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Abstract: In order to preserve the sustainability of the environment, it is crucial to adopt sustainable
alternatives in construction, replacing the conventional use of cement. In this regard, using geopolymer
concrete is one of the best options for the sustainable construction of buildings. Various factors, such as the
precursor's source, the alkaline activators' chemical composition, the curing method, etc. influence a
geopolymer's performance. As a result, there is no standard code available for the mix design of geopolymer
concrete, which makes it challenging to employ geopolymers in construction on a large scale. Hence, the
current study aims at developing a mix design approach that combines the benefits of the available absolute
volume and particle packing methods. The absolute volume approach is used to fix the components of
concrete. The proportioning of various sizes and shapes of aggregates is selected based on the particle
packing method to achieve the system's optimum bulk density. The vital objective of the current method is
to achieve the desired target strength at the end of 28 days. The established design strategy accomplished
the desired 50MPa strength, and a maximum strength of 56MPa was attained on the 28t day. Further, the
process of geopolymerization and the existence of gel phases are confirmed through microstructural
analysis such as XRD, SEM, and FTIR.

Keywords: geopolymer, mix-design, particle packing, strength, sustainability.

1. Introduction

Massive amounts of concrete must be produced to meet the rising demand for infrastructure caused by
growing urbanization. The most common material used in all construction activities is cement, the binder
used in concrete. According to research, approximately 1.6 tons of raw materials are consumed to
manufacture one ton of cement, releasing one ton of COzinto the environment. Additionally, about 7-8% of
all greenhouse gas emissions are caused by the cement sector alone. Further, the deposition of industrial
waste materials is causing a severe disposal problem apart from greenhouse gas emissions (Waqas et al.
2021). As a result, finding an alternative to cement binders and tackling the industrial refuse disposal
problem is crucial.

Geopolymer concrete (GPC), regarded as a sustainable substitute for cement concrete, is becoming
increasingly popular due to its low carbon emissions and minimal expenditure of energy and natural
resources during its processing. Geopolymers are produced due to the polymerization reaction between
aluminosilicate-rich materials and alkaline activators (Li et al. 2019). During the polymerization process, a
polymeric chain and ring structure composed of Si-O-Al-O chains is synthesized, as illustrated in Scheme
1, including an empirical formula of Mn[-(SiO2)zAlO2]n.wH20, where M is an alkali action, n is the
percentage of polymerization, and w is the water content (Ahmed et al. 2021). Any natural or industrial by-
product pozzolanic substance may be used as a precursor, including fly ash, rice husk ash, bagasse ash,
kaolinite, slag, volcanic ash, or a mixture of these substances in the appropriate proportions. Alkaline
activators are typically sodium or potassium-based hydroxides and silicates in proper ratios (NGUI et al.
2022).

Due to the stability, accessibility, and ample stocks, fly ash and ground granulated blast furnace slag
(GGBS) are the most commonly used precursors among all the pozzolans (Song et al. 2020). Utilizing these
waste pozzolans in concrete production improves the strength and durability qualities and addresses their
disposal issues (Part, Ramli, and Cheah 2015). However, numerous variables influence the efficacy of
geopolymer concrete. Among the most significant are curing duration and temperature (Hardjito et al. 2004),
the concentration of sodium hydroxide (NaOH) solution (Murali et al. 2018), the alkaline activator solution
to binder ratio (AAS/B) (Pavithra et al. 2016), the ratio of sodium silicate to sodium hydroxide solution
(NaOH/NazSiOs) (Morsy et al. 2014), etc. Due to the unavailability of the standard code and uncertainty
factors of influence, developing a mix design of geopolymers with available materials is challenging.
However, some of the researchers were able to suggest a few design concepts that could be applied to the
production of geopolymers.
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Scheme 1. Chemical reaction during the geopolymerization process (Ahmed et al. 2021)

