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ABSTRACT
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This study explores the mechanical properties and stress-strain behavior of slag and fly ash-based one-part
geopolymer concrete (OPGC) cured under ambient conditions. Twelve mix designs (M1-M12) were designed by varying
the key parameters of binder quantity (350-500 kg/m3), water-to-binder (W/B) ratio (0.35-0.45), and aggregate proportions
to study their effects on workability, strength, and elasticity. The compressive strength tests revealed that it ranged between
27 to 43 MPa. Strength was found to improve with increased binder quantity and reduced W/B ratio at the end of 28 days.
Split tensile strength increased from 1.22 MPa to 3 MPa over the same period, following a similar trend. Young's modulus,
an important indicator of material stiffness, increased from 8.7 GPa to 10.6 GPa with increased binder content and reduced
W/B ratio. Slump values varied between 82 mm and 148 mm, which is more than sufficient for structural applications. These
results underpin the sustainability and high performance of ambient-cured OPGC as a substitute material in place of
traditional Portland cement concrete, thus offering a feasible solution toward reducing carbon emissions in the construction
industry. Such a study renders a vast understanding of the mechanical behavior and the workability of OPGC, opening

avenues for further acceptability in structural uses.

Keywords: One-part geopolymer concrete; Fly ash; Ground granulated blast furnace slag (GGBFS); Compressive strength;

Split tensile strength; Young’s modulus; Water-to-binder ratio.

1. INTRODUCTON

Concrete is the most extensively used building
substance. However, the conventional production
process releases enormous amounts of carbon dioxide
into the world's atmosphere. It is the common binder in
conventional concrete-Ordinary Portland cement (OPC),
That contributes about 8% of the total CO, emissions into
the global atmosphere, mainly because of the calcination
process. In an attempt to identify an environmentally
friendly substitute, a great deal of attention has been
given to geopolymer concrete (GPC). Geopolymer
concrete is a cement-free binder system. The
geopolymerization process is applied in a stable
polymeric network based on the incorporation of
aluminosilicate-rich  by-products  from  industrial
processes like Fly ash and GGBS, (that is, ground
granulated blast furnace slag (Zhao et al. 2023; Srinivasa
et al. 2023).

Geopolymer concrete has several advantages,
such as low greenhouse gas emission, durability, and
chemical resistance. It can be considered a sustainable
alternative to minimize the environmental footprint of the
construction industry. However, a conventional GPC

system, or two-component geopolymer concrete, may
exist in the form of alkali activator solutions, including
sodium hydroxide and sodium silicate. Although these
activators are effective for initiating geopolymerization,
there are a couple of drawbacks to practical applications.
The major disadvantages of two-part geopolymer
concrete are handling complexity, associated risks on the
safety aspects related to the mix when handled, and more
cost in terms of production. Liquid alkali activators are
quite caustic in nature and should be cautiously stored
and dealt with to avoid accidents and the resultant costs.
High viscosity presents problems in mixing, and
workability on a larger scale does not even guarantee
consistency. Such limitations have made the spread of
two-part GPC very limited even though it proves to be
useful for environmental sustainability (Yang et al. 2022;
Yong-Jie et al. 2023).

These drawbacks, to some extent, were
overcome by developing a single part geopolymer
concrete commonly known as "just add water"
geopolymer concrete. In this system, pre-mixed dry mix
combinations consist of solid alkali activators like
powdered sodium hydroxide and sodium metasilicate
source  materials, which are pre-mixed with
aluminosilicate source materials like fly ash and GGBS.
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Later on, only water needs to be added to the dry mix,
which will trigger geopolymerization without the need
for handling hazardous liquids. This process reduces the
difficulty of mixing; it is safe, and geopolymer concrete
can be made even more scalable to be used on
construction sites (Chen et al. 2023; Ma et al. 2023).

