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Abstract  13 

Results of an experimental campaign conducted on plain and reinforced masonry wallettes subjected to 14 

diagonal compression tests are presented in this paper. The masonry panels were reinforced by means of two 15 

strengthening techniques: structural repointing achieved by inserting basalt bars in the mortar bed joints and 16 

fiber reinforced cementitious matrix (FRCM) composite, obtained by applying a single-ply glass mesh on the 17 

sides of the specimens. The structural effects of symmetric and asymmetric strengthening configurations are 18 

investigated. The main mechanical parameters, such as shear capacity, ductility and shear modulus, are 19 

compared and discussed introducing a calibrated reinforcement ratio. Further, analytical procedures presented 20 

in the codes and in literature are followed to predict the shear capacity of the unstrengthened and strengthened 21 

wallettes and, finally, compared to the values obtained experimentally. 22 

 23 

Keywords: Repointing; masonry; diagonal compression test; lime-based matrix; basalt bars; FRCM; glass 24 
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 26 

Nomenclature list 27 

Symbol Definition 

�� Average bond area between the matrix and the bar 

�����  Area of FRCM reinforcement by unit width in both directions (horizontal and vertical) 

����  Cross-sectional area of the bar 

Am Interface loading area between the steel shoe and the wall  

An Net cross-sectional area of the wallette 

E Elastic modulus 

EB Externally bonded 

	���  Elastic modulus of the bar 

	���� Elastic modulus of the FRCM 

	
  Elastic modulus of masonry 
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��� Compressive strength of the bricks 

��
 Compressive strength of the mortar 

�

 Flexural strength of the mortar 

�� Force carried by i-th bar 

�
�  Compressive strength of masonry 

��,��� Tensile strength of the bar 

��,���� Tensile strength of the FRCM  

��� Tensile strength of masonry 

FRCM Fiber reinforced cementitious matrix 

FRP Fiber reinforced polymer 

����  Diameter of the bar 

g Gage length 

G Shear modulus 

h Height of the brick  

H Height of the masonry panel 

�� Effective length of the bar 

Li Effective bond length of the i-th bar 

n Percentage of the gross area of the unit brick that is solid 

������  Number of layer of fabric 

NSM Near surface mounted 

PBO Polyparaphenylene benzobisoxazole 

P Applied load 

�
�� Maximum applied load 

�
�����  Maximum applied load for the unreinforced specimen 

�
���  Maximum applied load for the reinforced specimen 

���� Radius of the bar 

RF-A Specimen reinforced by single-ply asymmetric FRCM system 

RF-S Specimen reinforced by single-ply symmetric FRCM system 

RR-A Specimen reinforced by asymmetric structural repointing 

RR-S Specimen reinforced by symmetric structural repointing 

� Thickness of the brick 

�
 Thickness of the mortar joint 

T Thickness of the masonry panel 

u Horizontal displacement 

URM Unreinforced masonry specimen 

v Vertical displacement 

�  Shear capacity 

�� Shear capacity due to toe crushing failure  

�!� Shear capacity due to diagonal tension failure 
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�
 Contribution of reinforcement to shear capacity of the specimen 

�
 Shear capacity of the unreinforced masonry wall 

�"
 Shear capacity due to shear friction failure 

�"" Shear capacity due to shear sliding failure  

w Width of the brick 

W Width of the masonry panel 

# Angle between horizontal and the main diagonal of the wall 

μ Pseudo-ductility 

$
 Modified coefficient of internal shear friction in mortar joint 

$% Coefficient of internal friction in the mortar joints 

& Shear strain 

εBAR Breaking elongation of the bar 

εFRCM Ultimate tensile strain of the FRCM 

Δ Structural enhancement achieved in terms of Pmax by using reinforcement 

∆( Horizontal extension of the specimen  

∆) Vertical shortening of the specimen  

�
 Calibrated reinforcement ratio 

τ Shear stress 

*��  Shear stress in the elastic branch 

*
��  Maximum shear stress 

*� Average shear bond strength between the matrix and the bar 

*% Shear bond strength of mortar joints 

*%,
 Modified shear bond strength of mortar joints 

 28 

1. Introduction 29 

Masonry buildings constitute the greatest part of the building stock in Europe. It is well known that masonry 30 

structures suffer from several structural deficiencies. Low ductility, low mechanical properties (in particular, 31 

a poor tensile strength), as well as weak connections between structural elements, are among the causes of the 32 

high vulnerability against out-of-plane loads and of the fragile collapse of masonry structures [1-3]. For these 33 

reasons, strengthening interventions are often necessary to improve the mechanical performance of masonry 34 

structures [4, 5]. Innovative materials, as externally bonded (EB) textiles such as FRPs (fiber reinforced 35 

polymers) have been used for repairing and strengthening both modern and historic constructions and structural 36 

components [6, 7]. The composite materials are used to: (i) provide tensile strength to masonry elements; (ii) 37 

modify the mechanical behaviour and the collapse mechanisms of the structure and (iii) increase the structure 38 

displacement capacity, [8].  39 

Recently, fiber reinforced cementitious matrix (FRCM) composites have been introduced in order to overcome 40 

well-known drawbacks of FRP composites such as low compatibility with masonry substrates, low 41 

reversibility of the interventions, low vapor permeability and durability issues against environmental factors, 42 
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[9]. FRCM composites are a combination of inorganic matrices and high-strength fibers namely steel, carbon, 43 

polyparaphenylene benzobisoxazole (PBO), basalt or glass [10-12]. The inorganic matrix exhibits significant 44 

heat resistance, can be applied at low temperatures or on wet surfaces and allows vapor permeability [13]. 45 

Additionally, FRCM composites can be easily removed in case they need to be substituted [14].  46 

In the case of masonry façades or elements with fair-faced bricks, the use of EB composites for retrofitting 47 

interventions may not represent a viable solution, because it can violate aesthetic and conservation requirements. 48 

For this reason, the so-called reinforced repointing technique has been developed, being minimally invasive and 49 

respectful of the aesthetic of fair-faced masonry elements, [15-18]. The reinforced repointing technique involves 50 

the application of materials having high tensile strength such as glass or steel bars, carbon wires, steel textile 51 

sheets or composite thin pultruded laminae, to reduce the vulnerability of masonry structures against in-plane 52 

actions and long-term high-level dead loads, [19-21]. The technology is also called near surface mounted (NSM) 53 

reinforcement [22], because the reinforcing material is embedded with a filler (typically epoxy paste or cement 54 

grout) in the horizontal bed joints of a wall previously grooved for few centimetres, usually by means of a grinder.  55 

In order to check for the structural effectiveness of FRCM composites and NSM bars applied to masonry for in-56 

plane loading, reinforced masonry panels are commonly subjected to diagonal compression tests. In the last 57 

decade, several studies have been published on masonry reinforced with EB FRCM systems subjected to diagonal 58 

compression. In [23], masonry panels reinforced with a carbon fiber mesh embedded in a cementitious mortar 59 

matrix were subjected to both monotonic and cyclic in-plane loading. The strengthening system provided an 60 

increase of both shear strength and energy dissipation. Incerti et al. [24] performed diagonal compression tests 61 

on brick double-wythe masonry panels characterized by different textures, as flemish bond and header bond. 62 

The panels were reinforced using the same strengthening system, i.e. a basalt bi-directional grid coupled with 63 

a lime-based mortar matrix. Results confirmed the efficiency of FRCM composites in improving the shear 64 

behavior of masonry panels.  65 

In [25], masonry walls reinforced with glass FRCM (GFRCM) were tested. The GFRCM compounds were 66 

able to increase the load capacity of the walls and demonstrated a high bond with the masonry surface, reducing 67 

the need of transversal ties. An investigation of the in-plane behavior of single- and double-sided strengthened 68 

masonry wall panels with a multiaxial hybrid glass-polypropylene fabric coated in a natural hydraulic lime-69 

based mortar was undertaken in [26]. The experimental program considered both solid clay-bricks and hollow 70 

clay-blocks as masonry substrate. Recently, different attempts were made to employ natural fibers instead of 71 

synthetic ones, as in [27], where the behaviour of tuff masonry specimens strengthened with a textile made 72 

with hemp fibers embedded in a lime-based mortar matrix loaded under diagonal compression was 73 

investigated. Sisal fibers were employed to strengthen masonry panels against in-plane loading in [28]. 74 

