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Abstract: This research investigates the need for sustainable, high-
performance concrete by blending waste marble dust (MD) with recycled 
polypropylene fiber (PF) to reduce cement consumption and enhance 
concrete's mechanical properties. An extensive experimental Programme 
was designed: 25 mix designs with varying MD levels (0-20%) and PF 
dosages (0-1.0%) were performed, and the experimental study was further 
aided by ML models for predicting and improving concrete properties. 
Fresh, durability and mechanical properties, with slump, density, 
compressive strength, flexural strength, split tensile strength, water 
absorption, permeability, and acid resistance, were measured. The 
compressive strength increased from 51.62 MPa for the control mix to 57.7 
MPa at 10% MD replacement and 1.0% PF addition. However, mixes 
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containing 10% MD with 0.6% to 0.8% PF exhibited comparable 
compressive strength while demonstrating better overall performance in 
terms of strength, durability, and workability. The split tensile strength 
increased from 3.236 MPa for the control mix (A0) to the maximum value of 
4.249 MPa at 10% MD and 0.8% PF, which is an improvement of about 31%, 
and similarly, the flexural strength increased by 25% (to 5.54 MPa) 
compared to the conventional mix. Durability showed considerable 
improvements, with the amount of water absorbed decreasing from 3.42% 
to 2.84% and a 30% reduction in permeability (from 9.42 × 10-12 to 6.64 × 
10-12 m/s). The ANN models yielded R2 values> 0.95 and thus 
demonstrated high predictive accuracy. One of the novel aspects of this 
study is the interaction among the integration of waste MD and secondhand 
PF, machine learning-based prediction and optimization, which enable the 
precise determination of the optimal mix proportions with respect to 
strength, durability, and sustainability, surpassing traditional empirical 
design methodologies.

Keywords: Marble Dust; PF Reinforcement; Mechanical and Durability 
Performance; ML Optimization; Eco-Efficient Concrete Mix Design.

1. Introduction
The global construction industry faces growing environmental pressures 

associated with the overconsumption of cement and the resulting waste. 
Cement production is the main cause of the largest share of carbon dioxide 
emissions worldwide at about 8 %, largely because of limestone calcination 
and associated energy-intensive processes in clinker production [1]. To 
mitigate these effects, research has explored the use of supplementary 
materials, such as fly ash, silica fume, and marble dust (MD), which can 
partially replace the cement used to decrease the carbon footprint of 
concrete [2]. However, the large-scale use of MD is restricted, despite its 
high calcium carbonate content and potential as a micro-filler. Previous 
revisions have demonstrated the use of MD to improve particle packing and 
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enhance early-age strength. However, they found that excessive 
replacement, starting from 15% onwards, leads to strength loss due to 
binder dilution and increased water demand [3, 4]. Similarly, workability 
and segregation related problems limit its effective use; thus, the need 
evolved for an optimized mix design [5, 6].

At the same time, the accumulation of non-biodegradable plastic 
(especially polypropylene) significantly helps the ecological environment. 
Global PP production exceeds 80 million tonnes per year, representing a 
significant share of long-term environmental pollution [7, 8]. The reuse of 
this waste in the form of synthetic fibers in concrete is a sustainable 
strategy to optimize the mechanical and durability performance. 
Polypropylene fibres (PF) help control crack propagation, enhance tensile 
and flexural strength, and improve impact strength by redistributing stress. 
However, the high fibre content (>1.0%) has reduced workability, increased 
air voids, and caused compaction difficulties [9]. Moreover, the combined 
effect of MD and PF regarding fresh, mechanical and durability behaviour 
has been inadequately investigated, and few studies have optimized the 
interaction of the two in a consolidated perspective [2].

Recent progress in machine learning (ML) has eliminated the usage of 
empirical/trial-based design in concrete mix optimization [10, 11]. 
Algorithms like ANN, SVR and RF models can encapsulate complex 
nonlinear relationships between mix parameters (i.e. cement, water-binder 
ratio, fibre and filler content) and resultant properties (i.e. strength and 
durability) [10, 12]. By capitalizing on these tools, the current research 
combines ML-enabled predictive modelling with experimental evaluation of 
MD (0-20% w/w) and PF (0-1% w/w) combinations, opening the door to 
optimal proportions for optimal performance and sustainability, and the 
experimental data-driven route for the development of the next generation 
of eco-efficient concrete [13]. 

Previous studies on sustainable concrete have separately demonstrated 
the benefits of MD as a fine filler and of PF as a tensile-strength enhancer. 
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MD, being rich in calcium carbonate, increases the packing density, refines 
the interfacial (ITZ), while increasing early age compressive strength by 
partial cement replacements up to approximately 10-15% of cement [14, 
15]. However, beyond this limit, excessive MD leads to excessive water 
demand and binder dilution with consequent reduced strength and 
durability [16, 17]. Similarly, PF inclusion in the range of 0.4-0.8% by 
volume has an effective range to bridge cracks and provide improved tensile 
and flexural strength, also enhances toughness, but when higher dosages 
are used (greater than 1.0%), fibers tend to agglomerate and cause reduced 
workability, air voids and poor compaction [16], [17].

Despite these improvements, in the past, these two waste modifiers have 
been considered separately with little quantitative optimization of their co-
action towards the fresh, mechanical, and durability characteristics. 
Moreover, machine learning-based prediction/optimization frameworks 
correlated between MD and PF contents and measured performance 
parameters have been found to be underexplored in the existing literature 
set. In the present study a systematic and Integrated Artificial Intelligence 
(I.A.I) based experimental Programme is developed to determine the 
combined and synergistic influence of the MD (0%, 5%, 10%, 15%, 20%) 
and PF (0%, 0.4%, 0.6%, 0.8%, 1.0%) in a comprehensive matrix of mixes 
designated as; A0 - A4, B0 - B4, C0 - C4, D0 - D4 and E0 - E4. The 
investigation involves fresh properties (slump, compaction factor, and fresh 
density) and hardened properties (mechanical and durability performance). 
Mechanical evaluation includes compressive, split tensile, and flexural 
strengths, while durability tests include water absorption, acid resistance, 
and water permeability. To go beyond normal empirical interpretation, 
machine learning models, RF, SVR, and ANN are used to forecast and 
optimize strength and durability results as a function of mix composition. In 
contrast to previous research efforts that used MD or PF separately and/or 
relied solely on machine learning for strength estimation, this research 
presents an integrated experimental-computational framework that 
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leverages both waste materials and advanced machine learning algorithms. 
This methodology enables the systematic optimization of fresh, mechanical 
and durability attributes, while simultaneously decreasing the experimental 
uncertainty and having a lower environmental footprint.

