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ABSTRACT

This study applies mixture design, ANOVA, and desirability function analysis to optimize concrete performance
with river (RS), crushed (CS), dune (DS) sands, and their combinations. Experimental validation confirms the
reliability, practical applicability, and sustainability of optimized mixes, while highlighting key property rela-
tionships. Study optimized concrete mixes and developed predictive models using a multi-objective desirability
approach. Twenty-one mixtures with varying RS, CS, and DS were designed via a three-factor, five-level sim-
plex lattice method. Key properties including slump, 7 and 28-day compressive (CS) and flexural (FS) strengths,
capillary absorption, and UPV were measured. ANOVA and statistical modeling in Design-Expert13 validated
factor significance and interactions, enabling reliable mathematical models to predict concrete performance.
ANOVA results showed strong predictive performance (R2 = 0.80-0.91). RS improves workability, while mod-
erate amounts of CS and DS sands enhance strengths and reduce open porosity. Best 28-day CS (36 MPa) was
recorded for the mix consisting of 0.4RS+0.6CS. Ternary mix M10 (20%RS+60%CS+20%DS) achieved the
highest 28-day CS, though excessive dune sand (>40%) decreases performance. Model predictions deviated less
than 9% from experiments, confirming reliability. Significant correlations (R2>0.91) among CS, open porosity,
density, UPV, and dynamic elasticity modulus enable non-destructive assessment. Local sands (CS, DS) are
viable sustainable alternatives to RS.

Keywords: Concrete; Desirability-based modeling; Fine aggregate types; Optimization; Physico-mechanical
properties.

1. INTRODUCTION

The construction industry is under increasing pressure to find viable alternatives to river sand (RS) due to supply
problems caused by rapid infrastructure expansion in developing nations. Construction is where RS is most
commonly employed. Crushed sand (CS) and dune sand (DS) are two alternatives to RS that have recently
gained popularity because to concerns about resource depletion, environmental implications, and cost [1, 2]. The
concept of green concrete encompasses a set of methods and materials aimed at reducing environmental impact
[3-5], as well as minimizing the environmental burden resulting from resource extraction and depletion [6]. In
this light, there are monetary and ecological advantages to making use of quarry dust as a by-product of the
concrete industry. Because of its high fines content (10-15%), fine-rich CS is an environmentally friendly. Fines
substantially influence the development of strengths and accelerate hydration during early stages [7, 8]. Addi-
tionally, their binding activity facilitates the formation of carbo-aluminates [8, 9]. To improve adhesion paste-
aggregates, fines that are similar to limestone aggregates are used [10]. Strong concrete is a result of good
adherence [11, 12]. An epitaxial aureole, formed by the reaction of cement with limestone particles, encircles the
aggregate and gradually improves the paste-aggregate bond [13]. The writers go on to speculate that the angular
shape, fineness of CS, limestone nature, and granulometry are responsible for this enhanced compactness.
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Because of its massive size and sharp angles, CS improves the mechanical characteristics of concrete [14, 15].
You can use CS with up to 15% fines without worrying about mechanical strengths being badly affected [16].
Several studies [17, 18] have analyzed the characteristics of quarry dust and evaluated its possible applicability
as a partial substitute for RS in concrete. The incorporation of quarry dust in concrete has been reported to con-
tribute to the utilization of industrial by-products, a reduction in RS consumption, and, under certain conditions,
improvements in strength-related properties and workability [19, 20]. The feasibility of using alternative fine
aggregates in concrete has been widely investigated. AKROUT et al. [21] compared CS-based concretes to
RS-based ones, and conducted experiments to determine the effect of CS proportioning on compressive strength
and workability. Their findings showed that, while concretes produced with CS generally exhibited lower prop-
erties than those incorporating RS, the overall performance remained comparable. When rock flour was partially
substituted for RS in concrete, RAO et al. [22] found that the compressive strength of the mixture was increased.
The approach of utilizing quarry-derived sand (CS) as an alternative fine aggregate is based on the hardness and
density of its parent material, granite, which provides suitable mechanical performance. Incorporating quarry
fines in concrete has been associated with potential improvements in compressive strength, durability, strength
development, workability, and cost-effectiveness. Compressive strength is an essential characteristic for assess-
ing the quality of concrete in structural applications; such improvements are particularly relevant when evaluat-
ing alternative fine aggregates. Researchers MENADI ef al. [16] looked at how CS fines affected the concrete’s
mechanical and physical characteristics. The impact of limestone particles on the strength of concrete was the
subject of the investigation, taking into account four distinct cement types while keeping the water-to-cement
ratio constant. The findings demonstrated that concrete strength may be adequately preserved with CS fines
content up to 15%. REDDY and SATYANARAYANA REDDY [23] similarly observed improved compressive
strength with rock flour as a partial RS replacement. ILANGOVANA et al. [24] reported that concrete contain-
ing quarry rock dust exhibited comparable or slightly higher strength than conventional mixes. HAMEED and
SEKAR [25] evaluated crushed stone dust’s impact on flexural strength, noting increases at lower replacement
levels, while higher proportions of crusher dust led to reductions in strength. POON et al. [26] discovered that
the compressive strength of ordinary, intermediate, and high strength concretes produced with mixtures contain-
ing partial proportions of CS and RS was consistently higher across all test ages. Collectively, these studies
indicate that CS may be a viable alternative to RS, its mechanical performance depending on the material prop-
erties, replacement proportions, and the concrete mix design. The Algerian Sahara contains extensive DS depos-
its that can be economically and environmentally valorized in concrete production, offering a local alternative
to scarce conventional aggregates and high transportation costs. The use of DS in the production of both tradi-
tional and modern concrete has recently attracted the attention of numerous researchers [1, 2, 27-38]. High
water absorption, very tight granularity, and extreme fineness are the DS defining characteristics [39]. The DS
grains are round and almost homogeneous in size [40]. A drop in strengths is possible if the DS rate is increased
in the concrete [41, 42]. It is possible to optimize the RS particle size distribution using DS [43]. Hence, it’s
important to use locally sourced materials and available by-products in the concrete mix. So that we can address
the environmental, economic, and technical issues, we must do this. A number of studies have experimentally
assessed how various combinations of sand kinds affect the characteristics of self-compacting concrete (SCC)
[1, 2, 44, 45]. BEDERINA ef al. [43] examined the use of locally abundant sand in sandcrete production. Their
findings indicated that optimizing the particle size distribution by blending two local sands in controlled propor-
tions enhanced workability, compactness, and mechanical strength. In concrete mix design, aggregate grading
and fineness are key parameters that significantly affect the concrete propertics. BROUWERS and RADIX [46]
reported that using fine sand in concrete mixes can significantly improve mechanical performance, stability, and
flowability by adjusting the particle size distribution. KAY et al. [47] studied DS’s potential as a fine aggregate
in concrete and found it to be a useful ingredient. BOUZIANI et al. [48—52] examined the characteristics of fluid
concrete that contained DS. Their results indicated that an optimal proportion of DS allows for satisfactory
properties of fluid concrete, both in the fresh and hardened states. BOUZIANI [50] applied a mixture design
approach to investigate how DS, RS, and CS influence both fresh and hardened characteristics of SCC. The
study highlighted that achieving optimal performance requires careful balance among the three sand types:
flowability, passing ability, and stability can be maintained through appropriate proportions, while compressive
strength tends to increase with higher CS content and decrease with higher DS content. RMILI et al. [53] inves-
tigated the incorporation of DS, RS, and CS in SCC. The study showed that combining different sand types can
enhance workability, while the inclusion of DS increases viscosity but may reduce mechanical strength. In con-
trast, CS-RS combinations improve both compressive and tensile strengths, with optimized blends providing the
best overall SCC performance. In order to conduct the fewest number of laboratory tests feasible, it is essential
to use an analytical method that can account for the effect of each parameter independently and in combination
with other parameters on the features under study. Mix design provides an effective method for simplifying
experimental programs and experimentally modeling material behavior [54]. Although it is widely used in
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cement research due to its simplicity and speed of application [37, 38, 55], has seen minimal application in the
sands field, especially on the SCC as discussed by BOUZIANI [50] and SAHRAOUI and BOUZIANI [56].
Predictive modeling plays a crucial role in optimizing concrete mix design. According to TIPU ef al. [57], accu-
rate prediction of the compressive strength of high performance concrete is essential for mix design optimization
and ensuring structural reliability. Predictive modeling approaches enable the efficient optimization of concrete
mixtures, thereby improving structural performance while significantly reducing the dependence on extensive,
time-consuming, and costly laboratory testing programs [58—60]. This experimental study examines the work-
ability of concrete in its fresh state, as well as the flexural and compressive strengths after 7 and 28 days, the
open porosity at 28-day estimated by the initial amount of water absorbed after 1 hour per unit surface, and the
dynamic elasticity modulus of the hardened concrete after 28-day, which was estimated by the ultrasonic pulse
velocity. It aims to assess and model the impact of various fine aggregate types and proportions with varying
morphologies and locally available sources (RS, CS, DS, and their binary and ternary combinations). This study
uses a multi-objective approach to predict the best formulations that combine these characteristics. It incorpo-
rates statistical modeling using an ANOVA analysis of variance in conjunction with a three-factor mix design.
Furthermore, there appears to be a lack of research on the experimental validation of the prediction models
created. To fill this gap, this study employs a rigorous optimization technique and then uses precise experimen-
tal validation to prove the performance of the optimized formulations. At last, certain connections between the
many mechanical and physical characteristics of concrete have been discovered. The novelty is not in studying
RS, CS, and DS individually, but in: their combined multi-objective optimization, interaction-based modeling,
experimental validation of predictions, and integration of performance prediction with sustainability goals. This
study is distinguished from prior mixture design and optimization research by several integrated methodological
and practical advances, rather than treating mixture design as an isolated statistical exercise: fully integrated
multi-objective optimization framework, explicit modeling of ternary interactions (RS-CS-DS), coupling statis-
tical modeling with experimental validation, development of high-quality predictive models across multiple
responses, establishment of strong inter-property correlations for non-destructive evaluation, and focus on
locally available materials within a sustainability framework.