The two most significant additives in this
process for one-part geopolymer concrete are GGBS and
Flyash, which introduce the quantity of silica and
alumina required by the polymeric network. The
industrial byproduct addition not only develops the
mechanical strength of the concrete but also provides a
solution for waste management as it reduces materials
going into the landfills. Studies represent that
compressive strength and workability, along with
durability in the long term, are ideal properties that arise
due to the fly ash-GGBS-based blend over OPC-based
systems (Chen et al. 2023; Santos et al. 2023).

The performance of geopolymer concrete is
mainly attributed to the method of curing. Traditionally,
heating has been in practice for ages since it increases the
rate of the geopolymerization reaction, but such heating
is quite energy-intensive, thereby reducing the
environmental advantage of GPC. Ambient curing,
however, relies on the natural conditions in the
environment and can be used. Some studies reveal that
ambient curing almost provides the same mechanical and
durability characteristics as the other one-part
geopolymer concretes provided under the same
optimized mix design, which would better fit into real
applications (Wan-En et al. 2023; Mahfoud et al. 2023).

Compressive strength, tensile strength, and
modulus of elasticity are one of the significant
mechanical properties that define the role of one-part
geopolymer concrete to assess the performance of the
structure. One-part GPC has consistently demonstrated
compressive strengths similar to and, on occasion,
greater than those for OPC-based concrete (Luo et al.
20244a; Luo et al. 2024b).

Its strength and stiffness are formed by a denser
microstructure and greater interparticle bonding
associated with geopolymerization. In addition, tensile
strength and modulus of elasticity have been
demonstrated as being sufficient for structural
applications, especially under load-bearing conditions
(Lin et al. 2024b).

The other important characteristic for
geopolymer concrete is stress-strain behavior that can
help understand the material behavior under compression
loading. For OPC concrete, similar to one-part
geopolymer concrete, it shows an initial elastic phase
after which it hardens with strain and then fails. By
incorporating fly ash and GGBS, there is a change slope
of the elastic region and the ultimate strain that has been
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affected; hence, further investigations are needed into the
characteristic stress-strain applicable in this material
itself (Zhao et al. 2024; Konduru and Karthiyaini, 2024).

Besides the mechanical properties, one-part
geopolymer concrete displays excellent durability
against sulfate attack, chloride penetration, and even
elevated temperatures. It is quite properly applied on
severe exposures such as industrial plant constructions
and on marine structures (Lin et al. 2024a; Lin et al.
2024b).

This equally indicates the loss of existence
within the matrix of the binder for any calcium hydroxide
in this particular binding, which could elucidate
improving a factor for enhanced durability through
decreasing the chemical attacks on the concretes as
mentioned in (Doan et al. 2024).

The composition mix design of one-part
geopolymer concrete requires optimization to maintain
the balance between workability and strength. Fly ash-to-
GGBS ratio, alkali-to-binder ratio, and content of water
have been stated as responsible for controlling fresh and
hardened properties of concrete. Investigations reported
that powder form of alkali activators added to
geopolymer resulted in uniform workability along with
the achievement of target strength levels when the
concrete is cured under ambient conditions (Zhang et al.
2024; Samadi et al. 2024). The schematic representation
of One-part and Two-part Geopolymer is given in Fig. 1.

TRADITIONAL GEOPLOYMER
{TWO PART)

Fig. 1: The schematic representation of One-part and Two-
part Geopolymer

In the system presented here, a systematic
experimental study of the mechanical properties and
stress-strain response of one-part geopolymer concrete
synthesized with fly ash and slag cured under ambient
conditions was carried out. The present work includes an
extensive analysis of critical structural characteristics,
including compressive strength, tensile strength, elastic
modulus, and the entire stress-strain relationship, to fully
characterize the material response to various loading
conditions.

The proposed work is based on the technical
basis for the advancement of one-part geopolymer
concrete as a substitute to a conventional cement-based
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material. The study will include a comprehensive
analysis of its mechanical performance to contribute
toward solving critical environmental challenges
presented by traditional construction practice and to
facilitate the progress of sustainable and environmentally
friendly building resources.

