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Abstract: Alkali-activated materials (AAMs) have been widely used as an alternative to Portland 

cement. This production of AAMs emits lesser carbon dioxide by utilizing industrial waste products 

to make this cement binder technology greener and more sustainable. The conventional two-part 

system comprises solid aluminosilicate precursors with an alkali solution to activate the AAMs. 

However, higher alkalinity of the liquid activator is required to complete the geopolymerazation 

process, making the cementitious materials costly and sticky, and thus not convenient to handle on 

the construction site, affecting the worker’s safety. A one-part AAMs system was introduced to 

overcome the two-part system’s shortcomings. The alkali solution is now replaced with a solid alkali 

activator which is easier and more practical to apply at construction sites. This study was carried 

out to evaluate the mechanical performance of one-part alkali AAMs in the form of mortar by con-

ducting compressive and flexural strength, modulus of elasticity, and tensile strength tests at 28 

days of curing age under laboratory experiments in the tropical climate of Malaysia. A drying 

shrinkage test was also performed to detect its durability. Three types of solid admixtures were 

added to complete the composition of the novel mix design formulation. According to the results 

obtained, the mechanical strength of one-part alkali-activated mortar achieved the minimum re-

quirement for Class R3 structural concrete repair materials as per EN1504-3 specifications. This eco-

friendly cement binder has excellent potential for further engineering development, particularly to 

become a new concrete repair product in the future. 

Keywords: fly ash (FA); ground granulated blast furnace slag (GGBFS); ordinary Portland cement 

(OPC); potassium carbonate; C-A-S-H 

 

1. Introduction 

Alkali-activated materials (AAMs) have been widely used and regarded as a green 

technology mainly composed of industrial waste materials to reduce carbon dioxide (CO2) 

emissions in the atmosphere. This technology was developed to reduce construction de-

pendency on ordinary Portland cement (OPC). The OPC contributes to CO2 emissions due 

to higher energy consumption and heat released from the calcination process [1]. In addi-

tion, many countries face deteriorated concrete structures as the building life spans ap-

proach their limit. This situation contributes to the higher demand for cementitious ma-

terial to repair, refurbish, as well as reconstruct the buildings. 

Furthermore, to keep the aesthetic value and heritage landmark for some buildings, 

many architects prefer those buildings to be refurbished to preserve them. As a result, 

sustainable building products are becoming popular among architects and engineers to 

ensure building elements can resist the load and keep maintenance costs minimum. Thus, 

the AAMs have become a substitute for conventional Portland cement, which has higher 

mechanical strength and more extended durability [2]. The conventional AAMs are pre-

pared by two components, aluminosilicate precursor and alkali solution, to create an 

amorphous three-dimensional structure via the geopolymerization process. Common 
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aluminosilicate precursors used are alkaline by-products such as fly ash (FA), ground 

granulated blast furnace slag (GGBFS) and metakaolin (M) as alternative binders to re-

place OPC and produce a sustainable low-carbon cement material. Fly ash is an alumino-

silicate product, mostly spherical particles but solid spheres and fines too, which react 

with Ca(OH)2 to form gel products [3]. GGBFS is obtained when the iron is manufactured. 

It is generated in the blast furnace and then slaked. Lower silica and Na2O modulus in 

GGBFS benefit higher hydration products due to the heat released [4]. Both FA and 

GGBFS are presented in powder form and have fine particle sizes beneficial for mechani-

cal strength development. AAMs composed of FA or metakaolin will produce sodium 

aluminosilicate hydrate or N-A-S-H gels as the main reaction product, while AAMs com-

posed of slag create calcium aluminosilicate hydrate or C-A-S-H gels, essential for ce-

mentitious binder materials [5]. In addition, FA and GGBFS have a higher content of 

amorphous phases favorable to accelerating the reaction scale for creating hardened prod-

ucts [6].  

In addition, sodium hydroxide and sodium silicate are alkaline solutions frequently 

used to activate the precursors and form a hardened matrix comparable to OPC in a two-

part AAMs system [7]. On the contrary, the two-part AAMs concept has setbacks in han-

dling, mixing, and transportation issues besides heat curing requirements to achieve the 

required strength, making this product unsuitable for in situ construction [8]. Researchers 

introduce the innovative method of one-part alkali-activated materials as complementary 

to the traditional two-part concept. Aluminosilicate precursors are mixed with solid alkali 

activators to form a dry mixture, and water is added to initiate the geopolymerization 

process [9]. This ‘just add water’ method has improved AAMs properties in terms of me-

chanical strength, porosity, durability, and fast application, and it is easier to use. Kadhim 

et al. [10] explained the function of the alkali activator to provide an alkali medium and 

raise the pH for the reaction of mixtures by assisting the dissolution process of alumino-

silicate precursors in AAMs technology. Four main alkali groups are commonly used to 

generate the hardened binder of this solid precursor: alkali hydroxide, alkali silicates, al-

kali carbonates, and alkali sulfates [11]. Anhydrous sodium metasilicate (Na2SiO3) is re-

ported as the most suitable activator for the geopolymerization process but possesses a 

higher SiO2/Na2O ratio that makes it challenging to handle as such a corrosive chemical. 

