Portland cement-free NHL 5 natural hydraulic lime mortar with
dolomitic aggregates (maximum particle size 4 mm), CE marked ac-
cording to EN 998-2 [75]. The manufacturer's documented ranges for
the mix proportions by weight were: binder 15-25%; aggregate
75-85%, mixing water 145-155 g/kg. The mortar was selected with the
aim of maximizing the compatibility-related aspects of the CRM system.
Natural hydraulic lime mortars are typically characterized by mechan-
ical and chemical features that are comparable with those of the existing
mortars, which are mostly lime-based binders. Furthermore, the
modulus of elasticity (stiffness) of hydraulic lime-based mortars is
generally lower than for cement-based mortars, especially in the case of
relatively low strength classes [78]. The actual mechanical properties of
the mortar were assessed according to EN 1015-11:2019 [76], with a
total of six 40 x 40 x 160 mm> mortar prisms prepared and tested after
28 days of curing. The average flexural strength was equal to fatrix m,m
= 3.41 MPa (6 tests, COV = 8.32%) and the average compressive
strength was fratrix m,c = 13.95 MPa (12 tests, COV = 16.98%).

Although composite coupons (i.e., small lamella specimens
composed of mesh slices embedded in mortar) were not prepared and
tested in this study, twenty 10 mm-thick coupons made of the same grid
fabric and an M15 lime-cement mortar were tested in a parallel study
according to FRCM composite procedures, and the corresponding values
are reported in Table 3.

The same study also comprised 5 shear bond tests on stone masonry
using the same composite specifications mentioned in the previous
paragraph (same grid fabric and M 15 lime-cement mortar, composite
thickness 10 mm) as reported in Table 3. The results from these shear
bond tests are reported in Table 4. The values reported in Table 3 and in
Table 4 were adopted for the composite in the comparisons with codes
provisions reported in the following, whilst recognising that the results
were derived for a similar but different mortar classification and com-
posite thickness.

The connection system comprised ¢#8 mm helical AISI 304 stainless
steel bars (see Fig. 3) housed into #20 mm holes and fixed to the sub-
strate by means of a specific NHL 5 natural hydraulic lime grout. The
main geometrical and mechanical properties of the steel bars according
to the technical data sheet are listed in Table 5.

The CRM system was applied on a single side of all masonry wallettes
using five mechanical connectors per specimen (approximately equiv-
alent to 4 connections/mz) in accordance with the manufacturer rec-
ommendations and consistently with comparable studies in the
literature (e.g., [59,79]). The overall thickness of the CRM system was
equal to 25 mm, net of substrate levelling. The strengthening procedure
is summarized in the following steps:

1. Drilling of the five 20 mm, 300 mm-deep connector housing holes
(3/4 of the masonry thickness) inclined at approximately 30° with
respect to the horizontal (see Fig. 4-a). Four holes were located at the
specimen corners (respecting a minimum distance of 250 mm from
the edges) and one hole was drilled at the centre of the specimen.
Holes were subsequently cleaned from drilling residuals by means of
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(a) Wallette construction pbéye
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(b) Finished wallette

Fig. 1. Details of rubble stone masonry wallettes.
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Fig. 2. Testing of mortar prisms according to EN 1015-11:2019: a) 3-point bending test; b) Compression test.
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Fig. 3. Details of the strengthening solution.

compressed air. The adopted quincunxes connection scheme was
selected in order to have a minimum centre-to-centre connector
distance of 50 cm while providing sufficient distance from the edges
of the wallette;

. Gravity injection of the NHL 5 natural hydraulic lime grout within
the connector housing holes until completely filled (see Fig. 4-b);

. Insertion of the helical steel dowels in the holes, dipping them into
the still fluid grout injected during the previous step. Dowels were
inserted so that a 100 mm-long portion protruded from the hole;

vertically and weft wires were oriented in the horizontal direction.
Wallette specimen dimensions required two mesh slices per spec-
imen, overlapping them for 150 mm (see Fig. 4-c);

. L-folding over the mesh of the protruding portion of the helical

dowels;

. Application of the second and final layer of mortar, up to an overall

thickness of 25 mm net of substrate levelling (see Fig. 4-d).

Four specimens (AsB group) were first tested in the unreinforced as-

built condition and then repaired and retested to investigate the use of
this solution on damaged structures. For this group of repaired samples
(RP group) the reinforcing procedure was applied using the same pro-
cedure as was adopted for the retrofitted (RT group) specimens.

. Preparation of the masonry substrate by means of cleaning and pre-
wetting with low-pressure water until saturation;

. Application of the first layer of mortar, for a thickness of approxi-
mately 15 mm net of substrate levelling;

. Positioning of the mesh in the still workable first layer of mortar by
applying a slight pressure. Principal directions of the mesh were
aligned with the specimen edges such that the warp wires were laid
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Table 2
Geometrical and mechanical proprieties of the grid fabric.

