
1 
 

Construction and Building Materials 247 (2020) 118543 (https://doi.org/10.1016/j.conbuildmat.2020.118543) 

Article history: 

Received 26 February 2019 

Received in revised form 13 January 2020 

Accepted 22 February 2020 

 

 

Low cost and sustainable repair material made from alkali-activated 

high-calcium fly ash with calcium carbide residue 

Tanakorn Phoo-ngernkhama,*, Chattarika Phiangphimaia, Darakorn Intarabuta, 

Sakonwan Hanjitsuwanb, Nattapong Damrongwiriyanupapc, Long-yuan Lid  

and Prinya Chindaprasirte,f** 

a Sustainable Construction Material and Technology Research Unit, Department of Civil 

Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology Isan, 

Nakhon Ratchasima 30000, Thailand 

b Program of Civil Technology, Faculty of Industrial Technology,  

Lampang Rajabhat University, Lampang 52100, Thailand 

c Civil Engineering Program, School of Engineering, University of Phayao, Phayao 56000, Thailand  

d School of Engineering, Faculty of Science and Engineering, Plymouth University,  

PL4 8AA, United of Kingdom 

e Sustainable Infrastructure Research and Development Center, Dept. of Civil Engineering, 

Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand 

f Academy of Science, The Royal Society of Thailand, Dusit, Bangkok 10300, Thailand 

 

Abstract 

In this work, a study on a low cost and sustainable repair material made from alkali-

activated high-calcium fly ash (FA) incorporated with calcium carbide residue (CCR) is 

reported. The FA was partially replaced with CCR (additional calcium source) at the dosages 

of 0%, 10%, 20%, and 30% by weight of binder. The alkaline activators were sodium silicate 
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(SS) and sodium hydroxide (SH) solutions with SS-to-SH ratios of 1.0, 1.5, 2.0 and 2.5 by 

weight. The alkali activator liquid/solid binder (FA+CCR) ratio of 0.60 and curing at 25 oC 

(ambient temperature) were used for all mixes. Experimental results showed that the setting 

time of mortar decreased with increases of CCR replacement level and SS-to-SH ratio, 

whereas the strength development increased. XRD and SEM results demonstrated that an 

optimum level of CCR replacement and SS-to-SH ratio resulted in the additional formation of 

C-S-H (calcium silicate hydrate) and/or C-A-S-H (calcium aluminosilicate hydrate) that 

coexisted with N-A-S-H (sodium aluminosilicate hydrate). The bond strength of the alkali-

activated mortar with concrete substrate was also improved. The setting time and strengths 

complied with the requirement of the ASTM standards for repair materials and thus indicated 

its suitable as an alternative repair material in terms of environmentally friendly and low cost.  
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1. Introduction 

Nowadays, great effort has been made to develop alternative cement for replacing 

ordinary Portland cement (OPC). The production of OPC releases a large quantity of CO2 [1]; 

approximately 1 ton of CO2 for every ton of OPC [2]. Therefore, alternative low-carbon 

products have to be explored to reduce greenhouse gas, for instance, the use of supplementary 

cementitious materials [3], calcined clay-limestone cements [4] and alkali-activated binders 

[5-9]. Recently, alkali-activated binders are receiving more attention as an alternative 

cementitious material to OPC because of its advantages over OPC in terms of low CO2 



3 
 

emission [10], excellent resistance to acid and sulfate [11, 12], good bond with reinforcing 

steel [13, 14], high fire resistance [15] and excellent bond with old concrete [16-18]. 

Alkali-activated (AA) binder is obtained from aluminosilicate materials activated with 

concentrated alkali solutions such as sodium hydroxide (SH) solution and sodium silicate 

(SS) solution [19]. As per the publication of Pacheco-Torgal et al. [7], it was suggested that 

AA binders could be classified into two categories. One is the blast furnace slag activated 

with a mild alkaline solution. The other is the metakaolin or low calcium FA activated with 

medium or high alkaline solutions. The former has a combination of C-S-H (calcium silicate 

hydrate) and/or C-A-S-H (calcium aluminosilicate hydrate) and N-A-S-H (sodium 

aluminosilicate hydrate) gels as the main products, whereas the latter has only N-A-S-H gel 

[7, 20]. The reaction product of N-A-S-H gel gives lower strength than a combination of N-

A-S-H and C-S-H gels as reported in many publications [21-24]. In Thailand, the high-

calcium FA from Mae Moh power plant in northern Thailand is the most widely used source 

material for AA binders. The high calcium content from FA is essential to improve  

the strength development of AA binder when cured at room temperature [18, 24-28].  

The reaction of calcium oxide and mild alkali solution generates heat [7] and is therefore 

beneficial to an enhancement of mechanical properties of AA binder.  