2 Materials
OPC grade 53, as per IS 122693 [58], was used as the primary binder. 

The cement had a specific gravity of 3.15, an initial setting time of 32 
minutes and a final setting time of 210 minutes. Its Blaine fineness was 
calculated to be around 320 - 350 m2 kg, meaning it is a relatively fine 
particle size, favorable to the hydration kinetics. OPC grade 53 is favored 
widely for high-strength applications due to its high early reactivity, which 
helps the formation of calcium siliceous hydride (C-S-H) gel or early age 
strength of concrete [16, 18]. The mineralogical constitution of the material 
is mainly comprised of C3S and C2S, both of which are the direct factors in 
developing strength [19]. Natural river sand conforming to Zone 2 of IS 
383:2016 was used as a fine aggregate. This sand exhibited fineness (2.65) 
and specific gravity (2.60), indicating a medium gradation and suitability for 
the fabrication of a dense matrix, such as a mortar prosthesis. The silt 
content was less than 2 % which minimized any interference with the 
hydration of cement. Well-graded fine aggregates increase 
workability/cohesion and decrease water demand by increasing the particle-
packed density [20, 21]. 

Crushed granite, a coarse aggregate with a nominal size of 20 mm, was 
used in accordance with IS 383 [59]. The aggregate showed a specific 
gravity of 2.70, a water absorption rate of 0.5-0.8%, and an impact value of 
less than 22%, indicating good strength and durability. The angular nature 
of the aggregate helps increase the interlock and load-transfer mechanisms 
of the hardened concrete matrix [22, 23]. The course/fine aggregate ratio 
has been set at 60:40, providing adequate compressive resistance while 
maintaining a workable rheology. MD was gained from the resident marble 
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quarrying industry in Chennai as a waste by-product. This filler effect 
contributes to densification of the interfacial transition zone (ITZ), the 
formation of greater amounts of hydration products, and thus to the 
development of mechanical strength and a reduction in permeability [24, 
25]. 

Figure 1. Materials Used (a) River Sand, (b) Coarse Aggregates, (c) Cement 
mortar, (d) Cube

The recycled PF had tensile strengths above 400 MPa, moduli of 
elasticity of 3 - 5 GPa and negligible water absorption levels. Appropriate 
fiber dispersion is very important to achieve performance benefits [26, 27]. 
The physical appearance and features of the constituent materials used in 
the experimental program are shown in Figure 1. Potable tap water, free 
from organic impurities, as per IS 456 [60] standards, was used for mixing 
and curing. A high-range water-reducing intermixture based on PCE was 
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used at a dosage of 0.6% of the cement weight. The use of PCE admixtures 
improves slump retention and reduces bleeding tendency, especially in 
fibre-reinforced mixes where internal friction is high [28, 29]. The chemical 
and physical characteristics of the constituent materials used for this 
education are summarized in Table 1.

Table 1. Physical and Chemical Properties of Materials Used in the 
Experimental Program

Material
Physical 

Properties
Value

Chemical Composition (Major 
Oxides %)

Specific gravity 3.15

Blaine fineness 
(m²/kg)

335

Initial / Final 
setting time 

(min)
32 / 210

OPC53 Grade

Colour Grey

CaO    63.2
SiO₂    21.4
Al₂O₃   5.3
Fe₂O₃   3.4
MgO    1.8
SO₃       2.4

Specific gravity 2.60

Fineness 
modulus

2.65

Water 
absorption (%)

1.2

Fine Aggregate 
(Natural River 
Sand, Zone II)

Bulk density 
(kg/m³)

1650

SiO₂     95.3
Al₂O₃    2.1
Fe₂O₃    0.6;
CaO      0.5
MgO     0.4

Specific gravity 2.70

Water 
absorption (%)

0.65

Impact value (%) < 22

Coarse 
Aggregate 
(Crushed 

Granite, 20 
mm)

Bulk density 1500

SiO₂     68.1
Al₂O₃    15.5
Fe₂O₃    3.2
CaO      5.9
MgO     2.3
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(kg/m³)

Specific gravity 2.65
Particle size 

(µm)
< 90

Colour White

Marble Dust 
(Industrial 

Waste Filler)
Moisture 

content (%)
< 1

CaCO₃    85–98
MgO       1.5
SiO₂        1.2
Fe₂O₃       0.3

      Loss on ignition        38–42

Fibre length 
(mm)

12

Tensile strength 
(MPa)

> 400

Elastic modulus 
(GPa)

4

Specific gravity 0.91

Polypropylene 
Fibre 

(Recycled)

Water 
absorption (%)

Nil

C₃H₆ (Polymer chain)

Specific gravity 1.10
Superplasticizer 

(PCE-Based)
Recommended 
dosage (% of 

binder)
0.6

Main constituents: 
Polycarboxylate ether (–COOH 

functional groups)

3. Methodology
 This study uses an integrated experimental and machine Learning-

based approach to evaluate and optimize the performance of concrete 
modified with MD and PF. The methodology includes the formulation of mix 
designs, preparation of specimens and testing of fresh, mechanical and 
durability properties, followed by data-driven prediction and optimization 
using artificial neural network, support vector regression, and random 
forest models. The general workflow used in this investigation is shown in 
Figure 2.
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Figure 2. Experimental Workflow for AI-Integrated Evaluation of MD and PF 
Concrete

The concrete used in this investigation was formulated to meet the M40 
grade limit as specified in IS:10262 [61] and IS:456 [60]. The required mean 
compressive strength was determined from the standard deviation and the 
margin of safety. A w/c ratio of 0.40 was used according to durability and 
strength requirements. Cement replacement was performed using MD at 
predetermined levels of 0%, 5%, 10%, 15%, and 20%. PF were added at 
0.0%, 0.4%, 0.6%, 0.8%, and 1.0% volume.  The proportions of the mixtures, 
identified by the ID number from A0 to E4, and the respective replacement 
levels of MD and dosages of PF are listed in Table 2. Although cement was 
partially replaced by MD on a mass basis and fibres were incorporated on a 
volumetric basis, the aggregate quantity was kept constant, with only minor 
adjustments to the weight to maintain the concrete mixtures' volumetric 
consistency.
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Table 2. Mix Proportion Details of MD and PF-Based Concrete (M40 Grade)

Mi
x 
ID

M
D 
(%
)

PF 
(vol
%)

Cement 
(kg/m³)

Marble 
dust 

(kg/m³)

Water 
(kg/m³)

SP 
(kg/m³

)

Fiber 
(kg/m³

)

Aggreg
ates 
total 

(kg/m³)