For that reason, the lower SiO2/Na2O ratio of solid sodium carbonate is being studied as 

an alkali activator due to its low alkalinity level to provide safe and easy activator han-

dling, compared to the sodium silicate activator or alkali hydroxide, which costs more and 

entails high CO2 emission. On the contrary, besides its corrosivity, the total cost of sodium 

hydroxide is almost 5–6 times higher than the calcium oxide type of alkali activator. 

Hence, it is crucial to minimize the usage of alkali activators in AAMs and make this tech-

nology safe, practical, and cheap. 

However, the investigation found that the one-part AAMs still have a low or incon-

sistent compressive strength, flexure strength, and shrinkage cracking [8,12]. Numerous 

studies have been conducted to improve the compressive strength of one-part AAMs, but 

most studies are limited to only the synthesis and characterization stage. As a result, the 

application of one-part AAMs technology in the form of mortar for concrete structural 

repair has still lagged. The class F fly ash (FA) is a low reactive precursor that was com-

bined with calcium-rich slag to expedite the system’s reactivity, subsequently abolishing 

the heat curing prerequisite, but it causes rapid hardening, which is not applicable for 

actual site application. A 15% slag reported was the optimum dosage of one-part AAMs 

mixed with 85% FA that improved the mechanical strength of one-part AAMs. Unfortu-

nately, it was also activated with an 8% activator dosage that is still considered corrosive 

and costly [13]. Another study on one-part alkali-activated mortar composed of 40% 

GGBFS/60% FA and 10% anhydrous sodium metasilicate (Na2SiO3) showed higher com-

pressive strength up to 80MPa but only managed to record 7MPa of flexural strength, less 

than 10% of its compressive strength [14], affecting its ability to resist bending for concrete 

repair application. The flexural strength (11 N/mm2) and modulus of elasticity (27 GPa) 
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for mortar composed of 100% GGBFS were the highest compared to a single precursor of 

FA and metakaolin. Nevertheless, slag mortar could not bond vertically and horizontally, 

making it not applicable to concrete repair materials in the study conducted by [15]. The 

splitting tensile strength of up to 3.5–11 MPa for one-part alkali-activated mortar with the 

inclusion of fibre can be achieved, yet a higher alkali-activated dosage of between 8% and 

10% is required to achieve that standard strength [8,16]. 

Including the OPC in AAMs mixtures can improve and accelerate the reaction rate 

for strength development [17]. Moreover, this type of mixed or blended cement is cheap. 

OPC is a type of hydraulic cement composed of hydraulic calcium silicates. This cementi-

tious material creates calcium silicate hydrate or C-S-H gels as the main hydration prod-

ucts used as binding agents responsible for the strength. The combination of by-product 

precursor with the OPC can be activated by non-hygroscopic alkali, which is beneficial in 

preventing the inclination for efflorescence, high permeability, and more severe water ab-

sorption problems. A 60% OPC added in one-part AAMs concrete recorded 55.0 N/mm2 

compressive strength at 28 days of age provides essential information in designing one-

part AAMs in the form of mortar for patching concrete repair techniques. This concrete 

consists of coarse aggregate and has also been activated with a significantly higher 12% 

potassium carbonate [18]. 

Furthermore, the inclusion of 15% waste concrete fines was reported to improve the 

mechanical strength of AAMs. Still, excessive waste construction (concrete) fines ad-

versely impact the mechanical strength due to slow hydration degree and insufficient high 

calcium content, reducing C-A-S-H gels [19]. In addition, the recycled concrete powder 

also increases porosity in two-part AAMs due to low polymerization activity, creating a 

more porous microstructure [20].  

The larger shrinkage level of AAMs was also the primary concern in both two-part 

and one-part systems. Hence, the presence of shrinkage-reducing admixtures (SRA) and 

calcium oxide (CaO) could control the expansion of hardened AAMs [21]. Moreover, com-

bining SRA and CaO can stabilize the shrinkage effect [22]. A higher concentration of al-

kali activator may assist the degree of hydration, but higher heat release creates more ex-

pressive shrinkage after drying [23]. Adding CaO, which can provide extra alkalinity and 

calcium sources for forming C-S-H gels from the cement binder, can reduce reliance on 

the alkali activator and increase the mechanical strength. This is in agreement with the 

fact that strength development is reduced when calcium content decreases [24]. Still, ex-

cessive contents of both SRA and expansive additive of CaO may cause other side effects, 

such as fast setting and losses of water or moisture, and thus be ineffective in reducing 

drying shrinkage level [25]. To control the fast setting problems, a lignosulfonate-based 

superplasticizer (SP) was used to regulate the setting time of high calcium one-part AAMs 

and avoid setting too quickly, which is essential for transporting fresh materials from 

batching plant to the site [26]. The previous study on the potential admixtures for one-

part alkali-activated materials (AAMs) also suggested that by adding SP to the mixtures, 

the water content can be optimized to improve the compressive strength of the mortar 

[27]. 

