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Abstract

Over the past decade, cement-based composites incorporating natural fibers have emerged as promising alternatives to conventional 

building materials due to their environmental benefits. The current trend in sustainable construction highlights the growing interest in 

bio-composites, particularly mortars reinforced with vegetable fibers, which combine technical efficiency with ecological responsibility. 

Compared to conventional mortars, these bio-composites reduce environmental impact, improve energy efficiency through their 

low density, and offer enhanced crack resistance and durability under flexural stresses. Hemp fibers, with their complex internal 

structure and mechanical resilience, are particularly suited for reinforcing cementitious matrices. This study examines the integration 

of hemp fibers into cement-based composites, aiming to enhance their mechanical performance for construction use. The fibers 

underwent alkali treatment with different concentrations of sodium hydroxide (NaOH) and were prepared in various lengths before 

being blended into the mortar. A design of experiments using Response Surface Methodology (RSM) was employed to evaluate the 

influence of these variables on compressive and flexural strength, tested after 28 days of curing. The outcomes were analyzed through 

Analysis of Variance (ANOVA) to identify optimal conditions. Additionally, a predictive model was developed to describe the behavior of 

the composites under varying treatment parameters. This research offers practical insights into the sustainable development of fiber-

reinforced cementitious materials and highlights strategies for optimizing their mechanical performance using natural reinforcements.
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1 Introduction
Cementitious composite materials reinforced with vege-
table fibers have garnered considerable attention in recent 
years due to their potential to offer sustainable and environ-
mentally friendly alternatives to conventional construc-
tion materials. These bio-composites exhibit promising 
mechanical properties particularly improved compressive 
and flexural strengths that make them suitable for various 
structural applications. A thorough understanding of their 
behavior under bending and compressive loads is essen-
tial to evaluate their structural performance and long-
term durability  [1, 2]. The selection of fibers for cemen-
titious composites is primarily based on key mechanical 

characteristics such as tensile strength, modulus of elas-
ticity, elongation at break, and the bonding capacity with 
the cementitious matrix [3]. Numerous studies have inves-
tigated the mechanical performance of fiber- reinforced 
cementitious composites, with a particular focus on the 
relationships between flexural strength, compressive 
strength, fiber dosage, and shrinkage behavior [4, 5]. It is 
well established that unreinforced cementitious materials 
possess high compressive strength but exhibit poor resis-
tance to tensile and flexural stresses. The incorporation 
of vegetable fibers effectively addresses these weaknesses 
by enhancing both tensile and flexural performance, thus 
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increasing the applicability of such composites in load 
bearing structures [6, 7]. In line with the global transition 
toward sustainable construction, the use of bio-compos-
ites reinforced with natural fibers has become an active 
research trend. Compared to conventional mortars, which 
are characterized by a high carbon footprint and brittle 
behavior, vegetable fiber-reinforced mortars provide mul-
tiple benefits. They improve ductility, reduce crack prop-
agation, and increase energy absorption capacity while 
simultaneously contributing to resource valorization and 
waste minimization. Furthermore, the use of renewable, 
biodegradable, and low-cost fibers aligns with the prin-
ciples of circular economy and eco-efficiency, offering 
innovative pathways to reduce the environmental impact 
of construction materials. As such, bio-composites rep-
resent not only a promising structural material but also 
a strategic solution to meet the dual challenge of perfor-
mance and sustainability in modern construction  [8,  9]. 
This study aims to develop and evaluate cementitious 
composites reinforced with hemp fibers, focusing on their 
mechanical response under flexural and compressive 
stresses. The research places particular emphasis on the 
effects of fiber treatment, specifically alkaline treatment 
using sodium hydroxide (NaOH) as well as on fiber con-
tent and length. The influence of these parameters on the 
composite's mechanical behavior is explored to determine 
optimal performance conditions [10]. The findings of this 
work will contribute to the advancement of sustainable 
building materials by offering practical insights into the 
mechanical behavior, durability, and optimization of hemp 
fiber-reinforced composites. This study enriches the grow-
ing body of knowledge surrounding the structural perfor-
mance of cement-based bio-composites, and is expected to 
benefit engineers, researchers, and stakeholders engaged 
in the promotion of sustainable construction practices [1, 
2,  5]. The research methodology combines both experi-
mental and numerical approaches and is structured into 
three main parts. The first part presents a detailed descrip-
tion of the raw materials, including hemp fibers and the 
cementitious matrix, followed by the chemical treatment 
process using varying concentrations of NaOH and the 
preparation of the bio-composites based on an experi-
mental design utilizing Response Surface Methodology 
(RSM). Flexural and compressive tests performed after 
28  days of curing are also described. The second part 
explores the experimental design framework used to ana-
lyze and interpret the influence of different parameters on 

