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ARTICLE INFO ABSTRACT
Keywords: This paper presents the results of an experimental program aimed at assessing the effectiveness of
Masonry steel reinforced plaster in improving the performance of masonry walls under cyclic loads, ana-
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lysing the effect of the main design parameters. Diagonal compression tests were performed under
displacement control. Unreinforced specimens were also tested as reference. The investigated
parameters were: the masonry thickness (250 or 380 mm), the overlay thicknesses (30 or 50 mm),
the type of mortar used for the overlay (cementitious or lime-based), and the number of con-
nectors (8 or 12 for each side of the specimen). An analytical approach, previously presented by
the authors, is recalled and further validated using the new experimental data, and a parametric
study is performed to better discuss the effect of some design parameters. The results show that
the load capacity of specimens retrofitted with lime-based plaster resulted at least equivalent to
the one retrofitted using the most common cementitious one, and in some cases superior, with
higher displacement at the ultimate load. Higher overlay thickness has a positive effect in terms of
post-peak ductility for the cementitious plaster, and higher load bearing capacity for the lime
plaster. An increasing number of connectors does not affect the ultimate load but results in a late
detachment of the plaster layers. The analytical method results still valid by considering the new
presented experimental data. The parametric study confirms that the strength and thickness of the
overlay are crucial for the load bearing capacity of the specimen, while the number of connectors
does not affect significantly the ultimate load.

1. Introduction

Unreinforced masonry structures were usually built in the past under empirical rules to resist only to vertical loading. For this
reason, most of them result vulnerable to lateral loads such as that imposed by earthquakes [1-3], requiring strengthening in-
terventions to guarantee the structural safety and limit the economic and human losses after seismic events.

In the last few decades, different retrofitting techniques have been developed and implemented to improve the behaviour of
masonry buildings under seismic actions [4-6], using more conventional approaches (e.g. shotcrete, grout injections) [7,8] or
introducing innovative materials and techniques (e.g., fiber-reinforced polymers grid or strips) [9-12]. The choice of the most
appropriate retrofitting method should be made by carefully considering several factors: (i) cost, (ii) sustainability, (iii) compatibility,
(iv) durability and, in case of historical heritage structures, (v) reversibility and (vi) minimum intervention. Stitching and grout in-
jections into the walls are often used to fill voids or cracks and restore the masonry initial strength, with minimal cost, availability of
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material and ease of application without requiring much technical rigor [13]. Repointing is adopted when bricks are of good quality
but the mortar is poor. This last one is replaced using higher strength materials, including fiber or textile reinforced mortar or steel
reinforced grout [14]. External reinforcements are quite common to improve the masonry in-plane and out-of-plane behavior and
consist in installing reinforcing elements next to a structure to carry external loads and to control the propagation of cracks. They can
include, for instance, fiber-reinforced polymers grid or strips [15], steel systems [16] or more sustainable materials as bamboo stems
[17]. Surface treatment involves the realization of a steel or polymer mesh around the wall to be coated with a layer of mortar [18,19].
In seismic prone areas, the use of overlays to retrofit existing masonry buildings is a common practice due to the limited costs and the
effectiveness of the method in improving the strength, stiffness, and deformation capacity of the masonry structure, both in-plane and
out-of-plane. However, one main drawback of this approach is the increase of the dead weight of the strengthened elements, that
should be carefully controlled. Furthermore, as masonry overlays completely cover the masonry walls, their application in buildings
with architectural and historical value is often not permitted.

Overlays can include different types of reinforcement such as steel, polymers, and carbon or glass fibers to enhance their tensile
strength [20-25]. To avoid the use of reinforcement, cementitious composites reinforced with synthetic fibers are sometimes adopted
[26,27]. One of the most common and traditional overlay applications is the steel reinforced plaster (SRP). It usually consists in layers
of plaster made by cementitious mortar or concrete, reinforced using steel meshes. The plaster thickness commonly ranges between 30
and 70 mm. Steel anchors are usually introduced into the masonry and connected to the steel mesh to transfer the shear stresses across
the concrete-masonry interfaces and avoid buckling phenomena. In job sites, this traditional SRP approach is often preferred with
respect to other innovative materials and techniques thanks to its limited costs, easy application and no need of high skilled manpower.
Furthermore, the method is recommended as an effective retrofitting technique by several Design Codes [28-31]. Recently, appli-
cations of SRP with lime-based mortar have been introduced, with several benefits such as superior compatibility with the masonry
substrate, transpirability (which avoids moisture problems), and higher sustainability with respect to the cement one [32,33]. Indeed,
lime mortar is a natural carbon-neutral building material while the cement production is a highly energy-intensive process that re-
leases a lot of greenhouse gases into the atmosphere.

