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ABSTRACT

This study optimizes the effect of recycled rubber aggregates and dune sand of EI-Oued's
region by maximizing the compressive strength of cementitious mortar using Taguchi's design
experiments. The experiments were designed using an L9 orthogonal array to see the different
relationships between the factors targeted in our research, namely: water/cement (W/C) ratio,
rubber aggregates (RA) content, and dune sand (SD) content, with the levels of each factor in the
mortar mixture. The samples were tested at 28 days in each of the nine trial conditions for two
responses:. compressive strength and ultrasonic pulse velocity. The results of the analysis of
variation (ANOVA) show that RA content is the factor that has the largest effect on the two tests,
and the second factor affecting the two tests is the W/C ratio. Then, the analysis shows that the SD
content has no significant effect on the mechanical resistance of the mortar for the two tests. And
from the mathematical models investigated in this study, we conclude that the factors RA content
and W/C ratio have a negative influence on the responses of the compression test and the
ultrasonic test together.
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INTRODUCTION

The Algerian Sahara has a large supply of dunes sand, particularly in the EI-Oued region,
where there is a growing shortage of river sand for the production of cement mortar. Added to this
is the factor of the remoteness of the Saharan regions from the supply points for aggregates, which
makes the value of construction materials more expensive. From these facts, using local materials
such as dune sand and recycled materials such as rubber granules from used tires could present
an economic advantage to manufacturing sustainable building materials.
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Over the past two decades, dune sand has become the subject of many studies in different
countries [1-5]. In this context, several research projects have been established in Algeria for the
solution to the problem of the depletion of natural resources by the valorization of dune sand in the
field of construction [6-11], which presented this material as the material of the future.

The evolution of increasingly restrictive requirements regarding environmental protection as
well as revision of economic standards inspired by sustainable development means that recycling
and recovery of industrial by-products have become very important from an environmental and
economic point of view [12-15]. All over the world, when it comes to the automotive industry, the
use of rubber tires is increasing every year [13, 16, 17].

Experimental studies have been carried out by Liu et al. [18] to assess the behavior of
concrete with recycled tire rubber particles. In addition, Kardos and Durham [19] conducted several
studies to determine how recycled rubber particles affect the mechanical and environmental
performance of rubber concrete, which showed that a substitution level up to 30% of fine
aggregates using crumb rubber is acceptable. These results are consistent with those obtained by
certain authors, concerning concretes and/or mortars based on rubber particles [20, 21], which
show a clear lack of adhesion and a more extensive transition halo between the cementitious
matrix and the rubber aggregates. Therefore, it is recommended to minimize the dosage of these
to keep the mechanical resistance within an acceptable range. However, these results did not
clarify the degree of contribution of each material to the mechanical and environmental properties.
Consequently, to solve this issue and the valorization of dunes sand in the EIl-Oued region, the
authors suggest using statistical analysis with the Taguchi method to find the best values for these
materials, which affect the mechanical strength of mortar and as well as getting the significance
level of each material through the analysis of variation (ANOVA) [22-25].

The studies reviewed above centered on assessing the usefulness of recycled tire rubber
aggregates (RTRA) in improving the performance of mortar and concrete. The mechanical
performances of recycled rubber aggregates mixed with dune sand in the mortar have rarely been
examined, and the best percentages of these components, which give the best mechanical
properties of the mortar, have not been defined. To this end, this study attempts to illustrate the
best values and the effect level of the recycled rubber aggregates mixed with the dune sand of El-
Oued's region on the mechanical behavior of rubber mortar by statistical analysis with the Taguchi
method.

TAGUCHI'S METHOD

The design of experiments by Taguchi's method is an original procedure based on a
statistical analysis of experimental results. This approach uses a robust experimental design
derived from a few orthogonal arrays to find the most significant factors and predict the optimum
responses in a short time and with fewer experiments [26, 27]. According to the characteristics of
the response to be optimized, signal-to-noise (S/N) ratios could be selected for three goals,
namely: larger is better if the maximum is the best with equation (1); smaller is better if the
minimum value is the best with equation (2); and nominal is better if the nominal value is the best
with equation (3), respectively [25, 28-30]. However, for this study, we calculate the optimum
values on the basis that "larger is better."