1.1 Evaluation of Mix-design techniques developed so far

Certain significant design strategies given by experts include the proportioning of materials based on
performance criteria (LIloyd and Rangan 2010), where the metrics for evaluation were the workability of fresh
concrete and the compressive strength of hardened concrete. Assuming a unit weight of concrete as 2400
kg/m3, the mass of total aggregates is found. The combined aggregates form a total of 77% of the concrete
mass, and the proportioning of aggregates of various sizes within them is carried out to fit the standard
grading curve used in cement concrete design. Other quantities, such as the alkaline solution and precursor
amounts, are set by fixing a specific NaOH/Na2SiOs ratio and alkaline solution to precursor ratio. Finally,
numerous design mixes were obtained with diverse target strengths and workability. Notably, high-workable
concrete had the lowest strength, and the stiffer blend had the greatest compressive strength. Anuradhaet
al. (2012) demonstrated that, with only a few modifications, the Indian standard code (IS 10262-2009) could
be used for developing GPC. The alkaline solution to precursor ratio was fixed based on the target strength
desired to be achieved on the 28th day. While assuming a constant fine aggregate content, the overall
course aggregate portion was set based on the absolute volume of fresh concrete and assumed air content.
The authors considered the materials' specific gravities when proportioning course aggregate, so individual
material properties were emphasized here. (Pavithra et al. 2016) followed (1S10262-2009) in developing a
geopolymer mix design to attain the intended 28-day strength comparable to that of (Anuradha et al. 2012).
However, various aggregate quantities were proportioned using the DIN 1045 curve. Furthermore, a
reasonable proposal for GPC mix design has been made by correlating the relationship between the alkaline
solution to precursor ratio and 28-day compressive strength. In addition to the approaches outlined above,
statistical techniques have also been used to design the GPC. The Taguchi method is one such essential
strategy in the statistical approach, where orthogonal arrays are set to assess multiple variables with only a
few experimental trials (Li et al. 2019). The strength-oriented mix design methodology was created by (Dave
and Bhogayata 2020) using L9 orthogonal arrays with four distinct factors at three different levels. The
factors included NaOH/NazSiOs ratio, binder content, superplasticizer dosage, and NaOH solution's molar
content. In order to reach the intended target strength, the developed mix design technique discovered
satisfactory and reliable test findings.

2. Research significance

The current research focuses on developing a mix design procedure for fly ash-slag based GPC using
aggregates accessible in various size divisions. Approximately 75-80% of the entire amount of concrete is
made up of aggregates (Lloyd and Rangan 2010). Consequently, it is crucial to cram aggregates into the
available space as it directly affects the strength of hardened concrete. There are several methods proposed



to mass proportion the aggregates. One such popular technique includes the standard design curves, where
the aggregates of suitable sizes are proportioned in such a way that the total proportioned aggregates fit
the standard design curve to achieve compact packing (Pavithra et al. 2016). The absence of intermediate-
sized aggregates may be the reason why it is frequently challenging to use this technique with accessible
aggregates. In this case, the particle packing technique is advantageous because it uses the existing
material to achieve dense packing. In the present study, the amounts of aggregates of various sizes that
could be used were determined using the highest bulk density of aggregates found within the standard
container. Additionally, the absolute volume technique is used to fix each component of the GPC, resulting
in a concrete mix with a total compacted volume identical to the absolute volumes of the precursors,
aggregates, and alkaline solutions. Here, the advantages of both approaches have been combined to
produce the GPC of the required strength.

3. Experimental program
3.1 Materials

The primary precursor material used in the research is GGBS, which complies with ASTM C989-99 and is
acquired from Jhargram, West Bengal, India. It was discovered that the samples cast with GGBS had flash-
setting issues because of their higher CaO concentration. To enhance the setting time, 25% of the GGBS
was substituted with Class F fly ash obtained from the Durgapur power plant, West Bengal, India,
conforming to the requirements of ASTM C618-08. Table 1 provides the chemical composition of the binders
examined using X-ray fluorescence spectroscopy (XRF) analysis. The research utilized available coarse
aggregate sizes ranging between 20-10 mm and 10-4.75 mm and river sand as the fine aggregate.

Table 1: XRF analysis of binder materials

Oxide NazO | MgO | AlzOs SiO2 P20s | SOs K20 Ca0O | TiO2 MnO | Fe20s | LOI
Flyash | 0.998 | 1.998 | 17.941 | 45.858 | 1.239 | 0.680 | 2.328 | 1.582 | 4.016 | 0.157 | 19.553 | 1.72
GGBS | 003 |[582 |1120 |3208 |133 |165 |042 |43.78 |0.87 |084 |0.75 0.97

Sodium hydroxide pellets and sodium silicate solution were procured locally. The sodium hydroxide pellets
were dissolved in water to prepare the solution of the required molarity. Sodium silicate was available in
liquid form, with Na20O between 7.5 and 8.5% and SiO2 between 25 and 28%. The amount of extra water
needed was decreased by using a polycarboxylate ether-based superplasticizer. The physical tests
conducted on the materials is given in Table 2 and 3.

