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ABSTRACT
The construction sector faces the urgent challenge of reducing the environmental impact associated with cement production. In
response, biodegradable materials such as agave fbers and biochar have attracted growing interest as sustainable alternatives for
improving concrete performance. This systematic review is based on an initial identifcation of 2250 records retrieved from theWeb
of Science and Scopus databases. After screening 1088 studies and applying the PRISMA 2020 methodology, a total of 45 scientifc
articles published between 2014 and 2025 were selected for detailed analysis. The literature on the use of agave fbers and biochar in
concrete is diverse and challenging to compare due to variations in methods and dosages. The study is based on a comparative and
critical analysis of the available experimental evidence to identify and propose optimal dosage ranges for using agave fbers (Agave
sisalana and Americana) and biochar (produced from organic waste) thatmaximizemechanical improvements in concrete without
compromising its structural integrity. The results indicate that agave fbers (0.25%–1.0% by volume, with lengths close to 25mm),
especially when subjected to thermal or chemical treatments, improve fexural behavior, while biochar (1%–5% relative to the
weight of cement) increases compressive strength. However, the analysis identifes signifcant gaps in knowledge regarding the
standardization of treatments, their large-scale use in real projects, and the lack of regulations. There is ample scope for further
research into the use of agave fbers and, above all, biochar in concrete elements to promote sustainable construction technologies.

1 | Introduction

Concrete is one of the most widely used materials in the world,
but it is also one of the most scrutinized due to its signifcant
environmental impact. The production of cement, as an essential
component of concrete, is responsible for approximately 4% of
global carbon dioxide emissions (CO2) [1] Given this reality,
international institutions, such as the Sustainable Development
Goals (SDGs), promote the need to adopt more responsible
construction practices aimed at reducing environmental impact
and promoting more sustainable production in the construction

sector [2]. As part of this efort, in the last decade, several
strategies have been promoted to optimize the performance of
concrete. These include the use of plastic polymers and powdered
mineral admixtures to modify their mechanical and durable
properties. However, these alternatives are environmentally
polluting due to their nonrenewable origin and the waste they
generate. In this context, there has been a growing interest in
integrating materials of natural origin and lower environmental
impact, such as agave plant fbers (as a substitute for synthetic
fbers) and biochar (as a functional additive similar to powdered
minerals, but derived from organic waste).
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Agave fbers, particularly those of Agave sisalana and Agave
americana, have demonstrated potential benefts in terms of
mechanical properties, such as fexural and tensile strength,
when used in specifc proportions and under certain conditions
[3]. Recent experimental research has shown that themechanical
response of sisal fber–reinforced cementitious composites is
highly sensitive to the combined efect of fber length, dosage,
and surface treatment, with specifc parameter ranges leading to
improvements in compressive and fexural strength. At the same
time, nonoptimized combinations may result in performance
deterioration [4].

However, biochar has emerged as a promising option for in-
corporation into concrete mixes. It is obtained through the py-
rolysis of organic waste, such as rice husks, coconut shells,
bagasse, and wood. The literature has documented improve-
ments in compressive strength and, to a lesser extent, in fexural
strength, depending on the type of waste, the process used to
obtain the biochar, and the dosage applied [5].

In recent years, there has been signifcant growth in research
focused on developing concretes that use bio-based materials to
maintain or improve structural performance while reducing
environmental impact. This trend refects a shift toward more
sustainable construction solutions (as can be seen in Figure 1),
which visualizes the scientifc landscape and connections be-
tween keywords related to biochar, agave fbers, and sustain-
able concrete technologies. In the fgure, “biochar” and
“compressive strength” appear as the most central and in-
fuential topics, closely related to terms, such as “cements,”
“carbon emissions,” “concrete additives,” and “natural fbers.”
The color gradient (from blue to yellow) represents the tem-
poral evolution of publications between 2022 and 2025,
showing a growing research interest in carbon capture, me-
chanical performance, and eco-friendly cementitious com-
posites. This graphic network highlights the multidisciplinary
expansion of studies since 2014, driven by the global need to
reduce carbon emissions and develop viable alternatives to
conventional industrial materials.

Publications on the incorporation of agave fbers and biochar into
concrete remain highly variable and difcult to compare, mainly
due to diferences in experimental design, material processing,
and dosage selection. This systematic review synthesizes and
interprets these tests to identify dosage ranges that improve
mechanical behavior in both agave fbers and biochar. By pro-
posing the dosages associated with positive results in the pub-
lications, this review guides researchers who wish to explore the
topic and avoid inefective mixing ratios.

In addition, the focus on biodegradable materials derived from
waste promotes the development of more environmentally
friendly concrete and highlights knowledge gaps that remain to
be investigated.

