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The XIX*" Conference of the European Ceramic Society
will take place from August 31 to September 4, 2025
at the International Congress Center in Dresden, Germany.

On behalf of the European Ceramic Society ECerS, the Deutsche Keramische Gesellschaft DKG, and
Fraunhofer Institute of Ceramic Technologies and Systems IKTS, it is our great pleasure to welcome you
to the beautiful City of Dresden.

Planned everytwo years, the ECerS Conference focuses on cutting-edge research and product developments
in a wide range of ceramic-related areas. The program provides an opportunity for scientists, researchers,
engineers, and industry leaders from around the world to present and exchange their latest findings in
ceramic science and technology.

The XIX™" ECerS Conference is divided into 14 symposia covering all relevant aspects of ceramic science and
technology. It specifically addresses the most important challenges of our society, such as sustainability,
energy transition and closed cycle technologies. Moreover, the 100" annual meeting of DKG is fully
integrated.

Dresden’s beauty is undisputed - and unmistakable it reveals itself to visitors at first glance and is
characterised by an irresistible combination of romantic landscape, baroque architecture and one of the
most beautiful historic city centres in Germany. At second glance, "Florence on the Elbe", as it is often
called, attracts visitors with a wealth of art and culture that can easily hold its own on an international level.
The locals love and enjoy their city, its streets and squares and its concert halls with regular performances
by world-class artists - and guests from all over the world are very much invited to join in.

Moreover, Dresden is The City of Science in Germany. With 10 Fraunhofer institutes, 4 Max Planck institutes,
5 Leibnitz institutes, 2 Helmholtz institutes and Dresden University of Technology as one of Germanys top
ranked Universities of Excellence Dresden has the densest agglomeration of research institutions all over
Europe. Dresden also ranks No. 1 in Europe with around 1,500 companies and 48,000 employees in the
areas of information and communication technology and microelectronics. Therefore, the conference also
serves a hub to discover new R&D opportunities in Europe.

We are looking forward to seeing you in Dresden.

www.ecers2025.org
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Abstract

Ceramic wastes have contributed hugely to environmental pollution in our societies, mostly
because it is non-biodegradable and not reused in any significant quantity presently. Research
has confirmed the feasibility of incorporating these wastes into cement concrete and asphalt
concrete production. In this study, the use of ceramic tile dust as a replacement for quarry dust
in hot asphalt mix was investigated and polynomial model equations have been developed for
predicting the Stability and flow of asphalt mix incorporating ceramic tile dust as a full or partial
replacement for quarry dust filler. The model was formulated Using Scheffe’s simplex lattice
theory. 15 design points were picked from the boundaries of the simplex and tests from these
design points were used for model fitting. Another 15 points were picked within the simplex and
test results from these points were used for model testing. Results of the laboratory tests show
that the incorporation of ceramic tile dust improves the stability and flow of the resulting asphalt
mix, and this was attributed to the pozzolanic property of ceramic tile dust. The model has been
tested and confirmed to be adequate based on statistical values from F-statistics, Analysis
of Variance, and normal probability distribution plot of model residuals. Hence, the proposed
models were adequate for the prediction/optimization of stability and flow of asphalt concrete
incorporating ceramic tile dust as a partial replacement for filler.

Keywords: asphalt concrete, ceramic tile dust, Scheffe’s simplex lattice, stability and flow, quarry
dust

Kulcsszavak: aszfaltbeton, keramia cseréppor, Scheffe-féle szimplex racs, stabilitds és aramlas,
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1. Introduction

In our societies today, industrial, and domestic wastes
generated yearly have contributed to huge environmental
problems. Recycling these industrial waste and by-products
is a key to achieving sustainable development, which should
be a national priority. Some of these wastes could be recycled
and used afterwards as building materials by the construction
industry. To produce asphalt concrete (AC) and cement
concrete (CC), many industrial wastes and by-products have
been used with great advantages because of study discoveries.
These materials consist of substances like fly ash [1], ground
granulated blast-furnace slag [2, 3], and quarry dust [4, 5].

Industries that produce ceramic products, such as sanitary
ware, earthenware, electrical insulators, bricks, floor tiles, wall
tiles, and roof tiles, produce ceramic wastes. Some of these
wastes are produced throughout the manufacturing process
due to production errors, size discrepancies, non-standard
goods, glazing errors, and more. Additionally, ceramic waste
could be produced during shipping and distribution processes
as well as during construction and demolition at the project
site. Ceramic waste makes up about 30% of all demolition
wastes [6] and continues to make up 54% of all building and
demolition wastes [7]. It has been reported that up to 30% of
the output of the ceramic industries is wasted [8]. These non-
biodegradable wastes are not significantly recycled, instead
they are dumped in landfills [9-14].

44 . = 2024/2 = Vol. 76, No. 2

According to the research that is currently available, ceramic
wastes are primarily adopted in AC either as a replacement
for aggregate [15-18] or as a replacement for filler [19-21],
and these practices are successful. Recycled ceramic aggregate
was adopted in a study [22] to partially replace conventional
aggregate in hot asphalt mix. The studies were run at both full
scale in an asphalt plant and scaled quantities in a laboratory.
The replacement was up to 30%. The results indicate that
recycled ceramic aggregate can be used to produce hot asphalt
mixtures that largely satisfy the mechanical requirements for
use as road binders. The Author further stated that its addition
leads to increased binder and filler contents and consequently
increased indirect tensile strength and resistance to plastic
deformation. In a similar study, [23] reported that replacing
up to 20% conventional aggregate with recycled ceramic
tiles improved the marshal stability and resilient modulus
strength by 25% and 13.5% respectively. Studies on the use
of ceramic waste as filler material also show positive results.
For instance, in a study carried out by [24], the replacement
of conventional limestone filler with ceramic waste powder
improves the mechanical properties of hot asphalt mix in
terms of Marshal stability, resistance to moisture, fatigue life
and rutting resistance. Several other studies have also reported
the improved mechanical properties of AC. This happened
because of the replacement of conventional filler material with
ceramic waste powder [19, 21].
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Asphalt mix design and optimization are very important
aspects of asphalt mix production because the properties
of asphalt concrete depend on the mix proportions of the
constituents. The mosteconomical and efficient way ofachieving
an optimum mix is the use of statistical and mathematical
procedures known as response surface methodology
(RMS) [25]. RMS usually requires the formulation of model
equations for responses through the design of experiments
and optimization of these responses using the formulated
model equations [26]. These responses are usually mechanical
properties. There are presently no such model equations for
asphalt mix incorporating ceramic waste as either aggregate
or filler. In this study, the mathematical model equation was
formulated using Scheffe’s simplex lattice theory [27], for the
prediction of stability and flow properties of AC with partial
replacement of conventional filler material with ceramic tile
dust.

2. Materials and methods
2.1 Materials

Five materials: bitumen, coarse aggregate, fine aggregate,
quarry dust (GD) and ceramic tile dust (CTD) were sourced
from Rivers State of Nigeria, prepared, and used in this study.
To obtain CTD, waste ceramic walls and floor tiles were
acquired from a ceramic tile dealer in the local Market in bags.
They were mechanically crushed and sieved into the required
size (passing 75 pm sieve) as determined by [23]. The fine
aggregate was sourced from a river sand mining site. It was
air-dried to expel moisture, then sieved with a 4.5mm sieve
to eliminate undesired materials. The size separation between
fine and coarse aggregate was carried out by [23]. The coarse
aggregate used was granite with a maximum size of 12 mm.
In this investigation, penetration grade 60/70 bitumen was
acquired from a reliable company. This bitumen complied with
the specifications for usage as asphaltic cement in the medium
traffic category. Quarry dust material was subjected to a sieve
(75 um sieve) to obtain the required particle size as determined
by [23]. Preliminary tests were carried out on the materials and
the respective results were collected.

2.2 Methods

The following procedures were applied to achieve the aim
of this study: preparation and characterization of asphalt mix
constituents; design of experiment using Scheffe’s simplex
lattice theory; production of test samples based on the designed
experiment; and testing of samples. The test results were then
used to formulate and validate the required Scheffe’s regression
model equations. Details of the procedures are as follows.

2.2.1 Design of Experiment

The Design of the experiment was based on Scheffe’s simplex
lattice theory. The Explanations of the principles and procedures
of using the theory can be found in numerous literatures
[24-29]. The asphalt mix in this study had five components and
the data were to be fitted into the second-degree polynomial
expression. Hence, a {5,2} simplex lattice was adopted. Scheffe’s

reduced polynomial for a {5,2} simplex lattice is as given in
Eq. 1and Eq. 2, where Srand F are the responses to be modelled
which are stability and flow respectively for this study. U, are
the pseudo components of the model and 6; are the model
coeflicients to be determined using experimental data [24-28].

Sr=0,U;+ 0,U, + 03U;s + 0,Uy + 05Us + 0,,U, U, + 0,5U,Us +
614U1U4 + 015U1U5 + 923U2U3 + 624U2U4+ 925U2U5+ 934U3U4+
055:UsUs + 045U,Us (1)

F= 61U1 + 02U2 + 93U3 + 64U4 + 95U5 + 612U1U2 + 013U1U3 +
055:UsUs + 05U, Us (2)

Generation of test data for the determination of model
coeflicients for a {5,2} simplex lattice polynomial requires data
from at least 15 design points within the simplex [24, 26, 27].
Therefore, 15 design points were picked from the surface of
the simplex for the generation of data that would be used for
the model fitting. These included 5 points from the 5 vertices
(Fig. 1) of the simplex which represented the pure blends. The
remaining 10 points were selected from halfway between two
vertices on the boundaries of the simplex. As control points,
15 other points (Fig. 2) were also selected within the simplex
(not at the boundaries). Data from the control points were used
for the model testing. Lower and upper boundaries for each
component were taken as 0 and 1 respectively while the sum
of all components at each test point equals 1. The generated
design matrix in pseudo components at the design and control
points are presented in Table I and Table 2 respectively.

U
°
Up Uss
°
U, Uys Us
° ° '
Usg oVl
Uy Uss
Une ® o U
Us4
Usg ° oUs

Fig. 1 Scheffe's simplex plot for pseudo components
1. dbra  Scheffe szimplex dbrdja pszeudo komponensek esetén

T,
°
Ty Tis
° °
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° ° ®
Tis . .Tm
To Tss
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Fig. 2 Scheffe's simplex plot for actual components
2. dbra  Scheffe szimplex dbrdja a tényleges komponensekre vonatkozéan
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. Pseudo Component Response Actual component
g‘;iﬁ: U1l u2 us u4 Vexp = 1 = o
Asphalt Granite Sand
1 1.00 0.00 0.00 0.00 0.00 Vi 0.040 0.480 0.4608 0.01536 0.00384
2 0.00 1.00 0.00 0.00 0.00 Vs, 0.045 0.5133 0.4207 0.0126 0.00840
3 0.00 0.00 1.00 0.00 0.00 Vs 0.050 0.5463 0.3816 0.0089 0.01330
4 0.00 0.00 0.00 1.00 0.00 1 0.055 0.5788 0.3433 0.0046 0.01830
5 0.00 0.00 0.00 0.00 1.00 Vs 0.060 0.611 0.306 0.0230 0.0000
6 0.50 0.50 0.00 0.00 0.00 Vi 0.043 0.497 0.441 0.0140 0.0060
7 0.50 0.00 0.50 0.00 0.00 Vis 0.045 0.5132 0.4212 0.0121 0.00857
8 0.50 0.00 0.00 0.50 0.00 Via 0.0475 0.5294 0.4021 0.0100 0.01107
9 0.50 0.00 0.00 0.00 0.50 Vis 0.0500 0.5455 0.3834 0.0192 0.01075
10 0.00 0.50 0.50 0.00 0.00 Vos 0.0475 0.5298 0.4012 0.0108 0.01085
11 0.00 0.50 0.00 0.50 0.00 Vas 0.0500 0.5461 0.3820 0.0086 0.01335
12 0.00 0.50 0.00 0.00 0.50 Vos 0.0525 0.5622 0.3634 0.0178 0.0042
13 0.00 0.00 0.50 0.50 0.00 Vag 0.053 0.5630 0.3620 0.0070 0.0160
14 0.00 0.00 0.50 0.00 0.50 Vss 0.055 0.5790 0.3440 0.0160 0.0070
15 0.00 0.00 0.00 0.50 0.50 Vs 0.058 0.5950 0.3250 0.0140 0.0090

Table 1 Design matrix showing pseudo and actual components of design points for model fitting
1. tdbldazat A tervezési mdtrix, amely a modellillesztéshez haszndlt tervezési pontok pszeudo- és tényleges osszetevdit mutatja

Pseudo Component

Control

Actual component

Points U1 u2 u3 171 us  Response = 1 =
Vexp Asphalt Granite Sand
1 0333 0333 0333 0000  0.000 Ver 0.045 05132 04210 00123  0.0085
2 0333 0333 0000 0333  0.000 Voo 00467 05240 04082 00109  0.0102
3 0333 0000 0333 0333  0.000 Ves 00483 05350  0.3952  0.0096  0.0118
4 0333 0333 0000 0000 0333 Vo 00483 05347 03958 00170  0.0041
5 0250 0250 0250  0.250  0.000 Vos 00475 05296 04016 00104  0.01096
6 0250 0250 0250  0.000  0.250 Vos 00490 05380  0.3920 00150  0.0060
7 0250 0250  0.000 0250  0.250 Ver 00500 05458 03827 00139  0.0076
8 0000 0250 0250 0250  0.250 Ves 00525 05624 03629 00123  0.0100
9 0300 0100 0200 0200  0.200 Voo 00495 05426 03865 00132  0.0083
10 0200 0200 0100 0300  0.200 VCio 00505 05491 03787 00125  0.0093
11 0200 0200 0200 0100  0.300 VCus 00505 05491 03788 00148  0.0069
12 0.200 0200 0200 0200  0.200 VCi, 00500 05459 03825 00129  0.0088
13 0450 0250  0.200  0.200  0.200 VCis 00500 05480  0.3800 00130  0.0090
14 0200 0200 0450 0250  0.200 VCus 0.0050  0.5480 0.381 00130  0.0090
15 0250 0200 0200 0200  0.150 VCis 0.0490  0.5390 0.390 00130  0.0090

Table 2 Design matrix showing pseudo and actual components at control points

2. tabldzat  Tervezési mdtrix, amely a pszeudo és a tényleges komponenseket mutatja az ellendrzési pontokon

2.2.2 Transformation of Pseudo to Actual Components

From Schefte’s polynomial theory, the relationship between
a set of pseudo components and actual components at a test
point for the responses is as given in Eq. 3 where T'is a column
matrix of real component ratios, U is a column matrix of
pseudo components at a test point and A is a square matrix of
actual components corresponding to the pure blends at the five
vertices of the simplex.

T =A"U (3)

The Mix compositions at the vertices of the simplex were
selected based on the author’s experience and data from the

46 = 2024/2 = Vol. 76, No. 2

literature. From existing literature, [30, 31] the Optimum
Bitumen Content (OBC) of an asphalt mix always falls between
4% - 6% of the total weight/volume of the asphalt mixture,
making the aggregate content to be limited to 94% - 96% of
the total mix. For aggregate combination, coarse aggregate
usually falls in the range of 50% - 65% of the aggregate content;
thus, limiting the fine aggregate content to 35% - 50%. Total
filler content is usually limited to the range of 4% - 7% of the
fine aggregate content while CTD content varies between 0%
- 80% of the filler content. The ratio of bitumen (T)), coarse
aggregate (T,), fine aggregate (Ts), quarry dust (T,) and CTD
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(Ts) at vertex U,, were therefore selected respectively as: [0.040:
0.4800: 0.4608: 0.01536: 0.00384]. Mix ratios at the other four
vertices (U,, Us, Us, and Us) were selected respectively as:
[0.045: 0.5133: 0.4207: 0.0126: 0.0084], [0.050: 0.5463: 0.3816:
0.0089: 0.0133], [0.055: 0.5788, 0.3433: 0.0046: 0.0183], [0.060:
0.6110: 0.3060: 0.0230: 0.0000]. By arranging these in a matrix
form, the square matrix, A was achieved as:

0.040 0.480 0.4608 0.01536 0.00384
0.045 0.5133 0.4207 0.0126 0.0084
A =10.050 0.5463 0.3816 0.0089 0.0133 and
0.055 0.5788 0.3433 0.0046 0.0183
0.060 0.6110 0.3060 0.0230 0.0000
by transposing matrix A, A" was deduced as
0.040 0.045 0.050 0.055 0.060
0.4800 0.5133 0.5463 0.5788 0.6110
AT = 0.4608 0.4207 03816 0.3433 0.3060),
0.01536 0.0126 0.0089 0.0046 0.0230
0.00384 0.0084 0.0133 0.0183 0.0000
Substituting A" into Eq. 2 gave
T, 0.040 0.045 0.050 0.055 0.060 Uy
T, 0.4800 0.5133 0.5463 0.5788 0.6110 | [ U
T; |=| 04608 0.4207 03816 0.3433 0.3060 || Us | (4)
T, 0.01536 0.0126 0.0089 0.0046 0.0230 U,
Ts 0.00384 0.0084 0.0133 0.0183 0.0000 Us

Transformation of pseudo components to real components
was carried out using Eq. 4 as follows:
In response Vi

T, 0.040  0.045 0.050 0.055 0.060\ /0.5 0.043
T, 0.4800 0.5133 0.5463 0.5788 0.6110 |[ 0.5 0.497
Ty | =| 04608 0.4207 0.3816 0.3433 0.3060 0 (=] 0441
T, 0.01536 0.0126 0.0089 0.0046 0.0230 0 0.0140
Ts 0.00384 0.0084 0.0133 0.0183 0.0000 0 0.006
In the same way, at response V3,

T, 0.040  0.045 0.050 0.055 0.060\ /0.5 0.045
T, 0.4800 0.5133 0.5463 0.5788 0.6110|[ 0 0.5132
Ty [=| 04608 0.4207 03816 0.3433 0.3060 || 0.5 | =] 0.4212
T, 0.01536 0.0126 0.0089 0.0046 0.0230 || 0 0.0121
Ts 0.00384 0.0084 0.0133 0.0183 0.0000/ \ 0 0.00857

Real components for all the design points and control points
as given in Table 1 and Table 2, were computed using the same
procedure.

2.2.3 Preparation and Testing of Specimens

Hot mix Asphalt concrete was batched by weight making
use of the real component ratios in Table 1 and Table 2. A
total of 30 different samples were prepared. 15 sample types
were taken to represent design points and the results from
these points were used for the model fitting while another
15 different sample types were prepared using data from
the control points and their results were used for the model
testing. All mixing and compaction of asphalt concrete were
carried out by ASTM D8079-16 [32]. Stability and flow tests
were carried out by the procedures described in ASTM D6927
[33], the standard test method for Marshall stability and flow of
bituminous mixtures. Using the Marshall testing machine, the
Marshall stability values were recorded when the specimens
were loaded at constant strain (50.8 mm per minute) to failure
and at a preheated temperature of 60 °C. While the stability

test at the failure point was in progress, the dial gauge was used
to measure the corresponding vertical deformations known
as Marshall flow values of the specimen expressed in units of
0.25 mm.

2.2.3 Determination of Model Coeflicients

From the principle of Scheffe’s theory, the number of design
points required for model fitting as shown in Table 1 must be
equal to the number of model coefficients in the polynomial
equation (Eq. I) [24-29]. From this relationship, the coefhicient
of the polynomial equation can be related to the expected
experimented responses at the design points as in Eq. 5. In this
study, the model coefficients were obtained based on Egq. 5.
using the experimental responses at the design points.

91' = Ui and HU = 4vij — Zvi — 217} (5)

3. Results

3.1 Material characterisation

Particle size distribution of fine and coarse aggregates used in
this study are given in Fig. 3 and 4 respectively while volumetric
properties of asphalt concrete components are presented in
Table 3., Tables 4 and 5 present the properties of bitumen used
and compound compositions of CTD respectively.

100 *—0—o

Percent finer (%)
w
o

100 10 1 0,1 0,01

Apperture size (mm)

Fig. 3 Particle size distribution curve for fine river sand
3. dbra  Finom folyami homok szemcseméret-eloszldsi gorbéje

100

Percent finer (%)

100 10 1 0,1 0,01

Aperture size (mm)

Fig. 4 Particle size distribution curve for granite
4. dbra  Grdnit szemcseméret-eloszldsi gorbéje

Property Sand Granite Bitumen QD CTD
Specific gravity 1.64 2.64 1.04 1.47 118
Bulk density (kg/m?) 1635 1386 1040 1588 1373
Coefficient of uniformity 16.67  2.14
Coefficient of gradation 1.13 1.08

Table 3 Asphalt concrete’s component volumetric properties
3. tabldzat Az aszfaltbeton komponenseinek térfogati tulajdonsdgai
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— Unit Test Method Value 3.2 Experimental Responses for Stability and Flow

Table 6 presents the experimental results for stability, S an
Softening point °c BS EN 1427 539C ble 6 pre p tal resu stability, S and

flow, F of asphalt mix at the 15 design points while Table 7
Penetration 0.1 mm BS EN 1426 68 shows the same stability, Sy and flow, F results but with their
respective pseudo and actual mix components. These values
would be used for the determination of coefficients of the

Table 4 Bitumen properties proposed stability, Sr and flow, F models. Maximum and
4 tabldzat A bitumen tulajdonsdgai minimum obtainable responses within the factor space of
the simplex would be defined by these values. Experimental

@ y - ition b responses at the control points are also presented in Table 8
sl el U T and will be used for the model testing.

