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Abstract: The environmental concerns regarding the production of the most widely consumed cement
construction material have led to the need for developing sustainable alternatives. Using recycled
industry waste products such as fly ash and slag via geopolymerisation has led to the development
of geopolymer cement—an efficient replacement for ordinary Portland cement (OPC). Adopting
geopolymer cement and concrete as a construction material reduces greenhouse gas and promotes
the recycling of waste products. This study explores the suitability of a unique geopolymer concrete
mix made of recycled cementitious materials including industry waste products such as fly ash,
micro fly ash and slag for use in aggressive environments. Sorptivity tests are conducted to assess
the durability of concrete and indicate the cementitious material’s ability to transmit water through
the capillary forces. This study thus reports on the sorptivity characteristics of a newly developed
self-compacting geopolymer concrete and two other fibre geopolymer concrete mixes containing 1%
(by weight) of 12 mm- or 30 mm-long basalt fibres. The addition of basalt fibres indicated less water
absorption and moisture ingress than the mix without fibres. The study used 18 specimens from
three geopolymer concrete mixes, and the results showed that adding fibres improved the durability
performance in terms of resistance to moisture ingress. Finally, an artificial neural network model is
developed to predict the absorption rates of geopolymer concrete specimens using MATLAB. The
prediction models reported excellent agreement between experimental and simulated datasets.

Keywords: geopolymer concrete; recycled fly ash; micro fly ash; slag; water absorption; sorptivity;
chopped basalt fibres; artificial neural network

1. Introduction

The harmful impacts of conventional Portland cement, including increased carbon
footprint and the high susceptibility to aggressive environments, have accelerated the
research on alternative sustainable and durable construction materials [1-3]. Geopolymer
concrete is a sustainable alternative with increasing application in repairing and rehabilitat-
ing existing concrete infrastructure [4-8]. Geopolymer concretes produced by the alkali
activation of alumino-silicate-rich supplementary cementitious materials, including fly ash
and slag, have been proven to offer higher strength and better resistance to aggressive envi-
ronments [4,5,9,10]. The production process of geopolymer concrete positively contributes
to waste resource recovery and recycling, especially in the industry segment, in addition to
the reduction in carbon emissions of up to 80% in some cases [2,11-13]. The alumino-silicate
binders primarily used for geopolymer concrete include various grades of fly ash, which is
the combustion by-product of coal-based power plants [14-16]. The other common supple-
mentary cementitious material used as the geopolymer binder is the blast furnace slag/ground
slag which is a by-product of the ore smelting processes [17-20]. As waste products, these
raw materials are abundant in most countries, offering competitive pricing against the con-
ventional cement concretes [1,2]. The recent research on the mechanical-thermal-chemical
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and durability characteristics also confirms that the geopolymer concretes outperform
traditional cement concrete, especially in fire resistance and chemical resistance, proving
to be a sustainable and durable alternative [1,21]. Using industry waste products has
also helped reduce the environmental impacts of the metallurgical and mining industries,
thus offering ecological benefits and preventing further contamination of soils and water
resources [22,23]. The production process of geopolymer concrete also meets the circularity
principles in which the reliability of virgin raw materials is drastically reduced [22].

