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Highlights

What are the main findings?

• The partial replacement of the Ordinary Cement Portland (OPC) by the Natu-
ral Hydraulic Lime (NHL) reduces the alkalinity of the matrix and preserves the
natural fibers.

• Fibers that have undergone hornification treatment exhibit better performance
throughout the aging process than those that have undergone NaOH treatment.

What is the implication of the main finding?

• The inclusion of NHL in matrix binder and the enhanced protection against the ageing
achieved for the hornification treatment improved softening behavior in the alkaline
hydraulic binder matrix reinforced with natural hemp fibers.

Abstract

The degradation of the natural fibers in the hydraulic binder alkaline matrix is widely
known. This study investigates the effect of two fiber treatments, namely immersion in
sodium hydroxide (NaOH) solution and hornification, in two types of alkaline environ-
mental ordinary Portland cement (OPC) and a mixture of OPC and natural hydraulic lime
(NHL). After curing for 28 days, the specimens were subjected to 25 and 50 dry–wet aging
cycles to evaluate their degradation behavior. Subsequently, the specimens underwent flex-
ural and compressive strength tests. This study reveals that the specimens with the mixed
binder of ordinary Portland cement (OPC) and natural hydraulic lime (NHL), after 50 aging
cycles, reached toughness values in the descending branch compared to the total toughness
obtained in the flexural–displacement diagram, of 17% and 27% for the treatment with
NaOH and hornification fiber, compared to 3% and 10% obtained for the matrix with an
OPC binder. Therefore, the inclusion of NHL as a matrix binder provided better softening
behavior than those with only the OPC binder, providing better protection of the fibers
against environmental alkalinity due to matrix alkalinity. In addition, the hornification
treatment better preserved the fibers throughout the aging process.

Keywords: natural fibers; cementitious matrix; hornification; NaOH treatment; mechanical
testing
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1. Introduction
Carbon emissions associated with cement production are responsible for over 8% of

global CO2 emissions [1–3]. Cement, together with aggregates of various sizes and water,
is used in the manufacture of mortars and concrete, which are widely used construction
materials worldwide. To reduce the carbon footprint and preserve acceptable mechanical
performance, the literature presents numerous studies that have explored the partial
replacement of cement with alternative materials, such as geopolymers [4], metakaolin [5],
fly ash [6], silica fume [7], slag [8], calcined clay [9], construction waste [10], and bio-
composites [11].

Another binder commonly used in mortar production is hydraulic lime. This
binder is characterized by its highly workable, flexible, breathable, and self-healing
properties [12,13], although it generally exhibits lower mechanical performance than ordi-
nary Portland cement (OPC). In addition, hydraulic lime can absorb CO2 during its setting
and hardening processes through carbonation. Consequently, depending on the perfor-
mance requirements and intended application, mortars can be produced using cement,
hydraulic lime, or a combination of both binders.

One of the most interesting renewable raw materials for the manufacture of cement-
based composites are vegetable fibers due to their low cost and their contribution to
environmental, energy, and resource conservation [14–16]. Natural fibers are commonly
used to increase the volume stability of mortars, thereby reducing shrinkage cracking
phenomena, increasing brittle fracture toughness, and increasing strain hardening behavior.
Several researchers corroborate the higher toughness, improved impact capacity, and higher
deformation capacity of natural fiber cementitious composites [17–19]. Different varieties
of natural fibers have been used as reinforcement in cementitious matrices, such as sisal,
flax, jute, abaca, curaua, and hemp, among others [15,20–24].

The use of fiber in mortars is linked with flexural and tensile forces and enhances
thermal insulation and noise reduction. Natural fibers have appeared as an alternative
to steel and plastic fibers. There are different types of fibers, and their use depends on
the geographical conditions and their availability. Unfortunately, only a small portion
of the world’s fiber production (32.6 million tons in 2024) is reused, so researching new
possibilities for the use of these fibers is an essential objective [25]. Natural fibers are
derived from different plant species and can be categorized according to the specific plant
component from which they are obtained, such as stems, leaves, seeds, fruit, or bark. Thus,
in [26], the authors reviewed the use of natural fibers in industry. They noted the growing
popularity of these fibers in construction materials, particularly for producing mortars,
highlighting the excellent mechanical properties of hemp fibers. Regarding hemp fibers, the
authors noted that their advantages included their mechanical properties, the absence of
pesticide requirements, their minimal fertilization needs, and their rapid growth compared
to other natural fibers. Regarding disadvantages, the authors mentioned the labor required
to separate the fibers from the bast, and the fact that its cultivation is restricted in many
countries. In [27], the authors present a review of the use of natural fibers in cementitious
matrices, ordering them according to the degree of utilization of each fiber. The authors
concluded that the most adopted treatments were those aimed at reducing the alkalinity of
the cementitious matrix. They also highlighted that information regarding the long-term
durability of these fibers remains limited.

