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Abstract: Geopolymer lightweight concrete has been
produced using environmentally sustainable materials by
completely replacing conventional concrete with ground
granulated blast furnace slag (GGBFS) as the binder, man-
ufactured sand as the fine aggregate, and CS as coarse
aggregate. The CS are used as a full replacement for natural
coarse aggregate in geopolymer concrete (GPCSC) and are
compared with the geopolymer concrete containing 100%
crushed granite (natural coarse aggregate) used in a con-
trol mix (GPCC). The GGBFS binder was activated with
sodium silicate (Na;SiO;) and sodium hydroxide (NaOH)
as alkaline activator solutions (Na,SiO,/NaOH) with the
ratio of 2.5 was taken, and the concentration of NaOH
was maintained at 10M for all mixes. The mechanical
and microstructural properties of CS concrete were com-
pared with the control mix. Flexural strength, split tensile
strength (STS), ultrasonic pulse velocity, bond strength,
impact resistance, and elastic modulus of the geopolymer
concrete were measured at 28 days, while the compressive
strength of the geopolymer concrete was measured at 3,
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7, and 28 days under concealed curing at an ambient tem-
perature. Relevant Indian and ASTM standards were used
to measure all the above properties. The microstructure
analysis shows that the presence of CS weakens the
strength of the mix and the structure of the interfacial
transition zone. On the contrary, due to the alkali-activated
GGBFS binder in geopolymer concrete, the matrix homo-
geneity improved due to the formation of a three-dimen-
sional aluminosilicate network. Test results show that the
compressive strength, STS, flexural strength, bond strength,
impact resistance, ultrasonic pulse velocity, and elastic mod-
ulus of geopolymer coconut shell concrete (GPCSC) satisfy
the structural criteria and can be used as structural-grade
lightweight concrete. A comparison was made between
conventional geopolymer concrete (GPCC) and lightweight
GPCSC in terms of their behaviour with previous literature
studies. The findings indicate that GPCSC can be utilized as a
structural-grade geopolymer lightweight concrete, offering
promising mechanical properties and reduced density.

Keywords: coconut shell, geopolymer lightweight concrete,
properties, sustainability, waste, zero cement

1 Introduction

Concrete is a combination of aggregates bound together
with a cementitious paste, making it a popular choice in con-
struction due to its versatility, ease of moulding, strength,
durability, and the ready availability of its components.
With an estimated global consumption of 25 billion tonnes
per year [1], concrete is the second most used material in the
world, following water. However, this widespread use results
in substantial greenhouse gas emissions [2-4], primarily due
to the production of cement, which releases about one tonne
of CO, per tonne of cement produced.

To mitigate this environmental impact, researchers are
focusing on developing and implementing more sustainable
materials. This involves using more waste materials,
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conserving resources, and reducing energy consumption. A
significant strategy for achieving sustainable construction is
to eliminate the use of virgin materials, especially cement, in
concrete production.

One promising solution is geopolymer concrete, which
completely removes the need for traditional cement with
by-products such as fly ash (FA), palm oil fuel ash (POFA),
ground granulated blast furnace slag (GGBS), coconut shell
powder, metakaolin and water with alkaline activator [5-11].
Geopolymer concrete produced using alternative binding
agents significantly reduces CO, emissions, offering a more
environmentally friendly option for construction [12,13]. To
produce geopolymer concrete fine and coarse aggregate can
be used as the same as conventional concrete.

Also, light-weight geopolymer concrete can be devel-
oped by modifying the characteristics of concretes using
alternative materials and replacing or adding materials in
concrete. Lightweight concrete (LWC) is a special concrete
with lower density than ordinary concrete. Among LWC’s
many benefits are their low dead weights, strong insula-
tion, and fire resistance [14]. LWC has a weight density of
300-1,850 kg/m® [15] or no more than 2,200 kg/m® as speci-
fied by BS EN 1992-1-1 [16].

Geopolymer production process can be divided into
two major steps. The first step is mixing the components
in proper proportion depending on the strength needed,
which includes mixing of binder, fine aggregate, coarse
aggregate, and alkaline activators. The second step is heat
curing. The heat-curing process generally changes the envir-
onmental profile of the geopolymer significantly. A mix con-
taining binder such as fly ash or other slowly reacting raw
material binder requires heat treatment mainly to enhance
the maturity of the geo polymers [17-22]. However, heat
curing is not necessary for all binders. Specifically for
slag-rich geopolymer, composites achieve their desired tech-
nical properties within a few hours or days at room tem-
perature without any heat curing. The overall mechanism of
geopolymerisation is established by three major phases: (a)
dissolution of silica and alumina in a highly alkaline envir-
onment, (b) coagulation and gelation of dissolved oxide
minerals, (c) formation of the 3D network (silico-aluminates
structures). The resulting chemical bond facilitates the three
predominant structures found in the 3D aluminosilicate net-
work. The predominant structures are characterised to
be poly (sialate), poly(sialate-siloxo), and poly(sialate- disi-
loxo) [7,8].

There is a large depletion of river sand due to the
extensive use of conventional concrete. Extraction of river
sand from river beds causes a lot of environmental impact,
which includes loosing water retaining sand strata, dee-
pening of the river courses and causing bank slides, loss
of vegetation on the bank of rivers, exposing the intake
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well of water supply schemes, disturbs the aquatic life as
well as affecting agriculture due to lowering the under-
ground water table, etc. [23]. Many research studies have
been done in the past two decades for the partial and full
replacement of natural river sand, e.g. sugarcane bagasse
ash, slag lime stone, quarry dust, siliceous stone powder,
etc. However, quality is the major concern in using these
materials. Manufactured sand is considered to be one of
the best alternatives for replacing river sand since it is
manufactured in a controlled environment [23,24].