The AA high-calcium FA has been used as an alternative repair material [16-18, 29] 

because of its fast setting and excellent mechanical properties. However, its strength is still 

lower than that of alkali-activated slag incorporated with low calcium FA [24]. Many 

researchers have used the reactive CaO as additives for developing its strength when cured at 

ambient temperature. For instance, FA was replaced or blended with OPC [16, 28, 30], 

calcium hydroxide [17] and gypsum [31, 32]. The other interesting calcium rich waste 

material is the calcium carbide residue (CCR) from acetylene production process. It is 

attractive for use as calcium promoter to enhance the strength development because CCR 
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involves a high calcium hydroxide (Ca(OH)2) content [33]. As reported in literature,  

Ca(OH)2 from CCR reacts with SiO2 and Al2O3 from high-calcium FA to form additional 

reaction product [34] and hence leads to better overall strength development. Therefore, the use 

of CCR with high alkalinity is attractive in terms of both the economical and environmental 

perspectives because it helps to reduce substantially environmental problem [35]. Many 

researchers have used CCR with high-calcium FA for making AA binders. For example, 

Phummiphan et al. [36] studied the marginal lateritic soil stabilized with CCR and high-

calcium FA for developing sustainable pavement. Phetchuay et al. [37] used high-calcium FA 

geopolymer with CCR as a sustainable material to improve the strength of soft marine clay. 

However, there is not much work on CCR used as the repair material for repairing damaged 

concrete, in which case not only the compressive strength but also the setting time and bond 

strength are the crucial design parameters. 

Therefore, the aim of this paper is to study the setting time and strength of AA high-

calcium FA mortar incorporated with CCR. The AA high-calcium FA-CCR paste was 

analyzed using XRD and SEM. The compressive strength and shear bond strength were 

tested. The effect of SS-to-SH ratio on the strength development of AA high-calcium FA 

mortar with CCR was also investigated. The obtained knowledge would be instrumental for 

the future application of AA high-calcium FA paste and mortar incorporated with CCR as 

alternative repair materials. 

 

2. Experimental details 

2.1 Materials  

In this study, the precursors were the lignite coal FA obtained from Thailand Mae Moh 

power plant and the CCR obtained from an acetylene gas process in Sai 5 Gas Product Co., 

Ltd. The CCR was dried in the oven at 100oC for 24 hours because it had a high moisture 
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content approximately 52% [34]. Then, it was ground using a Los Angeles abrasion machine 

to obtain fine particles by passing a sieve No. 100 (150 µm). After grinding, the CCR was 

covered using plastic sheet to prevent moisture exchange. The CCR had the specific gravity 

of 2.25, median particle size of 21.2 m, and Blain fineness of 4550 cm2/g. The FA had the 

specific gravity of 2.64, median particle size of 15.5 m, and Blain fineness of 4300 cm2/g.  

Figure 1 shows the particle size distributions of the CCR and FA used. A 10M SH solution 

and a SS solution with 11.67% Na2O, 28.66% SiO2 and 59.67% H2O were used as liquid 

activators with a fixed liquid alkaline to binder ratio of 0.60. In the present study, different 

SS/SH ratios were also used in the mixtures to examine the effect of SS/SH ratio on the 

setting time, mechanical strengths and microstructure of AA high-calcium FA with CCR. 

Table 1 gives the chemical compositions of FA and CCR. The FA consisted mainly of SiO2, 

Al2O3, Fe2O3, CaO with some other minor elements. The sum of SiO2, Al2O3 and Fe2O3 was 

60.96%, with 25.79% CaO complied with Class C fly ash as per ASTM C618-15 [38]. While, 

the CCR mainly consisted of high calcium content (Ca(OH)2 and/or CaO) (89.2%) with some 

components of SiO2 (6.16%), Al2O3 (3.54%) and LOI (2.79%). Local river sand of sizes 

ranging from 0.07 mm to 3 mm with 2.63 specific gravity and 1.80 fineness modulus was 

used for producing mortar samples. 

For the mixing of the mortar, FA, CCR and fine aggregate were mixed together for 60s. 

After that, SS and SH solutions were added, and then mixed again for 30s. The mix 

proportions of AA high-calcium FA with CCR mortar is shown in Table 2. Note that due to 

different densities of individual components the overall densities of the mixed pastes and/or 

mortars are also different. The mixing of pastes for the SEM and XRD analyses was the same 

as that of mortar but without adding the river sand.  