Flash point °Cc BS EN 22592 250°C

Sio, 53.57

V05 0.09 3.3 Model Formulation

Cr,0; 0.09 Stability and flow experimental data from Tables 7 and 8

MnO 0.08 were used to fit the simplex lattice polynomial model equations
in Eq. 1 based on the relationships in Eq. 5. The resulting

Fe;0; 8.27 model coefficients for Stability, Sy were as follows: 6,=6.868;

C0:0, 0.05 0,=7.954; 6:=7.757; 0,=10.216; 0;=7.200; 6:,=6.992; 0,5=0.910;

Nb.O 0.01 0,,=19.688; 0,5=15.044; 0,;=24.646; 6,,=14.296; 0,5=—1.700;

2 : 934225.726; 6352—5.398; 645=28560 While that of FIOW, F were:
S0, 0.48 60,=4.325; 6,=3.180; 0:=3.135; 0,=5.025; 05=5.515; 6,,=4.850;
Cca0 15.29 613=8.480; 0142—7.600; 6152—0.800; 623=]..590; 624=3.710;
.0 204 025=—3.310; 934=5.040; 035=+0.980; 645=—3.280. Therefore, if

2 i the five vertices of the {5,2} simplex lattice are represented in
Al;05 15.47 the pseudo form as U,, U, Us, U, and Us respectively, then the
Ta,0s 0.03 resulting Scheffe’s polynomial model equations for predicting
10 170 Stability, S and Flow, F are given as:

’ Sy = 6.868U, + 7.954U, + 7.757Us + 10.216U, + 7.200Us
Zno 0.44 + 6.992U,U, + 0.9100U,U; + 19.688U,U, + 15.044U,U;
Ba0 0.22 + 24.646U,Us + 14.296U.U, - 1.700U,Us + 25.726UsU; -
Zr0, 0.53 5398U3 U5 + 28560U4U5 (6)
wo, 001 F = 4.325U, + 3.180U, + 3.135U; + 5.025U; + 5.515U; +

4.850U,U, + 8.480U,U; - 7.600U,U, — 0.800U,Us + 1.590U,U;

Table 5 Chemical composition of CTD + 3.710U0,U; - 3.310U0,Us + 5.040U;Us+  0.980U:Us -
5. tabldzat A CTD kémiai dsszetétele 3.280 U4 U5 (7)

No of

Stability - Averf:_ge COrre_c _ted 2O f_low Average Time to failure
SN Stability deflections Stability (kN) stability stability deflections Flow (mm) T ) s)
factor (0.042kN) (kN) (kN) (0.01mm)
a b ST a b
Vi 0.948 160 185 6.720 7.770 7.245 6.868 3474 347.0 3.474 3.470 3.472 12.480 15.320
V2 0.855 194 249 8.148 10.458 9.303 7.954 268.3 288.3 2.683 2.883 2.783 11.970 13.110
V3 0.861 175 254 7.350 10.668 9.009 7.757 218.6 238.6 2186 2.386 2.286 16.240 14.550
V4 0.849 270 303 11.340 12.726 12.033 10.216 250.6 230.6 2506 2.306 2.406 16.240 12.240
V5 0.855 195 206 8190 8.652 8421 7.200 310.5 316.5 3.105 3.165 3.135 14.290 10.930
V6 0.874 265 234 11130 9.828 10.479 9.159 225.8 2458 2.258 2.458 2.358 15.820 14.190
V7 0.880 185 223 7770 9.366  8.568 7.540 210.0 250.0 2100 2.500 2.300 13.360 12.480
V8 0.912 398 305 16.716 12.810 14.763 13.464 284.3 264.3 2.843 2.643 2.743 10.900 11.920
) 0.981 244 280 10.248 11.760 11.004 10.795 227.0 223.0 2270 2.230 2.250 11.600 13.950

V10 0.973 330 356 13.860 14.952 14.406 14.017 330.1 3101 3.301 3.101 3.201  12.070 10.670
vii 1.003 237 364 9.954 15.288 12.621 12.659 3170 319.0 3.470 3.190 3.180 14.840 12.180
V12 0.880 185 202 7770 8484 8127 7.152 3831 3791 3.831 3.791 3.811 9.550 10.990
Vi3 1.003 380 352 15.960 14.784 15.372 15.418 2815 2915 2815 2915 2.865 10.300 10.600
V14 0.813 179 180 7518 7560  7.539 6.129 337.2 3172 3372 3172 3.272 15.770 12.220
V15 0.941 368 434 15456 18.228 16.842 15.848 3706 3766 3.706 3.766 3.736 11.270 13.180

Table 6  Stability and flow experimental test results at design points
6. tdbldzat ~ Stabilitdsi és dramldsi kisérletek vizsgdlati eredményei a tervezési pontokon
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Pseudo Component

Actual component

T. Ts Ts Ts Stability (kN)  Flow (mm)
V, 1 0 0 0 0 0.040 0.480 0.4608 0.01536 0.00384 6.868 3.472
V, 0 1 0 0 0 0.045 0.5133 0.4207 0.0126 0.00840 7.954 2.783
Vs 0 0 1 0 0 0.050 0.5463 0.3816 0.0089 0.01330 7.757 2.286
V, 0 0 0 1 0 0.055 0.5788 0.3433 0.0046 0.01830 10.216 2.406
Vs 0 0 0 0 1 0.060 0.611 0.306 0.0230 0.0000 7.200 3.135
Vs 0.5 0.5 0 0 0 0.043 0.497 0.441 0.0140 0.0060 9.159 2.358
V; 0.5 0 0.5 0 0 0.045 0.5132 0.4212 0.0121 0.00857 7.540 2.300
Vs 0.5 0 0 0.5 0 0.0475 0.5294 0.4021 0.0100 0.01107 13.464 2.743
Vo 0.5 0 0 0 0.5 0.0500 0.5455 0.3834 0.0192 0.01075 10.795 2.250
V1o 0 0.5 0.5 0 0.0475 0.5298 0.4012 0.0108 0.01085 14.017 3.201
\" 0 0.5 0 0.5 0.0500 0.5461 0.3820 0.0086 0.01335 12.659 3.180
Vi 0 0.5 0 0 0.5 0.0525 0.5622 0.3634 0.0178 0.0042 7.152 3.811
Vis 0 0 0.5 0.5 0 0.053 0.5630 0.3620 0.0070 0.0160 15.418 2.865
Via 0 0 0.5 0 0.5 0.055 0.5790 0.3440 0.0160 0.0070 6.129 3.272
Vis 0 0 0 0.5 0.5 0.058 0.5950 0.3250 0.0140 0.0090 15.848 3.736

Table 7 Stability and flow test trial mix results with pseudo and actual components at design points
7. tdbldzat  Stabilitdsi és dramldsi probakeverékek eredményei pszeudo- és tényleges komponensekkel a tervezési pontokon

Pseudo Component

Actual component

Response Experimented Experimented

U, U, Us U, Us T. Ts Ta Symbol Sr (kN) F (mm)
1 0.333 0.333 0.333 0.000 0.000 0.0450 05132 0.4210 0.0123 0.0085 vC1 11.697 2.502
2 0.333 0.333 0.000 0.333 0.000 0.0467 0.5240 0.4082 0.0109 0.0102 VC2 12.536 2.712
3 0.333 0.000 0.333 0.333 0.000 0.0483 0.5350 0.3952 0.0096 0.0118 vC3 13.156 2.617
4 0.333 0.333 0.000 0.000 0.333 0.0483 0.5347 0.3958 0.0170 0.0041 VC4 9.399 2.692
5 0.250 0.250 0.250 0.250 0.000 0.0475 0.5296 0.4016 0.0104 0.0110 VC5 13.368 2.717
6 0.250 0.250 0.250 0.000 0.250 0.0490 0.5380 0.3920 0.0150 0.0060 VC6 9.815 2.802
7 0.250 0.250 0.000 0.250 0.250 0.0500 0.5458 0.3827 0.0139 0.0076 VC7 13.288 3.063
8 0.000 0.250 0.250 0.250 0.250 0.0525 0.5624 0.3629 0.0123  0.0100 vC8 13.597 3.697
9 0.300 0.100 0.200 0.200 0.200 0.0495 0.5426 0.3865 0.0132 0.0083 VC9 12.821 2.805
10 0.200 0.200 0.100 0.300 0.200 0.0505 0.5491 0.3787 0.0125 0.0093 VC10 13.417 3.128
11  0.200 0.200 0.200 0.100 0.300 0.0505 0.5491 0.3788 0.0148 0.0069 vC11 12.047 3.064
12  0.200 0.200 0.200 0.200 0.200 0.0500 0.5459 0.3825 0.0129 0.0088 VC12 13.337 3.025
13 0150 0.250 0.200 0.200 0.200 0.0500 0.5480 0.3800 0.0130  0.0090 VC13 13.396 3.127
14  0.200 0.200 0.450 0.250 0.200 0.0050 0.5480 0.3810 0.0130  0.0090 VC14 13.741 3.091
15  0.250 0.200 0.200 0.200 0.150 0.0490 0.5390 0.3900 0.0130  0.0090 VC15 13.878 2.913

Table 8 Stability (ST) and flow (F) and corresponding pseudo and actual components at control points
8. tabldzat  Stabilitds (ST) és dramlds (F), valamint a megfeleld pszeudo és tényleges komponensek az ellenrzési pontokon

3.4 Model Validation

Table 9 shows model residuals which is the difference
between the respective experimental response and model
predicted response of stability and flow, while Fig. 5 and 6
show a normal probability plot of the same model residuals
for stability and flow respectively. The test of the adequacy of
the proposed stability and flow models was carried out using
the F-test and Analysis of Variance based on experimental and
model-predicted responses at the 15 control points. Tables 10
and 12 present the result of the F-test while Tables 11 and 13
show the results of the Analysis of Variance for stability and
flow respectively. The null hypothesis for both tests was that
there is no significant difference between experimental and

model-predicted responses at the control points while the
alternative hypothesis was that there is a significant difference
between the two sets of values. From the F-Test results in Tables
10 and 12, the F-value for stability and flow are 1.030 and
1.058 respectively, and less than the corresponding F-Critical
values which are 2.484 and 2.484. These indicate that the null
hypothesis for the two tests can not be rejected. Thus, there was
no significant difference between the experimental responses
and their respective model-predicted responses. Thus, there
was no significant difference between the experimental
responses and their respective model-predicted responses.
Statistics from the result of the Analysis of Variance test for
stability and flow in Tables 11 and 13 also show that F-values
(0.058 and 0.0033 respectively) are less than the corresponding
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Control Point Stability, ST (kN) Flow, F (mm)
Experimental Predicted Residual % Error Experimental Predicted Residual % Error
Response Response Response Response

Ver 11.367 11.143 0.224 1.973 2.502 2.544 -0.042 1.674
Ve 12.857 12.899 -0.042 0.330 2.712 2.718 -0.006 0.225
Ve 13.497 13.427 0.070 0.519 2.617 2.608 0.009 0.361
Vea 9.551 9.600 -0.049 0.512 2.692 2.698 -0.006 0.239
Ves 13.940 13.965 -0.025 0.181 2.717 2.793 -0.077 2.830
Ves 9.914 9.975 -0.061 0.613 2.802 2.839 -0.037 1.303
Ver 13.839 13.239 0.600 4.335 3.063 3.045 0.018 0.588
Ves 13.617 13.665 -0.048 0.352 3.697 3.690 0.007 0.189
Voo 12.922 12.939 -0.017 0.130 2.805 2.850 -0.045 1.597
Veio 14.119 13.986 0.133 0.940 3.128 3.112 0.016 0.497
Veur 11.740 11.527 0.213 1.816 3.064 3.055 0.008 0.274
Veiz 13.147 13.149 -0.002 0.015 3.025 3.065 -0.040 1.313
Veis 13.285 13.202 0.083 0.622 3.127 3.195 -0.068 2.183
Veia 13.849 13.632 0.217 1.564 3.091 3.094 -0.003 0.090
Veis 13.121 13.157 -0.036 0.278 2.913 2.935 -0.022 0.761

Table 9 Model residuals for Stability and Flow at control points
9. tablazat A stabilitdsra és az dramldsra vonatkozé modell maradékai az ellendrzési pontokon

F-critical values (4.196 and 4.196), and their P-values (0.811 9 7 / 7 Ve 00008
and 0.857) are greater than 0.05. Hence, the proposed model // / f»sz" °?§E
is adequate for the prediction of stability and flow of asphalt % / /* Pvalue 0824
. . . /
concrete incorporating CTD as partial replacement for filler. * / ’//
.
80 / / /
o/ /
Experimental Response Predicted Response 70 / /
- /
Mean 12.758 12.634 g sg /o
Variance 2.016 1.957 & 40 v
Observations 15.000 15.000 z‘; /
df 14.000 14.000 /
F 1.030 1
5
P(F< =f) one-tail 0.478
F Critical one-tail 2.484 .
Mean 12.758 12.634 e Residoal "
Variance 2.016 1.957
_ Fig. 5 Normal probability plot of stability model residuals at control points
Observations 15.000 15.000 5. dbra A stabilitdsi modell maradvinyainak normdl valdszintiségi dbrdja az
df 14.000 14.000 ellendrzési pontokon
Table 10 F-test result for experimental response and model predicted response of 99 7 v
Stability at control points / / / SN
Ly p / Y, / StDev 003059
10. tabldzat F-préba eredménye a kisérleti vélasz és a modell dltal megjosolt stabilitds /. /’ " 0488
valaszdra az ellenérzési pontokon 95 / / P-Value 0192
EY / 1%
Groups Count Sum Average Variance w ,/
Experimen- 15.000 191.365 12.758 2.016 7 /:/
tal flow % s0] /o %
)
Predicted 15.000 189.505 12.634 1.957 g 50~ / /’
Model o 40 S/ )
X 30 o/ /
Source of Sumof Degree of Mean F-value P- F crit 2 )
Variation Square Freedom Square value /
Between 0.115 1.000 0.115 0.058 0.811 4.196 10 .// /
Groups 5 / o/
Within  55.627 28.000  1.987 / /
Groups 1 / y
-0.15 -0.10 005 0.00 005 0.10
Total 55.743  29.000 Residual
Table 11 Analysis of Variance (single factor) for experimental and model response of
Stability at control points Fig. 6 Normal probability plot of flow model residuals at control points
11. tablézat. Varianciaanalizis (egytényezds) a stabilitds kisérleti és modellvilaszdra az 6. dbra Az dramldsi modell maradvdnyainak normdl valésziniiségi dbrdja az
ellendrzési pontokndl ellenérzési pontokon
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Experimental Predicted
Response Response

Mean 2.930 2.949
Variance 0.086 0.081
Observations 15 15
df 14 14
F 1.058
P(F< =f) one-tail 0.459
F Critical one-tail 2.484
Mean 2.930 2.949
Variance 0.086 0.081
Observations 15 15
df 14 14

Table 12 F - test result for experimental response and model predicted response of flow
at control points
12. tdblézat F - a kisérleti vilasz és a modell dltal eldre jelzett dramldsi vélasz vizsgdlati
eredménye az ellendrzési pontokon

Groups Count Sum Average Variance
Experi- 15 43.954 2.930 0.086
mental
flow
Predicted 15 44.241 2.949 0.081
Model
Source of Sum of Degree of Mean F - value P- F crit
Variation Square Freedom Square value
Between 0.003 1.000 0.003 0.033 0.857 4.196
Groups
Within 2.334  28.000 0.083
Groups
Total 2.337  29.000

Table 13 Analysis of Variance (single factor) for experimental and model response of
flow at control points
13. tablézat Varianciaanalizis (egytényezds) az dramlds kisérleti és modellvdlaszdra az
ellendrzési pontokndl

4, Discussion

From Table 3, the specific gravity and bulk density of CTD
are 1.18 and 1373 kg/m’ while the respective values for sand are
1.47 and 1588 kg/m’. These values show that the specific gravity
and bulk density of CDT are slightly lower than those of QD
indicating that CTD is alighter filler material than QD. This tends
to enhance the cohesion of the asphalt mix. Results from Figures
3 and 4 of the uniformity coefficient and coefficient of gradation
show that both fine aggregate and coarse aggregate used are
well-graded. This is because their uniformity coeflicients were
greater than 4.0 and their coefficient of gradation is between

1.0 and 3.0 [34]. Using well-graded aggregates also ensures
the production of asphalt mix with good performance because
aggregate gradation affects the performance of resulting asphalt
concrete and cement concrete [35].

From Tables 7 and 8, it could be observed that asphalt mix
with a high percentage of CTD is characterised by high stability
and the corresponding flow. This shows that the incorporation
of CTD as filler improves the stability and flow of the resulting
asphalt mix. This is not surprising because it has been reported
elsewhere [15, 36]. The chemical composition of CTD as
presented in Table 5 is typical of ceramic waste materials [24,
27, 37] and possesses SiO,, Fe;O;, CaO and Al,Os as the major
oxides. The presence of these compounds indicates that there
are traces of tricalcium silicate, dicalcium silicate, tricalcium
aluminate and tetracalcium aluminoferrite, and this is likely to
be responsible for the pozzolanic property of CTD [36] which
enhanced bonding in asphalt mix and hence is responsible for
the improved stability and flow.

Using Schefte’s simplex lattice theory, the polynomial model
equations have been formulated for predicting the stability and
flow of asphalt mix incorporating CDT as a partial replacement
for QD filler. The models have been tested and confirmed to be
adequate based on statistical values from the F-test and Analysis
of Variance. As additional confirmation, the normal probability
plots of stability and flow in Figures 5 and 6 respectively show
close distribution of the model residuals along the reference
line and the respective plots have P-values of 0.824 and 0.192
which are far greater than the alpha level of 0.05. Hence the
null hypothesis - that the model residuals follow a normal
distribution - cannot be rejected and this justifies the use of
Analysis of Variance [24, 27]. The quality of the proposed
models can also be seen when comparing the percentage
difference between experimental responses and their respective
predicted model responses at the control points as presented in
Table 9. The differences are generally low with the highest value
being 4.335% and 2.83% for stability and flow respectively.

5. Conclusion

In this study, the use of CTD as a replacement for QD in hot
asphalt mix has been investigated. Results of laboratory tests
show that the incorporation of CTD improves the stability
and flow of the resulting asphalt mix, and this is attributed
to the pozzolanic property of CTD which enhances bonding
and hence reduces void ratio. Using Scheffe’s simplex lattice
theory, polynomial model equations have been formulated for
predicting the stability and flow of asphalt mix incorporating
CDT as a partial replacement for QD filler. The models have
been tested and confirmed to be adequate based on the
statistical values from the F-Test, Analysis of Variance, and
normal probability distribution plot of model residuals.

Acknowledgement

The authors acknowledge no financial support from any
organisation for the PhD studies of Joseph Samuel.

Vol. 76, No. 2 = 2024/2 = . 51



épitoanyag - Journal of Silicate Based and Composite Materials

Reference

[1] Woszuk, A., Bandura, L., Franus, W. (2019). Fly ash a low cost and
environmentally friendly filler and its effect on the properties of flexible
pavement. Journal of Cleaner Production. 235: 493-502.

[2] Sinha, S. & Mahto, S. K. (2022). Application of marble dust and ground
granulated blast-furnace slag in emulsified asphalt warm mixture. Journal
of Cleaner Production. https://doi.org/10.1016/j.jclepro. 2022.133532

[3] Ambrose, E. E. & Forth, J. P. (2018). Influence of relative humidity on tensile
and compressive creep of concrete amended with ground granulated blast-
furnace slag. Nigerian Journal of Technology. 37 (1): 19-27.

[4] Oba, K. M. (2019). A mathematical model to predict the tensile strength of
asphalt concrete using quarry dust fillers. International Journal of Science
& Engineering Research. 10 (2): 1491-1498.

[5] Ambrose, E. E., Ekpo, D. U,, Umoren, I. M., & Ekwere, U. S. (2018).
Compressive strength and workability of laterised quarry sand concrete.
Nigerian Journal of Technology. 37 (3): 605-610.

[6] Oikonomou, N. D. (2005). Recycled concrete aggregates. Cement and
Concrete Composite. 27(2): pp.315-318.

[7] Shruthi, H. G., Gowtham, M. E., Samreen, T. and Syed, R. P. (2016). Reuse
of ceramic wastes as aggregate in concrete. International Research Journal
of Engineering and Technology, 3(7): 115-119.

[8] Senthamarai, R. M. and Devadas, M. P. (2005). Concrete with waste
aggregate. Cement and Concrete Composite, 27: pp.910-913.

[9] Halicka, A., Ogrodnik, P, & Zegardlo, B. (2013). Using ceramic sanitary
ware waste as concrete aggregate. Construction and Building Materials. 48:
295-305. https://doi.org/10.1016/j.conbuildmat. 2013.06.063.

[10] Vaghadia, B. K., & Bhatt, M. R. (2016). A study on the effect of waste
ceramic tiles in flexible pavement. International Journal of Advance
Engineering and Research Development. 3 (10): 26-28.

