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Abstract

This study presents a novel approach to the development of self-compacting concrete (SCC)
by partially replacing both cement and fine aggregate (sand) with waste marble sludge
(WMS), a byproduct of the marble industry. The research aims to evaluate the feasibility of
incorporating this industrial waste into SCC to enhance sustainability without compromis-
ing performance. To assess the fresh and hardened properties of the proposed mixtures, a
comprehensive experimental program was conducted. Tests included slump flow, T50, and
V-funnel for evaluating workability, as well as measurements of specific gravity, compres-
sive strength, flexural strength, Brazilian tensile strength, and water absorption at 28 days
of curing. The results demonstrated that the mix containing 5% cement replacement and
20% sand replacement with marble sludge exhibited the highest mechanical performance,
achieving a compressive strength of 48.2 MPa, tensile strength of 3.9 MPa, and flexural
strength of 4.4 MPa. Furthermore, increasing the percentage of cement replacement led to
enhanced flowability, as evidenced by an increase in slump flow diameter and a reduction
in V-funnel flow time, indicating improved workability. Overall, the findings suggest
that controlled incorporation of WMS can produce SCC with desirable mechanical and
rheological properties, offering a promising pathway for sustainable concrete production.
In addition to the technical performance, a carbon footprint analysis was conducted to
examine the environmental benefits of marble sludge utilization. The mixture with 10%
cement and 20% sand replacement exhibited the lowest carbon footprint, while the 7.5%
replacement level provided the best balance between strength and sustainability.

Keywords: self-compacting concrete; fine aggregate; slump flow; mechanical performance

1. Introduction
The construction industry plays a pivotal role in global economic development,

serving as a cornerstone for urbanization, infrastructure growth, and technological
advancement [1–7]. Despite its economic importance, the sector remains one of the most
resource-intensive and environmentally impactful domains worldwide [8,9]. Conventional
construction materials, especially concrete—the most widely used construction material—
are associated with substantial environmental costs [10–14]. The production of concrete
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involves the extraction of vast quantities of raw materials such as limestone, sand, and
gravel, which contribute to habitat destruction, land degradation, and depletion of natural
resources [15,16]. Additionally, the manufacturing of cement, a key component of concrete,
is highly energy-consuming and responsible for approximately 8% of global carbon dioxide
(CO2) emissions. This significant greenhouse gas output intensifies climate change and
ecological imbalance, highlighting the urgent need for sustainable alternatives [17–21].

As urban populations continue to expand at unprecedented rates and infrastructure de-
mands escalate, the pressure on the construction industry to adopt sustainable practices has
become increasingly critical [22–24]. Innovations that reduce environmental impact without
compromising structural integrity are vital for steering the sector toward a more sustainable
future. In response, researchers and engineers have been exploring eco-efficient materials
and construction methods that aim to diminish resource consumption, lower energy use,
and minimize waste generation throughout the lifecycle of construction projects [25,26].

One promising development in this direction is Self-Compacting Concrete
(SCC) [27–29]. Unlike traditional concrete, which requires vibration and compaction
techniques to achieve proper setting and finish, SCC is engineered to be highly flowable
and non-segregating. Its ability to effortlessly fill formwork and encapsulate reinforcement
without external vibration offers numerous advantages, including improved surface fin-
ishes, enhanced durability, reduced labor and energy costs, and better control over the
quality of the final product. These features make SCC particularly suitable for complex and
densely reinforced structural elements, thereby increasing efficiency and safety in modern
construction [19,30–38].

Concurrent with advancements in concrete technology, attention is increasingly being
paid to the management and valorization of industrial waste. The marble industry, in
particular, produces vast quantities of waste during quarrying, cutting, polishing, and
finishing processes. This waste, commonly called marble sludge, primarily consists of
fine particles rich in calcium carbonate. Typically disposed of in landfills or water bodies,
marble sludge poses significant environmental challenges such as land pollution, water
contamination, and health risks to nearby communities. Given its high calcium carbonate
content and fine granulometry, marble sludge exhibits properties that could be harnessed
beneficially in construction materials [39,40].

The integration of marble sludge into SCC offers a compelling opportunity to address
these challenges. By substituting traditional materials like cement and fine aggregates
with marble sludge, it is possible to reduce the extraction and consumption of virgin raw
materials, thereby minimizing the carbon footprint of concrete production. Furthermore,
this approach promotes waste reuse, aligns with circular economic principles, and con-
tributes to the development of sustainable construction practices. Such utilization not
only mitigates environmental impacts but also offers economic benefits through waste
valorization and resource conservation.

