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A B S T R A C T

Masonry buildings constructed in past centuries were generally built without seismic design provisions. 
Commonly, Fiber Reinforced Polymers (FRP) or Textile Reinforced Mortar (TRM) systems are used for masonry 
retrofitting/upgrading. TRM systems are generally considered more suitable for masonry upgrading applications. 
In this work, an experimental campaign has been developed to retrofit/upgrade masonry walls with a Natural 
Fiber (NF) TRM system configured with two jute fiber nets (mesh types: 2.5 cm×2.5 cm and 2.5 cm×1.25 cm), 
four jute fiber made diatons and/or jute fiber (1% fiber (30 mm) with respective to the mortar mass) composite 
Structural Mortar (SM). This paper reports the improved strength of masonry walls upgraded with the proposed 
NFTRM system. Constant vertical load has been applied on these upgraded walls, and the shear strength capacity 
and ultimate strength of these walls have been evaluated through in-plane cyclic shear tests. It has been found 
that the ultimate strength of the NFTRM system is found to be very close to each other and ranging between 2.7 
(MPa) to 3.1 (MPa). The overall load-carrying capacity of the strengthened masonry walls increased by more 
than 455%. This study shows that jute-based NFTRM systems improve masonry performance while advancing 
sustainable, circular construction practices aligned with the United Nations Sustainable Development Goals.

1. Introduction

Structural strengthening of masonry buildings has become a very 
important issue in countries like Italy, which has a huge number of 
historical heritage buildings and a significant seismic load [1–3].

In recent years, Fiber Reinforced Polymer (FRP) composite systems 
[4–10] have been used for structural strengthening due to their high 
strength and durability [11,12]. At the same time due to known draw
backs and limitations of FRP systems, as highlighted in [13], inorganic 
matrix composites have been recently developed for masonry upgrade or 
retrofitting. These composite systems, generally referred to as either 
Textile Reinforced Mortar (TRM) [14], Fiber-Reinforcement Cementi
tious Matrix/Mortar (FRCM) [15], Textile Reinforced Concrete (TRC) 
[16], Fabric Reinforced Mortar (FRM) [17] and Inorganic Matrix-Grid 
(IMG) [18], consist of a textile matrix embedded within a layer of 
cement or lime-based mortar [19]

TRM systems (as they will be referred to hereinafter) are particularly 

suitable for upgrading and/or retrofitting the masonry structures [18]. 
Most commonly for TRM upgrading and/or retrofitting, man-made 
(organic, inorganic, and mineral) fibers like carbon fiber [20–22], 
glass fiber [23,24], basalt fiber [25,26], steel fiber [25–27], and poly
propylene mesh [23] are commercially available, have been reported in 
the literature. These fibers are used due to their higher strength and 
durability [28].

In the construction and building sector, different applications of TRM 
for structural retrofitting/upgrading have been proposed in the litera
ture. Recently Revanna and Moy (2024) [29] have studied the flexural 
behavior of the TRM (carbon and basalt fabric) strengthened concrete 
beam when subjected to extreme temperatures (200 ◦C-800◦C). As re
ported by the authors degradation in flexural has been observed beyond 
400◦C. Notably, the TRMs can withstand temperatures up to 600◦C. In 
[30] Mercimek et al. (2024) have strengthened different concrete col
umns using two types (meshes) of carbon textile and a special mortar 
(cement-based, fiber, and polymer-added mortar). Ultimate axial load 
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capacity was observed between 433.66 kN and 636.16 kN when 
compared with the reference sample (423.06 kN). In another case Gou 
et al. (2023) [31] have retrofitted different concrete columns using an 
optimized TRM (carbon textile, short polyvinyl alcohol (PVA) fiber) 
system. Notably the shear capacity improved by 54.3–55.2%. In an 
interesting case, Ramezani and Esfahani (2023) [32] have strengthened 
reinforced concrete beam specimens with the FRCM/TRM system, 
which is composed of carbon textile and cement-based repair mortar 
(recycled from industrial wastes). The load-carrying capacity was 
enhanced due to TRM strengthening by about 40 MPa on average 
(considering all reinforced samples) when compared with the reference 
sample. Interestingly, Campolongo et al. (2023) [33] have reinforced 
clay-brick masonry columns using polybenzoxazoles (PBO) TRM sys
tems in various combinations. Improvement in axial strength was found 
from 5.96 MPa to 10.99 MPa considering all reinforced samples, and 
when 12.26 MPa was obtained for the reference sample. Glass fiber TRM 
has been used by Bertolesi et al. (2020) [34] to reinforce masonry cross 
vaults constructed following the technique of traditional Catalan layered 
construction. The structures were damaged, retrofitted, and tested to 
analyze their reaction to vertical support displacements. Based on the 
obtained overall results it has been reported that the TRM reinforcement 
can partially reinstate the initial stiffness, as well as double the vaults’ 
elastic phase and ultimate displacements. Dong et al. (2021) [35] have 
retrofitted/upgraded unreinforced masonry walls using glass and carbon 
fiber TRM and carbon and glass TRM (one and both sides application) 
and with short and water-dispersible polyvinyl alcohol (PVA) fibers. 
Wall samples were subjected to diagonal compression tests, and 
improvement in load-bearing capacity from 60% to 412% (considering 
all retrofitting combinations). In-plane cyclic shear strength tests were 
performed on masonry walls with windows) retrofitted with a glass fiber 
TRM system, by Ivorra et al. (2021) [36]. Results have demonstrated an 
improvement in shear strength from about 120–300 kN, while the cu
mulative energy loss due to energy dissipation was observed around 
2.7–12.7 kNm. Whereas, Furtado et al. (2020) [37] have upgraded 
masonry walls (hollow clay horizontal bricks) using polypropylene 
mesh, strong glass fiber mesh (GFRP), and M5 class mortar, whereas 
steel connectors were used to anchor the textile mesh. The out-of-plane 
tests have been conducted, while the flexural strength capacity and 
deformation capacity improved by 54% and 7.18 times, respectively. In 
another case, sample masonry walls are prepared with solid clay bricks 
(recycled from an early 20th-century building) and low-strength tradi
tional mortar by Mezrea et al. (2021) [38]. Masonry walls were upgra
ded with carbon and basalt textile FRCM systems with and without 
anchors. Considering all retrofitting wall combinations, improvement in 
shear stress from 0.23 MPa to 0.95 MPa has been observed. Considering 
the recyclability of the building, in the last few years, researchers have 
studied integrated (structural and thermal) retrofitting schemes and 
they have used TRM for structural upgrading and insulation materials 
(mainly Expanded Polystyrene (EPS), and insulation mortars). Notably, 
Furtado et al. (2023) [39] have used a Glass-TRM system to retrofit 
masonry walls. Here authors have conducted the out-of-plane structural 
tests and reported improvements in the load-bearing capacity of the 
upgraded masonry wall samples from about 45–120%. Whereas Karlos 
et al. (2020) [40] have glass fiber TRM and EPS for seismic and energy 
upgrading of the masonry walls, and the obtained peak load improved 
from about 175–492%, considering all retrofitting combinations. Other 
interesting integrated (structural and thermal) masonry retrofitting can 
be in [41–43] and [44], in these cases, commercially available fabric has 
been used for TRM strengthening, whereas EPS has been used for ther
mal retrofitting.

