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Abstract

Sustainability in the construction and building sector with the use of greener and more eco-
friendly building materials can minimize carbon footprint, which is one of the prime goals
of the twenty-first century. The use of natural fibers in ancient and traditional buildings and
structures is not new, but in the last fifty years, only man-made fibers have predominantly
occupied the market for structural retrofitting or upgrading. This research investigated the
potential of utilizing natural fibers, particularly jute fiber products, to enhance masonry’s
thermal and structural characteristics. The study meticulously investigated the utilization
of materials such as jute net (with a mesh size of 2.5 cm × 1.25 cm), jute fiber diatons,
and jute fiber composite mortar (with 1% jute fiber with respect to the dry mortar mass)
in the context of masonry upgrading. The research evaluated the structural and thermal
performance of these upgraded walls. Notably, the implementation of natural fiber textile-
reinforced mortar (NFTRM) resulted in an astounding increase of over 500% in the load-
bearing capacity of the walls, while simultaneously enhancing insulation by more than
36%. Furthermore, the study involved a meticulous analysis of crack patterns during
in-plane cyclic testing utilizing the advanced Digital Image Correlation (DIC) tool. The
upgraded/retrofitted wall exhibited a maximum crack width of approximately 7.84 mm,
primarily along the diagonal region.

Keywords: integrated retrofitting; integrated upgrading; structural and thermal retrofitting;
textile-reinforced mortar; natural fiber TRM; jute fiber; natural fiber; sustainability

1. Introduction
Carbon footprint is one of the menaces that is directly responsible for global warming

and therefore leads to climate change. Notably, the construction and building (C&B)
sector is accountable for directly and indirectly producing about 39% of total CO2 and
other greenhouse gases globally, with 36% being from the European Union (EU) [1]. The
C&B sector also consumes about 36% of the total energy produced globally, whereas this
percentage is 40% in the EU [2].

Commercially, man-made fibers like carbon [3], basalt [4], polyethylene terephtha-
late [5], polyvinyl alcohol [6], and nets/fabrics fabricated with steel fibers, carbon, glass,
aramid, and Polyparaphenylene benzobisoxazole are used for structural and non-structural
restoration and interventions [7]. Notably, fiber-reinforced polymer (FRP) [8,9] is preferred
for almost all structural retrofitting or upgrading for its higher strength and well-established
existing guidelines and standards [10].
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Recently, textile-reinforced mortar (TRM) retrofitting/upgrading (as in Al-Saidi Y. et al. [11],
Kouris L.A.S et al. [12], Marques A.I. et al. [13], Gulinelli P. et al. [14]) has become a
well-accepted masonry retrofitting/upgrading technique, and it is stalwartly competing
with FRP retrofitting or upgrading techniques due to its various advantages over the FRP
system [15].

One notable advantage of the TRM is a high strength-to-weight ratio, which enhances
its mechanical performance [15]. Additionally, this material does not require any organic
additives [15] and is ideal for countering limited deformations in masonry [15]. There is also
good chemical–physical compatibility between the composite and masonry substrates [16].
This material can retain its performance even at high temperatures [17] and can improve
ductility, among other benefits.

According to [18] and later confirmed in [16], there are no universally recognized
standards for designing, testing, and qualifying TRM systems worldwide, except for those
developed by the United States (US), such as RILEM TC 250-CSM [19] and ACI 549 [20].
However, guidelines and recommendations have been prepared by CNR DT 215 (2018) [15],
which are recognized by the Italian government.

In the literature, the numerous applications of man-made fiber-based TRM for struc-
tural retrofitting and upgrading are mainly used for its enhanced strength, modulus of
elasticity, and durability [21] compared to natural fiber TRM systems. However, research
and development (R&D) of the use of natural fiber TRM applications, like Flex-TRM [22],
jute, Sisal, hemp, and flex TRM [23], banana TRM [24], hemp TRM [25] systems, etc., are
also gaining momentum, intending to replace the use of man-made fiber.

In [23], the experimental study assessed the mechanical performance of natural fiber-
reinforced composites for masonry strengthening. The mortar-based composites (NFRCM)
with jute fiber (in two different categories) showed moderate tensile strengths between
25.9 MPa (with a modulus of elasticity of 531 MPa) and 35.6 MPa (with a modulus of
elasticity of 346 MPa). A mortar composite with flax showed tensile strength of 57.2 MPa
and a modulus of 774 MPa, as well as better compatibility with masonry. Meanwhile,
a mortar composite with hemp fiber had the lowest tensile strength of 3.1 MPa (with a
modulus of elasticity of 268 MPa).

Enhancing the thermal and structural performance of buildings is of paramount im-
portance to bolster their overall sustainability and resilience. The integration of thermal
upgradation (such as improved insulation and energy efficiency) with structural enhance-
ments and seismic retrofitting serves to optimize energy efficiency as well as improve the
overall longevity and robustness of the building. Further, this holistic approach effectively
harmonizes the structural integrity, thereby contributing to an extended building lifespan,
decreased maintenance expenditures, and a reduced environmental footprint stemming
from less frequent renovation activities, leading to a more sustainable built environment
overall. In recent years, there has been a surge in research interest in the application of TRM
systems for strengthening masonry buildings or structures through integrated (structural
and thermal) retrofitting/upgrading.

Several recent studies have investigated integrated (thermo-structural) retrofitting of
masonry walls using Textile-Reinforced Mortar (TRM) systems combined with thermal insu-
lation materials, most notably Expanded Polystyrene (EPS). Triantafillou et al. (2017) [26]
pioneered this approach, using a commercial fabric-TRM system with EPS and report-
ing an increase in peak load (out-of-plane tests), though no experimental thermal data
was provided. Peak loads obtained for Series A were found to be between 9.28 kN and
20.26 kN, whereas Series B found values to be between 5.37 kN and 10.74 kN (3.42 kN for
the reference sample).
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In a follow-up study, Triantafillou et al. (2018) [27] used glass-TRM and EPS for
integrated retrofitting, with ranging structural improvements (in-plane cyclic load). Peak-
load values obtained for Series A, Series B, and Series C were noted to be from 31.5 kN to
39.3 kN (19.9 kN for the reference sample), 29.2 kN to 37.1 kN (20.0 kN for the reference
sample), and 24.3 kN to 36.8 kN (12.2 kN for the reference sample), respectively.