Even with these benefits, the geopolymer concrete exhibits similar brittleness and
shrinkage properties to conventional cement concrete [24,25] that still need to be addressed.
Previous research indicates that the geopolymer concrete also exhibits concrete-like be-
haviour while assessing the properties associated with brittleness and susceptibility to
cracks. Hence, more studies have focused on the sustainable solution by strengthening the
geopolymer concrete with organic, inorganic, or synthetic fibres [26]. Various studies have
reported using different types of composites such as glass, carbon, basalt, polyethylene,
polypropylene, steel, etc., as fibre reinforcements for geopolymer concrete [27,28]. The
random distribution of fibres in geopolymer concrete resists the formation or propagation
of cracks and strengthens the structure against internal and external stresses. The crack-
ing and brittleness can also affect the material and structural performance, and extensive
studies suggest the incorporation of fibres for improved toughness even in the geopolymer
concretes [29]. However, the production process of some of these fibres considered as
reinforcing options are energy-intensive or lead to high carbon emissions, diminishing
the novelty of the geopolymer concrete. The addition of steel fibres is regarded as one of
the most effective solutions. However, the performance of steel-reinforced geopolymer
concrete in aggressive or corrosive environments is not fully understood, along with the
increased weight of the fibres. The other commonly used fibres are synthetic fibres such as
polypropylene (PP). Most reported studies confirm the need for PP fibres coupled with steel
or organic fibres for superior performance. Considering the issues of the used fibres, basalt
fibres made from simple extrusion of inorganic basalt rocks exhibit good physical, higher
tensile, and higher chemical resistance properties, as well as thermo-neutral characteristics.
These inorganic fibres with better bonding are also eco-friendly and low-cost, with no
toxic emissions in the production process [30,31]. The single processing method without
additional chemicals and low-energy requirements makes chopped basalt fibres sustainable
and cost-effective [30]. The studies also indicate that the addition of basalt fibres promotes
strength betterment for up to 28 days followed by improved ductility properties when used
in geopolymer composites [32,33].

The applications of geopolymer concrete for structural repair and rehabilitation works
show higher durability properties; however, the knowledge of the long-term performance
of the geopolymer composites remains limited, especially in corrosive environments such
as marine infrastructural applications [20]. Even though there have been attempts to study
the long-term performance of geopolymer composites [34,35] containing synthetic fibres,
the studies of Basalt fibre containing geopolymer concrete remains an emerging area of
research. With the obvious benefits, there is an increased interest amongst cement and
concrete researchers to understand the performance of the chopped basalt fibres when
added to geopolymer concrete. There also exists a knowledge gap in the application of
chopped basalt fibres for large-scale applications. There also needs to be a consensus
on the optimum length of fibre that needs to be added to produce the best-performing
cementitious composites.

Furthermore, the soft computing tools and techniques are now being widely adopted
by researchers in the field of civil engineering owing to the accuracy in predictions, espe-
cially with the trained network models such as artificial neural networks (ANN) [36-38].
Artificial neural networks are a soft computing tool that can provide self-learned, logi-
cal prediction patterns based on the framework of an input layer for datasets, a hidden
layer for nodes assigning weights, and an output layer for targeted results [38—41]. Since
the experimental datasets of properties of geopolymer concrete are comparatively less



Recycling 2022, 7, 55

30f19

when compared to the traditional concretes, the adoption of prediction models adds to
multiplication of datasets with higher prediction accuracy saving the need for sample
preparation [36,42]. Out of the available machine algorithms, the neural network approach
makes use of a parallel thinking procedure in which a number of neurons are assigned
weights relating to various parameters of input data. The method mimics the human brain,
where the hidden neurons which are the dependent variables in the network are correlated
with the input parameters to produce the desired output [43—45]. With the advanced ability,
ANNSs are successfully used by various researchers to predict the compressive strength,
long-term durability behaviour, and bond-strength prediction, especially for composites
containing geopolymer concrete [37,38,46]. Unlike other techniques, ANNSs are preferred
owing to their higher error tolerance, precision in decision-making, and ability to solve
complex non-linear relations [43]. Understanding the suitability of the ANNS, the authors
have also included a prediction model for studying the sorptivity trends of the various
geopolymer concrete mixes used in this study.

This study thus analyses the workability and mechanical properties of geopolymer con-
crete modified with various lengths of chopped basalt fibres. The study also aims to provide
a preliminary indication of the durability performance of the newly developed geopolymer
concrete by the authors within the Deakin University facility which is a self-compacting and
ambient cured type of geopolymer concrete [4,5,7,38,47]. This self-compacting geopolymer
concrete does not use any ordinary Portland cement or superplasticisers to achieve the
cementitious properties [4,5,7,38,47]. The study also assesses the impact of adding basalt
fibre to this self-compacting geopolymer concrete by evaluating the water absorption rates
and sorptivity potential. Finally, the study also includes a machine learning model that can
be used to predict the sorptivity rate of similar geopolymer concrete mixes subjected to
short-term as well as long-term exposure in water.