2 | Methodology

This systematic review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses 2020
(PRISMA) methodology, which provides a structured framework
for the identifcation, selection, eligibility, and inclusion of sci-
entifc studies [6]. The process was divided into the following
stages:

2.1 | Identifcation

A search was conducted in the Web of Science (Clarivate) and
Scopus databases. The search strategy focused on studies
addressing the incorporation of plant-based materials in concrete,
using a search equation combining the key terms: (“reinforced
concrete” AND agave) OR (“reinforced concrete” AND biochar).

The initial search yielded 24 records in Web of Science and 2226
records in Scopus.

2.2 | Selection

Duplicate entries were removed, and thematic exclusion criteria
were applied to discard unrelated areas, such as social sciences,
business, medicine, and management. Only journal articles
published between 2014 and 2025 were considered.

2.3 | Eligibility

Full-text reviews of the remaining articles were conducted to
assess their relevance, excluding those not directly related to
concrete applications, as well as review articles and conference
abstracts.

2.4 | Inclusion

Afnal set of 45 peer-reviewed studies (2 fromWeb of Science and
43 from Scopus) was selected for detailed analysis. These studies
were classifed into two main groups:

Concrete with agave fbers (29 studies).

Concrete with biochar (16 studies).

The overall selection process is shown in Figure 2, which
summarizes the PRISMA fowchart for this review.

3 | Results

3.1 | Agave Fibers in Concrete

Table 1 summarizes in general terms the total of 29 articles that
have evaluated the use of agave fbers in addition to concrete,
specifying that the works analyzed mainly use two agave variants:
Agave sisalana and Agave americana, from both crops and agri-
cultural residues. The applications vary from nonstructural con-
crete, such as mortars, to prefabricated elements and reinforced
slabs. The fber addition percentages range from 0.5% in the lowest
value to 10.46% in the highest proportion, and diferent types of
cement (Portland, ferrocement mortar, and geopolymer blends)
were used. The tests performed were compressive strength (20
cases), fexural strength (17 cases), and resistivity (13 cases),
conducted on diferent specimens: beams, cylinders, cubes, and
slabs. The mechanical properties evaluated reported improve-
ments in compressive and fexural strength upon incorporating the
fbers. However, the results are not always comparable due to
diferences in methods, treatments applied, specimen dimensions,
and test conditions, which will be discussed below.

3.2 | Biochar in Concrete

Table 2 presents a general overview of the 16 studies that have
evaluated the use of biochar as an admixture in concrete mixes.
The studies analyzed used biodegradable materials of
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agricultural (38%) and forestry origin (56%), such as rice husks,
coconut, pine nuts, bagasse, and wood, which were subjected to
pyrolysis processes at diferent temperatures and times.

Applications of biochar concrete range from conventional and
structural green mortars, CO2 storage, ultra-high-performance
concrete (UHPC), and impact-resistant elements.

FIGURE 1 | Growth of green concrete research with bio-based materials, 2022–2025.
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Reports excluded:
Systematic reviews (n = 7)

Experimental studies that do not include
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Experimental studies not applied to
concrete mixtures (n = 506)
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Studies included in review
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FIGURE 2 | Search criteria and selection of the analyzed literature.
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Addition percentages vary from a minimum value of 0.5 to
a maximum of 20%, depending on the type of residue and the
objective of the study. Portland cement was used (75%). The
concrete specimens tested were cubes, cylinders, prisms, and
beams. Results of compressive strength test were reported in
whole on studies instead of only three cases of fexural tests. The
mechanical properties evaluated show increases mainly in
compressive strength and fexural strength in some specifc
cases. The results show variability due to diferences in pro-
portions, methods of obtaining biochar, dimensions, specimen
types, and test conditions, aspects that will be analyzed in later
sections.

3.3 | Origin, Production, Availability, and
Sustainability

3.3.1 | Agave Fibers

The use of agave fbers in concrete represents a solid strategy from
an environmental sustainability perspective, primarily because
they are renewable naturalmaterials that are biodegradable and, in
most cases, agricultural residues. In the total number of articles
reviewed, according to [7], note that Agave sisalana, commonly
known as sisal, was themost frequently used fber, present inmore
than two-thirds of the studies. Similarly, [8] used Agave americana
fber, known as maguey; both fbers achieved an increase in the
mechanical tests to which they were subjected.

A key characteristic of these fbers is that their use in the concrete
industry is secondary: They are byproducts of crops originally
intended for the extraction of juices, syrups, or textile fbers. In
many cases, the leftover fbrous material is discarded as organic
waste, potentially contaminating the environment through de-
composition or incineration. The possibility of incorporating it as
structural reinforcement in construction materials allows adding
a new value to an input that is considered waste, turning it into
a technical resource with a positive economic and environmental
impact [12, 15].