Horizontal Single wire cross section area [mm?] 0.9981
direction Equivalent thickness, tg [mm] 0.046
(weft) Tensile modulus of elasticity [MPa] 63057

(stiffness), E,
Ultimate tensile strength [MPa] 882
(mean), (f;)
Ultimate tensile strain (mean), [%] 1.39
(&0)
ACI Ultimate tensile strain [%] 1.63
(reference), ex
RILEM  Ultimate tensile strength [MPa] 574
(reference), fu
& CNR Ultimate tensile strain [%] 0.91
(reference), ey
Weight density Dry fabric g/ 240
2
m°]
Coated fabric [g/ 320
m?]
Table 3
Mechanical proprieties of the composite.
Tensile modulus of elasticity (stiffness), Ef [MPa] 28491
Mean ultimate tensile strength, (fz,) [MPa] 603
Mean ultimate tensile strain, (ef) [%] 1.91
ACI Design tensile strain, &7y [%] 1.25
CNR Characteristic ultimate tensile strength, o, [MPa] 425
Table 4
Results from shear bond tests.
Mean maximum tensile stress, (fz) [MPa] 813
Mean maximum tensile strain, (eg) [%] 1.29

RILEM & Characteristic maximum tensile strain, eg, (€lim [%] 0.73

CNR ,conv for CNR)
Table 5
Geometrical and mechanical proprieties of the mechanical anchorages.

Gross diameter [mm] 8

Core diameter [mm] 4

Cross sectional area [mmz] 10.40

Tensile strength [MPa] 1067

Young’s modulus [MPa] 122000

4. Test setup and protocol

Diagonal tension (shear) tests were carried out following the general
procedure outlined in ASTM E519/E519M-15 [70], which is a labora-
tory test procedure that has been widely reported for experimentally
assessing the in-plane shear strength of masonry walls [80]. Diagonal
compression tests are also mentioned in NTC18 [71] as one of a series of
exhaustive tests that can be performed on masonry elements. A
self-equilibrated test setup was designed to allow the test to be executed
without rotating the specimens, as illustrated in Fig. 5. The diagonal
compression load was applied via a manually operated hydraulic jack
with a maximum capacity of 600 kN (Fig. 5(c)). The jack was positioned
between the steel beam and the steel shoe at the upper loaded corner of
the specimen. The load was transferred by the upper steel beam to the
two threaded steel bars that reacted off the steel beam connected to the
steel shoe at the lower loaded corner (Fig. 5(e)). Applied load was
measured via a 600 kN load cell interposed between the hydraulic jack
and the steel beam at the upper loaded corner. As also suggested by
ASTM E519/E519M-15 [70], the stress distribution on the loaded por-
tions was improved by laying an approximately 20 mm-thick layer of M
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15 strength class mortar over the loaded corners. Four 100 mm
displacement transducers were installed along the two diagonals, two on
each face of the wall, to measure the tensile and compressive displace-
ments. The specimens were tested under force control, with the diagonal
compression load applied using a manual pump in stepped cycles of
loading and unloading, each with an amplitude of approximately 50 kN.
For all specimens, an initial loading cycle was carried out at a lower
value (25 kN) to ensure proper seating of the steel shoes in their correct
positions. Due to the irregularity of the masonry surfaces the application
of these four devices required the use of square wood blocks to generate
a flat surface on which to install the instrumentation (Fig. 5(f)). No
system was implemented to restrain potential out-of-plane movements
of the wallette, which evidence in the literature has shown can be sig-
nificant in the presence of asymmetrical reinforcement [65-67]. During
testing, particular care was therefore taken to visually monitor the
verticality of the panel.

5. Test results and discussion

Test results were compared based on a series of parameters repre-
sentative of shear strength, shear stiffness, inelastic deformation ca-
pacity and symmetry of structural response, with the values of the shear
stress 7m, shear strain y and shear modulus G being calculated according
to ASTM E519/E519M-15 [70]. The shear stress was computed using Eq.
(1) where P is the applied compression load and A, is the net specimen
cross sectional area calculated according to Eq. (2) in which w, h, and t
are the width, the height, and the thickness of the specimen, respec-
tively. For the repaired and retrofitted specimens the thickness incre-
ment related to the CRM system was neglected and stresses were
calculated with respect to the unreinforced specimen cross-sectional
area. Due to the masonry texture irregularities, nominal values of the
geometrical properties were used in the calculations.

T:0.7(1);0P o))
w+h
An:(T)ot 2

Average axial strain along the compression and the tensile diagonals
(e¢,mean and €T, mean, respectively) were calculated by averaging the strain
readings of the relevant transducers on the opposite sides of the speci-
mens. The average shear strain y was calculated from ¢ meqn and e7,mean
values according to Eq. (3).

Y= |8C.mean| + }ST,mean| 3

The shear modulus G is defined as the ratio between the shear stress
and the shear strain as per Eq. (4).

G=1 o)
Y

To provide shear stiffness values representative of the initial branch
of the shear stress vs strain diagrams the secant shear modulus G,; was
evaluated. This parameter is usually computed as the ratio between the
shear stress and the corresponding shear strain at one-third of the peak
shear strength as suggested by NTC18 [71], but in this study the defi-
nition of the secant shear modulus was modified to be more represen-
tative of a bilinear elastic-perfectly plastic response. Specifically, the
shear modulus was calculated between 5% and 75% of the shear ca-
pacity of the individual test as per Eq. (5), in which ys, and yys9, are the
shear strain calculated according to Eq. (3) for a load level corre-
sponding to 0.05F,q and 0.75F,qy, respectively:

G = 0.75 @ Trpax — 0.05 @ 754 )

Y75% — V5%

The shear stress vs shear strain curves were bi-linearized according
to the procedure outlined in ASTM E2126-19 [81] (referred to as
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7’ Support

1) Steel loading shoe
@) Steel beam
3) Steel threaded rods
“) Hydraulic jack
(5) Loading cell
(6) Displacement transducer
(a) Side view (b) Steel beam (¢) Hydranlic jack and load cell

s 2

(¢) Lower loading shoe Displacement transducer on
irregular surface

Fig. 5. Test set-up details.