Therefore, this experiment’s objective is to evaluate the mechanical strength perfor-

mance of one-part alkali-activated mortar composed of different dosages of aluminosili-

cate precursors and activated with low dosages of solid alkali activators for concrete struc-

tural repair applications. The main precursor source used in this study was composed of 

the industrial by-product of fly ash (FA) and ground granulated blast furnace slag 

(GGBFS) combined with ordinary Portland cement (OPC), unlike typical one-part AAMs 

which are commonly composed of by-products powder only. Potassium carbonate 

(K2CO3) is a single solid alkali activator used to activate the precursors and as the source 

of alkali besides the existing sodium and potassium element (Na2O and K2O) in the OPC 

itself. In addition, three powder admixtures were added and tested to stabilize the hard-

ened material’s physical properties. Furthermore, a test for drying shrinkage level for du-

rability was also carried out. To the author’s knowledge, no previous studies were 
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conducted to evaluate the potential of one-part alkali-activated mortar composed of hy-

brid precursors and activated with a low alkaline solid alkali activator used for concrete 

structural repair application as an alternative to the conventional two-part AAMs system.  

This study aims to comply with the compressive strength requirement with Class 

R3–EN1504 standard for structural concrete repair materials. According to the EN1504 

standard, for non-structural concrete repair materials Class R2, compressive strength 

must be above 15 N/mm2. For structural concrete repair, Class R3 ≥ 25 N/mm2 and ≥ 45 

N/mm2 for Class R4 [28]. The novel mix design formulation reported in this study is vital 

for the author’s continued research on utilizing one-part AAMS technology for green and 

sustainable building products. The experiment was conducted in Kuala Lumpur, Malay-

sia, a country with a tropical climate which is hot and humid throughout the year.  

2. Materials and Methods 

Class F fly ash (FA) and ground granulated blast furnace slag (GGBFS) were used as 

precursors under ASTM C618 and ASTM C989, respectively. Ordinary Portland cement 

(OPC) was added as the primary binder source and activated with alkali-activated pow-

der-potassium carbonate (K2CO3 Purity ≥ 90%). The chemical compositions and physical 

properties of all main precursors are shown in Table 1. Natural sand was used as fine 

aggregate with a specific gravity of 2.67 and an average particle size of 90.23 μm (D50). In 

addition, a commercial ethylene glycol type shrinkage-reducing admixture (SRA) and cal-

cium oxide (CaO) were added as an admixture in the form of solid powder. At the same 

time, the sodium lignosulfonate powder-based superplasticizer (SP) was also used in the 

experiment as a retarder for the mortar samples. 

Table 1. Chemical compositions (%) and physical properties of Fly Ash (FA), Ground Granulated 

Blast Furnace Slag (GGBFS) and ordinary Portland cement (OPC) were obtained from the manufac-

turer. 

Chemical Compositions FA (%) GGBFS (%) OPC (%) 

SiO2 55.94 35.91 23.97 

Al2O3 22.60 16.56 5.27 

Fe2O3 8.10 1.52 3.28 

CaO 6.26 35.28 60.12 

P2O5 0.36 0.36 - 

MgO 1.21 6.01 1.36 

K2O 1.66 - 0.51 

TiO2 0.72 0.59 0.06 

SO3 1.02 0.36 2.20 

Na2O 0.62 1.76 0.23 

CI 0.03 - - 

LOI 1.48 - 2.00 

Physical Properties    

Specific Gravity 2.20 2.90 3.15 

Average Particle Size (D50) 14.08 μm 19.99 μm 16.32 μm 

2.1. Mix Proportions 

The experimental study was conducted to understand the effect of aluminosilicate 

precursors with different volume ratios, with OPC as the main binder and activated with 

a low percentage of alkali-activated powder. Besides that, three powder-type admixtures 

were added to all mixtures to investigate the effect of these admixtures compared to the 

samples prepared without admixtures. There were three stages of the experiment. All the 

samples were marked as Mix 1 to Mix 30 and consisted of FA, GGBFS, and with/without 

OPC as main precursors with different volume percentages. Stage 1, Mix 1, was chosen as 
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a control sample no.1, where the mixture contained only FA and GGBFS without OPC. 

For the second stage, Mix 10 was prepared as control sample no.2, which contained no 

admixtures. At the third stage, Mix 26 was chosen as control sample no.3 based on the 

findings on mechanical strength results for Mix 16–25 at 7 days of age (within the second 

stage experiment). The admixtures proportion for every sample was added into the mor-

tar samples between 1.0 to 15.0 wt% of weight (based on total aluminosilicate precursors 

weight). The water-to-binder ratio was set between 0.30 to 0.50, and the aggregate-to-

binder ratio was between 1 and 3 to produce the mortar, tested in all 30 mortar mixture 

samples and cured under the lab ambient conditions. The mix design compositions of one-

part alkali-activated mortars are further elucidated in Table 2.  

Table 2. Mix composition and design of one-part Alkali Activated Materials (AAMs). 