These organic, inorganic, and mineral fibers contribute to environ
mental impacts throughout their life cycle, mainly due to greenhouse 
gas emissions associated with their production and disposal. Sometimes 
these fibers are harmful to human health [45]. Notably, the C&B sector 
is responsible for the emission of CO2 and other CHG, about 39% 
globally and 36% in the European Union (EU). Further, as highlighted in 

[46], a third of the total waste generated in the EU is due to Construction 
and Demolition (C&D) activities, and it is about 180 tons of C&D waste 
per year [47]. To encourage sustainable development goals/strategy, 
the EU discourages 100% disposal of C&D wastes [48].

To reduce landfill waste and carbon footprint in the construction 
sector, more sustainable and biodegradable materials are needed. 
Research increasingly supports using natural fiber composites in TRM 
systems for masonry retrofitting, as they are recyclable, biodegradable, 
cost-effective, and can reduce carbon emissions by up to 79% [49] [50]. 
Considering the C&D application, some innovative research works and 
the use of natural (animal and plant) fibers like sheep wool [9,51], date 
palm fiber [52], oil palm fly ash fiber [53], Sisal fiber [54–59], hemp 
fiber [57,59,60], flax fiber [57,61,62], bamboo fiber [63,64], curauà 
fabric [65,66], kenaf fiber [67], alfa plant fiber [68] have been studied 
in the literature.

Nowadays, interest in the use of Natural Fiber (NF) TRM systems is 
increasing among scientists and researchers. Codispoti et al. (2015) [57]
studied the mechanical performance of natural fiber-reinforced cemen
titious matrices (NFRCM). The authors have used jute, Sisal, hemp, and 
flax textiles, and inorganic nature mortar (prepared with pozzolana lime 
and natural siliceous) to prepare the TRM samples. Tensile strengths 
obtained for jute TRM, hemp TRM [69], and flax TRM were about 
440 MPa (on average), 268 MPa, and 774 MPa, respectively. Tensile 
behavior of the flax and jute fiber TRM samples was tested by Tro
choutsou et al. (2021) [70]. Obtained tensile strengths for flax-TRM and 
jute-TRM were found to be between 57.6 and 223.4 MPa, and 
62.7–74.0 MPa, respectively. In another case, masonry walls were 
reinforced with the jute TRM system by Khaleel et al. (2021) [71]. The 
authors have applied jute textiles around the unreinforced walls. The 
mechanical tests showed compressive strength increases of about 10% 
for the reinforced English-bond prisms and 57% for the stack-bond 
prisms, while flexural strength improved by approximately 40% and 
147%, respectively. In [65], Ferrara et al. (2021) have provided a 
comparative result (tensile response) between flax TRM composite 
specimens and flax TRM curauá fiber composite specimens. For the 
second composite combination, enhancement in stress and dissipated 
energy were observed of approximately 28% and 45%, respectively. 
Recently, Pepe et al. (2023) [72] have evaluated the tensile strengths of 
the Lime-Based jute TRM and Flax TRM specimens. The tensile strength 
obtained near about 1.2 MPa and 2.4 MPa for JTRM and FTRM, 
respectively.

There are some interesting studies available in the literature on the 
use of NFTRM systems for masonry upgrading/retrofitting. The struc
tural behaviors of the diagonal compressive tests, of yellow tuff brick 
walls and solid clay brick walls reinforced with Hemp Fiber Composite 
(HFC) system in Menna et al. (2015) [73]. Notably, for reinforced pur
poses pozzolanic and HNL mortars, and HFC ties/connectors have been 
used. Improvement in peak shear stress values considering all types of 
upgraded yellow tuff brick walls obtained about 0.40 MPa, and this 
increment considering all types of solid clay brick walls was found to be 
about 0.69 MPa when compared with un-strengthened wall samples 
prepared with respective brick types. In Ferrara et al. (2020) [74] have 
utilized flax textile in two different combinations, single layer, and two 
layers to reinforce masonry walls. Structural behaviors were determined 
through the diagonal compression test. As reported, due to the appli
cation of the flax-TRM system the improvement in the peak load with
standing capacity was observed at approximately about 65 MPa (single 
layer) and 86 MPa (two layers), when compared with unreinforced 
masonry wall (64 MPa).

Jute fiber is the second most produced natural fiber [75]. In the last 
57 years jute fiber production increased by 1 million tons. Notably 
around 6 million households engage with jute fiber production and the 
value of the jute fiber production is around 1.2 billion dollar [76]., there 
are many positive sides of jute plant cultivation, it improves the fertility 
of the soil, purifies the air by absorbing CO2 and emitting O2 [77]. The 
jute fiber production and its products require lower energy during their 
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production process and pose less hazard during manufacturing [78], 
when compared with man-made and mineral fibers. Notably, Jute fiber 
is known to be cheap, and recyclable, and also its strength and insulating 
capacity [79] [77] make it attractive and competitive as construction 
material. The jute fiber and its derived products are quickly gaining 
importance in the construction and building sector.

This paper investigates the retrofitting of masonry walls using jute 
fiber products, jute fiber nets, jute fiber diatons, and jute fiber composite 
mortar within a Natural Fiber Textile Reinforced Mortar (NFTRM) sys
tem. The mechanical performance of the upgraded walls is evaluated 
through in-plane cyclic shear tests. Therefore, the primary objectives of 
this experimental research campaign are to promote the use of natural 
fibers in green construction and to advance the circular economy. 
Further, this research provides some innovative compact and innovative 
NFTRM packages for masonry retrofitting/upgrading. Finally, this 
research advocates the United Nations Sustainable Development Goals.

2. Material and method

The research activity performed and presented in this paper (struc
tural level) is a continuation of the authors’ previous research works 
performed at: 

(1) Fiber level: where physical (water absorption) and mechanical 
(tensile strength) performance of the jute fiber, jute fiber threads, 
and jute fiber diatons have been evaluated, see Majumder et al. 
(2022) [80].

(2) Mechanical level: during this phase various combinations of the 
jute fiber composite mortars are formulated, and their thermo- 
mechanical properties were evaluated [79]. Therefore, the flex
ural and compressive strength tests were performed, and the 
strain energy was calculated. Thermal conductivity tests were 
also performed on all mixture compositions, as our target was to 
choose a composite mixture with balanced mechanical and 
thermal (insulation) properties. This mixture has been used for 
the integrated (structural and thermal) retrofitting/upgrading 
(see, sub-2.8), for details see, Majumder et al. (2023) [79].

2.1. Raw Jute fiber

Fig. 1.a presents the jute plants of Bangla Tosha - Corchorus olitorius 
(golden shine) origin. The raw jute fibers (Fig. 1.b) derive from the inner 
bark [50] of these plants, they are approximately 3–4 m long. The fibers 

used in this research were collected directly from farmers in the state of 
West Bengal, India.

The physical properties and mechanical behavior of the jute fiber are 
reported in [80]. This jute fiber can absorb more than 200% of water 
with respect to its dry mass. Whereas the tensile strength and ultimate 
strain energy respectively are 215.11 MPa and 0.77 N.mm. The knowl
edge and results from the water absorption test [80] have been used as a 
guide while preparing the Structural Mortar (SM) composite sample and 
later the flexural and compression tests were performed on these com
posite samples [79].

The knowledge and results obtained in [80] and [79] have been used 
for the masonry upgrade reported in this paper. Only 30 mm long fiber 
(Fig. 2.a) has been used (motivations explained in 2.5) for the composite 
mortar layer of the NFTRM system.

2.2. Jute diatons

Fig. 3 presents the jute diatons fabricated in the structural laboratory 
of the University of Cagliari.

