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ABSTRACT  

Geopolymer cement, using fly ash (FA), presents a viable alternative to Portland cement. However, FA-

based geopolymers often lack reactivity and strength, necessitating combination with calcium-rich 

materials like ground granulated blast furnace slag (GGBFS). However, GGBFS could accelerate setting 

and decrease workability, requiring a retarder. Borax is recognized for its retarding properties in FA-

based geopolymers, but its impact in FA-GGBFS systems remains understudied. This study evaluated 

the influence of varying proportions of FA and GGBFS with the addition of borax, on the setting time, 

workability, and mechanical strength of the geopolymer paste, mortar, and concrete under ambient 

curing conditions. Setting time test was conducted for the geopolymer paste, flow table test for 

workability assessment of mortar, and compressive strength testing at 1, 7, and 28 days for the 

mechanical strength of paste and concrete. Various FA:GGBFS ratios (100:0, 70:30, 50:50, and 0:100) 

were examined. Alkali activator consists of NaOH and Na2SO3 with Na2SO3/NaOH ratio (R) of 1.5 and 

alkali to precursors ratio (A) of 0.45 was used. Borax was added at a constant 3% by weight of the 

precursors. Both the volume ratios of paste to fine aggregate voids (Rm) and mortar to coarse aggregate 

voids (Rb) were set to 1.5. Borax increased initial setting time by 7-33 minutes for FA-GGBFS 

geopolymer. GGBFS replacement decreased the workability of mortar, with flow index ranging from 

83-158%. Increasing GGBFS content significantly improved compressive strength in both paste and 

concrete samples. Notably, 100% GGBFS replacement yielded the highest concrete strength at 74.86 

MPa after 28 days. However, the optimal balance of properties was achieved with a 50% GGBFS 

replacement, resulting in satisfactory strengths of 100.29 MPa for paste and 69.08 MPa for concrete, 

along with a 40-minute initial setting time and a flow index of 138%. These findings surpass prior studies 

on similar geopolymers. 
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1. Introduction 

High energy intensity production processes associated 

with OPC make the global cement industry one of the 

most significant energy consumers and CO2 emitters [1], 

[2]. As the global construction industry seeks innovative 

and environmentally conscious solutions, alternatives to 

traditional Portland cement-based materials are being 

explored [3]. The prevalent adoption of alternative 

materials as a replacement for cement has significantly 

reduced the carbon footprints of cement, leading to the 

development of terms like "green concrete" or 

geopolymer concrete (GPC). Geopolymer concrete 

presents numerous benefits compared to conventional 

Portland cement concrete, including up to an 80% 

reduction in carbon emissions, high strength, durability, 

and good resistance to harsh environments [4], [5], [6], 

[7], [8]. 

Geopolymer concrete is fabricated by activating the 

precursor material using an alkali activator [9]. Fly ash 

(FA) is classified as Class C or Class F based on ASTM 

C618-22 criteria, with both classes requiring a minimum 

total weight percentage of SiO2 + Al2O3 + Fe2O3 of 50%, 

while the CaO content should exceed 18% for Class C 

and be limited to a maximum of 18% for Class F. In 

contrast to Class C fly ash, which displays considerable 

reactivity, Class F fly ash often presents low reactivity 

and gradual strength development. To expedite the 

dissolution of Si and Al in Class F fly ash-based 

geopolymers, heat curing or the inclusion of mineral 

additives with elevated calcium content may be 

necessary [10]. To mitigate the limitations of a single 

precursor geopolymer, a common approach involves 

blending multiple precursors, utilizing their combined 

strengths to enhance properties such as durability and 

mechanical properties [11], [12]. One of the frequently 
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explored combinations is geopolymer formulations based 

on a mixture of fly ash and GGBFS, which has garnered 

attention from numerous researchers in the field [13], 

[14], [15]. The results of these investigations revealed 

that the compressive strength of class F FA-based 

geopolymer concrete improves with increasing GGBFS 

dosage. 

Previous study highlighted the potential of class F FA-

GGBFS geopolymer in producing concrete with low to 

moderate strength, eliminating the necessity for heat 

curing [16]. Another study investigated the reactivity and 

microstructure of FA-GGBFS based mixture [17]. The 

findings revealed that replacing class F FA with GGBFS 

up to 30% increased compressive strength under ambient 

curing conditions, with a maximum strength of 45 MPa 

observed in GPC mixtures containing 70% FA and 30% 

GGBFS. The maximum strength achieved with GGBFS 

surpassed that of FA alone due to unreactive FA under 

ambient curing conditions. Similar results were reported, 

demonstrating that GGBFS played a crucial role in 

enhancing strength, with a maximum of 56.43 MPa in 

100% GGBFS mixture, reducing the porosity, denser 

matrix, albeit with a decrease in setting time [18].  