In environmental terms, agave fbers do not require intensive
industrial processes to obtain them, nor do they generate relevant
emissions during processing [10]. When subjected to thermal or
chemical treatments to improve their adhesion to the concrete
matrix, the processes involve temperatures and reagents with low
environmental impact compared to those used in the manu-
facture of synthetic additives or polymeric reinforcements. In
addition, their biodegradable condition ensures that, at the end of
their useful life, the materials will not contribute microplastics or
toxic residues to the environment, as is the case with industrial
fbers, such as polypropylene or glass.

There is a high availability of agave fbers, especially in countries
that are large producers of the food or textile industry [12]. This
practice optimizes costs and promotes local circular economies,
assigning value to industrial waste by reusing raw materials for
new processes. This local valorization is also relevant from
a social perspective, ofering opportunities for innovation and the
generation of added value in agricultural or rural communities.

3.3.2 | Biochar

The biochar used in the reviewed studies was obtained from
a wide variety of organic wastes, including peanut shells,
wood, palm, cofee residues, algae, and fruit pits, such as

apricot and date pits. These wastes were transformed into
biochar through pyrolysis, a thermochemical process that
heats biomass in the absence or limited presence of oxygen
and promotes conversion to a porous, chemically stable car-
bonaceous material.

In general, slow pyrolysis (between 300°C and 500°C, lasting
2–6 h) was the most common method among the studies,
resulting in a biochar with high porosity, high water ab-
sorption capacity, and greater thermal stability-ideal char-
acteristics for its application in concrete matrices. For
example, it was observed that biochar obtained at 500°C and
used in mortars improved the compressive strength by 10%
with only a 1% addition [46].

Some works employed pyrolysis at higher temperatures (600°C–
800°C), as in the case of algal biochar doping with zinc and
calcium investigated or wood waste biochar evaluated by [46]. At
these temperatures, the biochar acquired a highly carbonized and
more chemically stable structure, which favored the secondary
nucleation of C-S-H products during cement hydration, thus
improving the compressive strength. However, both studies
caution that excessively high temperatures can reduce the
amount of surface functional groups (such as carboxyl and hy-
droxyl) on hydrated cement products, thereby decreasing their
ability to chemically interact with other substances.

In comparative terms, the studies conclude that medium py-
rolysis temperatures (around 500°C) ofer the best balance be-
tween porosity, structural stability, and surface functionality,
favoring both internal curing and reaction with the concrete
matrix. In addition, chemical characterization using techniques,
such as scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), X-ray difraction (XRD), and
energy-dispersive X-ray spectroscopy (EDS), confrmed that the
biochar’s obtained under these conditions exhibited a stable
aromatic structure and capacity to integrate into the cement
without causing detrimental reactions [35, 44].

3.4 | Treatments Applied and Performance

3.4.1 | Agave Fiber

Before being incorporated into concrete mixes, agave fbers re-
quire treatment to enhance their interaction with the mix. These
treatments are aimed at eliminating natural impurities present in
the fber (such as waxes, lignin, and hemicellulose), reducing its
water absorption capacity, and increasing its adherence to the
concrete matrix. Without these modifcations, the fbers tend to
weaken the composite material, as they absorbmoisture from the
mix and generate failure zones due to poor structural compat-
ibility [24]. The most frequently identifed methods in the
reviewed studies [5, 6, 8–13, 18–21, 27, 29, 32, 35] include al-
kaline, thermal, surface chemical, bioactivation, and pozzolanic
treatments.

In addition to conventional alkaline and chemical surface
treatments, recent studies have highlighted the efectiveness of
alkaline-pozzolanic and pozzolanic treatments in improving
durability and the fber–matrix interface in cementitious com-
posites. They have been shown to reduce water absorption,
mitigate fber degradation, and improve mechanical perfor-
mance by promoting better adhesion and microstructural sta-
bility [50, 51].
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The studies reviewed agree that the application of pretreatments
to agave fbers is essential to improve their compatibility with the
concrete matrix and ensure efective reinforcement. One of the
most common methods was alkaline treatment with sodium
hydroxide (NaOH), which removes impurities, such as lignin,
hemicellulose, and surface waxes from the fber. This increases
its roughness and improves cement adhesion. In the study by [8],
treatment with 2% NaOH signifcantly improved the tensile
strength of the agave/mortar composite.

Reference [15] mentioned that the use of calcium oxide (CaO),
used on maguey fbers by immersion in a CaO–water solution (3:
1) for 24 h, modifes the surface of the fbers, favoring their
adhesion to the cementitious matrix. As a result, a signifcant
improvement in the mechanical resistance to compression,
tension, and modulus of elasticity was observed, especially with
a dosage of 0.9% of fber.

Chemical surface treatments were also employed, such as the one
performed by [23] who used a Na2CO3 solution to modify the
surface of the sisal fber. This treatment generated calcium
carbonate deposits at the fber–matrix interfaces, which en-
hanced the compressive and tensile strength of the concrete, in
addition to increasing the stability of the fbers in alkaline en-
vironments. The accumulation of Na+ and CO2−

3 ions on the fber
surface promoted reactions with the Ca2+ of the cement, re-
ducing the dissolution of components, such as hemicellulose and
lignin, thereby improving the durability of the composite.

