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ABSTRACT: The objective of this study is to present a new method of reinforcing masonry using layers of mortar reinforced with
short jute fibers. Mortars were produced with 0%, 2% and 3% jute fibers with cementitious matrices free of calcium hydroxide.
The effectiveness of the reinforced mortar was evaluated through diagonal compression tests of hollow ceramic brick masonry
prisms. The prisms were coated on both sides. The experimental results demonstrated that the diagonal resistance of the fiber
system increased by 28 to 30% and presented greater resistance to elastic deformation during load application, with deformation
coefficients 2 and 3 times greater for 2% and 3% of fibers, respectively. Therefore, jute fibers prove to be a sustainable and efficient
alternative for masonry reinforcement applications, with maximum applied loads considerably higher than the unreinforced
system, in addition to better crack control.
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RESUMEN: Comportamiento al corte de la mamposteria de ladrillos huecos de arcilla recubiertos con mortero reforzado con
fibras cortas de yute. El objetivo de este estudio es presentar un nuevo método de refuerzo de mamposteria mediante capas de
mortero reforzado con fibras cortas de yute. Se produjeron morteros con 0%, 2% y 3% de fibras de yute con matrices cementantes
libres de hidréxido de calcio. La efectividad del mortero armado se evalué mediante ensayos de compresion diagonal de prismas
de mamposteria de ladrillo cerdmico hueco. Los prismas estaban recubiertos por ambas caras. Los resultados experimentales
demostraron que la resistencia diagonal del sistema de fibras aument6 entre un 28 y um 30%, y presentd mayor resistencia a la
deformacion elastica durante la aplicacion de carga, con coeficientes de deformacion 2 y 3 veces mayores para el 2% y 3% de fibras,
respectivamente. Por lo tanto, las fibras de yute demuestran ser una alternativa sostenible y eficiente para aplicaciones de refuerzo de
mamposteria, con cargas maximas aplicadas considerablemente mayores que el sistema no reforzado, ademas de un mejor control
de fisuras.

PALABRAS CLAVE: Fibra natural; Esfuerzo cortante; Compresion diagonal; Ladrillos huecos.
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1. INTRODUCTION

Clay hollow bricks are widely used in various
construction applications due to their lower cost for
housing, ease of implementation, and reduced labor
requirements. Additionally, they are sustainable due
to the lesser volume of material used per square me-
ter of masonry (hollow blocks consist of over 60%
of their unit being hollow), providing better thermal
comfort for housing compared to solid brick masonry.
This solution becomes even more relevant due to the
increasing population in developing countries, result-
ing in a higher demand for faster and cost-effective
constructions (1). However, walls made with hollow
bricks typically have lower resistance compared to
solid brick walls, especially under lateral loads such
as wind action and seismic tremors, which tend to
cause masonry failures due to bending and diagonal
shear (2-4). As a result, retrofitting techniques are
usually required to enhance or correct the load-bear-
ing capacity of masonry after in-plane and out-of-
plane seismic actions (2-5).

Various techniques have been employed in rein-
forcing ceramic brick masonry, such as bracing, crack
stitching and grout injection (6-9); insertion of steel
bars in bed joints (10), and steel-reinforced grout joint
systems (11, 12). Systems involving the application
of rendering mortar have also been widely used, in-
corporating reinforcement with metal or fiber-rein-
forced polymer mesh (13-16), or fabrics (17-20). The
application of some of these techniques in clay hol-
low brick masonry has resulted in increased lateral
force and displacement capacity without significant
damage to the rendering until the peak load occurs
(21), as well as increased compressive strength and
shear resistance (22). Despite the mechanical effi-
ciency of this type of reinforcement, the application
of mortar reinforced with short steel fibers (23, 24)
or engineered cementitious composite reinforced with
polyethylene (PE) fibers (25) for the recovery or re-
inforcement of masonry has proven to be a promising
technique due to its ease of application compared to
traditional techniques that require more labor and ex-
ecution time. Another retrofit technique for masonry
that has yielded good results is the application of fib-
er-reinforced lime-based grouts, which, according to
the authors (26), are feasible in the case of historic
masonry restoration.

The use of dispersed short fibers in mortar allows
for greater toughness of the material, expanding the
use of masonry reinforced with this technique. In ad-
dition to steel fibers, mortars can be reinforced with
short plant fibers, which have a lower energy cost in
production and are derived from renewable sourc-
es, resulting in a more sustainable solution. For this
reason, plant fabrics have also been used as a retrofit
system in masonry (20, 27, 28). Plant fibers exhibit
excellent tensile strength (29, 30), appropriate adhe-
sion with cementitious matrices (31), and their use as

mortar reinforcement increases the tensile strength of
mortars, toughness, and crack control (32-40).

The application of plant fibers in cement-based ma-
terials has historically been met with skepticism due
to potential durability issues associated with chemical
incompatibility between cement hydration products
and plant fibers. However, using mineral additives
as a substitute for cement results in a matrix free of
calcium hydroxide, providing greater durability to the
composites (41). Additionally, due to their high-water
absorption, plant fibers may experience dimensional
variation when the mortar coating is subjected to nor-
mal wetting and drying cycles during use. As a re-
sult, there can be damage at the interface and a loss
of fiber-matrix adhesion, impairing the mechanical
performance of the coating. To prevent such damage,
physical and chemical treatments (34, 42) have been
successfully applied to plant fibers, reducing their wa-
ter absorption and improving the interface with the
cementitious matrix.