Based on prior research, the incorporation of fly ash and 

GGBFS mixture has been identified to enhance strength, 

particularly with an escalation in GGBFS content due to 

the high CaO content and reactivity. However, this 

intensified use of GGBFS is associated with shorter 

setting times and decreased workability. Another viable 

option would be to incorporate retarders and rheology-

modifiers, which are commonly used in OPC concretes. 

However, these admixtures often exhibit inefficiency or 

ineffectiveness in geopolymer systems, with their 

efficacy largely contingent upon factors such as the 

alkaline nature of the activators and the mixes 

composition [19], [20]. Insights from a study suggested 

that the inclusion of borax can extend setting time which 

acts as a retarder [21]. However, this study was 

conducted solely on fly ash as the precursor, and the high 

dosage of borax resulted in a notable reduction in 

compressive strength. 

This paper investigates the optimal mix design of 

ambient cured FA-GGBFS-based geopolymer concrete 

with low dosage borax as an admixture, assessing its 

impact on setting time, workability, and compressive 

strength of geopolymer paste, mortar, and concrete. The 

outcomes of this investigation hold potential for 

advancing geopolymer concrete technology by 

leveraging the combination of fly ash, GGBFS, and borax 

to enhance compressive strength, achieve favorable 

workability, and ensure adequate setting time.  

2. Methods 

1.1 Materials 

1.1.1 Precursors 

Precursors, in the context of this study, were the raw 

materials essential for producing geopolymer materials. 

The precursors utilized here include FA and GGBFS. The 

locally sourced FA was derived from the Paiton power 

plant in East Java, Indonesia, while the GGBFS was 

obtained from PT Krakatau Semen Indonesia. The X-ray 

fluorescence (XRF) analysis, as detailed in Error! 

Reference source not found., provided a breakdown of 

the oxide composition of FA and GGBFS.  

Table 1. XRF analysis of FA and GGBFS (% mass) 
Component  Fly Ash GGBFS 

Al2O3 23.8 15.45 

SiO2 48.7 36.52 

Fe2O3 11.0 0.98 

CaO 12.7 44.38 

SO3 1.34 0.07 

K2O 0.97 0.33 

FA could be sorted into Class C and F based on ASTM 

C618-22 criteria, where the distinction relied on the CaO 

content. Class F fly ash, characterized by a maximum 

CaO content of 18%, displayed pozzolanic properties, 

whereas class C fly ash, with a higher CaO content 

(>18%), exhibited both pozzolanic and cementitious 

properties. The required minimum sum of SiO2, Fe2O3, 

CaO, and Al2O3 for both classes was 50%. 

Following the current standard (ASTM C618-22), the fly 

ash utilized was categorized as Class F due to its CaO 

content being below 18% (specifically, CaO 12.7%) and 

meeting the minimum sum of SiO2, Fe2O3, CaO, and 

Al2O3, which amounted to 83.5%. It is noteworthy that 

despite being categorized as class F in this study, the fly 

ash demonstrates a short setting time and could be cured 

under ambient temperature, characteristic typically 

associated with class C fly ash. 

The reactivity of fly ash was associated with its glassy 

constituents. The typical glass composition of high-

calcium fly ash is such that anorthite and gehlenite are 

the first minerals to form when it cools from a molten 

state. In contrast, low-calcium fly ash tends to form 

mullite as its main crystalline phase under similar 

conditions. As depicted in Figure 1, the fly ash utilized 

in this study fell within the anorthite range, which is 

characteristic of high-calcium fly ash (Class C). This 

likely accounts for the observed high reactivity of the fly 

ash. 
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Figure 1 Ternary diagram of fly ash from Paiton power plant 

1.1.2 Alkali activator 

To activate the precursors, a combined alkali activator of 

sodium hydroxide (NaOH), sodium silicate (Na2SiO3), 

and borax pentahydrate was utilized. NaOH pellets with 

98% purity were obtained from PT AKR Corporindo 

Tbk. Na2SiO3 solution was obtained from PT Sinar Sakti 

Kimia, with a density of 1.68. Borax pentahydrade 

ETIMADEN with 99.9% purity was obtained from 

Intiprimacool, an online e-commerce store. 

The NaOH solution was made by dissolving NaOH 

flakes (98% purity) in distilled water to achieve a 10 M 

concentration. Borax is introduced into the process after 

creating the NaOH solution while the solution is hot, 

facilitating borax dissolution and homogenization. The 

weight of borax is calculated as a constant percentage of 

3% to the weight of precursors in the mixture. The 

prepared solution was then brought down to room 

temperature for 24 hours before use. The solution was 

then combined with the Na2SiO3 solution in a ratio of R 

(Na2SiO3/NaOH) = 1.5, and cooled for at least an hour 

before ready to be used for mixing. The alkali to 

precursor ratio (A) employed in this study remained 

constant at 0.45, thereby ensuring optimal workability 

and sufficient setting time. 