A lot of agro-waste materials like date seed, oil palm
shell, rubber seed, corn cub, coconut shells (CS) and peri-
winkle seed were used as alternatives for conventional aggre-
gate based on the availability in the country. “Indonesia,
Philippines and India are the main three producers of coconut
and they account for 75% of total world production” [2].
Among which, India is the third largest country in the produc-
tion of coconut in the total world’s coconut production. Dis-
posal of this abundant available CS generated from the local
coconut industries creates an undesirable effect on the land,
causing a huge environmental impact [25]. Utilization of these
CS in the construction industry will solve the environmental
problem thereby reducing solid waste. Also, in developing
countries like India, a lot of research is going on by using these
CS as partial or full replacement of coarse aggregate since
unit-weight of concrete is less because of the unit mass of
CS used in the mixture [23].

The mechanical properties, bond between concrete and
reinforcement, shrinkage and deflection of floor slabs, prop-
erties of coir concrete (CSC) beams under flexure, shear,
torsion, absorption of water, sorptivity, pore voids quantity,
chloride penetration, salt-ponding test, elevated tempera-
ture resistance, modulus of elasticity [24-27], stress block,
modulus of rupture, and modulus of elasticity [29-33] of CSC
are all almost within the range in comparison to conven-
tional concrete produced with similar strength. Also, it is
possible to produce some other elements like pipes, flooring
tiles, hollow blocks, paver blocks, and manhole cover slabs
[34-36]. Physical, chemical, mechanical, bond, stress—strain
behaviour, and durability properties were detailed already
in the past publication to produce structural grade concrete
of Myg — Mas.

From these, it is very clear that the CS is one of the
sustainable alternatives for conventional stone aggregate in
the production of concrete. Not only that, it also renders the
advantage that the weight of the concrete is lesser, which
leads to the production of LWC and reduces the cost of pro-
duction since CS is considered as landfill waste. CS end up
green building materials instead of filling landfills.

The use of CS in structural grade concrete will have the
benefits of reduction in the cost of construction material,
as an alternative for conventional coarse aggregate, and



DE GRUYTER

also as a means of disposal of wastes. Since geopolymer can
be produced with different raw materials at variable process
conditions to achieve different properties, which make them
suitable for various applications. Careful raw material selec-
tion should focus both on solid and liquid components to
improve the profile of the geopolymer. Since CS is readily
and abundantly available, cheap as well as possesses less
density, it can be used as an aggregate in the production of
geopolymer concrete by increasing the percentage of CS
coarse aggregate to arrive at My, grade concrete [37]. So, there
is a great need to study and understand the performance of
the geopolymer systems with the traditional system.

The aim of this investigation is to compare the mechanical
and microstructural properties of geopolymer lightweight CS
concrete with the control mix using gravel or crushed granite
as coarse aggregate. Flexural strength, split tensile strength
(STS), ultrasonic pulse velocity, bond strength, impact resis-
tance, and elastic modulus of the geopolymer concrete are
measured at 28 days, while compressive strength of above
geopolymer concrete is measured at 3, 7, and 28 days and
the same were compared with the previous study with oil
palm shell which possesses the similar property of CS geopo-
lymer concrete [38—40]. This knowledge would be beneficial
for the future application of geopolymer lightweight CS con-
crete in the construction industry.

2 Materials and methods

Materials used and methodologies followed in this study
are described and discussed in this section.

2.1 Ingredients

Lightweight geopolymer concrete was produced in this
investigation using geopolymer concrete derived from
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ground granulated blast furnace slag (GGBFS), manufac-
tured sand (M-sand), and crushed CS. Conventional geopo-
lymer concrete used with crushed stone aggregate (CSA) was
also produced for comparative study. The chemical compo-
sition of GGBFS, M-sand, CS, and CSA was determined using
X-ray photoelectron spectroscopy, and the corresponding
results are provided in Table 1. The sum of the chemical
composition CaO, SiO, and MgO present in GGBFS was
found to be around 81%, which is responsible for strength
development. The remaining percentage contained Al,0s,
MgO, and minimal amounts that included extra oxides.
Active constituents, including CaO, SiO, and Al,0; are
discernible in GGBFS, M-sand, CSA, and CGA. The character-
istics of the materials utilised are outlined in Table 2.
GGBEFS has a specific gravity of 2.65, a specific surface area
of 4,280 cm?/g, and a maximum particle size of 12.3pum
(Table 2). The SiO, and Al,0; content in the binder
(Table 1) is the main factor that contributes to the properties
and strength development pattern of geopolymers. Using
this binder with high levels of reactive oxides helps to pro-
duce high-strength geopolymer concrete.

M-sand is extracted from local quarries near Chennai,
Tamil Nadu, India. India. Sieve analysis was performed in
accordance with IS 383:2016 [41] and ASTM C136 standards
[42]. M-sand exhibits a dimensional variation with the fol-
lowing percentage passing through various sieves: 99% for
the 4.75 mm sieve, 87% for the 2.36 mm sieve, 58% for the
1.18 mm sieve, 38% for the 0.6 mm sieve, 21% for the
0.30 mm sieve, and 6% for the 0.15mm sieve. Based on
these measurements, M-sand is classified as Zone II, indi-
cating a medium grading that is suitable for various con-
crete applications.

Coconut husks are collected in the coconut industry in
Erode district, Tamil Nadu, India. Scrap the raw CS using a
shredder designed for shredding CS equipment (Figure 1).
After CS is crushed, pass through a 12.5 mm sieve and be
used as coarse aggregate. For coarse aggregate, CS and

Table 1: Chemical composition of GGBFS, M-sand (fine aggregate), CS, and crushed granite (coarse aggregate) [37]

Chemical Composition Al,0; Ca0 Sio, Na,0 Mgo SO; P,05 K,0
GGBFS 13.70 45.83 32.52 00.25 03.27 01.80 00.04 00.48
M-sand 151 447 33.77 - 00.21 - - -