Coarse 
(60%)

Fine 
(40%

)

A0 0 0.0 400.00 0.00 160.00 2.40 0.000
1837.6

0
1102.5

6
735.
04

A1 0 0.4 400.00 0.00 160.00 2.40 3.640
1833.9

6
1100.3

8
733.
58

A2 0 0.6 400.00 0.00 160.00 2.40 5.460
1832.1

4
1099.2

8
732.
86

A3 0 0.8 400.00 0.00 160.00 2.40 7.280
1830.2

8
1098.1

7
732.
11

A4 0 1.0 400.00 0.00 160.00 2.40 9.100
1828.4

0
1097.0

4
731.
36

B0 5 0.0 380.00 20.00 160.00 2.40 0.000
1837.6

0
1102.5

6
735.
04

B1 5 0.4 380.00 20.00 160.00 2.40 3.640
1833.9

6
1100.3

8
733.
58

B2 5 0.6 380.00 20.00 160.00 2.40 5.460
1832.1

4
1099.2

8
732.
86

B3 5 0.8 380.00 20.00 160.00 2.40 7.280
1830.2

8
1098.1

7
732.
11

B4 5 1.0 380.00 20.00 160.00 2.40 9.100
1828.4

0
1097.0

4
731.
36

C0 10 0.0 360.00 40.00 160.00 2.40 0.000
1837.6

0
1102.5

6
735.
04

C1 10 0.4 360.00 40.00 160.00 2.40 3.640
1833.9

6
1100.3

8
733.
58

C2 10 0.6 360.00 40.00 160.00 2.40 5.460 1832.1 1099.2 732.
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4 8 86

C3 10 0.8 360.00 40.00 160.00 2.40 7.280
1830.2

8
1098.1

7
732.
11

C4 10 1.0 360.00 40.00 160.00 2.40 9.100
1828.4

0
1097.0

4
731.
36

D0 15 0.0 340.00 60.00 160.00 2.40 0.000
1837.6

0
1102.5

6
735.
04

D1 15 0.4 340.00 60.00 160.00 2.40 3.640
1833.9

6
1100.3

8
733.
58

D2 15 0.6 340.00 60.00 160.00 2.40 5.460
1832.1

4
1099.2

8
732.
86

D3 15 0.8 340.00 60.00 160.00 2.40 7.280
1830.2

8
1098.1

7
732.
11

D4 15 1.0 340.00 60.00 160.00 2.40 9.100
1828.4

0
1097.0

4
731.
36

E0 20 0.0 320.00 80.00 160.00 2.40 0.000
1837.6

0
1102.5

6
735.
04

E1 20 0.4 320.00 80.00 160.00 2.40 3.640
1833.9

6
1100.3

8
733.
58

E2 20 0.6 320.00 80.00 160.00 2.40 5.460
1832.1

4
1099.2

8
732.
86

E3 20 0.8 320.00 80.00 160.00 2.40 7.280
1830.2

8
1098.1

7
732.
11

E4 20 1.0 320.00 80.00 160.00 2.40 9.100
1828.4

0
1097.0

4
731.
36

It should be noted that the coarse-to-fine aggregate ratio (60:40) remained constant 
across all mixes. Minor changes of aggregate mass due to the volume-based addition of 
PF were achieved whilst the total concrete volume of 1 m3 and the target density were 
kept constant.
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The mixing operation was processed using a mechanically operated pan 
mixer with a 40 L capacity. To achieve uniformity, aggregates and MD were 
dry-mixed for one minute. Cement was then added, and the mixture was dry 
mixed again to achieve a uniform powder consistency. Roughly 70 % of the 
mixing water was then added, tracked by a slow addition of PF to avoid 
fiber clumping - a phenomenon which has been observed in fiber-reinforced 
composites when fibers are added quickly [30, 31]. The remaining water 
and superplasticizer were finally added to produce a cohesive and workable 
mixture. The concrete mixture was visually checked for homogeneity and 
then transported immediately for mould filling. A summary of all the 
experimental tests performed during this study, including the specimen 
details, curing ages, applicable standards, and number of specimens tested, 
is presented in Table 3.

Table 3. Summary of Experimental Tests Conducted

Test 
Category

Test Name
Specime
n Type

Specimen 
Dimensio

ns

Curin
g Age 
(days)

Standard 
Followed

No. of 
Specime

ns

Fresh 
Propertie

s
Slump Test

Fresh 
concrete

— —
IS 

1199:195
9 [62]

1 per mix

Fresh 
Propertie

s

Compactio
n Factor

Fresh 
concrete

— —
IS 

1199:195
9 [62]

1 per mix

Fresh 
Propertie

s

Fresh 
Density

Fresh 
concrete

— —
ASTM 
C138 
[63]

1 per mix

Mechanic Compressi Cube 150 × 7, 28 IS 3 per age
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al ve 
Strength

150 × 
150 mm

516:2021 
[64]

Mechanic
al

Split 
Tensile 

Strength
Cylinder

150 × 
300 mm

28
ASTM 
C496 
[65]

3

Mechanic
al

Flexural 
Strength

Prism
100 × 
100 × 

500 mm
28

ASTM 
C78 [66]

3

Durability
Water 

Absorption
Cube

150 × 
150 × 

150 mm
28

ASTM 
C642 
[67]

3

Durability
Acid 

Resistance
Cube

150 × 
150 × 

150 mm
28

ASTM 
C267 
[68]

3

Durability
Water 

Permeabili
ty

Cube
150 × 
150 × 

150 mm
28

DIN 
1048 
[69]

3

Concrete specimens were cast in standard moulds for the following 
tests: 150 mm × 150 mm × 150 mm cubes for compressive strength, 150 
mm × 300 mm cylinders for split tensile strength, and 100 mm × 100 mm × 
500 mm prisms for flexural strength, all according to the procedures 
prescribed in IS 516:2021. After the 24-hour casting period, the specimens 
were carefully demolded and submerged in a tank containing potable water 
of suitable purity for curing. The curing temperature was maintained at 27 
± 2 °C, as per IS456 [60], to ensure uniform hydration. The specimens were 
allowed to cure for 7 days to test their early age strength and for 28 days to 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



test their standard strength and durability. Figure 3 illustrates the 
laboratory test setups employed for compressive and flexural strength 
testing of MD and PF-reinforced concrete specimens.

Figure 3. Experimental test setups used in the study: (a) Compression 
Testing Machine (CTM) for compressive strength testing of concrete 

specimens, (b) Flexural testing machine used for flexural strength 
evaluation.