composite performance. Finally, the third part presents 
an in-depth analysis of experimental data obtained from 
three-point bending and compression tests. An Analysis 
of Variance (ANOVA) is conducted to identify the most 
influential parameters fiber length, NaOH concentration, 
and fiber volume that optimize the mechanical behavior of 
the bio-composites.

2 Materials and methods
2.1 Hemp fiber
In this study, industrial hemp (Cannabis sativa), a mem-
ber of the Cannabinaceae family, was used as the rein-
forcing fiber  [11, 12]. Industrial hemp is an annual plant 
with a stem that typically reaches a height of 2 to 4 meters 
and a diameter of 1 to 3 cm, depending on the variety and 
growing conditions  [13,  14]. The stem is generally hol-
low, fluted, and sparsely branched [11]. The morphologi-
cal characteristics of the plant, particularly its vegetative 
structure, may vary significantly depending on the spe-
cies and environmental factors [15, 16]. Hemp fiber exhib-
its high tensile strength and stiffness, making it a prom-
ising candidate for reinforcement in composite materials. 
Its mechanical performance is often comparable to that of 
glass fibers, while offering the added advantages of bio-
degradability and renewability  [17]. Under optimal con-
ditions, hemp is typically ready for harvest within two to 
three months after sowing [18–20].

2.2 Cementitious matrix
This research was supported by the cement company 
located in Tebessa, Algeria, which also provided the 
cement used in this study. The product complies with the 
Algerian standard NA 442:2013  [21] and is classified as 
Portland Composite Cement (CEM II/A-M (P-L) 42.5 R). 
The technical characteristics of the cement, as defined 
by Algerian standard NA  234:2018  [22], are detailed 
in Table 1 [23].

Table 1 Technical specifications of Portland Composite Cement 
(CEM II/A-M (P-L) 42.5 R) [23]

Expiry in days Measures

Bending resistance MPa

02 days 4.7

07 days 6.3

28 days 7.02

Compressive resistance MPa

02 days 23.3

07 days 37.8

28 days 48.2
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2.3 Preparation of the bio-composite
2.3.1 Fiber preparation
Natural fibers are increasingly used in composite mate-
rials due to their cost-effectiveness, low density, and 
biodegradability. Compared to synthetic fibers such as 
glass fibers, hemp fibers generally exhibit lower stiff-
ness but offer significant advantages in terms of sustain-
ability, renewability, and reduced environmental impact. 
While glass fiber-reinforced mortars often achieve higher 
compressive strengths, natural fibers provide improved 
crack-bridging capacity and ductility, making them attrac-
tive for eco-efficient construction applications. However, 
their main drawbacks lie in the poor interfacial compati-
bility with cementitious matrices and their relatively high 
moisture absorption capacity [24]. To overcome these lim-
itations, chemical treatments are commonly employed to 
modify the surface properties of the fibers  [25]. While 
these treatments aim to improve the mechanical strength 
of the fibers, they can also significantly influence the 
interfacial bonding between the fiber and the matrix [26]. 
Alkali treatment using sodium hydroxide (NaOH) has 
been shown to reduce water absorption and enhance the 
mechanical properties of fiber-reinforced composites [27]. 
In this study, NaOH solutions were prepared at three con-
centrations: 2%, 3%, and 4%. To achieve these concentra-
tions, 1000 mL of distilled water were mixed with 20 g, 
30 g, and 40 g of NaOH, respectively. A total of approxi-
mately 300 g of hemp fibers was divided into three equal 
portions. Each portion was immersed in one of the NaOH 
solutions for 24 hours at room temperature. This treatment 
softens the fibers and facilitates the removal of non-cellu-
losic compounds such as waxes, pectins, lignin, and hemi-
celluloses, which otherwise impair the fiber-matrix bond. 
After the immersion period, the fibers were removed from 
the alkaline solution and thoroughly rinsed with clear 
water to eliminate any residual chemicals or impurities 
that could negatively affect adhesion with the cementitious 
matrix. The washed fibers were then oven-dried at 60 °C 
for 6 hours. Once dried, they were cut into various lengths 
and stored in sealed bags to prevent moisture reabsorption 
from the ambient air.