Equivalent Energy Elastic-Plastic curve or EEEP), with cyclic curves firstly enveloped by connecting the peak force points for each of the
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subsequent load cycles and the slope G; calculated as described above.
To provide consistent values for yield stress and yield strain the envelope
curves were truncated at the point corresponding to a pre-defined loss of
applied load (0.90F;x) on the post-peak branch of the envelope curves,
identifying the ultimate shear strain y,. The yield strain y, and yield
stress 7, (= Ge1 X yy) were calculated by preserving the area (energy)
under the envelope curve and the equivalent bilinear curve. The specific
energy dissipation Eng;s was calculated as the area below the EEEP di-
agram plateau.

The asymmetry index I4 was defined according to Eq. (6) to assess
the symmetry of the in-plane behaviour of the specimens, where ¢¢ ; and
gc,r are the measured strains along the compressed diagonal on the left
side and the right side of the specimens, respectively. A near-zero
asymmetry index is reported for a symmetric wall response (ec=¢c,
R), with a greater deviation from symmetrical behaviour resulting in a
greater asymmetry index.

Ip = |ecr —ecu| (6)

The cyclic diagram obtained directly from each diagonal compres-
sion test, the envelope curve, and the EEEP bi-linearization are reported
in Fig. 6, Fig. 7 and Fig. 8. For each tested configuration the specimens
exhibited an approximately linear response in the shear stress vs shear
strain plane up to a load level approximately equal to 0.7 7pqy. Subse-
quently, crack propagation was visually detected and the shear stiffness
gradually decreased. After the peak shear stress 7,4 Was reached the
load application was switched to displacement control. For the repaired
(RP) and retrofitted (RT) specimens, no rupture of the grid and no
detachment of the reinforcement at the matrix-masonry interface were
observed during testing, confirming the efficacy of the installation
procedure reported earlier.

The experimental results are listed in Table 6, with symbols being
consistent with the descriptions given in the previous paragraphs.
Overall, the test results were generally consistent among analogous
specimen configurations in terms of strength values, with the coefficient
of variation (CoV) always below 15%. For instance, for the As-built set
the coefficient of variation associated with the peak shear stress was 9%,
which is well below the 24% value suggested by FprEN1998-3:2025
[82] for the diagonal tensile strength of irregular stone and rubble
masonry. Conversely, the shear stiffness values obtained from the tests
exhibited higher variability, with CoVs of 33% and 32% for the As-built
and Retrofitted sets, respectively, compared with the 21% value rec-
ommended by FprEN1998-3:2025. The smaller variability observed for
the Repaired set (CoV = 13%) is attributed to the predominant contri-
bution of the CRM layer to the overall stiffness, due to the presence of
pre-existing cracking in the masonry substrate.

The as-built (AsB) specimens exhibited a relatively linear elastic
behaviour when subjected to in-plane diagonal compression, as shown
in Fig. 6, and reached approximately consistent values of maximum
shear stress, with an average value of 0.31 MPa. The asymmetry index is
shown in Fig. 9, indicating that the asymmetry of the as-built specimens
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increased with increased loading due to the non-homogeneous nature of
the panel texture. On both sides of each as-built (AsB) specimen the
failure mode was governed by cracking that expanded along the com-
pressed diagonal, located at the interface between stone units and the
bed-joint mortar as shown in Fig. 10(a,d).

As shown in Fig. 7, the repaired (RP) wallettes exhibited an initial
elastic shear stress vs shear strain behaviour, but with a reduced stiffness
when compared to the as-built (AsB) wallettes. Despite the reinforced
plaster was located on only one surface of the wallettes, comparable
levels of the Asymmetry Index Iy were observed for consistent levels of
shear strain. However, the increased shear strain capacity of the RP
wallettes resulted in a corresponding increase in the Asymmetry Index
that was approximately three times the peak value measured for the as-
built (AsB) wallettes, as seen in Fig. 9(a). As shown in Fig. 10(e),
distributed principal diagonal cracking formed in the CRM matrix,
whilst on the unplastered (as-built) face the primary cracking developed
along the same path as detected for the as-built specimens (see Fig. 10
(b).

The retrofitted wallettes (RT) exhibited the same initial trend as for
as-built (AsB) wallettes up to a shear stress level greater than that of the
as-built specimens, indicating effective composite action between the
masonry and the CRM system. Initial cracking was delayed by the
presence of the reinforcement and maximum values of the asymmetry
index were comparable to the values measured for the as-built speci-
mens (see Fig. 9(b)). On the reinforced surface of the wallettes the
presence of the CRM layer resulted in a crack pattern aligned with the
applied load direction (see Fig. 10(f)), with a first principal crack along
the compressed diagonal followed by several parallel secondary cracks.
RT specimens generally showed a more distributed crack pattern than
RP specimens, where crack localization was likely driven by the pre-
existing substrate discontinuity, namely the diagonal crack formed
during the AsB test sequence.

