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Abstract. The integration of natural fibers into building materials is key to enhancing sustainability within
the construction industry. However, vegetable fibers are known to undergo mechanical degradation over
time when embedded in the alkaline environment of cementitious matrices. This study investigates the
incorporation of prickly pear fibers into concrete, evaluating the efficacy of three surface treatments (epoxy,
lime, and bitumen) over a curing period extending from 3 to 180 days. Results indicate that while untreated
fibers reduce compressive strength, the applied treatments significantly mitigate this loss. Notably, epoxy-
treated fiber concrete exhibited only an 11 % decrease in compressive strength at 28 days compared to
ordinary concrete, eventually achieving a strength 53 % higher than that of untreated fiber concrete by 180
days. At the optimal dosage of 15 kg/m?, epoxy treatment enhanced 28-day flexural strength by 333 %,
while lime treatment yielded a 229 % increase. Furthermore, whereas untreated fibers exhibited mechanical
degradation after 28 days, treated fibers demonstrated sustained strength gains up to 180 days.
Additionally, a fiber dosage of 40 kg/m?3 substantially improved thermal performance, reducing conductivity
by 40-45 % and increasing specific heat capacity by 22-24 %. These findings highlight the potential of
treated prickly pear fibers as a viable, sustainable reinforcement for high-performance construction
applications.
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1. Introduction

Plant fibers are increasingly incorporated into cementitious materials owing to their renewability,
biodegradability, low embodied energy, and near carbon-neutral life cycle [1]. Beyond these environmental
benefits, their low density and cost-competitiveness relative to synthetic fibers make them attractive for
lightweight, sustainable construction [2, 3]. Numerous plant-based reinforcements — including straw, date
palm, Stipa tenacissima (Alfa), bamboo, sisal, coconut shell, and Ampelodesmos mauritanicus (Diss) —
have been evaluated in concrete and mortar composites [4—12]. A consistent finding across the literature
is a reduction in composite density, primarily due to the lower intrinsic density of lignocellulosic materials
compared to mineral aggregates. In parallel, several studies report enhanced thermophysical performance,
specifically reductions in thermal conductivity, diffusivity, and effusivity, alongside increased specific heat
capacity. These effects are attributed both to the low intrinsic thermal conductivity of plant fibers and the
additional porosity introduced within the matrix [1].
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Mechanical performance is highly dependent on fiber morphology, dosage, dispersion, and the
quality of the fiber—matrix interface. Although compressive strength often declines with increasing fiber
content — largely due to higher porosity and interfacial weaknesses — improvements in flexural strength,
splitting tensile strength, and post-cracking toughness are frequently observed. Alfa fiber-reinforced
concrete, for example, exhibited reduced compressive strength at high dosages, yet flexural and tensile
strengths peaked at 15 kg/m3, accompanied by improved ballistic resistance [13]. Similarly, incorporating
50 mm maguey fibers pretreated with calcium oxide (0.9 % by cement weight) increased compressive,
flexural, and tensile strengths by 13.4, 17.4, and 1.5 %, respectively, while boosting the modulus of elasticity
by 53.8 % [14]. In ultra-high-performance concrete, sisal fibers (6-18 mm, 1-3 % by volume) had negligible
effects on compressive strength but successfully transitioned the failure mode from brittle to ductile; at a
2 % volume fraction, flexural strength and toughness increased by 16.7 and 540 %, respectively [15].
Comparable trends were observed with palm leaf sheath fibers, whereas banana fibers led to performance
losses attributed to inadequate interfacial bonding [16].

Among various lignocellulosic reinforcements, prickly pear fibers exhibit significant structural and
thermal potential. In lightweight concrete, their incorporation reduced density by approximately 25 % and
thermal conductivity by 42 %, while increasing flexural strength by 170 %; compressive strength remained
above 22 MPa, thereby meeting structural-grade requirements [17]. In high-strength concrete, density
reductions of up to 30 % and thermal conductivity decreases of 50 % were reported, with compressive
strengths ranging from 41 to 59 MPa and flexural strength gains reaching 35 % at 28 days [18].
Furthermore, improved impact resistance and toughness highlight their suitability for both conventional and
high-performance systems.

Despite these advantages, long-term durability remains a critical challenge. Plant fibers consist
primarily of cellulose, hemicellulose, and lignin, all of which are susceptible to degradation in the highly
alkaline cementitious environment (pH > 12). Alkaline hydrolysis of hemicellulose and lignin, partial
depolymerization of cellulose chains, and the diffusion of pore solution toward the fiber surface
progressively weaken the lignocellulosic structure. Moreover, the precipitation of hydration products within
the lumen and cell walls promotes stiffening and embrittlement, while cyclic swelling and shrinkage of the
hydrophilic fibers under fluctuating moisture conditions induce interfacial microcracking [19, 20].
Collectively, these mechanisms compromise long-term strength and toughness.