Although its origin seems to be Asian, among natural fibers available in the Mediter-
ranean area, hemp (Cannabis sativa) has attracted the attention of researchers not only
because of its flexibility and high tensile strength but also because its cultivation requires
little water, grows quickly, reduces soil erosion levels, requires hardly any biocides, and
captures a significant amount of carbon dioxide [28–31]. Hemp fiber, like other natural
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fibers, can be used as reinforcement for cementitious matrix materials. Despite the me-
chanical improvements that fibers provide to these composite materials, their use can be
affected in terms of adhesion and durability. Therefore, the degradation of natural fibers in
a cementitious matrix has become one of the main problems that needs to be solved to man-
ufacture durable natural fiber-reinforced cement composites [32,33]. The most important
drawbacks were water absorption and fiber fracture. The effect of water absorption causes
fiber dimensional variation and subsequent microcracks around the interface between
fiber and matrix [34,35], while fiber fracture is associated with mineralization due to the
migration of cement hydration to lumens, as well as the matrix’s alkalinity due to calcium
hydroxide formation during cement hydration [36,37].

To prevent fiber degradation, there are two main strategies, modification of the matrix’s
alkalinity and fiber treatment. Matrix modification aims to reduce environmental alkalinity
by reducing the calcium hydroxide content with partial substitution of the cement by
pozzolans. Thus, the partial replacement of cement by several materials, such as metakaolin,
ground granulate blast furnace slag, crushed waste calcined clay bricks, fly ash, and others,
have been studied in the literature [33,38–41].

To improve durability, as well as the necessary adhesion between the fibers and the ma-
trix, several physical or chemical treatments can be used. Several researchers have summa-
rized different chemical and physical treatments and their advantages, focusing especially
on the controlled alkalinity and water absorption of cement with natural fibers [36,42–46].

Among others, Ref. [25] has reported on three types of treatments, with cellulose
acetate, hydrophobic starch, and cassava starch. The cellulose acetate treatment reduced
the water absorption by an average of 112% over untreated sisal fibers. The treatment
created a coating around the fibers, reducing the water absorption, tensile strength, and
elastic modulus. Acetate and hydrophobic starch treatments reduced the tensile strength
and elastic modulus by 26 and 29%, respectively, while cassava starch reduced these
properties by 35 and 39%. Velez et al. [47] proposed a mixing treatment with liquid gum
Arabic and silica fume. This treatment consisted of dipping the coconut fiber in liquid gum
Arabic for 1 min and then attaching silica fume to it. Other research has proposed water
washing and alkaline treatments. Zukowski et al. [48] first proposed three washing cycles
in water at 80 ◦C for 3 h and then immersion in a 1% Ca(OH)2 solution.

Among various chemical treatments, NaOH treatment or mercerization stands out
as one of the most widely used due to its cost-effectiveness and favorable results in bond
improvement. The literature has proposed the use of sodium hydroxide in a range of
1 to 15%, showing promising results in terms of increased crystallinity, tensile strength,
and Young’s modulus compared to untreated fibers [34,49–51]. This treatment also aims
to reduce water absorption. In [34], the authors proposed treatments at 1, 5, and 10%
concentrations of the NaOH solution. Authors stated that for the 1% alkaline solutions,
the improvement of water absorption was negligible, but water absorption improved
significantly with increasing alkaline solutions. Excess NaOH concentration caused excess
delignification of the natural fibers and a decrease in fiber strength [46]; thus, the literature
indicated that the optimum NaOH concentration was around 5%.

