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ARTICLE INFO ABSTRACT

Keywords: Earth as a building material is considered an environmentally friendly alternative for implementation in modern
Rice straw construction. The improvement of mixtures with clay matrix presents advances in their mechanical resistance by
Clay matrix

adding vegetable fibers as reinforcement. Some research concludes its results based on destructive testing
without a thorough analysis of fiber-matrix interaction. In the present study, fiber-matrix interaction phenomena
were analyzed using the single-fiber pullout test. The test was performed on rice straw fibers mercerized in 1 %, 2
%, and 3 % NaOH solutions embedded 5 mm, 10 mm, and 15 mm in a clay matrix stabilized with Carboxy-
methylcellulose and Cassava starch. The importance of NaOH treatment improving the surface roughness of the
fibers was demonstrated. The surface modification favored the adhesion of the matrix to the fiber causing op-
position to detachment. The geometrical irregularities of some fibers caused friction phenomena that required
higher forces than those exerted in the initial detachment. The fibers treated in 1 % NaOH solution with an
exposure time of 1 hour and embedded for 10 mm showed higher initial detachment force and opposition to
displacement due to friction phenomena. The rigidity of the straw treated with 2 % NaOH solution for 2 h
prevented its confinement by shrinkage due to drying of the matrix, a phenomenon that facilitated its extraction
due to minimal opposition to friction. The low bonding stress of the plant fibers with the clay matrix favors the
semi-ductile behavior of the green composite The single-fiber pullout test on vegetable fibers embedded in clay
matrixes allows for identifying the fiber-matrix interaction and the optimal working length.

Fiber-matrix interaction
Single-fiber pullout test
Alkaline treatment

properties or characteristics of metallic and ceramic materials due to the
energy expenditure required for their transformation and interaction
with other elements and the difficulty of their separation, rule them out

1. Introduction

The current environmental pressure generated by the mass produc-
tion of materials and the inadequate handling of waste elements opened
a field of research that aims to combine materials to develop environ-
mentally friendly composites with sustainable characteristics taking into
account the mechanical properties necessary for their use [1].

The complexity and high costs of modifying the physicomechanical

for use as matrices in the formation of composites with sustainable
characteristics [2]. For this reason, polymeric materials are presented as
a viable alternative for the elaboration of composite materials due to
their ease of molding with low energy consumption and their compati-
bility with any type of fiber that acts as the main reinforcement [3].
Reinforcing elements of which vegetable fibers are being used in
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Nomenclature

CH3 — COOH Acetic acid
NaOH  Sodium hydroxide

multiple investigations due to their natural properties that allow their
implementation in the elaboration of composite materials with sus-
tainable characteristics. Composite materials are also called Green
composites [4].

However, the use of fossil fuels as the main element in the manu-
facture of a large part of polymeric materials is pointed out as a direct
cause of greenhouse gas emissions due to the energy costs in their pro-
cesses and waste inherent in the manufacture of the material [5].
However, the manufacture of polymeric materials is moving away from
its dependence on oil to reduce the pollution footprint generated both in
the manufacturing process and in the final disposal of the elements after
their useful life [6]. Multiple research has presented advances in the
development of fully biodegradable green resins from crops demon-
strating the ability to replace dependence on petroleum [7].

In order to save energy costs concerning the processing of new ma-
terials, alternative matrices are being implemented to meet the needs of
different industrial sectors, especially the construction industry [8].
Such is the case of clayey earth, a natural element used ancestrally as a
building material in ancient societies, whose traces show the phys-
icomechanical properties of the material over time [9]. The use of clay
earth as a building material has accompanied man in his evolution as the
main element for the construction of shelters and dwellings. Mixtures
made from this natural material show considerable strengths through
primitive additions of which vegetable fibers make up the main struc-
ture that increases its resistance to external stresses [10].

The ancestral construction techniques such as the Earth brick [11],
Wattle and daud [12], Cob [13], and direct application mixtures such as
plasters of which clayey earth is the main material, have used vegetable
fibers as reinforcement elements to improve their physicomechanical
characteristics by increasing the mechanical resistance of the elaborated
elements. If vegetable fibers are to be used as reinforcing elements in the
production of Green composites with particular mechanical properties,
the origin of the fiber must be carefully chosen. That is, diversity,
cultivation process, climatic conditions, and post-harvest harvesting,
among other factors, can compromise the mechanical properties of
vegetable fibers due to their natural origin. These compositional and
handling factors account for its main quality characteristics and me-
chanical diversity [14].

However, the surface of the vegetable fibers can be modified to alter
their compatibility with the matrix and improve the mechanical strength
of the Green composite. These modifications can be made by physical or
chemical treatments that increase fiber-matrix interaction by improving
surface topography. These characteristics are decisive for the final me-
chanical properties of the Green composite [15]. Physical treatment is
carried out by mechanical action that modifies the size of the fiber and
improves its roughness. Chemical treatments, on the other hand, react
with the structure of the cell wall, modifying its chemical composition
by eliminating lignin, hemicellulose, pectin, waxes, and impurities,
among other elements present on its surface. Characteristics increase the
roughness of vegetable fibers and increase their tensile strength and
elongation [16].

This property enhancement classifies chemical treatments as the best
option for modifying the surface topography of vegetable fibers and
improving their mechanical properties. Chemical treatments improve
interfacial adhesion between the fiber and the matrix by increasing load
transfer [17].

The main objective of the present research was to experimentally
perform a single fiber pullout test on mercerized rice straw embedded in
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clay matrix. This research work has been developed by the main author
in his doctoral thesis, the results of which have been previously pub-
lished and are part of the references of this manuscript.

1.1. Alkaline treatment (NaOH)

The alkaline treatment or mercerization process is presented as an
easy and inexpensive chemical procedure that alters the cell wall of
vegetable fibers by decreasing their moisture absorption capacity. The
process consists of immersing the vegetable fibers in a solution of so-
dium hydroxide (NaOH) in distilled water [18].

NaOH dissolves hemicellulose, the hydrophilic building block poly-
mer present in the fiber structure, reducing its moisture absorption. The
alkaline treatment also removes lignin, a key polymer in vegetable fibers
that facilitates stiffening and bonding between cellulose fibers. Lignin
removal causes roughness in the surface topography of the fibers due to
the exposure of the cellulose microfibrils. Similarly, alkaline treatment
causes the removal of wax and impurities. A phenomenon that causes
surface roughness allowing interfacial adhesion favoring fiber-matrix
interaction [19].