1
Larger is better: S /N =-10log HZY "} (1)

1
Smaller is better: S/N =-10log EZI/Y 2} 2)
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Nominal is better: S /N =10log L—Z} (3)
Y
Where:

nandY are the number of experimental tests and the experimental value, respectively.

Y and SY2 are the average of data and the variation of data, respectively.

EXPERIMENTAL WORK
Materials

This study used two types of sand: dune and alluvial sand. The dune sand (SD) comes
from the region of EI-Oued (Figurela) and the alluvial sand (SA) comes from the Djamaa sand pit,
in the EI-Oued Province (Figurelb). The physical properties of the sands are grouped in Table 1.

(a) Dune sand SD (b) Alluvial sand SA
Fig. 1 —Types of sand used

In addition, the rubber granules used in our study are obtained from the mechanical
crushing of waste tires (RTRA) and come from a rubber tire crushing plant located in Setif, Algeria.
After the elimination of their metallic and textile parts, they are crushed mechanically to obtain the
desired fineness (Figure 2). The granular class of the recycled rubber aggregates (RA) used in our
composites is from 0 to 4 mm, and the physical characteristics of these are summarized in Table 1.
Furthermore, the particle size distribution curves of sands and rubber aggregates are presented in
Figure 3.
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Fig. 2 — Rubber aggregates (0-4mm)

Tab. 1 - Physical properties of sands and rubber aggregates.

SA* SD** RA*+*
Apparent density (g/cm3) 1.64 1.56 -
Absolute density (g/cm?) 2.70 2.64 0.94
Fineness modulus 1.87 1.20 -
Sand Equivalent (%) 80 85 -
Water absorption (%) 2.60 1.62 0.30
Granulometry (mm) - - 0-4

(*) Alluvial sand ; (**) Dune sand ; (***) Rubber aggregates.
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Fig. 3 — Patrticle size distribution curves of sands and rubber aggregates.
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The cement used in all the experimental tests is a CEM 1l / B-L 42.5 N compound portland
cement, it was manufactured at the LAFARGE cement plant in Algeria, and its physical and

chemical properties are given in Tabl

e 2.

Tab. 2 - Physico-chemical properties of cement

Physical properties Value Chemical properties Value
Specific gravity (g/cm?3) 3.08 Loss on ignition 8.0+20
Blaine fineness (cm?/g) 3700 - 5200 | Insolube residue 1.35+0.65
Normal consistency (%) 26.5+ 2.0 | Sulphate content SOs (%) 2505
Expansion (mm) <3.0 Magnesium oxide content MgO (%) 1.710.5
Shrinkage at 28 days (um/m) <1000 Chloride content (%) 0.02 - 0.05
Initial setting time (min) 150 + 30 CsS 60+ 3.0
Final setting time (min) 230 £ 50 C2S 15+ 3.0
Compressive strength at 2 days (MPa) =210 Cs3A 75+£1.0
Compressive strength at 28 days (MPa) 2425 C4AF 11+£1.0

Design of mixtures

For statistical analysis, we applied Taguchi's method to model the effect of target factors in
our research, namely: water/cement (W/C) ratio, rubber aggregates RA content, and dune sand
SD content. wherein the levels of each factor were selected as shown in Table 3, based on a

bibliographic search.

With a matrix of three factors at three levels, the experiments were designed using an L9
(3®) orthogonal array as shown in Table 4.