In [34], the authors proposed a pretreatment consisting of cleaning the fiber by immers-
ing it in hot water for 1 h and air-drying it for 48 h. On the other hand, in [52], the authors
proposed a hybrid treatment with NaOH and subsequent impregnation with different
options. The results suggested an improvement in fiber tensile strength and durability.

One of the main physical methods that has been used to modify the fiber surface is
hornification [47]. The treatment consists of applying several wet–dry cycles that lead to a
decrease in lignin and hemicellulose content, increasing the crystallinity of the fibers. This
process reduces the water absorption of the fibers and, consequently, there is a reduction in
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calcium hydroxide incrustations that, in turn, leads to a reduction in cellulose degradation
in the cementitious composite [53,54]. In addition, the treatment increases the roughness of
the fiber surface, improving adhesion with the matrix. Other relevant benefits associated
with this treatment are the low energy consumption and non-use of chemicals. There is
no uniformity in the application of the treatment, neither in the time and temperature for
each phase of the cycle nor in the number of cycles [53]. In general, to obtain an optimum
increase in the mechanical and physical properties of the fibers, a range of five to 10 wet–dry
cycles is recommended, although, depending of the fiber’s nature and an increase in the
number of cycles, these properties may be further improved [55,56]. In [57], the authors
applied the NaOH treatment on hemp fibers. They performed 10 wet/dry cycles. An
increase of about 20% in the compressive and flexural strength was observed compared to
the reference mortar.

Different aging procedures can be found in the literature. In [58], the authors proposed
the comparison between different aging processes, such as room temperature, high tem-
perature, or freeze–thaw cycles. The authors concluded that wet/dry cycles presented a
high accelerating effect on aging, and a high temperature and relative humidity accelerated
the degradation of natural fibers in the cement matrix. The authors indicated that one of
the most widely used is the dry–wet cycle. In [59], the authors proposed two wet/dry
cycles procedures to determine durability of natural fiber mortar according to the existing
literature. The first consisted of six cycles, initiated with the sample completely saturated
with water, at 30 ± 1 ◦C for 1 day, and subsequent dried for 2 days in a ventilated chamber
at 36 ± 1 ◦C and a wind speed of 0.5 m/s. In the second, the number of cycles was also six,
immersing the samples in sealed tap water at 70 ◦C and then drying them in a circulating air
environment of an oven at 70 ◦C. The duration of each cycle was established as a function
of mass variation according to the immersing or drying times. Samples were measured
every 10 min for the first 2 h, every 1 h thereafter, and then 3 h for wetting and 4 h for
drying. In [57], the authors proposed 10 wet/dry cycles of two days each: in a wet cycle,
the samples were immersed in a water bath at a room temperature of 20 ◦C with all surfaces
in contact with water; whereas in a dry cycle, the samples were dried in an oven at 60 ◦C.
In [60], the authors proposed a cycle of 300 h in which the samples were exposed to salt
spray (salt fog chamber) using a 5% NaCl solution.

Despite the advantages of natural fiber composites in a cementitious matrix, there is a
lack of knowledge about the aging effects and durability of these composites. Therefore,
the objectives of this study were to analyze the improvement in the durability of hemp
fibers in an alkaline matrix: firstly, through the partial replacement of OPC with NHL in
the cement matrix; and secondly, through the effect of two treatments—namely, treatment
with NaOH and hornification—on aging.

2. Materials and Methods
2.1. Materials

The specimens were prepared and tested at the Materials Laboratory of the Department
of Architecture and Engineering of the Construction of the University of Girona (Spain).

For this research, ordinary Portland cement (OPC) type CEM II/B-L, with a resistance
of 32.5 MPa at 28 days according to [61], was used. The hydrated lime used was the
natural hydraulic lime (NHL)-3,5, with a compressive strength of 3.5 MPa at 28 days
according to [62]. The aggregate used was a washed granitic sand type AF-0/2-T-G-L
according to [63], which was supplied with a maximum diameter of 2 mm for application
in cementitious materials.

Hemp fibers were supplied by Agofibra S.L. The commercial presentation of hemp
was raw, or curled, which means that the fibers were very dirty and full of impurities.
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Table 1 presents the elemental chemical composition of the fibers obtained from a previous
study by the authors of [39]. For this reason, the first step was to separate fibers from
the impurities. They were then cut to a uniform length of 2 cm. Finally, the fibers were
subjected to chemical and physical treatments.