However, due to the aggressiveness of the alkaline treatment, it must
be controlled to avoid irreparable damage to the vegetable fibers. High
NaOH concentrations and long fiber exposure times in the alkaline
treatment cause excessive lignin removal. This phenomenon promotes
the detachment of cellulose microfibrils, considerably affecting their
mechanical properties [20].

1.2. Vegetable fibers in clay matrixes

Several researches have implemented the use of vegetable fibers in
clay matrixes to improve the physicomechanical characteristics of raw
earth-based elements or mixtures. The research’s aims to stabilize the
clay matrix by adding vegetable fibers as reinforcement element.

Research has implemented the use of various vegetable fibers to
stabilize the clayey earth to improve its physicomechanical properties.
This type of stabilization focuses on counteracting the appearance of
cracks caused by moisture loss, drying shrinkage, application of external
forces, temperature changes, and other phenomena directly involved in
the cracking of mixtures with a clayey matrix [21].

Improving the crack resistance of clay matrix mixtures through the
use of lignocellulosic fibers increases the likelihood of their application
as a material in modern construction works. This feature gives
comparative environmental advantages in contrast to other types of fi-
bers due to their plant origin, low cost, and renewability [22].

In the study by Ojo et al. [23], the authors used Sisal fibers to sta-
bilize mixtures with clay matrix in the elaboration of construction ele-
ments manufactured by the extrusion process. The authors concluded
that the addition of vegetable fibers significantly modified the blends by
improving packing density through extrusion effects. The packing den-
sity reduced the moisture absorption of the mixture due to fiber-matrix
interaction. The occurrence of cracks was significantly reduced due to
the interfacial bonding of the components. The added fiber increased the
modulus of rupture by 74 % compared to the results of the non-stabilized
mixture.

In the research carried out by Araya-Letelier et al. [24], the authors
improved the physicomechanical properties of earth brick by incorpo-
rating jute fibers in additions of 0.5 % and 2 % by weight and fiber
lengths of 7 mm, 15 mm, and 30 mm. The authors concluded that ad-
ditions > 2 %, regardless of fiber length, increase capillary moisture
absorption. On the other hand, additions of 2 % fibers with a length of 15
mm significantly decreased the occurrence of cracks in the drying pro-
cess. Similarly, the addition of 2 % fiber increased the mechanical
strength of the mixes. The research determined that the critical fiber
length was 15 mm because, in mixes with 0.5 % fiber additions,
increased mechanical strength was noted through reduced cracking.

In the research work by AlShuhail et al. [25] the authors used date
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palm fibers and wood chips to improve the performance of earth blocks.
The authors concluded that the impact of date palm fibers on the me-
chanical behavior of the mixtures was superior compared to wood chips.
Moisture absorption was lower in mixtures with the addition of this type
of fiber due to a considerable decrease in the occurrence of cracks. This
feature prevented the generation of pores and improved the mechanical
properties of the experimental mixtures.

In the study by Salih et al. [26], the authors used sugar cane bagasse
fibers in proportions of 1 %, 3 %, 5 %, 7 %, 7 %, 9 %, and 11 % by weight
with lengths of 5 mm, 10 mm, 15 mm, and 20 mm. The research
concluded that the earth bricks with the addition of 5 % fibers increased
the compressive strength by 78.7 % compared to the control mixtures.
This increase in mechanical strength was due to the stabilization of the
volume and crack control of the mixture by the addition of the fibers.

Fig. 1 shows the four typical behaviors of fibers in preventing crack
propagation in a composite material. The figure shows fiber breakage
due to over-anchoring with the matrix (I). Fiber elongation is shown as
one of its physical properties (II). The detachment of the fiber due to lack
of adhesion with the matrix (III) is shown. The opposition of the fiber to
detachment with the matrix due to friction phenomena is shown (IV).

However, research that implements vegetable fibers as reinforce-
ment elements in clay matrix mixtures lacks tests that demonstrate in
detail the influence of fiber length and surface topography on fiber-
matrix interaction. This type of interaction is based on adhesion phe-
nomena between surfaces that occur when the composite material re-
ceives external loads. The point at which its mechanical stress begins.

It can be indicated that the mechanical resistance of the construction
elements made from mixtures with clay matrix is subject to the prop-
erties of the vegetable fiber that acts as a reinforcement element. The
characteristics of its origin, type of extraction, physical or chemical
treatments, fiber length, and other particularities are presented as the
comparative basis for its choice as a reinforcement element in future
research [27].

However, testing the mechanical strength of experimental mixtures
with clay matrix reinforced with vegetable fibers is subject to the elab-
oration of specimens that can add up to significant quantities affecting
the estimated time of the research and the financial resources allocated
in its budget [28].

The implementation of research methods to identify the individual
characteristics of vegetable fibers intended to be used as reinforcement
elements in mixtures with a clay matrix favors the direction of the
research to advance in results, optimizing resources and leading to a
reduction in time and budget.

In response, the single-fiber pullout test is presented. This test allows
the determination of the bond strength and the critical length of the
reinforcement fiber by evaluating the bond strength per unit area of the
fiber in contact with the matrix [29].

-
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Fig. 1. Behavior of fibers under cracking. (I) Breakage, (II) Elongation, (III)
Detachment, (IV) Friction.
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1.3. Single-fiber pullout test

The single-fiber pullout test consists of making a sample with typical
test characteristics in which 50 % of the length of the fiber to be used as a
reinforcement element is embedded, leaving a free length of the fiber.
Tension force is then applied to the free end of the fiber and the data for
pullout force and displacement are recorded [30]. The purpose of the
test is to determine the maximum force required for the detachment of
the fiber and to evaluate the force exerted in the section corresponding
to its extraction.

Although the single-fiber pullout test is commonly performed on fi-
bers or metallic elements embedded in a cementitious matrix, this test
can be applied experimentally to understand the interfacial behavior of
vegetable fibers embedded in a clay matrix.

Fig. 2 shows the set-up of the single-fiber pullout test performed in
this research. The figure shows the test’s general characteristics to
evaluate the rice straw’s adhesion to the clay matrix. Fig. 2a shows the
tension clamps (I). Specimen (II). Rice straw fiber (III). The jaw gripping
system is shown (IV). Fig. 2b shows the fiber length embedded in the
clay matrix (V). The displacement of the embedded fiber due to the
applied force is shown (VI). The applied tensile force is shown (VII).