The objective of this study is to introduce a nov-
el method for reinforcing masonry using layers of
mortar reinforced with short jute fibers. This type of
application represents a scientific and technological
innovation, as cementitious composites with short
vegetable fibers are not commonly employed for this
purpose. The proposed study not only presents the
properties of composites produced with short jute fib-
ers but also evaluates how these fibers can modify the
mechanical behavior, mode of failure, and modulus
of deformation of the reinforced walls. Additionally,
the proposed reinforcement method represents a new
alternative for masonry reinforcement, offering great-
er applicability and faster execution than the retrofit
method using fabric application.

To achieve this goal, the jute fibers were chemically
treated to enhance their durability and adhesion, and
were evaluated using scanning electron microscopy,
X-ray diffraction, direct tension, and water absorp-
tion tests. Mortars reinforced with 2% and 3% jute
fibers were produced with cementitious matrices free
of calcium hydroxide and subjected to water absorp-
tion, compressive strength, and flexural strength tests.
The efficacy of fiber-reinforced mortar as a masonry
reinforcement element was then assessed through di-
agonal compression testing of prisms coated on both
sides.

2. MATERIALS AND METHODS

2.1. Jute Fiber
2.1.1. Processing and treatment
Jute fibers are produced in various regions world-

wide, such as Bangladesh, China, India, Thailand,
and Brazil, and are widely used in various textile ap-
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plications, making them attractive for use in reinforc-
ing mortar due to their availability and low market
cost (37). According to the Food and Agriculture Or-
ganization (FAO) report of 2023, global jute produc-
tion reached 2973.1 thousand tonnes in 2021/22, with
Asia being the epicenter of this industry, contributing
approximately 99.7% of this total. In the jute plant,
each part is utilized significantly: the outer layer is
used for fiber production, the inner stem is utilized in
papermaking, and even the leaves are used as edible
food. Jute is also extensively cultivated in Brazil and
has adapted well to the tropical equatorial climate of
the Amazon (43, 44).

The natural fiber textile market anticipates signifi-
cant growth, with an estimated rate of 7.40% during
the period from 2021 to 2028. This increase is driven
by the growing use of these fibers as substitutes for
synthetics, along with the increasing concern to re-
duce the use of plastic materials in regions such as
Europe and North America. Other factors include the
abundant availability of raw materials, expansion of
end-user industries, and the development of advanced
technologies in fiber production. Demand is also be-
ing boosted by the manufacturing of advanced natural
fiber composites, which are widely used in automo-
tive interiors. This trend offers lucrative opportunities
for participants in the natural fiber textile market dur-
ing the forecast period until 2028 (45).

The fibers used were obtained from the city of
Coari, in the Brazilian Amazon region, specifically
from Coari — AM, in long bundles, as depicted in
Figure 1. In the laboratory, the fibers were aligned
and cut into lengths of 40 mm. Subsequently, an
alkaline treatment was applied to the jute fibers to
reduce water absorption and enhance the fiber-ma-
trix adhesion. The treatment followed the method
presented by Ferreira et al. (34): the fibers were im-
mersed in a solution of Ca(OH), at a controlled lab-
oratory temperature (23°C) with a concentration of
0.73% of the fiber weight for 50 minutes. Afterward,
they were dried in a chamber with forced air flow at
40°C for 72 hours.

Ficure 1. Processing and alkaline treatment of jute fibers.

2.1.2. Test Methods

The evaluation of the effect of jute fiber treat-
ment on morphology, structure, and physical and
mechanical properties was conducted using scan-
ning electron microscopy (SEM), X-ray diffraction
(XRD), direct tensile testing, and water absorption
analysis.

A Hitachi TM4000 Plus tabletop microscope was
utilized to perform scanning electron microscopy
(SEM) to investigate the jute properties at a micro-
scopic level. It was also used to calculate area meas-
urements using magnified images of the cross-section
and fiber surface, employing Imagel software. Jute
fiber samples were soaked in water for 72 hours for
swelling and then cut with steel blades to observe the
cross-section before drying in a hot air room at 40°C
for 48 hours.

X-ray diffraction (XRD) analyses were carried out
using a Bruker D8 Focus diffractometer. The diffract-
ed radiation intensity was measured within a range of
20 between 10° and 40° with a step size of 0.05° at
3°/min. For sample preparation, fibers were cut into
lengths shorter than 1 mm using scissors. From the
X-ray spectrum, the crystallinity indices of natural
and treated fibers were calculated.

The tensile tests were conducted using a Tytron
250 microforce testing machine with displacement
control at a deformation rate of 0.005 mm/min.
Fiber samples measuring 20 mm, 30 mm, and
40 mm for both treated and untreated fibers were
glued onto a paper mold to maintain alignment in
the testing machine, following the guidelines of
ASTM C1557 (46). By utilizing SEM images, it
was possible to calculate the fiber area to obtain the
tensile strength.

The water absorption of jute fibers was carried
out on samples weighing 1g and having a length of
40 mm, following this procedure: i) the fibers were
dried in an oven at 80°C until a constant mass was
achieved, and after 48 hours, the dry mass of each
sample was determined. ii) The fibers were immersed
in water, and the wet mass was determined using an
electronic balance with the aid of absorbent paper to
remove excess water from the samples. iii) The deter-
mination of the wet mass was carried out at intervals
of 3 hours, 6 hours, 24 hours, 48 hours, and 72 hours.
Eight samples were selected for a better assessment
of water absorption of the fibers, divided into 4 refer-
ence samples and 4 treated samples. The calculation
used for the percentage of water absorption was as
follows:

A= (B [1]

where Ms is the wet mass at each time interval, and
M, is the initial dry mass of each sample.
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2.2. Short Jute fiber reinforced mortar (SJFRM)
2.2.1. Materials

To produce SJFRM, the binder consisted of a terna-
ry blend comprising 50% by mass of Portland cement
CPIIF, with a specific mass of 3.05 g/cm?, 20% of fly
ash, with a specific mass of 2.15 g/cm?, and 30% of
metakaolin, with a specific mass of 2.15 g/cm?.