From the brief literature review carried out above, walls strengthened with FRCM evidenced significant 75 

improvements in strength and ductility. However, it emerges that FRCM composites can be applied using a great 76 

number of different fiber types (synthetic or natural) embedded in inorganic matrices of different nature (e.g. 77 

cementitious-based or lime-based), as well as using different strengthening layouts (symmetric or asymmetric 78 
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configuration), on different masonry typologies (single or double-wythe, made of solid bricks or hollow blocks, 79 

employing natural stones or artificial bricks).  80 

Due to the growing interest for FRCM composites and the extremely high combination of variables associated 81 

with its use, a wide experimental and analytical research activity is needed to quantify their contribution to load 82 

carrying capacity and ductility enhancement as a function of the typology of the substrate, as well as of the mortar 83 

matrix and fiber types.  84 

Additionally, studies on masonry panels reinforced with basalt NSM bars embedded in a lime-based matrix, as 85 

the one herein proposed, are very limited, since the available research programs were carried out on masonry 86 

walls made of concrete blocks reinforced using carbon or glass bars (see Section 2).  87 

It should also be noted that FRCM and NSM composites usually exhibit scattered results. The variability is due 88 

to several factors: the built-in variability of the masonry and of the matrix, and as a consequence, its mechanical 89 

behavior is strongly dependent on casting and curing conditions, as well as on substrate conditions. This aspect 90 

represents a limit for this class of composites with respect to FRPs, where the variability is mainly related to the 91 

masonry substrate. For these reasons, experimental works on masonry reinforced with FRCM composites or 92 

NSM bars are necessary to fully characterize their mechanical behaviour. The aim of the present work is to 93 

contribute in deepening the knowledge on this topic by enriching the limited existing literature.  94 

Given the context above, the present paper discusses the results of an experimental program involving small 95 

masonry specimens made of fire-clay bricks and lime-based mortar subjected to diagonal compression loading. 96 

After curing, specimens were reinforced using two different strengthening solutions: a group of specimens was 97 

strengthened with basalt bars by using the NSM reinforcement technique. To the second group of specimens, 98 

a FRCM system, consisting of a 1-ply glass mesh and hydraulic lime-based mortar was applied. Symmetrical 99 

and asymmetrical configurations were considered for both retrofitting techniques in order to observe the 100 

influence of the reinforcement eccentricity: this condition is important in in-field applications, since most of 101 

the times only one side of the wall can be strengthened. Results are presented in terms of load capacity, shear 102 

modulus as well as ductility. In order to compare the results obtained from the experimental tests, a calibrated 103 

reinforcement ratio is defined. Finally, analytical procedures presented in the codes and in literature are 104 

followed to predict the shear capacity of the unreinforced specimens. The shear contribution of the NSM bars 105 

is calculated following a modified approach presented in [29], while for the FRCM system contribution, ACI 106 

549 Standard [30] is adopted. 107 

The paper is organised as follows. Section 2 presents a brief summary on previous diagonal tests conducted 108 

on NSM strengthened masonry walls. Materials, specimens and test set-up employed in the experimental 109 

program are presented in Section 3. Results of the experimental campaign are collected and discussed in 110 

Section 4. In Section 5, analytical procedures to compute shear capacities of both unreinforced and reinforced 111 

specimens are presented and compared to the experimental values. Some final considerations conclude the 112 

paper. 113 

 114 

2. Previous tests on NSM bars in masonry subjected to diagonal compression  115 
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In this section, the main recent results of experimental campaigns conducted on masonry specimens reinforced 116 

by means of NSM bars and subjected to diagonal compression are reported. Results are collected in Table 1 in 117 

terms of slenderness ratio, defined as the ratio between the height and the thickness of the panel, masonry and 118 

reinforcement properties, shear capacity and increase in shear capacity with respect to the unreinforced 119 

specimens. In order to compare the results, a calibrated reinforcement ratio �
 , which represents the ratio 120 

between the axial stiffness of the reinforcement and that of masonry, is introduced [31, 32]: 121 

 122 

�
 = �,-./0
�/

1,-./0
12

100%                                                                                                                                  (1) 123 

 124 

where ���� 
 is the area of the reinforcement, �  is the net masonry area, while 	��� 
 and 	
 are the moduli 125 

of elasticity of the reinforcing material and masonry, respectively.  126 

To the authors’ knowledge, the most recent contribution on this topic is the work by Yu et al. [33], which 127 

tested eight concrete masonry specimens strengthened with prestressesed GFRP bars. The bars were inserted 128 

in the mortar joints by means of epoxy paste, following different schemes. The main aspects investigated in 129 

the paper were the effect of the bar prestress level and the reinforcement ratio on the load carrying capacity of 130 

the specimens. Results showed an increase of the shear capacity of the reinforced walls with prestressed bars 131 

with respect to both URM control specimens and specimens reinforced with NSM bars without prestress. URM 132 

walls were characterized by a stair-stepped central crack, while the presence of the bars changed the failure 133 

mode from shear friction to a combination of shear sliding and friction, or to shear sliding along a single bed 134 

joint. It is shown that an increase of the reinforcement ratio or of the level of prestress in the bars did not lead 135 

to a proportional increment in the load carrying capacity.  136 

Dizhur et al. [34] tested clay brick wall panels reinforced using NSM CFRP strips. NSM strips were inserted 137 

vertically or following a cross pattern in the specimens, thus they were not inserted in the mortar bed joints. 138 

This solution resulted in an improved structural performance of the retrofitted masonry panels when compared 139 

to the control units. However, this application is not interesting to the aim of the present study, since in general, 140 

the vertical insertion of the bars does not represent an acceptable solution in the case of historic or monumental 141 

buildings due to strict preservation criteria that have to be usually observed. 142 

Ismail et al. [35] investigated the diagonal shear behavior of 17 masonry wallettes strengthened using NSM 143 

helical steel bars. Both single and double-wythe panels were tested, considering horizontal, vertical and grid 144 

patterns of reinforcement. Three out of 17 specimens were reinforced embeddig the steel bars in the mortar 145 

bed joints that were inserted in the slots employing a cementitious grout. Results showed that single-wythe 146 

thick wallettes reinforced with the horizontal NSM bars registered a decrease in shear strength. This was 147 

attributed to the fact that the masonry bond strength for these specimens resulted significantly lower with 148 

respect to the series average value. However, even if no shear strength increase was recorded, a large increment 149 

in pseudo-ductility was observed with respect to URM walls.  150 
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Mahmood and Ingham [36] performed diagonal compression tests on 17 double-wythe solid clay brick 151 

masonry wallettes. Some wallettes were retrofitted by applying EB glass fabrics and others by using NSM 152 

CFRP rectangular bars. Also in this campaign, vertical, horizontal and a combination of horizontal and vertical 153 

bars were considered among the different retrofitting solutions. CFRP bars were embedded in the slots by 154 

means of an epoxy paste. Results showed that symmetric and asymmetric applications of NSM horizontal bars 155 

lead to a similar increase in shear strength, even if the symmetrically reinforced panel was characterized by a 156 

�
 that was double with respect the asymmetric one.  157 

In the paper by Tumialan et al. [37] six walls made of hollow concrete blocks and reinforced with glass FRP 158 