Table 2: Specific gravity of materials Table 3: Water absorption of aggregates
Materials Specific gravity Materials Water absorption
Fly ash SGra=1.98 Coarse aggregate (20- | SGzomm= 2.862
GGBS SGooss = 2.32 10mm)

Coarse aggregate (20- | SGzomm = 2.862 2‘;?;%?99@93@ (10- | SGiomm=2.849
10mm)

Coarse aggregate (10- | SG1iomm = 2.849 Fine aggregate SGra=2.622
4.75mm)

Fine aggregate SGra=2.622

NaOH (10M) SGNaoH = 1.33

NazSiOs SGnazsios = 1.31

3.2 Design steps followed

The mix designing method for GPC adopted in the present research consists of seven steps. The description
of each step is provided below.

Step 1: Determination of the total Alkaline Activator Solution (AAS) content



This is a crucial step because the AAS content is proportionate to the water content of the mix at a constant
NaOH molarity and fixed Na2SiOs/NaOH ratio. According to IS 10262-2009, Table 2, the largest aggregate
size determines the AAS concentration. The early experiments on mortar resulted in an AAS value of 200
kg/ms.

Step 2: Fixing the AAS/B ratio

It has been established through earlier research that increasing the AAS/B ratio reduces compressive
strength. According to the ACI standard, a specific AAS/B ratio can be used to attain a particular strength
at 28 days, as shown in Fig. 2 (Pavithra et al. 2016). In order to achieve a target strength of 50MPa, AAS/B
value is fixed at 0.4.
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Fig 2. Strength against water-to-binder ratio curve (Pavithra et al. 2016)

Step3: Finding the total binder content
Binder content can be adjusted by comprehending the value of AAS content and the AAS/B relationship.

ooooo b ogogoooo
Total binder content (TB) =

g
a
O

200
B = — =500 00/03
0.4

GGBS comprises 75% of the acquired binder, and fly ash forms the remaining 25%. Hence GGBS = 375
kg/m?3 and fly ash = 125 kg/m3.

Step 4: Calculation of each of the activators' quantity

One can calculate the amounts of NaOH and Na2SiOs by using the AAS content found in the first stage and
setting a constant Na2SiOs/NaOH ratio. From the trial experiments, the ratio of Na2SiO3s/NaOH was found
to be 2.5 with a NaOH molarity of 10.

00000 000 =0000 00 00004+ 0000 00 NapSiOs
Total AAS = Mass of NaOH + (2.5 * Mass of NaOH)
200 = Mass of NaOH * 3.5
D000 000000 =_ =57.14 00/03

3.5
Mass of Na,SiO3 = 2.5 * 57.14 = 142.85 kg/m?

Step 5: Finding the water and solid contents in AAS
According to the preliminary tests, the 10 molar NaOH solution comprises 70% liquid and 30% solid
particles. The Na2SiOs solution had 34.5% percent of solids and 65.5% of liquid.

gooooooob bbb bbod=000b0 00 0bbdbpppn + 0000 00 UDOOOOOggoo

Mass of Liquidygoy = 57.14(1 — 0.3)
=57.14(0.7)
=39.99 /013



Mass of Liquidya,sio, = 142.85(1 — 0.345)
= 142.85(0.655)
=93.56 /03

Therefore, total water content = 110100 00 OO 00000 qon+ D000 D0 D0 000 Nagsios
=39.99 4+ 93.56 [11/3
=133.55 J0/00% < 200 O0/03

00000 0000000000 000000 =00000 000000 0000000 + 0000 00 00000g0an +
0000 00 0000 Uyasios
=500+ 17.15 4+ 49.29
=566.44 [11/(13

As a result, the overall water content of the total AAS is lower than the maximum water content necessary
for the mix. In addition, the total geopolymer solid-to-water ratio is obtained as 0.235.

Step 6: Calculation of total aggregates volume
The total volume of combined aggregates (Ca) is obtained using the absolute volume method, assuming
that 2% of the entire volume of concrete is occupied by voids (Anuradha et al. 2012).
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Step 7: Calculation of each of the aggregate content

The particle packing approach was adopted in order to find the quantity of aggregates of various sizes
available to achieve the maximum bulk density. This procedure involved filling a cylindrical metal container
of 15-litre capacity with coarse aggregates in different ratios that ranged in size from 20 - 10 mm to 10 -
4.75 mm. The quantities of coarse aggregates are chosen based on the proportion with the greatest bulk
density (Table 4). As a result, the container is once again filled with sand in various ratios along with the
acquired ratios of coarse aggregates. As shown in Table 5, the highest bulk density achieved is chosen as
the coarse aggregate to fine aggregate ratio.