These transversal connectors have been used for the masonry wall 
upgrading to connect two surfaces of the NFTRM system and also to 
improve the wall shear capacity. Diatons preparation, physical proper
ties, and mechanical behaviors are reported in [80], and their tensile 
strength and strain energy were found to be around 15.54 MPa and 
14.18 kN.mm.

2.3. Jute thread and jute net fabrication

Two types (class 1 mm and class 2 mm, see [80]) of three yarn jute 
threads were collected from the same place of jute fiber. The class 1 mm 
(Fig. 4.a) thread was preferred and used for the net fabrication (Fig. 4.b) 
due to its higher mechanical performance [80].

Two different mesh configurations 2.5 cm × 2.5 cm (Fig. 5.a) and 
2.5 cm × 1.25 cm (Fig. 5.b), respectively, were chosen for different net 
preparations. The jute fiber nets were fabricated with two different di
mensions: (1) the 1 × 1 m2 (Fig. 5. c&d)used for strengthening the 
masonry wall specimens used for structural tests and (2) the 
0.9 × 0.7 m2 (Fig. 5.d) used for strengthening the masonry wall speci
mens used for the thermal conduction tests not analyzed in this paper.

Fig. 6.a shows the jute fiber net tensile strength test preparation, 
while Fig. 6.b shows the tensile strength test conducted on a net sample 
of configuration 1.25 cm × 2.5 cm, using a universal machine of spec
ifications: maximum load capacity of 630 kN, maximum workable 
length of 20 cm, rate of 2 mm/min. The test results are presented in 

Fig. 1. (a) Jute plants and (b) Raw jute fibers.
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Table 1. For more details please see [47].

2.4. Structural mortar

A cement-based mortar referred to as “Structural Mortar” (SM) has 
been used for the masonry walls upgrade. It is classed as M10 class [81, 
82]. Mechanical performance was evaluated using three-point bending 
tests conducted on a displacement-controlled machine (4.9 kN capacity, 
0.02 kN sensitivity), while compression tests were conducted on a 
load-controlled machine (100 kN capacity). All tests were performed 
using EN 1015–11 standard [83]. Table 2 presents the mechanical 
properties of the SM mortars.

2.5. Composite mortar

The composite-SM, obtained by adding jute fibers (Fig. 7.a) to the 
mortar (Fig. 7.b) matrix along with an appropriate amount of water 

(Fig. 7.c), has been used for upgrading eight masonry walls, which have 
been used for structural tests. Table 3 presents the mixture composition 
of the composite mortar (Table 4).

2.6. Choice of jute fiber length and fiber percentages

The choice of fiber length, fiber percentage (with respect to the dry 
mortar masses), and the amount of water used in the mixture, was based 
on previous analysis reported in [79] and [80]. The mechanical prop
erties of mixes with different combinations of fiber length and fiber 
percentage of SM are summarized in Table 1 (for details see Fig. 8 and 
[79]).

As reported in [79], it has been observed that with the application of 
jute fiber: (1) the flexural strength and compressive strength have been 
decreased, and (2) the improvement in strain energy and thermal 
insulation properties of the composite sample have been observed. The 
reduction in strength and the increase in strain energy are directly 
related to the fiber percentage used in the mixture (0.5%, 1.0%, 
1.5–2.0%).

The decrement is due to the fact that the homogeneity of the mortar 
is altered by the addition of jute fiber. In the previous research, the 
authors observed that when raw jute fibers are exposed to water, they 
tend to form fiber balls. These balls behave somewhat like sponges by 
trapping water. Notably, it is difficult to completely eliminate water 
during sample preparation. When these samples dry, air voids are likely 
to form within the samples, thereby weakening their flexural and 
compressive strengths. However, it is worth noting that this air void also 
makes these specimens better insulating materials.

The composite mortars have been prepared by mixing 1% of jute 
fiber (of fiber length 30 mm) with SM with respect to the dry mortar 
masses. Whereas, about 20% of the water amount (with respect to total 
structural and jute fiber mass) has been used for the composite mortar 
preparation. This selection was due to: 

(1) To have a composite mixture with a balanced and optimum 
thermo-mechanical behavior (as in Fig. 8.),

(2) Another point that has been considered while selecting 1% of 
fiber (with respect to the mortar mass) for the composite mixture, 
is based on [84] which states that the presence of fiber in an 
incombustible composite mixture should not be higher than 1%.

2.7. Bricks used and masonry wall

The semi-solid brick blocks /hollow bricks depicted in Fig. 9.(a) meet 

Fig. 2. 6.5 g of raw jute fibers of (a) 30 mm, (b) 20 mm, and (c) 5 mm fiber lengths.

Fig. 3. Jute fiber made diatons.

Fig. 4. (a) Jute thread of class 1 mm and (b) Jute net preparation.
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all requirements outlined in the "Technical Standards for Construction" 
(Ministerial Decree 17/01/2018) [81]. These bricks have the following 
specifications: dimension of 300 mm × 250 mm × 250 mm, and specific 
gravity of 800 ÷ 860 kg/m3 [85]. They also meet additional criteria for 
masonry materials designed to withstand seismic activity, including 
straight and continuous partitions arranged parallel to the wall plane 
(with minor interruptions for gripping holes) and a vertical character
istic compressive strength of fBk ≥ 5 N/mm2 and orthogonal compres
sive strength in the wall plane of f′Bk ≥ 1.5 N/mm2. For reference, the 
dimensions of an un-strengthened, unreinforced hollow brick wall are 
depicted in Fig. 9.(b).

2.8. Masonry wall upgrading schemes for structural characterization

Two unreinforced and ten reinforced masonry Hollow Brick Walls 
(HBW), were constructed in the materials strength laboratory at the 
University of Cagliari. These walls were tested with various retrofitting/ 
upgrading configurations, see Table 2. Two different vertical loads 
(40 kN and 80 kN) were applied in order to simulate different axial 
stress levels acting on masonry walls in real structures. These values 
correspond approximately to 1% and 2% of the estimated maximum 
vertical load capacity of the wall and were selected to investigate the 
influence of axial compression on the in-plane shear behaviour of both 
unreinforced and strengthened specimens. 

Fig. 5. Jute fiber nets.

Fig. 6. (a) Net samples clamped for the tests, and (b) net tensile strength test.

Table 1 
Mechanical properties of jute fiber net of configuration 2.5 cm × 2.5 cm see 
[47].

Net of configuration: 
1.25 cm × 2.5 cm

Net of configuration: 
2.5 cm × 2.5 cm

Stiffness [N/mm] 10.3 (with CoV of 
11.9%)

7.6 (with CoV of 20.2%)

Strain energy [kNmm] 14.1 (with CoV of 
21.0%)

8.8 (with CoV of 39.1%)

Maximum load [N] 337.2 (with CoV of 
9.9%)

217.3 (with CoV of 
24.8%)

Maximum displacement 
[mm]

82.9 (with CoV of 
18.6%)

72.5 (with CoV of 17.8%)

* CoV is Coefficient of Variation

Table 2 
Mechanical performance [79].

Flexural properties Stress 7.8 MPa (with Co.V. of 6.5%)
Strain 0.013 (with Co.V. of 9.7%)
Strain energy 0.19 (with Co.V. of 29.72%)

Compression property Strength 32.25 MPa (with Co.V. of 5.61%)

* CoV is Coefficient of Variation
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• HBW1 (Fig. 10.a&c) and HBW2 (Fig. 10.b&d) masonry walls were 
not reinforced. Approximately 40 kN and 80 kN of constant vertical 
loads were applied to these masonry walls, respectively.