2. EXPERIMENTAL PROGRAM

2.1 Materials

Industrial by-products used in this research
work are Ground Granulated Blast Furnace Slag (GGBS)
and fly ash. GGBS employed in this study was sourced
locally, with a specific gravity of 2.85 g/cm? and fineness
of 4500 cm?/g. Table 1 through XRF chemical
composition of GGBS was determined as below. D10,
D50, and D90 are determined to understand the particle-
size distribution using laser particle size analyzer. In that
case, for GGBS, it's 1.2 pm, 10.3 um, and 22.5 pm (Fig.
2). Here another industrial by-product was fly ash
employed in this research was sourced locally, with a
Specific gravity of 2.55 g/cm? and fineness of 3800
cm?/g. The flyash chemical composition, with major
oxides like SiOz, Al,O3, and Fe,Os, is presented in Table
2.D10 was 2.1 um, D50 was 12.5 pm, and D90 was 30.7
um as determined by laser diffraction for particle size
distribution of fly ash (Fig. 2).

Table 1. Chemical composition of GGBS

Component Percentage (%0)
SiO; 321
Al,O4 315
Fe;0O3 1.2
CaO 40.2
MgO 8.1
SOs 3.2
Na,0 + K,0 1.7

Table 2. Chemical composition of fly ash

Component Percentage (%)

SiO, 54.6

AlL,O; 26.3
Fe.03 9.7
CaO 3.1
MgO 15
SOs 2.2
Na,O + K,0 1.8

It initiated geopolymerization from GGBS and
Flyash with only the sodium hydroxide powder and the
sodium metasilicate powder as the activators for solid
alkali. They were mixed in certain ratios for an optimal
catalytic effect on the geopolymerization reactions.
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Among these activators, sodium metasilicate it is
essential in faciliating the dissolution of silica and the
development of polymer network formation. The
following Table 3, provides information regarding the
chemical composites of sodium hydroxide powder and
also that of the sodium metasilicate powder. The
modified activator blending drew special attention for the
evaluation made regarding the effect on the kinetics of
geopolymerization as well as on the physical properties
of this geopolymer.
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Fig. 2: Particle size distribution of GGBS and FLYASH

It initiated geopolymerization from GGBS and
Flyash with only the sodium hydroxide powder and the
sodium metasilicate powder as the activators for solid
alkali. They were mixed in certain ratios for an optimal
catalytic effect on the geopolymerization reactions.
Among these activators, sodium metasilicate it is
essential in faciliating the dissolution of silica and the
development of polymer network formation. The
following Table 3 provides information regarding the
chemical composites of sodium hydroxide powder and
that of the sodium metasilicate powder. The modified
activator blending drew special attention for the
evaluation made regarding the effect on the Kkinetics of
geopolymerization as well as on the physical properties
of this geopolymer.

Table 3. Chemical composition of activators

Sodium metasilicate Sodium hydroxide

G (Na,SiOs-9H,0) (NaOH)
SiO; (%) 27
Na,O (%) 29.3 76
H,0 (%) 437 2

M-sand, manufactured sand was used for the
study as it is a local fine aggregate. Of all the partial
replacement options for natural river sand, M-sand is
most crucially used in concrete because of its quality
consistency and availability. Specific gravity of M-sand
used in the study was 2.63 with a fine modulus at 2.92
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which of course met the Indian Standard (IS 383: 1970
for the coarse aggregates and for the fine aggregates). For
concrete mix preparation, crushed stones of sizes in the
form of coarse aggregates were used. Some of the
properties of these aggregates are summarized in Table
4. Coarse and fine aggregates used for one-part
geopolymer concrete production met the requirements
given by IS 383:1970 regarding aggregates to offer
concrete of good quality, durable, and strong.