(GFRP) bars embedded into an epoxy-based paste were tested. A remarkable increase in shear capacity, 159 

ranging between 30% and 80%, was achieved. The wall specimen, where only one face was strengthened, 160 

showed the same increase in shear strength as the one with the same amount of reinforcement ratio but 161 

symetrically distributed, while the wall with half amount of reinforcement registered less than half of increase 162 

in load carrying capacity. The authors stated that the results obtained for the concrete walls should not be 163 

generalized for walls with clay bricks, which are characterized by different mechanical and geometrical 164 

properties. 165 

Turco et al. [38] present experimental results of different applications of NSM bars for the shear reinforcement 166 

of masonry walls. Different strengthening combinations were considered: smooth and sand-coated glass FRP 167 

bars as reinforcement, epoxy paste and latex modified cementitious paste as groove filling materials. All the 168 

retrofitted specimens registered an increase in shear capacity (up to 120%) and ductility. Some specimens 169 

showed an out-of-plane phase during failure, in particular the walls strengthened by using the sand-coated bars 170 

with epoxy paste due to the high stiffness of the reinforcement. No out-of-plane component was observed for 171 

the specimens where low-bond systems were employed: the lower stiffness of reinforcement allowed some 172 

slip and, consequently, a better redistribution of stresses was possible. 173 

It should be noted that in almost all the studies considered above, only one specimen per type was tested (in 174 

few exceptions two panels per type were tested) and only few studies deal with NSM bars inserted in mortar-175 

filled grooves. Additionally, it can be observed that a lot of variables are involved in the case of NSM bar 176 

strengthening of masonry: the masonry substrate typology, the reinforcement type, the groove filling material 177 

type, the bar cross-sectional shape, the presence of prestress in the reinforcement as well as the pattern 178 

distribution of the reinforcement. This large number of parameters requires extensive laboratory 179 

characterization and testing to get insight in the mechanical behaviour, to assess existing analytical procedures 180 

and to address new design provisions.  181 
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Table 1. Summary of recent diagonal compression tests on masonry panels reinforced by using NSM bars. 

Reference 

Masonry panel properties NSM reinforcement 

Shear capacity 

[KN] 

Shear strength 

increase with 

respect to URM 

(%) 

Material Dimensions  

[mm] 

(W × H × T) 

Slenderness 

ratio  

[/] 

Number of 

tested panels 

for each type 

Material Filling material Pattern Reinforcement 

ratio �
  

(%) 

Yu et al. [33] Hollow 

concrete 

blocks 

W1, 

W2 

1630 × 1630 × 

150 

10.87 2 / / / 0 112.3 / 

W3 1 3 GFRP bars (φ6) Two-component 

general purpose 

epoxy resin 

Horizontal 

(1 face) 

0.40 187.7 67 

W4 7 GFRP bars (φ6) 0.93 224.2 100 

W5 2 Prestressed GFRP bars 

(φ6) 

0.27 195.7 74 

W6 3 Prestressed GFRP bars 

(φ6) 

0.40 210.8 88 

W7 4 Prestressed GFRP bars 

(φ6) 

0.53 210.8 88 

W8 7 Prestressed GFRP bars 

(φ6) 

0.93 234.9 109 

Ismail et al. [35] New solid 

clay bricks 

W1C-1 1200 × 1200 × 

110 

10.91 1 / / / 0 157.0 / 

W1S-7, 

W1S-8 

2 7 High strength twisted 

stainless steel bars (φ6) 

Thixotropic 

injectable grout 

Horizontal 

(2 faces) 

0.19 114.5 -27 

Salvaged 

solid clay 

bricks 

W2C-3 1200 x 1200 x 

220 

5.45 1 / / / 0 51.0 / 

W2S-14 2 High strength twisted 

stainless steel bars (φ6) 

Thixotropic 

injectable grout 

Horizontal 

(1 face) 

0.08 71.6 

 

40 

Mahmood and 

Ingham [36] 

Solid clay 

bricks 

AP8 1170 × 1175 × 

225 

4.78 1 / / / 0 37.0 / 

WTC8 5 CFRP rectangular bars 

(1.2 mm x 15 mm) 

Two-component 

epoxy resin 

Horizontal 

(1 face) 

0.74 65.0 76 

WTC9 10 CFRP rectangular 

bars (1.2 mm x 15 mm) 

Horizontal 

(2 faces) 

1.48 67.0 81 

Tumialan et al. 

[37] 

Hollow 

concrete 

blocks 

Wall 1 1625 × 1625 × 

152 

10.69 1 / / / 0 108.09 / 

Wall 2 14 GFRP bars (φ6.25) Epoxy-based paste Horizontal  

(1 face) 

0.82 197.5 82 

Wall3 Horizontal  

(2 faces) 

0.82 194.83 80 

Wall 4  6 GFRP bars (φ6.25) Horizontal  

(1 face) 

0.35 139.23 28 

Turco et al. [38] Concrete 

blocks 

Control 1600 × 1600 × 

150 

10.6 1 / / / 0 108 / 

E-6CG-

1HJ 

7 sand coated GFRP 

bars (φ6.35) 

Epoxy-based paste Horizontal  

(1 face) 

n.d.(*) 198.9 84 

E-5SG-

1HJ 

7 smooth GFRP bars 

(φ5) 

241.1 123 

C-6CG-

1HJ 

7 sand coated GFRP 

bars (φ6.35) 

Latex modified 

cementitious paste 

184.1 70 

E-6CG-

2HJ 

4 sand coated GFRP 

bars (φ6.35) 

Epoxy-based paste 195 81 

E-5SG-

2HJ 

4 smooth GFRP bars 

(φ5) 

190.4 76 

E-6CG-

2HJB 

8 sand coated GFRP 

bars (φ6.35) 

Horizontal  

(2 faces) 

189 75 

n.d.(*) not deducible from the paper since some data are missing 
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3. Materials and methods 182 

3.1. Bricks and mortars 183 

Standard tests were performed to characterize the mechanical properties of the materials used in the 184 

experimental campaign. Portuguese solid clay bricks having nominal size of 200 × 100 × 50 mm3 were used 185 

for manufacturing the wallettes. Brick compressive strength in flatwise direction was obtained according to 186 

EN 772-1 [39] on six 40 mm cubic specimens. 187 

Two different types of commercial pre-mixed mortars were used for the preparation of the specimens. A lime-188 

based mortar (mortar A), classified as M5 according to EN 998-2 [40], was used to build the specimens. The 189 

mortar was prepared following the instructions provided by the manufacturer, i.e. mixing 4 liters of clean water 190 

with 25 kg of powder, [41]. From the same batch of mortar used for the joints, 26 prismatic samples of nominal 191 

size 40 × 40 × 160 mm3 were cast and cured at laboratory conditions for two months. After curing, prismatic 192 

samples were tested in order to determine compressive and flexural strengths according to EN 1015-11 [42]. 193 

The testing age of the mortar was approximately the same as the one of the wallettes. 194 

The mortar employed for the strengthening operations (referred as mortar B throughout this paper) was a bi-195 

component commercially available, based on natural hydraulic lime and pozzolanic fraction, and classified as 196 

M15 according to EN 998-2 [40]. The mixing ratio was a drum of component two for every 25 kg of component 197 

one [43]. Using mortar B, Dalalbashi et al. [44] performed compressive and flexural tests according to [42, 45] 198 

on five primastic specimens, at different ages. Tests were performed in a universal testing machine at a rate of 199 

10 N/s. The compressive and flexural strengths at 28 days of curing are reported in this paper, since changes 200 

in the mechanical properties after the first 30 days were not significant. 201 

In Table 2, mechanical properties of bricks and mortars are listed in terms of brick compressive strength fcb, as 202 

well as compressive fcm and flexural strength ffm of mortars A and B. The elastic modulus E of mortar B 203 

provided by the manufacturer is reported as well.  204 

 205 

3.2. Basalt bars and glass mesh  206 

In order to assess the mechanical properties of the basalt bars used to strengthen the specimens, direct tensile 207 

tests were performed, Fig. 1a. An anchorage system consisting of steel pipes filled with a thixotropic bi-208 

component epoxy resin was employed. The dimension of the specimens was derived according to ASTM 209 