2. EXPERIMENTAL PROCEDURE

2.1. Identification of utilized materials

The cement adopted in this investigation was CEM 11/B 42.5, with a specific density of 3150 kg/m?, an apparent
density of 1100 kg/m’, and a Blaine specific surface area of 4180 cm?*/g. The chemical and mineralogical compo-
sitions of the cement are reported in Table 1, respectively. The mineralogical phases were determined using the
Bogue calculation method [61]. Mixing water of potable quality was used throughout the experimental program.
Three different types of sand collected from the Djelfa region were employed, namely river sand (RS), crushed
sand (CS), and dune sand (DS), with maximum grain sizes of 3 mm, 3 mm, and 0.63 mm, respectively. Micro-
scopic observations were performed at 40x magnification in addition to EDX analysis on the examined sands, as
shown in Figure 1. The results reveal that both DS and RS are predominantly siliceous, while CS mainly consists
of limestone. Regarding particle morphology, RS exhibits a generally spherical shape, CS particles are angular,
and DS particles display a rounded spherical geometry. The particle size distributions and the main physical

Table 1: Chemical and mineralogical analysis of the cement (in %).

CHEMICAL ANALYSES MINERAL CONTENT OF CEMENT

Ca0 62.78 cs 55.41

Si0, 17.49

S0, 2.38 C,S 13.65
ALO, 4.51
Fe,0, 3.02 CA 2.25

MgO 2.15

K,0 0.64 C,AF 14.83
Na,0 0.05

Lol 8.10
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Table 2: Main physical features of the three types of sands and gravels.

FEATURES RS DS CS G3.158 | G8/16
Coefficient of absorption (%) 0.25 3.71 6.53 0.47 0.47

Specific density (kg/m?) 2500 | 2760 | 2630 2610 2610

Apparent density (kg/m?) 1440 | 1450 1415 1330 1380
Finesses modulus (FM) 2.79 0.92 2.93 - -
Fines < 80 um (%) 0.65 0.24 5.04 - -

Los Angeles coefficient (%) - - - 24.50 24.00
Sand equivalent (%) 81.00 | 83.30 | 79.40 - -
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Figure 1: Microscopic observations (40x magnification) and EDX analysis of the investigated sands: (a) RS, (b) CS, and (c) DS.

properties of the three sands are illustrated in Figure 2 and summarized in Table 2, respectively. In addition, two
gravel fractions (3.15/8 mm and 8/16 mm), also obtained from the Djelfa region, were incorporated. Table 2 and
Figure 2 also provide their physical characteristics and grading curves.
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Figure 2: Particle size distribution curves of sands and gravels.

2.2. Mix design

An effective method for managing variability, optimizing product and formulation development, and exploring
new possibilities is the mixture design. In doing so, it is possible to optimize formulations, save resources,
study interactions, and produce insightful data that may be used to enhance products and processes. Statistical
modeling techniques can be used to ascertain the proportional importance of significant mixture qualities and
their interrelated effects on pertinent features. All variables in this study stand for mixture component propor-
tions. Because all of the proportions that came before it must always add up to 1, the final percentage of each
component is obtained by summing all the corresponding proportions. The design process is affected by the
interdependence of the components in this mixed scenario [62]. A five-level, three-factor simplex-lattice mixed
design was employed to evaluate the effect of RS, CS, and DS on the characteristics of concrete. The number of
potential permutations () can be expressed as follows: where: L is levels number; ' is factors number.

o _(F+L-1)!
T O F D) 0

The number of combinations to be analyzed is N = 21, with three factors and five levels. Mix design
employs unique graphical representations compared to conventional experimental designs. An equilateral trian-
gle is adopted to represent the combined effect of the three factors. Statistical models outlining the many effects
of factors and their binary and ternary permutations on a given feature can be constructed using this method.
Three interconnected factors (RS = 4, CS = B, and DS = C) and five levels made up the second-degree polyno-
mial model. A description of the model is as follows:

Y=L xA+LxB+LxC+1,*x(4.8)+1,%(4.0)+1; x(B.C) 2)

Where: model’s coefficients are (/,, 1,, I, I,,, 1,;, I,;); the response is (¥).

The effects of the studied factors and their interactions were quantified through model coefficients. Since
these coefficients are not known in advance, they were estimated from the experimental results using a least-
squares regression method. The variance of each coefficient was calculated from the residuals in order to evaluate
the statistical significance of the corresponding model terms [54, 62]. Design-Expert software (version 13) was
implemented for modeling of data and statistical analysis. Iso-response curves (ternary contour plots) were gener-
ated to illustrate the relationships among the three factors and their combined influence on the studied responses.

2.3. Formulation approach

Concrete mix design aims to determine the optimal proportions of the constituent materials in order to achieve
both adequate mechanical strength and satisfactory workability. Several approaches are available for concrete
proportioning; however, this study adopted a less commonly used approach known for its high accuracy, namely
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Table 3: Compositions of the investigated concrete mixes and proportions of factors.