• Both HBW3 (Fig. 12.a) and HBW4 (Fig. 12.b) walls were reinforced 
with the jute net and jute diatons. Jute nets of 1 m2 (of 2.5 cm ×
2.5 cm mesh configuration) were placed on both sides of the ma
sonry walls. In addition, four jute diatons (horizontal connectors 
passing through the wall thickness) were inserted orthogonally 
through the masonry walls (as in Fig. 13.a) to hold the nets con
necting the external TRM layers (as in Fig. 13.c) and to improve the 
shear resistance. Thereafter, hollow cavities (of the inserted diatons) 
were filled with liquid mortar (Fig. 13.b). SM was used for binding 
the diatons, jute net attachment to the wall, and plastering. Vertical 
loads of approximately 80 kN and 40 kN were applied on HBW3 and 
HBW5, respectively.

• The masonry walls HBW5 and HBW6 have been reinforced with four 
diatons and jute nets with 2.5 cm × 1.25 mesh and 2.5 cm × 2.5 
mesh configurations, respectively. Here too, the SM was used for the 
initial placement of jute fiber nets on both sides of HBW5 and HBW6. 

Thereafter, jute-composite mortar prepared with 1% (with respect to 
the dry mortar mass) jute fiber and 30 mm fiber lengths was used for 
further thermo-structural reinforcement. 40 kN of constant vertical 
load was applied on both these masonry walls.

• The HBW7 has been reinforced with only 4 diatons. The diatons were 
bonded to the masonry wall surfaces using SM and the hollow cav
ities were filled with liquid mortar, as above.

Fig. 7. Composite mortar preparation mixture ingredients: (a) 30 mm fiber, (b) SM and (c) water.

Table 3 
Mixture composition.

Material used Mixture proportion

Jute fiber (30 mm) 0.82%
SM mortar 81.06%
Water 18.12%

Table 4 
Mechanical properties of mixes with different combinations of fiber length and 
fiber percentage of SM (based on results obtained in [79] and [80].

Best Value Chosen value Worst value

Stain energy [kN.mm]
MSF2(30) MSF1(30) MS (No fiber)
2.687 (with CoV of 

34.84%)
0551 (with CoV of 
67.01%)

0.477 (with CoV of 
13.90%)

Flexural stress [MPa]
MS (No fiber) MSF1(30) MSF2(5)
7.789 (with CoV of 

8.455%)
5.068 (with CoV of 
7.93%)

3.611 (with CoV of 
10.92%)

Compressive strength [MPa]
MS (No fiber) MSF1(30) MSF2(30)
32.25 (with CoV of 

5.61%)
21.83 (with CoV of 
5.79%)

6.03 (with CoV of 7.47%)

Note: MS is the structural mortar; F represents the jute fiber, the number after F 
represents the percentage of jute fiber used in the composite mixture i.e., 1%, 
2%, etc.; (30), (10), and (5) signifies the fiber lengths i.e., 30 mm, 10 mm, and 
5 mm, respectively.
* CoV is Coefficient of Variation

Fig. 8. The choice of 30 mm fibers and 1% fibers in the mixture with respect to 
the dry structural mortar (SM) mass, where Rc, ft, Rc, and λ, respectively, 
denote compressive strength, flexural strength, ultimate strain energy, and 
thermal conductivity.
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• In the case of masonry wall HBW8, raw jute fibers were placed 
diagonally and attached with SM on the wall surfaces, whereas four 
jute diatons were used to hold these fibers.

The quasi-static load protocol is defined as follows: first, the vertical 
load (about 2%: 80 kN and 1% 40 kN of the maximum vertical load of 
the wall) is applied. Subsequently, cyclic in-plane horizontal loads of 
increasing amplitude were introduced using three horizontal hydraulic 
jacks. The loading sequence began with the activation of jack H1 fol
lowed by H2 and H3, as illustrated in Fig. 10. Upon completion of the 
cyclic loading protocol, the wall’s load-bearing capacity was evaluated 
by applying a final horizontal load through either jack H2 or H3, 

continuing until structural failure occurred. While H4 and H5 are the 
actuators, which have been used for applying fixed loads on the masonry 
walls.

Fig. 11.a represents the transversal diaton, while Fig. 11.b and 
Fig. 11.c respectively represent the structural mortar and composite 
mortar with 1% of jute fiber (1 mm). Fig. 11.d reports the raw jute fiber 
reinforcement scheme.

Fig. 12 represents various retrofitting/upgrading schemes of the 
masonry walls used for the in-plane cyclic tests. Fig. 12 (a) and (b) 
Fig. 12 (b) present the HBW3 and HBW4 masonry walls reinforced with 
jute net mesh (2.5 cm×2.5 cm) and 4 jute diatons. Whereas Fig. 12 (c) is 
the HBW5 Masonry walls reinforced with jute net mesh: 

Fig. 9. (a) Hollow bricks, and (b) reference wall sample (1 m x 1 m x 0.25 m).

Fig. 10. Test setup: Masonry walls (HBW1 and HBW2) without reinforcement: (a) Front and (b) back views.

Fig. 11. (a) Transversal diaton, (b) Structural Mortar (SM) and (c) Jute composite mortar (SM) with 1 mm jute fiber (1% with respect to the mortar mass and (d) Raw 
intact jute fiber.
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2.5 cm× 1.25 cm, 4 jute diatons, and jute composite SM. Fig. 12 (d) 
shows the masonry wall sample HBW6 retrofitted with jute net mesh: 
2.5 cm× 2.5 cm, 4 jute diatons, and jute composite SM. While the ma
sonry wall HBW7 has 4 jute diatons and jute composite SM (Fig. 12.e); 
and masonry wall HBW8 retrofitted with long intact raw jute fiber X 
pattern, 4 jute diatons.

The transversal diatons (Fig. 3) were placed through the wall holes 
(Fig. 13.a) and these holes were fully filled and sealed with liquid mortar 
(Fig. 13.b). Thereafter, the diaton edges (Fig. 13.c) (front and back) were 
opened and attached to the net (masonry wall surface) with SM.

Fig. 14 represents various steps of masonry wall upgrading schemes. 
Four holes are drilled through all masonry wall (Fig. 14.a). Four jute 

fiber diatons are placed through all masonry walls (Fig. 14.b). Appli
cation of diatons on the masonry wall HBW7 (Fig. 14.c). Whereas, 
Fig. 14.d and Fig. 14.e presents the masonry wall HBW3 installed with 
jute nets of 2.5 cm × 2.5 cm mesh configuration and HBW5 installed 
with jute nets of 2.5 cm × 2.5 cm mesh configuration.

It is important to highlight that all masonry walls were built 
together. The un-retrofitted masonry walls were subjected to the in- 
plane cyclic tests after 28 days of curing under normal environmental 
conditions. Whereas all other walls were retrofitted/upgraded together 
after 3 days from the day of construction, and they were tested after 28 
days from the day of retrofitting/upgrading.

Fig. 12. Masonry walls: (a) HBW3, (b) HBW4, (c) HBW5, (d) HBW6, (e)HBW7, and (f) HBW8.

Fig. 13. (a) Transversal diaton hole, (b) transversal jute diaton, and (c) diaton holding net.
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3. Experimental results

3.1. Upgraded masonry walls for structural characterization

3.1.1. In-plane cyclic shear tests
A total of 8 samples were used for the in-plane cyclic shear test. 

During these tests, a constant vertical load was applied at the top of each 
masonry wall, while the in-plane cyclic horizontal loads were applied 
using a set of hydraulic jacks.

