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Highlights

What are the main findings?

• Rice straw fibers (~79 mm in length and ~1.1 mm in diameter) can be incorporated into
concrete; however, the amount added should not exceed 10 kg/m3, as higher amounts
negatively affect the properties of concrete.

• While rice straw fibers enhance flexural strength at the limit of proportionality (fLOP),
they do not provide post-crack residual flexural strength or significant improvements in
other tested properties.

What are the implications of the main findings?

• Rice straw fibers are unsuitable as structural fibers; however, they can be effectively
incorporated into concrete to encapsulate and manage this form of agricultural waste,
mitigating its environmental impact.

• Future research efforts should focus on alternative applications, such as incorporating rice
straw into non-structural concrete or as a lightweight compound for insulation purposes.

Abstract: Rice straw is an agricultural waste that is difficult to manage and has traditionally
been burned or buried, leading to environmental problems. Because of this, the introduction
of rice straw into concrete has been proposed to revalue this residue. This investigation
shows experimental work carried out to prepare rice straw fibers and introduce them into
a concrete mix as macrofibers. In addition, three fiber treatments were compared: two
alkaline and one thermal. Four concrete mixes were studied: a reference mix, two concrete
mixes with untreated rice straw fibers in two dosages, 10 kg/m3 and 15 kg/m3, and a
fourth concrete mix with 10 kg/m3 of fiber treated with sodium hydroxide. The properties
analyzed are workability, compression flexural strength, and shrinkage. The results show
that the rice straw fiber used in this work improves concrete flexural strength at the peak
but does not provide post-crack residual flexural strength. The sodium hydroxide treatment
was effective in obtaining a more cohesive mix and lower setting time delay and slightly
improved the performance of the rice straw fiber at the flexural strength peak. In summary,
concrete can be used to encapsulate this agricultural waste material, providing enough
strength for several engineering applications (>30 MPa).

Keywords: agricultural waste; fiber-reinforced concrete; recycled fibers; rice straw fibers;
sustainable construction
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1. Introduction
1.1. Background

Rice is one of the most important cereal crops in the world, especially in Asia. China
and India produce 372 million tons per year of rice, which is around 50% of the world’s
production [1]. In the period 2009–2017, Spain produced over 800.000 T/year of rice, and
14% is produced in the Valencian Community, with a surface of 15.087 ha (~150 km2),
mainly concentrated around the Albufera Natural Park, Valencia, a highly eutrophic coastal
lagoon. Rice straw is an agriculture waste material that is difficult to manage, and is
seasonal, with the harvest time being around September–October [2]. It is estimated that
around 5–6 T of straw is produced per ha of rice. In the Albufera, 75.000–110.000 T of rice
straw/year is being produced.

Traditionally, farmers burned rice straw after harvest due to its cost-effectiveness and
benefits like reducing pathogens, a process that emits carbon dioxide (692–835 g CO2 per kg
of dry straw with 10–20% humidity [3]) and is currently a forbidden or limited practice [4].
The option of burying rice straw can cause water eutrophication and other problems [4],
which can produce a methane emission to the soil of 557.5 kg CH4/ha [3]. An alternative to
burning or burying rice straw is removing it from the fields for use in other applications.

Increasing environmental awareness and concerns about industrial pollution have
driven the construction and manufacturing industries to explore sustainable, reliable
materials as alternatives to traditional synthetic fibers for reinforcing structural materials.
Natural plant fibers like sisal [5], cotton [6], and rice straw fiber [7] are gaining attention as
eco-friendly and cost-effective alternatives to synthetic fibers. Their abundance and ease of
extraction make them appealing for various applications [7].

Incorporating fibers into cementitious materials helps address their vulnerability to
tension and low toughness, which often cause early cracking [8]. Research findings indicate
that incorporating natural fibers can enhance cementitious materials’ characteristics through
reduced density, improved flexural strength [9,10], better control over the initiation [9]
and propagation of microcracks [11], enhanced impact resistance [12], and reduced plastic
shrinkage [13].

Natural fibers are challenging to introduce in concrete due to their hydrophilic nature.
Water penetration may cause fiber swelling and microcracks in the matrix and reduce the
fiber–matrix bond [14]. This sensitivity stems from the presence of OH- groups in the cell
wall, with hemicellulose possessing the highest water interaction capacity, followed by
lignin. Cellulose, though, has hydroxyl groups primarily in its crystalline zone, which
makes it less accessible for water adsorption. The resulting fiber expansion and contraction
impose stresses on the matrix, potentially causing cracks in the concrete. Moreover, water
molecules can create a barrier at the interface, weakening the bond, though they might also
aid internal curing and improve the bond [14]. Moreover, natural fibers degrade in alkaline
environments, involving the dissolution of lignin, hemicellulose, and cellulose, ultimately
leading to fiber failure [14], and it has been reported that the degradation process occurs
mainly due to the dissolution of lignin and hemicellulose [15].

For its use in concrete, natural fibers can be pre-treated to improve their physico-
chemical properties and bond to the cementitious matrix. These treatments can be classified
into physical and chemical methods. Some of the most common treatments are as follows:
(1) thermal treatment, including humidity and drying cycles, reaching temperatures of up
to 80 ◦C, which increases their specific heat values, although it can reduce their mechanical
properties [16]; (2) acetylation and esterification since sulfuric acid reacts with cellulose to
form cellulose sulfate ester [17]; and (3) alkali treatments, one of the oldest and most used
treatments for natural fibers, which involves treating the fibers with an alkaline solution,
usually sodium hydroxide, to remove a certain percentage of lignin and hemicellulose
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from the surface as well as removing other organic compounds such as pectin, wax, and
oils [16,18].

1.2. Rice Straw Fibers in Concrete

Rice straw fiber is easy to collect, low-priced, has good mechanical properties, and is
highly available [19], which has attracted the attention of researchers [20]. Its low density
makes it suitable as a filler material for insulating cellular concrete [21] and thermal insula-
tion treated with flame retardants [22]. Several studies indicate that using rice straw fiber
(length between 10 and 30 mm) in concrete results in significant reductions in density [21],
increased porosity and water absorption [23], and reduced thermal conductivity [22,23].

Several works in the literature presented the composition of various untreated rice
straw fibers with varying lengths. The cellulose content, responsible for mechanical proper-
ties, is generally between 30% and 40%, and the contents of hemicellulose and lignin, which
are not positive for mechanical properties, are between 20 and 30% and 10 and 20%, respec-
tively [18,19,24–26]. Rice straw fibers also produce a decrease in workability primarily due
to water absorption of rice straw fibers [27]. Treating rice straw by removing amorphous
hemicellulose and lignin can mitigate these issues, enhancing the fiber’s crystallinity and
thermal stability.

Regarding short fibers below 10 mm, negative effects on cement hydration have been
detected in concrete with rice straw fiber [20] for lengths of 2 and 5 mm [26], and these
effects were more notable with increased fiber content. In a study using rice straw fiber
with lengths between 2 and 5 mm [15], increases in drying shrinkage were obtained in
all mixes with rice straw fiber, with greater increases with higher fiber content for both
water/cement ratios of 0.42 and 0.54. The authors associated it with higher water content
in the mixes containing these fibers.