Despite SRPs are commonly adopted in practice, the scientific literature on the topic is rather limited. Ghiassi et al. [34] studied the
behavior of masonry walls strengthened with reinforced concrete layers only from a numerical perspective with the aim of developing
an analytical method to predict the response of the retrofitted walls. Churilov et al. [35] experimentally investigated the performance
under cyclic horizontal load of masonry walls strengthened by applying reinforced concrete jackets on both sides, finding a significant
improvement of the shear resistance in the retrofitted specimens with respect to the unreinforced ones. Gattesco et al. [36] presented
the results of an experimental program conducted on several typology of masonry walls strengthened with mortar coating reinforced
with GFRP meshes or steel mesh to evidence the effectiveness of the applied strengthening technique. Maddaloni [37] presented the
study of tuff masonry specimens retrofitted with GFRP meshes or steel mesh, considering different type of mortar for the overlay.

The purpose of the presented research is to improve the knowledge on SRP technique, studying the effect of several design pa-
rameters on the structural response. A broad experimental investigation was conducted considering unreinforced and SRP-retrofitted
masonry specimens subjected to diagonal compression tests under cyclic loads. The tests configurations considered different masonry
thicknesses, plaster thicknesses, types of mortar used for the plaster overlay, number of anchors used to connect the steel mesh to the
masonry. The first part of the experimental research, related to the application of SRP made with cementitious mortar overlay, has
been already published [38]. This paper presents instead the whole research results, analysing and discussing in detail the main
outcomes. The analytical method proposed in Ref. [39] is than recalled and used to perform a parametric study to better examine the
effect of some design parameters.

2. Experimental research
2.1. Specimens and materials

The experimental program considers a total of 14 specimens, 4 unreinforced and 10 retrofitted changing different design
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Fig. 1. Geometry of unreinforced masonry specimen.
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parameters. The unreinforced specimens had dimensions of 1290 x 1290 mm and thickness of 250 mm (2 whytes) or 380 mm (3
whytes) (Fig. 1). The walls were built according to the English bond rule using solid clay bricks with dimension of 250 x 120 x 55 mm
and a lime mortar (1:5 water/cement ratio by weight) classified as M2.5 according to Eurocode 6 [40] to fill the joints, having 10 mm
thickness. The average compressive strength of the bricks obtained from uni-axial compression tests [41] was 23.3 MPa (cov 5.5 %).
The mean value of mortar compressive strength evaluated according to Ref. [42] was 5.4 MPa (cov 13.5 %).

In the strengthened configurations, a layer of steel reinforced plaster was applied on each side of the specimen. A steel mesh of 6
mm diameter wire (B450C class), with a spacing of 100 mm in both horizontal and vertical directions, was used as reinforcement. Steel
anchors in the form of steel ribbed rebars (B450C, 8 mm diameter), bent at one end with a 90-degree hook of length 50 mm, were used
to connect the plaster layer to the masonry. The anchors were installed in pre-drilled holes of 10 mm diameter and 200 mm of
embedment depth, filled with the Hilti HIT-HY 270 injection mortar. Different design parameters were experimentally investigated: (i)
the overlay material type, considering as plaster a cement-based mortar or a lime-based one; (ii) the overlay thickness, 30 or 50 mm;
(iii) the number of connectors, 8 or 12 according to the layouts reported in Fig. 2. The plaster mechanical properties were evaluated
with uniaxial compressive tests and three point bending tests according to Refs. [42,43]. The cement-based plaster was a ready-mix
mortar with average compressive strength of 33.8 MPa (cov 3.80 %) and an average flexural strength of 6.38 MPa (cov 13.38 %).
The lime-based plaster was also a ready-mix mortar with average compressive strength of 18.9 MPa (cov 3.14 %) and an average
flexural strength of 4.76 MPa (cov 7.91 %). During the curing time of the mortar coatings (at least 28 days), the wall surfaces were
covered with a wet blanket to avoid shrinkage cracks.

A summary of the performed tests with the main specimen properties is reported in Table 1. For each configuration, the number of
repetitions, and the identification code (M: masonry, U/R: unreinforced or retrofitted, number of wythes (2 or 3), thickness of the
plaster in cm, number of anchors, C/L cementitious or lime mortar) are also reported. The experimental program was performed in two
different subsequent campaigns: in the first one, the unreinforced specimens and the ones retrofitted with cementitious plaster were
tested [38]; in the second set of tests, the specimens retrofitted with lime-based plaster were tested. Since the coefficient of variation for
the retrofitted specimens of the first set was very low (about 3 %), in the second set of tests only one specimen for each configuration
was tested.