Each wall was subjected to two or three cycles of growing horizontal 
loads from the right (hydraulic jack H1 or hydraulic jack H2 depending 
on the side of the considered wall) and from the left (hydraulic jack H2 
or H3 depending on the side of the considered wall) (Fig. 10). At the end 
of the horizontal load cycles an increasing horizontal load was applied 
until the collapse of the sample. Each wall was equipped with three 
displacement Transducers (T) that convert rectilinear mechanical mo
tion into a variable electric signal that can be digitally recorded. Their 

nominal displacement is 100 mm, nominal sensitivity 2 mV/V, sensi
tivity tolerance ± 0.1%, measure resolution 1 μm. Their positions are 
also represented in Fig. 10.a&b and Fig. 15.a: two are placed on the front 
surface to measure diagonal displacements while one is placed on the 
back surface to record horizontal displacements on every masonry wall, 
as shown in Fig. 10.c&d and Fig. 15.b, respectively.

Fig. 16 to Fig. 23 presented load-displacement curves for wall sam
ples HBW1, HBW2, HBW3, HBW4, HBW5, HBW6, HBW7, and HBW8, 
respectively.

In all Figs. (16− 21)), the red curves represent the first load cycle 
(C1), while the black curves denote the second load cycle (C2) and the 
green curves represent the third load cycle (C3). Displacements can be 
negative or positive depending on the direction of the acting forces.

3.1.1.1. Masonry wall sample: HBW1. HBW1 denotes a simple unrein
forced brick masonry wall. Its vertical load is kept constant and equal to 
40 kN while its load-displacement behavior is reported in Fig. 16.(a) for 

Fig. 14. Retrofitted/upgraded masonry walls: (a) Drilling transversal holes, (b) diatons placed through the masonry wall, (b) diatons are installed and fixed on the 
masonry wall, (c) application of composite mortar on the masonry wall, (d) jute net (2.5 cm × 2.5 cm mesh configuration) and jute diaton application on masonry 
wall, and (e) jute net (1.25 cm × 2.5 cm mesh configuration) and jute diaton application on masonry wall.

Fig. 15. Samples equipped at the (a) front with diagonal sensors and (b) back with horizontal sensors.
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diagonal displacement Transducer T(G) and Fig. 16.(b) for diagonal 
displacement Transducer T(F). Whereas, Fig. 16.(c) presents the load- 
displacement relationship based on the horizontal displacement Trans
ducers T(M).

Fig. 16 related to displacement transducer G, a good symmetrical 
behavior has been recorded for HBW1. The small asymmetry in Fig. 16. 
(c) can be explained by some error in the sensor placement.

3.1.1.2. Masonry wall sample: HBW2. HBW2 denotes another not- 
reinforced brick masonry wall. The difference with respect to HBW1 is 
in the vertical load that it is kept constant and equal to 80 kN. Load- 
displacement behavior is reported Fig. 17.(a) for diagonal displace
ment transducer T(A) and Fig. 17.(b) for diagonal displacement trans
ducer T(H). Whereas Fig. 17.(c) presents the load-displacement 

relationship based on the horizontal displacement transducers labeled 
T(L)

A symmetrical behavior has been recorded, while the diagonal sen
sors A and H produced quite different recordings when the horizontal 
load pushed the wall from left to right or vice versa. Probably also in this 
case the diagonal sensor placements were not perfect.

3.1.1.3. Masonry wall sample: HBW3. HBW3 sample was reinforced 
with the jute-net and jute diatons. Jute nets of 1 m2 (of 2.5 cm×2.5 cm 
mesh configuration) were placed on either side of the wall, while four 
jute diatons (horizontal connectors) were inserted orthogonally. In this 
case, the vertical load is kept constant and equal to 80 kN. Load- 
displacement behavior is reported in Fig. 18.(a) for diagonal displace
ment transducer T(A) and Fig. 18.(b) for diagonal displacement 

Fig. 16. Load-displacement diagrams of the unreinforced masonry wall HBW1, measured with (a) the diagonal sensor G, (b) the diagonal sensor F, and (c) the 
horizontal sensor M.

Fig. 17. Load-displacement diagrams of the unreinforced masonry wall HBW2, measured with (a) the diagonal sensor A, (b) the diagonal sensor H, and (c) the 
horizontal sensor L.

Fig. 18. (a) Load-displacement diagrams of the reinforced masonry wall HBW3, measured with (a) the diagonal sensor A, (b) the diagonal sensor H, and (c) the 
horizontal sensor L.
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transducer T(H). Fig. 18.(c) presents the load-displacement relationship 
based on the horizontal displacement transducers labelled T(L).

A quite symmetrical behavior has been recorded in all three above- 
mentioned figures apart from the last load cycle that yields to quite 
large horizontal displacements. In the latter case, small boundary 
modifications at the base of the wall can justify this difference in com
parison to other load cycles.

3.1.1.4. Masonry wall sample: HBW4. HBW4 sample was reinforced 
with the jute-net and jute diatons. Jute nets of 1 m2 (of 2.5 cm×2.5 cm 
mesh configuration) were placed on either side of the wall, while four 
jute diatons (horizontal connectors) were inserted orthogonally. In this 
case, the vertical load is kept constant and equal to 40 kN. Load- 
displacement behavior is reported in Fig. 19.(a) for diagonal displace
ment transducer T(G) and Fig. 19.(b) for diagonal displacement trans
ducer T(F). Fig. 19.(c) presents the load-displacement relationship based 

on the horizontal displacement transducers labeled T(M).

3.1.1.5. Masonry wall sample: HBW5. Specimen HBW5 was reinforced 
with four transversal diatons and jute fiber nets on both sides with the 
2.5 cm× 1.25 mesh configuration. Thereafter jute-composite structural 
mortar prepared with 1% (with respect to the dry mortar weight) jute 
fiber and 30 mm fiber lengths was used for further thermo-structural 
reinforcement. 40 kN of constant vertical load was applied on this 
wall. The load-displacement relationship is reported in Fig. 20.(a) for 
diagonal displacement transducer T(G) and Fig. 20.(b) for diagonal 
displacement transducer T(F). Fig. 20.(c) presents the load-displacement 
relationship based on the horizontal displacement transducers labeled as 
T(M).

Displacements can be negative or positive depending on the direc
tion of the acting forces. The structural behavior of the wall has not been 
symmetric in all cases. Minor inaccuracies in sensor placement can 

Fig. 19. Load-displacement diagrams of the reinforced masonry wall HBW4, measured with (a) the diagonal sensor G, (b)the diagonal sensor F, and (c) the hori
zontal sensor M.

Fig. 20. Load-displacement diagrams of the reinforced masonry wall HBW5, measured with (a) the diagonal sensor G, (b) the diagonal sensor F, and (c) the hor
izontal sensor M.

Fig. 21. Load-displacement diagrams of the reinforced masonry wall HBW6, measured with (a) the diagonal sensor A, (b)the diagonal sensor H, and (c) the hor
izontal sensor L.
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explain the differences between the positive and negative displacement 
zones in the above-mentioned Figures.

3.1.1.6. Masonry wall sample: HBW6. Specimen HBW6 was reinforced 
with four transversal diatons and jute fiber nets on both sides with the 
2.5 cm× 2.5 mesh configuration. Thereafter, jute-composite structural 
mortar prepared with 1% (with respect to the dry mortar weight) jute 
fiber and 30 mm fiber lengths was used for further thermo-structural 
reinforcement. 40 kN of constant vertical load was applied on this wall.

The load-displacement relationship is reported in Fig. 21(a) for di
agonal displacement transducer T(A) and Fig. 21(b) for diagonal 
displacement transducer T(H). Fig. 21(c) presents the load-displacement 
relationship based on the horizontal displacement transducers labeled as 
T(L).