Studies with concrete containing 10 mm-length rice straw fiber have reported im-
provements in maximum flexural strength [26], and higher fiber contents produced higher
toughness for fiber contents between 0 and 16% of the total material weight. The study
in [21] also incorporated 10 mm long fibers, compression, and flexural strength improve-
ments at 7 days were obtained but decreased at 28 days compared to samples without
fibers. However, other authors obtained clear reductions in compressive strength [23] and
improvements in flexural strength for longer fibers using fibers between 10 and 30 mm,
increasing with higher fiber content, with an optimum around 7.5% of the cement weight.
Similarly, in another study [25], concrete containing fibers with lengths between 20 and
30 mm experienced a decrease in strength (compressive strength at 7 and 28 days and
flexural strength at 28 days) with increasing rice straw fiber contents, for contents between
1 and 4% of cement weight.

For concrete with fiber contents of 1% by the cement weight and fiber lengths varying
from 20 to 40 mm, a study [20] found reductions in mechanical strengths with increased
rice straw fiber content for mixes with water/cement ratios of 0.42 and 0.54. However, in
this study, the losses in strength were minimal compared to the reference mix. However,
incorporating rice straw fiber ranging from 100 to 200 mm in lengths at dosages up to
7.88 kg/m3, there is a notable reduction in fiber-reinforced concrete’s compressive strength
and workability [25].

These negative effects could be reduced using pre-treated fibers with low lignin
and hemicellulose content, hydration-accelerating additives [28], or other materials that
improve early-age cement hydration, such as nano-silica combined with rice straw fiber [20].
In fact, in a study using powdered-size rice straw fiber [26], it was observed that specific
treatments can reduce these effects. Studies have been conducted on rice straw fiber,
analyzing the effect of water or sodium hydroxide treatments [23]. Water treatments
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combined with alkali treatment and bleach attack are the most common processes [29].
These treatments effectively removed hemicellulose lignin and cellulose content, resulting
in losses in mechanical strength [23,26,29]. Increasing the pre-treatment degree of rice straw
fibers enhances cellulose content by reducing hemicellulose, lignin, and ash impurities.
Fiber pre-treatments will change their behavior in mechanical strength and other properties,
as seen in [26].

2. Research Significance
Rice straw fibers have greater global availability than other vegetable fibers due to

extensive rice cultivation, making them particularly interesting for construction materials.
Despite limited studies, which often focus on powder-sized fibers or microfibers, rice
straw is considered a promising material for bioconstruction due to its superior mechanical
strength and hydrophobic properties compared to other biomaterials, such as wheat straw.
This study investigates the feasibility of using rice straw fibers approximately 80 mm in
length and 1 mm in diameter (slenderness ratio of 80), closely resembling the geometry of
commercial macrofibers. The rice straw was obtained from Albufera Natural Park (Valencia)
in concrete, comparing four mixes: a reference mix without fibers and two mixes with
10 kg/m3 (one untreated and one pre-treated) and 15 kg/m3 of rice straw fiber. The mixes
are evaluated for workability, compression, flexural strength, and shrinkage. In addition, it
explores the possibility of pre-treating rice straw fiber with three methodologies, and one of
the pre-treatments was selected to prepare concrete with 10 kg/m3 of pre-treated rice straw
fiber. This study is framed within a larger project, this research aims to develop and validate
sustainable concrete using agricultural by-products like rice straw while ensuring it meets
the mechanical requirements for marine infrastructure. As part of this goal, additional
tests were conducted on the reference mix and the mix with 10 kg/m3 of rice straw fiber
to measure water permeability at 28 days, the evolution of compressive strength after
90 days under simulated marine conditions (continuous immersion and splash cycles), and
carbonation and chloride penetration, assessed qualitatively through colorimetric methods.

3. Materials and Methods
3.1. Rice Straw Fiber
3.1.1. Preparation of Rice Straw Fiber

Rice straws were obtained after the harvest (Figure 1 left) and were subjected to cutting
and sieving processes to increase the uniformity in the size of rice straw fibers. Several types
of equipment and methods were explored, including a knife mill, a gardening woodchipper
with a vertical shaft blade, and a Skiold chopper, which was ultimately selected for its
superior efficiency and speed (Figure 1). Following the cutting process, the fibers were
sieved to classify size fractions into very small, short, and long fibers. Sieves of 2 mm and
10 mm were used to differentiate between these fractions. The knife mill process, carried
out on two supplies, resulted in approximately 60% of its output being very small particles
(<2 mm), making it unsuitable for efficiently producing macrofibers.

In contrast, the cutting process using the Skiold chopper, followed by sieving with a
10 mm sieve, was identified as the most effective method for obtaining larger-sized straw
fibers closer to commercial macrofibers. Consequently, this procedure was adopted for all
subsequent material preparation.

This fiber, even after chopping and sieving, has high variability in diameters and
lengths (Figure 2). The fiber dimensions were measured manually using a calibrated crack
meter ruler, providing an accuracy of 1 mm for length measurements and 0.1 mm for
diameter measurements. In a representative sample of 20 fibers, the measured lengths
range from 41 to 137 mm, with an average of 79 mm and a standard deviation of 28 mm,
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and the measured diameters range from 0.3 to 2.0 mm, with an average of 1.1 mm and a
standard deviation of 0.5 mm. This variance highlights the natural variability inherent in
the characteristics of rice straw fiber even after the preparation process.

Fibers 2025, 13, x FOR PEER REVIEW 5 of 21 
 

 Rice straw before the process Rice straw cutting process Rice straw after the process 

K
ni

fe
 m

ill
 

   

C
ho

pp
er

 

   

Figure 1. Cutting process of rice straw in two of the tested processes. 

In contrast, the cutting process using the Skiold chopper, followed by sieving with a 
10 mm sieve, was identified as the most effective method for obtaining larger-sized straw 
fibers closer to commercial macrofibers. Consequently, this procedure was adopted for all 
subsequent material preparation. 

This fiber, even after chopping and sieving, has high variability in diameters and 
lengths (Figure 2). The fiber dimensions were measured manually using a calibrated crack 
meter ruler, providing an accuracy of 1 mm for length measurements and 0.1 mm for di-
ameter measurements. In a representative sample of 20 fibers, the measured lengths range 
from 41 to 137 mm, with an average of 79 mm and a standard deviation of 28 mm, and the 
measured diameters range from 0.3 to 2.0 mm, with an average of 1.1 mm and a standard 
deviation of 0.5 mm. This variance highlights the natural variability inherent in the char-
acteristics of rice straw fiber even after the preparation process. 

Figure 1. Cutting process of rice straw in two of the tested processes.
Fibers 2025, 13, x FOR PEER REVIEW 6 of 21 
 

 

Figure 2. Variability of sizes and diameters of rice straw fiber. 

3.1.2. Pre-Treatments of Rice Straw Fiber 

This study considers the option of treating rice straw fiber. Three treatments are pro-
posed: two chemical (alkaline) treatments and one thermal treatment. These treatments 
aim to remove the organic constituents of the fiber, namely hemicellulose, and lignin, 
since they could potentially decrease mechanical properties and durability when incorpo-
rated into concrete. Rice straw fibers were characterized after these treatments (fiber char-
acterization level) and one alkaline process was selected for testing in the concrete exper-
imental program. 