Thus, this research presents a detailed overview of the permeability characteristics of
self-compacting geopolymer concrete mixes made from recycled industrial waste products
such as fly ash, micro fly ash and slag. Owing to its flowability and self-compacting
properties, all the three mixes of the geopolymer concrete used in this study offer a user-
friendly, sustainable, and circular solution to the existing challenges in the energy and
resource-intensive construction sector. This research is expected to add to the body of
knowledge and be a reference for industry professionals to understand the suitability of
fibre geopolymer concrete for practical applications.

2. Materials and Methods
2.1. Recycled Binder Materials

The three binder materials used in this study are supplementary cementitious materi-
als, including fly ash, micro fly ash, and slag. These binder materials are produced from
various industrial processes such as combustion waste products from coal industries and
by-products from the iron and copper manufacturing sector.

The fly ash used for this study is a by-product of the coal combustion processes
typically sourced from Gladstone Power Station, Queensland and bagged by Cement
Australia Pty. Ltd., Darra, QLD, Australia. The micro fly ash used in this study is a finer
grade of fly ash that contains particles of size in the range of 3.5 microns. It is supplied by
Fly Ash Australia Pty. Ltd. from the Bayswater Power station, New South Wales, Australia.
The fly ash and micro fly ash used in this study are obtained from coal-fired power plants
in Australia as mentioned above. These coal combustion products are recycled back into
the construction industry by using them as supplementary cementitious materials which
otherwise would have ended up in ash pond landfills. The slag, commonly known as the
Ground Granulated blast furnace slag, is produced by drying and grinding the granulated
blast furnace slag produced by the rapid water quenching of molten slag from the iron and
steel manufacturing process. The slag used in this study is produced by milling the granular
blast furnace slag with optimised gypsum quantities in a vertical roller miller at the Yarraville
grinding facility by Independent Cements Pty. Ltd., Port Melbourne, VIC, Australia.
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The chemical composition of the binder materials used in this study is detailed in
Table 1 below:

Table 1. Chemical composition of binder materials [4].

Chemical

Composition Si0, CaO ALO; MgO K,O SO; V,05 TiO, Na,O P,05 FeO
Fly Ash (%) 65.75 - 32.87 - - - - 1.38 - - -
Slag (%) 3519 4147 1366 632 - 243 0.20 0.73 - - -

Micro Fly Ash (%) 63.09 - 32.26 - 0.83 - - 1.67 0.41 0.62 112

2.2. Chopped Basalt Fibres

The current study also assesses the sorptivity characteristics of geopolymer concrete
modified with chopped basalt fibres. The study thus uses the chopped basalt fibres of two
different lengths, 12 mm and 30 mm, for two various geopolymer concrete mixes in the
experimental program shown in Figure 1 below.

12mm chopped basalt fibres 30mm chopped basalt fibres

Figure 1. Images of 12 mm and 30 mm chopped basalt fibres.

The diameter of both 12 mm and 30 mm lengths of chopped basalt fibres used in this
study is 13 um and the density falls in the range of 2.6-2.8 g/cm3. The aspect ratio of the
fibre calculated as the length to the diameter is reported to be 923 for 12 mm-long chopped
basalt fibres and 2308 for 30 mm-long chopped basalt fibres. Beyond Materials Group Pty.
Ltd. supplied the chopped basalt fibres used in this study.

2.3. Alkali Activator

Unlike the traditional geopolymer concrete mixes, the mix adopted for this study
uses a dry/solid activator for the alkali-activation process. Thus, the study uses one-part
geopolymer concrete containing Anhydrous sodium metasilicate (Anhy.Na;SiOs) as the
only solid activator, supplied by Redox Pty. Ltd., Laverton North, VIC, Australia.

2.4. Aggregates

The geopolymer concrete mixes used in this study fall under the category of self-
compacting concrete, complying with the European Guidelines for Self-Compacting Concrete
(EFNARC Guidelines), owing to its flowability and self-compaction properties [48]. Thus, the
geopolymer concrete mix maintains the ratio of 47% by weight of coarse aggregates to 57% by
weight of fine aggregates. Both the aggregates, the basalt coarse aggregate of <14 mm, and
the fine aggregate, the river sand of <4.75 mm, were supplied by a local quarry.