The mean shear stress-strain curves and the minimum-maximum
envelope obtained from the individual experimental curves are reported
in Fig. 11 to allow a visual assessment of the effectiveness of the applied
CRM system. The comparison reported in Table 7 in terms of the Per-
formance Ratio (PR) of the peak shear stress PR(7;qx) and of the shear
modulus PR(G,p). For the repaired specimens the PR was calculated as
the measured values for each repaired specimen divided by the com-
parable measured values for the corresponding as-built specimen,
whereas for the retrofitted specimens the PR was calculated as the ratio
of the measured value to the calculated average value of the four as-built
specimens (see Table 6 for data). In Table 7 it is shown that the CRM
system resulted in the shear strength of the repaired (RP) wallettes being
restored to 98% of the capacity of the original as-built (AsB) wallettes,
indicating that the matrix was effective at collaborating with the ma-
sonry substrate and compensating for the pre-existing cracks generated
during testing of the AsB specimens. However, because of these pre-
existing cracks the shear stiffness was significantly reduced to only
25% of the original value.
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Fig. 6. Experimental shear stress-shear strain diagrams of the as-built wall specimens (“AsB” group).
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Table 6
Summary of the diagonal compression test results.
Group Label Prax Tmax G Ia,max Yy -x102 Y, x103 Eng;s
[kN] [MPa] [MPa] [%o] [-1 [-1 [kJ/m®]
As-built AsB 01 194.27 0.29 1606.74 1.69 0.166 2.959 746.33
AsB 02 243.27 0.36 1275.52 1.28 0.271 3.359 1066.10
AsB 03 199.64 0.29 1625.61 0.28 0.177 2.226 589.82
AsB 04 201.00 0.30 713.79 1.91 0.394 2.266 526.78
Average 209.54 0.31 1305.42 1.29 0.25 2.70 732.26
C.0.V. 0.11 0.11 0.33 0.56 0.42 0.20 0.33
Repaired RP 01 194.60 0.29 262.71 5.53 1.042 8.840 2134.44
RP.02 181.50 0.27 329.73 4.06 0.778 13.158 3176.40
RP 03 223.58 0.33 342.98 1.91 0.939 3.954 971.31
RP 04 212.42 0.31 352.05 1.36 0.866 4.673 1160.99
Average 203.03 0.30 321.87 3.22 0.91 7.66 1860.78
C.0.V. 0.09 0.09 0.13 0.60 0.12 0.56 0.55
Retrofitted RT 01 219.87 0.32 1617.59 1.63 0.191 2.798 805.69
RT 02 299.48 0.44 1132.42 1.00 0.387 1.255 380.32
RT.03 299.54 0.44 834.16 1.93 0.505 3.247 1155.38
RT.04 288.84 0.43 1776.56 1.26 0.228 3.117 1170.29
Average 276.93 0.41 1340.18 1.45 0.33 2.60 877.92
C.0.V. 0.14 0.14 0.32 0.28 0.44 0.35 0.42

The retrofitted wallettes (RT) achieved a considerable increase of
shear strength when compared to the as-built (AsB) wallettes, with the
shear stiffness remaining relatively unchanged. These observations are
confirmed in Table 7, showing that the retrofitted wallettes exhibited a
mean increase in shear strength of 32%, with this value increasing to
41% if the abnormally low shear strength value of specimen RT 01 is
discounted. The observed shear strength increment was consistent with
the results reported in literature (see Table 8) for single-sided lime-based
CRM systems applied on irregular stone masonry [83] and on regular
tuff masonry [59]. In [79] higher values are reported for a consistent
hybrid CRM/FRCM strengthening system applied on rubble masonry
specimens. It is worth noting that in [79] the diagonal compressive load
directly engaged the reinforcement layer, rather than being applied

solely on the masonry portion of the specimen, likely influencing the
measured shear strength values. The negligible (3%) increase of shear
stiffness is advantageous, overcoming the problem of significant stift-
ness increase that is routinely encountered when applying traditional
reinforced plasters made with the use of cement mortars and steel mesh.
This unaltered stiffness is highly beneficial, as it prevents problematic
changes to the global force patterns, allowing for targeted strengthening
of the most vulnerable piers without unintentionally attracting higher
seismic demands. This outcome is primarily governed by the geomet-
rical ratio of the intervention, with the CRM layer representing only 6%
of the total wallette thickness. Additionally, the selection of a natural
hydraulic lime (NHL) matrix ensures a degree of deformability that
promotes compatibility with the stone masonry, avoiding the excessive
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Fig. 10. Failure mode of AsB 04, RP_04, and RT 02.

rigidity that is typical of cementitious systems. From experimental ob-
servations it was confirmed that no detachment or relative slip at the
matrix-to-masonry interface occurred during the initial loading stages.
Because the bond remained fully effective during the elastic phase, the
lateral stiffness (dowel action) of the anchors was not engaged. This
behaviour aligns with experimental evidence for similar single-sided
CRM systems [79,83], where mechanical anchors primarily ensured
post-peak composite action rather than increasing the initial in-plane
shear stiffness [38].

