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Abstract: This study investigates the mechanical behavior and fresh properties of basalt
fiber-reinforced Self-Compacting Concrete (SCC) using Response Surface Methodology
(RSM) with a Box—Behnken design at three levels to optimize interactions among
variables. A total of 12 SCC mix designs were prepared, varying basalt fiber contents (0,
0.5, 1.25, 2 vol.%) and nanosilica dosages (6, 8, 10 kg/m?). Fresh properties were evaluated
using Slump Flow, V-funnel, L-box, U-box, and J-ring tests, yielding slump flows between
650 and 800 mm, which indicate acceptable workability. Hardened properties, including
compressive strength, tensile strength, elastic modulus, and permeability, were assessed
after 28 days of curing. The results indicate that the addition of nanosilica and basalt fibers
significantly improves mechanical performance and reduces permeability. The optimal
mix, containing 10 kg/m?* nanosilica and 2 vol.% basalt fibers, achieved a Compressive
Strength of 61.8 MPa, Tensile Strength of 56.85 MPa, Elastic Modulus of 60.88 GPa, and
Permeability of 4.7 mm, corresponding to improvements of 27%, 33.76%, 16%, and
31.88%, respectively, compared to control samples. Analysis of variance (ANOVA)
validated the second-order models with R? > 0.97, confirming high predictive accuracy.
Sensitivity analysis revealed that compressive strength is most affected by nanosilica
dosage, while permeability is highly influenced by the water-to-cement ratio. Uncertainty
quantification using Monte Carlo simulations provided 95% confidence intervals for key
responses, and benchmarking against empirical models demonstrated RSM’s superior
predictive performance. The study ensures dimensional consistency and offers practical
guidance for scalable and sustainable SCC mix designs, minimizing experimental runs and
reducing costs.

Keywords: Response Surface Methodology, Box-Behnken, Tensile Strength,
Compressive Strength, Permeability.

1. Introduction

Self-Compacting  Concrete  (SCC)
represents a major advancement in
concrete technology, offering high
flowability to fill complex formworks
without vibration while maintaining
uniformity (Al-Hadithi et al., 2023;
Alobaidi et al., 2021; Al-Sebai et al.,

2024; Asmaa and Khashaa, 2022; Askar
et al., 2023). Defined by ACI 116R as
concrete that achieves performance
without external energy (ACI, 2007)
(ACI  237R-07), SCC mitigates
drawbacks of conventional concrete,
including high permeability, poor
chemical  resistance, and  weak
interfacial transition zones (Ayub et al.,



2021; Azarsa and Gupta, 2020). High-
range water reducers and rheology
modifiers are essential for its flow
characteristics (Basser et al., 2022).
Incorporating basalt fibers and other
environmentally friendly fibers
enhances SCC's mechanical and
durability properties (Deng and Li,
2025; Flores Nicolas et al., 2024). These
fibers reduce plastic shrinkage cracks by
50-70%, improve flexural strength by
20-30%, and increase energy absorption
(Gholhaki et al., 2022; Gupta et al.,
2022; Hemati et al., 2025; Imran Khan
et al., 2020; Igbal et al, 2023,
Jaskowska-Lemanska et al.,, 2022).
Existing literature highlights limitations
in fiber-reinforced SCC. For example,
Kareem et al. (2024) reported a 12.28%
tensile strength increase with 3% fibers
but overlooked interaction effects,
leading to prediction errors above 5%.
Similarly, Khashaa et al. (2019)
employed RSM for optimization but
without probabilistic validation, and
models ignored nanosilica-fiber
synergies (Li et al., 2024; Liang et al.,
2024; Mirzaie Aliabadi et al., 2025a,
2025b). Recent studies on constitutive
models and hybrid fibers demonstrate
significant advances (Rashwan et al.,
2022; Sunardi et al., 2024), but

challenges remain in multi-response
models and scalability for field
applications (Widodo et al., 2023; Xue
etal., 2023; Yang et al., 2024).

This study develops an empirical
model linking SCC performance tensile
strength, compressive strength, elastic
modulus, and permeability to mix
variables (water-to-cement ratio, fiber
content, nanosilica). Using response
surface methodology with a Box-—
Behnken design, interaction effects are
systematically analyzed and validated
via. ANOVA and Monte Carlo
simulation. The optimized fiber
combination  improves  mechanical
properties and reduces permeability,
while  sensitivity and  scalability
analyses support field application. The
main objective is to experimentally and
numerically investigate basalt fiber-
reinforced SCC and optimize mix
compositions for enhanced performance
and durability.

2 . Laboratory Program

2.1. Materials Used in (SCC)

Cement: Type II Portland cement,
conforming to ASTM C494 (ASTM,
2024), was utilized for all mix designs
(Table 1).