[11] Onyia, M. E., Ambrose, E. E., Okafor, E. O., Udo, J. J. (2023). Mathematical
modelling of compressive strength of recycled ceramic tile concrete using
modified regression theory. Journal of Applied Science and Environmental
Management. 27 (1): 33-42.

[12] Patel, J. V., Varia, H. R, & Mishra, C. B. (2017). Design of bituminous
mix with partial replacement of waste ceramic
tiles material. International Journal of Engineering Research and
Technology. 6(4): 725-755.

[13] Ambrose, E. E., Ogirigbo, O. R., Ekop, I. E. (2023). Compressive strength
and resistance to sodium sulphate attack of concrete incorporated with
fine aggregate recycled ceramic tiles. Journal of Applied Science and
Environmental Management. 27 (3): 465-468.

[14] Huang, Q. Qian, Z., Hu, J., & Zheng, D. (2020). Evaluation of stone
mastic asphalt containing ceramic waste aggregate for cooling asphalt
pavement. Materials. 13(13), 2964.

[15] Silvestre, R., Medel, E., Garcia, A., Navas, J. (2013). Use of ceramic wastes
from the tile industry as a partial substitute for natural aggregate in hot mix
asphalt binder courses. Construction and Building Materials. 45: 115-122.

[16] Muniandy, R., Ismail, D. H., Hassim, S. (2017). Performance of recycled
ceramic waste as aggregate in hot mix asphalt (HMA). Journal of Material
Cycles and Waste Management. https://doi.org/10.1007/s10163-017-0645-x

[17] Kara, C., Karacasu, M. (2017). Investigation of waste ceramic tile additive
in hot mix asphalt using fuzzy logic approach. Construction and Building
Materials. 141: 598-607.

[18] Olugbenga, O. J. (2019). Utilization of industrial waste products in the
production of asphalt concrete for road construction. Slovak Journal of
Civil Engineering. 27(4): 11-17.

[19] Fatima, E, Sahu, S., Jhamb, A., Kumar, R. (2014). Use of ceramic waste
as filler in semi-dense bituminous concrete. American Journal of Civil
Engineering and Architecture. 2(3): 102-106.

[20] Shamsaei, M., Khafajeh, R., Tehrani, H. G., Aghayan, I. (2019).
Experimental evaluation of ceramic waste filler in hot mix asphalt. Clean
Technologies and Environmental Policy.
https://doi.org/10.1007/s10098-019-01788-9

[21] Serin, S., Onal, Y., Kayadelen, C., Morova, N. (2023). Utilization of
recycled concrete and ceramic waste as filling materials in hot mix asphalt.
Periodica Polytechnica Civil Engineering.
https://doi.org/10.3311/PPci.21352

and without

= 2024/2 = Vol. 76, No. 2

[22] Anya, U. C. (2015). Models for predicting the structural characteristics
of sand-quarry dust blocks [dissertation]. Nsukka, Nigeria: University of
Nigeria.

[23] EN-EUROPAISCHE, N. O. R. M. (1995). Tests for Geometrical Properties
of Aggregates. Part 2: Determination of Particle Size Distribution. Test
sieves, nominal size of apertures. Bruxelles. Test Designation: EN, 933-2.

[24] Ambrose, E. E., Okafor, E. O., & Onyia, M. E. (2021). Scheffe’s models for
optimization of tensile and flexural strength of recycled ceramic tile aggregate
concrete. Engineering and Applied Science Research. 48 (5): 497-508.

[25] Attah, 1. C., Okafor, E. O., & Ugwu, O. O. (2021). Optimization of
California bearing ratio of tropical black clay soil treated with cement kiln
dust and metakaolin blend. International Journal of Pavement Research
and Technology. 14: 655-667.

[26] Akhnazarova, S., & Kafarov, V. (1982): Experiment Optimization in
Chemistry and Chemical Engineering, MIR Publishers, Moscow.

[27] Ambrose, E. E., Okafor, E O., & Onyia, M. E. (2021). Compressive strength
and Scheffe’s optimization of mechanical properties of recycled ceramics
tile aggregate concrete. Epitoanyag-Journal of Silicate Based & Composite
Materials. 73 (3): 91 - 102.
https://doi.org/10.14382/epitoanyag-jsbcm.2021.14

[28] Attah, I. C. - Etim, R. K. - George, U. A. - Bassey, O. B. (2020);
Optimization of mechanical properties of rice husk ash concrete using
Scheffe’s theory, SN Applied Sciences, Vol. 2 p.928.
https://doi.org/10.1007/s42452-020-2727-y.

[29] Attah, I. C. - Etim, R. K. - George, U. A. - Bassey, O. B. (2020); Optimization
of mechanical properties of rice husk ash concrete using Scheffe’s theory,
SN Applied Sciences, https://doi.org/10.1007/s42452-020-2727-y.

[30] Oba, K. M. (2019). A mathematical model to predict the tensile strength of
asphalt concrete using quarry dust filler. International Journal of Scientific
and Engineering Research. 10(2): 1491-1498.

[31]Eme, D. B., Nwaobakata C., & Ohwerhi, K. E. (2020). Prediction of
Stability and Flow Properties of Hot Mix Asphalt Using Cement as a Filler
Material. IOSR Journal of Mechanical and Civil Engineering (IOSR-JMCE),
Volume 17, Issue 1, PP 44-51.

[32] ASTM D8079-16 - Standard Practice for Preparation of Compacted Slab
Asphalt Mix Samples Using a Segmented Rolling Compactor

[33] ASTM D6931-17 - Standard Test Method for Indirect Tensile (IDT)
Strength of Asphalt Mixtures

[34] Ambrose, E. E., Etim, R. K., Koffi, N. E. (2019). Quality Assessment of
commercially produced concrete blocks in part of Akwa Ibom State.
Nigeria, Nigerian Journal of Technology. 38 (3): 586-593.

[35] Mkpaidem, N. U., Ambrose, E. E., Olutoge, E A., Afangideh, C. B.
(2022). Effect of coarse aggregate size and gradation on workability and
compressive strength of plain concrete. Journal of Applied Science and
Environmental Management. 26 (4): 719-723.

[36] Usanga, I. N., Okafor, F. O., Ikeagwuani, C. C. (2023). Investigation of the
performance of hot mix asphalt mix enhanced with calcined marl dust
used as filler. International Journal of Pavement Research and Technology.
https://doi.org/10.1007/s42947-023-00323-w

[37] Subasi, S., Ozturk, H., Emiroglu, M. (2017). Utilization of waste ceramic
powders as filler materials in self-consolidating concrete. Construction
and Building Materials. 149: 567-574.

Ref.:

Samuel, Joseph - Okafor, E O: Optimization of stability and flow of
modified asphalt concrete using ceramic tile waste and quarry dust
Epit8anyag - Journal of Silicate Based and Composite Materials,
Vol. 76, No. 2 (2024), 44-52 p.
https://doi.org/10.14382/epitoanyag-jsbcm.2024.5


https://doi.org/10.1016/j.jclepro. 2022.133532
https://doi.org/10.1016/j.conbuildmat. 2013.06.063
https://doi.org/10.1007/s10163-017-0645-x 
https://doi.org/10.1007/s10098-019-01788-9
https://doi.org/10.3311/PPci.21352
https://doi.org/10.14382/epitoanyag-jsbcm.2021.14
https://doi.org/10.1007/s42452-020-2727-y
https://doi.org/10.1007/s42452-020-2727-y
https://doi.org/10.1007/s42947-023-00323-w

28

Sustainable utilization of mine tailing
in stabilizing expansive soils for
construction purposes; a review

AO ODUMADE = Department of Civil Engineering, AE-FUNAI = adeodumade00@gmail.com
Erkezett: 2023. 12. 29. = Received: 29. 12. 2023. = https://doi.org/10.14382/epitoanyagjsbcm.2024.6

Abstract

The problems posed by expansive soil due to the presence of their clay minerals which makes
them exhibit the shrink - swell properties have hitherto made them unfit for use as construction
materials in their natural state. Different stabilizing materials have been considered to improve
the performance of expansive soil such as cement, lime and other additives. Mine tailings which
are residues of mineral extractions from mineral ore have also been considered in stabilization by
different researchers. This review seeks to explore the failures of expansive soil and performance
in construction when stabilized with different mine tailings such as gold tailings, iron - ore
tailings, boron tailings and other industrial wastes; their properties, compositions and effect on
the engineering performance of the soil. Effort has been made to also discuss the hydraulic
conductivity and the environmental impact of the stabilized matrix. The review establishes that
mine tailing when used in the presence of a more cementitious additives can serve to improve
the performance of expansive soil and other lateritic soil for use as construction materials, while
reducing the coefficient of hydraulic conductivity and also increasing the pH of the stabilized
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1. Introduction

Mining industries have become very fundamental to the
development of human society, having a great influence on the
economies of many nations. Mining processes cover different
materials from crude oil to mineral ores producing different
tailings such as copper tailings [1, 2], iron ore tailings [3, 4, 5],
gold mine tailings [6, 7], Boron waste [8]. The basic mining
extraction process of metals from mineral ore in the mining
industry are shown in Fig. 1.

Mine tailings are the byproducts accumulates in mining
industry, they come by in large quantities and in slurry
form with high content and compressibility as a result of
the exploitation and use of mineral resources [9]. After the
mining of mineral ore, the desired mineral or metals are
extracted from the ore, the left — over composite materials are
then discharged as tailings in slurry form with the associated
process water, which often contain processing chemicals [10].
Most tailings are deposited into an open space or tailing
damps via pumping or piping, these open deposits eventually
become environmentally hazardous, and therefore requires
attention to save the environment. The necessities to solve
this environmental problem and to also explore alternative
and cheaper construction materials have led several authors
to consider these materials often considered waste as likely
alternative materials in construction industry.

It is established by [11] that the current research emphasis is more
on the utilization of materials that are considered as waste. The recent
urban development has necessitated the utilization of every available
material and space for construction, which includes that which is
called problematic soil like expansive soils. The necessity for the

consideration of environmentally friendly approach in exploiting
construction materials for road construction is addressed by [12],
which encourage the use of naturally occurring materials [13]
such as laterite, expansive soil etc. and also considers the materials
often regarded as wastes for replacement and stabilization purpose,
which have also proven to cause reduction in construction cost for
Civil Engineering projects [14, 15].

2. Overview of expansive soils

Expansive soils such as black cotton soils are peculiar for their
problematic nature and are normally encountered in different
Civil Engineering construction works such as embankment
construction, highways site, retaining walls backfills, etc.
their presence poses affecting the stability of such engineering
structures [ 16, 17]. These soils are commonly found in arid and
semi-arid regions of the tropical/temperate zones marked with
seasonal dry and wet conditions; and with low rainfall, poor
drainage and exceedingly great heat. Expansive soils swell in
the presence of water and shrink on dryness are found in different
regions of tropical zones. They are found in extensive deposits
in the Northern - Eastern axis of Nigeria mostly as black cotton
soils and are characteristically dark grey to black soil with high
content of clay, usually over 50% in which montmorillonite is
the principal clay mineral [18, 19]. Quite a lot of building and
road failures can be attributed to the seasonal volume change
(swell and shrinkage) of these expansive soils [16].

In Civil Engineering construction, expansive soil such as
black cotton soil (BCS) is unusable because of its seasonal
volume change and very low bearing capacity, but its use
can be aided by improving its properties through different
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stabilizing agents such as lime, cement or other stabilizers,
modifiers and additives. Stabilization involves mixing two or
more materials together and subjecting the mix to compaction
in order to improve the properties of the treated materials.
Stabilization of lateritic soils which includes expansive soils
has been established to be suitable in improving the engineering
properties of the soils, and different researches have been carried
out to validate this fact. Odumade [12] studied the performance
of cement — stabilized laterite for road construction in the
tropics; and they found cement to be effective in upgrading
laterite to meeting the requirements for road base course in the
tropics. Ashraf, et al [20] also considered cement in stabilizing
expansive soils and observed significant improvement in the
soils worthy of usage as road construction materials.

BASIC MINING TERMINOLOGY

Planned mine
outline

Fig. 1 Basic Mining Technology [72]
1. dbra  Alapvetd bdnydszati technoldgia [72]

Fig. 2 Dumping of mine tailings in the environment
2. dbra Bdnydszati zagy lerakdsa a kornyezetbe
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2.1 Failures of expansive soils

Expansive soils which are also known as problematic soils are
peculiar for the problems they pose for Engineers in their usage in
the construction industry which thereby make them unfit for use
in the construction industry [16, 21]. Huge damages have been
attributed to the black cotton soils in different nations where they
are found such as to buildings, roads and air field [22, 23, 24].
The failures associated to black cotton soil and other expansive
soils have been attributed to the presence of large quantity of
expansive clay minerals mainly montmorillonite which swells
when in contact with water and shrink on drying [16, 25, 26].

2.2 Volume change in expansive soil

Expansive soils tend to change volume when the moisture
content changes [26, 17] and cause several problems for
civil engineering infrastructure, which properties needs to be
improved by either a mechanical or chemical stabilization [27].
Escolano, etal, [28]; Willis, et al, [29] established that expansive
soils are prone to volume change which may result in the
settlement or heave of structures, making such materials
inappropriate in the design of soil structures. They considered
lime and its derivatives in stabilizing expansive clay and this
made the stabilized expansive soil useable in road construction.
The volume change of expansive soil was affirmed by [30]
to be detrimental to civil engineering structures constructed
on them, while posing great challenges to the Geotechnical
engineers. They explored the effect of Aluminium Chloride on
the geotechnical properties of expansive soil, and established
marked development of the soil strength at 2.5% AICI;,

The presence of expandable clay mineral such as
montmorillonite which has amorphology that shows expanding
clay lattice, has been established to play important role in
the influence of the clay diffuse double layers on expansive
soil volume change behaviour. Expandable clay minerals are
discovered to have weak intermolecular forces of attraction
between adjacent unit cells, but significant isomorphous
substitution during mineral formation that displays negative
surface charges, considerable cation exchange capacity, and
huge specific surface in terms of mass [21].

2.3 Collapsibility and Surficial failure of expansive soil

Zhai and Cai [31] established the collapsibility of expansive
soil at higher soil — water content, it is affirmed that at higher
soil — water content, the internal friction angle is 0°, and the
shallow layer tend to collapse and destroy. They analyzed the
strength characteristics and slope stability of expansive soils,
and discovered that the parameters of soil which have gone
through dry — wet cycle are influenced by atmosphere.

The surficial failure of expansive soil cutting slope was studied
by [32], they established that the surficial failure of most expansive
soil cutting slopes, subjected to the repeated wet — dry cycles, often
occurs during or after rainfall following a long drought. They also
concluded that the effective cohesion is a vital factor influencing
the occurrence of surficial failure of an expansion soil slope. The
deposits of black cotton soil in the field displayed a general pattern
of cracks during the dry season of the year. The cracks observed
averagely measured around 70 mm wide and over 1 m deep and
may extend up to 3 m? or more in case of high deposits [33].
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Fig. 3 Surficial cracks in expansive soil
3. dbra Feliileti repedések expanziv talajban

2.4 Swelling and shrinkage behaviour

The major characteristic of expansive soil that makes it quite
unsuitable for Civil Engineering construction is the swelling
and shrinkage behaviour which is due to the high presence
of problematic clay content and gives different expression
based on hydration state. The expansive soil tends to swell
in the presence of water, and shrinks as water is drains out
[34, 35, 21]. Mahrous, et al [36] considered the mineralogical
and geochemical properties to explain the swelling behavior of
smectite — rich, high plasticity soils by treating the soils with
fly ash and metakaolin — based geopolymers. They opined
that the mineralogical and geochemical properties improved
greatly, giving room to new chemical compound formations
and increased pH.

Different works have been done in discovering ways to
improve on laterite generally which includes expansive soils
in order to meet up with requirements for road construction,
as the need to incorporate locally sourced materials is
becoming increasingly high in road construction. Asuri and
Keshavamurthy [37] identified two common methods for
exploring the expandable clay lattice in expansive soil leading to
swelling and shrinkage behaviour, which are inferential testing
method and mineralogical identification methods. lkeagwuani
and Nwonu [21] referred to the inferential testing method as
either direct or indirect method. The direct method includes
the index tests to calibrate the index properties such as liquid
limit, shrinkage limit, plastic limit, and grain size analysis;
while indirect methods include the use of oedometer test, free
swell tests. The mineralogical identification method includes
microstructural tests such as X-ray diffraction analysis (XRD),
X-ray fluorescence (XRF), Fourier transform Infrared analysis
(FTIR), scanning electron microscopy test (SEM).

3. Emerging trends in the stabilization of
expansive soil with tailings

Mine tailings’ size and composition depend on the mining
method. For hardrock metal mines, tailings are usually a
very fine mud or powder often in slurry form, which is
left over after exploited mineral ore has been crushed and
desired minerals extracted from it, these ores will need to be
characterized to discover the breakdown of the minerals in
them. Nad and Saramak, [1] identified the mineral contents of
copper ore which were established by X-ray diffraction to be
three lithological types which include calcium and magnesium
carbonates, marlite shales with various contents of clay, and
sandstones with carbonate and clay binder. Tailings may
also contain chemicals used for mineral extraction. Tailings
are distinct from “waste rock”, which is the non-ore rock
which miners move and discard as they dig down to access
the underlying ore. They are also distinct from soil and
organic matter (collectively known as “overburden’), which
is removed from the surface above the ore deposit. Oil sands
production also produces tailings, which are substantially
different. Oil sands tailings are the residue which remains after
bitumen is separated from virgin oil sands.

The mining activities goes through a series of stages
such as exploration, excavation, beneficiation (crushing,
grinding, and removal of gangue), extraction processes;
hydrometallurgy which involves chemical leaching and use
of reagents, and electrometallurgy which involves electrolysis
and pyrometallurgy which involves high temperature
processes [38]. Mine tailings are generated in measures at
cach of these stages of mining operation. Rachman, et al [39]
defines tailing as waste generated from mineral processing;
they informed that the mineral processing is carried out by
amalgamation techniques that mix mineral ore with mercury
to form amalgam with water as a medium. They further opined
that in most occasions, tailings form a heap without further
processing, and there are several heavy metals contained in the
tailings from the amalgamation process, such as mercury, lead,
arsenic, cadmium etc. Mine tailings are the ore waste of mines,
and are typically a mud-like material. Worldwide, the storage
and handling of tailings is a major environmental issue. Many
tailings are toxic and must be kept perpetually isolated from
the environment. Scale of tailings production is immense,
since metal extraction is usually only quite a percentage for
every ton of ore. Wills [38] opined that the current practice
of managing mine tailings is discharging it in open air or into
tailing dams or in a tailing’s storage facility.

The slimy nature and presence of large quantity of sulphides
in tailings makes it to have to a great extent self — cementing
characteristics, which may not require the addition of cement
in certain usage such as filling of mined out areas and other
similar applications. The presence of the sulphides oxidizes in
contact with air to form fairly hard cement like crust [40]. The
mineralogy of mine tailings always contains every other metal of
the mineral ore except the extracted metals, and the recycling of
the mine tailings also vary in mineral and chemical constituents
based on the extracted minerals. The open-air dumping of
tailings globally has been seen to be hazardous in certain aspect,
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especially in the environment, and also pose a problem of land
use in the society. Mine tailings have therefore been explored for
use in the construction industry for different Civil Engineering
structures. The interaction of the tailings with other building
materials often alters the mineralogy of the matrix

3.1 Expansive soils with gold mine tailings

Roy et al. [41] investigated the effects of gold mine tailings
at different proportion and ordinary Portland cement on black
cotton soil and red soil for manufacturing bricks. It was
reported that although the strength of the bricks increased,
however, the soil — tailing bricks are more economical than
cement-tailings bricks and also resulted in increase in the
compressive strength. Mapinduzi, et al [6] also studied the
possibilities of reusing gold mine tailings as secondary
construction materials and phytoremediation, the tailing was
classified as alkaline silt materials of low plasticity with low
organic and nitrogen contents. Their findings showed that
the physical and chemical properties support the potential of
tailings for use as construction materials, supported by the
abundance of quartz which enhances resistance to extreme
weather conditions and durability; nevertheless, couldn’t meet
up for phytoremediation due to low mineral nutrient levels.

Consti- Gold Iron-deficient Iron-rich
tuents Tailings (%) gold tailings (%) gold tailings (%)
(Celik et al., 2006) (Roy et al., 2007) (Roy et al., 2007)

Cca0 0.39 8.4 7.6

Si0, 94.56 56.0 51.8

Al,Os 1.67 11.9 8.2

Fe,0; 1.87 10.2 18.9

Mgo 0.27 8.6 6.3

Na.O0 0.31 - -

S0, 0.09 - -

K.0 1.16 - -

TiO, 0.11 - -

P20s - - -

Loss on 2.0 3.9

ignition

Table 1 Chemical compositions of different gold mine tailings
1. tdbldzat Kiilonbozé aranybdnya-zagyok kémiai osszetétele

Dia, et al. [7] considered geopolymerization techniques
in stabilizing gold mine tailings in order to improve the
mechanical properties of the tailings for reuse as construction
materials; they did this for both fresh and weathered tailings,
their findings showed an optimal value on either side of
which the compressive and tensile strength decrease. It
was established by [42] that the performance of gold in the
tailing dumps is dependent on the gold forms in the rocks,
the extraction pattern and long-term storing of the tailing.
The physicochemical conditions in the environment, control
of the processes of dissolution, migration and growth of
gold is determined by the biological and chemical processes
combined with the climate and geological conditions. The
performance of the different variations of the gold tailings
depends on the mineral and chemical compositions. 7able 1
shows a comparison of the micro-structure between different
gold tailings.

