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Abstract

The purpose of this research is to optimize several variables, including fiber length, volumetric fiber percentage, and sodium hydroxide 

(NaOH) solution concentration, which influence the bending and compression behavior of cementitious composites reinforced with 

plant-based fibers from Agave americana. Samples of composites based on fibers extracted from Agave americana and a cement matrix 

were manufactured and prepared according to a reference mortar. Box-Behnken Design (BBD) of Response Surface Methodology 

(RSM) was employed to build an experimental design to explore their mechanical behavior and to construct a set of mathematical 

models predictive of their behavior. The first stage of the work includes the extraction and processing of Agave americana fibers and 

the preparation of cement and Agave americana mortar specimens. The second phase aims to establish mathematical models to 

forecast the workability of the cement mortar and its strength at 28 days while emphasizing the correlations and interactions between 

the different components through the Design Expert software.
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1 Introduction
Many sectors, including the automotive industry, aerospace 
companies, building sector, and medical field, incorporate 
composite materials. A composite material is defined as 
any alloy or raw material comprising reinforcement in the 
intimate association of at least two components: the rein-
forcement and the matrix, which must be compatible with 
each other and become united. Because the material and 
the product are generated simultaneously, composite's 
mechanical properties differ from normal raw materi-
als in that they are only really known after manufacture. 
The requirements of the construction sector have resulted 
in significant waste generation, material use, and energy 
consumption for built infrastructure  [1,  2]. The  building 
and construction sector consumes a significant amount of 
land, energy, and raw materials, as well as notably con-
tributing to environmental pollution, including greenhouse 
gas emissions [3]. In conjunction with this, the construc-
tion sector should consider the use of renewable materials 

and industrial by-products to increase sustainability. 
The  reinforcing of concrete with steel is one of the most 
effective technical applications in civil engineering [4–6]. 
A cementitious composite is a material comprised of plant-
based fibers added to a cement matrix [7–10]. However, due 
to the prevailing regulations, the survey of these materi-
als kind must increasingly take into account the environ-
mental aspect of their development. Plant fiber and cement 
matrix composites have been the subject of many investi-
gations in recent years because advantages over asbestos 
fibers: low cost, healthier processing, renewal, and recy-
cling [8, 10–11], whereas the use of asbestos is challenged 
by health legislation [12]. For several purposes, including 
roofing sheets, pipes, wall cladding, and other applications, 
asbestos cement can be substituted by composite materials 
reinforced with cellulosic fibers. The choice of reinforce-
ment is still crucial. It must be compatible with the mortar 
matrix with which it will be used, have acceptable cost, 
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and have good intrinsic strength properties (elastic mod-
ulus, geometry, etc.). Flax, cotton, jute, hemp, sisal, palm, 
bagasse, ramie, and processed specialty fibers are among 
the most common plant fibers. As mentioned in the relevant 
references [13] and [14], natural fibers can be employed in 
conjunction with their produced counterparts for fiber rein-
forcing and improving the characteristics of cement mor-
tar. Moreover, plant-based natural fibers can be used in 
a variety of building industry applications owing to their 
mechanical and chemical properties  [1, 15]. Extensive 
research that explored the integration of plant-based natu-
ral fibers in the concrete industry revealed that the mechan-
ical characteristics of concrete significantly improved [16–
18]. Recently researchers have focused on statistical 
methods for investigating and characterizing the mechan-
ical properties of cement reinforced with vegetable fibers. 
Khelifa et al. [19] have conducted a very interesting study 
that aims to carry out an experimental and static study of 
a mortar reinforced by date palm mesh fibers. In another 
analysis, the authors proposed an experimental design to 
statistically analyze the mechano-physical properties of 
a jute yarn-reinforced composite [20]. Moreover, investiga- 
tions have been made on experimental and statistical analy-
sis based on analysis of variance (ANOVA) of the mechan-
ical properties and the compressive and bending behavior 
of composites manufactured of cement mortar reinforced 
with vegetable fibers [21–24]. In Algeria Stipa tenacissima, 
Ampelodesmos mauritanicus, Cork, and Agave americana 
are abounding, their harvests and their industrialization 
are a substantial source of income for some entire popu-
lations. In this study Agave americana, fiber is chosen for 
reasons of availability and economy, comes from a renew-
able source, and can be integrated rationally in the field 
of construction. This research was carried out both exper-
imentally and numerically investigations. The work was 
subdivided into two parts. In the first part, Agave ameri-
cana fibers were extracted and chemically treated at sev-
eral concentrations of alkaline. After, specimens of com-
posites based on extracted fibers and a cement matrix were 
produced and prepared according to a reference mortar. 
The samples were characterized using standard bending 
and compression tests. The second part was dedicated to 
a statistical analysis of obtained results. The effect of some 
parameters on the mechanical behavior of the processed 
composites was considered. An experimental design was 
developed considering the following factors: volumetric 
fiber length, fiber fraction, and percent of NaOH. Using 
the response surface methodology (RSM) and based on the 