Gkournelos et al. (2020) [28] have performed out-of-plane and in-plane tests on
masonry wall samples. For integrated retrofitting, the improvement in shear strength
(the case of the in-plane cyclic test) was found to be 0.85 MPa when compared with the
reference sample. For the out-of-plane tests, the load-bearing capacity increased by 19.3 kN
compared to the reference sample.

Karlos et al. (2020) [29] have performed analytical, numerical, and experimental
studies. The experimental results indicate that the peak in-plane loads for the integrated
retrofitted walls increased significantly, ranging from 10.01 kN to 20.26 kN, compared to
just 3.42 kN for the reference wall.

More recently, Longo et al. (2021) [30] studied the integrated behavior by incorporating
steel-TRM and glass-TRM for structural enhancement and using natural hydraulic lime and
geopolymer lime for thermal retrofitting. The shear strengths of the glass fiber and steel
fiber-reinforced walls were found to be between 0.818 (MPa) to 1.298 (MPa) and 1.058 (MPa)
to 1.480 (MPa). Meanwhile, the thermal transmittance values of the retrofitted masonry
walls decreased by 24.98% to 49.52% W/m2K compared to un-strengthened samples.

Baek et al. (2022) [31] introduced an innovative system with Basalt-TRM and a Textile
Capillary Tube Panel (TCP), which improved lateral load capacity by 41.46% to 126%.

Gkournelos et al. (2023) [32] tested man-made fiber-TRM with EPS, reporting shear
and peak load gains of 14.29% and 46.00%, respectively.

Finally, Furtado et al. (2023) [33] applied glass-TRM with ETICS and RTIM, noting a
peak load increase between 44.44% and 122.22%, with thermal performance derived from
material conductivity values.

In the majority of the aforementioned integrated retrofitting/upgrading research
works, as in Triantafillou et al. (2017) [26], Triantafillou et al. (2018) [27], Gkournelos
et al. (2020) [28], and Baek et al. (2022) [32], the authors inferred improvements in
thermal insulation capacity due to the application of EPS in the TRM system without
conducting experiments.

The Digital Image Correlation (DIC) method is a well-known method for analyzing and
determining the geometry, displacement, and string of deformations in observed specimens.
As stated in [34], the DIC was already in use in the 1980s. Digital Image Correlation
(DIC) has gained significant attention among researchers due to its ability to provide non-
contact, full-field measurements. This optical technique enables the determination of 2D
or 3D coordinates, which are then used to assess key parameters such as displacement
and strain [35].

This paper is a continuation of the authors’ previous experimental work, which was
conducted at the fiber level to evaluate the physical and mechanical properties of raw jute
fibers, jute fiber threads, and jute fiber diatons [36]. This was followed by an analysis of the
thermo-mechanical properties at the material level, with a focus on jute fiber composite
mortar [37].

The novelty of this paper is that it is the first time that a structural-level natural (jute)
fiber TRM system (NFTRM system) has been used for integrated (structural and thermal)
retrofitting/upgrading. The TRM system consists of all jute fiber products like jute fiber
nets, jute fiber diatons, and jute fiber-composite mortar, and this is the only research to date
that has used all the aforesaid products together.
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2. Materials and Methods
The objective of this research work was to upgrade masonry walls (Figure 1) using

products fabricated with jute fiber: (1) nets, (2) diatons, and (3) composite mortar. The
prime goal was integrated (structural and thermal) upgrading. The jute fiber used in this ex-
perimental campaign and its corresponding products were not subjected to any treatment.

 

Figure 1. Masonry wall integrated retrofitting scheme.

2.1. Raw Jute Fiber and Jute Fiber Threads

The golden shine raw jute fiber (Figure 2a) type, also known as Bangla Tosha—Corchorus
olitorius, was collected from West Bengal, India. Jute thread (Figure 2b) of class 1 mm,
made from the same jute fiber origin, was collected from the same place. Table 1 presents
the mechanical properties of the raw jute fibers and threads; for details, see [36].

  
(a) (b) 

Figure 2. (a) Jute fiber and (b) jute fiber threads.

Table 1. Mechanical properties of the raw jute fibers, fiber threads, and diatons [36].

Jute Fiber-Derived Products
Tensile Strength Strain Energy

Maximum Axial Stain
[MPa] [kNmm]

Raw fiber 215.10 (4.4%) 0.80 (58.9%) 0.013 (19.1%)
Threads 112.45 (26.2%) 1.03 (34.6%) 0.07 (11.71%)
Diatons 15.50 (20.8%) 14.18 (53.9%) 0.03 (23.6%)

Value provided in parentheses is CoV.
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2.2. Jute Fiber Diatons

Subsequently, raw jute fibers (Figure 2a) were used for the fabrication of the jute fiber
diatons (Figure 3a), and these diatons were used for structural upgrading. These diatons are
important structural elements mainly used to improve the shear resistance of the applied
structures. The same raw jute fibers were chopped into 30 mm (Figure 3b) jute fiber lengths,
and later, these fibers were used for composite mortar preparation. Table 1 presents the
mechanical properties of the jute fiber diatons; for details, see [36].

  
(a) (b) 

Figure 3. (a) Diatons and (b) 30 mm chopped fiber.

Notably, Strain energy (kN.mm) mentioned in Tables 1 and 2 have been calculated,
it represents the area under the load (kN) versus displacement (mm) curve. It indicates
a material’s energy absorption capacity. An increased strain energy capacity is especially
valuable for mitigating the effects of extreme loads, such as during earthquakes.

Table 2. Mechanical properties of jute fiber net of mesh configuration of 2.5 cm × 1.25 cm [10].

Stiffness Strain Energy Maximum Load Maximum Displacement

[N/mm] [kN.mm] [N] [mm]

Net 7.6 (20.2%) 8.8 (39.1%) 217.3 (24.8%) 72.5 (17.8%)
Value provided in parentheses is CoV.

2.3. Jute Fiber Nets

Class 1 mm jute threads were used for the fabrication of the jute fiber nets. Figure 4a
represents the initial preparation phase of the jute fiber nets, whereas Figure 4b demon-
strates a typical knot that was chosen for the net fabrication. All jute nets (Figure 4c)
were prepared manually at the structural laboratory of the University of Cagliari, Italy.
Two types of jute nets were used during this experimental campaign: (a) 1 m × 1 m
nets for retrofitting/upgrading the structural test samples and (b) 0.9 m × 0.7 m nets for
retrofitting/upgrading the thermal conductance test samples.