In general, the chemical treatments applied promoted better
adhesion between the fbers and the concrete, which was re-
fected in improvements in postcrack strength, ductility, and
durability of the composite. In contrast, studies, such as those by
[8], observed that untreated fbers tend to absorb more water,
which negatively afects the performance of the composite, and
may lead to early cracking or lower mechanical strength.

3.5 | Assessment of Carbon Contribution and
Capture

3.5.1 | Biochar

According to [47], it ofers an environmental advantage,
particularly in terms of sustainability and emissions re-
duction. It is produced from agricultural waste or discarded
biomass, such as peanut shells, wood residues, cofee, or algae,
and its incorporation into concrete represents an efcient
strategy for the valorization of organic waste, as it becomes an
additive, closing the life cycle of biomass within a circular
economy logic.

Although pyrolysis requires temperatures between 400°C and
600°C, the process is more energy efcient than Portland cement
production, whose clinker requires temperatures of up to 1450°C.
Additionally, biochar can be produced using adaptable tech-
nologies on a small scale in rural areas, utilizing controlled kilns
and local biomass, which reduces the transportation footprint
and allows for decentralized production.

A highlight is its high capacity to capture and store carbon.
Unlike other materials, biochar does not degrade easily in al-
kaline media, nor does it emit gases during its useful life. On the
contrary, studies have shown that each kilogram of biochar can
encapsulate up to 1.3 kg of CO2, acting as a carbon-stable sink in

the concrete matrix [49]. This behavior is explained by its re-
sistant, aromatic carbonaceous structure and its low reactivity to
oxidation.

Environmental optimization models developed by [43] estimate
that, depending on the raw material used, the efcient use of
biochar can contribute to reducing up to 870 kg of CO2 per ton of
processed agricultural waste, without compromising the me-
chanical properties of the concrete or its economic viability.
Moreover, its high fxed carbon content (above 60%) is what
makes it a key material versus other mineral admixtures. While
Portland cement contains a signifcant fraction of carbonates that
release CO2 upon decomposition during calcination, biochar acts
in the opposite direction, storing carbon instead of releasing it.

3.6 | Evaluation and Microstructural Performance
of Modifed Cementitious Matrices

3.6.1 | Agave Fibers

Studies evaluating the use of agave fbers as reinforcement in
cement mortars employed various physical conditioning and
structural characterization procedures to ensure their com-
patibility with the matrix. In the study by [8], the efect of
varying fber lengths (5, 10, 25, 40, and 50 mm) on the
interlocking capacity and crack bridging in concrete mixtures
was evaluated. The results showed that fbers of intermediate
length, averaging 25 mm, ofered the best mechanical per-
formance, with increases in both tensile and fexural strength.
In contrast, the shorter and longer fbers at this value pre-
sented limitations: The former provided minor improvements,
while the latter exhibited dispersion and agglomeration
problems, which negatively afected their structural contri-
bution. The morphological characteristics of agave fbers,
including their longitudinal and transverse structure, as well
as the efect of fber cutting on length uniformity, are illus-
trated in Figure 3, which helps to contextualize the infuence
of fber length on dispersion behavior and interlocking ef-
ciency within the cementitious matrix.

Additionally, the fbers were dried (at temperatures up to 150°C
for 8 h) to eliminate impurities, reduce their water absorption
capacity, and improve their stability against the alkaline envi-
ronments of the concrete. Report by [24] and [10], through SEM
analysis, determined that thermally or chemically treated fbers
present a higher surface roughness and amore exposed structure,
which facilitatesmechanical anchorage with the concretematrix.
This enhanced fber–matrix interaction is evidenced in Figure 4,
where SEM images show chemically treated agave fbers well
embeddedwithin the cementitiousmatrix, surrounded by C–S–H
gels and reduced interfacial voids, indicating improved me-
chanical anchorage.

XRD analysis was used to study the crystallinity of cellulose; as
reported by [8], it has been mentioned that higher crystallinity is
related to stronger fbers which favor the mechanical properties
of concrete.

In addition, other studies have examined the structural and
thermal responses of fber-reinforced concrete under high-
temperature conditions. George and Selvan [52] reported that
hollow columns flled with lightweight steel exhibited greater
ductility and delayed local buckling when flled with fber-
reinforced concrete exposed to high temperatures, highlighting

10 of 21 Advances in Materials Science and Engineering, 2026

 5928, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/am

se/5516901 by Sulpicio Sanchez T
izapa - C

ochrane M
exico , W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the role of confnement in preserving residual strength. In fur-
ther research, the same authors [53] showed that steel fber-
reinforced concrete beams retained up to 90% of their load-
bearing capacity after exposure to 1000°C, demonstrating the
contribution of fbers to reinforcing stifness and strength under

severe heating. A subsequent study [54] confrmed up to 32%
higher load-bearing capacity for similar confgurations and the
potential of fber-reinforced systems to maintain structural in-
tegrity and mitigate thermal degradation in cementitious
composites.