2.2. Test set-up and procedure

The masonry specimens were tested under diagonal compression tests according to the ASTM E519 Standard [44]. Two hydraulic
jacks, with capacity of 300 kN each, were placed diagonally on both sides of the specimen (Fig. 3a and b) to apply the load. The load
was continuously monitored by two load cells with capacity of 300 kN each. The displacement applied by the hydraulic jacks was
transferred to the wall corners using two L-shaped steel shoes.

The tests were performed under displacement control. The displacement along the diagonals was monitored using linear variable
differential transformers (LVDTs) with gauge length of about 800 mm, two for each side of the wall. For the strengthened specimens,
two additional LVDTs per side was placed orthogonally to the wall front/back face to monitor the out-of-plane deformation. The LVDTs
layout is shown in Fig. 3c.

The displacement was applied according to the protocol proposed by Porter [45] which considers two main phases: (i) application
of monotonic load until the first main crack is detected, i.e., first major event (FME); (ii) application of cyclic displacement history,
defined on the basis of the displacement associated to the FME. The first 10 increasing cycles are defined as the 25 % (3 cycles), 50 % (3
cycles) and 75 % (3 cycles) of the FME displacement, plus a final cycle at 100 %. The unloading is then performed with 3 decreasing
cycles. The displacement is then stabilized by applying 3 cycles at 100 %. If the load decrease between two successive cycles is less than
5 %, the system is considered stable. The protocol proceeds with one cycle at 125 % FME, 3 progressive unloading cycles and 3
stabilizing cycles at 125 % FME. The sequence is then repeated by increasing each time the target FME percentage by 25 %. The
displacement protocol is reported in Fig. 4.
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Fig. 2. Reinforcement configuration with 8 (left) and 12 (right) anchors.
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Table 1

Test program, code and specimen characteristics.
Code Wall Reinforced plaster #repeats

Width (mm) Height (mm) Thickness (mm) Thickness (mm) Mortar type #anchors

MU2 1290 1290 250 - - - 2
MU3 380 - - - 2
MR2-3-8-C 250 30 Cem 8 2
MR2-5-8-C 250 50 Cem 8 2
MR3-5-8-C 380 50 Cem 8 2
MR2-3-8-L 250 30 Lime 8 1
MR2-3-12-L 250 30 Lime 12 1
MR2-5-8-L 250 50 Lime 8 1
MR2-5-12-L 250 50 Lime 12 1

il

()
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Fig. 3. Test set-up: (a) front view, (b) side view and (c) LVDT’s layout.

It should be underlined that, due to damage developed during cycles, it was not always possible to reach the original jack position
with the consequent recording of residual stroke after a certain displacement level.

2.3. Test results

The main results of the experimental tests are summarized in Table 2. In particular, the load and the stroke (displacement of the
jacks) associated to the FME, to the peak (ultimate load), and to the final failure (residual load) of the specimen are reported, together
with the percentage of FME at the peak and at the final failure and the area of the hysteresis loops. The ultimate and residual loads are
also plotted in Fig. 5 vs. the strain (a, b) and the stroke (c, d) for cementitious and lime plaster specimens. The stroke associated to the
FME in the tests with lime plaster was assumed equal to 6.58 mm on the basis of the mean FME strokes recorded for the unreinforced

specimens and the ones with cementitious plaster.

