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Abstract 7 

Fabric-reinforced cementitious matrix (FCRMs) are promising composite materials for the 8 
retrofitting and reinforcement of existing structures. In this study, vegetal meshes consisting of 9 
hemp and cotton coated with epoxy were manufactured and combined with a cementitious matrix 10 
to strengthen masonry walls. A synthetic glass fibre mesh was also tested. Several walls were 11 
manufactured, strengthened, and tested under cyclic loading. The results allow us to compare the 12 
performances of different mesh configurations in terms of size and materials. All strengthening 13 
solutions significantly increased shear strength capacity and the ability to dissipate energy 14 
compared to unreinforced walls. Further, all strengthened walls exhibited multi-track pattern 15 
distributions and achieved distortion capacity improvements of up to 300%. Indicators of 16 
stiffness, energy dissipation, damping, residual deformation, and damage allow us to compare the 17 
strengthening performances of different solutions. The vegetal solutions provided superior 18 
efficiency compared to the glass-FRCM strengthened walls. Additionally, the use of a larger 19 
volume of vegetal fibres reduces the consumption of cement and can provide a sustainable 20 
solution. The main failure mechanism of the vegetal-FCRMs was debonding, which can be 21 
remedied by improvements to material interfaces. 22 
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1. Introduction 25 

Masonry is one of the most widely used materials in the construction industry. Its use dates back 26 
to the first civilizations, where construction was largely performed based on empirical rules. 27 
Masonry was originally designed to bear vertical loads. However, structures are often affected by 28 
other types of forces (such as wind loads and earthquakes), which translate into shear forces that 29 
must be supported by structures, requiring the consideration of shear and tensile strength during 30 
construction. 31 

Unreinforced masonry structures are typically considered to be unsuitable in areas with high 32 
seismicity because their seismic performance is relatively variable. The reason for this variability 33 
can be explained based on the load-deformation relationship. Initially, masonry is rigid and 34 
exhibits negligible load effects. However, once peak deformation is reached, it typically fails in 35 
a fragile manner. In masonry without reinforcement, the redistribution of maximum stress is not 36 
possible, and local failures quickly escalate into global structure failures [1]. 37 

One of the most widely used tests for simulating the behaviour of masonry during seismic events 38 
is the in-plane cyclic loading test. This test consists of subjecting a wall to a lateral cyclic load on 39 
one of its ends in combination with a static compression load perpendicular to the horizontal joints 40 
[2].  41 

Prior to cracking, the behaviour of masonry is essentially elastic and no stiffness degradation can 42 
be observed. However, after the first crack occurs, unreinforced masonry exhibits significant 43 
stiffness and strength degradation behaviour. Therefore, the lateral stiffness of the masonry 44 



decreases as the number of cycles increases, meaning the level of lateral displacement increases 45 
[3]. 46 

Increasing lateral displacement in one direction causes cracks to open. When the force is 47 
discharged (or when it begins to induce displacement in another direction), the cracks begin to 48 
close and the wall loses stiffness. Once the cracks are completely closed, the wall regains most of 49 
its lateral stiffness [4]. 50 

Despite the poor performance of unreinforced masonry during seismic events and significant 51 
advances in construction technologies, its compressive capacity, traditional aesthetics, low cost, 52 
and experience and knowledge regarding its use have made such masonry one of the most 53 
commonly used materials in the construction industry. 54 

Improving the tensile and shear strength of masonry is an attractive solution for improving its 55 
structural performance during seismic events. With this goal, numerous strengthening techniques 56 
have been developed throughout history to mitigate or prevent damage by seismic events, 57 
including well-researched strengthening techniques for fabricating fabric-reinforced cementitious 58 
matrices (FRCMs) [5][6][7][8]. 59 

Several studies, such as that presented by Babaeidarabad et al. [5], have demonstrated that FRCMs 60 
containing carbon fibres are effective at increasing stiffness and pseudo-ductility (relationship 61 
between ultimate deformation caused by shear forces and cracking deformation caused by shear 62 
stresses) in masonry walls, increasing their shear strength by 2.4 to 4.7 times compared to 63 
unreinforced walls. Their results demonstrate that the failure modes of FRCM-strengthened walls 64 
are directly influenced by reinforcing layers because they tested reinforcement using one layer of 65 
fabric and four layers of fabric. The walls reinforced by a single layer of fabric on both sides 66 
exhibited higher pseudo-ductility than those reinforced by four layers, but those reinforced by 67 
four layers exhibited greater shear strength. 68 

Balsamo et al. [6] demonstrated that glass and basalt FRCMs (one layer of fabric per side) exhibit 69 
uniform crack patterns characterised by cracks with a small widths compared to those observed 70 
in unreinforced walls, indicating the superior energy dissipation capacity of strengthened walls. 71 
This phenomenon was confirmed by Koutas et al. [9] and Menna et al. [10], who determined that 72 
FRCMs are effective at supporting larger distortions based on the development of multicracking 73 
and introduction of efficient load transfer mechanisms, which are provided by the ability of the 74 
fabric to distort under shear forces, allowing FRCMs to maintain the overall integrity of a 75 
structure. 76 

One type of failure detected in walls supported by FRCMs subjected to shear forces is debonding 77 
based on a lack of adherence at mortar-masonry or fabric-mortar interfaces. Some studies, such 78 
as that presented by Yardim et al. [8], linked the debonding problem to a lack of anchoring 79 
mechanisms between FRCMs and masonry. However, Parisi et al. [7] proposed a lime-based 80 
FRCM strengthening system and demonstrated that the application of anchors increases ductility 81 
and shear strength. However, they admitted that none of their specimens (with or without 82 
anchoring) exhibited the premature detachment of FRCMs. This indicates excellent bonding 83 
performance between the matrix of their FRCM (lime based) and masonry (volcanic tuff). 84 
Therefore, failures related to FRCM debonding can be associated with the type of mortar used 85 
and the chemical and physical compatibility of that mortar with a given type of masonry, in 86 
addition to the influence of fabric stiffness. 87 

The development of calculation tools capable to reproduce the numerous experimental studies 88 
carried out on walls strengthened with FRCM is also a research line of great interest. Studies as 89 
the presented by Bertolesi et al. and Scacco et al. [11][12] has developed homogenized models 90 



and heterogeneous discretization of masonry wall strengthened with FRCM, that were useful to 91 
reproduce the shear behaviour of masonry strengthened walls. 92 