To mitigate degradation and enhance fiber—-matrix compatibility, several pretreatment strategies
have been explored. Lime treatment of palm nut shells increased 28-day compressive strength by 10 %,
whereas polyvinyl alcohol (PVA) primarily reduced water absorption without providing mechanical benefits
[21]. Boiling and linseed oil coating of Diss fibers improved tensile behavior and delayed crack initiation
[22]. A 60-minute Ca(OH): treatment of date palm fibers enhanced flexural strength by removing inhibitory
extractives and promoting interfacial bonding [23]. Mineral and organic coatings have also been
investigated to control dimensional instability: oil impregnation reduced drying shrinkage in wood-based
composites by 43.6 %, while lime coatings improved compatibility more effectively than cement [24].
Paraffin wax coatings acted as hydrophobic barriers to optimize moisture exchange, whereas prolonged
pre-wetting (48 h) reduced performance due to diminished suction capacity [25]. In straw-reinforced sand
concrete, hot water treatment provided the most balanced improvement (a 30 % increase in flexural
strength), while gasoil minimized shrinkage and waste oil adversely affected dimensional stability despite
strength gains [26].

While various treatments have been evaluated for different plant fibers, research on prickly pear
fibers remains limited, with existing studies primarily focused on hot-water treatments and assessments
restricted to 28 days of age. The present study aims to fill this gap by evaluating the impact of three coating-
based treatments — resin, lime solution, and bitumen — on the mechanical (compressive and flexural),
physical (density), and thermal (conductivity) behavior of prickly pear fiber-reinforced concrete. The
analysis extends to 180 days to evaluate the evolution of properties beyond standard curing ages. Treated
and untreated composites are compared to identify the most effective method for enhancing interfacial
stability and mitigating alkaline-induced degradation.

2. Materials and Methods

The development of sustainable construction materials often involves either the optimization of the
binder [27] or the reinforcement of the matrix with agricultural residues [28]. In the present study, the focus
is placed on the incorporation of cactus fiber sheets as a natural reinforcement within a standardized
concrete matrix. All materials and experimental procedures followed the international standards prevailing
in the region of study to ensure technical consistency. The binder used is a Portland cement manufactured
according to EN 197-1 specifications. The mechanical characterization of the concrete was performed
according to the EN 12390 series, specifically EN 12390-1 for specimen geometry (16x32 cm cylinders)
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and EN 12390-6 for splitting tensile strength. The following subsections describe the aggregate and binder
properties, the fiber treatments, the concrete mix design, and the experimental techniques applied.

2.1. Aggregate and Binder Properties

The binder is a CEM | 42.5 Portland cement, with a density of 3.15 g/cm?, a compactness of 0.574,
and a Blaine specific surface area of 346.6 m2/kg. The fine aggregate is a 0/2 mm sand extracted from the
Borj Hfaiedh quarry. Its measured sand equivalent (SE = 81, NF P18-597) confirms a high level of
cleanliness. The coarse aggregate is a 4/12 mm gravel obtained from the Jbel Ressas quarry. The sand
exhibits an apparent density of 1650 kg/m?3 and an absolute density of 2510 kg/m3, while the gravel presents
an apparent density of 1560 kg/m? and an absolute density of 2521 kg/m?3. The particle size distributions of
the aggregates (Fig. 1) were determined by dry sieving, a methodology consistent with the characterization
of alternative and conventional granular materials [29, 30]. According to EN 12620, the sand is classified
by its fineness modulus, which was calculated as 1.85, identifying it as a fine sand. The coarse aggregate

D

is classified as a 4/12 mm class gravel, with a maximum particle size ( max) of 12.5 mm, as confirmed
by the grading analysis. These classifications are essential for ensuring an optimal granular skeleton and
for monitoring the water demand of the cementitious matrix.

100
90

(o)
(= -

—4— Sand

(=]

—a— Gravel

Cumulative passing (%)
(e

IV R N |
= o

—_
(=T )

0.01 0.1 10 100

Grain diarheter (mm)
Figure 1. Particle size distribution curves for sand and gravel.
2.2. Fibers

Opuntia ficus-indica, commonly known as the prickly pear cactus, is prevalent in Africa, the Americas,
and the Mediterranean basin [31]. This species is characterized by its stems, referred to as “cladodes” or
“nopalitos,” which fulfill the function of leaves [32]. Upon the decay of an Opuntia trunk or cladode, the outer
layer gradually decomposes, exposing an underlying structure composed of multiple fibrous layers
arranged in a honeycomb-like pattern, as illustrated in Fig. 2.
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Figure 2. Dead prickly pear cladode.