The chemical composition of the materials is pre-
sented in Table 1. Fly ash and metakaolin can be clas-
sified as pozzolans according to ASTM C618-03 (47),
since the sum of three oxides from their chemical
analyses, SiO,+Al,0,+Fe,O,, was higher than 70%.

Thermogravimetric (TG) analysis was conducted
on blended cement paste after 28 days of curing us-
ing the SDT Q600 TGA/DTA/DSC equipment from
TA Instruments. The absence of an exothermic peak
between temperatures of 400 °C and 450 °C demon-
strates that the cement paste does not contain free cal-
cium hydroxide, ensuring the durability of the vege-
table fibers (48).

TaBLE 1. Chemical composition of binders.

Metakaolinite

Component Cement (%) Fly ash (%)

(%)

Ca0 67.94 211 -
ALO, 2.94 32.89 46.01
Si0, 10.31 50.28 39.45
TiO, 0.30 1.57 1.84
50, 2.94 1.46 111
Fe,0, 3.98 5.96 7.28

K,0 0.37 3.94 -
Cogg(‘;rsms 0.43 0.28 0.95
Fire loss 10.78 1.51 3.36

The fine aggregate used was natural river sand with
a passing fraction through sieve #600 microns, having
a specific mass of 2.67 g/cm?® and a fineness modu-
lus of 1. To enhance workability and reduce matrix

segregation, a superplasticizer additive (SP) based on
polycarboxylate polymers, Glenium 51, of the poly-
carboxylate ether type manufactured by BASF, and a
viscosity-modifying agent (VMA), Rheomac UW 410
manufactured by BASF with a density of 0.31 g/cm?,
were employed.

The consumption per cubic meter of materials used
in the production of the mortars is presented in Table 2.

2.2.2. Characterization methods

The JFRM were analyzed in their fresh state to
assess their workability, employing the standard con-
sistency test specified by ABNT NBR 13276 (49).
Additionally, the determination of bulk density in the
fresh state was carried out in accordance with ABNT
NBR 13278 (50).

Water absorption was conducted following the
ABNT NBR 9778 standard (51). Four cylindrical
specimens (50 mm x 100 mm) were molded for each
mortar mixture.

Direct compression testing was performed on four
cylindrical samples of 50 mm in diameter and 100 mm
in height for each mixture, at 28 days. A Shimadzu
AGX -100 kN testing machine was used at a speed of
0.3 mm/min. Displacements were measured by two
LVDTs attached to the central region of the specimen.
The modulus of elasticity was determined according
to ASTM standards. For the four-point bending test,
specimens of 400 mm x 80 mm x 14 mm were mold-
ed, with a free span of 300 mm and a distance be-
tween loads of 100 mm.

The test was conducted using a Shimadzu AGX
-100 kN testing machine at a speed of 0.3 mm/min, at
28 days. From the bending test, the stress and tough-
ness were determined. The toughness index (TI) was
calculated using the relationship between the area un-
der the stress-deflection curve for different displace-
ments (1 mm, 2 mm, 4 mm, 6 mm, and 10 mm) divid-
ed by the area under the curve up to the displacement
related to the appearance of the first crack.

2.3. Assessment of masonry walls
2.3.1. Manufacturing of wall prototypes

For the evaluation of masonry, samples of dimen-
sions 60 x 60 x 9 cm® were produced using blocks with

TaBLE 2. Mix proportions (kg/m?).

Mix ID Cement FA Metakaolin Sand Water SP Fiber VMA
Jo 402.51 161.01 241.51 805.03 402.51 4.03 - -
2 397.59 159.04 238.55 795.18 397.59 19.88 15.90 1.19
I3 395.17 158.07 237.10 790.35 395.17 31.61 23.71 1.42
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holes in the horizontal position, as shown in Figure 2.
The specified dimensions differ from those mentioned
in ASTM E519/E519M-15 (47) for adjusting the test
in the laboratory testing machine. However, the prisms
follow a standard designated for height and length that
are equal. The change in masonry prism dimensions
for diagonal compression tests has already been con-
sidered in other works on the subject. For instance,
Sandoval et al. (22) used panels with a standard of
86 x 85 cm for diagonal compression tests; Madhavi et
al. (52) produced prisms of 70 x 70 cm, Lee et al. (53)
produced prisms of 19 x 19 cm, and Arisoy et al. (54)
produced prisms of 50 x 50 cm.

Ceramic bricks measuring 29 cm x 19 cm x 9 cm,
with 10 holes (Figure 3), were used and subject-
ed to a direct compression test according to ABNT
NBR 15270-3 (55). Ten masonry samples were
tested, which were faced with mortar for surface
regularization. The compression strength obtained,
1.0 £ 0.2 MPa, indicates that the blocks can only be
used in partition walls.

A 10 mm-thick mortar was applied in the joints
between the blocks (Figure 2), prepared with a mass
ratio of 1:0.5:2:1 (cement, hydraulic lime, sand, and
water). The assessment of this mortar used in the
masonry joints exhibited a compression strength of
6.4 + 0.4 MPa after 28 days.

The production and application process of the ren-
dering mortar are illustrated in Figure 4. Following
the construction of the block wall, a first thin layer of
mortar (approximately 5 mm thick), without fibers,
was applied using a trowel on the moistened mason-
ry surface to enhance adhesion (Figure 4b). After 14
days from the construction of the masonry wall, the
JFRM was prepared in a 20 dm?® bench mount (Figure
4c¢) and manually applied (Figure 4d) until reaching a
total thickness of 20 mm on each side of the wall (Fig-
ure 4e). To ensure the perfect hydration of the cement

FiGure 2. Configuration and dimensions of uncoated walls.