Tab. 3 - The factors and levels targeted

Level
Factor 1 5 3
WI/C ratio 0.55 0.60 0.65
RA content (%) 0 08 16
SD content (%) 0 10 20

Tab. 4 - Experimental design of the L9(3%) orthogonal array

Trial WI/C ratio RA content (%) | SD content (%)
01 0.55 0 0
02 0.55 8 10
03 0.55 16 20
04 0.60 0 10
05 0.60 8 20
06 0.60 16 0
07 0.65 0 20
08 0.65 8 0
09 0.65 16 10
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Preparation of mixtures

We used a dosage of cement and sand corresponding to the dosage of the natural mortar
according to EN 196-1. That is, one part of cement and three parts of sand. Then, the mortar
formation used in our experimental study was carried out using RA and SD in two stages (Figure
4). In the first stage, we combined the rubber aggregates (0—4 mm) from recycled used tires in the
volumetric replacement of alluvial sand SA with 0, 8, and 16% volume substitution. Whereas in the
second stage, we incorporated the dune sand SD in substitution for alluvial sand SA volume with O,
10, and 20% volume substitutions. In addition, we changed the W/C ratio for three cases: 0.55,
0.60, and 0.65.

Fig. 4 —Preparation of mortar.

From these formulas, inspired by the design of the experimental (DOE), we launched the
mortar formulations campaign incorporating the rubber aggregates and dune sand that we present
in the following (Table 5). Knowing that the specimens produced in this study are prismatic in
shape with dimensions of 40 x 40 x 160 mm according to EN 196-1. They were all put in a curing
room in water at 20°C for 28 days before being submitted to compression and ultrasonic tests. It
should be noted that for the different mortar mixtures, three specimens from each mixture were
used to perform each test.

Tab. 5 - Composition of mortars used (kg/m?)

Trial Mixture Cement Alluvial Rubber Dune sand Water wiC
designation (kg) sand aggregates (kg) L) ratio
(kg) (kg)

01 | RAO SDO 483.07 1449.22 / / 265.69 0.55
02 | RA8 SD10 483.07 1188.36 39.73 140.28 265.69 0.55
03 | RA16 SD20 483.07 927.49 80.60 283.76 265.69 0.55
04 | RAO SD10 471.17 1272.15 / 136.83 282.70 0.60
05 | RA8 SD20 471.17 1017.72 38.76 276.76 282.70 0.60
06 | RA16 SDO 471.17 1187.35 78.61 / 282.70 0.60
07 | RAO SD20 460.03 1104.08 / 270.22 299.02 0.65
08 | RA8 SDO 460.03 1269.69 37.83 / 299.02 0.65
09 | RAl6SD10 460.03 1021.27 76.75 133.59 299.02 0.65
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Testing
Compression test

The samples of the hardened mortar studied are subjected to an increasing load until
failure, where the breaking load is the maximum load recorded during the test. The value of the
resistance considered constitutes the average of the crushing stress of three specimens.

The compressive strengths were evaluated at 28 days (S ,3) using a hydraulic compression
testing machine equipped with a compression device for mortar molds.

Ultrasonic test

The ultrasonic velocity is a parameter that allows obtaining qualitative information on the
materials. The speed of the ultrasonic waves results from the time taken by the waves to cross the
prismatic specimens of hardened mortar, which depends enormously on the modulus of elasticity
of the aggregates and their quantity in the mortar. In this study, the ultrasonic pulse velocity was

evaluated at 28 days (U , ).

ANALYZE AND DISCUSS RESULTS

In the two tests performed in this study, the experiments were laid out using an L9 (3%)
array, and three samples were tested in each of the nine trial conditions. The results of the average
of the three samples for each test are shown in Table 6.

Tab. 6 - Results of compressive strength and ultrasonic pulse velocity tests.