2.3.2 Preparation of samples
The samples were manufactured and prepared in accor-
dance with a reference mortar (control) specified by 
European Standard CEN  EN  196-1:2016  [28]. The con-
trol mortar comprised a cement, sand, and water ratio of 
1:3:0.5, with 450 ± 2 g of cement, 1350 ± 5 g of sand, and 

225 ± 1 ml of water. Fibers with varying volumetric per-
centages (1%, 1.5%, and 2%), treated with different alka-
line concentrations (2%, 3%, and 4%) and cut to lengths 
of 1, 3, and 5  mm, were incorporated into the mixture, 
adjusting the sand weight accordingly. The selected ranges 
of fiber length (1–5  mm), NaOH concentration (2–4%), 
and fiber volume fraction (1–2%) were determined based 
on previous studies reported in the literature and practical 
considerations related to workability and fiber dispersion. 
Alkali concentrations within this range are commonly 
used to enhance fiber-matrix adhesion without causing 
excessive degradation of the fiber structure. Similarly, 
short fiber lengths were selected to ensure adequate dis-
persion in the cementitious matrix, while fiber contents 
above 2% were avoided to limit porosity and loss of com-
pactness. The fibers were mixed manually and gradually 
over five minutes to ensure uniform dispersion. Although 
manual mixing may introduce some degree of variabil-
ity in fiber distribution, a controlled and progressive mix-
ing procedure was applied to minimize heterogeneity. 
The low coefficients of variation obtained for both flex-
ural and compressive strengths indicate that the experi-
mental repeatability remained within acceptable limits. 
The mixture was then poured into steel molds measuring 
40 × 40 × 160 mm3 (Fig. 1). 

Using a shock table, 60  blows were applied in two 
phases to eliminate air bubbles (Fig. 2). 

The specimens were placed in a humid room at 20 °C 
and 90.5% humidity for 24 hours (Fig. 3). 

Fig. 1 Steel prismatic mold (40 × 40 × 160 mm3)
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After demolding, they were cured in water for 
28  days before testing. Following European Standard 
CEN EN 196-1:2016 [28], compressive strength tests and 
three-point bending tests were conducted. Each specimen 
type, was tested at least three times for both compres-
sion and bending. The tests were performed at room tem-
perature using a universal ToniPrax 1543 machine with 
a 10 kN load cell at a speed of 2 mm/min. Results were 
collected using testXpert software [29]. This work aims to 
study the influence of the parameters mentioned above on 
the development of mortars and to extract the impact on 
the behavior of the material in compressive and bending 
strength. A strategy of elaboration experiments has been 

developed using Design-Expert software [30], as reported 
in Table 2, to reduce the number of trials as much as feasi-
ble and enable the development of bio-mortars at the low-
est possible experimental expense.