FiGure 3. Testing of ceramic blocks in accordance with ABNT
NBR 15270-3 (55). a) regularization of blocks, b) test setup.

paste and prevent the emergence of drying shrinkage
cracks, the walls were covered with a damp cloth for
3 days after completing the coating. Table 3 presents
the identification of each prism produced.

The walls were air-cured within the laboratory
premises until the date of testing (Figure 4f).

Ficure 4. Production of wall samples. a) construction of hollow brick masonry, b) roughcasting, c) preparation of rendering mortar,
d) application of rendering mortar, e) finishing and smooth surface, and f) curing.
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TaBLE 3. Wall samples.

Fiber content Final size of masonry

Identification of coating layer (%) wallet (cm)
w0 0
Wi2 2 60 x 60 x 12
w3 3

2.3.2. Diagonal compression test

The diagonal compression test is widely used to
investigate the strength within the plane of masonry
prisms, as the failure mode of the specimens resem-
bles that induced by lateral seismic and wind forces.
Diagonal compression generates a combined state of
shear and compression along the horizontal and ver-
tical joints. The method involves applying compres-
sive force at two diagonal corners to replicate these
conditions, and the loads must be carefully designed
(16, 52).

The ASTM E519/E519M-15 standard (56) provides
the most used methodology for conducting diagonal
compression tests and calculating the shear stress of
wall prisms based on the effective cross-sectional
area. The diagonal compression test was conducted at
28 days on each wall using a Shimadzu universal test-
ing machine of 200 kN capacity and at a displacement
rate of 0.3 mm/min, as shown in Figure 5a. Displace-
ments were measured using two LVDTs positioned
horizontally and vertically, as depicted in Figure 5b.

According to ASTM ES519/E519M-15 (56), the

shear stress is given by:

Pmax

e (2]

TasTM = 0.707.

where Pmax is the maximum applied load, and 4n
is the effective cross-sectional area, calculated as fol-
lows:

An=(w+h?).t.n [3]

where w is the width of the masonry prism, / is the
height of the masonry prism, ¢ is its thickness and 7 is
the percentage of the gross area of the brick.

The RILEM-TC-76-LUM standard (57) proposes
the calculation of shear stress using Equation [4]:

[4]

The transverse strain modulus is determined by
ASTM E519/E519M-10 (56) using Equations [5] and

[6]:

Pmax

T RILEM = 0.88.

__Tast™m
G = st [5]
_ Ax+ Ay
y==—7= [6]

where 7 is the shear stress given by Equation [2], v
is the total deformation (mm/mm), Ax is the vertical
displacement (mm), Ay is the horizontal displacement
(mm) and Lo is the initial distance between the dis-
placement measurement points (mm).

(b)

FiGure 5. Configuration of the diagonal compression test. a) alignment with laser sight, b) support devices and LVDTs.
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3. RESULTS AND DISCUSSION

3.1. Effect of treatment on the properties of jute
fibers

The jute fibers are formed by an irregular aggre-
gation of fibrocells containing a central channel (lu-
men) inside them. Some modifications were observed
in the morphology of jute fiber after alkaline treat-
ment. Images obtained by SEM, shown in Figures 6
and 7, revealed a reduction in the cross-section with
a change in fiber diameter and closure of some lu-
mens. Additionally, the lateral surface was damaged
by the fiber treatment, resulting in the appearance of
lateral cracks due to delamination between the fibro-
cells, as previously observed by Jo et al. (35) after
alkaline treatment. Moreover, deposits of calcium hy-
droxide crystals of varying dimensions were found on
the surface of the treated fiber, which, coupled with
increased roughness, could contribute to increased
fiber-matrix adhesion (31, 58, 59).

The effect of alkaline treatment on the morpholo-
gy of fibers, with the closure of lumens (33), directly
results in the reduction of the fibers’ water absorp-
tion capacity. Vegetable fibers typically display sub-
stantial water absorption, particularly in the initial
immersion hours due to a significant volumetric

presence of permeable voids (60). Following 3 hours
of immersion, the untreated fiber exhibited a water
absorption rate of 158.77%, while the treated fiber
absorbed 149.90%. After 72 hours, natural jute fiber
demonstrated an absorption rate of 272.74%, where-
as the treated fiber absorbed 224.11%. Cottrell et al.
(61) illustrated that their study’s untreated jute fibers
absorbed 205% within the first 50 minutes, maintain-
ing a similar range throughout the total observation
time of 90 minutes. Comparable trends were observed
in other fibers, with average absorptions surpassing
150%, varying according to the observation period,
such as sisal fibers (62), pineapple leaf, sisal, and jute
fibers (33).

In addition to modifying the lumens, alkaline treat-
ment leads to the partial removal of lignin and surface
impurities (63), which are hydrophilic components of
the fiber (hydroxyl groups - OH) with greater water
absorption capacity. Indeed, the crystallinity index
(CI) obtained from X-ray diffraction analysis, shown
in Figure 8, indicates that the natural fiber had a CI
value of 60.75%, consistent with findings in other
studies (64, 65), while the fiber subjected to alka-
line treatment showed a CI value of 66.22%. This
increase, corresponding to a 9% rise in crystallinity,
aligns with the reduction of impurities and lignin in
the fiber, while preserving cellulose (66).

FiGure 6. Microscopy images of natural fibers. a) cross section, b) lateral surface.