D7205 [46]. The specimens, with a total length of 1000 mm, were provided with two anchoring systems of 210 

300 mm long each. Diameter ���� and cross-sectional area �BAR resulted equal to 5.50 mm (CoV=1%) and 211 

23.76 mm2, respectively. 212 

A universal testing machine was used for the tests. The top end pipe was encased in a steel frame connected 213 

to the top jaw of the machine. The gripping mechanism of the upper frame, as shown in Fig. 1b, allowed for 214 

torsional rotation to avoid the negative effects of possible eccentricity and misalignments of the specimens. 215 

The bottom end pipe was encased in a steel frame fixed to the lower grip of the testing machine. Each specimen 216 

was provided with a clip gauge (length equal to 100 mm) placed in the central position of the bar to record the 217 

elongation and the load was applied at a constant speed of 2 mm/min until the failure of the specimen. A total 218 
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of four bars were tested. In Fig. 1c, a bar at failure is reported, while in Fig. 1d, the stress-strain curves for the 219 

tested bars are shown. Stress-strain curves are linear till the peak load, showing a brittle failure of the bars. In 220 

Table 2, the tensile strength ft,BAR, elastic modulus EBAR, and breaking elongation εBAR, as obtained from the 221 

tests, are reported.  222 

The mesh used to strengthen the specimens consisted of an alkali-resistant pre-primed glass fiber mesh, 223 

characterized by a 25 × 25 mm2 grid spacing, [47]. Equivalent thickness of the fiber grid and fiber area per 224 

unit width are equal to 0.035 mm and 35.27 mm2/m, respectively [47]. Its linear tensile strength, modulus of 225 

elasticity and elongation at failure are reported in Table 2. Leone et al. [48] tested FRCM coupons in order to 226 

obtain the stress-strain curve and the main mechanical properties of the composite according to the test method 227 

presented in [49]. Coupons with different sizes and testing ages were tested. Due to the variability of the results, 228 

average experimental values were reported in this study. The cracked elastic modulus of the FRCM EFRCM, the 229 

ultimate tensile strain 5����, and the ultimate tensile stress �6,���� that have to be used in the analytical 230 

calculations are reported in Table 2. 231 

 232 

Table 2. Mechanical properties of the materials used in the experimental tests. 233 

Sub-system Material Mechanical property 
Average  

value 

CoV  

(%) 

Wallette 

Fire-clay brick Compressive strength ��� [MPa] 14.3 4 

Bedding mortar 

(mortar A) 

Compressive strength ��
 [MPa] 5.8 27 

Flexural strength �

 [MPa] 2.6 24 

Strengthening  

Matrix  

(mortar B) 

Compressive strength ��
 [MPa] 7.07a 10.5 

Flexural strength f

 [MPa] 4.71a 7.8 

Elastic modulus E [MPa] 8000b - 

Basalt bar 

Tensile strength ��,��� [MPa] 777.3  2 

Elastic modulus EBAR [MPa] 34180  2 

Breaking elongation 5BAR [%] 2.1  6 

Glass mesh 

Linear tensile strength [kN/m] 45b - 

Elastic modulus [MPa] 72000b - 

Breaking elongation [%] 1.8b - 

FRCM coupon 

Elastic modulus in the cracked phase 

EFRCM [MPa] 

40500c - 

Ultimate tensile strain 5���� 0.0098c - 

Ultimate tensile stress �6,���� [MPa] 853.5c - 

avalue from [44],bvalue provided by the manufacturer, cvalue from [48] 234 

 235 

 236 

 237 
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a)  
b)  

c)  

d)  

   Fig. 1. Basalt bars: a) direct tensile test, b) detail of the top gripping mechanism of the bar, c) failure mode; 238 

d) stress-strain curves. 239 

 240 

3.3. Masonry wallettes 241 

Each masonry specimen was built with nine courses of bricks and eight 10 mm thick mortar layers, and had a 242 

nominal total size equal to 520 × 530 × 100 mm3, see Fig. 2. The dimensions of the specimens were defined 243 

taking into account their weight, handling procedures and acceptable slenderness in order to avoid instability 244 

issues, which in this case was equal to 5.3 [24, 50]. In particular, five types of specimens were prepared, as 245 

follows: 246 

i) reference unreinforced specimens hereinafter denoted as URM, Fig. 2; 247 

ii) strengthened specimens with asymmetric structural repointing obtained by inserting one basalt bar in the 248 

third and in the sixth mortar joints for a total of two bars, hereinafter denoted as RR-A, Fig. 3; 249 

iii) strengthened specimens with symmetric structural repointing obtained by inserting two basalt bars in the 250 

third and two in the sixth mortar joints for a total of four bars, hereinafter denoted as RR-S, Fig. 3;  251 
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iv) strengthened specimens with asymmetric FRCM obtained applying a 1-ply glass mesh on one side of the 252 

specimen, hereinafter denoted with RF-A, Fig. 4; 253 

v) strengthened specimens with symmetric FRCM obtained applying a 1-ply glass mesh on each side of the 254 

specimen (characterized by an amount of reinforcement that is twice with respect to RF-A), hereinafter denoted 255 

as RF-S, Fig. 4. 256 

Strengthening operations were carried out after 28 days of curing of the wallettes at laboratory conditions. The 257 

main phases of the repointing process consisted in the preparation of the grooves in the selected mortar joints 258 

for a depth around 20 mm from the edges by means of a grinder. The grooved joints were cleaned with an air 259 

gun and wet manually with a sprinkler. They were partially filled with structural mortar (mortar B) and the 260 

bars were placed and pushed in the mortar such that the mortar surrounded the bars. Afterwards, the grooves 261 

were completely filled with a second layer of structural mortar, finally restoring the wall original appearance, 262 

Fig. 3.  263 

For the application of the FRCM composite, the following operations were conducted:  264 

1) the surfaces of the panels to be reinforced with FRCM composite were manually wet by means of a sprinkler; 265 

2) after the wetting of the surface, mortar B was thrown manually with a metallic trowel on the surface in order 266 

to increase the surface roughness and consequently the adhesion between the surface of the wall and the first 267 

mortar layer used to apply FRCM composite; 268 

3) afterwards, a uniform layer of mortar B (approximately 4-5 mm-thick) was applied manually on the surface 269 

using a flat trowel;  270 

4) while the product was still fresh, the glass mesh was pressed lightly on it with a flat trowel so that it adhered 271 

perfectly to the mortar; 272 

5) then, a second uniform layer of mortar B (approximately 4-5 mm-thick) was applied manually using a flat 273 

trowel in order to completely cover the glass mesh; 274 

6) the surface was smoothed while still fresh. 275 

All the NSM and FRCM reinforced wallettes were left to cure till the time of testing. Table 3 summarizes the 276 

different masonry specimens that were built. Three wallettes for each category were prepared, thus totalizing 277 

15 specimens.  278 

          279 

Fig. 2. Unreinforced masonry specimens (URM). Sizes in mm. 280 
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 281 

    282 

Fig. 3. Reinforced masonry wallettes with NSM basalt bars: asymmetric reinforcement scheme (RR-A 283 

specimens) and symmetric reinforcement scheme (RR-S specimens). Sizes in mm. 284 

          285 

Fig. 4. Reinforced masonry wallettes with FRCM technique: asymmetric reinforcement scheme (RF-A 286 

specimens) and symmetric reinforcement scheme (RF-S specimens). Sizes in mm. 287 

 288 

Table 3. Specimen labels and description. 289 

Specimen 

label 
Description 

Number of tested 

specimens  

URM Unreinforced specimen (Fig. 2) 3 

RR-A 
Reinforced specimen: 2 basalt bars inserted asymmetrically in the mortar 

joints (Fig. 3) 
3 

RR-S 
Reinforced specimen: 4 basalt bars inserted symmetrically in the mortar 

joints (Fig. 3) 
3 

RF-A 
Reinforced specimen: 1-ply glass-based FRCM composite applied 

asymmetrically on one side (Fig. 4) 
3 

RF-S 
Reinforced specimen: 1-ply glass-based FRCM composite applied 

symmetrically on both sides (Fig. 4) 
3 

 290 
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3.4. Test set-up and instrumentation 291 