The jute net’s mesh dimension (Figure 5a) was randomly selected to keep sufficiently
large gaps to allow proper mortar penetration during net installation. The objective was to
create a proper bonding between the net and mortar to have an ideal composite matrix.

For the tensile strength test, approximately 18 cm of the net was exposed to the loads
(Figure 5b), secured between two fixed-clamp fixtures tightened to 50 N/m with a torque
wrench. The tensile tests were performed using a Schenck universal testing machine with a
maximum load capacity of 630 kN and a maximum workable length of 20 cm. To know
more about the sample preparation and test procedure, please see the authors’ previous
work [10].
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(a) (b) (c) 

Figure 4. (a) Jute fiber net preparation used for tensile strength test (b) the knot used for jute fiber net
fabrication and (c) jute fiber net (1 m × 1 m) used for masonry upgrading/retrofitting.

 
(a) (b) 

Figure 5. Jute fiber net: (a) mesh of 2.5 cm × 1.25 cm and (b) preparation for tensile strength tests.

The tensile strength tests (Figure 6) were carried out at a loading rate of 2 mm/min.
The machine is designed to measure the applied tensile force and is linked to a dedicated
computer equipped with software for generating the required graphs. A total of five speci-
mens were tested, and the mechanical properties of the jute fiber net with a configuration
of 2.5 cm × 1.25 cm are reported in Table 2.

 

Figure 6. Tensile strength test.
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2.4. Mortar and Jute Fiber Composite Mortar

The structural mortar (SM) is a pre-mixed mortar made for masonry. It consists of
hydraulic binders and selected aggregates. Table 3 represents the specification of the SM
mortar provided by the manufacturer.

Table 3. Specification of the SM mortar.

Parameter Specification

Standard Compliance UNI EN 998-2 [38]
Appearance Fine powder

Maximum Granulometry 2.0 mm
Water Content ~18%

Dry Apparent Density 1545 kg/m3 ± 3%
Fresh Mortar Density 2029 kg/m3 ± 3%

Capillary Water Absorption 0.8 kg/(m2·min0.5)
Fire Resistance Class A1

Chloride Content 0.05% Cl
Compressive Strength (28 days) M10 (10 N/mm2) as per EN 998-2

Initial Shear Strength 0.3 N/mm2

Thermal Conductivity 0.83 W/mK
Recommended Application Temperature +5 ◦C to +35 ◦C

The composite mortar was prepared by adding 1% of jute fiber (by mass) to the
standard mortar (SM). The 30 mm fiber length was selected for this purpose. Approxi-
mately 22% water, relative to the total mass of the mortar and fibers, was used during
the preparation.

It is important to note that the jute fibers used were in their natural form (chopped
into 30 mm lengths) and untreated. During the preparation of the composite mortar, it was
observed that fibers tended to clump together upon contact with water, forming fiber balls,
which further hindered the formation of a uniform fiber–mortar mixture.

The combination of 1% of jute fiber with respect to the mortar mass and the fiber
length of 30 mm was selected based on two chosen criteria: (1) various tests conducted
with various fiber percentages and fiber lengths (Figure 7) (for more details, see [36,37])
and (2) the fact that the presence of fiber should not be higher than 1% in an incombustible
composite mixture [39].

 

Figure 7. Composite mortar samples with various combinations of 1% of jute fiber with different
fiber lengths (30 mm, 10 mm, and 5 mm).
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The optimal mortar–jute fiber combination for thermo-structural retrofitting or up-
grading of masonry walls was selected based on the tests, and corresponding results are
presented in Table 4. The selection aimed for balanced thermo-mechanical properties in the
composite mortar.

Table 4. Selection of mortar–jute fiber proportion [36,37].

Property Best Value Intermediate Value
(Selected Sample) Worst Value

Flexural Stress MPa
Sample without jute fiber Sample with 1% jute

fiber (30 mm)
Sample with 2% jute

fiber (5 mm)
7.8 (8.5%) 5.1 (7.9%) 3.6 (10.9%)

Compressive
Strength MPa

Sample without jute fiber Sample with 1% jute
fiber (30 mm)

Sample with 2% jute
fiber (5 mm)

32.3 (5.6%) 21.8 (5.79%) 6.0 (7.5%)

Stain Energy kN.mm
Sample with 2% jute

fiber (30 mm)
Sample with 1% jute

fiber (30 mm) Sample without jute fiber

2.7 (34.8%) 0.6 (67.0%) 0.5 (13.9%)

Thermal
Conductivity W/mK

Sample with 1% jute
fiber (5 mm)

Sample with 1% jute
fiber (30 mm) Sample without jute fiber

0.4 (7.6%) 0.5 (5.0%) 0.8 (3.9%)
Value provided in parentheses is CoV.

2.5. Masonry Wall

Hollow bricks of dimension 300 mm × 250 mm × 250 mm (Figure 8a) and structural
mortar (SM) have been used for the construction of all un-strengthened (Figure 8b) and
upgraded/retrofitted masonry walls.

Table 5 presents the various building materials and specifications used for the masonry
(un-strengthened and upgraded/retrofitted) wall construction.

Notably, two different wall dimensions were considered for the structural and thermal
performance evaluations (Table 5). Thermal conductance test walls had smaller dimensions
due to the fact that construction windows inside the chamber had dimensions of 0.9 m ×
0.7 m × 0.25 m.

A complete NFTRM package consisting of jute fiber products (jute fiber nets, jute
fiber diatons, and jute fiber composite mortar) was used for the masonry walls’ upgrad-
ing/retrofitting.

Table 5. Material specification used for the masonry wall construction.

Non-Reinforced
Structural

Masonry Wall
(Reference)

Structural
Masonry Wall

Sample

Non-Reinforced
Thermal

Masonry Wall
(Reference)

Thermal
Masonry Wall

Samples

Wall Wall dimension
1 m
×1 m

×0.25 m

1 m
×1 m

×0.25 m

0.9 m
×0.7 m
×0.25 m

0.9 m
×0.7 m
×0.25 m

Mortar (see
Section 2.4
and [37])

Mortar type SM SM SM SM
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Table 5. Cont.

