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Abstract

The construction industry increasingly integrates technological advancements to enhance
efficiency and meet technical, environmental, and economic requirements. Self-compacting
mortars are gaining popularity due to their superior fluidity, optimized compaction, and
improved mechanical properties. This study explores the potential of statistical mix design
methodology to optimize self-compacting mortars’ fresh properties and strength develop-
ment by replacing up to 20% of cement with pozzolana, limestone, and marble powder. A
self-compacting mortar repository was used to develop robust models predicting slump
flow, compressive strength at 28 days, water absorption, and capillary absorption. Results
indicate that marble powder mixtures exhibit superior slump flow, up to 9% higher than
other formulations. Compressive strengths range from 50 MPa to 70 MPa. Pozzolana and
marble-based mortars show 15% and 12% strength reductions compared to the limestone-
based mix, respectively. Water absorption increases slightly for mortars with marble (+2%)
or pozzolana (+3%). The mortar containing marble powder has the lowest sorptivity
coefficient due to its high specific surface area. The statistical analysis was conducted
using a mixture design approach based on a second-order polynomial regression model.
ANOVA results for the studied responses indicate that the calculated F-values exceed the
critical thresholds, with p-values below 0.05 and R-squared values above 0.83, confirming
the robustness and predictive reliability of the developed models. Life cycle assessment
reveals that cement production accounts for over 80% of the environmental impact. Partial
replacement with pozzolana, limestone, and marble powder reduces up to 19% of green-
house gas emissions and 17.22% in non-renewable energy consumption, demonstrating the
environmental benefits of optimized formulations.

Sustainability 2025, 17, 7346

https://doi.org/10.3390/sul7167346


https://doi.org/10.3390/su17167346
https://doi.org/10.3390/su17167346
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7761-8488
https://orcid.org/0000-0002-9505-4364
https://orcid.org/0000-0002-0543-492X
https://orcid.org/0000-0002-4409-3689
https://orcid.org/0000-0003-0808-6438
https://orcid.org/0000-0003-0311-8074
https://orcid.org/0000-0003-0372-949X
https://orcid.org/0000-0001-8911-348X
https://orcid.org/0000-0001-8021-943X
https://orcid.org/0000-0001-5329-9534
https://doi.org/10.3390/su17167346
https://www.mdpi.com/article/10.3390/su17167346?type=check_update&version=1

Sustainability 2025, 17, 7346

20f31

Keywords: self-compacting mortar; mechanical properties; ANOVA; optimization; life
cycle assessment

1. Introduction

Despite the efforts made by cement-producing companies to reduce CO, emissions,
the chemical and thermal processes involved in cement production still account for about
8% of global greenhouse gas emissions [1,2]. As a result, researchers have been exploring
environmentally friendly raw materials to create alternative binders for cement in an
attempt to lower these emissions [3-5].

Ensuring the sustainable use of natural resources in the face of rapid global population
growth is one of the most pressing issues facing humanity today [6]. Simultaneously, the
problem of disposing of industrial waste and by-products is worsening, as landfills pose
a threat to human health as well as the stability of the natural environment [7]. By using
waste and industrial by-products as secondary raw materials, the construction industry is
moving towards a more circular economic model in this regard [8]. This approach addresses
the waste disposal issue while also reducing raw material consumption in construction.

At the front of this sustainable change are self-compacting mortars (SCMs). Their
capacity to flow and consolidate under their own weight without the need for mechanical
vibration [9], thus reducing energy, equipment and man power consumption This remark-
able property is due to their inherent fluidity and stability. The incorporation of fillers,
derived either from industrial or quarries waste, such as crushed bricks [10], other ceramic
debris [11], marble powder [12], glass powder [13] and limestone filler [14], or natural
resources such as, dune sand and volcanic tuffs [15,16], plays a critical role in enhancing
the physico-mechanical properties of SCMs. These fillers, in optimized percentages, due
to their fine particle size and ability to fill voids between cement grains, improve the
compactness, mechanical strength, and durability of the mortars [17].

This enhances the homogeneity and stability of fresh self-compacting mortars (SCMs),
reducing segregation and bleeding risks. Fillers significantly reduce clinker demand in
cement production, thereby lowering the carbon footprint of the final product. For instance,
CEM II/A and CEM II/B cements contain approximately 80-94% and 65-79% clinker,
respectively, while CEM III/A, B, and C cements contain as little as 35-64%, 20-34%, and
5-19% clinker, respectively, due to the incorporation of supplementary materials such as
slag or fillers. This reduction in clinker content contributes directly to lower CO, emissions
associated with calcination and fuel combustion during cement production.

Studies have shown that substituting 15-30% of Portland cement with inert filler
such as limestone, brick powder, or ceramic waste can decrease CO, emissions by up to
200-300 kg per ton of cement produced [18,19], depending on the substitution level and
process efficiency. In mortar and concrete formulations, the incorporation of such fillers
also reduces overall cement consumption without compromising mechanical properties
when properly optimized [20].

Fillers also lower clinker demand in cement production, reducing its carbon footprint,
and cement consumption in mortars and concrete. Industrial by-products, such as brick
powder, ceramic waste, and construction demolition residues, offer promising opportuni-
ties for reducing clinker consumption, minimizing landfill disposal, and promoting circular
economy principles. These materials can act as fillers or exhibit latent hydraulic or poz-
zolanic properties when finely ground, contributing to improved mechanical performance
and lower environmental impact. However, their large-scale application may face certain
limitations, including inconsistent availability, regional disparities in source quality, and the



Sustainability 2025, 17, 7346

3 0f 31

need for preprocessing (e.g., crushing, grinding, and sieving) to achieve appropriate fine-
ness and chemical compatibility with cementitious systems. In some cases, contaminants
such as sulfates, alkalis, or organic matter may also restrict their reuse without adequate
treatment. Addressing these challenges through standardization protocols, quality control,
and local valorization strategies is essential to ensure their safe, reliable, and scalable
integration into sustainable construction materials [21,22].

Dune sand, limestone powder, and marble powder offer distinct benefits. Finely
ground dune sand provides a sustainable use for this abundant local resource, though
salt contamination must be considered [23]. However, a critical limitation of dune sand
is its potential contamination by chlorides and sulfates, originating from windborne ma-
rine aerosols or groundwater salinity. These salts can adversely affect cement hydration,
promote corrosion of embedded reinforcement, and compromise long-term durability
of concrete.

Despite this, dune sand remains a viable SCM option, particularly when appropriate
pretreatment strategies are implemented. These include washing with freshwater, thermal
treatment, or blending with low-salt aggregates to reduce soluble salt content to within
acceptable limits defined by standards (e.g., ASTM C33 or EN 12620). Moreover, when
used in finely ground form, dune sand exhibits pozzolanic reactivity and filler effects
that contribute to improved particle packing and mechanical properties. With controlled
processing, its environmental and economic advantages justify its use in eco-efficient
binder systems, especially in regions where natural resources are constrained. Limestone
filler, widely used in cement-based materials, improves SCM workability and stability [24].
Marble powder, a by-product of marble processing, is rich in calcium carbonate and
retains natural marble’s chemical stability and whiteness. Its fine particle size enhances
the mechanical properties, workability, and surface finish of mortars and concrete [25].
Incorporating marble powder supports industrial waste recycling while improving SCM
performance, contributing to sustainable construction through waste valorization and
efficient resource utilization [26].