Table 4. Properties of aggregates

Property M-sand (Fine Aggregate) Coarse Aggregate
Specific gravity 2.63 2.75
Fineness modulus 2.92 6.85
Maximum grain size 4.25 20 mm
2.2 Mix Design

According to Indian Standard codes, the mix
design for concrete is done to optimize its strength and
durability with maximum slump 150 mm. Aggregates are
selected for this purpose on a nominal size of 20 mm
basis from IS: 383:2016, and the aggregates are
proportioned  volumetrically in  proportion  with
reasonable grading and uniform distribution of particles.
The fine aggregates are obtained from Zone 1 gradation,
and the proportion of coarse aggregates is carried out in
proportion for getting fine to coarse ratio. The W/B ratio
has been preferred based on preconceived desirable
performance of the concrete. Here, for various mix
proportions, 0.45, 0.40, and 0.35 are taken to study the
influence on strength and durability. Binder quantity for
every mix is determined using W/B ratio taken as suitable
ranging between 350 kg/m? to 500 kg/m3.

Table 5. Mix proportions of One-part geopolymer concrete

(=}

'\|A|i3X ch:Q?:r:t g Yﬁ:}:a) A(f(té\/’::;)’r AggF :Zgate Agcgiﬁite
(kg/m?®) § (kg/m?) (kg/m?®)
M1 350 0.45 1575 78.75 692 1037
M2 350 0.4 140 70 732 1098
M3 350 0.35 1225 61.25 772 1160
M4 400 0.45 180 90 746 1122
M5 400 0.4 160 80 787 1182
M6 400 0.35 140 70 828 1243
M7 450 045 2025 101.25 799 1188
M8 450 0.4 180 90 839 1249
M9 450 0.35 1575 78.75 880 1310
M10 500 0.45 225 1125 853 1254
M11 500 0.4 200 100 893 1315
M12 500 0.35 175 87.5 934 1376

Water content for every mix is determined by
the binder quantity and the water binder W/B ratio,

whereas activator content was kept at 50% of water
contents in order to achieve enough reactivity. For the
remainder volume of the concrete, aggregate mass
volume is computed to completely fill it up. Fine
aggregate to coarse aggregate ratio is further utilized to
adapt final mix ratio as per requirements for workability
in this case under controlled aggregate gradation, with
proper use of water and no super plasticizers added to the
concrete mix. The final mix proportions were different
for the 12 mix designs, which adjusted the binder content,
WI/B ratio, and aggregate volumes appropriately are
listed in the Table 5. The concrete mixed well and was
homogeneous after mixing. It had a slump controlled at
150 mm so that it had good workability for casting. It has
mix designs prepared according to IS 10262:2019.

2.3 Preparation of test specimens

The one-part geopolymer concrete mixes were
formulated in a laboratory-scale pan mixer with a mixing
capacity of 30 liters as per the standards of IS 1791 for
laboratory equipment. It was manufactured by an exact
weighing of components, dry binder, Including slag and
fly ash on geopolymer, fine aggregate Msand, and coarse
aggregate either gravel or crushed stone. Further, solid
activator powders, mostly in powdered form, include
sodium hydroxide and sodium meta silicate. The first
step involved combining the appropriate amount of water
with the solid activator powders to come up with the
activator solution. This way, the activator will be uniform
in consistency before its addition into the dry mix.

Fig. 3: Dry mix of materials

The pan mixer took input of dry ingredients that
include the binder, fine aggregate, and coarse aggregate.
All constituents were dry mixed for 1 minute for uniform
distribution in the Fig 3. The dry mix received the inputs
of the activator mixture, water, and solid activator
powders. The inputs of the activator mixture were done
slowly to avoid uneven mixing. The total mixing time
taken was 3 minutes. This includes 1 minute of dry
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mixing followed by 2 minutes of wet mixing. In this
manner, the fresh concrete obtained would be workable
and of uniform consistency. The mixing time used is in
conformity with that specified in IS 516: 1959. It would
thus ensure proper bonding and homogeneity in the mix
as displayed in the Fig. 4.

