ORIGINAL RESEARCH ARTICLE Civil Engineering in Transport D71

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
BY

which does not comply with these terms.

MECHANICAL PROPERTIES INVESTIGATION AND OPTIMIZATION

OF AMBIENTLY CURED ALKALI-ACTIVATED CONCRETE

Kothoju Saibaba*, B. Kondraivendhan

Department of Civil Engineering, SVNIT, Surat, Gujarat, India
*E-mail of corresponding author: d16am012@amd.svnit.ac.in

Kothoju Saibaba ‘= 0000-0001-7115-2800,

B. Kondraivendhan

0000-0002-1589-919X

Resume

The mechanical, microstructural and statical interpretation of the Alkali
Activated Concrete (AAC), prepared using fly ash with crushed granulated
corex slag as the binder ingredient, are examined in this work. Here, cast
in-situ alkali-activated concrete strengths and substitute slag concentrations
of 0-50% by fly-ash weight were undertaken to determine a workable
manufacturing process and were all considered for up to 28 days. Moreover,
in microstructural research, C-A-S-H gel is produced by adding Ground
Granulated Corex Slag (GGCS) to the binder-generated structural changes
in the in-situ alkali-activated concrete. As a result, this research obtained
perfect mixture fractions by synthesizing 25% GGCS with 0.4% of the
liquid-to-binder ratio, in addition, a unified desirability of 80 % was attained.
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1 Introduction

Concrete use is expanding quickly due to the rising
industrialization and housing need. The majority of
infrastructure is presently built with concrete. Ordinary
Portland Cement (OPC) is a vital element when making
conventional concrete. The only additional material
used more frequently than concrete on Earth is water
[1]. One of the workable solutions for lowering the CO2
emissions has been suggested as creation of the low-
carbon replacement binders [2]. An OPC binder can
be replaced with geopolymer, a green substance that is
ecologically friendly and devoid of cement. In an alkaline
environment, the silica-alumina pebbles undergo a rapid
chemical reaction that results in a 3D polymer sequence
with a ring structure containing Si-O-Al-O links [3].

On the other hand, the OPC is not necessary when
using alkali-activated concrete. The binder was produced
when an aluminosilicate material was subjected to
strong alkaline solutions. It is clear that throughout
the manufacturing of OPC, enormous volumes of
CO2 were released into the atmosphere in addition
to depleting natural resources. It is necessary to use
a green substitute material to counteract these impacts.

Making environmentally friendly concrete requires
using alternative resources [4]. Geopolymer concrete is
made by mixing aggregates and residual material with
cementing gel geopolymer [5]. Alkali-activated binders
generate up to 80 % less CO2 than the Portland cement.
[6].

Despite having existed since the nineteenth century
[7] and possessing several advantageous qualities,
the geopolymer system is not as frequently utilized
in producing concrete as OPC. Cons of the two-part
geopolymer binders have limited their usage in concrete
production [8]. Though the technical features of the
concrete made with this binder are improved, it may
provide extra environmental advantages, as well [9].
It was found that increased ratio of calcium fly ash
in concrete provides a compressive strength of 65
MPa without the use of high-temperature curing [10].
The activator, on the other hand, was still fluid, [11].
Creation of an one-part geopolymer mix has been
attempted. Their research focused on creating one-part
binders suitable from an economic and environmental
standpoint, [12].

Burning coal in thermal power plant boilers produces
a waste product known as fly ash. Fly ash is mainly
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composed of alumina with silica, with small amounts
of iron oxide, lime and magnesia added for balance.
Massive volumes of fly ash are produced due to fast
industrialization, as it accumulates over time and poses
a risk to the environment. Alumina and silica-carrying
components are required for geopolymer reactions and
fly ash has attracted the attention of researchers as
a relevant resource for geopolymer product development
[13]. Fly ash is utilized to create geopolymers to
reduce the fly ash’s steadily growing environmental
effect and protect naturally occurring aluminosilicate
minerals [14]. It also offers the advantages of being
workable, accessible, mechanically sound and improving
end product durability [15]. Fly ash and alkali mix
during polymerization create a cementitious substance
comprised of alumina-silicate-hydrate (A-S- H) gel [16].
Poor fly ash reactivity has shown to be challenging since
it results in a sluggish setting and strength properties.
Before the final cemented structure is formed, fly
ash is typically only partially broken down [17-18].
Granulated Blast Furnace Slag (GBFS), for example,
has been utilized to improve the reactivity of geopolymer
precursors, according to [19]. The main constituents of
GBFS, which is granular and glassy, include oxides like
Si02, CaO, Al203 and MgO. It is created by rapidly
cooling molten blast furnace (BF) slag, a by-product
of iron manufacturing, often by submersion in water,
followed by crushing to improve reactivity. The process
causes the Ca in the slag to hydrate, forming C-S-H
gel, a cementitious phase that enhances the setting and
strength features [20].