Box-Behnken Design (BBD), a set of mathematical mod-
els with a predictive character of the essential mechanical 
properties of the composite has been introduced.

2 Materials and methods
2.1 Fibers preparation 
In this research, we used Agave americana which is among 
the most responded plant species in Algeria. The  fresh 
blades (Fig. 1(a)) extracted from the plant were collected 
in the region of Tebessa situated in the extreme east of 
Algeria. The blades were immersed in a closed water 
drum for 21 days to separate the fibers from the body of 
the blade and achieve their extraction. They were then 
crushed with a blunt knife to remove the outer shell of the 
plant and release the fibers, as shown in Figs. 1(b) and 1(c). 
They were subsequently immersed in water for two days 
at room temperature, then leave to dry for 12 hours at 
a  room temperature of about 25  °C. The extraction was 
done manually to separate the raw fibers into individual 
fibers of different diameters and lengths. To improve the 
physical and mechanical properties of composite sys-
tems made of Agave americana fibers and cement mor-
tar matrix, the fibers must undergo several chemical and 
thermal treatments [25–26]. They were chemically treated 
with a sodium hydroxide (NaOH) solution, using various 
concentrations of NaOH (2%. 5%, and 8%), in an attempt 
to remove impurities, modify their chemical state and their 

Fig. 1 Various phases of extraction of Agave americana: a) Blades used 
in fibers extraction, b) Crushing of the fibers, c) Extraction fibers, 

d) Agave americana fibers before drying, e) Agave americana fibers 
after drying

(a) (b) (c)

(d) (e)
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surface state in such a way as to give them better compati-
bility with the matrix. To get a neutral PH, the fibers were 
submerged in a 0.5% sulfuric acid solution for 10 minutes 
and washed at the end with distilled water [27] (Fig. 1(c)). 
After all these processes, the fibers were dried (Fig. 1(d)) 
and stored in hermetic bags after being sliced into chunks 
of 5, 10, and 15 mm in length.

2.2 Response surface methodology
Response Surface Methodology is comprised of a set of 
mathematical and statistical techniques that are based on 
fitting empirical models to experimental data obtained 
from the experimental design [28]. It was originally con-
ceived and developed by Box and Wilson [29–30] and has 
been used with great effectiveness in a wide range of sci-
entific disciplines. RSM has several advantages, such as 
effectiveness in predicting the model for each response, 
building a robust model with a small number of experi-
mental data points, assessing the interaction effect between 
factors, and localizing the optimal response [31]. In this 
methodology, regression analysis is used in conjunction 
with statistical techniques to display the overall exper-
imental data set and predict the relationships between 
a response of interest, y (dependent variable), and several 
related input or control variables, denoted by x1 through xk 
(independent variables) [31–33]. This experimental design 
is characterized by a limited calculation interval. The used 
levels, labeled by the codes (-1) and (+1), signify, respec-
tively, the minimum and the maximum of the level values 
assigned to the factors which are centralized about a mid-
dle value (0). In this work, bending and compression tests, 
on a bio-composite consisting of cement mortar reinforced 
with Agave americana fibers were performed using the 
parameters listed in Table 1. Based on the methodology 
RSM, the parameters that were used to build the experi-
mental design were: fiber length (A), volumetric fiber frac-
tion (B), and % of NaOH  (C). The Box-Behnken Design 
used in this study was shown in a previous study to be sig-
nificantly more effective than the full three-level factorial 
designs and the central composite designs [34]. The RSM 
technique provides regression models that may be used to 
determine the influence of factors and their levels on the 

mechanical properties (in this case bending and compres-
sive stresses). In this study, a fitting analysis suggested the 
implementation of a model involving a quadratic function 
equation. The second-order polynomial equation most 
widely used in fitting the experimental data and determin-
ing the relevant model terms is expressed as follows:

Y a a X a X a X Xi i
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k

ij i
i

k
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where Y represents the predicted response, i.e., the bending 
and compression strength, a0, the constant coefficient, Xi 
and Xg the variables, ai, the ith linear coefficient of the input 
factor Xi, aii, the ith quadratic coefficient of the input factors 
Xi, aij, the different interaction coefficients between input 
factors Xi and Xj (I = 1–3; j = 1–3), and εi, the error of the 
model [35]. Instead of performing a test campaign consist-
ing of 27 experiments for the bending test and a further 27 
for the compression test, this number can be reduced to just 
17 for each of these two tests, by selecting and implement-
ing an experimental design with RSM and BBD Design 
and using the Design expert software. Table 2 illustrates 
the levels and factors involved in this experimental design.

2.3 Preparation of the bio-composite
The specimens were produced and prepared according to 
a reference mortar (control) conforming to the European 
standard EN 196-1 [36]. For the control mortar, the compo-
sition of cement, sand, and water is 1:3: 0.5 with 450 ± 2 g 
of cement, 1350 ± 5 g of sand, and 225 ± 1 ml of water. 
Different volumetric percentages of fibers: 0.5, 1, and 1.5% 
treated at different concentrations of alkaline: 2, 5, and 8% 
and clipped to different lengths: 5, 10, and 15 mm were 
added to the mixture (decreasing the weight of sand each 

Table 1 Various parameters are used to produce bio-composite 
consisting of cement mortar reinforced with Agave americana fibers

Factors Unit Symbol Min
level (–1)

Medium 
level (0)

Max 
level (+1)

Fiber length mm A 5 10 15

Fiber fraction 
(% V) % B 0.5 1 1.5

NaOH % C 2 5 8

Table 2 The levels and factors involved in the construction of the experimental design adopted in this study

Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fiber length (mm) 10 15 5 15 10 5 10 10 10 15 5 10 5 10 10 10 15

Fiber fraction (% V) 0.5 0.5 1 1.5 1 1.5 1.5 1 1.5 1 0.5 1 1 1 0.5 1 1

NaOH (%) 8 5 2 5 5 5 2 5 8 2 5 5 8 5 2 5 8
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time). The process of adding the fibers to the mixture was 
carried out by adding and mixing the treated fibers manu-
ally and gradually for five minutes to promote and facili-
tate the dispersion of the fibers in the mixture. The samples 
were placed inside steel molds sized 40 × 40 × 160 mm 
(Fig. 2(a)). Using a shock table, they were subjected to 60 
blows in two phases to eliminate air bubbles (Fig. 2(b)). 
The specimens were then placed for 24 hours in a humid 
room at a temperature of 20 °C and a humidity of 90.5% 
(Fig.  2(c)). After demolding, they were left in the water 
to cure until ready to be tested after 28 days. According 
to European Standard EN 196-1, compressive strength 
(Fig. 3(b)) and three-point bending tests were conducted 
(Fig. 3(a)). The different types of specimens, as indicated 
in Fig. 2, were all tested at least three times in both com-
pression and bending. The tests were carried out at room 
temperature using a universal ToniPrax 1543 machine 
equipped with a 10 kN load cell at a speed of 2 mm/min. 
The testXpert software was deployed to collect the results.