Non-Reinforced
Structural

Masonry Wall
(Reference)

Structural
Masonry Wall

Sample

Non-Reinforced
Thermal

Masonry Wall
(Reference)

Thermal
Masonry Wall

Samples

Net (see
Section 2.3
and [10])

Number of nets - 2 - 2
Number of nets

applied on
each side

- 1 - 1

Net configuration - 2.5 cm × 1.25 cm - 2.5 cm × 1.25 cm
Net dimension - 1 m × 1 m - 0.9 m × 0.7 m

Diaton (See
Section 2.2
and [36])

Number of
diations - 4 - 4

Mortar (see
Section 2.4
and [38])

Composite mortar
composition -

1% jute fiber
(30 mm) with
respect to the

dry mortar
(SM) mass

-

1% jute fiber
(30 mm) with
respect to the

dry mortar
(SM) mass

The strengthening of the masonry wall started with drilling four holes for the diatons’
insertion (Figure 8c). After diatons were placed through the holes (Figure 8d), fast-drying
liquid mortar was used to fill the gaps around the diatons (Figure 8e). A thin layer of mortar
(SM) was applied (Figure 8f) to fix nets on both sides (Figure 8g). Diatons (Figure 8h) were
open to anchor nets (Figure 8i) on both sides of the masonry wall. Finally, the composite
mortar was applied (Figure 8j).

2.6. Structural Tests

To assess the seismic performance of masonry walls, both un-strengthened and up-
graded specimens were subjected to a controlled structural testing program. The quasi-
static load protocol was defined as in Figure 9: the test setup involved the application
of a fixed vertical load of 4 tons using the hydraulic jack labeled A.H1 to simulate the
gravitational load from upper structures. Following this, in-plane cyclic lateral loads were
applied to the walls using two additional hydraulic jacks, A.H2 and A.H3, placed on
opposite sides of the wall. These lateral loads were intended to mimic the effects of seismic
forces on the wall system, applied alternately from both directions until the wall reached
complete failure.

Figure 9 illustrates the overall configuration of the masonry wall test setup. It shows
the three hydraulic jacks: A.H1 applying the fixed vertical load at the top and A.H2 and
A.H3 applying lateral loads from the right and left sides, respectively. In addition, three
displacement transducers (T(G), T(F), and T(M)) were installed on the wall. As can be
seen in Figure 9a, T(G) and T(F) were placed diagonally (Figure 9a), crossing each other on
the front face, and T(M) was placed horizontally at the back of the masonry wall, as seen
in Figure 9b.

Figure 10 shows the cyclic loading sequence applied during the test using jacks A.H2
and A.H3. Each lateral jack underwent a series of controlled load applications in both
directions to simulate real earthquake loading conditions. The diagram outlines three
distinct loading cycles, where each cycle comprises bidirectional loading at increasing
magnitudes: Load 1, Load 2, and Load 3. In the first complete cycle, Load 1 (targeted loads
were 15 kN for un-strengthened masonry wall and 50 kN for upgraded/retrofitted masonry
wall) was applied using A.H2 (pushing from the right), followed by a corresponding Load
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1 application using A.H3 (pushing from the left). This was repeated for Load 2 and Load
3 in the second (targeted loads were 35 kN for the un-strengthened masonry wall and
90 kN for the upgraded/retrofitted masonry wall) and third (targeted load was 120 kN
for the upgraded/retrofitted masonry wall) cycles, respectively. These alternating and
increasing loads test the wall’s ability to absorb and dissipate energy under cyclic shear
forces, which is characteristic of seismic activity. Jack A.H3 was used for the ultimate load
cycle to determine the load-bearing capacity of the masonry walls (un-strengthened and
TRM-upgraded).

(a) (b) (c) 

  
(d) (e) (f) 

  
(g) (h) (i) (j) 

Figure 8. (a) Hollow bricks, (b) un-strengthened masonry wall before upgrading/retrofitting,
(c) drilling of holes, (d) insertion of diaton, (e) application of liquid mortar, (f) first thin layer of
mortar, (g) application net, (h) zoomed view of jute diaton, (i) fixing of all four diatons to the net, and
(j) application of composite mortar.
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(a) (b) 

Figure 9. Schematic diagram of masonry wall with three hydraulic jacks (A.H) and transducers (T):
(a) front view and (b) back view.

 

Figure 10. Illustration of a complete 3 load cycles of the retrofitted/upgraded wall.

The transducers were designed to monitor the deformation of the wall during the
loading process. Their technical specifications included a nominal displacement capacity of
100 mm, a sensitivity of 2 mV/V with a tolerance of ±0.1%, and a measurement resolution
of 1 µm. These parameters allowed for precise detection of even very small displacements
in the wall, enabling accurate tracking of strain development and potential crack formation.

Figure 11a presents the test setup of the masonry wall specimen with the installed
hydraulic jacks and transducers. The wall is mounted within a steel testing frame, with the
hydraulic jacks attached to opposite sides to apply cyclic shear forces. The transducers can
be seen connected to the surface of the wall (Figure 11b), capturing diagonal displacements.
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Figure 9b offers a close-up view of one transducer-T(G), emphasizing the installation
method. The device is securely attached to the wall using clamps and mounting hardware.

  
(a) (b) 

Figure 11. (a) Masonry wall with hydraulic jacks and transducers and (b) zoomed view of a transducer
installation scheme.

This experimental setup simulates masonry wall behavior during earthquakes. The
fixed vertical load represents the building’s weight, while cyclic lateral loads mimic seismic
forces. Lateral applied loads are known, whereas the transducers accurately measure the
diagonal and axial deformations, providing valuable data for the un-strengthened and
upgraded masonry wall samples.

2.7. Thermal Tests

The Biemme TH Climate Chamber (CC) was used to characterize masonry walls’
thermal characterization (Figure 12a). The CC has three parts: two movable chambers and a
fixed central wall (Figure 12b). The CC was manufactured according to the European regula-
tion EN 1934:2000 [40]. The masonry wall samples (of dimensions 0.9 m × 0.7 m × 0.25 m,
as in Figure 12c) were prepared inside the expandable polystyrene (EPS) wall, which be-
haves as a heat flow protective wall. Figure 12d presents a typical upgraded wall sample
with heat flux and temperature sensors. For these tests, temperature sensors (class A) and
heat flux meters (which had an accuracy of 5% @T = 20 ◦C) were used.