Ficure 7. Microscopy images of treated fibers. a) cross section, b) lateral surface.
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FiGure 8. Crystallinity of jute fibers.

Figure 9 illustrates stress-strain curves depicting
the tension testing of both natural and treated jute fib-
ers. Their typical behavior demonstrates linear elas-
ticity until a sudden, brittle rupture occurs. The values
for tensile strength, rupture deformation, and modu-
lus of elasticity presented in Table 4 were obtained
from these curves.

The tensile strength and elastic modulus were im-
proved in 25% and 23%, respectively, with alkaline

treatment. According to Sinha and Rout (67), the
improvement in mechanical strength and elasticity
modulus is attributed to a structural transformation
induced by alkaline treatment. In natural jute fibers,
hemicelluloses and lignin persist in the inter-fibrillar
region, imposing constraints on the cellulose chains,
thereby keeping them separate.

The removal of hemicelluloses and lignin during
alkaline treatment alleviates this internal constraint,
enabling the fibrils to undergo reorganization. This
densification of the cellulose chains contributes sig-
nificantly to the enhancement of overall mechanical
properties. The increase in the crystallinity index
following treatment supports this hypothesis. Com-
parable outcomes, demonstrating increased jute fiber
tensile strength, were observed by others researches
(5, 30, 33, 68), following alkaline treatment of jute.

3.2. Short jute fiber reinforced mortar (SJFRM)

Mortars reinforced with 2% and 3% of treated jute
fibers, denoted as J2 and J3, respectively, underwent a
consistency test (flow table test) to assess workability
compared to the fiber-free mortar (JO). Figure 10a pre-
sents the values obtained in the test and the consistency
reduction observed upon fiber introduction. There is a
reduction of 2.04% and 12.24% in consistency, con-
cerning JO, for the J2 and J3 mortars, respectively.

Ficure 9. Typical tensile behavior for natural and treated fibers.

TaBLE 4. Mechanical properties of fiber.

Tensile strength

Rupture deformation Elastic modulus

Treatment (MPa) (mm/mm) (GPa)
No treatment 186.44 + 53.58 0.0083 £ 0.0029 23.32 +£6.05
Alkaline 250.78 £57.99 0.0063 £ 0.0017 30.29 £9.21
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This reduction in workability upon fiber addition,
also observed by other authors (39), is associated with
water loss from the mixture that is rapidly absorbed by
the jute fiber due to its high water absorption capaci-
ty. Additionally, it involves disturbance in the flow of
the mixture due to the presence of fibers, which cre-
ate friction with the aggregate and tend to entangle,
forming clusters within the mixture and increasing
the content of entrapped air. As a consequence, there
is a reduction in density in the fresh state, as shown
in Figure 10b. The addition of 2% and 3% of fibers
resulted in reductions of 8.85% and 13.02%, respec-
tively, compared to JO.

The assessment of water absorption, void ratio, and
density of mortars in the hardened state confirms the
effect of fiber addition on increasing internal porosity
and water penetration capacity within the mortars, as
depicted in Table 5. With the addition of 2% jute fib-
ers, there is an approximately 49% increase in water
absorption and a 50% rise in porosity. Conversely, for
the J3 mortar with 3% fibers, the increase in porosity
(around 56%) was higher than the observed water ab-
sorption (around 83%), indicating that the added fibers
create internal voids that are not accessible to water.

The elevation in porosity in fiber-reinforced com-
posites is linked to the entrapment of voids during the
mortar production process, given the reduced worka-

(a)

bility, resulting in greater difficulty in homogenizing
the components and in casting into molds. Even in
small volumes compared to the matrix, the fibers still
contribute to reducing porosity and increasing water
absorption in the hardened mortar. This is because the
fibers introduce preferred pathways for water move-
ment within the structure. The introduction of fibers
led to a decrease in the density of the mortars, al-
though the maximum reduction of 5%, concerning JO,
is not proportional to the reduction in porosity.

Table 6 displays the results of the mechanical char-
acterization of the mortars. The compressive strength
and modulus of elasticity of the mortars decreased
with the increase in fiber content. Compared to JO,
there was a reduction of 7.3% and 22.3% in com-
pressive strength, and a reduction of 6.5% and 13.9%
in modulus of elasticity with the addition of 2% and
3% of fibers, respectively. The result confirms the
inversely proportional relationship between porosi-
ty and the mechanical strength of solid materials, as
the addition of fibers led to greater air incorporation
into the mortar structure. However, due to the use of
a more fluid mixture with a high content of fines, it
is observed that the decrease in compressive strength
was less severe than that reported by Majumder et al.
(38) for mortar with 2% jute fibers, which showed a
drop in compressive strength of up to 41.37%.

(b)

Ficure 10. Fresh state of mortars. a) consistency, b) density.

TaBLE 5. Physical characterization of mortars in the hardened state.

Mix ID Water absorption (%) Mass density (kg/m?) Void index (%)
Jo 7.41+£0.36 1812 +0.02 13.40 £ 0.41
12 11.57+0.83 1750 £ 0.02 20.19 +1.26
I3 14.31 £0.33 1714 £0.01 24.45+0.42
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TABLE 6. Results of mechanical tests.