Knowing the fiber-matrix adhesion tension facilitates the identifi-
cation of the optimal fiber length and the behavior of its surface
topography when interacting with the matrix to prevent its extraction.
This information makes it possible to identify the interfacial bonding of
the components by determining their mechanical behavior under stress
[31].

Generally speaking, it can be stated that in the single-fiber pullout
test, a two-stage process takes place. The first stage consists of fiber
breakage or detachment caused by the degree of adhesion between the
fiber and the matrix. This phenomenon is caused by the force exerted
when extracting the fiber. At this stage, resistance to initial fiber
extraction is the responsibility of the fiber-matrix interaction [32].

The second stage consists of the displacement of the fiber before it is
completely removed from the matrix. After detachment of the fiber, the
force exerted causes the fiber to move to be extracted. At this stage, it
can be indicated that the slip resistance of the fiber is caused by fric-
tional effects [33].

Fig. 3 presents the possible causes of friction effects between the clay
matrix and the vegetable fibers. The black arrows represent the applied
tensile force. The red arrows represent the frictional force exerted. The
green arrows represent the external forces that cause the deformation of
the vegetable fibers. Fig. 3a shows the friction generated by roughness in
the surface topography of the fiber. Fig. 3b shows the friction that occurs
due to the change in fiber axis caused by external pressures when pro-
cessing the Green composite. Fig. 3¢ shows the friction generated by
confining effects caused by drying shrinkage of the clay matrix. Fig. 3d
shows the friction effect of the vegetable fiber due to its geometrical
irregularity. Fig. 3e shows the friction caused by mechanical locking
resulting in the detachment of particles from the clay matrix.

Determining the optimum length of the vegetable fiber and its level
of adhesion to the clay matrix avoids costs and delays in specimen
preparation and testing. This activity allows for the advancement of
research into the elaboration of mixtures that will give rise to con-
struction elements based on raw earth.

Incorporating ancestral building methods into modern architecture
provides alternatives to the growing need for clean and sustainable
production. However, it must be considered that the mechanical prop-
erties of the raw earth-based building material or element must be
within the admissible parameters of the regulations in force [34].
Characteristic underpinning the importance of testing before the
manufacture of Green composite made of clay matrix reinforced with
vegetable fiber [35].

The main objective of the present research was to identify the opti-
mum embedment length and the incidence of fiber-clay matrix inter-
action on the pullout resistance of rice straw fibers. The research used
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Fig. 3. Friction phenomena vegetable fiber-clay matrix. (a) Roughness, (b) Axis change, (c) Confinement, (d) Irregular geometry, (e) Particle detachment.

mercerized rice straw fibers embedded 5 mm, 10 mm, and 15 mm in a
clay matrix stabilized with Carboxymethylcellulose and cassava starch.
The process implemented was the single-fiber pullout test. A method
commonly used to determine the pullout behavior of metallic elements
or fibers embedded in portland cement-based matrixes [36].

The development of the research allowed us to describe in detail the
phenomena that occurred in the single-fiber pullout test applied to rice
straw fibers embedded in a clay matrix. The physical characteristics of
the fibers for the production of Green composites with clay matrixes
were identified based on the evaluation of the adhesion tension pre-
sented in each of the samples analyzed. The research generated scientific
data on the behavior of the interaction of mercerized rice straw fibers
with the clay matrix under tensile stress.

The detailed description of the processes carried out in the present
investigation serves as a reference base for future investigations in
which the use of vegetable fibers as a reinforcement element in mixtures
with a clay matrix is intended. The application of the single-fiber pullout
test in future research avoids the excessive production of destructive test
specimens to determine the mechanical behavior of experimental mix-
tures. Feature that considerably reduces costs and estimated research
times.

2. Materials and methods
2.1. Material

The materials used in the single-fiber pullout test were selected from
previous research published by the authors of this article. Based on the
published results, the rice straw fibers and the clay matrix were selected
according to the most suitable physical and mechanical criteria.

2.1.1. Rice straw

Rice straw fibers were used based on data published by Hurtado
Figueroa et al. [20] in the article entitled "The Mercerization Process and
Its Impact on Rice Straw Surface Topography". Four types of rice straw
fibers (RSS) were selected. RSS without mercerization process
(RSS-3W/ut) which served for comparison. RSS mercerized in 1 % NaOH
solution immersed for 1 h (NaOH 1 %/1 h). RSS mercerized in 2 % NaOH
solution immersed for 2 h (NaOH 2 %/2 h). RSS mercerized in 3 % NaOH
solution immersed for 1 h (NaOH 3 %/1 h). The criteria for the selection
of RSS were the results obtained in the tensile and elongation tests.

Table 1 presents the results of the stress and elongation test pub-
lished in the article " The Mercerization Process and Its Impact on Rice
Straw Surface Topography'. The table where the fibers used in the present
research were selected. The table shows the average (Av) of the results
after testing 10 samples for each of the RSS. The results obtained in the
tension tests were valued in Newton (N) and the elongation data was
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Table 1
Tensile and elongation test RSS [20].
RSS Tensile N Elongation%
Av %Vce Max Min Av %Vce Max Min
RSS-1 78 46.66 171.3 43.2 2.5 38.82 4.4 1.5

RSS-2 105.1
RSS-3 W/Ut 83.7
NaOH1%1h 68
NaOH1%2h  37.3

15.28 121.1  79.7 2.6
26.54 117 59.5 3.9
30.05 97.3 426 4.4
31.87 60.8 253 3.8
NaOH1%3h  49.1 39.25 92.2 329 438
NaOH2%1h 45 37.82 68 213 5

NaOH2%2h  59.7 31.1 88.5 25,5 5.1
NaOH2%3h  37.3 30.17  56.1 18.7 4.6
NaOH3%1h  36.1 44.43 783 221 5.6
NaOH3%2h  27.4 39.01 45.6 114 52
NaOH3%3h  32.7 24.62 487 243 53

16.49 3.3 1.9
33.85 6.6 2.7
27.77 6 1.9
23.60 5 2.7
2392 6.4 2.6
3315 75 2.8
33.07 7.9 2.2
2535 6.6 2.2
37.34 103 27
33.38 86 2.7
26.25 8.2 3.8

valued in % concerning the length of the RSS samples analyzed. The
coefficient of variation ( %Vc) indicated the measure of dispersion of the
data that allowed the analysis of their deviations. The maximum (Max)
and minimum (Min) values show the highest and lowest results for each
of the tests [20].