In the study of the treatments, a sample of 50 g of rice straw fiber was prepared. This 
sample was weighed before and after performing the treatment to determine the amount 
of material that had been lost, potentially hemicellulose and lignin. Additionally, photo-
graphs of the fiber surface are taken before and after treatment to compare the effect pro-
duced on the fiber surface, as it may affect the adhesion with the concrete matrix. 

The first alkaline treatment for processing rice straw fiber involves immersing the 
fiber in a 2.0 M sodium hydroxide solution (grade Volumetric Solution for Analysis, Lab-
kem) for 2 days. The treated fiber is then washed with water to remove any residual chem-
ical solution. Finally, the fiber is sun-dried for 48 h. This treatment process, widely docu-
mented in the literature [30], is a common method for preparing rice straw fiber for vari-
ous applications. Potassium hydroxide treatment is the second alkaline process used to 
treat rice straw fiber. The same process is described with sodium hydroxide but with a 0.1 
M solution (grade Volumetric Solution for Analysis, Labkem). The third treatment utilized 
is a thermal treatment, specifically, drying at 80 °C for 2 days, based on literature studies 
[31]. 

To assess the reduction in mass of rice straw fibers after treatment, a 50 g sample of 
rice straw fiber underwent the mentioned treatments, and the mass variation was evalu-
ated using Equation (1). A negative value within this calculation denotes a decrease in 
mass. 𝑀𝑎𝑠𝑠 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (%) = (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝑀𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 ) × 100  (1) 

Figure 2. Variability of sizes and diameters of rice straw fiber.

3.1.2. Pre-Treatments of Rice Straw Fiber

This study considers the option of treating rice straw fiber. Three treatments are
proposed: two chemical (alkaline) treatments and one thermal treatment. These treatments
aim to remove the organic constituents of the fiber, namely hemicellulose, and lignin, since
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they could potentially decrease mechanical properties and durability when incorporated into
concrete. Rice straw fibers were characterized after these treatments (fiber characterization
level) and one alkaline process was selected for testing in the concrete experimental program.

In the study of the treatments, a sample of 50 g of rice straw fiber was prepared. This
sample was weighed before and after performing the treatment to determine the amount of
material that had been lost, potentially hemicellulose and lignin. Additionally, photographs
of the fiber surface are taken before and after treatment to compare the effect produced on
the fiber surface, as it may affect the adhesion with the concrete matrix.

The first alkaline treatment for processing rice straw fiber involves immersing the fiber
in a 2.0 M sodium hydroxide solution (grade Volumetric Solution for Analysis, Labkem)
for 2 days. The treated fiber is then washed with water to remove any residual chemical
solution. Finally, the fiber is sun-dried for 48 h. This treatment process, widely documented
in the literature [30], is a common method for preparing rice straw fiber for various applica-
tions. Potassium hydroxide treatment is the second alkaline process used to treat rice straw
fiber. The same process is described with sodium hydroxide but with a 0.1 M solution
(grade Volumetric Solution for Analysis, Labkem). The third treatment utilized is a thermal
treatment, specifically, drying at 80 ◦C for 2 days, based on literature studies [31].

To assess the reduction in mass of rice straw fibers after treatment, a 50 g sample of rice
straw fiber underwent the mentioned treatments, and the mass variation was evaluated
using Equation (1). A negative value within this calculation denotes a decrease in mass.

Mass Variation (%) = (
Initial Mass − Mass after Treatment

Initial Mass
)× 100 (1)

After treating the rice straw fiber with the sodium hydroxide treatment, a significant
reduction in mass occurred, equating to a mass reduction of 43.11%. Similarly, treatment
with potassium hydroxide reduced mass by 21.73%. Furthermore, subsequent drying
resulted in a mass loss of 11%, with the resultant fiber visual aspect closely resembling the
appearance of the untreated original fiber. The most aggressive treatment among those
studied is the alkaline treatment with sodium hydroxide, as it causes the highest mass
loss and the most significant alteration in the fiber surface, resulting in increased waviness
and surface roughness. However, this treatment also leads to a higher formation of fiber
agglomeration. The treatment with the least effect on the fiber is drying at 80 ◦C. Figure 3
displays the surface appearance of the untreated fiber compared with fibers treated with
the different treatments, as well as the agglomeration effect.

The treatment with sodium hydroxide was selected to conduct tests on concrete, since it is
the most aggressive treatment from those tested, in mass variation, and therefore, it is expected
to be more effective for improving the mechanical properties of the fiber. As individual fibers,
the result is a more wrinkled and wavy fiber with slightly smaller lengths and diameters. It was
observed that the fiber tends to agglomerate into clumps that are sometimes difficult to divide.

In a representative sample of 20 fibers treated with sodium hydroxide, the measured
lengths vary between 20 and 110 mm, with an average of 61 mm and a standard deviation
of 28 mm, while the diameters measured vary between 0.2 and 2.0 mm, with an average of
0.9 mm and a standard deviation of 0.5 mm.

Additionally, Figure 3 compares the surface appearance of the fiber before and after
the treatment. It shows the smooth and fine surface of the original fiber and the damaged
and irregular appearance of the fiber surface after this treatment. This increased irregularity
could enhance the adhesion of the fiber with the concrete matrix, but it could also indicate
fiber degradation and, therefore, lower mechanical capacity.

Therefore, treating rice straw fiber with sodium hydroxide results in slightly shorter
and smaller fibers that are equally variable in size and have greater surface irregularity.
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3.2. Mix Design and Mixing Process

The main program for studying the influence of rice straw fibers is conducted at the
dosages indicated in Table 1. It was decided to study a reference concrete (LV-REF), a
dosage of 10 kg/m3, and another with 15 kg/m3 of rice straw fiber. The cement used
is CEM I 42.5 SR5, which is suitable for use in marine works, and the aggregates are
limestone obtained from local quarries. In the series with rice straw fiber, an extra 127%
superplasticizer Powerflow 3100 from MC Bauchemie was added compared to the series
without fibers (LV-REF) to ensure adequate consistency and proper compaction of the mix
inside the molds.

Table 1. Mix design of the concrete studied in this study.

(kg/m3) LV-REF LV-10 LV-10T LV-15

Cement CEM I 42.5 SR5 370 370 370 370
Aggregate 0–4 mm 890 890 890 890
Aggregate 4–12 mm 890 890 890 890

Effective water 178 178 178 178
Superplasticizer (Powerflow 3100) 2.6 5.9 5.9 5.9

Rice Straw fiber 0 10 10 15

The superplasticizer additive is incorporated in two stages during the mixing process:
half before the addition of the straw and the remaining half afterward. The mixing procedure
with rice straw fiber proceeds as follows: (a) mixing aggregates and cement, (b) introducing
mixing water, (c) adding half of the superplasticizer admixture, (d) incorporating rice straw
fiber while manually separating the fibers to reduce clumping, and (e) introducing the
remaining half of the superplasticizer admixture. Mixing took approximately 5–7 min for
mixes without fibers (LV-REF) and about 10 min for mixes with fibers (LV-10 and LV-15). To
properly fill the molds, all concretes were vibrated on a vibrating table.
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3.3. Methodology

Two batches were produced for each dosage. In each batch, 2 cubes of 150 mm were pre-
pared for measuring their compressive strength at 28 days following UNE-EN 12390-3 [32],
3 prisms of size 150 × 150 × 600 mm to measure flexural tensile strength, and 2 prisms of
size 100 × 100 × 200 mm for measuring shrinkage. Each batch was also characterized by its
slump test (UNE-EN 12350-2 [33]). In total, for each dosage, there were 6 prisms for flexural
tensile strength testing, 4 cubes for compressive strength testing, and 4 prisms for shrinkage
measurement. Three additional cylinders were produced in the REF and LV-10 mixes to test
water penetration. In total, in this study, 62 concrete specimens were tested.