This study aims to investigate the feasibility and performance of SCC mixtures in-
corporating waste marble sludge (WMS) as a partial replacement for cement and fine
aggregates. The research encompasses a comprehensive evaluation of both the fresh and
hardened properties of these mixes. Key parameters such as flowability and passing ability
will be assessed alongside hardened characteristics including compressive strength and
durability under environmental stressors. By systematically varying the proportions of
marble sludge, the study seeks to identify optimal replacement levels and understand their
implications for various structural applications.

In essence, this research contributes to the broader goal of promoting sustainable
construction. It demonstrates how industrial by-products like marble sludges can be
transformed into valuable resources within innovative, high-performance concrete. The
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findings are expected to provide valuable insights for engineers, policymakers, and in-
dustry stakeholders committed to environmental stewardship, resource efficiency, and
technological innovation in the built environment. Ultimately, this work underscores the
importance of developing sustainable materials that balance performance, environmen-
tal responsibility, and economic viability, paving the way for greener and more resilient
infrastructure development.

2. Materials and Methods
2.1. Materials

The materials selected for this study were carefully chosen based on their widespread
availability, compatibility with SCC requirements, and their alignment with sustainabil-
ity objectives. Each material was characterized to ensure it met relevant standards and
contributed effectively to the experimental investigation.

2.1.1. Cement

Ordinary Portland Cement (OPC) conforming to ASTM C150 Type I was utilized as
the primary binding material. OPC is recognized globally for its reliable performance,
consistent quality, and widespread use in concrete production. Its chemical composition,
mainly calcium silicates, enables the formation of cementitious compounds that provide
strength and durability.

In this study, OPC was partially replaced with WMS to explore the potential for
sustainable material reuse. The replacement levels varied to assess the influence on fresh
and hardened properties. The partial substitution aims to reduce cement consumption,
decrease greenhouse gas emissions associated with cement manufacturing, and promote
industrial waste valorization.

2.1.2. Fine Aggregates

Natural river sand with a fineness modulus of 2.6 was used as the fine aggregate. Its
qualities include good grading, clean surface, and low organic content, making it suitable
for SCC, which demands highly workable fine materials to facilitate flow and compaction.

A portion of this sand was replaced with marble sludge to evaluate its effect on
workability, surface finish, and mechanical strength. The replacement aimed to determine
whether marble sludge could fulfill the particle size distribution and packing requirements
crucial for self-compacting mixes while contributing to waste utilization.

2.1.3. Coarse Aggregates

Crushed granite aggregates with a nominal size of 10–20 mm were employed as coarse
aggregates. These aggregates were selected for their hardness, durability, and angular
shape, which improve the mechanical interlock within the concrete matrix.

Prior to mixing, the aggregates were thoroughly cleaned to remove dust, dirt, and
loose particles, then dried to prevent excess moisture that could affect the water-cement
ratio. Proper grading and cleanliness of coarse aggregates are essential for achieving the
desired workability and strength in SCC.

2.1.4. WMS

WMS was collected from a local marble processing plant, where it is generated as a
by-product during cutting, polishing, and finishing operations. The sludge was air-dried
under shade to minimize moisture content and then sieved through a 75-micron sieve to
obtain fine particles suitable for blending into the concrete mixes.
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Chemical characterization using X-ray Fluorescence (XRF) analysis revealed that WMS
is predominantly composed of calcium carbonate (CaCO3), along with minor amounts of
silica, alumina, and other impurities. The high calcium carbonate content makes WMS
an attractive candidate for partial replacement of cement and fine aggregates, as it has
pozzolanic or filler properties that can influence the hydration process and microstructure
of concrete (Table 1).

Table 1. Chemical specifications of WMS.

Chemical Composition (% By Weight) WMS

Aluminum oxide (Al2O3) 0.02
Silicon dioxide (SiO2) 0.07

Iron oxide (Fe2O3) 0.02
Calcium oxide (CaO) 56.7
Sulfur trioxide (SO3) -

Magnesium oxide (MgO) 0.49
Loss on ignition (LOI) 43.36

2.1.5. Water

Potable water free from impurities, such as oils, organic materials, or chloride ions,
was used for mixing and curing. The quality of water is critical in ensuring consistent
hydration reactions and preventing potential durability issues related to sulfate attacks
or corrosion.

2.1.6. Superplasticizer

A polycarboxylate ether-based high-range water reducer was employed to enhance the
flowability of SCC. This admixture enables achieving the targeted slump flow and passing
ability without increasing the water content, thus maintaining the desired water-to-binder
ratio. The superplasticizer improves dispersion of particles, reduces internal friction, and
minimizes segregation, all of which are essential for the stability and high performance
of SCC.

2.2. Mix Design

The mix design followed the EFNARC guidelines for SCC, which specify procedures
for achieving the required flowability, stability, and segregation resistance, as presentenced
in Table 2. A control mix without marble sludge was prepared initially as a baseline.