MIX w C Ww/C FACTORS PRO- RS CS DS G 3.15/8 | G 8/16

I/'m* | kg/m® | RATIO PORTIONS kg/m? kg/m? kg/m? kg/m? kg/m?
RS | CS | DS

M1 208 370 0 0 1 0 0 508.00

M2 206 366 0 0.2 0.8 0 102.36 409.44

M3 204 362 0 0.4 0.6 0 206.24 309.36

M4 202 358 0 0.6 0.4 0 311.64 207.76

M5 200 354 0 0.8 0.2 0 418.56 104.64

M6 198 350 0 1 0 0 527.00 0

M7 206 366 0.2 0 0.8 101.32 0 405.28

M8 204 362 02 | 0.2 0.6 102.08 102.08 306.24

M9 202 358 02 | 04 0.4 102.84 205.68 205.68

M 10 200 354 0.56 02 | 0.6 0.2 103.60 310.80 103.60 448 832

M11 198 350 02 | 0.8 0 104.36 417.44 0

M 12 204 362 0.4 0 0.6 202.08 0 303.12

M 13 202 358 04 | 0.2 0.4 203.60 101.80 203.60

M 14 200 354 04 | 04 0.2 205.12 205.12 102.56

M 15 198 350 04 | 0.6 0 206.64 309.96 0

M 16 202 358 0.6 0 0.4 302.28 0 201.52

M 17 200 354 06 | 0.2 0.2 304.56 101.52 101.52

M 18 198 350 0.6 | 04 0 306.84 204.56 0

M 19 200 354 0.8 0 0.2 401.92 0 100.48

M 20 198 350 0.8 | 0.2 0 404.96 101.24 0

M21 198 350 1 0 0 501.00 0 0

the B. Scramtaiv approach. The fundamental idea behind this approach is that the volume of the compacted
concrete mix is equal to the total absolute volume of all ingredients contained in 1 m® [63]. The concrete was
designed to achieve an average 28-day compressive strength of 32.5 MPa, with a workability corresponding
to the plastic consistency class, characterized by a slump ranging from 50 to 90 mm. The workability of the
material was evaluated by carrying out a slump test using the Abrams cone, in accordance with the guidelines of
standard NF P 18-451 [64]. In all mixtures, the water-to-cement ratio (w/c) was fixed at 0.56, with A = 0.6 and
a maximum aggregate size (D) of 16 mm. Both the 3.15/8 mm and 8/16 mm crushed gravel fractions were
incorporated at proportions of 35% and 65%, respectively, of the total coarse aggregate volume. A constant w/c
ratio of 0.56 was intentionally maintained in all mixtures to ensure a controlled and comparable experimental
framework. The constant w/c ratio improves the validity of comparisons and the robustness of the predictive
models. Table 3 summarizes the concrete mix compositions that were investigated and proportions of factors.

2.4. Samples preparation and tests performed

For this study, a grand total of twenty-one different concrete mixtures were mixed. After mixing and casting
into molds, the samples were placed in the laboratory for 24 hours with plastic sheets covering them to prevent
moisture loss. Upon demoulding, all specimens were cured in lime-saturated water at a controlled temperature
of (20 + 2°C) until testing. The second step involved the determination of the concrete density at 28 days in
accordance with the NF P18-459 standard [65], prior to conducting the mechanical tests. Mechanical strength
tests were performed at 7 and 28 days on six specimens, and the reported values correspond to the average of the
measured results [63]. All tests were carried out under controlled laboratory conditions (T =20 +2°C and RH =
45 + 10%). Prismatic samples used have dimensions of (10 x 10 x 40) cm® to determine the flexural strength in
accordance with EN 12390-5:2012 [66].
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Specimen

Epoxy resin

Figure 4: Ultrasonic testing device for evaluating wave velocity.

The samples used were cubic in shape and measured (10 x 10 x 10) cm? for the capillary water absorp-
tion test at 28 days (Figure 3), as well as for compressive strength and ultrasonic pulse velocity (UPV) tests at
28 days (Figure 4), following the recommendations of AFPC-AFREM [67], EN 12390-3:2012 [68], and ASTM
C597-02 [69], respectively. Sorptivity measurement provides a simple and effective method for characterizing
the water absorption kinetics of concrete. A higher capillary absorption indicates an increased susceptibility of
concrete to rapid liquid ingress. Prior to the initial capillary absorption (initial sorptivity) measurements, speci-
mens were preconditioned according to the AFPC-AFREM procedure [67].

The samples were subsequently placed in a drying oven for 24 hours to reach thermal equilibrium,
ensuring that the relative mass difference between two consecutive measurements did not exceed 1%, as recom-
mended. Specimens were covered with resin on their side surfaces after drying to stop water from evaporating
and seeping in during testing. The capillary absorption test was then conducted by immersing the specimens in
water to a maximum depth of 5 mm. Water uptake was determined by monitoring the mass variation of the spec-
imens over time. Prior to each weighing, the water film adhering to the bottom surface was carefully removed
using absorbent paper [70]. Water absorbed volume per unit surface area after one hour was selected as the
parameter representing the maximum density of capillaries within the concrete surface layer, as these capillaries
are the most active in water transport [70, 71]. The initial water absorption coefficient after a suction time of one
hour is expressed as: IA = Am/A (kg.m2.h™'2). In the third stage, the open porosity of the twenty-one concrete
mixtures was determined at 28 days in accordance with reference [70]. The open porosity after one hour of cap-
illary suction was calculated as the ratio between the quantity of water absorbed per unit surface area (Am/A)
and the product of water density (p) and the height of the capillary rise (h), as expressed in Equation 3:

£ (%) = (Am/A) / pxh) x 100% 3)

With &: is the open porosity (%); Am/A: represents the water absorbed amount per unit surface area after 1 h
(kg.m2.h72); p: water density (10° kg.m™); and h: height of capillary imbibitions front (5 cm.h™"2, equivalent
to 0.050 m.h™"2). Subsequently, the dynamic elasticity modulus was evaluated at 28 days for the same concrete
mixtures in accordance with reference [69]. The dynamic elasticity modulus (E ) was determined by Equation 4:

E,=(v* x p/g) X102 4
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With E : is the dynamic elasticity modulus (GPa); V: the ultrasonic pulse velocity (m.s™); p: the concrete density
(kg/m?); and g: gravitational force (9.81 m.s™2).

3. RESULTS AND DISCUSSIONS

The results obtained from the characterization tests performed on the 21 concrete mixtures are presented in
Table 4. On the basis of the experimental results, mathematical models were established to describe the influence
of RS, CS, and DS, as well as their binary and ternary interactions, on each investigated response.

These models were developed to predict the slump, flexural strength (F) at 7 and 28 days, compressive
strength (C) at 7 and 28 days, the water absorbed amount per unit surface after 1 hour at 28 days (Am/A), and
the ultrasonic pulse velocity at 28 days (V) of the studied concrete. High correlation coefficients were considered
indicative of the reliability and adequacy of the proposed models.

Analysis of variance (ANOVA) was employed to analyze the experimental results and to evaluate the
adequacy of the developed models. This statistical approach enables the assessment of the relative influence
of the input factors on the variability of the measured responses [72, 73]. As reported by BERTINETTO et al.
[74], ANOVA identifies the significance of differences among treatments by partitioning the total variance into
contributions associated with individual factors and their interactions. This decomposition makes it possible
to determine whether the observed variations are attributable to random effects or to statistically significant
influences. Factors were deemed statistically significant if their p-values were less than 0.05, since a signifi-
cance level of a = 0.05 was used in this investigation, which corresponds to a 95% confidence interval [75].
The statistical parameters evaluated through ANOVA are presented in Table 5. The three components A (RS),

Table 4: Outcomes of the experimental program.