Despite the widely known efficiency of FRCMs for strengthening of masonry structures, the use 93 
of this technique is limited by the cost and environmental impact of producing the synthetic 94 
meshes that are commonly used in such composites. Additionally, based on the stiffness of these 95 
fibres, their ability to dissipate energy is limited. To overcome with these drawbacks, this paper 96 
presents vegetal fibre (more sustainable and less stiff compared to synthetic fibres) FRCMs as a 97 
strengthening technique for masonry walls. 98 

Regarding the behaviour of walls strengthened by vegetal fibre FRCMs, there are numerous 99 
articles [13][14][15][16] that have discussed the behaviour of this solution. The results 100 
demonstrate the excellent potential of vegetal fibre FRCMs as strengthening systems for masonry 101 
structures. The results obtained by Olivito et al. [14] demonstrate the ductile behaviour and 102 
suitable ultimate tensile strength of flax-FRCMs and indicate that the tensile yield of flax-FRCMs 103 
is determined by the volume ratio of fibres used. The same authors [15] studied the factors 104 
influencing the behaviour of flax-FRCMs and sisal-FRCMs. They observed that a lime-based 105 
matrix is able to store significant energy, even though the stiffness of a composite material is 106 
mainly affected by fabric stiffness. Additionally, considering the geometric and physical 107 
properties (mass per unit area and linear density) of fabrics, flax fibres provide superior anchoring 108 
development compared to sisal and glass fibres in FRCMs. Additionally, it was demonstrated that 109 
the factor with the greatest effect on the development of FRCM cracks when using flax and sisal 110 
fabrics was the volume of fibres used. It was concluded that the fibres began to be effective at a 111 
volume fraction of approximately 3% (for both flax- and sisal-FRCMs). 112 

Despite the generally superior mechanical properties of synthetic fibres compared to vegetal 113 
fibres, a study presented by Cevallos et al. [17] in which they compared the eccentric load 114 
behaviour of masonry walls strengthened with flax-FRCMs to that of walls strengthened with 115 
phenylene-benzo-bisthiazole (PBO)-FRCMs. The specimens with PBO-FRCMs exhibited 116 
debonding problems based on the greater rigidity and lower deformability of PBO compared to 117 
flax. In contrast, the flax-FRCMs were able to release stored tension by forming cracks in the 118 
matrix, thereby preventing detachment, resulting in a strength increase of 165.5%, which is 119 
greater than the value of 143.3% for PBO. This behaviour was confirmed by the same authors in 120 
[18]. 121 

Based the goal of using vegetal fibres with excellent efficiency within FRCMs, Menna et al. [10] 122 
studied an innovative FRCM system utilising hemp meshes impregnated with epoxy resin. The 123 
impregnation of twisted hemp yarns with a flexible epoxy resin allowed for better exploitation of 124 
the tensile properties of hemp fibres, and experimental results for masonry walls subjected to 125 
diagonal compression testing revealed improved mechanical properties for the reinforced 126 
specimens. Shear strength was increased by a factor of two to three in the case of tuff masonry 127 
walls, and by a factor of approximately five in the case of clay masonry walls, demonstrating the 128 
ductile behaviour of the strengthened specimens. 129 

On the other hand, the organic origin of vegetal fibres favours their degradation in the 130 
environment of cementitious matrix composites [19] owing to high alkalinity and humidity 131 
cycles. In view of this drawback, some authors have studied the feasibility of applying treatments 132 
to avoid the degradation of the fibres. One of these treatments is the coating of fibres with a resin 133 
[20]. 134 

Coating the fibre with resin affects the sustainability (increasing its cost and exhibiting toxicity) 135 
of the vegetal fibres. However, nowadays, the coating on commercial meshes to use in FRCM 136 
composites is a widely used technique. In some cases, this is oriented to avoid the fibre 137 



degradation within the cementitious matrix [21], and in other cases, it is thought to improve the 138 
mechanical properties and the bond of the meshes with the matrix [22][23].  139 

Based on the experimental results obtained for vegetal fibre FRCMs presented and analysed in 140 
our previous paper [24], the type of fibre, mesh geometry, and CM to be used for the strengthening 141 
of masonry walls were selected for this study. The results reveal that vegetal fibre meshes coated 142 
with epoxy resin are able to provide good interactions with the chosen matrix, providing 143 
considerable stress tolerance (hemp-FRCM), as well as large deformation and multicracking 144 
(cotton-FRCM). Therefore, hemp-FRCMs and cotton-FRCMs were selected to strengthen the 145 
masonry walls. 146 

Despite numerous studies on to the use of vegetal fibre FRCMs to strengthen masonry walls, to 147 
the best of our knowledge there have been no studies on walls strengthened with hemp- and 148 
cotton-FRCMs that have been subjected to cyclic loading tests, or that compared the efficiency 149 
of vegetal fibre FRCMs to that of glass-FRCMs. 150 

In this study, meshes with hemp and cotton yarns coated with epoxy were designed, 151 
manufactured, and combined a cementitious matrix to strengthen masonry wall specimens, which 152 
were subjected to cyclic loading tests. The structural responses of the walls were compared to 153 
those of unreinforced walls, wall strengthened by mortar alone, and walls strengthened by glass-154 
FRCMs to validate the obtained results.  155 

This paper presents innovative and sustainable composites of cementitious matrix and vegetal 156 
fibres as an alternative method for superior energy dissipation, distortion capacity, and shear 157 
strength of masonry walls subjected to cyclic loading. Additionally, we standardise the 158 
contributions and efficiency of meshes in terms of improving these properties. 159 

2. Materials and manufacturing specimens 160 

2.1. Bricks 161 

Industrial bricks with nominal dimensions of 50 mm × 128 mm × 270 mm were used for 162 
manufacturing the walls. 163 

The mechanical properties of the bricks are listed in Table 1. This shows the mean value 164 
of each determined properties, and the coefficients of variation are presented in bracket. 165 
These properties were determined based on flexion and compression tests that were 166 
presented in a previous paper [25]. 167 

Table 1. Brick properties 168 

2.2. Mortars 169 

For the joints in the masonry walls, we utilised a mortar of pure natural lime NHL 3.5 in 170 
accordance with the EN 459-1 standard [26] for the breathable construction and repair of walls, 171 
which is ideal for the restoration of historical works. 172 

For strengthening the wall specimens, a single-component thixotropic mortar based on cement 173 
and synthetic resins reinforced with polyamide fibres (including silica fume) was utilised. This 174 
mortar complies with the requirements of type R3 as defined in the UNE-EN 1504-3 standard 175 
[27]. This mortar was selected because of the effectiveness it demonstrated in other studies [28]. 176 

Brick Geometry 
Flexural tension (fxb) Tension strength (ftb) Compression strength (fcb) 

(MPa) (MPa) (MPa) 