The experimental shear stress vs strain curves were bi-linearized
using the EEEP approach proposed by ASTM E2126-19 [81], as re-
ported in Table 6. The as-built wallettes (AsB) showed an average value
of yield strain y, equal to 0.2591073, with a limited non-linear
descending branch reaching an average ultimate shear strain y, of
2.70107° based upon the adopted definition for ultimate shear strain
corresponding to 10% loss of post-peak capacity. The repaired speci-
mens (RP) exhibited an average yielding strain y, of 0.91 $1072 that was

greater than three times the value calculated for the as-built wallettes.
Despite the maximum force values being similar to the values reached by
the as-built wallettes, the ultimate strain values obtained for the RP
wallettes were highly scattered, with RP_01 and RP_02 exhibiting ductile
post-peak response while RP_03 and RP_04 achieved values of y, similar
to the as-built wallettes. The dissipated energy (Eng;s) of the RP wallettes
was approximately 2.45 times the value measured for the AsB wallettes
(see Table 6). The retrofitted (RT) wallettes exhibited shear strain values
comparable to the AsB wallettes, reaching an average value of y,
=0.33910° and y, = 2.69107° respectively, although it is noted that
this finding is influenced by the adopted definition for test termination
and that the shear strength of the retrofitted specimens generally
exceeded the shear strength of the repaired specimens at test termina-
tion, suggesting that it may be incorrect to infer that the retrofitted
specimens had less strain capacity than the repaired specimens. Notably,
the dissipated energy Eng;s increased by 20% with respect to the AsB
wallettes, demonstration that the CRM reinforcement allowed the
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Table 7
Performance Ratio (PR) of the repaired (RP) and retrofitted (RT) specimens for
peak shear stress (7max) and shear modulus (Gej).

Group Label PR(Tmax) PR(Ge)

Repaired RP.01 1.00 0.16
RP.02 0.75 0.26
RP.0O3 1.12 0.21
RP 04 1.06 0.49
Average 0.98 0.28
C.0.V. 0.17 0.52

Retrofitted RT 01 1.05 1.24
RT 02 1.43 0.87
RT 03 1.43 0.64
RT 04 1.38 1.36
Average 1.32 1.03
C.0.V. 0.14 0.32

retrofitted specimens to dissipate additional energy. Although the
adopted natural hydraulic lime mortar exhibited relatively high
compressive strength to ensure uniform testing conditions, such strength
does not compromise compatibility with weaker historic masonry. In
fact, when natural hydraulic lime mortars are employed, their intrinsic
vapour permeability and deformability ensure adequate physical and
mechanical compatibility with traditional lime-based substrates [84].
Therefore, the proposed CRM technique remains appropriate for the
repair or strengthening of masonry originally built with low-strength
mortars.
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6. Comparison with codes provisions

Although the effectiveness of CRM techniques has been repeatedly
demonstrated and despite high-thickness reinforced plasters being
widely used to improve the seismic capacity of existing masonry
buildings, there is limited information available about the design of such
strengthened solutions in current codes and guidelines. Consequently, a
comparison between the experimental results reported in Table 6 and
the predicted values obtained using existing analytical formulations was
undertaken.

As previously mentioned, design guidelines for CRM systems are
currently not available in Italy and the only method available to
compute the increase in the in-plane shear capacity of a CRM system is to
refer to the current Italian code directives [66]. A simplified approach is
suggested in NTC18 [71] and its Commentary based on empirically
derived amplification coefficients to apply to strength and stiffness pa-
rameters, categorising these coefficients according to the most common
existing masonry textures. For roughly squared stone panels a design
coefficient of anrcig= 1.50 is suggested to amplify the URM shear ca-
pacity when a traditional ferrocement jacket is applied. The present code
also considers the possibility of using this type of reinforcement applied
to non-traditional materials such as lime-based mortars and fiber
meshes. In addition, the provided design factors are valid for symmet-
rical configurations with transversal anchorages and for masonry with
good-quality bed-joint mortar. NTC18 [71] allows for the possibility of
using this technique in single-sided applications, reducing the amplifi-
cation coefficients, but does not specify the decreased value nor the logic
for how to apply a reduced value. In addition, the NTC18 amplification
coefficients do not take into account several important parameters, such
as the panel and reinforcement thicknesses or the mechanical proprieties
of the used matrix and grid. Due to the lack of proper formulations for
the strengthening method adopted in this study, the approach provided
by the Italian CNR-DT 215/2018 [58] and the American ACI 549.6R-20
[57] guidelines for the design of strengthening solutions made with
Fabric/Fiber Reinforced Cementitious Matrix (FRCM) are considered.

ACI 549.6R-20 [57] was prepared as a liaison between ACI Com-
mittee 549 and RILEM TC 250 Liaison Subcommittee, with the docu-
ment providing both a North American (ACI) approach and a European
(RILEM) approach. The North American approach incorporates ASTM
standards, the International Code Council-Evaluation Services (ICC-ES)
Acceptance Criteria AC434 [85], and the recommendations provided in
ACI 549.4 R [57] and reflects practices commonly adopted in North
America for material characterization, system qualification, and struc-
tural design of FRCM and SRG systems. Conversely, the European
approach aligns with the framework provided by the European Com-
mittee for Standardization (CEN) through the EN standards and the
technical recommendations from RILEM Technical Committees, and
incorporates European research and practices for material and structural
evaluation. In both the CNR-DT 215/2018 [58] and ACI 549.6R-20 [57]
guidelines the calculation of the reinforced masonry shear strength, 7, is
based on an additive approach where the fiber contribution, 7y, is added

Table 8
Shear strength comparison between present experimental data and results available in the literature for single-sided CRM reinforcement systems.
As-built Reinforced Effectiveness
Ref. Masonry type Shear strength  Number of specimens ~ Mesh tensile strength®  Shear strength ~ Number of specimens R /AsB® R - AsB®
[-] [MPa] [-] [kN/m] [MPa] [-] [-] [-]
This study Rubble dolostone 0.310 4 40 0.410 4 1.32 0.100
[83] Rubble stone 0.200 2 79 0.294 2 1.47 0.095
[59] Tuff 0.250 6 75 0.460 2 1.81 0.205
53 0.390 2 1.54 0.135
[79] Rubble limestone 0.395 3 53 0.647 6 1.64 0.252

(1)Values extrapolated from the references. If available the minimum value in the principal directions is considered. Test methods are not declared therefore values

may not be fully representative for comparison.