3.1.1.7. Masonry wall sample: HBW7. Sample HBW7 has been rein
forced with only 4 diatons to connect the external surfaces to improve 
the shear resistance. The diatons were bonded to the masonry wall 
surfaces using fiber-reinforced SM. 37 kN of constant vertical load was 
applied and kept constant on this wall.

The load-displacement relationship is reported in Fig. 22.(a) for di
agonal displacement transducer T(G) and Fig. 22.(b) for diagonal 
displacement transducer T(F). Whereas, Fig. 22.(c) presents the load- 
displacement relationship based on the horizontal displacement trans
ducers labeled T(L). The structural behavior of the wall has been almost 
symmetric in all cases except in Fig. 22.(b).

3.1.1.8. Masonry wall sample: HBW8. Sample HBW8 was reinforced 
with four transversal diatons and raw jute fibers were placed diagonally 
and attached with SM on the wall surfaces. 37 kN of constant vertical 
load was applied and kept constant on this wall.

The load-displacement relationship is reported in Fig. 23.(a) for di
agonal displacement transducer T(A) and Fig. 23.(b) for diagonal 
displacement transducer T(H). Whereas, Fig. 23.(c) presents the load- 
displacement relationship based on the horizontal displacement trans
ducers labeled as T(M). After the first load cycle, the structural behavior 
of the wall has not been symmetric, probably there has been a modifi
cation of wall boundary conditions (Table 5).

3.1.2. Maximum load
After the above-described load cycles, each wall has been subjected 

to an increasing horizontal load in order to measure the specimen ca
pacity. Fig. 24 presents the load-displacement curves and highlights that 
the natural TRM system used for masonry upgrade i.e., the strengthened 
walls has shown better performance than that of hollow brick normal/ 
un-reinforced walls. Table 6 summarizes the maximum loads and the 
corresponding displacement points for each wall. The overall with
standing load capacity of the strengthened masonry walls with the 
NFTRM system has increased by more than 455.66%.

The differences observed among the upgraded configurations can be 
explained by the combined effects of reinforcement geometry, mortar 
composition, and transverse connection. In particular, the mesh size of 
the jute net influences the density of the reinforcement and, conse
quently, the ability of the system to redistribute tensile stresses and 
control crack propagation. A denser mesh is expected to promote a more 
uniform stress transfer and a more distributed cracking pattern. The 
presence of the jute-fiber composite mortar layer further improves the 
interaction between reinforcement and masonry substrate, enhancing 
mechanical interlock, bond effectiveness, and the capacity of the 
strengthening system to engage a wider portion of the wall surface. In 
addition, the jute diatons play an important role in connecting the two 
external reinforced layers through the wall thickness, thereby limiting 
local detachment and improving the overall integrity of the strength
ened system. The experimental results suggest that the improved per
formance of the NFTRM-upgraded walls is therefore governed by the 
synergistic interaction between mesh configuration, composite mortar 
layer, and diaton connection rather than by a single parameter alone.

3.1.3. Theoretical ultimate strengths of the upgraded masonry walls
In this case, only four strengthened masonry walls HBW3, HBW4, 

and HBW5 were considered, considering all these walls were upgraded 
the NFTRM system consisting of jute nets and jute fiber diatons. While 
HBW5 has an outer jute fiber composite layer.

Since Natural Fiber (NF) is used for upgrade purposes, the Natural 
Fiber TRM system will be called the NFTRM system hereafter.

According to a well-established approach in [18], the shear capacity 
of the strengthened wall, Vt,R could be determined by calculating the 
minimum shear capacity of the unreinforced masonry wall, Vt and the 
contribution of the NFTRM, Vt,f and summing these two values: 

Vt,R = Vt + Vt,f [kN] (1) 

where the two terms on the right-hand side can be expressed as follows:
the mechanical parameter characterizing the term Vt can be calcu

lated by considering the results of the experimental tests carried out on 
the reference (un-strengthened) specimens (for the value see Table 10). 
While according to the Italian Building Code [81], Vt can be calculated 
using Eq. (2): 

Vt = H⋅t⋅
1.5 τ0d

p
√(1+

σ0

1.5 τ0d
) [kN] (2) 

where the length (H), height (l) and thickness (t) of the solid clay brick 
masonry wall are equal to 1000 mm, 1000 mm and 200 mm, 
respectively.

Conversely, p is a correction coefficient of the stresses in the cross 
section, the maximum value i.e., 1.5 has been considered.

The stress due to vertical load (Ftop) is a fixed load (Table 7) and it has 
been selected based on authors previous experimental experiences.

Fig. 22. Load-displacement diagrams of the reinforced masonry wall HBW7, measured with (a) the diagonal sensor G, (b) the diagonal sensor F, and (c) the hor
izontal sensor L.
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σ0(MPa) the average normal stress can be calculated (Table 7) using 
the following Eq. (3): 

σ0 =
Ftop

H⋅t
[

N
mm2] (3) 

The shear stress capacity due to vertical load i.e. τ0d (MPa) could be 
computed (see Table 8) using Eq. (2) based on the assumption that Vt 

equal to the measured experimental value (Vt exp).
Interestingly, the calculated τ0d (MPa) value (see the Table 8) of both 

un-upgraded masonry was found to fall in-between the range 0.10 – 0.13 
[MPa] of the semi-hollow brick wall (i.e., Masonry with semi-solid clay 
bricks, with dry vertical joints (holes percentage < 45%).) as provided in 
the Italian NTC18 [81].

The overall contribution of the masonry wall, Vt was re-calculated by 
averaging the two parameters i.e., τ0d and σ0 and subsequently applying 
Eq. (1). The resulting value was determined to be 38.01 [kN].

The mechanical parameter characterizing the term Vt,f represents the 
contribution of the NFTRM system and can be calculated according to 
the Italian Building Code [81] using Eq. (4): 

Vt,f =
1

γRd
.nf .tvf .lf .αt .εfd.Ef [kN] (4) 

Where the partial safety factor, γRd is considered to be equal to 1, nf 
represents the total number of the reinforced layers arranged at each 
side of the wall, as both sides of the masonry walls have been retrofitted, 
therefore nf is equal to 1. The equivalent thickness tvf is of a single layer 
of the NFTRM system is measured manually, lf is the design dimension of 
the reinforcement measured orthogonally to the shear force, it can’t be 
longer than the length of the masonry wall. Therefore lf ≤ H and is equal 

to 1000 mm for all the specimens. αt is the coefficient to account for the 
reduced tensile strength of fibers when under shear stress. According to 
[18] this value is assumed to equal to 0.80. Ef is the Young’s/elastic 
modulus of elasticity of dry fabric/textile. εfd is the design strain of 
NFTRM. So, the design strength of the TRM system is: 

σfd = εfd. Ef [MPa] (5) 

Therefore, the Eq. (2) can be re-written as: 

Vt,f =
1

γRd
.nf .tvf .lf .αt .σfd [kN] (6) 

While the contribution of the NFTRM system, Vt,f should be equal to: 

Vt,f = Vt,R − Vt [kN] (7) 

The shear capacity of the strengthened wall (Vt,R) should be equal to 
the measured experimental value of the maximum horizontal force 
(Vt,R . exp.) resisted by the strengthened masonry wall.

See Table 9 for the values of Vt,R. exp. for all upgraded masonry walls. 
While the value Vt. exp. of the un-strengthened masonry wall is experi
mentally known, see Table 8.