The workability of fresh concrete was determined using the slump cone 
method as per IS 1199:1959 [62]. For conditions which require vibration or 
external compaction, the compaction factor test was conducted as per IS 
1199:1959 [62]. The fresh density of concrete was determined in 
accordance with ASTM C138 [63] using a calibrated 7-litre cylindrical steel 
density container. Compressive strength was determined in a CTM with a 
capacity of 2000 kN, in accordance with IS 516:2021 [64]. The split-tensile 
test was performed on cylindrical specimens (150 mm x 300 mm) using the 
CTM in accordance with ASTM C496 [65]. The flexural strength tests were 
conducted in accordance with ASTM C78/C78M [66], whereas acid 
resistance was investigated according to the procedure described in ASTM 
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C267 [68]. Water absorption and water permeability were measured in 
accordance with the standards ASTM C642 [67] and DIN 1048 [69], 
respectively, to provide a good assessment of the durability performance of 
the concrete.

In this study, an experimental database was designed to include five 
input variables, i.e., MD content (%), fiber dosage (volumetric percentage), 
water-to-cement ratio (0.40), superplasticizer dosage (0.6% of the binder) 
and fresh density (kg/m3) and seven target outputs, i.e., slump, compressive 
strength, split tensile strength, flexural strength, water absorption, acid 
resistance and permeability. Data normalization was done using a z-score 
transformation to get the features of equal scale. The artificial neural 
network was set up as a feed-forward back-propagation network with one 
hidden layer of 15 neurons and the hyperbolic tangent activation function. 
Optimization was performed with the Adam optimizer at a learning rate of 
0.001, and early stopping was set to 50 epochs. The support vector 
regression model used a radial basis function kernel, a cost parameter 
C=10, and ε=0.01, the parameters of which were optimized via a grid 
search. The random forest regression ensemble comprised 100 decision 
trees, with a maximum depth of 20 and a minimum of 5 samples per leaf. 
Hyperparameter tuning was performed using 10-fold cross-validation, with 
the objective of minimizing root mean square error. Model performance was 
assessed using the coefficient of determination (R2), MAE, and RMSE 
metrics on the hold-out test set.

4. Results and Discussions
4.1 Workability Characteristics

The workability of the fresh concrete was determined using the slump 
and compaction factor tests, which provide complementary measures of 
flowability and packing efficiency. Both tests were consistent reflections of 
the influence of MD substitution and PF dosage; therefore, they are jointly 
discussed in this consolidated section. In the absence of PF (0%), the slump 
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values of the control mixes (A0 - E0) decreased from 100 mm (A0) to 88 mm 
(E0) with an upsurge in the MD content from 0 % to 20 % and thus a 
progressive reduction of workability with an increase of MD replacement. 
Upon the inclusion of PF, a more significant reduction in slump was 
observed across all MD levels. At 0.4% PF, the slump ranged from 92 mm to 
79 mm, whereas at 0.6%, 0.8%, and 1.0% PF, the minimum slump 
progressively decreased to 71 mm, 63 mm, and 55 mm, respectively. These 
results conclusively show that both an increase in the content of MD and an 
increase in the dosage of PF have a negative effect on the flowability of the 
fresh concrete. The variation in slump with MD and PF content is shown in 
Figure 4.

Figure 4. Variation of Slump with MD and PF Content

The decrease in slump as the MD content increases can be attributed to 
the smaller particle size and the increased specific surface area of the MD, 
which, in turn, increases water demand and decreases the available free 
water for lubricating the interfaces between aggregate particles. [15, 32]. 
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Moreover, the use of PF leads to the formation of a three-dimensional PF 
network, thereby increasing internal friction, reducing particle mobility and 
the viscosity of the cement paste, and thereby reducing workability. [33, 
34]. When both modifiers are used simultaneously, their effects are 
additive: the dust in the marble absorbs the water added during mixing, 
while the PF prevents particle rearrangement, producing a stiffer, less 
workable mix. [35, 36]. 

Further corroboration of the trends noted in the slump test is provided 
by the compaction factor result. For the PF free mixes (PF=0%), the 
compaction factor slightly increased from 0.92 (A0) to the maximum value 
of 0.94 (C0) at the 10% MD, indicating better packing of the particles at 
moderate replacement levels. Beyond this optimum, the compaction factor 
decreased to 0.90 (D0) and 0.87 (E0) as MD content increased to 15 and 
20%, respectively. With PF addition, a systematic decrease in the 
compaction factor was observed across all MD levels. At 0.4 PF, it varied 
from 0.91 to 0.85, while with a further increase in PF content, the 
compaction factor reduced to a minimum of approx. 0.81-0.82 at 1.0 % PF. 
The combination of MD and PF influence on compaction behaviour is shown 
in Figure 5.

The results of the compaction factor test for all the different mixes 
with varying percentages of MD (0, 5, 10, 15, 20 %) and PF (0.0, 0.4, 0.6, 
0.8, 1.0 vol.%) are presented herein.  In the absence of PF, a moderate 
replacement level of 10% MD yielded the highest compaction factor of 0.94. 
Conversely, the lowest compaction factor of approximately 0.78 occurred 
when both MD replacement and PF contents reached their maximums of 
20% and 1.0%, respectively. At a PF content of 0.4 vol%, the corresponding 
compaction factors were 0.89, 0.90, 0.91, 0.88, and 0.85 for MD contents 
ranging from 0 to 20%. Increasing the PF volume to 0.6 vol% resulted in 
compaction factors of 0.87, 0.88, 0.89, 0.86, and 0.83; at 0.8 vol%, the 
values were 0.84, 0.85, 0.86, and 0.80; and at 1.0 vol%, the lowest values 
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recorded were 0.82, 0.83, 0.84, and 0.81. These observations show a 
different trend for each MD level: the compaction factor decreases with 
increasing PF content. On the other hand, for each amount of PF, the 
compaction decreases with increasing MD replacement above 10 %. The 
maximum compaction factor of 0.94 was achieved with a moderate MD 
content of 10 % in the absence of PF, whereas the lowest value of 0.78 was 
detected at the combined extremes of a 1% PF content and 1 % MD 
replacement. Figure 5 illustrates the variation in compaction factor across 
all mixtures with different MD contents and PF dosages.