Subsequently, several trial mixes were developed with varying proportions of WMS
as partial replacements for cement and fine aggregates, as summarized below:

Table 2. The mixture proportions in the present study (kg/m3).

Designation Cement Coarse Aggregates Fine Aggregates WMS W/C SP

NC 400 600 1300 - 0.35 3.6
SCC (5%C + 20%F) 380 600 1040 280 0.35 3.6

SCC (7.5%C + 20%F) 370 600 1040 290 0.35 3.6
SCC (10%C + 20%F) 360 600 1040 300 0.35 3.6

SCC (20%F) 400 600 1040 260 0.35 3.6

2.3. Testing Procedures

To thoroughly evaluate the influence of WMS inclusion, both fresh and hardened
properties of the SCC mixes were examined through standardized testing procedures
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(all experimental procedures were repeated three times to enhance reproducibility and
minimize error):

2.3.1. Fresh Properties Tests

Slump Flow Test: Measures the initial spread of the concrete to assess workability
and flowability.

V-Funnel Test: Determines viscosity and flow time, indicating how easily the concrete
can pass through tight sections.

2.3.2. Hardened Properties Tests

Compressive Strength: Assessed at 28 days using 150 mm cube specimens following
ASTM C39 [41], to determine the load-bearing capacity over time.

Split Tensile Strength: Measured on cylindrical specimens per ASTM C496 [42], pro-
viding insights into the concrete’s ability to resist tensile stresses.

Flexural Strength: Conducted on beam specimens according to ASTM C78 [43], indi-
cating the material’s capacity to withstand bending forces, critical for structural elements.

Water Absorption Test Procedure: To evaluate the water absorption capacity of the
concrete specimens, the test was conducted in accordance with ASTM C642—Standard
Test Method for Density, Absorption, and Voids in Hardened Concrete. This procedure
provides a reliable measure of the porosity and permeability characteristics of concrete,
which are critical indicators of durability. Concrete specimens were cast in cubic molds
(150 mm × 150 mm × 150 mm) and cured under standard conditions for 28 days. Prior
to testing, the samples were oven-dried at 105 ± 5 ◦C until a constant mass was achieved,
ensuring complete removal of moisture.

The oven-dried specimens were cooled to room temperature and weighed to determine
their dry mass. The specimens were then fully immersed in water at room temperature for
48 h. After immersion, the specimens were removed, surface water was wiped off, and the
saturated surface-dry mass was recorded.

Water absorption was calculated using the following formula:

Absorption (%) =
WSSD − WD

WD
× 100

The specimen’s mass when oven-dried is WD and its mass when it has a dry surface
but is still moist is WSSD.

This comprehensive testing regime aims to establish the viability of marble sludge
as a sustainable additive or substitute in SCC, understanding its effects on the fresh and
hardened states to inform practical implementation and optimize mix proportions.

2.4. Carbon Footprint Analysis

In addition to the evaluation of fresh and mechanical properties, the environmental
implications of incorporating WMS in SCC were assessed through a simplified carbon
footprint analysis. The purpose of this assessment was to quantify the potential reduction
in greenhouse gas emissions when substituting cement and natural aggregates with marble
sludge, thereby linking technical performance with sustainability outcomes [44–47].

For the analysis, the gate-to-gate system boundary was adopted, covering raw material
production, processing, and transportation to the batching plant. The functional unit was
defined as 1 m3 of SCC, consistent with common practice in life cycle assessment of
concrete. Typical carbon emission factors from the literature and recognized LCA databases
(IMPACT2002+) were used for the main constituents [48–51].
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The LCA of the developed SCC mixtures confirmed a marked reduction in carbon
footprint when waste marble powder (WMP) and waste marble aggregates (WMA) were
incorporated. This observation is consistent with the detailed LCA study by Ahmadi
et al. [45], who reported up to 20% lower Global Warming Potential (GWP) in SCC contain-
ing 20% WMP compared with control mixtures. Likewise, Sánchez et al. [44] demonstrated
that partially replacing clinker and limestone with marble waste sludges in cement manu-
facture can reduce CO2 emissions by as much as 34%, together with significant reductions
in water use and particulate emissions. These independent studies provide robust empirical
evidence that the substitution of marble-derived materials for cementitious constituents
effectively mitigates the environmental burden of concrete production.