2.1.2. Clay matrix

The clay matrix used in the single-fiber pullout test was selected from
the article published by authors Hurtado-Figueroa et al. [37] "Effect of
cassava starch, hydrated lime, and carboxymethylcellulose on the phys-
icomechanical behavior of mixtures with clay matrix". The matrix selection
criteria consisted of the results obtained in the compressive strength
(CS), flexural strength (FS), and degree of chalking (DC) tests. The
selected matrix was the EMS-30. The clay matrix consists of 97 % clay
stabilized with 0.75 % cassava starch and 2.25 % carboxymethylcellu-
lose. The mixture was moistened with 40 % by weight of mixing water.

Table 2 presents the results of the physical and mechanical tests of
the clay matrixes published in the article "Effect of cassava starch, hy-
drated lime, and carboxymethylcellulose on the physicomechanical behavior
of mixtures with clay matrix". The table where the matrix used in this
research was selected. The table shows the results of the control mixture
(CM) and experimental mixtures (EMS). The DC is shown where No. 2
corresponds to a high degree of particle detachment and No. 8 corre-
sponds to no particle detachment. The percentage increase in matrix
density (GD) is presented. Volume loss (LV). Drying shrinkage (DS) and
moisture absorption by capillarity (MA). Values are shown for CS and FS
[371.

Table 2
CM and EMS physicomechanical test results [37].
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2.2. Methods

2.2.1. Mold manufacturing

The mold for the single-fiber pullout test was made using the dog-
bone-shape described in the Standard Test Method for Tensile
Strength of Chemical-Resistant Mortar, Grouts, and Monolithic Surfac-
ings ASTM C307-23 [38]. The Molds corresponding to half of the dog
bone shape were made. However, the mold dimensions were modified
due to the volumetric variation of the EMS-30 after 40 days of shade
drying, the time during which the samples were tested (see Table 2). To
complement the mold, a piece of transparent acrylic was made with a
central perforation to allow the RSS to enter the mold.

Fig. 4 shows the fabrication of the molds for the single-fiber pullout
test. Fig. 4a shows the dimensions of the original mold according to
ASTM-C307-23 [38]. Fig. 4b shows the mold with the dimensions
modified in the investigation according to the physical characteristics of
the matrix. (see Table 2). Fig. 4c shows the mold manufactured.

2.2.2. Samples preparation

For the preparation of the samples, 3 lengths of RSS were deter-
mined. 10 mm, 20 mm 30 mm, these lengths were selected based on the
results reported in research by Omrani et al. [39], Mazhar Syed &
Anasua GuhaRay [40], Ojo et al. [23], Salih et al. [26]. The chosen
lengths correspond to the working length of the fibers added as rein-
forcement elements in the experimental mixtures of the investigations
used as references. However, for the single-fiber pullout test, 50 % of the
working length of the fiber was embedded in the matrix. That is, for the
10 mm RSS, 5 mm was embedded in the clay matrix. For the 20 mm RSS,
10 mm was embedded and for the 30 mm RSS, 15 mm was embedded.

The clay matrix mixture was prepared with 97 % clay stabilized with
0.75 % cassava starch and 2.25 % carboxymethylcellulose. The mixture
was wetted with 40 % by weight of distilled water. The mixture was
elaborated by mechanical process [37]. The mixture was poured into the
mold by hand and then screeded. The position of the fiber was guar-
anteed using the acrylic slice (see Fig. 5).

The samples were identified according to the NaOH concentration,
the exposure time of the RSS in the alkaline treatment, and the
embedded length of the RSS. For RSS that was treated in 1 % NaOH
immersed 1 h with 5 mm of embedded fiber, it was identified as NaOH 1
%/1h-0.5. The other samples were identified in the same way. The un-
treated RSS did not show any alkaline treatment in its identification.

Table 3 shows the identification of each of the samples tested. The
table shows the NaOH concentration (NaOH %). RSS exposure time in
alkaline treatment (ETAT). Embedded length (E-length) and, sample

Mixures Physical tests Mechanical test
DC % kgf/cm?
No. 8 No. 6 No. 4 No. 2 GD LV DS MA CS FS

CM - - X - 10.11 27.24 9.31 1.76 54.06 17.85
EMS-48 - X - - 50.96 54.93 20.50 1.84 115.26 23.61
EMS-21 - X - - 24.24 50.73 18.55 1.94 121.38 29.33
EMS-15 - - - 4.40 41.93 15.55 2.32 84.66 14.08
EMS-38 - - - —18.69 23.09 14.06 8.87 73.44 25.55
EMS-41 - X - - 1.73 33.80 9.87 3.36 89.76 27.54
EMS-28 - X - - 12.94 36.16 13.87 1.56 51 13.18
EMS-35 - - X 6.33 32.75 10.70 2.9 46.92 15.10
EMS-45 X - - - 6.33 34.69 11.35 4.69 87.72 22.70
EMS-30 X - - - 8.58 36.07 13.40 3.14 80.58 78.50
EMS-2 - - - X 6.50 29.45 9.77 7.6 27.54 6.53
EMS-42 X - - - 3.94 37.81 12.92 3.31 87.72 59.82
EMS-4 - - - X 5.82 26.14 8.56 4.13 36.72 9.03
EMS-39 - - - X 13.94 34.47 12.09 6.27 54.06 5.05
EMS-11 - - - X 17.61 33.74 10.70 2.13 51 10.66
EMS-24 - - - 37.02 47.39 17.47 3.26 86.7 22.54
EMS-33 - - - —27.26 22.26 6.70 8.10 37.74 4.79
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(b) (©)

Drilling\ Acrylic slice
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————50mm ——— —

~ NaOH1#/1h-05 |

Fig. 5. Specimen preparation process. (a) Fiber length, (b) Specimen in mold, (c) Fabricated specimens.
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Table 3
Sample identification.
NaOH (%) ETAT (h) E-length (mm) Sample - [
- - 5 RSS-3W/ut-0.5
10 RSS-3W/ut-1
15 RSS-3W/ut-1.5
1 1 5 NaOH 1 %/1h-0.5
10 NaOH 1 %/1h-1
15 NaOH 1 %/1h-1.5
2 2 5 NaOH 2 %/2h-0.5
10 NaOH 2 %/2h-1
15 NaOH 2 %/2h-1.5
3 1 5 NaOH 3 %/1h-0.5
10 NaOH 3 %/1h-1
15 NaOH 3 %/1h-1.5

identification (Sample-I). Three specimens were produced for each of
the samples to average their results to ensure the accuracy of the data.