CS 05.75 63.11 20.70 00.60 01.89 02.75 00.05 00.15
Crushed granite 16.38 35.47 30.48 - 05.06 01.43 00.09 01.73
Chemical composition TiO, MnO Fe,03 Sro Cl Cr,03 NiO LOI
GGBFS 00.73 00.35 00.76 00.08 00.02 — — 00.60
M-sand — — 00.36 — — — 05.84
cS — 00.20 02.50 — — — 02.30
Crushed granite 00.26 00.06 02.05 — — 0.008 0.004 6.978
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Table 2: Properties of materials used
Properties Compacted bulk Maximum size Specific Fineness Specific Water Aggregate
density (kg/m3) gravity modulus (%) surface area adsorption (%) impact value (%)
(cm?/g)
GGBFS — 123 pm 2.65 — 4,280 — —
M-sand 1,520 475mm 2.60 2.70 — 2.25 —
cs 650 12.5mm 1.15 6.1 — 22.00 8.15
Crushed 1,670 12.5mm 2.82 6.93 — 0.50 6.23

granite

crushed granite with dimensions smaller than 12.5 mm and
shell thickness of 8-10 mm have been used. The particle
size distribution of CS and crushed granite is illustrated in
Figure 1. Shredded CS has higher impact strength values
(8.15%) and lower bulk density (650 kg/m>).

2.2 Alkaline activators

By combining sodium hydroxide (NaOH) solution with 10M
and sodium silicate (Na,0, 13%; SiO,, 30%; and water, 57%
by mass: Na,SiO3), an alkaline activator was produced for
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Figure 1: (a) Coconut shell aggregate preparation process. (b) Particle size distribution of CS and crushed granite stone aggregate (b to be drawn and

added).
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use in geopolymer conventional concrete (GPCC) and geo-
polymer coconut shell concrete (GPCSC). The NaOH and
Na,Si0, have been employed at a weight ratio of 1:2.5.
Figure 2 presents a flow chart of the components needed
to create GPCC and GPCSC.

2.3 Mix proportion

The design of geopolymer concretes is subject to limited
code regulations. When novel ingredients are introduced,
there are no precise methodologies available for the design
of concrete mixes; instead, trial mixes are typically used to
establish the design [36]. Due to their disparate qualities,
the ACI and IS techniques could not be used to develop a
concrete mix that included agro-waste components [36,38].
All mixtures were initially formulated with volume pro-
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GPCSC mix were selected for further studies since these
mixes were seems to be homogeneous and no segregations
were found.

Figure 3 shows the mixing of GPCC in a pan mixer,
transfer of mix on a tray, and final prepared GPCC mix
(M5), which was ready for cast. Similarly, Figure 4 shows
the mixing of GPCSC in a pan mixer, transfer of mix on a
tray, and final prepared GPCSC mix (M11), which was ready
for cast. Scanning electron microscopy (SEM) images of
mixes M7 and M11 of GPCSC were acquired to examine
the segregation and production of C-A-S-H gel as a result
of the generation of a pozzolanic/alkali-activated reaction
[37-39]. These images are shown in Figures 5 and 6,

Table 3: Mix proportion samples for optimization

Sample Mix Binder compressive
portions and then converted to weight quantities due to  mixes ratio strength (MPa)
the fact that the performance of the mixtures can differ (28 days)
based on factors such as particle size, density, specific pcc
gravity, and percentage of void content of the components. 1:2.97:4.33 (10M/0.65) 4
The CS-to-CGA ratio was maintained throughout the crea- m2 1:3.63:4.33 (10M/0.65) 40
tion of the control mixture. For this inquiry, more than 50 M3 1:4.40:4.33 (8M/0.65) 28
trial mixes were made with the goal of improving the use M4 1:4.15:3.56 (12M/0.65) 43

oo M5 1:4.15:3.56 (10M/0.65) 33
of CS as coarse aggregate and achieving the strength of GPCSC
concrete grade My—Mys. Table 3 lists a few trial mixes ;0 1:2.971.50 (10M/0.35) 12
along with the mix proportions and other information. It w7 1:2.97:1.50 (10M/0.45) 18
was discovered that using CS% above the ratio 0f1:2.97:1.50 M8 1:2.97:1.20 (10M/0.45) 23
caused increased segregation and incorrect bonding and M9 1:2.53:1.07 (10M/0.55) 28
was therefore not taken into consideration. From the other M° 1:2.53:1.07 (10M/0.65) 29
. . : ) M11 1:2.53:1.05 (10M/0.65) 32
mixes provided in Table 3, Mix M5 for GPCC and M11 for
(o

COCONUT

SOOIUM
SILICATE

M-SAND

Figure 2: Methodology of - GPCC and GPCSC concrete.

CRUSHED
GRANITE

SoDILM

SILICATE
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WET MIX OF GPCC IN

COLLECTION OF GPCC
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SAMPLES OF GPCC
PAN MIXER FOR 3 TO 4 INTRAY AFTER 4 USED TO CAST
MINUTES MINUTES SPECIEMEN

Figure 3: Mix 5 -Mix with crushed granite as coarse aggregate.

WET MIX OF GPCSC IN
PAN MIXER FOR3 TO 4
MINUTES

COLLECTION OF GPCSC IN
TRAY AFTER 4 MINUTES

SAMPLES OF GPCSC USED
TO CAST SPECIEMEN

Figure 4: Mix 11 - Mix with CS as coarse aggregate.

respectively. Figure 6 depicts the homogeneous and dense
packing of mix M11, while Figure 5 clearly depicts the seg-
regated and inappropriate bonding with air gaps present
in mix M7. It is obvious that the compatibility of the mixes
created for GPCSC is mainly due to CS and binder ratio
impact. Figure 7 gives the proportion of ingredients used
in GPCC and GPCSC.

Figure 5: Mix 7 - SEM.

2.4 Mixing, casting, and curing

The GGBS binder was added after aggregates had been
thoroughly mixed in the machine, which took around
5min. Alkaline activators were then added, and mixing
lasted for an additional 4 min after that. For the GPCC
and GPCSC mixes, the alkaline solution/binder ratio of

Figure 6: Mix 11 - SEM.
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GPCSC

NaOH

10%
B GGBFS B M Sand
mCS sodium silicate

M sodium hydro oxide
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(b)
GPCC

NaOH

Na.SiOg
6%
m GGBFS
B M Sand
m Granite

sodium silicate

Figure 7: (a) Ingredients used for GPCC mix M5. (b) Ingredients used for GPCSC mix M11.