After curing, all wallette specimens were subjected to a diagonal compression test [51], see also Fig. 5a. The 292 

load was applied through steel shoes with dimensions of 115 × 115 × 15 mm3 placed at diagonally opposing 293 

bottom and top corners. All specimens were tested in a universal testing machine of 500 kN load capacity 294 

operated under displacement control at a rate equal to 2 µm/s. 295 

In Fig. 5b and Fig. 5c, the instrumentation of the specimens is shown. During the test, the values of the applied 296 

load and of the diagonal displacements were recorded. The displacements were measured by four LVDTs: two 297 

applied on the front face (LVDTc,f and LVDTt,f), and two on the back face, (LVDTc,b and LVDTt,b). In 298 

particular, LVDTc,f and LVDTc,b were vertically oriented along the force line to measure the wall shortening, 299 

while LVDTt,f and LVDTt,b were placed horizontally, perpendicular to the force line to record the crack 300 

opening. A load cell was used to measure the force, P, along the loaded diagonal. 301 

 302 

   

Fig. 5. Diagonal compression test: a) set-up, b) instrumentation of the front face; c) instrumentation of the 303 

back face.  304 

 305 

4. Experimental results 306 

4.1. Shear stress-strain curves 307 

In the following, results obtained from the tests conducted on the specimens are presented. In particular, results 308 

are given in terms of shear stress (*) versus shear strain (&). Following ASTM E519 [51], * is computed 309 

assuming that is equal to both tensile and compression principal stresses, as follows: 310 

 311 

* = 9�:";
�/

                                                                                                                                             (2) 312 

 313 

where # is the angle between the horizontal and the main diagonal of the wall, �  is the net area of the masonry 314 

specimen calculated as: 315 

 316 

a) b) c) 
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� = <=>?
@ A B�                                                                                                                                          (3) 317 

 318 

with W, H, and T the width, height, and thickness of the specimen, respectively, and n is the percentage of the 319 

gross area of the unit that is solid, expressed as a decimal [52]. In this study, the value of n is equal to 1. The 320 

shear strain & is calculated as: 321 

 322 

& = ∆C>∆6
D                                                                                                                                            (4) 323 

 324 

where ∆) is the average vertical shortening (in mm) measured by the horizontal LVDTs, ∆( is the average 325 

horizontal extension (in mm) measured by the vertical LVDTs, Fig. 5, and g is the vertical gage length (in 326 

mm), which in this study is 500 mm. 327 

Referring to shear stress–strain curves for the URM specimens displayed in Fig. 6a, an approximately linear 328 

behavior until the end of the test can be identified. As soon as the crack appeared at the brick/mortar interface 329 

and the peak stress was reached, specimens collapsed in a brittle way. It should be noted that results related to 330 

specimen URM-3 are not reported due to an anomalous behaviour of the wallette during the testing procedure. 331 

The shear stress–strain curves for specimens strengthened by NSM bars are represented in Fig. 6b, as well as 332 

the curves for the URM specimens for comparison purposes. Curves for the RR-A specimens show a similar 333 

slope in the initial part. On average, the maximum shear stress is similar between asymmetrically reinforced 334 

specimens and URM walls, whereas displacement capacity is higher. Wallettes with twice the amount of 335 

reinforcement (RR-S) behave in a linear elastic manner at low load values, then a non-linear behavior is 336 

observed till the peak load. Initial cracking is delayed by the presence of the reinforcement and the shear 337 

modulus increases with the presence of the bars. RR-S-1 wallette shows an anomalous behaviour in the initial 338 

part characterized by a low rigidity: a possible reason of this behaviour can be related to the strengthening 339 

operations and it will be discussed in the next section. 340 

Curves for RF-A and RF-S specimens are shown in Fig. 6c. Results are less dispersed with respect to RR 341 

specimens and a clear and consistent trend can be envisaged. The curves are steeper in the first part with a 342 

substantial increase for the shear modulus with respect to URM curves. As expected, the highest peak stresses 343 

are reached by the specimens reinforced symmetrically (RF-S). However, a remarkable increment in peak 344 

stress is also registered for specimens reinforced on only one side (RF-A). FRCM composite applied on the 345 

face of the specimens restrained the opening of diagonal cracks allowing the wallettes to undergo larger 346 

displacements (shear strain higher than 1 cm/m) and substantially increased the shear stiffness of the masonry 347 

specimens. 348 

 349 
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 350 

   351 

 352 

Fig. 6. Shear stress-strain curves for the tested specimens: a) URM specimens; b) strengthened specimens by 353 

using NSM bars; c) strengthened specimens by using FRCM system. 354 

 355 

4.2. Crack pattern and failure mode 356 

It was observed that URM specimens collapsed in a brittle way, in which a main crack developed within the 357 

mortar joints, and sliding occurred due to detachment at the brick/mortar interface: bonding between the 358 

masonry units and mortar controlled the failure, as shown in Fig. 7a and Fig. 7b.  359 

In the case of RR-A and RR-S wallettes, the presence of the bars did not change the failure mode with respect 360 

to URM specimens, which still was sliding along the unreinforced mortar joints, see Fig. 8a - Fig. 8f. In some 361 

a) 

b) 

c) 
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repointed specimens, failure occurred due to sliding at the brick/mortar interface partially involving the 362 

strengthened joints (e.g. RR-A-2 and RR-A-3 specimens). Specimen RR-S-1, symmetrically repointed, as 363 

already noted in the previous section, showed an anomalous behaviour: the crack that led to the collapse of the 364 

specimen propagated from the upper reinforced joint, see Fig. 8d. This behaviour may be attributed to the 365 

repointing operations, as the slots in the joints were made with a grinder after the curing of the panels. This 366 

procedure may have caused an initial damage in the joint, creating a weak plane, which led consequently to 367 

the collapse of the specimen involving that joint. It is believed that this effect would be less relevant for thicker 368 

wallettes, which is the case of real buildings. Additionally, in specimens RR-A-2, RR-A-3 and RR-S-1 369 

debonding of the bar from the surrounding mortar was visible, Fig. 8d. This behaviour usually is not detected 370 

in the case of NSM bars embedded with epoxy resin [29], where the epoxy paste and the bar do not detach one 371 

with respect to the other, while the bond at the paste/masonry interface controls failure. In the development of 372 

the analytical approach presented in Section 5.2, this aspect will be taken into account.   373 

Referring to the failure mode of RF-A specimens, Fig. 9a - Fig. 9c, once the peak load was attained, vertical 374 

cracks started to appear in the central area, clearly visible on the specimen side not covered by the FRCM 375 

composite, involving both the joints and the bricks, see Fig. 9a. As the cracking pattern developed and the 376 

cracks got wider, the specimen started to tilt towards the reinforced side as already noted in other experimental 377 

campaigns [29]. This behavior was neither detected in the symmetrically FRCM reinforced panels nor in the 378 

case of NSM reinforced panels. This out-of-plane effect did not result in a ductility reduction. Cracks kept 379 

evolving along the compressed diagonal, between the two loading shoes, leaving the outer corners unaffected. 380 

Finally, FRCM debonded from the masonry and the specimens failed due to diagonal tension.  381 