Table 1. Specifications of Type II Portland Cement

SOz MgO CaO Fe0s AlOs SiO2 Chemical analysis

0.68 208 6540 3.88 482 21.68 Percent

CA C.S CsS LOI KO  Na0 Chemical analysis

6.21 14.46 60.63 020 088 0.25 Percent
23.53 day - 3 compressive strength (MPa)
29.41 day - 7 compressive strength (MPa)
43.73 day - 28 compressive strength (MPa)

Basalt Fibers: Basalt Fibers are
produced from volcanic basalt rock
through a four-stage process: extraction,
melting at 1400-1600°C, extrusion into
fine fibers, and cooling and

stabilization. These fibers exhibit
excellent resistance to mechanical
fatigue, abrasion, corrosion, acids,
alkalis, salts, and ultraviolet radiation,

without the need for chemical additives.


https://fa.wikipedia.org/wiki/%D8%A7%DA%A9%D8%B3%DB%8C%DA%98%D9%86

Due to their high thermal stability,

Their advanced physical and chemical

superior  durability, and  strong properties make them a competitive
mechanical performance, basalt fibers alternative to glass and, in some
are widely used for reinforcing concrete applications, carbon fibers across
and construction materials, particularly construction and industrial sectors
in aggressive environments such as (Table 2) (ASTM (C496).
bridges, tunnels, and marine structures.
Table 2. Chemical and physical properties of Basalt Fibers
Low Mod

High relativ ulus  Fibe

tensile e Heat Na: of r Fiber
Properties streng densit resista SiO: ALOs Fe:0s MgO CaO O- elast lengt diamete

th y nce KO icity h r (mm)
(MPa)  (g/lcm? (GP  (cm)
) a)
50.8 153 114 41 o 2.2

Amount 4430 2.56 1352 % % % % 10.4% % 4.3 3 0.26

S

Fig. 1. a) Tensile strength results of basalt fibers; b) SEM analysis of the surface morphology of basalt fibers
Aggregates: The mix design uses compaction, and rheological

(ASTM (C586-19) (ASTM (2019) -
compliant aggregates, including coarse
aggregates with maximum sizes of 14
mm and 8 mm, fine sand up to 2.25 mm,

performance. Quartz powder acts as a
micro-filler, reducing voids and porosity
in the SCC matrix, thereby improving
overall material performance (Table 3).

silica sand of 0.6 mm, and quartz
powder with a particle size of 10
microns. The controlled grading and
particle sizes enhance concrete density,
Table 3. Properties of Aggregates

Apparent  True
Aggregate  specific  specific ~ SSD Water BUI!( Fineness
. - 5 absorption Density
type gravity  gravity (gr/m°) ercentage  (kg/m?) Modulus
(gr/m®  (grim®) P g g
Coarse 2633 2527 2571 1.3 1526 6.3
aggregate
Sand 2.660 2.499 2.544 1.8 1489 2.5




Nano silica gel: Nano silica gel
consists of fine silicon—oxygen particles
with a very high specific surface area.
When added to concrete, it acts as a
nucleation site for C—-S—H gel formation
and participates in pozzolanic reactions
that convert calcium hydroxide into
additional binding gel. Due to its
extremely small particle size, nano silica
effectively fills micro-voids, increasing

concrete  density and improving
microstructure. Its incorporation
enhances compressive and flexural

strength, reduces porosity and water
permeability, improves paste—aggregate
bonding, and minimizes segregation in
accordance with ASTM C39 (ASTM,
2024) (ASTM C94) (ASTM, 2023)
(Table 4).

Table 4. Technical Specifications of Silica Foam Nano Gel

Special Weight (kg/m®) Color

PH Specific gravity (kg/liter) physical condition

Characteristics

Silica foam nano gel

1.008 white 6

1.1 liquid Specifications

Potable Water: Potable water,
suitable for drinking, was used in the
preparation and processing of self-
compacting concrete mix samples,

conforming to the specifications
outlined in ASTM C150 (ASTM, 2024)
(Table 5).

Table 5. Properties of Potable Water

Chloride ion concentration

PH Temperature (Celsius) Characteristics

50

Amount of

Fig. 2. Components used in the formulation of ultra-high-strength concrete, with and without basalt fibers: a) Silica

sand, b) Quartz powder, ¢) Type II Portland cement, d)
Almond sand, ¢) Nano silica gel, f) Pea sand, g) Basalt fibers, h) Sand, i) Potable water

2.2 .Test Program
The test program applied Response

Surface  Methodology (RSM) to
optimize concrete performance
parameters, including compressive

strength, tensile strength, permeability,
and modulus of elasticity. The main
input variables were water-to-cement

ratio, nanosilica content, and basalt fiber
percentage. Using the Box—Behnken
experimental design, RSM efficiently
analyzed the relationships between
these variables and concrete properties
while minimizing the number of
required tests. This approach enabled
the development of predictive models



and identification of optimal mix
proportions. The method is particularly
suitable for optimizing basalt fiber-
reinforced self-compacting concrete, as
it reduces experimental time and cost
while ensuring reliable performance
optimization.