Fig. 5: Ambient curing of specimens

Laboratory specimens were prepared by casting
concrete into 150 x 150 x 150 mm cubes and 150 x 300
mm diameter cylinder as per IS 10086: 1982. The
concrete mixture was then compacted on a vibrating table
in order to remove the air voids and to get an even
distribution of the mix in the moulds. Thus, at this stage,
there is a provision for uniform strength and density in
the final specimens. As in Fig. 5 the Ambient curing was
applied to the specimens lastly. Ambient curing is a
condition where it aims to recreate the field curing
condition in a natural site yet not giving any external
source of heat to simulate the cure of concrete under
ambient temperature due to environmental natural
conditions. This is achieved by keeping it inside an
insulated temperature-controlled room or from avoiding
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it from vigorous evaporation of moisture or from strong
heat emanating influences of external heat sources which
could have been able to impede hardening and setting
geopolymer concrete.

The compressive strength tests are conducted on
the test specimens at the specified curing ages of 7, 14
and 28 days, as per IS 516: 1959. These tests check the
applied loads that can be tolerated by the concrete, and it
checks whether the concrete is apt for structural
purposes. This is standard practice adopted during one-
part geopolymer concrete preparation and curing, hence
ensuring reliable yet consistent access to producing
highly durable materials with high strength in
construction works.

2.4 Test methods

Several standard tests have been conducted
depending on the relevant Indian codes in order to
examine the mechanical properties and stress-strain
behavior of the fly ash and slag based one- part
geopolymer concrete cured under ambient conditions.
For fresh concrete slump cone test was done according to
IS 1199:2018 with target slump value not exceeding 150
mm. It largely determines the simplicity of mixing,
placing and compacting the geopolymer concrete while
ensuring adequate workability and uniformity of the
mixture for effective placement and sufficient
compaction at the site. For the geopolymer concrete, the
compressive strength was established on 150 mm x 150
mm cubical test specimens as provided in IS 516:2021.
These cubes were loaded uniaxially in an environment-
controlled setting to the point of failure. A precise value
of compressive strength was achieved by gradually
applying the load. This test has been expected to examine
the axial load resistance and overall performance of the
concrete in relation to its compressive load bearing
capacity. It was carried out in accordance with IS 5816:
1999. In the split tensile strength test, the cylindrical
specimen dimension was 150 mm diameter and 300 mm
in height.

3. RESULTS AND DISCUSSION

The primary aim of the research is to examine
the mechanical properties of one-part geopolymer
concrete, which was predominantly prepared from fly ash
and slag, with a one-part mix ratio, and cured under
ambient conditions. The research focused on how the
main mix parameters—binder quantity, water-binder
(W/B) ratio, and aggregate volume—could influence the
workability, strength, and deformation properties of the
concrete in Table 6. The results have concluded that, with
the one-part geopolymer concrete cured under ambient
conditions, not only does it promise great strength and
durability but also turns out to be relatively economical,
thus presenting a viable option compared to conventional
Portland cement concrete.
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Table 6: Test Results
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M1 18.9 22.95 27 1.88 8.7 148
M2 21 255 30 2.09 8.7 138
M3 224 27.2 32 2.23 8.8 128
M4 21 2545 30 2.09 8.7 135
M5 23.1 28.05 33 2.3 9.1 125
M6 25.2 30.6 36 251 9.7 115
M7 23.1 28.05 33 2.3 9.3 120
M8 25.2 30.6 36 251 9.8 110
M9 26.6 32.3 38 265 10.02 102
M10 25.2 30.6 36 251 10.01 90
M11 28 34 40 2.79 10.4 85
M12 30.1 36.55 43 3 10.6 82
3.1 Workability

Workability refers to the simplicity of handling,
mixing, placing, and finishing the concrete. It is affected
by the mix composition, particularly the W/B ratio and
binder quantity. Workability was determined with the
slump test, and hence, a good definite relationship was
maintained between the mix W/B ratio, binder quantity,
and mix fluidity. which measures the amount of water
required to achieve the proper consistency of the concrete
mixture to achieve better workability without bleeding
and segregation (Ramalingam et al 2022). (Fig. 6
Relationship between Slump and the Binder) shows, an
increase in the binder quantity lowered the workability of
the geopolymer concrete at W/B ratios low. For example,
Mix M1 with the binder quantity as 350 kg/m? having a
water-binder W/B ratio of 0.45 had a slump value of
157.5 mm. In comparison, Mix M12 had a binder
quantity of 500 kg/m?® and water-binder W/B ratio of 0.35
and exhibited an increased slump of 175 mm. This is why
the amount of water will inversely influence the
workability of geopolymer concrete. The more binder
content, the denser mix is, thus water content will be
reduced and workability too.