MIX | SLUMP | DENSITY | STRENGTHS AT STRENGTHS AT QUANTITY | UPV
(mm) AT 7-DAY (MPa) 28-DAY (MPa) OF WATER | V
28-DAY I pl EX- | COMPRES- | FLEX- | COMPRES- ABSA?nl}EED m/s
kg[/)m3 URAL SIVE URAL SIVE kgm 21
Fs Cs Fs Cs

M1 50 2390.00 3.00 17.30 3.80 21.00 6.02 3010
M2 50 2371.00 3.10 18.50 4.00 22.30 5.81 3037
M 3 70 2354.00 3.90 22.80 5.00 27.50 445 3136
M 4 60 2336.00 4.20 24.50 5.90 32.70 3.08 3219
M5 50 2318.00 4.00 23.60 5.70 31.50 3.45 3199
M6 50 2300.00 3.80 22.70 5.60 31.00 3.52 3190
M7 50 2357.68 3.20 18.60 4.00 22.50 5.70 3036
M 8 60 2339.68 3.70 22.00 4.80 26.80 4.59 3120
M9 50 2321.68 420 24.50 5.60 31.20 3.50 3190
M 10 50 2303.68 4.50 26.00 6.30 34.70 2.68 3250
M 11 50 2285.68 430 25.00 6.00 33.30 2.94 3225
M 12 70 2325.36 4.00 23.90 5.20 28.80 4.06 3160
M 13 60 2307.36 4.20 25.00 5.60 31.20 3.46 3198
M 14 50 2289.36 4.50 26.00 5.90 32.50 3.10 3220
M 15 50 2271.36 4.60 27.00 6.50 36.00 2.63 3280
M 16 80 2293.04 4.40 25.80 5.80 32.20 3.35 3210
M 17 70 2275.04 4.40 25.90 5.80 32.30 3.19 3214
M 18 60 2257.04 4.50 26.00 5.90 32.50 3.16 3228
M 19 80 2260.72 4.10 24.20 5.40 30.20 3.69 3185
M 20 70 2242.72 420 24.70 5.50 30.90 3.58 3193
M 21 70 2228.40 4.10 24.00 5.40 30.00 3.78 3180
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B (CS), and C (DS) were tested by the ANOVA method for the concrete features in the two fresh and hardened
phases, as shown in Tables 6 to 12. According to the developed models, the F-values obtained for slump, F7,
C,7, F28, C28, Am/A, and ultrasonic pulse velocity (V) were 9.35, 20.35, 25.02, 18.32, 20.10, 21.58, and
22.84, respectively. These high F-values indicate that the proposed models are statistically significant, with only
a 0.01% probability that such values could result from random noise. In ANOVA, model terms are considered
statistically significant when the p-value is lower than 0.05, whereas terms with p-values higher than 0.1 are
regarded as non-significant [76, 77].

The presence of several non-significant model terms (except those required to maintain model hierar-
chy) can be reduced by applying model simplification techniques, as suggested by ROUT et al. [78]. Overall,
the comparison between the predicted R? and adjusted R? values highlights different levels of model adequacy

Table 5: ANOVA-derived statistical factors.

STATISTICAL FORMULA DESCRIPTION
FACTOR
Squared sum (SS,) N o i In order to get a ballpark figure for the standard deviation
SS, =—>(v,-Y) squared.
N, = ¥: Mean response;
¥,: Mean of the data collected for each f-factor of the level i;
N: Experiments total number;
N, : Levels number of each f-factor.
Squared mean (MS)) SS To get it, divide SS, by dI..
MS =—
bl
F-Value MS. Applied to ensure the statistical model is compatible by com-
E= MS‘ paring computed F-Values to tabulated F-Scores, which must

e

be larger. Average sum of squared errors is known as MS .

Contribution (Cont.%)

Cont.% = S5, x100
SS

Percent degree influence on response is shown by the vari-
ables’ contribution (SS,) to the total variance (SS,).

Determination coeffi-
cient (R?)

When comparing the overall variance to the ratio of
explained variation, we can see how well the models match.

Table 6: ANOVA of slump values (mm).

SOURCE SS, df MS, | F-VALUE | p-VALUE | CONT. (%) SIG.
Model- Slump 1836.77 6 306.13 9.35 0.0003 13.33760304 Yes
Linear Mixture 1166.67 2 583.33 17.81 0.0001 25.41477144 Yes

AB 20.25 1 20.25 0.6185 0.4447 0.882260679 No
AC 218.67 1 218.67 6.68 0.0216 9.527108276 Yes
BC 279.43 1 279.43 8.53 0.0112 12.174326 Yes
ABC 222.49 1 222.49 6.79 0.0207 9.693539673 Yes
Residual 458.47 14 32.75
Cor Total 2295.24 20
Standard of deviation 5.72 R? 0.8003
Mean 59.52 Adjusted R? 0.7146
Coefficient of variation. % 9.61 Predicted R? 0.3347
Predicted sum-of-squares residual error | 1526.94 Adequate Precision 10.257




(o) T

BRAHIM, N.; NAAS, A.; SALAH, G., et al., revista Matéria, v.31, 2026

Table 7: ANOVA of 7-day flexural strength values (MPa).

SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) SIG.
Model- F7 3.81 6 0.6357 20.35 <0.0001 14.95764706 Yes
Linear Mixture 2.63 2 1.31 42.05 <0.0001 30.82352941 Yes
AB 0.4002 1 0.4002 12.81 0.003 9.416470588 Yes
AC 0.5486 1 0.5486 17.56 0.0009 12.90823529 Yes
BC 0.461 1 0.461 14.75 0.0018 10.84705882 Yes
ABC 0.0152 1 0.0152 0.4878 0.4964 0.357647059 No
Residual 0.4374 14 0.0312
Cor Total 4.25 20
Standard of deviation 0.177 R? 0.8971
Mean 4.04 Adjusted R? 0.853
Coefficient of variation. % 4.37 Predicted R? 0.6193
Predicted sum-of-squares residual error 1.62 Adequate Precision 17.872
Table 8: ANOVA of 7-day compressive strength values (MPa).
SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) | SIG.
Model- C;7 128.76 6 21.46 25.02 <0.0001 15.24472544 | Yes
Linear Mixture 88.25 2 44.13 51.45 <0.0001 31.34900902 | Yes
AB 10.99 1 10.99 12.81 0.003 7.807061164 | Yes
AC 21.44 1 21.44 25 0.0002 15.23051787 | Yes
BC 15.49 1 15.49 18.06 0.0008 11.00376501 | Yes
ABC 0.5639 1 0.5639 0.6575 0.431 0.40058251 No
Residual 12.01 14 0.8577
Cor Total 140.77 20
Standard of deviation 0.9261 R? 0.9147
Mean 23.71 Adjusted R? 0.8781
Coefficient of variation. % 391 Predicted R? 0.6916
Predicted sum-of-squares residual error 43.42 Adequate Precision 19.722

among the investigated responses. For slump, F 7, F .28, C28, Am/A, and V, the predicted R? values deviate
considerably from their corresponding adjusted R? values, with differences greater than 0.2. A significant gap
between the predicted R? and the adjusted R? indicates that, although the model fits the experimental data rea-
sonably well, its predictive performance on new or unseen data is weaker. This situation may indicate a high
variability in responses: experimental scatter (e.g., due to aggregate hetero-geneity or measurement uncertainty)
can affect predictive reliability. Conversely, for C.7, the predicted R* exhibits good agreement with the adjusted
R?, with a difference below 0.2, indicating satisfactory predictive capability and acceptable model reliability
for this response. The adequacy of each developed model was assessed using the adequate precision criterion,
which evaluates the signal-to-noise ratio. A value greater than 4 is generally considered desirable, as it indicates
that the model provides an adequate signal and can be reliably used to explore the design space. For the slump
response, an adequate precision value of 10.257 was obtained, confirming a satisfactory signal and demon-
strating the reliability of the model for design space navigation. Likewise, adequate precision values of 17.872,
19.722, 16.666, and 17.440 were achieved for F 7, C/7, F .28, and C 28, respectively, reflecting strong signal
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Table 9: ANOVA of 28-day flexural strength values (MPa).

SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) SIG.
Model- F 28 9.50 6 1.58 18.32 <0.0001 14.75256769 Yes
Linear Mixture 7.61 2 3.8 44.01 <0.0001 35.48085901 Yes
AB 0.4505 1 0.4505 5.21 0.0385 4.206349206 Yes
AC 1.12 1 1.12 12.93 0.0029 10.45751634 Yes
BC 0.6563 1 0.6563 7.59 0.0155 6.127917834 Yes
ABC 0.0288 1 0.0288 0.3334 0.5728 0.268907563 No
Residual 1.21 14 0.0864
Cor Total 10.71 20
Standard of deviation 0.294 R? 0.887
Mean 5.41 Adjusted R? 0.8386
Coefficient of variation. % 5.43 Predicted R? 0.587
Predicted sum-of-squares residual error | 4.42 Adequate Precision 16.666
Table 10: ANOVA of 28-day compressive strength values (MPa).
SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) | SIG.
Model- C 28 286.97 6 47.83 20.10 <0.0001 14.93334166 | Yes
Linear Mixture 229.53 2 114.77 48.22 <0.0001 35.83315121 | Yes
AB 13.02 1 13.02 5.47 0.0347 4.065066034 | Yes
AC 344 1 34.4 14.45 0.0019 10.74026663 | Yes
BC 19.42 1 19.42 8.16 0.0127 6.063255175 | Yes
ABC 0.7918 1 0.7918 0.3327 0.5732 0.247213463 | No
Residual 33.32 14 2.38
Cor Total 320.29 20
Standard of deviation 1.54 R? 0.896
Mean 30.05 Adjusted R? 0.8514
Coefficient of variation. % 5.13 Predicted R? 0.6214
Predicted sum-of-squares residual error 121.25 Adequate Precision 17.440

strength and robust model performance. Furthermore, the models developed for the quantity of water absorbed
per unit surface (Am/A) and ultrasonic pulse velocity (V) exhibited adequate precision values of 17.714 and
18.719, respectively, further confirming that all proposed models possess sufficient signal-to-noise ratios.

Overall, the obtained results confirm the statistical validity of the developed models and their suitability
for optimization and design purposes within the studied domain.

The mathematical models established in this study are presented in Equations 5—11, which define the
relationships between the investigated factors and their corresponding responses.

Slump (mm) =+ 75.50A + 45.74B + 44.55C — 17.36AB + 57.044AC + 64.48BC — 335.65ABC 5)
(6)

0

7-day F (MPa) =+ 4A +3.89B +2.72C + 2.44AB + 2.86AC + 2.62BC - 2.78 ABC

7-day C, (MPa) =+ 23.54A + 23B + 15.85C + 12.79AB + 17.86AC + 15.18BC — 16.9ABC
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SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) | SIG.
Model- Am/A 17.61 6 2.94 21.58 <0.0001 15.06147541 | Yes
Linear Mixture 14.08 2 7.04 51.76 <0.0001 36.06557377 | Yes
AB 0.5374 1 0.5374 3.95 0.0668 2.75307377 Yes
AC 1.99 1 1.99 14.62 0.0019 10.19467213 | Yes
BC 1.1 1 1.1 8.08 0.013 5.635245902 | Yes
ABC 0.0059 1 0.0059 0.0432 0.8384 0.03022541 No
Residual 1.9 14 0.136
Cor Total 19.52 20
Standard of deviation 0.3688 R? 0.9024
Mean 3.8 Adjusted R? 0.8606
Coefficient of variation. % 9.71 Predicted R? 0.6246
Predicted sum-of-squares residual error 7.33 Adequate Precision 17.714
Table 12: ANOVA of ultrasonic pulse velocity values V (m/s).
SOURCE SS, df MS, F-VALUE | p-VALUE | CONT. (%) | SIG.
Model- V 91665.52 6 15277.59 22.84 <0.0001 15.12632673 Yes
Linear Mixture 73288.07 2 36644.03 54.78 <0.0001 36.28121782 | Yes
AB 4315.79 1 4315.79 6.45 0.0236 4.273059406 | Yes
AC 11050.04 1 11050.04 16.52 0.0012 10.94063366 Yes
BC 7163.15 1 7163.15 10.71 0.0056 7.092227723 | Yes
ABC 446.88 1 446.88 0.6681 0.4274 0.442455446 | No
Residual 9364.29 14 668.88
Cor Total 101000 20
Standard of deviation 25.86 R? 0.9073
Mean 3175.24 Adjusted R? 0.8676
Variation coefficient. % 0.8145 Predicted R? 0.6622
Predicted sum-of-squares residual | 34129.01 Adequate Precision 18.719
error
28-day F (MPa) =+ 5.25A + 5.77B + 3.36C + 2.59AB + 4.077AC + 3.125BC — 3.819ABC )
28-day C, (MPa) =+29.3A +31.94B + 18.69C + 13.92AB + 22.624AC + 17BC — 20ABC ©)
Am/A (kg.m2h?)=+3.91A+3.28B + 6.62C — 2.83AB — 5.44AC - 4.045BC + 1.72ABC (10)
V (m/s) =+ 3168.15A + 3202.079B + 2969.82C + 253.42AB + 405.51AC + 326.49BC — 475.694ABC (11)

Compared with the reference normal distribution, the residuals of slump, F 7, F 28, C.7, C.28, Am/A,
and V are illustrated in the normal probability plots (Figure 5). In all cases, the residuals are closely aligned with
the red diagonal reference line, indicating an approximately normal distribution. This behavior confirms that the
errors are random rather than systematic, thereby demonstrating the consistency and robustness of the developed
models. Figure 6 shows the relationship between the predicted values and the experimental measurements for
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the seven studied responses, highlighting the accuracy of the developed models. A strong agreement between
predicted and observed data is evident from the tight clustering of points along the black diagonal line, reflecting
a high level of correlation. This close correspondence validates the predictive capability of the models. Further-
more, the applied color coding offers additional insight into the influence of the studied variables on the predic-
tion distribution. Overall, these results confirm that the proposed models are accurate and reliable for predicting
both fresh and hardened properties of concrete. Figures 7a-g provides a detailed analysis of the effects of RS,
CS, and DS on both fresh and hardened concrete properties. The mix designs are shown in the ternary graphs,
where the equilateral triangle’s vertices have the maximum proportions of RS, CS, and DS, respectively. This
helps to illustrate the importance of each component. In order assess the effects of the three parameters under
research, these plots show the observed response values for the many optimum concrete combinations. Curves
are color-coded to indicate the intensity of the responses resulting from the interaction of the input variables, with
blue representing the lowest responses and red indicating the highest. Figure 7a shows that the concretes exhibit
a plastic workability class, with slump values ranging from 50 mm to 80 mm. The findings also demonstrate that
RS has a pronounced positive effect on the workability of fresh mixes, which is reflected in the elevated slump
values for mixes M21 (reference concrete 100% RS), M19 (0.8 RS + 0.2 DS), M16 (0.6 RS + 0.4 DS), and M 12
(0.4 RS + 0.6 DS). The concrete made with 100% RS demonstrates better workability than that made with 100%
CS (M6), this is because CS granules have an angular form and absorb more water than other materials. While
RS grains are smooth, round, and spherical, they allow particles to move more easily in their fresh form, while
CS grains are more angular and hence decrease the effective water content in the mixture. For workability, 100%
DS (M1) prepared concrete is on par with 100% CS. In terms of workability, the reference concrete outshines the
DS-based concrete, due to the high water absorption and fine particle size of DS, which reduce the available water
in the mix, increase cohesion, and potentially limit slump. These observations are consistent with the findings
reported by DOUARA and GUETTALA [2]. Similar to what SAHRAOUI and BOUZIANI [56] found, Figure 7a
demonstrates that the workability of the concretes is improved when the proportion of RS in binary and ternary
systems is increased. The binary mixes of 0.8 RS + 0.2 DS and 0.6 RS + 0.4 DS showed the greatest slump value
of 80 mm. The slump values for concretes made with ternary sand mixes varied between 50 mm and 70 mm. The
mixture including 60% RS, 20% CS and 20% DS produced the highest slump of 70 mm. The workability of the
concretes was enhanced up to a content of about 0.4 DS when RS was replaced with DS and by 0.4 CS when DS
was substituted for RS. Beyond this level, the workability clearly decreased for both types of sand, which is con-
sistent with the findings of BOUZIANI [50]. Figures 7b and 6¢ show an increase in 7-day flexural and compres-
sive strengths for mixes M9-M11, and M13-M20. For the 28-day compressive and flexural strengths (Figures 7d
and 6e), a significant improvement is observed in mixes M10, M11, M14, M15, M17, M18, and M20. The curves
exhibit almost similar trends. It can be observed that the 7-day compressive strength is primarily influenced by the
RS content, followed by CS and DS dosages. In contrast, the 28-day compressive strength is mainly controlled
by the CS content, followed by RS and DS. The results indicate that increasing the CS proportion leads to higher
compressive strength, with an optimum effect observed at approximately 60%. This feature is particularly bene-
ficial from both economic and environmental perspectives.

