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ABSTRACT 

The construction industry increasingly demands concrete that can achieve high compressive strength within a short period to 

accelerate project timelines and improve efficiency. This study aims to develop high early-strength concrete (≥20 MPa within 

24 hours) that is both environmentally friendly and workable. The approach involves substituting 30% of ordinary Portland 

cement (OPC) with fly ash and incorporating alkali activators (a combination of NaOH and Na₂SiO3) along with a type E 

admixture (superplasticizer), Sika® ViscoCrete®-1050 HE TH, at 0.3% of the binder weight. Concrete mix designs were 

calculated using the absolute volume method, with a water-to-cementitious ratio of 0.25. The alkali activator was added at 

varying dosages: 0%, 2.5%, 5%, and 7.5% of the fly ash weight, with adjustments made to the total water content accordingly. 

Compressive strength tests were conducted at 24 hours, alongside slump tests to assess workability. Results showed that concrete 

without alkali activator had the lowest compressive strength at 20.4 MPa. The addition of alkali activators significantly enhanced 

the compressive strength of the concrete, with the optimum result achieved at 5% alkali activator content, reaching 36.8 MPa 

an 84.2% increase compared to the control mix without alkali activator. All mixtures exhibited excellent workability with slump 

values exceeding 180 mm. This study demonstrates that combining fly ash, alkali activators, and superplasticizers in OPC-based 

concrete can produce high early-strength concrete with reduced cement usage. The findings offer a promising approach for 

efficient and sustainable construction practices. 
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1 INTRODUCTION 

Along with the demands of optimization in the construction sector, concrete technology is evolving towards improved 

performance, time efficiency, cost savings, safety, and sustainability (Yudhistira et al., 2024). In line with that, one 

of the innovations that is the primary focus in the construction industry is the development of high early compressive 
strength concrete. This type of concrete is designed with high performance to achieve the required compressive 

strength in a shorter time than conventional concrete, typically within a few hours to several days. High early-strength 

concrete can achieve structural concrete quality by completing the requirement of a compressive strength of at least 
20 MPa within 24 hours. (Ananyachandran & Vasugi, 2022); (Yasin et al., 2017). High early-strength concrete is 

indispensable in projects that demand accelerated construction, such as precast elements, precast concrete, emergency 

repairs, and slipform paving, as it allows for faster removal of formwork without sacrificing compressive strength. 

This reduction in the time for the removal of formwork contributes significantly to increased productivity and 

construction cost efficiency (Nilimaa et al., 2023). 

However, high early-strength concrete generally contains large amounts of OPC as its primary raw material (Park et 

al., 2021). The cement production process generates large amounts of carbon dioxide (CO2) emissions, accounting 
for approximately 8-9% of global CO2 emissions (Rissman et al., 2020). Consequently, concrete is less 

environmentally sustainable and falls short of fully aligning with the sustainability principles essential for optimizing 

the construction sector. 

Various innovations have been developed to address this issue, one of which is substituting part of OPC cement with 

more environmentally friendly materials, known as supplementary cementitious materials (SCMs). The use of SCMs 

has been proven effective in reducing carbon emissions in concrete by replacing part or all of the clinker content 

without reducing the strength or durability of the concrete (Althoey et al., 2023). As part of these efforts, limiting 
cement use to a maximum of 460 kg/m3 has also been proposed to reduce clinker consumption, control hydration 

temperature, and improve material efficiency, thereby supporting decarbonization targets in the construction sector 

(Mehta & Monteiro, 2006). 
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One material that is often used as a substitute for OPC cement is fly ash. Fly ash is a finely ground waste product 

from coal combustion in power plants, emitted from the combustion chamber by exhaust gases  (American Coal Ash 

Association, 2003). Fly ash is a potential alternative in OPC cement substitution due to its high chemical attack 
resistance and abundant availability as a raw material (Adam, 2019). In addition to reducing OPC cement usage, fly 

ash can serve as an effort to utilize industrial waste, thereby fulfilling the sustainable aspects of construction 

materials. The use of fly ash in concrete mixtures is based on its fine particle size, which resembles cement, and its 
chemical composition, rich in silica and alumina, which supports pozzolanic reactions (Sideris et al., 2018). Through 

pozzolanic and/or hydraulic reaction mechanisms, fly ash as a cementitious material (SCM) contributes to developing 

the mechanical properties of hardened concrete (Bhatt et al., 2019). However, concrete with fly ash substitution tends 
to show a decrease in compressive strength at early ages due to the low pozzolanic reactivity during the initial 

hydration phase (Golewski, 2022).  