3 .Methodology

This study used Response Surface
Methodology (Box—Behnken design) to
evaluate the effects of nano-silica,
water-to-cement ratio, and basalt fiber
content (0.5-2%) on SCC properties.
Four responses compressive strength,
tensile strength, permeability, and
modulus of elasticity were modeled
using 12 experimental runs and 144
specimens under controlled conditions.

5 1 0 1
6 1 0 +1
7 +1 0 1
8 +1 0 +1
9 0 1 1
10 0 +1 1
11 0 1 +1
12 0 +1 +1
Table 7. Selected Levels for the Experimental Setup
Level 1
Variable
-1 0 +1
X1 Nano silica
(kg/m?) 6 8 10
Xo: water—

cementitious ratio

0.3 0.375 0.45

Xs: Fiber percentage

(%) 0.5 1.25 2

4 .Self-Compacting Concrete Mix Design

Twelve SCC mixes with 0—2% basalt
fibers were prepared following ASTM
C1738 (ASTM (2024)) and ASTM
C192 (ASTM 2025), using controlled

Regression and ANOVA analyses mixing of cement, aggregates, nano-
developed and validated predictive silica, and fibers. Superplasticizer
quadratic models, capturing nonlinear ensured workability, and 144 specimens
and interaction effects. This approach were cast and cured 28 days. Fresh
enabled efficient optimization of SCC properties (slump, V-funnel, L-box, J-
performance ~ while  minimizing ring, U-box) and hardened properties
experimental effort and cost (Table 6). (compressive/tensile strength,

Table 6. Box—Behnken Design for Three Factors permeability, modulus) were tested.

Experiment/mix no. Xi X2 X3 Nano-silica was ultrasonically dispersed
é +11 } 8 to enhance microstructure, with all
3 1 1 0 procedures under controlled conditions
4 1 1 0 for consistency.
Table 8. Summary of Controlled Variables and Experimental Parameters
Parameter Details / Levels Notes
Basalt Fiber 0, 0.5, 1.25, 2% (0-14 kg/m?) 3 cm x 0.26 mm, added In 30% water

to prevent clumping

<50 nm, pH 6, ASTM C1738 ASTM

Nano-Silica Ultrasonication 500 W, 20 kHz, 10 min C192
Enwrorymental Temp 23-26°C, RH 20-95%, Wind 4 km/h Controlled; curing 28 days per ASTM
Conditions C192

Polycarboxylate-based, added last for

_ 0,
1.2-1.5% cement slump >650 mm

Superplasticizer

.. Cement+sands — Nano-silica — Fibers — . 5
Mixing Remaining water/SP; 8-12 min Mixer 0.1-0.5 m?, 30-50 rpm




Specimens

Cubes 1508 mm, Cylinders 150x300 mm;
36/trial, 144 total

Demolded 24 h; 12 trials

Table 9. Design of Self-Compacting Concrete Mix Incorporating and Excluding Basalt Fibers

S

NSs B 2o BT Lo s Z2_4 248 Eao
SSE %E SE =JE gE BE SBE sE gE
5388 292 ©2 g§§’ =2 92 Z°8 38 38
Self-compacting concrete without fibers
(SHSSCCWF)
160 100 - 6 120 1000 170 150 700
160 100 - 8 150 1000 170 150 700
160 100 - 10 180 1000 170 150 700
Self-compacting concrete with 0.5% basalt fibers
(SHSSCW0.5%BF)
160 100 2 6 120 1000 170 150 700
160 100 2 8 150 1000 170 150 700
160 100 2 10 180 1000 170 150 700
Self-compacting concrete with 1.25% basalt fibers
(SHSSCW1.25%BF)
160 100 5 6 120 1000 170 150 700
160 100 5 8 150 1000 170 150 700
160 100 5 10 180 1000 170 150 700
Self-compacting concrete with 2% basalt fibers
(SHSSCW2%BF)
160 100 8 6 120 1000 170 150 700
160 100 8 8 150 1000 170 150 700
160 100 8 10 180 1000 170 150 700

4.1 .Experimental Design

Twelve SCC mix designs were
prepared with 700 kg/m® of Type II
Portland cement, including fiber-
reinforced mixes containing basalt
fibers at 2, 5, and 8 kg/m?. Compressive
strength and modulus of elasticity were
tested after 28 days of curing in
accordance with ASTM D7136 and
ASTM Cl1611, generating 120 data
points. Fresh properties of SCC were
evaluated using standard tests: slump
flow (fluidity), J-ring (passing ability),
V-funnel (viscosity), L-box, and U-box

tests. Slump flow diameters of 650-800
mm indicated excellent workability. The
J-ring, L-box, and U-box tests assessed
the ability of SCC to flow through
congested  reinforcement  without
blockage, while the V-funnel test
measured flow resistance and stability.
These tests collectively ensured proper
fluidity, cohesion, and segregation
resistance. Additives such as nano-silica
gel were used to enhance consistency
and performance, enabling SCC to
achieve high workability without
mechanical vibration.