   
(a) (b) (c) (d) 

Figure 12. (a) Biemme TH Climate Chamber, (b) The central wall with un-strengthened hollow brick
walls, (a) a masonry wall with dimensions of 0.9 m × 0.7 m × 0.25 m, (c,d) heat flux and temperature
sensors mounted on the upgraded masonry wall.
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Two desired environmental conditions (outside cold and inside room conditions) were
set (Table 6) for two movable chambers with hot and cold sides, respectively.

Table 6. The climate chamber pre-set conditions.

External Ambient Conditions
(Cold Side)

Internal Room Conditions
(Hot Side)

Temperature (◦C) 2 20
Humidity (RH%) 50 50
Ventilation (m/s) 10 1

2.8. DIC Analysis

The specimens were prepared for DIC analysis following the guidelines in [34,41].
Digital Image Correlation (DIC) was used to analyze surface deformation during testing.
The specimen surface was first painted white (Figure 13a), followed by a random spray of
black speckles (Figure 13b) to create a high-contrast pattern. This speckle pattern in DIC
provides a high-contrast texture that allows software like GOM Correlate (2019 version) to
track surface deformation. The black speckles on a white background create unique features
for the software to monitor changes between images. A calibrated camera, positioned
directly in front of the specimen and supported by two artificial light sources, captured
high-resolution images (1920 × 1080 pixels) at 0.5 s intervals, synchronized with the load-
displacement system. A total of 115 images were analyzed, with the 6th image showing the
widest crack and subsequent images reflecting stabilized crack propagation. DIC results
enabled precise measurement of crack openings, later compared across different fiber
contents and lengths.

 
(a) (b) 

Figure 13. (a) Application of white color on upgraded masonry wall and (b) DIC test setup.

3. Results and Discussion
This section highlights the results of the integrated (structural and thermal) retrofitting

based on a comparison between the NFTRM-upgraded masonry wall sample and the
non-retrofitted naked masonry wall sample.

3.1. Structural Properties

Figures 14–16 present applied load-displacement graphs for two load cycles (for
the un-strengthened masonry wall) and three load cycles (for the upgraded/retrofitted
masonry wall) involving actuators H3 and H2. The target loads of 45 kN, 85 kN, and
110 kN were selected for Cycle 1, Cycle 2, and Cycle 3, respectively. The displacements
were measured using sensors, namely diagonal sensors (T(G) and T(F)) and horizontal
sensors (T(M)). For actuator H3, the diagonal sensor T(G) records negative displacement
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values, while T(F) shows positive values, indicating differing deformation responses. In
contrast, actuator H2 exhibits a similar trend in diagonal sensors but with higher absolute
values for T(F), suggesting greater displacement. The horizontal sensor T(M) records
positive displacement for H3 and negative for H2. The results highlight differing sensor
responses based on orientation; therefore, displacements may be either positive or negative
depending on the direction of the applied forces. The structural response of the wall
has not been entirely symmetrical in all instances, which may be attributed to potential
issues in sensor placement, explaining the variations between the positive and negative
displacement regions.

(a) (b) 

Figure 14. Load-displacement curve measured with the diagonal sensor G: (a) two cycles for un-
strengthened masonry wall and (b) three cycles for upgraded/retrofitted masonry wall.

(a) (b) 

Figure 15. Load-displacement curve measured with the diagonal sensor F: (a) two cycles for un-
strengthened masonry wall and (b) three cycles for upgraded/retrofitted masonry wall.
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(a) (b) 

Figure 16. Load-displacement curve measured with the horizontal sensor F: (a) applied two cycles
for un-strengthened masonry wall and (b) three cycles for upgraded/retrofitted masonry wall.

The load was applied using actuators, while diagonal displacement responses were
recorded by Sensor G (Figure 14a for un-strengthened masonry wall and Figure 14b for
retrofitted masonry wall) and Sensor F (Figure 15a for un-strengthened masonry wall and
Figure 15b for retrofitted masonry wall) under different actuator load conditions.

Un-strengthened and upgraded/retrofitted graphs illustrate two or three loading
cycles, respectively (Cycle 1 in solid blue, Cycle 2 in dashed green, and Cycle 3 in dotted
pink) under the influence of actuators H3 (left negative displacement) and H2 (right
positive displacement).

For the upgraded/retrofitted masonry wall, when actuator H3 is employed, the
displacement is negative, reaching around −0.05 mm for Sensor G (Figure 14b), whereas
it reaches around −0.15 mm for Sensor F (Figure 15b), with load values subsequently
increasing from 45 kN and 110 kN, respectively. Conversely, when actuator H2 is employed,
positive displacement values remain near 0.05 mm for both sensors G (Figure 14b) and F
(Figure 15b), with peak load values applied on cycle 3 of 110 kN.

Figure 16 presents comparative graphs between un-strengthened masonry walls and
upgraded masonry wall samples. The load–horizontal displacement response was recorded
by the horizontal transducer M under the influence of actuators H2 (negative displacement)
and H3 (positive displacement). It illustrates multiple loading cycles (two load cycles for
un-strengthened masonry wall and three load cycles for upgraded/retrofitted masonry
wall), including Cycle 1 (solid blue), Cycle 2 (dashed green), Cycle 3 (dotted pink), and
the ultimate cycle (dashed dark blue). Maximum displacements of about +11 mm and
−11 mm were observed during the first cycle, when 45 kN load was applied using H3 and
H2 actuators, respectively. In the second cycle, displacements of about +7 and −7 mm
were observed when the 85 kN load was applied using H3 and H2 actuators, respectively.
During the third cycle, when the 110 kN load was applied using H3 and H2 actuators,
displacements of 4 mm and 9 mm were noted.

The un-strengthened masonry wall exhibits a significantly lower load-bearing capacity.
In contrast, the NFTRM-upgraded masonry wall demonstrates a remarkable improvement
in both load resistance and deformation capacity. During the ultimate load cycle, the
peak load value crosses beyond 230 kN. Therefore, the upgraded NFTRM masonry wall is
more than 200 kN stronger than the un-strengthened masonry wall. The result (Table 7)
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shows that the NFTRM strengthening technique significantly enhances the masonry wall’s
strength, ductility, and energy absorption capacity.

Table 7. Comparison between NFTRM-upgraded masonry wall vs. non-upgraded un-strengthened
masonry wall.