This dual approach of innovation and sustainability paves the way for a new gen-
eration of construction materials that combine high performance with environmental
responsibility. By integrating these advanced materials, the construction industry can
achieve significant economic and ecological benefits, contributing to the development of
more sustainable building practices [27]. Several studies have explored the incorporation
of limestone powder (LSP) as a sole supplementary cementitious material (SCM) in cemen-
titious systems [28-30], while only a limited number have investigated the combined use of
multiple SCMs, particularly ternary blends involving pozzolana (PZ) [31-33]. The isolated
use of these materials may not yield optimal performance, especially in self-compacting
concretes (SCCs) [34]. For instance, LSP alone tends to increase the demand for high-
range water-reducing admixtures (HRWRAs) to achieve the required flowability while
also inducing significant early-age dimensional instability due to shrinkage effects [34].
Further investigations by Belaidi et al. [35], examined the influence of marble powder (MP)
and pozzolana (PZ) on the rheological and mechanical properties of SCCs. The findings
indicate that PZ contributes to enhanced long-term strength development in binary sys-
tems, particularly at 90 days. The highest compressive strength at 28 days was recorded in
mixtures incorporating 5% PZ in binary systems and a ternary blend of 5% PZ + 5% MP,
demonstrating the potential of these optimized formulations to improve both fresh and
hardened properties of SCCs.

Traditional mix design methods may not adequately address the strict requirements
of self-compacting mortars (SCMs). Data-driven approaches offer valuable insights for
optimizing fresh properties while improving strength development [36]. The Design of
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Experiments (DoE) is a powerful statistical tool that helps establish correlations between
variables, identify optimal responses, minimize experimental trials, and create mathemat-
ical models based on predefined inputs [37]. In recent decades, statistical methods have
become increasingly important in the design of mortar and concrete mixes. Researchers
have utilized experimental design techniques to maximize material substitution, incorpo-
rating alternatives such as pumice stone [38], foundry sand [39], plastic waste [40], silica
fume [41], and hybrid steel fibers [42] to replace cement or aggregates. These studies have
resulted in high-precision models that optimize cementitious mixes while reducing the
consumption of primary raw materials [43—45]. To optimize mix designs, researchers can
systematically adjust substitution rates and analyze their effects, balancing performance
with environmental impact. This approach enhances sustainability by minimizing waste
and resource depletion, leading to more efficient and eco-friendly construction materi-
als [46].

In general, the incorporation of experimental design methodologies into the develop-
ment of SCMs an important step in the pursuit of sustainable construction practices. This
approaches enables to optimize the material properties, ensuring that self-compacting mor-
tars meet modern construction standards while minimizing their environmental impact [47].
Through continued research and application of these statistical tools, the construction indus-
try can achieve significant progress toward more sustainable and resilient infrastructure.

This research aims to compare the performance of limestone powder (LSP) and marble
powder (MP) when combined with a pozzolanic addition, given that both materials are
calcium-rich and traditionally considered inert fillers. The objective is to establish optimal
mix designs that enhance self-compacting mortars’ mechanical strength and durability
(SCMs) by incorporating controlled proportions of LSP, MP, and pozzolana powder (PZ).
Previous studies have demonstrated that including inert fillers can improve the overall per-
formance of cementitious materials, with filler contents reaching up to 15% and pozzolana
additions up to 5% [48-50]. However, a comprehensive understanding of synergistic effects
arising from ternary blends remains limited. This study seeks to bridge this knowledge
gap by systematically evaluating the influence of replacing up to 20% of cement with
varied combinations of LSP, MP, and PZ, leveraging experimental design methodologies to
optimize mixture formulations for enhanced workability, mechanical performance, and
long-term durability

This study reveals important contributions to the field of sustainable construc-
tion materials development. It provides two major contributions:

(1) It proposes a systematic optimization framework for incorporating industrial by-
products, such as limestone powder and marble powder, and natural pozzolanic resources
into self-compacting mortars. This approach tackles issues related to waste management
while meeting the construction industry’s increasing demand for sustainable alternatives
to conventional cementitious binders. Implementing a statistical mixture design approach
facilitates a rigorous evaluation of multiple variables and their interactions within a ternary
system of supplementary cementitious materials.

(2) The findings reveal that strategically incorporating these fillers enhances self-
compacting mortars’ mechanical and durability performance. The observed improvements
in the studied responses provide robust experimental validation, reinforcing the viability
of these materials for structural applications. This research establishes optimal mix propor-
tions using a comprehensive statistical modeling approach, ensuring superior performance
relative to conventional mortar formulations. This data-driven methodology offers precise
guidance for material selection, quality control, and large-scale practical implementation.

(3) A life cycle assessment (LCA) was performed to quantify the environmental foot-
print of the developed mortars, particularly in terms of greenhouse gas emissions and
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non-renewable energy consumption. The insights gained from this analysis underscore
the potential of these optimized formulations to contribute to eco-efficient construction
practices, aligning with global sustainability objectives.

2. Materials and Methods
2.1. Materials

Mortars were prepared using a CEM I 42.5 R Portland cement, as classified by EN
197-1 [51], produced by the Biskria cement company. This cement has a specific gravity of
3.15 g/cm3 and a Blaine specific surface area of 326 m?/kg. The sand used had a maximum
grain size of 3.15 mm and a fineness modulus of 2.5. It was obtained by blending 30% of very
fine natural siliceous sand with 70% of crushed artificial sand, in accordance with Abrams’
rule, which in this context was applied to optimize the particle size distribution [52]. The
natural sand had a fineness modulus of 0.937 and a sand equivalent value of 67.71%,
whereas the crushed sand exhibited a fineness modulus of 3.167 and a sand equivalent
of 83.67%.

Besides cement and sand, after reduced to powders, natural pozzolana from Beni Saf
(P), limestone from The Khroub quarry (L) and marble powder from ZIDANE Mouloud Es-
tablishments, PLM were included as additives. The materials underwent intensive grinding
using a laboratory-type Shredder A BB 27 for 60 min in the case of pozzolana and 90 min
for limestone and marble before utilization. The chemical compositions of each additive,
along with the used cement, are presented in Table 1. The relatively high loss on ignition
(LOI) values recorded for marble (39.8%) and limestone (43.6%) are primarily due to the
thermal decomposition of their carbonate constituents during heating. These materials
are composed predominantly of calcium carbonate (CaCOs3), and in the case of some lime-
stones, also dolomite (CaMg(CO3);). When subjected to ignition temperatures (typically
above 600 °C), CaCOj3 and dolomite decompose to form CaO and MgQO, respectively, while
releasing carbon dioxide (CO;,) gas according to the reactions:

CaCO; — CaO + CO, (1)

CaMg(CO3), — CaO + MgO + 2CO, )

Table 1. Chemical composition of cement, pozzolana, limestone and marble powders.