3.3.1. Flexural Tensile Strength

The prisms of size 150 × 150 × 600 mm were tested using the flexural tensile test
(UNE-EN 14651 [34]) to determine the flexural tensile strength (proportional limit (LOP)
and residual strength), as per Equation (2). The experimental setup is shown in Figure 4.
The parameters considered were as follows: Fi, the load measured; L, the distance between
supports (500 mm); b, the width of the sample (150 mm); and hsp, the distance between the
top of the notch and the top of the cross-section (measured individually in all specimens,
around 125 mm). The beams were instrumented using an LVDT displacement transducer,
arranged to measure the crack mouth opening displacement (CMODy) at a distance y from
the specimen surface, which was measured for all specimens (y ≤ 20 mm). The CMOD
displacement was then calculated using Equation (3), where h is the height of the specimen
and y is the distance from the specimen to the LVDT.

fL =
3
2
× Fi × L

b × h2
sp

(2)

CMOD = CMODy ×
h

h + y
(3)
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3.3.2. Linear Shrinkage

For the shrinkage test, prisms measuring 100 × 100 × 200 mm were used. In this study,
2 batches were prepared per concrete dosage, and 2 specimens were fabricated for the
analysis of shrinkage in each batch. Measurements are taken using a digital extensometer
on two faces (face A and face B) of each prism between two metallic points located at
a distance of 100 mm. In total, 8 values were obtained for each type of concrete, which
corresponds to 4 prisms (2 measurements on each prism). Linear shrinkage is measured
from the day of demolding (day 0) until 56 days later, using Equation (4), where L0 is the
measure at day 0 and Li is the measure at the time i. During this time, the specimens are
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stored in a chamber under controlled conditions at 20 ◦C and a humidity between 40% and
60%. Figure 5 shows the specimens stored in the controlled conditions chamber (left) and a
specimen deformation being measured with the digital extensometer (right).

Linear shrinkage (%) =
Li − L0

L0
× 100 (4)
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3.3.3. Water Penetration Test

A water penetration test, conducted as per UNE-EN 12390-8 standard [35], was carried
out on the concrete mixes of both the reference and LV10 series. This test was performed in
31-day-old specimens. The test consists of applying pressured water at a pressure of 5 bars for
3 days. The 28-day-old samples underwent a drying process during 3 days exposed to lab
conditions outside of the humidity chamber, to ensure enough dryness and mitigate potential
contamination or procedural errors. Following the test, the penetration depths (maximum
and average) within each mix were compared. Three cylinders measuring 150 × 300 mm
(diameter × height) were tested for each mix. Figure 6 displays photos of the specimens
placed in the test setup and the visible water penetration after splitting the cylinders.
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3.3.4. Durability Under Simulated Marine Water Conditions

Durability tests were conducted to assess the resistance, carbonation, and chloride
penetration of reference concrete (LV-REF) and concrete with 10 kg/m3 of rice straw fiber
(LV-10) under simulated marine conditions. Two marine exposure scenarios were simulated
over 90 days:

• Continuous marine immersion (WI): Continuous immersion in simulated marine
water (tap water with 33 g/L sodium chloride).

• Wet–dry marine cycles (WD): Alternating 12 h of splash exposure with simulated
marine water and 12 h of drying.

A customized pool system with conduits and programmed irrigation was used for
the testing (Figure 7). The specimens included 150 mm cube samples for compressive
strength tests and cylindrical specimens (150 mm diameter × 300 mm height) for assessing
carbonation and chloride penetration. The specimens were introduced into their respective
environments at 28 days of age. Reference specimens were maintained in a laboratory
environment (LAB) for 90 days to isolate the effects of the hydration process. Compressive
strength was measured at the end of the exposure period (specimens aged 118–120 days)
and compared with the strength measured at 28 days. For carbonation and chloride
penetration studies, the cylindrical specimens were split using an indirect tensile test
(splitting). The extent of carbonation was analyzed using phenolphthalein (indicating
pH > 9), while chloride penetration patterns were revealed using silver nitrate (0.1 mol/L).
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4. Experimental Results and Discussion
4.1. Fresh State Effects: Results of Consistency and Setting

The consistency results obtained from Abram’s cone test show differences among
the four concrete mixes. The reference mix (LV-REF) achieved a slump of 8 cm, the mix
LV-10 had a slump of 17 cm due to the higher content of superplasticizer introduced
to compensate the absorption of the fibers without adding extra water (which would
decrease the mechanical and durability properties), and the mix LV-15 had a completely
dry consistency, despite having the same content of superplasticizer than LV-10, which
shows the absorption effect of the fibers. This last result may lead to compacting difficulties
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in the construction. In addition, the concrete mixes with rice straw fibers LV-10 and LV-15
experienced delayed setting, requiring a 2-day waiting period for demolding in both cases.

On the contrary, the concrete produced with 10 kg/m3 of treated fiber showed good
behavior in terms of consistency and setting. The consistency result obtained was a slump of
8 cm, similar to the reference concrete and with a good cohesive appearance. Additionally,
a lesser delay in the setting is observed, and the specimens could be de-molded a day
after mixing, confirming the removal of hemicellulose and lignin, which are components
associated with increased setting time.

This is consistent with a study in the literature that found increasing the percentage of
fibers from 1.5% to 2.5% resulted in a decrease in slump, despite using a superplasticizer,
due to the hydrophilic nature of rice straw fibers, and high water absorption [36]. In another
study [37] on the workability of mortars with different alkalized rice straw fiber contents
(ranging from 0 to 0.6%), the addition of alkalized rice straw fibers impacted the workability
of the mortar. With an alkalized rice straw fiber content of 0.6%, the workability of the
mortar decreased by 5.4% [37].