In general, in terms of ultimate load, the lime-based plaster was able to reach the capacity of the cementitious plaster, and, in some
cases, also to overcome it. For instance, considering the analogous specimens MR2-5-8-L vs. MR2-5-8-C, an increase of the load of
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Fig. 4. Cyclic SPD protocol.
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Table 2
Test results.
Code FME Maximum load Residual load Area of hysteresis loop
Load Stroke Load Stroke %FME Load Stroke %FME
kN mm kN mm - kN mm - kNmm
MU2-1 199.13 6.58 232.22 7.48 114 % - - - 733.9
MU2-2 - - 165.12 5.69 87 % - - - 519.5
MU3-1 252.79 6.24 451.07 11.11 178 % - - - 2563.7
MU3-2 - - 229.69 7.35 118 % - - - 795.3
MR2-3-8-C-1 202.54 5.69 366.80 12.64 222 % 112.46 21.43 377 % 3890.1
MR2-3-8-C-2 - - 372.45 13.32 234 % 157.98 31.06 546 % 5720.1
MR2-5-8-C-1 277.17 8.17 376.63 11.69 143 % 208.53 38.50 471 % 7247.2
MR2-5-8-C-2 - - 373.97 13.14 161 % 164.24 44.51 545 % 7735.7
MR3-5-8-C-1 241.10 8.25 539.13 18.87 229 % 209.13 44.82 543 % 9804.03
MR3-5-8-C-2 - - 565.27 17.10 207 % 180.59 45.00 545 % 10749.8
MR2-3-8-L - - 363.25 27.75 422 % 94.70 38.04 579 % 5409.7
MR2-3-12-L - - 344.14 18.98 289 % 215.78 45.60 693 % 7536.2
MR2-5-8-L - - 497.84 19.11 291 % 165.86 26.48 403 % 6935.8
MR2-5-12-L - - 509.37 22.08 336 % 199.72 29.46 448 % 7414.2

about 25 % was recorded with respect to the cementitious plaster. The residual load and areas of the hysteresis loop resulted com-
parable. The stroke resulted instead always higher in the case of the lime plaster (range 18.98-27.75 mm) with respect to the cement-
based one (range 11.69-13.32 mm).
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Fig. 5. Ultimate/residual loads vs. strain (a,b) and vs. stroke (c,d) for cementitious and lime plasters specimens.
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3. Discussion

In order to better understand the influence of the investigated design parameters, several comparisons in terms of load vs.
displacement curves are reported in the following sections. The curves of the unreinforced configurations are always reported as
reference.

It should be highlighted that the limited number of repetitions for the different layout configurations does not allow to make
relevant statistical considerations on the results. However, the obtained coefficient of variation was quite low for the retrofitted
specimens (0.5 %-3.3 %), while it was much greater for the unreinforced ones (23.9 %-46 %). This was probably due to the fact that
the heterogeneity of masonry and the presence of weak regions in the specimens can cause significant variations of the response, in
terms of peak load and detected damage, while the introduction of homogeneous layers of plaster can provide a stabilizing effect in the
fracture process.

3.1. Effect of the masonry thickness

Fig. 6 shows the load vs. displacement curves of unreinforced and retrofitted specimens with different masonry thickness, i.e. 250
cm (MU2 and MR2) and 380 cm (MU3 and MR3), considering a cementitious plaster with thickness of 5 cm.

In general, both in case of unreinforced and retrofitted walls, the failure mode and the stiffness of analogous specimens with
different masonry thicknesses were constant. In particular, the unreinforced specimens (MU2-1 and MU3-1) exhibited brittle failure
with a limited number of cycles whatever the masonry thickness, while reinforced specimens (MR2-3-8-C-1 and MR3-5-8-C-1) un-
derwent to a large number of cycles (up to 100), which resulted in a high area of hysteresis loops. The influence of the masonry
thickness was instead evident in terms of deformation or load capacity: indeed, higher wall thickness increased both the deformation
and load capacity.

3.2. Effect of the plaster thickness

Fig. 7 shows the load vs. displacement curves of unreinforced and retrofitted specimens with different plaster thickness, i.e. 3 cm
and 5 cm, considering cementitious (left) or lime (right) plaster.

In case of cementitious plaster, no significant difference was detected in terms of bearing capacity by changing the plaster thickness
from 3 to 5 cm, even if the ductility of the specimen improved considerably. This phenomenon could be explained considering that the
plaster layers were subjected to a complex state of axial force and bending with shear stresses in the non-delaminated masonry-plaster
contact areas. These shear stresses appeared to have a greater influence on the bending of the thicker plaster layers which results in an
increased ductility of the masonry wall reinforced with thicker plaster layers. On the contrary, in case of lime plaster, the increase of
plaster thickness resulted in an increase of the ultimate load, with similar dissipation capacity. Moreover, in both cases (cementitious
and lime), the final residual strength (obtained by increasing monotonically the displacement at the end of the test until failure)
increased by increasing the thickness of the plaster (Table 2).

In general, it was evident that the higher plaster thickness had positive effects in terms of higher post-peak ductility for the
cementitious plaster, and higher load bearing capacity in the case of the lime plaster.