Figure 5. Compaction Factor of Concrete Mixes with Different MD and PF 
Contents

Beyond this optimum, additions of MD cause the amount of free water 
present to dwindle and increase the viscosity of the paste, thus resulting in 
a fall in the compaction factor [25].  Chen et al. (2023) observed that having 
the replacement of MD exceeding 15% will cause a substantial discount in 
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workability, due to increasing water absorption and a more cohesive paste 
behaviour [40]. In the present study, this phenomenon is evident in the 
decrease from C0 (0.94) to E0 (0.87). The effect of fibre addition is equally 
spectacular. The decrease in compaction factor that occurs as PF increases 
is chiefly attributed to interlocking between aggregate particles induced by 
the fibres, which increases internal friction. PF create a network against 
flow and inhibits the homogeneous settling of particles [41]. The combined 
action of MD and PF compounds makes these mechanisms difficult. The 
filler particles need extra water for lubrication, and the PF prevent the 
rearrangement of the particles, so the overall effect of these is to reduce the 
flow and compaction [42]. Yang et al. (2025) showed that mixtures 
containing both fine mineral fillers and polymer fibres have an extremely 
low ability to compact, compared to single-modifier concretes [36].

4.2 Fresh Density 
The measured fresh densities of all concrete mixtures with different 

amounts of MD (0, 5, 10, 15, 20%) and PF (0, 0.4, 0.6, 0.8, 1.0 vol.%) are 
reported. In the control series (PF = 0%), as the MD replacement increased 
progressively, the density decreased from 2390 kg/m³ (A0) to 2358 kg/m³ 
(E0). Similar downward trends were found in each fiber-reinforced series. 
At PF = 0.4 % density varied from 2384 kilograms per meter cubed (A1) to 
2351 kilograms per meter cubed (E1), at PF = 0.6 it varied from 2379 
kilograms per meter cubed (A2) to 2345 kilograms per meter cubed (E2), at 
PF = 0.8 from 2372 kilograms per meter cubed (A3) to 2337 kilograms per 
meter cubed (E3), and at PF = 1 The trend of fresh densities for all the 
concrete mixes tested are revealed in Figure 6.
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Figure 6. Fresh Density of Concrete Mixes Containing MD and PF

The data demonstrate a decrease in fresh density concomitant with an 
increase in MD content and a decrease in PF volume fraction. The maximum 
fresh density (2390 kg/m3) was obtained for the control mix (A0) while the 
minimum value (2329 kg/m3) was obtained with the mix having 20% MD 
and 1% PF (E4), that is for a reduction of about 2.5%. Such lowering of the 
fresh density may be attributed to the interaction between the effects of 
filler substitution, water demand, and fiber inclusion. The spacific gravity of 
solid constituents as well as the packing configuration of particles is 
reduced by substituting a fraction of cement with MD. In addition, an 
increase in MD content reduced bulk density, as reported, indicating that 
the fine and small particles in the dust increase internal porosity and reduce 
the mean specific weight of the composite [43]. The addition of fibers 
creates a network in the mix which increases the viscosity and hinders the 
settlement of aggregates, thereby promoting the entrapment of air [44]. 
When both modifiers are together, these effects are cumulative. MD is 
having a tendency to absorb some of the mixing water and thus add to the 
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cohesiveness of the mix, while fibers create more internal friction and 
prevent proper compaction [45]. Accordingly, the presence of fine fillers 
and fibers at the same time produces a powerful combination of fillers and 
fibers which brings about increased air content and a low density [44].

4.3 Compressive Strength 
Within the series of controls (PF=0%), the compressive strengths ranged 

from 51.62 MPa (A0) at 0% MD to 45.94 MPa (E0) at 20% MD, decreasing 
gradually with increasing MD content beyond the optimum value. The 
introduction of PF slightly increased overall performance with strengths 
ranging from 52.33 MPa (A1) to 46.57 MPa (E1) at PF=0.4%, from 54.09 
MPa (A2) to 46.91 MPa (E2) at PF=0.6% and from 53.51 MPa (A3) to 48.43 
MPa (E3) at PF=0.8%. Observations show two different trends: At the 
beginning, there was a moderate substitution of MD up to 10%, which 
increased compressive strength compared with the control, reaching a 
maximum of about 57.7 MPa in the mixture with 10% MD and 1% PF (C4). 
Conversely, adding more than 10 % MD decreased strength, which can be 
attributed to dilution of the cementitious matrix. Overall, the following 
strength hierarchy is observed: C > B > A > D > E, affirming the optimality 
of adding 10% MD, particularly when combined with a moderate PF content 
of 0.4-0.8%.

The initial strength enhancement of up to 5-10% (w/w) MD can be 
attributed to filler and nucleation effects. Finely divided marble particles 
act as micro-fillers, enlightening particle filling density and stimulating 
secondary hydration through nucleation of calcium-silicate-hydrate (C-S-H) 
at nucleation sites [14], [15]. Figure 7 presents the compressive strength 
results for various MD and PF contents in concrete.
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Figure 7. Compressive Strength Variation with MD and PF Percentage

However, above the optimum (>15% MD), the replacement level 
exceeds the cement's capacity to replace the loss of binding material. The 
low number of reactive phases reduces C-S-H formation, and the excess of 
fine powder increases water demand, therefore leading to higher porosity 
and lower compressive strength [45]. The addition of PF (0.4-0.8%) 
improved compressive strength as compared to unreinforced mixes. PF help 
control crack propagation under load and aids in bridging microcracks, 
thereby increasing energy absorption and improving post-peak behaviour.  
Moderate amounts of MD led to increased matrix densification and 
hydration; additionally, the fibres confer crack resistance and load 
redistribution. However, the contents of either constituent in excess lead to 
increased porosity and heterogeneity, leading to decreased compressive 
strength [46]. 

4.4 Split Tensile Strength 
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The split tensile strength results for all concrete mixes with different 
percentages of MD and PF are presented. For control series (PF = 0%), 
tensile strength firstly showed increment behaviour with addition of MD 
from 3.236 MPa (A0) in 0% MD content to 3.420 MPa (C0) in 10% MD 
content and then showed downward trend to 3.354 and 3.173 MPa (D0 and 
E0 respectively) with increase of MD content for PF = 0%. With the addition 
of fibres, a consistent increase in tensile strength was observed across all 
mixes. At PF = 0.4 % the values ranged between 3.448 MPa (A1) and 3.666 
MPa (C1); at PF = 0.6 % between 3.771 MPa (A2) and 3.992 MPa (C2); at 
PF = 0.8 % between 4.005 MPa (A3) and 4.249 MPa (C3), and at PF = 1.0 % 
between 3.978 MPa (A4) and 4. The extreme tensile strength of 4.249 MPa 
was observed for the mix with 10% MD and 0.8% PF (C3), representing an 
improvement of approximately 31% compared with the control mix (A0). 