The fibers used in this study were sourced from naturally dead cladodes and trunks and manually
cut into 5 x 5 cm pieces. According to Mannai et al. [33], Opuntia ficus-indica fibers exhibit a chemical



Magazine of Civil Engineering, 19(1), 2026

composition of approximately 53.6 % cellulose, 4.8 % lignin, and 10.9 % hemicellulose. While the relatively
high cellulose content is favorable for mechanical performance, the presence of lignin and hemicellulose —
components known to be chemically unstable in highly alkaline environments such as Portland cement —
raises concerns regarding potential degradation over time when the fibers are embedded in cementitious
matrices. This consideration motivates the use of protective surface treatments aimed at improving their
durability within concrete. In addition to their chemical characteristics, the mechanical behavior of Opuntia
fibers displays significant variability in the literature, as highlighted in [34]. This dispersion is mainly
attributed to differences in extraction methods, environmental factors, and particularly the maturity of the
cladodes. Reported tensile elastic modulus values range from 0.15 to 2.93 GPa, while tensile strengths
vary between 1 and 27 MPa, with the highest values generally obtained from older cladodes where the
lignocellulosic network is more developed.

The treatments applied in this study involved coating the fibers with lime, epoxy, or bitumen, as
illustrated in Fig. 3. Consequently, the study examined five distinct types of concrete: ordinary concrete
(OC) serving as the control; concrete reinforced with untreated prickly pear fibers (UTFC); and concretes
reinforced with lime-treated (LFC), epoxy-treated (EFC), and bitumen-treated (BFC) prickly pear fibers. The
lime treatment involved immersing the fibers in a lime solution for 30 seconds, followed by drying for 24
hours. This process aims to improve the bond between the fibers and the cementitious matrix. The bitumen
treatment entailed immersing the fibers in bitumen heated to 160 °C, followed by drying at ambient
temperature to allow the bitumen to solidify. The epoxy treatment involved coating the fibers with an epoxy
resin, which acts as a binding agent that encapsulates the fibers. The objective of the bitumen and epoxy
treatments is mainly to enhance the moisture protection of the fibers and, consequently, to improve their
resistance to the alkaline environment.

il s A |
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Figure 3. Untreated (a), epoxy (b), bitumen (c), and lime (d) treated fibers.
The densities of the concrete samples incorporating prickly pear fibers varied depending on the
treatment applied. The untreated fibers had a density of 571 kg/m3. While fiber density increased slightly

with treatment, the maximum increase remained below 5 %. Consequently, the density variation of the
fibers was neglected in the concrete mix design.

d
Figure 4. SEM of untreated (a), epoxy (b), bitumen (c), and lime (d) treated fibers.
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Fig. 4 presents Scanning Electron Microscopy (SEM) images of both treated and untreated prickly
pear fibers. The SEM image of the untreated fiber reveals a fibrous structure with loosely attached impurities
and plant residues. In the case of the lime-treated fiber, a thin layer of lime is visible, coating the fibers and
filling the gaps between them, resulting in a granular surface texture. The bitumen-treated fiber appears
coated with a smooth, continuous layer of bitumen that obscures the natural surface features. The SEM
image of the epoxy-treated fiber shows a uniform, smooth epoxy resin coating that encapsulates the fibers,
effectively covering the natural surface texture and filling the inter-fiber spaces, with fewer visible
microfibrils.

2.3. Elaboration of the Concrete

The baseline formulation (C0) was designed using the Dreux—Gorisse method to achieve a specific
target consistency and strength class. The mix proportions, which resulted in a constant water-to-cement
(W/C) ratio of 0.4375, are detailed in Table 1. The fibers were incorporated as a volumetric replacement for
the aggregates, maintaining a constant sand-to-gravel volume ratio. Any variation in fiber density resulting
from the different treatments was considered negligible and was therefore not accounted for during the mix
design process. Consequently, five different fiber dosages were evaluated: 5, 10, 15, 20, and 40 kg/m?3
(Table 1).

Table 1. Composition of concrete (kg/m3).

Designation Co C5 Cc10 C15 C20 C40
Gravel 1175 1161 1146 1132 1118 1060
Sand 646 638 630 622 613 581
Cement 400 400 400 400 400 400
Water 175 175 175 175 175 175
Fibers 0 5 10 15 20 40

The untreated and lime-treated fibers were pre-saturated with water before mixing to prevent them
from absorbing water from the fresh concrete. This step was unnecessary for the epoxy- and bitumen-
treated fibers, as their treatment effectively prevents water absorption. Following the mixing process, which
ensured a random distribution of the fibers, three specimens of each concrete composition were prepared
for each test. The specimens were demolded 24 hours after casting.