The damage detected on the specimens after the tests for different plaster thickness (and same other design parameters) resulted
similar (Fig. 8). Multiple diagonal cracks were observed in the direction of the application of the load, together with crushing in the
loaded corners, and the punching of the plaster due to the anchors bending that was more evident in case of lower thickness. However,
by looking at the ultrasonic measurements of Fig. 9, it is evident that, both in case of lime (a,b) or cementitious (c,d) plaster, the thicker
layer of coating (5 cm) is affected by a earlier damage and detachment from the masonry substrate with respect to the thinner one (3
cm). Indeed, at the same level of imposed displacement, the damage area is always more extended and the detachment clearly evident
(dark areas where the measurement cannot be acquired because of the detachment). This suggests that excessively thick coatings may
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Fig. 6. Load vs. displacement curves for specimens with different masonry thickness.
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Fig. 7. Load vs. displacement curves for specimens with different plaster thickness: left, cementitious plaster with 3 or 5 cm of plaster thickness,
right lime plaster with 3 or 5 cm of plaster thickness.

not always proportionally enhance the performance and could introduce risk of cracking and new failure mechanisms.

3.3. Effect of the type of plaster overlay

Fig. 10 shows the load vs. displacement curves of unreinforced and retrofitted specimens with different type of plaster, i.e.
cementitious and lime-based, considering a plaster with thickness of 3 cm (left) or 5 cm (right). It should be reminded that the
cementitious plaster had a mean compressive strength of 33.8 MPa, while the lime plaster 18.9 MPa.

In the case of plaster thickness of 3 cm, the variation in terms of peak loads between cementitious and lime plasters was limited. On
the contrary, in the case of 5 cm plaster, the lime mortar allowed a significant increase of the peak load with respect to cementitious
one. However, this latter showed a better behaviour after the peak, being able to maintain a certain load for several cycles, after an
initial load decrease. In case of lime plaster, the behaviour after the peak resulted more brittle, with a sudden drop of the load. Indeed,
at the beginning of the tests, the applied load was distributed over the whole masonry specimen and plaster layers. But, at a certain
point, due to the lower plaster strength with respect to the cementitious plaster, the plaster coating was strongly damaged on the
corners and the load applied only to the top part of the masonry wall which was also damaged. For this reason, a sudden failure was
observed which resulted in a sudden drop of the load. Additionally, the lime plaster always resulted in higher displacement at the peak.

Fig. 11 shows the ultrasonic measurements performed during the execution of the tests at the cycle of 200 % for the cementitious (a)
and lime (b) plaster specimens with 3 cm overlay, and at the cycle of 200 % and 150 % for the cementitious (c) and lime (d) plaster
specimens with 5 cm overlay. It is evident how, at the same level of applied displacement (or even lower in the case of 5 cm plaster), the
damage on the cementitious specimen was more evident, with a large area of detachment of the plaster coating from the masonry
(black areas). This extensive damage was observed in lime plaster specimen at higher level of displacement (about cycle 400 %). This
phenomenon can be associated to the fact that the lime mortar is a softer material with respect to the cementitious one, with a lower
modulus of elasticity and a better compatibility with the masonry substrate. This resulted in a delayed damage propagation and plaster
detachment in comparison with the cementitious plaster, and a consequent higher stroke and, in some cases, also higher peak load.

Different failure patterns were detected for the different plaster types. In the case of cementitious plaster, fine multiple cracks were
detected on a wide area along the loaded diagonal, with crushing of the plaster at the loaded corners (Fig. 12a). Close to the peak load,
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Fig. 8. Damage pattern at the end of the test for specimens MR2-3-8-C-1 and MR2-5-8-C-2.
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Fig. 9. Ultrasonic measurements for specimens with different plaster thickness: (a) lime plaster with 3 cm thickness (MR2-3-8-L); (b) lime plaster
with 5 cm thickness (MR2-5-8-L); (c) cementitious plaster with 3 cm thickness (MR2-3-8-C-1); (d) cementitious plaster with 3 cm thickness (MR2-3-
8-C-1).
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Fig. 10. Load vs. displacement curves for specimens with different type of plaster: left, cementitious and lime plaster with 3 cm of plaster thickness,
right, cementitious and lime plaster with 5 cm of plaster thickness.