Compound (% wt.) Cement Pozzolana Marble Limestone

SiO, 22.7 47.8 7.44 1

Al,O3 54 19.8 0.83 0.3

Fepy O3 2.7 10.5 0.75 0.3

CaO 65.7 9.2 49.73 53.3

MgO 0.7 3.8 0.66 1.1

SO3 0.6 0.2 0.01 0.07

KO 04 0.5 0.02 0.04

Na,O 0.7 0.8 0.01 0.06

Loss On Ignition L.O.L 0.3 6.5 39.8 43.6

Specific gravity (g/cm3) 3.15 3.13 3.24 3.18

Blaine specific surface (kg/m?) 326 370 480 422

This release of gaseous CO, leads to a significant reduction in sample mass, which
explains the elevated LOI values observed. These results confirm the high carbonate content
of marble and limestone, characteristic of their calcareous origin.
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2.2. Mortars and Specimens’ Preparation

Since the presented experimental program attempts to discern the influence of poz-
zolana, limestone and marble powders on mortar characteristics, a mixture design was
developed. This plan includes the three additives (L, M, and P) as factors expressed in
mass proportions, where the sum is equal to the unit, used as cement replacements with an
amount of 20%. This means that these factors are interdependent. The experimental field is
constrained by Equation (3):

i=n

) =1 (3)

i=1

The number of necessary experiments to achieve the aim of this research is determined

using Equation (4):

m (@+m-—1)!

vt (it (q - 1! @
with q being the number of factors and m being the number of levels. Considering three
factors and three levels, the influence of these factors on the properties of mortars can be
predicted using a mortar design comprising 10 mixtures.

The quantities of all components used in the formulation of the predefined mortars
are presented in Table 2. It is important to note that the binder-to-sand (B/S) ratio, the
water-to-binder (W/B) ratio, and the superplasticizer dosage were maintained constant at
0.562%, 0.38%, and 1.5%, respectively, across all mortar formulations.

Table 2. Amounts of mixture components of studied self-compacting mortars.

Main Components (kg/m3) Additives (kg/m3)
Mortars i
Cement Sand Water Pozzolana Limestone Marble
Powder Powder
M1 (1P) 141 0 0
M2 (1/3L2/3P) 93.07 46.53 0
M3 (2/3L1/3P) 46.53 93.07 0
M4 (1L) 0 141 0
M5 (1/3M2/3P) 93.07 0 46.53
M6 (1/3L1/3M1/3p) 04 1350 225 46,53 46,53 46.53
M7 (1/3M2/3L) 0 93.07 46.53
M8 (2/3M1/3P) 46.53 0 93.07
M9 (2/3M1/3L) 0 46.53 93.07
M 10 (1M) 0 0 141

Mortars were prepared in compliance with the recommendations of Okamura and
Ozawa [53], which are based on achieving self-compactability through a proper balance of
powder content, water-to-powder ratio, and superplasticizer dosage, without the need for
vibration. Three specimens were tested for every mortar. The reported test results represent
the average of the three measured values per mortar.

2.3. Experimental Program

Figure 1 presents the adopted experimental program and illustrates the strategy of the
current study in investigating the behavior of SCMs containing pozzolana, limestone and
marble powder.

The slump flow test for the SCMs was conducted following EFNARC guidelines and
standards [54], which standardize the assessment of workability and flow characteristics.
The Compressive strength was performed on three samples at 7 and 28 days in accordance
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Enhancement of
environmental
durability

with EN 1015-11 [55]. The ultrasonic pulse velocity (UPV) of the cement paste was measured.
The UPV value was calculated using the following equation:
h
V= X 10° (5)
where V (m/s) is the ultrasonic pulse velocity, /i (m) represents the distance between the
transmitting and receiving surfaces of the cement-based specimen, and t (us) denotes the
time taken by the ultrasonic waves to travel between these surfaces.

Jaw crusher

o0

0
ST
. «Oe .

Valorization of local
materials

.o. .

Absorption
Capillary obsorption lmm
Marble powder

Pozzolana powder

Used Powder

Statistical Analysis

Figure 1. Adopted experimental program applied on self-compacting mortars containing pozzolana,
limestone and marble powder.

The absorption by immersion test follows a straightforward procedure and requires
no prior preparation, as specified in ASTM C1403 [56]. This test involves immersing mortar
specimens in water at a controlled temperature of 20 & 2 °C until a constant mass is
achieved. The water absorption percentage is then calculated using Equation (6).

mf—mo

W(%) = x 100 (6)

mo

where my is the sample constant mass before immersion and 1 is its mass after immersion.

The capillary water absorption test was performed in accordance with ASTM C-
1585 standards [54]. The capillary water absorption test was performed in accordance
with ASTM C-1585 standards [51]. After immersion in water for 28 days, the mortar
samples were thoroughly dried in an oven at 50 °C and 80% relative humidity. To ensure
unidirectional water absorption, the lateral surfaces of the prismatic samples were then
sealed with a layer of epoxy resin. The base of each sample was then placed in contact with
water. The test duration is three days, with the first six hours being particularly critical
and requiring close monitoring. The capillary curve of each mortar is drawn. The capillary
absorption coefficient is calculated using Equation (7):

mf—mo

A=A @
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with CA being the capillary absorption coefficient, in (kg/m?-min'/2), m  being the sample
mass after a specified time of absorption, in (kg), 7 being the initial mass of the dry sample,
also in (kg), a being the surface area of the specimen in contact with water, in (m?) and ¢
being the absorption time, in (min).

In the assessment of mix design models, particularly within regression analysis, multi-
ple performance indicators are utilized to rigorously evaluate the model’s accuracy and
reliability. Among these, the coefficient of determination (R?) is a key statistical measure
reflecting the model’s predictive efficiency. This coefficient quantifies the extent to which
the variability of the dependent variable is explained by the independent variables. An R?
value approaching unity indicates a strong correlation between predicted and observed
values, demonstrating the model’s ability to capture most of the dataset’s variance [57].
Another critical performance metric is the root mean square error (RMSE), which is particu-
larly sensitive to substantial deviations. By assigning greater weight to larger errors, RMSE
provides a direct estimation of the average prediction error magnitude, offering insight
into the model’s absolute predictive performance.

While R? indicates how well the model explains variance, it does not account for the
scale of prediction errors. RMSE complements R? by quantifying the actual error size in
the same units as the output variable, which is essential for practical interpretation and
comparison across models. Therefore, the joint use of R? and RMSE ensures a balanced
evaluation of both the model’s explanatory power and its predictive accuracy [58].

Employing multiple performance criteria allows for a more holistic evaluation of
predictive accuracy, facilitating a thorough comparison between model estimations and
empirical data. Since each metric highlights different aspects of predictive performance,
their combined use ensures a robust assessment framework. The fundamental equations
for R? and RMSE are given as follows:

Rzzl_ ?:l(PZ_O) 8
(P 2) ®
1 n

RMSE = EZ(PZ -Z7) )

where 7 is the number of observations, P, is the value predicted by the model, O is the
observed value, z is the average of the actual values.