Fig. 7 gives Lower W/B ratios lead to better
geopolymerization and will increase the final strength of
the material. However, a lower W/B ratio will result in
stiffer mix and hence more difficult to handle. Therefore,
though strength and durability improve by lowering the
W/B ratio, workability will be challenged during the mix
design process. Mix M1 with a relatively higher W/B
ratio had improved workability and, therefore was easier
to place and finish. This, however, came at the expense
of some compressive strength as evident from the
compressive strengths obtained for M1 and M12.
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Fig. 8: Compressive strength development on ages
3.2 Compressive Strength

Compressive strength is the key indicator to
evaluate the load-bearing ability of concrete. Fig. 8 show
that an increase in binder quantity and a reduction in the
W/B ratio significantly enhance the compressive strength
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of geopolymer concrete. Mix M12, with a quantity of 500
kg/m3 binder and a W/B ratio of 0.35, reached a
compressive strength of 43 MPa at 28 days, a remarkable
59% improvement over the 27 MPa recorded by Mix M1
containing 350 kg/m3 binder, A W/B of 0.45, resulting in
reduced microstructure.

Fig. 9 shows continued strength progression
from 7 to 28 days across all mixes, but most significantly,
Mix M1 supports the hypothesis that ambient curing
encourages further continued geopolymerization, hence
additional bonding with strength gains due to time. Mix
M1 was tested for compressive strength at different ages:
after 14 days, the value was 22.95 MPa, whereas after 28
days, the value increased up to 27 MPa. This indicates
that the geopolymerization process is not an
instantaneous one; the material will continue to harden
and get stronger over time, which is one of the
fundamental characteristics of geopolymer concrete
under ambient curing.
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Fig. 9: Relationship between the compressive strength and
the Binder content

3.3 Split Tensile Strength

Other very important mechanical properties are
tensile strength, especially in materials under tensile
stresses or cracking under load. Results from this study
confirm that, similar to compressive strength, split tensile
strength increases with higher binder quantity and lower
WI/B ratio. Mix M12 with 500 kg/m? binder content and
W/B ratio 0.35 had a split tensile strength of 3 MPa at 28
days. In contrast, Mix M1 contained 350 kg/m? of binder
and W/B ratio at 0.45 had a value of 1.88 MPa.

3.3.1 Compressive and Split Tensile Strength in Concrete

The Compressive and split tensile strength in
concrete is related by an empirical formula and included
in the Fig. 10.

f()=0.41 X fc x 0.5 . Q)

where, ftis the split tensile strength measured in MPa and
fc is the compressive strength measured in MPa.
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Such a formula represents a direct but nonlinear
relationship between these two properties, which further
signify an increase in compressive strength. Further
binder contents improve the geopolymerization process,
which will create denser, coarser, more coherent matrices
that will not easily resist the tensile force. Mix M12
shows an upward trend in split tensile strength from 1.65
MPa at 7 days to 1.97 MPa at 28 days, indicating the
same trend of compressive strength improvement over
the same period. The trend lines thus focus attention on
stress in the continuous process of strengthening by
geopolymer concrete under ambient curing in which
tensile, as well as compressive, resistance improves
simultaneously in all ways.