Ordinary Portland cement concrete (OPCC) and
alkali-activated slag concrete (AASC) have benefits,
including improved durability, high strength and
minimal environmental effect. Hydrated sodium silicate
gel, with crystalline hydrated calcium silicate gel (C-A-
S-H or C-S-H), are the primary reaction products of
AASC (N-A-S- H). Due to its low Ca0O/SiO2 ratio and
other microstructural changes, the C-S-H gel in AASC
varies from that seen in Portland cement concrete [21].
Studies [22-23] have shown that the kind and nature
of the starting material Ground Granulated Blast
Furnace Slag (GGBFS), the quantity and composition
of the alkaline activator solution, as well as the curing
conditions, have a significant impact on the mechanical
and toughness properties of AASC. Consequently, it is
crucial to fully understand a novel type of concrete’s
mechanical performance and toughness characteristics
before using it in a building. To serve as a reliable
foundation material for AASC, GGBFS also needs
sufficient amounts of calcium and silica with alumina
species. When alkali hydroxide or alkali silicate are
used as activators separately, rather than both, the
strength is lower [24]. Multiple investigations have
been conducted on the mechanical strength and
robustness characteristics of AASC. It is not easy to
find information on how to blend materials for AASC
with the appropriate compressive strength [25]. By

choosing the right proportions of concrete components
from the literature [26-27], it is possible to create alkali-
activated concretes with the requisite strength. Based
on its compressive strength, concrete’s flexural and split
tensile strengths may be estimated using the codified
equations [28].

To examine the effects, connections and
interconnections among dependent variables
(responses) and independent elements, the Response
Surface Methodology (RSM) links the output outcome
to independent variables [29]. The response surface
approach has been used to build models and enhance
mixes in various academic fields. Several sectors started
using statistical design approaches in the 1930s due
to Box and Wilson’s creation of the response surface
procedure in 1951 [9]. The response surface approach
is commonly applied in producing conventional OPC
and geopolymers to imitate and enhance experimental
findings [30].

Davidovits [12], initially utilized RSM to predict the
compressive strength of a mixed paper concrete in terms
of optimizing the model. The research was backed by
several scientists [31] [32-33]. In their recent work [34],
hybrid design systems for roller-compacted concrete were
created using the RSM approach. They improved the
performance of roller-compacted rubber concrete (RCR)
mixes and reduced water absorption. By predicting
their mechanical and post-cracking behaviour, [35]
built and refined engineered geopolymer composites
and effectively increased the compressive strength and
ductility of the necessary cementitious composites.

In recent research, anhydrous GCS raw materials
were converted into one-part alkali-activated binders.
However, few researchers have used the RSM approach
to develop and predict the behaviour of one-part
geopolymer binders manufactured from anhydrous corex
slag and supplemented with low calcium fly ash [36]. In
the current study, alkali-activated concrete was made
and allowed to cure at room temperature and in an
oven. It could also be cast in place. The strength and
microstructures of cast in-situ alkali-activated concrete
were investigated at various Ground Copper Slag (GCS)
levels while utilizing the conventional sodium silicate
and sodium hydroxide combination. In one section, RSM
was used to conduct optimization research on fly ash and
GCS parameters to produce the most resilient alkali-
activated concrete.

2 Materials and methods
2.1 Materials
2.1.1 Flyash
Fly ash was the main source of aluminosilicates

employed in this experiment’s geopolymer binder (ASTM
Class F). Ninety-five percent of the fly ash used in this
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investigation, which had a relative density of 2.2 as well
as a mesh size of 45 microns, went through the sieve.
Table 1 shows the chemical composition as established
by chemical characterization.

2.1.2 Ground granulated Corex slag

This study utilized ground granulated Corex slag as
a supplementary binder (GGCS). It is a by-product of the
iron industry, which primarily consists of minerals with
the chemical composition of calcium aluminosilicate.
Owing to its strong reactivity with particular surface
area, it was believed that using the GGCS as a fly ash
replacement in one-part alkali-activated substances
would improve their tensile qualities. Table 1 displays
the chemical makeup of the GGCS oxide utilized in
this study, with GGCS slag replacing fly ash at weight
percentages of 0%, 10%, 20%, 30%, 40% and 50 %,
respectively.

2.1.3 Alkaline solution

Sodium Hydroxide (NaOH) with sodium silicate
(Na,Si0,) solutions were mixed to produce the activator
solution. The 97-98 % pure NaOH pellets and tap water
were combined to create a sodium hydroxide solution
with the right concentration. A local commercial supplier
provided sodium silicate solution in the ready-made
form.