Fig. 5 shows the sample preparation process. Fig. 5a shows the
lengths of RSS that were embedded. Fig. 5b shows the specimen inside
the mold with the embedded fiber. Fig. 5c presents the processed sam-
ples with their respective identification.

2.2.3. Single-fiber pullout test

After 40 days of drying at room temperature, the single-fiber pullout
test was carried out. The test was carried out by the laboratory of
ceramic and composite materials of the School of Materials Engineering
of the Universidad del Valle - Colombia. The test was performed on the
Tinius Olsen machine. The load cell used in the test was 1 kN. The test
speed was 1 mm/min [38].

Fig. 6 presents the process that was carried out in the single-fiber
pullout test. Fig. 6a shows the samples before testing. Fig. 6b shows

(a) \ Naok27./2W-05

Results in Engineering 27 (2025) 106144

the mounting of the singles on the testing machine. Fig. 6¢ shows the test
run. Fig. 6d shows the samples with the extracted fiber.

2.2.4. Scanning electron microscopy & energy dispersive X-Ray
spectroscopy

Scanning electron microscopy (SEM) analysis was carried out to
identify the adhesion phenomena of the mercerized fibers to the clay
matrix. The analysis was carried out with the Jeol JSM 6010LA. The
same equipment was used for the Energy Dispersive X-ray Spectroscopy
(EDS) test. Mapping that identified the elemental chemistry of the sur-
faces analyzed. EDS mapping was able to determine the effects of the
elemental chemistry of the samples on adhesion phenomena. The tests
were carried out by the technological services laboratory of the Textile
and Leather manufacturing center - SENA Bogota.

3. Results and discussion

The single-fiber pullout test identified the adherence of the clay
matrix to the RSS. This test allows us to predict the behavior of the fiber
acting as reinforcement in a composite material after the fracture or
cracking of the matrix at the moment of overcoming its breaking stress
[41]. It is at this moment that the fiber acts as a link holding the ends of
the crack, preventing it from advancing under subsequent stresses. This
mechanical response of the reinforcement fiber is caused by its resis-
tance to pullout. This action leads to a semi-ductile behavior of the
composite material [42].

3.1. Effort evaluation

The fibers embedded in the clay matrix showed different behaviors
when extracted. Behaviors were assessed by the extraction force exerted

NaoH37.[/1\w-\5

Fig. 6. Single-fiber pullout test process. (a) Specimens before the test, (b) Specimen assembly, (c) Test run, (d) Specimens with fibers pulled out.
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and the area of the embedded fiber. The bond stress (r) was calculated
using Eq. (1). The Eq. (1) identified the force required to detach the fiber
from the matrix [43].

Fmax

= (1
Aemb

Where:

Fnax = Maximum fiber pullout force

Aemp = Fiber surface embedded in the matrix

The A.np was calculated using Eq. (2). Calculation necessary to
determine the 7

Agnp = Perimeter x E — length 2)

Using the results in Table 4, the data in Eq. (2) and Eq. (1) were
replaced to determine the 7 for RSS-3W/ut-0.5:

Ay = 8.13 mm 5 mm 3
1.70 N
'~ 4065 mm? @

The calculations of Egs. (3) and (4) were performed to determine the
7 of the other fibers.

Tables 4, 5, and 6 present the averaged results of the single-fiber
pullout test performed on the samples. The tables show the Sample-I.
The perimeter of the embedded rice straw. The E-length. The Agpp.
The maximum extraction force of the fiber (Fq). The 7.

The single-fiber pullout test identified that the rice straw fibers
embedded 5 mm, 10 mm, and 15 mm showed total detachment from the
matrix. The reason why the 7 results were low. This phenomenon was
generated due to the small area of fiber-matrix interaction. However,
this fiber detachment favors the semi-ductile behavior of the Green
composite to be produced due to the increased energy absorption ca-
pacity per cracked area. A phenomenon that is evident after the fracture
of the matrix. At this point the fibers with shorter embedded lengths
allow their detachment generating post-fracture friction of the matrix.

In contrast, if a Green composite with higher energy absorption ca-
pacity before matrix failure is to be produced, higher adhesion can be
promoted by increasing the embedded fiber length. Increasing gradually
until an increase in pullout force is achieved to the point of causing fiber
breakage failure. At this point, the crack propagation force exceeds the
tensile strength of the fiber causing it to break. The above, considering
the intended application of the Green composite where fiber detachment
or breakage under tensile forces is preferred.

However, it must be considered that in addition to the embedded
area of the vegetable fiber, the fiber-clay matrix adhesion phenomena
are important for the 7. Phenomenon in which roughness in the surface
topography is an important feature to ensure opposition to detachment
and increased frictional forces.

3.2. Individual fiber behavior

In the single-fiber pullout test carried out on rice straws embedded in
a clay matrix, it can be considered that of the 5 possible causes that
generate friction effects when pulled out of the matrix, roughness can be
controlled by physical or chemical treatments before their imple-
mentation as reinforcement fibers. Other possible causes can be

Table 4

Results single-fiber pullout test samples with 5 mm of embedded fiber.
Sample (mm) Aemb (mm?) Fax (N) 7 (MPa)

Perimeter E-length

RSS-3W/ut-0.5 8.13 5 40.65 1.70 0.041
NaOH 1 %/1h-0-5 7.53 37.65 3.67 0.097
NaOH 2 %/2h-0.5 7.73 38.65 7.17 0.185
NaOH 3 %/1h-0.5 7.67 38.35 4.83 0.125
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Table 5

Results single-fiber pullout test samples with 10 mm of embedded fiber.
Sample (mm) Aemb (mm?) Fnax (N) 7 (MPa)

Perimeter E-length

RSS-3W/ut-1 7.48 10 74.8 3.57 0.047
NaOH 1 %/1h-1 7.44 74.4 20.48 0.275
NaOH 2 %/2h-1 6.77 67.7 6 0.088
NaOH 3 %/1h-1 7.03 70.3 9.07 0.129

Table 6

Results single-fiber pullout test samples with 15 mm of embedded fiber.
Sample (mm) Aemb (mm?) Fax (N) 7 (MPa)

Perimeter E-length

RSS-3W/ut-1.5 7.34 15 110.1 4.30 0.039
NaOH 1 %/1h-1.5 7.85 117.75 7.30 0.061
NaOH 2 %/2h-1.5 7.56 113.4 10 0.088
NaOH 3 %/1h-1.5 7.89 118.35 5.57 0.047

controlled at the time of pouring the mixture into the mold or simply by
stabilization of the clay matrix. The above, knowing the final yield of the
green composite to be produced.