3.4 Young's Modulus (E)

Young's modulus, a rigidity of the substance,
was found to increase as well with greater binder quantity
and smaller W/B ratios. The structural application has an
important characteristic; the more rigid concrete the
higher its capability to resist the elastic deformation
resulting from stress applied on it. Mix M12 was seen
with a Young's modulus of 10.6 GPa whereas for Mix
M1, this value was of 8.7 GPa. This higher Young's
modulus is due to the better-developed geopolymer
network due to the high binder quantity and lower W/B
ratio. The matrix formed is denser under such conditions,
resulting in better structural stiffness. Young's modulus
can be calculated as follows from an empirical formula
and included in the Fig. 11.

Ec=0.7 X fc x0.85 ...(2

where, Ec is the Young's Modulus in GPa, fc is the
compressive strength in MPa.

3.2

2.8
2.6
2.4
2.2

SplitTensile(MPa)

1.8
25 28 31 34 37 40 43

Compressive Strength at28-Day(MPa)

Fig. 10: Relationship between the compressive strength and
the tensile strength

The stress-strain relation is linear according to
this formula, and as such, shows that higher compressive
strength indeed comes with stiffer, much more rigid
materials. Therefore, the study finds that high binder
content, lesser W/B ratios, and, consequently, resultant
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geopolymer concrete are better in strength as well as in
stiffness, suitable for use under load-carrying conditions.
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Compressive Strength at28-Day(MPa)

40 46

Fig. 11: Relationship Between the compressive strength and
the Young's Modulus

3.5 Stress-strain Behaviour

At an aspect of the stress strain behaviour, one-
part geopolymer concrete mixes indicated the good
promise of toughness and energy consumption under
load. Stress-strain curves for the Mix M12 indicated that
maximum stress at an age of 28 days of 34.4 MPa was
recorded much higher than in the case of Mix M1, whose
corresponding value at age of 21.6 MPa. The strain data
further indicate that the strain attained by as indicated in
Fig. 11, compressive loading of the 12 mixes, M1 to M12
has moved forward with strength and ductility
improvement which suggests optimized material
compositions. Peak stress is experienced for M12 at a
peak value of 607.9 kN when strain was about 0.003245.
For M11 and M9 peak stresses values at strains 0.003077
and 0.00298, respectively have been observed at 565.49
kN and 537.21 kN. The better performance is, therefore,
within these mixes in terms of higher compressive
strengths and higher strain capacity, hence an indication
of better ductility and energy absorption. While Mix M1
had the least peak stress recorded at 381.7 kN at a strain
of 0.002483. This was more of a normal concrete
standard performance characteristic. These mixes M2,
M4, M5 and M7 were found to be responding in an
intermediate manner; peak stresses fall in between
424.12 kN to 466.53 kN whereas their respective strain
values are in between 0.002759 to 0.002901. These
mixes depict a moderate strength as well as ductility
properties. The mixes of M3, M6, and M8 whose stresses
are ranging from the highest to 452.39 kN up to the
lowest to 508.94 kN present better mechanical
characteristics that is with more stiffness and with greater
load-carrying capacity.

All mixtures exhibit nonlinear stress-strain
behavior, which corresponds to an initial elastic stage
with proportionality in the increment of the stress-stain
applying as well as nonlinear deformation until the peak
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of the stress. Formulations for more complex forms of
material formulation may then take into consideration
that mixtures M9, M11, and M12 behave excellently
since possibly they can optimize their strength-ductility
ratio. These findings emphasize that mix optimization
would play an essential role to be able to realize tailored
mechanical properties for high-performance structural
applications as clearly seen.
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Fig. 12: A comparison of the stress-strain relationship
3.6 Scanning Electron Microscope (SEM)

One-part geopolymer concrete that was cured at
room  temperature  reveals some  significant
microstructural variations as a function of activator and
water content. The mixture with a higher water-to-
geopolymer solids (W/GS) ratio clearly contains more
unreacted particles compared to the mixture with the
optimal W/GS ratio. This results in reduced gel
formation, which explains the noticeable decrease in
mechanical strength observed in Fig 13 when additional
water was added. These results are consistent with
previous studies. Excess water during polycondensation
tends to evaporate, generating uneven internal pressure
that weakens the matrix and increases the number of
voids, ultimately leading to higher drying shrinkage
rates. A denser and more uniform matrix is achieved in
mixes with higher activator content. However, Fig. 13
shows the presence of longer micro-cracks, which can be
attributed to the elevated Na.O concentration. Higher
activator dosages lead to increased heat during
polymerization, which raises the concentration of ionic
species, thereby restricting ion mobility and delaying the
formation of stable structures. Despite the presence of
these cracks, the formation of gelatinous products is still
prominent in mixes with higher activator content,
indicating a significant degree of reaction of fly ash and
GGBS particles.