Failure mode of RF-S specimens, Fig. 9d - Fig. 9f, was characterized by vertical cracks that appeared in the 382 

mid part of the specimen body. The cracking pattern developed within the two loading shoes, and a diagonal 383 

tension failure occurred in the specimens. At failure, the FRCM layers debonded from the masonry on both 384 

sides. It is thus believed that the use of anchorage systems may further increase the load and displacement 385 

capacities, but this topic is outside the scope of the present study. A summary of the cracking patterns of the 386 

retrofitted walls is given in Fig. 10. 387 

 388 

 389 

Fig. 7. Failure mode of unreinforced specimens: a) UMR-1; b) URM-2. 390 
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 391 

Fig. 8. Failure mode of RR specimens: a) RR-A-1, b) RR-A-2, c) RR-A-3, d) RR-S-1, e) RR-S-2 and f) RR-392 

S-3. 393 

a)  b)  c)  

d)   e)  f)  

Fig. 9. Failure mode of RF specimens: a) RF-A-1, b) RF-A-2, c) RF-A-3, d) RF-S-1, e) RF-S-2 and f) RF-S-394 

3. 395 



This paper can be found at https://doi.org/10.1016/j.conbuildmat.2019.02.044  

19 

 

 396 

Fig. 10. Cracking patterns of the retrofitted wallettes. 397 

4.3. Summary results 398 

A summary of the relevant mechanical parameters obtained from the diagonal compression tests in terms of 399 

average values and coefficients of variation is given in Table 4. The peak load and shear stress values 400 

(�max, *max) are also listed. The strength enhancement in terms of maximum force, ∆, achieved by using 401 

reinforcements, is calculated as follows: 402 

 403 

∆ = <9E2FGH I9E2FGJHK
9E2FGJHK A 100% (5) 404 

 405 

where �E
���  and �E
����� are the average peak forces for the reinforced specimens (RR-A, RR-S, RF-A and RF-406 

S) and unreinforced specimens (URM), respectively. The elastic shear modulus is derived as: 407 

 408 

O = P-Q
R-Q

                                                                                                                                                     (6) 409 

 410 

where *�� is the shear stress in the elastic branch and &�� is the corresponding shear strain. The displacement 411 

ductility of the considered retrofitting solutions, µ, is here evaluated as:  412 

 413 

$ = min < V6W
V62FG

;  VCW
VC2FG

A                                                                                                                            (7) 414 

 415 

where Δ(6 and Δ)6 are the horizontal elongation and vertical shortening corresponding to the ultimate 416 

conditions, respectively, while Δ(
�� and Δ)
�� are the horizontal elongation and vertical shortening 417 

corresponding to the maximum load, respectively. In particular, in the case of repointing strengthening, the 418 

ultimate displacements are taken at failure, whereas for the FRCM strengthening, the ultimate condition is 419 

considered to occur when the post-peak load reaches the 80% of its maximum value, as in [10, 36, 53]. A 420 

masonry panel that experiences inelastic deformations without substantial load-carrying capacity reduction is 421 

characterized by a high value of µ. 422 
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Finally, in order to compare the two retrofitting solutions, the parameter �
, Eq. (1), representing the calibrated 423 

reinforcement ratio, is reported as well. 424 

From Table 4, by comparing the results for URM and RR-A specimens in terms of peak load, the increment ∆ 425 

reaches 8%, whereas for RR-S specimens it attains 44%. Moreover, an increment in the shear modulus, 426 

O̅, moving from URM specimens to RR is registered. In terms of ductility, it is worth noting that µ is lower 427 

for RR-S with respect to RR-A. As stated before, an induced initial damage may have been caused during the 428 

strengthening operation. Additionally, also due to the brittle failure of the specimens, the values of 429 

displacements at ultimate conditions employed to calculate the ductility value, Eq. (7), were not easy to 430 

identify.  431 

Comparing the results for URM and RF-A specimens in terms of �E
��, the increment is double, whereas 432 

between URM and RF-S, the increment is three times higher. An increment in shear modulus, O̅, is achieved 433 

moving from URM to RF specimens. The ductility μ is twice when compared to the one obtained for the 434 

reinforced specimens with the repointing technique. In fact, the presence of the FRCM reinforcement modifies 435 

the mode of failure from sliding (URM and RR specimens) to diagonal tension (RF specimens). Application 436 

of the FRCM only on one side of the panel leads to a substantial increment in the load capacity and pseudo-437 

ductility value, and this increment is even more marked for the symmetric retrofitting solution. 438 

 439 

Table 4. Summary of the main experimental results (the coefficient of variation is given inside parentheses). 440 

Specimen 

label 

�
�� 

[kN] 

�E
�� 

[kN] 

*
��  

[MPa] 

*
̅��  

[MPa] 

∆ 

[%] 

O 

[MPa] 

O̅ 

[MPa] 

μ 

[/] 

$̅ 

[/] 

�
 

[%] 

URM-1 12.99 13.32 

(4%) 

0.17 
0.18 - 

141.03 173.09 

(26%) 
- - - 

URM-2 13.65 0.18 205.15 

           

RR-A-1 11.07 
14.62 

(30%) 

0.15 

0.20 8.0 

297.60 
253.02 

(32%) 

- 
1.21 

(8%) 
0.46 RR-A-2 13.18 0.18 159.90 1.28 

RR-A-3 19.60 0.26 301.58 1.14 

           

RR-S-1 18.65 
19.48 

(12%) 

0.25 

0.26 44.0 

155.21 
403.92 

(54%) 

1.18 
1.09 

(8%) 
0.92 RR-S-2 17.71 0.24 559.56 1.00 

RR-S-3 22.09 0.30 497.00 1.08 

           

RF-A-1 45.83 
43.96 

(12%) 

0.62 

0.59 224.8 

773.09 
672.78 

(17%) 

1.57 
2.09 

(44%) 
0.75 RF-A-2 48.11 0.65 693.37 1.55 

RF-A-3 37.95 0.51 551.88 3.14 

           

RF-S-1 66.61 64.45 

(12%) 

0.90 
0.87 376.2 

1696.50 2050.25 

(35%) 

2.79 2.82 

(21%) 
1.50 

RF-S-2 70.91 0.95 2881.46 2.24 
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RF-S-3 55.84 0.75 1572.80 3.44 

 441 

Furthermore, it can be noted that even if the reinforcement ratio is not negligible in the case of repointed panels, 442 

the corresponding load carrying capacity increment with respect to the control specimens is not so substantial. 443 

As expected, the FRCM symmetric and asymmetric application lead to a peak increment and pseudo-ductility 444 

increment that are higher. As already noted in other experimental campaigns [33, 35], an increment of the 445 

reinforcement ratio does not always lead to a proportional increment in shear capacity and ductility. However, 446 

in the cases where EB textiles cannot be applied in façades of masonry structures or monuments due to 447 

preservation criteria, it is shown that structural repointing provides additional resources of ductility and energy 448 

absorption capacity to masonry.  449 

The most remarkable change highlighted in the specimens retrofitted with the bars with respect to URM panels 450 

is the increment in displacement capacity. As expected, a more evident structural enhancement in the wall 451 

panels is registered using the FRCM system, resulting in a clear increment of both shear strength and 452 

displacement capacity. 453 

 454 

5. Analytical investigation 455 

The analytical procedure presented in ACI 549 [30] to predict the nominal shear capacity of unreinforced 456 

masonry walls is followed in this section and analytical results are compared with the corresponding 457 

experimental ones. 458 

Considering a reinforced masonry panel subjected to a diagonal compression load P, the nominal shear 459 

capacity of the panel, � , can be computed as the sum of two contributions: 460 

 461 

� = �
 + �
                                                                                                                                                        (8) 462 

 463 

where �
 and �
 are the contributions of the masonry panel and the reinforcement, respectively. 464 

 465 

5.1. URM specimens 466 

In a diagonal compression test, four types of failure mechanisms are identified, depending on physical and 467 

mechanical properties of the wall [29, 31]. The specimen fails when the shear load reaches the minimum 468 

shear capacity, �
, as follows:  469 

 470 

�
 = \]�^�__, �_
 , �!�, ��`                                                                                                                              (9) 471 