4.2. Hardened State Effects
4.2.1. Results of Compressive Strength

The results obtained for compressive strength at 28 days are shown in Figure 8 on the
left side. The results indicate a decrease in compressive strength with the content of rice
straw fiber. The LV-REF series obtained an average compressive strength of 51.64 MPa, LV-10
obtained 41.39 MPa (20% decrease), LV-10 T obtained 37.93 MPa (27% decrease), and LV-15
obtained 30.76 MPa (40% decrease). This indicates that the decrease in compressive strength
is higher with increasing fiber content, and this decrease is especially notable when increasing
the content from 10 to 15 kg/m3. In the case of the alkaline treatment, the results indicate an
8% loss of compressive strength in the concrete with treated rice straw fiber compared to the
concrete with untreated rice straw fiber (27% absolute loss compared with LV-REF).
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Figure 8. The results of compressive strength (fc) and flexural strength (fLOP) tests at 28 days for the
LV-REF, LV-10, LV-10T, and LV-15 series.
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The observed decrease in strength is consistent with previous studies that reported
similar reductions when using longer rice straw fibers. In high-strength composites [7],
the compressive strength of the 7-day and 28-day samples with 0.8% straw fiber content
decreased by 10.7% and 7.6%, respectively, compared to composites without straw fiber.
In low-strength composites [7], adding 0.8% raw straw fiber led to a decrease in 7-day
and 28-day compressive strength by 15.2% and 14.8%, respectively. Similar to the results
obtained in this work, another study [38] found that the compressive strength of rice straw-
reinforced concrete (with rice straw 25 mm long and making up 1% of the mix by wet
volume weight) was 30.3% lower than that of reference concrete.

4.2.2. Results of Flexural Strength

The results obtained for flexural tensile strength at 28 days are shown in Figure 8, on
the right side, and Figure 9. The results indicate no significant variations when adding
rice straw fiber content or increasing from 10 to 15 kg/m3. The LV-REF series obtained an
average flexural strength at the limit of proportionality (fLOP) of 2.97 MPa, LV-10 obtained
3.05 MPa, LV-10T obtained 3.17 MPa, and LV-15 obtained 2.85 MPa. In addition, it should
be mentioned that while the fLOP value is maintained, the compression strength decreases,
which suggests a potential contribution from the rice straw fibers studied. The series with
the highest fLOP value is LV-10T (total improvement of 6.7%), indicating a slight positive
effect from the presence of the fiber and the alkaline treatment. However, considering
the natural dispersion in concrete, and especially in fiber-reinforced concrete [39], this
improvement seems small.
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Figure 9 shows the load–displacement curves of the tested prisms. In none of the cases,
post-cracking behavior was obtained, which would have been seen as a certain value of
residual strengths for displacements over 0.5 mm. The behavior obtained is similar in all
four cases and similar to the LV-REF concrete without fibers. The curves obtained for the
series with untreated fiber (blue) and treated fiber (light blue) show similar behaviors.

Figure 10 shows the fracture zone above the notch in a prism with rice straw fiber,
where fiber bridging between the two fracture surfaces can be observed. However, although
the fibers are present in the fracture zone in contact with both surfaces, they have not been
able to provide additional mechanical capacity, neither at the peak (flexural tensile strength
fLOP) nor at residual strengths.
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Figure 10. Rice straw fibers bridging between two fractured surfaces of one of the tested prisms.

Fiber clumping into balls was observed after breaking some of the cubes tested for
compression and the prisms for flexural tensile strength. This clumping may have reduced the
mechanical strengths, counteracting potential improvements from fiber treatment. Therefore,
further studies are needed to improve the dispersion of this fiber, especially when pre-treated.

This investigation shows no significant improvement in the flexural strength when
adding the studied rice straw fibers in absolute values, contrary to other studies published
with very short rice straw fibers [29]. Several causes may be behind this result; on the one
hand, fiber clumping, and on the other hand, cement’s alkaline environment damages the
straw fibers’ structure, and therefore, also reduces their strength [40,41]. Other studies
also reported that the pectin content on the fiber surface leads to poor bonding between
the straw fibers and the cement matrix. However, rice straw fiber presence may have
increased the flexural strength obtained at the limit of proportionality (fLOP), since the
mixes with this fiber did not experience a decrease in this parameter as the one obtained in
compression, especially when using treated fibers. Figure 11 highlights this result, showing
the normalized compression strength and fLOP, which were obtained by dividing the value
of each series by the value of the reference series without fibers, showing the different
trends obtained in these two properties.
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4.2.3. Results of Linear Shrinkage

Figure 12 shows the linear shrinkage results for the four dosages, including the average
and the standard deviation values (whiskers). The values are also included in Table 2. The
LV-REF series without fibers exhibits an initial expansion during the first few days, which
transitions to shrinkage starting approximately from day 5 after demolding. The presence
of rice straw does not reduce the shrinkage of the reference concrete LV-REF. Increasing
the amount of rice straw fiber from 10 kg/m3 to 15 kg/m3 slightly decreases the shrinkage
slope, but it is an insignificant variation. The series with untreated fiber exhibits progressive
shrinkage, while the series with treated fiber shows behavior with an initial expansion
followed by subsequent shrinkage with a steeper slope.

Fibers 2025, 13, x FOR PEER REVIEW 15 of 21 
 

 

Figure 11. Normalized compression strength (fc) and flexural strength at the limit of proportionality 
(fLOP). 

4.2.3. Results of Linear Shrinkage 

Figure 12 shows the linear shrinkage results for the four dosages, including the aver-
age and the standard deviation values (whiskers). The values are also included in Table 
2. The LV-REF series without fibers exhibits an initial expansion during the first few days, 
which transitions to shrinkage starting approximately from day 5 after demolding. The 
presence of rice straw does not reduce the shrinkage of the reference concrete LV-REF. 
Increasing the amount of rice straw fiber from 10 kg/m3 to 15 kg/m3 slightly decreases the 
shrinkage slope, but it is an insignificant variation. The series with untreated fiber exhibits 
progressive shrinkage, while the series with treated fiber shows behavior with an initial 
expansion followed by subsequent shrinkage with a steeper slope. 

 

Figure 12. Shrinkage results for reference specimens, with 10 kg/m3 of fiber (untreated and treated) 
and 15 kg/m3 of fiber. 
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and 15 kg/m3 of fiber.

Table 2. Shrinkage results for reference specimens, with 10 kg/m3 of fiber (untreated and treated)
and 15 kg/m3 of fiber.

Shrinkage (%)
Time (Days)

0 3 7 14 28 57

LV-REF
Avg. 0 0.0088 −0.0061 −0.0296 −0.0281 −0.0520

St. dv 0 0.0037 0.0010 0.0031 0.0030 0.0028

LV-10
Avg. 0 −0.0126 −0.0161 −0.0241 −0.0411 −0.0651

St. dv 0 0.0017 0.0033 0.0019 0.0033 0.0021

LV-10T
Avg. 0 0.0228 0.0381 0.0193 0.0093 −0.0434

St. dv 0 0.0023 0.0025 0.0060 0.0066 0.0060

LV-15
Avg. 0 −0.0330 −0.0298 −0.0335 −0.0449 −0.0610

St. dv 0 0.0023 0.0022 0.0030 0.0064 0.0067

The rice straw used in this work did not decrease the shrinkage of the mixes LV-10 and
LV-15 when compared with the reference LV-REF and displayed higher shrinkage during
the first week of the series. Increasing the quantity of rice straw fiber from 10 kg/m3 to
15 kg/m3 resulted in a slight reduction in the shrinkage slope after one week; however,
this change is insignificant. The series with treated fiber, LV-10T, however, followed a
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different trend with an initial expansion that after 28 days became shrinkage, and at the
age of 56 days, shows values similar to the reference series LV-REF, which could have
been produced by swelling of the treated fiber, as previously reported in some studies [20].
It is usually considered that shrinkage will depend on the water absorption and surface
properties of the fibers [42], which could explain the different results obtained in all the
mixes studied. The higher shrinkage in mixes with rice straw fibers could be caused
by the water absorption of the fibers, but this should be confirmed with further studies.
Previous studies report that natural fibers can reduce free plastic shrinkage, such as short
natural fibers of sisal or coconut with a length of around 25 mm [13], with diameters of
0.08–0.30 mm or 0.11–0.53 mm, respectively. However, that same study and others that
used very short rice straw fibers (length 2–5 mm) showed increased drying shrinkage as
fiber content increased [20].