Step 8: Calculation of plasticizer amount
The study used an ether-based plasticizer to lower the overall water content and produce workable concrete.
Trials led to the fixation of a plasticizer at 1.5% of the weight of the binder.

Plasticizer = *500="7.5kg m3
100
Table 4: Average bulk density of coarse aggregates Table 5: Average bulk density of coarse and fine
(20-10) | (10-4.75) | Average value aggregates
mm mm of bulk density Coarse Fine Average value
(kg/m3) aggregate | aggregate | of bulk density
3
90% | 10% 1503.55 (kg/m®)
o 0,
80% | 20% 1514.66 90% 10% 1636.67
80% 20% 1747.33
70% 30% 1535.33
70% 30% 1796
60% 40% 1576.67
60% 40% 1904
50% 50% 1528.67
50% 50% 1890
40% 60% 1510.22
40% 60% 1819.33




As seen in Fig. 3, the bulk density rises to a specific percentage of aggregates, suggesting an intensifying
dense packing. However, it then begins to decline. The greatest bulk density was achieved with (20-10) mm
and (10-4.75) mm aggregates at 60 and 40 ratios. Furthermore, total coarse and fine aggregates in
proportions of 60 and 40 can be used.
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Fig. 3 Proportioning of aggregates against bulk density

3.3 Preparation of Mix, casting and curing processes

The molarity of NaOH, Na2SiOs/NaOH ratio and percentage of fly ash were set at 10M, 2.5 and 25%,
respectively, based on the findings of the mortar experimental mix. When NaOH granules and water are
combined, chemical reaction occurs, producing significant heat. As a result, the NaOH solution was
prepared 24 hours prior to casting to attain room temperature (Kuqo et al. 2023). Later, sodium hydroxide
and sodium silicate solutions were combined at least 30 minutes before casting (Cheyad, Hilo, and Al-
Gasham 2022). The casting process begins with a 3-minute dry mixing of the precursor, coarse, and fine
particles. Following that, the prepared alkaline solution is combined and mixed for another 2 minutes. The
superplasticizer is next blended with additional water and added to the wet mix to achieve the desired
workability. After another minute of mixing, the finished mixture is poured into greased (100*100*100) mm
cube moulds and tamped with a tamping rod. After 24 hours, the blocks were demoulded and placed in an
oven set to a steady temperature of 60°C for curing. Moulds were removed from the oven after 24 hours
and stored in the open air until the testing day (SH Sanni 2013).

3.4 Testing procedure

The compression test was performed on cubes at 7, 14, and 28 days after casting using a Servo hydraulic
Universal testing machine with a capacity of 3000 KN and tested in accordance with IS 516 (1959).

The tests for fresh properties included setting time tests, which measure the initial and final setting times,
and slump cone tests to determine workability. Workability was tested using a slump cone with dimensions
of 200mm bottom diameter, 100mm top diameter, and 300mm height, according to IS 1199 (1959). The
setting time test was performed on GGBS - fly ash geopolymer as per IS 4031-5 (1988), using a standard
Vicat apparatus.

In addition to testing the properties of the geopolymers in their fresh and hardened states, broken pieces of
the tested specimen were collected after compression testing for microstructural analysis. This included
scanning electron microscopy (SEM), Fourier transform infrared (FTIR), and X-Ray Diffraction. (XRD).

4. Results and Discussion
4.1 Compressive strength

In order to assess the performance of concrete, it is crucial to consider compressive strength as it reveals
the total quality of the concrete (Ahmed, Mohammed, and Mohammed 2022). The compressive strength of
concrete obtained on 7, 14 and 28 days are represented in Fig. 4. A compressive strength of 54.25 MPa,
53.57 MPa and 56.23 MPa was obtained on the 7t, 14t and 28% days, respectively. Overall, the targeted



50MPa was achieved. The findings show that the majority of the strength of geopolymers is acquired within
seven days and that the rate of strength rise in the later stages is low. It can be observed that 14 days
strength is lesser than 7-day strength. It might be due to the faster setting of slag that could have led to
improper compaction while casting.