2.4. Experimental Techniques

The workability of fresh concrete was assessed using the slump test, in accordance with the
aforementioned EN 12350-2. Compressive and flexural tests were performed on cubic (15 x 15 x 15 cm)
and prismatic (7 x 7 x 28 cm) specimens, respectively, using a universal testing machine (Fig. 5). As
previously specified, splitting tensile strength was determined on the 16 x 32 cm cylindrical specimens.
These tests were performed at curing ages of 3, 7, 28, 90, and 180 days to assess the strength evolution
of the concrete over time.

Figure 5. Experimental setup for compression (a), flexural (b), and splitting tensile (c).

Thermal conductivity, diffusivity, and specific heat were measured using a Fox 314 calorimeter,
following the ASTM C518 and ISO 8301 standards.
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3. Results and Discussion
3.1. Workability and Densities

Fig. 6 presents the effect of fiber type and treatment on the workability of the concrete. The reference
OC exhibits a slump of 11.0 cm. At a low dosage of 5 kg/m3, untreated fibers slightly reduce the slump to
10.8 cm, while bitumen-, lime-, and epoxy-treated fibers result in values of 11.1, 11.2, and 10.9 cm,
respectively. These variations indicate that fiber treatments modify the fresh behavior of the mix, likely due
to differences in fiber morphology and the quality of the fiber—matrix interface induced by each treatment.
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Figure 6. Workability of concrete.

As the fiber content increases, an overall improvement in workability is observed. At 40 kg/m3, slump
values reach 11.3 cm for UTFC, 11.6 cm for BFC, 11.8 cm for LFC, and 11.5 cm for EFC, confirming that
the lime treatment provides the greatest enhancement, followed by bitumen and epoxy, while untreated
fibers remain the least effective. Despite these changes, all mixtures maintain an S3 consistency class,
indicating that the addition of treated or untreated fibers does not compromise the required workability level.
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Figure 7. Density of concrete.

Fig. 7 shows that the incorporation of plant fibers leads to a measurable decrease in concrete density.
The reference concrete exhibits a density of 2399 kg/m?3. At a low dosage of 5 kg/m3, the density decreases
slightly, reaching 2363-2365 kg/m? depending on the fiber treatment, which corresponds to a reduction of
about 1.5 %. Increasing the fiber dosage amplifies this effect: at 40 kg/m?3, densities range from 2231 to
2244 kg/m3, representing a reduction of approximately 7 % compared to the reference mix. This decrease
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is primarily attributed to the partial replacement of dense mineral aggregates with fibers of significantly
lower density.

3.2. Compressive Strength

Fig. 8 presents the evolution of compressive strength at 3, 7, 28, 90, and 180 days for the different
concrete formulations. The reference concrete exhibits strengths of 36.3 MPa at 28 days, increasing to
37.5 MPa at 90 days and 38.5 MPa at 180 days, reflecting the expected hydration of the cement matrix
over time.
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Figure 8. Compressive strength at different ages (Samax = 0.8 MPa).

For all fiber dosages and treatments, the incorporation of plant fibers leads to a reduction in
compressive strength compared to the reference mix. At low dosages, this reduction remains limited, but it
becomes more pronounced at higher fiber contents. At a dosage of 40 kg/m3, UTFC exhibits a 28-day
strength of 28.5 MPa, corresponding to a reduction of approximately 21.5 % relative to OC. The effect of
fiber treatment is clearly observable: LFC reaches 28.8 MPa (a = 20 % reduction), BFC reaches 29.8 MPa
(a =17 % reduction), while EFC achieves the highest value, 32.2 MPa, representing only an 11 % strength
loss at 28 days. These results confirm that surface conditioning of the fibers mitigates the mechanical
performance loss caused by fiber addition.

Strength evolution over time further highlights the contrasting behavior between untreated and
treated fibers. For UTFC at 40 kg/m3, strength continues to decrease beyond 28 days, reaching 25.0 MPa
at 90 days and 22.7 MPa at 180 days, corresponding to reductions of 33 and 41 % relative to OC. This
progressive deterioration suggests fiber degradation within the alkaline cementitious environment. In
contrast, concretes incorporating treated fibers exhibit strength gains between 28 and 180 days, similar to
the trend observed in OC. At 90 and 180 days, reductions relative to the reference mix range from 21 % for
LFC to 17-18 % for BFC and only 9.5-10.5 % for EFC. The long-term improvement observed for treated
mixes confirms that fiber treatments enhance durability and stabilize fiber—matrix interactions, preventing
the degradation observed in untreated fibers.

