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Abstract – Portland cement (PC) has long been a predominant binder material in the construction 

industry, but it is also a major contributor to carbon dioxide emissions. Alkali-activated materials 

(AAMs) have emerged as an environmentally friendly alternative in the construction industry. AAMs are 

formulated by activating aluminosilicate-based materials with alkali activators, offering potential 

environmental benefits by reducing carbon dioxide emissions compared to traditional PC-based binders. 

Due to its ability for continuous hydration at low temperatures, alkali-activated slag (AAS) stands as a 

promising binder material for winter construction applications. High alkali dosage (Na2O%) dosage and 

alkali modulus in AAS production may result in the occurrence of shrinkage cracks. This study employed 

0.3% polypropylene fiber (PP) by volume to mitigate the potential negative impact of cracks, which may 

arise from elevated Na2O%, on the mechanical properties of AAS. AAS mortars were manufactured with 

Na2O% of 7% and 9%. Ultrasonic pulse velocity and compressive strength tests were conducted on 

samples aged 7 and 28 days. The results showed that the compressive strength increased with an increase 

in Na2O%. The sample with 7% Na2O% exhibited better strength development with increasing curing 

time compared to its 9% counterpart. There was a decrease in compressive strength with PP substitution.  
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I. INTRODUCTION 

Executing concrete work in cold winter 

conditions poses distinct challenges and requires 

the adoption of several costly and energy-intensive 

measures [1]. Lower curing temperatures can have 

adverse effects on the mechanical and durability 

properties of ordinary Portland cement (PC)-based 

composites [2]. The optimal curing temperature 

range for PC composites is typically 10 °C to 

20 °C [3]. A minimum temperature of 5 °C is 

essential to sustain normal PC hydration. Below 

this threshold, PC hydration is delayed, resulting in 

a significantly slower rate of concrete strength 

development [4,5]. Consequently, various 

measures are taken in low-temperature conditions 

to maintain concrete within optimal curing 

parameters. These measures encompass heating 

systems and electric insulation blankets [6]. 

Nonetheless, these preventive systems contribute to 

increased energy consumption, CO2 emissions, and 

operational costs [1,7]. The production of PC leads 

to the emission of substantial greenhouse gases, 

contributing to global warming, and involves 

significant consumption of raw materials [8]. The 

production of cement contributes to approximately 

two billion tons of greenhouse gas emissions 

annually, accounting for around 6% of the world's 

anthropogenic greenhouse gas emissions [8,9]. 

Alkali-activated materials (AAMs) are considered 

promising alternatives to PC binders due to their 

positive environmental impact and good technical 

properties [10,11]. AAMs are created by the 
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interaction between an amorphous solid 

aluminosilicate precursor and an alkali activator. 

Commonly employed aluminosilicate precursors 

encompass metakaolin, silica fume, fly ash, and 

blast furnace slag [12–14].  

Alkali-activated slag (AAS) distinguishes itself 

by its capability to attain the desired strength levels 

without necessitating heat treatment or the 

incorporation of special additives [15,16]. AAS 

concrete can achieve compressive strengths of up 

to 150 MPa when cured under room temperature 

conditions [17]. Furthermore, the alkali activator 

solution contains a sufficient concentration of free 

ions, which notably reduces its freezing point. In 

theory, this makes it feasible to produce AAS 

pastes at lower temperatures [18]. Various studies 

have demonstrated the feasibility of using AAS at 

low temperatures [1,5,19,20]. 

In order to ensure satisfactory mechanical 

performance of AAS cured at low temperatures, it 

is necessary to maintain a higher alkali dosage 

(Na2O%), which, in turn, leads to pronounced 

shrinkage [20,21]. AAS was observed to exhibit 

shrinkage levels up to six times greater than those 

of PC, as reported [21]. In comparison to PC, the 

C-S-H (calcium silicate hydrate) formed in AAS is 

denser and possesses a lower H/Si ratio [22]. 

Consequently, this leads to a reduced volume of 

products and the evaporation of excess water, 

resulting in significant drying shrinkage. Such 

shrinkage adversely impacts the material's 

durability and strength [23]. Incorporating fibers 

can be a viable approach to mitigate the 

development of cracks induced by shrinkage 

[24,25]. Xu et al. [25] reported that the addition of 

polypropylene fiber (PP) can effectively manage 

the drying shrinkage of AAS mortar. In 

comparison to the control sample, the 

incorporation of 0.2% PP led to a notable reduction 

of 37.1% in drying shrinkage. Akturk et al. [26] 

illustrated that the inclusion of PP enhanced the 

flexural strength of AAS mortars. Zhou et al. [24] 

observed a gradual enhancement in the flexural 

strength of fiber-reinforced AAS concrete as the 

dosage of basalt fiber increased. 