Compressive Strength ~ Young’s Modulus

Four-point flexural test

Mix ID (MPa) (GPa) o, (MPa) d, (mm) c, (MPa) 8, (mm)
JO 35.16 £ 0.60 23.18+£3.10 3.39+2.94 0.41 £0.04 - -
J2 32.55+1.43 21.67+1.70 3.38+0.25 0.39 +£0.02 2.33+£047 3.23+0.15
J3 27.32+£0.14 19.95 £ 2.61 2.91+0.15 0.42 +0.02 2.49+0.33 4.18 £0.34

The stress-strain curves obtained in the flexural test
are shown in Figure 11. While the mortar JO exhibited
sudden failure after the appearance of the first crack,
in the J2 and J3 mortars, a change in behavior under
flexion is observed, with the maintenance of residual
stress after cracking and an increase in rupture defor-
mation. This leads to an increase in energy absorption
capacity (material toughness). Before the appearance
of the first crack, the mortars exhibit linear elastic be-
havior with minimal contribution from the fibers to
the flexural strength or stiffness. When compared to
the flexural strength of mortar JO, it’s observed that
the first crack stress remains unchanged with the ad-
dition of 2% of fibers, as indicated in Table 6. How-
ever, with the addition of 3% of fibers, there is a 14%
reduction in flexural strength.

The post-cracking behavior is characterized by two
main stages:

i.  following a sudden drop in stress due to the open-
ing of the first crack, there is a process of internal

stress transfer by the fibers crossing the cracks,
resulting in a gradual increase in stress. Depend-
ing on the content and distribution of the fiber
reinforcement within the sample, a second crack
may occur, accompanied by a new recovery of
strength;

ii. with the increase in internal stresses and the widen-
ing of the existing crack, there is a propagation of
the crack at the fiber-matrix interface and a process
of fiber pull-out from the interior of the matrix.

Consequently, the stress-displacement behavior
becomes governed by the frictional adherence of the
fiber, with a gradual reduction in stress and sliding
of the fiber in the cracked region. The maximum
residual stress ¢ presented in Table 6 indicates that
the addition of 2% and 3% of fibers allows achiev-

ing post-cracking stresses of approximately 69%

and 85% of the flexural strength, respectively, with

deformation values 8 to 10 times higher than the peak
deformation.

FiGure 11. Stress x displacement curves under bending. a) JO, b) J2, ¢) J3.
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As a result, the mortars demonstrate an increase in
material toughness, as shown in Table 7. There is a
variation of the toughness index (TI) of the J2 and J3
mortars with increasing displacement. It is observed
that for displacements up to 2 mm, mortar J2 exhibits
a greater increase in toughness compared to mortar J3.
However, this behavior changes for larger displace-
ments, with the higher fiber content being more deci-
siveinstress transfer and the final fiber pull-outprocess.
The fracture energy of fiber-reinforced mortars typi-
cally stands out in comparison to ordinary mortars, as
their mechanical behavior becomes less brittle after
cracking in the flexural test, with the mortars main-
taining stability and shape (40). In this regard, jute
fiber has positively influenced mechanical results to
produce new materials (69).

3.3. Assessment of masonry walls

Figure 12 shows the typical load displacement curves
obtained in the diagonal compression test of walls. The
mechanical behavior of the walls is characterized by
an approximately linear load-displacement relationship
until the appearance of the first crack in the coating lay-

er. For the unreinforced wall JO, the maintenance of the
cracking load is observed until a small displacement (of
the order of 0.4 mm) with a sudden loss of strength. For
the walls coated with SJFRM, on the other hand, the
post-cracking behavior is followed by an increase in
wall strength and higher rupture displacements. Table 8
presents the results of the maximum load for each test-
ed wall sample, as well as the mean value and standard
deviation. The shear stresses, calculated according to
Equations [2] and [4] established by the ASTM E519/
E519M-15 (56) and RILEM-TC-76-LUM (57) stand-
ards, are also presented. The area of the specimens was
calculated based on Equation [3].

It is observed that the presence of short jute fib-
er as reinforcement in the coating mortar results in
an increase of up to 41% in the shear strength of the
walls. Increased shear strength of walls has also been
achieved with the use of reinforcement in plant fab-
rics such as jute (52) or hemp (20). Like fabric rein-
forcement, the use of short fibers as wall reinforce-
ment inhibits the propagation of the initial crack and,
thus, modifies the failure mode (27). Figure 12 shows
the load-displacement curves obtained in the diagonal
compression test of walls coated with mortar without
fibers (WJ0) and with mortar containing 2% (WJ2)

TaBLE 7. Mortar toughness for different displacement values.

Mortar toughness (N.m)

Mix ID 3, (mm) 1 mm 2 mm 4 mm 6 mm 10 mm
JO 1.03 +£0.09 - - - - -
2 0.81+0.18 1.94+0.32 4.04 £0.94 7.12+2.04 9.42 £3.39 11.95 £ 6.01
I3 0.71 £0.26 1.26 £0.20 3.09 £0.20 7.01 +£0.21 10.13 £1.17 13.42 £ 4.16
TasLE 8. Results of shear stress in the walls.
Fiber content Sample Maximum Load (N) Shear i;\r/[e;z)ASTM Shear s(t;/e[;sa;{ ILEM
WJO0-1 41510 0.40 0.50
No fiber WIJ0-2 42800 0.42 0.52
Average 42155 +912 0.41+0.01 0.51£0.02
WJ2-1 41700 0.41 0.51
2% WiJ2-2 73293 0.72 0.90
Average 57497 + 22339 0.57+0.22 0.70 £ 0.27
WIJ3-1 53514 0.53 0.65
3% WJ3-2 64000 0.63 0.78
Average 58757 + 7414 0.58 £ 0.07 0.72 £ 0.09
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and 3% (W1J3) of short jute fibers. The positive side
shows the horizontal stretching of the prism, while
the negative side shows the vertical shortening based
on the prism deformation.

