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Abstract

Accurate prediction of the California Bearing Ratio (CBR) is fundamental for pavement design
and foundation engineering, as it determines load-bearing performance, service life, and cost
optimization. Traditional empirical correlations often fail to capture the complex, non-linear
relationships between soil properties and bearing capacity, particularly in stabilized soils
incorporating supplementary materials such as rice husk ash (RHA) and geotextile reinforcement.
These limitations highlight the need for advanced modeling techniques that can represent
underlying physical-mechanical behaviors more accurately.

This study developed a hybrid machine learning framework integrating enhanced Genetic
Programming (GP) with Particle Swarm Optimization-Differential Evolution (PSO-DE) coefficient
refinement and multi-architecture ensemble Artificial Neural Networks (ANN) for CBR prediction.
Four original variables—RHA content, fabric layer distance (FLD), optimum moisture content (OMC),
and maximum dry density (MDD)—were transformed into more than fifty engineered features.
Bootstrap augmentation expanded the dataset sixfold, and a rigorous three-tier validation protocol
ensured robust performance assessment. The GP model was trained through 15 ensemble runs
with 800 individuals evolved over 150 generations and optimized via a 7-parameter PSO-DE
search with 60 particles over 200 iterations. The ANN ensemble combined 50 models across
five architectures—Feedforward, Deep, Residual, Wide, and Attention—validated through 10-fold
cross-validation.

The ANN ensemble achieved superior performance with R? = 0.856, RMSE = 0.415, and
MAE = 0.328, while GP achieved R? = 0.767, RMSE = 0.521, and MAE = 0.412. Notably,
GP outperformed its test set accuracy on the holdout prediction set (R? = 0.821), indicating
strong generalization. ANN exhibited stable error distribution (0.4 units), whereas GP showed
heteroscedasticity (+1.0 unit).

Both models exceed engineering acceptance thresholds (R? > 0.75). ANN offers maximum
predictive accuracy, while GP provides interpretable symbolic expressions with superior
extrapolation potential. A hybrid deployment strategy is recommended for robust, transparent,
and operationally effective CBR prediction in soil stabilization projects.

Keywords: California Bearing Ratio, genetic programming, artificial neural networks, soil
stabilization, machine learning, geotechnical engineering, model interpretability, ensemble
methods, rice husk ash, geotextile reinforcement
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1.1 Introduction

California Bearing Ratio (CBR) represents one of the widely
adopted metric and standard for evaluating soil stabilization
processes and in particular, the design of pavement thickness
of a variety of structures [I, 2]. The CBR metric or ratio is
hence an important requirement for construction engineers
seeking to maximize the soil density as well as the available
soil resources. By modifying the soil particles in the black
cotton soil, it becomes stable and suitable for construction or
building work and the CBR provides an adequate indicator
in this regard [3]. But the process for determining the CBR
considering measurable soil properties such as percentage rice
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husk ash, geotextile fabric layer distance, optimum moisture
content and maximum dry density is usually a laborious
and time-consuming task particularly when large number
of soil samples are involved [4, 5]. Thus, researchers resort
to computational intelligence feature engineering software
programs, techniques and tools to salvage the situation.

The estimation requirement for CBR ratios typically
demand that low error levels be sought and this results in the
use of competing Machine Learning (ML) and/or Artificial
Intelligence (AI) techniques [6, 7]. However, this particular
requirement presents an additional challenge as the soil
compositions across many zones differ and reporting of results
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of soaked/unsoaked ratios. Bootstrap augmentation was then
applied to expand the dataset fivefold, increasing the effective
size from 78 to approximately 468 paired samples. This was
achieved through sampling with replacement and slight
Gaussian perturbations (0 = 1-2% of feature range) while
preserving the unsoaked-soaked pairing structure.

Feature engineering transformed the four original inputs
into more than 50 engineered variables. Transformations
included polynomial interactions, ratios, power functions,
logarithmic and exponential terms, trigonometric basis
functions, and domain-specific indices such as compaction
index (MDD/OMC) and (RHAXMDD).
Feature selection using mutual information regression retained
the 50 most informative features, which were standardized

using z-score scaling after Yeo—Johnson transformation to

stabilization factor

reduce skewness.

2.3 Data splitting and validation strategy

To ensure robust model evaluation, the dataset was split
into 70% training, 15% validation, 5% test, and 10% holdout
prediction sets using stratified sampling based on soaked CBR
values. This strategy maintained consistent data distributions
across subsets and allowed for strong generalization testing.
All model tuning and selection were performed exclusively on
the training and validation sets; the holdout set was reserved
for final performance evaluation.

2.4 Genetic programming with PSO-DE optimization

Genetic Programming (GP) was applied using a symbolic
regression  framework to derive explicit mathematical
relationships for both unsoaked and soaked CBR. The GP
function set comprised arithmetic operators (+, —, X, =+),
power, logarithmic, exponential, and trigonometric functions.
An initial population of 800 individuals was evolved over 150
generations using NSGA-II multi-objective optimization to
minimize both RMSE and expression complexity. Crossover
and mutation probabilities were set at 0.7 and 0.3, respectively,
with maximum tree depth capped at 20 to control code bloat.
GP parameter specifications is shown in Table 2.

Parameter Default Value

No. of Populations 800
No. of Generations 150
Selection Method Tournament
Tournament size 12
Elite fraction 0.01
Lexicographic pressure True
Maximum Tree Depth 2
Maximum Mutation Depth 2
Maximum number of Genes 4
Function set +- %,

Table 2 GP Parameter Specifications
1. tabldzat Az Osszes viltozé leiro statisztikdja és kisérleti tartomdnya
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Fig. 1 Genetic Programming Process [21]

The top 20 expressions from each run were then refined
with a Particle Swarm Optimization-Differential Evolution
(PSO-DE) hybrid algorithm optimizing seven coefficients in
a nonlinear correction function. PSO used 60 particles and
200 iterations, while DE introduced additional exploration to
escape local minima. Fifteen multi-start runs ensured robust
convergence. The final GP-PSO-DE models were selected

based on validation R* and generalization on the unseen
prediction set. Model configuration and hyperparameters are
presented in Table 3.