(a) (b)

(c)

FIGURE 4 | SEM images of cementitious composites: (a) control specimen without fbers, (b) agave fber–reinforced composite showing improved
fber–matrix interaction, and (c) composite with higher fber content exhibiting fber agglomeration and voids. Adapted from [17]. The fgure used is
available under the Creative Commons license at https://doi.org/10.1177/15589250241265701.

(a) (b)

FIGURE 3 | Morphology and preparation of agave fbers: (a) raw agave fbers and (b) agave fbers cut to a controlled length for incorporation into
cementitious matrices. Adapted from [17]. The fgure used is available under the Creative Commons license at https://doi.org/10.1177/
15589250241265701.
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3.6.2 | Biochar

According to studies by [42], biochar enhances the mechanical
properties of concrete, including compressive strength. Also, it
serves as an internal curing agent due to its high porosity and
water-holding capacity. It can store moisture during the mixing
stage and gradually release it during hydration. This sustained
release of water contributes to a more complete hydration of the
cement silicates, especially tricalcium silicate (C3S), which
promotes the formation of hydrated products, such as C-S-H
(hydrated calcium silicate), responsible for the development of
strength in concrete. Figure 5 shows SEM images of the porous
biochar structure, which acts as an internal reservoir for water
and promotes the formation of hydration products within the
cementitious matrix.

From the chemical point of view, [42] demonstrated that metal
(Zn/Ca)-doped biochar enhances C-S-H nucleation through its
metal nanoparticles, which provide active sites for the growth of
hydrated phases. Additionally, the porosity of the biochar allows
for internal curing, gradually releasing water for more complete
hydration. This results in a dense microstructure and higher
compressive strength; however, its efect on the interfacial
transition zone (ITZ) was not studied because pure pastes
were used.

Reference [44] also reported that biochar, when presaturated
before its incorporation into UHPC (frst UHPC)mixes, acts as an

internal curing material, decreasing autogenous shrinkage by up
to 15% (for biochar used at 2%) and promoting better hydration,
which leads to a denser microstructure. Through nano-
indentation analysis by atomic force microscopy (AFM), it was
determined that the addition of 1% biochar optimizes the con-
crete matrix, while higher doses (2%) generate “micro defects”
that reduce the mechanical properties. However, thermog-
ravimetry (TGA) data confrmed a reduction in harmful porosity
by improving the degree of hydration by 14%.

The benefcial efect of biochar strongly depends on its dosage.
Several studies agree that amounts of 5–7.5 wt. % of cement
increase the overall porosity of the system (due to the internal
pores of BC) and decrease the mechanical strength, as its
internal pores start to behave as structural voids that weaken
the matrix [48]. As illustrated in Figure 6, excessive biochar
content leads to an increased number of pores and micro-
cracks, suggesting that biochar pores may act as structural
voids at high dosages.

3.7 | Improved Mechanical Properties

3.7.1 | Agave Fibers

The performance of agave fbers in concrete depends on several
key parameters, including fber treatment, fber length, per-
centage, and the type of mechanical test performed. To con-
solidate this information (see Table 3), the technical parameters

(a) (b)

FIGURE 6 | SEM microstructural features of cementitious matrix with high biochar content (a-b). Adapted from [38]. The fgure used is available
under the Creative Commons license at https://doi.org/10.1016/j.cscm.2024.e03595.

(a) (b)

FIGURE 5 | SEM microstructure of biochar-modifed cementitious matrix: (a) cementitious matrix with abundant hydration products and
(b) porous biochar particles embeddedwithin thematrix. Adapted from [38]. The fgure used is available under the Creative Commons license at https://
doi.org/10.1016/j.cscm.2024.e03595.

12 of 21 Advances in Materials Science and Engineering, 2026

 5928, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/am

se/5516901 by Sulpicio Sanchez T
izapa - C

ochrane M
exico , W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.cscm.2024.e03595
https://doi.org/10.1016/j.cscm.2024.e03595
https://doi.org/10.1016/j.cscm.2024.e03595


and results collected from 29 studies that incorporated agave
fbers into concrete matrices are summarized.

The table includes essential variables of the fbers that show the
best results obtained from diferent addition percentages, such as
the type of pretreatment applied to the fbers (e.g., alkaline
immersion, silane treatment, or surface modifcations), the
length of the fbers (between 5 and 50mm), fber dosage (0.25%–
9.3% by volume), water–cement ratio (w/c), and the geometry
and dimensions of the test samples. Also noteworthy are the age
of the tests (7–90 days), the mechanical property evaluated
(compression and fexural strength), the maximum strength
obtained (in MPa), and the percentage improvement relative to
the control mixtures.

