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A B S T R A C T   

The effects of using recycled concrete aggregate (RCA) as coarse aggregate on the equivalent 
substrate stiffness and mechanical properties of sustainable alkali-activated concrete were 
investigated in this paper. High-calcium fly ash (HFA) and commercial silica fume (SF) were used 
as the precursors for producing the alkali-activated high-calcium fly ash concrete (AAHFAC). 
Sodium hydroxide (SH) and sodium silicate (SS) solutions were used as alkaline activator solu
tions with the constant SS/SH ratio of 1.0 and liquid-binder (L/B) ratio of 0.50. The natural coarse 
aggregate (NCA) used in this study was crushed limestone and replaced with RCA at the rates of 
0%, 20%, 40%, 60%, 80%, and 100% by volume. The setting time, compressive strength, elastic 
modulus, Poisson’s ratio, and bond strength obtained by pull-out tests of AAHFAC and Portland 
cement concrete (NC) were investigated. Experimental results showed that the use of RCA to 
replace NCA resulted in reducing the setting time of concrete. Also, the setting time of the 
AAHFAC with and without SF were shorter than that of NC mixes for all of RCA replacement 
level. The use of RCA had a positive effect on the mechanical properties of alkali-activated binder; 
however, they declined at NC mixes. Therefore, the use of RCA in alkali-activated binder concrete 
is an excellent alternative for sustainable concrete since it allows for the substitution of natural 
resource components while somehow producing low CO2 emissions.   
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1. Introduction 

Although ordinary Portland cement (OPC) is a classic construction material widely used as a cementing material for construction 
works, the manufacturing process emits large amount of carbon dioxide (CO2) to the atmosphere [1,2]. It is well-known that Portland 
cement concrete (PCC) simply called normal concrete (NC) consists of OPC, fine and coarse aggregates, and water. However, PCC 
production consumes large amount of non-renewable natural resources such as sand, gravel, limestone. This causes significant 
reduction of natural resources which must be considered seriously. In order to solve this problem, several researchers [3–5] attempted 
to utilize waste from construction and demolition sites such as old building concrete, defective precast concrete, concrete block, 
reclaimed asphalt pavement, and so on, as an alternated aggregate source. These wastes from construction and demolition sites, if not 
being utilized, are mostly ended up in landfills. 

There are many types of recycled aggregate (RA), which can be used to replace natural aggregates (NA) (sand and limestone) in 
concrete manufacturing. Wongsa et al. [5] claimed that the RA from different areas can be used to fabricate Portland cement com
posites. However, some researchers [5–7] demonstrated that the mechanical properties of concrete are strongly affected by the 
properties of RAs. This is due to the weakness and high porosity of RAs as compared to crushed natural limestone, which leads to poor 
quality concrete [6]. Nowadays, recycled concrete aggregate (RCA) with a compressive strength of about 35–50 MPa has been widely 
studied in producing concrete, as reported by Arabiyat et al. [8]. They reported that RCA with relatively high strength could be used to 
replace the natural coarse aggregate (NCA). Many studies were conducted on utilizing RCA in concrete. For instance, RCA was applied 
to replace NCA to investigate the shear behavior of concrete beams [8]. Their results showed that the shear capacity increased as the 
RCA replacement level increased. Nobre et al. [6] developed a novel dry-mix shotcrete combined with coarse RCA. In general, the 
performance of shotcretes mixed with RCA is not so good as those mixed with NCA due to the higher water absorption of coarse RCA. 

Green material called “alkali-activated binder” has been developed by several researchers [5,9–16] to use as an alternative material 
for cement and concrete. Alkali-activated binder (AAB) can be synthesized by the chemical reactions between aluminosilicate ma
terials and alkaline solutions [17–21]. In Thailand, the fly ash (FA) from Mae Moh power plant has been used as the precursor for AAB 
because of its vast availability and suitable chemical compositions (i.e., SiO2, Al2O3, and CaO). From Chindaprasirt et al. [22] study, it 
was demonstrated that the coexistence of SiO2 and CaO in the AAB matrix helped the geopolymerization process to occur at ambient 
temperature, which made it an ideal material for repairing works. Phoo-ngernkham et al. [11,23–25] carried out a pioneering work on 
a novel sustainable repair material made from alkali-activated high-calcium FA. It was found suitable as an alternative repair material 
with advantages on environmental friendliness and cost effectiveness. For the utilization of RCA in AAB concrete, a number of re
searchers [5,12,26–28] examined the possibility of using RCA as fine and/or coarse aggregates. For example, Wongsa et al. [5] applied 
RCA in pressed FA geopolymer in the production of masonry block. They concluded that geopolymer concrete block containing RCA 
can be used to produce hollow blocks with excellent insulating properties. Pasupathy et al. [28] also studied the thermal insulation 
properties of aerated geopolymer foam concrete incorporated with RCA. The results showed that using RCA in aerated geopolymer 
foam concrete improved the thermal conductivity. In addition, Rahman et al. [12] studied the mechanical properties of 
roller-compacted geopolymer concrete and roller-compacted cement concrete using 100%RCA as a coarse aggregate. It was found that 
the mechanical properties of roller-compacted geopolymer concrete were similar to roller-compacted cement concrete. Moreover, 
some researchers [3,29,30] studied the stress-strain relationship of low-calcium based geopolymer concrete and slag based geo
polymer concrete incorporated with RCA as a coarse aggregate. They reported that the application of RCA as a coarse aggregate for 
producing geopolymer concrete led to an increase strain capacity. 