the plaster cover detached from the substrate (Fig. 12b). In the post peak phase, punching of the plaster was also observed due to the
anchors bending. At the end of the test, after the removal of the plaster layer, the masonry resulted interested by multiple cracks,
crossing both brick and mortar (Fig. 12c). In case of lime plaster, thin multiple cracks were also detected on a wide area along the
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C-1) and (b) lime plaster (MR2-3-8-L) at cycle 200 % with plaster thickness 3 cm; (c) cementitious plaster (MR2-5-8-C-1) and (d) lime plaster (MR2-
5-8-L) at cycle 200 % and 150 % with plaster thickness 5 cm.
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Fig. 12. Damage pattern at the end of the test for cementitious plaster specimen MR2-3-8-C-1: (a) front, (b) side and (c) on masonry behind
the plaster.
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loaded diagonal (Fig. 13a). The plaster crushing at corners was more evident due to the lower strength of the plaster (Fig. 13b), with
significant loss of material (spalling) such that, at a certain point of the test, the load was applied directly to the top part of the masonry
wall. Probably for this reason, a sliding of the first 2 or 3 rows of bricks was observed in some of the tests (Fig. 13c). Additionally, the
plaster punching was observed only in few cases in the specimens with 3 cm plaster, while it was not observed at all in the case of 5 cm
plaster.

3.4. Effect of the number of anchors

Fig. 14 shows the load vs. displacement curves of unreinforced and retrofitted specimens with different number of anchors, i.e. 8 or
12, considering a lime plaster with thickness of 3 cm (left) or 5 cm (right).

In the configurations considered, the number of anchors does not affect significantly the load capacity. However, a stiffness and
ductility increase of the structure were detected by increasing the anchors from 8 to 12. Additionally, a higher number of anchors
resulted in a late and more controlled detachment of the plaster layers during the tests, with more limited out-of-plane displacements
as evident from Fig. 15, in which the out-of-plane displacements recorded on both sides of the specimens (at the top and the bottom) vs.
cycles are reported for tests MR2-3-8-L and MR2-3-12-L. Indeed, in the case with 8 anchors, significant out-of-plane displacements
were already detected at about 60 cycles, while, in case of 12 anchors, the out-of-plane displacement developed after cycle 75.

4. Analytical evaluations

An analytical approach has been proposed to predict the failure load of masonry walls retrofitted with SRP under diagonal
compression test [39]. The method accounts for the main parameters affecting the performance of the strengthened wall such as the
masonry properties, the plaster properties and the spacing and number of connectors. The approach has been calibrated using the
results of the experimental program conducted on the masonry specimens retrofitted with cementitious mortar plaster [38], and
validated using experimental data on similar specimens available in literature [37,39,46]. A further validation will be made in the
following considering also the results coming from the experimental program conducted on the masonry specimens retrofitted with
lime-based mortar plaster.

The masonry wall is studied as a diagonal strut with length L4 equal to the diagonal length of the wall, and width w = 0.15L4. Two
possible failure mechanisms are considered for the reinforced plaster, i.e. crushing and instability of the plaster layer (possible after the
plaster detachment from the masonry substrate).

The ultimate load Npax is evaluated as the sum of the contribution provided by the masonry and the one given by each plaster layer
as:

Ninax =min{2Np; + Npy, 2Ny e + N } @
where Ny, is the maximum load in masonry, while N ; and Np, - are the maximum load in each plaster layer associated to the instability

and crushing failure, respectively.
The masonry strut maximum load Ny, is evaluated as:

Nm:fm'w'tm (2)

with f;, masonry compressive strength and t;, masonry thickness.
The limit load N, . associated with the crushing of the plaster is calculated as:

(a) (b (ch

Fig. 13. Damage pattern at the end of the test for lime plaster specimen MR2-3-12-L: (a) front, (b) corner and (c) sliding of the masonry bricks.
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Fig. 14. Load vs. displacement curves for specimens with different number of anchors: left, 3 cm of lime plaster with 8 or 12 anchors, right, 5 cm of
lime plaster with 8 or 12 anchors.
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Fig. 15. Displacement vs. cycles curves for specimens with different number of anchors: left, 8 anchors (MR2-3-8-L) and right, 12 anchors (MR2-3-
12-L).

Np,c =Ier-W- tp 3)

where t;, is the plaster layer thickness and f ; is its compressive strength, reduced to take into account the effect of shear cracks on the
compressive resistance.
The limit load N, ; associated with the buckling failure of the plaster is calculated as:

Np.i = Pe i Cer (4)

where P, is the Euler’s buckling load of the plaster strut, i is a coefficient to account for the presence of initial imperfections (e.g.,
construction imperfections, eccentricity of the load), and c,; is a coefficient which accounts for the stiffness and spacing of the con-
nectors. The formulation and all the coefficients have been described in detail in Ref. [39].