3.2 Expansive soil with iron ore mine tailings

Etim, et al, [43] explored lime and iron ore tailings admixture
in stabilizing black cotton soil, they obtained optimum mix
at 8% lime/8% iron ore tailings, the stabilized soil with the
optimum mix was discovered to have strength increment
which is due to the presence of crystalline hydration products.
They established that the optimum mix of lime and iron ore
tailings is suitable to treat black cotton soil for use as sub base
material in the construction of low volume roads. Supritha, et
al [44] stabilized black cotton soil using iron ore tailings, and
obtained increased value of the specific gravity and strength
characteristics, while addressing the shrinkage limit to a
reasonable extent.

Manjunatha and Sunil [11] stabilized and solidified iron
ore mine tailings using cement, lime and fly ash, they also
investigated the leaching properties, and discovered that some
of the stabilized mix were found unable to provide the required
immobilization of pollutants, but the stabilization/solidification
and 28 days cured mine tailing of few mix with composite
binders significantly impaired the solubility of all contaminants
investigated and proved successful in fixing metals within the
matrix, in addition to achieving adequate UCS and hydraulic
conductivity. Table II shows a comparison of the micro-
structure between different iron — ore mine tailings.

Constituents Iron ore Iron ore tailing (%) Iron ore tailing (%) Iron ore tailing (%) Iron ore tailing (%) Iron ore tailing (%)
tailing (%) (Das et al, 2000) (Das et al, 2000) (Das et al, 2000) (Das et al, 2000) (Das et al, 2000)
(Modi, et al, 2014) -D1 - D2 -D3 - D4 -D5
ca0 0.08 0.12 0.08 0.25 0.36 0.33
Si0, 49.01 39.40 42.94 40.06 63.32 60.42
Al,0; 31.43 1.36 1.42 1.33 1.37 1.42
Fe,0; 14.77 55.61 52.05 55.32 32.31 34.81
Mgo 0.25 - - - - -
Na.0 0.17 - - - - -
zno 1.31 - - - - -
K.0 1.81 - - - - -
Loss on ignition 3.42 3.40 2.91 2.56 2.33

Table 2 Chemical compositions of different iron - ore mine tailings
2. tabldzat  Kiilonbozd vasérc banyazagyok kémiai osszetétele
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3.3 Expansive soils with Boron tailings

Boron waste containing clay waste have been validated to be
ideal in stabilizing soft subgrade soils, the boron tailing was
observed to contain more than 18% of B,Os, Boron waste was
concluded to improve the dynamic properties of the clays,
though the dynamic characteristics doesn’t vary with amount
of boron waste in the mixture, but increasing quantity of boron
waste in the mixture increases the initial shear modulus of the
clay montmorillonite up to 300% [45]. Gunes [46] considered
Bigadic zeolite which is a boron by-product to stabilize
expansive soil in order to reduce swelling potential, he affirmed
that the swelling potential and rate of swell reduced which was
aided by the curing periods.

Zhang, et al [8] considered the reuse of boron waste as an
additive in road base material considering the increase in the
amount of boron waste year by year; they considered lime and
cement in stabilizing the waste mixture. The results indicated
that the mechanical strengths of lime-stabilized boron waste
mixture satisfy the requirements of road base when lime
content is greater than 8% and can only be applied in non-
frozen regions as a result of its poor frost resistance; while
lime-cement-stabilized mixture can be used in frozen regions
when lime and cement contents are 8% and 5% respectively.

Thirumalai, et al [47] reviewed the stabilization of expansive
soil using industrial solid wastes, they concluded that the use of
industrial solid waste such as fly ash, granite and quarry waste,
cement and kiln dust, rice husk etc. improves the geotechnical
properties like index properties, compaction properties, UCS,
CBR and swelling properties of expansive soil.

3.4 Expansive soil with Slag

Mabhedi, et al, [48] evaluated the performance of cement and
slag stabilized expansive soils, they established that the use of
cement has become prevalent in stabilizing expansive soils but
cannot totally address the swelling potential of expansive soils
due to the presence of sulfate salts. They considered slag as an
additive in the presence of cement and discovered an improved
strength of soils about 4 to 10 times and decreased the swelling
potential to less than 1%. They established that additives
increase the pH up to a maximum value of 11 to 12. Cokca, et
al, [49] utilized granulated blast furnace slag (GBFS) and GBFS
- cement to stabilize expansive clays in order to overcome or
to limit the expansion of the expansive soil, the results gave
a positive outcome, successfully decreasing the swelling total
value, though increased the rate of swell. The predominant
effects of reduced clay content and frictional resistance was
discovered to be responsible for the increase in MDD and CBR
of expansive soil stabilized with granulated blast furnace slag
and fly ash as the GBFS content increases [50].

3.5 Expansive soil with Fly ash

Mashifana, et al [51] considered the use of lime - fly ash -
phosphogypsum in stabilizing expansive soil, they considered
the effect of the acid treatment on the geotechnical properties
and microstructure of expansive soil with phosphogypsum -
lime - fly ash - basic oxygen furnace slag paste, they observed
that the stabilized mix have a better geotechnical properties,

thereby giving a high strength which is associated primarily
with the formation of various calcium magnesium silicide and
coating by calcium silicate hydrate and calcium aluminate
hydrate, and the soil microstructure also improved due to
the formation of hydration products. They concluded that
the stabilized expansive soil met the specifications for road
subgrades, and subbase; and also provides solution to disposal
and environmental pollution challenges.

Mishra & Mishra [52] explored the use of fly ash with
black cotton soil, while comparing with the addition of ferric
chloride and sand dust independently with the black cotton
soil, they studied the behavior of each mixture and they
observed a reduction in the liquid limit and increment in the
plastic limit at addition of 2.5% FeCls, 15% fly ash and 25%
stone dust; indicating an increase in maximum dry density
and C.B.R value from 1.624 g/cm’ to 1.915 g/cm’ and 170.83%
respectively. This indicates an improvement in the properties
and strength of the black cotton soil mixed with the admixtures
and aided its use as construction materials and thereby also
reducing cost of construction.

3.6 Expansive soils with Lime

Reddy, et al [53] evaluated the use of lime and brick powder
mixture in stabilizing black cotton soil; they validated the fact
that the continual increase in the cost of lime has necessitated
the need to consider other alternatives and cost - effective waste
materials. They established that the mix of lime-stabilized black
cotton soil with brick powder yielded a significant increase in
CBR, and with the mix, it can be suitable in road construction,
and reduced the swelling and shrinkage characteristics of the
black cotton soil. This is validated by the work carried out in
Brazil by [34], they established that lime is one of the most
effective admixtures used to treat expansive soil, the cationic
exchange that occur reduces clay fraction while increasing
silt fraction and thereby makes lime very effective in reducing
significantly the free swell and swell potential as shown in Fig.
4and 5.

24%
20%
16%

12% mS-01

Free Swell (%)

8% =502
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0% 3% 6% 9%
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e

Fig. 4 Free Swell results (Leite, et al, 2016)
4. dbra  Free Swell eredmények (Leite et al, 2016)

Liet, et al [35] established that the curing time of expansive
soil stabilized with hydrated lime and bagasse fibres play
important role in the increment of compressive strength values,
as curing time and additive contents increase, the compressive
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strength increases; while the linear shrinkage decreases with
increasing hydrated lime content and bagasse fibres. The
effectiveness of lime in stabilizing expansive and soft clays can't
be overemphasized, but the brittleness often caused is a major
shortcoming in using lime [54].
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Fig. 5 Swell Pressure results (Leite, et al, 2016)
5. dbra A duzzaddsi nyomds eredményei (Leite et al, 2016)

3.7 Expansive soils with Geogrids

Suresh, et al [55] considered geogrids in stabilizing black
cotton soil, marine clay soil and Kuttanadan clay soils which are
all expansive soils as a means of consideration for construction
purposes, and they established the effectiveness of geogrids
in improving the performance of black cotton soil for use in
construction industry, they obtained an increment in CBR
between 50 — 200% above the natural expansive soils. Vessely
and Wu [56] established the effectiveness of geosynthetics
in reducing swelling of expansive soils by the embedment of
geosynthetic sheet in the soil. Soheil, et al, [54] has affirmed the
ability of geogrid in addressing the brittleness of lime stabilized
soft clay.

3.8 Expansive soils with quarry dust and other materials

Venkateswarlu, et al. [57] stabilized black cotton soil with
quarry dust and studied the performance of the eventual mix,
they observed reduction in both the liquid limit and plastic
limit at every percentage of Quarry Dust considered. The MDD
and cohesion were found to decrease while CBR was found to
increase as quarry dust increases. The deduction was made that
Quarry Dust up to 10% can be effective for strengthening the
expansive soil with a substantial save in cost of construction.
The effect of adding quarry dust and cement to Dadin - kowa
black cotton soil was studied by [58] and they classified the soil
to be low plastic clay and A-6 soil by AASHTO system which
makes it unsuitable to be used as base course material. The
CBR and UCS values were observed to increase being aided by
the hydration properties of the cement, thus meeting up with
required standard at a mixture of 6% cement + 20% quarry
dust. A conclusion is made that local waste materials ash can
be used at nano-scale to affect engineering soil for use and
improve the strength properties of soil [59].
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3.9 Expansive soil with mineral compounds

Obianigwe and Ngene [60] compared the results between
a cement stabilized clay, sodium chloride stabilized clay and
brick dust stabilized clay; and they established that the three
materials are good to go for the stabilization of clay as they
produced improve maximum dry density values. The effect of
stabilizing expansive soil with Potassium Chloride was studied
and it was found that the modification was favourable from
Civil Engineering’s point of view, the results were observed to
produce increment in the unconfined compressive strength
and shrinkage limit of the soil [61]. Katti, et al. [62] considered
different mineral compounds such as potassium chloride,
sodium chloride, magnesium chloride, barium chloride and
calcium chloride to stabilize expansive soil, and concluded
that potassium chloride (KCI) is relatively more effective in
comparison to other compounds. Al-Omari, et al. [63] added
more than 99% pure potassium chloride in expansive soil. It
was discovered that at the addition of KCl, optimum moisture
content reduced, liquid limit reduced and plasticity index of
the soil reduced, while increment was observed for the dry
density and plastic limit of expansive soil thereby improving
the performance of the stabilized mix.

4. Hydraulic conductivity properties of tailings
stabilized earthworks

Most researches on the use of mine tailings with other
additives such as cement, lime, fly ash etc. in stabilizing
expansive soil and other earth works have focused more on
the strength performance, but often do not pay attention to the
hydraulic conductivity (k—value) properties of the matrix. This
property is one important property that has a major impact on
the overall performance of construction materials in highway
and other Civil Engineering construction. The presence of a
stronger pozzolan such as cement or lime enhances the bonds
between the soil and the mine tailings and therefore reduces
the hydraulic conductivity [64, 65]. The interactions between
the materials are shown below in Fig. 6., Fig. 6a shows larger
pore spaces which increases rate of ingress of water, while the
formation of cementitious bonds is seen in Fig. 7b thereby
reducing the k-value. Gorakhki, et al. [64] attributes the
observed larger reduction in A—value for higher binder content
to enhanced microstructure development with formation of
cementitious bonds which reduces the void volume, thereby
obstructing the flow paths. In contrast, [66, 67] reported
increase in k—value as fly ash content increases when mixed
a silty clayey soil, and this was attributed to agglomeration
of the clay particles, binder hydration and cementation on the
overall soil structure and an increase in overall particle size
due to adding rounded, silt — size fly ash particles. Curing
period is also a factor that has been seen to affect A—value,
and it has been established that &—value tends to change within
the first 7 days of curing but remain unchanged or change
negligibly afterwards due to near complete binder hydration
within 7 days [64].
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Fig. 6 SEM images of BCS stabilized with sawdust ash and lime (a - natural BCS; b -
16% SDA + 2% lime; ¢ - 16% SDA + 4% lime; d - 16% SDA + 6% lime) - [21]
6. dbra  Flirészpor hamuval és mésszel stabilizdlt BCS SEM-felvételek (a - természetes
BCS; b - 16% SDA + 2% mész; ¢ - 16% SDA + 4% mész; d - 16% SDA + 6%
mész) - [21]

Fig. 7 SEM images at 2000x, 3000x and 4000x magnification (e natural BCS, f:
16%SDA + 2%lime, g: 16%SDA + 4%lime, h: 16%SDA + 6%lime, i:16%SDA
+ 4%lime, j: 16%SDA + 6%lime) - [21]
SEM képek 2000x, 3000x és 4000x nagyitdssal (e - természetes BCS, f - 16%
SDA + 2% mész, g - 16% SDA + 4% mész, h - 16% SDA + 6% mész, i -16%
SDA + 4% mész, j - 16% SDA + 6% mész) [21].
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Fig. 8 Schematics of (a) unamended and (b) binder-amended tailings (or soils)
based on a soil matrix that is either coarser-grained and/or non-plastic or
finer-grained and containing clay particles i.e., exhibits some plasticity [64]
8. dbra (a) modositatlan és (b) kotéanyaggal modositott zagy (vagy talaj) vizlata
durvdbb szemcséjii és/vagy nem képlékeny vagy finomabb szemcséjii és
agyagrészecskéket tartalmazo talajmdtrixon (vagy talajon) némi plaszticitdst
mutat [64]

4.1 Environmental impact of tailings stabilized earthworks

One of the problems often being solved by soil stabilization
is the environmental hazards of waste disposal amongst others
such as land use, cost of construction materials, availability etc.
It is therefore also necessary to be mindful of the environmental
impact of the stabilized matrix in the usage. Tailings are often
contaminated with certain heavy metals such as lead, zinc,
cadmium, sulphur, arsenic, alkaline or acidic conditions,
and solids which could lead to environmental pollution if
not properly managed [40], there could also be the presence
of toxic chemicals used in extraction. The dumping of the
tailings can lead to rendering the soil infertile; for revegetation
applications, ameliorative approach can be recommended
which improves the physical and chemical nature of the mine
tailings by using lime, organic matter such as pig manure with
the tailings [40]. While the organic matter aids the fertility
to support plant growth, the lime neutralizes and reduce the
acidic conditions.

The presence of heavy metals in the matrix which can
contaminate the groundwater by leaching is highly undesirable
and should be checked, the pH should also be considered. It
has been established that the use of a cementitious binder
reduces the hydraulic conductivity, increases the pH of the
matrix and neutralizes the heavy metals present in mine tailings
[69, 70, 71]. Another approach to inhibiting seepage of heavy
metals to groundwater requires the use of engineered landfills
in form of landfill liners, these acts barriers to heavy metals,
absorbing them and preventing them from contaminating
ground water. However, the tailings with high presence of
heavy metals should be avoided as much as possible to assure
the health condition of the people both during construction and
after construction. The use of mine tailings in dewatered state
is also encouraged to both increase mechanical properties and
aid the environmental safety of the tailings. Kuranchie [40]
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identified three common levels of dewatered tailings which are
(1) thickened tailings, which increases presence of solid to 50
— 70%; (ii) paste tailings, increase solid to 70 — 85% and (iii)
filtered tailings, increase solid above 85%.

Researchers are encouraged to carry out necessary
Geoenvironmental assessment of the matrix as applicable to
the materials used, in order to establish the mineralogy and
pH of the stabilized matrix. Tests such as FTIR, SEM, XRD,
XRF etc. can be carried out, also to check for the emission of
hydrogen sulphide after the stabilization process.

5. Conclusion

A literature review of the use of tailings and some other
industrial wastes in stabilizing expansive soil and other
lateritic soil has been explored in this work. The aim is to
review the performances of expansive soil and the use of the
different tailings which include other industrial wastes in soil
stabilization. Different mine tailings have been considered
such as iron - ore mine tailing, gold mine tailing, boron tailings
and other industrial wastes. Certain areas that might not have
received critical attention have also been reviewed such as
hydraulic conductivity, environmental impact assessment,
mineralogy of different tailings. It can be concluded from the
review done that mine tailings in the presence of cementitious
additive can serve as stabilizing agents to expansive soil
and other lateritic soils, thereby improving the mechanical
properties, geotechnical properties and the hydraulic
conductivity, while also addressing the environmental impact
of the stabilized matrix.
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Abstract

This study probed different ratios of carbon fibers (0.1, 0.2, 0.3 and 0.4%) by weight so as to
reinforce the geopolymer composites made from Water cooled slag and silica fume activated
by 6% sodium hydroxide using carboxylic superplasticizer in order to achieve a good dispersion
of fibers into the paste. Compressive as well as flexural strength are reported as mechanical
performance of the produced composites. Several techniques have been utilized to identify the
resulting geopolymer mineralogical phases and formed structure such as X-ray diffraction and
Fourier transform infrared spectra. The results yielded that both compressive as well as flexural
strength of the produced geopolymer composites perfectly enhanced by using carbon fiber
till 0.3 % by 152.9% and 56.6% respectively. Moreover, the drying shrinkage of the reinforced
composites decreased significantly compared with unreinforced one confirming the effective role
of fiber in limiting drying shrinkage.
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infravoros spektrum

1. Introduction

Geopolymers, also named “alkali-activated binders’, have
been introduced as a promising alternative to OPC with less
environmental impacts [1, 2]. Global cement production
reached 4.1 billion tonnes. However, the cement industry is
characterized by high levels of environmental pollution and
high energy consumption. To produce 1 ton of OPC; it generates
10,000 m” of dust and requires 3,300 MJ of energy [3, 4].

The production and use of OPC also lead to large CO,
emissions. In 2019, the cement industry accounted for about
10% of CO, emissions globally [5]. Geopolymers are typically
synthesized by the following reactions: Aluminosilicate
precursors e.g. clay minerals, solid waste and volcanic
ash activated with alkaline solutions such as (NaOH,
Na,SiO; solution), then cured at a specific temperature. The
precursor undergoes a geopolymerization process, Including
dissolution, rearrangement, condensation and resolidification
in concentrated solutions forming 3D polymeric chain and
ring structure consisting of Si-O-Al-O bonds network of
geopolymer.

In the present research the geopolymers are produced by
mixing waste like water cooled slag (WCS) which is by-product
of smelting iron ores or natural aluminosilicate sources, such
as fly ash (FA), silica fume (SF), and metakaolin (MK), with
alkali activators such as sodium hydroxide and sodium silicate.
Although WCS in geopolymer offers high compressive strength
and durability, it provides low flexural and tensile strength;

moreover high drying shrinkage thus fibers reinforcement
are suggesting to solve these problems. Fiber reinforcement is
widely recognized as an environmentally friendly technique
that can efficiently improve the mechanical strength of
materials while increasing their toughness. The opening and
growth of cracks is controlled by the bridging action of fibers
[6, 7] like polypropylene, PVA, and steel fiber as well as carbon
fiber.

The physical filling and pozzolanic properties of the SF
makes it an ideal candidate to be used as a supplementary
cementitious material. Carbon fiber (CF) is the one of the
most favorable fiber type which known the most common
fiber reinforcements added to geopolymer composites [8]
regarding its properties such as high strength and low thermal
expansion [9] as well as alkaline resistance.

Carbon fiber helps to maintain the compactness of the
concrete [10]. In addition, it is resistant to microcracks and
enhances the tensile strength, Youngs modulus, fatigue
resistance, and ductility of materials.

2. Materials and methods

Material rich in aluminum silicate content and possess an
amorphous form is a potential raw material for manufacturing
geopolymer binders

Water - cooled slag (WCS): Granulated blastfurnace slagis a
by-product of the manufacture of iron from iron ore, composes
mainly of aluminosilicates and calcium oxide as illustrated in
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Oxide
content
(%)

Water
cooled
slag
(WCS)

Si02 A|203 Fe203 Ca0

Mgo K.0

36.37 1031 050 3882 170 217 1.03

0.48

BaO SrO

0.57 4.04 .04 0.05 042 328 0148 99.96

Silica
Fuma
(SSF)

93.00 046 108 042 079 022 034

Table 1 chemical composition of raw materials, wt. %
1. tdblazat A nyersanyagok kémiai Gsszetétele, tomegszdzalékban kifejezve

chemical analysis shown in Table 1. XRD pattern shows an
almost completely amorphous structure Fig. 1.

Q

b)

a) M

- ® 20 (degrees) r‘

Fig. 1 XRD pattern of the starting raw materials
a)water cooled slag b) silica fume, Ak: Akermanite, Fj: Faujasite, H:
Hematite, Q: Quartz and S: Sodalite
1. dbra A kiinduldsi nyersanyagok rontgendiffraktogramja (XRD)
a) vizzel hiitott salak b) szilicium-dioxid-fiist, Ak: Akermanit, Fj: Faujasit, H:
hematit, Q: kvarc és S: szodalit.

Fig. 2 Carbon fiber image
2. dbra  Szénszdlas kép

Silica fume (SF): is obtained from Mast Egypt Company, is
a sort of a fine non-crystalline polymorph of silica has SiO,
285% according to ASTM C 1240.