Model Layers  Epochs Learning Regulari- Activation Optimi-
Rate zation Function  zation
Feed- egc?(:(:\s Dropout  ReLU (hid-
forward 5064 1) (Zan 0001 02, den)Linear Adam
ANN y 12=0001  (out)
stop)
Deep 1R AL Dropout
ANN (50 3122 % 64 . 3(?0?15 0.001 0.3, RelU Adam
P 12=0.001
Residual  [50-128-
300 Dropout
ANN 128-.1] + epochs 0.001 03 RelU Adam
skip
Wide Parallel
ANN 64,3270 3% goor  DOPOUL ey Adam
epochs 0.2
merge 0 [1]
Attention  [50-atten-
ANN tion (64)- 300 0.001 Dropout RelU Adam
64-1] epochs 0.4

Table 3 Hyperparameters for ANN model
3. tabldzat Az ANN (neurdlis hdlozat) modell hiperparaméterei

2.5 Multi-architecture ensemble artificial neural networks

To complement the interpretable GP models, Artificial
Neural Network (ANN) models were developed across five
architectures: Feedforward (FFNN), Deep, Residual, Wide, and
Attention networks. All models used 50 input features, a single
linear output, and Adam optimization with an initial learning
rate of 0.001. Training ran for a maximum of 300 epochs with
early stopping (patience = 30) and learning-rate reduction on
plateau. Regularization techniques included dropout (0.2-0.4)
and L2 penalties (A = 0.001).
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Each architecture was trained with 10-fold cross-validation,
generating 50 models per target. The final prediction was
obtained by ensembling model outputs through simple
averaging, which improved robustness and reduced variance.
Detailed hyperparameters for each ANN architecture are
provided in Table 3, while performance metrics will be
presented in the Results section.

3. Results

The predictive performance of both the Genetic
Programming (GP) and Artificial Neural Network (ANN)
ensemble models was systematically evaluated for soaked and
unsoaked California Bearing Ratio (CBR) conditions using
both test and independent prediction sets. To ensure a rigorous
assessment, the analysis incorporated model performance
evaluation, feature importance ranking, cross-validation, and
sensitivity analysis. All quantitative results are summarized in
Tables 4-6, while Fig. 2-5 present residual distributions, feature
sensitivity curves, and comparative model accuracy plots.

3.1 CBR soaked performance

For the soaked CBR prediction,
expression was formulated as:
CBRyurea=add(protected_exp(protected_sqrt(protected_div(x7,x7))),x0)
where corresponds to Rice Husk Ash (RHA) content and
denotes the RHA-FLD ratio. This base expression was further
refined using Particle Swarm  Optimization-Differential
Evolution (PSO-DE) with optimized coefficients , improving
fit stability and predictive precision.

On the test set, the GP model achieved an R’ of 0.767,
RMSE of 0.6354, and MAE of 0.5925. Performance improved
on the independent prediction set, reaching R?=0.8212,
RMSE = 0.5936, and MAE = 0.4689. This reflects a 7.1%
increase in explained variance and a 20.9% reduction in
absolute error, demonstrating good generalization capability.
The ANN ensemble outperformed GP with a test set R of
0.8556, RMSE of 0.5002, and MAE of 0.4245, and achieved
exceptional prediction set performance (R?, RMSE = 0.4046,
MAE = 0.3370). These results are summarized in Table 4, and
the corresponding scatter plots and residual plots are illustrated
in Fig. 2(a-c) and Fig. 3(a-b), showing tighter residual clustering
for ANN compared to GP.

the Dbest-evolved GP

Model Dataset R2 RMSE MAE AR? (Pred-Test)
GP Test 0.7670 0.6354 0.5925 -

GP Prediction 0.8212 0.5936 0.4689 +7.1%
ANN Test 0.8556 0.5002 0.4245 -

ANN Prediction 0.9169 0.4046 0.3370 +7.2%

Table 4 Performance metrics for soaked CBR prediction
4. tabldzat Teljesitménymutatok az dztatott CBR-érték elérejelzéséhez

Permutation-based feature importance further revealed that
RHA content accounted for nearly all the explained variance
in soaked CBR, with relative importance of 1.0000, while all
other engineered features had negligible influence. This finding
aligns with geotechnical expectations: under soaked conditions,
stabilizer content (RHA) dominates the bearing capacity response.

Fig. 2a

GP Test Set (R?2=0.767)
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Fig. 2b
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Fig. 3a

ANN Test Set (R2=0.856)
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GP Prediction Set (R2=0.821)

6 - == Perfect Prediction e
JRe
-,
) o -’
IR
5 ee -
) Pid
T re
Q QA
g L
T 7 o
o e -
: 3 @ i
] pid
-,
2 o
’
R
-,
1 . ,,
@
1 2 3 4 5 6
Actual

Scatter plot for soaked CBR (GP Prediction set)

Pontdiagram az dztatott CBR-értékhez (GP predikciés adatkészlet)

GP Residual Plot

0.75 A

0.50

0.25 1 ® °

Residuals

—0.25 1

—0.50 (]

—0.75
[

-1.00 -

(] °

0.00 == == m e

2?0 2:5 3.‘0 3.’5 4:0 4:5 510
GP Predicted

Residual plot for soaked CBR (GP Test set)

5.5

3a. dbra Maradékérték-diagram az dztatott CBR-értékhez (GP tesztadatkészlet)

Vol. 77, No. 3 = 2025/3 = =

85



08

Structural effect of combined
metakaolin and high-performance
superplasticizers on the compressive
behaviours of normal and high

strength concrete

JusTin Nsobundu EGBEBIKE = Rivers State University,
Department of Civil Engineering, Nigeria = justin.egbebike@ust.edu.ng
FipeLis Onyebuchi OKAFOR = university of Nigeria,
Department of Civil Engineering, Nigeria = fidelis.okafor@unn.edu.ng

CHRisToPHER CHUI0KE IKEAGWUANI = University of Nigeria,

Department of Civil Engineering, Nigeria = chijioke.ikeagwuani@Qunn.edu.ng
Erkezett: 2025. 10. 12. = Received: 12. 10. 2025. = https://doi.org/10.14382/epitoanyagjsbcm.2025.12

Abtract

épitdoanyag - Journal of Silicate Based and Composite Materials

Justin Nsobundu EGBEBIKE

is a Senior Structural Engineering Researcher at
Rivers State University, Port Harcourt, Nigeria.
His research focuses on structural engineering
and cement-based materials, with particular
emphasis on concrete technology, supplementary
cementitious materials, and the mechanical
behaviour of normal- and high-strength concrete.
His work includes experimental and analytical
investigations on metakaolin-modified concrete,
strength development, and material optimisation
for sustainable structural applications.