The maximum 28-day compressive strength of 36 MPa was achieved with the binary combination of 0.4 RS
and 0.6 CS, while for the ternary mixture (0.2 RS + 0.6 CS + 0.2 DS), a maximum compressive strength of 34.70
MPa was recorded. Granular impact [14, 15], physico-chemical impact [7], and the limestone fillers’ chemical
reactions in CS [9] are three complementary mechanisms that improve compactness, which in turn enhances com-
pressive strength. The angular structure, big size, and a significant fine content (5.04%) also contribute. Cement
paste and grain particles stick together more firmly because of the limestone content of CS. These results are in line
with those of FARRAN et al. [13], who proved that the cement paste and limestone grains formed a strong link,
and ACHOUR et al. [10], who proved that the fine particles of limestone aggregates improve the paste-aggregate
adhesion. The improvement in concrete strength observed in the results can be mainly attributed to two key factors
related to CS: particle angularity and the limestone filler effect. The synergy between angular particle shape and
limestone fines (physical and microstructural effect) explains the superior performance of mixes with optimized CS
content. However, an excessive amount of fines or poor grading can negatively affect workability and may offset
strength gains. The strength enhancement is not due to a single factor, but rather the combined effect of improved
interfacial bonding and matrix densification induced by CS characteristics. A positive role for DS is observed up
to an ideal content of around 40% in both binary (CS-DS and RS-DS) and ternary mixes. DS improves compact-
ness by reducing void volume; however, exceeding 40% DS leads to a decrease in compressive strength. This
decrease is caused by the increased porosity of DS, which is a result of its small particle size, consistent diameter,
rounded shape, and water absorption capability. In line with previous research [1, 2, 50, 56] these results. No
matter how old the concrete was, the flexural strengths of mixes made with binary and ternary materials followed
patterns comparable to the compressive strengths. With hydration came an increase in compressive strength and,



BRAHIM, N.; NAAS, A.; SALAH, G., et al., revista Matéria, v.31, 2026

Normal Plot of Residuals

Normal Plot of Residuals

Color points by value of | Color points by value of
2] Slump (mm): / a FS at 7 days (MPa):
95 / 95 /
3 -
2z o0i o Z %04 o
= % = -,
2 3 2 .
g8 g 707 .ﬂ
a. oo
50 504
® .aj * j
© ®
E 2 p H E 201 s
S & 3 o
Z 0 Z 0 /
[ »
5 s4 /
- .
1 1-
- . . . — ' . . . . . . .
2300 <200 <100 000 100 200  3.00 200 -1.00 000 100 200 300 400 500
Externally Studentized Residuals Externally Studentized Residuals
Normal Plot of Residuals Normal Plot of Residuals
Color points by value of Color points by value of
| €S at 7 days (MPa) 994 FS at 28 days (MPa) 4
954 953
£ 904 o 4 £ é
¥ 32 H
< 3 f L]
-5 70 ‘5 -g 70 [
a. a
50
R j! ® ﬁ
] ]
E 2 g E 2 o’
<] g 5 =
Z 104 o Z 104 /8
3 o | .
53 / 5=
] L} ) -
14 / 14
= T T T T T T T T T T T
400 -2.00 0.00 200 400 600 200 100 000 100 200 300 400
Externally Studentized Residuals Externally Studentized Residuals
Normal Plot of Residuals Normal Plot of Residuals
Color points by value of Color points by value of
99 CS at 28 days (MPa): 99 - Quantity of water absorbed per unit surface
21 [ 36 = 26 [l o E]
95 o 95 a
2 % . 2 90 s
= o =
2 L 3 Y
e g' £ 70
a.
50 50
® g’ ®
® - ® [ ]
g 20 & g 20 o, "
e -
Z 10 Z 10
. -
5 5
. [
1 14
T T T ™ T T T T T
200 <100 000 100 200 300 400 -500 -400 -300 -200 -1.00 000 100 200

Externally Studentized Residuals Externally Studentized Residuals

Normal Plot of Residuals

Color points by value of
99 Ultrasonic pulse velocity V(m/s):

1 3010 [ 3220 -

95

2 904 .
3 :
a8 Q
o L .:.
& 50 ‘
R ,5
3 o
E 20 .EF
Z 104 .

1 -

59

-
14
200 <100 000 100 200 300 400

Externally Studentized Residuals

Figure 5: Statistical validation of the developed models: normal residual distributions.

to variable degrees, flexural strength as well. After 28 days, the binary mixture with 0.4 RS and 0.6 CS had a max-
imum flexural strength of 6.50 MPa, whereas the ternary combination with 20% RS, 60% CS, and 20% DS had a
maximum flexural strength of 6.30 MPa. A reduction in the amount of water absorbed (Am/A) is noted for mixes
M4-M6, M9-M11, M13-M15, M17, M18, and M20, as illustrated in Figure 7f. Finally, ultrasonic pulse velocity
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Figure 6: Statistical validation of the developed models: predicted versus measured values of mechanical and physical responses.

(V) is particularly high in mixes M5, M6, M10, M11, M14, M15, M17, M18, and M20, as presented in Figure
7g. Figure 8 clearly illustrates the combined effect of fine aggregate types on compressive strength (C,) and open
porosity (€). The results show that the binary mixture M 15 achieved the highest 28-day compressive strength, while
outperforming the reference concrete (M21) by about 20%, and along with the highest dynamic elasticity modulus
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Figure 7: Response surface visualization using ternary contour plots for slump (a), mechanical strengths (b), (c), (d), (e),
water absorption (f), and ultrasonic pulse velocity (g).

and the lowest open porosity. M10, a ternary combination, outperformed M21 in terms of 28-day compressive
strength, an improvement of about 15.67%. These results can be attributed to the influence of the fine aggregate
type, particle size, adherence, and overall material density on compressive strength, dynamic elasticity modulus,
and open porosity.
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Figure 8: Influence of fine aggregate type-proportion on concrete compressive strength and open porosity.
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Figure 9: Influence of fine aggregate type-proportion on ultrasonic pulse velocity and dynamic elastic modulus.

Figure 9 depicts the combined effect of fine aggregate types on UPV (V) and dynamic elasticity modulus
(E,). The highest E, and V values were observed for the binary mixture M15; this is explained by the fact that the
E, depends heavily on the nature, quality, and adherence of the fine aggregates as well as the material density. A
reduction in E is generally associated with increased porosity, which also affects V. Additionally, the type, size,
and adherence of the fine aggregates, together with material density, significantly influence the increase in V
of the concrete. Based on the evaluation according to IS 13311-1 [79], the quality of all tested mixtures can be
classified as medium-strength concretes.