3 Response Surface Methodology (RSM)
Response Surface Methodology (RSM) involves a collec-
tion of mathematical and statistical approaches designed 
to fit empirical models to data gathered from structured 
experiments. Initially developed by Box and Wilson, RSM 
has been widely and effectively applied across various sci-
entific fields [31, 32]. The methodology offers several ben-
efits, including the precise prediction of response models, 
the creation of robust models with minimal experimen-
tal data, the evaluation of interaction effects among fac-
tors, and the identification of optimal responses  [33, 34]. 
In RSM, regression analysis is combined with statistical 
techniques to interpret the experimental data comprehen-
sively and predict the relationships between a dependent 
variable (response of interest, y) and multiple independent 
variables (input or control variables, x1 through xk )  [35]. 
This approach to experimental design is characterized by a 
restricted calculation range. The factor levels are indicated 
by the codes (−1) and (+1), representing the minimum and 
maximum values, respectively, with the midpoint denoted 
as (0)  [36]. It should be noted that the regression models 
developed using Response Surface Methodology are valid 
within the experimental domain defined by the investi-
gated ranges of fiber length, NaOH concentration, and 
fiber volume fraction. Although the models demonstrate 
excellent predictive accuracy within this domain, extrap-
olation beyond the tested parameter ranges is not recom-
mended, as the response behavior outside the experimental 
space may differ significantly. In this investigation, bend-
ing and compression tests on a bio-composite consisting of 
cement mortar reinforced with hemp fibers were conducted 
using the parameters listed in Table 3. Utilizing Response 
Surface Methodology (RSM), the parameters for the exper-
imental design included fiber length (A), percentage of 
NaOH (B), and volumetric fiber fraction (C). The Central 
Composite Design (CCD) was employed in this study. 
RSM facilitates the creation of regression models that can 
evaluate the effects of different variables and their levels on 
the mechanical properties, specifically bending and com-
pressive breaking stresses [31, 32, 36]. In this study, a fit-
ting analysis indicated that a cubic function model would 
be appropriate. The third-order polynomial equation uti-
lized to fit the experimental data and identify the signifi-
cant model terms is expressed as follows: 

Fig. 2 Steel mold positioned on the shock table

Fig. 3 Specimens in humid chamber (20 °C, 90.5% RH)
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The response variable (y) corresponds to the bend-
ing and compression strengths. The β0 denotes the inter-
cept term; xi , xj , and xk are the independent variables; 
and βi , βii , and βiii are the coefficients of the linear, qua-
dratic, and cubic terms, respectively. The βij represents the 
two-factor interaction between variables i and j, βiij and βijj 
denote interactions between quadratic and linear terms, 
and βijk represents the three-factor interaction. The study 

investigates the influence of these parameters on mor-
tar development and evaluates their effects on compres-
sive and bending strengths. Experimental planning was 
carried out using Response Surface Methodology (RSM) 
with a Central Composite Design (CCD) implemented in 
Design-Expert software  [30]. The experimental matrices 
are presented in Table 2 (decoded factors).

4 Analysis of variance (ANOVA) and regression 
modeling
In compliance with the pre-established experimen-
tal design, the cementitious composite manufactured 
with hemp fiber-reinforced mortar was subjected to 

Table 2 Central Composite Design (decoded matrix) showing factors (A, B, and C) and experimentally obtained responses (Y1 and Y2 )

N° Factor 1 (A) Fiber's length Factor 2 (B) NaOH (%) Factor 3 (C) Fibers (%) Response 1 (Y1 ) Bending 
break stress (MPa)

Response 2 (Y2 ) Compression 
break stress (MPa)

1* 3 3 1.5 6.30 36.08

2 3 3 2 6.62 36.33

3 1 2 2 5.80 35.40

4 1 4 2 6.73 43.90

5 1 2 1 6.71 40.13

6 3 4 1.5 6.25 36.83

7 3 3 1 6.52 41.37

8 5 3 1.5 6.25 36.77

9 1 4 1 6.76 40.17

10 5 2 2 4.94 31.83

11* 3 3 1.5 6.30 36.08

12 5 4 2 5.39 29.90

13 5 2 1 7.08 42.80

14 3 2 1.5 5.81 36.83

15 1 3 1.5 6.44 38.13

16* 3 3 1.5 6.30 36.08

17 5 4 1 7.06 44.13
* Three points in the center of the model

Table 3 Fit summary of the two statistical models (bending stress and compressive stress)