This shows that the combination of MD and PF has a synergistic effect 
on tensile strength. However, beyond these optimum proportions, further 
increases in MD or PF result in only a very marginal decrease, with 
contributions from loss of cohesion and increased porosity. The tensile 
strength increment at 5-10% MD can be explained by a micro-filling effect 
and by a stronger interfacial transition zone (ITZ) formed by the marble's 
fine particles. These particles help increase the densification of the matrix 
and assist in improved transfer of the stress between the cement paste and 
aggregates [47]. The effect of MD replacement and PF inclusion on the split 
tensile strength is shown in Figure 8.

At higher MD contents (> 15% by weight), the decrease in tensile 
strength is mainly due to the dilution effect, in which the replacement of 
cement in the concrete reduces the availability of hydration products to the 
cementitious matrix, thereby weakening it. The incorporation of fibres made 
from plastic significantly improves the split-tensile strength, as the fibres 
ensure a more even distribution of tensile stresses and slow crack initiation 
and propagation through mechanical interlock and frictional pull-out 
mechanisms. C. Hung (2024) revealed that fiber addition improves post-
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crack behaviour of concrete, which showed great improvement in tensile 
and flexural strength owing to better stress redistribution [48].  The highest 
enhancements were observed within the 0.6-0.8% PF range; beyond this 
interval, tensile strength decreases slightly at 1% PF, presumably owing to 
fiber clustering, inadequate dispersion of fibers, and decreased workability 
[49]. 

Figure 8. Split Tensile Strength of Concrete with MD and PF

4.5 Flexural Strength 
The flexural strength results for all the MD and PF mixes of the control 

series (PF=0%) show an increase in strength due to MD, rising from 4.42 
MPa (A0) at 0% MD to 4.72 MPa (C0) at 10% MD, then declining as MD 
content increased further to 4.60 MPa (D0) and 4.33 MPa (E0). When fibres 
were added, the strength improved progressively. With PF=0.4%, the 
flexural strength ranged from 4.63 to 4.98 MPa (A1, C1), with PF=0.6% it 
varied between 4.91 and 5.29 MPa (A2-C2), with PF=0.8% it reached 5.18 
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to 5.54 MPa (A3-C3), and the highest of 5.54 MPa was obtained for the mix 
with 10% MD and 0.8% PF (C3), showing nearly 25% improvement over the 
control mixture (A0 = 4.42 MPa). This pattern suggests that, when used at 
moderate levels, MD and fibres work together to enhance flexural 
performance. However, levels exceeding this optimal range (>15% MD or 
1% PF) lead to diminishing returns. 

Figure 9. Flexural Strength of Concrete Incorporating MD and PF

On similar findings of improving flexural strength, the range of marble 
powder replacement between 5 to 10 %, and the role of densified 
microstructure and refined pore system in enhancing the transfer of tensile 
stress in matrix, confirmed that the incorporation of finely ground marble 
waste is beneficial to enhance the interfacial transition zone (ITZ) quality, 
which led to enhanced bending resistance [50]. Beyond the optimum (=15% 
or more) MD, flexural strength decreases slightly because of dilution of 
cementitious compounds. Excess MD substitutes the content of active 
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binder with no adequate amount of pozzolanic reactivity, and causes weaker 
bonding and higher porosity [51]. The PF reinforcement significantly 
improves the flexural performance, thanks to the material's post-crack 
behaviour. Fibres bridge cracks which are developing, restrict their growth 
and increase energy absorption under bending loads [52]. Figure 9 shows 
the outcome of MD and PF dosage on the flexural strength of concrete.

At a 1% PF content, a slight reduction in flexural strength was observed, 
possibly due to fibre agglomeration and reduced workability, leading to 
incomplete compaction and weak zones in specific areas. The combination 
of 10% MD and 0.8% PF provides the best flexural response due to the high 
density and refinement of the matrix formed by the MD, which is combined 
with the crack-bridging and stress-sharing capacity of the fibers [50]. The 
result is a ductile composite with enhanced post-peak load-bearing 
capability and higher fracture energy.

4.6 Water Absorption Test 
For the control series (PF = 0%), the absorption values were 3.42%, 

3.31%, 3.12%, 3.35%, and 3.61% at 0%, 5%, 10%, 15%, and 20% MD, 
respectively. The trend indicates that water absorption decreases with 
increasing MD content up to 10%, while higher levels cause a slight 
increase. The incorporation of PF consistently decreases water absorption, 
and this trend persists up to 0.6 % PF; thereafter, the values increase 
slightly. At 0.4 % PF, the absorption value ranged from 3.48 to 2.98 % (A1-
C1), whereas at 0.6 % PF, the observed values further decreased to 3.55 to 
2.84 % (A2-C2), the lowest among all the mixtures. Overall, the data shows 
that the amount of water absorbed reduces with the addition of MD and 
fibres up to the optimal values of 10 % MD and 0.6 % PF, after which there 
is a slight increase. The lowest registered water absorption of 2.84 % was 
obtained with a mixture containing 10 % MD and 0.6 % PF (C2), 
representing an improvement of approximately 17 % compared with the 
control mixture (A0, 3.42 %). The initial reduction in water absorption up to 
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10% MD is mainly due to the micro-filling effect of finely divided marble 
particles. These particles fill micro-voids within the cement matrix, filtering 
the pore structure and reducing capillary porosity. MD concrete 
demonstrated reductions in sorptivity and water absorption owing to pore 
refinement and improved particle packing. The variation of water 
absorption as a function of MD and PF contents is illustrated in Figure 10.

Figure 10. Water Absorption Characteristics of MD–PF Concrete

The addition of PF further improved the water resistance of concrete, 
reaching a maximum at 0.6 PF. Fibres limit the development of microcracks 
during drying shrinkage and mechanical loading, thereby reducing capillary 
pore connectivity and facilitating water ingress. Cai (2024) demonstrated 
that polymer fibres greatly enhance water permeability and sorptivity in 
fiber-reinforced concrete, primarily through crack control and preservation 
of matrix integrity [52]. MD minimizes the void volume by filler action, and 
fibres bridge microcracks and limit the development of continuous capillary 
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ways [53]. The synergistic effect is apparent in the mix with 10% MD and 
0.6% PF (C2), which had the lowest water absorption and therefore the best 
durability.

4.7 Acid Attack Resistance 
The obtained residual compressive strength after exposure to a 5% 

H2SO4 solution is, in turn, used as a proxy for the relative durability of the 
mixes to acid attack. For the control series (PF = 0%), the retained 
compressive strengths of the materials after exposure were 3.82, 3.48, 3.21, 
3.52, and 3.91 MPa, respectively, for MD contents ranging from 0% to 20%. 
The lowest acid resistance of 3.21 MPa was observed at 10% MD, whereas 
0% and 20% MD showed increased residual strength, due to the lower 
replacement effect. The decrease in compressive strength after acid 
exposure was most pronounced in unreinforced, high MD mixes, which 
showed reductions of 25-30% compared to non-exposed specimens. The 
variation of acid attack as a function of MD and PF contents is illustrated in 
Figure 11.