Un-Strengthened Masonry Wall NFTRM-Upgraded/Retrofitted Masonry Wall

Load cycle Collapse load Corresponding
displacement Collapse load Corresponding

displacement

kN mm kN mm

Ultimate load cycle 35 11.15 236 31.27

3.2. Contribution of a Single NFTRM Layer and Theoretical Ultimate Strength

The contribution of a single NFTRM layer in the upgraded masonry wall was calcu-
lated by analyzing the theoretical ultimate strength of the wall. This involved evaluating
both the intrinsic shear capacity of the un-strengthened masonry wall (Vt) and the addi-
tional contribution provided by the natural fiber textile-reinforced mortar (NFTRM) system
(Vt,f). According to established formulation CNR-DT 215/2018 [15], the total shear capacity
of the strengthened wall (Vt,R) is determined as the sum of these two components.

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

The Vt was calculated using [15] and experimental results, and validated against the
Italian Building Code [42], incorporating parameters such as wall dimensions, applied top
load (Ftop), and average normal stress (σ0).

Vt = H·t·1.5 τ0d
p

√
(

1 +
σ0

1.5 τ0d

)
[kN] (2)

Meanwhile, σ0 was calculated (see Table 8) using the following Equation (3):

σ0 =
Ftop

H·t

[
N

mm2

]
(3)

Table 8. All known, considered, and calculated data related to the unreinforced masonry wall.

The top fixed load on the masonry wall (set applied value) Ftop 39.84 kN
Length of the masonry wall H 1000 mm
Height of the masonry wall l 1000 mm
Thickness of the masonry wall t 200 mm
Stress due to gravity load * σ0 0.1992 MPa
Correction coefficient of the stresses in the cross-section P 1.5
Experimental maximum horizontal force Vtexp 35.41 kN
Calculated share stress capacity due to gravity load ** τ0d 0.12269 (see Figure 17) MPa

* Calculated using Equation (2). ** Calculated using Equation (3).

The calculated τ0d value (Table 8 and Figure 17) of the unreinforced masonry wall
falls between 0.10 and 0.13 (MPa). Interestingly, this aligns with the value specified by the
Italian NTC18 [42] for masonry constructed with semi-hollow clay bricks featuring dry
vertical joints and a hole percentage of less than 45%. Notably for the above-mentioned
calculation, only the final ultimate load cycle was considered.



Buildings 2025, 15, 2852 17 of 27

 

0.08

0.12

0.17

0.05

0.10

0.15

0.20

0.05 0.08 0.11 0.14 0.17 0.20

τ0
d,

 E
xp

er
im

et
al

 (M
Pa

)

τ0d (MPa)
τ0d (Min. theoretical) NFTRM strengthened masonry wall τ0d (Max. theoretical)

Figure 17. The shear stress capacity: theoretical [42] vs. experimental.

The contribution of the NFTRM system Vt,f was calculated following [15,42], and
using Equation (4):

Vt,f =
1

γRd
·nf·tvf·lf·αt·εfd·Ef[kN] (4)

where γRd is the partial safety factor (Table 9).

nf is the total number of the reinforced layers arranged at each side of the wall (see Table 9).
tvf is the equivalent thickness of a single layer of the NFTRM system (see Table 9).
lf is the design dimension of the reinforcement measured orthogonally to the shear force; it
cannot be longer than the length of the masonry wall (see Table 9).
αt is the coefficient to account for the reduced tensile strength of fibers when under shear
stress (see Table 9).
Ef is the Young’s/elastic modulus of elasticity of dry fabric/textile,
εfd is the design strain of NFTRM.

Table 9. All known, considered, and calculated data of the upgraded masonry wall.

Partial safety factor γRd 1
Total number of reinforced layers arranged at each side of the wall nf 1
The equivalent thickness of a single layer of the NFTRM system tvf 4.25 cm
The design dimension of the reinforcement measured orthogonally to the
shear force; it cannot be longer than the length of the masonry wall (lf ≤ H) lf 100 cm

The coefficient to account for the reduced tensile strength of fibers when
under shear stress αt 0.8

The NFTRM system’s design strength is

σfd = εfd· Ef [MPa] (5)

Replacing σfd in the Equation (4), the same equation can be re-written as

Vt,f =
1

γRd
·nf·tvf·lf·αt·σfd[kN] (6)
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It has been considered that the shear capacity of the strengthened wall Vt,R is equal to
the measured experimental value of the maximum horizontal force (Table 10).

Vt,R = Vt,R. exp . [kN] (7)

Table 10. The shear capacity of the upgraded wall.

Maximum Experimental Horizontal Force (Measured) Vt,R.exp. 235.47 kN

Using Equations (2) and (4), the contribution of the NFTRM system can be calculated as

Vt,f = Vt,R − Vt[kN] (8)

Here, it is important to note that the masonry wall was strengthened with a total of
two NFTRM systems, one on each side of the wall.

Therefore, the TOTAL contribution of the two NFTRM systems (see Table 11) is
calculated using the known values Vt. exp . (see Table 9) and Vt,R. exp . (see Table 10).

Vt,f.TOTAL = Vt,R. exp . − Vt. exp . [kN] (9)

Table 11. NFTRM contributions towards the upgraded masonry wall strength.

Total NFTRM contribution * Vt,f.TOTAL 197.46 kN

Contribution of a single NFTRM system package ** Vt,f 98.73 kN
* Calculated using Equation (9). ** Calculated using Equation (10).

Here, it has been considered that both NFTRM systems performed alike; therefore, the
contribution of a single NFTRM system (see Table 11) was found to be

Vt,f =
Vt,f.TOTAL

2
[kN] (10)

Considering the NFTRM system’s ultimate strain equal to εu,f, the ultimate strain can
be written as

σu,f = εu,f·Ef [MPa] (11)

Therefore, to evaluate the NFTRM system’s ultimate limit state capacity, Equation (11)
has been enforced to modify Equation (6) and updated as below:

Vt,f =
1

γRd
·nf·tvf·lf·αt·σu,f [kN] (12)

So, it should be noted that this modification was made, considering that the ultimate
strength (σu,f) and the design strength (σfd) have the same value.