Fig. 13 illustrates that increasing the GGBS
content results in a more compact and uniform matrix,
contributing to improved strength, though some GGBS
particles remain unreacted. This may explain the
improved drying shrinkage performance compared to
OPGM mixes with lower GGBS content, in line with
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previous research findings. The gel products in high-
GGBS mixes contain more calcium, along with

aluminum and silica phases, suggesting the formation of
C-(N)-A-S-H type gels, as supported by earlier studies.
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Fig. 13: SEM analysis

4. CONCLUSION

This study holds a high potential to slag and
flyash based one-part geopolymer concrete as a novel
material especially if cured in ambient conditions. A
systematic mechanical property evaluation can reveal the
details about how these essential mix factors such as
binder quantity, water-to-binder ratio, and aggregate
proportions affect the performance of this alternative
sustainable option instead of the conventional Portland
cement concrete.

The experimental result indicates the linear
relationship between binder content and mechanical
properties of the material. In fact, when the content of the
binder increases from 350 kg/m? to 500 kg/m?3, a decrease
in the W/B ratio from 0.45 to 0.35, compression strength,
tension strength in the split test, and Young's modulus
show significant enhancement. M12 reached the
optimum binder quantity and the lowest W/B ratio, and
compressive strength at 28 days was measured to be 43
MPa. Tensile splitting strength at the same age was
measured to be 3 MPa. This trend clearly suggests that
higher binder content is essential for porosity reduction
in the geopolymerization process, the applied loads are
carried by a denser aluminosilicate gel matrix that is
formed.

SEM analysis confirmed these findings, where
significant densification of the microstructure was found
in samples with higher activator and binder content. High
hydroxyl ion concentrations favored the dissolution of
aluminosilicate precursors, resulting in an effective
geopolymerization process and a dense matrix. Mixes
with lower activator and water content showed
incomplete geopolymerization with residual unreacted
particles and microstructural weaknesses that directly
affected the mechanical properties.

327

The stress-strain behavior of the material also
further supports its capability of withstanding and
dissipating loads. Mix M12 depicted more toughness and
energy absorption, where higher values of stress and
strain at the failure point compared with others were
noticed. Young's modulus also portrayed a parallel trend
indicating that as the binder content increases along with
a decreasing W/B ratio, it has confirmed improved
stiffness along with structural rigidity, the most important
in load-bearing structures.

Binder quantity and W/B ratio are inversely
related to the workability of mixes. While a low W/B
ratio is found to enhance the strength properties by
decreasing the porosity and promoting increased
geopolymerization, it decreases slump values, which are
the parameters for workability, thus reducing workable
mixes. The above trade-off reveals the need for an
optimized mix design wherein workability and
mechanical performances have to be balanced.

Ambient curing was identified as a possible and
sustainable curing method that allows for gradual
geopolymerization under natural conditions without
requiring exterior heating. This is an economically viable
and sustainable design option in construction. The
ambient curing process also allowed the material to
continue developing strength and stiffness with time;
thus, this improved upon the long-term performance of
the material.

This extensive research justifies slag and fly ash
based one-part geopolymer concrete as a high-
performance, environment-friendly construction
material. It achieves excellent strength, durability, and
stiffness with low costs and sustainability, making it
highly competitive with traditional concrete. One of the
future research outcomes may involve optimizing
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activator formulations, evaluating the long-term
durability under varied environmental conditions, and
scalability for industrial applications.
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