0.65 was maintained. The freshly mixed concrete was
transferred into the respective moulds and kept on a table
vibrator to remove air voids and to achieve a dense pack.
Following the guidelines of ASTM C171-16 [43], the speci-
mens were protected with plastic sheets immediately after
being formed. After a period of 24 h, the specimens were
removed from the moulds and subsequently covered with
polythene until the testing date.

2.5 Microscopic analysis

For microscopic investigation, all samples were collected at
28 days of age to assess and forecast the weight variation,
chemical composition, phase compositions, and morphology
of both GPCC and GPCSC concretes. The GPCC and GPCSC
samples were subjected to X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), SEM, and thermogra-
vimetry in conjunction with energy-dispersive spectroscopy.

2.6 Slump test

In this study, the slump test was conducted following ASTM
C143 [44] and IS1199:1959 standards [45]. Figure 8 demon-
strates the procedure for measuring slump value, which
serves as an indicator of the workability of fresh concrete.
It is important to note that the slump test was carried out
on two types of concrete: one containing crushed granite as
aggregate and another using CS as coarse aggregate.

2.7 Experimental programme

In this study, several concrete properties were tested: work-
ability, compressive strength, splitting tensile strength, flex-
ural strength, impact resistance, elastic modulus, stress—strain
behaviour, bond strength, and ultrasonic pulse velocity. The
standards followed, and the respective calculations for each
test are discussed in this section.

The workability of the concrete was measured using a
conventional empirical slump test as per IS 1199:1959 and
ASTM C14. For compressive strength of concrete, cube speci-
mens 100 x 100 x 100 mm in size were used and tested as per
IS 516:1959 [46]. As per ASTM C496-90 [47], 100 mm diameter
by 200 mm long cylindrical specimens were used for the
splitting tensile strength test. The splitting tensile strength
fst of specimens was calculated as follows:

fst = @

DL’
where P is the maximum applied load in Newtons, D is the
diameter of the cylinder in mm, and L is the length of the
cylinder in mm.

The two-point load method was adopted to measure
the flexural strength of the specimen as per ASTM (C78-84
[48]. Prisms 100 x 100 x 500 mm in size were used to find
the flexural strength and tested as per IS 516:1959 [46]. The
modulus of rupture ft of concrete specimens was calcu-
lated using the following equation:

PL
ft = W’
where P is the maximum applied load in Newton, L is
the supported length of the prism in mm, B is the

@)
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breadth of the prism in mm, and D is the depth of the prism
in mm.

As per ACI 544.1R-96 [49], specimens 152.40 mm thick
and 63.5mm in diameter were used for impact resistance
tests. During the test, the number of blows until the first
crack appeared on each specimen was counted, and the
counting continued until the specimen was completely
broken into pieces.

As per ASTM (C469-02 [50], cylindrical specimens
100 mm in diameter and 200 mm in height were used for
the determination of elastic modulus. This method involves
applying compressive load longitudinally to the specimen
to calculate the elastic modulus.

Bond strength was determined using the pull-out test,
and the specimens were prepared as per ASTM C 234-91
[51]. Cylindrical specimens 100 mm in diameter and
200 mm in length embedded with deformed bars 10, 12,
and 16 mm in diameter were used to determine the bond
strength. To prepare the specimens for the bond test, each
reinforcing bar was embedded in the center of the spe-
cimen. The pull-out test was carried out using the universal
testing machine with 4,000 kN capacity. One end of the rod
was fitted with grips provided in the machine that are
vertically movable, and the load was applied by pulling
the rod upward from the specimen until the specimen
failed. The experimental bond strength fb of the concrete
specimens was calculated using the following equation:

P
fth=—, (3)
iDL
where P is the maximum applied load in Newton, D is the
diameter of the reinforced bar in mm, and L is the

embedded length of the reinforced bar in mm.

" GPCC IN SLUMP TEST

Figure 8: Slump test.
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Ultrasonic pulse velocity test was used to predict the
quality of concrete specimens for density, homogeneity,
cracks, and voids. The quality of concrete was analysed
as recommended by IS 13311-Part 1:1992 [52].

3 Results and discussion

Results obtained on the parameters, formation of hydra-
tion products, XRD, FTIR, SEM with EDX, thermogravi-
metric analysis (TGA), workability, compressive strength,
STS, flexural strength, stress—strain behaviour, ultrasonic
pulse velocity, bond strength, impact resistance, and mod-
ulus of elasticity are discussed in this section.

3.1 Hydrated products

The chemical makeup of the precursor in the mixes deter-
mines how hydrated products are formed. Calcium-silicate-
hydrate (C-S-H) and calcium-aluminium-silicate-hydrate
(C—-A-S-H) form as a result of the hydration of a precursor
such as GGBFS [40], and these forms are aided by the use of
an alkaline activator in the mixes, leading to excellent
polymerization (Figure 6) [38].

3.2 XRD analysis

The change in crystallinity of the geopolymer samples at 28
days was examined using XRD. The major components of

GPCSC IN SLUMP TEST
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Figure 9: XRD - GGBFS.

the initial raw material, XRD patterns, reveal the presence
of minerals including calcite, quartz, and mullite, along
with the products of hydration. Figure 9 displays the XRD
pattern of the GGBS utilised in this study, which reveals an
amorphous phase characterised by a broad and diffuse
reflection spanning from 25 to 35°. A number of secondary
crystalline phases, including Ca,Al,SiO; (JCPDS 00-034-
1236), were also present in the GGBS spectra [38].

Figures 10 and 11 show, correspondingly, the XRD pat-
terns of GPCC and GPCSC mixes. In the GPCC and GPCSC,
mixtures of alkaline activated elements exhibit the crea-
tion of products of reaction. Figures 10 and 11 provide
patterns of XRD that illustrate the presence of various reac-
tion products like aluminosilicate and C-S-H gel. It was
observed that these products were identical for both

5000 G: C-S-H

A :  Alumino silicate
4000 -

3000 I

Counts

2000

1000 +

0 20 40 GIO 80
Pos [°2Th.]