3. Results
3.1. Fresh Properties Results

The slump test results for the designed research mixtures are summarized in Table 3.
The data obtained from these tests provide valuable insights into the workability and
rheological behavior of the mixtures under different compositions (Figure 1a). Analyzing
the results reveals a consistent trend: as the percentage of cement replaced with WMS
increases, the slump values of the mixtures also tend to increase. This phenomenon can be
attributed to the physical and chemical characteristics of the marble sludge, which seem to
improve the flowability of the fresh concrete. Specifically, the increased workability may be
due to the fine particles of marble sludge filling voids within the mixture, reducing internal
friction and facilitating easier movement of the fresh concrete.

Table 3. Slump results of SCC mixtures with different levels of WMS replacement.

Mix Design NC SCC (20%F) SCC
(5%C + 20%F)

SCC
(7.5%C + 20%F)

SCC
(10%C + 20%F)

Slump (mm) 440 520 610 660 690

(a)  (b) 

Figure 1. Fresh properties: (a) slump; (b) V-funnel.

Furthermore, the observed trend suggests that incorporating marble sludge not only
helps with waste management but also enhances the fresh properties of concrete, potentially
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making it more suitable for application processes that require high workability. The increase
in slump values with higher marble sludge content indicates that these mixtures require
less effort during mixing and pouring, which can be advantageous in construction scenarios
where ease of placement is critical.

Notably, the highest slump flow was recorded in the SCC mixture, designated as
(10%C + 20%F). This particular mixture achieved a slump flow of 690 mm, a value that
signifies excellent flowability. According to industry standards for SCC, a slump flow
greater than 650 mm generally indicates that the mixture possesses superior self-compacting
properties, allowing it to spread effortlessly under its own weight without the need for
external compaction. The high slump flow of 690 mm suggests that the combination of 10%
cement replacement and 20% fine aggregate replacement with marble sludge significantly
improves the rheological properties of the mixture, facilitating ease of placement and
ensuring a dense, well-compacted final product.

Overall, these findings demonstrate that WMS can be effectively used to modify
the workability characteristics of concrete mixtures, with the potential to optimize both
performance and sustainability in construction practices.

The T50 test results—which measure the time required for the concrete to spread to
a diameter of 50 cm during the slump flow test—are presented in Table 4. These results
provide valuable insight into the flow rate and viscosity of the SCC mixtures.

Table 4. T50 results of SCC mixtures with different levels of WMS replacement.

Mix Design SCC (20%F) SCC (5%C + 20%F) SCC
(7.5%C + 20%F)

SCC
(10%C + 20%F)

T50 (s) 5 4 3 2

According to the data, there is a noticeable trend: as the replacement percentage of
cement with WMS increases, the T50 time decreases. This suggests that the mixtures become
more fluid and exhibit faster flow behavior with higher levels of marble sludge substitution,
likely due to the lubricating effect of the fine particles in the sludge.

The lowest T50 time was recorded in the SCC mixture labeled (10%C + 20%F), which
reached the 50 cm spread in just 2 s. This rapid flow indicates excellent workability and
low viscosity, aligning well with the performance expectations for SCC. Such behavior is
advantageous in applications requiring high flowability without mechanical vibration.

The V-funnel test results for the designed research mixtures are detailed in Figure 2,
providing valuable insights into the flowability, viscosity, and overall rheological behavior
of the SCC mixes (Figure 1b). The V-funnel test is a widely used method to evaluate
the flow characteristics of SCC, as it measures the time required for a specific volume
of fresh concrete to pass through a constricted funnel under gravity. This is a crucial
parameter because it reflects the concrete’s ability to flow uniformly and fill formwork and
around reinforcement without segregation or blockages, which are essential qualities for
self-compacting applications.

Analyzing the data reveals a clear and consistent trend: as the percentage of cement
replaced with WMS increases, the V-funnel flow time decreases. This inverse relationship
suggests that higher marble sludge content enhances the flowability of the concrete mixture,
resulting in shorter flow times. Such an improvement can be attributed to the nature
of marble sludge, which typically consists of fine, smooth particles that act as natural
lubricants within the paste. These characteristics reduce internal friction and allow the
mixture to pass more easily through the narrow passage of the funnel. Additionally, the
fine particles help in creating a more cohesive and well-graded mortar matrix, further
facilitating smooth flow without stagnation.
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Figure 2. V-funnel flow times of SCC mixtures with different levels of WMS replacement.

The most remarkable result was observed in the SCC mixture designated as
(10%C + 20%F), which achieved a V-funnel flow time of just 6 s. This extremely short
flow time is indicative of excellent flowability and demonstrates that the mixture can
rapidly and effortlessly navigate through restricted spaces without risk of segregation.
Such a low flow time is well within the acceptable range for high-performance SCC, con-
firming that this particular formulation strikes an optimal balance between viscosity and
cohesiveness—properties essential for ensuring uniform filling of complex formworks and
dense reinforcement zones.