(2)R / AsB = ratio between the experimentally observed shear strength of the reinforced configuration and that of the as-built configuration;
(3)R - AsB = shear strength increment calculated as the difference between the shear strength of the reinforced configuration and that of the as-built configuration;
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to the plain masonry shear strength, 7., as reported in Eq. (7):
Tp = T + Ty @)

In the three considered approaches there are similar formulations
proposed for the computation of the fiber contribution 7y, differing
principally in the values of the safety factors and in the assumptions
made for the design parameters of the composite reinforcement.

The mechanical predictive equation for computing 77 provided by the
ACI method is reported in Eq. (8):

neAreE;egy

A (8

Trac = Dy

Where &, = 0.8 is the strength reduction factor for shear-controlled
failure modes, n is the number of wall sides strengthened with the
composite plaster, Ey is the stiffness of the cracked composite specimen
referred to the fabric cross-section, ¢4 is the reinforcement design tensile
strain (which is, in turn, equal to the characteristic tensile strain), A, is
the net area of the panel cross section, Ayis the area of the fabric effective
in shear and for the case of full coverage of the wall surface Ay is pro-
vided by Eq. (9).

Af = 1\/HN(I‘I7 L) L[] tfH (9)

where H and L are the panel height and length, and tg; is the equivalent
thickness of the composite reinforcement in the horizontal direction.
When the FRCM system is applied to only one side of the wall the shear
capacity calculated as per Eq. (8) should be multiplied by a reduction
factor of 0.7. The resulting ACI strength values are reported in Table 9
with distinctions made between calculations undertaken considering
design values and mean experimental values of the ultimate strain. Since
mechanical properties of the actual composite system were not assessed
in the study, two alternative approaches were considered. In the “Fab-
ric” approach, the ultimate strain and the cracked modulus of elasticity
of the composite were considered as equal to the corresponding prop-
erties of the mesh and based on values reported in Table 2 (as also
recommended in [64], [65]).

In the “Composite” approach the mechanical properties of the
composite reported in Table 3 were used in the calculations. Because in
each case the calculated value of ef exceeded the limit strain defined in
the ACI method [57] to prevent excessive damage in the structural
member reinforced with FRCM, a value of &g = eim = 0.004 was
adopted in the calculations reported in Table 9. In the “Mean” rows the
shear contribution of the reinforcement was calculated by assuming &,
=1.

Recognising the significant influence of the strain limit proposed in
the ACI method, a modified procedure was investigated where the
prescribed limit of efg = ey, = 0.004 was abandoned and the strain
data was instead based on experimentally derived values. In Table 10
the calculations of Table 9 are repeated, but with the mesh characteristic
and mean ultimate strain data from Table 2 and the characteristic and
mean composite ultimate strain data from Table 3 instead being
adopted.

The design method proposed by RILEM standard to determinate the
reinforcement contribution 7;is reported in Eq. (10). This formulation is
similar to the ACI approach, with a multiplicative safety factor yx, equal
to 0.50, calibrated to account for the scatter between the theoretical and
experimental increases of shear strength provided by FRCM/SRG
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Table 10
Modified ACI shear strength predictions (not enforcing the strain limit of 0.004)
for .

Values  Tensile n L t Ef efd 7y,
basis [[1 [mm] [mm] [MPa] [%]  wmop.act
[MPa]

Design Fabric 1 1200 0.046 63057 1.63  0.066
Composite 1 1200 0.046 28491 1.25 0.023
Mean Fabric 1 1200 0.046 63057 1.94  0.098
Composite 1 1200 0.046 28491 1.91  0.044

systems.

YconeAreEfeey

A 10)

TfRILEM =

In the RILEM approach the reinforcement tensile modulus of elas-
ticity should be assumed equal to the average value of the tensile
modulus of elasticity of the fabric (see Table 2). Most significantly, the
RILEM approach does not impose a limitation on the design tensile strain
&7, such that the value should be determined in accordance with Eq.
an:

&g =

omin<(x1 ®cp; 8&) an
Ym RILEM )

where ep, is the characteristic maximum tensile strain in the fabric
attained in shear bond tests (see Table 4), g4 is the fabric characteristic
ultimate tensile strain (see Table 2), ynriewm is a partial safety factor
equal to 1.50, and a; and ay are two coefficients that are calibrated by
comparing experimental results with average theoretical data, equal to
1.15 and 1.25 respectively. Since the mechanical properties of the actual
composite were not assessed, the parameters listed in Table 11 were
calculated according to two alternative approaches. In the “Fabric”
approach the calculation is based on the ultimate strain of the fabric, and
the a;x g term of Eq. (11) is neglected. This procedure yields values
consistent with the RILEM procedure, provided that, for the tested
composite system, ajx &5 > £x/az In the “Composite” method, the
bond parameters of the composite system were assumed as reported in
Table 4. The “Design” rows in Table 11 present values calculated ac-
cording to the standard RILEM procedure as per Eq. (11), while the
“Mean” rows reflect the implementation of Eq. (11) using mean values of
the mechanical properties along with a partial safety factor ymrimem
= 1.0. Similarly to the ACI design method, 7¢ry gy should be multiplied
by a reduction factor equal to 0.70 to account for the asymmetrical
application of the composite plaster.