4.2.4. Results of Water Penetration Test

Based on the results obtained, the dosage of 10 kg/m3 rice straw fiber, without any
treatment (LV-10), was selected to perform water penetration tests due to its relevance for
durability. The results, presented in Table 3, indicate a substantial change between the LV-10
and reference mix. The LV-10 mix had approximately five times more penetration depth
than the reference mix LV-REF, with maximum and average values of 77 mm and 62 mm,
compared to the reference mix, with 18 mm and 11 mm values for maximum and average
water penetration depths, respectively. The higher average and maximum penetration
values for the LV-10 mix indicate a potentially higher susceptibility to water ingress, which
could affect its durability and long-term performance in practical applications. For most
environments, the requirements of the Spanish Código Estructural for structural concrete
elements are a maximum penetration of ≤50 mm and an average penetration of ≤30 mm.
Therefore, the penetration values obtained are only acceptable ranges for structural ele-
ments with lower durability risks (X0 or XC environments) or non-structural elements,
provided that other performance requirements are met.

Table 3. Average and standard deviation (St. dv) values of the maximum (max) and average (avg)
penetration values of the tested mixes.

Max. Penetration (mm) Avg. Penetration (mm)

LV-REF
Avg. 18 11

St. dv 5 2

LV-10
Avg. 77 62

St. dv 43 40

4.2.5. Results of Durability Under Simulated Marine Water Conditions

The compressive strength results (Figure 13 and Table 4) indicate an increase due to
continued hydration in both the reference concrete and the concrete with rice straw fiber.
The reference concrete achieved a strength of 45.1 MPa at 28 days, which increased to
57.4 MPa (27.2% increase) after 90 additional days in a laboratory environment (specimen
age 118–120 days). Similarly, the concrete with rice straw fiber showed a strength increase
from 37.9 MPa to 48.4 MPa (27.8% increase).
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represents the reference concrete and blue represents the concrete with 10 kg/m3 of rice straw fiber.

Table 4. Compressive strength results after 28 days of curing and after 90 days of exposure to
various environments.

Compressive Strength (MPa)

Age

28 d
28 + 90 Days

LAB WI WD

LV-REF
Avg. 45.12 57.42 50.46 50.45

St. dv 1.77 1.99 1.54 1.48

LV-10
Avg. 37.87 48.41 41.05 48.57

St. dv 2.47 1.51 1.92 1.10

In marine environments, both concretes exhibited strength increases compared to their
28-day values. However, the values were lower compared to the laboratory environment,
suggesting degradation or hindered hydration. Notably, in wet–dry cycles, concrete with
rice straw fiber achieved 48.6 MPa (an increase of 28.3%). This result suggests that the
rice straw may have acted as an internal water reservoir, promoting extended hydration.
However, confirming this hypothesis requires further studies.

No significant carbonation was observed inside any of the specimens. The magenta
color produced by phenolphthalein indicated a pH > 9 in all cases, including concrete
with rice straw fiber, despite its higher water permeability. This suggests that the alkaline
reserves and portlandite content in the concrete remained intact after 90 days of exposure.
Even in the most unfavorable case (LV-10 under wet–dry cycles), the carbonation depth was
negligible (<1 mm) and mostly limited to the outer surface. Concrete with rice straw fiber
showed greater chloride penetration depths (20–40 mm) compared to the reference concrete
(~10 mm). This result aligns with the higher water permeability of concrete with rice straw
fiber concrete and highlights its susceptibility to long-term durability concerns, especially
in elements with conventional steel reinforcement exposed to chloride-rich environments.



Fibers 2025, 13, 28 17 of 19

5. Conclusions
From the investigation performed, several conclusions can be drawn.
Regarding the preparation of rice straw, it can be cut to achieve a suitable size for use

as fiber in concrete. With the selected cutting process, fibers with lengths between 50 and
130 mm (average of 76 mm and standard deviation of 26.85 mm) and diameters between
0.20 and 2.00 mm (average of 1.04 mm and standard deviation of 0.51 mm) were obtained.

Regarding concrete fresh state properties, rice straw fiber delays setting, so demolding
of all pieces is required 48 h after manufacturing instead of the traditional 24 h. Rice straw
fiber also worsens the workability of concretes, mainly due to its high water absorption, but
it can be compensated by increasing the amount of superplasticizer and by more energetic
vibration (with a vibrating table).

Regarding concrete mechanical properties, rice straw fiber reduces compressive
strength, but with 10 kg/m3, concretes with sufficient strength for many applications
can be obtained (28-day strength around 30–40 MPa). Increasing the rice straw fiber content
further reduces strength. Rice straw fiber does not provide residual flexural strength like
commercial macrofibers nor does it provide improvements in shrinkage like commercial
microfibers. Rice straw fiber presence may have increased the flexural strength obtained
at the limit of proportionality (fLOP) since the mixes with this fiber did not experience a
decrease in this parameter as the one obtained in compression. In fact, the mix with treated
fiber obtained a slight increase of almost 7% in fLOP.

Three treatments on the fiber for the removal of hemicellulose and lignin were studied
to improve its performance: sodium hydroxide treatment, potassium hydroxide treatment,
and thermal treatment. The most aggressive treatment was sodium hydroxide, with greater
mass loss and increased surface roughness of the fiber, as well as undulation. Length and
diameter are slightly reduced but do not vary substantially. The least aggressive treatment
performed was thermal treatment. The implementation of sodium hydroxide pre-treatment
in the fiber was able to reduce the delay of setting and allowed a better cohesiveness of the
mix. In addition, the mix with pre-treated fibers obtained the maximum result in flexural
strength at the limit of proportionality (fLOP). However, in this study, the pre-treated fiber
mix is not considered completely effective in improving the behavior of rice straw fiber
once introduced into concrete, as it does not significantly improve the results compared to
the untreated series.

In general, it can be concluded that rice straw fiber can be added to concrete, with
recommended quantities not exceeding 10 kg/m3, but this product will not improve the
behavior of concrete. However, it has been demonstrated that concrete can be used as an
encapsulation and disposal method for a waste material that is difficult to reuse or recycle.
Future studies could explore alternative applications in non-structural concrete to add
value to rice straw, such as its use as a lightweight aggregate for insulation purposes.