Composition of Sodium silicate: Color: colourless/
White liquid physical state; Density: 1.44 : 1.56 g/cm3,
Mass percentage: 44:48 of total solids, respectively. The
densities of sodium hydroxide and complete alkaline
solutions were 1.15 and 1.5 g/cm3, respectively. This
investigation used a single alkaline solution with
a constant NaOH concentration of 8M.
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Figure 1 Fly ash XRD Pattern

2.1.4 Aggregates

The coarse aggregate is crushed rock granite,
whereas the fine aggregate is local sand, Table 2. For
fine and coarse aggregates, the specific gravity and bulk
modulus, with void ratio, are 2.52, 1.54 g/cm3, 0.632 and
2.47, 1.678 g/cm3, 0.456. A constant weight ratio of 0.7
was used for coarse aggregate to total aggregate.

Figures 1 and 2 show the fly ash XRD pattern and
the Corex slag XRD pattern for the method, respectively,
with intensity on the Y-axis and 260 on the X-axis.

The chemical analysis of GGCS powder and fly ash
was carried out using an Inductively coupled plasma
optical emission spectrometer Loss on ignition (LOI)
was measured by calculating the weight loss upon
heating. Instrument used in the present study is Bruker
AVANCE III 700 MHz NMR spectrometer equipped with
a 5mm triple resonance cryoprobe with Z-gradient. The
phase assemblages of AAMs were generated using the
simulated precursors with 80 wt % SiO2 + CaO + Al1203
as the primary contents, which play the most crucial role
during the alkali-activation of aluminosilicate materials.

Table 3 shows the mixed proportions of AASC
concrete. Here, L/B denotes the liquid-to-binder ratio,
M denotes moles and FA and CA are Fine and Coarse
Aggregate. This table gives a detailed explanation of
mix designation, Fly ash, corex slag, NaOH and other
parameters with their proportions.

2.1.5 Mixing, sample preparation and curing

To create the necessary molarity of sodium
hydroxide solution, sodium hydroxide pellets are diluted
with water. For example, 255g of sodium hydroxide
pellets are dissolving in water to create 1 kilogram of
an 8M sodium hydroxide solution. The concentration
of the sodium hydroxide solution affects the mass of
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Figure 2 Corex slag XRD Pattern
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Table 1 Fly ash and GGCS Oxide Compositions

Oxide

Fly ash (Wt. %)

GGCS (Wt. %)

Calcium oxide, CaO 3.62 35.79

Silicon oxide, SiO, 56.38 34.58

Aluminium oxide, ALO, 23.30 17.28

Iron oxide, Fe,0, 15.92 0.92

Magnesium oxide, MgO 0.34 8.05

Potassium oxide, K,0 -
Loss of ignition, LOI 0.79 0.97
Table 2 Basic Properties Coarse and Fine Aggregates
Basic Property Fine Aggregate Coarse Aggregate

Specific Gravity 2.54 2.78

Water absorption 2% 0.6%

Fineness modulus 2.62 7.28

Bulk density 1.39 1.48

Table 3 Mix Proportions of AASC concrete

Mix designation Fly 2:1?) e/ C(&Z;:glf € L/Bratio Na?nlj)(kg/ I:{ag/snlgs M (kg/?nﬁ‘) (k:/l?n‘")) 2{?02;
A1F100S0 444.45 0 0.35 44.45 1111 8 540 1260 2.42
A1F90S10 400.00 44.44 0.35 44.45 1111 8 540 1260 2.38
A1F80S20 355.56 88.89 0.35 44.45 1111 8 540 1260 2.35
A1F70S30 311.11 133.33 0.35 44.45 1111 8 540 1260 2.30
A1F60S40 266.69 177.76 0.35 44.45 1111 8 540 1260 2.30
A1F50S50 222.22 222.22 0.35 44.45 1111 8 540 1260 2.25
A2F100S0 428.50 0 0.40 49 122.5 8 540 1260 2.42
A2F90S10 385.65 42.85 0.40 49 122.5 8 540 1260 2.38
A2F80S20 342.8 85.70 0.40 49 122.5 8 540 1260 2.35
A2F70S30 299.95 128.55 0.40 49 1225 8 540 1260 2.30
A2F60S40 257.10 171.40 0.40 49 122.5 8 540 1260 2.30
A2F50S50 214.25 214.25 0.40 49 122.5 8 540 1260 2.25
A3F100S0 413.80 0 0.45 53 133 8 540 1260 2.42
A3F90S10 372.42 41.38 0.45 53 133 8 540 1260 2.38
A3F80S20 331.04 82.76 0.45 53 133 8 540 1260 2.35
A3F70S30 289.66 124.14 0.45 53 133 8 540 1260 2.30
A3F60S40 248.28 165.52 0.45 53 133 8 540 1260 2.30
A3F50S850 206.90 206.90 0.45 53 133 8 540 1260 2.25

sodium hydroxide pellets in the liquid. An amount of
39g of sodium hydroxide pellets is needed to make
a 1M sodium hydroxide solution kilogram. After that,
the sodium hydroxide and sodium silicate solutions are
blended. The moisture content of the sodium silicate
solution is disregarded, while creating sodium hydroxide
solution or calculating sodium hydroxide concentration.
One day prior to casting, the sodium silicate with
sodium hydroxide solutions are adequately combined to
achieve ideal solution mixing.