Table 3 reports the experimental (Pexp) and analytical (Nmay) ultimate load for comparison, and the required input parameters: L is
the side dimension of the masonry specimen, ty, is the wall thickness, f;, is the mean masonry compressive strength, t; is the plaster
thickness, f. is the mean plaster compressive strength, n is the number of connectors per square meters. In the last column, the per-
centage change of the analytical result with respect to the experimental one is reported as well. For the evaluation of the masonry
compressive strength f, starting from the compressive strength of brick and mortar (experimentally evaluated), the formulation
proposed by Dayaratnam [47] has been adopted, which results suitable for “poor quality” masonry specimens.

When more repetitions of a certain configuration were available, the mean value of Py}, is reported. It should be highlighted that
the only parameter which depends on the type of plaster (cementitious or lime) is the plaster compressive strength f.. The results
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Table 3

Input parameters, experimental (Peyp) and analytical (P,,) ultimate loads.
Code L (mm) ty, (mm) fn (MPa) t, (mm) f. (MPa) n (1/m?) Pexp (KN) Niax (KN) +%
MU2 1290 250 3.08 - - - 198.7 211.0 +6 %
MR3 1290 380 3.08 - - - 340.4 320.8 -6 %
MR2-3-8-C 1290 250 3.08 30 33.8 4.8 369.6 356.0 —4 %
MR2-5-8-C 1290 250 3.08 50 33.8 4.8 375.3 508.0 +26 %
MR3-5-8-C 1290 380 3.08 50 33.8 4.8 552.5 617.8 +11 %
MR2-3-8-L 1290 250 3.08 30 18.9 4.8 363.3 340.2 -7 %
MR2-3-12-L 1290 250 3.08 30 18.9 7.21 344.1 354.3 +3 %
MR2-5-8-L 1290 250 3.08 50 18.9 4.8 497.8 475.6 -5%
MR2-5-12-L 1290 250 3.08 50 18.9 7.21 509.4 505.9 -1%

coming from the whole experimental program (cementitious and lime plaster) are reported.

The results shows that the analytical model is able to well predict the experimental evidence, also in the case of overlay made of
lime mortar plaster. The percentage change related to the test MR2-5-8-C shows the highest error (426 %). However, this experimental
result, which belongs to the masonry specimens of 250 mm thickness, retrofitted with 5 cm of cementitious based plaster, was un-
expected and considered as an outlier (see Ref. [38]). Neglecting this value, the percentage change for the retrofitted specimens ranges
reasonably between —7 % and +11 %, proving the validity of the approach also in case of lime-based plaster.

Fig. 16 shows the comparison between experimental and predicted values for unreinforced and retrofitted masonry specimens
together with the coefficient of determination R? and the regression line. A good agreement is evident with a coefficient of deter-
mination equal to 0.8283 and a regression line almost coincident to the bisector.

5. Parametric study

The proposed analytical formulation [39] will be used in the following to perform a parametric study for better understanding the
sensitivity of the model to some design parameters. It must be underlined that, due to the limited quantity of available experimental
data, the results presented in the following could not be always properly validated. However, the calibration and validation procedure
discussed in the previous section provided satisfying results, so it seems reasonable to use the method to make some additional
interesting considerations.

Among the input parameters required to use the analytical approach, the investigated ones are: (i) the plaster thickness, (ii) the
plaster compressive strength, and (iii) the number of anchors. The parameters range has been chosen according to the most common
values adopted in the job sites. For the parameters that are not explicit, the input values of test MR2-3-8-L have been adopted (f;, =
3.08 MPa, t;, = 250 mm, f. = 18.9 MPa, tp = 30 mm, n = 4.8).

Fig. 17 shows the effect of the plaster thickness on the load capacity of the specimen, considering different compressive strengths f.
of the plaster (left) and different number n of anchors (right). The crosses on the curves represent the point in which the change from
one failure mode (crushing) to the other (buckling) or vice versa has been detected. According to Fig. 17, left, for low plaster strength
(5 MPa), a linear trend is detected by increasing the plaster thickness with a dominant crushing failure mode. When f. = 10 MPa, a
switch from crushing to buckling is detected at t, = 25 mm. For higher strength, an exponential trend is detected by increasing the
plaster thickness, and the dominant failure mode is the buckling of the overlay. From Fig. 17, right, an almost linear trend is evident
with the increasing of the plaster thickness for the different number of anchors. However, in case of n = 3 anchors, the dominant failure
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Fig. 16. Experimental and predicted load for unreinforced (URM) and retrofitted (RP) specimens.
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mode is the buckling, while, by gradually increase the number of anchors, a change in the failure mode from buckling to crushing is
detected for higher plaster thickness. Additionally, for higher plaster thickness and higher number of anchors, the maximum load tends
to converge at the same value, i.e. the effect of increasing the number of anchors becomes negligible.