Table 1. Elemental chemical composition of fibers in % of weight.

Element C O Ca K Cl
Average % 65.99 32.34 1.20 0.47 0.01

2.2. Fiber Treatment

In the NaOH treatment, the fibers were submerged in a vessel with a 6% NaOH
solution for a period of 48 h. The treated fibers were then washed several times with
distilled water and 1 wt.% acetic acid to neutralize excess NaOH. The fibers were thus
neutralized without affecting the hydration of Portland cement. This process was based on
research by other authors [60,64], which proved the efficiency of the treatment. Finally, the
fibers were dried in an oven at 60 ◦C for 48 h.

In the hornification treatment, the fibers were subjected to 10 wet/dry cycles. The
wetting cycle consisted of immersing the fibers for 5 h in potable water at 20 ± 2 ◦C.
Subsequently, the drying cycle consisted of spreading the fibers on a tray and placing them
in an oven for 19 h at 80 ◦C. Figure 1 shows the procedures followed.

 
Figure 1. NaOH and hornification treatments of natural hemp fibers.

2.3. Mortar Mix Design

Two types of mortars were prepared for each treatment, using a mixture of 0.5:0.5:3
(cement:natural hydraulic lime:sand) and 1:3 (cement:sand) in proportion to the mass of
the materials. Fibers were added at 1.25% by the mass of the binder. The water-to-cement
ratio in all samples was 0.7. The compositions of mortar mixtures is shown in Table 2.
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Table 2. Mix design of the mortar (in weight).

Specimens
Ordinary Cement

Portland
(P)

Natural Hydraulic
Lime

(L)

Normalized
Sand

Fibers with NaOH
Treatment

(S)

Fibers with
Hornification Treatment

(H)

P+L_S 0.5 0.5 3 0.0125 -
P+L_H 0.5 0.5 3 - 0.0125

P_S 1 - 3 0.0125 -
P_H 1 - 3 - 0.0125

The mixing process was carried out according to [65], with slight modifications to
achieve a more uniform distribution and to avoid entanglement of the fibers in the matrix.
First, water and cement were added to the mixer bowl and mixed at low speed for 30 s. In
the hydraulic lime–cement mortar, hydraulic lime and cement were mixed before adding
water to improve distribution.

The mixture was then kneaded for 30 s at high speed. At this point, the mixer was
stopped for 90 s; during the first 15 s, the mortar adhering to the mixer walls was scraped
back into the mixture with a spatula. The mixer was then kneaded at high speed for another
60 s, followed by holding the mixer at low speed for 60 s to introduce all the hemp fibers.
The mixer was then stopped for 30 s to remove any fibers that had become entangled
between the mixer blades. Finally, it was kneaded at low speed for another 30 s to distribute
the fibers evenly.

To analyze the mortar in its fresh state, the consistency evaluation was carried out
according to [66]. For the evaluation of the hardened mortar, prismatic specimens of
40 × 40 × 160 mm3 were molded and subjected to curing for a period of 28 days, according
to [67]. During the first 7 days of the curing process, the specimens were kept at a humidity
of 95 ± 5%, achieved by placing the samples in a polyethylene bag. After the first 3 days,
the specimens were unmolded and continued to be kept in the bag. In the remaining
21 days, the specimens were kept in a humid chamber at 20 ◦C ± 2 ◦C and 65% ± 5%.

Three-point flexural tests were carried out according to [67]. The tests were performed
on three 40 × 40 × 160 mm prismatic specimens. The load was applied with displacement
control, at a speed of 0.017 mm/s, by means of a universal testing machine with a 30 kN
load cell. The stress was obtained from Equation (1). The displacement was obtained from
the information provided by the universal testing machine.

f = 1.5
F·l

b·d2 (1)

where f is the flexural strength, F is the force, l is the span between the supports, and b and
d are cross-sections of the specimen.