 472 

The shear capacity due to shear sliding failure, �__, is given by: 473 

 474 

�__ = Pa
bIca�D; �                                                                                                                                           (10) 475 
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 476 

where *% is the shear bond strength between mortar and bricks, $% is the coefficient of internal shear friction 477 

in mortar joints, and �  is calculated by using Eq. (3). Parameters *% and $% can be experimentally determined 478 

by means of the triplet test, as described in [54]. 479 

The shear capacity due to shear friction failure, �_
, is equal to: 480 

 481 

�_
 = Pa,2
bIc2�D; �                                                                                                                                            (11) 482 

 483 

where *%,
 and $
 are the modified shear bond strength in the mortar joints and the modified coefficient of 484 

internal shear friction in the mortar joints, respectively, calculated as 485 

 486 

*%,
 =  Pa
b>b.i ca

j
k

                                                                                                                                      (12) 487 

 488 

and 489 

 490 

$
 =  ca
b>b.i ca

j
k

                                                                                                                                               (13) 491 

 492 

with w and h being the width and height of the brick, respectively. 493 

The shear capacity due to the diagonal tension failure, �!�, results in:  494 

 495 

�!� = �D;>l@b.@m>�Dn;
b%.io ��� �                                                                                                                           (14)  496 

 497 

where the tensile strength of masonry ��� is considered equal to 0.67l�
�   for clay bricks, with �
�  being the 498 

compressive strength of masonry.  499 

Finally, the shear capacity due to toe crushing failure at the loaded end, �� is given by: 500 

 501 

�� = @r
2s
tu>@r�D; �
                                                                                                                                        (15) 502 

 503 

where �
 is the interface loading area between the steel shoe and the wall along the horizontal direction [31]. 504 

 505 

5.2. RR-A and RR-S specimens: NSM bar contribution 506 

In order to calculate the �
 contribution given by the basalt bars, a modified version of the approach presented 507 

by [29] is followed here. In [29], diagonal compression tests on unreinforced masonry concrete walls 508 

strengthened with glass fiber-reinforced polymer bars were presented. The glass bars were embedded in the 509 
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mortar joints by means of an epoxy paste and a latex modified cementitious paste. In all the tests, neither 510 

debonding of FRP bars from the paste nor tensile failure of the bars were observed. Thus, in calculating the 511 

contribution of the FRP bars to the shear capacity of the walls, a perfect bond between the bar and the epoxy 512 

paste was considered. As a consequence, the shear resistance of the reinforcing bars was limited by bond failure 513 

between epoxy paste and the surrounding original mortar. 514 

In the present study, after the failure of the walls reinforced by means of repointing, it was observed that the 515 

basalt bars were in some parts detached from the surrounding structural mortar. For this reason, the approach 516 

in [29] was modified taking into account that the shear resistance of the basalt bars is controlled by bond failure 517 

between the structural mortar and the bar itself.  518 

 519 

 520 

Fig. 11. Distribution of the stresses along a bar embedded in the mortar joint. 521 

 522 

In the analysis, the bond stress between structural mortar and the bar is assumed to be uniform along the 523 

effective length of the bar at failure, Fig. 11. From equilibrium conditions, the tensile force developed in the 524 

bar should be equal to the bond strength between the structural mortar and the bar: 525 

 526 

*��� = ��,�������                                                                                                                                        (16) 527 

 528 

where *� and �� are the average bond strength and average bond area between the bar and the structural mortar, 529 

��,��� is the tensile stress of the NSM bar and ���� is the cross-sectional area of the bar. The average bond 530 

area �� is equal to 531 

 532 

�� = 2w������                                                                                                                                            (17) 533 

 534 

where ���� is the nominal radius of the bar and �� is the effective length of the bar in masonry. 535 

Substituting Eq. (17) in Eq. (16), the effective length results 536 



This paper can be found at https://doi.org/10.1016/j.conbuildmat.2019.02.044  

24 

 

 537 

�� = 
x,yzH�yzH
@P{

                                                                                                                                               (18) 538 

 539 

Following [29], it is assumed that: i) in the masonry wall during the diagonal test, a shear crack with a constant 540 

inclination angle of 45 degrees is considered; ii) each bar intersected by the crack is divided into two parts at 541 

the two sides of the crack. The shear resistance provided by the bars, �
, is computed as the sum of the forces 542 

resisted by the bars intersecting the diagonal crack. The force carried by each bar is calculated as the product 543 

of the average bond strength and the surface area of the bond between bar and structural mortar according to 544 

the effective bond length of the bar, which is the shortest part of the bar intersected by the diagonal crack. 545 

Therefore, �
 reads 546 

 547 

�
 = ∑ ������� = *�2w������}b ∑ ��            �� ≤ �� �}b                                                                                 (19) 548 

 549 

where �� is the force carried by i-th reinforcing bar, N is the total number of bars intersected by the diagonal 550 

crack and Li is the effective bond length of the i-th bar intersecting the diagonal crack. 551 

 552 

5.3. RF-A and RF-S specimens: FRCM contribution 553 

The contribution of FRCM composite to the shear capacity,  �
,  is calculated following [31] as: 554 

 555 

�
 = 2��������������,����                                                                                                                        (20) 556 

 557 

where ������ is the number of layers of fabric, ����� is the area of fabric reinforcement by unit width in both 558 

horizontal and vertical directions, ��,���� is the tensile strength in the FRCM reinforcement calculated as: 559 

 560 

��,���� = 	����56                                                                                                                                         (21) 561 

 562 

where 	���� and 56 are the tensile modulus of elasticity of the cracked FRCM and the tensile strain in the 563 

FRCM reinforcement, respectively. Parameter 56 coincides with the ultimate tensile strain 5���� if the latter 564 

value is smaller than 0.004 according to [30]. All the calculations to determine the shear capacities of the 565 

unreinforced and reinforced wallettes tested in this research program are given in Appendix A. 566 

 567 

5.4. Summary results 568 

A comparison between the experimental and the analytical results in terms of shear capacity is listed in Table 569 

5. The contribution of the reinforcement separated from the contribution to the shear capacity of URM panels 570 

is reported as well. It can be observed that the strength of the unreinforced panels is not accurately predicted, 571 

since the ratio between experimental and analytical result is 0.77. This may be due to the fact that the shear 572 
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friction capacity found analytically assumes at failure a stepped crack through the diagonal wall, while in the 573 

case of the two walls tested in this experimental campaign, the crack pattern involved a smaller surface. For 574 

specimens reinforced on one or both sides with repointing technique, analytical results overestimate the 575 

strength, while for the case of FRCM composites, the formula from [30] provides a large safety margin against 576 

the results obtained experimentally. Isolating the contribution of the reinforcement, it can be noted that in the 577 

case of asymmetric repointing the contribution of the bars is overestimated from the analytical approach, while 578 

the ratio between the experimental and analytical value is around one in the case of symmetric configuration 579 

of strengthening. In the case of FRCM, the contribution of the composite found experimentally is almost three 580 

times higher than the one determined analytically. The discrepancies between experimental and analytical 581 

values in the case of NSM reinforcement can be ascribed to different factors. The analytical procedure 582 

employed to calculate the enhancement of shear capacity given by NSM bars is based on several hypotheses. 583 

The procedure is an adaptation of the method employed for NSM bars embedded with epoxy paste in masonry 584 

joints: the failure mode between the two compared systems (grout-based and epoxy-based) is different, since 585 

in the case of grout-filled grooves, failure is controlled by the bond between the grout and the bar, differently 586 

from the case of epoxy-filled grooves where the governing factor is the bond between the epoxy paste and the 587 

substrate material. Further, in the analytical approach a uniform distribution of the shear stress along the 588 

embedment length of the bars is considered. The analytical model employed to calculate the contribution of 589 

the bar reinforcement requires further improvements and additional validations considering data from other 590 

experimental campaigns.  591 

 592 

Table 5. Comparison between experimental and analytical results in terms of shear capacity. 593 

 
Strength 

(exp.) 