These findings highlight the potential of WMS not only as an environmentally sustain-
able aggregate replacement but also as a beneficial additive that enhances the rheological
properties of SCC. The improved flowability observed in the mixture with 10% cement
replacement and 20% fine aggregate substitution suggests it is particularly well-suited for
demanding construction scenarios where high flowability, ease of placement, and minimal
need for vibration are crucial. Ultimately, this combination offers practical benefits by
enabling easier casting processes and potentially reducing construction time and costs.

3.2. Hardened Properties Results
3.2.1. Density

The specific weight, or density, results of the various concrete mix designs are depicted
in Figure 3. These values provide important insights into the mass-to-volume ratio of each
mixture, reflecting the overall compactness and potential strength characteristics of the
concrete. Density is a critical parameter in concrete technology, as higher density generally
correlates with improved durability, strength, and reduced permeability, making it essential
to optimize for structural performance and longevity.

From the data presented in the figure, the highest specific weight was recorded in
the mix containing 5% cement replacement and 20% sand replacement with WMS, which
achieved a density of approximately 2410 kg/m3. This suggests that a moderate level of
marble sludge addition at these proportions can positively influence the microstructure
by promoting denser particle packing. The likely mechanism behind this enhancement is
the filler effect of the fine marble particles, which fill void spaces within the cement paste
and between sand particles, reducing internal porosity and increasing overall compactness.
This densification process not only improves the Immediate strength but may also enhance
the durability of the concrete by limiting pathways for ingress of harmful agents.
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Figure 3. Density results of SCC mixtures with partial cement and fine aggregate replacement
by WMS.

Conversely, as the percentage of cement replaced with marble sludge increases beyond
5%, a gradual decline in specific weight is observed. This trend indicates that higher
levels of marble sludge substitution may introduce increased porosity or reduce the binder
content’s overall effectiveness. The decrease in density could be due to several factors:
the lower specific gravity of marble sludge compared to Portland cement, the possibility
of less cohesive binder matrix formation at higher replacement levels, or the formation
of microvoids as a result of altered particle interactions. Such porosity compromises the
microstructural integrity of the concrete, potentially leading to reductions in mechanical
strength and durability.

These findings emphasize the importance of carefully selecting the optimal replace-
ment ratio of marble sludge, balancing the benefits of sustainability and waste management
with the structural requirements of the concrete. A moderate replacement level, such as
5% cement and 20% sand with marble sludge, appears to yield a denser, more compact
mixture, likely translating into better mechanical and durability properties. Excessive
replacement, on the other hand, may adversely affect the density and performance of the
concrete, highlighting the need for a balanced approach in sustainable concrete design.

3.2.2. Compressive Strength

The compressive strength results for the various concrete mix designs are depicted in
Figure 4, providing critical insights into the mechanical performance and structural capacity
of mixtures incorporating WMS as partial replacements for both cement and fine aggregate.
Compressive strength is a fundamental parameter in concrete technology, directly related
to the ability of the material to withstand load-bearing conditions and is often considered a
key indicator of concrete quality and durability.

From the data, it is evident that the highest compressive strength was achieved by the
mix containing 5% cement replacement and 20% sand replacement with marble sludge,
which attained a peak value of approximately 48.2 MPa. This optimal mixture suggests that
a modest level of marble sludge addition can positively influence the concrete’s mechanical
properties. The enhancement in strength at this level is likely attributable to the filler effect
of the fine marble particles, which improve the particle packing density within the matrix,
thereby reducing micro-voids and enhancing the overall compactness of the structure.
Moreover, the chemical composition of marble sludge, primarily calcium carbonate, may
participate in secondary hydration reactions, potentially contributing to the formation



Sustainability 2025, 17, 8523 10 of 18

of additional calcium silicate hydrate (C–S–H) gel—the primary binder responsible for
concrete strength [52,53].

Figure 4. Mechanical properties of SCC mixtures incorporating WMS.

This supplementary pozzolanic activity can refine the microstructure, further improv-
ing the mixture’s resistance to compression.

Conversely, increasing the percentage of cement replacement beyond 5% results in a
gradual decline in compressive strength. This trend can be attributed to the dilution effect,
where the reduction in Portland cement content leads to decreased production of C–S–H
gel, thus weakening the cementitious matrix [53].

Additionally, higher marble sludge content may introduce more porosity or reduce
the bonding efficiency between particles, undermining the integrity of the concrete. As the
replacement ratio exceeds the optimal point, these adverse effects become more pronounced,
emphasizing the importance of balance in mix design.

The lowest recorded compressive strength was found in the SCC mixture labeled
(10%C + 20%F), which showed a value of approximately 40.1 MPa. The decrease in
strength despite improvements in workability and flowability illustrates the classic com-
promise in sustainable concrete formulations: enhancing one physical property often
comes at the expense of another, particularly when incorporating waste materials at higher
replacement levels.