2.5. Mix Design

The study uses three different mixes of geopolymer concrete, namely self-compacting
geopolymer concrete (SCGC), self-compacting geopolymer concrete with 12 mm chopped
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basalt fibres (SCGC-B-12) and self-compacting geopolymer concrete with 30 mm chopped
basalt fibres (SCGC-B-30). The mix proportions adopted for each of the mixes used in this
study are detailed in Table 2 below:

Table 2. Mix Proportions used in the study.

Mix SCGC SCGC-B-12 SCGC-B-30
Fly Ash (kg/m?3) 480 480 480
Slag (kg/m3) 360 360 360
Micro Fly Ash (kg/ m3 ) 120 120 120
Anhydrous Sodium metasilicate (kg/m?3) 96 96 96
Fine Aggregate (kg/ m?3) 763 763 763
Coarse Aggregate (kg/ m3) 677 677 677
Water (kg/m?) 475 475 475
12 mm Chopped Basalt Fibre (%) - 1
30 mm Chopped Basalt Fibre (%) - 1

(%)—corresponds to the percentage by weight of total binders.

The water binder ratio of the mix is maintained at 0.45 water/binder content to
maintain the workability required for the self-compacting geopolymer concrete. The
mixing procedure involves two distinct stages, in the first stage, all the binder materials,
alkali activator and chopped basalt fibres (if required) are added together and mixed for
4 min, and after that, the calculated water is added. The mixing is continued for 15 min
until the required consistency is achieved. The fresh property of the mix is then assessed by
the workability tests, including slump flow, and T500 tests, before the casting process [48].
The cylinder specimens are then cast into 100 mm (diameter) mould x 200 mm (height)
and subjected to ambient curing for 28 days under laboratory conditions maintained at
23 + 2 °C at Deakin University, Waurn Ponds Campus, Victoria. The Figure 2 below depicts
the various stages of mixing and testing involved in the study.

Indirect tensile test Compression test

Figure 2. Workability and mechanical tests on test specimens.

2.6. Test Methods

Even though the study focuses on the durability characteristics in terms of sorptivity
potential, the investigation needs to record the mechanical properties of the hardened
cylinder specimens. Thus, the various test methods adopted for the study, including the
mechanical tests and the sorptivity, are explained in the following subsections.
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2.6.1. Capillary Water Absorption and Sorptivity

The durability of any concrete structure is gauged against the capability to withstand
and perform under exposure to harsh or aggressive environments. It is reflected in the
pore system resistance within the concrete against the penetration of aggressive salts
and chemicals. Thus, capillary water absorption and sorptivity are considered essential
parameter in the durability assessment of concrete as it indicates the ability of the concrete
specimen to absorb and transmit the water and other liquids under the influence of capillary
forces. The sorptivity test thus reports the durability characteristics of an unsaturated
concrete specimen to water penetration. The test method adopted in this study conforms
to the ASTM C1585-13 [49] standard procedure. It involves a sorptivity assessment and
comparison of three different mixes of geopolymer concrete made from recycled cementitious
materials. The sorptivity is a time-dependent function and change in mass of the test specimens
when exposed to water. Throughout the test procedure, consistent environmental conditions in
terms of temperature and relative humidity are maintained using an environmental chamber.

The capillary water absorption and sorptivity tests were conducted on the geopolymer
concrete discs of size 100 £ 6 mm (diameter) and 50 = 3 mm (height), which was cut from
test specimens of 100 mm (diameter) x 200 mm (height) which were cured for 28 days [49].
Before the test, the cylinder discs were placed in a temperature and humidity control
chamber for three days at 50 + 2 °C and maintaining a relative humidity of 80 &+ 3% [49].
Afterwards, the geopolymer concrete discs were placed in sealed containers holding the
temperature at 23 £ 2 °C for 15 days to equilibrise the test specimens [49]. The geopolymer
cylinder discs used in this study are sealed from the top using a plastic sheet cover, and the
sides are sealed with duct tape to ensure water penetration only through the base surface of
the disc. Later, the specimens were placed in containers filled with tap water, maintaining a
level of 1-3 mm from the base of the samples using additional support pins. The sorptivity
test set-up and the cylinder discs are depicted in Figure 3 below:

Cylinder disc specimens

Environmental chamber for storing test specimens Specimen discs under sorptivity testing
Figure 3. Sorptivity test set-up and test specimens.