The use of PF in the incorporation provides better resistance to attack 
by acids through crack bridging and pore interruption mechanisms [52]. PF 
retard the spread of microcracks and limits the ingress of acidic solutions, 
and thus regulates the rate of chemical deterioration.  Cai et al. (2024) 
showed that the polymer fibers have an acid durability-enhancing ability by 
reinforcing the matrix integrity and restricting the diffusion of aggressive 
ions [52]. The simultaneous presence of MD and fibres promotes a 
competitive mechanism: MD increases chemical susceptibility due to its 
carbonate content, while fibres counteract this by physically limiting crack 
growth and acid infiltration. At optimal proportions of 10% MD and 0.6% 
PF, both densification and crack control are achieved within the matrix, 
offering a compromise between moderate acid resistance and reduced 
surface degradation. This observation supports the results reported by 
Rahman et al. (2023), who reported that the introduction of polymer fibres 
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in blended cement composites significantly improved resistance to acid-
induced mass loss [54].

Figure 11. Residual Compressive Strength of Concrete with MD and PF 
after Acid Attack

4.8 Permeability Test 
The permeability test was conducted after 28 days of curing to assess 

the effects of MD and PF inclusion on the concrete's water permeability. In 
the control series (PF = 0% MD) the permeability values were 9.42 × 10-12 
m/s (0% MD), 8.88 × 10-12 m/s (5% MD), 7.41 × 10-12 m/s (10% MD), 8.03 × 
10-12 m/s (15% MD) and 8.71 × 10 A significant reduction of the 
permeability was found up to 10 % MD, with a minimum value of 7.41 × 10-

12 m/s, followed by a slight increase at higher contents of MD. Comparable 
trends were observed across the entire fiber-reinforced series. The lowest 
permeability (6.64 × 10-12 m/s) was observed for the blend containing 10% 
MD and 0.6% PF (C2), corresponding to an approx. 30% decrease from the 
control mix (A0 = 9.42 × 10-12 m/s). The observed reduction in permeability 
(as high as 10% by weight of MD) can be attributed to the micro-filling 
effect provided by this material [55]. Small marble particles fill the voids of 
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the cement matrix, reducing pore connectivity and refining the 
microstructure. According to Hanafi (2025), the Addition of non-reactive 
filler materials in larger proportions, for example, MD, reduces cement 
hydration, thereby increasing the porosity and fluid transportation [51]. The 
permeability behaviour of MD–PF concrete mixes is depicted in Figure 12.

Figure 12. Permeability Characteristics of Concrete Incorporating MD and 
PF

The observed decrease in permeability, up to 10% by mass of MD, may 
be attributed to the micro-filling effect of this material. The fine particles of 
marble fill the voids in the cement matrix, thereby reducing the connectivity 
between pores, refining the microstructure [56].  Hanafi (2025) further 
noted that when MD is used, the effective distribution of pore sizes is 
reduced, and water migration in the concrete matrix is hindered [51]. 
However, the replacement proportion exceeds 10%, resulting in increased 
permeability due to intermixing of the cementitious phase and additional 
micro-voids from insufficient binder content [50]. The combination of MD 
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and PF has a positive synergistic effect up to an optimum limit. MD 
improves matrix densification, while fibres increase resistance to 
microcrack propagation. Together, they create a composite of a refined 
pore network with diminished transport properties [50]. As reported by X. 
Lin (2023), the combination of fine mineral fillers with polymer fibres 
creates a mechanism of multi-scale barrier, reducing the permeability and 
diffusivity of aggressive ions [57]. In terms of durability, reduced 
permeability is directly linked to better performance in resisting chloride 
ingress, carbonation, and acid attack. While improvements in mechanical 
and durability properties are attributed to matrix densification, pore 
refinement, and interfacial transition zone improvement, it is necessary to 
mention that these conclusions are based on macroscopic performance 
trends and supported by currently available literature, because no 
microstructural characterization was conducted in the present study.

4.9 Machine Learning Results and Discussion
An experimental data set containing 25 mix combinations (A0-E4) was 

used to build and validate the ML models described in Section 3.8. The 
numerical results related to the model's performance and subsequent 
analysis are presented in this section. The main aim was to assess the 
accuracy of ML algorithms such as ANN, SVR, and RFR in predicting and 
understanding the mechanical and durability properties of MD- and PF-
modified concrete.

4.9.1 Model Performance Evaluation
The predictive power of all three models was quantitatively evaluated 

using the R² and the RMSE. Quantitative evaluations were performed for 
the test dataset. The ANN model achieved the highest accuracy among all 
target parameters, with R² values ranging from 0.953 to 0.976 for tensile 
and flexural strengths, and from 0.935 to 0.954 for water absorption and 
permeability. The RFR model had similar performance (R² = 0.942–0.965) 
and slightly better interpretability, while the SVR model had slightly lower 
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performance (R² ≈ 0.91–0.93) but still good generalization when the data 
was limited. The computed RMSE values for the ANN were 0.89-1.12 MPa 
for compressive strength and 0.018-0.026% for water absorption, indicating 
a high degree of correspondence with the experimental values. The strong 
linear agreement between the predicted and experimental compressive 
strength values is clearly illustrated in Figure 13, which confirms the high 
predictive capability of the ANN and RFR models used in this study.

Figure 13. Predicted vs Experimental Compressive Strength

The better performance of the ANN model is consistent with previous 
studies that found deep learning architectures to be the most successful at 
capturing the nonlinear and interactive relationships between concrete 
constituents and their performance. Similarly, ensemble models such as 
Random Forest Regressor (RFR) have been documented to produce robust 
and interpretable predictions for concretes derived from recycled or waste 
materials. The statistical validation confirms that the ANN and RFR 
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approaches are suitable for accurately predicting the durability and 
mechanical responses of interest in industrial waste-based concrete.