The approach proposed by CNR-DT 215/2018 [58], presented in Eq.
(12), is similar to the previously reported formulations except for the
inclusion of an additional multiplicative coefficient:

05en;et;el; e oFEfeey

TfCNR = A, 12)

where ny is the number of grid layers applied on each panel side, tis the
fabric equivalent thickness, Iris the length of the FRCM system measured
orthogonal to the shear force, o, is a coefficient taking into account a
reduced tensile strength for fibres subjected to shear (equal to 0.80), Eyis
the fabric elastic modulus, e is the design strain of the FRCM system

Table 9
ACI shear strength predictions for ty.
Values Tensile basis n L t Ey €fd = €1im TfAct
[-] [mm] [mm] [MPa] [%] [MPa]
Design Fabric 1 1200 0.046 63057 0.40 0.016
Composite 1 1200 0.046 28491 0.40 0.007
Mean Fabric 1 1200 0.046 63057 0.40 0.020
Composite 1 1200 0.046 28491 0.40 0.009

11
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Table 11
RILEM shear strength predictions for .
Values Tensile basis Tk n L t Ey Ym,RILEM e £k €fa Tf RILEM
[-] [-1 [mm] [mm] [MPa] [-1 [%] [%] [%] [MPa]
Design Fabric 0.5 1 1200 0.046 63057 1.5 - 0.91 0.49 0.012
Composite 0.5 1 1200 0.046 63057 1.5 0.73 0.91 0.49 0.012
Mean Fabric 0.5 1 1200 0.046 63057 1.0 - 1.40 1.12 0.028
Composite 0.5 1 1200 0.046 63057 1.0 1.29 1.40 1.12 0.028
and A, is the net area of the panel cross section. According to the CNR Table 13
able

guidelines, the design strain 7 to be considered for in-plane shear ac-
tions is governed by the intermediate debonding failure mode, which
defines the strain at failure, as given by Eq. (13):
oy

7)

where 7 is a factor that accounts for environmental conditions and the
potential for material long-term degradation; o, is the characteristic
ultimate tensile strength of the composite referred to the fabric cross
section; €jim ,conv is the characteristic value of the ultimate strain based
on bond tests (equivalent to ep according to RILEM); and a is an
amplification factor which, for the composite system with parameters
listed in Table 3 and in Table 4, is equal to 1.5. Because the wallettes
tested in this study were stored in a covered location and testing was
completed without significant delay following the application of the
reinforcement system, it was assumed that y = 1. Similar to the RILEM
procedure, 2 alternative approaches were considered, obtaining the
results given in Table 12.

In the “Fabric” rows, the design strain was calculated based on the
ultimate tensile strength of the composite ¢, which was assumed to be
equal to the ultimate tensile strength of the mesh. The ax é€jim ,conv term
in Eq. (13) was neglected. The “Fabric” procedure is therefore consistent
with the CNR guidelines if it is assumed that, for the tested composite,
eg=0y/Ef and 1.5 X €fim conv>€sk- In the “Composite” rows the calcula-
tions were performed assuming that the composite parameters reported
in Table 3 and in Table 4 are representative of the composite used to
strengthen the wallettes. The “Mean” rows report the results obtained by
filling the equations with mean values of the mechanical properties in
place of the characteristic values and by assuming ymcnvg= 1. The
“Characteristic” rows refer to calculations carried out using the char-
acteristic values of the mechanical properties together with y,, cnr= 1.5,
as recommended by the CNR guidelines. To account for the single-sided
strengthening application, and in accordance with the CNR procedure,
75cnr Was reduced by 30% in all cases.

To better interpret the data presented in Table 9, Table 10, Table 11,
and Table 12 the term ‘relative improvement’ of the reinforced system is
defined as t¢/t,, where Ty, is the shear strength of the as-built (AsB)
specimens, taken from Table 6 as T, = 0.31 MPa. In Table 13, the
theoretical shear improvements obtained from the three FRCM guide-
lines are reported, including the modified ACI approach shown in
Table 10. According to Table 6, the mean strength of the retrofitted (RT)
specimens was 7, = 0.41 MPa and therefore the experimentally derived
relative improvement was ¢/t = (0.41-0.31)/0.31 = 0.32 or 32%. It is
worth noting that this calculation is analogous to the Performance Ratio
defined in Table 7, with the distinction that it focuses solely on the

€4 = e min <(X ® Elim,conv’ 1s)

Vm,CNR

Predicted relative improvement (t¢/7,,,) of the FRCM guidelines and (in paren-
theses) comparison to the experimental relative improvement.

Values Tensile basis T,Acl/Tm Tf,MoD_ACl/ Tm Tf,RILEM/ Tm Tt,cNR/Tm
[%] [%] [%] [%]
Design Fabric 5.2 21.4 4.0 6.0
(16%) (67%) (12%) (19%)
Composite 2.4 7.4 4.0 2.9
(7%) (23%) (12%) (9%)
Mean Fabric 6.5 31.8 9.2 9.2
(20%) (99%) (29%) (29%)
Composite 3.0 14.1 9.2 6.3
(9%) (44%) (29%) (20%)

improvement attributable by the reinforcement system. In Table 13, the
ratio between the theoretical and experimental relative improvements is
shown in parentheses.