The weight of each geopolymer concrete cylinder disc was then recorded at regular
intervals as stipulated by the ASTM C1585-13 standard [49]. The procedure is continued
until long-term sorptivity is recorded. Before weighing each specimen, the surface water is
wiped using a cloth, and the weight is recorded within 30 s. This test helps to record the
initial absorption (data recorded from 1 min to 6 h exposure) and secondary absorption
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(data recorded from 1 day to 7 day exposure). The water absorption (I) according to ASTM
C1585-13 is measured as follows:

I=m/(a x d)

where:

I = the absorption, mm

m; = the change in specimen mass in grams, at the time t,
a = the exposed area of the specimen, in mm?, and

d = the density of the water in g/mm?3.

The slope of the plot of the absorption to the square root of corresponding time gives the
sorptivity rate. For a better overview and comparison of the three different mixes used in this
study, the long-term sorptivity data was collected until there was no change in mass between
the two consecutive readings. For each type of geopolymer concrete mix 6-cylinder discs each
were used to study the capillary water absorption and sorptivity studies.

2.6.2. Compressive Strength

A 3000 kN universal testing machine conforming to the Australian Standards, AS
1012.9:2014 [50] was used for the 28-day compression strength tests. The loading rate was
maintained at 0.33 MPa/s during compression testing at the Deakin University, Waurn
Ponds campus Structures Research laboratory. Three cylinders of 100 mm diameter and
200 mm height for each type of geopolymer concrete mix were used to assess the average
28-day compressive strength.

2.6.3. Indirect Tensile Strength

The indirect tensile strength conforming to the Australian Standards, AS 1012.10:2000,
was carried out on the 28-day cured cylinder specimens [51]. The loading rate of 785 N/s
was applied using the 3000 kN universal testing machine at the Structures Research Labora-
tory at Deakin University. Three cylinders for each type of geopolymer concrete mix were
used to assess the average 28 day indirect tensile strength. The cylinders had a diameter of
100 mm and height of 200 mm.

3. Results and Discussion
3.1. Workability and Mechanical Properties

The fresh properties, including the flowability of the three different mixes and the
mechanical characteristics of 28 day cured specimens, are studied. The addition of chopped
basalt fibres reduces the flowability however offered similar compressive strength and tensile
strength properties after 28 days of curing. Table 3 below compiles the results of workability
and mechanical properties of the three geopolymer concrete mixes from this study.

Table 3. Workability and Mechanical Properties of the Geopolymer Concrete Mixes.

Mix SCGC SCGC-B-12 SCGC-B-30

Workability Properties

Slump Flow (mm) 680 670 665
T500 (s) 3.9 41 45
Mechanical Properties
Mass of Specimens at 28th day (kg) 3.54 3.55 3.57
Density of the Specimens at 28th day (kg/m?) 2253.63 2260.00 2272.73
Compressive Strength, at 28th day (MPa) 42.02 39.89 40.12

Indirect Tensile Strength, at 28th day (MPa) 3.03 2.78 2.82
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The test results on the hardened properties indicate that adding fibres did not improve
the mechanical properties. It could be attributed to the minimal addition percentage of
chopped basalt fibres in the fibre geopolymer concrete mix. The other reason for the slight
decline in the mechanical properties can be attributed to the irregular dispersion of the fibres
in the geopolymer concrete mix, as reported by other researchers [29]. There was a slight
increase in the mass and density of samples with the addition of chopped basalt fibres. It can
also be inferred that adding the chopped basalt fibres by 1% (weight/weight of total binders)
reduced the slump flow by an average of 12 mm. However, it maintained the flowability
requirements within the range of 650-850 mm stipulated by the EFNARC guidelines [48].