SF is a secondary product of silicon and ferrosilicon alloy
producing industries. The composition of silica fume is
represented in Table 1.
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0.60

0.07 - 0.05 2.82 99.85

Alkaline solution: Sodium hydroxide solution of desired
concentration is prepared by mixing 97-98% with tap water,
the density of sodium hydroxide solution is about 1.15 g/cm?.

Carbon fiber (CF): with diameter of 7 pm and length of
6 mm, obtained from Sika Company, Egypt shown in Fig. 2.

Superplasticizer: Glenium Ace 30-polycarboxylate-based
superplasticizer in order to attain superior workability and
required flowability of the fresh paste is added to the mixture
with stirring to yield the homogenous mixture as well as
excellent mechanical properties.

2.1 Composite preparation and curing regime

The Processing of the geopolymer composites is taken
place according to the manner illustrated in Fig. 3. As the raw
materials were ground to a Blaine that allowed passing through
a 90 m sieve. Dissolving sodium hydroxide pellets in mixing
water with stirring for complete dissolution then leaving the
solution to cool for a sufficient period until it reached room
temperature results in an exothermic reaction and, therefore,
generates high temperature of 25 + 2°C. The alkaline activator
NaOH solution was gently added to the raw material powder
into a pan mixer as well as mixed for 5 minutes then the fiber
added with well mixing to ensure a good homogeneity. The
superplasticizer added in a sufficient amount to increase the
workability of the mixture and achieve a good dispersion.

Moulding

Fig. 3 Processing and casting of geopolymer composites
3. dbra  Geopolimer kompozitok feldolgozdsa és ontése

A mold of dimensions 2.5 x 2.5 x 2.5 cm was first lubricated
to prevent sample breakage through demolding. The paste was
introduced and compressed manually into the mould. After the
casting process was complete, the mold was covered and left at
room temperature (23°C) for 24 hours to dry completely, after
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which it was removed from the mold and stored in a humidity
chamber at 38°C and 90% relative humidity.

2.2 Test parameters

The masses of the key components of geopolymer were
determined prior to mixing using a predetermined Si:Al:Na
ratio. The effect of adding carbon fiber into 0.1, 0.2, 0.3, 0.4 %
to the WCS-SF geopolymer mix is investigated by XRD and
FTIR techniques in order to study geopolymer reinforcement
influence and investigate the physicomechanical properties
(water absorption and shrinkage) of the produced geopolymer
composites as well as estimate mechanical performance. The
schematic of the mix design of all mixtures is illustrated into
Table 2.

Mix no. Mix Composition NaOH, Water/ Super- Carbon
Q (contro|) 90 10 6 0.26 0.93 9
Ss1 90 10 6 0.21 1.07 0.1
S2 90 10 6 0.20 1.07 0.2
S3 90 10 6 0.20 1.21 0.3
sS4 90 10 6 0.26 1.07 0.4

Table 2 mix composition of the geopolymer composites (Mass, %)
2. tdbldzat A geopolimer kompozitok keverékisszetétele (tomeg, %)

3. Results and discussion

3.1 Fourier transforms infrared spectroscopy

FTIR is an essential technique used to identify structural
information of alkali-activated blast furnace slags and their
hydration products [11]. FTIR technique was carried out to
understand the reaction occurring between the matrix and
fiber, Investigating for WCS-SF reinforced with 0, 0.1, 0.3 and
0.4 of carbon fiber cured for 90 days then displayed in Fig. 4.
The bands in the region of 3400~3500 cm™ were assigned to
the stretching vibrations of the octahedral OH bonds attached
to the Al octahedron sheet and to the hydration binder formed
during reaction, whereas the band at about 1645 cm™ was
attributed to the bending vibrations of H-O-H [12].

250

Transmittance,%

3900 3400 2900 2400 1900 1400 200 400
wavenumber, cm!

Fig. 4 FTIR spectra of slag-SF geopolymer composites reinforced by 0, 0.1, 0.3 and
0.4% of CF cured for 90 days
4. dbra A 90 napig keményitett 0, 0,1, 0,3 és 0,4% CF-sel erdsitett salak-SF
geopolimer kompozitok FTIR spektrumai

The figure revealed that the peak of asymmetric Si-O-Si
for non-solubilized silica decreased slightly with shift for
lower wave number. Which is due to the alkaline activation
for the constituents of the geopolymer mixture confirmed by
increasing in asymmetric T-O-Si bands (T, tetrahedral =Si
or Al) [13]; as carbon fiber content ratio increase to 0.3%
this signifies that the geopolymer reaction well occurred and
enhanced the geopolymer composites structure with vitreous
content of the matrix.

Excess inclusion of carbon fiber resulted in hindering
for geopolymer chains propagation as well as the splitted
carbonate are significantly exhibited large peaks located about
1448 and 870 cm™. On the other side, by studying geopolymer
propagation during hydration age till 90 days for the 0.3% CF
mix presented in Fig. 5. The figure clarifies that the principal
asymmetric bands for amorphous geopolymer elucidate the
propagation in the reaction with time. The broadness of OH
bands around 3400 as well as 1645 cm™ worth noticed their
upgrade indicating C-S-H and C-A-S-H formation with time.

$3-90d

Transmittance,%

3900 3400 2900 2400 1900 1400 900 400
‘wavenumber, cm!

Fig. 5 FTIR spectra of slag-SF geopolymer composites reinforced by 0.3% of CF
cured for 90 days
5. dbra A 90 napig keményitett 0,3% CF-fel erésitett salak-SF geopolimer kompozitok
FTIR spektrumai

Band no. Identification

1 Stretching vibration of (OH)

2 Bending vibrations of (HOH)

3 Stretching vibration of CO,

4 Asymmetric stretching vibration (Si-O-Si)
5 Asymmetric stretching vibration (T-O-Si)
6 Symmetric stretching vibration CO,
7,8 Symmetric stretching vibrations (Si-O-Si)
9,10 Bending vibration of (Si-O-Si)

Table 3 FTIR bands
3. tdbldzat FTIR-sdvok

3.2 X-ray diffraction technique

In order to investigate the mineralogical composition and the
amorphous structure of the reinforced composites compared
with the unreinforced one, the XRD patterns of geopolymer
composites of Slag-SF at 90 days of curing age (Q, S1, S3 and
$4) reinforced with CF ratio 0,0.1,0.3 and 0.4 respectively, also
XRD pattern of 0.3% CF along age of hydration represented in
Fig. 6 and Fig. 7 respectively.
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Fig. 6 XRD pattern of slag-SF geopolymer composites reinforced by 0, 0.1, 0.3 and
0.4 % of CF cured for 90 days
6. dbra A 90 napig keményitett 0, 0,1, 0,3 és 0,4% CF-fel erésitett salak-SF geopolimer
kompozitok rontgendiffraktogramjai (XRD)

H
40 Q C,CSH
Ak
35 R
$3-90d
30
,CS
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oL R
E’ $3-28d
Z ¥
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§ 20
= C,CSH
15 R
$3-7d
10
5
0

0 10 2 20/ 30 40 50 60

Fig. 7 XRD pattern of slag-SF geopolymer composites reinforced by 0.3% of CF
cured for 90 days
7. dbra A 90 napig keményitett, 0,3% CF-fel erdsitett salak-SF geopolimer kompozitok
rontgendiffraktogramjai (XRD)

It is obviously shown that the hump peak between 17 and 35°
which is characteristic for inorganic polymers [14] appeared
significantly in the XRD pattern. It can be noticed also that
most of the mineral components in the silica fume belong to
vitreous substances, so obvious crystallization peaks cannot be
found with little inclusion of Calcite and Hematite reflecting
the formation of reinforced WCS-SF composites

The patterns signifies that the almost amorphous structure
of the produced composites contained tiny inclusions of
crystalline quartz and hematite which are inactive fillers
beside traces from Akermanite (CaMgSilicate). Moreover,
the WCS-SF reinforced by 0.3% of CF persevered the growth
of CSH and vitreous structure with time. As the CF content
increase the little presence of quartz may hinder more
geopolymer formation affected negatively on the amorphous
structure.

3.3 Compressive strength

Compressive strength test carried out on alkali activated
WCS-SF geopolymer composites comparing between neat
geopolymer composites and reinforced one with carbon fiber
and the pattern represented in Fig. 8. The results obtained that
the presence of carbon fiber affected positively and enhance
mechanical properties of the geopolymer which illustrated that
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the values of compressive strength increased considerably with
carbon fiber content almost up to 0.3% by weight, moreover
the pozzolanic properties of silica fume beside the filler effects
was found to improve the tensile characteristics of geopolymer
mixes by enhancing the bond strength between matrix and
fiber which increase the carbon fiber bond with matrix in turn
the interfacial adhesion increase. As the CF content increase
the compressive strength noticed to be significantly decreased,
the addition of excessive amount of fibers causes higher shear
resistance to flow therefore, decreased flowability which in
turn negatively affect compressive strength.
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Fig. 8 Compressive of slag-SF geopolymer composites reinforced by 0, 0.1, 0.3 and
0.4 % of CF cured for 90 days
8. dbra A0, 0,1, 0,3 és 0,4 % CF-fel erésitett salak-SF geopolimer kompozitok 90
napon dt torténd keményitése

The results are well compatible with water absorption and
shrinkage outcome showing that the imperfect dispersion of
higher amounts of fibers resulted in forming fiber pockets
accumulated caused hindering for geopolymer chain
propagation which affected negatively on the strength when
the CF exceeds 0.3%.

3.4 Effect of carbon fiber on water absorption of WCS-SF
geopolymer composites

Water absorption occurs through the diffusion of water
across the interfacial defects that exist between the fiber and
matrix, as well as through the voids present in the matrix. The
incorporation of geopolymer with fibers has been found to
reduce the presence of water in the pores of the composites,
resulting in a compatible structure. This is due to the water
absorption capability of the fibers themselves, which decreases
the amount of water absorbed by the matrix [15]. The water
absorption of WCS-SF is illustrated graphically in Fig. 9,
demonstrating the synergistic effect of reduced water absorption
as a result of improved interfacial adhesion between the fiber
and the matrix. It is also worth noting that water cooled slag
exhibits rapid hardening behavior and higher calcium content,
which can lead to accelerated geopolymerisation through
the formation of semi-crystalline Ca-Al-Si gel, CSH, and
reversedite phase.

The results clearly indicate that the presence of carbon fibers
up to a concentration of 0.3% limits the water absorption within
the matrix. However, as the content of carbon fibers increases,
it weakens the bond between the fibers and the matrix.
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Fig. 9 Water absorption of slag-SF geopolymer composites reinforced by 0.3% of CF
cured for 90 days
9. dbra A 0,3 % CF-fel erdsitett salak-SF geopolimer kompozitok vizfelvétele 90 napon
dat keményitve

3.5 Effect of carbon fiber on drying shrinkage of WCS-SF
geopolymer composites

Literature has suggested that the use of fibers for
reinforcement in geopolymer is an important technical
solution to address the issue of shrinkage [2]. Additionally, it
is anticipated that the presence of microfibers in geopolymer
composites will effectively control the shrinkage of these
composites. The findings related to shrinkage align with
the results of water absorption tests, which confirm that the
reinforcement of alkali activated WCS-SF geopolymer with
carbon fiber has successfully mitigated the formation of
microcracks, as illustrated in Fig. 10.
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Fig. 10 Shrinkage of Slag-SF geopolymer composites reinforced with various ratio of
CF fiber cured till 60 days
10. dbra A kiilonboz6 ardnyii CF szdlakkal erdsitett salak-SF geopolimer kompozitok
zsugoroddsa 60 napig keményitve
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The inclusion of carbon fibers (CF) in geopolymer composites
serves to restrict the phenomenon of drying shrinkage,
indicating that the occurrence of cracks is effectively managed
due to the bridging influence exerted by these fibers. However,
when the CF content surpasses the threshold of 0.3%, there is
a slight increase in shrinkage, which can be attributed to the
heightened dispersion of the fibers, resulting in composites
with diminished mechanical properties and elevated shrinkage
values. The graphical representation clearly illustrates that the
shrinkage values diminish over time, owing to the continuous
infiltration of pores by geopolymer chains and the CSH binder
phase.

3.6 Mechanical performance of the slag-SF geopolymer
composites

Fiber reinforcements are required in order to address the
brittle nature of geopolymers, which has sparked an increased
interest in sustainability. The term flexural strength pertains
to a material’s ability to withstand deformation while under a
load, as illustrated in Fig. 11. As a quantitative measure, flexural
strength should represent the maximum stress experienced by
a material at the point of rupture. The strong adhesion between
the fiber and matrix at the interfaces has resulted in the fibers
bearing the tensile forces that are exerted. Furthermore,
the presence of fibers serves to prevent the formation and
propagation of cracks within the reinforced composite.

Fig. 11  Flexural strength apparatus
11. dbra A hajlitészildrdsdgmérd késziilék

The examination of the flexural resistance of the inclusion
of 0.3% carbon fiber in WCS-SF geopolymer composites
was conducted in accordance with the standards outlined in
ASTM-C1609.

The graphical representation depicting the correlation
between the flexural and compressive resistance in megapascals
(MPa) after 28 days is presented in Fig. 12.

@ Compressive

B Flexural

Strength, (MPa)

0.3% CF

Fiber , %

Fig. 12 Compressive and flexural strength of alkali activated 90%Slag-10%SF
geopolymer mixes reinforced by 0.3% of CF at 28 days
12. dbra  Luggal aktivdlt 90% salak-10%SF geopolimer keverékek nyomé- és
hajlitészildrdsdga 0,3% CF-szdllal megerdsitve 28 nap utdn
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The results implies that the incorporation of the carbon
fiber enhanced the compressive strength by 152.9% while
improved the flexural resistance of the geopolymer composites
by 56.6% however, the content of the carbon fiber exceeds 0.3%
it was noticeably that the flexural and compressive strength
significantly show little decrease as this decrease in the flexural
strength poor interaction and dispersion of fibers in matrices
after a particular concentration underpins flexural strength may
be attributed to the weak interfacial bond between the fiber and
the matrix, probably due to the agglomeration of the fibers [16].

3.7 Scanning Electron Microscopy Investigation

One function of the fibers is to connect the pores in
the geopolymer in order to improve the adhesion of the
composites [17]. Studying morphology by SEM of WCS-SF
geopolymer reinforced with 0.3% carbon fiber compared with
neat one displayed in Fig. 13. Illustrating that the unreinforced
geopolymer structure noticeably has pores according to many
studies report that these micropore presence in geopolymers
attributed to the quartz disturbance in geopolymer matrices.
Quartz, as yielded from XRD, hinders the geopolymer
reaction through causing interfacial separation, and interfacial
microcracks formation. The image (B) cleared that carbon fiber
moreover the presence of silica fume due to its filler are highly
imbedded in CSH gel matrix confirming high bond strength
among them leading to formation high dense structure
and fill all voids effect consequently enhance mechanical
characteristics this can prove that the adding superplasticizer
did solve the CF agglomeration problem.

Fig. 13 SEM micrograph of Slag-SF geopolymer composites reinforced with of Carbon fiber
A: unreinforced geopolymer B: reinforced geopolymer with 0.3% CF
13. dbra A szénszdllal erdsitett salak-SF geopolimer kompozitok pdsztdzé
elektronmikroszkdpos (SEM) felvétele
A: nem er6sitett geopolimer B: 0,3% CF-vel erdsitett geopolimer
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4. Conclusions

From the previous work the following concluded remarks
can be drawn in the following points:
= Water-cooled slag offers a rapid hardening behavior, in
addition to a higher calcium content, which may lead to
an accelerated geopolymerization process.

= Thepresence of fibers has a positive impact on the healing
of cracks and helps to reduce the drying shrinkage of the
geopolymer material.

= Fibers significantly enhance the physicomechanical
properties of the geopolymer, contributing to its overall
performance.

= Silica fume serves to increase the pozzolanic activity
and effectively improves the filling of voids within the
material.

= The inclusion of silica fume has been found to be
advantageous in terms of enhancing the compressive
strength of the geopolymer.

= The addition of a superplasticizer to the mixture during
the mixing process plays a crucial role in facilitating easy
casting and ensuring a uniform distribution of fibers.

= The incorporation of 0.3% carbon fiber has a remarkably
positive effect on the mechanical properties of the
water-cooled slag-silica fume geopolymer, significantly
increasing its compressive strength by 152.9% and also
improving its resistance to bending by 56.6%.
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Abstract

The demand for concrete is increasing in tandem with population growth and urbanization.
Cement is an important ingredient in concrete production. Cement is a major contributor to
global carbon dioxide emissions during its manufacturing processes. Therefore, sustainable
alternatives to normal cement are required for the production of sustainable concrete. Rice husk
ash has proven intriguing properties as a sustainable alternative for producing green and eco-
friendly concrete. Because the laboratory work needed to assess its properties is both time-
consuming and complex, regression models can be effectively used to predict the properties
of concrete containing rice husk ash. Using Osadebe’s second-degree polynomial equation, a
mathematical optimization model for predicting the compressive, tensile, and flexural strengths
of RHA concrete was developed in this study. The developed model may be used to compute
compressive, tensile, and flexural strengths based on the proportions of four constituents in a
given mix. Also, a favourable comparison may be drawn between the model and experimental
responses. Furthermore, the statistical analysis summary revealed that the model-predicted
values were in good agreement with the experimental values. Finally, the strength values achieved
from some of the optimised mixes are adequate for use as structural or load-bearing concrete.
Keywords: concrete, optimisation, compressive strength, flexural strength, Osadebe polynomial,
RHA, tensile strength
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1. Introduction

Global cement usage started to increase in the second half of
the twentieth century, resulting in a significant growth in the
production of cement [1]. This trend is predicted to continue
through the 2020s, with significant growth by 2030 [1-2].
With the massive global increase in greenhouse gas (GHG)
emissions, the Antarctic and Arctic polar ice caps have been
rapidly melting, extreme weather events have incurred
economic damage, and climate change impacts have been
intensifying [3]. The cement and concrete industries contribute
significantly to GHG emissions [4-5]. Based on infrastructure
development, cement production accounts for 5-8% of current
global CO, emissions [6]. Approximately 850 kg of CO,
are emitted into the environment for each tonne of clinker
produced using present cement production procedures [7].
The global demand for concrete is increasing. Portland cement
(PC) is the concrete constituent that contributes the most to
GHG emissions. Aside from GHG emissions, both advanced
and developing countries have struggled in recent decades
with the safe disposal and effective utilisation of industrial and
agricultural by-products regarded as merely solid waste [8-13].
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Concrete is often regarded as the most resilient and widely
used man-made material for infrastructure development on
planet Earth [14]. Because of rising urbanisation in developing
countries, the global use of concrete is increasing every day.
Annual concrete production is expected to be over 30 billion
metric tonnes [3, 14-15]. The concrete industry currently
requires over 1.5 billion metric tonnes of cement per year [16].
It is expected that cement consumption will increase from
4.2 billion metric tonnes now to 5.2 billion metric tonnes
by 2050 [7, 17]. This will put more pressure on the cement
industry to generate a significant quantity of cement in order to
satisty the increased demand for infrastructure development.
Most cement factories emit a large quantity of waste that causes
environmental damage [9].

However, alternative materials for supplementing cement are
needed to reduce the negative impact of concrete production.
It is important to identify an alternative binder with a lower
carbon footprint than cement. The use of supplementary
cementitious materials (SCM) or blended cement would
be the most viable option for attaining some of the goals of
sustainable development. Using recycled or waste materials
in concrete might reduce its environmental impact. Using
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supplemental cementitious materials (SCMs) to minimise PC
use while disposing of waste materials from different industries
is a viable approach [18-20]. SCMs have been a central focus
in the quest to enhance concrete sustainability [21-22].
To mitigate this environmental concern and improve the
engineering properties of concrete, industrial SCM such as fly
ash, ground granulated blast slag, metakaolin, slag cement, and
silica fume (SF) have been used [23-25]. Agricultural wastes
such as palm oil fuel ash (POFA), rice husk ash (RHA), olive
pomace ash (OOA), sugarcane bagasse ash (SBA), and coconut
shell ash can also be used in sustainable concrete as partial
replacements for cement [26-28]. If only 30% of total cement
usage could be replaced by SCMs, CO, emissions from cement
production would be minimised [9].

A myriad of studies have been carried out in recent decades
to alleviate the negative impacts of using OPC in concrete.
Hussain et al. [29] investigated whether high-strength fly ash
concrete had the same compressive strength as plain concrete;
fly ash concrete had higher compressive values than plain
concrete. In a study performed by Garg et al. [30], various
waste materials were used to partially replace sand and cement.
Using an adaptive fuzzy logic model, they developed a model
to predict the compressive strength of concrete made of fly
ash and slag. De Maeijer et al. [31] observed that replacing fly
ash with concrete might enhance its resistance and chloride
migration coeflicient, as well as the alkali-silicon reaction;
however, carbonization resistance would be reduced. Liu et
al. [7] examined shrinkage in creep and curing, compression
strength, and emissions of carbon dioxide from concrete
incorporating fly ash or ground-granulated blast-furnace slag
(GGBS). By introducing a parameter to account for the effect
of fly ash content, their proposed model successfully predicted
the creep strain of concrete. It is widely acknowledged that
reducing the quantity of OPC used in concrete could indeed
enhance the overall sustainability performance of mix designs,
as OPC is the constituent with the highest impact on the
environment [32]. It has been established that replacing OPC
with SCM is environmentally beneficial in terms of emissions
of greenhouse gases [33]. Taking these important factors
into account, greater OPC replacement with SCM provides
tremendous environmental benefits.