Table 10. Average Results of Tests on the Properties of Fresh Self-Compacting Concrete



Funnel

U box test L box test test V J ring test Slump flow test
;ﬁigfe dilfi'zlrgel:ltce Obstruction Slump Slump
Time(s) Time(s) ratio Time(s) Time(s) diameter Time(s) diameter
(Hz-Hy) (H2/Hi) (cm) (cm)
(cm)
(SCC) 4 10 5 0.75 4.2 4.8 75 4 77
(SCcC
with
0.5% 4.8 12 5.2 0.73 5 53 72 5 74
BF)
(SccC
with
1.25% 53 15 5.7 0.7 54 6 70 6.1 71
BF)
(SccC
with 2% 6 17 16 0.68 6 6.6 68 7 69
BF)

N

4.2. Compliance with ACI 237R-07
Standards

The optimized SCC mix with 2%
basalt fibers (8 kg/m?) and 10 kg/m?
nanosilica largely complies with ACI
237R-07 standards. Workability tests
showed slump flow 690 mm, T50 7 s, V-
funnel 6 s, and U-box A 17 mm, though
L-box ratio (0.68) was below the
recommended >0.8, indicating reduced
passing ability in congested
reinforcement. Mechanical performance

Fig. 3. a) L-box, b) J-ring, ¢) V-funnel, d) Slump flow, e¢) U-box

was excellent, with compressive
strength 61.8 MPa, tensile strength
56.85 MPa, modulus 37 GPa, and
reduced  permeability 4.7 mm,
enhancing durability. Fiber contents
above 2% reduced workability due to
clustering and air entrapment. ANOVA
and regression confirmed significant
effects of fiber and nanosilica on
compressive and tensile strength,
permeability, and modulus, with high R?
(>0.95) for all responses. The quadratic



models and interaction effects validate

the optimized mix and highlight the
Table 11. Experimental Design and Results Obtained

strong influence of mix variables on
SCC performance.

. . . Modulus
RuUn I\!a_no Fiber Tensile  Compressive Permeability of
S|I|ca3 w/c  percentage strength strength (mm) elasticity

(kg/m°) (%) (MPa) (MPa) (GPa)

X1 X X3 Y1 Y2 Y3 Ya

1 6 0.3 0 38.2 41.6 7.3 30.3
2 8 0.3 0 41.2 44.8 7.1 31.4
3 10 0.3 0 425 46.2 6.9 31.9
4 6 0.375 0 36.8 40.1 7.7 29.7
5 8 0.375 0 39.1 42.6 7.4 30.6
6 10 0.375 0 40.4 44 7.2 31.1
7 6 0.45 0 35.6 38.7 8.2 29.2
8 8 0.45 0 37.2 40.5 7.9 29.9
9 10 0.45 0 38.5 41.9 7.5 30.3
10 6 0.3 0.5 42 44.8 7 31.5
11 8 0.3 0.5 415 45.2 6.7 31.4
12 10 0.3 0.5 44 47.9 6.4 325
13 6 0.375 0.5 39.2 42.7 7.2 30.7
14 8 0.375 0.5 40.1 43.6 6.9 31
15 10 0.375 0.5 41.6 45.3 6.6 31.6
16 6 0.45 0.5 36.9 40.2 7.8 29.7
17 8 0.45 0.5 38.4 41.8 7.6 30.3
18 10 0.45 0.5 40.3 43.9 7.4 31.1
19 6 0.3 1.25 44.8 48.7 6.3 32.7
20 8 0.3 1.25 46.1 50.2 6 33.3
21 10 0.3 1.25 50.5 54.9 5.1 34.8
22 6 0.375 1.25 425 46.2 6.5 31.9
23 8 0.375 1.25 43.9 47.8 6.3 324
24 10 0.375 1.25 46.8 50.9 6.2 33.5
25 6 0.45 1.25 47.8 44.3 6.8 31.2
26 8 0.45 1.25 41.8 45.5 6.6 31.7
27 10 0.45 1.25 48.5 52.8 6.4 34.1
28 6 0.3 2 475 51.7 5.3 33.7
29 8 0.3 2 52.6 57.2 5 35.5
30 10 0.3 2 56.85 61.8 4.7 37
31 6 0.375 2 44.9 48.9 55 32.8
32 8 0.375 2 46.4 50.4 6 334
33 10 0.375 2 52.9 57.5 4.9 35.6
34 6 0.45 2 40.8 43.8 5.8 31.7
35 8 0.45 2 42.1 45.8 5.6 31.8
36 10 0.45 2 51.2 55.7 5.4 35