4. DESIRABILITY-BASED MULTI-OBJECTIVE OPTIMIZATION AND EXPERIMENTAL VALIDATION

Finally, the multi-objective optimization framework adopted in this study incorporated experimental validation
and desirability function analysis (DFA). Additional experimental tests were conducted to confirm the reliability
of the optimization results obtained through the desirability function. The combination of predictive modeling
and experimental validation offers an effective approach for developing concrete mixtures with reduced envi-
ronmental impact, representing a significant step toward more sustainable construction practices. Moreover, this
approach contributes to saving time, cost, and material resources by limiting extensive experimental trials, while
promoting environmentally friendly solutions. Accurate prediction of concrete properties also enhances the reli-
ability and durability of building structures. Desirability-based modeling offers fundamentally different insights
compared to traditional optimization approaches, particularly in complex systems like concrete mix design, by:
transforming a single-objective problem into a multi-criteria decision framework, quantification of trade-offs
between properties, identification of a global optimum region, not a single point, integration of performance
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Table 13: Criteria and solutions for optimization.

FACTORS UNIT DESIG. THE FINDINGS FROM DESIR-
GOAL OPTIMIZATION ABILITY
RS % A Range 0.45873 0.913
CS % B Range 0.544127 (O1.3%)
DS % C Range 0
Slump mm - Range 55.0019
F, at 7 days MPa - Maximize 4.54615
C, at 7 days MPa - Maximize 26.4165
F at 28 days MPa - Maximize 6.17571
C, at 28 days MPa - Maximize 34.1885
Am/A kg.m2.h!"? - Minimize 2.86487
v m/s - Maximize 3249.47

0 1 0 : 0 1
A:RS = 0.45873 B: CS = 0.544127 C:DS=0

- gt e N N e

50 80 3 46 173 27

Slump (mm) = 55.0019 FS at 7 days (MPa) = 4.54615 CS at 7 days (MPa) =26.4165

3.8 6.5 21 36 2.63 6.02

FS at 28 days (MPa) = 6.17571 CS at 28 days (MPa) = 34.1885 Absorbed water (kg.m2.h/2) = 286487
ﬂ Desirability = 0.913

50 50 Solution 1 out of 3

Ultrasonic V(m/s) = 3249.47

Figure 10: Desirability function-based optimization ramp diagram for the studied responses.

priorities and design criteria, enhanced interpretation of multi-variable interactions, and direct link between
modeling and practical validation. The optimization technique took into account several essential response fac-
tors to determine the ideal ratios for the combination. AWOLUSI et al. [80] assert that when optimizing multiple
performance metrics simultaneously, achieving a compromise optimum is more pertinent than focusing on a
singular performance indicator. To achieve this objective, it is essential to define appropriate criteria and levels
of significance for all pertinent components, including input variables and response parameters. Optimization
performance is assessed using a desirability function ranging from 0 to 1, where values closer to 1 indicate more
favorable outcomes [81, 82]. Table 13 summarizes the optimization objectives and corresponding desirability
functions adopted in this study. The selected mix proportions were 45.873% RS, 54.4127% CS, and 0% DS,
ensuring compliance with the experimentally investigated ranges. The evaluated response parameters included
slump, flexural strength at 7 and 28 days (F_7 and F28), compressive strength at 7 and 28 days (C_7 and C28),
quantity of water absorbed per unit surface area (Am/A), and ultrasonic pulse velocity (V). The optimization
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Figure 11: Ternary contour plots of the desirability function.
Table 14: Experimental confirmation of the findings.
FACTORS UNIT | DESIG. THE MODEL LABORA- ABSOLUTE | DESIR-
GOAL | PREDICTION TORY ERROR (%) | ABILITY
EXPERIMENT
RS % A Range 0.45873 0.45873 - 0.913
CS % B Range 0.544127 0.544127 - (91.3%)
DS % C Range 0 0 -
Slump mm - Range 55.0019 60 8.33
F, at 7 days MPa - Maximize 4.54615 4.222 7.67
C, at 7 days MPa - Maximize 26.4165 26.129 1.1
F, at 28 days MPa - Maximize 6.17571 6.785 8.98
C, at 28 days MPa - Maximize 34.1885 33.552 1.89
Am/A kg.m?2.h? - Minimize 2.86487 2.725 5.13
A% m/s - Maximize 3249.47 3245 0.14

criteria were defined to maximize flexural and compressive strengths at both curing ages (MPa), maximize V
(m/s), minimize Am/A (kg.m 2h '), and achieve a target average slump value.

Figure 10 illustrates the optimization results in the form of ramp plots, whereas Figure 11 depicts the ter-
nary response surfaces and the corresponding desirability contours. The final stage of the mix design methodology
consisted of experimental validation, in which concrete specimens were prepared using the optimal variable propor-
tions obtained from the optimization process. These specimens were subsequently tested to assess the corresponding
responses. The experimental results, together with the predicted optimal values, are reported in Table 13. The exper-
imental error between the predicted and measured results was calculated using Equation 12, and the corresponding
values are summarized in Table 14. The experimental error for all responses was found to be less than 9%, confirming
the reliability and accuracy of the developed response models and the effectiveness of the optimization procedure.

Predicted value
— |x100
Experimental value

(12)

Absolute experimental error (%) = (1 -
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5. CORRELATIONS

5.1. Correlation among compressive strength, open porosity, and density

Figure 12 shows the correlation among compressive strength Cs (MPa), open porosity € (%), and density p (kg/m?).
The results reveal that Cs decreases with increasing €, and p. Moreover, modeling compressive strength depend-
ing on these parameters allows it to be expressed by a linear relationship, as given in Equation 13.

Cs (MPa) = (25 / (w/e)) — (4.5 / (w/e)) x & (%) * p (kg/m®) x 107 / g (m/s) (13)

Coefficient of regression (R? = 0.995)

Cs (MPa) = (25 / 0.56) — (4.5 / 0.56) x & (%) * p (kg/m’) x 107/ 9.81

A very strong linear relationship was observed. Table 15 presents a comparison between the experimental
and predicted values of the 28-day compressive strength depending on open porosity € (%), and density p (kg/m?).
The relative error (%) calculated for the different experimental data points generally remains below 4%, allow-
ing the conclusion that the 28-day compressive strength can be reliably estimated solely from the determination
of open porosity, and density.

5.2. Correlation among compressive strength and the ultrasonic pulse velocity

Figure 13 illustrates the correlation among compressive strength Cs (MPa) and the UPV V (m/s) of concretes.
The results indicate that Cs increases with increasing UPV. Furthermore, modeling compressive strength
depending on the UPV allows the 28-day compressive strength to be expressed by an exponential relationship,
as given by:

C, (MPa) = 0.038 x exp (0.0021 x v (m/s)); Coefficient of regression (R*=0.997) (14)

The advanced correlation generally corroborates the findings of DEMIRBOGA et al. [83]. Table 15 presents a
comparison between the experimental and predicted values of the 28-day compressive strength depending on
the upv. There is typically less than a 4% relative error when calculating the various experimental data points,
which allows the conclusion that the 28-day compressive strength can be reliably estimated solely by measuring
the ultrasonic pulse velocity of concrete.

40
Cs=(25/(E/C)) - 4.5/ (E/C)). 2 (%). p Kg/m’*). 107/ g (/")
Cs=(25/0.56) - (4.5/0.56). £ (%). p (Kg/m’). 107/ 9.81 ; R’=0.995
©
o o
S 35
8 [ ® Compresssive strength, Cs (MPa) |
£
2
o 30
s
()
Q
2
()]
%
o 25
Q.
£
(]
o
20 : . : } . .
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Figure 12: Relationship between compressive strength, open porosity, and density.
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Figure 13: Relationship between compressive strength and ultrasonic pulse velocity.