3 Results and discussion
3.1 ANOVA and regression models
The average results from the experimental bending and com- 
pression tests (breaking stresses), achieved for the manu-
factured cementitious composite (Agave americana fibers 
reinforced mortars) and carried out according to the pre- 

established experimental design are reported in Table  3. 
All the responses (bending and compression stresses) were 
analyzed separately using the polynomial regression mod-
els presented in Table 4, which are: linear, two-factor inter-
action (2FI), quadratic, and cubic. These models were sta-
tistically evaluated by determining the most significant 
variables that affect the mechanical characteristics of the 
mortar reinforced with bio-fibers. In Tables 5 and 6, respec-
tively, the initial ANOVA outcomes for the bending and 
compression strengths can be seen. The sum of squares and 
mean square values for each parameter are displayed in the 
ANOVA tables, and the p-value and F-value are defined 
as the ratio of the respective mean square effect and mean 
square error. In this research, we used a Box-Behnken 
Design, which provides for the development of a test cam-
paign made of a set of 17 tests, including five points corre-
sponding to the model's center. The number of trials ranged 
from 1 to 17. The planning matrix shown in Table 2 cov-
ers different combinations of the factors: fiber length (A), 
volumetric fiber fraction (B), and percentage of NaOH (C). 
Mathematical models that depict the responses of bending 
stresses (Y1) and compression stresses (Y2) as a function 
of the independent variables A, B and C were fitted using 
the results from the experimental trials conducted on the 
samples. Before excluding insignificant terms, the predic-
tive models are expressed in terms of coded variables in the 
following equations:

Y A B C AB

AC BC A
1

2

3 90 0 44 1 93 0 54 0 075

0 15 0 37 0 18 1 2
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. . . . .

. . . . 00 0 025
2 2B C� . ,
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2
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. . . .. . .44 0 36
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The suitability of the regression models to explain 
the experimental data at the 95% confidence level was 
explored from the ANOVA results. The significance of the 

(a)                                   (b)                                   (c)
Fig. 2 Preparation of reinforced mortar: a) Steel prismatic mold of 

40 × 40 × 160 mm, b) Shock table, c) Humid room

(a)                                               (b)                                                 (c)                                                       (d)
Fig. 3 Picture of a) 3-point bending setup, b) specimen after bending test, c) compressive strength setup, d) specimen after compressive strength test
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principal effects and interaction effects in the predicting 
models was considered based on their probability values 
(p-values). P-values less than 0.05 require rejection of the 
null hypothesis denoting that the particular term signifi-
cantly affects the measured response of the system [34].

From the ANOVA Tables 5 and 6, "F-value" of the mod-
els is 79.82 for bending and 730.42 for compression respec-
tively, which implies that the models are significant. There 
is only a 0.01% chance that the model could occur due to 
noise [19–23]. Probability values less than 0.05 indicate 
that the model terms are significant [35]. In the case of the 

bending stresses, the factors A, B, and C, the interaction 
BC, and the quadratic effects B2, are significant terms in 
the model. The P-value obtained for the interaction of type 
AB is 0.5466 (>0.05), type AC is 0.2457(>0.05), type A2 
is 0.1732 (>0.05) and C2 is 0.8347(>0.05), there is, there-
fore, no significant effect. As well as the compression, 
the factors A, B, C, the interaction BC, and the quadratic 
effect B2 are significant terms in the model. The P-value 
obtained for the interaction of type AB is 0.9039 (>0.05), 
type A2 is 0.6668 and C2 is 0.1050, there is therefore no 
significant effect.

Table 3 Experimental design and response settings for bending and compression tests through RSM Box-Behnken

Run Factor 1 Factor 2 Factor 3 Bending (MPa) Compression (MPa)

fiber length A: (mm) fiber fraction B: (% V) NaOH C: (%)

Control 0 0 0 7.1 37.3

1 10 0.5 8 6.2 34.7

2 15 0.5 5 6.1 35.6

3 5 1 2 4.4 23.8

4 15 1.5 5 2.8 16.1

5* 10 1 5 3.9 20.1

6 5 1.5 5 3.6 19.6

7 10 1.5 2 3.2 19.7

8* 10 1 5 3.9 20.1

9 10 1.5 8 2.7 16.9

10 15 1 2 3.9 20.4

11 5 0.5 5 7.2 39.2

12* 10 1 5 3.9 20.1

13 5 1 8 3.8 21.8

14* 10 1 5 3.9 20.1

15 10 0.5 2 8.2 40.3

16* 10 1 5 3.9 20.1

17 15 1 8 2.8 16.2

*Five points in the center of the model.