Overall, these findings highlight the critical need for optimizing the replacement
ratios of WMS in concrete to harness its environmental benefits while maintaining suffi-
cient mechanical performance. An optimal balance ensures that the concrete remains
structurally sound, durable, and sustainable, paving the way for more eco-friendly
construction practices.

3.2.3. Flexural Strength

The flexural strength (or bending strength) results of the various concrete mix designs
are presented in Figure 4, offering valuable insight into the ability of the mixtures to
withstand tensile stresses and resist cracking when subjected to bending loads. Flexural
strength is a key mechanical property, especially critical for structural elements such as
beams, slabs, and pavements that experience bending forces during service.

According to the data shown in the figure, the highest flexural strength was achieved
in the mix with 5% cement replacement and 20% sand replacement using WMS, reaching
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a peak value of approximately 4.4 MPa. This suggests that a limited amount of substi-
tution with marble sludge can positively influence the tensile behavior of concrete. The
improvement in flexural strength at this replacement level is likely due to the fine particles
of marble sludge enhancing particle packing and promoting better interfacial bonding
between the cement paste and aggregates. This improved particle interlock facilitates a
more uniform distribution of stresses throughout the concrete matrix, thereby increasing
its resistance to flexural failure and crack initiation. Additionally, the filler effect of marble
sludge may contribute to the refinement of the microstructure, reducing microcracks and
enhancing the concrete’s toughness.

However, as the percentage of cement replaced with marble sludge increases beyond
5%, a noticeable and progressive decline in flexural strength is observed. This decline
is attributed to the reduction of cementitious material responsible for generating hydra-
tion products, such as calcium silicate hydrate (C–S–H), which are crucial for forming
strong bonds within the matrix. The decreased cement content weakens the bond strength
between the aggregates and paste, resulting in diminished tensile strength. Moreover,
excessive marble sludge content may introduce microstructural discontinuities or increase
porosity within the concrete, which act as stress concentration points and facilitate crack
propagation under bending loads. These factors contribute to lowering the concrete’s
flexural performance at higher substitution levels.

The lowest flexural strength was measured in the SCC mixture labeled (10%C + 20%F),
with a value of approximately 3.3 MPa. Although this falls within acceptable limits for
certain non-structural or lightly loaded applications, it clearly demonstrates the trade-
off commonly encountered when incorporating larger proportions of waste materials:
while workability and flowability may improve, mechanical properties related to tensile
and bending forces can deteriorate. This balance between enhanced fresh properties and
reduced mechanical durability must be carefully managed when designing sustainable
concrete mixtures.

In summary, these findings highlight the critical importance of optimizing the re-
placement levels of WMS to ensure a balanced design that supports adequate mechanical
strength, durability, and sustainability goals. By carefully selecting the substitution percent-
ages, it is possible to achieve improvements in both environmental impact and concrete
performance, facilitating broader adoption of eco-friendly construction materials.

3.2.4. Tensile Strength

The Brazilian tensile strength test results for the different concrete mixtures are shown
in Figure 4, providing insight into the indirect tensile performance of SCC containing
WMS as a partial replacement for cement and fine aggregates. This method, based on
diametrical compression of cylindrical specimens, is widely accepted for assessing the
splitting tensile strength of concrete, a key property for evaluating its resistance to cracking
and overall structural integrity, particularly in applications such as pavements, slabs, and
thin-shell structures.

The results indicate that the mixture with 5% cement and 20% fine aggregate replace-
ment achieved the highest tensile strength of 3.9 MPa. This improvement can be attributed
to multiple synergistic mechanisms. The fine WMS particles acted as micro-fillers, refining
the pore structure and improving stress distribution within the concrete matrix. In addition,
the calcium carbonate content of WMS may have contributed to secondary reactions, such
as the formation of carboaluminate phases, which enhanced the interfacial transition zone
(ITZ) between the paste and aggregates. The smooth, plate-like morphology of marble
sludge particles also likely promoted better interlock and cohesion, further improving
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tensile resistance. These effects collectively explain the superior performance of the mixture
at moderate replacement levels.

However, when the cement replacement exceeded 5%, a gradual decline in tensile
strength was observed. This reduction can be explained by several factors. Higher WMS
contents reduce the proportion of Portland cement available to form calcium silicate hy-
drate (C–S–H), the primary binding phase responsible for strength. Furthermore, excessive
sludge can introduce microporosity or microstructural discontinuities, creating preferential
paths for crack propagation under tensile loading. While the lubricating effect of WMS im-
proves flowability, at higher contents it may also reduce internal friction between particles,
compromising tensile capacity.