The microstructural observations obtained through optical microscopy (Fig. 9) reinforce the
mechanical results by illustrating the distinct behaviors of treated and untreated fibers within the
cementitious matrix. In specimens containing untreated fibers, several degradation features are apparent.
Figs. 9d to 9f show interfacial gaps and fiber—-matrix detachment, indicating insufficient adhesion and early
debonding. Adjacent voids and the altered morphology of the fibers provide evidence of moisture-driven
swelling and subsequent shrinkage, mechanisms known to promote fiber—matrix debonding, as
documented in several studies [35-38]. In Fig. 9g, the fiber appears partially cracked and separated from
the surrounding matrix, while Fig. 9h shows a longitudinal subdivision of the fiber into individual
microfilaments located within a void. Notably, matrix cracking is not observed in these regions, confirming
that degradation primarily affects the fibers and their interface rather than the cement paste itself. These
mechanisms explain the progressive loss of mechanical performance observed between 28 and 180 days.
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Figure 9. An image of concrete with fibers treated by bitumen (a), microscopic images fibers
treated by bitumen in concrete (b, c), an image of concrete with untreated fibers (d),
microscopic images of untreated fibers in concrete (e-h).

In contrast, treated fibers exhibit markedly improved interfacial behavior. Figs. 9a to 9c¢ show
continuous, well-bonded interfaces without visible detachment or voids. The protective coating limits water
ingress and reduces direct exposure to the alkaline pore solution, thereby preventing swelling-induced
stresses and preserving interfacial integrity. These stabilized fiber—matrix interactions directly correlate with
the improved and sustained compressive strength development observed beyond 28 days in concretes
incorporating treated fibers.

3.3. Flexural Strength

The flexural strength results at 3, 7, 28, 90, and 180 days for all mixtures and fiber treatments are
presented in Fig. 10. The reference concrete (C0O) exhibits a flexural strength of 2.8 MPa at 28 days,
increasing slightly to 2.85 MPa at 90 days and 2.92 MPa at 180 days. The introduction of plant fibers
significantly improves flexural performance, with the magnitude of enhancement depending on fiber dosage
and treatment.

At the lowest dosage (C5), the 28-day flexural strength increases to 7.9-9.7 MPa depending on the
treatment, which corresponds to improvements of approximately 180 to 245 % relative to CO. In this case,
lime treatment yields the lowest strength values — slightly higher than those of untreated fibers — whereas
bitumen and epoxy treatments achieve considerably greater gains. The C15 mixtures exhibit the highest
flexural strengths across all curing ages, with 28-day values ranging from 9.2 MPa for lime-treated fibers to
12.1 MPa for epoxy-treated fibers, representing increases of approximately 229 to 333 % relative to the CO.
This dosage consistently maximizes the efficiency of fiber incorporation, irrespective of the treatment
applied.

At the highest dosage (C40), flexural strengths at 28 days remain markedly higher than those of the
CO0, with values of 7.6 MPa for untreated fibers, 7.7 MPa for lime treatment, 8.2 MPa for bitumen treatment,
and 10.7 MPa for epoxy treatment. Although these absolute values are slightly lower than those at C15,
the same hierarchy among treatments is observed, with epoxy remaining the most effective and lime
providing the lowest improvement.
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Figure 10. Flexural strength results (Sgmax = 0.45 MPa)

d e
Figure 11. Flexural test: a— OC, b - UTFC, ¢ - BFC, d - LFC, e — EFC.

Post-failure observations presented in Fig. 11 further support these results. The CO exhibits brittle
fracture and complete separation once the maximum load is reached, which is characteristic of unreinforced
cementitious materials. In contrast, fiber-reinforced specimens retain partial integrity after failure due to
fibers bridging the cracked surfaces and maintaining residual load transfer. This bridging mechanism,

widely reported in the literature for cementitious composites incorporating natural fibers [5, 17], explains
the substantial increase in flexural strength observed despite the reduction in compressive strength.

Fig. 12 shows SEM images of crack zones in specimens incorporating bitumen-treated fibers. The
images reveal fibers fully coated with bitumen and embedded within a continuous and cohesive interface,
with no visible separation between the coating and the surrounding cement matrix. These results are
consistent with the optical microscopy observations (Fig. 9) and confirm that the protective coating
stabilizes the fiber—matrix interface, enhances stress transfer after matrix cracking, and contributes to the
sustained flexural performance for up to 180 days.



Magazine of Civil Engineering, 19(1), 2026

Figure 12. SEM of concrete with fibers treated by bitumen:
a — concrete and fibers, b — concrete and fiber interface.