In the context of this study, a total of four 

mixtures were generated. Among these, two 

mixtures incorporated PP, while the remaining two 

were formulated without fibers. This design was 

employed to assess the impact of fiber inclusion. 

The results showed that the addition of PP to AAS 

cured at low temperatures did not improve 

compressive strength but adversely affected it. 

II. EXPERIMENTAL METHODS 

A. Materials 

Ground granulated blast furnace slag (GBFS) 

was employed as the precursor material. GBFS 

possesses a specific gravity of 2.8. The chemical 

composition of GBFS is outlined in Table 1. The 

aggregate has a specific gravity of 2.65 and a water 

absorption of 1.92%. The maximum grain diameter 

of the aggregate is 4 mm. An activator blend 

consisting of Na2SiO3 and NaOH was utilized. The 

Na2SiO3 solution is composed of 28% SiO2, 13.5% 

Na2O, and 58.4% water by weight. The NaOH 

pellets employed have a purity of 99%. 

 

Table 1. The chemical composition of the GBFS. 

Constituent GBFS (wt. %) 

SiO2 40.52 

Al2O3 13.74 

MgO 7.72 

CaO 33.86 

Fe2O3 1.74 

SO3 0.17 

Na2O 0.66 

K2O 0.81 

 

 

B. Mix proportions and test method 

To investigate the influence of PP inclusion on 

the compressive strength of AAS cured at low 

temperature, a total of four mixtures were 

prepared. The mixing ratios are provided in Table 

2. The ratio of sand to binder and water to binder 

was 2.75 and 0.45, respectively. The alkali 

modulus set to 1.5. Based on the outcomes of the 

preliminary study, alkali dosages of 7% and 9% 

were established. 
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Table 2. Mix proportions (1 m3). 

Mix 

code 

PP  

(vol. %) 

Aggregate  

(kg) 

GBFS 

(kg) 

N7-0 - 1148.3 526.7 

N0.7-0.3 0.3% 1148.3 526.7 

N9-0 - 1438.3 523.0 

N9-0.3 0.3% 1438.3 523.0 

Mix 

code 

Na2SiO3  

(kg) 

 NaOH  

(kg) 

 Water 

(kg) 

N7-0 196.9 13.3 122 

N0.7-0.3 196.9 13.3 122 

N9-0 251.4 16.9 88.5 

N9-0.3 251.4 16.9 88.5 

 

 

The mixing process was initiated by blending the 

solid materials for approximately thirty seconds. 

Subsequently, the activator mixture was added, and 

thorough mixing was continued until a 

homogeneous blend was achieved. The prepared 

mortar was subsequently placed into 50 mm cube 

molds and stored in a freezer at 2 °C until the 

testing days. Ultrasonic pulse velocity (UPV) 

testing (See Fig. 1a) was conducted following the 

procedures outlined in ASTM C597 [27]. The 

compression test (See Fig. 1b) was carried out 

using a universal testing machine with a consistent 

loading rate of 1.3 MPa/s, in accordance with the 

specifications of ASTM C109 [28]. Fig. 1c shows 

the samples prepared for tests performed after 7 

days. 

 

 

Fig. 1. a) UPV test b) compression test c) prepared samples.  

 

III. RESULTS AND DISCUSSION 

A. Compressive strength 

 

The compressive strengths of the samples at both 

7 and 28 days are illustrated in Fig. 2 and Fig. 3, 

respectively. The results indicate that compressive 

strength increases with an increase in Na2O% at a 

given alkali modulus. This can be attributed to a 

higher degree of alkali activation of GBFS at a 

higher Na2O%. In other words, increasing the 

amount of alkali activator enhances the reactivity 

of the GBFS, resulting in better strength 

development [21,29,30]. The increase in Na2O% 

resulted in a significant enhancement in early age 

compressive strength. The 7-day compressive 

strength of the sample with a 9% Na2O% was 

63.5% higher than the sample with a 7% Na2O%. 

This increase can be attributed to the accelerated 

dissolution rate achieved by increasing Na2O%, 

leading to the early formation of gel products that 

promote early strength development [31]. 

However, it's worth noting that the compressive 

strength of the sample with a 7% alkali dosage 

exhibited a remarkable improvement of 136.3% at 

the end of 28 days. In contrast, for the mixture with 

a 9% alkali dosage, this rate was 60.6%. These 

findings indicate that while higher Na2O% 

contribute to early strength gains, there is a 

diminishing effect on strength enhancement over a 

longer curing period. The observed phenomenon 

can be attributed to shrinkage induced by 

redundant alkali activator [32]. 

 

 

Fig. 2. Compressive strength results at the end of 7 days. 