NaOH and Na,SiO, solutions were thoroughly
combined in this study’s alkaline solution, Na,SiO,,

then heated to 252 °C 24 hours before usage. The
activators’ dosages are listed as a percentage of the
binder, varying NaOH to (0.35, 0.40 and 0.45). A drum
mixer with a saturated dry surface condition thoroughly
mixed coarse and fine materials with a binder during
dry Mixing. The alkaline liquid was adequately mixed
and diluted with water. The two components were then
blended for 5 minutes at a temperature of 27+2 °C
after combining the dry mixture and liquid combination.
Preparing the alkaline solution 24 hours in advance
was the major challenge with the Mixing procedure.
This issue limits the use of fly ash-based geo-polymer
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concrete and makes precast concretes a better fit. The
issue of temperature increase during the production of
alkaline solutions is another.

After mixing, the cement was poured into concrete
molds measuring 150mm x 150 mm x 150 mm, vibrating
for 45 seconds and then allowed to dry for 24 hours.
Twenty-four hours after the casting, the samples were
de-molded and dried in ambient and oven settings.
Until the testing age was attained, specimens were
ambiently cured at room temperature (25 °C and 75%
relative humidity) (28 and 56 Days). However, for
oven curing, the de-molded samples were held in the
oven at a temperature of (60 °C for 24 hours) but then
left at room temperature until the age of testing. For
outdoor cured specimens, humidity and temperature
management are not necessary. At 28 and 56 days old,
AAC samples underwent compressive strength testing.

2.2 Methods

The resultant mix proportions, indicated in Table
2, were created to create a total of 12 concrete mixes
so that the parameters chosen for this investigation
covered all of the mix design’s limitations. Because of
that, the study’s changeable parameters include the
ratio of alkaline solution to binder, curing and GGCS.

2.2.1 Mechanical strength tests

To examine the mechanical features of AAC, three
cubes (150 x 150 x 150 mm) and three cylinders (100 mm
diameter x 200mm height), with three prisms (500 x
100 x 100 mm), were cast for each mix then evaluated
for compressive, split tensile and flexural strength after
28 and 56 days of curing. Compressive including flexural
strength testing was conducted by IS 516:1959 [8] (or
ASTM C78), whilst split tensile tests were carried out
by IS 5816: 1999 [9], (or ASTM C496). The AAC’s flexure
strength is evaluated using the three-point loading test.

2.2.2 Creation of statistical models utilizing the
response surface approach

This research examined the combined impact of
flyash and GGCS on behavior of the cast-in-situ alkali-
activated concrete to establish a connection between
input factors and output responses. The most potent
combinations are discovered through the numerical
optimization, which also decreases water absorption.
The response surface analysis used a unique sequence
of predictors to demonstrate statistical correlations
among results with independent variables. Given that
it can be employed when there are two independent
variables, the central composite model was the most
extensively applied with a reliable model [31, 37-41].

Design expert software was used for the experimental
design. The cast in-situ alkali-activated concrete mix
design formulas were randomly chosen for the two
independent variables using a face-centered central
composite design (FCCD). Flyash percentages ranging
from 0 to 100% and GGCS percentages ranging from
10 to 50% by weight of the flyash were the design
parameters examined. The results of this experiment
included increases in compression strength, split tensile
strength, flexural strength and overall weight decrease.
For each response, the computer-generated five randomly
duplicated combinations totaling thirty. The software
uses the five duplications to compare the experiment’s
accuracy to any possible defects.

2.2.3 Field emission scanning electron microscopy

On a field emission scanning electron microscope
equipped with EDAX (ULTRA plus, Carl Zeiss), the
interfacial transition zone of concrete examples (20 mm
in length, 20mm in width and 25mm in height) was
investigated. Before testing, the samples’ surfaces were
coated with Au/Pd to make them conductive. Unreacted
nanoparticles and cracks, including bonding among
the aggregate and then paste, were all studied in the
microstructures. Variations in elemental composition
were mapped using EDAX from one location to the next.

3 Results and discussion
3.1 Compressive strength

The AAC compressive strength is determined by
various parameters, including the binder content,
alkaline content and aggregate used in the mix. Several
trial mixes were created and tested. Two mixes were
chosen based on the outcomes of the experiments.
Figures 3-5 display the compressive strength of AAC at
various ages (28 and 56 days) and the liquid-to-binder
ratio (0.35, 0.40 and 0.45). With an increase in GGCS
concentration in the mix, the compressive strength
of both ambient and oven-cured AAC was increased.
The presence of calcium was crucial in achieving AAC
strength, which was further improved by producing
C-A-S-H gels. After 28 days, ambient and oven-cured
F70S30 samples have compressive strengths of 50.55
MPa and 53.77 MPa, correspondingly.