Samples 

Binder 
Alkali 

Activated 
Admixtures Design Ratio 

FA (%) GGBFS (%) 
OPC 

(%) 
K2CO3 (%) 

SRA 

(%) 
CaO (%) 

SP 

(%) 

Aggregate-

to-Binder  

Water-to-

Binder 

(W/B) 

* Mix 1  85 15 0 6 5 1 1 3 0.30 

Mix 2 25.5 4.5 70 6 1 0.5 1.5 3 0.30 

Mix 3 60 10 30 6 5 1 1 3 0.35 

Mix 4 59.5 10.5 30 6 5 1 1 1.5 0.46 

Mix 5 25 5 70 6 2 1 1 1 0.49 

Mix 6 45 5 50 5 2 1 1 1.5 0.45 

Mix 7 59.5 10.5 30 6 5 1 1 1 0.35 

Mix 8 81 9 10 6 4 1 1 1 0.35 

Mix 9 60 10 30 6 5 1 1 1 0.35 

** Mix 10 60 10 30 6 - - - 1 0.35 

Mix 11 60 10 30 6 4 1 1 1 0.35 

Mix 12 60 10 30 8 4 10 1 1 0.35 

Mix 13 60 10 30 10 5 15 1 1 0.40 

Mix 14 45 5 50 8 4 10 1 1 0.35 

Mix 15 45 5 50 10 5 15 1 1 0.40 

Mix 16 30 - 70 8 4 10 1 1 0.35 

Mix 17 30 - 70 10 4 15 1.5 1 0.40 

Mix 18 30 - 70 8 4 10 1.5 - 0.45 

Mix 19 30 - 70 10 4 10 1 1 0.45 

Mix 20 30 - 70 8 4 10 1 1 0.45 

Mix 21 30 - 70 8 4 10 1 1 0.50 

Mix 22 40 - 60 8 4 - 1 1 0.45 

Mix 23 30 - 70 8 4 - 1 1 0.45 

Mix 24 20 10 70 8 4 - 1 1 0.45 

Mix 25 25 5 70 8 4 - 1 2 0.45 

*** Mix 26 25 5 70 1.8 - - - 1 0.50 

Mix 27 25 5 70 1.6 0.3 0.15 1 1 0.50 

Mix 28 25 5 70 2 0.9 0.45 1 1 0.50 

Mix 29 25 5 70 1.8 0.6 0.30 1 1 0.49 

Mix 30 25 5 70 1.6 0.3 0.15 1 1 0.40 

* control sample no.1, ** control sample no.2, *** control sample no.3.  
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2.2. Sample Preparations 

An electric mixer, EX-EM2000 EXTRAMAN 2000W, was used to prepare all mixes. 

The FA, GGBFS, PCC, K2CO3, SRA, CaO, sodium lignosulfonate (SP), and fine aggregates 

were blended in the mixture for 2 min according to their sample of mix compositions. 

After that, water was added slowly to the mixtures and continued blending for another 3 

min to ensure the mortar paste was uniform. Then, all the fresh mortars were immediately 

cast into 50 mm × 50 mm × 50 mm cubes for the compressive strength test, 40 mm × 40 mm 

× 160 mm for the flexural strength test, 150 mm × 300 mm diameter cylinder for tensile 

strength test and modulus of elasticity test, and 75 mm × 75 mm × 280 mm for drying 

shrinkage measurement. All filled moulds were vibrated for 2 min using a shaking table. 

The mixtures were demolded after 24 h before being cured in an ambient lab temperature 

of 29 °C, with relative humidity (RH) of 65% until the testing on days 7, 14, and 28 of 

curing age. For the compressive strength test, samples were taken out for curing under 

standard laboratory climate (dry conditioning) for 7 days at 21+/−2 Celsius and 60+/−10% 

RH. 

2.3. Experimental Procedures 

To study mechanical strength, hardened mortar’s compressive strength and flexure 

strength were evaluated at 7-d, 14-d, and 28-d curing age. Compression test machine AU-

TOMAX5 was used at a loading rate of 1000 N/s per the EN12190 test method and a three-

point flexure test under a displacement-controlled condition where the load was applied 

at mid-span in compliance with BS EN 13892-2:2002. The mean value of three readings of 

each sample produced in triplicate for every test was recorded and taken as their final 

strength value. In addition, a test on the static modulus of elasticity mortars was con-

ducted at 28-d of age with basic stress of 0.5 N/mm2, and the stress increased at a constant 

rate within the range of 0.6 N/mm2/s until the stress was equal to one-third of the com-

pressive strength of the concrete is reached in compliance with BS 1881. Three cylindrical 

specimens of 150 mm × 300 mm size for the selected mortar sample formula were pre-

pared, and the average and standard deviation were calculated and reported. Indirect ten-

sile strength was employed using a tensile splitting method on cylindrical mortars for the 

selected mortar sample and assessed at 28-d of age following ASTM C496 at a loading rate 

of 1MPa/s. For drying shrinkage measurement, a test was conducted on the prism samples 

according to BS 1920-8:2009, tested at 28 days of curing age. 

3. Result and Discussion 

3.1. Compressive Strength 

The seven-day compressive strength for 30 samples ranged from 2 N/mm2 to 23 

N/mm2, as shown in Figures 1–3. Mix 30, composed of 25% FA, 5% GGBFS, and 70% OPC, 

recorded the highest compressive strength with 23.76 N/mm2, nearing the minimum 

strength requirement at 28 days of curing age for structural repair products class R3 of 

EN1504-3 standard. For the mortar samples, Mix 5, 26, 27, 28, and 29 all recorded com-

pressive strength above 15 N/mm2 and had the potential to comply with the minimum 

strength requirement at 28 days of curing age for non-structural repair products class R2 

of EN1504-3 standard. 
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Figure 1. Compressive strength at 7 days of curing age—Stage 1. 