From Table 13 it can be seen that the theoretic predictions according
to ACI/RILEM/CNR significantly underestimated the level of improve-
ment provided by the reinforcement system, in the range of 7%-40% of
the measured value. While a certain degree of conservatism and solid
safety margins are to be expected when referring to design values,
strength predictions based on mean values should better approximate
the experimental evidence. In this regard, the modified ACI method
using mean fabric properties appears to be the most promising
approach, as it accurately predicts the experimental value. In general,
the forecast strengths using the FRCM guideline methods were similar,
confirming the generally consistent approach of the three methods. As
expected, the (unmodified) ACI approach provided the most conserva-
tive estimate of 7y due to the limitation imposed on the design axial
strain.

The amplification parameter ayrcig = 1.50 proposed in the Italian
code [71] and its Commentary significantly overestimated the measured
strength contribution for the RT specimens. However, this factor is
associated with double-sided applications, and it is stated that the value
of the parameter should be reduced for single-sided applications, but
without providing a specific value. If it were to be assumed that the 50%
enhancement for double-sided applications should be halved for single
sided applications recognising that there is only half the amount of
reinforcement provided, and if the customary factor of 0.7 is applied for
a single-sided applications, then the enhancement would reduce to
0.7 x 25% = 17.5%, which would significantly underestimate the
measured enhancement of 32%. The above findings indicate that further
clarification of the mechanisms and factors used to select the design
strain would be useful for designers, that additional advice on design
capacities for single-sided applications would be helpful, and that
despite the similarities existing in current FRCM guidelines, ongoing

Table 12
CNR shear strength predictions for ty.
Values Tensile basis ny t I o Ey Ym,CNR €lim, conv Oy €fd Tf,CNR
[-1 [mm] [mm] [-1 [MPa] [-1 [%] [MPa] [%] [MPa]
Design Fabric 1 0.046 1200 0.80 63057 1.5 574 0.91 0.018
Composite 1 0.046 1200 0.80 63057 1.5 0.67 425 0.45 0.009
Mean Fabric 1 0.046 1200 0.80 63057 1.0 - 574 1.40 0.028
Composite 1 0.046 1200 0.80 63057 1.0 0.96 603 0.96 0.019
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liaison between the various code committees would be helpful to reach a
uniform consensus on the appropriate composition of the governing
equation for the predicted strength provided by the reinforcement.

7. Conclusions

Experimental results are reported for diagonal compression testing
undertaken on four as-built (AsB) wallettes, four repaired (RP) wallettes,
and four retrofitted (RT) wallettes to determinate the effectiveness of a
specific hybrid composite reinforced mortar (CRM) technique that
combined a natural hydraulic lime-based matrix and an alkali-resistant
(AR) glass grid fabric applied to rubble stone masonry. A single-sided
reinforcement configuration was used to mimic a common practical
application. Each group of specimens was analysed in terms of failure
mode and resistance, stiffness, and energy dissipation. Additionally, a
comparison between the experimental results and the design provisions
from FRCM guidelines and NTC18 was provided. Based on the experi-
mental results the following conclusions are drawn:

e After a single-sided application of the CRM technique to pre-
damaged (AsB) wallettes the original shear capacity was recovered
to 97% for the repaired (RP) wallettes, but because of the pre-
existing cracks the shear stiffness of the repaired (RP) wallettes
decreased to only 25% of the as-built (AsB) value.

e Application of the CRM system in a single-sided configuration to
undamaged (retrofitted, RT) wallettes resulted in an increased shear
strength of 32% with respect to the as-built (AsB) values, with no
significant increase in shear stiffness (3% increase).
The energy dissipation of CRM reinforced wallettes increased by 20%
for the retrofitted (RT) wallettes and by 145% for the repaired (RP)
wallettes.
e An Asymmetry Index (I4) was used to identify the influence of the
single-sided application of the CRM system. Similar behaviour was
measured between the as-built (AsB) wallettes and both the repaired
(RP) and retrofitted (RT) wallettes, suggesting that a single-sided
application is of little concern when considering possible asym-
metric effects. The single-sided application has reduced strength
enhancement when compared to a double-sided application, but has
greater advantage in terms of aesthetics and practicality.
The as-built (AsB) wallettes failed due to a single main diagonal crack
oriented along the compressed diagonal at the interface between the
stone units and bed-joint mortar. When the CRM reinforcement was
applied the repaired (RP) wallettes and the retrofitted (RT) wallettes
exhibited a more distributed cracking pattern. The use of mechanical
anchorages prevented premature detachment or grid fabric rupture
of the CRM system.

The selection of the design strain to be used in the FRCM formula-

tions significantly influences the predicted capacities. In the ACI

formulation the prescribed upper limit value of the design strain of

0.004 was substantially below the values measured from experi-

mental testing in this study, resulting in significant conservatism.

The simplified design approach proposed by NTC18 overestimated

the shear strength increase reached by the strengthened samples,

although it is recognised that this parameter is intended for use in
double-sided applications.

From the above findings it was concluded that additional clarifica-
tion regarding the mechanisms and factors used to select the design
strain would be useful for designers and that additional advice on design
capacities for single-sided applications would be helpful.
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