B 50×128×270 4.37 (28%) 2.81 (28%) 27.93 (19%) 



The control mortar specimens were subjected to flexion testing in an electromechanical press 177 
under 50 kN of force. The resulting pieces were then tested under compression using a hydraulic 178 
actuator with a 100 kN capacity. These tests were performed according to the EN 1015-11: 2000 179 
standard [29]. The average results of the compression and flexion tests, as well as additional 180 
mechanical properties (supplied by the manufacturer)) are summarised in Table 2. 181 

Table 2. Mortar properties 182 

Mortar  Masonry joints FRCM 

Density of fresh Mortar(1) (kg/l):  1.94 2.10 

Granulometry(1) (mm):  0-2.5 0–2  

Compressive Strength(2) (Mpa):  4.68 39.25 

Flexural Strength(2) (Mpa):  3.73 6.56 

Tensile Strength(2) (Mpa):  1.65 2.90 

(1) Supplied by manufacturer, (2) results of testing (EN 1015-11: 2000) 

2.3. Meshes 183 

To compare the behaviour of vegetal fibre meshes to that of a synthetic fibre mesh, two types of 184 
vegetal fibres meshes were manufactured and compared to a commercial glass fibre mesh for 185 
strengthening the masonry walls. Glass fibre was chosen because it is one of the most commonly 186 
used synthetic fibres in FRCM strengthening systems, and its mechanical properties and cost 187 
are comparable or similar to hemp fibres. 188 

Vegetal fibre meshes were fabricated using hemp and cotton yarns. This selection was justified 189 
by the fact that hemp-FRCM specimens achieved the highest levels of tension and cotton-FRCM 190 
specimens exhibited the greatest capacity for elongation and multicracking in a previous study 191 
[28]. The mechanical properties of the yarns are listed in Table 3. These data were previously 192 
presented in [28] for the same vegetal yarns and were obtained experimentally from tests of 10 193 
glass fibre yarns (5 in each direction) in this study using the same procedure. 194 

Table 3. Properties of yarns with and without coating 195 

 Properties 
Hemp Cotton Glass 

Without 
epoxy 

With 
epoxy 

Without 
epoxy 

With 
epoxy - 

Yarn diameter (mm) 0.5 1.5 - 

Yarn linear density (g/m) 0.40 0.89 1.20 8.14 2.63 

Yarn volumetric density (g/cm3) 2.04 4.54 0.67 4.61 2.50 

Epoxy/yarn length (g/m) - 0.5 - 4.51 - 

Tensile strength (MPa) 295.54 520.76 53.90 91.95 676.76 

Strain (%) 1.03 1.30 10.19 7.81 1.22 

Young’s Modulus (Gpa) 26.33 38.74 0.53 0.93 60.95 

A wooden rectangular support was assembled for use as a hand loom to manufacture meshes. The 196 
support is 90 cm × 90 cm and has nails at its external boundaries (Figure 1). The nails are arranged 197 
at 3 cm increments in the warp direction, and 4 cm increments in the weft direction. The nails are 198 



useful for stretching and anchoring yarns, making it possible to weave meshes. Because the yarns 199 
had different diameters, the number of yarns used in each tuft differed for each type of mesh.  200 

The size of the free cells in the grids of vegetal fibre meshes adopted for this study was greater 201 
than that in the grids of the meshes manufactured in [28], to allow for greater flow of the mortar 202 
through the mesh and reduce its flexural stiffness. This geometry was designed by using the 203 
geometry of the commercial glass fibre meshes as a reference. The geometries and manufacturing 204 
parameters for these meshes are listed in Table 5. 205 

In the case of cotton mesh, it was necessary to manufacture meshes with greater thickness (greater 206 
volume of fibres) to achieve a load-bearing capacity in the same range than those of hemp and 207 
glass meshes. In the case of hemp mesh, similar fibre volume than the glass mesh was used. 208 
However, for both cases of vegetal fibres meshes greater thickness than glass mesh were used. 209 
This to show how it was designed to achieve the tensile strength and the effectiveness of the 210 
synthetic fibres meshes, using greater vegetal fibres volume and increasing the grid size at the 211 
same time. 212 

 213 

Figure 1. Reinforcing meshes: (a) hemp mesh, (b) cotton mesh, (c) glass mesh  214 

After the meshes were woven, they were coated with epoxy resin using a brush. This deposited a 215 
superficial thin coat on the meshes. This was done to avoid fibre degradation within the CM [21], 216 
improve mechanical properties, and strengthen bonds between the meshes and matrices 217 
[22][23][28]. After one day of curing, the meshes were cut into pieces with dimensions of 87 cm 218 
× 83 cm. 219 

The resin used to coat the yarns was an epoxy resin with low viscosity and high adhesion. The 220 
mechanical properties of this resin are listed in Table 4. These values were provided by the 221 
supplier. This resin was selected based on its good interactions with FRCMs, which were 222 
observed in [28]. 223 

Table 4. Mechanical properties of resin 224 

Properties Epoxy 



Density (g/cm3): 1.05 

Tensile strength (MPa): 22.9 ± 4 

Elongation (%): 18.2 ± 7 

Flexural strength (MPa): No break 

Flexural modulus (MPa): 233.1 

Eight vegetal fibre meshes were fabricated (four with hemp yarns and four with cotton yarns). 225 
Considering the geometry adopted for the meshes (Figure 1) and the cross-sectional area of each 226 
yarn, it was possible to determine the equivalent thickness of each mesh (except for the 227 
commercial mesh, whose thickness was provided by the manufacturer). Based on the data in Table 228 
3, it was possible to determine the tensile strength per linear meter of mesh in each direction. The 229 
weights of the coated meshes per square meter were determined by weighing the meshes using a 230 
precision scale. These properties are listed in Table 5. 231 

 232 

Table 5. Mesh properties 233 

Mesh Hemp Cotton Glass 

Tuft direction  Warp Weft Warp Weft Warp Weft 

Equivalent thickness (mm) 0.08 0.06 0.24 0.18 0.04 0.04 

Yarns/tuft (-) 12 6 - 

Tensile strength of tuft (MPa) 520.76 520.76 91.95 91.95 674.29 679.2 

Tensile strength of mesh (KN/m) 40.88 30.66 32.48 24.36 28.32 28.53 

Strain (%) 1.30 7.81 1.22 

Weight/area (g/m2) 520 771 225 

3. Design, construction, and reinforcement of walls 234 

Walls with dimensions of 90 cm × 100 cm were designed using the industrial bricks mentioned 235 
previously. The fabricated wall specimens were placed between metallic handling elements (see 236 
Figure 2 and Figure 3). These elements served as the bases and heads of the wall specimens to 237 
facilitate wall movement. They also acted as fastening elements for the test setup. 238 