The experimental data in Table 3 show that the mechanical
response of agave fber-reinforced concrete depends directly on
three parameters: fber length, treatment, and dosage. The best
performance was obtained with fbers 25mm in length and
dosages between 0.25% and 1.0% by volume. Under these con-
ditions, alkaline-treated and CaO-treated fbers increased fex-
ural strength by 34.42%, compressive strength by 54%, and tensile
strength by 39.13% compared with control specimens. Mixtures
containing untreated fbers (0.5%–1.5% by volume) showed no
measurable improvement and, in some cases, a 5%–10% re-
duction in compressive strength due to poor interfacial bonding
and high water absorption that produced internal porosity and
early microcracking. These results identify 25 mm fbers
chemically treated and 0.9% by volume as the most efective
combination for mechanical enhancement.

3.7.2 | Biochar

The included articles indicate that incorporating biochar in
controlled proportions can signifcantly improve the mechanical
properties of concrete, provided that it is kept within optimal
ranges (between 1% and 4% by weight of cement for standard
particles and up to 7.5% for fne particles). These improvements
are primarily attributed to the internal curing capacity of biochar,
as it gradually releases the moisture retained during hydration
and enhances the nucleation of hydrated phases [23, 35],

To consolidate the results, Table 4 summarizes the production
parameters and mechanical improvements described in 16
studies using biochar as an additive in concrete mixtures. This
table includes the type of biomass source (wood, cofee, algae,
rice husks, palm rachis, peanut shells, etc.), pyrolysis conditions
(temperature, duration, and atmosphere), water–cement ratio,
biochar dosage, sample type and size, curing age, and maximum
compressive strength achieved (MPa). It also highlights the
percentage improvement over control mixtures.

3.8 | Limitations and Technical Considerations

3.8.1 | Agave Fibers

Despite the growing interest in incorporating agave fbers into
concrete mixtures, there are technical limitations that still re-
strict their direct application in construction practice, especially
in major structural elements. Several studies agree that the ad-
dition of vegetable fbers should be done with caution, as their
excess can negatively afect the cohesion of the mix, increase
porosity, and reduce compressive strength. Experimental evi-
dence summarized in Tables 1 and 3 indicates that when fber

content exceeds 1.5% by volume, the mixture exhibits a 10%–18%
reduction in compressive strength, increased porosity, and poor
workability due to excessive water absorption and fber ag-
glomeration. These efects are associated with irregular disper-
sion and entrapped air voids that weaken the cement matrix. For
this reason, it is recommended to maintain fber content below
1.5%, limiting its use mainly to nonstructural elements, such as
blocks, prefabricated panels, dividing walls, pedestrian pave-
ments, or low-load concrete where mechanical safety is not
compromised. Therefore, it is recommended to limit its use
mainly to nonstructural elements, such as blocks, prefabricated
panels, dividing walls, pedestrian pavements or low-load con-
crete, where mechanical reinforcement does not compromise the
main structural safety.

Another relevant aspect is that, unlike other admixtures, agave
fbers do not directly replace basic concrete materials, such as
cement, gravel, or sand. Their function is that of dispersed-phase
reinforcement, which means that they do not replace aggregates
or reduce the amount of cement; instead, they act as tension
bridges in the hardened matrix, improving fexural or tensile
strength. However, their incorporation does require adjustments
in the mix design, particularly in the water/cement ratio, due to
the high water absorption of the fbers, and in the mixing time to
ensure uniform distribution.

It was also identifed that the type of cement most commonly
used in these mixtures is Portland cement, which has a highly
alkaline environment.

It is worth noting that there are currently no industrial standards
for the dosage, preparation, and application of agave fbers,
which represents a barrier to their adoption in real-world pro-
jects. The absence of clear regulations generates uncertainty
regarding the quality of the reinforcement, long-term perfor-
mance, and its behavior in diferent environmental conditions.
Therefore, for these fbers to be a realistic and reliable option, it is
essential to advance the standardization of their use and quality
control from their origin to their on-site placement.