To overcome the low initial compressive strength of concrete with fly ash substitution, several studies have explored 

the use of alkali activators such as NaOH and Na2SiO3 as well as the addition of admixtures in the form of 
superplasticizers. Research by Cornelis et al. (2018) showed that a geopolymer paste based on Class C fly ash with 

an alkali-to-fly ash (A) ratio of 0.4 and 14M NaOH could achieve a compressive strength of 35 MPa at 3 days. Unlike 

geopolymer systems that entirely replace water, the alkali activator in this study was used in limited quantities to 
enhance the pozzolanic reactivity of fly ash in the OPC cement hydration system. This combination is expected to 

effectively accelerate the formation of hydration compounds, thereby improving the compressive strength of concrete 

at an early age. Research by Amin et al. (2022) noted that OPC and fly ash hybrid concrete with a 70:30 ratio, 
supplemented with a combination of NaOH and Na2SiO3 alkali activators (ratio 2.75; 14 M), achieved a compressive 

strength of 46.2 MPa at 3 days. Another study supports this, where the use of a combination of alkali activators TEA, 

Ca(OH)2, and Na2SiO3 can increase the compressive strength of the paste with 50% fly ash substitution to reach 24 

MPa at 3 days (Sun et al., 2020). Meanwhile, another study showed that mortar with 50% fly ash substitution and 
0.5 M NaOH alkali activator achieved a compressive strength of 13.8 MPa at 3 days and increased by 45.8% at 28 

days compared to the control mortar (Chalee et al., 2021).  

In addition to using alkali activators, superplasticizers can also affect the early performance of concrete, particularly 
the workability of fresh concrete mixtures. Research by Nikoloutsopoulos et al. (2021) shows that concrete with a 

combination of 30% fly ash, alkali activator, and superplasticizer can achieve a maximum compressive strength of 

up to 43.8 MPa in just 3 days. Another study also reported similar results, which noted that polycarboxylate-type 

superplasticizers exhibit good stability in OPC-based concrete systems with fly ash and alkali activator (NaOH and 
Na2SiO3) substitution. This combination can increase slump by up to 45% and produce compressive strength of up 

to 81.3 MPa in 3 days (Nematollahi & Sanjayan, 2014). 

Based on the aforementioned background, this study aims to investigate the effect of incorporating fly ash, alkali 
activator, and type E admixture (superplasticizer) into concrete mixtures to achieve a minimum compressive strength 

of 20 MPa within 24 hours (high early strength) while maintaining a slump value of 18–20 cm to ensure workability, 

and limits cement content to a maximum of 460 kg/m3 to reduce carbon emissions and enhance material efficiency. 
The study seeks to develop environmentally friendly concrete with a high early compressive strength that meets the 

technical standards for rapid construction practices. 

2 METHOD 

2.1 Material 

2.1.1 Cementitious Material 

The primary material used in this study was Portland cement type 1 (OPC) with the brand name Dynamix Sprint Pro, 

produced by PT. Semen Indonesia and meeting the criteria of SNI 15-2049-2004. Low-calcium fly ash from the 
Suralaya Power Plant was used as a partial cement substitute. The chemical composition of the fly ash was analyzed 

using X-ray fluorescence (XRF), as shown in Table 1. Based on the analysis results, the fly ash used was classified 

as Class F fly ash according to ASTM C618-22 standards, with a total oxide content of SiO2 + Al2O3 + Fe2O3 
exceeding 50% (79.01%) and a CaO content of 11.60%. Based on previous trials, the fly ash-to-OPC cement ratio 

used in the mixture was 30:70 based on the weight of cementitious materials. 
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Tabel 1. Result of XRF testing of fly ash. 