 239 

Figure 2. Geometry of masonry walls 240 



Ten wall specimens were fabricated. Two were strengthened with hemp-FRCMs, two were 241 
strengthened with cotton-FRCMs, two were strengthened with glass-FRCMs, two were 242 
strengthened with mortar alone, and two were left unreinforced. 243 

 244 

Figure 3. Strengthened walls: (a) placement of hemp mesh, (b) placement of cotton mesh, and 245 
(c) walls strengthened with FRCMs 246 

To apply the FRCM strengthening systems to the walls, the faces to be strengthened were 247 
moistened and the first layer of mortar of proximally 6mm was applied. The meshes were then 248 
placed such that they adhered to the mortar (see Figure 3). Finally, the strengthened specimens 249 
were finished by covering the meshes with another layer of mortar of proximally 4mm, leaving 250 
the meshes completely embedded. The nomenclature used to identify the walls is provided in 251 
Table 6. 252 

Table 6. Wall specimens 253 

  Fibres Height 
(cm) 

Width 
(cm) 

Thickness 
(cm) 

Strengthened area 
(cm) 

WN1 unreinforced 100 90 12.8 90 × 83 

WN2 unreinforced 100 90 12.8 90 × 83 

WMN1 Only mortar 100 90 14.8 90 × 83 

WMN2 Only mortar 100 90 14.8 90 × 83 

WH1 Hemp 100 90 14.8 90 × 83 

WH2 Hemp 100 90 14.8 90 × 83 

WC1 Cotton 100 90 14.8 90 × 83 

WC2 Cotton 100 90 14.8 90 × 83 

WG1 Glass  100 90 14.8 90 × 83 

WG2 Glass 100 90 14.8 90 × 83 

4. Test setup for cyclic loading tests 254 

The wall specimens were subjected to cyclic load tests [2] to study the effectiveness of vegetal 255 
fibre FRCMs in terms of strengthening masonry buildings in high-seismicity areas. 256 

The tests consisted of restraining the horizontal displacement of the wall tops and allowing in-257 
plane displacement of the wall bottoms. A distributed compression load was applied to the wall 258 
tops and in-plane lateral cyclic displacement was applied to the wall bottoms. This test procedure 259 



was designed to determine the energy dissipation capacity, ductility, and cyclic shear strength of 260 
the tested wall specimens. 261 

The detailed procedure is as follows: 262 

1) The wall specimen to be tested was placed on two load skids on the lower beam of a steel 263 
reaction frame with dimensions of 2.3 m × 2.14 m. The load skids were placed to allow horizontal 264 
in-plane displacement of the lower part of the wall (see Figure 4). 265 

2) Two lateral steel stoppers were aligned with the upper part of the wall: one with a length of 266 
25.5 cm on the left side and another with a length of 1.2 m on the right side. Both stoppers had 267 
rubber sheets at the contact areas with the wall specimen to mitigate damage caused by stress 268 
concentrators. These elements were placed to restrain the displacement of the upper part of the 269 
wall (see Figure 4). 270 

3) Two transversal frames were placed vertically around the lateral edges of the wall. Each frame 271 
was composed of a steel H beam joined to two load cells (four cells for the two H beam) with a 272 
capacity of 100 KN, which were each connected to a steel bar with a diameter of 27 mm. All bars 273 
were anchored to the base beam on which the wall was supported by the load skids. The 274 
transversal frames were placed with the objective of preventing the wall from experiencing in-275 
plane rotation during testing (see Figure 4). 276 

4) Another frame was placed around the lower part of the wall to connect the wall to the cyclic 277 
displacement application system. This frame consisted of two transversal steel profiles (one on 278 
each side) in contact with the wall with rubber sheets for protection. These profiles were attached 279 
to the metal bases of the walls and to two steel bars with diameters of 16 mm, which were 280 
connected to the cyclic loading system. This horizontal frame facilitated the application of cyclic 281 
displacement to the entire lower part of the wall (see Figure 4).  282 

5) Three potentiometer sensors were positioned to measure displacement. The first (labelled as 283 
LWR1) had a 500 mm range and was placed diagonally on one side of the wall. Another (labelled 284 
as LWR2) with the same range was placed on the other side of the wall and arranged in the 285 
opposite diagonal direction. The third potentiometer (labelled as LWR3) had a 100 mm range and 286 
was placed on the opposite side of the cyclical displacement application point. It was aligned with 287 
this action (in-plane). These elements were introduced to record the applied displacement and the 288 
deformations of the wall (see Figure 4). 289 

6) For the cyclic displacement application system, because there was no space to place the 290 
hydraulic 250 kN actuator into the same reaction frame with the wall, it was necessary to position 291 
the actuator outside the frame in the horizontal direction. To transmit force to the wall, it was 292 
necessary to assemble a structure that connected the head of the actuator to the wall. This structure 293 
was composed of two U-shaped steel profiles with lengths of 3 m and two steel plates with 294 
thicknesses of 3 cm, which were joined by L-shaped short profiles using high strength screws 295 
with diameters of 20 mm (see Figure 4). 296 

7) Once the wall was in the test position and joined to the application structure for cyclic loading, 297 
a vertical load of 25 KN was applied and maintained by a hydraulic actuator with a 50 KN range 298 
through a metallic profile with a width of 8 cm and length of 60 cm. Following this action, the 299 
transversal frames were tightened to prevent rotation. 300 

8) An HBM MGC Plus data acquisition system was used to record data from the three LWRs, 301 
four load cells, and two actuators simultaneously. 302 

9) After applying the vertical load and connecting the sensors, the test was started by applying 303 
cyclic displacement using the horizontal actuator with a capacity of 250 KN at a speed of 1 mm/s. 304 



The test speed and load cycles used in this test were based on the ASTM-E-2126-02a standard 305 
[2]. The applied displacement cycles are presented in Figure 5. 306 

 307 

Figure 4. Test setup: in-plane cyclic loading 308 

 309 

Figure 5. Input displacements 310 

5. Analysis and Discussion 311 

After the walls were manufactured and reinforced, they were subjected to the cyclic loading 312 
testing described in Section 4. 313 

5.1. Types of failure 314 

The failure of unreinforced walls (WN), walls strengthened with only mortar (WMN), and walls 315 
strengthened with glass fibre FRCMs (WG) was characterised by shear crack formation, resulting 316 
in two large diagonal cracks (Figure 6). In the case of the unreinforced walls, mixed breaks (joint 317 
and brick) were observed, mostly at joints, and in the case of walls strengthened only with mortar 318 



and with glass-FRCMs, more continuous cracking was observed based on the confinement 319 
provided by the strengthening system. In the case of the walls strengthened with glass-FRCMs, it 320 
was possible to observe fracturing of the mesh. 321 