Fig. 7 shows the diagram of the single-fiber pullout test. The figure
shows the initial tensile force (Itf) exerted in the test. The ultimate
tensile force (Utf) that determines the debonding from the matrix is
shown. The tensile force released (Tfr) due to fiber detachment is shown.
The initial friction force (Iff) is shown, which identifies the fiber’s op-
position to displacement. The Ultimate friction force (Uff) is shown
which indicates the friction loss between the fiber and the matrix. The
primary friction zone (Pfz) resulting from the initial process of fiber
detachment from the matrix due to Poisson’s shrinkage phenomenon is
shown. The friction length (Flh) route by the fiber is shown. The moment
when the fiber is removed (Rfr) from the matrix is shown.

Figs. 8, 9, and 10 show the individual fiber behavior in the single-
fiber pullout test. For a better view of the results, only the representa-
tive curves that were close to the average data are presented for each
fiber series.

Fig. 8 shows graphically the behavior of the 5 mm embedded fibers at
the time of extraction. Fig. 8a shows the low force required for the
detachment of the RSS 3W/ut-0.5 fibers at 1.7 N. Minimal strength
attributed to low fiber-matrix interaction due to lack of chemical
treatment. The not-so-considerable force required to extract NaOH 1

Utf

Itf

Force (N)

Iff

Uff

Displacement (mm)

Fig. 7. Single-fiber pullout test diagram.
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Fig. 10. Force-displacement graph embedded fiber 15 mm.

%,/1h-0.5 with 3.67 N is shown. Medium strength which can be attrib-
uted to the short length of embedded fiber. These 2 fibers also showed
minimal frictional resistance before their removal from the matrix. The

pull-out resistance of NaOH 2 %,/2h-0.5 is shown for which 7.17 N is the
highest value among the extracted fibers. This resistance was caused by
the roughness in the surface topography of the fiber due to the chemical
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Fig. 11. Fiber-matrix interaction. (a) Untreated fiber-clay matrix interaction, (b) Mercerized fiber-clay matrix interaction.

treatment. Characteristic that caused adhesion between the fiber and the
matrix generating opposition to frictional forces (see Fig. 11b). In the
study carried out by Pearson et al. [44] on high-density polyethylene
fibers. The authors indicated that after the separation of the fiber from
the matrix, there is a considerable drop in the extraction force resulting
in slow fiber removal due to the friction exerted. Strength decreases in
parallel with the reduction of the embedded area of the fiber.

Fig. 8b depicts the phenomenon of the NaOH 3 %/1h-0.5. The graph
describes the forces that were described in the single-fiber pullout test
diagram (see Fig. 7). The phenomenon corresponding to the maximum
friction force (Mff) is shown. Force that can be generated due to the extra
friction caused by the surface roughness caused by the alkaline treat-
ment and the geometrical irregularity of the vegetable fibers due to their
natural origin (see Fig. 3d and Fig. 12). This phenomenon of increased
extraction force was described by the authors Zhang et al. [45]. The
researchers determined the bonding properties of the polyvinyl alcohol
fiber interface in alkali-activated slag/fly ash mixtures. In the research,
the authors indicated that after fiber detachment a displacement stiff-
ening effect was generated which increased the pull-out resistance.

Fig. 8b also shows the phenomenon of variation in friction force (Vff)
due to friction phenomena (see Fig. 3). The graph indicates the phe-
nomenon corresponding to the friction force released (Ffr) where the
fiber ceases to resist pullout force (see Fig. 7). The graph identifies the
length route in the Pfz. This length is very close to the % elongation
obtained by the fiber in the tension and elongation test (see Table 1).

Pfz is the result of the initial process of fiber detachment with the
matrix. This phenomenon is related to Poisson contraction. In the pri-
mary friction zone, the fiber diameter shrinks due to elongation caused
by the applied extraction force. Consequently, the shrinkage generated

3

50prﬁ

EEC 10kV  WD11mmSS65 . .40Pa . x500
NaOH3% /1h-0.5

in the fiber cross-section causes a short primary friction zone during the
shedding process. This length is less than the friction length that is
generated before the total removal of the fiber. The % elongation of the
fiber significantly influences the shrinkage of its cross-section. Charac-
teristic for determining fiber displacement at Pfz and Flh.

Fig. 9 shows the behavior of the embedded fibers at 10 mm at the
time of extraction. Fig. 9a shows the minimum force exerted to detach
the RSS-3W/ut-1 with 3.57 N. Extraction force that doubled the force
generated in the 5 mm extraction simply by increasing the length of the
embedded fiber (see Fig. 8). This fiber has minimal adhesion between
components. Characteristic attributed to the lack of roughness in its
surface topography (See Fig. 11a). Shown is the extraction strength of
NaOH 2 %/2h-1 with 6 N. Force less than described by 5 mm. A phe-
nomenon occurred due to fiber stiffness due to the removal of lignin and
hemicellulose by chemical treatment [46]. A characteristic that avoids
the reduction of the fiber diameter at the moment of shrinkage due to the
drying of the matrix, reducing anchorage zones and avoiding friction
forces (see Fig. 3). NaOH 3 %/1h-1 required a force of 9.07 N to achieve
detachment with the matrix. This force was generated due to the
adhesion of the matrix to the roughened areas on the fiber Surface (see
Fig. 11b). Roughness is caused by the removal of key polymers and
impurities due to the mercerization process [20]. NaOH 1 %/1h-1 had
the highest release force at 20.48 N. This fiber also exhibited the Vff
phenomena in its friction length.

Fig. 9b shows the phenomenon occurring in the NaOH 1 %/1h-1.
Initially, the fiber showed an almost linear behavior until it reached the
maximum force that generated its extraction. Force is caused by
roughness in its surface topography due to chemical treatment. This
roughness allowed the matrix to adhere to the fiber causing opposition

Fig. 12. Description of the phenomena occurring in NaOH 3 %/1h-0.5. (a) Elemental chemical colour code, (b) Matrix-fiber interaction, (¢) EDS mapping.
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to its detachment (see Fig. 11b).

After 20.48 N the extraction strength of NaOH 1 %/1h-1 decreased
considerably due to fiber detachment (see Fig. 7). However, the fiber
showed opposition to displacement due to frictional forces caused by the
pressure exerted in drying shrinkage (see Fig. 12). Phenomenon causing
geometrical irregularities in the fiber due to its flexibility (see Fig. 13).
The same phenomenon was described by the research carried out by
Park et al. [47]. In their research, the authors analyzed the pullout
behavior of metallic fibers in concrete mixes. In the research, the authors
concluded that the geometric shapes of the fibers directly influence their
tensile strength.