The uniaxial compression test was conducted on the specimen halves after the three-
point flexural test. The load was applied to an undisturbed loading area 40 × 40 mm2 in
each half. The test was performed under displacement control, with the load applied at a
rate of 0.02 mm/s. Stress was obtained by dividing the recorded load by the cross-sectional
area. Stress and displacement curves of the flexural and compressive tests were derived
from the measured values.

Durability is one of the most important parameters of a material that will be subjected
to continuous environmental exposure. The evaluation of wet–dry cycles simulates this
condition at a laboratory scale. To analyze the durability of the specimens, they were
subjected to the dry–wet test for 25 and 50 cycles. Each cycle consisted of immersing
the specimens for 18 h in water at a laboratory ambient temperature of 20 ◦C ± 5 ◦C
and subsequent drying for 6 h in an air-circulated oven at 60 ◦C ± 5 ◦C and a relative
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humidity below 20%. To analyze degradation due to the aging process at 0, 25, and 50 aging
cycles, which correspond to 28, 63, and 90 days of the curing process, three specimens were
subjected to the flexural test and six specimens to the uniaxial compressive test, according
to the standards of [67]. Figure 2 shows the aging procedure for 25 and 50 cycles.

Figure 2. Aging process of the specimens.

3. Results and Discussion
3.1. Consistency

Table 3 presents the values obtained for both orthogonal diameters of each sample of
the specimens tested. As can be seen, the average diameter of the samples ranged between
140 and 200 mm, and the difference between both diameters was less than 10%; thus, the
test was acceptable, and the specimens had a plastic consistency.
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Table 3. Consistency of the specimens.

Specimens Reference Orthogonal Diameters Measured (mm) Average Diameters (mm) Consistency

S1 S2 S1 S2

P+L-S 1 162 169 161 166 165 163 P
P+L-S 2 165 166 166 166 164 165 P
P+L-S 3 161 163 160 162 164 162 P
P+L-H 1 170 166 168 168 165 166 P
P+L-H 2 169 168 163 1685 169 166 P
P+L-H 3 166 164 161 165 167 164 P

P-S 1 175 174 175 174 180 177 P
P-S 2 182 184 182 183 180 181 P
P-S 3 186 180 185 183 179 182 P
P-H 1 185 180 184 183 176 180 P
P-H 2 184 182 186 183 182 184 P
P-H 3 180 184 183 182 182 182 P

3.2. Compressive Strength

Table 4 presents the mean experimental compressive strength values and their coeffi-
cients of variation (CoVs), obtained at 28 days of curing (0 aging cycles) and after 25 and
50 aging cycles, of the test specimens.

Table 4. Mean experimental and analytical values of compressive strength for the different
aging cycles.

Compressive Strength (Mpa) Cycles

Specimens 0 25 50

Experimental
values

P+L_S 7.90 (0.03) 10.17 (0.05) 8.48 (0.11)
P+L_H 7.85 (0.05) 10.83 (0.04) 9.07 (0.04)

P_S 16.57 (0.04) 18.49 (0.04) 14.99 (0.06)
P_H 15.53 (0.04) 18.10 (0.05) 15.21 (0.06)

Analytical
values

P+L_S 8.97 9.35
P+L_H 8.91 9.29

P_S 18.01 18.51
P_H 16.88 17.35

The compressive strength, due to the curing process of mortar, increased over time.
Although this increase in strength is related to several factors associated with curing pro-
cesses, such as temperature or humidity, a rough estimate of this value could be established
from the curing age. In line with this, Ref. [68] has proposed Equations (2) and (3).

fc (j) = βcc (j)· fc,28 (2)

βcc(j) = e
⌈S·(1−

√
28
j )] (3)

where βcc(j) is calculated according to Equation (2), fc(j) and fc,28 are the compressive
strengths at j and 28 days, and S is the coefficient related to the kind of cement used—in this
study, 0.38 and 0.25 for mortar with and without lime, respectively. The increase obtained
from Equation (2) for Portland cement specimens at 90 days was 112%, which agreed with
the literature [41,69,70]. Table 3 presents the calculated values for 63 and 98 days related to
25 and 50 cycles, respectively.

The incremental values of the experimental compressive strength, observed in Table 3
between 0 and 25 cycles, were 133% and 114% for P+L and P mortar, respectively. These
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values for 0 to 50 cycles were 111% and 94%. In the numerical approach, these values were
114% and 109% in the first case and 118% and 112% for the second. Thus, the increase
in experimental values was higher than the analytical ones for 25 cycles but lower for
50 cycles.