Aside from industrial-based SCMs, RHA, an agro-based
SCM, has been found to satisfy the majority of the requirements
for durable concrete and to be more effective than other
supplementary materials such as fly ash and silica fume [34].
Rice husk (RH) is a primary agricultural waste produced during
the milling process from the exterior surface of rice grains.
Annual global rice production is estimated to be 748 million
metric tonnes (mmt) [35]. RH accounts for 20% of the world’s
million metric tonnes of rice production [9]. Nigerian rice
paddy production was around 8.34 million in 2021, and it has
increased at an annual rate of 8.72% in successive years. This
implies that rice husk is commercially available and sustainable.
Rice husks contain about 30% of the weight of raw rice [36].
Rice husk ash (RHA) is produced by burning dried rice husk
at a temperature of around 750°C to make ash and remove
volatile organic carbon such as lignin and cellulose [37]. The
amorphous RHA contains approximately 75% silica (SiO»),

making it an excellent pozzolan in cementitious materials,
where the silicon oxide in the RHA reacts with the Ca(OH),
from the cement hydration process to form more calcium
silicate hydrate (C-S-H), which is responsible for strength
development in the cementitious matrix [38].

RHASs suitability for structural concrete production is valued
as a green and eco-friendly construction material that seeks
to minimise the cement ingredient in the mix [39-40]. The
use of agricultural products as a source of energy, preceded by
the use of the by-products as a constituent in concrete, may
provide a way to contribute to the achievement of sustainable
development goals by reducing the environmental impacts of
energy production and concrete material manufacturing. If
energy-intensive Portland cement is partially replaced with
agricultural byproducts, significant energy and cost savings can
be achieved [41]. Considering that Portland cement is a porous
material with discrete and connected pores of various sizes
and shapes, concrete requires a very finely blended material
with a fineness comparable to Portland cement for optimum
pore size augmentation and decreased permeability [42]. RHA
is one of these extremely finely powdered minerals. RHA
particles operate as a microfiller in cement paste, enhancing
the pore structure and thus aiding in the strength development
of the concrete mix [43]. The use of RHA containing an
amorphous form of silica can produce durable concrete [39].
Calcium Silicate-Hydrates (CSH) are formed as a result of
pozzolanic interactions between RHAs amorphous silica and
calcium hydroxyl, filling the voids between the cement grains
[39]. As a result, the RHA-concrete microstructure becomes
impermeable to deterioration, ensuring greater strength
increases than those without RHA [41].

RHA concrete is similar to fly ash or slag concrete, both of
which are suitable for high-performance applications [35].
Because of its large specific area, RHA increased the early
hydration rate of C3S, resulting in a denser paste [44-45].
Zareei et al. [46] examined the effect of RHA as an SCM in
concrete prepared by replacing 10% of the cement with
micro-silica. They used 5%, 10%, 15%, 20%, and 25% RHA
in place of cement. Their findings revealed that up to 15% of
cement may be supplemented with RHA to improve strength,
and up to 20% RHA can be used in micro-silica-containing
concrete to improve durability performance in terms of
water absorption, permeability, and chloride ion penetration.
Meddah et al. [47] reported on the effect of RHA and ALO;
nanoparticles on the mechanical and durability properties of
concrete in another study. They used RHA to replace 10% of
the cement and Al,O; nanoparticles to replace 1%, 2%, 3%, and
4% of the cement. Their findings revealed that replacing 10%
cement with RHA densified the concrete microstructure and
enhanced the compressive strength, flexural strength, tensile
strength, and durability properties of the concrete in terms
of resistance to hydrochloric acid and acid attack. They also
discovered that substituting cement with ALO; densified the
concrete microstructure, increasing the concrete’s strength
and durability. Ameri et al. [48] reported that while the early
compressive strength of rice husk ash concrete increased
significantly, it was constrained by the quantity of RHA. An
increased RHA concentration of 15% caused a decrease in
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compressive strength due to a surplus of unreactive silica. Rice
husk ash concrete had compressive strength values that were
9, 12, 13, and 16% higher than the typical OPC mix. Similarly,
Chao-Lung et al. [49] used RHA as an SCM and reported that
rice husk ash concrete produced a compressive strength that
was 1.2-1.5 times higher than that of a conventional OPC mix.
Meanwhile, Chindaprasirt et al. [50] conducted a study to
evaluate rice husk ash concrete for sulphate attack resistance
and concluded that rice husk ash concrete demonstrated better
sulphate attack resistance. Furthermore, Thomas et al. [38] have
shown that the dense microstructure of RHA can minimise
concrete water absorption by 30%. Aside from certain technical
advantages, various studies on the environmental effect of RHA
have been done. Gursel et al. [51], for example, did research on
the use of RHA in cement concrete and deemed it effective in
minimising the potential for global warming. Moraes et al. [52]
carried out a comparable study and concluded that the use of
RHA in cement mortar contributed to decreasing the adverse
effects of cement on the environment. Various studies have
also been conducted to investigate the impact of using RHA
in soil improvement. Nguyen et al. [53], for instance, explored
the use of RHA in soil improvement and reported that RHA
may be regarded as a suitable stabilising agent for enhancing
the geotechnical properties of various types of soil. In their
findings, RHA’s optimum cement replacement ratio was 7.5%,
with the maximum compressive and split tensile strengths.

Improve compressive,
flexural and tensile

strength

Fill void spaces in
Concrete

I3 .

@ -

A
=
¥

Fig. 1 The multiple structural and environmental benefits of RHA in sustainable
concrete
1. dbra Az RHA tobbszoros szerkezeti és kornyezeti elényei a fenntarthaté betonban

In order to produce concrete with the desired properties,
the effect of these supplementary materials on the blended
concrete mixture must be identified. Because of the significant
complexity of the relationship between the variables and the
concrete responses, conventional regression analysis may
be insufficient to develop an adequate model. Recently, the
Osadebe second decree polynomial has been widely applied
in the field of concrete technology for the rapid and precise
prediction of concrete properties. However, it has received
minimal attention. In light of the aforementioned drawbacks,
the aim of this study is to assess the influence of RHA on the
properties of concrete, develop and evaluate predictive models
for the desired responses, and finally optimise the concrete
mixtures for construction purposes using the Osadebe model.
In this paper, a mathematical model for optimising the
compressive, flexural, and tensile strengths of concrete with
20% RHA as a partial replacement for Portland limestone
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cement is developed. Concrete with various mix ratios was
subjected to compression, flexural, and tensile tests. Then,
using Osadebe’s second-degree polynomial function and the
results of the compression, flexural, and tensile tests, a model
for predicting the compressive, flexural, and tensile strengths
of RHA concrete was developed. In addition, the developed
models were validated using statistical tools.

2. Osadebe second decree polynomial

According to Osadebe [54], concrete is a multivariate unit
mass whose strength varies with the volume of the constituent
material. Another type of experimental model is his regression
equation. He represented the reaction Y as a function of the
proportions of the mixture’s constituents Z, where the sum of
all proportions must Eq. 1. It is written as
I+ Zy+ o+ Zy= X1 Zi=1 (1)

Where q is the number of mixture components and the
proportion of the components in the mixture. Osadebe
assumed that the response Y is continuous and differentiable
with respect to its predictors and can be expanded in the
neighbourhood of a chosen point using Taylor’s series.

z2(0) = 9z, ...,z (2)
V(2) = Tho FT (D) (2 - 2) 3)
Expanding to second order
of (Z Dz

Y(Z) = F(Z©) + Z — ZO) 4

10% 2rE)
Z_ZZ 92,07,
a

+30,

=2 - 27

f(z( )
(Zi—(0)) (4)

For convenience, the point can be taken as the origin without
loss in generality of the formulation and thus;

20 =2704+72,9+2,0+ .2, =0 (5)
aF(o) __ 9%F(0) __9%F(0)
bo =F(0), b; = z; by = 2i02;0j" U T 20077 ©)
Substituting Eq. 6 into Eq. I gives:
Y(Z) =by+ X! biZ; + Zl<]<q bi;ZZ; + X1 buZ} (7)

Multiplying Eq. I by gives the expression:
bo = b0Z1 + bozz + .. +bozq (8)

Multiplying Eq. 1 successively by and rearranging, gives
respectively:

22 =7, — 7,7y — .. + 2,7,
72 =2y~ 212 — = 2y )
72 =7~ 7y Zg — e - Z(q_1)

Substituting Eq. 5 and 6 into Eq. 7 and simplifying yields
Y(Z)=X_,BiZ;i + Zl<,<q BijZiZ; (10)
Bi = by + bl- ...... + by (11)
Bij = bij = by — by (12)

Eq. 7 is Osadebe’s regression model equation. It is defined
if the unknown constant coefficients, f; and f3; are uniquely
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determined. If the number of constituents, g, is 4, and the
degree of the polynomial, m, is 2. The number of coefficients,
N is now the same as that for the Scheffe’s {4, 2} model given
by (15) as:

C(q+m 1) _ C(4—+2 1) 10

_ (@+m-1)! _

m!(q—1)!

(13)

(g+m-1)!
T M![g+m—1]-M)!

(4+2-1)! _ 5!

2G-11 23 10

(14)

2.1 Coefficients of Osadebe’s Regression Equation

The least number of experimental runs or independent
responses necessary to determine the coefficients of the
Osadebe’s regression coeflicients is N. Let y® be the response at
point k and the vector corresponding to the set of component
proportions (predictors) at point k be Z¥.

z® = (z,0,2,®, ... 2q®) (15)
Substituting the vector of Eq. 15 into Eq. 10 gives:
Y(k) _Zq 1:8lZ(k) +Z[<J<q:8ijzi(k)zj(k) (16)

Where k=1,2... N

Substituting the predictor vectors at each of the N observation
points successively into Eg. 10 gives a set of N linear algebraic
equations which can be written in matrix form as:
zZB=Y (17)
Where f is a vector whose elements are the estimates of the
regression coeflicients.

2.2 The coefficient of the regression equation

Let the K™ response (compressive strength for the serial
number k) be y® and the vector of the corresponding set of
variables be

700 = [Zl("),Zz("),Z3("),Z4(")]T

Substitution of the above vector in Eq. 15 for k=1, 2, ..., 10,
generates the following system of ten linear algebraic equations
in the unknown coefficients f; and f3;.

y® =y pizi™

(18)

+ Y Bijzi® z;®

(19)
1 1<i<4andk= 1,2,3... 10
Yg% Z02,0 . 7,00
y
[y®] = 7,0, Z2?,..,7,19, | (20)
y(lO) ﬁ 70 72,0, 7,0 7,00 7,00 7,00
10
1)
707, 700 y(
[>’z y(2)
=| Z,, 7,3, ..., 7,19, (21)

Z3(1)24(1), 23(2),24(3) s 23(10) Z4(10)

Bro ¥(10)

Weigth of variable i in kthexperlmental run

Where, Z; k=

~ Total weigth of variable i in kth experimental run
Many researchers have used Osadebes second-degree
polynomial equation to develop prediction models for various

engineering applications. Using Osadebe’s second-degree
polynomial equation, Onwuka et al. [55] developed a model
for predicting the compressive strength of river sand and
termite soil concrete from a given mix ratio of its constituents.
The developed model was verified using the student t-test.
Their finding shows that the developed model could be used
to determine the proportions of the mix that will result in a
given or desired compressive strength of a five-component
concrete containing a percentage of termite soil. Furthermore,
the model’s results correspond with the relevant experimental
values. Similarly, Ubi et al. [56] optimised the flexural and
split tensile strength characteristics of polystyrene concrete
using Osadebe’s model. At a 71% water absorption rate, their
optimised results yielded flexural and split tensile strengths of
2.00 N/mm? and 4.9 N/mm? from a water, cement, sand, and
coarseaggregate mixratio 0£0.449, 1,2.77,and 5.52, respectively.
For both flexural and split tensile strengths, most of the model
results agreed with their respective laboratory experiments. In
a comparative study, Anyaogu et al. [57] used both Scheffe’s
and Osadebe’s models to estimate the compressive strength of
interlocking tiles produced from recycled plastic bottles. Both
Scheffe’s and Osadebe’s models produced results that were
comparable to the experimental results. The developed models
were validated using the statistical student’s t-test and found to
be adequate with 95% confidence.

3. Materials and methods

3.1 Materials
3.1.1 Cement

The cement used in this study was a strength grade of 32.5R
Portland Limestone Cement (PLC) produced by UNICEM
Cement Company that met the ASTM C150 specifications. The
specific gravity of cement was 3.15. Table 1 details the chemical
composition of cement.

3.1.2 Rice Husk Ash (RHA)

In this study, RHA was used as a partial replacement for
cement at the optimum volumetric percentage (20%) reported
by Akeke et al. [40] as the ideal replacement level in concrete.
The rice husk was taken from a local rice mill and burned in
the laboratory for approximately 3 hours in a muffle furnace
at 700 °C. RHA materials were pulverised in a ball mill after
cooling to an average particle size using a 75-micron BS sieve
before use as SCM. The RHA had a specific gravity of 2.08 as
determined by ASTM C188 [58]. The chemical compositions
of rice husk ash are shown in Table 1 and were determined
using X-ray fluorescence (XRF) analysis.

Binder Chemical composition (%)

sl02 A|203 Zn0 Ca0 Fe203
235 545 012 652 34 04

K;O MnO MgO Na20

Cement 0.18 135 03

RHA 843 048 02 025 009 027 02 003 016

Table 1 Chemical composition of cement and RHA
1. tdblazat A cement és az RHA kémiai Gsszetétele
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3.1.3 Aggregates

The coarse aggregates used in this study were crushed granite
with a nominal maximum size of 20 mm, sourced from a local
supplier. The coarse aggregates used were graded in accordance
with ASTM C 33 [59]. Table 2 presents the fineness modulus,
specific gravity, water absorption, and other physical properties
of coarse aggregates. The coarse aggregates used in this work
were obtained from a granite quarry in Abakaliki, Ebonyi State,
Nigeria. The fine aggregates were river sand sourced locally in
Nsukka, Enugu State. The grading distribution of the sand is
within acceptable limits. Therefore, the sieve analysis and the
curve are within the ASTM C33 [59] acceptable ranges. Sieved
sand had a fineness modulus of 2.67. We ensured that there
were no deleterious materials contained in the aggregates.

Void
ratio
(%)

Poro-
sity
(%)

Pro Fineness Density Specific Moisture Absorp-
(kg/m?®) gravity content tion (%)

(%)

perty modulus

2.4 1457 2.67 0.58 1.26 126 1.44

Value

Table 2 Physical properties of coarse aggregates
2. tabldzat Durva adalékanyagok fizikai tulajdonsdgai

3.2 Laboratory test programme

Table 3 shows the mix design for the RHA concrete
composition, and the compositions were made to obtain grade
20 concrete. The following is a description of the mixture,
which includes RHA as an additive material: To get the entire
binder material, the appropriate amount of RHA according to
the prescribed percentage was added to the cement content
and properly mixed. The batching of ingredients was done by
volume. Individual ingredients, such as coarse aggregate, fine
aggregate, and cement content, were manually mixed dry using
a mixing tray for around 2 minutes during the dry mixing

concrete mixtures were selected based on the required mix
proportions with varying water/cement ratios.

The mixed concrete was made in a 150 mm metallic cube
mould and automatically vibrated in three layers for the
compressive strength test. 500 mm x 100 mm sample beams
were fabricated to determine the flexural strength. Three layers
of freshly mixed concrete were poured into each mould for the
flexural strength test. With a 25 mm steel rod, each layer of
concrete was manually compacted 150 times. Furthermore,
100 mm x 200 mm cylindrical concrete specimens were also
moulded for split tensile strength. Freshly mixed concrete was
poured in each mould in two layers of approximately 100 mm
thickness for the split tensile strength. Each layer was manually
compacted by tamping the rod 35 times with 25 mm steel rods
on each layer. The cast concrete samples were removed from
the moulds after 24 hours and stored in a typical curing tank.
The strength properties of the concrete samples were examined
after 28 days of curing. Each concrete mixture’s average was
examined. Furthermore, the compressive, tensile, and flexural
strengths were evaluated in accordance with BSEN 206 (2001),
Part 3, BS 1881-117 (1983), and BS 1881-118 (1993), in that
order.

3.3 Mathematical optimization technique

Actual and pseudo-components

The requirement of the simplex that X;+X,+X;+X,=1 makes
it impossible to use the normal mix ratios such as 1:3:6, etc. at
a given water-cement ratio. Therefore, a transformation of the
actual components (normal mix ratios) to meet this condition
is necessary. The design matrix as shown in Table 3 for the X;
experimental points is called a “pseudo-component’, and Z; are
the actual experimental components.

process. The mixture was then gradually added to the boiling ~X=AZ (22)
water, and mixing was continued for 4 to 7 minutes, until a ~ Where A is the inverse of Z matrix and
homogeneous mixture was obtained. The simplex design Z=AX" (23)

points’ mix ratios were determined using pentahedron factor
space for a four-component mixture. The ingredients for RHA

Where A is the inverse of Z matrix, X' is the transpose of
matrix X.

Mix Ratios Component’s Fraction
Binder Z;

1 0.35 1 1 2 0.08 0.229885 0.229885 0.45977

2 0.44 1 1.5 3 0.074 0.16835 0.252525 0.505051
3 0.45 1 2 3 0.07 0.155039 0.310078 0.465116
4 0.5 1 3 6 0.048 0.095238 0.285714 0.571429
5 0.43 1 2 4 0.058 0.13459 0.269179 0.538358
6 0.48 1 25 5 0.053 0.111359 0.278396 0.556793
7 0.51 1 4 6 0.044 0.086881 0.347524 0.521286
8 0.33 1 3 5 0.035 0.107181 0.321543 0.535906
9 0.55 1 2 5 0.064 0.116959 0.233918 0.584795
10 0.6 1 25 6 0.059 0.09901 0.247525 0.594059

Table 3a  Actual (Zi) and pseudo (Xi) components for Osadebe’s {4, 2} simplex lattice
3a. tabldzat Aktudlis (Zi) és pszeudo (Xi) komponensek Osadebe {4, 2} szimplex rdcsdhoz
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S/N Water Binder FA CA Z, Z, Z; Z,

11 0.55 1 1 2 0.121 0.21978 0.21978 0.43956

12 0.6 1 1.5 3 0.098 0.245902 0.245902 0.491803
13 0.44 1 2 4 0.059 0.134409 0.268817 0.537634
14 0.5 1 25 5 0.056 0.277778 0.277778 0.555556
15 0.4 1 3 6 0.038 0.096154 0.288462 0.576923
16 0.43 1 3.5 6.5 0.038 0.306212 0.306212 0.568679
17 0.35 1 4 7 0.028 0.080972 0.323887 0.566802
18 0.51 1 4.5 7.5 0.038 0.333087 0.333087 0.555144
19 0.48 1 4.8 7.6 0.035 0.072046 0.345821 0.54755

20 0.47 1 5 8 0.032 0.345543 0.345543 0.552868

Table 3b  Osadebe’s {4, 2} simplex lattice for control
3b. tabldzat Osadebe {4, 2} szimplex rdcsa a vezérléshez
S/N Z, Z, Z3 Z, Z.Z, 2,73 2.2, y 2y 4 22, Z3Z,

1 0.080 0.230 0.230 0.460 0.018 0.018 0.037 0.053 0.106 0.106
2 0.074 0.168 0.253 0.505 0.012 0.019 0.037 0.043 0.085 0.128
3 0.070 0.155 0.310 0.465 0.011 0.022 0.032 0.048 0.072 0.144
4 0.048 0.095 0.286 0.571 0.005 0.014 0.027 0.027 0.054 0.163
5 0.058 0.135 0.269 0.538 0.008 0.016 0.031 0.036 0.072 0.145
6 0.053 0.111 0.278 0.557 0.006 0.015 0.030 0.031 0.062 0.155
7 0.044 0.087 0.348 0.521 0.004 0.015 0.023 0.030 0.045 0.181
8 0.035 0.107 0.322 0.536 0.004 0.011 0.019 0.034 0.057 0.172
9 0.064 0.117 0.234 0.585 0.008 0.015 0.038 0.027 0.068 0.137
10 0.059 0.099 0.248 0.594 0.006 0.015 0.035 0.025 0.059 0.147

Table 4 Z-Matrix of Osadebe’s mix proportions
4. tdbldzat Osadebe keverékardnyainak Z-mdtrixa

Microsoft Excel was used to compute the inverse of the
10x10 matrix in Table 4 since the process cannot be achieved
manually except with some special electronic operations. The
result is shown in Table 5.

The regression coefficients in Table 6 are a product of the
inverse of the Z-matrix and the laboratory responses using the
Microsoft Excel package.