Table 15: Estimated and experimental 28-day compressive strength values.

MIX | Cs (MPa)AS A FUNCTION ON ¢ (%) AND Cs (MPa) AS A FUNCTION
p (kg/m) ON V (m/s)
Cs Cs RELATIVE | Cs MEA- Cs ESTI- RELATIVE
MEASURED | ESTIMATED | ERROR (%) SURED MATED ERROR (%)

M1 21.00 21.07 0.30 21.00 21.13 0.63
M2 22.30 22.08 1.00 22.30 22.37 0.29
M3 27.50 27.50 0.00 27.50 27.53 0.12
M4 32.70 32.84 0.40 32.70 32.78 0.24
M5 31.50 31.55 0.20 31.50 31.43 0.23
M6 31.00 31.36 1.20 31.00 30.84 0.51
M7 22.50 22.61 0.50 22.50 22.32 0.81
M8 26.80 27.05 0.90 26.80 26.62 0.65
M9 31.20 31.33 0.40 31.20 30.84 1.15
M 10 34.70 34.55 0.40 34.70 34.98 0.81
M1l 33.30 33.64 1.00 33.30 33.19 0.32
M 12 28.80 29.17 1.30 28.80 28.96 0.55
M 13 31.20 31.57 1.20 31.20 31.36 0.52
M 14 32.50 33.02 1.60 32.50 32.85 1.06
M 15 36.00 34.87 3.10 36.00 37.26 3.49
M 16 32.20 32.05 0.50 32.20 32.16 0.11
M 17 32.30 32.77 1.50 32.30 32.43 0.42
M 18 32.50 32.95 1.40 32.50 33.40 2.78
M 19 30.20 30.96 2.50 30.20 30.52 1.05
M 20 30.90 31.50 1.90 30.90 31.04 0.44
M 21 30.00 30.83 2.80 30.00 30.20 0.67
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Figure 14: Relationship between ultrasonic pulse velocity, open porosity, and density.

5.3. Correlation among ultrasonic pulse velocity, open porosity, and density

Figure 14 illustrates the correlation among ultrasonic pulse velocity V (m/s), open porosity € (%), and density p
(kg/m?). It can be observed that V decreases with increasing €, and p. The modeling the UPV depending on the
open porosity, and density allows it to be expressed as a linear relationship, as follows:

V (m/s) = 3400 — 133 x & (%) x p (Kg/m®) x 107/ g (m/s?) (15)

Coefficient of regression (R = 0.995).

This finding is consistent with OMRANE and RABEHI [84]. A strong linear relationship was observed
between ultrasonic pulse velocity, open porosity, and density. Table 16 provides a comparison between the
experimental and predicted values of UPV depending on the open porosity and density. The relative errors (%)
for the various experimental points are generally below 2%, indicating that ultrasonic pulse velocity can be
reliably estimated solely from measurements of open porosity and density.

5.4. Correlation among dynamic elasticity modulus, open porosity, and density

Figure 15 illustrates the correlation among dynamic elasticity modulus E, (GPa), open porosity & (%), and
density p (kg/m?). The results indicate that the E decreases with increasing € and p. Furthermore, modeling the
E, depending on these parameters allows it to be represented by an exponential relationship, as expressed in
Equation 16.

E, (GPa) =8.35 x exp (—0.62 x & (%) x p (kg/m?) x 107 / g (m/s?)) +20.82 (16)

Coefficient of regression (R* = 0.916)

A strong exponential relationship was observed between the dynamic elasticity modulus E, (GPa), open
porosity € (%), and density p (kg/m?). Table 16 presents a comparison between the experimental and predicted
values of the E; depending on the ¢ and p. The relative errors (%) for the various experimental points are gen-
erally below 4%, indicating that the dynamic elasticity modulus can be reliably estimated solely from measure-
ments of open porosity and density. According to OMRANE and RABEHI [84], this outcome is in line with
what was found.
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Table 16: Estimated and experimental ultrasonic pulse velocity and dynamic modulus of elasticity values.

MIX V (m/s) A FUNCTION ON g (%) E, (GPa) AFUNCTION ON ¢ (%)
AND p (kg/m?) AND p (kg/m%)
V MEA- V ESTI- RELATIVE E, MEA- E,ESTI- | RELATIVE
SURED MATED ERROR (%) SURED MATED | ERROR (%)
M1 3010.00 3009.79 0.01 22.07 22.17 0.46
M2 3037.00 3026.54 0.34 22.29 22.28 0.04
M3 3136.00 3116.25 0.63 23.60 23.04 2.35
M4 3219.00 3204.60 0.45 24.67 24.18 2.01
M5 3199.00 3183.29 0.49 24.18 23.86 1.33
M6 3190.00 3180.22 0.31 23.86 23.82 0.17
M7 3036.00 3035.37 0.02 22.15 22.35 0.87
M8 3120.00 3108.75 0.36 23.22 22.97 1.07
M9 3190.00 3179.70 0.32 24.08 23.81 1.13
M 10 3250.00 3232.89 0.53 24.80 24.65 0.61
M11 3225.00 3217.88 0.22 24.23 24.39 0.66
M 12 3160.00 3143.99 0.51 23.67 23.35 1.34
M13 3198.00 3183.60 0.45 24.05 23.86 0.79
M 14 3220.00 3207.57 0.39 24.20 24.22 0.12
M 15 3280.00 3238.33 1.27 2491 24.75 0.64
M 16 3210.00 3191.57 0.57 24.09 23.98 0.44
M 17 3214.00 3203.49 0.33 23.96 24.16 0.86
M 18 3228.00 3206.40 0.67 23.97 24.21 0.97
M 19 3185.00 3173.54 0.36 23.38 23.73 1.49
M 20 3193.00 3182.44 0.33 23.31 23.85 2.32
M21 3180.00 3171.46 0.27 22.97 23.70 3.16
2 ® ° I @® Dynamic elasticity modulus, E_ (GPa) ]
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Figure 15: Relationship between dynamic elastic modulus, open porosity, and density.
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6. CONCLUSIONS

Based on the results of this study, the following conclusions could be drawn:

1.

RS significantly improves the slump due to its spherical particle shape and smooth surface, while CS and DS
reduce workability because of angularity and high water absorption. The optimal workability was achieved
at 40% DS or CS substitution levels.

CS enhances both compressive and flexural strengths due to its angular structure and limestone compo-
sition, which improve paste-aggregate adhesion and compactness. The best 28-day compressive strength
(36 MPa) was recorded for the mix consisting of 0.4 RS + 0.6 CS.

With a rise of approximately 15.67% compared to the reference concrete (M21), mixture M10 had the
greatest 28-day compressive strength among the ternary mixes.

Increasing CS and moderate DS content reduced open porosity and water absorption. Excess DS (> 40%)
increased porosity and decreased strength.

Optimal blend obtained via desirability analysis was 45.87% RS, 54.41% CS, and 0% DS, ensuring a bal-
ance between workability, flexural and compressive strengths, and water absorbed amount per unit surface
after 1 hour, and ultrasonic pulse velocity (UPV). Experimental validation showed prediction errors below
9%, confirming models reliability.

As hydration progressed, the concretes exhibited increases in compressive strength and dynamic elasticity
modulus, which were accompanied by enhanced flexural strength and reduced open porosity.

Strong relationships were established between compressive strength, open porosity, density, UPV, and
dynamic elasticity modulus of concretes with different types of fine aggregate (R? > 0.91), enabling non-de-
structive property estimation.

In addition to their promising physico-mechanical performance, the concretes highlight the feasibility of
replacing natural river sand with locally sourced materials, offering economic, technological, and environ-
mental benefits.

7. DATA AVAILABILITY

The data used to support the findings of this study are available from the corresponding author upon request.
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