 

Figure 2. Compressive strength at 7 days of curing age—Stage 2. 
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Figure 3. Compressive strength at 7 days of curing age—Stage 3. 

Adding FA may slower the strength development of mortar at an early age and clar-

ify the lowest compressive strength reported for samples. Mix 7–13 consisted of 60–80% 

FA. Without OPC, sample Mix 1 was prepared as a control sample consisting of 85% FA 

and 15% GGBFS and was activated by a 6% alkali activator, referred to as the first stage 

of this experiment for mortar samples 1–9 (Figure 1). It was reported that the total aggre-

gate content did not affect the flexural strength development of one-part AAMs [29]. Thus, 

aggregate-to-binder ratios were set to 3 as a source of calcium and increased the mortar 

volume for the first three mortar samples, Mix 1–3. However, as observed in these three 

samples, they were not hardened enough and immediately collapsed when the applied 

load was placed on the cube samples for testing. 

Furthermore, these three samples were activated with a low water-to-binder (W/B) 

ratio of 0.3, contributing to lower compressive strength. As a result, the cube samples were 

brittle, sandy, cracked and failed due to insufficient water to initiate the geopolymerata-

tion process. The W/B ratio increased from 0.3 to 0.45 for Mix 3–9 and still only managed 

to get low compressive strength, except for Mix 5 (W/B ratio of 0.49), which was also de-

signed with an aggregate-to-binder ratio of 1 and lower FA volume (than sample Mix 4) 

has recorded 13.22 N/mm2 for seven days of curing age offered important indication on 

the optimum design of aggregate-to-binder ratio. A higher aggregate-to-binder ratio be-

tween 1.5 to 3.0 in this study led to low compressive strength at seven days of curing age 

because the insufficient hydration of main gel products of C-S-H could not wholly wrap 

the surface of the fine aggregate, creating more porous structures that make it physically 

not solid [30]. 

Mix 10 was designed as a control sample no.2 without admixtures to evaluate the 

compressive strength trend for mortar samples. Mixes 11–24 were prepared for the second 

stage (Figure 2) in this compressive strength test experiment. The mortar samples Mix 10 

has a 6% alkali activator and W/B ratio of 0.35 and recorded compressive strength of 6.89 

N/mm2. In addition, a 1–10% CaO was added to the mortar because the CaO could supply 

additional calcium, increase the exothermic level for the hydration process, and react with 

silica and alumina from FA to produce additional C-S-H and C-A-S-H. Furthermore, the 

higher silica content in FA increased the dissolution and polymerization process. A higher 

Si/Al ratio in FA promotes low porosity microstructures, ensuring high sample compact-

ness and enhancing compressive strength [31]. Excessive CaO, however, could lead to 

strength loss due to the fast chemical reaction of the matrix, subsequently generating un-

balanced gel binder structures that affect strength development [32]. 
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Further investigation found that a higher volume of CaO between 10–15% of mix 

composition was one factor in the poor compressive strength recorded for Mix 12–21. As 

a result, the volume of FA was reduced to 45% and 40% in Mix 14, 15 and 22 but still 

showed poor compressive strength. At the same time, samples with 30% FA without 

GGBFS continued a low compressive strength value trend below 10N/mm2 as recorded 

for samples Mix 16–23, which gives a significant indication of the influence of GGBFS and 

its relation with FA to generate a stronger bond of prominent C-S-H gels. 

A higher volume of GGBFS than FA in sample Mix 24 has shown slight improvement 

for 7-day compressive strength but is still within 50% of the targeted strength of class R3 

standard. Nevertheless, it was reported that higher slag content is susceptible to autoge-

nous shrinkage and cracking due to the rapid acceleration of the reactions [14]. Besides 

that, it was found that without CaO, the 4% SRA-only was inefficient in influencing the 

compressive strength performance of sample Mix 25. Therefore, based on the compressive 

strength result at seven days for Mix 10–15 (admixtures effect) and Mix 16–25 (GGBFS 

effect), Mix 26 was designed as a control sample no.3 for the mix composition consisting 

of 25% FA and 5% GGBFS with the presence of 70% OPC and 1.8% alkali activator to 

produce the mortar, subsequently referred as the third stage of the experiment (Figure 3). 

As a result, the compressive strength result for Mix 26 has an impressive early strength 

development up to 18N/mm2 equivalent to 72% of the 28-day minimum compressive 

strength class R3 and successfully exceeded the 28-day minimum compressive strength 

for non-structural repair products class R2, both per EN1504-3 specification. 

The concentration of alkali activators is crucial for early strength development [26]. 

A higher alkali activator dosage is required to complete the dissolution of raw materials. 