Parameter Result (%) 

SiO2 47,20 

Al2O3 21,00 

Fe2O3 10,81 

CaO 11,60 

MgO 4,60 

SO3 0,77 

K2O 0,88 

Na2O 1,55 

MnO 0,19 

TiO2 0,13 

P2O5 0,20 

CI 0,076 

LOI 1,10 

Source: PT. Solusi Bangun Indonesia 

2.1.2 Alkali Aktivator 

The alkali activator used in this study is a combination of sodium silicate (Na2SiO3) solution and sodium hydroxide 

(NaOH) solution. The sodium hydroxide solution was prepared by dissolving 98.5% pure NaOH flakes in aquades. 
The concentration of the NaOH solution was set at 10M. Based on previous research, the ratio of sodium silicate to 

sodium hydroxide (R) was set at 2.0, while the ratio of alkali to cement (A) was 0.35 (Cornelis et al., 2018). The 

percentage of the alkali activator solution was varied at 0%, 2.5%, 5%, and 7.5% relative to the weight of fly ash, 

and the amount of alkali activator was reduced from the amount of water used. 

2.1.3 Admixture 

The admixture used in this study is a superplasticizer with the product Sika® ViscoCrete®-1050 HE TH yang 

diproduksi oleh PT. Sika Indonesia. produced by PT. Sika Indonesia. This superplasticizer is classified as an E-type 

admixture according to ASTM C494-04 standards, designed to enhance the workability of concrete mixtures and 

support the achievement of high early compressive strength. Based on trial-and-error testing during the initial testing 
phase, the percentage of superplasticizers used in this study was set at 0.3% of the total cementitious materials.  

2.1.4 Aggregate 

In this study, the aggregates used consisted of fine and coarse aggregates. The fine aggregate used was a combination 

of silica sand from Tayan, with a percentage of 70%, and optimum sand from Rumpin, Bogor, with a percentage of 
30%. The coarse aggregate used came from Rumpin, Bogor, with a size of 10-20 mm, according to the requirements 

of  SNI 03-2834-2000. The specifications of the aggregates used can be seen in Table 2. 

Tabel 2. Results of aggregate characteristic tests. 

Parameter Silica Sand Optima Sand Split 10/20 

Finess modulus (FM) 2,498 3,28 6,774 

Spesific gravity (SG) 2,66 2,53 2,58 

Absorption (%) 0,4 2,04 2,08 

Material finer than < 200 micron (%) 1 2,3 1,7 

Unit weight (ton/m3) 1,39 1,43 1,48 

Organic impurities No. 5 No. 1 - 

Los Angeles (%) - - 17,88 

Source: PT. Solusi Bangun Indonesia 
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2.2 Material Preparation, Mixing, and Workability Testing 

Sodium hydroxide (NaOH) solution with a concentration of 10M is prepared by dissolving NaOH flakes in aquadest 

until the final volume reaches 1 liter. The amount of NaOH flakes required can be calculated using Equation (1). 

After the dissolution process, the solution is left to rest for 24 hours at room temperature to ensure temperature 
stability and solution homogeneity before being used in the concrete mixing process. 

𝑀 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑁𝑎𝑂𝐻 𝑓𝑙𝑎𝑘𝑒𝑠

𝑀𝑟
×

1000

𝑉
       (1) 

where M is the desired molarity of NaOH (mol/L), Mr is the molar mass of NaOH (40 g/mol), 1000 is the volume 
conversion factor from mL to L, and V is the volume of solution to be made (mL). 

The concrete mixing process was conducted using a mixer. The procedure began with a dry mixing of OPC and fly 

ash until a homogeneous mix was achieved. Subsequently, the superplasticizer previously dissolved in water was 
added and mixed for ± 2 minutes to ensure even distribution. The alkali activator solution was added to the mixture. 

At this stage, the mixture typically exhibited a temporary increase in viscosity; however, continuing mixing for 

approximately 3 minutes restored a fluid and homogeneous consistency. The fine aggregate was added, followed by 

the coarse aggregate, in the established mixing sequence. 

The fresh concrete was immediately subjected to a slump test specified in SNI 1972:2008 to determine its workability 

properties. This test was performed on each variable of the concrete mixture.  The fresh concrete was then cast into 

cylindrical molds measuring 100 mm in diameter and 200 mm in height, with three specimens prepared for each mix 

variation. All specimens were cured at room temperature under ambient laboratory conditions until testing. 