Fidelis Onyebuchi OKAFOR

is a Professor of Civil Engineering at the
University of Nigeria, Nsukka. His research
interests span civil engineering and highway
materials, with emphasis on concrete technology,
highway engineering materials, and performance-
based evaluation of construction materials. He
has contributed immensely to experimental

and applied research aimed at improving the
durability and efficiency of civil engineering
infrastructure.

This study investigated the influences of metakaolin on the compressive strength and density of

normal- and high-strength concrete. The metakaolin, sourced from a local kaolin mining site in
Umuahia and calcined at 800 °C in the kiln at the University of Nigeria, Nsukka, was characterised
using X-ray fluorescence. Its high silica (67.5 mol%) and alumina (26.5 mol%) contents confirmed
strong pozzolanic activity, while particle-size analysis showed a sub-micron to low-micron
distribution that enhances reactivity. Incorporating up to 10% metakaolin increased normal-
strength concrete strength from 23.8 to 37.6 N/mm? at 7 days and from 32.8 to 48.1 N/mm? at
28 days. High-strength concrete also improved, with density rising from 2486 to 2575 kg/m? and
strength increasing from 50.9 to 72.6 N/mm? at 28 days. Ultracrete 61 superplasticiser further
enhanced workability and compressive strength. Although chloride content (1.95 mol%) raises
corrosion concerns, the findings underscore the need for careful proportioning and material
evaluation to support more durable and sustainable concrete formulations.
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1. Introduction

Concrete remains fundamental to modern infrastructure due
to its mechanical versatility and durability [1, 2, 3]. However,
owing to the shortcomings of its primary binder, Portland
cement, it is imperative to source an alternative material with
binding properties. Cement production is among the most
energy-intensive  industrial ~processes, releasing  significant
quantities of CO,, thus posing sustainability challenges that
undermine the ecological viability of conventional concrete
[4, 5, 23]. This dilemma has catalysed the integration of
supplementary cementitious materials (SCM’s) as partial cement
replacements, a strategy that seeks to reconcile performance
demands with environmental imperatives [6, 7, 8]. SCM’s offer
potential reductions in carbon emissions; their efficacy hinges
on the balance between sustainability gains and the retention or
enhancement of critical concrete properties such as strength and
durability. Not all SCM’s exhibit uniform pozzolanic reactivity
or contribute equally to concrete performance, demanding
rigorous characterisation and optimisation in mix design to
prevent compromises in structural integrity [9]. Therefore, the
deployment of SCM’s embodies a complex trade-off, requiring
a holistic evaluation that encompasses environmental,
mechanical, and durability dimensions to ensure genuinely

sustainable construction practices. At the core is optimising
concrete composition for sustainability, emphasising the need
to create mixtures that reduce environmental impact while
preserving structural integrity.

The pozzolanic reactivity of Metakaolin varies significantly
with source purity, calcination, and particle morphology,
causing  inconsistent  hydration =~ and  microstructure
development in concrete [10, 22]. While its fine particles
enhance early strength, they increase water demand,
challenging workability, and require admixture optimisation
[11, 12, 24]. Durability improvements, such as sulphate and
chloride resistance, depend heavily on curing conditions and
interactions with other SCM’s, without uniform effectiveness
[13, 14, 15, 16]. Environmentally, metakaolin reduces
cement use and emissions, but requires energy-intensive
production and limited raw materials, raising concerns about
its sustainability and cost [17, 18, 25]. Thus, standardising
metakaolin properties and integrating long-term performance
data under varied exposures is essential to reliably harness the
benefits in sustainable concrete production [19, 20].

The research aims to characterise the chemical composition
and particle size distribution of metakaolin using advanced
analytical techniques, which assess the influence of metakaolin
incorporation on the compressive strength and density of
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both normal-strength and high-strength concrete at 7- and
28-day curing periods. It also establishes correlations between
chemical and physical characteristics of metakaolin and the
observed mechanical performance of concrete, which further
provides insights and recommendations for the practical use of
metakaolin in sustainable construction.

Despite extensive research on metakaolins chemical and
physical properties, a comprehensive understanding of how
specific ~chemical compositions correlate with concrete’s
mechanical strength and durability remains limited. Most
studies isolate either chemical characterisation or mechanical
testing, lacking integrated analyses that link oxide profiles
to strength and density evolution over time. Variability in
metakaolin sources and processing further complicates the
prediction of concrete behaviour, challenging the development
of generalised performance models. Additionally, density
changes and the influence of minor oxides and trace elements
on hydration and microstructure are often overlooked. Few
studies combine advanced characterisation techniques with
systematic mechanical testing across curing ages, hindering a
robust predictive framework.

Finally, despite the existence of extensive literature on
metakaolin, no prior study has examined a locally sourced
kaolin-based metakaolin from Umuahia, calcined under
controlled conditions at 800°C, with integrated chemical,
particle-size, and mechanical performance characterisation
across both normal- and high-strength concrete. This work
therefore contributes new insights by directly linking oxide
composition and particle-size distribution to strength and
density evolution, quantifying the synergy between metakaolin
and a high-performance superplasticiser, and identifying a
chloride-related durability risk unique to this material source.

Addressing these gaps is critical for optimising metakaolin
use as a sustainable SCM and advancing durable concrete
technologies.

2. Materials and methods
2.1 Materials

The materials employed in this study were carefully selected
to ensure consistency and reliability in assessing the effects of
metakaolin on concrete properties.

2.1.1 Limestone Portland cement

Grade 42.5N Lafarge Superset was used as the primary binder.
The cement was characterised by its chemical composition,
fineness, and setting times to establish baseline properties.