Strength 

(ana.) 

Ratio 

(exp./ana.) 

Contribution of the 

reinforcement 

(exp.) 

Contribution of the 

reinforcement 

(ana.) 

Ratio considering only 

the contribution of the 

reinforcement (exp./ana.) 

URM 

[kN] 
9.42 12.15 0.77 / / / 

RR-A 

[kN] 
10.34 14.27 0.72 0.92 2.12 0.43 

RR-S 

[kN] 
13.77 16.39 0.84 4.35 4.24 1.03 

RF-A 

[kN] 
31.08 18.09 1.72 21.66 5.94 3.64 

RF-S 

[kN] 
45.57 24.03 1.90 36.15 11.88 3.04 

 594 

6. Conclusions 595 

An experimental campaign on diagonal compression tests conducted on clay brick masonry panels 596 

strengthened by two different techniques was presented in this paper. In particular, the investigated 597 

strengthening systems were: (a) structural repointing by inserting basalt bars in the mortar joints in a symmetric 598 

and asymmetric configuration; (b) FRCM composites by applying a glass mesh on one or both sides of the 599 

specimens.  600 

Diagonal compression tests allowed to investigate the shear load capacity as well as the ductility of the tested 601 
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specimens. In particular, an increase in maximum load, shear stiffness and ductility was registered for both 602 

retrofitting solutions. However, the increment in shear capacity and ductility is not proportional to the 603 

reinforcement ratio, highlighting that an increment of reinforcement does not necessarily correspond to a better 604 

structural performance, as pointed out in literature. The failure mode in the case of repointing was sliding along 605 

the interface between bricks and mortar as observed in URM specimens, while in the case of FRCM 606 

strengthened panels, the mode of failure was diagonal cracking. In the case of asymmetric FRCM 607 

reinforcement, the panels bent towards the reinforced side.  608 

Analytical procedures showed to be effective in predicting conservative values of shear capacities of reinforced 609 

specimens with FRCM. However, some built-in variabilities of URM and repointed panels justify differences 610 

between theoretical and experimental results. Additionally, it should be considered that analytical results 611 

depend on the values chosen for the parameters, thus for a more reliable prediction of the shear strength, it is 612 

recommended that the required parameters are derived by means of experimental tests on the same materials 613 

adopted in the program.  614 
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 622 

Appendix A 623 

A.1 Masonry properties 624 

Width of the brick: w = 200 mm 625 

Height of the brick: h = 50 mm 626 

Thickness of the brick t = 100 mm 627 

Width of the specimen: W = 520 mm 628 

Height of the specimen: H = 530 mm 629 

Thickness of the specimen: T = 100 mm 630 

Thickness of the mortar joint: tm = 10 mm 631 

Net area of the specimen: �  = 52500 mm2 632 

Compressive strength of brick: ��� = 14.3 MPa 633 

Compressive strength of mortar A: ��
 = 5.8 MPa 634 

Compressive strength of masonry: �
� = ����%.���
%.t = 0.55 ∙ 14.3%.� ∙ 5.8%.t = 6.00 MPa (according to EN 635 

1996-1-1 [55] assuming masonry made by general purpose mortar) 636 

Tensile strength of masonry: ��� = 0.67l�
�  = 1.64 MPa  637 

Elastic modulus of masonry: 	
 = 1000�
�  = 6000 MPa (from [56]) 638 
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Shear bond strength of mortar joint: *% = 3% �
�  = 0.180 MPa (from [31]) 639 

Coefficient of internal shear friction in mortar joints: �% = 0.30 (from [31, 57]) 640 

Modified shear bond strength of mortar joint: *%,
 = 0.169 MPa 641 

Modified coefficient of internal shear friction in mortar joints: �
 = 0.270 642 

Average bond strength between the bar and the structural mortar: *� = 0.5 MPa (in [29], *� is assumed equal 643 

to 1.74 MPa. However, this value is referred to triplet tests performed on masonry made by concrete blocks 644 

and joints made by epoxy paste. In this study, no triplets tests were conducted to identify the average bond 645 

strength between the bar and the mortar, as a consequence the value *� is taken from literature on similar 646 

materials [58, 59]).   647 

 648 

A.2 Basalt bar properties  649 

Diameter of the bar: φBAR = 5.5 mm 650 

Cross-sectional area of the bar: ���� = 23.76 mm2 651 

Elastic modulus of the bar: 	��� = 34182 MPa 652 

Maximum tensile strength of the bar: ��,���  = 777.27 MPa 653 

 654 

A.3 FRCM properties 655 

Area of FRCM reinforcement by unit width in both directions: ����� = 35.27 mm2/m 656 

Elastic modulus of FRCM (cracked): 	���� = 40500 MPa 657 

 658 

A.4 Masonry contribution (�
) 659 

(a) Shear capacity due to shear sliding failure, �__: 660 

�__ = *%
1 − $%��# � = 0.180

1 − 0.30 ∙ 1 52500 = 13500 N = 13.5 kN 661 

(b) Shear capacity due to shear friction failure, �_
: 662 

�_
 = *%,

1 − $
��# � = 0.169

1 − 0.270 ∙ 1 52500 = 12154 N = 12.15 kN 663 

(c) Shear capacity due to the diagonal tension failure, �!�: 664 

�!� = ��# + l21.26 + ��@#
10.58 ��� � = 1 + √21.26 + 1

10.58 1.64 ∙ 52500 = 46533 N = 46.53 kN 665 

(d) Shear capacity due to toe crushing failure at the loading end, ��: 666 

�� = 2��
�

3ℎ + 2�tg# �
 = 2 ∙ 200 ∙ 6.00
3 ∙ 50 + 2 ∙ 200 ∙ 1 ∙  100 ∙ 100 = 43636 N = 43.64 kN 667 

Finally, URM shear capacity is calculated by using Eq. (8) as: 668 

�
 = \]�^�__, �_
 , �!�, ��` = \]��13.5, 12.15, 46.53,43.64� kN =  12.15 kN 669 

 670 

A.5 Bars contribution (�
) 671 
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�� = ��,�������
2*�

= 777.27 MPa ∙ 2.25mm
2 ∙ 0.5MPa = 2137.49 mm = 2.1 m 672 

�
 = *�2w���� � ��            �� ≤ ��
 

�}b
 673 

asymmetric reinforcement: �
 = 0.5 MPa ∙ 2 ∙ π ∙ 2.25mm ∙ (200 + 100)mm = 2.12 kN 674 

symmetric reinforcement: �
 = 0.5 MPa ∙ 2 ∙ π ∙ 2.25mm ∙ (200 ∙ 2 + 100 ∙ 2)mm = 4.24 kN 675 

 676 

A.6 FRCM contribution (�
) 677 

From technical data, the ultimate tensile strain 56 of FRCM is equal to 0.0098, thus higher than 0.004 that 678 

represents the admissible value according to ACI 549 [30]. As a consequence, 56 is considered equal to 0.004. 679 

��,���� = 	����56 = 40500∙0.004 = 162 MPa  680 

�
 = 2��������������,���� 681 

asymmetric reinforcement: �
 = 2 ∙ 1 ∙ 35.27\\@/1000mm ∙ 520mm ∙ 162N/\\@ = 5942.3 N =682 

5.94 kN 683 

symmetric reinforcement: �
 = 2 ∙ 2 ∙ ti.@�

n
b%%%�� ∙ 520mm ∙ bm@�



n = 11884.6 N = 11.88 kN 684 

 685 

A.6.1 Limitations 686 

Following ACI 549 [30], the summation of the masonry and FRCM shear contributions should be checked 687 

against the substrate toe crushing capacity: 688 

� = \]� (�
 + �
; ��) = \]� (12.15 + 5.94; 43.64) = 18.09 kN  689 

 690 
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