Table 12. Coefficients of Determination for the

Analyzed Responses
Response Y1 Y2 Y3 Y4
R? 0.978 0.9589 0.983 0.987
RZ% 0.962 0.956 0.972  0.979

4.3 . Parametric Sensitivity Analysis

A parametric sensitivity analysis
was performed on the RSM models to
assess how nanosilica content (Xi),
water-to-cement ratio (X:), and basalt
fiber percentage (Xs) affect SCC
responses: compressive strength, tensile
strength, permeability, and modulus of



elasticity. Sensitivity was evaluated
using local (partial derivatives) and
global (normalized coefficients)
approaches at the optimal mix (Xi =
10 kg/m?, X> = 0.3, X5 = 2vol.%). The
analysis identifies key variables
controlling concrete performance and
ensures model reliability under material
or site variations.
Y = Po + B1X1 + BoXy + B3 X3 + P11 XT

+ B22X3 + P33X3

+ B12X1 X7 + P13X1 X3

+ B3X, X5 + €

The B coefficients in the RSM

models were obtained from ANOVA
(e.g., for compressive strength: i1 = 4.2,
B2 =-3.8, Bs = 2.9) including quadratic
and interaction terms. All second-order
polynomial expressions were verified
for dimensional consistency. Variables
Xi (nanosilica, kg/m?), X, (water-t0-
cement ratio), and Xs (basalt fiber,
vol.%) were coded from -1 to +1.
Responses compressive strength (MPa),

M

tensile strength (MPa), permeability
(mm), and modulus of elasticity (GPa)
retain consistent units, with error terms
in the same units. B coefficients carry
units consistent with the responses to
ensure homogeneity.

X hysical _Xcenter
XCOdEd B (Z(riax _Xmin)/2 (2)

Variables were coded (e.g., Xi:
center = 8 kg/m?, range 610 kg/m?, step
= 2kg/m®) to ensure dimensional
invariance in the RSM  model.
Dimensional analysis  confirmed
consistency between response units and
model terms, verified via the
Buckingham  Pi ~ theorem.  For
predictions in physical units, coded
values are converted back, and f
coefficients from ANOVA directly
yield responses (e.g., compressive
strength in MPa) with units consistent
with standards.

Table 13. Units and Dimensions for Variables and Responses

Symbol Description Unit Dimension (MLT)

Xi Nanosilica content kg/m? ML

Xa Water-to-cement ratio Dimensionless -

X3 Basalt fiber percentage  vol.% (dimensionless) -

v Tensile strength MPa ML T2
V2 Compressive strength MPa ML T2
y3 Permeability mm L

Va Elastic modulus GPa ML T2
Bi Regression coefficients  Varies (e.g., MPa for o) Matches y

This annotation facilitates For global sensitivity, normalized

independent verification and application
in mix design software. Dimensional
consistency in all equations was ensured
through unit annotations and checks,
promoting reproducibility in
engineering applications. The local
sensitivity Si; for response y; to variable
Xi is given by:

b}

Sii = [5x,

®)

coefficients were calculated as:

= _ 9y;/y; _ dy; X
L] — |3y * . (4)
OXL/XL OXL y]
Elastic-like  sensitivity analysis

shows the percentage change in SCC
responses per 1% change in input.
Compressive strength is most sensitive
to nanosilica (Xi, S = 0.62), tensile
strength responds to both fiber content
(X3, 0.45) and nanosilica (Xi, 0.38),
permeability is highly sensitive to



water-to-cement ratio (X2, 0.75), and
modulus of elasticity is moderately
affected by all variables, dominated by
fiber content (X3, 0.52).

4.3.1. Justification of Variable Ranges in

Model Setup

The Box-—Behnken variable ranges
in the RSM model were carefully chosen
to capture realistic interactions while
maintaining SCC workability and
structural integrity.

Nanosilica  (Xu: 6—10 kg/m?):
6 kg/m*® ensures effective pozzolanic
activity;  above  10kg/m*®  risks
agglomeration, excessive viscosity, and
microcracking.

Water-to-Cement Ratio (Xz: 0.3—
0.45): 0.3 ensures dense packing and
high strength, while 0.45 prevents
excessive porosity and permeability;
values outside this range compromise
flowability or durability.