2.1.2 Metakaolin

The key supplementary cementitious material under
investigation was procured from a kaolin mining site at Umuahia,
Abia State, Nigeria, calcined to a temperature of 8000°C at the
University of Nigeria, Nsukka, and subjected to preliminary
characterisation to determine its chemical composition through
XRF (X-ray Fluorescence) technology and physical properties
tests. The metakaolin was produced through the controlled
calcination of kaolin clay at 800°C to achieve the amorphous
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aluminosilicate phase critical for pozzolanic activity, as shown
in Table 1, in comparison with ASTM C150 [28]. Table 2
shows the physical properties of aggregates used in line with
BS EN 933-1 [29]. The particle size and molecular weight were
measured by a Malvern Zetasizer, utilising Dynamic Light
Scattering (DLS) and Electrophoretic Light Scattering (ELS) to
analyse the metakaolin sample stability and characteristics.

Meta-
kaolin
(Mea-

ASTM
Standard
Requirement

S/ Parameter Cement
\[1] (Mea-

Compliance
Assessment

sured)

sured)
1 Silicon C150[28]: No Cement:
Oxide limit; C618[27]: Within typical
(Si0,, %) 2103 67.48 Si0,+Al,03+Fe,05 OPC range;
270% MK: Conforms
2 Calcium No limit in
Oxide C150[28];
(a0, %) 619 055 Notspecifiedin  COormS
€618[27]
3 Aluminum C150[28]: 2-8%
Oxide 3.4 26.54  typical; in C618[27] Conforms
(Al,03, %) total oxides
4 Ferric C150[28]: <6%
Oxide 29 1.63 typical; in C618[27] Conforms
(Fe203, %) total oxides
5 Magnesium
Oxide 2.8 0 C150[28]: <6.0% Conforms
(Mg, %)
6 Sulphur C150 [28][28]:
Trioxide 31 0.61 <3.5%; C618: Conforms
(SOs, %) <4.0%
7 Loss on Cement:
Ignition 12 ~ C150 [28]: <3%; Conforms;
(LOI, %) ’ C618: <10% MK: Requires
measurement
8 Lime
Saturation o4 Not in ASTM; Cement:
Factor typical OPC: 92-98  Acceptable
(LSF, %)
9 Chloride Cement: OK;
(CI, %) 0.092 1.95 ACI 318 (301 MK: Excessive
durability <0.1% .
chloride
10 Chromium
(Cr, 2.75 0.01 <3.0 Conforms
mg/cm?)

Table 1 Comparison of cement and metakaolin chemical properties against ASTM
standards
1. tdbldzat A cement és a metakaolin kémiai tulajdonsdgainak Osszehasonlitdsa az
ASTM szabvinyokkal

ASTM C150[28] applies to Portland cement; ASTM C618 [27]
applies to pozzolans, including metakaolin. Limits shown are
maximum allowable values unless otherwise stated.

2.1.3 Aggregates

The aggregates used in this study included both coarse and
fine aggregates. The coarse aggregate was sourced from a
crushed rock quarry at Akamkpa, Cross River State, Nigeria,
while the fine aggregate was sourced from a natural Ogbogoro
River, Rivers State, Nigeria. The aggregates were subjected to
standard grading, cleanliness, and moisture content assessments
to guarantee uniformity in particle size distribution and avoid
extraneous influences on concrete behaviour.
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2.1.4 Potable water complying

Potable water complying with standard specifications for
concrete mixing obtained from the running tap of the Rivers
State University, Port Harcourt, conforming to BS EN 1008
[26], was utilised throughout the experimental program to
avoid contamination or variability in hydration.

S/No Material/ Chippings CET Cement Metakaolin
Test
Source Akamkpa Ogbogoro Lafarge Umuabhia,
River Superset Nigeria
1 Bulk
Density 1655.06  2121.45 1452.3 1215.5
(Kg/md)
2 Specific 2.63 2.71 3.09 2.41
gravity
3 Finest
Modulus 4.5 2.38
4 Cc 0.57 1.03
5 Cu 2.21 5
6 Gradation 40mm
Nominal
Gradation Zone 2
curve

Table 2 Physical properties of chippings, sand, cement, and metakaolin
2. tabldzat A ziizottké (chippings), homok, cement és metakaolin fizikai tulajdonsdgai

2.1.5 Ultracrete61

This is a high-range water reducer sourced from Purechem
Industries Ltd, Lagos.

2.2. Methods
2.2.1. Particle size distribution via laser diffraction

Laser diffraction with a Malvern Zetasizer was used to
analyse particle size distribution of metakaolin, providing
mean diameter and spread critical for understanding packing,
surface area, and reactivity. Sand and chippings were also
graded using BS EN 933-2:2020[29] standard British Standard
Sieves for the determination of fineness modulus, coefficient
of curvature (cc), coeflicient of uniformity (cu), and gradation
limits.

2.2.2 Characterisation of metakaolin using XRF

X-ray fluorescence (XRF) spectroscopy was used to quantify
the oxide composition of metakaolin, including major and
trace elements. Standardised pellet preparation ensured
uniformity, with results used to confirm pozzolanic potential
and interpret hydration effects.

2.2.3 Preparation of concrete mixes: normal strength and
high strength with varying metakaolin content

Concrete mixes were designed to achieve both normal strength
concrete (NSC) and high strength concrete (HSC) categories,
with metakaolin incorporated as a partial replacement
of cement at 0, 5, 7.5, 10, and 12.5% weights of cement at a
constant water-binder ratio of 0.55 for normal strength
concrete and 0.4 for high strength concrete. The admixture
was also maintained at 1.5% of the weights of cementitious

material proportions as specified by the manufacturer. The
mix design, concrete casting, and curing process adhered to
ASTM C192/C192M-15[20] standard guidelines to achieve
target compressive strengths reflective of typical structural
applications. For each metakaolin replacement category, four
concrete cylinders were prepared for 7 and 28-day compressive
strength and density derivations, two samples for 7-day testing
and two samples for 28-day testing.