An analysis of variance (ANOVA) was conducted to statistically evaluate the influence
of the independent variables on the response metrics, with the aim of distinguishing system-
atic effects from random experimental error. The test employed the F-distribution, wherein
the F ratio calculated as the ratio of the mean square of a given factor to the mean square
of the residual is compared against a critical F-value at a 95% confidence level (o = 0.05).
The Fisher-Snedecor test was applied to assess the statistical relevance of each model term.
The total degrees of freedom were partitioned into model-related components (including
lack-of-fit), pure error (residual), and total system variability, denoted, respectively, as dof;,
dof,, and dofs, and formalized in Equations (10)—(12).

dofj =p—1 (10)
dofy =n—p (11)
dofy =n—1 (12)

where p is the number of estimated coefficients and # is the number of training samples (10
and 14 in this study).
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The desirability function, initially introduced by Derringer and Suich, is a widely
utilized method for multi-response optimization, offering a systematic approach to recon-
ciling multiple objectives in experimental design. This technique transforms each observed
response (Y;) into a corresponding desirability value (d(Y;)) within a standardized scale
ranging from 0 to 1, where 0 denotes an unsatisfactory outcome and 1 signifies the most
favorable result. The overall desirability index (D) is subsequently determined as the
geometric mean of individual desirability values, as formulated in Equation (13) [59]:

D= (d(Y_1) x d(Y_2) x ... x d(Y_i)) (i) T d(v_p® (13)
i=1

where n represents the total number of responses. The primary objective of the optimization
process is to maximize D by adjusting key input parameters (P, M, and L). The desirability
function of each response is determined based on its target value or range. For instance,
responses following a “greater is better” criterion are modeled using Equation (14), while
those exhibiting a “smaller is better” trend are described by Equation (15) [60]:

0 Yi<Li
d(Y_i)ymax = (gd;gji)” Li<Y_i<U.i (14)
1 Yi>U_i
0 Yi<Li
d(Y_i)ymin = (gjl;{jf )r‘i Li<Y_i<U.i (15)
1 Y.i> Ui

where L; and U; correspond to the lower and upper limits for the ith response, respectively,
and r; is the assigned weighting factor, ensuring that } r; = 1.

This optimization approach efficiently balances competing performance criteria, in-
cluding the flow test, compressive strength at 28 days, ultrasonic pulse velocity (UPV),
absorption by immersion, and capillary absorption, while accounting for their relative
importance. The result is a single optimized solution that represents the best overall
performance of the self-compacting mortars under study.

3. Results and Discussion
3.1. Flow of Self-Compacting Mortars

Figure 2 illustrates the slump flow results of the tested mortars, revealing clear trends
in the influence of different powder additions. The corresponding coefficients of variation
(CV), ranging from 1.05% to 3.72%, indicate a high degree of measurement consistency
and reproducibility. Mortars with pozzolana exhibited lower flow values compared to
those incorporating marble or limestone powders, highlighting the influence of pozzolana
content on workability. Conversely, mortars containing marble powder—particularly those
with 93.07 kg/m? of limestone and 46.53 kg/m?> of marble powder but no pozzolana
demonstrated the highest slump flow, suggesting enhanced fluidity in the absence of
pozzolanic additives.

The mortar containing only pozzolana (M1) or only limestone (M10) showed a decrease
in spread by 9% and 3%, respectively, when compared to the mortar containing only marble.
Furthermore, mortars with higher marble content (M3 and M4) exhibited greater flow
compared to M2 and M9, with respective increases of 5% and 3%, confirming the positive
impact of marble powder on workability.

The corresponding coefficients of variation (CV), ranging from 1.05% to 3.72%, indicate
a high degree of consistency and reproducibility in the measurements. Although a slight
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increase in slump flow is observed among the different mortar compositions, the low CV
values reflect minimal variability within replicates, thereby reinforcing the reliability of
the experimental data. From a statistical perspective, such limited dispersion suggests
that the observed differences in mean slump flow values likely lie within the bounds of
experimental uncertainty. It can be seen that mortar mixtures containing pozzolana are
characterized with lower flow in comparison to those where the other powders were added.
In case of the samples where marble powder was added they are characterized with the
highest slump flow in comparison to the samples where such additive was not applied.
The highest slump was observed for the samples where the pozzolana was not added
to the mixture but only 93.07 kg/m? of limestone powder and 46.53 kg/m> of marble
powder. The mortar containing only pozzolana (M1) or limestone (M10) showed a decrease
in spread by 9% and 3%, respectively, compared to the mortar containing only marble.

Mortars with a higher proportion of marble, namely M3 and M4, exhibited greater flow
compared to mortars M2 and M9, with respective increases of 5% and 3%.
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Figure 2. Slump flow of mortars.

3.2. Compressive Strength

Figure 3 presents the compressive strength evolution of the studied mortars at 7 and
28 days. At 7 days, mortars M4 (containing marble) and M1 (containing pozzolana) exhibit
a reduction in compressive strength compared to M10 (containing only limestone), with
decreases of approximately 6% and 4%, respectively. This behavior can be explained
by considering the specific surface area (Blaine specific surface, BSS) of the powders
used. While marble and pozzolana exhibit higher fineness (480 m2/ kg and 370 m?/ kg,
respectively) than cement (326 m?/kg), their isolated incorporation may lead to dilution
of the cementitious phase without sufficient early-age reactivity, especially for pozzolana
whose pozzolanic reaction is slow. Limestone powder (BSS = 422 m?/kg), on the other
hand, contributes effectively at early ages through physical effects (filler and nucleation),
improving the packing density and promoting the hydration of clinker phases [61,62].
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Figure 3. Compressive strength of mortars at 7 days and 28 days.

In contrast, binary mortars (e.g., M2, M3, M5), combining limestone, marble, and/or
pozzolana, show enhanced compressive strengths at 7 days compared to single-additive
mortars. This improvement is attributed to the filler effect of fine particles and the poz-
zolanic reactivity of natural pozzolana, which synergistically enhance matrix densification
and strength gain. The fine particles optimize the particle packing and reduce porosity,
while the pozzolanic reaction with portlandite leads to additional C-S-H formation. This
optimization allows some of the mixing water, which would otherwise be trapped in the
system, to be freed [63], facilitating better hydration kinetics and workability. Mortar
M3, composed of two-thirds marble and one-third pozzolana, demonstrates the highest
compressive strength at 7 days (42 MPa), benefiting from the high fineness of marble
(BSS = 480 m? /kg) and the reactivity of pozzolana.

At 28 days, mortars containing only pozzolana (M1) or marble (M4) showed 15%
and 12% lower strength, respectively, compared to the limestone-only mix M10. These
reductions confirm that despite their fineness, the isolated use of marble or pozzolana does
not provide sufficient long-term reactivity or optimal particle packing. Conversely, ternary
mortars such as M7 and M9 exhibit superior mechanical performance, reaching 75 MPa
and 74 MPa, respectively. This performance is attributed to the combined benefits of high
surface area, filler effect, and pozzolanic reaction, leading to refined pore structure and
improved bond between the matrix and aggregates. The presence of ultra-fine particles
enhances both early and later hydration products, optimizing the microstructure and
improving the overall compressive strength.

3.3. Ultrasonic Pulse Velocity

The results of the ultrasonic pulse velocity (UPV) measurements for the mortars are
provided in Figure 4.
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Figure 4. Ultrasonic pulse velocity of mortars.

The results showed a variation in UPV ranging between 3.86 and 4.27 km/s. Mortars
primarily including limestone or marble (M7, M8, and M9) exhibited the highest UPV.
In contrast, mortars containing pozzolana (M2 and M6) demonstrated lower UPV. This
reduction can be attributed to the partial replacement of cement with pozzolana, which
not only decreases the amount of hydration products but also increases porosity due to
the delayed pozzolanic reaction. Unlike limestone and marble powders, which act as
inert fillers and primarily enhance particle packing, pozzolana exhibits latent hydraulic
properties. However, its lower short-term reactivity leads to a less compact microstructure
at early ages, thereby reducing UPV [64].