3.8.2 | Biochar

Although biochar has shown remarkable potential as a sustain-
able admixture in concrete mixtures, the reviewed studies agree
that there are still relevant technical limitations that hinder its
implementation on a real construction scale. One of the main
challenges is the generalized absence of tensile strength evalu-
ations. None of the analyzed articles reported concrete values of
maximum tensile strength in biochar blends, which represents
a gap, considering that this property is important for the per-
formance of elements subjected to tensile stresses. This lack of
information limits the possibility of applying biochar in struc-
tural elements. Moreover, as already mentioned, the efect of
biochar on concrete depends strongly on its type, origin, pyrolysis
temperature, and dosage. There is no standardization on its
production or on the properties it must meet as an admixture,
which generates a high variability among studies. This represents
an important barrier to its scalability as it prevents the estab-
lishment of clear rules for its dosage, its expected behavior, or its
interaction with other concrete components. Another critical
aspect is the feasibility of large-scale production; although bio-
char is made from low-cost organic waste, such as cofee grounds,
wood, vegetable shells, or algae, the amount of waste required to
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obtain a useful mass of biochar applicable in construction is
considerable. For example, to produce a beam or a standard
volume of concrete with 1% biochar, it would be necessary to
collect large quantities of waste. This limitation of residual
biomass availability represents a challenge for regions with low
agricultural waste generation or where the available biomass has
very variable compositions. Biochar does not replace major
components, such as cement or aggregates. On the contrary, its
inclusion requires fne adjustments in the dosage and in the
water/cement ratio due to its high porosity and absorption ca-
pacity. If these factors are not adequately compensated for, the
workability and homogeneity of the mix can be negatively af-
fected. In addition, the porosity of biochar can compromise
compaction and increase air content, reducing the density of the
fnal concrete. From a practical perspective, there are still no
normative regulations or ofcial technical guidelines for its use
in structural concrete, which limits its acceptance in conven-
tional works; the chemical characterization conditions have not
been sufciently studied in mixtures with biochar, which leaves
unanswered key questions about its long-term durability.

4 | Discussion

4.1 | Use of Agave Fibers

A viable strategy to transfer the laboratory fndings to real ap-
plications on site is the development of standardized protocols
that contemplate the type of fber, its treatment, length, and
proportion, as well as the adaptation of the cementitious mixture.
Based on the studies reviewed, Agave sisalana and Agave
americana fbers have shown a more favorable behavior as
vegetal reinforcement in concrete. Ordinary Portland cement
(type I) was the most used binder in more than 90% of the studies
analyzed, which supports its compatibility with these treated
fbers.

Therefore, from the studies analyzed, a fber dosage between
0.5% and 1.5% by volume of the total concrete, with lengths of
25 mm, is recommended as this range has shown average in-
creases of 20%–40% in fexural strength and improvements of
more than 30% in tensile strength.

To improve the density of the concrete mix and minimize water
absorption, it is suggested to pretreat the fbers by alkaline im-
mersion (NaOH 1%-2%) for 12–24 h or thermal drying at 150°C
for 6–8 h and keep the fber in a dry environment. After mixing
the aggregates (cement, sand, gravel, and water), the fber should
be incorporated completely dry into the mix, and it is advisable to
check the slump of the mix and adjust the water content so as not
to interfere with the design strength of the project.

These fbers should not be used as a substitute for aggregates or
cement but as an additional functional component to improve
strength and ductility. Therefore, the design of the mix should be
slightly adapted, considering that the fber volume takes up space
in themix. It is recommended to slightly increase the fnalmixing
time (1-2 additional minutes) to achieve homogeneous
dispersion.

In nonstructural elements, such as blocks, prefabricated panels,
walkways, fnishes, simple concrete pieces, or low-trafc pave-
ments, the use of agave fbers represents a technically and
ecologically viable alternative. For critical structural elementsT
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(beams, columns, and load-bearing slabs), its use still requires
validation at full scale through protocols that ensure uniformity
of reinforcement and long-term durability control.

4.2 | Use of Biochar

Based on the fndings, it is proposed to establish a controlled
application range between 1% and 5% by weight of cement as
a conservative measure to take advantage of its benefts without
compromising structural safety, especially in the absence of
specifc regulations. Although several studies report signifcant
improvements in mechanical properties with proportions of up
to 7.5% in controlled experimental conditions, these results are
not always extrapolated to real construction contexts, where the
variability in the biomass, the lack of standardization in the
pyrolysis process, and the sensitivity of the mixture can generate
inconsistencies in the performance of the material. Therefore, its
use is recommended in nonstructural or semistructural ele-
ments, such as blocks, pavers, prefabricated elements, or eco-
logical pavements, where its properties as an internal curing
agent and microstructural modifer can be exploited with less
risk. Also, it is necessary to implement standardized protocols for
its production, specifying optimal pyrolysis temperatures (ap-
proximately 500°C), types of biomass admitted, degree of acti-
vation, and any previous treatments. This would facilitate the
development of a certifed biochar industry capable of ofering
products with predictable properties and safely applicable in
concrete. These actions will allow progress toward a responsible
technical adoption of biochar as a sustainable additive in the
construction sector.

5 | Conclusions

From an environmental perspective, the incorporation of ma-
terials, such as agave fbers and biochar into concrete, contrib-
utes to reducing the carbon footprint associated with cement
production. As cement manufacturing accounts for nearly 7% of
global CO2 emissions, replacing a portion of cement or synthetic
additives with agricultural byproducts reduces clinker demand
and, consequently, lowers greenhouse gas emissions throughout
the material’s life cycle. This approach aligns with sustainable
construction objectives and supports the transition toward low-
carbon concrete technologies.