Meanwhile, the NFTRM system’s ultimate strength (Table 12) is calculated using
Equation (13):

σu,f =
Vt,f

1
γRd

·nf·tvf·lf·αt
=

Vt,R − Vt
1

γRd
·nf·tvf·lf·αt

[kN] (13)

Table 12. The ultimate strength of the upgraded/retrofitted masonry wall.

Ultimate strength σu,f 5.88 MPa



Buildings 2025, 15, 2852 19 of 27

3.3. Thermal Properties

Figure 18 illustrates the dissection scheme of the NFTRM-upgraded/retrofitted ma-
sonry wall, showing all its layers.

 

Figure 18. Thermal resistances for an upgraded masonry wall.

The thermal conductance tests were performed in the following three phases: (i) on an
unreinforced masonry wall, (ii) on the upgraded/retrofitted (wall jute nets + diatons + SM)
masonry wall, and (iii) on the masonry wall enhanced with a jute fiber composite thermal
layer wall.

Using Equation (14), the heat transfers from selected indoor (room) to outdoor ambient
conditions can be calculated as

.
Q = U·A·∆T (W) (14)

where U is the thermal transmittance (W/m2K), Tin. = indoor temperature, Tamb. = outdoor
temperature, A is the surface area (m2), and ∆T = Tamb. − Tin. (K).

U can be written as
U =

1
RTotal

(W/m2K) (15)

where RTotal is the total thermal resistance in m2K/W.

RTotal = Rin. + R1.1 + Rwall + R2.2 + R2.1 + Ramb.

(
m2K/W

)
(16)

where

Rin. = Indoor (room) resistance,
R1.1 = Composite mortar resistance (towards indoor),
R2.1 = Net, diatons and mortar resistance (towards indoor),
Rwall = Masonry wall resistance,
R2.2 = Net, diatons and mortar resistance (towards outdoor),
R1.2 = Composite mortar resistance (towards outdoor),
Ramb. = Ambient/outdoor resistance.

To achieve the steady-state conditions test, heat fluxes (W/m2) as well as internal and
external temperatures (◦C) were continuously monitored (see Figure 19). Quasi-steady
conditions were reached after approximately twenty days. Particularly, the heat flux was
considered acceptable and steady when the cumulative moving average of the heat flux
remained within ±1% for a continuous period of at least 24 h.
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(a) (b) 

 
(c) 

Figure 19. Climate chamber measurements: (a) heat flux, (b) internal (room) temperature, and
(c) external temperature.

Therefore, based on the measurements in the climate chamber, the thermal resistance
of each aforementioned layer was calculated (see Table 13).

Table 13. Thermal resistance for each component layer of the tested masonry wall assembly.

Layers Considered Resistances

Indoor * Rin. 0.040 m2K/W
Composite mortar layer R1.1 0.050 m2K/W
Net + diatons + mortar layer R2.1 0.116 m2K/W
Hollow brick resistance Rwall 0.396 m2K/W
Net + diatons + mortar layer R2.2 0.116 m2K/W
Composite mortar layer R1.2 0.050 m2K/W
Ambient/outdoor * Ramb. 0.13 m2K/W

* according to UNI EN 6946:2018 [43].

Thereafter, the thermal transmittance of the NFTRM-upgraded/retrofitted masonry
wall was calculated using Equation (15); see Table 14.

Table 14. Thermal transmittance values.

Reference Masonry Wall NFTRM-Upgraded/Retrofitted Masonry Wall

W/m2K W/m2K

1.768 1.114
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3.4. Integrated Behavior

It has been observed that due to the application of the NFTRM system, the load-
bearing capacity as well as the insulation capacity of the same wall increased (representing
reduction in the thermal transmittance value). The findings in Table 15 demonstrate that
the natural fiber textile-reinforced mortar (NFTRM) system provides a highly effective
and balanced solution for both structural and thermal retrofitting of masonry walls, out-
performing many conventional man-made fiber-based TRM systems. Structurally, the
NFTRM-upgraded wall exhibited an exceptional 574.29% increase in load-bearing capacity,
far exceeding the improvements reported in other studies, which ranged from 14.29% to
1481.25% depending on the fiber type (glass, basalt, steel) and testing conditions (in-plane,
out-of-plane, or shear tests). While some man-made fiber systems achieved high strength
gains (for example., Gkournelos et al. (2020) [28] reported 1481.25% in in-plane tests), these
were often under specific loading scenarios, whereas NFTRM delivered consistent and
substantial reinforcement.

Table 15. Integrated behavior of the NFTRM-upgraded masonry wall compared with other TRM-
upgraded/retrofitted masonry walls.

Improvement in Structural Property
(Among All Specimens Studied) Improvement in Thermal Property

(kN) (W/m2K)

Current Project:

NFTRM-upgraded
masonry wall sample

The load-bearing capacity increased by
574.29% when compared with the

un-strengthened masonry wall.

The thermal transmittance value was
reduced by 36.99% when compared with

the un-strengthened masonry wall.

Man-made (Glass, basalt, steel etc.) fiber-integrated retrofitting/upgrading

[26] Increment in the peak load (three-point
bending tests).

No experimental results are available. The
improvement in insulation properties is

attributed to the presence of EPS.

[27] Increment in the peak load (three-point
bending tests).

No experimental results are available. The
improvement in insulation properties is

attributed to the presence of EPS.

[28]

Out-of-plane and in-plane tests were
performed, and improvements in shear
strength and load-bearing capacity were

observed, respectively.

No experimental results are available. The
improvement in insulation properties is

attributed to the presence of EPS.

[29] Enhanced peak load (in-plane tests).
No experimental results are available. The
improvement in insulation properties is

attributed to the presence of EPS.

[30] Improvement in shear strength capacity. Improvement in insulation properties
(experimental).

[31] Lateral load capacity improved. No experimental results are available.

[32]
Increment in shear strength (out-of-plane

tests) and improvement in peak
load (in-plane tests).

No experimental results are available. The
improvement in insulation properties is

attributed to the presence of EPS.

[33] Increment in the maximum peak
load (out-of-plane).