3.4. Water Absorption by Immersion

Figure 5 displays the water absorption results for the studied mortars. It is noted that
the water absorption of the mortars is closely related to the pore structure and size formed
after the mortar has hardened [65,66].

Mortars containing only marble (M5) or pozzolana (M1) exhibit slightly higher water
absorption compared to the mortar containing only limestone (M10), with increases of 2%
and 3%, respectively. This is attributed to the fine texture and homogeneous distribution of
limestone powder within the cement matrix, which reduces voids in this mortar. Mortars
with ternary mixes primarily composed of limestone combined with marble or pozzolana
(M7 and M9) show lower water absorption compared to mortars with a single powder
fraction. The combination of these two fractions creates a new blend with a range of particle
sizes that enhances the granular packing of the mortar. Mortars predominantly containing
pozzolana in combination with limestone or marble (M2 and M6) exhibit higher water
absorption compared to those primarily containing limestone (M7 and M9) or marble (M3).
This difference is attributed to increased porosity due to a reduction in hydration products.

Mortar M7 has the lowest water absorption at 5.36%, while the highest absorption was
observed for mortar M2 at 6.01%.
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Figure 5. Water Absorption of mortar.

3.5. Capillary Absorption of Mortars

Figure 6 illustrates the capillary curve, with the height of water penetration through

capillary pores as a function of the square root of time. Regardless of the type and quantity

of additive, the mortars exhibit a similar pattern. The figure reveals two distinct phases.

The first phase is an initial rapid increase in absorption depth over the first 24 h, during

which approximately 80% of the pores become saturated. This is followed by a more

gradual increase in absorption depth.
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Figure 6. Capillary absorption curve of mortars.
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The capillary absorption coefficient for the studied mortars is shown in Figure 7.
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Figure 7. Capillary absorption coefficient of mortars.

The results indicate that mortar M7 has the lowest capillary absorption coefficient due
to its high specific surface area of the fillers used, which helps filling voids and results in a
denser structure. In contrast, mortar M2 exhibits the highest capillary absorption coefficient.
High capillarity values are generally associated with lower compressive strength, which
aligns with findings in the literature [67,68]. Mortars with ternary mixes (M3, M5, M6,
M7, M8, and M9) show lower capillary absorption coefficient compared to binary mixes
(M1, M4, and M10). This can be attributed to the better dispersion and varied particle
size distribution of the ternary mixes, covering a broad range of particle sizes. Such
heterogeneous distribution effectively fills the pores in the cement matrix, reducing overall
porosity and enhancing the mortar’s compactness [22].

3.6. Statistical Analysis

The analysis of variance (ANOVA) assesses the contribution of different factors to the
observed responses (see Table 3). All models used in this study exhibit relatively acceptable
correlation coefficients: 0.91 for slump flow, 0.94 for compressive strength, 0.89 for UPV,
0.96 for water absorption by immersion, and 0.83 for capillary absorption.

Table 3. Summary of the statistical analysis.

Flow CS 28 UPV A\ CA
R? 0.911 0.942 0.896 0.967 0.832
Adjusted R? 0.799 0.868 0.767 0.925 0.623
Root-mean-square error (RMSE) 0.445 2.669 0.065 0.057 0.005
Mean response 29.64 66.103 4.056 5.675 0.032

Observations (or weighted sums) 10.00 10.00 10.00 10.00 10.00
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The ANOVA for each modeled response is presented in Table 4. From this analysis, it
can be concluded that the established models are accurate in predicting the combined effects
of pozzolana, marble, and limestone powders on the mechanical and physical behavior
of self-compacting mortars. For degrees of freedom ddll = 5 and ddI2 = 4, with a 95%
confidence interval, the critical Fisher value is 6.26. The calculated of ratio between model
variance and residual variance (F-values) for slump flow, compressive strength, UPV and
absorption by immersion are 8.14, 12.88, 6.89 and 23.20, respectively. Additionally, with
an 85% confidence interval, the critical Fisher value is 3.01, and the calculated F-value for
immersion absorption is 3.97. These results indicate that the calculated F-values exceed the
critical values, thereby confirming the validity of the models. The analysis underscores the
robustness of the statistical models in accurately predicting the influence of the different
powders on the mortar’s properties. The high F-values, particularly for compressive
strength and capillary absorption, demonstrate the significant impact of these factors on
the mortar’s behavior, ensuring that the predictions align well with the experimental data.

Table 4. ANOVA analysis for the studied responses.

Source df Sum of Squares Mean Square F Ratio
Model 5 8.070 1.614 8.14
Flow test Error 4 0.794 0.198 Prop. >F
Uncorrected Total 9 8.864 0.032
Model 5 458.80 91.760 12.88
CS28 Error 4 28.49 7.123 Prop. >F
Uncorrected Total 9 487.29 0.014
Model 5 0.144 0.028 6.89
urv Error 4 0.016 0.004 Prop. > F
Uncorrected Total 9 0.161 0.00424
Model 5 0.382 0.076 23.20
w Error 4 0.013 0.003 Prop. >F
Uncorrected Total 9 0.395 0.01047
Model 5 0.001 0.0000103 3.97
CA Error 4 0.000 0.0000026
Uncorrected Total 9 0.001

Full cubic model equations were developed to predict the slump flow, compressive
strength, immersion absorption, and capillary absorption of mortars with a 20% partial
replacement of cement by pozzolana, marble, and limestone powders. These equations
(from Equations (16)—(20)) account for the complex interactions between the different
components, enabling accurate modeling of the physical and mechanical properties of the
mortars within the studied range. The use of full cubic model captures not only linear
effects but also quadratic and interaction effects between the variables, providing a more
precise prediction of the mortars’ performance.

This approach allows for a comprehensive understanding of how each component
influences the overall behavior of the mortar, considering the non-linear relationships that are
often present in such systems. The ability to model these interactions is crucial for optimizing
mortar formulations, ensuring that the predicted properties align closely with experimental
results, and facilitating the development of mortars with desired characteristics.

Flow (cm) = 27.89 x PZ 4+29.32 x L +29.38 x M+ P x (0.83 x L) + P x (790 x M) + L x (514 x M)  (16)

CS28(MPa) =57.92 x P+69.81 x L+70.373 x M+ P x (—32.92 x L) + P x (10.86 x M) + L x (21.05 x MR) (17)

UPV (km/s) =3.90 x P+4.08 x L +4.11 x M+ P x (=043 x L) + P x (0.28 x M) + L x (0.61 x M)  (18)
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W(em) =594 x P+5.60 x L+5.60 x M+ P x (0.76 x L) + P x (—0.53 x M) + L x (—0.88 x M) (19)

CA(cm) = 0.039 x P+0.031 x L+ 0.027 x M+ P x (0.026 x L) + P x (—0.011 x M) + L x (—0.039 x M) (20)

To determine which factors and interactions significantly influence the studied prop-
erties and guide the optimization of material formulations, an ANOVA analysis was
performed and is presented in Table 5.

Table 5. ANOVA summary for the full cubic model.