 

2.2 Testing and analysis 
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 After mixing, the setting time of AA high-calcium FA with CCR was evaluated using 

the method of penetration resistance as per ASTM C191 [39]. After that, a fresh mortar was 

placed into 50x50x50 mm cube molds for the compressive strength test of mortar as per 

ASTM C109 [40]. While, the shear bond strength between the mortar and Portland cement 

concrete substrate (PCC) was tested using slant shear. The  test was adapted from ASTM 

C882 [41] as reported in previous studies [17, 18]. The details of PCC were given in the 

previous studies [18, 24, 42]. The PCCs were cut at an angle of 30° to the cross-section at the 

middle section for acting as a concrete substrate used for the shear bond strength test. The 

casting of samples was based on the previous studies [16-18, 24, 25]. The mortar was cast 

into a 50x50x125 mm prism mold containing the cut PCC sample. After that, the prisms were 

immediately covered using vinyl sheet and kept in a 25 ºC controlled room.  

 For the preparation of XRD samples, the 28-day alkali-activated paste cube was broken 

and ground to fine particles. The XRD was performed at 5 to 60 °2theta with an increment of 

0.02 degree/step and a speed of 0.5 sec/step. The quantitative XRD analysis was performed 

by using Bruker’s TOPAS software to determine amorphous phases. For the preparation of 

SEM samples, the 28-day alkali-activated paste cubes were broken and the middle portions of 

the cubes were used. The micrographs were recorded at 15 kV and 1,000x magnification. 

 

3. Results and Discussion 

3.1 Setting time 

Figure 2 summarizes the results of the setting time of AA high-calcium FA mortar 

incorporated with CCR. It is evident that the CCR replacement level and SS-to-SH ratio 

mainly controlled the setting time of mortar. As is observed from the figure, the setting time 

tended to decrease with the increases of both CCR replacement and SS-to-SH ratio. For 

example, the final setting times of 100FA-SS/SH=1.0, 100FA-SS/SH=1.5, 100FA-
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SS/SH=2.0, 100FA-SS/SH=2.5; 80FA20CCR-SS/SH=1.0, 80FA20CCR-SS/SH=1.5, 

80FA20CCR-SS/SH=2.0 and 80FA20CCR-SS/SH=2.5 were 45, 41, 32, 28; 24, 21, 16 and 12 

min, respectively. As the CCR contained a reasonably high calcium (Ca(OH)2 and CaO) 

content of 89.24%, the rapid setting and hardening of mortar was obtained. Lee and Van 

Deventer [43] reported that the solidification rate was increased as a result of the extra 

nucleation sites for precipitation of dissolved species. This agreed with Pangdaeng et al. [30] 

that the use of PC (contained a high CaO content at 65.3%) to replace FA for producing 

geopolymer mortar accelerated the setting of the mixture. Also, Pangdaeng et al. [30] 

suggested that the heat generated by CaO assisted the geopolymerization process. According to 

Figure 2, the high SS-to-SH ratio shortened the setting time of mortar when compared to the 

low SS-to-SH ratio. This was because the reactive SiO2 from SS solution reacted with Ca(OH)2 

and CaO from high calcium FA and CCR. The fast setting of AA mortar is advantageous for 

repair material. As per ASTM C881/C881M-14 [44], the required initial setting time for repair 

binder must be less than 30 min. The results shown in Figure 2 indicate that all of the AA high-

calcium FA mortars incorporated with CCR met the setting time requirement of ASTM 

standard.   

 

3.2 Strength 

3.2.1 Compressive strength 

The results of compressive strength of AA high calcium FA mortars incorporated with 

CCR are shown in Figure 3. The compressive strengths of AA mortars increased with 

increasing CCR replacement level (except for the 30%CCR replacement). For example, the 28-

day strengths of 100FA-SS/SH=2.0, 90FA10CCR-SS/SH=2.0, 80FA20CCR-SS/SH=2.0 and 

70FA30CCR-SS/SH=2.0 were 51.8, 62.4, 64.6 and 54.8 MPa, respectively. Hanjitsuwan et al. 

[33] reported that the free Ca(OH)2 and CaO from CCR reacted with silica and alumina from 
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FA and formed additional C-S-H and C-A-S-H. These results are consistent with the findings 

of Phoo-ngernkham et al. [26] and Pangdaeng el at. [30]. The slight strength loss of 30%CCR 

samples is probably due to the rapid chemical reaction of the matrix (confirmed with the results 

of setting time of mortar as shown in Figure 2), which causes the strength of the material not 

fully being developed. According to Figure 3, the SS-to-SH ratio also played a significant role 

on the strength development of mortar. For example, the 28-day strengths of 80FA20 CCR-