Fig. 10 shows the behavior of 15 mm embedded fibers under
extraction force. Fig. 10a shows the extraction force achieved by the
RSS-3W/ut-1.5 with 4.30 N. Minimal strength is required due to a lack of
adhesion between fiber and matrix (see Fig. 11a). A phenomenon that is
still evident due to the lack of any kind of mechanical or chemical
treatment to improve its surface topography. The pullout force that
allowed the detachment of the NaOH 3 %/1h-1.5 with 5.57 N is shown.
Force lower than reported in the force-displacement graph of the
embedded fibers 10 mm (see Fig. 9). Phenomenon may be caused by the
small geometrical irregularity of the fiber. The force required to detach
the NaOH 1 %/1h-1.5 fiber with 7.30 N is shown. Force reduced by >50
% compared to the extraction force of 10 mm embedded fiber (see
Fig. 9). This atypical phenomenon can be attributed to positive changes
in the geometric irregularity of the fiber due to drying shrinkage. Phe-
nomenon that could correct irregularities by lateral forces exerted (see
Fig. 3¢). The influence of the geometrical modification of the fiber on its
opposition to tensile forces was described by the research carried out by
the authors Lin et al. [48]. The researchers conclude that fiber shape,
fiber diameter, embedded angle, embedded length, and surface rough-
ness are physical characteristics involved in fiber behavior under
extraction forces. It shows the phenomenon that occurred in NaOH 2
%/2h-1.5.

Fig. 10b shows the behavior of NaOH 2 %/2h-1.5 at the 10 N
required for detachment. The considerable route is shown in the Pfz.
This route was generated due to the rupture of the cellulose fibrils which
increased their elongation % (see Table 1 and Fig. 13, Fig. 14). The
friction force exerted did not show any variability in its route due to the
regular geometry of the fiber. A similar phenomenon was concluded by
the authors Rezaie et al. [49]. In their research, the authors used poly-
ethylene fibers with polydopamine in cementitious matrixes. The au-
thors indicated that after fiber extraction a linear friction extraction
behavior was generated due to the regularity of the surface roughness. In
the extraction process, there is initially an upward momentum of the
curve that reaches the maximum exerted force that detaches the fiber
Utf. The outside is then released due to the detachment Tfr. This is fol-
lowed by the friction phenomenon that resists the complete removal of
the fiber from the matrix Flh (see Fig. 7) [45,50].

BEC 10kV WD12mmSS65 40Pa x50
NaOH1% / 1h-1
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3.3. Vegetal fiber-clay matrix adhesion phenomenon

The average force-displacement curves allowed the analysis of the
interfacial behavior of rice straw fibers embedded at 50 % of their
working length. The graphs show the resistance to pullout that the fiber
initially opposes. However, at the moment of detachment there is a
considerable decrease in the extraction force due to the loss of fiber-
matrix interaction (see Fig. 7). After the detachment of the fiber, the
friction phenomenon occurs. Depending on the physical characteristics
of the fiber, this phenomenon may require higher forces than those
exerted during the initial detachment, thus achieving the Mff (see
Fig. 3). Opposition to friction is one of the characteristics of vegetable
fibers due to irregularities in their surface topography. These geometric
irregularities are typical of vegetable fibers or can be caused by
mercerization processes [48].

The alkaline treatment increases the roughness of the surface
topography of the vegetable fibers, ensuring better adhesion to the
matrix (see Fig. 11b). Characteristic causing opposition to displacement
by friction phenomena. However, the NaOH concentration and the
exposure time of the fiber in the alkaline solution must be controlled to
avoid damage that compromises the mechanical behavior of the vege-
table fibers [51].

Fig. 11 shows the fiber-matrix interaction generated inside the
sample. Fig. 11a shows the poor adhesion of clay matrix particles in the
RSS-3W/ut. The effect generated by the lack of some kind of treatment
generates roughness in its surface topography [52]. The regular and
smooth surface of RSS 3W/ut prevents interfacial bonding with the
matrix. This effect reduces its resistance to pullout forces.

Fig. 11b shows the clay matrix adhesion of the chemically treated
fibers. This adhesion allows the fiber to be coated by the matrix,
generating mechanical anchorage on its surface. Feature that consider-
ably increases its resistance to tensile forces. The mercerization process
causes the anchoring of matrix particles in the rough areas of the fiber,
generating a positive interaction that increases its resistance to external
forces [53].

3.4. SEM observations and EDS mapping

3.4.1. Longitudinal observation

The SEM observations made it possible to contextualize the bonding
phenomena between the RSS and the clay matrix. EDS mapping allowed
the identification of the elemental chemistry present on the surface of
the fibers and helped in the interpretation of the SEM observations.

Fig. 12 shows the SEM observation and EDS mapping performed on
the NaOH 3 %/1 h 0.5. Fig. 12a shows the colour identification of the
EDS mapping. The green colour represents Oxygen. Red colour repre-
sents Carbon. Blue colour represents Silica. Fig. 12b shows the adhesion
of the matrix due to the roughness of the fiber surface topography
caused by the alkaline treatment. The roughness and surface irregularity

b
| ‘NaQH1%/

Fig. 13. Adhesion phenomenon clay matrix-fiber NaOH 1 %—1h-1.
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Fig. 14. Pullout behavior of the NaOH 2 %/2h-1.5. (a) Geometric regularity, (b) Fibril breakage.

of the plant fibers increase the friction forces after their detachment
from the matrix. Characteristic describing the phenomenon occurring in
the fiber at the moment of its extraction (see Fig. 8b). Fig. 12c shows the
chemical dispersion generated by EDS mapping. It shows the poor
visualization of the carbon element that makes up the cellulose fibers
due to the surface coating generated by the matrix. Silica and oxygen are
dispersed due to their presence in the matrix.

Fig. 13 shows the adhesion phenomenon of the matrix on the NaOH 1
%-—1h-1 fiber. The figure shows the irregularity in the surface topog-
raphy of the fiber that favors interaction with the matrix. The me-
chanical anchoring by confinement effect is shown (see Fig. 3c). The
phenomenon occurs due to drying shrinkage of the matrix exerting
pressure on the fiber surface. The pressure exerted by drying shrinkage
causes surface deformation in the fiber, generating anchorage zones.
These deformations are attributed to the flexibility of the fiber due to the
presence of lignin and hemicellulose that were not removed by the
alkaline treatment at lower concentrations and short exposure time. The
anchorage favors fiber-matrix interaction, requiring higher forces for
detachment and higher friction in the displacement at the moment of
total removal of the matrix [54]. A similar phenomenon was concluded
by the authors Alioui et al. [55]. In their research, the authors included
wheat straw in mixtures with clay matrix for earth brick production. The
authors concluded that straw provides self-stabilization of the clay
matrix due to its fibrous structure composed of cellulose. This type of
stabilization is related to the deformation capacity of the fibers under
external forces.