Flow CS 28 UPVv w CA
Model F Ratio  p-Value FRatio  p-Value  FRatio  p-Value FRatio  p-Value  FRatio  p-Value
A-P 44292  <0.0001* 531.9 <0.0001*  4111.15 <0.0001* 12,0774 <0.0001* 68.7639  0.0012*
B-L 489444  <0.0001* 77247  <0.0001* 448649  <0.0001* 10,750.2 <0.0001* 425829  0.0028 *
Cc-M 491353  <0.0001*  793.01 <0.0001*  4559.09 <0.0001* 10,728.2 <0.0001*  33.9714  0.0043*
(A)-(B) 0.2028 0.6758 8.76 0.0415 * 2.55 0.185 10.0607  0.0338 * 1.5592 0.2799
A)-(© 18.15 0.013* 0.95 0.3838 1.1 0.353 4.9776 0.0895 0.2907 0.6184
(B) - (©) 7.68 0.0503 3.58 0.1312 5.13 0.086 13.5614  0.0212* 3.4038 0.1388

*: (Prob. > F) very lower than 5%.

Table 5 summarizes the ANOVA results, highlighting the most statistically significant
effects. Key indicators include probability of observing the effect by chance (p-values),
which indicate significance (threshold < 0.05), and F-ratios, which reflect the relative contri-
bution of each factor to response variability. The main factors P, L, and M exhibit highly
significant effects on all response variables, as evidenced by consistently low p-values. In
contrast, most interaction terms show limited influence, with exceptions observed for spe-
cific properties: interaction (A)(C) significantly affects flow, (A)(B) impacts CS28, and both
(A)(B) and (B)(C) influence absorption. Overall, the ANOVA confirms the robustness and
validity of the developed models, and identifies the key parameters driving the behavior
of the tested mortars, thereby reinforcing the reliability of the experimental findings and
supporting their application in predictive mix design optimization.

Figure 8 illustrates the relationship between the predicted and measured values of
the studied responses, with 95% confidence intervals (solid red line) for slump flow, com-
pressive strength, and capillary absorption, as well as an 85% confidence interval for
adsorption by immersion. The results demonstrate that the models developed in this
study align closely with the data from the literature on the use of powders in mixtures,
obtained through the mix design method. The high correlation coefficients (R? ranging
from 0.87 to 0.99) indicate a strong agreement between the predicted outcomes and the
experimental data.

This close correspondence highlights the reliability of the models in capturing the
essential behaviors of mortars with partial cement replacement by pozzolana, marble, and
limestone powders. The inclusion of confidence intervals further reinforces the robustness
of the predictions, ensuring that the modeled responses accurately reflect the variability ob-
served in experimental settings. The strong correlation also underscores the models’ utility
in predicting mortar properties across different compositions within the studied range.

Figure 9 presents the iso-response curves derived from second-order polynomial
equations for four key properties of self-compacting mortars: slump flow, compressive
strength, absorption by immersion, and capillary absorption. These iso-response curves aid
in predicting mortar performance and help identify optimal compositions for further study.
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Figure 8. Actual vs. predicted: (a) flow; (b) compressive strength at 28 days; (c) UPV; (d) absorption

by immersion; (e) capillary absorption.

Figure 10 illustrates the influence of the various additives on the studied responses.

The incorporation of natural pozzolana into self-compacting cement mortars leads to a

reduction in fluidity, primarily due to its high-water absorption capacity, which increases

the water demand of the mix and, consequently, reduces its flowability. Furthermore, the

addition of pozzolana results in a decrease in mechanical strength, likely due to a dilution

effect that reduces the proportion of active clinker in the mix. Simultaneously, there is

an increase in both capillary and by immersion absorption, which can be attributed to

the increased porosity of the mortar caused by the pozzolana. In contrast, the inclusion

of marble and limestone powders enhances slump flow and mechanical strength up to

optimal values of 0.49 and 0.51, respectively. This beneficial effect is due to the fineness

of these powders, filling the voids between cement particles and increasing the density of

the mortar, thereby improving its mechanical properties. However, beyond these optimal

values, an excess of powder can lead to an overload of fines, which increases the viscosity

of the mortar, negatively affecting fluidity and reducing compaction, thus diminishing

mechanical strength. Additionally, the effect of marble powder on immersion and capillary
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absorption is inversely proportional to its content in the mortar. A low proportion of
marble powder can reduce porosity, while an excessive amount can result in the formation

of interconnected pores, thereby increasing water absorption.
(a) Flow (c::.)m (b) oo CS 28 (MF;:io
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Figure 9. Iso-response curves for: (a) slump flow; (b) compressive strength; (c) water absorption by
immersion; (d) water absorption by capillarity and (e) UPV.
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Figure 10. Main effect on mortars of the studied parameters.

To optimize and define the adequate mortar formulations, the desirability of each
property was adjusted according to the following objectives: maximizing the mortar’s
slump flow to achieve greater fluidity, maximizing compressive strength to attain high
values, and minimizing both absorption by immersion and capillary to create mortars more
resistant to water penetration. These adjustments allow for the formulation of mortars that
meet specific requirements in terms of workability, durability, and mechanical performance.
The effectiveness of the optimization models is summarized in Table 6, demonstrating
their capability in achieving desired mortar characteristics. This comprehensive approach
ensures that the selected mortar compositions offer an optimal balance between ease of
application and long-term durability, making them suitable for a wide range of construction
applications. The use of second-order polynomial equations in this context enables precise
fine-tuning of mortar components to meet specific performance goals.

Table 6. The four most efficient optimized mortar formulations based on overall desirability scores.

OoM1 OM2 OM3 OM4

(A)P 0.004 0.004 0.023 0.100
(B)M 0.535 0.385 0.264 0.254
QL 0.461 0.611 0.713 0.646

F (min) 30.631 30.586 30.436 30.596

CS 28 (MPa) 75.332 75.247 74.139 72.537
UPV (km/s) 4.242 4.240 4214 4189
W (%) 5.384 5.392 5.435 5.472

AC (mm/s!/?) 0.020 0.020 0.022 0.023

Desirability 0.894 0.888 0.833 0.793
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4. Life Cycle Assessment of Studied Self-Compacting Mortars

The cement industry is characterized by high energy consumption, extensive use
of natural resources, and substantial greenhouse gas (GHG) emissions. It is among the
largest contributors to global GHG emissions, accounting for 1.6 x 10° tons of CO; in
2022, representing approximately 8% of total global CO, emissions [69]. In Algeria, the
production of one ton of cement requires 5.716 GJ of energy and generates 882 kg of CO,
equivalent [70]. As a key component of mortar, cement acts as a binder that ensures
aggregate cohesion and contributes to the material’s mechanical performance. Through
hydration, it progressively develops the strength necessary for structural stability. A
standard cubic meter of mortar contains approximately 705 kg of cement, accounting for
nearly 30% of its total mass. The production of this cement is associated with significant
carbon emissions, primarily due to the calcination of limestone (CaCO3; — CaO + CO,) and
the combustion of fossil fuels in clinker manufacturing.

Given these environmental concerns, this study assesses the ecological footprint of
the investigated mortars through a Life Cycle Assessment (LCA). The primary objective
is to quantify the carbon footprint of each mixture and enable a comparative analysis.
Two key environmental indicators are considered: GHG emissions and the depletion of
non-renewable energy resources. Additionally, this study examines the effects of mate-
rial processing, transportation, and energy consumption on the overall sustainability of
self-compacting mortars. To ensure a robust comparative assessment, ten mortar pro-
duction scenarios were modeled using the specialized LCA software Activity Browser
(version 2.11.1), which integrates the Ecolnvent database (version 3.10) comprising over
23,500 processes for environmental modeling. The selected impact assessment method,
CML-IA baseline, quantifies GHG emissions in CO,-equivalents and evaluates the deple-
tion of non-renewable energy resources.