Fig. 18 shows the effect of the number of anchors per square meter on the load capacity of the specimen, considering different
compressive strengths f. of the plaster (left) and different plaster thicknesses (right). The crosses on the curves represent the point in
which the change from one failure mode (crushing) to the other (buckling) or vice versa has been detected. According to Fig. 18, left,
for low plaster strength (5 MPa), the increase of number of anchors does not affect the load capacity of the specimen, considering that
the dominant failure mode is the overlay crushing. By increasing the plaster strength to 10 MPa, for a low number of anchors (up to 3
per square meter), the dominant failure mode is the buckling, which becomes crushing by increasing the number of connectors,
keeping constant the maximum load. For higher strength, the dominant failure mechanism is the buckling, so that an increase of the
number of connectors n results in an increase of the load capacity, which is however limited, tending to an asymptotic value. In Fig. 18,
right, it is evident that the variation of load capacity for increasing number of anchors is limited for lower plaster thickness, in which
the buckling is always the dominant failure mode. By increasing the overlay thickness, the variation of load associated to the increasing
number of connectors becomes more relevant, even if, when the failure mode changes from buckling to crushing, the load is not
affected anymore by the number of anchors (n = 11 for t, = 40 mm, n = 8 for t, = 50 mm).

In general, the parameters which mainly govern the transition between buckling and crushing are the compressive strength of the
plaster and the number of anchors. The crushing failure is usually detected in case of poor compressive strength of the plaster coating
(Fig. 17 left, Fig. 18 left). On the other side, an increase of the number of anchors usually corresponds to a change in the failure mode
from buckling to crushing. However, for lower number of anchors, higher thicknesses are required to switch from buckling to crushing
(Fig. 17 right, Fig. 18 right).
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Fig. 17. Effect of the plaster thickness on the maximum load for different compressive strength of the plaster (left) and for different number of
anchors (right).
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Fig. 18. Effect of the number of anchors per square meter on the maximum load for different compressive strength of the plaster (left) and for
different plaster thickness (right).
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6. Conclusions

Despite the development of many innovative strengthening techniques in recent years, steel reinforced plaster (SRP) remains one of
the most widely used conventional methods for retrofitting unreinforced masonry buildings, due to its cost-effectiveness and sub-
stantial performance enhancement. The paper presented and analyzed the findings from an experimental program involving cyclic
diagonal tests on masonry specimens strengthened with SRP. Various design parameters were explored in the tested configurations,
including masonry and overlay thickness, compressive strength of the plaster, and the number of anchors connecting the steel rein-
forcement to the masonry. The objective was to evaluate the impact of these parameters on structural performance. An analytical
model was also presented and validated against the experimental results. Finally, the model was used to carry out a parametric study,
providing deeper insight into the influence of specific design variables. The main outcomes are summarized in the following:

- the increase of overlay thickness did not affect the load bearing capacity in case of cementitious plaster, but considerably improved
the specimen ductility; in case of lime plaster, the increase of plaster thickness resulted instead in an increase of the ultimate load,
but with similar dissipation capacity;

the performance of lime plaster, in terms of load bearing capacity, resulted at least equivalent to the cementitious one, and in some
cases (5 cm plaster thickness) superior, with higher displacement at the ultimate load and a brittle post peak behaviour; the
dissipation capacity (areas of hysteresis loop) of the two types of plaster resulted similar; however, the cementitious plaster was
able to maintain a certain load after the peak, while, in the case of the lime one, a sudden drop of the load was usually observed after
the peak;

the number of anchors did not affect significantly the load capacity, but a higher number of anchors resulted in a late detachment of
the plaster layers during the tests, with more limited out-of-plane displacements;

the analytical method previously presented by the authors for the prediction of the load capacity of masonry walls retrofitted with
cementitious SRP resulted also valid in case of lime-based plaster;

the parametric study confirmed that the strength and thickness of the overlay are crucial for the load bearing capacity of the
specimen, while the number of connectors does not affect significantly the ultimate load.

It should be remarked that the presented results are related to a small experimental database, with limited variations of the
investigated parameters. Therefore, the drawn conclusions should be limited to the studied configurations. Further experiments should
be performed to confirm the observed trend and examine in depth the effects of all the design parameters on the masonry performance.
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