From 7Table 3, mixes were batched on a weight basis, with no
adjustments made to the water content to evaluate workability
as influenced by the high surface area and fineness of
metakaolin particles. Ultracrete61 superplasticiser was utilised
to optimise the rheological properties of the fresh concrete
without compromising the hydration process. Each mix batch
is identified with a unique number, NS-0.55CM100MKO, with
NS and HS signifying the nature of concrete, NS-Normal
strength concrete, HS-High Strength Concrete. The first two
letters are followed by a water-binder ratio (0.55 and 0.40),
next to it is the cement content, CM 87.5 to CM 100. Numbers
signify the percentage by weight of cement in the reference mix.
The next number is the percentage by weight of Metakaolin
in the mix. This ranges from MK 0 to MK 12.5 in the mixes.
Finally, some mixes have the letter “A” after the mix specimen
Identity. This signifies the mixes containing Admixture.

NORMAL STRENGTH CONCRETE

S/ SPECIMEN ID CE- WATER META- SAND  CHIP-
No MENT (kg/ KAOLIN (kg PINGS

kg m’) (kgm’) m) (kg/md)

m’)
1 NSO55CMI00MKO 37500 205  0.00 58300 1239.00 0
2 NSO55CMI5MKS — 356.25 131.25 1875 583.00 1239.00 0
3 NSO55CM925MK75 — 346.88 13125 2813 583.00 1239.00 0
4  NSOB55CM9OMKIO 33750 13125 3750 583.00 1239.00 0
5  NSO55CMST5MKI25 32813 13125 4688 583.00 1239.00 0
6  NSO55CMI00MKOA  375.00 205  0.00 583.00 1239.00 1.5
7  NSOB55CMI9SMKSA  356.25 131.25 1875 583.00 1239.00 15
8  NSOS55CMI25MK75A 346.88 13125 2813 583.00 1239.00 1.5
9  NSO55CMIOMKIOA 33750 13125 3750 583.00 1239.00 1.5
10 NSO55CMST5MK125A 32813 131.25 46.88 583.00 1239.00 15

HIGH STRENGTH CONCRETE

S/ SPECIMEN ID CE- WATER META- SAND
KAOLIN  (kg/
(kg/m?)  m?)

CHIP-
PINGS
(kg/m?)

No MENT  (kg/
kg md)

md)

1 HS-0.4CM100MKO 620 205 0 645.98 98447 O
2 HS-0.4CM95MK5 589 155 31 64598 98447 0
3 HS-0.4CM92.5MK7.5 5735 155 465 64598 98447 O
4 HS-0.4CM90MK10 558 155 62 64598 98447 0
5 HS0.4CM875MK125 5425 155 7715 64598 984.47 0
6 HS-0.4CM100MKOA 620 205 0 645.98 984.47 15
7 HS-0.4CM95MK5 A 589 155 31 64598 98447 15
8  HS0.4CM925MK7H5A 5735 155 465 64598 98447 15
9 HS-0.4CMIOMK10 A 558 155 62 64598 98447 15
10 HSO0.4CM875MK125A 5425 155 715 64598 98447 15

Table 3 Concrete mix design matrix for normal and high strength concrete
3. tabldzat Beton Osszetétel-tervezési matrix normdl és nagy szildrdsdgii betonokhoz
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2.2.4 Sample casting and curing procedures

Concrete samples were produced using a 100 mm diameter
and 200 mm high cylinder following ASTM C31/C31M [21]
procedures to ensure homogeneity and minimise variability
in sample preparation. Concrete was mixed using a laboratory
pan mixer to ensure thorough blending of all constituents.
Fresh concrete was cast into cylindrical moulds for compressive
strength testing. Each mould was subjected to vibration to
eliminate entrapped air and ensure compaction.

Following casting, specimens were demoulded after 24 hours
and transferred to a controlled curing environment maintained
at standard temperature and humidity conditions. Curing
periods of 7 and 28 days were adopted to evaluate both early and
later-age properties. The curing regime was strictly monitored
to prevent moisture loss and temperature fluctuations that could
adversely affect hydration and microstructural development.

2.2.5 Compressive strength tests

Compressive strength, fck, was measured on multiple
concrete cylindrical specimens at 7 and 28 days using a
calibrated 2000KN hydraulic testing machine. The maximum
load at failure was recorded, and the strength was calculated
by dividing by the cross-sectional area. Average values ensured
statistical reliability. Fig. 1 shows the production and testing of
the cylindrical concrete specimen.

The compressive strength was calculated by

Failure load(KN)

fck = (1)

cross—sectional Area of sample(mm?2)

AL W

Fig. 1 Production and testing of metakaolin blended cement concrete specimen
1. dbra Metakaolinnal kevert cementbeton prébatestek gydrtdsa és vizsgdlata

2.2.6 Density measurements

The concrete density was determined at 7 and 28 days by
measuring the mass and volume using a digital weighing
balance and dividing the resulting mass by the volume of
the concrete cylindrical sample. Density data complemented
strength results to assess microstructural compactness and
porosity influenced by metakaolin.

3. Data collection

Experimental data for particle size distributions, specific
gravity, compressive strength, density, water binder ratio,
admixture dosage, and workability were systematically
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recorded; the compressive strength and densities of the concrete
were recorded in two (2) replicates to capture variability.
Statistical analyses were used to summarise results, while
quality control measures, including equipment calibration
and verification, ensured data validity, supporting subsequent
correlation and interpretation.