 322 

Figure 6. Specimen failures: WN, WNM, and WG 323 

In the walls strengthened with vegetal fibre FRCMs, cracks were distributed diagonally across 324 
the FRCM system and there was detachment of the FRCMs near the corners of the walls, where 325 
local masonry failure was observed (see Figure 7) 326 

 327 

Figure 7. Specimen failures: WH and WC 328 

The way in which cracks appeared in these specimens indicates a more favourable distribution of 329 
stress in the strengthening systems, as well as the possibility of dissipating additional energy 330 
through cracks. However, the fact that the FRCMs detached may indicate that the volume of fibres 331 
used affects connection to the matrix [15] until the point of connection failure, resulting in the 332 
separation of these two components (masonry-FRCM) when the failure strength is exceeded. This 333 
may indicate the need to resort to anchoring method to improve the connection between FRCMs 334 
and masonry. 335 

5.2. Mechanical properties of walls under cyclic loading 336 

Based on tests of the strengthened and unreinforced walls, data regarding applied cyclic loads and 337 
imposed displacements were obtained. These data are represented in the form of hysteresis 338 
diagrams, which define the characteristic behaviours of walls when they are subjected to cyclic 339 



loads. These hysteresis diagrams are presented in Figure 8. Distortion was obtained from the ratio 340 
of displacement to effective height (700 mm). 341 

 342 

Figure 8. Hysteresis diagrams and surrounding bodies 343 



In the hysteresis diagrams, one can see similar behaviour in all cases with narrowing between 344 
hysteresis cycles, which corresponds to the continuous degradation of wall stiffness as the 345 
hysteresis cycles proceed. 346 

In the case of the unreinforced walls and the walls strengthened with mortar and glass FRCM, the 347 
curves present greater scattering between the same specimens than in the case of vegetal-FRCM 348 
specimens. This mean that the vegetal-FRCM improve significantly the discontinuous behaviour 349 
of masonry walls (heterogeneous material). Although, in general the hysteresis curves present 350 
good repeatability of the experiments results, this is confirmed in Table 7, where is shown 351 
coefficients of variation between 0% and 15%. 352 

A comparison of the average envelope curves of the hysteresis diagrams for each wall is presented 353 
in Figure 9. One can see relatively open envelopes characterised by a sudden reduction in load 354 
when reaching the maximum displacement of each wall. 355 

 356 

Figure 9. Average envelope curve 357 

A representative diagram of the properties calculated from the hysteresis diagrams defined by the 358 
envelopes and idealised bilinear model is presented in Figure 10. Based on this diagram, it was 359 
possible to identify parameters that are commonly used to define and analyse the behaviour of 360 
walls subjected to cyclic loads. 361 

 362 

Figure 10. Details of the bilinear model and definition of energies [30][31] 363 



The bilinear model adopted in this study was the one presented in [30]. This model was chosen 364 
because the enveloping curves were very open with relatively sharp reductions after reaching the 365 
maximum shear (see Figure 9). This model is defined by an equivalent shear equal to 0.75 times 366 
the maximum shear (Vmax), Vmax itself, and the final shear equivalent to 0.80Vmax. Based on these 367 
values, the total failure of the structure, crack displacement (δc), effective displacement (δe) 368 
corresponding to the extrapolation of the limit state of cracking, displacement corresponding to 369 
Vmax, and displacement corresponding to the final shear (δu) could be calculated. For this case of 370 
study, the value of the final shear was considered equal to Vmax, based on the abrupt reduction in 371 
load upon reaching Vmax. 372 

The results of the cyclic loading tests are listed in Table 7. This table contains the Vmax forces and 373 
maximum displacements achieved by each wall (δmax), maximum displacement and effective 374 
height ratio for each wall (δmax / h), load corresponding to 75% of Vmax, and the displacement at 375 
this point (δc). Based on these values, it was possible to determine the shear elastic stiffness (Ke). 376 

Table 7. Results of cyclic loading tests 377 

Specimen 
Vmax           
(KN) 

0.75Vmax           
(KN) 

δmax      
(mm) 

δmax/h 
(%)  

δe          
(mm) 

Ke               
(KN/mm) 

Ed           
(KN/mm) 

µ                
(/) 

1 2 1 2 1 2   1 2 1 2 1 2 1 2 

U
ns

tr
en

gt
he

ne
d WN 45.56 35.52 34.17 26.64 7.95 6.11   4.13 4.27 8.27 6.22 498.75 470.37 1.93 1.43 

Average  40.54 30.40 7.03 1.00 4.20 7.25 484.56 1.68 

(CoV) (12.39%) (7.07%) (13.12%)   (0.82%) (8.23%) (1.51%) (14.74%) 

O
nl

y-
M

or
ta

r 
   WMN 116.22 95.52 87.16 71.64 23.5 15.82   15.30 9.51 5.7 7.54 4742.70 1965.63 1.54 1.66 

Average 105.87 79.40 19.65 2.81 12.39 6.62 3354.15 1.60 

(CoV) (9.78%) (5.42%) (19.47%)   (15.16%) (6.07%) (35.32%) (3.97%) 

∆ 161.15% 161.15% 179.47%   194.93% −8.62% 592.20% −4.59% 

H
em

p-
FR

C
M

   WH 146.08 167.06 109.56 125.29 30.17 30.28   20.58 20.49 5.32 6.12 8049.21 9752.38 1.47 1.48 

Average 156.57 117.43 30.22 4.32 20.53 5.72 8900.79 1,47 

(CoV) (6.7%) (3.14%) (0.18%)   (0.11%) (3.24%) (4.37%) (0.4%) 

∆ 286.22% 286.22% 329.85%   388.79% −21.07% 1736.88% −12.27% 

C
ot

to
n-

FR
C

M
 WC 164.60 160.10 123.45 120.10 30.63 29.03   22.22 19.51 5.55 6.15 9752.38 10810.84 1.38 1.49 

Average 162.35 121.76 29.83 4.26 20.86 5.85 10281.61 1.43 

(CoV) (1.38%) (0.7%) (2.68%)   (3.47%) (2.43%) (2.45%) (3.81%) 