3.2 XRD analysis

The XRD is an important method used for cement
concrete samples’ quantitative and qualitative analysis.
Here, pan analytical equipment is utilized. By using the
XRD test results, a graph between the angle at which
the wave was diffracted and intensity of X-Ray was

VOLUME 25

COMMUNICATIONS 3/2023



D76

SAIBABA, KONDRAIVENDHAN

determined. The XRD test was conducted on samples on
the 28-th day. Figures 15-18 show XRD for AAC samples
cured at ambient and oven conditions for 28 days for the
mix F70S30. The diffractometer having a wavelength
% = 154A at the scan step time [s] = 72.97. Scan Axis
is 20 — w, start position, end position, step size, scan
step time for 26 is 10.0126, 99.9856, 0.0130, 72.9710 and
scan type is continuous.

Some dissolvable minerals, such as quartz and
mullite, have survived in all products, as evidenced by
face-cantered XRD patterns. The peak (between 26°
and 30°) in the fly ash and GGCS-based AAC XRD
patterns indicates that the geopolymer material has
semi-crystalline and amorphous structures. The peak
(between 26° and 30°) in the reaction products with
relatively lower intensities indicates that the alkali-
activated material has an almost completely amorphous
structure.?? It was discovered that the alkali activators
in both regimes have a diffuse hump between 26° and
30°. When partial replacement of fly ash with GGCS
(20% and 30%) in ambient conditions was compared
to the patterns of both grades, no significant change in
AAC was detected.

3.3 Effect of curing on compressive strength

This study examined the AAC’s compressive strength
in relation to the impacts of ambient plus oven curing.
Oven-cured samples get a greater compressive strength
than ambient-cured samples. The strength gain is
more significant since the polymerization procedure
is frequently accelerated at a temperature greater
than ambient. When it comes to casting in place, it
is critical to cure at room temperature. High strength
gains for F70S30, when exposed to ambient curing,
is around 50.55 MPa, whereas the strength gains for
F70S30, when exposed to oven curing, is around 53.35
MPa for 8M. With the addition of GGCS, ambient
curing yielded satisfactory results without needing oven
curing. As a result, oven curing can be avoided if AAC
is manufactured with GGCS instead of fly ash. There
was a quick rise in compressive strength up to 7 days
after increasing the GGCS concentration in the mix and
changing the liquid-to-binder ratio and the strength
continued to improve up to 28 days. A blend with
a 30% GGCS content in the overall binder composition
provides more strength than a mix with a 50 % GGCS
content. The addition of calcium causes the strength
of fly ash and GGCS-based AAC to increase. Including
soluble calcium increases compressive strength, which
speeds up the hardening process.

3.4 Effect of age on the strength of concrete

The connection between 7-day strength with 28-day
strength is crucial for AAC. The study is also being

done to determine how strong AAC is after 28 and
56 days. The liquid-to-binder concentration, alkaline
activator solution molarity and curing regime have the
most considerable effects on the compressive strength
of AAC. After 28 days of healing, oven-cured samples
have an advanced compressive strength with respect to
the ambient-cured ones. The strength of the oven-cured
sample is roughly two times that of the ambient-cured
specimen after 28 and 56 days of curing.

The early strength was quite active after seven
days, while the later strength gain was reduced. The
initial curing temperature influences the polymerization
process. The amount of heating is crucial in increasing the
strength of AAC, regardless of the concrete composition.
Strength improvements happen more quickly at an
early age than they do later. It was seen with both types
of curing. However, oven-cured AAC exhibits a better
growth in strength than the ambient curing. The early
rate of strength progress within 28 days is substantial,
but the strength gain was not asnoticeable later as it is
in typical concrete. The 28-day compressive strength to
56-day compressive strength ratio illustrates this. This
ratio varied for samples that were ambiently cured from
1.04 to 1.35. In an oven-cured sample, the compressive
strength ratio at 28 days to the compressive strength
at 56 days ranged from 1.06 to 1.32. It unequivocally
demonstrates that, compared to regular concrete, which
has a ratio of 1.50, acquiring compressive strength
beyond 28 days is extremely slow.

Additionally, a 2-dimensional plot was used to
graphically illustrate the contour plot of the developed
model, as seen in Figure 6. All the contour lines
represented the optimal interaction between the GGCS
and the curing regime. The independent variables in the
model demonstrate complete synergy with one another.
In the contour plot, the yellowish and greenish regions
denote a fantastic combination that results in the best
strength values. According to the three-dimensional
surface diagram in Figure 6 the ambient cured, alkali-
activated mixes’ compressive strength was raised and
the setting time was shortened by adding GGCS to
the mixtures. The presence of GGCS in the binder has
a massive impact on the setting time of the pastes,
causing them to harden more quickly since the model
includes significant quantities of calcium oxide.