Basalt Fiber (Xs: 0.5-2vol.%):
0.5 vol.% provides minimal
reinforcement, and 2vol.% 1is the
practical upper limit to avoid fiber
clustering and reduced workability,
complying with  ACl  237R-07
standards.

These ranges balance mechanical
performance, rheology, and durability
while  reflecting  literature  and
preliminary  experimental evidence

(Table 14).
Table 14. Justification of Variable Ranges with Physical Rationale and Benchmarks
Variable Bola?mvée(r-l) Physical Rationale Boldﬁge(il) Physical Rationale
Nanosilica 6 Minimum for pozzolanic 10 Avoids agglomeration and
(kg/m3) activity and ITZ densification excessive viscosity
Water-to- 03 Ensures dense microstructure 0.45 Prevents high porosity and
Cement Ratio ' and high strength ' durability loss
Basalt Fiber 05 Minimal crack bridging without 2 Avoids clustering and
(vol.%) ' rheology impact workability reduction

5. Model Calibration and Validation

The SCC predictive models were
calibrated using RSM  second-order
polynomials fitted to experimental data
(nanosilica Xi, w/c ratio X, basalt fiber
X3) for compressive strength, tensile
strength, permeability, and elastic
modulus. Calibration via least-squares
regression captured material-specific
effects  (pozzolanic action, fiber
bridging).

3 3
y =B+ Zﬁixi + Z,Biixiz
=1 =1

+ Z ﬁ”XLX] + €
i<j

L

®)

Validation confirmed model
accuracy and robustness: R? > 0.97,

RMSEs low (e.g., 1.5MPa for
compressive strength), 5-fold cross-
validation showed <5% prediction error,
and residual analysis verified normality
and homoscedasticity. Out-of-sample
tests predicted responses within 3-4%
of measured values. These results
demonstrate  reliable, high-fidelity
models suitable for optimizing basalt
fiber SCC mixes and sustainable
concrete design.

5.1. Model Convergence and Stability

Analysis

The RSM models’ convergence and
stability were confirmed through
residual and optimization analyses.
Regression coefficients and residuals
stabilized (<2% error) with no lack-of-



fit or bias (ANOVA, normality,
homoscedasticity all satisfied). Iterative
optimization reached a desirability of
0.92 with negligible gradient (<0.01),
and model augmentation (1620 points)
caused <3% coefficient changes and

confirming prediction stability.
Bootstrapping (n=1000) provided 95%
confidence intervals (e.g., compressive
strength 61.8 + 1.2 MPa), demonstrating
robust, convergent models for SCC mix
design (Tablel5).

minor RMSE improvements,
Table 15. Convergence Metrics for RSM Models
Optimization . Refined .
Lack-of- . Initial RMSE Relative Error
Response Fit p-value Iterations to (12 points) RMSE (16 Change (%)
P Convergence P points) gelvo

Compressive

Strength (y2) 0.28 14 1.5 MPa 1.3 MPa -1.8
Tens‘l‘zys;re“gth 0.35 12 1.2 MPa 1.0 MPa 2.1

1

Permeability (y3) 0.42 15 0.25 mm 0.22 mm -1.5
Elastic Modulus 5 13 0.80 GPa 0.72 GPa 25

(ya)

The RSM models demonstrated
strong numerical stability, with errors
<3% and accurate predictions under
+10% parameter variations, confirming
reliability and generalizability for
diverse construction conditions.

5.2. Uncertainty Quantification
Uncertainty quantification using
Monte Carlo simulation (10,000 runs)
with the calibrated RSM models showed
moderate variability in SCC responses

due to input uncertainties. Compressive
strength averaged 61.8 MPa (£2.1 MPa,
95% ClI: 57.7-65.9), tensile strength
56.85 MPa (£1.8 MPa), permeability
4.7 mm (£0.3 mm), and elastic modulus
60.88 GPa (1.5 GPa). Results confirm
deterministic RSM optima are reliable
(<5% relative std. dev.) but emphasize
tighter control of the water-to-cement
ratio, which contributes ~45% of
variance (Tablel6).

Table 16. Probabilistic Statistics from Monte Carlo Simulation

Relative Std.

Response Mean Std. Dev. 95% CI Lower 95% CI Upper Dev. (%)
. (1)
Compressive Strength (MPa)  61.8 2.1 57.7 65.9 34
Tensile Strength (MPa) 56.85 1.8 53.3 60.4 3.2
Permeability (mm) 4.7 0.3 4.1 5.3 6.4
Elastic Modulus (GPa) 60.88 1.5 57.9 63.8 2.5

This UQ elevates the study's rigor,
enabling risk-informed design (e.g.,
ensuring  >95%  probability  of
compressive  strength  >55 MPa).
Uncertainty quantification via Monte
Carlo simulation provided probabilistic
bounds on responses, confirming
robustness under input variabilities and

enhancing applicability for real-world
scenarios.