Notably in the measured Vt,R . exp., is also included the contribu
tion of the “2” NFTRM systems, therefore the TOTAL contribution can be 
calculation can be calculated as: 

Vt,f .TOTAL = Vt,R . exp. − Vt. exp. [kN] (8) 

The authors assume that the NFTRM systems applied on each side of 
the masonry wall, have contributed equally to improve the overall 
strength (load bearing capacity) of the upgraded masonry wall.

Therefore, contribution of the singular TRM system can be calculated 

Fig. 23. Load-displacement diagrams of the reinforced masonry wall HBW8, measured with (a) the diagonal sensor A, (b) the diagonal sensor H, and (c) the 
horizontal sensor M.

Table 5 
Masonry walls upgrading schemes.

Masonry wall 
nomenclatures

First mortar layer Net Type Total net 
used

Mesh type Number of 
Diatons

Composite mortar 
used

Second mortar 
layer

HBW1 
(1 m × 1 m × 0.25 m)

SM no no no no no SM

HBW2 
(1 m × 1 m × 0.25 m)

SM no no no no no SM

HBW3 
(1 m × 1 m × 0.280 m)

SM 1 m 
× 1 m

2 2.5 cm × 2.5 cm 4 no SM

HBW4 
(1 m × 1 m × 0.280 m)

SM 1 m 
× 1 m

2 2.5 cm × 2.5 cm 4 no SM

HBW5 
(1 m × 1 m × 0.285 m)

SM 1 m 
× 1 m

2 1.25 cm 
× 2.5 cm

4 SM + 1% (30 mm) jute fiber w.r.t. mortar 
mass

HBW6 
(1 m × 1 m × 0.285 m)

SM 1 m 
× 1 m

2 2.5 cm × 2.5 cm 4 SM + 1% (30 mm) jute fiber w.r.t. mortar 
mass

HBW7 
(1 m × 1 m × 0.280 m)

SM used only to fix 
diatons

no no no 4 SM + 1% (30 mm) jute fiber w.r.t. mortar 
mass

HBW8 
(1 m × 1 m × 0.280 m)

SM used only to fix 
diatons

no no no 4 no SM
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using the Eq. 9. 

Vt,f =
Vt,f .TOTAL

2
[kN] (9) 

In fact, if εu,f denotes the ultimate strain of the TRM system its ulti
mate strength is equal to: 

σu,f = εu,f . Ef [MPa] (10) 

By modifying the Eq. (6) to assess the ultimate limit state capacity 
and using the Eq. (10), the contribution of a single NFTRM system can be 
calculated: 

Vt,f =
1

γRd
.nf .tvf .lf .αt .σu,f [kN] (11) 

Therefore, the ultimate strength of a single NFTRM system could be 
calculated (Tables 10 and 11) as: 

σu,f =
Vt,f

1
γRd
.nf .tvf .lf .αt

=
Vt,R − Vt
1

γRd
.nf .tvf .lf .αt

[MPa] (12) 

Interestingly, the obtained ultimate strengths of the NFTRM system 
are very close to each other, ranging from 2.7 to 3.1 MPa (see Table 10.

The ultimate strength of the NFTRM system on HBW5 (retrofitted 
with jute nets (2.5 cm × 1.25 cm), jute diatons, and jute fiber composite 
SM with 1% fiber (30 mm) with respect to the mortar mass) is found to 
be equal to around 2.90 (MPa). Whereas, the ultimate strength of the 
NFTRM system on HBW6 (retrofitted with jute nets (2.5 cm × 2.5 cm), 
jute diatons, and jute fiber composite SM with 1% fiber (30 mm) with 
respect to the mortar mass) is found to be equal to around 3.1 (MPa). 
HBW3 and HBW4 don’t have any composite layers, and the ultimate 
strength of the NFTRM on these two specimens was found to be about 
2.77 (MPa).

Therefore, it can be said that the presence of jute fiber composite 
layers in the NFTRM system has increased its ultimate strength by 
4.8–8.3%.

Fig. 24. Load-displacement graph, when the collapse load was applied (Hori
zontal sensors). The vertical red line identifies the 1% drift value.

Table 6 
Applied horizontal collapse load and displacements.

Masonry wall Load max 
[kN]

Corresponding 
displacement [mm]

Max displacement 
[mm]

HBW1 
(Sensor-M)

35.41 11.12 11.12

HBW2 
(Sensor-L)

40.00 9.88 9.88

HBW3 
(Sensor-L)

204.07 34.46 34.46

HBW4 
(Sensor-M)

204.17 35.15 37.70

HBW5 
(Sensor-M)

235.47 22.87 31.15

HBW6 
(Sensor-L)

236.21 17.14 24.57

HBW7 
(Sensor-L)

201.97 21.82 21.82

HBW8 
(Sensor-M)

201.87 22.82 22.82

Table 7 
Fixed top load and average normal stress of the un-upgraded masonry walls.

Fixed top load Average normal stress

​ F top [N] σ0 [MPa]
HBW2(8ton) 79680 0.3984
HBW1(4ton) 39840 0.1992

Table 8 
measured and calculated values of the un-strengthened masonry walls.

Experimental maximum horizontal force Shear stress capacity

​ Vt exp [kN] τ0d [MPa]
HBW2(8ton) 400.00 0.1073
HBW1(4ton) 354.10 0.1227

Table 9 
The experimental and calculated values of the NFTRM system strengthened 
masonry walls.

Experimental value of 
the maximum horizontal 
force

Total NFTRM 
contribution 
(calculated 
using)

Contribution of a 
single NFTRM system 
package 
(Calculated using)

​ Vt,R,exp. [kN] Vt,f-TOTAL [kN] Vt,f [kN]
HBW3 

(8 ton)
204.07 166.06 83.03

HBW4 
(4 ton)

204.17 166.16 83.08

HBW5 
(4 ton)

235.47 197.46 98.73

HBW6 
(4 ton)

236.21 198.20 99.10

Table 10 
The ultimate strengths of the TRM system of the tested masonry walls.

Mesh 
gap

Equivalent thickness of a single 
layer of the NFTRM system

Ultimate strength of a 
single NFTRM system 
(calculated using)

​ ​ tvf σu,f
​ [mm] [mm] [MPa]
HBW3 (8 

ton)
25.0 37.5 2.768

HBW4 (4 
ton)

25.0 37.5 2.769

HBW5 (4 
ton)

12.5 42.5 2.904

HBW6 (4 
ton)

25.0 40.0 3.097
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3.1.4. Collapses in-plane load tests
The collapse scenario for each wall presents a diagonal crack 

denoting the edge between a compressive and a tensile stress pattern. 
Indeed, in the wall specimen subjected to vertical and horizontal load in 
its plane at the ultimate limit state, there is the development of a strut 
and tie system. The strut is almost diagonal, connecting the upper side 
where the hydraulic jack is applying the force with the lower side where 
there is the boundary condition. The diagonal crack is visible in Fig. 25.

Fig. 26 (left) presents the internal skeleton of the masonry wall 
HBW5, which shows the various layers of the TRM system. The TRM 
system starts with a lower mortar layer, on which the net was placed for 
structural upgrade, thereafter the jute fiber composite upper layer was 
applied for the masonry wall thermal upgrade.

An interesting collapse has been observed for the masonry wall- 
HBW3 and it is reported in Fig. 26 (right side). In this case, the TRM 
matrix (textile and mortar) gets separated/detached from the substrate, 
i.e., Debonding at the matrix-to-substrate interface has been observed. It 
is also possible to note that the jute net helps in holding the TRM layer.