3.1 Results

Fig. 2 presents the sieve analysis of metakaolin using the
Malvern Zetasizer, revealing a finely graded particle size
predominantly within the sub-micron to low-micron range.
The sample is polydisperse, as indicated by the multiple peaks
and the Polydispersity index (PDI) value. The Z-average
provides an overall average size, but the distribution shows
distinct particle populations.

gizze Distribution Report by Intensity ,A
Malvern

Sample Details
Sample Name: Meta Kaolin
SOP Name: Abdulrahman.sop
General Notes: :\;ggage result created from record number(s): 4095 4096 4097 4136 4137

File Name: DL S.dts
Record Number: 4171
Material RI: 1.59
Material Absorbtion: 0.010

Dispersant Name: Water
Dispersant Rl: 1.330
Viscosity (cP): 0.8872
Measurement Date and Time: 25 July 2024 13:12:44

System
Temperature (°C): 25.0 Duration Used (s): 70
Count Rate (kcps): 280.4 Measurement Position (mm): 4.65
Cell Description: Disposable sizing cuvette Attenuator: 9

Results

Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 58.12 Peak 1: 20.04 703 10.27
Pdl: 0.398 Peak2: 497.8 282 335.8
Intercept: 0.637 Peak 3: 4864 15 7732

Result quality Refer to quality report

Size Distribution by Intensity

Intensity (Percent)
o ® S N

IS

24 : . - :
1 10 100 1000 10000
Size (d.nm)

Bl Record 4171: Meta Kaolin

Mahvem instruments Ltd Zetasizer Ver. 701

Serial Number | NA

File name DL $
Record Number. 417
26 Jul 2024 131416

www matvern com

Fig. 2 Sieve Analysis of Metakaolin Using Malvern Zetasizer Laser Machine
2. dbra A metakaolin szitaelemzése (szemcseméret-eloszldsa) Malvern Zetasizer
lézeres berendezéssel

Peak Sizes and Intensities

Peak 1: Around 20.04 nm with an intensity of 70.3%. This is
the dominant population.

Peak 2: Around 497.8 nm with an intensity of 28.2%.

Peak 3: Around 4864 nm with an intensity of 1.5%. This
population has the lowest intensity.

Z-Average: The Z-average particle size is 58.12 nm. This is
an intensity-weighted average and is heavily influenced by the
larger particles. In a polydisperse sample, the Z-average may
not accurately represent the typical particle size.
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Polydispersity Index (Pdl): The Pdl is 0.398. A Pdl closer to
0 indicates a monodisperse sample (all particles are of similar
size), while a value closer to 1 indicates a highly polydisperse
sample. 0.398 suggests a moderately polydisperse distribution.

The analysis reveals that the Metakaolin sample contains
particles ranging from approximately 20 nm to nearly 5000 nm,
with a dominant population around 20 nm. The graph shows
multiple peaks with three distinct peaks, indicating the
presence of at least three different populations of particles.
This fine particle size significantly enhances the pozzolanic
reactivity by increasing the surface area available for reaction
with calcium hydroxide, leading to improved microstructural
density and, consequently, higher concrete strength and
durability. However, the high fineness also tends to increase the
water demand of the mix, which adversely affects workability
without suitable admixtures. Therefore, controlling the

particle size distribution is crucial for achieving an optimal
balance between hardened mechanical performance and fresh
properties of concrete.

improved matrix density, though strength declines at 12.5%
due to cement dilution. The superplasticiser improved the
workability of the resulting concrete (Slump from 55 mm to
150 mm) in normal concrete mixes and strength by improving

particle dispersion, suggesting its value in metakaolin-
modified concrete.
Variation of Compressive Strengths of Normal Strength Concrete with Addition of Metakaolin and

60

50

40

30

Compressive Strength (N/mm?)

0
NS-

0.55CM100MKO

7 Days without Admix = 23.23
m 7 Days With Admix 28.33
28 Days without Admix =~ 32.78
m 28 Days with Admix 40.1

m7 Days without Admix

0.55CM95MKS5

u7Days With Admix

Ultracrete 61 Superplasticiser

NS- NS- NS. NS

0.55CM92.5MK7.
5

24.19 247
29.92 32.15
34.37 35.65
42.65 45.83

0.55CM90MK 10

0.55CM87.5MK 12
5

26.42
3278
37.56

48.06

23.87
28.96
33.74

4137

Concrete Specimen Identity

u 28 Days without Admix

m28 Days with Admix

Fig. 3 Variation of compressive strength of normal concrete with addition of
metakaolin and Ultracrete 61 superplasticiser

3. dbra A normdl beton nyomdszildrdsdgdnak véltozdsa metakaolin és Ultracrete 61
szuperfolydsité hozzdaddsdval

7 days
S/ Slump . Stress
No SPECIMEN ID (mm) Dens,zy N
bem) o
1 NSO55CMI00MKO 83 243157 2292 23.23 2488.86 3248 32.78
' ' 23.55 ’ ' 33.10 )
NS-0.55CMI5MK5 70 2444.30 : . 2504.77 .
2 219 24.19 3437 34.37
3 NS055CM925MK7.5 64 2460.22 2482 24.70 249841 3965 35.65
' T o T | 365
4  NS0.55CM90MK10 60  2466.58 2073 26.42 2495.23 3819 317.56
' o210 T 3692 T
5 NS0.55CM875MK125 55 248250 2355 23.87 2555.70 3310 33.74
' o o9 U C o33 U
NS-0.55CM100MKO 28.64 40.74
150  2492.04 28. 2568.43 40.1
A 28.01 8.33 39.47 010
NS-0.55CMI5MK5 . !
125 251750 29.92 2574.79 42,
A 30.55 9.9 43.28 6
83 .
8 NS0.55CM925MIKT.S 121 251750 32.15 258116 45.83
A 32.46
NS-0.55CMIOMK10 33.10 4710
95  2555.70 2.78 2574.79 48.
A 32.46 5218 49.01 8.06
NS-0.55CM87.5MK12.5
74 2565.25 . 258752 .
10 A 28.64 28.96 40.74 431
Table 4 Fresh and hardened properties of normal strength concrete specimens with
varying metakaolin content at 7 and 28 days
4. tabldzat  Kiilonbozd metakaolin-tartalmii normdl szildrdsdgii betonprobatestek friss és
megszildrdult tulajdonsdgai 7 és 28 napos korban
Fig. 3 and Table 4 illustrates the impact of metakaolin (MK)

replacement (0% to 12.5%) and Ultracrete 61 superplasticizer
on the compressive strength of normal strength concrete (NSC)
with a water binder (W/B) ratio of 0.55, showing strength
increases from 23.83 N/mm?® to 37.56 N/mm® at 7 days and
32.78 N/mm’ to 48.06 N/mm” at 28 days without and with
superplasticizer, respectively. The optimal MK replacement is
10%, yielding the highest strength (48.06 N/mm?® at 28 days
with superplasticiser), due to enhanced pozzolanic activity and