The variables in this research are based on a review of 

previous studies, including research conducted 

previously  which investigated various combinations of 

alkali activators and found that the combination of NaOH 

and Na2SiO3 produced superior concrete performance 

[18]. Moreover, previous research highlighted that 

utilizing a high alkali concentration of NaOH (10M-

14M) is conducive to achieving high-strength 

geopolymer concrete and enhancing precursor reactivity 

[22]. Additionally,  investigation of the impact of alkali 

to precursor ratio on setting time in a mixture containing 

FA and GGBFS, affirming that a lower ratio (0.35) 

notably shortened the setting time and decreased the 

workability [23]. Similar observation reported that a 

lower alkali to precursor ratio (0.28-0.32) increased 

strength while compromising the workability of the 

mixture [24]. The choice of a low borax percentage (3%) 

in this study aims to minimize production costs and 

prevent a significant reduction in compressive strength, 

as compared to previous study where a high dosage of 

borax resulted in a significant decrease in compressive 

strength [21]. Lastly, the selection of a ratio of R (SS/SH) 

= 1.5 is motivated by the need to achieve a workable 

mixture where it has been observed that a high R ratio (2-

2.5) can significantly reduce the workability of the 

mixture [24]. A lower ratio of R (1.5) is also to prevent 

an excess of silicate content in the mixture, which could 

hinder the formation of the geopolymeric structure and 

aggravate water evaporation issues [18], [25], [26]. 

1.1.3 Aggregates 

The aggregates properties and standards utilized to test 

its properties are outlined in Table 2 The source of fine 

aggregates was from Kali Progo, Yogyakarta categorized 

as zone 2 can be seen in Figure 2, while the coarse 

aggregate employed was local crushed stone sourced 

from Clereng, Yogyakarta, with a maximum diameter of 

10 mm. Both fine and coarse aggregates were utilized in 

saturated surface dry (SSD) conditions, adhering to 

ASTM C136 specifications. 

 
Figure 2. Sand grading zone II 
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Table 2. Aggregates characteristics 

1.1.4 Design mix proportion 

The composition was formulated using the absolute 

volume method, given the absence of an established 

standard regulating the formulation of geopolymer 

concrete at the time. This method aligned with the 

approach outlined in the previous research [27], utilizing 

the absolute volume method for geopolymer paste as 

defined in Equation (1).  

 
𝑊𝑓𝑎

𝐺𝑠𝑓𝑎 𝛾𝑤
+

𝑊𝑔𝑔𝑏𝑓𝑠

𝐺𝑠𝑔𝑔𝑏𝑓𝑠 𝛾𝑤
+

𝑊𝑠𝑠

𝐺𝑠𝑠𝑠 𝛾𝑤
+

𝑊𝑠ℎ

𝐺𝑠𝑠ℎ 𝛾𝑤
= 1 m3  (1) 

Where: Wfa = weight of fly ash, Gsfa = specific gravity of 

fly ash, Wggbfs = weight of GGBFS, Gsggbfs = specific 

gravity of GGBFS, Wss = weight of sodium silicate, Gsss 

= specific gravity of sodium silicate, Wsh = weight of 

sodium hydroxide, Gsss = specific gravity of sodium 

hydroxide, and γw = density of water (1000 kg/m3). 

The ratio parameters A (alkali to precursor ratio), R 

(alkali activator ratio), and X (GGBFS to FA ratio) can 

be determined by Equations (2), (3), and (4). 

𝐴 =
𝑊𝑠𝑠+𝑊𝑠ℎ

𝑊𝑓𝑎+𝑊𝑔𝑔𝑏𝑠
  (2) 

𝑅 =
𝑊𝑠𝑠

𝑊𝑠ℎ
  (3) 

𝑋 =
GGBFS (%)

𝐹𝐴 (%)
   (4) 

The weight of sodium hydroxide (Wsh) and sodium 

silicate (Wss) can be calculated by correlating the ratio of 

A, R, and X, as follows: 

𝑊𝑠𝑠  +  𝑊𝑠ℎ = 𝐴(𝑊𝑓𝑎  +  𝑊𝑔𝑔𝑏𝑓𝑠)   (5) 

𝑅𝑊𝑠ℎ  +  𝑊𝑠ℎ = 𝐴(𝑊𝑓𝑎  + 𝑋𝑊𝑓𝑎)   (6) 

(1 + 𝑅)𝑊𝑠ℎ = 𝐴(1 + 𝑋)𝑊𝑓𝑎   (7) 

𝑊𝑠ℎ =
𝐴(1+𝑋)

(1+𝑅)
𝑊𝑓𝑎   (8) 

𝑊𝑠𝑠 =
𝐴𝑅(1+𝑋)

(1+𝑅)
𝑊𝑓𝑎   (9) 

This study utilized borax as an additive, the weight of 

borax could be calculated using equation (10). 