∆ 300.47% 300.47% 324.3%   396.74% −19.25% 2021,84% −14.58% 

G
la

ss
-F

R
C

M
   

 WG 147.45 148.00 110.60 111.00 30.4 23.87   20.20 17.80 5.50 6.25 8659.70 5565,89 1.50 1.34 

Average 147.73 110.79 27.13 3.88 19.01 5.85 7112.77 1.42 

(CoV) (0.19%) (0.09%) (12.04%)   (3.48%) (3.15%) (13.90%) (5.58%) 

∆ 264.4% 264.4% 285.93%   352.56% −19.21% 1367.88% −15.24% 

 378 



Table 7 also lists the total dissipated energy (Etd), ductility factor (μ), and variation in percentage 379 
form (Δ) of all analysed properties for the strengthened walls compared to the unreinforced walls. 380 

 381 

Figure 11. Comparison of bilinear models 382 

5.2.1. Shear elastic stiffness (Ke) 383 

Ke is the elastic stiffness defined by the slope of the secant that passes from the origin to a point 384 
in the envelope curve at which the load is equal to 75% of Vmax. Therefore, elastic stiffness can 385 
be calculated using the following equation: 386 

 
𝐾𝐾𝑒𝑒 = 0.75𝑉𝑉𝑚𝑚𝑎𝑎𝑥𝑥

𝛿𝛿𝑐𝑐
, 

 

1 

where δe is the equivalent displacement under the cracking load (0.75Vmax). 387 

The results for elastic rigidity listed in Table 7 reveal a reduction in this parameter for all 388 
strengthened walls, especially those strengthened with FRCMs. This is a result of the greater 389 
capacity for deformation and energy dissipation provided by reinforcement. The stiffness 390 
differences between each type of specimen can be more fully appreciated based on Figure 11, 391 
which presents the bilinear models corresponding to each type of specimen. 392 

5.2.2. Total energy dissipated 393 

Dissipated energy is the loss of energy in a structure during the period of time in which it is 394 
subjected to dynamic loads. This is equivalent to the involved area in the hysteresis cycles (see 395 
Figure 10). The total energy dissipated (Etd) was calculated as the sum of the energy dissipated 396 
by each loading cycle (Edi). 397 

𝐸𝐸𝑡𝑡𝑡𝑡 = �𝐸𝐸𝑡𝑡𝑑𝑑

𝑛𝑛

𝑑𝑑+1

 
 2 

 398 

The main data to focus on in Table 7 are the large increases in shear strength and capacity to 399 
dissipate energy introduced by the strengthening systems. These increases are highlighted in 400 
Figure 12. 401 

In Figure 12, it can be observed that the strengthened walls that achieved the greatest shear 402 
strength are those strengthened by cotton-FRCMs, followed by hemp, glass, and mortar alone. 403 



This order is the same for dissipated energy. It can also be observed that the wall strengthened 404 
with mortar alone is able to increase shear strength by 116%, but when the walls are strengthened 405 
with meshes, this increase also applies to the energy dissipation capacity. 406 

 407 

Figure 12. Variation in maximum shear strength and dissipated energy 408 

The results in Figure 12 demonstrate the effectiveness of reinforcement with vegetal fibre. 409 
Additionally, despite the hemp mesh having greater strength than the cotton mesh, the cotton-410 
FRCM system achieves greater shear strength and can dissipate more energy than the hemp-411 
FRCM system. This can be attributed to the strain capacity of the cotton meshes. Cotton meshes 412 
have a greater deformation capacity than meshes of hemp and fiberglass, allowing the walls to 413 
reach greater shear loads and distortions, and exhibit greater energy dissipation capacity. 414 

 415 

5.2.3. Ductility factor 416 

The ductility of a structure is defined by the ability of the structure to deform outside the elastic 417 
zone. According to previous studies, there are many methods for determining the ductility of a 418 
structure. In this study, it was determined based on the relationship between maximum 419 
displacement (caused by brittle failure after reaching the maximum load) and equivalent 420 
displacement at 75% of the maximum shear as follows: 421 

𝜇𝜇 = 𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥
𝛿𝛿𝑒𝑒

. 
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Most of the properties listed in Table 7 increase for the strengthened walls compared to the 422 
unreinforced walls. However, this is not the case for ductility. This is because the value of δe 423 
increases considerably for the strengthened walls compared to the value of δe of the unreinforced 424 
walls. However, when considering the increase in δmax caused by strengthening, the increase in 425 
deformation capacity of the strengthened walls (179% to 330%) is clear. 426 

5.2.4. Stiffness degradation  427 

Figure 13(a) presents the stiffness degradation of the walls as the displacement cycles proceed. 428 
Stiffness degradation was determined from the relationship between the sums of absolute values 429 
of maximum shear load per cycle and the sums of absolute values of maximum displacement per 430 
cycle. 431 

𝐾𝐾𝑑𝑑 =
|𝑉𝑉𝑑𝑑− + 𝑉𝑉𝑑𝑑+|
�𝛿𝛿𝑑𝑑− + 𝛿𝛿𝑑𝑑+�
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In Figure 13(a), it can be seen that in the case of the unreinforced walls, there is a sudden reduction 432 
in stiffness during the first several loading cycles. For the strengthened walls, a small reduction 433 



in stiffness occurs initially, then slow degradation proceeds until reaching the breaking point. This 434 
diagram reveals a more sudden loss in stiffness for the unreinforced walls, walls strengthened 435 
with mortar alone, and walls strengthened with glass-FRCMs, which indicates more fragile 436 
breakage compared to the walls strengthened with vegetal fibres (which matches the type of 437 
failure observed previously). 438 

5.2.5. Damping factor 439 

To evaluate the energy dissipation capacity of the wall specimens, the viscous damping 440 
coefficient was determined for each loading cycle (ξi) based on the method proposed by Jacobsen 441 
(1960). This parameter is defined as the capacity of a structure to dissipate input energy (Epi). 442 
Energy for every cycle (i) was calculated based on the average of the dashed triangular areas 443 
defined in Figure 10 as follows: 444 

𝐸𝐸𝑝𝑝𝑑𝑑 =
|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸|𝑑𝑑

2
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Once the input energy is calculated, it is possible to determine the damping coefficient for each 445 
cycle using the following equation: 446 

𝜉𝜉𝑑𝑑 = 1
2𝜋𝜋

𝐸𝐸𝑑𝑑𝑑𝑑
𝐸𝐸𝑝𝑝𝑑𝑑

. 