Table 4 Fit summary of the two statistical models (bending stress and compressive stress)

Test type Source SD R2 Adjusted R2 Predicted R2 PRESS Observation

Bending

Linear 0.74 0.8233 0.7825 0.6563 13.98

2FI 0.81 0.8399 0.7483 0.2865 29.02

Quadratic 0.24 0.9904 0.9779 0.8456 6.28 Suggested

Cubic 0.00 1.0000 1.000 – + Aliased

Compression

Linear 4.30 0.7708 0.7180 0.5835 437.52

2FI 4.87 0.7739 0.6382 0.1010 944.47

Quadratic 0.40 0.9989 0.9976 0.9830 17.88 Suggested

Cubic 0.00 1.0000 Aliased

SD: Standard deviation 
PRESS: Predicted sum of squares
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The R2, adjusted R2, and predicted R2 determination coef- 
ficients were assessed to accurately analyze the regression 
analysis. R2 represents the percentage of overall response 
variation that the models have predicted. The models' suit-
ability and the precision of the derived values are evidenced 

by correlation coefficients that are close to 1  [19]. When 
a new term is introduced, adjusted R2 can be used to avoid 
probability errors and is a useful tool for comparing the 
explanatory power of models with various numbers of 
predictors. Regression analysis uses the predicted R2 to 