𝑊𝑏𝑟 = 𝐵(𝑊𝑓𝑎 + 𝑊𝑔𝑔𝑏𝑓𝑠)   (10) 

Where: Wbr = weight of borax, B = percentage of borax 

added. 

Equation (1) was then simplified using the ratio 

parameters A (alkali to precursor ratio), R (alkali 

activator ratio), and X (GGBFS to FA ratio), therefore the 

design equation for FA-GGBFS geopolymer paste 

utilizing the absolute volume method is obtained as 

follows: 

𝑊𝑓𝑎

𝐺𝑠𝑓𝑎 𝛾𝑤
+

(𝑋)𝑊𝑓𝑎

𝐺𝑠𝑔𝑔𝑏𝑓𝑠 𝛾𝑤
+

𝐴𝑅(1+𝑋)

1+𝑅
𝑊𝑓𝑎

𝐺𝑠𝑠𝑠 𝛾𝑤
+

𝐴(1+𝑋)

1+𝑅
𝑊𝑓𝑎

𝐺𝑠𝑠ℎ 𝛾𝑤
= 1 m3 

 (11) 

Based on Equation (11), the mixture proportions of 

geopolymer paste are detailed in  
Table 3. 

The composition of the mortar mix was established 

according to the composition of the paste mix. By 

modifying Equation (11), the composition of the mortar 

mix could be calculated by Equation (12). The 

composition of geopolymer mortar mix with optimal 

rheological and mechanical properties was obtained by 

assuming that the volume of fine aggregate voids was 

exactly filled by the volume of paste. The formulation of 

geopolymer mortar mix was closely associated with the 

parameter Rm, representing the ratio of the absolute 

volume of paste (Vp) to the volume of voids between fine 

aggregate particles (Vragh). 

 (12) 

The absolute volume ratio of geopolymer paste to the 

volume of fine aggregate voids (Rm) can be calculated 

using Equation (13).  

 1 

Characteristic Fine aggregate Coarse aggregate Standards 

Gradation Zone 2 - 
SNI 03-1968-1990 

Fineness modulus 2.65 6.86 

Compacted unit weight 1601.08 kg/m3 1469.67 kg/m3 
SNI 03-4804-1998  

loose unit weight 1298.89 kg/m3 1294.29 kg/m3 

Specific gravity (dry) 2.583 2.540 SNI 1969:2008 (coarse agg.) 

Specific gravity (SSD) 2.679 2.619 SNI 1970:2008 (fine agg.) 

Organic matter content satisfied the standard - SNI 2816:2014 

Mud content 3.38 (<5%) - SNI 03-4142-1996 

Abrasion  - 20.66% < 27%*  

*for f’c > 20 MPa 
SNI 2417:2008;  

SII 0052-80/SK-SNI. S-0401989 
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𝑅𝑚 =
𝑉𝑝

𝑉𝑟𝑎𝑔ℎ
   (13) 

The volume of voids between fine aggregate particles 

(Vragh) in 1 m3 can be calculated by Equation (14). 

𝑉𝑟𝑎𝑔ℎ = 1 −
𝐵𝑠𝑎𝑔ℎ

𝐺𝑠𝑎𝑔ℎ
𝛾𝑤   (14) 

Based on Equation (12), the mixture proportion of 

geopolymer mortar can be seen in Error! Reference 

source not found.. To be noted, the variable Rm is 

predetermined by 1.5 based on the optimum ratio of a 

previous study done by [22]. 

The composition of the geopolymer concrete mix was 

established by modifying the compositions of the 

geopolymer paste and mortar mix. Therefore, the design 

equation for geopolymer concrete using the absolute 

volume method is derived as Equation (15). To achieve 

the optimal rheological and mechanical properties of the 

geopolymer concrete, it was assumed that the volume of 

fine aggregate voids (Vragh) was entirely filled by the 

paste volume (Vp), while the volume of coarse aggregate 

voids (Vragk) was filled by the mortar volume (Vm). 

𝑊𝑓𝑎

𝐺𝑠𝑓𝑎 𝛾𝑤
+

(𝑋)𝑊𝑓𝑎

𝐺𝑠𝑔𝑔𝑏𝑓𝑠 𝛾𝑤
+

𝐴𝑅(1+𝑋)

1+𝑅
𝑊𝑓𝑎

𝐺𝑠𝑠𝑠 𝛾𝑤
+

𝐴(1+𝑋)

1+𝑅
𝑊𝑓𝑎

𝐺𝑠𝑠ℎ 𝛾𝑤
  

(15) 

The volume of voids between coarse aggregate particles 

(Vragk) in 1 m3 could be calculated by Equations (16). 