3.2. Sorptivity Characteristics of the Geopolymer Concrete Mixes
3.2.1. Sorptivity of the Self-Compacting Geopolymer Concrete (SCGC)

The capillary absorption rate of the geopolymer concrete with self-compacting prop-
erties (SCGC) is assessed in this study according to the ASTM C1585-13 standards. The
initial absorption characteristics are reported for six samples of the SCGC recorded from
1 min to 6 h, plotted in Figure 4 below.

Initial Absorption plot of SCGC specimens

0 20 40 60 80 100 120 140 160
Time, Vs

—o—5p.1 Sp.2 Sp.3 Sp.4 ——5p.5 ——5p.6
Figure 4. Initial absorption plot of SCGC specimens.

The initial absorption trend of the SCGC specimens reports an average sorptivity
of 0.025 mm?2/s%°, with all the specimens falling within the range. It is higher than the
conventional concrete, which reports an absorption of 0.1 mm compared to the 4 mm for
the geopolymer concrete in the first 6 h of surface exposure [52]. This behaviour of the
geopolymer concrete is attributed to the porous surface owing to the copious amounts of
fines present in the self-compacting mix used in the study.

Similarly, the capillary absorption rate of 1 day to 7 days is also recorded to obtain the
secondary absorption rate of the SCGC disc samples, as shown in the graph (Figure 5) below:

The long-term capillary absorption rate was also recorded for these six samples for up
to one month until there was a minor change in the weight of the new geopolymer concrete
discs, as depicted in the plot (Figure 6) below.

Both the secondary and the long-term absorption depicts a slowing down in the intake
of water which showed nearing the saturation point for the geopolymer concrete discs.
The sorptivity rates were in the range of 0.003 mm? /s for secondary exposure, which
then tapered down to 3.5 x 1077 mm?/s%° for the specimens under long-term exposure
indicating the reaching of saturation point. The correlation coefficient of all the initial,
secondary, and long-term plots maintained a value greater than 0.98.
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Secondary Absorption plot of SCGC Specimens
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Figure 5. Secondary absorption plot of SCGC specimens.

Long-term Absorption plot of SCGC Specimens
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Figure 6. Long-term absorption plot of SCGC specimens.

3.2.2. Sorptivity of the Geopolymer Concrete Containing 12 mm Basalt Fibres (SCGC-B-12)

The sorptivity rates were also calculated for the geopolymer concrete mix containing
12 mm-long chopped basalt fibres. The test conducted according to the ASTM C1585-
13 standards recorded improved performance compared to the new geopolymer concrete
mix without any fibres. The initial absorption rate is recorded from 1 min to 6 h for the
SCGC-B-12 mix and is plotted in Figure 7 below.
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Initial Absorption plot of SCGC with 12mm Basalt Fibres
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Figure 7. Initial absorption plot of SCGC with 12 mm basalt fibres.
The secondary and long-term absorption rates of the 12 mm basalt fibre-containing

mix are also shown in Figures 8 and 9 below:

Secondary Absorption plot of SCGC with 12 mm Basalt Fibres
22

£ 16 PA—
= pe ——&—
14 A
12
1
200 300 400 500 600 700 800 900
Time, Vs
——Sp.B-12-1 —o—5p.B-12-2 —o—Sp.B-12-3 Sp.B-12-4 ——Sp.B-12-5 —8—5p.B-12-6

Figure 8. Secondary absorption plot of SCGC with 12 mm basalt fibres.

Long -term Absorption plot of SCGC with 12 mm Basalt Fibres
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Figure 9. Long-term absorption plot of SCGC with 12 mm basalt fibres.

The initial absorption rate of the fibre SCGC mix modified with 12 mm basalt fibres
was 0.006 mm?/s%3, followed by even lower rates of 0.0003 mm?/s*° after 7 days of
exposure and finally reaching 2.9 x 10~7 mm?/s%® after 1 month exposure. The correlation
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coefficient of all the absorption plots was more significant than 0.98. The decrease in
the water absorption can be attributed to the ability of the fibres to impede the pore
connectivity of the geopolymer concrete framework leading to reduced permeability;
however, similar studies on standard concrete without self-compacting properties reported
an inverse relation when basalt fibres are added [29,30].