3.1.5. Discussion and some observed limitations
The comparative analysis in Table 11 indicates that the proposed jute 

fiber NFTRM system, which consists of jute nets, jute dilatons, and jute- 
based composite mortar, enhances the load-carrying capacity (about) of 
masonry walls. This improvement is significantly higher than that ob
tained in earlier studies.

To illustrate this, consider the improvement obtained with hemp, 
cotton, and glass fibers, which were applied to industrial brick masonry, 
yielding 286.57%, 300.27%, and 266.44% improvement, respectively. 
Furthermore, glass fibers, as presented by Torres et al., showed an 
improvement of 141.64%. When applied to rubble stone masonry, 
however, relatively lower improvement of about 15% was obtained for 
glass and carbon fibers. The effectiveness of a reinforcement system 
strongly depends on both the mechanical properties of the reinforcing 
material and the characteristics of the masonry substrate. The results of 
the present study indicate that the proposed jute-based NFTRM system 
represents a sustainable alternative to synthetic fiber solutions and is 

capable of significantly improving the load-carrying capacity of ma
sonry walls.

During the experimental campaign, some limits and practical diffi
culties were found, which must be highlighted when discussing the re
sults. First of all, as far as natural fibers' properties are concerned, some 
material heterogeneity was found. In fact, even if a selection of jute fi
bers was made, some heterogeneity in terms of diameter, stiffness, and 
water absorption capacity was found, affecting the workability of the 
mortars and the homogeneity of the composite material. The control of 
fibers' moisture content was a practical difficulty, especially in terms of 
water content dosage.

Secondly, the process of making the jute net and diaton was a labor- 
intensive process. Although a slight irregularity in geometry may have 
been introduced in the manual preparation of the nets and their posi
tioning, this may not have had a significant impact on uniform stress 
distribution. Similarly, drilling holes for diatons and their insertion into 
the transverse direction required precision to avoid damage to the 
bricks.

Thirdly, the attainment of a consistent bond between the NFTRM 
layers and the masonry substrate was also a key concern. As a matter of 
fact, in some specimens, a partial debonding phenomenon at the inter
face between the matrix and the substrate was observed at the ultimate 
stages of the test, which points to the sensitivity of the system under 
consideration.

Other problems encountered during the experiment were the slight 
asymmetries in the load-displacement relationships, which could be 
explained by the sensor position tolerance and the slight changes in the 
boundary conditions during the cyclic loading. Moreover, the stability of 
the vertical load during the cyclic test also had to be carefully 
monitored.

Finally, the campaign was limited to laboratory-scale masonry wall 
specimens under controlled conditions. Long-term durability aspects, 
environmental effects, and large-scale structural applications were 
beyond the scope of this study and require further investigation.

Table 11 
Comparative summary of in-plane load capacity improvements reported for 
masonry wall strenghtened with various fiber-reinforced mortar systems.

Study Strengthening 
Material

Test 
Type

Reported 
Maximum Load 
/ Improvement

Reference

Present 
Study 
(NFTRM)

Jute nets + jute 
diatons + jute 
composite mortar 
(Industrial brick 
masonry wall)

In- 
plane

201.87 – 
235.47 kN 
(≈ +455%)

This study

Ivorra et al. 
(2021)

Glass (Industrial bricks 
masonry wall with 
window)

In- 
plane

+ 110.86 kN [36]

Mercedes 
et al. 
(2020)

Hemp (Industrial 
bricks masonry wall)

In- 
plane

+ 286.57% [86]

Mercedes 
et al. 
(2020)

Cotton (Industrial 
bricks masonry wall)

In- 
plane

+ 300.27% [86]

Mercedes 
et al. 
(2020)

Glass (Industrial bricks 
masonry wall)

In- 
plane

+ 266.44% [86]

Ponte et al. 
(2023)

Glass (rubbel stone 
masonry wall)

In- 
plane

+ 14.95% [87]

Ponte et al. 
(2023)

Carbon (rubbel stone 
masonry wall)

In- 
plane

+ 14.43% [87]

Torres 
et al. 
(2021)

Glass (Industrial brick 
masonry wall)

In- 
plane

+ 141.64 [88]

+ is the increement (average) with respect to the un-strengthed (reference) 
masonry wall.

Fig. 25. Masonry wall-HBW5 after the collapse.
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Despite these limitations, the experimental programme provided 
consistent and meaningful results, offering valuable insight into the 
structural behavior of jute-based NFTRM strengthening systems.

4. Conclusion

This study investigated a sustainable strengthening strategy for 
hollow brick masonry walls using a Natural Fiber Textile-Reinforced 
Mortar (NFTRM) system composed of jute fiber nets, jute diatons, and 
a jute-reinforced composite mortar layer. The experimental programme 
included in-plane cyclic shear tests under constant vertical loads, 
enabling a direct comparison between unstrengthened and strengthened 
specimens.

The results demonstrate that the NFTRM system provides a sub
stantial enhancement in structural performance. The ultimate shear 
capacity of the strengthened walls increased by more than 455% 
compared with the reference specimens, while the calculated ultimate 
tensile strength of the NFTRM system remained consistently within 
2.7–3.1 MPa across all configurations. These findings confirm the ability 
of jute-based reinforcements to deliver reliable mechanical behaviour 
despite the natural variability of the material.

The study also indicates that the addition of a jute-fiber composite 
mortar layer can slightly increase the ultimate capacity of the NFTRM 
system. However, further work is required to optimize key design pa
rameters, including the number of textile layers, the equivalent thick
ness of the composite system, and the interaction between nets, diatons, 
and mortar. Additional testing—particularly under combined structural 
and thermal demands—will be essential to develop design-oriented 
models and facilitate the adoption of jute-based NFTRM systems in 
real construction practice.

The results support the viability of jute fiber NFTRM as a low-impact, 
renewable, and effective strengthening solution for masonry structures, 
especially in seismic-prone regions.

Notably, the research on NFTRM is very limited; therefore, this 
research contributes to enriching the knowledge and expanding the 
existing database on TRM (fully bio-based NFTRM) system. Further, it 
justifies the feasibility of the use of natural fibers (such as jute) as a 
reliable and significant structural enhancement. This innovative NFTRM 
retrofitting/upgrading system is conceptually comparable to conven
tional systems in terms of substantially lower environmental impact. 
This research will further encourage the integration of greener materials 
for various structural strengthening and structural performance evalu
ations. Therefore, based on the sustainability principles, this study 
provides a scientific basis for incorporating fiber composites into 
performance-oriented design frameworks.
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[26] Fossetti M, Minafò G. Strengthening of Masonry Columns with BFRCM or with 
Steel Wires: An Experimental Study. Fibers 2016;4:15. https://doi.org/10.3390/ 
fib4020015.

[27] Piazzon R, Niero L, Zampieri P, Pellegrino C. Effects on the shear behaviour of 
existing masonry walls strengthened with one-sided SFRM coating. J Build Eng 
2025;111:113373. https://doi.org/10.1016/j.jobe.2025.113373.

[28] Gong J, Ma Y, Fu J, Hu J, Ouyang X, Zhang Z, Wang H. Utilization of fibers in ultra- 
high performance concrete: A review. Compos Part B Eng 2022;241:109995. 
https://doi.org/10.1016/j.compositesb.2022.109995.

[29] Revanna N, Moy CKS. Experimental study on reinforced concrete beams 
strengthened with Basalt and Carbon Textile Reinforced mortars at elevated 
temperatures. Eng Struct 2024;307:117921. https://doi.org/10.1016/j. 
engstruct.2024.117921.
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