𝑉𝑟𝑎𝑔𝑘 = 1 −
𝐵𝑠𝑎𝑔𝑘

𝐺𝑠𝑎𝑔𝑘
𝛾𝑤   (16) 

The absolute volume ratio of geopolymer mortar to the 

volume of fine aggregate voids (Rb) can be calculated 

using Equation (17). 

𝑅𝑏 =
𝑉𝑚

𝑉𝑟𝑎𝑔𝑘
 (17) 

To be noted, the variables Rm and Rb are predetermined 

as 1.5, based on the previous study by [22] which showed 

optimum mechanical properties. 

Based on Equation (15), the mixture proportion of 

geopolymer concrete is shown in Error! Reference 

source not found..  

 

Table 3. Geopolymer paste mixture proportion 

Mix ID Mix label 
Paste mixture quantity (kg/m3) 

A M R 
FA GGBFS SS SH Borax 

PF100G0 PF100G0M10A45B3R15 1535.4 0.0 414.5 276.4 46.1 0.45 10 1.5 

PF70G30 PF70G30M10A45B3R15 1092.0 468.0 421.2 280.8 46.8 0.45 10 1.5 

PF50G50 PF50G50M10A45B3R15 788.4 788.4 425.7 283.8 47.3 0.45 10 1.5 

PF0G100 PF0G100M10A45B3R15 0.0 1620.6 437.6 291.7 48.6 0.45 10 1.5 

Label: FA = fly ash, GGBFS = ground granulated blast furnace slag, SS = sodium silicate, SH = sodium hydroxide, A ratio = 

Alkali/precursor ratio, M = NaOH molarity, R = Na2SO3 to NaOH ratio. 

Table 4. Geopolymer mortar mixture proportion 

Mix ID Mix label Mortar mixture quantity (kg/m3) 
FA GGBFS SS SH Borax Sand A M R Vragh 

MF100G0 MF100G0M10A45B3R15Rm15 926.6 0.0 250.2 166.8 27.8 1062.2 0.45 10 1.5 0.40 

MF70G30 MF70G30M10A45B3R15Rm15 659.0 282.4 254.2 169.5 28.2 1062.2 0.45 10 1.5 0.40 

MF50G50 MF50G50M10A45B3R15Rm15 475.8 475.8 256.9 171.3 28.5 1062.2 0.45 10 1.5 0.40 

MF0G100 MF0G100M10A45B3R15Rm15 0.0 978.0 264.1 176.0 29.3 1062.2 0.45 10 1.5 0.40 

Table 5. Geopolymer concrete mixture proportion 

Mix ID Mix label 
Concrete mixture quantity (kg/m3) 

A M R 
Vrag

h 

Vrag

k FA GGBFS SS SH Borax Sand CA 

CF100G0 CF100G0M10A45B3R15Rb

Rm15 

609.9 0.0 164.7 109.8 18.3 699.2 895.1 0.4

5 

10 1.

5 

0.40 0.44 

CF70G30 CF70G30M10A45B3R15Rb

Rm15 

433.8 185.9 167.3 111.5 18.6 699.2 895.1 0.4

5 

10 1.

5 

0.40 0.44 

CF50G50 CF50G50M10A45B3R15Rb

Rm15 

313.2 313.2 169.1 112.7 18.8 699.2 895.1 0.4

5 

10 1.

5 

0.40 0.44 

CF0G100 CF0G100M10A45B3R15Rb

Rm15 

0.0 643.7 173.8 115.9 19.3 699.2 895.1 0.4

5 

10 1.

5 

0.40 0.44 
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1.1.5 Mixing, curing and testing 

Paste samples for setting time and compressive strength tests 

were prepared using a Hobart N50 mixer. Initially, 

precursors consist of FA and GGBFS, were added to the 

mixer and dry-mixed until both materials were combined. 

Subsequently, the alkali activator was added and mixed for 

3 minutes to produce a uniform paste. The setting time 

(initial and final) of the fresh geopolymer paste were 

assessed using a Vicat needle apparatus, following the 

ASTM C191 standard procedure with measurements 

recorded at 1-minute intervals. Compressive strength tests 

for the geopolymer paste using 50 mm cube molds were 

carried out at 1, 7, and 28 days of age to evaluate the 

compressive strength, tested in accordance to ASTM C109. 