The influence of the fiber treatment on compressive strength was negligible for P
mortar samples. On the other hand, P+L mortar samples with H treatment at 25 and
50 cycles showed an increase in compressive strength of 6% and 7% over samples with
S treatment.

To understand the effect of aging cycles on compressive strength, Figure 3 shows the
evolution of experimental and numerical values over time. From the observation of Figure 3
it could be stated that for a P mortar at 25 cycles of aging the experimental compressive
strength in all cases was higher than the numerical one. In 50 cycles, the behavior was
different between both mortars. In the P+L mortar experimental and numerical compressive
strengths were similar; however, for the P mortars experimental compressive strength was
lower than numerical.

  
(a) (b) 

 

 
(c) (d) 

Figure 3. Normalized force–displacement diagrams for compressive strength of specimens at (a) 0,
(b) 25, and (c) 50 cycles. (d) Experimental (continuous line) and analytical (dash line) compressive
strength values at 0, 25, and 50 cycles.
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To analyze the behavior of the specimens throughout the aging cycles, Figure 3a–c
present stress–displacement diagrams. To facilitate comparison between different speci-
mens, these diagrams were normalized to the maximum stress values. It could be observed
that all samples showed the same behavior up to the compressive strength peak, whereas
in the softening branch, there was a loss of strength as the aging cycles increased. The
displacement at 40% of the peak force in the descending branch clearly decreased with
increasing aging, from 6.5–10 times peak displacement to 3–5 times peak displacement. In
all cases, specimens with P+L mortar had better behavior than P mortar specimens. On
the other hand, the treatment of the fibers showed no significant differences for P mortar
specimens. In contrast, for P+L mortar specimens, S treatment performed better at 0 cycles
but worse at 50 cycles than with H treatment. Several authors have stated that NaOH
treatment had a positive effect on compressive and flexural strength [15].

3.3. Flexural Strength

Table 5 presents the mean experimental flexural strength values, together with their
coefficients of variation (CoVs) obtained at 28 days of curing (0 aging cycles), as well as after
25 and 50 aging cycles. In addition, the analytical values for flexural strength, calculated
from the experimental data by applying Equations (2) and (3), are also provided.

Table 5. Mean experimental and analytical values of the flexural strength for the different aging cycles.

Flexural Strength (Mpa) Cycles

Specimens 0 25 50

Experimental
values

P+L_S 2.08 (0.09) 1.99 (0.09) 2.19 (0.09)
P+L_H 1.98 (0.09) 2.18 (0.09) 1.95 (0.09)

P_S 4.21 (0.18) 3.20 (0.14) 3.20 (0.14)
P_H 3.86 (0.17) 3.33 (0.15) 3.36 (0.15)

Analytical
values

P+L_S 2.36 2.48
P+L_H 2.24 2.36

P_S 4.57 4.73
P_H 4.20 4.34

The experimental flexural strength of P+L mortar presented a similar value throughout
the different cycles and treatments of the fibers. For P mortar specimens, the ratios between
0 and 25 cycles were 76% and 86% for the S and H treatments, respectively. The values of the
specimens after 50 aging cycles were similar to those obtained at 25 cycles. A comparison
of the experimental and analytical values revealed that, for the P + L mortar specimens,
the analytical values were 91% and 86% lower than the experimental values for 25 and
50 cycles, respectively. These same values for P mortar specimens were 72% and 68%. The
values obtained agreed with the literature [59,71].

To analyze the behavior of specimens, Figure 4 shows normalized force–displacement
diagrams for all samples over the cycles.

As observed for compressive strength, the specimens lost their softening ability as the
aging cycles progressed. At 0 cycles, only the P_S specimens showed a low level of softening.
Meanwhile, the P+L specimens showed a greater softening level than P specimens at 25
and 50 cycles. These results agreed with values obtained by other authors [20,56].