 

Regarding the impact of fiber utilization on the 

compressive strength of AAS samples cured at low 

temperatures, it was noted that the incorporation of 

PP at two different alkali dosages resulted in a 

reduction in compressive strength. The 7-day 

compressive strength of samples produced at both 

7% and 9% alkali dosage decreased by 

approximately 10%. The addition of PP decreased 

the 28-day compressive strength of the sample with 

 

 

   

a) b) c) 

5.4
4.81

8.83

7.96

N7-0 N7-0.3 N9-0 N9-0.3

0

2

4

6

8

10

12

 7-d

C
o

m
p
re

s
s
iv

e
 s

tr
e
n

g
th

 (
M

P
a

)

Mixture codes



 

47 
 

7% Na2O% from 17.76 MPa to 12.20 MPa, while it 

decreased the compressive strength of the sample 

with 9% Na2O% from 14.18 MPa to 12.90 MPa. 

For AAS samples cured at low temperatures to 

achieve good mechanical performance, it is 

necessary to have a higher alkali modulus and 

Na2O% compared to AAS cured at room 

temperatures [2].  The presence of shrinkage-

induced cracks in AAS can be a concern for the 

mechanical performance of the material [33]. It 

was expected that the use of fibers, such as PP, 

could help mitigate these cracks and improve the 

compressive strength of AAS [24]. However, in the 

study, it was observed that the inclusion of PP 

fibers had a negative effect on the compressive 

strength of AAS cured at low temperatures. When 

producing AAS at low temperatures, especially by 

substituting a portion of the slag with materials like 

PC or lime, the reaction kinetics can be accelerated 

[2]. This can lead to the formation of more calcium 

silicate hydrate (C-S-H)-like gels and potentially 

result in increased cracking due to the rapid 

hydration process [19]. In such situations, the use 

of fibers, PP, can indeed be beneficial. The fibers 

can help mitigate the damage caused by advanced 

crack formation by providing reinforcement and 

bridging across cracks. This reinforcement action 

can enhance the compressive strength of the 

material and improve its overall performance, even 

in cases where cracking is more pronounced [24]. 

 

 

Fig. 3. Compressive strength results at the end of 28 days. 

 

B. Ultrasonic pulse velocity 

The UPV results of the mixtures at both 7 and 28 

days are illustrated in Fig. 4 and Fig. 5, 

respectively. The point where the UPV results 

align with the compressive strength results is the 

decrease in UPV values associated with the 

addition of PP. The 7-day UPV measurement for 

the sample with a 7% Na2O% showed a decline 

from 2717 m/s to 2577 m/s. Similarly, the UPV 

value of the sample with a 9% Na2O% exhibited a 

reduction from 2898 m/s to 2793 m/s. The decrease 

in the UPV value with the addition of PP was also 

observed in the 28-day samples. The introduction 

of fibers into the material can alter its acoustic 

properties by affecting the path of the ultrasonic 

waves. The presence of fibers may scatter or 

attenuate the ultrasonic pulses to a certain degree, 

leading to lower UPV values [34,35]. 

 

 

Fig. 4. UPV results at the end of 7 days. 

The increase in the 7-day UPV value from 2717 

m/s to 2898 m/s with an increase in Na2O% from 

7% to 9% indicates that higher alkali dosages have 

a positive effect on the ultrasonic properties of the 

AAS during early stages of curing. Higher Na2O% 

can promote faster dissolution and activation of the 

slag particles, leading to increased early-stage 

hydration. This enhanced hydration can result in 

the formation of a more compact and less porous 

microstructure, which may contribute to higher 

UPV values [30,31]. The point where the UPV 

results diverged from the compressive strength 

results was that the UPV value decreased with the 

increase of the curing time. With the increase of 

curing time, the formation of cracks due to 

shrinkage caused the UPV value to decrease. 

Higher Na2O% concentration may cause shrinkage 

and even micro cracks, compressive strength is not 

as sensitive to cracks as UPV [36]. 
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Fig. 5. UPV results at the end of 28 days. 

 

IV. CONCLUSION 

In this study, which investigated the effect of 

fiber utilization on the compressive strength and 

UPV values of AAS cured at low temperatures, the 

following conclusions were drawn. 

• Increasing the Na2O% from 7% to 9% led 

to improvements in both the 7-day and 

28-day compressive strengths. 

• With increasing curing time, the sample 

with 7% alkali dosage exhibited greater 

compressive strength development. 

• The increase in Na2O% resulted in an 

increase in the 7-day UPV value, while it 

led to a decrease in the UPV value 

measured at the end of 28 days. 

• The incorporation of 0.3% fiber reduced 

both the compressive strength and UPV 

value of samples with both 7% and 9% 

alkali dosage. 

In present study, it was observed that the use of 

fiber had an adverse effect on the compressive 

strength of AAS cured at room temperature. For 

future studies, it might be worthwhile to investigate 

the impact of using basalt fiber with higher tensile 

strength instead of PP on the compressive strength 

of AAS cured at low temperatures. 
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