SS/SH=1.0, 80FA20CCR-SS/SH=1.5, 80FA20CCR-SS/SH=2.0 and 80FA20CCR-

SS/SH=2.5 were 53.1, 61.2, 64.6 and 57.3 MPa, respectively. This suggests that the strength 

of mortar increased with increasing SS-to-SH ratio up to a threshold level (SS/SH=2.0) and 

after then it started to decrease. This again is due to the fact that the setting of matrix being 

too fast would result in a formation of poor initial matrix structure and thus hinders the 

subsequent strength development [33]. Khater [45] also claimed that the excessive lime 

would have an adverse effect on the optimum gels binder structure. Nevertheless, according 

to Figure 3, the 7-day strengths of AA mortar met the strength requirement as per ASTM 

C928-13 [46]. In fact, all mixes of alkali-activated mortars met the 28-day strength 

requirement for repair material of ASTM C881/C881M-14 [44]. Therefore, the AA high-

calcium FA mortar incorporated with CCR satisfies the strength requirement for the use as an 

alternative repair material. 

 

3.2.2 Shear bond strength 

The results of shear bond strength between AA mortar and PCC substrate are 

summarized in Figure 4. The 28-day shear bond strength between AA mortar and PCC 

substrate tended to increase with increasing CCR replacement and SS-to-SH ratio up to an 

optimum level. For example, the shear bond strengths for 100FA-SS/SH=1.0, 100FA-

SS/SH=1.5, 100FA-SS/SH=2.0, 100FA-SS/SH=2.5; 80FA20CCR-SS/SH=1.0, 80FA20CCR-
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SS/SH=1.5, 80FA20CCR-SS/SH=2.0 and 80FA20CCR-SS/SH=2.5, were 7.1, 8.7, 9.0, 7.3; 

13.1, 14.6, 15.0 and 14.1 MPa, respectively. The noticeable increase in shear bond strength was 

observed when AA mortar contained the optimum amount of CCR. The reaction products at 

the contact zone were improved remarkably. Many researchers [16-18, 24, 25, 29, 47] have 

reported that additional C-S-H and/or C-A-S-H gel were formed and coexisted with N-A-S-H 

gel, which was the main reason for enhancing the bonding strength at contact zone. However, 

similar to the compressive strength, the bond strength of 30%CCR was also lower than that of 

20%CCR, indicating that there is a turning point for the CCR addition. It was reported that 

large heat generated from Ca(OH)2 and CaO from high-calcium FA and CCR with alkali 

medium had negative influence on the composite materials similar to that of the AA binder 

made from high-calcium FA incorporated with commercial calcium hydroxide [17]. Thus, care 

should be taken for the use of CCR, particularly when a higher SS-to-SH ratio is used in order 

to keep the balance between the setting time and strength development. Concerning the effect 

of SS-to-SH ratio, the shear bond strength increased with increasing SS-to-SH ratio up to 2.0 

and beyond this it started to decrease, suggesting that the SS-to-SH ratio should not exceed 2.0, 

which is consistent with the compressive strength. The high shear bond strengths were 

observed in the mixes of 100FA-SS/SH=2.0, 90FA10CCR-SS/SH=2.0, 80FA20CCR-

SS/SH=2.0 and 70FA30CCR-SS/SH=1.5 for all CCR replacement levels.  

The shear bond strength of a few available commercial repair materials (CRM) was also 

tested. CRM-1 was general purpose non-shrink grout mortar, whereas CRM-2 was polymer 

modified repair mortar. It can be seen that the mixes of AA mortar showed lower bond strength 

than that of CRM-1 (22.0 MPa) but higher than that of CRM-2 (14.0MPa). Nonetheless, the 

shear bond strengths of AA mortars met the minimum bonding strength requirement (10 MPa) 

as per ASTM C881/C881M-14 [44]. Therefore, the AA high-calcium FA mortar incorporated 

with CCR has a good potential for the use as an alternative repair material. 
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3.3 XRD analysis 

Figures 5-8 summarize the results of the XRD patterns of the AA high-calcium FA paste 

incorporated with CCR. The XRD patterns of the paste without CCR under different SS-to-

SH ratios are illustrated in Figures 5a, 6a, 7a and 8a, respectively. It can be seen from the 

figures that there were amorphous phases shown by the hump around 20-38° 2theta and 

crystalline phases of quartz (SiO2), magnetite (Fe2O3), mullite (Al6Si2O13), calcite (CaCO3) 

and C-S-H. It has been reported that the presence of amorphous phases in the XRD pattern 

corresponded to the combination of C-S-H and N-A-S-H gels within the matrix [49]. This 

reaction product controls the strength development of AA cement [7]. 