At lower alkali activator dosages, the dry mixtures were not fully reacted, causing the 

mortar to fail to harden at early curing ages. However, for this study, it was shown that a 

higher percentage negatively affected its mechanical strength, as explained in samples 

Mix 1–25, which, activated by 6–10% of alkali activators, were unable to react well with 

precursors and an excessive amount of SRA (1–5%) and CaO (0.5–15%). Therefore, the 

alkali activator was set between 1.6 and 2.0% for this third test stage. The SRA and CaO 

were adjusted to 0.3–0.9% of precursor volume for the SRA and 0.15–0.45% for CaO. The 

W/B ratio was maintained between 0.35–0.5. Moreover, a 1% superplasticizer (SP) and an 

aggregate-to-binder ratio of 1 were consistently applied to all samples. Therefore, the 

highest compressive strength value at seven days of age was obtained from sample Mix 

30 at an optimum W/B ratio of 0.4, with a sufficient water supply for the geopolymeriza-

tion process at an early age essential for heat equilibrium, especially with the inclusion of 

70% OPC and chemical admixtures (SP, SRA, and CaO) that caused more heat to be re-

leased from the exothermic reaction.  

Only six samples were selected out of 30 for compressive strength tests at 14 and 28 

days of curing age, and the result is recorded in Figure 4. However, compressive strength 

for samples Mix 26, 27, 28, and 29 deteriorated on day 14 and dropped further toward day 

28. It is worthwhile to understand that all mortar samples Mix 26, 27, 28, and 29 have 

higher water contents with W/B ratios of 0.50 and 0.49 (Mix 29). These findings agreed 

with [5] on the effect of higher water content reducing the rheology of fresh mortar, sub-

sequently affecting the mechanical strength at the hardened stage. Excessive water con-

tent may be caused extra gaps to occur between aggregates, creating voids filled by air 

when moisture vaporizes. The hardened materials then experience insufficient compac-

tion and become less solid, which affects their strength [33]. Additionally, insufficient al-

kali cation (Na+, K+) to keep the pH raised for the reaction mixtures affects the dissolution 

process at 28 days of curing age. 
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Figure 4. Compressive strength at 14 and 28 days of curing age. 

Moreover, Mix 26 as a control sample was composed without admixtures, affecting 

the stability of the C-A-S-H gels chains and making them prone to chemical attacks. Crack 

formation due to shrinkage has also lowered the mechanical strength development. The 

inclusion of a combination of CaO and SRA was reported to control the shrinkage effi-

ciently [21,22]. Still, too much CaO and SRA content in Mix 28 and 29 did not react well 

with a low dosage of solid alkali activator in addition to higher water content level factors 

in this report. The reaction rate between precursors and admixtures decreased in low al-

kali medium, causing low mechanical strength and porous structures [34]. This phenom-

enon is due to the fact that low pH of carbonate delayed the initial reaction of one-part 

AAMs and might not be able to fully break down the Al-O and Si-O bonds of the alumi-

nosilicate precursors with the presence of excessive admixtures content. The highest com-

pressive strength recorded at 28 days was 28.55 N/mm2 for sample Mix 30, followed by 

Mix 5, which recorded 26.75 N/mm2. These two samples have strength increases over time 

consistently from seven days to 28 days of curing age, as shown in Figure 5, and exceed 

the minimum requirement for structural repair product Class R3 of EN1504-3 standard. 

The microparticle size of powder precursors FA, GGBFS, and OPC in this study exhibit 

higher specific areas, helpful in improving the reaction for better mechanical strength [6].  
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Figure 5. Compressive strength at 7, 14 and 28 days of curing age. 

The cracked pattern of the cube samples for sample Mix 30 has little impact on faces 

in contact with the platens, cone, and shear with fewer macrocracks, generally reflecting 

its rigidity supporting on higher compressive strength value as shown in Figure 6a. In 

contrast, Mix 26 experienced an unsatisfactory type of cracked pattern failure, which in-

dicates that it’s brittle and not solid, as illustrated in Figure 6b. It was noted that a higher 

Si/Al ratio for 25% fly ash Class F used in this experiment is physically stable without 

significant structural disintegration, contributing to the excellent performance in com-

pressive strength [35]. The Si/Al ratio for FA was above 2, within the recommended ratio 

for higher compressive strength suggested by [31,36,37]. In addition, the main precursors 

are composed of rich calcium content supplied from GGBFS and OPC sources. Calcium is 

beneficial for creating C-S-H gels. The combination of FA/GGBFS expands the C-S-H gels 

chain by creating new C-(A)-S-H co-existing with N-A-S-H gels for excellent mechanical 

properties [5]. Coppola et al. [38] reported that a one-part alkali-activated mortar activated 

with a 4% alkali activator recorded compressive strength of 26.4 N/mm2 at 28 days of cur-

ing age, which is lower than the findings in this study which activated with a minimal 

dosage of alkali activator.  