2.3 Compressive Strength Test 

Testing was conducted 24 hours after casting to determine the early-age compressive strength. Three concrete 

specimens represented each mix variation, and the average compressive strength of these specimens was reported as 

the final test result. The tests were carried out according to SNI 1974-2011 standard using a Compressive Testing 

Machine with a maximum capacity of 2000 kN. The compressive strength of concrete was calculated using Equation 

(2). 

𝑓′
𝑐

=  
𝑃

𝐴
       (2) 

where f’c is compressive strength (MPa), P is the maximum load applied at failure (N), and A is the area of the 
cross-section of the test specimen (mm2). 

2.4 Mix Design 

Mix design of paste, mortar, and concrete using the absolute volume method based on research by Satyarnoa et al. 
(2014). Mix design using the absolute volume method was carried out to determine the proportions of paste, mortar, 

and concrete mix ingredients and their total solid volume in 1m3. 

2.4.1 Mix Design of Paste 

The mixed design of the paste mixture based on absolute volume can be calculated using Equation (3). 

𝑉𝑐 + 𝑉𝑓𝑎 + 𝑉𝑠𝑣 + 𝑉𝑎𝑐 + 𝑉𝑤 =  1𝑚3       (3) 

where Vc is the absolute volume of cement, Vfa is the absolute volume of fly ash, Vsv is the absolute volume of 

superplasticizer, Vac is the absolute volume of alkali activator, and Vw is the absolute volume of water. 

A fly ash-to-OPC ratio of 30:70 by weight was used based on the trial mix. The water-to-cementitious material ratio 

(FASm) was fixed at 0.25. The superplasticizer dosage was determined by weight as a percentage of the total 

cementitious content (OPC + fly ash). Based on the findings of Cornelis et al. (2018), the sodium hydroxide (NaOH) 

concentration was set at 10 M, with a Na2SiO3-to-NaOH weight ratio (R) of 2.0, and an alkali activator-to-binder 

ratio (A) of 0.35. The percentage of alkali activators used was calculated based on the weight of fly ash, and the 

amount of alkali activators was subtracted from the amount of water used. The calculation can be performed using 

Equation (4). 
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(1−𝑋)𝑊𝑐𝑚

𝐺𝑠𝑐  𝛾𝑤
+

𝑋𝑊𝑐𝑚

𝐺𝑠𝑓𝑎  𝛾𝑤
+

𝑌𝑊𝑐𝑚

𝐺𝑠𝑠𝑣  𝛾𝑤
+

(𝐹𝐴𝑆𝑚−𝑍𝐴𝑋)𝑊𝑐𝑚

𝐺𝑠𝑤 𝛾𝑤
+

𝑍𝐴𝑋𝑊𝑐𝑚

𝐺𝑠𝑎𝑐  𝛾𝑤
=  1𝑚3    (4) 

where Wcm is the weight of cementitious, Gsc is the specific gravity of cement, Gsfa is the specific gravity of fly ash, 

Gssv is the specific gravity of superplasticizer, Gsw is the specific gravity of water, Gsac is the specific gravity of alkali 

activator, γw is the unit weight of water, X is the mass of fly ash, Y is the mass of superplasticizer, dan Z is the 

percentage of alkali activator. 

2.4.2 Mix Design of Mortar 

The analysis of mortar mix composition is based on the composition of the paste mix. The mortar mix calculation is 

related to the mortar ratio (Rm), which is the ratio between the absolute volume of paste (Vp) and the absolute volume 

of fine aggregate voids (Vragh). The absolute volume of fine aggregate voids (Vragh) in 1m3
 can be figured using 

Equation (5). A mortar ratio (Rm) of 1.4 was selected based on trial-and-error adjustments, as it provided the most 

optimal consistency. This value is consistent with the findings of Cornelis, Priyosulistyo, & Satyarno (2018).  

𝑉𝑟𝑎𝑔ℎ = 1 −
𝐵𝑠𝑎𝑔ℎ

𝐺𝑠𝑎𝑔ℎ𝛾𝑤
       (5) 

where Vragh is the absolute volume of fine aggregate voids, Bsagh is the unit weight of fine aggregate, and Gsagh is the 
specific gravity of fine aggregate. 

Once Vragh is determined, the total mortar mixture in 1m3 can be calculated using Equation (6). Subsequently, the 

weight of fine aggregate (Wagh) can be obtained based on that volume using Equation (7). 