Table 5 Initial ANOVA results and statistical parameters for bending stress

Source Sum of squares Df Mean square F-Value P-Value Prob > F Observation

Model 40.28 9 4.48 79.82 < 0.0001 Significant

A-Length 1.53 1 1.53 27.31 0.0012

B-Volumetric 
fraction fibers 29.64 1 29.64 528.70 < 0.0001

C-NaOH 2.31 1 2.31 41.22 0.0004

AB 0.023 1 0.023 0.40 0.5466

AC 0.90 1 0.090 1.61 0.2457

BC 0.56 1 0.56 10.03 0.0158

A2 0.13 1 0.13 2.30 0.1732

B2 6.06 1 6.06 108.13 < 0.0001

C2 2.632 × 10–3 1 2.632 × 10–3 0.047 0.8347

Residual 0.39 7 0.056

Lack of Fit 0.39 3 0.13

Pure Error 0.00 4 0.00

Cor Total 40.68 16

Fit Statistics Std Dev = 0.24 R2 = 0.9904

Mean = 4.37 Adjusted R2 = 0.9779

C.V. % 5.42 Predicted R2 = 0.8456

Adeq Precision = 29.389

Table 6 Initial ANOVA results and statistical parameters for compression stress

Source Sum of squares df Mean square F-Value P-Value Prob > F Observation

Model 1049.46 9 116.61 730.42 < 0.0001 Significant

A-Length 32.40 1 32.40 202.96 < 0.0001

B-Volumetric 
fraction fibers 750.78 1 750.78 4702.88 < 0.0001

C-NaOH 26.64 1 26.64 166.90 < 0.0001

AB 2.500 × 10–3 1 2.500 × 10–3 0.016 0.9039

AC 1.21 1 1.21 7.58 0.0284

BC 1.96 1 1.96 12.28 0.0099

A² 0.032 1 0.032 0.20 0.6668

B² 232.91 1 232.91 1485.95 < 0.0001

C² 0.55 1 0.55 3.47 0.1050

Residual 1.12 7 0.16

Lack of Fit 1.12 3 0.37

Pure Error 0.000 4 0.000

Cor Total 1050.59 18

Fit Statistics Std Dev = 0.40 R² = 0.9989

Mean = 23.81 Adjusted R2 = 0.9976

C.V. % 1.68 Predicted R2 = 0.9830

Adeq Precision = 78.848
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illustrate how well the model predicts responses for new 
observations. Because it is derived from observations not 
included in the model estimation, the predicted R2 could 
be more useful for comparing models than the adjusted R2. 
The coefficients of determination R2and adjusted R2 are 
indicative of the adequacy of the polynomial fit and must 
be approximately 0.20 of one another, to be in reasonable 
agreement [19]. The two models have high coefficients of 
determination (R2 = 0.9904 for bending stresses and R2 
= 0.9989 for compression stresses). The adjusted R2 will 
commonly decrease if statistically insignificant factors 
are incorporated into the model. When the R2 and adjusted 
R2 are significantly different, there is a strong probability 
that non-significant terms are included in the model [30]. 
According to this study, for the first response  (Y1), the 
predicted and adjusted R2 values are close to 1.00, 0.8456, 
and 0.9779, respectively, suggesting that the predicted and 
experimental bending stresses are in excellent agreement. 
This model can reveal 99.04% of the variability, accord-
ing to the excellent agreement between the R2 and the 
experimental values, which is 0.9904. Likewise, the val-
ues of R2, predicted R2, and adjusted R2 for the second 
response (Y2) are, respectively, 0.9989, 0.9830, and 0.9976, 
indicating a good correlation between the predicted and 
observed values.

A model is generally regarded as credible if its coef-
ficient of variation (CV) is not higher than 15% [30]. 
The (CV) is calculated as the ratio of the standard error of 
the estimate to the mean value of the observed response. 
Because of this, the obtained coefficient of variation values 

in this work of 5.42% for bending stresses and 1.68% for 
compression stresses indicate that the experiments were 
highly precise and reliable.

The ANOVA was then re-run after removing non-sig-
nificant terms and the results for bending and compression 
are reported in Tables 7 and 8. The adequacy of the regres-
sion models to interpret the experimental data at the 95% 
confidence level was examined using the ANOVA results. 
Finally, based on the final ANOVA for two responses Y1 and 
Y2, as well as interactions with significant effects, a fitted 
regression model in terms of coded variables with statisti-
cal significance can be reported in the following equations:

Y A B C

BC B
1

2

15 4375 0 0875 14 6111 0 42917

0 25 4 75556

� � � �

� �

. . . .

. .

	 (4)

and

Y A B C

AC
2 77 09167 0 21917 81 10833 0 70833

0 036667 0 46667

� � � �

� �

. . . .

. . BBC B� 29 85 2
. .

	 (5)

Figs. 4(a) and (b), respectively, show the normal prob-
ability plot of the residuals for the two responses (Y1) 
and (Y2). The difference between the expected values and 
the actual values (residuals), which are predicted to fol-
low a normal distribution, should be used to estimate the 
model's accuracy. Figs. 4(a) and (b)'s data should be dis-
tributed uniformly out along a 45-degree line. The posi-
tions [30–31] are rather near to a straight line. The models 
are appropriate for all evaluated responses, as shown by 
the straight lines derived for the curves, which show that 
the studied residual follows a normal linear distribution. 

Table 7 Final ANOVA results and statistical parameters for bending stress

Source Sum of squares Df Mean square F-Value P-Value Prob > F Observation

Model 40.04 5 8.01 137.86 < 0.0001 Significant

A-Length 1.53 1 1.53 26.36 0.0003

B-Volumetric 
fraction fibers 29.64 1 29.64 510.41 < 0.0001

C-NaOH 2.31 1 2.31 37.79 0.0004

BC 0.56 1 0.56 9.68 0.0158

B2 5.99 1 5.99 108.07 < 0.0001

Residual 0.64 11 0.058

Lack of Fit 0.64 7 0.091

Pure Error 0.000 4 0.000

Cor Total 40.68 16

Fit Statistics Std Dev =0.24 R2 = 0.9843

Mean =4.37 Adjusted R2 = 0.9772

C.V. % 5.51 Predicted R2 = 0.9377

Adeq Precision = 36.319
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Fig. 4 Normal probability plot of the residuals for (a) bending, (b) compression

(a)