For the mixes with 10%CCR at the SS-to-SH ratio of 1.0, the pattern was similar to the 

pastes without CCR, as illustrated in Figure 5b. While for the 80FA20CCR-SS/SH=1.0 

(Figure 5c) and 70FA30CCR-SS/SH=1.0 (Figure 5d), the peaks of aluminite 

(Al2(SO4)(OH)4.17H2O) and vishnevite (Na8Al6Si6O24(SO4)2.H2O) were noticed with a 

reduction in quartz (SiO2). Noticeable difference was also found in the mixes with CCR at 

SS-to-SH ratios of 1.5, 2.0 and 2.5 as shown in Figures 6b-6d, 7b-7d, 8b-8d. A shift in the 

hump to a broad hump at 25-35 °2theta with The crystalline phases of quartz (SiO2), 

magnetite (Fe2O3), mullite (Al6Si2O13), calcite (CaCO3), C-S-H and Ca(OH)2 were observed. 

The associated increase in peaks of portlandite, C-S-H, and broad hump is similar to the 

behaviors of AA high-calcium FA containing PC [17, 30]. Phoo-ngernkham et al. [24] 

reported that a large amount of amorphous phase with C-S-H gel was responsible for the 

increase in strength development of alkali-activated binders (see Figure 3). However, in the 

sample of 30%CCR replacement there was high amount of portlandite and calcite. When the 

water was not sufficient there the formed portlandite might not be fully hydrated, which 

could affect the compressive and bond strength development.    
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3.4 SEM analysis 

The SEM images of AA paste cured for 28 days are shown in Figure 9. It can be seen 

that, the SEM images corresponded well to the strength behaviors (see Figure 3). The SEM 

image appeared dense with increasing CCR replacement and SS-to-SH ratio except for the 

mixes of 70FA30CCR or SS/SH=2.5. The matrix of AA high-calcium FA paste without CCR 

(Figures 9a-9c) was less dense and loose with a number of non-reacted FA particles 

embedded. When the mixes contained 20%CCR (Figures 9g-9i), the SEM images showed 

denser structures than those of the mixes without CCR replacement. Hanjitsuwan et al. [33] 

and Ismail et al. [48] suggested that CCR comprised mainly of CaO. Therefore, it can react 

with SiO2 and Al2O3 from high-calcium FA and hence additional C-S-H and C-A-S-H gel 

coexisted with N-A-S-H gel. Hanjitsuwan et al. [33] also reported that the heat generated 

from calcium oxide and alkali solutions helped the degree of reaction within the matrix and 

hence a shorter setting time and a better strength development were obtained as shown in 

Figures 2 and 3. However, noticeable difference was observed in the mixes of 70FA30CCR-

SS/SH=1.0 (Figure 9j), 70FA30CCR-SS/SH=2.0 (Figure 9k) and 70FA30CCR-SS/SH=2.5 

(Figure 9l). As mentioned above, less dense pastes were found mainly in the 70FA30CCR-

SS/SH=2.5 mix. This seems to be consistent with the XRD patterns shown in Figures 5d, 6d, 

7d, 8d). The presences of high amount of Portlandite (Ca(OH)2)
 and crystalline calcite 

(CaCO3) would have an adverse effect on the strength development of geopolymer matrix. 

Hanjitsuwan et al. [33] also found that bottom ash geopolymer mortar incorporated with 

30%CCR resulted in carbonate (CO3
2-) band in high wave number in the FTIR spectra 

analysis. This could explain why they had low compressive and bond strengths.  

 

3.5 Cost analysis and life-cycle assessment  
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The cost analysis and life-cycle assessment (LCA) of AA high-calcium FA mortar with 

CCR under different SS-to-SH ratios have been evaluated. Thailand market prices (2018) are 

used to calculate the price of repair materials. Table 3 shows the prices of AA mortar with 

and without CCR, while Table 4 shows the prices of PCC and CRM. According to Tables 3 

and 4, the total prices of AA high-calcium FA incorporated with CCR, CRM-1, and CRM-2 

are about 185-204 £/m3, 2,208 £/m3 (1.13 £/kg) and 3,717 £/m3 (1.76 £/kg), respectively; 

while the total cost of the base line is about 47 £/m3. Note that the cost of PCC given in the 

table is only for the purpose of reference since PCC itself cannot be used as the repair 

material because it does not have enough bond strength. It can be confirmed with Figure 10 

that the use of AA high-calcium FA incorporated with CCR is more cost-effective than the 

use of CRM. This agreed with previous studies of Phoo-ngernkham et al. [17] and 

Chindaprasirt et al. [49].  