The WIJO prisms reached maximum applied load
forces around 42.1 kN, on average. The unreinforced
specimens exhibited typical brittle failure behavior,
consisting of an elastic phase until reaching the maxi-
mum load, followed by sudden failure in both samples,
as shown in the curves in Figure 12a. During the test,
detachment of the mortar coating from the units was
observed, indicating low adhesion, along with diagonal
cracks extending towards the edges of the specimens.
Unlike the unreinforced prisms, the curves of the rein-
forced prisms, with 2% and 3% fibers, were character-
ized by a post-peak phase with load maintenance up
to higher deformations. As the crack opening grows,
there is a gradual reduction in load due to the fiber pull-
out process in the crack region.

Evaluating the prisms reinforced with mortars con-
taining 2% fibers, there was a greater difference in
the maximum load obtained by each sample, WJ2-1
and WJ2-2, which obtained peak loads of 42 kN and
73 kN, respectively. The lower peak load of sample
WIJ2-1 resulted from the detachment between the
masonry and the reinforcement layer at the point of
load application, as shown in Figure 15. Wall WJ]2-
2, which reached the highest applied load among the
studied walls, exhibited an initial crack with a load
close to 50 kN, with a slight drop in load, followed

by a load increase up to 73 kN. After the peak load,
there is an abrupt reduction in load, with continued
horizontal deformation and a tendency for cracking,
both diagonal and horizontal, near the application
of the test load. This occurs mainly in the reinforced
specimens, where there is a greater accumulation of
stresses (70).

The effect of applying mortar with 3% of fibers
can be observed in Figure 12c. Specimens WJ3-1
and WJ3-2 exhibited peak loads of 53 kN and 64 kN,
respectively. In prism WJ3-1, delamination was ob-
served between the coating and the ceramic block near
the lower load application shoe, along with horizontal
cracks that appeared in the blocks after reaching the
maximum load. There was also rupture between the
block-coating in contact with the crack region. Small
cracks at the top and bottom of the prism were caused
by tensile forces. Sample WJ3-2 exhibited small diag-
onal cracks, attributed to diagonal/shear compression
forces. Despite the crushing of the blocks near the
load application, there was significant maintenance of
wall stability even after the end of the test.

It is important to highlight that the dimensions of
the prisms used in the tests were smaller than those
prescribed by ASTM ES519/E519M-15 (56), which
may have influenced the mode of failure, especially
at the support and load application points. As a result,
the obtained results may be more conservative than
those obtained in larger samples. Typically, larger
samples have a higher probability of defects. In addi-

Ficure 12. Typical load displacement curves obtained in the diagonal compression test: a) WJO prisms, b) WJ2 prisms, ¢c) WJ3 prisms.

Materiales de Construccion 74 (354), April-June 2024, e347. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.374624


https://doi.org/10.3989/mc.2024.374624

Shear behavior of hollow clay brick masonry wallet coated with short jute fiber reinforced mortar * 13

tion, the presence of a larger number of blocks in the
sample influences the results because, according to
Yu et al (71), the contribution of the wall coating layer
to mechanical resistance is influenced by the integri-
ty of each component of the system. Samples smaller
than those established by the standard have been fre-
quently used by some researchers due to equipment
limitations or for ease of execution and handling (22,
52,53, 54).

The unreinforced walls, under diagonal compres-
sion test, presented vertical cracking from the point
of load application, which is common for this type of
test, as shown in Figure 13. This shear failure mode,
already identified by other authors (72, 13), occurs
when the principal tensile stress developed internally
in the wall exceeds the tensile strength of the masonry
components, including the coating (73).

Ficure 13. Failure of walls without fibers and comparison with
the literature. a) WJO prisms (without fibers), b) Mezrea et al.
(72), ¢) Shermy; Dubeo (13).

Figure 14 depicts the failure mode of walls rein-
forced with short jute fibers, identified as toe crush-
ing, which is a result of wall crushing under com-
pression (toe compression failure). In this case, initial
arched cracking is observed below the loading appa-
ratus and roughly transverse to the loading direction.
With increasing loading, a vertical crack appears, and
the ceramic block is crushed by the support appara-
tus. Laterally, the crack propagates between the wall
and the coating, with the fibers acting to inhibit crack
propagation, as shown in Figure 14b. Figure 14c il-
lustrates the crack propagation on the other side of
the wall.

After reaching the maximum load, the mechanical
behavior of walls reinforced with fibers is character-
ized by a gradual loss of load-bearing capacity and
the simultaneous formation of various failure mech-
anisms, as shown in Figure 14. In addition to coating
cracking, detachment between the coating and the
ceramic blocks was observed, as reported by Mezrea
et al. (72), and the rupture of the ceramic block. The

FiGure 14. Cracking pattern of walls coated with mortars rein-

forced with jute fiber. a) initial vertical fracture in fiber coating

system, b) fractured fiber reinforcing system, c) horizontal frac-
ture in fiber coating system.

characterization results demonstrate that the ceramic
block has a compressive strength lower than that of
the coating mortar and the mortar used in the joints,
making it the component most susceptible to cracking
and rupture, as shown in Figure 15b and 15d, due to
crushing under compression at the load application
point.

Four failure mechanisms of walls coated with mor-
tar reinforced with jute fibers, both with 2% and 3%
fibers, were more notably encountered in the diagonal
compression tests. Based on Figure 15, the following
are identified in the samples:

a) Detachment at the interface of the reinforcement
mortar with the masonry substrate, i.c., between
the plaster-coating-bricks. Caused by the loss of
adhesion between the materials, as shown in Fig-
ure 15a;

b) Emergence of cracks in the ceramic block used,
which had much lower resistance than the other
materials used (mortar for laying and the pro-
duced coating mortar), resulting in vertical and/or
horizontal cracks (Figure 15b). Points of fragility
are observed in the walls due to the heterogeneity
of the materials, as in the case of the bricks;

¢) Emergence of cracks near the steel shoe, in low-
er or upper contact, near the application of load.
There was also a tendency for fiber pullout in
these regions (Figure 15¢);

d) Crushing of the bricks (Figure 15d). There is a
mechanism of failure development in the region
near the steel shoes that implies the emergence
of several cracks both in the coating mortar and
in the bricks. The cracks that appear through the
bricks led to their total rupture (by crushing) at
some moments.
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FiGure 15. Failure modes of the test specimens. a) detachment
of the plaster, b) cracks in the bricks, c) cracks in the masonry
in contact with the footing, d) crushing of the brick.