4.2 Fresh properties

The workability of GPC containing GGBS is known to be low due to the angular-shaped GGBS (Dehghani
et al. 2021). Hence, a portion of the GGBS was substituted with spherical-shaped fly ash particles, and a
plasticizer containing additional water was applied to accomplish the desired workability. In the slump cone
test, a subsided height of 223 mm was observed, indicating that the produced blend has adequate
consistency. Consequently, at a constant AAS/B ratio, the addition of fly ash improves the workability of the
GGBS-based GPC mix.

Furthermore, initial and final setting time tests on GGBS-fly ash based GPC revealed that they were 30%
and 26.67% greater than GGBS-based GPC, demonstrating that adding fly ash can significantly increase
total setting time. The high calcium oxide (CaO) concentration of GGBS is primarily accountable for its fast
setting time. The addition of class F fly reduces the mix's overall CaO content, prolonging the fresh mix's
setting time (Xie et al. 2019).

4.3 Microstructural analysis
4.3.1 XRD analysis

Figure 4a). shows the X-ray diffraction (XRD) analysis of the GGBS-fly ash samples and Fig 4b). represent
the XRD of GPC sample. It can be seen that the GPC sample contained prime crystalline peaks of quartz,
hematite and mullite, mainly derived from fly ash and calcium carbonate in the form of calcite derived from
GGBS representing the partial geopolymerization of precursors (Yazdi et al. 2018). The fraction
proportioning of the precursors used significantly impacts how peaks in the mixture appear. The broad
bumps occurring at 26 = 20~40° correlate to Calcium silicate hydrate (C-S-H) and Sodium alumino silicate
hydrate (N-A-S-H) amorphous phases along with traces of calcite (Ismail et al. 2014) (Guo et al. 2022). The
C-S-H and N-A-S-H gels are responsible for gaining strength in slag-based GPC (Jindal, Jangra, and Garg
2020). The evidence of humps associated with these amorphous gels explains the strength gained in the
research samples.
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Fig. 4. XRD pattern of a) GGBS and fly ash, b) Geopolymer sample
4.3.2 SEM analysis

The broken fragments of the cube collected after the compression test were subjected to scanning electron
microscope (SEM) analysis to produce the microstructural image of GPC, as depicted in Fig. 4. The mixture
was found to be homogeneous with a uniform material composition. The white residues in the image
represent calcite, supported by the calcium carbonate content indicated by the XRD. The SEM image given
below provides evidence of the existence of amorphous gel phases, supporting the peaks observed in XRD
that correspond to C-S-H and N-A-S-H gels.



30 m EHT = 17.00 kV Signal A = SE1

Fig. 5. SEM image of alkali-activated GGBS-fly ash based geopolymer sample

4.3.3 FTIR analysis

The Fourier Transform Infrared Spectroscopy (FTIR) performed on fly ash and GGBS and GPC sample is
shown in Fig. 6.a) and 6.b) respectively. The peak intensity corresponding to wavenumbers 1091cm™' and
967cm is attributed to the asymmetric stretching vibration of Si-O-T (T = Al, Si) in fly ash and GGBS
respectively (Fig. 6a). In the GPC sample, the shift of this band falls between the wavenumbers observed
in fly ash and GGBS (Fig. 6.b), indicating the occurrence of geopolymerization, giving rise to a formation of
new gel phases such as C-S-H and N-(C)-A-S-H (Nath and Kumar 2013). The absorption peak around
(1600 cm) is due to the O - H hydration bands. The broader bands around wave number (3200-3600cm-")
are due to the O - OH bonds.
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Fig. 6. FTIR spectra of a) GGBS and fly ash, b) Geopolymer sample
5 Conclusion

The present research offers a method for developing a mix design procedure for geopolymers by utilizing
the two powerful mix design techniques that are currently available. The mix design is carried out in sucha
way that the geopolymers can be developed using the available materials, which is a challenging job,
considering all the variables involved in the mix design of geopolymers. The compressive strengths acquired
at early ages and on the 28th day demonstrate that the developed technique can achieve the desired target
strength. Nevertheless, the hardened and fresh characteristics are incredibly dependent on the type of
precursor used. Even though gaining the desired strength using GGBS is possible, the fresh properties are
badly affected. However, the inclusion of class F fly ash was found to be effective in improving the fresh
properties while maintaining the strength obtained within the desired range. Further, the microstructural
analysis confirms the geopolymerization process and the products formed during geopolymerization.
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