Table 8 Final ANOVA results and statistical parameters for compression stress

Source Sum of squares df Mean square F-Value P-Value Prob > F Observation

Model 1049.46 6 174.81 1015.60 < 0.0001 Significant

A-Length 32.40 1 32.40 188.24 < 0.0001

B-Volumetric 
fraction fibers 750.78 1 750.78 4361.84 < 0.0001

C-NaOH 26.64 1 26.64 154.80 < 0.0001

AC 1.21 1 1.21 7.03 0.0243

BC 1.96 1 1.96 11.39 0.0071

B2 235.86 1 235.86 1370.28 < 0.0001

Residual 1.72 10 0.17

Lack of Fit 1.72 6 0.29

Pure Error 0.000 4 0.000

Cor Total 1050.58 4

Fit Statistics Std Dev = 0.41 R2 = 0.9984

Mean = 23.81 Adjusted R2 = 0.9974

C.V. % 1.74 Predicted R2 = 0.9913

Adeq Precision = 90.385

(b)

The distribution of data points around the response vari-
able's average may also be used to choose an acceptable 
model. A data point with a uniform distribution around the 
response variable's mean shows that the model is appropri-
ate (Fig. 5). Using a predicted versus real plot, the relation-
ship between the expected values of the response based on 
the model equation and the actual values acquired in the 
experiment were examined. With an R2 value of 0.9843 
and 0.9984 for bending and compression stresses, respec-
tively, it is evident that the linear regression fit is appro-
priate and that the model accurately fits the experimental 
data. Moreover, the observed results and the correspond-
ing projected results are contrasted in Table 9. Fig. 6 shows 

the residuals against predicted values graphs for the final 
ANOVA for the two responses within the examination. 
The residuals for the two responses do not exhibit a sig-
nificant degree of dispersion, as can be seen in this fig-
ure. Consequently, it appears that the suggested model was 
appropriate.

3.2 D response surfaces 
Figs. 7 and 8 display the 3D response surfaces in the case of 
bending stress and compression stresses responses respec-
tively. According to the quadratic models given in Eqs. (4) 
and (5) and Tables 5 and 6, only one interaction combi-
nation between the three manufacturing parameters is 
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Fig. 5 Plots of predicted versus experimental values for (a) bending, (b) compression
(a) (b)

Table 9 Ten best solutions for bio-composite manufacturing parameters influencing bending and compression stresses

Number Fiber length (mm) Volumetric fiber fraction (%) NaOH (%) Bending stress (MPa) Compression stress (MPa) Desirability

1 5 0.5006 2.0001 8.2749 41.4372 1.00

2 5.0004 0.5 2.00203 8.27438 41.1361 1.00

3 5 0.500386 2.0007 8.27136 41.4179 1.00

4 5.00453 0.500001 2.00004 8.27458 41.4361 1.00

5 5.00002 0.500007 2.00364 8.27382 41.4347 1.00

6 5.00824 0.500004 2 8.27424 41.4349 1.00

7 5.00024 0.500817 2 8.26734 41.3961 1.00

8 5.00016 0.500001 2.00754 8.27268 41.4324 1.00

9 5.00081 0.501342 2.00004 8.26237 41.3693 1.00

10 5.00005 0.500003 2.01452 8.27055 41.4278 1.00

(a) (b)

Fig. 6 The plot of the residual and predicted values for (a) bending, (b) compression
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significant for the bending stress (B-C) and two interactions 
combinations (A-C) and (B-C) for the compressive stress. 
Considering a fixed value for parameter A = 10 mm (fiber 
length), the maximum value for the bending test response 
was found to be around 8.2 MPa and to be depending on 
the combination of processing conditions. This value was 
achieved for a bio-composite that had been treated with 2% 
NaOH and reinforced with 0.5% volumetric fibers (Fig. 7). 
The maximum value of the response in the compression 
test for interaction (A-C) depends on the combination of 
the treatment conditions and fiber length and is approxi-
mately 40.3 MPa for a fixed value for parameter B = 0.5% 
V of fiber. This value was reached for a bio-composite 
that has 10 mm of fiber length and 2% NaOH treatment 
(Fig. 8(a)). Also, this same maximum value (40.3 MPa) of 
the response in the compression test and for interaction 
(B-C) which depends on the combination of the treatment 
conditions and volumetric fiber % and is approximately 
40.3 MPa for a fixed value for parameter A (fiber length 
A = 10 mm). This value was reached for a bio-composite 
that has endured 2% NaOH treatment and 0.5% volumetric 
fiber reinforcement (Fig. 8(b)).