Figure 10: XRD - GPCC.

Figure 11: XRD - GPCSC.

GPCC and GPCSC. However, no fresh stages were found.
The formation of C-S—H was plainly seen in both mixtures
[38].

3.3 FTIR spectra analysis

Both mixtures clearly contained C-S-H [28]. The FTIR
spectra of GGBS are shown in Figure 12 with two distinct,
highly strong bands of internal vibrations in TO, tetra-
hedra (T = Al Si). Water deformation waves were thought
to be the cause of the intensity at 1,635 em™t (peak 1)

‘ [Smoothing —]

%T |

m_--_-gvo—/""'/

T

|

TTT T TT T T[T T T [TTTT

TTT T[T T T
4000 3500 3000 2500

2000 1750

TTTTTTTTT
1500 1250 1000 750 500

Figure 12: FTIR GGBFS - Binder.
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Figure 13: GPCC - FTIR.

(H-0-H). Peak 2 was located at 966 cm™?, and it was con-
nected to waves of the T-O bond bending and the glass
structures of the base material (Si—O). The low wave
number indicates that the high calcium concentration in
the structure of the binding materials caused less cross-
linking to occur in the amorphous phase of those materials.
Bending waves were created by the Al-O bonds in the AlO,
groups, resulting in the third peak of the anhydrous GGBS,
which was visible as a band at 688 cm™ (peak 3). The
internal deformation vibrations of the T-O bond
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Figure 14: GPCSC - FTIR.

(0-Si-0) caused the fourth one, which corresponded to
peak 4 at 488 cm™* for the slag [38].

The FTIR spectra of the GPCC and GPCSC mixtures are
shown in Figures 13 and 14, respectively. The primary
absorption lines in the alkali-activated slag’s FTIR spec-
trum were 1,600, 1,413, 897, and 460 cm™. At 1,600 cm™,
distinct water molecule O-H group modes were found in
(peak 1) of both mixtures. The development at (peaks 2 and
4) bands is 1,413 and 460 cm ™, which shows the presence of
calcium carbonate. In the activated slag (897 cm™), the
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Figure 15: GGBFS - SEM with EDX.
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Figure 16: M.Sand - SEM with EDX.

initial base materials’ T-O band at 966 cm ™ sharpened and
descended to lower frequencies (peak 3). These peaks show
how the GGBS glassy component and the activator of alkali
interacted to form a range of new products, principally
C-S-H gel and C-A-S-H gel [38].

3.4 SEM analysis

The GGBFS, M-sand, CS, and CSA SEM with EDX analysis
are displayed in Figures 15-18. The microstructure of

GGBFS, M-sand, CS, and CSA is shown in Figures 15-18
and demonstrates the content of silicate and aluminate.
These sources of aluminosilicate are activated by silicate
solution and NaOH; the quantities of alumina and silica are
essential elements of the process of polymerization that
results in the formation of strength.

Figures 19 and 20 illustrate, respectively, the SEM
images of the GPCC and GPCSC that incorporate EDX
data. They unequivocally show the content of aluminate
and silicate, that is desired for the geopolymerization-
induced synthesis of C-S-H and C-A-S-H gel [38].
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Figure 17: CS - SEM with EDX.
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Figure 18: CSA - SEM with EDX.
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Figure 19: SEM with EDX (GPCC).

The reactivity of GGBS in alkali-activated solution
resulted in the formation of amorphous aluminosilicate
gels. The GPCC mix has a more uniform and homogeneous
matrix as a consequence of these gels, as can be seen in the
SEM image of GPCC in Figure 21.

More pores and reaction gels in the form of whitish
granules can be found in the interfacial transmission zone
(Figure 22). This is implied by the fact that a large propor-
tion of CS aggregate might cause more water and alkali
solution to collect around the aggregate. GPCC has consid-
erably higher strength than equivalent GPCSC because it

contains less porosity with more gel content than GPCSC.
GPCC has a dense matrix with a remarkably consistent
structure and almost no pores. This uniformity might
lead to mechanical reliability. However, owing to the tex-
ture of the CS, results in a porous structure with void in
matrix’s continuity, as shown in Figure 22.

Overall, GGBFS as a binder with alkaline activator sig-
nificantly changes the total properties of concrete in both
GPCC and GPCSC. The density and homogeneity of the
microstructure have typically improved while the void
volume has decreased.
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Figure 20: SEM with EDX (GPCSC).

Figure 21: GPCC - SEM.

Figure 22: GPCSC - SEM.
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Figure 23: TGA of GPCC and GPCSC.

3.5 TGA of GPCC and GPCSC

Figure 23 displays TGA of the GPCC and GPCSC mixes for
the materials collected after cornuate 550°C; only 2%
of weight loss was seen, according to the GPCC thermo-
gram. In contrast, more weight loss was seen with the
GPCSC blend than with the mixes that included crushed
granite. At 550°C, an 8% weight drop in the GPCSC mix
was noted.

3.6 Properties of concrete mixes

Table 4 shows the properties of concrete tested after 3, 7,
and 28 days of GPCC and GPCSC. Table 5 shows the com-
parison of mix parameters, workability, and strength with
previous studies.

DE GRUYTER

3.6.1 Workability

According to 1S1199:1959 and ASTM (143 [44,45], the slump
test revealed that the workability of GPCC and GPCSC was
15 and 10 mm, respectively. Due to the geopolymer mix’s
high degree of viscosity, resulting in reduced segregation
during the mixing and compacting in comparison to tradi-
tional concrete, the slump values are extremely low. The
quantities of alkaline activator solution in the mix were
primarily responsible for maintaining the viscosity and
cohesiveness throughout mixing. The interface of the
Na,Si0, and NaOH solution, the binder, and the liquid/
ingredients proportions are the important parameters
that impact geopolymer characteristics [53]. The initial set-
ting time was 921 min, while the final setting time was
1,200 min for both GPCC and GPCSC.