For the LCA analysis, its unit is defined as CO2-e emitted (t CO2-e/ton) as reported by 

the previous study [29]. Based on the literature [37, 50, 51], the emission factors are given in 

Table 5 and the corresponding results calculated are shown in Tables 6 and 7. It is found that 

FA gives the lowest value, whereas SS gives the highest value. The mixes with 100FA-

SS/SH=1.0, 90FA10CCR-SS/SH=1.0, 80FA20CCR-SS/SH=1.0, and 70FA30CCR-

SS/SH=1.0 give the lowest CO2-e emission, which are 0.237, 0.238, 0.239, and 0.240 ton 

CO2-e/ton, respectively. While the CO2-e emission of the base line, CRM-s, and CRM-2 are 

0.722, 11.999, and 11.115 ton CO2-e/ton, respectively. Based on its low carbon footprint and 

high cost-effectiveness, the use of AA high-calcium FA incorporated with CCR confirms its 

suitability as a repair material for concrete in terms of its excellent economic profitability and 

high bond strength quality. 

 

4. Conclusion 
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 This paper has presented an experimental investigation on the feasibility of using 

alkali-activated high-calcium FA incorporated with CCR as a potential repair material for 

repairing damaged concrete. The experimental results include the sitting time, compressive 

strength, and shear bond strength as well as the effect of % replacement of CCR to FA and 

SS-to-SH ratio on them. From the results obtained, the following conclusions could be 

drawn:  

1) Both the replacement of FA with CCR and the use of high amount of SS-to-SH 

ratio can shorten the setting time of AA high-calcium FA mortar. The larger the replacement 

of FA with CCR or the greater the SS-to-SH ratio used in the mix, the shorter the sitting time 

is achieved. 

2) The compressive strength of the AA high-calcium FA mortar incorporated with 

CCR increases with increasing CCR replacement. However, this increase vanishes when the 

replacement of FA with CCR reaches to 20%. After this value the compressive strength of the 

AA high-calcium FA mortar incorporated with CCR starts to drop. For a fixed replacement of 

FA with CCR, the compressive strength of the AA high-calcium FA mortar increases with SS-

to-SH ratio until SS/SH=2.0. After that value the compressive strength drops with further 

increased SS/SH ratio, suggesting the maximum value of the SS/SH ratio could be used in the 

mix is 2.0.  

3) The 28-day shear bond strength between the AA mortar and concrete substrate was 

found to increase with increased CCR replacement or increased SS-to-SH ratio. However, 

similar to the compressive strength, the increase holds only in the range between 0% and 20% 

replacement of FA with CCR and the SS/SH ratio being not exceeded 2.0.   

4) The XRD results confirmed that the AA high-calcium FA paste samples with an 

optimum level of CCR replacement and SS-to-SH ratio have increased peaks of Ca(OH)2,  

C-S-H and broad hump, which correlates to the strength increase. While, the SEM images of 
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AA pastes with an optimum level of both CCR replacement and SS-to-SH ratio showed an 

improved microstructure than the pastes without CCR replacement.  

5) The cost and life-cycle analyses demonstrated that the AA high-calcium FA mortar 

with CCR provides a good alternative for repairing damaged concrete, which not only has good 

performance and low carbon footprint, but also is cost-effective. 
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Table 1 Chemical compositions of FA and CCR (by weight)  

Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Other SO3 LOI 

FA 31.32 13.96 15.64 25.79 2.94 2.93 2.83 - 3.29 1.30 

CCR 6.16 3.54 0.18 89.24 0.37 - - 0.50 0.87 2.79 

 

 

Table 2 Mix proportions of alkali-activated high calcium FA mortar with CCR (kg/m3) 

Mix No. Mix symbol FA (kg) CCR (kg) Sand (kg) SH (kg) SS (kg) 

1 100FA-SS/SH=1.0 830 - 817 255 255 

2 100FA-SS/SH=1.5 832 - 820 205 307 

3 100FA-SS/SH=2.0 834 - 821 171 342 

4 100FA-SS/SH=2.5 835 - 822 147 367 

5 90FA10CCR-SS/SH=1.0 743 83 814 254 254 

6 90FA10CCR-SS/SH=1.5 745 83 816 204 306 

7 90FA10CCR-SS/SH=2.0 747 83 818 170 340 

8 90FA10CCR-SS/SH=2.5 747 83 818 146 365 

9 80FA20CCR-SS/SH=1.0 657 164 809 253 253 

10 80FA20CCR-SS/SH=1.5 660 164 812 203 304 

11 80FA20CCR-SS/SH=2.0 660 164 813 169 338 

12 80FA20CCR-SS/SH=2.5 661 164 814 145 363 

13 70FA30CCR-SS/SH=1.0 572 245 805 251 251 

14 70FA30CCR-SS/SH=1.5 574 245 808 202 303 

15 70FA30CCR-SS/SH=2.0 575 245 809 168 336 

16 70FA30CCR-SS/SH=2.5 575 245 810 145 361 
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Table 3 Prices of alkali-activated high-calcium FA with CCR  

Mix symbol 
FA  

(£) 