Author Contributions: Conceptualization, M.R.-F. and P.S.; methodology, D.H.-F., M.R.-F. and V.A.;
validation, A.P., D.H.-F., M.R.-F. and V.A.; formal analysis, M.R.-F.; investigation, D.H.-F., H.D. and
V.A.; resources, D.H.-F. and P.S.; data curation, H.D. and M.R.-F.; writing—original draft prepara-
tion, H.D. and M.R.-F.; writing—review and editing, A.P., D.H.-F., M.R.-F. and V.A.; visualization,
H.D. and M.R.-F.; supervision, D.H.-F. and M.R.-F.; project administration, D.H.-F. and M.R.-F.;
funding acquisition, M.R.-F. and P.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Valencian Innovation Agency (Agencia Valenciana
d’Innovació, AVI), grant number INNEST/2022/4. The APC was funded by Universitat Jaume
I, grant number 24I672.01/1.

Data Availability Statement: Dataset available on request from the authors.



Fibers 2025, 13, 28 18 of 19

Acknowledgments: This study is supported by the LIVINGREEFS project INNEST/2022/4, funded
by the Valencian Innovation Agency (Agencia Valenciana d’Innovació, AVI). The project was de-
veloped in collaboration with Rover Maritime, Universitat Politècnica de València UPV-ICITECH,
Universidad Católica de Valencia UCV-IMEDMAR, and INGEOMAR. The authors acknowledge
MC-Bauchemie for providing the supply of superplasticizers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO—Food and Agriculture Organization of the United Nations. Production/Crops and Livestock Products—Metadata. 2023.

Available online: https://www.fao.org/faostat/en/#data/QCL/metadata (accessed on 22 December 2024).
2. Calvo, S.; Romo, S.; Soria, J.; Picó, Y. Pesticide contamination in water and sediment of the aquatic systems of the Natural Park of

the Albufera of Valencia (Spain) during the rice cultivation period. Sci. Total Environ. 2021, 774, 145009. [CrossRef]
3. Sanchis, E.; Ferrer, M.; Calvet, S.; Coscollà, C.; Yusà, V.; Cambra-López, M. Gaseous and particulate emission profiles during

controlled rice straw burning. Atmos. Environ. 2014, 98, 25–31. [CrossRef]
4. Torregrosa, A.; Giner, J.M.; Velázquez-Martí, B. Equipment performance, costs and constraints of packaging and transporting rice

straw for alternative uses to burning in the “Parc Natural l’Albufera de València”(Spain). Agriculture 2021, 11, 570. [CrossRef]
5. Iniya, M.P.; Nirmalkumar, K. A Review on Fiber Reinforced Concrete using sisal fiber. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1055,

012027. [CrossRef]
6. Tang, W.; Monaghan, R.; Sajjad, U. Investigation of physical and mechanical properties of cement mortar incorporating waste

cotton fibres. Sustainability 2023, 15, 8779. [CrossRef]
7. Shang, X.; Yang, J.; Song, Q.; Wang, L. Efficacy of modified rice straw fibre on properties of cementitious composites. J. Clean.

Prod. 2020, 276, 124184. [CrossRef]
8. Wei, J.; Meyer, C. Degradation mechanisms of natural fiber in the matrix of cement composites. Cem. Concr. Res. 2015, 73, 1–16.

[CrossRef]
9. Khorami, M.; Ganjian, E. Comparing flexural behaviour of fibre–cement composites reinforced bagasse: Wheat and eucalyptus.

Constr. Build. Mater. 2011, 25, 3661–3667. [CrossRef]
10. Yoo, D.Y.; Banthia, N. Impact resistance of fiber-reinforced concrete—A review. Cem. Concr. Compos. 2019, 104, 103389. [CrossRef]
11. Sellami, A.; Merzoud, M.; Amziane, S. Improvement of mechanical properties of green concrete by treatment of the vegetals

fibers. Constr. Build. Mater. 2013, 47, 1117–1124. [CrossRef]
12. Ramakrishna, G.; Sundararajan, T. Impact strength of a few natural fibre reinforced cement mortar slabs: A comparative study.

Cem. Concr. Compos. 2005, 27, 547–553. [CrossRef]
13. Toledo Filho, R.D.; Ghavami, K.; Sanjuán, M.A.; England, G.L. Free, restrained and drying shrinkage of cement mortar composites

reinforced with vegetable fibres. Cem. Concr. Compos. 2005, 27, 537–546. [CrossRef]
14. Camargo, M.M.; Adefrs Taye, E.; Roether, J.A.; Tilahun Redda, D.; Boccaccini, A.R. A review on natural fiber-reinforced

geopolymer and cement-based composites. Materials 2020, 13, 4603. [CrossRef] [PubMed]
15. Toledo Filho, R.D.; Scrivener, K.; England, G.L.; Ghavami, K. Durability of alkali-sensitive sisal and coconut fibres in cement

mortar composites. Cem. Concr. Compos. 2000, 22, 127–143. [CrossRef]
16. Ferreira, D.P.; Cruz, J.; Fangueiro, R. Surface modification of natural fibers in polymer composites. In Green Composites for

Automotive Applications; Woodhead Publishing: Cambridge, UK, 2019; pp. 3–41. [CrossRef]
17. Parveen, S.; Rana, S.; Fangueiro, R. Macro-and nanodimensional plant fiber reinforcements for cementitious composites. In

Sustainable and Nonconventional Construction Materials Using Inorganic Bonded Fiber Composites; Woodhead Publishing: Cambridge,
UK, 2017; pp. 343–382. [CrossRef]

18. Faruk, O.; Bledzki, A.K.; Fink, H.P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37,
1552–1596. [CrossRef]

19. Reddy, N.; Yang, Y. Biofibers from agricultural byproducts for industrial applications. Trends Biotechnol. 2005, 23, 22–27. [CrossRef]
20. Ataie, F. Influence of rice straw fibers on concrete strength and drying shrinkage. Sustainability 2018, 10, 2445. [CrossRef]
21. Awoyera, P.O.; Akinrinade, A.D.; de Sousa Galdino, A.G.; Althoey, F.; Kirgiz, M.S.; Tayeh, B.A. Thermal insulation and mechanical

characteristics of cement mortar reinforced with mineral wool and rice straw fibers. J. Build. Eng. 2022, 53, 104568. [CrossRef]
22. Jiang, D.; Jiang, D.; Lv, S.; Cui, S.; Sun, S.; Song, X.; He, S.; Zhang, J. Effect of flame-retardant rice straw fibers on properties of

fiber cement-based composites at high temperatures. J. Build. Eng. 2021, 44, 102923. [CrossRef]
23. Morsy, M.I.N. Properties of Rice Straw Cementitious Composite. Ph.D. Thesis, Universitäts-und Landesbibliothek Darmstadt,