3.3 Optimization 
To pick the processing parameters that would lead to the 
optimized flexural and compressive properties of the bio- 
composite, the surface response methodology (SRM) was 
carried out. Three factors were used to perform the opti-
mization: fiber length (A), volumetric fiber percentage (B), 
and NaOH % (C). Based on the experimental findings 
reported in Table 9, and confirmed in Fig. 9, the optimal 
values of the responses, with target values of the objec-
tive function close to 1 (or 100%) for both tests (i.e., bend-
ing and compression), are selected as the most significant 
parameter values concerning the response factor. As can 
be seen in Table 9, the SRM process tends to find, among 
a multitude of solutions, the 10 best cases. In this context, 
the most efficient response values recorded for bending and 
compression stresses are respectively equal to 8.2749 MPa 
and 41.4372 MPa. They were recorded for the bio-compos-
ite with 0.5% volumetric fiber, a fiber length of 5 mm, and 
treated with 2% NaOH as depicted in Fig.  9. Compared 
to the control specimen, a 16.55% increase in bending 
resistance was registered as well as an 11.10% increase in 
compressive resistance. The histograms in Fig.  10 show 
the variation in: a) bending and b) compression responses 
respectively, depending on the involved factors (fiber 
length (A), volumetric fiber fraction (B), and percentage of 

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

response

(a)

(b)
Fig. 8 3D response surface plot for the binary interactions (a) (A-C) and 
(b) (B-C) effects of the bio-composite manufacturing parameters on the 

compressive response
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(a)                                                                                                                         (b)
Fig. 9 Histograms of the variation of the responses a) bending and b) compression as a function of the factors involved (fiber length (a), fiber volume 

fraction, (b), and percentage of NaOH, (c), provided by the predictive statistical models

NaOH (C)), provided by the predictive statistical models. 
As can be seen, the combination that leads to the optimal 
values of the two responses, respectively 8.2755 Mpa for 
bending and 41.9041 Mpa for compression is: 0.5% volu-
metric fiber, 5 mm fiber length and 2 % NaOH.

4 Conclusions
In this study, a cement matrix and fibers extracted from the 
Agave americana were used to produce bio-composites, 
and an experimental design was built using Box-Behnken 
Design (BBD) of Response Surface Methodology (RSM). 
The effect of three main parameters (fiber length (A), 
volumetric fiber percentage (B), and NaOH% (C), upon 
bending and compressive properties were explored. This 
investigation leads to the following findings:

•	 The mean values of the bending and compressive 
stresses of the reference mortar are around 7.1 MPa 
and 37.3 MPa, respectively.

•	 In both cases of bending and compression tests, anal-
ysis of variance ANOVA demonstrated strong coeffi-
cients of determination, which led to a successful fit-
ting of the regression models to the experimental data.

•	 The optimized contributions of variables on the flex-
ural and compressive properties were determined 
using contour plots. 

•	 The most efficient response values recorded for bend-
ing and compression stresses are respectively equal 
to 8.2749 MPa and 41.4372 MPa, which correspond 
to an increase of 16.54% and 11.09% compared to 
the reference mortar. They were recorded for the 
bio-composite with 0.5% V fiber, a fiber length of 5 
mm, and treated with 2 % NaOH.

Fig. 10 The optimum conditions for the bio-composite manufacturing parameters given the results of the bending and compression tests
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•	 The results show that the major improvements in 
flexural and compressive strength are obtained in the 
low levels of fiber length, volumetric fiber percent-
age, and NaOH% (C).

•	 The ANOVA reveals that the proposed quadratic 
models permit, among other possibilities, to deter-
mine the best selection of manufacturing parameters 
for mortars reinforced with Agave americana fibers, 
leading to the optimization of their mechanical char-
acteristics under bending and compression.

•	 These models also show that the manufacturing para- 
meters, length of fiber (A), % of volumetric fibers (B), 
and % of NaOH are significant for the bending and 
compression stresses respectively.

•	 The RSM analysis procures a comprehensive view 
of the feasibility and effectiveness of the bio-fiber 
reinforced mortar design and optimization approach 
using three influencing parameters
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