CCR  

(£) 

Sand  

(£) 

SH  

(£) 

SS  

(£) 

Total price 

(£/m3) 

100FA-SS/SH=1.0 39.5 0 7.0 60.7 85.0 192 

100FA-SS/SH=1.5 39.6 0 7.0 48.8 102.3 198 

100FA-SS/SH=2.0 39.7 0 7.0 40.7 114.0 202 

100FA-SS/SH=2.5 39.8 0 7.0 35.0 122.3 204 

90FA10CCR-SS/SH=1.0 35.4 1.0 7.0 60.5 84.7 188 

90FA10CCR-SS/SH=1.5 35.5 1.0 7.0 48.6 102.0 194 

90FA10CCR-SS/SH=2.0 35.6 1.0 7.0 40.5 113.3 197 

90FA10CCR-SS/SH=2.5 35.6 1.0 7.0 34.8 121.7 200 

80FA20CCR-SS/SH=1.0 31.3 2.0 6.9 60.2 84.3 185 

80FA20CCR-SS/SH=1.5 31.4 2.0 7.0 48.3 101.3 190 

80FA20CCR-SS/SH=2.0 31.4 2.0 7.0 40.2 112.7 193 

80FA20CCR-SS/SH=2.5 31.5 2.0 7.0 34.5 121.0 196 

70FA30CCR-SS/SH=1.0 27.2 2.9 6.9 59.8 83.7 180 

70FA30CCR-SS/SH=1.5 27.3 2.9 6.9 48.1 101.0 186 

70FA30CCR-SS/SH=2.0 27.4 2.9 6.9 40.0 112.0 189 

70FA30CCR-SS/SH=2.5 27.4 2.9 6.9 34.5 120.3 192 

 

Table 4 Prices of PCC and CRM  

Mix symbol 
PC  

(£) 

Fine aggregate 

(£) 

Coarse aggregate 

(£) 

CRM  

(£) 

Water 

(£) 

Total price 

(£/m3) 

PCC (base line) 28.7 4.5 8.0 - 5.8 47 

CRM-1 - - - 3,709.0 8.0 3,717 

CRM-2 - - - 2,195.5 12.5 2,208 
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Table 5 The emission factors of tested materials [37, 50, 51]. 

Materials Emission factor (t CO2-e/ton) 

Portland cement, PC (kg) 0.8200 

River sand, RS (kg) 0.0139 

Coarse aggregate, CA (kg) 0.4300 

Commercial repair material, CRM (kg)  5.7000 

Fly ash, FA (kg) 0.0070 

Calcium carbide residue, CCR (kg) 0.0350 

Sodium hydroxide, SH (kg) 0.7000 

Sodium silicate, SS (kg) 1.5140 

 

 

Table 6  LCA analysis of alkali-activated high-calcium FA with CCR from this study 

Mix symbol 
FA 

(kg) 

CO2-e/t 

from FA 

CCR 

(kg) 

CO2-e/t 

from CCR 

RS 

(kg) 

CO2-e/t 

from RS 

SH 

(kg) 

CO2-e/t 

from SH 

SS 

(kg) 