(1−𝑋)𝑊𝑐𝑚

𝐺𝑠𝑐  𝛾𝑤
+

𝑋𝑊𝑐𝑚

𝐺𝑠𝑓𝑎  𝛾𝑤
+

𝑌𝑊𝑐𝑚

𝐺𝑠𝑠𝑣  𝛾𝑤
+

(𝐹𝐴𝑆𝑚−𝑍𝐴𝑋)𝑊𝑐𝑚

𝐺𝑠𝑤 𝛾𝑤
+

𝑍𝐴𝑋𝑊𝑐𝑚

𝐺𝑠𝑎𝑐  𝛾𝑤
=  𝑉𝑟𝑎𝑔ℎ𝑅𝑚   (6) 

𝑉𝑟𝑎𝑔ℎ𝑅𝑚 = 1 −
𝑊𝑎𝑔ℎ

𝐺𝑠𝑎𝑔ℎ𝛾𝑤
= 1𝑚3       (7) 

2.4.3 Mix Design of Concrete 

The mix design of concrete is calculated based on the mix design of paste and mortar. The concrete mix calculation 

is related to the concrete ratio (Rb), which is the ratio between the absolute volume of mortar (Vm) and the absolute 

volume of coarse aggregate voids (Vragk). Based on findings of Cornelis et al. (2022), a concrete ratio (Rb) 1.4 was 

used, as it provided the most optimal consistency. The absolute volume of coarse aggregate voids in 1m3 can be 

determined using Equation (8).  

𝑉𝑟𝑎𝑔𝑘 = 1 −
𝐵𝑠𝑎𝑔𝑘

𝐺𝑠𝑎𝑔𝑘𝛾𝑤
       (8) 

where Vragk is the absolute volume of coarse aggregate voids, Bsagk is the weight of coarse aggregate voids, and Gsagk 
is the specific gravity of coarse aggregate voids. 

Once Vragk is determined, the total concrete mixture in 1m3 can be calculated using Equation (9). 

(1−𝑋)𝑊𝑠𝑚

𝐺𝑠𝑐  𝛾𝑤
+

𝑋𝑊𝑐𝑚

𝐺𝑠𝑓𝑎  𝛾𝑤
+

𝑌𝑊𝑠𝑚

𝐺𝑠𝑠𝑣  𝛾𝑤
+

(𝐹𝐴𝑆𝑚−𝑍0,35𝑋)𝑊𝑠𝑚

𝐺𝑠𝑤 𝛾𝑤
+

𝑍0,35 𝑋𝑊𝑐𝑚

𝐺𝑠𝑎𝑐 𝛾𝑤
=  𝑉𝑟𝑎𝑔ℎ𝑅𝑚𝑉𝑟𝑎𝑔𝑘  𝑅𝑏   (9) 

The weight of fine aggregate (Wagh) can be determined using Equation (10), while the weight of coarse aggregate 

(Wagk) can be calculated using Equation (11). 

𝑉𝑟𝑎𝑔ℎ𝑅𝑚𝑉𝑟𝑎𝑔𝑘  𝑅𝑏 +
𝑊𝑎𝑔ℎ

𝐺𝑠𝑎𝑔ℎ𝛾𝑤
= 𝑉𝑟𝑎𝑔𝑘  𝑅𝑏       (10) 

𝑉𝑟𝑎𝑔𝑘𝑅𝑏 = 1 −
𝑊𝑎𝑔𝑘

𝐺𝑠𝑎𝑔𝑘𝛾𝑤
= 1𝑚3       (11) 
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The concrete mix design for 1m3 can be seen in the Table 3, and the concrete mix material requirements for three 

specimens can be seen in the Table 4. 

Tabel 3. The concrete mix design for 1m3. 

Material B-AF0 B-AF2.5 B-AF5 B-AF7.5 

OPC (kg/m3) 454.6 455.3 456.0 456.7 

Fly Ash (kg/m3) 194.9 195.1 195.4 195.7 

Water (kg/m3) 162.4 160.9 159.4 158.0 

Superplasticizer (kg/m3) 1.9 2.0 2.0 2.0 

Alkali activator (kg/m3) 0 1.7 3.4 5.1 

Fine Aggregate (kg/m3) 545.8 545.8 545.8 545.8 

Coarse Aggregate (kg/m3) 1040.0 1040.0 1040.0 1040.0 

Total 2399.5 2400.8 2402.0 2403.3 

Tabel 4. Concrete mix material requirements. 