Fig. 14 shows the phenomenon occurring in the NaOH 2 %/2h-1.5.
Fig. 14a shows the geometrical regularity of the fiber due to its oppo-
sition to deformation. Geometric regularity is caused by the rigidity
caused by the removal of lignin and hemicellulose. The fiber has surface
interaction with the matrix. A characteristic that allows anchorage with
the matrix, preventing its detachment. Fig. 14b shows the surface
breakage caused by extraction forces. The fibril breakage favors fiber
elongation. The percentage of elongation increases the fiber’s opposition

to its detachment from the matrix.

Fig. 15 shows the influence of alkaline treatment on the generation of
anchor pores. Fig. 15a shows the EDS mapping showing the silica bodies
present in the non-functional stomata. Fig. 15b shows obstruction of
non-functional stomata by silica bodies. Fig. 15¢ shows the removal of
the silica bodies as an effect of the alkaline treatment generating pores
that allow the matrix to enter. A phenomenon that generates anchorage
zones favoring fiber-matrix interaction. A similar conclusion was made
by authors Gholampour & Ozbakkaloglu [56]. In their review article, the
authors concluded that the presence of silica bodies, wax, and impurities
on the surface of the vegetable fibers prevents anchorage with the ma-
trix. A phenomenon leading to the low mechanical performance of
Green composites.

3.4.2. Cross-sectional observation

Fig. 16 shows the cross-sectional observation of the embedded fibers.
This observation made it possible to determine the perimeter of each of
the fibers to calculate 7 (see Tables 4, 5, and 6). Observation identified
the phenomenon of adhesion in the cross-sectional area of the vegetable
fibers due to the vascular bundles that make up the conductive tissue
[20]. Fig. 16a shows the xylem and phloem, the main elements of the
vegetable fiber conducting tissue. The inner diameter of the rice straw is
also shown. Fig. 16b shows the cross-section of the RSS-3W/ut-1.
Fig. 16¢ shows the cross-section of the NaOH 1 %/1h-1. Fig. 16d shows
the cross-section of the NaOH 2 %/2h-1. Fig. 16e shows the cross-section
of the NaOH 3 %/1h-1. The figures show the ingress of the clay matrix
into the inner diameter and porous tissue of the xylem and phloem.
Phenomenon causing fiber-matrix interaction in the cross-sectional area
of vegetable fibers. This phenomenon adds up to efforts to oppose
detachment when removing the fiber from the matrix. This special
characteristic of vegetable fibers favors the fiber-matrix interaction in its
longitudinal and transversal area, increasing its resistance to tensile
forces and improving the mechanical properties of the Green Composite.

BEC 10kV: <iND12mm5565 40Pa x500
RSS-3W [ ut-1.5 3

Fig.
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15. Influence of NaOH on pores generation. (a) EDS mapping, (b) Silica bodies in non-functional stomata, (c) Anchoring pores.
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Fig. 16. Observation SEM cross-section. (a) Conducting tissue, (b) RSS-3W/ut-1, (c) NaOH 1 %/1h-1, (d) NaOH 2 %2h-1, (e) NaOH 3 %/1h-1.

4. Conclusions

In general, it is concluded that the single-fiber pullout test is an
efficient method to determine the physical characteristics and the
embedding length of vegetable fibers intended to be used as a rein-
forcement element in the production of Green composites. The results
identify the influence of the surface topography of the vegetable fibers
on their pullout behavior. This phenomenon makes it possible to predict
the mechanical behavior of the Green composite under tensile forces.

The implementation of the single-fiber pullout test avoids the
excessive production of specimens for destructive tests to determine the
mechanical behavior of the experimental mixtures. As a result, the
single-fiber pullout test helps research by reducing execution time and
budget.

In particular, through the analysis of the results obtained in the
present investigation, the following conclusions were reached:

v Rice straw fibers embedded 5 mm, 10 mm, and 15 mm show de-
tachments with the matrix due to low bonding stress results. This
phenomenon favors the semi-ductile behavior of the green

13

composites to be produced. This feature prevents the detachment of
particles by fracture of the material.

To produce a Green composite with a higher post-fracture energy
absorption capacity of the matrix, a higher fiber-matrix interaction
must be promoted by gradually increasing the embedded fiber
length.

The rice straw has a non-constant cross-section due to deformations
or irregularities. For this reason, there were physical obstructions
when the fiber was extracted. This type of obstruction generates a
positive increase in fiber-matrix adhesion.

The natural origin and the difference in diameters of the rice straw
influenced its behavior under detachment forces with the matrix.
The stiffness of the rice straw due to an alkaline treatment in NaOH
concentrations of 2 % and 2 h of exposure prevented the confinement
of the fiber by drying shrinkage of the clay matrix. This phenomenon
facilitated its extraction by generating minimum opposition to
friction.

The % elongation of the rice straw fibers favored the requirement of
the initial detachment force. However, the elongation can be unfa-
vorable at the moment of displacement for its extraction from the
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matrix. This phenomenon is attributed to the low friction caused by
Poisson’s shrinkage phenomenon.

v The loss of volume and shrinkage due to drying of the clay mixture
must be taken into consideration when making the molds for the
single-fiber pullout test. This is due to the normative dimensions of
the specimens to be clamped by the grips.

v The best-performing alkaline treatment was NaOH 1 %1 h. The op-
timum length of the embedded rice straw fiber was 10 mm which
corresponds to a working length of 20 mm for the production of
Green composites. However, this conclusion cannot be generalized
due to the vegetable origin of the rice straw and the mercerization
process to which it was exposed. These characteristics present
determining variables depending on the geographical area where the
crop is located, the climatic characteristics, the cultivation process,
the harvesting process, and the irrigation system, among other fac-
tors corresponding to the sowing of the cereal where the straw is to
be harvested. For this reason, the fiber-matrix interaction of any
vegetable fiber intended to be used as a reinforcement element in
clay matrices must be analyzed individually based on the processes
carried out in this research.
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