The evolution of the flexural strength relative to the compressive strength provides further insight into
the mechanical behavior of the fiber-reinforced concrete. According to Ahmed et al. [39], the relationship

between the flexural tensile strength T R and the compressive strength fC is frequently expressed in the

_ n
literature as a power equation in the form Tr=dfc. Several standards provide formulas for this

_ 205 _ 0.5
relationship in the form Tr=d." For instance, AS 3600 and CSA-A23.3 specify Tr=06/.", while

.  fr=0.94103 .
the ACI 363-92 standard proposes a different equation: ¢ [40]. Fig. 13 presents the flexural
tensile strength as a function of the compressive strength for the current study.
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Figure 13. Flexural and compressive strength relationship.

The experimental results exhibit a clear increasing trend of flexural strength relative to compressive
strength. A power-law regression performed on the experimental dataset of the fibrous concrete specimens
(treated and untreated) yielded the following relationship:

fr=0.045 71533, )

The exponent obtained from this regression (1.533) is significantly higher than the value implicitly
assumed in current design standards (0.5), indicating that the flexural strength of fibrous concrete increases
at a faster rate than predicted by code-based formulations. This behavior reflects the dominant role of the
reinforcement and matrix modification mechanisms under flexural loading.

Fig. 13 further shows that the fibrous concrete specimens subjected to epoxy and bitumen treatments
are located in the upper-right region of the diagram, corresponding to the highest flexural and compressive
strength values. This indicates that these two treatments are the most effective in enhancing overall
mechanical performance, particularly in flexure. This superior behavior can be attributed to the improved
crack-bridging efficiency of the fibers, combined with enhanced fiber—matrix interaction and reduced
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microcrack propagation due to the presence of epoxy or bitumen. By contrast, the non-fibrous concrete is
represented by a single data point located in the lower region of the figure, lying very close to the AS 3600
prediction curve. This observation confirms that, in the absence of fiber reinforcement, the standard code-
based relationship remains applicable within the investigated strength range.

Overall, the deviation of the fibrous and treated concretes from the normative predictions highlights
the limitations of existing flexural-compressive strength relationships when applied to modified concretes.
The proposed empirical relationship should therefore be interpreted as representative of fibrous concrete
behavior within the investigated domain, with epoxy and bitumen treatments playing a key role in achieving
superior flexural performance.

3.4. Splitting Tensile Strength

Fig. 14 shows the evolution of the splitting tensile strength. The values at 28, 90, and 180 days —
points at which mechanical properties stabilize — allow for a direct comparison. The CO records 2.18, 2.22,
and 2.27 MPa at these ages. Incorporating fibers significantly enhances tensile performance, with the
maximum improvement obtained at a dosage of 15 kg/m3. At 28 days, C15 exhibits tensile strengths of
7.84 MPa with untreated fibers, 7.47 MPa with lime-treated fibers, 9.28 MPa with bitumen-treated fibers,
and 9.82 MPa with epoxy-treated fibers. These values correspond to increases of approximately 260, 243,
326, and 350 % relative to the CO. At later ages, untreated fibers show a decline in tensile strength
(5.45 MPa at 90 days and 4.68 MPa at 180 days), whereas lime-, bitumen-, and epoxy-treated fibers
maintain or improve their performance, reaching up to 11.17 MPa at 180 days with epoxy treatment.
Increasing the fiber dosage to 40 kg/m? reduces tensile strength relative to C15 but still yields values higher
than those of the CO. At 28 days, C40 reaches 6.14 MPa for untreated fibers, 6.21 MPa for lime-treated
fibers, 6.69 MPa for bitumen-treated fibers, and 8.64 MPa for epoxy-treated fibers. This confirms that

excessive fiber content induces fiber clustering and matrix discontinuities, limiting mechanical efficiency
[41].
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Figure 14. Splitting tensile test results.

The failure patterns support the mechanical observations. The CO splits abruptly into two detached
halves, whereas the fiber-reinforced specimens remain connected after testing, with the cracks bridged by
fibers. Manual separation reveals fracture surfaces containing randomly distributed prickly pear fibers
(Fig. 15), most of which underwent fracture rather than pullout. This indicates strong fiber—matrix adhesion,
particularly in the treated-fiber mixtures.
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Figure 15. Splitting tensile test results: a— OC, b - EFC, ¢ - LFC, d — BFC.

3.5. Thermal Characteristics

This section examines the influence of prickly pear fibers and their surface treatments on the thermal
behavior of concrete. Three fundamental properties are considered: thermal conductivity, specific heat
capacity, and thermal diffusivity. These parameters are intrinsically linked to the microstructure of
cementitious composites and are affected by the addition of low-conductivity plant fibers.