Test type Source SD R2 Adjusted Predicted PRESS Observation

Bending

Linear 0.42 0.5499 0.4461 0.0732 4.72

2FI 0.32 0.8043 0.6868 0.3313 3.41

Quadratic 0.32 0.8621 0.6847 −0.1886 6.05

Cubic 0.012 0.9999 0.9995 0.8616 0.70 Suggested

Compression

Linear 3.10 0.4879 0.3697 −0.1688 285.14

2FI 1.95 0.8446 0.7514 −0.3546 330.47

Quadratic 1.79 0.9081 0.7899 −0.8101 441.60

Cubic 0.82 0.9918 0.9561 −12.059 3185.95 Suggested
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experimental bending and compression tests. Using the 
polynomial regression models detailed in Table 3, which 
include linear, two-factor interaction (2FI), quadratic, and 
cubic equations, the responses (bending and compression 
stresses) were individually analyzed. A preliminary analy-
sis indicated a preference for the cubic model for this study. 
These models underwent statistical evaluation to identify 
the most influential variables impacting the mechanical 
properties of the bio-fiber-reinforced mortar. This study 
employed a Central Composite Design, which facilitated 
the development of a test campaign comprising 17  tests, 
including three points corresponding to the model's center. 
The number of trials ranged from 1 to 17. Mathematical 
models were constructed to depict the responses of bend-
ing stresses (Y1 ) and compression stresses (Y2 ) as func-
tions of the independent variables A, B, and C. These pre-
dictive models, respectively for bending and compression, 
were derived from the results of experimental trials con-
ducted on the samples and expressed in terms of decoded 
variables in Eq. (2) and Eq. (3): 

Y A B C AB
AC BC A

1

2

11 68 3 21 0 33 6 26 0 4

1 73 0 49 0 52 0 14
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	 (2)
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2

2

69 59 0 96 6 03 37 18

1 63 1 37 5 69 7 64 1
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. . . .

. . . . .446ABC.
	 (3)

The adequacy of the regression models was assessed 
at the 95% confidence level using ANOVA. Model signif-
icance was determined from the p-values, where values 
below 0.05 indicated a statistically significant effect on 
the response  [37–39]. According to the ANOVA results, 
the models for bending (F  =  2645.36) and compression 
(F  =  41.68) were highly significant, with only a 0.01% 
probability of these results arising from noise [34, 40, 41]. 
For bending strength (Y1 ), significant terms included main 
factors A, B, and C; interactions AB, BC, and AC; quadratic 
terms A2, B2, and C2; and cubic effects ABC, A2B, A2C, and 
AB2. For compression strength (Y2 ), the significant terms 
were A, B, and C; interactions AB, AC, and BC; the qua-
dratic term C2; and the cubic effect ABC. The coefficients 
of determination were very high (R2 = 0.9999 for bending, 
R2 = 0.9766 for compression), indicating excellent model 
fit. Predicted and adjusted R2 values were in good agree-
ment for bending (predicted = 1.0000, adjusted = 0.8616, 
experimental R2 = 0.9995), explaining 99.99% of the vari-
ability. For compression, predicted and adjusted R2 val-
ues (0.9766 and 0.6872, respectively, with experimental 

R2 = 0.9531) showed good predictive capability. The coef-
ficient of variation (CV) values was well below the 15% 
acceptability threshold  [18], at 0.19% for bending and 
2.24% for compression, confirming the precision and reli-
ability of the experimental data.

5 Results and discussion
5.1 Variation of mechanical performance
The experimental results derived from the Central 
Composite Design (CCD) clearly demonstrate that both 
bending strength (Y1 ) and compressive strength (Y2 ) of the 
hemp fiber-reinforced bio-composites are highly sensitive 
to the processing parameters, namely fiber length, NaOH 
concentration, and fiber content. The bending strength 
values were found to vary within a relatively narrow range 
(5.39–7.08  MPa), indicating that flexural performance is 
moderately influenced by the studied parameters (Fig. 4). 
This limited variation suggests that flexural behavior is 
mainly governed by fiber matrix interfacial bonding and 
fiber dispersion within the cementitious matrix, which 
were relatively stable under the experimental conditions. 
In contrast, compressive strength exhibited a much wider 
variation, ranging from 29.90 to 44.13 MPa (Fig. 4). This 
broader spread highlights the stronger dependence of 
compressive behavior on the quality of the cementitious 
matrix and its ability to transfer stresses effectively in 
the presence of fibers. While fibers tend to enhance ten-
sile and flexural responses by bridging microcracks, their 
incorporation can sometimes disturb matrix homogeneity 
and increase porosity, which in turn reduces compressive 
capacity when fiber content or treatment is not optimized. 