3.4 Derivation of the mathematical models

Mathematical models, whether explicitly or implicitly,
are also constrained because they must be tractable; they
are ineffective unless they can be solved or modified to give
relevant results. Because complex mathematical systems are
difficult to analyse, the underlying equations must sometimes

Z, Z, Z; Z, Z,Z, Z,Z; Z:Z, y2y4) Y2y 4 Z:Z,
50760.36 -11002 36980 -310722 -519334.985 922457.9 -53973.4 29016.3 219307.5 -264470
5413.457 -11729 3794.1 -32991 -53983.0315 96690.91 -5537.67 2977.072 22500.95 -27134.7
114.9767 -341.49 127.58 -442.87 -917.628116 1513.992 -64.768 34.81956 701.784 -725.404
193.9706 -464.45 173.81 -1010.6 -1879.62461 3256.507 -209.515 92.85216 921.0915 -1072.99
-89708.7 194886 -64811 550058 912725.9204 -1626042 94593.74 -50854 -384358 463510.8
-38176.2 82143 -27585 235923 392504.3854 -696327 40692 -22667.5 -164451 197944.7
-60214.3 130887 -44134 366597 615328.7412 -1092388 64094.36 -34041.9 -261166 315037.1
-10594.8 23168 -7558 63587.4 105968.8725 -189131 10804.49 -5571.13 -45396.7 54722.7
-2069.13 4397.9 -1388 12675 19943.07682 -35921.3 2034.306 -1192.57 -7807.35 9328.248
-678.567 1753.6 -653.6 3328.58 6221.183305 -10745.1 639.3391 -284.36 -3465.06 3883.936

Table 5 The inverse Z-matrix of Table 4 using Microsoft Excel
5. tabldzat A 4. tdbldzat inverz Z-mdtrixa Microsoft Excel haszndlatival

b B B Bs Ba Bs B Br Bs B Bao
RC -644781 -66895 -1437 -2440 1133237 485161 765461 132728 24108 8511
LR 4.1 3.25 2.9 2.6 3.4 2.5 1.95 3.25 2.2 3.05
RC-regression coefficients; LR-laboratory responses

Table 6 The regression coefficients and the laboratory responses

6. tdbldzat A regresszios egyiitthaték és a laboratériumi vélaszok
Vol. 76, No. 2 = 2024/2 = - 75
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be linear or easily convertible to linear, such as exponential or
log-linear.

i+ Zy+ -+ Zy= YL, Zi=1 (24)
Where g is the number of mixture components and
Z; the proportion of the components in the mixture.
Z,= Water/Cement Ratio; Z,= Binder (80% OPC and 20% RHA);
Zs; = Fine Aggregates (FA); Z,= Coarse Aggregates (CA).

START

Introduction, objectives of study, problem statement and literature review ]

]

| Modelling of Osadebe’s second degree polynomial ‘

i

I Generating the mixture formulations I

]

Experimental methodology using the developed mixture formulations ]

¥

Developing response parameters I

!

Develop the model from obtained Osadebe’s coefficient l

v

Using control points to test for model’s adequacy
F-statistical test, student's t-test, ANOVA

v

Rating the performance of the models by using statistical results I

I
T —

Fig. 2 Adopted methodology flowchart in the study
2. dbra A tanulmdnyban alkalmazott mddszertan folyamatdbrdja

Osadebe assumed that the response Y is continuous and
differentiable with respect to its predictors and can be expanded
in the neighbourhood of a chosen point Z, using Taylor’s series.

2(0) = 2, z,.., 2" 05
Y(2) = 29 _, F™ (2)©(z; — z®) (26)

Expanding to second order

af(z®
Y(Z) = F(Z(O)) + Zg:l,(aTi)(Zi _ Z(O)) +
1 -1 azf(ZO)
;Z?:l ?:1 92,07, Z; — ZL,(O))(Zi _ Zi(O)) +
02 (0)
q f(z )(Zi—(o)) (27)

-1 0Z;
For convenience, the point Z° can be taken as the origin
without loss in generality of the formulation and thus;

2,0 =204+7,04+7,0+ 7,9 =0 (28)

b= PO, b= 5= 200 b =000 )
Substituting Eq. 28 into Eq. 24 gives: l

Y(Z) =by+ X biZ; + Z?sjsq bi;Z;Z; + ¥ byZ?  (30)
Multiplying Eq. 24 by gives the expression:

by = boZy + boZy + -+-....+byZ, (31)

Multiplying Eq. 24 successively by Z,, Z, ... Z;and rearranging,
gives respectively:
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22 =7, — 217y — e 217
72 =2y~ 212 — = 2y 24 (32)
72 =7, — 732y — — Z(gn)

Substituting Eq. 28 and 30 into Eq. 31 and simplifying yields
Y(2) =YL BiZi + Ziqusq BijZiZ; (33)
Bi =by + b ..... + by (34)
Bij = bij — by — by; (35)

Osadebe’s regression model equation is defined if the
unknown constant coefficients, f; and pf; are uniquely
determined. If the number of constituents, g, is 4, and the
degree of the polynomial, m, is 2 then the regression equation
is given as:

Y =PB1Zy + BoZy + PaZz + PaZy + Pr2Z1Z;, +

B13Z1Z3 + PraZ1Zs + Bo3ZoZs + PoaZyZs + P3aZsZs  (36)
Therefore, Egq. 36 is the mathematical model based on
Osadebe’s second degree regression method.

3.5 Criteria for evaluations

In our study, the developed models were validated using
three statistical indicators for accuracy, namely the F-statistical
test, a student’s t-test, and a single-factor ANOVA at a 95%
confidence level. The following hypotheses were set in this
test:

Null hypothesis: There is no significant difference between
the laboratory tests and the model-predicted strength results.

Alternative hypothesis: There is a significant difference
between the laboratory test and the model-predicted strength
results.

4. Results and discussions

4.1 Osadebe’s regression equation for compressive strength
of RHA concrete

The solution of Eg. 36 given the responses in Table 4 gives
the values of the unknown coefficients of the regression
equation as follows;

B = 3265660; B.- 33765.9; B = 3820.453; B, = 11097.75;
Bs = 5729225; B = -247199%4; B, = - 3865974; Bs = - 661169;
Bo = 123759; B1o = - 33934.7.

from Eq. 36, the regression equation is given by;

Oc = 3265660Z, + 33765.9Z, + 3820.453Z3 + 11097.75Z, +
57292257.,7, - 24719947, Z; - 3865974Z,Z4 - 661169Z,Z; +
123759Z,Z, - 33934.7Z;7Z, (37)

Eq. 37 is the mathematical model for the optimisation of the
compressive strength of RHA concrete, based on Osadebe’s
second degree polynomial.

Test for model adequacy using statistical tools

The model’s efficiency was evaluated in comparison to the
laboratory results of the check points. The predicted values
(Y-predicted) for the test control points were calculated by
inserting the appropriate Z;, Z,, Z; and Z; values into the
modified model equation, Egq. 37. These values were then
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Symbol Water Binder FA CA Model (Yx) Laboratory (Ye)
c1i 0.35 1 2 26.62 26.58
c2 0.44 1 1.5 3 28.52 28.93
c3 0.45 1 3 28.83 27.23
c4 0.5 1 6 19.21 18.15
c5 0.43 1 4 17.99 17.10
Cc6 0.48 1 2.5 5 14.66 15.74
c7 0.51 1 6 8.75 7.90
cs 0.33 1 5 8.58 9.19
co 0.55 1 5 8.04 718
c10 0.6 1 25 6 7.71 7.70

Table 7 Laboratory response and model response for the compressive strength test based on Osadebe’s {4,2} Polynomial
7. tdbldzat Laboratériumi vdlasz és modellvilasz az Osadebe-féle {4,2} polinom alapjdn végzett nyomdszildrdsdgi vizsgdlathoz

Varaiable Variance Observations F Critical
Model 16.893 75.774 10 1.023 0.4867 3.1789
Laboratory 16.57 74.062 10

Table 8  F-test two-sample for one-tail variances for the compressive strength test of RHA concrete
8. tabldzat  F-préba kétmintds egyvégii variancidkhoz az RHA beton nyomdszildrdsagvizsgdlatdhoz

Pearson Correlation Hypothesized Mean t Stat

P(T< =t) one-tail

t Critical one-tail P(T<=t) two-tail t Critical two-tail

Difference
0.995 0 1.184

Table 9 T-Statistical test for the compressive strength test of RHA concrete
9. tabldzat T-statisztikai vizsgdlat az RHA beton nyomdszildrdsagi vizsgalatdhoz

0.133

compared to the experimental results (Y-laboratory). The
compressive strength at the control points, C;, C,, C;, Cs, Cs, Cs,
C;, Cs, Cy, and C)y, was tested for adequacy using an F-statistical
test, a student’s t-test, and an ANOVA at a 95% confidence level.
The analysis of variance for the Fisher test using the check point
is as shown in Table 8 below. Then, the calculated F from the
table is 1.023, which is less than the critical (tabulated) F value
of 3.1789, justifying the adequacy of the model equation
(Table 8). Again, the p-value of 0.4867, which is greater than
0.05, further indicates the adequacy of the model. Using
T-statistical and ANOVA tests further affirmed the adequacy of
the model. Their statistically calculated values are far less than
the critical values (Tables 9 and 10).

Groups Count Sum Average Variance
Model 10 16891  16.891 75.7744
response

Laboratory 10 165.7 1657 74.0615
response

SEILERGIT oy df MS F P-value F crit
Variation

Between 5150 1 05152 0.0069 0.9348 4.41387
Groups

Within 134852 18  74.9180

Groups

Total 1349.04 19

Table 10 ANOVA Single Factor for the compressive strength test of RHA concrete
10. tdblézat ANOVA egytényezds vizsgdlat az RHA beton nyomdszildrdsdgi vizsgdlatdhoz

4.2 The Osadebe regression equation for flexural strength
of RHA concrete

The values of the unknown coeflicients of the regression
equation as follows;

1.833 0.2668 2.2622

Bi = 3265660; B, = 33765.9; P = 3820.453; Py = 11097.75;
Bs = 5729225; Bs = -2471994; P, = - 3865974; Ps = - 661169
Bo = 123759; B1o = - 33934.7

from Eq. 36, the regression equation is given by;
Of =1268384Z; — 1311987, — 3049.74Z3 — 4962.78Z, +

22271022, Z, + 952640.1Z,Z5 + 15076307, Z, +

261500.1Z,75 — 46803.39Z,7, — 17491.04Z,Z, (38)
Eq. 38 is the mathematical model for the optimisation of the

flexural strength of RHA concrete, based on Osadebe’s second

degree polynomial

Symbol Water Binder FA CA Model Laboratory
(\O) (Ye)
c1 0.35 1 1 2 35 4
c2 0.44 1 1.5 3 3.25 2.2
c3 0.45 1 3 3.1 2.3
c4 0.5 1 6 3.75 4.2
c5 0.43 1 4 3.4 3.2
c6 0.48 1 2.5 5 3.8 4.3
c7 0.51 1 6 3.5 25
cs 0.33 1 5 4.5 4.8
c9 0.55 1 2 5 3.8 2.45
c10 0.6 1 2.5 6 4.4 3.5

Table 11 Laboratory response and model response for the flexural strength test based
on Osadebe’s {4,2} Polynomial
11. tdblazat Laboratériumi vélasz és modellvdlasz a hajlitészildrdsdgi vizsgdlatra az
Osadebe {4,2} polinom alapjdin

Statistical test on the adequacy of the model

The predicted values (Y-predicted) for the test check
points were calculated by inserting the appropriate Z;, Z,,
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Zs, and Z, values into the modified model equation, Eq. 38.
These values were then compared to the experimental results
(Y-laboratory). The flexural strength at the check points, C,,
Cy, G5, Cyy Cs, Cs, C;, Gy, Cy, and Cyy, was tested for adequacy.
The analysis of variance for the Fisher test at the checkpoint of
the flexural strength test is presented in Table 12 below. Then,
the calculated F from the table is 0.2312, which is less than the
critical (tabulated) F value of 0.3146, validating the adequacy
of the model equation (Table 12). Furthermore, the results
of T-statistical and ANOVA tests show a strong relationship
between the model and laboratory responses, reaffirming that
the model is acceptable. Again, their p-values, which are far
greater than 0.05, further indicate the adequacy of the model.

Obser- Df P F
vations (F<=f) Critical
Model 3.7 0.2094 10 9 0.2312 0.0200 0.3146

Laboratory 3.345 0.9058 10 9

Mean Variance

Varaiable

Table 12 F-test two-sample for one-tail variances for the flexural strength test of RHA
concrete
12. tdblazat Kétmintds F-préba egyvégii variancidkhoz az RHA beton hajlitészildrdsdgi
vizsgalatdhoz

t Stat P
(T<=t)
one-tail

t Critical P
one-tail (T<=t)
two-tail

t Critical
two-tail

Pearson
Correlation

Hypo-
thesized
Mean
Difference

0.6492 0 15141 0.0821 1.8331 0.1643 2.2622
Table 13 T-Statistical test for the flexural strength test of RHA concrete
13. tdblazat T-Statisztikai vizsgdlat RHA beton hajlitészildrdsdgi vizsgalatdhoz
Groups Count Sum Average Variance
Model 10 37 3.7 0.2094
response
Laboratory 10 33.45 3.345 0.9058
response
Source of SS df MS F P-value F crit

Variation

Between 0.6301 1 0.6301 11300 0.3018 4.41387
Groups

Within 10.0373 18  0.5576

Groups

Total 10.6674 19

Table 14 ANOVA Single Factor for the tensile strength test of RHA concrete
14. tablazat ANOVA egytényezds vizsgdlat az RHA beton szakitészildrdsdgi vizsgdlatdhoz

4.3 The Osadebe regression equation for tensile strength of
RHA concrete

The unknown coeflicients of the regression equation as
follows;

P1=-644781.1 [32=-66894.62 [33 =-1436.54 34 =-2440.29
B12=1133237 P13 =485161.514=-765461 23 = 132727.7
24 =-24108.3 f34 =-8510.76

Applying equation 3.50, the regression equation is given by;
Ot = —644781.1Z; — 66894.62Z, — 1436.54Z5 —
2440.29Z, + 1133237Z,Z, + 485161.5Z,Z; —

765461217, + 132727.7Z,Z3 — 24108.3Z,Z, — 8510.76Z5Z, (39)

Eq. 39 is the mathematical model for the optimisation of the
tensile strength of RHA concrete, based on Osadebe’s second
degree polynomial.
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Symbol Water Binder FA CA Model (Yx) Laboratory (Yg)
c1 0.35 1 1 2 3.5 4.2
c2 0.44 1 15 3 35 3.2
c3 0.45 1 2 3 3 2.5
c4 0.5 1 3 6 3.45 4
c5 0.43 1 2 4 2.95 3.3
cé6 0.48 1 25 5 3.2 4.4
c7 0.51 1 4 6 3.7 3
cs 0.33 1 3 b5 4.3 4.5
c9 0.55 1 2 5 4.5 2.6
c10 0.6 1 25 6 31 4

Table 15 Laboratory response and model response for the tensile strength test based on
Osadebe’s {4,2} Polynomial
15. tabldzat Laboratériumi vélasz és modellvdlasz a szakitészildrdsdgi vizsgdlatra az
Osadebe {4,2} polinom alapjén

Statistical test on the adequacy of the model

For tensile strength, the predicted values (Y-predicted) for the
test check points were calculated by inserting the appropriate Z;,
Z5, Z3, and Z, values into the modified model equation, Eq. 39.
These values were then compared to the experimental results
(Y-laboratory). At the check points, C;, C,, Cs, Cs, Cs, Cs, C;, Cs,
Co, and Cyy, were tested for adequacy. The analysis of variance
for the Fisher test at the checkpoint of the flexural strength test
is presented in Table 16 below. Then, the calculated F from the
table is 0.3021, which is less than the critical (tabulated) F value
of 0.5146, ascertaining the adequacy of the model equation
(Table 16). However, the p-value of 0.1597, which is far greater
than 0.05, further indicates the adequacy of the model. Moreover,
the results of T-Statistical and ANOVA tests also prove that the
model is adequate and can be used effectively for predicting the
tensile strength of RHA concrete.

Obser- Df P F
vations (F<=f) Critical
0.2757 10 9 0.3021 0.1597 0.5146

0.549 10 9

Varaiable Mean Variance

Model 3.52
Laboratory 3.57

Table 16 F-test two-sample for one-tail variances for the tensile strength test of RHA concrete
16. tdbldzat F-préba kétmintds egyvégii variancidkhoz az RHA beton
szakitészildrdsagvizsgdlatdhoz

t Stat P
(T<=t)
one-tail

t Critical P
one-tail (T<=t)
two-tail

t Critical
two-tail

Pearson
Correla-

Hypo-
thesized

tion Mean
Difference

-0.0283 0

04718 0.4337 18331 0.8674 2.2622

Table 17 T-Statistical test for the tensile strength test of RHA concrete
17. tdblézat T-statisztikai vizsgdlat az RHA beton szakitészildrdsdgdnak vizsgdlatdhoz

Groups Count Sum Average Variance
Model response 10 35.2 3.52 0.2757
Laboratory 10 35.7 3.57 0.549
response

Source of SS df MS F P-value  F crit
Variation
Between Groups 0.0125 1 0.0125 0.0303 0.8637 4.41387
Within Groups 7422 18 0.4123
Total 74345 19

Table 18 ANOVA Single Factor for the tensile strength test of RHA concrete
18. tablazat ANOVA egytényezds vizsgdlat az RHA beton szakitoszildrdsdgi vizsgdlatdhoz
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4.4 Comparison with other research

Onwuka et al. [55] modelled and determined the compressive
strength of river sand-termite soil concrete using Osadebe’s
second-degree polynomial equation. The developed model
was validated using the statistical tool Student’s t-test at a 5%
level of significance. The model was confirmed to be adequate,
implying that there was no statistically significant difference
between model and experimental responses. Furthermore,
Osadebe et al. [60] used Osadebe’s regression theory to develop
a model for optimising the compressive strength of sand-
laterite blocks. Their model could predict the mix proportion
that would result in a desired strength as well as the strength of
a sand-laterite block from a desired mix proportion. For model
validation, they applied the student’s t-test and the Fisher test
statistics. The statistical analysis showed that their developed
model was adequate. Anyaogu et al. [21] used Osadebe’s method
to develop an equation for predicting the compressive strength
of interlocking tiles made from recycled plastic bottles. The
response function values compared well to the experimental
results. The response functions were examined using the
statistical student’s t-test, which was confirmed to be adequate
at a 95% confidence level. The intended compressive strength
of interlocking tiles created from a mixture of sand, granite
dust, and recycled plastic bottles may be predicted from known
mix proportions using the response function defined in their
study. Furthermore, models based on Osadebe’s polynomial,
developed by Ubi et al. [56], were shown to properly predict
the flexural and split tensile strengths of polystyrene concrete.

5. Conclusion

The significant influence of the combined effect of cement
and RHA on the compressive, flexural, and tensile strengths
of concrete was determined by developing mathematical
models based on Osadebe’s second decree polynomial. Water
content (W), binder content (80% cement and 20% RHA),
fine aggregate content (FA), and coarse aggregate content
(CA) were used as independent variables to predict the
28-day compressive, flexural, and splitting tensile strengths
of RHA-based concrete. With a level of significance of
0.05, the adequacy of the optimisation was compared to the
experimental results. The statistical analysis summary showed
that the model-predicted responses were in good agreement
with the experimental results. The models may easily evaluate
any desired compressive, flexural, and tensile strengths of
hardened concrete given the mix proportions. The strength
values attained in some of the optimised mixes, however, are
satisfactory for use as structural or load-bearing concrete.
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Abstract

The purpose of the construction of metal matrix composite materials was to combine the
desirable properties of metals and ceramics. Metal matrix composites can be considered as
advanced materials that have low weight, high strength, high modulus of elasticity, low coefficient
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of thermal expansion and suitable abrasion resistance. However, one of the problems with

making these composites is the unsuitable wettability of the reinforcing particles in aluminum
melt, which creates limitations in the construction of these composites. At first, using the ANFIS-
PSO compound, suitable conditions for casting were investigated and then, using the results,
the conditions of the composite in terms of dimensions and weight percent of SiC nano particle,
the preheating temperature of the mold and powder, the melt stirring time, the rotation velocity
of the impeller and the casting temperature for achieving the desirable properties for casting
parts, were determined. According to the results, it can be seen that the use of the Gaussian
membership function causes the least error in the training time. Also, the comparison of this
model with the experimental results shows the efficiency of this model.

Keywords: SiC, PSO, ANFIS, composite, casting, nano
Kulcsszavak: SiC, PSO, ANFIS, kompozit, 6ntés, nano

1. Introduction

The properties of aluminum matrix composites depend
on a number of factors, such as the production method, the
type of field, and the type of reinforce phase [1-8]. Among
these, the production method is of particular importance, as
the distribution of the ceramic phase affects the field and the
strength of the interface between the ceramic-background
[9-13]. Liquid (molten) and solid state processes are major
methods for making aluminum matrix composites [14-16].
The particle-reinforced aluminum composites can be easily
prepared through a liquid state method, ie, a vortex casting
[17-23]. The molten vortex casting is a very good method,
because it is both inexpensive and has a diverse range of
materials and production conditions [24-28]. Artificial Neural
Networks (ANNs) are kind of simplistic modeling of real
neural systems which are used extensively in solving various
problems in science [29-31]. The scope of these networks is
so wide, ranging from medical applications to applications
such as engineering and agriculture [32-35]. Perhaps the most
important advantage of these networks is great ability along
with their ease of use [36]. Each aspect of artificial intelligence
has a strong point in some areas, and in contrast, has some
weaknesses in some other areas [37, 38]. For example, neural
networks are heavily sensitive to the number of training data,
and in the case of incomplete data or data with a high dispersal,
they have lower capability to find the relationship between
input and output [39]. Also, fuzzy systems do not have the
ability to learn. Therefore, combining and simultaneous use of
the capabilities of the neural network and fuzzy logic (neuro-
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fuzzy model) can be used as a powerful tool under the name of
adaptive neuro-fuzzy inference system. Also, higher efficiency
of the neuro-fuzzy model in comparison to neural networks
has been proven in previous studies [40, 41].