 

 6 

Figure 13(b) presents the evolution of the damping factor during the loading period. This figure 447 
reveals an almost constant damping factor until the point of cracking, which corresponds to the 448 
behaviour reported in other studies [32][33], where damping was almost constant. However, once 449 
cracking occurs, this factor increases significantly for all specimens, which may be caused by 450 
friction between joints [32]. 451 

Figure 13(b) reveals better damping for the walls strengthened by vegetal fibres compared to the 452 
damping experienced by other walls because these walls provide more consistent and responsive 453 
damping compared to the other specimens. 454 



 455 

Figure 13. Wall properties during cyclic loading: (a) stiffness degradation, (b) damping factor, 456 
(c) residual drift, and (d) damage index 457 

5.2.6. Residual deformation 458 

Residual deformation is defined as the permanent lateral displacement remaining after external 459 
loading action is removed. Lateral residual deformation represents the resilience of structures 460 
subjected to cyclic loads and significantly affects subsequent repair and strengthening operations. 461 
In this study, the residual drift ratio was defined as the drift ratio when lateral force was equal to 462 
zero within a particular hysteresis cycle. The final values were calculated as the averages of the 463 
absolute values obtained in both directions. 464 

As shown in Figure 13(c), the residual drift ratios of all walls increase with increasing imposed 465 
displacement drift. However, once a displacement drift of 2.3% is reached, the walls strengthened 466 
with mortar alone (and those strengthened with glass-FRCMs) begin to exhibit larger permanent 467 
deformations compared to the walls strengthened with vegetal fibres. This indicates a better 468 
capacity for deformation recovery for the wall specimens strengthened with vegetal fibres, 469 
especially for those strengthened with cotton, which exhibit less residual deformation than the 470 
other wall specimens. These results demonstrate that the capacity for reversible deformation is 471 
improved by the high deformation capacity and low Young's modulus of the cotton mesh 472 
compared to the glass fibre mesh. 473 

5.2.7. Damage index 474 

The damage index used in this study, which was proposed by Kwok and Ang [34], is defined as 475 
the ratio of the actual response of the masonry walls to the expected level of damage. According 476 
to masonry behaviour, Kwok and Ang stated that earthquake damage can be defined in terms of 477 
energy dissipated (De) and the damage caused by excessive deformation (Du), and expressed in 478 
terms of a damage index (D), which is defined by the following equations: 479 



𝐴𝐴 = 𝐴𝐴𝑢𝑢 + 𝐴𝐴𝑒𝑒, 
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 480 

𝐴𝐴𝑢𝑢 = 𝛿𝛿𝑑𝑑
𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥

, 
 

 8 

 481 

𝐴𝐴𝑒𝑒 = 0.076 ∫𝑡𝑡𝐸𝐸𝑑𝑑𝑑𝑑
𝑉𝑉𝑚𝑚𝑎𝑎𝑥𝑥𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥

, 
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where δi is the deformation under the maximum load in the i-th cycle, δmax is the failure 482 
deformation (which is the deformation at the maximum load in this case), ∫dEdi is the accumulated 483 
hysteretic energy, Vmax is the maximum shear strength, the constant of 0.076 was obtained from 484 
the regression of experimental data. The damage index calculated for each specimen is a measure 485 
of its ability to withstand damage when subjected to reversible cyclic loads [35]. 486 

Figure 13(d) presents the evolution of the damage index during cyclic loading. One can clearly 487 
see the greater capacity of the walls strengthened by vegetal fibre FRCMs to dissipate energy and 488 
support greater shear loads. Large damage indexes under small deformations can be observed for 489 
the unreinforced walls, walls strengthened with mortar alone, and walls strengthened with glass-490 
FRCMs. 491 

Kwok and Ang proposed specific ranges for the damage index, where damage is considered 492 
irreparable above a damage index of 0.25 and collapse occurs at a damage index of one. However, 493 
because no irreparable damage was observed before the specimens failed in this study, these 494 
ranges were not considered. 495 

5.3. Comparison of the effectiveness of vegetal fibre FRCMs and glass-FRCMs 496 

The results discussed above demonstrated that vegetal fibre FRCMs exhibit superior behaviour 497 
compared to glass fibre FRCMs under cyclic loading. Therefore, it is necessary to perform a 498 
comparative evaluation of the mechanical properties, specific weight, and cost of each type of 499 
FRCM. 500 

Table 8 lists the relationships between increases in shear strength, deformation capacity, and 501 
energy dissipation contributed by the meshes, as well as the corresponding tensile properties. The 502 
increases in shear strength, displacement capacity, and energy dissipation were determined based 503 
on the differences between the average properties of the FRCM-strengthened walls and the walls 504 
strengthened by mortar alone. 505 

The tensile strength and deformation capacity of the meshes were determined based on the values 506 
listed in Table 5 for the effective lengths of the meshes in each direction (870 mm in the horizontal 507 
direction and 700 mm in the vertical direction). The resultant capacity values were determined 508 
using the Pythagorean theorem by assuming FRCM failure in the diagonal direction. Based on all 509 
these values, it was possible to determine the energy development capacity of the meshes by 510 
calculating the product of tensile strength and deformation capacity. 511 

Table 8. Increase ratios of mechanical properties of walls based on mesh properties  512 

FRCM Hemp Cotton Glass 

∆ Shear strength (KN) 50.70 56.48 41.86 

∆ Deformation capacity (mm) 10.57 10.18 7.49 



∆ Dissipated energy  (KN-mm) 8416.23 9797.05 6628.21 

Mesh tension strength (KN) 42.59 28.42 32.38 

Mesh deformation capacity (mm) 14.82 89.05 13.91 

∆ Shear strength / mesh tensile strength (/) 1.19 1.99 1.29 

∆ Displacement capacity / mesh deformation capacity (/) 0.71 0.11 0.54 

∆ Dissipated energy / energy capacity of mesh (/) 8.79 2.74 8.34 

 513 

The results listed in Table 8 are visualised in Figure 14, where the ratios of the increases in shear 514 
strength, dissipated energy, and deformation capacity are related to the mechanical properties of 515 
the meshes.   516 

 517 

Figure 14. Work performance ratio: ∆ wall properties vs mesh properties 518 

Figure 14a shows better effectiveness ratio in the case of cotton-FRCM than in the case of hemp- 519 
and glass-FRCMs, this because even though the cotton mesh has the least tensile strength, it is 520 
which most improve the walls shear strength, due to the ability to dissipate energy from cotton. 521 

In Figure 14b and c, excellent effectiveness ratios can be observed for the hemp- and glass-522 
FRCMs in terms of deformation capacity and dissipated energy. This is a result of the higher 523 
deformation capacity of the cotton mesh compared to the other fibres, which caused detachment 524 
failures in the walls reinforced by cotton-FRCMs. This failure limited the deformation and 525 
resistance that could develop in the cotton-FRCM specimens, indicating the need for more 526 
efficient connections between FRCMs and masonry. 527 