Fig. 4 Evolution of flexural and compressive strength across the 
17 experimental tests
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Overall, these findings emphasize that the optimization 
of processing parameters plays a more decisive role in 
improving compressive strength compared to bending 
strength. Nevertheless, the simultaneous improvement of 
both properties requires a balanced control of fiber dosage, 
surface treatment, and aspect ratio to ensure effective rein-
forcement without compromising matrix compactness.

5.2 Comparison with control mortar
The control mortar specimen, composed of plain cement 
mortar without fibers, exhibited a flexural strength of 
7.02 MPa and a compressive strength of 48.2 MPa. When 
compared with the bio-composites, it is evident that the 
incorporation of hemp fibers induced two distinct effects 
on the mechanical response. For bending strength, the 
values of the reinforced composites (5.39–7.08  MPa) 
were very close to that of the control. In certain formula-
tions, the flexural resistance approached or even slightly 
exceeded the control value (7.08 MPa vs. 7.02 MPa), con-
firming that fiber reinforcement can effectively bridge 
microcracks and sustain flexural loads. This behavior 
highlights the potential of hemp fibers to compensate for 
the inherent brittleness of the cement matrix. For com-
pressive strength, however, a significant reduction was 
observed. While the control mortar reached 48.2  MPa, 
the reinforced composites ranged only between 29.90 
and 44.13  MPa (Fig.  5). This decline can be attributed 
to the disturbance in matrix compactness and increased 
porosity induced by fiber incorporation. Although fibers 
improve tensile and flexural performance, they may act 
as flaws under compressive loading if their distribution, 
aspect ratio, or surface treatment is not optimized. These 
observations underline a key trade-off: the reinforcement 
with hemp fibers contributes positively to flexural perfor-
mance but tends to reduce compressive capacity relative 

to plain mortar. Hence, optimization of fiber length, con-
tent, and chemical treatment is crucial to achieving a bal-
anced enhancement of both mechanical properties.

5.3 Identification of optimal combinations
Certain tests demonstrated remarkable improvements in 
both responses. For example, Test 17 achieved the highest 
compressive strength (44.13 MPa) with a bending strength 
of 7.06 MPa, suggesting a nearly optimal balance between 
the three factors. Similarly, Test  13 also exhibited high 
performance (7.08  MPa bending, 42.80  MPa compres-
sion), confirming that the appropriate selection of fiber 
treatment and dosage significantly enhances the overall 
performance of the composites. Conversely, Tests 10 and 
12  reported the lowest strengths (4.94 and 5.39  MPa in 
bending; 31.83 and 29.90  MPa in compression, respec-
tively). These results may be attributed to poor compat-
ibility between fibers and matrix or to non-optimal fiber 
dosage and distribution.

5.4 Influence of fiber treatment and content
The effect of alkaline treatment was found to be critical 
in enhancing adhesion between the fiber and the cementi-
tious matrix. Proper NaOH concentrations contributed to 
the removal of amorphous components (lignin, hemicel-
lulose), improving bonding and stress transfer. However, 
excessive treatment or inadequate fiber dispersion could 
lead to decreased performance, as reflected in lower 
strength values in some trials. Additionally, the fiber con-
tent played a dual role: while moderate fiber percentages 
improved crack bridging and tensile strength, excessive 
fiber volume may have induced fiber clustering and poros-
ity, which negatively impacted compressive strength.

5.5 Statistical modeling and validation
The ANOVA results confirmed the high significance of 
the developed models. The cubic regression model was 
found to be the most suitable, with coefficients of determi-
nation R2 = 0.9999 for bending and R2 = 0.9918 for com-
pression, demonstrating excellent agreement with exper-
imental data. The predicted and adjusted R2 values were 
also consistent, particularly for bending, where the model 
explained over 99% of the observed variability. The low 
coefficients of variation (CV  =  0.19% for bending and 
2.24% for compression) further validate the accuracy and 
reliability of the experimental campaign. Fig. 6 illustrates 
the correlation between the predicted and experimental 