3.5.1. Thermal conductivity

Thermal conductivity governs the heat transfer capacity of cementitious composites and is strongly
influenced by microstructural variables such as moisture content, aggregate volume fraction, pore
connectivity, and the nature of the embedded inclusions. Fig. 16 reports the evolution of thermal
conductivity as a function of fiber dosage and surface treatment. A monotonic reduction is observed with
increasing fiber content, with values decreasing from 1.91 W/(m-K) for the reference mixture to a range of
1.04-1.14 W/(m-K) at 40 kg/m3, depending on the treatment; this corresponds to a decrease of
approximately 40-45 %. Given that common mineral aggregates exhibit conductivities between 1.16 and
8.6 W/(m-K) [42], such reductions are consistent with the replacement of higher-conductivity constituents
with materials of lower intrinsic conductivity.

The decrease in effective conductivity can be explained by considering the microstructural role of the
fibers. Materials with low intrinsic conductivity or highly porous internal structures act as insulating
inclusions that alter the topology of conduction pathways. With an intrinsic conductivity of approximately
0.057 W/(m-K) and a naturally porous morphology, prickly pear fibers reduce the continuity of solid heat
transfer routes within the matrix and, therefore, behave as thermally insulating inclusions.

To assess these experimental results, they were compared with classical homogenization models
formulated for isotropic two-phase composites. The cementitious matrix is considered the continuous phase

Ay,
with conductivity }”m’ while the prickly pear fibers constitute the dispersed phase with conductivity !

. . V Vf L + Vf =1. .
and respective volume fractions " and satisfying Under these assumptions, the
extremal estimates of effective conductivity are provided by the Voigt and Reuss bounds [43]:

}LV = Vm}\‘m + Vf)\‘f’

Vm

(2)
voove )

he=| x_f

m (3)
Egs. (2) and (3) represent the maximal conductivity corresponding to a parallel-phase configuration

and the minimal conductivity associated with a series configuration, respectively. Although these idealized

morphologies are not strictly representative of the present composite, they provide an essential admissible

interval for assessing the effective thermal behavior. A more physically constrained prediction is given by

the Hashin—Shtrikman bounds, which are derived from variational principles and are applicable to isotropic

composites with arbitrarily shaped inclusions [44]:
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These bounds (Egs. (4) and (5)) define the narrowest theoretically admissible interval for the effective
conductivity of an isotropic two-phase material. The measured values remain well below the Voigt limit
while staying above the Reuss bound; however, in several cases, they lie below the Hashin—Shtrikman
lower limit. This departure indicates that the actual microstructure — featuring elongated pores, anisotropic
fiber arrangements, and potentially a third interfacial phase — creates a higher thermal tortuosity than
assumed in classical isotropic models.

The slightly higher conductivities measured for the treated fibers are consistent with improved
interfacial bonding. Enhanced adhesion reduces the volume of interfacial air voids — the conductivity of
which is extremely low — increasing the continuity of solid heat transfer paths and, consequently, raising
the effective thermal conductivity.

m— = =geries paralle] =ss=s=sssnss HS- HS+
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Figure 16. Thermal conductivity of concrete incorporating treated fibers (Samax = 0.015 W/(m.K)).
3.5.2. Specific heat

c

Specific heat capacity ( p) represents the amount of heat required to increase the temperature of
a unit mass by one degree [40]. In cementitious materials, this property depends on the thermal behavior
of the constituent solid phases. Prickly pear fibers contain high fractions of cellulose, hemicellulose, and
lignin, which exhibit greater heat capacities than mineral aggregates. Their cellular microstructure, rich in
voids and capable of retaining bound water, also contributes to increasing the heat storage capacity of the
composite.

Fig. 17 shows that the incorporation of fibers leads to a systematic increase in the specific heat
capacity for all treatment types. When considering only the reinforced mixtures (5-40 kg/m3), the evolution

c
of 7 with fiber dosage is quasi-linear. This behavior is consistent with a progressive increase in the
volumetric fraction of organic phases, whose intrinsic heat capacity is significantly higher than that of the
mineral matrix. At 40 kg/m3, the specific heat capacity rises by approximately 22—-24 % compared to the
Co.

Differences between treatment types follow a consistent hierarchy across all dosages. EFC

c
systematically exhibits the highest 7 values, with an increase of approximately 1-3 % relative to UTFC.
This enhancement is primarily linked to the stabilization of the fiber surface by the epoxy coating, which
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prevents fiber degradation and preserves a durable and continuous contact with the cement matrix. LFC
shows slightly lower values, typically within 0.5-2 % lower than those of EFC, reflecting the partial
mineralization induced by the lime treatment and the improved compatibility of the fibers with the
surrounding matrix. UTFC presents the lowest ¢, values among the reinforced mixtures. This is attributed
to the absence of surface modification, which results in weaker fiber—-matrix adhesion and a less efficient
contribution of the fibers to the overall thermal storage capacity. Collectively, the results indicate that both
fiber dosage and surface treatment contribute to variations in the specific heat capacity of the composite,
with the dominant effect being associated with the fiber fraction.