The geopolymer mortar mixing process started with making 

geopolymer paste, by mixing the precursors (FA and 

GGBFS) and alkali activator until uniform. Then, fine 

aggregate was added, and the mixture underwent further 

mixing for 3-5 minutes until all materials were thoroughly 

combined. The mortar samples underwent flow table testing 

following ASTM C230 and ASTM C1437 standards. This 

test was conducted directly following the mixing process to 

assess the flowability of the fresh geopolymer mortar. The 

flow test measured the flow diameter, which indicates the 

spread behavior of the paste after a specified number of drops 

(25 drops), across various mixture proportions. 

Concrete samples for compressive strength test were mixed 

using the Creteangle Multi Flow Mixer (0.2 m3 capacity). 

The method involved creating the paste mixture by 

combining precursors (fly ash and GGBFS) and alkali 

activator, followed by the addition of both fine and coarse 

aggregates. The mixture was then mixed for 7-10 minutes 

until uniform. The prepared concrete mixture was cast into 

100 x 200 mm cylindrical molds in three layers with standard 

compaction according to SNI 4810:2013 or ASTM C31. For 

concrete samples containing 100% GGBFS (CF0G100), 

compaction was achieved using a vibrator due to its stiff 

consistency. The moulds were wrapped with plastic film 

immediately after casting to avoid water evaporation and left 

overnight before demolding the next day. After demolding, 

the specimens were fully wrapped in a plastic sheet and 

allowed to cure under ambient laboratory conditions. 

Compressive strength tests were carried out at 1, 7, and 28 

days. 

3. Results and Discussion 

1.2 Setting time of geopolymer paste 

The initial setting time in geopolymer refers to the duration 

it takes for the geopolymer paste to begin solidifying after 

mixing and the needle penetrates to a depth of 25 mm. Final 

setting time refers to the duration until the needle cannot 

penetrate. To examine the impact of incorporating borax into 

the mixture, a comparison was made with the same mix 

design but without the addition of borax, focusing on initial 

and final setting time can be seen in Figure 3. 

Based on the test results, 3% borax was able to extend the 

setting time by 7-33 minutes compared to the mixture with 

0% borax, with the longest setting time was found in 30% 

GGBFS substitution mix (PF70G30) with the initial and final 

setting of 44 and 57 minutes. It is worth mentioning that in 

the specimen with 100% GGBFS and 0% borax there was a 

flash setting during mixing so there was no recording of 

setting time. As highlighted by [28], anhydrous borax 

introduces [BO4] tetrahedra into the mixture. While the 

bonding of [BO4] with [SiO4] is easy, its interaction with 

[AlO4] or even within [BO4] tetrahedra themselves presents 

challenges. This intricate process contributes to the retarding 

effect observed with anhydrous borax. This discovery aligns 

with findings from previous studies, which also indicate that 

the addition of borax to geopolymer concrete mixtures tends 

to prolong the setting time [21], [23], [28], [29], [30], [31], 

[32], [33]. 

 

 
Figure 3. Setting time of geopolymer paste with 0% and 3% 

borax. 

 

In the case of 30% GGBFS replacement (PF70G30), the 

initial setting time was prolonged by 19 minutes compared 

to the mixture containing only FA (PF100G0), as depicted in 

Figure 3. 100% FA mixtures exhibited the shortest setting 

time and high reactivity compared to others. This finding 

contrasts with previous studies where increasing GGBFS 

substitution accelerated setting time in FA-GGBFS based 

geopolymer concrete, where high CaO content in GGBFS 

typically enhances polymerization by forming Ca-Al-Si gel 

and speeding up the setting time [16], [18], [34], [35]. 

However, the difference in the results of this study can be 

caused by the FA content itself. FA from PLTU Paiton used 
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in this study was characterized by high alumina and silica 

contents. The relationship between Si, Al, and Ca content 

and the speed of hardening time has been investigated in 

several studies. As described by [36], the process and 

hardening time of FA-based geopolymer is controlled by the 

initial formation of CASH, where Al and Si concentrations 

are important factors in this process. The CASH precipitation 

reaction is as follows: 

𝐶𝑎+2 + 𝑆𝑖𝑂2(𝑂𝐻)2
2− or 𝑆𝑖𝑂(𝑂𝐻)3

−1 + 𝐴𝑙(𝑂𝐻)4
− → 𝐶𝐴𝑆𝐻 (18) 

CASH is stable in high pH environments (>13), having a 

dominant role in setting time. At high alkaline pH, there is 

rapid dissolution of Al2O3 and SiO2 with high reactivity 

resulting in high concentrations of silica and alumina in the 

initial phase. These compounds then react with Ca2+ ions to 

form the CASH phase which leads to shorter hardening 

times. Previous study also stated that the geopolymerization 

process is controlled by the exothermic peak that occurs in 

the geopolymer chemical reaction, where this exothermic 

peak is influenced by the material's silica and alumina 

content [37]. In other words, the higher the silica and alumina 

content, the greater the likelihood of an early and intense 

exothermic peak, which in turn will accelerate the 

geopolymer hardening process. These explanations could 

account for the extended setting time observed with the 30% 

GGBFS substitution. 