It is observed, therefore, that the presence of fiber
reinforcement inhibits crack propagation in the coat-
ing, modifying the wall failure mode, which is now
controlled by the strength of the ceramic block and the
wall-coating adhesion. For this reason, the fiber con-

tent used as reinforcement does not affect the maxi-
mum shear stress of the walls, as there was control
of microcracking, and the coating was not brought to
rupture. Overall, there is a significant contribution of
the composite material in applications such as render-
ing mortar, maintaining masonry stability even after
cracking. This indicates the potential of this type of
mortar for retrofitting, resulting in crack control and
failure mode as already observed by Khaleel; Madha-
vi and Basutkar (74) and Dong et al. (75).

The presence of fibers inhibits the propagation of
initial cracks in the coating, resulting in a reduction of
axial and transversal deformations. Table 9 presents
the deformation coefficient (y) found and the trans-
versal deformation modulus (G) of each wall, based
on Equations [5] and [6]. The values of vertical short-
ening Ax and horizontal elongation Ay were obtained
considering the elastic phase up to the first crack of
the samples.

Based on Table 9, it is observed that the deforma-
tion modulus was enhanced for walls with jute rein-
forcement in the composition of the coating mortar.
The results presented here confirmed the increased
capacity of fiber-reinforced walls to resist elastic
deformation throughout the application of load. This
also resulted in an increase in the stiffness of these
walls, as observed in Figure 12, with the continuity of
deformation during the plastic phase of the material
still under load. The deformation coefficients showed
increases around 2 and 3 times higher for 2% and 3%
of fibers, respectively, compared to the unreinforced
wall (WJO0).

TABLE 9. Deformation and transverse deformation modulus results.

Fiber content Sample Ax (mm) Ay (mm) y 10 * (mm/mm) G (GPa)

WJO-1 -0.067 0.379 7.81 0.54

No fiber WJ0-2 -0.049 0.305 6.42 0.62
Average -0.06 £ 0.01 0.34+0.05 7.11 +£0.98 0.58 £0.06

WIJ2-1 -0.178 0.520 8.55 0.50

2% WIJ2-2 -0.090 0.255 4.12 1.75
Average -0.13+ 0.06 0.38+0.18 6.33 +3.13 1.13+£0.88

WJ3-1 -0.082 0.232 3.76 1.41

3% WIJ3-2 -0.103 0.218 2.90 2.17
Average -0.09 +0.01 0.22+0.01 3.33+0.61 1.79 £ 0.54

*Deformation modulus calculated based on the shear stress according to ASTM ES19/E519M-15 (56).
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The positive results obtained with the application
of fiber-reinforced mortars, when compared to con-
ventional mortar reinforcement, indicate the great po-
tential of this technique for retrofitting. Compared to
the TRM reinforcement technique, the application of
fiber-reinforced mortar is faster and easier to apply
and requires less labor, as it does not require place-
ment of the mesh over the masonry.

4. CONCLUSION

The study investigated the characteristics of coat-
ing mortars incorporating jute fibers to assess the
shear behavior of ceramic block masonry. The key
findings are summarized as follows:

- Alkaline treatment significantly enhanced the
tensile strength and elastic modulus of jute fibers.

- Water absorption of fibers impacted mortar rheol-
ogy, resulting in a 12% reduction in mortar con-
sistency with 3% fiber. However, the consistency
remained sufficient for masonry coating applica-
tions with up to 3% fiber volume.

- While compressive and flexural strengths tended
to decrease with the addition of jute fibers, the
stability of samples was maintained after the first
crack. Jute fibers improved maximum deflection
and increased displacement capacity and energy
consumption.

- Mortars with 2% and 3% fiber demonstrated en-
hanced capacity to withstand stresses in diagonal
compression tests, achieving considerably higher
maximum applied loads than the non-reinforced
system. Diagonal compressive strength increased
by 28-30% compared to the unreinforced system.

- Shear stress in the non-reinforced system was
0.41 MPa. The reinforced system exhibited in-
creased shear stress, reaching 0.57 MPa and 0.58
MPa for mortars with 2% and 3% fiber, respec-
tively, comparable to similar systems in the lit-
erature.

- Reinforced walls showed increased elastic defor-
mation resistance during load application, with
deformation coefficients approximately 2 and 3
times higher for 2% and 3% fibers, respectively,
compared to unreinforced walls.

- The results indicate that hollow clay brick ma-
sonry is more vulnerable to damage due to the
low compressive strength of the material. But the
strength of the mortar with fibers did a good job
of not collapsing the construction system.

Jute fibers demonstrated potential for strengthen-
ing the analyzed walls. Further studies on the behav-
ior of fiber-reinforced mortars in samples with larger
dimensions or in different types of masonry, such as
solid brick masonry or concrete bricks, are needed to
confirm mortar reinforced with short jute fibers as a
sustainable and efficient alternative for masonry rein-
forcement applications. In this study, the prisms un-

der compression had dimensions smaller than those
prescribed by ASTM ES19/ES19M-15 (56), which
may have influenced the results, notably the crushing
observed at the load application points.
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