1250
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....................................................................................

0 5 10 15 20 25 30 35 40 45
Amont of fibers (kg/m?3)

o UTFC—e@ BFC EF G @ LFCresvereeessenes co

Figure 17. Specific heat of concrete incorporating treated fibers (Samax = 4.5 J/(kg.K)).
3.5.3. Thermal diffusivity

Thermal diffusivity a quantifies the rate at which heat propagates through a material and is defined

a2 ()

PCp

as:

(6)

c
where A represents the thermal conductivity (W/(m.K)), P is the density (kg/m3), and 7 is the specific
heat capacity (J/(kg-K)).
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Figure 18. Thermal diffusivity of concrete incorporating treated fibers (Symax = 4%x10~° m?/s).

Fig. 18 shows that thermal diffusivity decreases consistently with increasing fiber content, regardless
of the treatment applied. The CO presents a diffusivity of 0.50 mm?/s. At 40 kg/m?3, the values decrease to
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0.41 mm?/s for UTFC, 0.40 mm?/s for BFC, 0.40 mm?/s for EFC, and 0.39 mm?/s for LFC, representing
reductions of approximately 18-22 %.

This reduction stems primarily from microstructural modifications induced by the fibers and their

treatments. The dominant factor is the marked decrease in thermal conductivity A the fibers and their
internal air cavities lower the effective conductivity of the composite by about 40-45 % at 40 kg/m3, directly

c,:
reducing the numerator of &- A secondary effect arises from changes in the volumetric heat capacity PCp

c
fiber incorporation increases ¥ by roughly 22—-24 % while slightly reducing the bulk density (=7 %), which
increases the denominator of a and contributes further to the decrease in diffusivity. Although the reduction

in density alone would tend to raise % the combined effect of reduced conductivity and increased heat
capacity overrides this tendency, producing the observed decline.

Differences among treatments remain limited but systematic. Epoxy- and bitumen-treated fibers lead
to the lowest diffusivities at equivalent dosages, followed by lime-treated fibers, which slightly outperform
untreated ones at higher fiber contents. These distinctions reflect the influence of surface treatments on
fiber integrity and interfacial contact: epoxy and bitumen create more stable coatings that limit interfacial
voids and maintain the insulating character of the fibers, whereas lime treatment induces partial
mineralization that modifies thermal behavior to a lesser extent. The overall decrease in diffusivity shows
that the presence of prickly pear fibers enhances the material’s thermal inertia by simultaneously restricting
heat transfer and increasing its heat storage capacity.

4. Conclusion

This study investigated the long-term mechanical and thermal performance of concrete reinforced
with prickly pear fibers, comparing untreated fibers with three coatings: epoxy, bitumen, and lime. The
following findings highlight the main contributions of this research:

1. Surface conditioning of the fibers significantly mitigates the loss of compressive strength; notably,
the epoxy treatment limits the 28-day reduction to only 11 %, compared to a 21.5 % loss for
untreated fibers at a dosage of 40 kg/m3.

2. Long-term durability is critically enhanced by these treatments. While untreated fibers degrade in
the alkaline cementitious environment (reaching a 41 % strength loss at 180 days), treated fibers
maintain stable performance, with strength reductions relative to the reference mix limited to
10.5-21 % at the same age.

3. Anoptimal dosage of 15 kg/m3 maximizes mechanical efficiency, yielding peak increases in flexural
and splitting tensile strengths at 28 days of up to 333 and 350 %, respectively (obtained with epoxy-
treated fibers).

4. High fiber content (40 kg/m3) leads to a relative decline in mechanical performance compared to
the 15 kg/m? dosage due to fiber clustering and matrix discontinuities; however, values remain
significantly higher than those of the plain reference concrete (0 kg/m?3) in both flexural and tensile
strength.

5. Thermal properties are substantially improved with increasing fiber content. A dosage of 40 kg/m?
achieves a 40-45 % reduction in thermal conductivity and a 22-24 % increase in specific heat
capacity. This enhancement is driven by the higher volumetric fraction of organic phases, with
epoxy-treated concrete showing the highest thermal storage capacity due to stabilized fiber-matrix
adhesion.

In summary, pretreating prickly pear fibers — particularly with epoxy — overcomes the durability
limitations typically associated with natural fibers, offering a high-performance, sustainable alternative with
reliable long-term properties.
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