3.5 Split tensile strength

Figures 7-10 display the ambient, as well as the
oven-cured specimens at the ages of 28 and 56 days.
For Mix F90S10 - F50S50, the split tensile strength of
AAC after 28 days was in the range of 2.25-4.80 MPa for
ambient and oven curing, individually. It demonstrates
that simple curing of the AAC specimens outside at
average temperature is sufficient to achieve split tensile
strength. It is owing to the geopolymer gel’s tight
connection with the aggregate particle.The split tensile
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Figure 5 Compressive strength results of L/B = 0.45

strength of AAC samples treated under atmospheric
temperatures rose to a satisfactory level with the
calculation of GGCS for fly ash to the combination
[22]. The material’s tensile strength grew as the GGCS
content did. Speculate that the rise in AAC strength is
due to the continual creation of N-A-S-H and C-A-S-H
gels. Anempirical equation was established for ambient

and oven curing using the experimentally obtained
compressive and splitting tensile strength values of fly
ash and GGCS-based concrete, as shown in Equations
(1) and (2), respectively. The connection between the
compressive and tensile strengths in conventional
concrete is 0.7 * f , but this value is lower when
compared to traditional concrete.
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Figure 6 2-D and 3-D response surface diagram for compressive strength

Fsplit = 0.338* 4/ fck — ambient curing (1)
Fsplit = 0.4178 */ fck — Oven curing (2)

The splitting tensile strength is fsplit, while the
Characteristic strength is fck.

3.6 Flexural strength

The flexural strength of the oven-cured specimens is
superior to ambient-cured samples because of the quick
polymerization process, as demonstrated in Figures 11
to 13. The flexural strength of ambient-cured AAC was
4.1 MPa, while that of oven-cured samples was 4.5 MPa.
The flexural strength of AAC is increased as the GGCS
content is improved. The GGCS component is essential
for creating the C-A-S-H gel in the mix, increasing AAC

strength. The contribution of strength is due to this gel
formation. Equations (3) and (4) show the relationship
between the compressive and flexural strengths

Fsplit = 0.412* / fck — ambient curing 3)
Fsplit = 0.437 */ fck — Oven curing . 4

The two-dimensional contour plots, presented in
Figures 10 and 14, provide for precise observation of the
change in splitting tensile with flexural strength across
the mixes in the three-dimensional surface diagram
(a). A yellowish area in Figures 10 and 14 represented
the required variable combination. It demonstrates an
excellent working relationship between the fly-ash and
GGCS. The impact of the two factors (GGCS and other
materials) on the split tensile strength with flexural
strength after 28 days of ambient healing is depicted in
a 3D dimensional diagram in Figures 10 and 14.
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Figure 10 2-D and 3-D Response surface diagram for split tensile strength
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Figure 13 Flexural strength results of L/B = 0.45

3.7 SEM analysis

Using backscattered electron imaging, the AAC
samples were analyzed. The fracture surfaces of
materials, made using sodium silicate with sodium
hydroxide solutions and cured in ambient as well as in
an oven, respectively, are shown in Figures 19-22. The
materials are heterogeneous and contain a significant
amount of unreacted fly ash, as shown by the micrographs.
A notable change in how the matrix-forming phases
looked was seen for various curing regimes. The fly ash
spheres were embedded in a glass-like matrix in the
sample of ambiently cured silicate, while in the sample
of oven-cured silicate, a composite matrix, made up of
some glass-like and other more crystalline areas, had
formed. Using micrographs of the fly ash activated in
[4] to compare these pictures demonstrates that in this
study, prolonged room-temperature procuring caused
many fly ash dissolution and a continuous matrix phase

to develop. It helped the AAC materials to become more
homogeneous, which was advantageous.

3.8 Interpretation of the test results using
statistics

Each of the existing models has undergone
statistical analysis and validation. To determine the
relevance of experimental factors, the analysis was
done at a level of 5%. Flexural strength, splitting
tensile strength and compressive strength were the
dependent variables in this experiment. In addition,
the independent parameters Flyash, GGCS, liquid-to-
binder ratio and curing regime were used. The resulting
p-values in Tables 4-6 demonstrate that each factor was
significant at a 95% level and was regarded as a critical
factor in the test’s outcome.

The regression coefficient (R2) value was utilized
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Figure 14 2-D and 3-D response surface diagram for flexural strength
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Figure 20 SEM Mix F70S30 0.35 L/B AMB

to evaluate the model’s quality as can be shown in
Tables 4-6, the models for compressive strength and
split tensile strength. Flexural strength has high R2
values of 0.9947, 0.9925 and 0.9949, respectively,
indicating excellent agreement between the projected
and experimental data.