Fig. 5 Comparison of flexural and compressive strengths of the control 
mortar and hemp fiber-reinforced bio-composites (min-max range)
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values for compression and bending responses, respec-
tively. These plots serve as a critical diagnostic tool for 
assessing the quality of the developed models. A close 
alignment of data points along the 45-degree diagonal line 
indicates a high degree of agreement between predicted 
and actual values, thereby demonstrating the reliability 
of the model. Moreover, the dispersion of the data points 
around the line of perfect agreement provides insight into 
the model's predictive accuracy. A narrow and symmet-
ric distribution around this line suggests minimal system-
atic error and a good representation of the experimental 
data by the model. The coefficient of determination (R2) 
values obtained for bending and compression are 0.9999 
and 0.9918, respectively, indicating excellent model per-
formance. The near-perfect (R2) value for bending stress 
reveals an almost ideal fit, while the high (R2) value for 
compression stress also confirms strong predictive capa-
bility, albeit with slightly more variability. These findings 
confirm that the linear regression models developed for 
both responses are statistically significant and capable of 
accurately capturing the underlying experimental trends.

5.6 Graphical representation of responses
The interpretation of the experimental data can be sig-
nificantly enhanced through graphical representations, 
which provide a clearer understanding of the influence 
of the studied parameters on the mechanical behavior of 
hemp fiber-reinforced mortars. Several types of plots are 
recommended and discussed below.

5.6.1 Response surface plots
Three-dimensional response surface plots provide valu-
able insights into the combined effects of two experimen-
tal factors on mechanical strength, while keeping the third 

constant at its central value. For instance, plots of fiber 
length versus NaOH concentration reveal that moderate 
alkaline treatment coupled with intermediate fiber lengths 
generally favors flexural performance, while compressive 
strength tends to decrease when extreme values of either 
parameter are used. These surfaces visually confirm the 
statistical significance of factor interactions identified in 
the ANOVA analysis and help pinpoint the most favorable 
processing conditions. 

•	 According to Table  2 the experimental trials 
clearly highlight a greater variability in compres-
sive strength  (≈  30–44  MPa) compared to flex-
ural strength  (≈  5.4–7.1  MPa). The highest values 
observed in the CCD campaign confirm two distinct 
zones of performance:

•	 Flexural strength (Y1 ): a maximum of 7.08 MPa at 
A = 5 mm, B = 2%, C = 1% (run #13), closely fol-
lowed by 7.06 MPa at A = 5 mm, B = 4%, C = 1% 
(run #17).

•	 Compressive strength (Y2 ): the maximum value of 
44.13 MPa was also achieved at A = 5 mm, B = 4%, 
C = 1% (run #17).

These trends suggest that long fibers (A high) and a low 
fiber volume fraction (C ≈ 1%) are favorable for both prop-
erties, while the effect of alkaline treatment (B) appears 
more nuanced, acting as a tuning parameter.

The 3D surfaces (Fig. 7) at C = 1% illustrate:
•	 Y1 (flexural strength): a clear ridge at high A (≈ 5 mm). 

The predicted optimum occurs for B  ≈  2.8–3.2%, 
in good agreement with experimental maxima at 
B = 2% and 4%: 
•	 predicted at 5  mm, 2%, 1%: 7.12  MPa (close to 

measured 7.08 MPa). 

Fig. 6 Plots of predicted versus experimental values for bending and compression
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•	 predicted at 5 mm, 3%, 1%: 7.49 MPa, suggest-
ing a slightly higher flexural strength at B ≈ 3%, 
a condition not yet tested experimentally.

•	 Y2 (compressive strength): a broad plateau for 
A  ≈  5  mm, B  ≈  4%, C  =  1%, with a maximum 
of  ≈  44.1  MPa, consistent with the experimental 
peak at run #17 (44.13 MPa).

These plots confirm the antagonistic behavior of fiber 
content: while fibers enhance ductility and crack-bridging, 
excessive amounts reduce compactness, leading to strength 
loss. Moderate alkali treatment (≈ 3%) improves fiber-ma-
trix adhesion without excessive degradation of fibers.