3.6.2 Fresh and hardened density

For GPCC and GPCSC, the fresh and hardened densities (at
28 days) are 2,349 and 1,933 kg/m>, respectively. The differ-
ence in density is due to the CS’s smaller weight as com-
pared to CGA. According to the literature cited in [14,15], for
structural LWC, the hardened density should be equal to or
less than 2,000 kg/m®. The average hardened density of
GPCSC was 2,000 kg/m3, which satisfied the permissible
range as per structural LWC. Because of decreased self-
weight in GPCSC, it results in reduced overall moment
and minimised area of the reinforcement. The 28-day den-
sity of GPCSC was almost 18% lesser than the GPCC mix.
This decrease in the area of reinforcement can ultimately
result in savings.

Table 4: Workability, density, and compressive strength of GPCSC and GPCC

Mix no. Slump Fresh density Hardened Compressive strength (MPa) 28-day compressive strength in
(mm) (kg/m?) density (kg/m?) percentage
Ambient curing Ambient curing

3-day 7-day 28-day 3-day 7-day 28-day
GPCSC
Al 12 1,984 1,914 25 31 33 76 94 100
A2 8 2,003 1,965 26 30 31 84 97 100
A3 10 1,994 1,920 26 31 32 81 97 100
GPCC
B1 14 2,461 2,41 " 26 32 34 81 100
B2 16 2,440 2,401 " 25 31 35 81 100
B3 16 2,662 2,234 " 27 35 31 77 100
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Table 5: Comparison of mix parameters, strength, and workability in earlier study

Materials Ingredients (kg/m3)
Existing study Previous study

GPCSC GPCC Arunachalam et al. [40] Arunachalam et al. [40] Gunasekaran et al. [28]

A+ (B)*? (©* (cn= (D)**
OPC — — — — 510
POFA — — 88 88 —
Fly ash — — — — —
GGBS 420 282 132 132 —
Sand 1,064 1,172 884 750
Granite — 1,004 994 — —
OPS — — — 255 —
CS 443 — — — 332
NaOH solution (ml) 46 (10M) 25 (10M) 25 (12M) 49 (12M) —
Na,SiO, solution (ml) 228 126 63 122 —
Binder/alkaline content 0.65 0.65 0.64 0.30 0.42
Excess water (ml) — — 1M 128 0
Mix 1:2.53:1.05 1:4.15:3.56 1:4:4.5 1:2.5:0.6 1:1.47:0.65
Slump 10 15 10 05 05
Compressive strength in (MPa) 32 33 39 31 26.70

(A)*' Mix with geopolymer lightweight coconut shell concrete with GGBFS as binder and coconut shell, manufactured sand as coarse and fine

aggregate.

(B)*? Mix with geopolymer conventional concrete with GGBFS as binder, manufactured sand (M-Sand) as fine aggregate, and granite as coarse

aggregate.

(C)*® Mix with normal weight geopolymer concrete with GGBS and POFA as binder and granite as coarse aggregate.
(C1)** Mix with geopolymer lightweight oil palm shell concrete with GGBFS and POFA as binder and granite and oil palm shell as coarse aggregate.
(D)*> Mix with lightweight coconut shell conventional concrete with cement as binder POFA, OPC, OPS- palm oil fuel ash, ordinary portland cement,

crushed oil palm shell aggregate.

3.6.3 Compressive strength

Table 4 shows the compressive strengths of the GPCC and
GPCSC after 3, 7, and 28 days. The maximum compressive
strength of GPCC was approximately 3% greater than that
of GPCSC. Previous research indicates that GGBFS-based
geopolymer concrete that was cured without heat attained
sufficient strength [54]. GPCC, on the contrary, was able to
attain 80% of the 28-day strength in 7 days and 33% in 3
days with ambient curing, whereas GPCSC reached 96%
strength in 7 days and 80% in 3 days. This study demon-
strates that regardless of the aggregates utilised, the key

bonding characteristics of GGBFS content and Na,SiO, and
NaOH proportion control the strength of the concrete. The
traditional approach of temperature curing in geopolymer
concrete was completely eliminated with the usage of the
GGBFS binder since outdoor curing is the only method that
can be employed for in situ construction. The compressive
strength of geopolymer oil palm shell concrete (cured at
room temperature) was found to be comparable after 3, 7,
and 28 days [40]. Therefore, the temperature curing pro-
cess needed for polymerization was completely eliminated
because of the glassy structure of the binder and liquid/
solid proportion, resulting in anticipated strength.

Figure 24: Failure mode of samples tested (GPCSC and GPCC): (a) failure mode as per code [55,56] and (b) failure of GPCSC and GPCC specimens

before and after testing.
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Table 6: STS for GPCSC and GPCC in MPa
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Mix Current study Previous study Previous study

Specimen Arunachalam et al. [40] Gunasekaran et al. [24]
Compressive Experimental split Compressive Experimental split Compressive Experimental split
strength strength strength strength strength strength

(A" (B)* ©* (D)** (D)**

GPCSC and GPCC  GPCSC GPCC NWGC and OPSGC NWGC OPSGC NWCSC

Al 33 3.15 — 38 2.94 — — —

A2 31 3.01 — 40 2.87 — — —

A3 32 3.22 — 36 2.61 — — —

B1 32 — 2.96 32 — 244 — —

B2 31 — 3.08 33 — 2.09 — —

B3 35 — 3.06 29 — 1.88 — —

M11 — — — — — — 26.7 27

3.6.4 Failure mode

The cube’s shape has changed once it reaches its point of
failure in the compression testing equipment. Whether it is
satisfactory or not is shown by the failure shape. Figure 24a
depicts multiple cube failure types that are acceptable
according to BS EN 12390-3:2009 [55]. Figure 24b depicts the
tested cubes. According to code [56], the test results for the
GPCC and GPCSC demonstrate a satisfactory failure mode.
Table 5 compares the current study to previous
research. Despite variations in the ingredients and mix
quantities, the slump test is the most often used workability
test. The current study’s findings are consistent with those
reported in the literature. The proportion liquid binder ratio
used to make the mix is the key difference between this

Table 7: Flexural strength for GPCSC and GPCC in MPa

investigation and the prior study. As shown in Table 5, the
binder concentration is substantial; however, the activator
employed in this study was lower than in previous investi-
gations. The larger binder concentration was primarily
employed to generate early strength, which would be advan-
tageous since it would facilitate the construction process for
structure, rapid construction, and formwork reuse.