It is also important to note that there is less than
0.1 difference between the anticipated and adjusted R2
values, indicating agreement. As shown in Table 7, all
of the models had enough precision values greater than
4, suggesting that they might be utilized to explore the
solution space. The lack of fit can also be used to judge
a model’s quality; a lower value for the lack of fit implies
a model that is worthier. Interestingly, all models’ lack
of fit P- values were significant, as shown in Tables 4-6,
indicating high fitness for all the model answers.

To evaluate the data distribution and ensure that
it is suitable, a standard probability plot is a form of
a graph that is utilized [35, 42]. Figure 23 illustrates the
normal distribution of the data for all residual responses
by the virtually straight-line-like distribution of the
points for all dependent variables. The competency and
suitability of the modelling techniques were graphically
evaluated by plotting the projected vs actual outcomes.
The projected vs. actual results plot in Figure 23

SEl 15kV WD11mmSS29 x500 50pm

IITK Mar 23, 2019

! ey
SEl 15KV WD13mmSS29
ITK

Figure 22 SEM Mix F70530 0.45 L /B AMB

show how the anticipated response model predicted
the outcomes. The seamless fit of the data points to
a straight line demonstrates a good correspondence
between experimental findings and predictions made by
the models in use. Since the cast in-situ alkali-activated
concrete has various strengths, the existing response
models were relevant and adequate in determining
those strengths. However, an ANOVA approach may be
used to predict the compressive strength of the cast-in-
situ concrete, as demonstrated in Equation (1). Each
response model was quadratic. Through the variance
analysis, relationships and influences between variables
and responses were established. These relationships are
shown in Equation (8).

Compressive strength = 34.00 + 2.67A —

—0.6667B + 0.1667C + 12.82D + 0.256AB —
—0.125AC + 0.75AD + 0.125BC + 0.5BD — (5)
—0.375CD + 0.1458 A2 — 0.3542B2 + 0.0208C2 +
+0.6458D2

Split tensil strength = 2.74 + 0.14A + 0.01568 +
+0.0841C + 1.17D + 0.1888AB — 0.1201AC +
+0.0049AD + 0.1649BC — 0.151BD + 0.1013CD +
+0.0121A2 + 0.0746B2 + 0.0346C2 — 0.0367D2

(6)
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Flexural strenght = 4.65 + 0.2362A + 0.2054B —
—0.1954C + 1.69D + 0.0056AB + 0.0731AC —
—0.1381AD — 0.0319BC — 0.0031BD + 0.0994CD + 0
+0.0047A2 — 0.026682 — 0.0128C2 + 0.1984D2.

3.9 Optimization and validation study

To improve the strengths of the proposed concrete
mixes, quantitative multi-objective optimization was

Table 4 Compressive strength

utilized to establish the proper GGCS and liquid-
to-binder ratio. Establishing desirable values for
independent variables is the aim of optimization
research to reach the optimization objectives. The
RSM approach, which identifies the desired result’s
relevance purpose, was used to boost the replies that
were affected by the numerous elements [32, 41]. The
outcomes of numerical optimization solutions, based
on the optimization objective, are shown in Table 8.
The design expert program produced the ideal mixture
fractions by combining 25% of GGCS with 0.4% of the