Table 9 lists the volumes and weights of meshes and fibres calculated based on the geometrical 528 
dimensions and yarn densities presented previously, as well the weights of the meshes, which 529 
were accurately measured prior to reinforcement application. 530 

One noteworthy finding in this table is the reduction in the amount of mortar required based on 531 
the large volume of fibres in the hemp-FRCMs (0.5%) and cotton-FRCMs (5%), which leads 532 
increased weight of the reinforcement meshes and reduced weight of mortar. As a result, the total 533 
weight of the cotton-FRCM is lower than those of the glass-FRCM (0.2104 g/cm3) and hemp-534 
FRCM (0.2124 g/cm3). This causes the ratios of shear strength and energy dissipated to be higher 535 
for the cotton- and hemp-FRCMs compared to the glass-FRCMs. 536 

Table 9. Increase ratios of maximum shear and dissipated energy with FRCM specific weight  537 

FRCM Hemp Cotton Glass 



Mesh Volume / FRCM volume (%) 1.26 5.67 0.77 

Mortar Volume / FRCM volume (%) 98.74 94.33 99.23 

Mesh weight / FRCM volume (g/cm3) 0.005 0.007 0.002 

Mortar weight / FRCM volume (g/cm3) 0.207 0.198 0.208 

FRCM weight / FRCM volume (g/cm3)  0.2124 0.2055 0.2104 

∆ Shear strength / FRCM specific weight (KN/ g/cm3) 546.33 592.63 509.53 

∆ Dissipated energy / FRCM specific weight (KN-mm/ g/cm3) 39628.27 47664.28 34359.45 

  538 

Another important factor to consider is the cost of the vegetal fibre meshes compared to the glass 539 
fibre meshes. Despite the low cost of vegetal fibres, the greater volume of vegetal fibres and resin 540 
epoxy used for coating the mesh can result in a significant cost increase for this type of mesh. 541 
Table 10 lists the costs of FRCMs with different types of meshes. 542 

For the costs analysis of vegetal fibre meshes, the cost of fabrication of the mesh was not 543 
considered because the cost of fabricating such meshes at an industrial level is not known. 544 
Therefore, cost analysis was carried out based on the prices of materials used for fabrication 545 
(yarns and resin), which were supplied by manufacturers. These prices are only approximations 546 
because costs would likely be lower for the production of this type of mesh at an industrial level. 547 

Table 10. Increase ratios of maximum shear and dissipated energy versus cost of FRCMs 548 

FRCM Hemp Cotton Glass 

Yarns price/mesh area (€/m2) 5.79 8.93 - 

Epoxy price/ mesh area (€/m2) 4.41 12.88 - 

Mesh price/mesh area (€/m2) 10.20 21.82 24.00 

Mortar price/mesh area (€/m2) 26.98 25.78 27.12 

FRCM price/mesh area (€/m2) 32.50 43.12 46.41 

∆ Shear strength/FRCM price (KN/ €/m2) 3.57 2.82 2.31 

∆ Dissipated energy/FRCM price (KN-mm/ €/m2) 258.93 227.20 155.74 

 549 

Table 10 reveals that cotton meshes consume more resin than hemp meshes, which leads to 550 
significantly higher prices. This is a result of the greater volume of fibres used in cotton meshes 551 
and their high absorption capacity [36]. 552 

After adding the prices of yarn and resin, the cheapest mesh is the hemp mesh, followed by cotton. 553 
Glass mesh (prices supplied by the manufacturer) has the highest price overall. When the costs of 554 
FRCMs fabricated with each vegetal mesh are compared to those of FRCMs with glass fibre 555 
meshes, the price is approximately 14 €/m2 less in the case of hemp and 3 €/m2 less in the case of 556 
cotton. 557 

Regarding the ratios of shear strength and dissipated energy versus cost, one can see that unlike 558 
the previous tables, these ratios are higher for hemp-FRCMs than for cotton- and glass-FRCMs 559 
based on the low cost of hemp meshes and reduced use of resin. 560 



The comparisons made in this section confirm the superior effectiveness of the vegetal fibre 561 
meshes developed in this study compared to glass fibre meshes. However, the effectiveness of 562 
this type of mesh can be further improved through modifications to its geometry and to the volume 563 
of fibres used (failure caused by FRCM detachment can be associated with excessive 564 
reinforcement volume), as well as by using resin with a lower price, which would allow for greater 565 
mesh flexibility. Overall, sustainability improvements associated with the substitution of vegetal 566 
fibres for glass fibres are technically possible and economically feasible. 567 

6. Conclusions 568 

Based on the cyclic loading tests carried out in this study and analysis of the obtained results, the 569 
following conclusions can be derived: 570 

• The types of failures of different specimens indicate a greater distribution of stresses for 571 
walls strengthened with vegetal fibre FRCMS. This is also related to their capability to 572 
dissipate more energy through multicracking patterns. However, the detachments of 573 
FRCMs may indicate an excessive volume of fibres and the need to use an anchoring 574 
method to improve the connection between FRCMs and masonry. 575 

• The results reveal a greater increase in shear strength and energy dissipation capacity for 576 
walls strengthened with vegetal fibres compared to walls strengthened with glass-FRCMs 577 
or mortar alone. The deformation capacity of vegetal fibre meshes (especially cotton 578 
fibres) allows them to reach higher shear strengths and displacements. 579 

• The walls strengthened with vegetal fibre FRCMs achieved an increase in distortion 580 
capacity of more than 300%, which allowed them to dissipate more energy than other 581 
types of walls. 582 

• The properties of degradation in stiffness, damping, residual deformation, and damage 583 
index were developed with greater efficiency in the walls strengthened with vegetal fibre 584 
FRCMs compared to the other specimens. 585 

• The greater volume of fibres used in the vegetal fibre FRCMs reduced the amount of 586 
mortar required by approximately 0.5% for the hemp-FRCMs and approximately 5% for 587 
the cotton-FRCMs compared to the glass-FRCMs. This reduces the specific weight of the 588 
vegetal fibre FRCMs and alleviates the environmental effects caused by the use of CMs.  589 

• Comparisons between walls strengthened with vegetal fibre FRCMs and glass fibre 590 
FRCMs demonstrated the superior effectiveness of the vegetable fibre meshes developed 591 
in this study in terms of mesh efficiency, cost, and specific weight of FRCMs. However, 592 
the effectiveness of this type of mesh can be improved by means of modifications to its 593 
geometry and to the volume of fibres used (to prevent detachment of FRCMs), as well as 594 
through the use of cheaper resins, which should be more flexible and sustainable from an 595 
environmental perspective. 596 
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