3.7 Mechanical properties of GPCC and
GPCSC

Tables 6-10 gives the mechanical properties of GPCC and
GPCSC tested for 28 days. Studying the specimens’

Mix Current study Previous study Previous study

Specimen Arunachalam et al. [40] Gunasekaran et al. [24]
Compressive Experimental flexural Compressive Experimental Compressive Experimental
Strength strength strength flexural strength strength flexural strength

(A (B)** ©* (D)** (D)**

GPCSC and GPCC ~ GPCSC GPCC NWGC and OPSGC  NWGC OPSGC NWCSC

Al 33 3.9 — 38 3.6 — — —

A2 31 34 — 40 3.8 — — —

A3 32 3.7 — 36 32 — — —

B1 32 — 4 32 — 3 — —

B2 31 — 4.5 33 — 3 — —

B3 35 — 4 29 — 2.8 —

M1 — — — — — — 26.7 4.7
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Table 8: Elastic modulus of tested specimens
MIX Current study Previous study
Specimen Compressive Modulus of Gunasekaran et al. [28] (MPa) Kavitha et al. [18]
strength (MPa) elasticity (MPa) K K
Compressive Modulus of Compressive Modulus of

strength (MPa)

elasticity (MPa)  strength (MPa) elasticity (MPa)

GPCSC NWGC
Al 33 7.76 38
A2 31 6.83 40
A3 32 7.36 36
GPCC OPSGC
B1 37 12.01 32
B2 39 14.62 33
B3 37 12.22 29
M1 — — —

16.86 — —
14.80 — —
13.74 — —
11.12 - -
8.93 — —
8.51 — —
NWCSC
— 26.10 10.465

NWCSC - normal weight conventional light weight coconut shell concrete(no geopolymer).
NWGC - normal weight geopolymer concrete with GGBS as binder and crushed granite as coarse aggregate.
OPSGC - light weight geopolymer oil palm shell concrete with GGBS as binder and oil palm shell as coarse aggregate.

mechanical characteristics included measuring their
impact resistance, flexural strength, elastic modulus STS,
and ultrasonic pulse velocity.

3.7.1 STS of GPCC and GPCSC

The tensile strengths at which GPCC and GPCSC separate
are presented in Table 6. The experimental 28-day splitting
tensile strength of GPCC and GPCSC was 3.13 and 3.03 MPa,
respectively. The tensile strength of the GPCC mixes was
approximately 3% higher than that of the GPCSC, which
could be because of texture of CS aggregate in the inter-
facial transition zone, which has a substantial impact on
the samples. ASTM C330 requires structural-grade light-
weight aggregate concrete to have a minimum splitting
tensile strength of 2.0 MPa. Figure 25 shows a comparison

Table 9: Impact resistance of GPCSC and GPCC

Specimen Compressive Initial Fractured
strength cracks-No of pieces-No of
(MPa) blows (Nos) blows (Nos)

GPCSC

Al 33 33 49

A2 31 37 52

A3 32 35 47

GPCC

B1 32 32 45

B2 31 30 43

B3 35 31 48

of the test findings with those of other researchers. The
splitting tensile strength obtained by a standard [42] is
found to be closer to the experimental results of the pre-
vious investigation. However, Jenima et al [12] demon-
strate a larger STS range, owing mostly to the % substitu-
tion of CS for a lower compressive strength of 26.70 MPa.
Figure 26 depicts the test setup and failure mode of the
sample tested for split strength.

3.7.2 Flexural strength of GPCC and GPCSC

The experimental flexural strength at 28 days for GPCC and
GPCSC was calculated to be between 3.67 and 4.12 MPa, as
shown in Table 7. Tensile strength obtained by the GPCSC
mixtures was 11% higher than that of GPCC. It might be
because of the interaction between the fibre CS, alkaline
activator, and binder. Figure 27 illustrates the experi-
mental configuration and a failure pattern sample utilised
in the flexure strength test. The failure pattern during the
flexural strength test clearly demonstrates bond failure

Table 10: Bond strength of geopolymer concrete (GPCC and GPCSC)

Theoretical bond stress (MPa)

Mix Diameter of bar

Diameter of rods 10 mm 12mm 16 mm
GPCC 8.25 7.55 6.09
GPCSC 7.10 6.09 5.31
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Figure 25: STS and compressive strength relationship with earlier
studies.

between the binder and CS. Similar results for concrete
made from oil palm shells were reported in [42]. But for
Gunasekaran et al. [24], the ratio of flexural strength to
compressive strength was 17%, and this is mainly due to
the weaker interfacial zone in the mix. The difference in
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flexural strength between the current study and earlier
literature for GPCC and NWGC (Figure 26) is generally attri-
butable to the quantity of binder and alkaline activator
utilised in the mix.

3.7.3 Elastic modulus of GPCC and GPCSC

When evaluating deflections and cracks in the structure,
the modulus of elasticity of each part mostly depends on its
restraining impact. The tested modulus of elasticity (E) for
GPCC and GPCSC is presented in Table 8. For GPCC and
GPCSC, the experimental E-values were 12.95 and 7.32 MPa,
respectively. In GPCC, the crushed granite, in addition to the
binder content and alkaline activator, the bond strength
between the aggregate and the matrix, resulting in a higher
modulus of elasticity. The stiffness, amount, and binder
matrix with an alkaline activator all affect the GPCSC’s
elastic modulus. The greater amount of CS utilised in the
mix mostly results in a lower elastic modulus of CS concrete.
The E-values recorded for oil palm shell [40] were greater,
which might be related to the amount and size of oil palm

Bond Failure
cs
Failure
Specimen— during split strength Specimen — after testing Failure pattern
testing with split failure
Figure 26: STS - sample specimen - GPCSC mix (M11 - Table 3).
CS failure

Bond

failure

Test set up — flexure test

Specimen — after testing
flexural failure

Failure pattern

Figure 27: Flexural testing - sample specimen - GPCSC mix (M11 - Table 3).
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shell utilised, as well as the binder concentration, molarity,
and alkaline activator. Also, the elastic modulus value
reported in this investigation was lower than -earlier
research by Gunasekaran et al [24] (Table 8), and it is
mainly due to the binder (fly ash and cement) and minimum
quantity of CS used.