The SCC mixture with 10% cement and 20% fine aggregate replacement recorded the
lowest tensile strength of 3.1 MPa, highlighting the trade-off between improved worka-
bility and reduced tensile performance. Although this value remains within acceptable
limits for non-structural or lightly loaded applications, it demonstrates the limitations of
excessive substitution.

In summary, these findings emphasize the importance of optimizing replacement
levels in sustainable concrete design. A 5% cement and 20% fine aggregate replacement
with WMS appears to provide the best balance, offering improved tensile performance
while contributing to sustainability objectives, whereas higher substitution levels should
be applied cautiously due to their potential to compromise mechanical behavior.

3.2.5. Water Absorption

The water absorption results for the different concrete mixtures are shown in Figure 5,
offering important insights into the porosity, microstructural quality, and overall durability
of SCC incorporating WMS as a partial replacement for cement and fine aggregates. Since
water absorption directly reflects concrete permeability, it serves as a critical durability
indicator, influencing resistance to freeze–thaw cycles, chemical ingress, and sulfate attack.

Figure 5. Water absorption of SCC mixtures with partial cement and fine aggregate replacement
using WMS.

The mixture containing 5% cement and 20% fine aggregate replacement exhibited the
lowest water absorption (≈4.8%), indicating a denser and less permeable microstructure
at this replacement level. This improvement can be explained by the filler effect of the
fine WMS particles, which enhance particle packing, minimize capillary voids, and block
pathways for water ingress. Such densification not only improves short-term durability
but also suggests an extended service life under moisture exposure.
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When cement replacement exceeded 5%, however, a progressive increase in water
absorption was observed. Several factors contribute to this trend: the reduction in available
Portland cement limits the formation of calcium silicate hydrate (C–S–H), weakening the
binder matrix; excessive sludge interferes with hydration processes, leading to incomplete
development of the cementitious structure; and higher WMS content may introduce micro-
porosity, creating easier paths for water penetration. These combined effects explain the
greater permeability in high-substitution mixes.

The highest absorption rate was recorded for the SCC with 10% cement and 20% fine
aggregate replacement (≈6.2%), which, although still acceptable for certain non-structural
or non-aggressive applications, suggests reduced durability in environments exposed to
sustained moisture, chloride ingress, or freeze–thaw cycles.

In summary, the findings highlight the need to balance sustainability with durability.
While incorporating WMS reduces environmental impact, its influence on porosity and
permeability must be carefully managed. An optimized replacement level—such as 5%
cement and 20% fine aggregates—minimizes water absorption and offers the most favorable
trade-off between ecological benefits and long-term performance.

3.3. Carbon Footprint Results

Figure 6 presents the carbon footprint of the control mixture (NC) and SCC mixes
incorporating WMS. The results demonstrate a clear variation in emissions across different
replacement levels. The highest carbon footprint was recorded for the control concrete (NC)
and the SCC mixture with only fine aggregate replacement (20%F), both at approximately
380.5 kg CO2-eq/m3. In contrast, the lowest footprint was observed for the SCC with 10%
cement and 20% fine aggregate replacement, with a value of around 343.9 kg CO2-eq/m3.
This reduction highlights the environmental benefit of substituting cement with WMS,
since cement production is widely recognized as the most carbon-intensive component
of concrete.
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Figure 6. Carbon footprint of SCC mixtures incorporating WMS.

Across all mixtures, the dominant role of cement in driving emissions is evident. Even
with aggregate and admixture contributions included, cement consistently accounted for
the majority of the carbon footprint. The inclusion of WMS, treated as a by-product with
negligible upstream burden, further lowered the embodied carbon by offsetting part of the
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cement demand. These results confirm that strategies aimed at reducing clinker content
provide the greatest potential for emission reduction in SCC.

The carbon footprint values obtained in this study are in close agreement with the
results reported by Huang et al. [46] for sludge-derived low-carbon concrete, who observed
an approximate 9% reduction in overall emissions at only 10% cement replacement and
up to 83% reduction at full substitution scenarios. When normalized to 1 m3 of SCC, our
best-performing mixtures achieve comparable or better performance than these bench-
marks, confirming that incorporating marble waste is an equally effective decarbonisation
strategy. This alignment with prior LCA-based investigations reinforces the credibility of
our findings and supports the broader application of marble waste as a sustainable binder
or aggregate replacement in structural concretes.

In Figure 7, the compressive strength and carbon footprint results are combined
to evaluate the strength-per-impact indicator (MPa kg−1 CO2-eq), which quantifies the
mechanical performance obtained per unit of embodied carbon. The SCC with 7.5% cement
and 20% fine aggregate replacement achieved the highest efficiency, indicating the best
balance between structural performance and reduced emissions. Conversely, the 20%F
mixture showed the lowest efficiency, as its carbon footprint remained high while strength
improvements were limited.