The use of agave fbers and biochar as partial additives in
concrete represents two distinct approaches to achieving
sustainability, each addressing diferent aspects of material
performance and environmental impact. Agave fbers improve
the mechanical performance of concrete primarily at the
macrostructural level, functioning as dispersed reinforcement
elements that bridge microcracks and enhance tensile and
fexural strength. Their inclusion increases ductility and
postcracking behavior, which are key to extending service life
and reducing maintenance in structural and nonstructural
elements.

Biochar, in contrast, acts at the microstructural level by refning
the pore network, increasing the nucleation sites for calcium
silicate hydrate (C–S–H), and improving hydration efciency
through its internal water retention capacity. These efects result
in higher compressive strength, reduced permeability, and en-
hanced durability under long-term exposure.T
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Both materials therefore contribute to sustainability through
diferent mechanisms and scales of action: Agave fbers enhance
mechanical resilience, while biochar improves matrix com-
pactness and longevity, each promoting the reuse of agricultural
residues and the reduction of cement-related carbon emissions.
From an economic perspective, the studies reviewed provide
limited quantitative information on the actual cost implications
of incorporating agave fbers and biochar. Most of the literature
analyzed focuses primarily on environmental benefts and me-
chanical performance, while cost breakdowns, such as raw
material procurement, processing, labor, and equipment, are
rarely included. In this regard, the economic value proposition of
using agave fbers and biochar depends on factors, such as
transport distance, local availability of agricultural waste, the
complexity of required treatment, and the volume of material
needed to achieve the desired mechanical improvement. Con-
sequently, the viability of these materials varies, favoring espe-
cially areas where agave fbers or residues for biochar are
abundant.

In general, the studies reviewed focus on long-term environ-
mental benefts and gains rather than overall economic terms.
This is an important opportunity for future research to in-
corporate economic analyses that quantify the real costs of using
biodegradable materials in concrete.

From a territorial sustainability perspective, the use of biochar
derived from local agricultural waste (such as agave bagasse,
cofee husks, or fruit peels) improves territorial viability by re-
ducing transportation costs, strengthening local circular econ-
omies, and allowing the additive’s properties to be adapted to
regional concrete production conditions and practices. This
approach minimizes the environmental footprint associated with
long-distance material transport and also generates value chains
that directly beneft rural communities.

However, the application of biogenic materials, such as biochar
in nonstructural concrete elements, faces signifcant practical
challenges, including the logistical difculty of collecting and
processing sufcient volumes of biomass, variability in the
composition and pyrolysis conditions of the rawmaterial, and the
absence of consistent quality controls, which leads to in-
consistent performance in concrete mixes. It should also be
remembered that an excess of either additive can be detrimental
to the mix.

These problems can be addressed by developing regional
biochar production centers capable of processing local bio-
mass and creating standardized protocols that regulate py-
rolysis temperature, moisture content, and particle size,
ensuring uniformity and reproducibility. It is therefore im-
portant to establish clear regulations that defne safe appli-
cation ranges and guide producers in the rational use of these
materials.

5.1 | Optimal Conditions Identifed

From the literature reviewed, optimal conditions for concrete
improvement using these reinforcements were identifed:

• Agave Fibers (Preferably Agave Sisalana or Americana):
doses between 0.25% and 1.5% by volume, lengths of 25mm,
and heat treated or treated with NaOH/CaO to improve
adherence.

• Biochar Derived from Vegetable Residues (Cofee, Peanuts,
and Algae): additions between 1% and 5% by weight of the
cement, obtained by slow pyrolysis (∼500°C), and preferably
presaturated or doped to improve its performance.

• Both materials should be considered complementary ad-
mixtures, not substitutes for aggregates or cement. There-
fore, the mix design should be adjusted to consider water
content, mixing time, and slump control.

5.2 | Future Prospects

It is necessary to promote research that explores the efect of
using plant fbers and biochar simultaneously in a singlemixture,
as well as to analyze new natural fbers with properties similar to
those of agave. There is also the possibility of studying biochar
derived frommore local and diverse waste (such as agave itself or
agricultural pruning residues), which could broaden its territo-
rial viability. In addition, it is recommended to evaluate the
application of these materials not only in conventional structural
elements but also in less mechanically demanding components,
such as partition walls, foors, dividing walls, or nonbearing
prefabricated systems. Finally, this approach to concrete rein-
forced with biogenic materials represents a technical means to
enhance structural performance. It is a strategic tool to reduce
the carbon footprint of the construction sector, promote rural
circular economies, and improve the competitiveness of the
industry through cheaper, renewable, and responsible solutions.
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