1.3 Workability of geopolymer mortar 

The workability of geopolymer mortar was assessed using 

flow table test as seen in Figure 4. The flow table test results 

for geopolymer mortar can be seen in Table 6 indicated a 

range of flow values from 83% to 158%, with the sample 

containing 100% GGBFS showing the lowest flow index and 

the sample with 100% FA demonstrating the highest flow 

index. The flow table test results were compared to the 

standards, where the standard minimum flow index ensures 

the workability and ease of placement of the mortar into the 

mold. Results indicated that GGBFS replacements of 0%, 

30%, and 50% met the requirement, except for 100% 

GGBFS replacement. Although the lowest flow index by the 

standard may be set at 105%, the workability criteria may 

depend on the particular construction application and the 

desired properties for the intended use.  

From the results, it can be deduced that increasing the 

replacement of GGBFS reduces workability, which was 

consistent with prior studies [38], [39]. A study on class F 

FA and up to 30% addition of GGBFS, indicated a decrease 

in the slump and flow values with the incorporation of 

GGBFS, evidently in 30% addition decreased 10 cm slump 

[16]. Additionally, it was noted that increasing GGBFS 

content leads to more angular particles and fewer spherical 

particles compared to FA, which adversely affects 

flowability of geopolymer mixture [40]. 

 
Figure 4 Flow table test of geopolymer mortar

Table 6. Flow test result of geopolymer mortar and minimum flow standard 
Mix ID Mix label Flow diameter (mm) Flow index (%) Standards for minimum flow index  

MF100G0 MF100G0M10A45B3R15Rm15 257.5 158 ASTM C1437: 105-115%. 

IS 1727: 105 ± 5%. 

EN 196: 110± 5%. 

 

MF70G30 MF70G30M10A45B3R15Rm15 248.75 149 

MF50G50 MF50G50M10A45B3R15Rm15 237.5 138 

MF0G100 MF0G100M10A45B3R15Rm15 182.5 83 

1.4 Compressive strength of geopolymer paste and 

concrete 

Geopolymer paste mixtures were tested as trials before 

making geopolymer concrete, the result as seen in Figure 5. 

The compressive strength of the paste was significantly 

enhanced by incorporating GGBFS into the mixture. This 

improvement was particularly notable at a 50% GGBFS 

replacement, where the paste achieved a compressive 

strength of 100.29 MPa at 28 days, significantly higher than 

the strength of a paste containing only FA. The maximum 

paste compressive strength was achieved with 100% 

GGBFS, reaching 112.27 MPa at 28 days. The analysis 

revealed a notable trend: the incorporation of GGBFS into 

the concrete mix yielded a significant enhancement in 

compressive strength over the course of curing. The 

observed increase in compressive strength with the addition 

of GGBFS to geopolymer materials can be attributed to 

several underlying factors, such as enhanced reactivity, more 
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significant amount of soluble calcium oxide and denser 

matrix [41]. One significant contribution is the role of 

GGBFS in facilitating the formation of calcium-based 

reaction products, particularly C-(N)-A-S-H gels. These gels 

enhance the mechanical properties of the material by 

introducing an additional bonding phase within the 

geopolymer matrix. The abundance of available calcium ions 

in the GGBFS enables their reaction with alumina and silica 

present in the geopolymer mix. This reaction leads to the 

creation of C(A)SH gel, which acts as a reinforcing agent by 

enhancing the cohesion and overall density of the 

geopolymer matrix. This finding is supported by studies such 

as [16] and [42], which underscore the significant role of 

GGBFS in augmenting the compressive strength of 

geopolymer materials through the formation of calcium-

based reaction products. 

Compressive testing of geopolymer concrete was conducted 

at 1, 7, and 28 days of age, with results presented in Table 7. 

Based on the result, it is suggested that the FA-GGBFS-

based geopolymer is a superior alternative to the FA-based 

geopolymer, as evidenced by the lowest compressive 

strength observed in the 100% FA mix (39.37 MPa). The 

highest concrete compressive strength was attained with 

100% GGBFS, achieving 74.86 MPa at 28 days, albeit with 

lower workability. However, considering setting time, 

workability, and compressive strength collectively, the 

optimal ratio for geopolymer concrete was found to be a 50% 

replacement ratio, which achieved a compressive strength of 

69.08 MPa. 

  
Figure 5. Compressive strength of geopolymer paste 

Investigating deeper into the intricacies of strength 

development, the influence of GGBFS on early-age concrete 

properties emerged as particularly significant can be seen in 

Error! Reference source not found.. This trend was 

evident in mixes containing FA and GGBFS where notable 

strength gains were observed as early as day 1, especially 

when compared to the mixture containing only FA. Such 

enhanced early-age strength characteristics can have 

significant implications for construction projects, potentially 

allowing for quicker attainment of structural integrity and 

improved performance in the early stages of construction. 