7 Days 28 Days
s/ Slum - -
No  SPECIMENID T pengiy St(’;/ss Stress  Density St(’;/ss Stress
bgm) o N Gem)
2 2
mm?) mm?)
1 HS040CM100MKO 87  2486.03 36 36.28 251114 5092 51.56
' T3692 T ©oB220 7T
HSO.40CMISMKS 80  2498.63 —— 42 252387 — .
2 2010 40.42 579 57.92
3 HS0.40CM925MK75 70  2501.78 4201 42,65 2527.05 2983 61.11
' o S48 T 6238
4  HS040CMIOMK10 65  2508.08 456 44.88 253342 % 64.29
' T 4519 T 6493 T
5 HS0.40CM875MK125 60  2545.89 3689 38.51 257161 2602 55.38
' o T o319 T T osam T
HS-0.40CM100MKO 40.74 58.56
6 150  2567.95 41.37 2593.89 59.20
A 42.01 59.83
HS-0.40CMI5MK5 44.56 63.65
135  2574.25 44.56 2600.25 63.65
A 44.56 63.65
46.47 66.20
g SOACMS2IMKIS 150 258055 46.15 260662 65.56
A 45.83
HS-0.40CMIOMK10 41.74 72,57
100  2574.25 . 2600.25 .
A 4710 41.42 6747 70.02
HS-0.40CM87.5MK12.5 - -
85  2586.86 . 2612.99 .
0 A 13.92 43.60 63.02 62.70
Table 5 Fresh and hardened properties of high-strength concrete specimens with
varying metakaolin content at 7 and 28 days
5. tdblézat  Kiilonbozdé metakaolin-tartalmii nagy szildrdsdgii betonprébatestek friss és

megszildrdult tulajdonsdgai 7 és 28 napos korban
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Table 5 presents the density and compressive strength results
of high-strength concrete specimens with varying metakaolin
contents, tested at 7 and 28 days. The data show a consistent
increase in both density and compressive strength over time,
reflecting the ongoing hydration and pozzolanic reactions
facilitated by metakaolin. Specimens labelled with “A” generally
exhibit higher densities and strengths compared to their non-
‘A’ counterparts, indicating enhanced performance due to
Ultracrete 61 superplasticiser additions. This trend suggests
that increasing metakaolin content up to certain levels improves
microstructural densification, which directly contributes to
higher compressive strength. Notably, the densest specimens
correspond to the highest strength values at both curing ages,
supporting the strong positive correlation between these
parameters. However, some variation in strength at similar
densities hints at the complex interactions of metakaolin with
other mix components, emphasising the need for precise
control of replacement levels and curing practices to maximise
concrete performance.

Fig. 4 illustrates that the addition of Ultracrete 61
superplasticiser ~ significantly ~ enhances the  compressive
strength of high-strength concrete specimens at both 7 and
28 days. The strength gains are more pronounced at 28 days,
indicating that the superplasticiser effectively improves particle
dispersion and hydration, thereby densifying the concrete
matrix and boosting long-term mechanical performance.

The slump also improved from 87 mm for mixes without
admixture to 150 mm for the same mixture produced with
Ultracrete 61 admixture, as shown in Table 5.

Variation of Compressive Strengths of High Strength Concrete with Addition of Metakaolin and

Ultracrete 61 Superplasticiser
9 HS-
Hs 0.40CM87.5MK1
2.5

80
70

60

0
0
: “l |‘
0
HS- HS-

0.40CM100MKO  0.40CM95MKS5

Compressive Strength (N/mm?)
oW & oo
¢

-
>

HS-

5 SN T -
OJOCMQ{ SMK 0.40CM90MK 10

m7 Days without Admix | 36.28 40.42 42.65 44.88 38.51
7 Days with Admix 41.37 44.56 46.15 47.42 43.6
m28 Days without Admix ~ 51.56 57.92 61.11 64.29 55.38
m 28 Days with Admix 59.2 63.65 65.56 70.02 62.7

Concrete Specimen Identity

m 7 Days without Admix u 7 Days with Admix m28 Days without Admix m28 Days with Admix

Fig. 4 Variation of compressive strength on high-strength concrete with addition of
Ultracrete61 superplasticizer
4. dbra A nagy szildrdsdgii beton nyomdszildrdsigdnak véltozdsa Ultracrete 61
szuperfolydsité hozzdaddsdval

Table 6 presents the detailed oxide composition analysis
of metakaolin using X-ray fluorescence (XRF) spectroscopy.
The data show that the primary components are silica (SiO,)
at 55.614 mg/cm® (67.483 mol%) and alumina (ALO;) at
37.119 mg/cm® (26.542 mol%), which together constitute most
of the material and are critical for its pozzolanic activity. Minor
oxides such as Fe,0s, TiO,, SOs, and K,O are present in smaller
quantities, potentially influencing hydration kinetics and
durability. Trace elements like V,0s, Cr,0s, MnO, and others
are detected at very low levels, typically under 0.1 mg/cm®

96 . = 2025/3 = Vol. 77, No. 3

The absence or negligible amounts of oxides like WO; and
MgO suggest minimal interference with pozzolanic reactions.
The presence of chlorine (Cl) at 0.95 mg/cm® (1.954 mol%)
could have implications for corrosion resistance and needs to
be monitored in mix designs. This comprehensive chemical
profile is essential for understanding the reactivity and
performance potential of the metakaolin in cementitious
systems

S/No Sample Component Component Moles (%)
Layer (mg/cm?2)

1 1 SiO, 55.614 67.483
2 1 V505 0.034 0.013
3 1 Cr,03 0.026 0.013
4 1 MnO 0.055 0.056
5 1 Fe.0s 3.561 1.626
6 1 CoO 0.009 0.005
7 1 NiO 0.01 0.01
8 1 CuO 0.043 0.04
9 1 Nb2Os 0.017 0.005
10 1 WOs 0.0 0.0
11 1 P20s 0.126 0.065
12 1 SO 0.674 0.613
13 1 Ca0 0.423 0.55
14 1 MgO 0.0 0.0
15 1 K20 0.859 0.665
16 1 BaO 0.039 0.018
17 1 Al,03 37.119 26.542
18 1 Taz0s 0.041 0.007
19 1 TiO, 0.309 0.282
20 1 Zn0 0.015 0.013
21 1 Ag:0 0.01 0.003
22 1 cl 0.95 1.954
23 1 Zr0, 0.049 0.029
24 1 Sn0, 0.0 0.0
25 1 SrO 0.004 0.003
26 1 Rb.0 0.009 0.003
27 1 Y203 0.009 0.003