Factor SS DF M.S F-Value P-Value Remark
Model 4168.80 14 297.71 201.50 < 0.0001 Significant
A-Flyash 170.67 1 170.67 115.49 < 0.0001
B-GGCS 10.67 1 10.67 7.22 0.0169
C-L/B 0.6667 1 0.6667 0.4511 0.5120
D-Curing 3952.67 1 3952.67 2674.74 < 0.0001
AB 1.0000 1 1.0000 0.6767 0.4236
AC 0.2500 1 0.2500 0.1692 0.6867
AD 9.00 1 9.00 6.09 0.0261
BC 0.2500 1 0.2500 0.1692 0.6867
BD 4.00 1 4.00 2.71 0.1207
CD 2.25 1 2.25 1.52 0.2362
A2 0.5833 1 0.5833 0.3947 0.5393
B2 3.44 1 3.44 2.33 0.1479
C2 0.0119 1 0.0119 0.0081 0.9297
D2 11.44 1 11.44 7.74 0.0139
Residual 22.17 15 1.48
Lack of Fit 20.17 10 2.02 5.04 0.0441 Significant
Table 5 Split tensile strength
Factor SS DF M.S F-Value P-Value Remark
Model 34.82 14 2.49 138.09 < 0.0001 significant
A-fly ash 0.4279 1 0.4279 23.76 0.0002
B-corex slag 0.0049 1 0.0049 0.2741 0.6088
C-lbr 0.1544 1 0.1544 8.57 0.0110
D-curing 29.69 1 29.69 1648.57 < 0.0001
AB 0.4960 1 0.4960 27.54 0.0001
AC 0.2006 1 0.2006 11.13 0.0049
AD 0.0003 1 0.0003 0.0188 0.8928
BC 0.3785 1 0.3785 21.01 0.0004
BD 0.3133 1 0.3133 17.39 0.0009
CD 0.1428 1 0.1428 7.93 0.0137
A? 0.0040 1 0.0040 0.2211 0.6454
B2 0.1515 1 0.1515 8.41 0.0116
Cc2? 0.0326 1 0.0326 1.81 0.2000
D2 0.0366 1 0.0366 2.03 0.1760
Residual 0.2522 14 0.0180
Lack of Fit 0.2429 9 0.0270 14.54 0.0044 significant
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Table 6 Flexural Strength
Factor SS DF M.S F-Value P-Value Remark
Model 73.96 14 5.28 207.06 < 0.0001 Significant
A-Aly ash 1.34 1 1.34 52.51 < 0.0001
B-corex slag 1.01 1 1.01 39.70 < 0.0001
Clbr 0.9165 1 0.9165 35.92 < 0.0001
D-curing 68.92 1 68.92 2701.46 < 0.0001
AB 0.0005 1 0.0005 0.0198 0.8898
AC 0.0856 1 0.0856 3.35 0.0870
AD 0.3053 1 0.3053 11.97 0.0035
BC 0.0163 1 0.0163 0.6372 0.4372
BD 0.0002 1 0.0002 0.0061 0.9387
CD 0.1580 1 0.1580 6.19 0.0251
A? 0.0006 1 0.0006 0.0236 0.8799
B? 0.0194 1 0.0194 0.7586 0.3975
C? 0.0045 1 0.0045 0.1765 0.6804
D2 1.08 1 1.08 42.34 < 0.0001
Residual 0.3827 15 0.0255
Lack of Fit 0.3577 10 0.0358 715 0.0212 significant
Table 7 Qualities that make a response model valid
Response Compressive strength (MPa) Split tensile strength (MPa) Flexural strength (MPa)
Standard deviation 1.22 0.1342 0.1597
Mean 34.37 2.83 4.78
Coefﬁdigt\;)f% \;ariation 354 474 334
R2 0.9947 0.9928 0.9949
Predicted R? 0.9716 0.9538 0.9718
Adjusted R? 0.9898 0.9856 0.9900
Adequate precision 59.71 48.34 60.016
Table 8 Optimization benchmark
Factor and Responses Target Minimum value Maximum Value
Flyash In range 50 100
GGCS In range 0 50
L/B ratio In range 0.35 0.45
Curing Type 28 60
Compressive Strength Maximize 12 62
Split tensile strength Maximize 1 4.81
Flexural Strength Maximize 2.25 8.61

liquid-to-binder ratio. Improved responses with an 80%
united desirability were attained. the second series of
experiments were conducted utilizing the ideal mixture
proportions with two other distinct mixes to assess the
optimized combination percentage within the design
mixes, the applicability of the results obtained and the
overall response modelling. Table 9 provides an overview
of the optimization criteria. Using Equation (4), the
difference between experimental and anticipated values

was assessed and reported as a percentage, as seen in
Table 9.

The optimization benchmark for the proposed
methodology is displayed in Table 8. Table 8 displays the
factors and responses for various attributes: the target,
minimum and maximum value.

The average probability curve of the developed
models is displayed in Figure 23. The normal percentage
probability is shown on the Y-axis, while the X-axis
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Table 9 Model verification

Liquid Binder

Predicted Experimental

Responses ratio GGES Outcomes outcome Error (%)

0.35 50 49.15 51.95 5.39

Compressive strength 0.40 30 58.26 60.44 3.61
0.45 10 50.18 52.56 4.53

0.35 50 3.51 3.68 4.62

Split tensile strength 0.40 30 4.76 491 3.05
0.45 10 2.78 2.96 6.08

0.35 50 3.38 3.6 6.11

Flexural strength 0.40 30 443 4.7 5.74
0.45 10 3.85 4 3.75

displays the externally studentized residuals.

The derived models’ projected vs the actual plot is
displayed in Figure 24. The actual values are shown on
the X-axis and the predicted values for our proposed
approach are shown on the Y-axis.

E}"}"O}"( % ) _ Experimental value — predicted value * 100% . (8)

Experimental value

4 Conclusions

This work has intended to characterize and improve
the cast-in-situ alkali-activated concrete using the
response surface approach. The scientific results of this
investigation allow for the following deductions:

Since the strength gains of 24.5% and 18.6 % were
attained at 28 and 56 days, respectively, the strength gain
of the cast-in-situ alkali-activated concrete was identical
to that of the regular Portland cement. Strength growth
is significantly increased when the GGCS replaces
fly ash to a greater extent. However, as shown by the
microstructural investigation, adding GGCS to the
binder induces structural aluminosilicate changes in the
in-situ alkali-activated concrete that has been created.
The alterations were connected to the source materials’
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