  
(a) (b) 

Figure 6. (a) Cracked pattern failure for mortar sample mix 30 under compressive strength test; (b) 

Cracked pattern failure for mortar sample mix 26 under compressive strength test. 
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3.2. Flexural Strength 

The experiment in this report continues with the flexural test to determine the me-

chanical compatibility of the mortar and its bending resistance. The test will further ex-

plain its tensile strength ability indirectly. Sample Mix 5 and Mix 30 were selected to ob-

tain their flexural strength because their compressive strength at 28 days achieved the 

minimum requirement as per EN 1504-3 class R3 standard, subsequently referred to as 

control samples used for the rest of the experiment in this report. At seven, 14 and 28 days, 

the flexural strength for Mix 30 was 7.4 N/mm2, 8.05 N/mm2 and 8.55 N/mm2, and it was 

the highest flexural strength recorded between two control mortar samples, as shown in 

Figure 7, where the flexural strength development increased over time. Both mortar sam-

ples recorded above 8 N/mm2. The addition of 5% GGBFS improved the early mechanical 

strength of the mortar. At the same time, calcium from FA increased the pozzolanic reac-

tion at the later stage. Besides, a more substantial bonding factor between the binder and 

the aggregate in the mortar is beneficial for bending resistance behaviour [29].  

 

Figure 7. Flexural strength at 7, 14 and 28 days of curing age. 

The flexural strength of Mix 30, however, was only around 30% of its compressive 

strength at 28 days of curing age. This result further explained that the unreinforced mor-

tar cube samples used in this experiment are naturally brittle and very stiff. In addition, 

the growth of its mechanical strength over time dropped due to microcracks [39]. Never-

theless, the mortar used in the experiment was comparable to the conventional OPC con-

crete. The concrete standard’s flexural strength or modulus of rupture is between 10% and 

20% of its compressive strength, depending on the volume and size of the coarse aggre-

gate used in the concrete. Moreover, the 8.55 N/mm2 flexural strength of Mix 30 exhibited 

a higher strength value than other one-part alkali-activated materials, as published in past 

reports [14,21]. 

3.3. Modulus of Elasticity 

Besides the mechanical strength, a higher modulus of elasticity of alkali-activated 

mortar is essential to offer durable repair materials by providing resistance against elastic 

deformation when force is applied. The lower aggregate-to-binder ratio reported in-

creased the MOE of concrete activated by one-part AAMs according to [29]. The ratio of 
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aggregate-to-binder in this experiment was 1, and the mortar samples for the MOE test 

were cured with water and ambient conditions. 

As shown in Table 3, the modulus of elasticity of sample Mix 30 was recorded at 19.6 

GPa, and Mix 5 has 18.10 GPa MOE, both complying with the minimum elastic modulus 

requirement for class R3-EN1504 standard, slightly higher than the modulus of elasticity 

for most of the two-part alkali-activated mortar, which has been recorded between 15–18 

GPa [39,40]. Additionally, they did not require higher temperatures than the two-part 

AAMs [7]. However, similar to the flexural strength development, the presence of micro-

cracks has affected the MOE of one part of alkali-activated mortar [41]. In addition, it is 

worthing to note that repair materials and substrates may have different moduli of elas-

ticity. For example, concrete substrates generally have an elastic modulus between 30 to 

50 GPa. A lower modulus of elasticity of repair material than the substrates has more re-

silient elements that can take up more force and return to its initial structure [28], subse-

quently protecting mortar from cracking, thus providing better structural compatibility 

between the repair mortar and the existing concrete substrates [39].  

Table 3. Modulus of Elasticity (MOE) at 28-day of age. 

Sample References Modulus of Elasticity (GPa) 

Mix 5 18.10 

Mix 30 19.60 

3.4. Tensile Strength 

The higher aggregate content would increase the splitting tensile strength, and the 

strength developed over time follows a similar trend with compressive and flexural 

strength. However, the tensile strength after 28 days was lower than the mixtures with 

lower aggregate content reported by [29]. The highest splitting tensile strength between 

these two samples is Mix 30, which recorded 2.05 MPa, equivalent to 10% of its compres-

sive strength at 28 days of curing age, as shown in Table 4, giving a good signal of its bond 

strength ability to achieve minimum adherence strength 2.0 MPa of class R4, EN1504-3 

[42]. Nevertheless, Mix 30 with 2.05 MPa tensile strength was within the range of tensile 

strength for typical plain cementitious mortar, as reported by [43]. It turns out that the 

incorporation of slag as a replacement for fly ash for mortar Mix 30 enhanced splitting 

tensile strength, as reported by [44]. It is worth noting that mortar is good in compression 

but weak in tension, like typical concrete. The interface transition zone (ITZ) is the weakest 

link in the hardened mortar, as observed from its microstructure. When a compressive 

load is applied, the ITZ bridges the load from one aggregate to another in the mortar. On 

the contrary, the outer surface of aggregates will break from each other when tensile 

stresses are applied to leave the ITZ to absorb all forces and cause failure.  

Table 4. Splitting tensile strength at 28 days of curing age. 

Sample References Splitting Tensile Strength (MPa)  

Mix 5 1.80 

Mix 30 2.05 

3.5. Drying Shrinkage  

Shrinkage is one of the significant problems for alkali-activated materials, mainly 

caused by alkali activator involvement in accelerating the reaction. Jixiang et al. [6] re-

ported that a higher sodium silicate and slag content dosage in alkali-activated materials 

increased shrinkage. In this report, a lower dosage of alkali activator and slag for the one-

part mortar Mix 30 has a length change measured of 260 microstrains at 28 days, while 

mortar sample Mix 5 documented 350 microstrains. Both recorded less than 400 mi-

crostrains under ASTM C157 specification for drying shrinkage measurement as shown 
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in Table 5, which is much better than the shrinkage level of the two-part alkali-activated 

materials counterpart. This result also agreed with [45] on the beneficial effect of the 

shrinkage-reducing admixtures (SRA) in alkali-activated materials. The SRA admixture 

will limit the tensile stress stimulated by restrained shrinkage, thus avoiding the mortar 

from early cracks. Therefore, drying shrinkage measurement can indicate the mortar’s 

ability to resist early crack formation and shrinkage-restraining stresses. 