Table 6 Metakaolin oxide composition analysis (XRF method)
6. tdbldzat A metakaolin oxidiosszetétel-elemzése (XRF mddszer)

3.2 Interpretation and synthesis of metakaolin chemical
composition and its implications for concrete performance

The XRF analysis showed that metakaolin is composed high
percentage of silica (SiO,) and alumina (ALOs), over 94%
by mole, confirming strong pozzolanic activity essential for
forming strength-enhancing hydration products like C-S-H
and calcium aluminate hydrate. Minor oxides such as Fe,0s,
TiO,, SO;, and K,O may aid hydration and microstructure
refinement of the resulting concrete. Negligible harmful oxides
like MgO and WO; reduce risks of expansion or instability.
Elevated chlorine content signals potential corrosion risks
in reinforced concrete, requiring careful mix design. Trace
elements are present in low amounts, with minimal direct
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impact but possible subtle effects on durability. Overall, this
composition supports metakaolin’s role in enhancing concrete
strength and durability, provided chloride levels are controlled
for long-term performance.

4. Conclusion and recommendations

The structural effects of utilising metakaolin and high-
performance superplasticizer on the compressive response and
density evolution of normal- and high-strength concretes were
quantitatively evaluated in this study. The metakaolin used had
a Z-average of 58.12 nm with multimodal peaks at roughly
20 nm, 498 nm, and 4864 nm, and a chemical profile dominated
by SiO, (67.48 mol%) and AlLO; (26.54 mol%), totalling 94%
reactive oxides. Strong pozzolanic potential was established by
this nanostructured fineness and high aluminosilicate content,
which had a direct impact on microstructural densification
and hydration kinetics.

In normal-strength concrete (NSC), metakaolin replacement
from 0 to 10% resulted in clear strength gains. At 7 days,
compressive strength increased from 23.23 N/mm? (control) to
26.42 N/mm* at 10% MK, representing a 13.7% improvement.
At 28 days, strength increased from 32.78 N/mm® to
37.56 N/mm” (14.6% increase). Density also increased from
2488.86 to 249523 kg/m® over the same replacement range,
indicating reduced pore volume and enhanced binder packing.
With Ultracrete 61, the 28-day compressive strength rose
further to 48.06 N/mm’ representing a 46.7% improvement
relative to the unmodified control. The slump improved
from 83 mm to 150 mm, demonstrating that the admixture
effectively counteracted metakaolin’s high water demand and
enabled full reactivity.

High-strength concrete (HSC) exhibited similar quantitatively
significant responses. At 7 days, strength increased from
36.28 N/mm’ to 44.88 N/mm’ at 10% MK (23.7% gain). At
28 days, strength increased from 51.56 N/mm?* to 64.29 N/mm’
(24.7% gain). For mixes containing Ultracrete 61, 28-day
strength reached 72.57 N/mm? equivalent to a 40.8% increase
over the control and a 12.9% increase over the 10% MK mix
without admixture. Density rose from 2511.14 kg/m* (control)
to 2533.42 kg/m® at 10% MK and further to 2600.25 kg/m’
with admixture incorporation. These density increments
(up to +3.5%) strongly correlate with the observed strength
development, reinforcing the mechanistic link between
metakaolin-induced refinement of the pore structure and
compressive resistance.

Despite  these mechanical advantages, XRF analysis
revealed a chloride content of 1.95 mol%, significantly
higher than the 0.1% limit recommended for reinforced
concrete under ACI 318. This concentration necessitates a
cautious approach regarding durability and demands source-

specific mitigation strategies. Nevertheless, the favourable
oxide composition, minimal deleterious impurities, and
the demonstrated strength enhancements confirm the

technical viability of this metakaolin for structural-grade
concrete, provided durability safeguards are adopted.
Overall, the study establishes a clear quantitative performance
envelope: 0-10% metakaolin maximises strength, density, and

workability (with admixture) for both NSC and HSC, while
greater than 10% replacement leads to cement dilution and
mechanical decline. The synergy between fine metakaolin
particles and superplasticiser action was shown to be
indispensable for achieving optimal dispersion, hydration, and
matrix consolidation.

4.1 Recommendations

1. The ideal replacement level for structural concrete is 10%
metakaolin, which results in strength gains of 14-25%
without admixture and up to 46% with Ultracrete 61
in NSC and 40% in HSC. Because clinker availability
is gradually decreasing and mechanical response is
deteriorating, replacement levels higher than 10% should
be avoided.

2. Require all locally sourced metakaolin to undergo oxide
and impurity profiling. Remedial measures such as
washing, blending with low-chloride SCMs, or limiting
use in reinforced members should be included in quality
control and mix design procedures, given the measured
chloride content of 1.95 mol%.

3. Choose high-performance water reducers at levels of
less than or equal to 1.5%. The results exhibit substantial
enhancements in strength (up to +46.7% in NSC) and
workability (up to +81% slump increase), confirming
their crucial role in overcoming water demand from sub-
micron metakaolin.

4. Extend mechanical evaluation to durability indices, such
as sulphate resistance, sorptivity, carbonation depth, and
chloride diffusion coefficients. These measurements are
crucial for creating predictive models that relate oxide
chemistry, particle fineness, and material durability.

5. Advocate regional investment in metakaolin processing,
considering the study demonstrated that, when properly
processed and characterised, locally sourced metakaolin,
even with impurities, can achieve structural-grade
performance comparable to imported alternatives.

6. To standardise metakaolin quality for commercial
concrete, establish performance-based specifications that
incorporate quantitative thresholds, oxide indices (greater
than 70% for SiO,+AL0s), chloride limit (<0.1%), target
particle fineness (<1 um median size), and mechanical
benchmarks (>20% strength enhancement at 28 days).
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