5.6.2 Contour plots
Contour plots offer a two-dimensional projection of 
the response surfaces, making it easier to delineate the 
regions of optimal mechanical performance. These plots 
are particularly useful to identify parameter ranges that 
simultaneously maximize bending and compressive 
strength. The  two-dimensional contour plots derived 

from the response surface models (Fig. 8) provide com-
plementary insight into the interaction effects between 
the studied parameters: 

•	 Flexural strength (Y1 ): The contour maps reveal 
an elongated elliptical ridge at high fiber length 
(A  ≈  5  mm) combined with low fiber fraction 
(C  ≈  1%). The gradient is more pronounced along 
the C-axis, confirming that fiber dosage is the most 
influential factor. As C increases beyond ≈1.5%, the 
contours rapidly converge toward lower strengths, 
illustrating the detrimental effect of excessive fiber 
content. Conversely, the plots show that the effect 
of NaOH concentration (B) is less abrupt, forming 
broad contour regions between 2–4%, where flex-
ural strength remains close to its maximum. This 
indicates that moderate alkaline treatment improves 
adhesion while maintaining fiber integrity.

•	 Compressive strength (Y2 ): The compression contour 
plots display a wide plateau extending across the 
region A ≈ 5 mm and B ≈ 3–4% at C = 1%. The con-
tours here are more circular, showing reduced 

Fig. 7 3D response surface plot for the binary interaction (A-B) effect of the bio-composite manufacturing parameters on the bending and compression

Fig. 8 2D contours plots for the binary interaction (A-B) effect of the bio-composite manufacturing parameters on the bending and compression
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sensitivity to factor B compared with Y1. However, 
a sharp drop is evident along the C-axis, again con-
firming that fiber volume is the limiting parameter. 
Notably, the compressive contours suggest that even 
slight increases in C beyond 1.3% lead to a steep 
reduction in strength, regardless of A or B.

6 Conclusions
This study investigated the influence of hemp fiber length, 
alkaline treatment, and fiber volume fraction on the 
mechanical performance of hemp fiber-reinforced cemen-
titious composites, combining an experimental cam-
paign with statistical modeling through Response Surface 
Methodology (RSM). The results revealed that flex-
ural strength exhibited only moderate variability (≈ 5.4–
7.1  MPa), mainly governed by fiber-matrix adhesion 
and dispersion, while compressive strength displayed a 
broader range  (≈ 30–44 MPa), underscoring its sensitiv-
ity to matrix compactness and porosity. Compared with 
the control mortar, the incorporation of hemp fibers main-
tained or slightly improved flexural strength but reduced 
compressive capacity, highlighting the trade-off between 
crack-bridging benefits and potential disturbance of matrix 
homogeneity. Optimal performance was achieved with 
fibers of 5  mm length, a NaOH concentration of 2–4%, 
and a fiber volume fraction of 1%, providing the best bal-
ance between tensile reinforcement efficiency and matrix 
compactness. The developed statistical models demon-
strated excellent predictive accuracy (R2 = 0.9999 for flex-
ural strength and 0.9918 for compressive strength), fur-
ther validated by the strong agreement between predicted 
and experimental results. Response surface and contour 

plots confirmed the critical role of fiber dosage and treat-
ment intensity in defining performance windows and 
suggested that slightly higher flexural strength could be 
attained with NaOH treatment near 3%, a parameter that 
warrants further experimental validation. From a broader 
perspective, this work contributes to the advancement of 
sustainable construction by highlighting hemp fibers as 
an effective natural reinforcement for cementitious com-
posites. The findings not only improve understanding of 
the mechanical behavior of plant fiber-based composites 
but also establish a robust methodological framework for 
optimizing their formulation. Future work should focus on 
long-term durability aspects such as shrinkage, creep, and 
resistance to aggressive environments. In addition, sus-
tainability claims could be further strengthened through 
life cycle assessment (LCA) and carbon footprint anal-
ysis. The use of hybrid reinforcement systems may also 
be explored to overcome the reduction in compressive 
strength while maintaining the benefits of natural fibers. In 
summary, hemp fiber-reinforced cementitious composites 
demonstrate strong potential as eco-efficient construction 
materials. With careful optimization of fiber treatment and 
content, and by integrating durability assessment, sustain-
ability metrics, and hybrid reinforcement strategies, these 
composites offer a promising pathway toward greener, 
more resilient, and scalable building solutions.
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