3.2.3. Sorptivity of the Geopolymer Concrete Containing 30 mm Basalt Fibres (SCGC-B-30)

The initial, secondary, and long-term plots for water absorption rates of fibre geopoly-
mer concrete modified by the addition of 30 mm-long chopped basalt fibres are depicted in
Figures 10-12, shown below:

Initial Absorption -SCGC with 30 mm Basalt Fibres

16

14

1.2

0.8

I,mm

0.6

0.4

0.2

0 20 40 60 80 100 120 140 160
Time, Vs

——5p.B-30-1 ——5p.B-30-2 Sp.B-30-3 Sp.B-30-4 —o—5p.B-30-5 —0—5p.B-30-6

Figure 10. Initial absorption plot of SCGC with 30 mm basalt fibres.

Secondary Absorption plot of SCGC with 30 mm Basalt Fibres
1.9
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200 300 400 500 600 700 800 900
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~®-—Sp.B-30-1 —@—Sp.B-30-2 ~—#—Sp.B-30-3 —@—Sp.B-30-4 Sp.B-30-5 Sp.B-30-6

Figure 11. Secondary absorption plot of SCGC with 30 mm basalt fibres.
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Long -term Absorption plot of SCGC with 30 mm Basalt Fibres
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Figure 12. Long-term absorption plot of SCGC with 30 mm basalt fibres.

The initial absorption rate of the SCGC mix modified with 30 mm basalt fibres followed
a similar trend to that of the mix containing the 12 mm-long chopped basalt fibres. The
average initial absorption rate reported as the slope of I to time was 0.007 mm?/s%>,
followed by an even lower rate of 0.0003 mm?/s%? after 7 days of exposure and finally
reaching 2.56 x 1077 mm?/s%? after 1 month exposure. The correlation coefficient of all
the absorption plots for these specimens was also greater than 0.98.

3.3. Comparison of Sorptivity Characteristics

A comparison study on the performance of the three different mixes used in this study
is conducted in terms of permeability characteristics. The sorptivity rates of the SCGC,
SCGC-B-12 and SCGC B-30 mix is depicted in the plot (Figure 13) below.
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Figure 13. Sorptivity of SCGC, SCGC with 12 mm basalt fibres and 30 mm basalt fibres.
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The mix containing chopped basalt fibres of 12 mm lengths reported a drop in initial
sorptivity by 73.6%. At the same time, the mixture containing 30 mm-long basalt fibres also
reported a similar reduction of 72%, indicating the enhanced permeability properties due
to the addition of the fibres. This trend confirms that adding fibres to geopolymer concrete
efficiently improves the porosity and permeability of the self-compacting compositions
of the geopolymer concrete. The results are identical to those observed by several other
researchers, confirming the suitability of basalt fibres in geopolymer concretes. However,
the 1% (weight/weight of binders) of the two different fibres did not report a significant
difference in sorptivity rates.

On the other hand, the secondary sorptivity rates indicated a negligible difference in
the sorptivity of the three different specimens. It could be due to the early saturation of the
SCGC specimens without any fibres. A comparison plot depicting the average change in
mass of the specimens spanning over the whole test period of up to one month is illustrated
in Figure 14 below.
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Figure 14. Mass change of SCGC, SCGC with 12 mm basalt fibres, and 30 mm basalt fibres until saturation.

The comparison above shows that the SCGC specimen without any chopped basalt
fibres had a more significant rate of water absorption, reporting an increase in weight by
45 g compared to the overall weight increase of 16.79 g and 15.36 g of SCGC-B-12 and SCGC-
B-30 specimens, respectively. It shows that the addition of 12 mm-long chopped basal
fibres indicated a drop in water absorption by 63%. In comparison, adding 30 mm chopped
basalt fibres offered a 66% decrease in water absorption, offering increased resistance to
water ingress and other related chemicals, improving the durability of the newly developed
self-compacting geopolymer concrete mix.

3.4. Artificial Neural Network (ANN) for Prediction of Sorptivity Characteristics

Nowadays, artificial intelligence computational tools such as artificial neural networks
(ANN) are widely regarded by researchers worldwide owing to their efficiency in pattern
recognition and fitting complex datasets [38]. This prediction method has proven to be much
more accurate than the theoretical models and other conventional statistical methods [53,54].
The authors have successfully employed ANN in the earlier studies reporting the prediction
of bond strength of SCGC when reinforced with Basalt FRP bars [38].