Material B-AF0 B-AF2.5 B-AF5 B-AF7.5 

OPC (g) 2676.4 2680.5 2684.7 2688.9 

Fly Ash (g) 1147.0 1148.8 1150.6 1152.4 

Water (g) 955.8 947.3 938.7 930.1 

Superplasticizer (g) 11.5 11.5 11.5 11.5 

Alkali activator (g) 0 10.1 20.1 30.2 

Fine Aggregate (g) 3213.4 3213.4 3213.4 3213.4 

Coarse Aggregate (g) 6123.0 6123.0 6123.0 6123.0 

Total 14127.1 14134.5 14142.0 14149.5 

3 RESULT AND DISCUSSION 

3.1 Workability 

The addition of alkali activators significantly influences the characteristics of fresh concrete, as illustrated in Figure 

1. Fresh concrete exhibits low viscosity in the control mix without an alkali activator, resulting in segregation in the 

form of a separation between paste and aggregate, as shown in Figure 1a. As the concentration of the alkali activator 
increases, the homogeneity of the fresh concrete mixture improves, and segregation can be minimized. At a 2.5% 

addition of the alkali activator, the fresh concrete mixture shows better homogeneity with reduced segregation, as 

shown in Figure 1b. The fresh concrete mixture with 5% alkali activator addition shows the most optimal 
homogeneity and consistency across all mixture variations, while retaining its flowable nature due to a 

superplasticizer, as shown in Figure 1c. Subsequently, adding a 7.5% alkali activator caused an increase in mixture 

viscosity, slightly reducing workability. Nevertheless, the mix remains homogeneous and stable, with no visible signs 
of segregation, as shown in Figure 1d.  
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(a)      (b)             (c)                                          (d) 

Figure 1. Concrete slump test result (a) concrete mixture without alkali activator; (b) concrete mixture with 2.5% alkali 

activator; (c) concrete mixture with 5% alkali activator; (d) concrete mixture with 7,5% alkali activator. 

All concrete mix variations in this study showed slump values exceeding 180 mm, above the target workability range 

of 180-200 mm. Based on concrete workability classification, these slump values fall into the very high workability 
category, suitable for precast concrete or prestressed concrete, both in architectural and structural elements (Daczko, 

2012; Neville, 2011). Figure 2 shows the effect of alkali activator percentage on slump values in concrete mixtures 

with alkali activator variations of 0%, 2.5%, 5%, and 7.5%. Adding an alkali activator to concrete mixtures increases 
the slump value. Adding a 2.5% alkali activator to the concrete mixture results in a 5.13% increase in slump value 

compared to concrete without an alkali activator. A more significant increase in slump value occurs with adding a 

5% alkali activator, amounting to 15.38%. However, when the percentage of the alkali activator was increased to 

7.5%, the slump value only increased by 10.26% compared to concrete without the alkali activator. The results of 
this study indicate that increasing the percentage of alkali activators does not necessarily lead to a proportional 

increase in slump value. This behavior is attributed to the increased viscosity of the mixture at higher alkali activator 

dosages, which leads to a thicker consistency and, consequently, a reduction in the slump value (Gaurav et al., 2023). 
These research results align with previous studies, which noted that concrete mixtures with high alkali activator 

concentrations exhibit a decrease in slump value due to increased mixture viscosity (M, 2025). 

 

Figure 2. Comparison of the percentage of alkali activator to the slump value. 

3.2 Compressive Strength 

The condition of the concrete after 24 hours of curing at room temperature is presented in Figure 3. The control 
concrete, without the addition of an alkali activator, exhibited visible porosity due to segregation during mixing, 

where paste and aggregates separated, as shown in Figure 3a. In contrast, concrete with the addition of alkali 

activators appeared more homogeneous and stable, with no signs of porosity. At a 2.5% alkali activator dosage as 

shown in Figure 3b, the concrete showed a more uniform and intact surface, indicating improved cohesion and 
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reduced segregation. A 5% addition of alkali activator, as shown in Figure 3c, resulted in the concrete achieving the 

most compact and smooth surface among all variations, indicating enhanced mixture stability and binder-aggregate 

interaction. Concrete with the addition of 7.5% alkali activator still shows good homogeneity, although its surface is 
slightly rougher due to increased mixture viscosity, as shown in Figure 3d. All specimens were prepared for 
compressive strength testing to evaluate early-age mechanical performance. 