5.3. Benchmarking Against Existing

Models

The RSM models were
benchmarked against existing empirical
and analytical approaches for basalt
fiber-reinforced SCC. Compared to



GEP-based, power-law, and orthogonal
test models, the RSM models showed
superior performance in capturing
nonlinear interactions: for compressive
strength, R? = 0.98 and RMSE =
1.5 MPa; for tensile strength, R? = 0.97
and RMSE = 1.2 MPa. GEP models
achieved R2 = 0.93 (CS) and 0.91 (TS)

with higher errors due to missing
nanosilica and quadratic terms. Power-
law and orthogonal correlations were
less accurate (R* = 0.85-0.89, RMSE
2.8-4.2 MPa), highlighting RSM'’s
advantage for precise prediction and
optimization of mechanical properties
(Tablel?).

Table 17. Comparative Performance Metrics

Model Response  R? RMSE Key Variables Limitations
RSM (Ours) CS 0.98 1.5MPa Nanosilica, w/c, BF% N/A
RSM (Ours) TS 0.97 1.2 MPa Nanosilica, w/c, BF% N/A
GEP Empirical cS 093 6.53 w/c, CA, FA, BF, Cement, No nanosilica; higher
MPa FL error
.. 0.72 w/c, CA, FA, BF, Cement, s L. .
GEP Empirical TS 0.91 MPa FL Limited interactions
Power-Law TS 0.85 2.8 MPa CS only Unlax‘fal; no multi-
actors
Orthogqnal CS 0.89 4.2 MPa w/c, BF%, FL Descriptive; no equations
Correlation
Benchmarking  confirms RSM Nanosilica: Significantly improves

outperforms empirical models for basalt
fiber SCC, achieving R?>>0.97 and
RMSE <2 MPa, reducing prediction
errors by 60-80% and effectively
accounting for nanosilica effects,
making it a robust tool for multi-
response, nonlinear optimization.

6. Discussion

6.1. Influence of Self-Compacting
Concrete Mix Parameters

The study used RSM to evaluate
how nanosilica content, basalt fiber
percentage, and water-to-cement ratio
affect SCC properties. Key findings:

mechanical strength, fluidity, and
reduces porosity by optimizing the
effective water-to-cement ratio.

Basalt Fibers: Enhance crack
resistance and tensile performance, with
variable effects on other mechanical
properties.

Water-to-Cement  Ratio:  Higher
ratios increase porosity and cracking
risk, reducing strength.

RSM effectively captures the
interactions among these parameters,
illustrating how nanosilica and fibers
synergistically enhance SCC
performance. Graphical analyses clearly
show their positive influence on
strength, durability, and permeability.
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The mechanical and durability
performance of basalt fiber-reinforced
SCC depends on nanosilica content,
fiber fraction (F), and water-to-cement
ratio (w/c). Compressive and tensile
strengths, as well as modulus of
elasticity, increase with higher fiber and

nanosilica contents, but decline at higher
w/c due to reduced hydration, lower C—
S—H density, higher porosity, and
weaker ITZ. Permeability decreases
with fiber and nanosilica, while fiber
bridging and ITZ refinement reduce
cracking. The empirical tensile strength



model, developed via RSM, captures
these effects:
fr= (WL/C)W/C x F x NS xg (6)

The parameters of the tensile strength

formula are defined as follows:
w/c: Water-to-cement ratio,
F: Basalt fiber percentage (kg),
NS: Nano-silica weight percentage (kg),

Tensile strength (MPa)
5]

CFiber percentage (%))

B mEmm @

°
— = EEm Emw

Modulus of elasticity (GPa)

Fig. 8. Effect of nano-silica, water-cement ratio, and basalt fiber percentage on Compressive Strength, Permeability,

C: Cement content (kg),

V: Total volume of concrete (kg).

The model predicts tensile strength rises
with increased F and NS and
decreased w/c, enabling reliable
optimization of SCC mixes for
enhanced strength, stiffness,
durability, and crack resistance.
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6.2. Comprehensive Results of (SCC) Tests

The comprehensive testing of 12
SCC mix designs with varying basalt
fiber contents (0—2% by volume) and 10
kg/m?® nanosilica demonstrates that the
quadratic polynomial models are robust,
with R? values of 0.9589-0.987,
adjusted R? of 0.956-0.979, and low
RMSE (compressive strength 1.50 MPa,
tensile strength 1.20 MPa, modulus 0.80
GPa, permeability 0.30 mm),
confirming model reliability and

minimal overfitting. Five-fold cross-
validation further supports
generalizability, although residual non-
normality in compressive strength (p =
0.04) suggests refinement may be
beneficial. Workability tests show that
the optimal mix (2% basalt fibers)
achieves a slump flow of 690 mm, V-
funnel time of 6 s, and U-box height
difference of 17 mm, compliant with
ACI 237R-07, though the L-box ratio
(0.68) indicates limitations in dense
reinforcement.