Darmstadt, Germany, 2011.
24. Feng, B.; Liu, J.; Lu, Z.; Zhang, M.; Tan, X. Study on properties and durability of alkali activated rice straw fibers cement

composites. J. Build. Eng. 2023, 63, 105515. [CrossRef]

https://www.fao.org/faostat/en/#data/QCL/metadata
https://doi.org/10.1016/j.scitotenv.2021.145009
https://doi.org/10.1016/j.atmosenv.2014.07.062
https://doi.org/10.3390/agriculture11060570
https://doi.org/10.1088/1757-899X/1055/1/012027
https://doi.org/10.3390/su15118779
https://doi.org/10.1016/j.jclepro.2020.124184
https://doi.org/10.1016/j.cemconres.2015.02.019
https://doi.org/10.1016/j.conbuildmat.2011.03.052
https://doi.org/10.1016/j.cemconcomp.2019.103389
https://doi.org/10.1016/j.conbuildmat.2013.05.073
https://doi.org/10.1016/j.cemconcomp.2004.09.006
https://doi.org/10.1016/j.cemconcomp.2004.09.005
https://doi.org/10.3390/ma13204603
https://www.ncbi.nlm.nih.gov/pubmed/33081091
https://doi.org/10.1016/S0958-9465(99)00039-6
https://doi.org/10.1016/B978-0-08-102177-4.00001-X
https://doi.org/10.1016/B978-0-08-102001-2.00020-6
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.tibtech.2004.11.002
https://doi.org/10.3390/su10072445
https://doi.org/10.1016/j.jobe.2022.104568
https://doi.org/10.1016/j.jobe.2021.102923
https://doi.org/10.1016/j.jobe.2022.105515


Fibers 2025, 13, 28 19 of 19

25. Liu, J.; Xie, X.; Li, L. Experimental study on mechanical properties and durability of grafted nano-SiO2 modified rice straw fiber
reinforced concrete. Constr. Build. Mater. 2022, 347, 128575. [CrossRef]

26. Xie, X.; Li, H. Compatibility between Rice Straw Fibers with Different Pretreatments and Ordinary Portland Cement. Materials
2021, 14, 6402. [CrossRef] [PubMed]

27. Van Nguyen, C.; Mangat, P.S. Properties of rice straw reinforced alkali activated cementitious composites. Constr. Build. Mater.
2020, 261, 120536. [CrossRef]

28. Onuaguluchi, O.; Banthia, N. Plant-based natural fibre reinforced cement composites: A review. Cem. Concr. Compos. 2016, 68,
96–108. [CrossRef]

29. Xie, X.; Zhou, Z.; Jiang, M.; Xu, X.; Wang, Z.; Hui, D. Cellulosic fibers from rice straw and bamboo used as reinforcement of
cement-based composites for remarkably improving mechanical properties. Compos. Part B Eng. 2015, 78, 153–161. [CrossRef]

30. Valles, A.; Capilla, M.; Álvarez-Hornos, F.J.; García-Puchol, M.; San-Valero, P.; Gabaldón, C. Optimization of alkali pretreatment
to enhance rice straw conversion to butanol. Biomass Bioenergy 2021, 150, 106131. [CrossRef]

31. Robles-Jimarez, H.R.; Sanjuan-Navarro, L.; Jornet-Martínez, N.; Primaz, C.T.; Teruel-Juanes, R.; Molins-Legua, C.; Ribes-Greus, A.;
Campíns-Falcó, P. New silica based adsorbent material from rice straw and its in-flow application to nitrate reduction in waters:
Process sustainability and scale-up possibilities. Sci. Total Environ. 2022, 805, 150317. [CrossRef]

32. UNE-EN 12390-3 Standard; Testing Hardened Concrete—Part 3: Compressive Strength of Test Specimens. Asociación Española de
Normalización y Certificación (AENOR): Madrid, Spain, 2020.

33. UNE-EN 12350-2; Testing fresh concrete—Part 2: Slump test. Asociación Española de Normalización y Certificación (AENOR):
Madrid, Spain, 2020.

34. UNE-EN 14651; Test method for metallic fibered concrete—Measuring the flexural tensile strength (limit of proportionality (LOP),
residual). Asociación Española de Normalización y Certificación (AENOR): Madrid, Spain, 2007.

35. UNE-EN 12390-8; Testing hardened concrete—Part 8: Depth of penetration of water under pressure. Asociación Española de
Normalización y Certificación (AENOR): Madrid, Spain, 2020.

36. Nafea, A.; Abd El-Rahman, A.M.; Ghonaim, S.A.; Tawhed, W.F. Behavior of Natural Fiber Reinforced Concrete Using Rice Straws.
J. Archit. Civ. Eng. 2021, 6, 26–32.

37. Pan, H.; Xiao, Q.; Huang, N.; Xiao, A.; Zhu, D. Effect of alkaline rice straw fibers content and curing ages on static mechanical
properties of cemented lithium mica tailings backfill. Case Stud. Constr. Mater. 2024, 21, e03450. [CrossRef]

38. Ahmed, T.; Farooqi, M.U.; Ali, M. Compressive behavior of rice straw-reinforced concrete for rigid pavements. IOP Conf. Ser.
Mater. Sci. Eng. 2020, 770, 012004. [CrossRef]

39. Lee, J.H. Influence of concrete strength combined with fiber content in the residual flexural strengths of fiber reinforced concrete.
Compos. Struct. 2017, 168, 216–225. [CrossRef]

40. Bilba, K.; Arsène, M.A.; Ouensanga, A. Sugar cane bagasse fibre reinforced cement composites. Part I. Influence of the botanical
components of bagasse on the setting of bagasse/cement composite. Cem. Concr. Compos. 2003, 25, 91–96. [CrossRef]

41. Stancato, A.C.; Burke, A.K.; Beraldo, A.L. Mechanism of a vegetable waste composite with polymer-modified cement (VWCPMC).
Cem. Concr. Compos. 2005, 27, 599–603. [CrossRef]

42. de Andrade Silva, F.; Toledo Filho, R.D.; de Almeida Melo Filho, J.; Fairbairn, E.D.M.R. Physical and mechanical properties of
durable sisal fiber–cement composites. Constr. Build. Mater. 2010, 24, 777–785. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.conbuildmat.2022.128575
https://doi.org/10.3390/ma14216402
https://www.ncbi.nlm.nih.gov/pubmed/34771928
https://doi.org/10.1016/j.conbuildmat.2020.120536
https://doi.org/10.1016/j.cemconcomp.2016.02.014
https://doi.org/10.1016/j.compositesb.2015.03.086
https://doi.org/10.1016/j.biombioe.2021.106131
https://doi.org/10.1016/j.scitotenv.2021.150317
https://doi.org/10.1016/j.cscm.2024.e03450
https://doi.org/10.1088/1757-899X/770/1/012004
https://doi.org/10.1016/j.compstruct.2017.01.052
https://doi.org/10.1016/S0958-9465(02)00003-3
https://doi.org/10.1016/j.cemconcomp.2004.09.011
https://doi.org/10.1016/j.conbuildmat.2009.10.030

	Introduction 
	Background 
	Rice Straw Fibers in Concrete 

	Research Significance 
	Materials and Methods 
	Rice Straw Fiber 
	Preparation of Rice Straw Fiber 
	Pre-Treatments of Rice Straw Fiber 

	Mix Design and Mixing Process 
	Methodology 
	Flexural Tensile Strength 
	Linear Shrinkage 
	Water Penetration Test 
	Durability Under Simulated Marine Water Conditions 


	Experimental Results and Discussion 
	Fresh State Effects: Results of Consistency and Setting 
	Hardened State Effects 
	Results of Compressive Strength 
	Results of Flexural Strength 
	Results of Linear Shrinkage 
	Results of Water Penetration Test 
	Results of Durability Under Simulated Marine Water Conditions 


	Conclusions 
	References