 
Figure 6. Rate of strength gain of geopolymer concrete 

For comparison, various previous studies focusing on FA-

GGBFS based geopolymer were examined alongside this 

study. The investigation has yielded noteworthy results, 

demonstrating that this study has attained the highest 

compressive strength when compared to those reported in the 

prior studies (based on studies provided in Table 8. The 

outcomes signify a substantial step forward in the 

development and understanding of FA-GGBFS based 

geopolymer. 

Table 7. Compressive strength and rate of strength gain of geopolymer concrete 
Mix ID Mix label Compressive strength (MPa) Strength gain (%) 

1 day 7 days 28 days F’c 1/28 F’c 7/28 

CF100G0 CF100G0M10A45B3R15RbRm15 14.94 32.09 39.37 37.9 81.5 

CF70G30 CF70G30M10A45B3R15RbRm15 28.08 44.46 66.25 42.4 67.1 

CF50G50 CF50G50M10A45B3R15RbRm15 28.65 48.47 69.08 41.5 70.2 

CF0G100 CF0G100M10A45B3R15RbRm15 47.71 58.52 74.86 63.7 78.2 
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Table 8. Previous studies of FA-GGBFS based geopolymer 
Authors Precursor Activator R M A Curing Max F’c 28 days (MPa) Note 

[16] FA (F), GGBFS SS, SH 1.5 14 0.35 Ambient 55(concrete);63 

(mortar) 

GGBFS 30%, concrete sample. 

[43] FA (F), GGBFS SS, SH 2.5 8 0.4 Ambient  61.5 GGBFS fixed 30%, mortar sample. 

[44] FA (F), GGBFS SS, SH 2.5 8 0.4 Ambient 56.63 GGBFS 30%, 150 mm cube concrete. 

[13] FA (F), GGBFS SS, SH 2.5 12 0.48 Ambient  51.92 GGBFS fixed 50%, 2% nano alumina, 

concrete sample. 

[14] FA (F), GGBFS SS, SH  2.5 12 0.48 Ambient 53.61  GGBFS fixed 50%, 0.3% Graphene 

Oxide, concrete sample. 

[38] FA (F), GGBFS SS, SH 2.5 12 0.5 Ambient 63.37  concrete sample. 

[45] FA (F), GGBFS SS, SH 2.5 8 0.45 Ambient  57.6  50% GGBFS, concrete sample. 

[15] FA (F), GGBFS SS, SH, 

KOH (solid) 

   Ambient 30 -40  15-20% GGBFS, paste sample. 

[46] FA (C), GGBFS  1.5 10  Ambient 23.40 30% GGBFS, concrete sample. 

[17] FA (F), GGBFS SS, SH 2.5 8 0.45 Ambient 45  30% GGBFS, concrete sample. 

[47] FA (F), GGBFS SS, SH 1.5  0.3 Ambient 60  30% GGBFS, concrete sample. 

[18] FA (C), GGBFS SS, SS + SH 1.5 4 0.4 Oven 

60◦C 24 h 

56.43  100% GGBFS, paste sample. 

[48] FA (C), GGBFS Na2CO3    Ambient  43.9  30% GGBFS, mortar sample. 

4. Conclusion 

The addition of borax at 3% extended the setting time by 7-

33 minutes compared to the mixture with 0% borax, 

suggesting borax's role as a retarder for FA-GGBFS-based 

geopolymer. Both initial and final setting times was 

prolonged with 30% replacement due to the highly reactive 

FA, while being accelerated with 50% and 100% GGBFS 

replacement. Geopolymer mortar flowability varied with 

GGBFS replacement, with flow values ranging from 83% to 

158%; the 100% GGBFS sample exhibited the lowest flow 

index (83%), whereas the 100% FA sample showed the 

highest (158%). Incorporating GGBFS into the concrete mix 

notably enhanced compressive strength, particularly in early 

stages, with the highest achieved at 100% GGBFS (74.86 

MPa), despite lower workability. Geopolymer paste with 

50% GGBFS replacement reached 100.29 MPa compressive 

strength (28 days), while concrete with the same replacement 

attained 69.08 MPa. This study yielded the highest 

compressive strength reported to date (based on the 

previously referenced studies). The optimal ratio, balancing 

setting time, workability, and compressive strength, is 

attained with 50% GGBFS replacement, resulting in 40 

minutes of initial setting time, a flow index of 138%, and 

compressive strength of 69.08 MPa. 
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