4.9.2 Feature Importance and Variable Influence
The feature-importance analysis based on the random forest regression 
(RFR) model provided a quantitative measure of each input parameter's 
contribution to the model's predicted output. The marble-dust content was 
found to be the most significant parameter, contributing around 41% of the 
variance in the prediction, followed by PF volume (33%), fresh density 
(14%), water-cement ratio (7%), and superplasticizer dosage (5%).
Partial dependency plots showed that there was a nonlinearity in the 
behaviour of the compressive strength versus MD content with increases up 
to around 10% replacement, which yields higher performance resulting 
from the positive effects of particle packing and micro filler addition, whilst 
diminishing for values greater than 15% due to cementitious reactivity 
reduction. Similarly, fibre volume fractions ranging between 0.4% and 0.8% 
resulted in optimal tensile and flexural reinforcement. An increase in fibre 
content (>1.0%) resulted in diminishing returns due to fiber agglomeration 
and compaction difficulties.
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Figure 14. Feature Importance and Variable Influence

These computational insights are in good agreement with the physical 
mechanisms observed during experimental testing and align with similar 
machine learning results in the more recent literature on fibre-reinforced 
and waste-based concretes. The model thereby reproduces physically 
interpretable material behaviour patterns and validates its use for 
predictive purposes, specifically for mix design. The comparative 
involvement of each input variable in the predicted compressive strength, 
as computed through RFR-based feature importance analysis, is presented 
in Figure 14, highlighting the dominant role of marble-dust content followed 
by fiber dosage.

4.9.3 Optimization Outcomes
The combination of the trained ANN and RFR models within a framework of 
a multi-objective genetic algorithm (MOGA) helped to optimize multiple 
performance objectives simultaneously. The optimization aimed at the 
maximization of compressive and flexural strengths and reduction of water 
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absorption and permeability, subject to given constraints of workability and 
costs. The algorithm converged to an optimal composition of approximately 
10% marble-dust replacement and 0.6% PF addition, which was close to the 
experimentally determined optimal composition identified from the 
combined mechanical performance results. The anticipated performance 
indices for the optimized mixture are as follows: compressive strength of 
46.3 MPa, split tensile strength of 4.21 MPa, flexural strength of 6.45 MPa, 
water absorption rate of 1.72%, and chloride permeability of 807 Coulombs.

Figure 15. Pareto Front for Water Absorption vs. Compressive Strength

The close agreement between optimized and experimental results validates 
the model's generalization within and beyond the range tested. As 
manifested in Figure 15, a reliable methodology has also been demonstrated 
through the use of artificial intelligence-based optimization methodologies 
in sustainable concrete design, thus leading the way towards achieving an 
appropriate balance between strength, durability and environmental 
objectives. Accordingly, the use of machine learning algorithms not only 
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improves the efficiency of predictive algorithms but also supports intelligent 
decision-making in the design of eco-efficient materials.

4.9.4 Model Interpretability and Cross-Verification
To provide transparency into predictive performance, the trained models 
were subjected to additional analysis using the Shapley Additive 
Explanations (SHAP) method. The SHAP dependence plots shown in Figure 
16 show that a material defect (MD) of no more than 10% has a positive 
contribution to the overall strength, while an MD of more than 15% gives 
detrimental effects. 

Figure 16. SHAP Summary Plot Showing Global Feature Influence on 
Strength Prediction

The PF variable showed a positive SHAP value of up to 0.8%, indicating its 
contribution to reinforcement and crack-bridging processes. The correlation 
between the SHAP visualizations and the physical observations was used to 
prove the fidelity of the model to the true material phenomena. A similar 
SHAP-based interpretation has been recently used to explain 
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interpretability in the field of AI-assisted concrete research. The 
interpretability assessment helps establish confidence in machine learning-
driven predictions, making them better suited for engineering applications 
where explainability is crucial for correct decision-making.

4.9.5 Implications and Future Perspectives
The results verify that the combination of machine learning is a powerful 
predictive and optimization framework capable of complementing the 
traditional experimental approaches. By using a finite set of experimental 
data, the trained models can provide forecasts of key performance 
characteristics with a high degree of accuracy, thereby reducing laboratory 
workload and establishing a sustainable mix design. This data-driven 
approach facilitates the efficient utilization of resources, reduces 
environmental impact and is in line with the circular economy's objectives 
in the intelligent reuse of waste. Future work can be conducted to increase 
the size of the datasets by including more variables (e.g., curing 
temperature and admixture type), as well as utilizing hybrid deep learning 
models to enhance predictive robustness. 

5. Conclusion 
The following conclusions are drawn from the experimental and ML–based 
investigation of MD and PF modified concrete:

1.  The combined incorporation of MD and PF has a great outcome on 
the fresh, durability and mechanical properties of concrete. 
Workability decreases as MD and PF contents increase due to 
increased surface area and internal friction, but acceptable 
workability was maintained up to 10 % MD and 0.6 % PF.

2. Moderate replacement of cement with MD produced an improvement 
in strength performance due to the micro-filler and packing effect. 
The optimum MD content was found to be 10%; beyond this, the 
strength decreased due to the consequent dilution of the binder.
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3.  The use of PF improved the resistance to cracking and tensile 
performance. The split tensile strength increased from 3.236 MPa in 
the control mix (A0) to a maximum of 4.249 MPa at 10% MD and 0.8% 
PF, an increase of about 31%.

4.  The compressive strength increased from 51.62 MPa to a maximum 
of 57.7 MPa for the mixture of 10% MD and 1.0% PF, while the 
flexural strength increased by about 25% and reached 5.54 MPa at 
10% MD and 0.8% PF.  

5. The durability performance improved at the optimal replacement 
levels, as evidenced by reduced water absorption and permeability, 
indicating a denser microstructure and enhanced resistance to fluid 
penetration. Water absorption decreased from 3.42% to 2.84%, and 
water permeability decreased by about 30%, from 9.42x10-12 m/s to 
6.64x10-12 m/s, indicating a refined pore structure and increased 
resistance to fluid penetration.  

6. Machine learning models, ANN, SVR, and RF, obtained high accuracy 
values in the prediction of strength and durability properties; the 
ANN model showed an R2 value of more than 0.95, and proved the 
validity of AI-based prediction in sustainable concrete mix 
optimization.  

7.  Based on a full evaluation of strength, durability and workability, the 
best mix was found to consist of 10 % of MD, and between 0.6 and 0.8 
% of PF. Although a PF content of 1.0% yielded the highest 
compressive strength, it did not result in commensurate 
improvements in other performance indicators. Although mechanistic 
interpretations are supported by macroscopic performance trends and 
literature, direct microstructural characterization was not conducted. 
Future research will focus on SEM-based and related microstructural 
analyses to further validate the observed performance enhancements.

8. Future investigations may take structured approaches of Design of 
Experiments (e.g. Response Surface Methodology (RSM)) to 
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systematically study interaction effects of MD and PF content, which 
reduces the number of experimental runs while increasing statistical 
robustness. The combination of RSM with machine-learning 
frameworks could further enhance the efficiency of optimization and 
predictability.
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