4.1. Study Assumptions

The proposed scenarios were adjusted to best represent real industrial conditions in
Algeria. Additional assumptions were made to enhance the accuracy of the models while
maintaining analytical rigor. The key assumptions are as follows:

e A uniform transport distance of 150 km was adopted in the modeling due to the lack of
precise extraction site data. This assumption enables the integration of transportation
impacts into the environmental balance while avoiding bias in favor of or against
any specific material based on geographic proximity. It represents a plausible and
regionally representative estimate, ensuring fair comparability among raw materials.

e  Unlike pozzolana, which is considered a natural resource, limestone and marble were
treated as recycled construction waste in the modeling. This distinction is critical, as
recycled materials generally have a lower environmental impact due to the avoided
extraction phase.

e  Due to differences in hardness, marble requires more electrical energy for grinding
than limestone (0.06 kWh vs. 0.04 kWh per unit weight, respectively). This factor
significantly influences the overall energy balance of the different mortar formulations.

e  Mortar mixing and preparation were assumed to be manual, requiring no additional
electrical energy. This assumption aligns with small-scale production scenarios but
may differ in large industrial applications.

4.2. Impact of Greenhouse Gas Emissions and Non-Renewable Energy Resources on the
Studied Mortars

Mortar consists mainly of sand and cement, with the latter significantly influencing its
environmental impact. According to the study’s findings (see Figure 11), producing one
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cubic meter (2290.575 kg) of mortar generates 615.105 kg of CO, equivalent and consumes
3157.867 M] of non-renewable energy (primarily natural gas and petroleum). Cement
production accounts for over 83.31% of GHG emissions and 90% of total energy demand,
reinforcing the importance of optimizing cement use in mortar formulations.
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Figure 11. Carbon footprint effects on the studied self-compacting mortars.

Replacing cement in mortar formulations led to positive environmental outcomes,
reducing GHG emissions by up to 19% (M4) and lowering energy consumption by 17.21%
(M1) (Figure 12). However, these results consider only environmental aspects and do not
provide a comprehensive analysis of the modified mortars’ technical performance. Future
studies should integrate mechanical and durability assessments to ensure that the proposed
substitutions maintain or enhance structural properties.

In Algeria, the energy mix is overwhelmingly dominated by fossil fuels, accounting
for 99% of total supply, with natural gas alone representing 64.9%, while renewable sources
contribute only about 0.4%. The local abundance of natural gas, combined with its low
and stable cost, currently makes its substitution with alternative energy sources technically
and economically challenging, despite being desirable in the long term. Nevertheless,
the gradual integration of alternative energy sources into cement production offers a
promising pathway to mitigate the environmental footprint of this highly CO;-intensive
sector. Utilizing low-carbon or renewable energy such as biomass, refuse-derived fuels
(RDF), green hydrogen, or solar thermal energy can significantly reduce greenhouse gas
emissions, enhance energy security, and support waste valorization within a circular
economy framework. A thorough assessment of the environmental and techno-economic
relevance of such alternatives, specifically within the Algerian context, represents a strategic
research perspective and will be the subject of future publications.

To comprehensively evaluate the technical and environmental performance of the
studied mortars, compressive strength and greenhouse gas (GHG) emissions were analyzed
together and presented in Figure 13. Marble-based mixtures (M8, M9, and M10) exhibited
the lowest GHG reduction rates, with values of 17.43%, 17.47%, and 16.67%, respectively.
Despite their lower environmental benefits, these formulations demonstrated notable
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improvements in compressive strength, increasing by +11%, +10%, and +2%, respectively.
This trade-off arises from the higher energy demand associated with marble processing,
which is counterbalanced by its densification effect within the mortar matrix, thereby
enhancing mechanical performance.
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Limestone-based mixtures (M6 and M7) achieved moderate GHG reductions of 18.20%
and 18.24%, corresponding compressive strength variations of —4% and +7%, respectively.
Among all formulations, M4 emerged as the most advantageous scenario, attaining the
highest GHG reduction (19.01%) while maintaining a +2% increase in compressive strength.
The superior performance of limestone-based mortars is attributed to their lower grinding
energy requirements than marble and their ability to enhance particle packing density,
thereby improving mechanical properties.

GHG emissions are strongly correlated with the consumption of non-renewable re-
sources, primarily due to hydrocarbon combustion. The trends in non-renewable energy
consumption closely align with those of GHG emissions, with pozzolana-based mixtures
(M1 and M2) achieving the highest reductions (17.22% and 17.20%) at the cost of decreased
mechanical performance (—13% and —20%). Limestone-based formulations (M4, M6, and
M?) followed, with reductions of 17.08%, 14.76%, and 14.71%, respectively, and strength
variations of +2%, —4%, and +7%. Conversely, marble-based mixtures (M8, M9, and M10)
exhibited the lowest reductions (12.36%, 12.32%, and 9.83%) while achieving the highest
strength gains (+11%, +10%, and +2%). Overall, M4, M7, M8, M9, and M10 are identified as
both high-performing and environmentally beneficial compared to the reference mortar
(Figure 13), as they combine improved compressive strength with lower GHG emissions.
In contrast, while demonstrating significant environmental impact reductions, M1, M2, M3,
M5, and M6 exhibit lower mechanical performance (Figure 13), positioning them as more
sustainable yet mechanically less efficient alternatives.

5. Discussion

Analyzing the results in this study, the authors compare their findings within the other
across the literature. In case of the slump flow, investigated mortars containing marble
powder exhibited higher flows compared to those containing limestone and pozzolana
powders. This can be attributed to the morphology and external texture of marble, which
is typically angular and relatively rounded with a smooth surface, enhancing its affinity
and dispersion as also presented in [71]. Conversely, limestone powder has an irregular
shape with a rough surface texture, which can increase the demand for water or water-
reducing admixtures to overcome internal friction during flow [72]. The natural pozzolana
absorbs a portion of the water needed for hydration, reacting with portlandite to form
C-5-H gel, leading to a reduction in mortar flow [73]. Similar results, to ours that pozzolana
decreases consistency of cement pastes due to high water consumption during hydration
were found by Ezziane et al. [74]. In addition, Belaidi et al. [35] investigated binary effects
with substitution ratios up to 10% for both marble and pozzolana powders, concluding
that mortars containing marble powder exhibit superior rheological properties compared
to those containing pozzolana, likely due to higher water demand. These findings are
consistent with the results obtained in the present study as well.

Analyzing the mechanical properties, Turkel et al. [75] observed that substituting
cement with a small amount of limestone powder (5 to 15%) combined with other additives
had a predominantly positive effect on mechanical properties. The increase in compressive
strength can be explained by the filling effect of finely ground limestone powder [76].
Furthermore, combining two powders of different fineness results in a granular structure
that can fill voids of various sizes. Guneyisi et al. [77] found that ternary binder mortars
helped mitigate the drawbacks of binary mortars with binder composed of cement and
fly ash. Thus, the compressive strengths of mortars with 10% of fly ash and 10% of
metakaolin were higher than those of the reference mortar. Furthermore, Ghrici et al. [48]
also demonstrated that 10% of limestone combined with a small quantity of additive with
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pozzolanic characteristics positively contributes to early-age compressive strength. These
all findings are consistent with the results obtained in the present study.