0.119 0.123
0.137

0.124
0.105

0

0.05

0.1

0.15

0.2

S
tr

en
gt

h 
pe

r 
Im

pa
ct

 (
M

P
a/

kg
 C

O
2e

q
) 

 

Mix design name

Figure 7. Strength-to-carbon efficiency of SCC mixtures incorporating WMS.

Taken together, these findings emphasize that cement is the principal contributor to
the carbon footprint of SCC, and even partial substitution has a direct and measurable
impact on lowering emissions. At the same time, the results highlight that there is an
optimal replacement level where environmental benefits are achieved without undermining
structural integrity. Moderate substitution of cement with WMS emerges as the most
effective strategy, enabling meaningful reductions in embodied carbon while maintaining
or even enhancing the mechanical performance of SCC. This balance underscores the
potential of WMS to contribute to more sustainable construction practices, providing both
ecological and technical advantages in the pursuit of greener infrastructure.
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4. Conclusions
This study introduces a dual replacement strategy in self-compacting concrete (SCC),

simultaneously substituting cement and fine aggregate with waste marble sludge (WMS)—
a novel approach not widely explored in prior literature.

• The research demonstrates that controlled incorporation of WMS (specifically 5%
cement and 20% sand replacement) can significantly enhance mechanical performance,
achieving compressive strength of 48.2 MPa, flexural strength of 4.4 MPa, and tensile
strength of 3.9 MPa at 28 days.

• The optimized mix also exhibited reduced water absorption (~4.8%), indicating a
denser microstructure and improved durability—highlighting WMS’s role in refining
pore structure.

• Fresh property evaluation revealed that a mix with 10% cement and 20% sand replace-
ment achieved superior flowability, with a slump flow of 610 mm and V-funnel time
of 8 s—validating WMS’s positive impact on SCC rheology.

• A carbon footprint analysis confirmed the environmental benefit of WMS integration,
with the 10% cement replacement mix reducing emissions to 343.9 kg CO2-eq/m3,
compared to 380.5 kg CO2-eq/m3 for the control.

• The mix with 7.5% cement replacement offered the best strength-to-carbon efficiency,
establishing a practical balance between mechanical performance and sustainability.

Overall, the study provides experimental validation for the use of WMS as a sustain-
able and performance-enhancing component in SCC, contributing to eco-efficient concrete
design and circular economy practices in the construction industry.

5. Future Research Directions
Building upon the promising results of this study, several avenues for future research

can be pursued to further explore and optimize the use of waste marble sludge (WMS) in
self-compacting concrete (SCC):

• Long-Term Durability Assessment: While the current study focused on mechanical
and rheological properties at 28 days, future investigations should assess long-term
durability aspects such as resistance to chloride penetration, sulfate attack, carbonation
depth, and freeze–thaw cycles. These evaluations are essential for validating the
suitability of WMS-based SCC in aggressive environmental conditions.

• Microstructural and Mineralogical Analysis: Advanced characterization techniques
such as X-ray diffraction (XRD), thermogravimetric analysis (TGA), and nanoinden-
tation can be employed to understand the hydration mechanisms and interfacial
transition zones (ITZ) influenced by WMS particles. This would provide deeper
insight into the role of WMS in modifying the cementitious matrix.

• Optimization through Statistical Design: Future studies may adopt response surface
methodology (RSM) or factorial design approaches to identify optimal replacement
levels of cement and sand with WMS, considering multiple performance criteria
including strength, workability, and environmental impact.

• Integration with Other Industrial Wastes: The synergistic use of WMS with other
supplementary cementitious materials (SCMs) such as fly ash, silica fume, or slag could
be explored to enhance composite performance and broaden the scope of sustainable
mix designs.

• Field Application and Scale-Up Studies: Pilot-scale trials and real-world applications
of WMS-based SCC in structural elements (e.g., slabs, beams, precast units) would
help validate laboratory findings and assess practical challenges related to mixing,
placement, and curing.
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• Life Cycle Assessment (LCA) and Cost Analysis: A comprehensive life cycle as-
sessment comparing conventional SCC and WMS-modified SCC in terms of energy
consumption, emissions, and economic feasibility would support broader adoption in
green construction practices.

• Standardization and Guidelines Development: Based on accumulated data, future
work could contribute to the formulation of technical guidelines or amendments to
existing standards for the use of marble sludge in concrete production.

By addressing these directions, future research can strengthen the scientific foundation
and practical viability of WMS as a sustainable component in SCC, contributing to circular
economy goals and reducing the environmental footprint of the construction industry.
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