CO2-e/t 

from SS 
Total CO2-e/t 

100FA-SS/SH=1.0 830 0.0058 - - 817 0.0114 255 0.0536 255 0.1660 0.237 

100FA-SS/SH=1.5 832 0.0058 - - 820 0.0114 205 0.0431 307 0.1999 0.260 

100FA-SS/SH=2.0 834 0.0058 - - 821 0.0114 171 0.0359 342 0.2226 0.276 

100FA-SS/SH=2.5 835 0.0058 - - 822 0.0114 147 0.0309 367 0.2389 0.287 

90FA10CCR-SS/SH=1.0 743 0.0052 83 0.0029 814 0.0113 254 0.0533 254 0.1654 0.238 

90FA10CCR-SS/SH=1.5 745 0.0052 83 0.0029 816 0.0113 204 0.0428 306 0.1992 0.262 

90FA10CCR-SS/SH=2.0 747 0.0052 83 0.0029 818 0.0114 170 0.0357 340 0.2213 0.277 

90FA10CCR-SS/SH=2.5 747 0.0052 83 0.0029 818 0.0114 146 0.0307 365 0.2376 0.288 

80FA20CCR-SS/SH=1.0 657 0.0046 164 0.0057 809 0.0112 253 0.0531 253 0.1647 0.239 

80FA20CCR-SS/SH=1.5 660 0.0046 164 0.0058 812 0.0113 203 0.0426 304 0.1979 0.262 

80FA20CCR-SS/SH=2.0 660 0.0046 164 0.0058 813 0.0113 169 0.0355 338 0.2200 0.277 

80FA20CCR-SS/SH=2.5 661 0.0046 164 0.0058 814 0.0113 145 0.0305 363 0.2363 0.288 

70FA30CCR-SS/SH=1.0 572 0.0040 245 0.0086 805 0.0112 251 0.0527 251 0.1634 0.240 

70FA30CCR-SS/SH=1.5 574 0.0040 245 0.0086 808 0.0112 202 0.0426 303 0.1973 0.264 

70FA30CCR-SS/SH=2.0 575 0.0040 245 0.0086 809 0.0112 168 0.0353 336 0.2187 0.278 

70FA30CCR-SS/SH=2.5 575 0.0040 245 0.0086 810 0.0113 145 0.0305 361 0.2350 0.289 

 

Table 7  LCA analysis of PCC and CRM from this study 

Mix symbol PC (kg) 
CO2-e/t 

from PC 
RS (kg) 

CO2-e/t 

from RS 
CA (kg) 

CO2-e/t 

from CA 
CRM (kg) 

CO2-e/t 

from CRM 
Total CO2-e/t 

Base line 495 0.1040 510 0.0071 938 0.6107 - - 0.722 

CRM-1 - - - - - - 2105 11.999 11.999 
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CRM-2 - - - - - - 1950 11.115 11.115 
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Figure 1  Particle size distributions of FA and CCR. 
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Figure 2 Setting time of alkali-activated high-calcium FA mortar under different CCR 

replacement levels and SS-to-SH ratios  
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Figure 3  Compressive strength of alkali-activated high-calcium FA mortar incorporated with 

CCR under different SS-to-SH ratios and curing times 
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Figure 4  28-day shear bond strength between PCC substrate and alkali-activated high-

calcium FA mortar under different CCR replacement levels and SS-to-SH ratios 
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Q=Quartz (SiO2), F=Magnetite (Fe3O4), S=Calcium silicate hydrate (C-S-H), Al=aluminite (Al2(SO4)(OH)4.17H2O), 
V=Vishnevite (Na8Al6Si6O24(SO4)2.H2O), C=Calcite (CaCO3), P = Portlandite (Ca(OH)2), M = Mullite (Al6Si2O13)
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Figure 5  XRD patterns of alkali-activated high-calcium FA paste incorporated with CCR at 

SS-to-SH ratio of 1.0, cured for 28 days: curve labelled (a) 100FA-SS/SH=1.0; (b) 

90FA10CCR-SS/SH=1.0; (c) 80FA20CCR-SS/SH=1.0; (d) 70FA30CCR-SS/SH=1.0 
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Figure 6  XRD patterns of alkali-activated high-calcium FA paste incorporated with CCR at 

SS-to-SH ratio of 1.5, cured for 28 days: curve labelled (a) 100FA-SS/SH=1.5; (b) 

90FA10CCR-SS/SH=1.5; (c) 80FA20CCR-SS/SH=1.5; (d) 70FA30CCR-SS/SH=1.5 
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Figure 7  XRD patterns of alkali-activated high-calcium FA paste incorporated with CCR at 

SS-to-SH ratio of 2.0, cured for 28 days: curve labelled (a) 100FA-SS/SH=2.0; (b) 

90FA10CCR-SS/SH=2.0; (c) 80FA20CCR-SS/SH=2.0; (d) 70FA30CCR-SS/SH=2.0 
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Figure 8  XRD patterns of alkali-activated high-calcium FA paste incorporated with CCR at 

SS-to-SH ratio of 2.5, cured for 28 days: curve labelled (a) 100FA-SS/SH=2.5; (b) 

90FA10CCR-SS/SH=2.5; (c) 80FA20CCR-SS/SH=2.5; (d) 70FA30CCR-SS/SH=2.5 
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Figure 9  SEM images of alkali-activated high-calcium FA paste under different CCR 

replacement levels and SS-to-SH ratios, cured for 28 days 

 

 

   

(a) 100FA-SS/SH=1.0 (b) 100FA-SS/SH=2.0 (c) 100FA-SS/SH=2.5 

   

(d) 90FA10CCR-SS/SH=1.0 (e) 90FA10CCR-SS/SH=2.0 (f) 90FA10CCR-SS/SH=2.5 

   

(g) 80FA20CCR-SS/SH=1.0 (h) 80FA20CCR-SS/SH=2.0 (i) 80FA20CCR-SS/SH=2.5 

   

(j) 70FA30CCR-SS/SH=1.0 (k) 70FA30CCR-SS/SH=2.0 (l) 70FA30CCR-SS/SH=2.5 
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Figure 10 Comparison of cost-effective between alkali-activated high-calcium FA with CCR 

mortar under different SS-to-SH ratios and commercial repair material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