In this case, the thermal transmittance of
the masonry walls was calculated based

on the materials’ thermal
conductivity values.
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Thermally, the NFTRM system achieved a 36.99% reduction in thermal transmittance, a
significant improvement that was experimentally verified. In contrast, most man-made fiber
TRM studies relied on Expanded Polystyrene (EPS) for thermal insulation without direct
experimental validation, attributing improvements solely to the insulating material rather
than the composite system. Only Longo et al. (2021) [30] and Baek et al. (2022) [32] provided
experimental thermal data, with reductions of 24.98–49.52% and variable results for Basalt-
TRM with TCP insulation. The NFTRM system’s thermal performance is particularly
notable because it does not depend on synthetic insulation like EPS, making it a more
sustainable solution.

The natural fiber textile-reinforced mortar (NFTRM) system developed in the current
study demonstrates a remarkable improvement in both structural and thermal performance,
surpassing previous reinforcement methods that relied on glass, basalt, steel, and synthetic
fiber-based TRM systems. Beyond structural benefits, NFTRM also offers a significant
reduction in thermal transmittance value, making it a competitive alternative to traditional
TRM systems in all cases where authors have used EPS for insulation enhancement. While
previous studies integrated EPS to improve thermal efficiency, the current project achieved
comparable thermal benefits without relying on synthetic insulation materials; rather, it
used jute fiber products (jute fiber net, jute fiber diatons, and jute fiber composite mortar) to
achieve it, thereby promoting sustainability. By utilizing natural fibers instead of synthetic
alternatives, the NFTRM system not only enhances masonry wall durability but also sup-
ports eco-friendly construction practices. These findings establish NFTRM as a sustainable
alternative to conventional TRM techniques which mainly use man-made fibers (like glass,
basalt, carbon, steel, etc.), offering unparalleled structural reinforcement, significant thermal
efficiency, and environmental benefits over previous fiber-based reinforcement strategies.
Overall, the NFTRM system has proved to be an ideal solution for its dual functionality,
offering exceptional structural reinforcement alongside substantial thermal improvement
without relying on additional insulation layers. This makes it a more sustainable, efficient,
and cost-effective alternative to traditional TRM retrofitting methods, which often require
separate structural and thermal upgrades. The results suggest that natural fiber-based
systems could be a superior choice for integrated masonry wall retrofitting, balancing
performance, sustainability, and practicality.

3.5. DIC Observations

Figure 20 illustrates the outcome of the DIC interpretation of the deformation behavior
of an upgraded masonry wall (NFTRM-upgraded masonry wall sample) before and during
the in-plane cyclic test. In Figure 20a, the wall is shown in its initial, undeformed state, with
the surface uniformly prepared and a virtual measurement grid applied. All measured
displacement values across the monitored paths (Distances 1 to 7) are recorded as 0.00 mm,
confirming that the wall has not yet been subjected to any loading. This baseline condition
is critical for establishing a reference point from which all subsequent displacements can
be measured.

Figure 20b,c present the DIC results captured during the ultimate load cycle of the
masonry wall, offering a more detailed analysis of the failure behavior under maximum
loading. In Figure 20b, the first cracks are visible, while Figure 20c shows the observed
maximum cracking gap values at each point, with the highest value at about +7.84 mm;
notably, the cracking is most pronounced along the diagonal region. This stage represents
the peak of structural loading, and the DIC system highlights the development of extensive
shear cracks and substantial deformation. The color mapping applied to the image further
emphasizes areas of high displacement, with gradients indicating how stress is distributed
across the wall.
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(a) (b) 

 
(c) 

Figure 20. DIC analysis of the upgraded masonry wall: (a) before start of cracks, (b) point at which
first cracks were noted, and (c) point at which maximum crack was obtained.

A closer view of the central region of the wall, shown in Figure 20c, highlights the
localized stress pattern along the main crack, where intense color gradients—mainly red
and yellow-orange—indicate zones of high strain. This confirms stress localization as
the driving force behind crack propagation. Notably, even after the wall collapsed under
the ultimate load, the central cross-section still shows evidence of tensile load transfer.
This behavior reflects the enhanced ductility of the NFTRM-upgraded sections, achieved
through the integration of natural jute fiber components, including two jute fiber nets, four
jute fiber diatons, and a jute fiber-reinforced mortar containing 1% (30 mm) fibers.

These DIC analyses collectively demonstrate the powerful capability of the method
to track and quantify deformation, identify crack propagation paths, and evaluate the
effectiveness of structural upgrades in masonry walls.

Figure 21 presents two graphs: first, the application of load during the ultimate load
cycle (Figure 21a), and second, the visible crack opening and fluctuations of the crack during
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this period (Figure 21b). The largest crack opening, i.e., about 7.84 mm, was observed
during the ultimate load cycle.

(a) (b) 

Figure 21. The crack trends during the ultimate load cycle of the upgraded masonry wall: (a) applied
load vs. (b) crack opening.

4. Conclusions
Integrated retrofitting/upgrading could be the right choice for both structural and

thermal strengthening of the existing and new masonry buildings and structures. But it
should be kept in mind that structural upgrading and improvement in insulation properties
are complementary to each other; therefore, the right balance between these two should be
determined through deep research and development work.

During this research, for the first time, a natural fiber (jute) TRM system was used to
upgrade masonry walls. The NFTRM system consists of jute fiber nets, jute fiber diatons,
and jute fiber composite mortars prepared with 1% jute fiber (30 mm) with respect to the
dry mortar mass.

It has been observed that with the application of the NFTRM system for upgrading, the
load-bearing capacity of the upgraded masonry wall increased by more than 500%, and the
thermal transmittance value reduced by more than 36%, which demonstrates improvement
in the insulation capacity of the upgraded masonry wall.

Additionally, Digital Image Correlation (DIC) analysis provided detailed insight into
the wall sample’s structural response before, during, and after the loading cycles. The DIC
results also indirectly justify the ductile behavior of the upgraded masonry wall; further, it
exhibited an enhancement in overall resistance and strain distribution capacity. Prior to
loading, no deformation was observed, while post-test images revealed controlled crack
propagation primarily along diagonal shear planes. During the ultimate load cycle, DIC
data showed concentrated strain fields near the center of the wall, with displacement
values reaching up to +7.81 mm. Therefore, these findings confirm the effectiveness of the
NFTRM system in increasing not only the load-bearing capacity but also the presence of
natural fiber products (jute nets, diatons, and composite mortar layer) that help improve the
ductility and energy dissipation characteristics of the wall. Thus, the integration of natural
fiber-based strengthening systems, validated through advanced monitoring techniques like
DIC, represents a promising and sustainable approach to masonry retrofitting.
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