3.7.4 Ultrasonic pulse velocity for GPCC and GPCSC

In the current study, all of the GPCC mixes produced an
ultrasonic pulse velocity (UPV) value of 4.80 km/s tested at
28 days, which is higher than that for GPCSC (4.12 km/s).
This indicates that both GPCC and GPCSC result in “good”
concrete quality. When compared to traditional concrete,
geopolymer concrete has a lower UPV because it produces
less micro-voids inside the specimen and is more cohesive
overall. The UPV values for all of Kavitha et al’s [25] CS
concrete mixes were discovered to be in the range of
417-4.57km/s (at 365 days), indicating “good” concrete
quality and demonstrating the thick packing and proper
grading of typical CS concrete used.

3.7.5 Impact resistance of GPCC and GPCSC

In this test, each specimen was subjected to a certain number
of blows until the initial crack (or first crack) emerged on the
specimen, and the blows were repeated until the specimen
was shattered into a number of pieces. Table 9 presents the
outcomes. When compared to the results reported by Kavitha
et al. [25], the impact resistance of both GPCC and GPCSC was
high. This variance is mostly caused by the interaction caused
by the liquid binder ratio. Due to the nature of the fibre
contained in CS and the fact that CS has a higher impact
resistance than CSA, it can be seen that the impact energy
was higher for GPCSC than GPCC.

3.8 Bond strength of GPCC and GPCSC

Table 10 lists the bond strength of deformed bars with
diameters of 10, 12, and 16 mm. For GPCC and GPCSC, the
bond strength ranged from 5.31 to 7.10 MPa and 6.09 to
8.25 MPa, respectively. Comparing all bars’ values to the
guidelines bond strength advised by BS 8110 (2.42 MPa)
[57] and IS456 (2.24 MPa) [58], the GPCSC and GPCC values
were all greater. All of the examples were destroyed by
longitudinal cracks and cracking of the concrete covers.
Furthermore, as bar size increases, there is a decrease in
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bond strength, owing to the volume of the concrete sur-
rounded and the lesser confining pressure created by the
larger bar. Similar findings were reported in [26].

4 Discussion and perspectives

According to the experimental investigations, lightweight
geopolymers concrete can be used as a structural grade
concrete. This innovative building material combines the
sustainability of geopolymer technology with the benefits of
reduced density. Made from industrial by-products like slag
and lightweight aggregates (CS), GPC offers an eco-friendly
alternative to traditional concrete. Its lower weight not only
reduces the overall load on structures but also enhances
thermal insulation properties, making it ideal for energy-
efficient buildings. As a structural-grade material, light-
weight geopolymer concrete is increasingly recognized for
its potential to meet modern engineering demands while
promoting sustainable construction practices.

However, research on lightweight geopolymer con-
crete using CS is still in its early stages, and there is a
lack of comprehensive studies in this area. Currently, stan-
dard codes for lightweight geopolymer concrete have not
been established, which poses challenges for its widespread
adoption in the construction industry. Controlling the prop-
erties of lightweight geopolymer concrete is challenging due
to several varying factors, including the quantity of aggre-
gate used, the composition of the slag, curing conditions, the
molarity of alkaline solutions, and the alkaline binder ratio.
Each of these elements can significantly influence the final
characteristics of the concrete, such as its strength, work-
ability, and durability. As a result, achieving consistent per-
formance across different batches requires careful consid-
eration and precise control of these variables.

To create a reliable framework for the use of this
innovative material, more experiments and investigations
are necessary. By advancing research in this field, we can
better understand the potential of CS-based lightweight
geopolymer concrete and facilitate its integration into sus-
tainable building practices.

5 Conclusions

The following conclusions are made based on the current

research

1. The comparison analysis unequivocally demonstrates the
environmental competitiveness of lightweight GPCSC
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compared to traditional concrete systems. Future pro-
spects for the concrete industry look bright thanks to the
GPCSC’s outstanding characteristics and microstructure.

2. Conventional pozzolona (cement) can entirely be replaced
by GGBFS. Additionally, a microstructural study shows
that GGBFS binder can be ambient-cured to arrive at the
desired strength. The maximum compressive strength of
about 32 MPa was achieved in GPCSC, and it is mainly
based on the optimized liquid binder proportion used in
creating the specimen.

3. The rapid strength development of geopolymer concrete
significantly contributes to faster construction timelines.
Also, early strength development facilitates quicker pro-
gression through various construction phases with a
reduced curing period.

4. GPCSC’s hardened density (2,003kg/m?® satisfies the
requirements for lightweight aggregate concrete.

5. Microstructure examination of the mixture demonstrates
that it has a consistent texture with light microcracks
because of the texture of the CS aggregate. The mechanical
characteristics were adequate despite crack formation.

6. The STS, flexural strength, and static modulus of elasti-
city increase with the increase in compressive strength
of the mix.

7. The lower modulus of elasticity observed in this
research (6.83-7.76 MPa), compared to other studies,
can be attributed to the high percentage of CS used in
the concrete mix. While this reduction in modulus indi-
cates a decrease in stiffness, it may also confer advan-
tages in specific applications. For instance, a lower mod-
ulus of elasticity allows for greater flexibility, which can
be beneficial in seismic-resistant structures.

8. The GPCSC mixes demonstrated “good” quality, as indi-
cated by the UPV value of more than 4.12km/s. The
amount of CS added to the mixture is the primary cause
of the lower UPV value.

9. The geopolymerization technique, the quantity of binder,
and the alkaline activator in the mixture all contributed
to the increased impact resistance and bond strength.
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