The ANN is successfully employed in this study to predict the SCGC and fibre geopoly-
mer concrete mixes’ initial, secondary, and long-term absorption rates. The ANN results
indicated that the prediction equations could be adopted for any type of modified mixes of
geopolymer concrete in the future, offering better accuracy. The ANN model generated in
this study considers the absorption rates as a function of binder content, basalt fibre content,
compressive strength, and the change in mass of the concrete over time. Thus, the input
parameters, including fibre content, basalt content, strength, mass change over various time
intervals, are correlated with 15 hidden neurons to achieve the desired output of sorptivity
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rate. The results are validated and compared against the experimentally observed values to
report an R? > 0.99 for the initial, secondary, and long-term absorption rates, confirming
the model’s accuracy.

A forward feed network trained with the Levenberg—-Marquardt backpropagation
(LMBP) algorithm containing nine input parameters, fifteen hidden layers and one output
is developed to predict the absorption rates of the geopolymer concrete specimens, as
shown in Figure 15 below.

=]

—
Output

=)

Output

Figure 15. ANN Framework for two-layered feed-forward network.

The hidden layers are neurons which consist of a logistic sigmoid activation function
to run the model containing 70% of the sample size for training, 15% for validation and 15%
for testing. The test runs for initial, secondary, and long-term absorption rates returned a
correlation coefficient greater than 0.99 for the training, validation, and test datasets. The
results of the prediction values against experimental values are depicted in Figures 16-18
below for initial sorptivity, secondary sorptivity and long-term sorptivity. The R? values
are a perfect fit against the observed values for all three sorptivity rates.
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Figure 16. Initial absorption rate—correlation between ANN and experimental values.
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Figure 18. Long-term absorption rate—correlation between ANN and experimental values.

Similarly, a graphical plot depicting the experimentally recorded and ANN predicted
sorptivity rates for each of the 18 specimens used in this study is also displayed in Figures 19-21
below, describing the prediction accuracy of the ANN model.
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Figure 19. ANN vs. experimental—initial absorption rate of test specimens.
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Figure 21. ANN vs. experimental—long-term absorption rate of test specimens.

4. Conclusions

This study assesses the durability of the self-compacting and fibre geopolymer con-
crete mixes concerning their permeability and water absorption rates. The study adopted
two other fibre geopolymer concrete mixes modified by adding 12 mm- and 30 mm-long
chopped basalt fibres. The knowledge of the durability properties of these novel geopoly-
mer concrete mixes is a step forward in widening the application of this sustainable concrete
in harsh weather/aggressive environments. The ANN prediction model incorporated in
this study can be used for generating knowledge on the water absorption capacity and
long-term sorptivity of similar geopolymer concrete mixes, contributing to the body of
knowledge. The significant conclusions based on the experimental observations and pre-
diction model are highlighted below:

1.  The water absorption rates of the SCGC specimens containing chopped basalt fibres
were lower by around 72% for the initial 6 h of exposure, stabilising for the 7 days
and long-term exposure until saturation of the test specimens.

2. The weight change of specimens was significant for SCGC mix without any fibres
reporting an increase of up to 5.5% until the samples were completely saturated.
In contrast, the models containing 12 mm and 30 mm chopped basalt fibres reported a
rise of only 1.86% and 1.96%, respectively, at saturation compared to the initial weight
of dry specimens.

3. The addition of 12 mm- and 30 mm-long fibres at 1% by weight of total binders has
improved the permeability characteristics of the geopolymer concrete mix. However,
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it reported a slight decrease in the mechanical and flowability properties for the
compressive strength, tensile strength, and slump flow.

4. Adding chopped basalt fibres can offer improved permeability and denser geopolymer
concrete. However, there is a need for more research on the optimisation of the chopped
basalt fibre length and the need for investigating other weight ratios of fibre quantities.

5. The ANN prediction model confirmed an excellent alignment between the experimen-
tal observations and model predictions, offering a new sorptivity prediction model
for geopolymer concrete mixes.
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