Table 5. Drying Shrinkage Measurement at 28 days of curing age. 

Sample References Drying Shrinkage Measurement (Microstrain) 

Mix 5 350 

Mix 30 260 

On the other hand, the low water-to-binder ratio increased the mechanical strength 

of hardened mortar. Still, it could result in autogenous shrinkage and cracking, affecting 

the flexural strength over time. Sample Mix 30 mortar in this experiment has proved that 

even though it was composed of a lower water-to-binder ratio and a lower dosage of alkali 

activator yet recorded a lower level of drying shrinkage measurement within a maximum 

of 400 microstrains allowed. The result is also in agreement with [21,22], where the usage 

of shrinkage-reducing admixtures (SRA) and calcium oxide (CaO) as an expensive agent 

could reduce the shrinkage level of mortar. It is beneficial to determine CaO dosage in this 

experiment because the excessive level of calcium may precipitate as gypsum and expand, 

possibly damaging the mortar’s physical structures. However, with an appropriate ratio, 

the gypsum may also block pores and minimize early corrosion attacks [46]. Furthermore, 

CaO is an expansive agent that induces a high exothermic reaction when it reacts with 

water to form a larger volume of hydrated lime particles, which helps the mortar to ex-

pand instead of shrinking and only stops expanding at the end of the curing process [22]. 

Other than that, the applied aggregate-to-binder of 1 for Mix 30 contributed to a bet-

ter performance of tensile strength where it controlled the shrinkage level where the fine 

aggregate served as reinforcement to compact and stabilize the materials [42]. It is worth 

noting that a higher percentage volume of all three admixtures created unbalanced gel 

structures and affected mechanical strength growth at the early and later stages of the 

hardening phase, as observed in all 30 mortar samples’ compressive strength results in 

this study. Contrary to the conventional one-part alkali-activated mortar productions, the 

inclusion of admixtures and OPC reacted well with a low dosage of non-hygroscopic al-

kali activator, offering cheaper and safer construction products. This type of hybrid one-

part AAMs has impressive mechanical strength and a low drying shrinkage level compa-

rable to the conventional OPC mortar and the two-part AAMs mortar counterparts. 

4. Conclusions 

This study investigated the mechanical strength performance of one-part alkali-acti-

vated mortar for concrete structural repair application. The mortar was composed with 

different mixed design compositions. As a result, mortar sample Mix 30 has the best me-

chanical strength performance out of 30 different mix design ratios, followed by mortar 

sample Mix 5. In Mix 30, the OPC binder content was replaced with 30% by-product pre-

cursors consisting of 25% class-F fly ash and 5% slag from the GGBFS source. Interestingly, 

dry mixed precursors were activated with only 1.8% powdered alkaline activator of Po-

tassium carbonate (K2CO3). As a result, mortar samples Mix 30 has a water-to-binder ratio 

of 0.40 compared to Mix 5 activated with a W/B of 0.49. The mechanical strength results 

for mortar sample Mix 30 complied with the minimum requirements for the compressive 

strength and modulus of elasticity (MOE) as per the Class R3-EN1504 standard for struc-

tural concrete repair materials and successfully achieved the aim of this study. 

For one-part AAMs activated with low alkali activator dosage, a single aluminosili-

cate precursor will not be sufficient to produce the higher compressive strength of mortar. 
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Combining two or three industrial by-product precursors with OPC demonstrates im-

proved physical structures and mechanical strength. The combination of FA and GGBFS 

reacted well with the OPC under a low alkaline environment and exhibited acceptable 

mechanical strength performances. The flexural and splitting tensile strengths result for 

Mix 30 showed that the mortar has higher bending resistance and can resist the applied 

stress as a sign of solid bonding strength between mortar and concrete substrates, subse-

quently promoting its potential to be applied for concrete structural repair applications. 

Nevertheless, lower MOE of repair mortar than the concrete substrate is essential to en-

sure combability between two bonding materials to resist force while maintaining the 

bond at interface transition zone (ITZ).  

The combination of three powder admixtures enhances the mechanical properties of 

the mortar compared to samples without admixtures. Using SRA and CaO reduced the 

internal stress, controlled the expansion of the mortar, and ensured reliable mechanical 

strength progress. Adding a superplasticizer (SP) lengthens the setting time and controls 

the hydration process rates.  

Future studies will focus on the rheology behaviour of the fresh mortar using this 

new mix design formulation to ensure its consistency and flexibility adopted for in-situ 

application. In addition, improved workability of mortar will offer better mechanical 

strength, beneficial for the pull-off bond strength performance between the repair mortar 

and concrete substrate for concrete patching applications as part of concrete repair tech-

niques. 
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