The inclusion of fibers in the cementitious matrix presented an increase in post-peak
softening behavior. To analyze this behavior, Figure 5 presents flexural stress–displacement
diagrams of each type of specimen at 0, 25, and 50 cycles. To evaluate toughness, a
descending branch until the load was 20% of the peak load was considered.
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(a) (b) 

 
 

(c) (d) 

Figure 4. Normalized force–displacement diagrams for flexural strength of specimens at (a) 0, (b) 25,
and (c) 50 cycles. (d) Experimental (continuous line) and analytical (dash line) flexural strength values
at 28, 63, and 98 days, corresponding to 0, 25, and 50 cycles.

From Figure 5e, it can be observed that the toughness of specimens with a P+L matrix
showed higher post-peak softening at all aging stages analyzed than the P matrix specimens.
This same effect can be stated for specimens with hornification treatment compared to
specimens with NaOH treatment.

Although the partial replacement of ordinary Porland cement by natural hydraulic
lime reduced the peak stress, the post-peak behavior of P+L specimens showed greater
softening throughout the cycles.

Table 6 presents the values for the loss of compressive and flexural strength following
various aging processes under wet and dry conditions for a natural fiber composite with a
cement binder, as reported in the literature.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. Tensile–displacement diagrams at 0, 25, and 50 aging cycles of (a) P+L_S, (b) P+L_H, (c) P_S,
and (d) P_H; and (e) pre- and post-peak normalized toughness of specimens.
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Table 6. Loss of compressive and flexural strength after several wet and dry aging processes, acording
to the literature.

Variation in Strength After Aging Process

References Fiber Aging Process Compressive Flexural

[57] Hemp

Dry/Wet
24 h/24 h

T: 60 ◦C/20 ◦C
Cycles 10

−8.5%/−1.5%
(NaOH 3%/6%)

[58] Sisal

Dry/Wet
Cycling until mass equilibrium

T: 70 ◦C/70 ◦C
Cycles 10

−36%

Dry/Wet
Cycling until mass equilibrium

T: 70 ◦C/70 ◦C
Cycles 30

−82%

Dry/Wet
Cycling until mass equilibrium

T: 70 ◦C/70 ◦C
Cycles 50

−93%

[59] Albaca

Dry/Wet
Cycling until mass equilibrium

T: 70 ◦C/70 ◦C
Cycles 6

−40% −24%

[72] Bleached pine

Dry/Wet
2.8 h/2.8 h

T: 70 ◦C/20 ◦C
Cycles 200

−58%

Unbleached
eucalyptus

Dry/Wet
2.8 h/2.8 h

T: 70 ◦C/20 ◦C
Cycles 200

−43%

One of the main drawbacks of natural fiber cementitious composites is the alkalinity
of the matrix. Based on the results obtained in this study, the benefits associated with
the inclusion of NHL could be observed. Hence, from the heating temperature during
OPC or NHL production, different hydraulic phases are obtained. OPC produces mainly
C3S calcium silicates and aluminate silicates, whereas NHL produces mainly C2S calcium
silicates [73]. Calcium silicates react with water to form calcium silicate hydrate gel (C-S-H)
and calcium hydroxide Ca(OH)2. Ca(OH)2 is responsible for matrix alkalinity [34,74]. The
formation of Ca(OH)2 from the C3S hydration reaction is three times higher than in C2S
hydration reaction. Typically, the predominant hydraulic phase in the NHL matrix is
C2S [75]. Thus, full or partial replacement of OPC by NHL reduces the alkalinity of the
matrix due to a lower calcium hydroxide content. Other benefits of NHL are reductions in
pore size and water permeability, which in turn reduce the degradation of the fibers [60,76].
Thus, P+L mortar specimens showed a reduction in the unfavorable effects related to an
elevated pH environment on the natural fibers. This means that partial or total substitution
of OPC for NHL as a binder reduces chemical degradation of the natural fibers, improving
their long-term durability.

As shown in Figures 3 and 4, the H treatment appears to preserve the fibers more
effectively than the S treatment. Hornification reduces the water absorption capacity of
the fibers by modifying the cellulose structure, whereas NaOH treatment decreases water
absorption uptake through the partial removal of non-cellulosic components. Consequently,
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hornification can be considered a less aggressive treatment and appears to provide slightly
better performance as the aging cycles progress, particularly in terms of compressive
strength behavior.