Trial M_ixturg Compressive strength Ultrasqnic pulse
designation (MPa) velocity (m/s)
01 RAQ SDO 36.50 3587
02 RA8 SD10 33.12 3519
03 RA16 SD20 31.37 3448
04 RAO SD10 34.62 3699
05 RA8 SD20 31.06 3477
06 RA16 SDO 27.75 3275
07 RAO SD20 30.90 3600
08 RA8 SDO 32.25 3325
09 RA16 SD10 25.56 3125

Optimum values

The results of the analysis for S/N ratios are shown in Table 7 and Figure 5. Where
determine the optimum levels for each factor and the best combination of factor levels.
Consequently, from the results of the main effects for the S/N ratios, we find that the optimum
results for each factor to give the optimum values for mechanical compressive strength are the
following: W/C ratio 0.55, rubber aggregates content 0%, and dune sand content 0%. In addition,
we find that the optimum results for each factor to give the optimum values for ultrasonic pulse
velocity are the following: W/C ratio 0.55, rubber aggregates content 0%, and 20% from dune sand
content.
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Tab. 7 - Response table for signal-to-noise ratios

WI/C ratio RA content SD content

Level Compressive strength

1 30.53* 30.61* 30.09*

2 29.83 30.14 29.78

3 29.37 28.98 29.86
Level Ultrasonic pulse velocity

1 70.92* 71.19* 70.61

2 70.83 70.73 70.73

3 70.49 70.32 70.90*

(*) Optimum levels for each factor.

Main Effects Plot for SN ratios
Data Means

W/Cratio Rubber aggregates content (%)

Dune sand content (%)

W/C ratio

7.2

Main Effects Plot for SN ratios
Data Means

Rubber aggregates content (%) Dune sand content (%]

n.o
70.8

e

70.6

Mean of SN ratios
Mean of SN ratios

704

70.2

0.55 0.60 0.65 0 8 16 0 10 20 0.55 0.60 0.65 o 8 16 0 10 20

Signal-to-noise Larger is better Signal-to-noise Larger is better

(a) Compressive strength (b) Ultrasonic pulse velocity

Fig. 5 —Response plots for S/N ratios.

Analysis of variation (ANOVA)

The main objective of ANOVA is to show the factors that have the most effect on the
responses of the experiments. The analysis is performed for a significance level a = 0.05, i.e., for a
confidence level of 95%.

The ANOVA results of the two tests investigated are given in Table 8 and Figure 6. In this
statistical technique, it is worth noting that a low probability (i.e., P-Value < 0.05) indicates the
statistical significance of the factor on the corresponding response, and the values of the
contribution give the degree of influence of each factor on the response studied.

In the tests examined (Figure 6), analysis of contrast results showed that RA content is the
factor that has the largest effect on the total variation of the two tests, which explains 57.06% of the
contribution to compressive strength and 68.90% of the contribution to ultrasonic pulse velocity; the
second factor affecting the two tests is the W/C ratio, with a 28.62% contribution to compressive
strength and a 16.24% contribution to ultrasonic pulse velocity. Then, the analysis shows that the
SD content has no significant effect on the overall variance of compressive strength and ultrasonic
pulse velocity together. As a result, this statistical technique shows that the incorporation of the
dune sand as a volume substitution for alluvial sand up to 20% has no effect on the mechanical
resistance of the mortar. The thing that encourages the valorization of dune sand in the
construction field and particularly in mortar preparation.

©
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Tab. 8 - Analysis of variation results for the two tests.
Source Dlzer%ffosn?f Ssquurgrg]; S'\gﬁg?e F-Value P-Value Cont(roﬁ))u tion Remarks
Compressive strength
Regression 3 76.92 25.64 11.76 0.011 / /

W/C ratio 1 25.133 25.133 11.53 0.019 28.62 Significant
RA content 1 50.113 50.113 22.98 0.005 57.06 Significant
SD content 1 1.675 1.675 0.77 0.421 1.91 Insignificant

Error 5 10.902 2.180 / / 12.41 /

Total 8 87.823 / / / 100.00 /
Ultrasonic pulse velocity

Regression 3 240951 80317 20.40 0.003 / /

W/C ratio 1 42336 42336 10.75 0.022 16.24 Significant
RA content 1 179574 179574 45.61 0.001 68.90 Significant
SD content 1 19041 19041 4.84 0.079 7.31 Insignificant

Error 5 19686 3937 / / 7.55 /
Total 8 260636 / / / 100.00 /
o Emor SD content;

12.41% 7.31%

RA content;
68.90%

RA content;
57.06%

Error;

W/C ratio; 7 55%

28.62%

W/C ratio;
16.24%

(b) Ultrasonic pulse velocity

(a) Compressive strength

Fig. 6 —Contribution of each factor used in the experimental tests.