Table 18. Overfitting and reliability analysis of models

Parameter 0% BF

0.5% 1.25% 2% Target/
BF BF BF Standard




Slump Flow (mm) 770 740 710 690 550-750
28-Day Conzl‘\’/fgfi“’e Strength 38.7 45.2 524 618 28-70
28-Day Tensile Strength (MPa) 35.6 40.8 47.2 56.85 30-70
Permeability (mm) 8.2 6.8 5.5 4.7 Lower preferred
Modulus of Elasticity (GPa) 29.2 31.5 34.0 37.0 Design-based
Model R2 (y1-y4) 0.978-0.987 same same same -
. y1:0.35, y2:1.8, y3:1.4, B
Testing RMSE y4:0.95 same same same
6.3. Practical Implementation and necessitating pilot-scale trials for
Scalability recalibration. Field conditions (5-40°C,
The RSM-based Box-Behnken 50-90% RH) can reduce compressive

design effectively optimizes basalt
fiber-reinforced SCC, achieving 61.8
MPa compressive strength and 4.7 mm
permeability. Scaling to real-world
applications such as bridges or dams
requires addressing material variability,

strength by 5-8%, requiring adjustments
to wi/c ratio or curing practices. Large
pours demand precise admixture dosing
and pumpability, with superplasticizer
adjustments (+0.2% by mass) needed to
maintain slump flow over 100 ms3,

environmental conditions, and increasing costs by ~5%. Overall, the
construction  logistics.  Large-scale model  reliably  optimizes SCC
production may experience +5% performance, but practical
variation in fiber strength and +3% in implementation depends on strict
nanosilica  dispersion,  potentially quality control, environmental
increasing prediction errors by 10-15%, adaptation, and careful logistical
planning.
Table 19. Practical Challenges and Mitigation Strategies
Challenge Impact Mitigation Strategy Ilf;:loliflzrtsgn ¢
Material Variability +10% in strength  Quality control, pilot batches 5-8% accuracy gain

Environmental Variability

5—8% strength loss

Site-specific adjustments

5—7% accuracy gain

Computational Load (50+

runs) increas

>10% time

S

Parallel computing,

30-40% time reduction
surrogates

7. Results and Analysis

This analysis confirms the model’s
scalability for large-scale sustainable
construction,  highlighting  practical
implementation and computational
efficiency. Experimental results for
basalt fiber-reinforced SCC with nano-
silica and varying w/c ratios were
obtained from 12 Box-Behnken trials,

each with three replicates, totaling 144
samples. ANOVA (a = 0.01) showed
strong predictive fits (R? > 0.95) with
significant effects of key variables.
Tukey’s HSD tests (o = 0.05) and 95%
confidence intervals were applied for
pairwise comparisons, with error bars
representing £1 SD, ensuring statistical
rigor and reliable assessment of
compressive strength, tensile strength,
permeability, and modulus of elasticity.

Table 20. Summary of Mechanical and Durability Properties of SCC with ANOVA Results

Nano-silica

Response (kg/m?)

w/c

Ratio

Fiber
%

95%

Mean + SD Cl

R2

Significance



Tensile Strength 0.3-

36-57 + 0.6—

(MPa) 6-10 0:45 0-2 13 34-59 0.965 Significant
Compreaf/il‘éz)s”e”gth 6-10 8:2; 0-2 39’65; 10- 3765 0970 Significant
Permeability (mm) 6-10 gjg 0-2 407If023i 45-8.6 0.962 Significant
Modulu?(;);aE)Iasticity 6-10 8% 02 29—31; 0.7- 2378.?8— 0.968  Significant
reduction) and a sensitivity coefficient
8. Conclusion

This study optimized basalt fiber-
reinforced (SCC) using (RSM) with a
Box—Behnken  design, evaluating
nanosilica content (6—10 kg/m?), water-
to-cement ratio (0.3—0.45), and basalt
fiber percentage (0—2 vol.%) across 12
mixes. The following summarizes the

main results in numerical terms,
limitations, and  realistic  future
prospects:

1) The second-order polynomial
models explained >95% of variance (R?
> 0.97, p < 0.001) for all responses,
validated by ANOVA, with superior
benchmarking (R* = 0.98 vs. 0.93 in
empirical models).

2) Compressive strength increased
by 27% to 61.8 MPa in the optimal mix
(10 kg/m?* nanosilica, 2 vol.% fibers, w/c
=(.3), driven by nanosilica's pozzolanic
densification (15-20% porosity
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