   

(a)                                                     (b) 

 

   

(c)                                                     (d) 

Figure 3. The condition of the concrete after 24 hours of curing (a) concrete without alkali activator; (b) concrete with 2.5% 

alkali activator; (c) concrete with 5% alkali activator; (d) concrete with 7.5% alkali activator. 

All concrete mix variations in this study satisfied the criteria for high early compressive strength concrete, defined 

as achieving a compressive strength of ≥ 20 MPa at 24 hours (Ananyachandran & Vasugi, 2022). Concrete without 
an alkali activator resulted in the lowest compressive strength of 20.4 MPa at 24 hours, only 2.2% higher than the 

requirement. This result is due to the low cohesion in the fresh concrete mix, which results in segregation and the 

formation of voids during the hardening process, thus reducing the density and compressive strength of the concrete 

(Neville, 2011).  

The addition of an alkali activator at 2.5% increases the compressive strength to 32.7 MPa, or an increase of 63.5% 

from the requirements of high early-strength concrete. Meanwhile, adding a 5% alkali activator produced the highest 

compressive strength of 36.8 MPa or an increase of 84.2% from the requirements of high early-strength concrete. 
This result is due to the combination of NaOH and Na2SiO3, which accelerates the dissolution of silica and alumina 

from fly ash and the initial hydration of cement, forming gels CSH and NASH that strengthen the 

microstructure at an early age (Jiao et al., 2025).  

However, with the addition of a 7.5% alkali activator, the compressive strength decreased to 28.8 MPa, although this 

value is still 44.1% higher than the minimum limit of compressive strength of high-early strength concrete. This 
decrease is attributed to the excess of alkali ions that increase viscosity and form coarse gels and secondary crystalline 

phases that inhibit the formation of CSH (Behfarnia et al., 2017). The complete results of compressive strength 

testing of concrete with various activators at 24 hours of age are shown in the Table 5 dan Figure 4. 

B-AF0 B-AF2,5 

B-AF5 B-AF7,5 
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Tabel 5. Results of compressive strength testing of concrete with various activators at 24 hours of age. 

Specimen ID Age (hours) Compressive strength (MPa) Average of compressive strength (MPa) 

B-AF0 

24 20.09 

20.4 24 20.80 

24 18.98 

B-AF2.5 

24 31.31 

32.7 24 31.91 

24 34.85 

B-AF5 

24 34.97 

36.8 24 38.93 

24 36.62 

B-AF7.5 

24 26.85 

28.8 24 25.43 

24 34.20 

 

Figure 4. Results of compressive strength testing of concrete with various activators at 24 hours of age. 

Thus, although all mix variations met the minimum requirement for high early-strength concrete, alkali activators 

significantly enhanced concrete performance, enabling compressive strength values to exceed the threshold. These 

findings highlight that combining fly ash substitution, alkali activators, and admixtures in OPC-based concrete 
presents a promising approach for producing high early-strength concrete with strong potential for advancing future 

concrete technology. However, it is important to note that the dosage of alkali activators must be carefully controlled, 

as excessive amounts may adversely affect the density and mechanical properties of the concrete. Therefore, 

maintaining an optimal balance is essential to maximize performance without compromising material quality.  

4 CONCLUSION 

All concrete mix variations tested showed slump values greater than 180 mm, which is classified as very high 

workability. The combination of 30% fly ash substitution to OPC cement, the addition of an alkali activator, and the 
use of Sika® ViscoCrete®-1050 HE TH admixture proved effective in meeting the criteria of high early strength 

concrete with compressive strength exceeding 20 MPa at 24 hours. The concrete mix achieved the most optimal 

formulation by adding a 5% alkali activator, which produced the highest compressive strength of 36.8 MPa, or an 

increase of up to 82.4% from the requirements of high-early strength concrete. In addition to providing superior 
mechanical performance, the combination of fly ash substitution, alkali activator, and admixtures also reduced the 

use of OPC cement to <460 kg/m3 for each mix. It contributes to material efficiency in concrete production and 
produces more environmentally friendly concrete. 
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