Mathematical models

In order to understand the effects of factors on the responses investigated. Regression
analysis was used to develop the linear regression model. The mathematical models of the tests
studied are the following:

S,, =59.44—40.9 W /C —0.3612 RA —0.0528 SD (4)
U,, =4575-1680 W /C —21.62 RA +5.63 SD (5)
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Figure 7 presents the normal probability plots of the residuals of the models developed in
this study. It is seen that the residuals fit in a straight line. In addition, the coefficient of
determination (R?) for the two models approaches unity, as shown in Table 9. As a result, we can
conclude that the errors have a normal distribution and that the models developed are significant.

Tab. 9 - Coefficient of determination table.

Test R? (%)
Compressive strength 87.59
Ultrasonic pulse velocity 92.45

Normal Probability Plot Normal Probability Plot

(response is Compressive strength (MPa)) (response is Ultrasonic pulse velocity (m/s))

Percent
&
.
Percent
&

Residual Residual

(a) Compressive strength (b) Ultrasonic pulse velocity
Fig. 7 —Normal probability plots.

For the two mathematical models represented by equations (4) and (5), it was observed
that the minus sign (-) indicates that the factors negatively affect the answers to the two tests. On
the other hand, the plus sign (+) indicates that factors positively influence responses. Thus, we
conclude that the factors W/C ratio and RA content have a negative influence on the responses of
the compression test and the ultrasonic test together.

In addition, the reduction in the W/C ratio implies less water in the mixture, which results in
an increase in the compressive strength and ultrasonic pulse velocity together. However, an
increased percentage of RA content translates to the need for the mixture to contain a large
amount of water. Consequently, this results in a reduction in mechanical resistance for the mortar.

CONCLUSION

The experimental and numerical work presented is part of the application of statistical
analysis in the field of materials in civil engineering. More specifically, the object of the work is to
apply Taguchi's design of experiments to see the different relationships between the factors
targeted in our research (W/C ratio, RA content, and SD content) with the levels of each factor.

The Taguchi method uses a robust design that provides the most important factors in
controlling the consistency of mortar quality with just a few experiments.

Predictive mathematical models are developed according to the tests carried out, which
allowed us to understand the effect of the factors used in our work on the compressive strength
and ultrasonic pulse velocity at 28 days. In order to determine the optimal values for each factor to
give the best results for each response.
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The optimal values for our mortar composite are as follows:

» Compressive strength at 28 days: 0.55 of W/C ratio at level1, 0% of RA content at level1,
and 0% SD content at levell.

» Ultrasonic pulse velocity at 28 days: 0.55 of W/C ratio at level1, 0% of RA content at
levell, and 20% SD content at level3.

Then, the results of the ANOVA analysis used in our work for each response allowed us to
conclude that the RA content is the factor that has the largest effect of the two tests, which
explains 57.06% of the contribution to compressive strength and 68.90% of the contribution to
ultrasonic pulse velocity; the second factor is the W/C ratio, with a 28.62% contribution to
compressive strength and a 16.24% contribution to ultrasonic pulse velocity. In addition, from the
mathematical models, we conclude that the factors RA content and W/C ratio have a negative
influence on the responses of the compression test and the ultrasonic test together. On the other
hand, the ANOVA analysis shows that the SD content has no significant effect on the mechanical
resistance of the mortar for the two tests.
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