Furthermore, the primary effect of adding limestone is likely a filling effect [78], which
improves the microstructure within the paste matrix and the transition zone, leading to an
increase in UPV [79]. Moreover, pozzolana is known for its pozzolanic properties, while
limestone and marble are generally considered relatively inert fillers [80]. Specifically,
CaCQOs;, the main component of these powders, is reported to accelerate the hydration of
(35, resulting in enhanced early-age compressive strength [81,82].

It is important to note that the physical and chemical characteristics of raw ma-
terials such as limestone, marble, and pozzolana can vary significantly depending
on their geological origin and processing methods. Differences in mineral compo-
sition, particle size distribution, and surface morphology may influence reactiv-
ity, water demand, and workability, which in turn affect hydration kinetics and
strength development. This variability can compromise the reproducibility and gen-
eralizability of results, particularly when comparing across studies or scaling up to
industrial applications.

Additionally, factors such as mixing procedures, ambient temperature, and especially
curing conditions play a decisive role in the performance of cement-based composites.
In this study, all specimens were cured in a controlled environment at 20 £ 2 °C and a
relative humidity above 95% to ensure optimal hydration. Such conditions are critical
for the formation of calcium silicate hydrate (C-S-H) gel and for enabling the pozzolanic
reaction between pozzolana and portlandite. Inadequate or inconsistent curing could result
in incomplete hydration or delayed strength gain, potentially obscuring the true material
behavior. Therefore, standardization and rigorous control of both raw material properties
and curing protocols are essential to ensure the accuracy, comparability, and applicability
of experimental results [83,84].

Building on the above statements, which strengthen our reasoning and support the
validity of the obtained results, we not only provide the predictive equations for spe-
cific properties but also analyze potential predictions or correlations between the investi-
gated properties.

In case of the 28 days compressive strength, we observed very high correlation between
this property and experimentally obtained UPV, water absorption by immersion and
capillary absorption, that is visualized in Figure 14.

It can be observed that as the ultrasonic pulse velocity increases, the compressive
strength also increases, regardless of the mortar mixture. In contrast, the compressive
strength of hardened mortars decreases with higher water absorption by immersion and
capillary action. This aspect is beneficial from a design perspective, as any type of additive,
whether pozzolanic, marble powder, or limestone powder, maintains a linear correlation
between these properties and compressive strength. What is also worth mentioning is
the fact that capillary absorption and water absorption by immersion are also linearly
correlated, which is depicted in Figure 15.

Although the predictive equations developed in this study demonstrate strong statisti-
cal correlations within the experimental dataset, they have not yet been validated against
independent datasets. Therefore, future research should focus on testing these models us-
ing external or real-scale data to assess their robustness and generalizability across different
material sources and curing conditions.
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6. Conclusions

The present study highlights the benefits of optimizing self-compacting mortars

through partial substitution of cement with pozzolana, limestone, and marble powders,
namely using ternary additions. The mix design was conducted using the mixture design
method to systematically analyze the interactions between these mineral additions and
optimize their combined effect. The results obtained show that the following:
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Mortars containing marble powder exhibited superior flowability, with a spread value
reaching up to 32 cm, outperforming other mixtures by up to 9%.

The results highlight that Blaine specific surface alone does not govern compressive
strength. Despite its high fineness (480 m?/kg), marble led to 12% lower strength at
28 days compared to limestone (422 m? /kg). In contrast, ternary blends combining
high BSS and pozzolanic reactivity (e.g., M7, M9) achieved the highest strengths (up
to 75 MPa), confirming that optimized synergy between surface area and reactivity is
key to mechanical performance.

The UPV values ranged from 3.86 to 4.27 km/s, with the highest values observed in
mortars containing limestone or marble due to their filler effect, which improves the
microstructure. In contrast, pozzolana substitution led to lower UPV due to its delayed
pozzolanic reaction and increased porosity. A strong correlation (R? = 0.94) was found
between compressive strength and UPV, confirming UPV as a reliable indicator of the
mechanical performance of self-compacting mortars.

Water absorption tests indicated that mortars containing powders of marble (M5) or
natural pozzolana (M1) had slightly higher water absorption by immersion than those
with only limestone powder (M10), with increases of 2% and 3%, respectively.

The capillary analysis revealed that marble powder contributed to the lowest capillary
coefficient, likely due to its high specific surface area.

Statistical analysis, including R*> and ANOVA, validated the effectiveness of the
models in predicting flowability, 28-day compressive strength, water absorption,
and capillarity.

The optimization process successfully identified the most effective mortar formula-
tions, balancing these properties to meet specific performance criteria.

The partial replacement of cement in mortar formulations led to a reduction in GHG
emissions by up to 19.01% (M4) and a decrease in non-renewable energy consumption
by up to 17.22% (M1). Pozzolana-based mixtures demonstrated the most significant en-
vironmental benefits, with emission reductions of 18.87% (M1) and 18.92% (M2), while
marble-based mixtures exhibited the lowest reductions, reaching only 9.83% (M10).
Limestone substitution proved to be an effective alternative, achieving emission re-
ductions of up to 18.24% (M7) and energy savings of 14.76% (M6). However, the
environmental benefits of cement reduction must be assessed alongside mechanical
and durability performance to ensure that these optimized formulations maintain or
enhance structural integrity.

This study provided a comprehensive evaluation of the mechanical, environmental,
and durability performance of various blended mortar formulations incorporating
pozzolana, limestone, and marble powders. The results highlight a performance trade-
off between compressive strength and environmental impact, largely governed by the
nature and proportion of the supplementary materials. Marble-based mortars (M8-
M10) exhibited the highest strength improvements but delivered modest reductions in
GHG emissions, due to their higher energy footprint. In contrast, pozzolana-based
mixes (M1, M2) achieved the greatest environmental gains, albeit at the cost of lower
mechanical performance. Limestone-based mixtures, particularly M4, demonstrated
the most balanced profile, combining a notable GHG reduction (19.01%) with a modest
strength gain (+2%), confirming its suitability for sustainable and high-performance
applications. Overall, the findings underscore the importance of holistic mix de-
sign strategies that integrate technical properties, durability criteria, and life cycle
impacts to guide the development of environmentally optimized mortars for the
construction sector.
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An in-depth analysis of the economic and environmental impacts of incorporating
these materials into self-compacting mortars would be highly valuable, focusing on aspects
such as cost-effectiveness, CO, emissions reduction, and resource sustainability. Addition-
ally, a detailed investigation into the microstructural changes induced by these additions
is crucial to understand the mechanisms behind the observed improvements in mortar
properties. This combined approach will not only enhance the practical application of these
materials but also provide insights into their long-term benefits and viability in sustainable
construction practices.

For future work, the same dataset will be employed to develop robust mathematical
models of the studied parameters using advanced modeling techniques, including machine
learning and response surface methodology. Combinatorial optimization will be explored
as a powerful strategy for deriving multi-objective solutions—balancing mechanical perfor-
mance, environmental impact, and cost—with minimal computational effort. To enhance
the practical relevance of the findings, future studies will also focus on validating the
developed models in real-world construction scenarios, such as pilot-scale applications
or site-based mortar performance assessments. This will enable the translation of theo-
retical predictions into tangible engineering outcomes, thereby strengthening the models’
reliability and applicability.
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