Optimization is very important in many branches of science.
Nature-inspired optimization algorithms as smart optimization
techniques have proven to be remarkably successful along
with classic methods. These methods include the genetic
algorithm (inspired by the biological evolution of humans and
other creatures), the colony algorithm of the ants (based on
the optimal movement of the ants), the refrigeration method
(inspired by the refrigeration process of the metals), the honey
bee colony algorithm (simulation of food search behavior of
bee swarm), the imperialist competitive algorithm (inspired by
a social phenomenon, rather than nature) and particle swarm
optimization (PSO) (its main idea is taken from the collective
behavior of fish or birds when searching for food) [1, 42, 43].
These methods have been used to solve many optimization
problems in various areas, such as determining the optimal
path of automation agents, optimizing the design of controllers
for industrial processes, solving major industrial engineering
problems, such as optimal layout design for industrial units
and also designing intelligent agents. The main advantage of
PSO is that the implementation of this algorithm is simple and
needs a few parameters. Also, PSO is able to optimize complex
cost functions with a large number of local minimum [44-46].
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2. Research method

2.1 Neuro-fuzzy system

In order to calculate the cost function (a function that needs
to be optimized) that is the input of the PSO program, the
neuro-fuzzy system was used. The input of the neuro-fuzzy
system is the result of research by the previous investigations
on this composite that was used to train the model. The
membership function used in this project is Gaussian because
of less error. Fig. 1 shows the structure of the neuro-fuzzy
model used in this project with two membership functions. In
the final model, three membership functions were used.

2.2 Normalizing

Due to the reduced impact of inconsistent data compared
to the remaining data and the greater ineffectiveness of the
larger data on the weights, as well as the ineffectiveness of the
difference in inputs size compared to each other, the inputs
should be normalized. The obtained data are firstly normalized
according to the following equation.

y(i)=(x(i)-min (i))/(max(i)-min (i) (1)

2.3 Particle swarm optimization (PSO)

The calculated cost function is optimized or minimized by
the neuro-fuzzy system with the PSO model. The beginning of
the PSO’s work is that a group of particles (solutions) are created
randomly, and by updating the generations, they try to find an
optimized solution. In each step, each particle is updated using
the two best values. The first is the best position ever achieved
by the particle. The location, known as Py, is preserved. The
best other value used by the algorithm is the best position ever
achieved by the particle swarm. This position is displayed with
Gies. All particles begin to be affected by the “General best” to
eventually approach it. After gaining the best values, the velocity
and location of each particle are updated using Eq. 2 and 3.

To simulate this behavior, the following parameters are
defined [1, 37, 40-52]:

= Py This parameter represents the best position that

each particle can gain during the execution of the
algorithm.

= Gpes: This variable shows the best position that particles

gained during the execution of the algorithm.

= Cognition Term parameter (CI): This quantity makes

the particle move to the best point that it and its
neighbors have found. This coefficient is used as a
stimulating coefficient.

= Social Term parameter (C2): This coefficient, which is

also used as a stimulus coefficient, causes the particle
to move toward the best point that particles have ever
gained.

= Inertia Weight (w): This coefficient results in local search

equilibrium and a general search of the algorithm.

= Velocity (V): This parameter shows the particle velocity

in the search environment.

Particle swarm optimization is initialized with a population
of random solutions of the objective function. After finding the
personal best (P..) and global best (Gy.s) values, the velocity of
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each particle (V;)) is updated based on its personal best and the
global best in the following way [53-55]:

t+1 _ t t t t
Vit =wVi+cry; Ppeseij — Xij) +

Czrtzi,j (Glgest ij Xl,t,j) (2)
Then, changing of the particle position based on the velocity
value is as follows [40, 41]:

Xt =Vt + X (3)

In relations (2) and (3), the value X denotes the particle
position and the value r;;; and r»; produce a random value
between zero and one. In these relations, it should be noted
that the large size of V... may cause particles to pass through
the minimum point, and its small size also makes the particle
rotate around its position and may not be able to search the
test area [41, 52]. The velocity of particles in each dimension is
limited to a Vmax value. If the sum of the accelerations causes
the velocity to increase in one dimension of the V.., then the
velocity in that dimension is equal to V... The right side of Eq. 2
consists of three parts: the first part is the current velocity of the
particle, and the second and third parts are the change of particle
velocity and its rotation towards the best personal experience
and the best experience of the group [56]. If we ignore the first
part in this equation, then the particle velocity is determined
only by the current situation and the best experience of the
particle and the best experience of the group [17, 38]. This
way, the best particle of the group retains its position, and the
others move towards that particle [1, 37, 41-46, 49-52]. In fact,
the mass movement of particles without the first part of Eq. 2
will be a process in which the search space gradually shrinks
and a local search forms around the best particle. In contrast, if
only the first part of Eq. 2 is taken into account, particles pass
their normal paths to reach the boundary wall and perform a
kind of global search [56, 57]. In Eq. 2, by combining these two
factors, we try to establish a balance between local and global
search. The other constructor is called mid-weighted, and is
represented by w. The purpose of introducing this parameter
is to establish a better and adjustable balance, depending on
the type of problem, between local search and global search.
For this, in Eq. (2), this coefficient is multiplied at the initial
velocity of the particle, in other words, only a fraction of the
initial velocity is transmitted to the future velocity of the
particle [58]. The average weight can be a constant coefficient,
a linear function with time, or even a nonlinear function with
time. In many applications, the middle weight is considered
as a linear function of time, which is a descending function
[1, 34, 43]. In this way, at the beginning, a greater part of the
current velocity of the particle is interfered at its future speed,
and as time passes, this decreases [59]. In other words, at first,
particles tend to have more explosive movements and new
experiences, and as time passes, this tendency is gives way to
follow the bests. This method can, in many cases, solves the
problem of encountering local optimizations.

On the other hand, the proper w selection causes the
algorithm to be repeated less frequently to reach the optimal
point. In this research, the coefficient w decreases from 0.9
to 0.4 during the execution of the algorithm based on the
following relation:
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Wmax=Wmin , it oy (4)
itermax
Another difficulty in implementing this algorithm is the
proper selection of C; and C.. In this study, the values C; and
C; are chosen so that C; + C; < 4

W = Wmax —

2.4 Anti-normalizing

The obtained data are returned to real numbers in accordance
with the following equation to obtain the desired numbers in
optimal conditions.

y(1)=x(i) (max(i)-mind(i)) + mind(i) (5)

3. Result and discussion

Fig. 1 shows the neuro-fuzzy model used in this project with
two membership functions. At the time of the final execution of
the program, three membership functions were used due to lower
error (the errors obtained with three membership functions were
about ten percent lower than when two membership functions
were used). Using four membership functions with existing
processors was not possible. There is no proper method for using
and obtaining the type and number of membership functions,
it is calculated only through trial and error. Fig. 2 shows the
comparison of the errors that occurred during the training for
the program for tensile strength. According to the figure, it
can be concluded that the Gaussian membership function has
the minimum error, and is followed by the membership bell
function. Also, the average error in the triangular membership
function is greater than the other functions.

input inputmf outpytmf output

Logical Operations
and

[B)] or

Click on each node to see detailed information || [ update | |

Fig. 1 The structure of the used neuro-fuzzy model
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Fig. 2 Comparison of the errors encountered with all types of membership functions
at the time of program training
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3.1 Optimal condition results

In the final implementation of the Neuro-Fuzzy program,
500 replicates were selected for all outputs (normalized data).
Finally, considering the conditions described in the last section
and the number of particles 100 = n for the PSO model, the
program was implemented and optimal conditions were
obtained.

Input optimum:

= percentage of reinforcing particles 1.95%

= reinforcing particle size 99.1 nm

= Casting temperature 611.7°C

= stirring speed 598.1 rpm
= The time of stirring 1.82 min

= Powder temperature 198.5°C

= mold temperature 211.7°C
Prediction of the output of optimal input:

= Porosity percentage 2.28 %

= Hardness 78.5 Brinell
= Elongation 2.68 %

= Yield stress 187.4 MPa
= Tensile strength 276.9 MPa

In Fig. 3, the calculated value shows the tensile strength (the
last column) of the neuro-fuzzy model according to the new
inputs. In this figure, first to seventh columns, from left to
right, are mold temperature (203), stir time (6.3), stirring rate
(561), powder temperature (180), casting temperature (613),
percentage of reinforcing particles (1.93) and the particle size
of the reinforcement (97.2), the equivalent output of which is
equal to 275 MPa for the tensile strength in the last column.

In Fig. 4, the simulation results are compared with the
experimental results. In the case of these shapes, non-
normalized data (due to a better display) have been used.
According to these images, it can be said that the results are
favorable and meet our expectation. In the final execution
of the program, 500 replicates were selected for all outputs
(normalized data).

Fig. 5 shows the graph of the fuzzy membership functions
before the training for the ultimate tensile strength output
(upper left). Also, in this figure (the remaining graphs), the
fuzzy membership function diagram for the 7 inputs of this
project is shown in order to calculate the ultimate tensile
strength after the training. During the execution of the program
and during the training of the data, the fuzzy diagrams of each
input are changed in such a way that the best solutions for
the considered output (here the ultimate tensile strength) are
displayed, that is, the fuzzy diagrams change in a way that error
will decrease.

Fig. 6 shows the microstructure of the A356 reinforced
with 1.95% nano SiC particulates. The microstructure of
conventional cast composites contains coarser dendritic a-Al
and continuous eutectic network (Si particles and a-Al) than
the microstructure of optimized model. Also, comparing this
model with conventional cast composites demonstrates the
high efficiency of this method for optimizing the construction
of this type of composite.
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Fig. 3 Calculated value of tensile strength according to new inputs
3. dbra A szakitészildrdsdg itott értéke az 1ij b ti adatok alapjd.

Fig. 4 Comparison of simulation results with experimental results with three
Gaussian membership functions a: yield stress and b: tensile strength
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Fig. 5 Membership functions before and after training
5. dbra  Tagsdgi funkciok edzés eltt és utin

a
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Fig. 6 Microstructure of the A356 reinforced with 1.95% nano SiC
particulates a: conventional cast b: optimized model
6. dbra Az 1,95%-0s nano SiC részecskékkel erdsitett A356
mikroszerkezete a: hagyomdnyos ntvény b: optimalizdlt modell

4. Conclusion

Due to the reduced impact of inconsistent data
compared to the remaining data and the lack of greater
effectiveness of the larger data on the weights, as well
as the ineffectiveness of the difference in input size,
the inputs should be normalized. There is no proper
method for using and obtaining the type and number
of membership functions, but by trial and error. Using
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the Gaussian membership function caused the least error in the
training time. During the execution of the program and during
the training of the data, the fuzzy diagrams of each input are
changed in such a way that the best results for the desired output
are displayed. Also, comparing this model with experimental
results demonstrates the high efficiency of this method for
optimizing the construction of this type of composite.
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Fenntarthato Cement- és Beton Szeminarium

VIl. a Miskolci Egyetemen
2024. majus 9.

A Greennovation Szimpézium rendezvény keretében 2024. majus 9-én megrendezésre kerllt a ,Fenntarthaté Cement- és Beton
Szeminarium VII.” a Miskolci Egyetem Mdiszaki Fold- és Kornyezettudomanyi Karan. A szeminarium soran tizenkét eldadas kerllt

bemutatasra az egyetemi kutatok és az ipar szakemberei altal.

Az ulés a korforgasos gazdalkodas és fenntarthatd
nyersanyag-gazdalkodds megvaldsitasdanak jegyében zajlott,
ezen beliil is masodnyersanyagokbol kornyezetbarat anyagok
fejlesztésére helyezve a hangsulyt. Ez megoldhat¢ a vilagszerte
nagymennyiségben keletkez6 ipari melléktermékek céltudatos
hasznositasaval és tovabbfejlesztésével, amelyre mind a
hagyomanyos, valamint a legkorszer(ibb technologidk és
modszerek is egyarant alkalmasak. Az el6adasok soran szamos
a 3D nyomtatdssal kapcsolatos kutatas-fejlesztés eredménye,
tovabba nyersanyagok reakcioképességének javitdsara és
azok geopolimerizacidjara iranyul6 kutatasok eredménye is
bemutatasra keriilt. A bemutatott munkak altal nemcsak az uj,
innovativ technologiakban rejlé lehetdségekre és kihivasokra
sikeriilt ravilagitani, hanem ezaltal az ipar és a kutatdhelyek
kozotti egytittmiikodés fontossagara is.

A rendezvény programja:

08:55-09:00 — Mucsi Gabor, Dékan, egyetemi tanar ME,
SZTE Cement Szakosztaly elnok: Elnoki koszontd

09:00-09:20 - David Govoni, EInok, Geolégusok Eurdpai
Szovetsége: Sustainability in lime Industry

09:20-09:30 - Dariusz Mierzwinski, Szymon Gadek, Marek
Hebda - Krakkdi Miszaki Egyetem (Lengyelorszag):
Geopolymer as a material solution to build green cities.

09:30-09:40 - Dariusz Mierzwinski, Szymon Gadek, Marek
Hebda - Krakkoi Miiszaki Egyetem (Lengyelorszag):
Geopolymer materials in 3D printing techniques.

09:40-09:50 — Wei-Ting Lin, Kae-Long Lin — Nemzeti Ilan
Egyetem (Tajvan): Characterisation study of printable
cementless materials.

09:50-10:00- Liga Radina, Rihards Gailitis, Leonids
Pakrastins, Andina Sprince — Riga Miiszaki Egyetem
(Lettorszag): Effects of curing conditions on
geopolymer concrete composite properties.

10:00-10:10- Rihards Gailitis, Liga Radina, Leonids
Pakrastins, Andina Sprince - Riga Miiszaki Egyetem
(Lettorszag): Fly Ash Based Geopolymer Composites
with PVA and Steel Fiber Long-Term Properties in
Compression and Three-Point Bending.

10:30-10:40- Magdalena Rudziewicz, Marcin Maroszek,
Mateusz Géra - ATMAT (Lengyelorszag): Sustainable
materials for residential building 3D printing.

10:40-10:50- Marcin Maroszek, Mateusz Gora, Magdalena
Rudziewicz - ATMAT (Lengyelorszag): Development
of system for additive manufacturing of construction
concrete and mortar mixes.

10:50-11:00 - Noémi Németh, Gabor Mucsi, Roland Szabo
- Miskolci Egyetem: Effect of grinding fineness on the
properties of lignite fly ash-based geopolymer foams.

11:00-11:10- Thajeel Marwah Manea, Anna Szijartd,
Dr. Salem Nehme — Budapesti Miszaki és
Gazdasagtudomanyi Egyetem: 3D Concrete Printing.

11:10-11:20- Adrienn Fitosné Boros, Ida Sodsné Balczar,
Tamas Korim - Pannon Egyetem: Development of
geopolymer foams for photocatalytic purpose.

11:20-11:30 - Roland Szabd, Fanni Dolgos, Dariusz
Mierzwinski, Marek Hebda, Gabor Mucsi — Miskolci
Egyetem, Krakkoi Miiszaki Egyetem (Lengyelorszag):
Effect of grinding fineness on the mechanical properties
of fly ash-based hybrid alkali-activated cement foam.

A szemindriumon t6bb mint 50 £6 vett részt, amely nemcsak
a résztvevd hazai és kilfoldi szakemberek eszmecseréjére
adott lehetdséget, hanem az el6addsok dltal a Kar hallgatoi
is széleskorti betekintést nyerhettek a masodnyersanyagok
hasznositasaban rejlé innovativ lehetéségekbe.

A Szervezdk biznak a kutatohelyek és a cégek altal megkezdett
egylittmi(ikodések folytatdsaban mind a kutatds-fejlesztés-
innovaci6, mind pedig a felséfokd oktatds vonatkozaséban.

A rendezvényt a Szilikatipari Tudomdnyos Egyesiilet,
Cement Szakosztilya, valamint Beton Szakosztilya; a
MTA Foldtudomanyok Osztaly, Banyaszati Tudomanyos
Bizottsag, Banyaszati, Geotechnikai és Nyersanyagel6készitési
Albizottsdga; az MTA MAB NyersanyagelOkészitési és
Kornyezeti  Eljarastechnikai Munkabizottsdga; Miskolci

Egyetem, Miiszaki Fold- és Kornyezettudomanyi Kar és az
Orszagos Magyar Banyaszati és Kohaszati Egyesiilet Miskolci
Egyetemi Szakosztalya szervezte.
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7" Sustainable Cement and Concrete Seminar

at the University of Miskolc
9t May 2024

As part of the Greennovation Symposium event, the “7™ Sustainable Cement and Concrete Seminar” was held on 9" May 2024 at the
Faculty of Earth and Environmental Sciences and Engineering of University of Miskolc. Twelve presentations were presented during
the seminar by university researchers and industry professionals.

The meeting took place in the context of the implementation 10:50-11:00 - Noémi Németh, Gdbor Mucsi, Roland Szabd
of circular economy and sustainable raw material management, — University of Miskolc (Hungary): Effect of grinding
with emphasis on the development of environmentally friendly fineness on the properties of lignite fly ash-based
materials from secondary raw materials. This can be achieved by geopolymer foams.
the purposeful utilization and further development of industrial 11:00-11:10— Thajeel Marwah Manea, Anna Szijrté, Dr.

by-products that are produced in large quantities worldwide,
for which both traditional and state-of-the-art technologies and
methods are equally suitable. During the presentations, many
results of research and development related to 3D printing were
presented, as well as the results of research aimed at improving

Salem Nehme - Budapest University of Technology and

Economics (Hungary): 3D Concrete Printing.
11:10-11:20- Adrienn Fitosné Boros, Ida So6sné Balczar,

Tamds Korim - University of Pannonia (Hungary):

the reactivity of raw materials and their geopolymerization. Development of geopolymer foams for photocatalytic

Through the works presented, it was possible to highlight purpose.

not only the opportunities and challenges inherent in new, 11:20-11:30 - Roland Szabd, Fanni Dolgos, Dariusz

innovative technologies, but also the importance of cooperation Mierzwinski, Marek Hebda, Gabor Mucsi — University

between industry and research institutions. of Miskolc (Hungary), Cracow University of
Technology (Poland): Effect of grinding fineness on the

The program of the event: mechanical properties of fly ash-based hybrid alkali-

tivated t foam.
08:55-09:00 —~Gabor Mucsi, Dean, Professor ME, SZTE activated cement foam

Cement Division president: Welcome speech

09:00-09:20 — Keynote Speaker: David Govoni, President,
European Federation of Geologists: Sustainability in
lime Industry

More than 50 people took part in the seminar, which not
only gave the participating Hungarian and foreign experts the
opportunity to exchange ideas, but through the presentations the
Faculty’s students could also gain a broad insight into the innovative
possibilities in the utilization of secondary raw materials.

09:20-09:30 — Dariusz Mierzwirski, Szymon Gadek, Marek The Organizers trust in the continuation of the collaborations
Hebda - Cracow University of Technology (Poland): started by the research institutes and the companies both in terms
Geopolymer as a material solution to build green cities.  of research-development-innovation, as well as in higher education.
09:30-09:40 - Dariusz Mierzwinski, Szymon Gadek, Marek The event was organised by the Scientific Society of the
Hebda - Cracow University of Technology (Poland): Silicate Industry, Cement Division and Concrete Division;
Geopolymer materials in 3D printing techniques. Section of the Earth Sciences of the Hungarian Academy of
09:40-09:50 — Wei-Ting Lin, Kae-Long Lin - National Sciences, Committee on Mining, Geotechnical and Raw
Ilan University (Taiwan): Characterisation study of Material Preparation Subcommittee; MTA MAB Working
printable cementless materials. Committee on Raw Material Preparation and Environmental
09:50-10:00~ Liga Radina, Rihards Gailitis, Leonids Process Engineering, Mining and Energy; University of

Miskolc, Faculty of Earth and Environmental Sciences and
Engineering and Section of the University of Miskolc of the
Hungarian Mining and Metallurgical Society.

Pakrastins, Andina Sprince - Riga Technical University
(Latvia): Effects of curing conditions on geopolymer
concrete composite properties.

10:00-10:10- Rihards Gailitis, Liga Radina, Leonids
Pakrastins, Andina Sprince - Riga Technical University
(Latvia): Fly Ash Based Geopolymer Composites
with PVA and Steel Fiber Long-Term Properties in
Compression and Three-Point Bending.

10:30-10:40- Magdalena Rudziewicz, Marcin Maroszek,
Mateusz Gora — ATMAT (Poland): Sustainable
materials for residential building 3D printing.

10:40-10:50- Marcin Maroszek, Mateusz Gora, Magdalena
Rudziewicz - ATMAT (Poland): Development of
system for additive manufacturing of construction
concrete and mortar mixes.
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