The results obtained in this study indicated that the P_S and P_H mortar speci-
mens exhibited variations in compressive strength of −2% and −10%, respectively, after
50 aging cycles, while the corresponding variations in flexural strength were −24% and
−13%. These values fall within the ranges reported in Table 6. In contrast, the P+L_S
and P+L_H specimens showed variations of 7% and 16%, respectively, in compressive
strength, and 6% and −1%, respectively, in flexural strength. These findings suggest that
specimens incorporating partial cement replacement with hydraulic lime exhibited superior
mechanical performance.

The compressive and flexural strength results reveal a significant increase between
the experimental and analytical values after 25 aging cycles, whereas these differences
become considerably smaller after 50 cycles. Although the strength of hydraulic composite
materials is conventionally assessed after 28 days of curing, hydration reactions continue
beyond this period, leading to a progressive increase in strength over time, as reflected
in the analytical values obtained in this study. These ongoing reactions also influence the
bonding capacity at the fiber–matrix interface.

Furthermore, the alkalinity of the matrix gradually decreases as calcium hydrox-
ide Ca(OH)2 reacts with atmospheric carbon dioxide through carbonation processes.
This reaction reduces the matrix pH, thereby creating a less aggressive environment for
natural fibers.

Regarding compressive strength, the experimental values obtained after 25 aging
cycles show an increase of approximately 30–40% for the P+L specimens and around 17%
for the P specimens compared with the corresponding analytical values. After 50 cycles, a
reduction in strength relative to the values measured after 25 cycles is observed, ranging
between 16% and 19% for both types of specimens.

A similar trend can be identified in the flexural strength results. For the P specimens,
reductions of 14% and 24% are observed after 25 cycles, with these values remaining
essentially unchanged after 50 cycles. In the case of the P+L specimens reinforced with
hornification-treated fibers, an increase in flexural strength of approximately 10% is ob-
served after 25 cycles, followed by a decrease of about 10% relative to the 25-cycle values
after 50 cycles. Conversely, specimens reinforced with NaOH-treated fibers exhibit remark-
ably low strength values after 25 cycles. However, after 50 cycles, their behavior becomes
comparable to that of the hornification-treated fibers, with both treatments yielding strength
values close to those measured at 28 days.

Based on these findings, the increase in strength observed after 25 cycles may be
primarily attributed to the continued development of the matrix’s strength as a result
of ongoing hydration reactions. In contrast, the subsequent reduction in strength may
be associated with the progressive deterioration of both the fiber and fiber–matrix inter-
face. In particular, the flexural strength results obtained for the P specimens suggest that
this degradation process tends to stabilize over time as the matrix becomes less alkaline.
Nevertheless, further investigations involving longer exposure periods are required to
confirm this hypothesis and to provide a more comprehensive assessment of the long-term
durability of the composite materials.

4. Conclusions
This study analyzed the influence of partial replacement of OPC with NHL in the

cement matrix, as well as the effect of two treatments, namely treatment with NaOH
and calcination throughout the aging process, on the mechanical properties of natural
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fiber-reinforced mortars. For this purpose, an experimental program was used to compare
compressive and flexural strength values for three aging periods (0, 25, and 50 cycles) on
four types of specimens, combining two types of matrices (cement mortar and cement and
hydraulic lime mortar) and two types of fiber treatment (NaOH and hornification). From
the results obtained, the following conclusions can be drawn:

1. The presence of natural fibers in cementitious composites, up to 25 cycles, improves
compressive strength but reduces flexural strength. Thereafter, both compressive and
flexural strength decrease with reference to the analytical values.

2. The partial substitution of ordinary Portland cement by natural hydraulic lime pro-
vides a less alkaline environment, with less fiber degradation observed in this study.
Therefore, a total substitution of ordinary Portland cement by natural hydraulic lime
could be a useful strategy to reduce the degradation of natural fibers. However,
further studies will be needed to verify this claim.

3. Analyzing the post-peak behavior, it can be stated that the hornification treatment
presented a greater preservation of the fibers throughout the aging cycles than the
NaOH treatment.

Due to the number of specimens analyzed, the conclusions of this study should be
interpreted mainly from a qualitative point of view. More experimental data are needed to
reach more general or quantitative conclusions.
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