According to the above literature review, it could be seen that there are very few studies on the use of RCA in AAHFAC. This paper 
aims to investigate the effect of RCA on the mechanical properties of AAHFAC. The setting time, compressive strength, modulus of 
elasticity, Poisson’s ratio, and bond strength of the AAHFAC incorporating RCA as a coarse aggregate were examined. The outcomes of 
this study would add to an existing body of knowledge on the future application of the AAHFAC comprising RCA, especially as an 
alternate repair material. It should be mentioned that the key weakness of RCA is the part of mortar and the interface transition zone 
(ITZ) between mortar and aggregate in RCA. However, when the RCA is used in alkali-activated concrete (AAC) the old mortar and old 
ITZ will be improved significantly by the AAB during the mixing process. Hence, the effect of RCA on the mechanical properties of AAC 
with RCA would not be so obvious as that in OPC concrete, and in some circumstances the RCA may turn a positive effect on the 
performance of AAC when it uses the RCA. 

2. Experiments and analysis 

2.1. Materials 

The AAHFAC was made from high-calcium fly ash (HFA) retrieved from Mae Moh power plant in northern Thailand and silica fume 
(SF); whereas Portland cement is the main precursor for making NC. The HFA had a specific gravity of 2.64 and median particle size of 
15.5 micrometer. The average particle sizes of SF was 0.22 μm with specific surface area (BET) of 21,000 m2/kg. A 10 M sodium 
hydroxide (SH) solution and sodium silicate (SS) solution with 11.67% Na2O, 28.66% SiO2 and 59.67% H2O were used as liquid 
activators. Note that the silica modulus (SiO2/Na2O molar ratio) was 0.70, whereas total Na2O+SiO2 content was 28% by mass of the 
binder. This low silica modulus was necessary to ensure the workability of AAHFAC. In addition, the superplasticizer (SP) was also 
added to improve its workability. The chemical compositions of HFA and SF are shown in Table 1, whereas XRD patterns of HFA and SF 
are illustrated in Fig. 1. 
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2.2. Aggregate 

The natural coarse aggregate (NCA) used in this study was crushed limestone with a maximum size of 9.5 mm. The RCA was 
obtained from crushing old concrete with compressive strength ranging from 35 to 45 MPa with a maximum size of 9.5 mm. The 
texture and shape of RCA are shown in Fig. 2. Local river sand (RS) was used as a fine aggregate. The properties of RS, NCA, and RCA 
are illustrated in Table 2. 

2.3. Mixture proportion 

Tables 3 and 4 list the mix proportions of the AAHFAC and NC concrete. The mix design approach of the AAHFAC mixes was based 
on the work represented by Phoo-ngernkham et al. [10]. Both SS/SH ratio of 1.0 and L/B ratio of 0.50 were fixed constantly in the 
production of AAHFAC mix. A slump of around 200±25 mm was controlled to ensure the workability of AAHFAC [10]. For NC, the mix 
design was based on ACI211–91 [31] with a target 28-day compressive strength of 28 MPa and slump around 100±25 mm. The RCA 
was used to replace NCA at the rates of 0%, 20%, 40%, 60%, 80%, and 100% by volume. The moisture content of RS, NCA, and RCA 
aggregates were controlled at saturated surface dry condition (SSD) for all mixtures. 

The production of AAHFAC began with mixing of all aggregates (RS, NCA, and RCA) and SH solution for about 30 s. Then, binder 
(HFA and HFA with SF) was added and mixed again for 60 s. Right after, SS and SP solutions were added, and the mixing continued for 
another 60 s 

2.4. Testing of specimens 

After mixing, the setting times of the AAHFAC and NC were determined in accordance to ASTM C403/C403M-16 [32]. The fresh 
AAHFAC and NC were cast into cylinder molds with 100 mm diameter and 200 mm height to measure the properties of concrete under 
uniaxial compression. They were demoulded at the age of 24 h and then immediately wrapped with the vinyl sheet to protect moisture 
loss and kept in a 25 ºC controlled room for 28 days before the day of test. Determination of elastic modulus and Poisson’s ratio of the 
AAHFAC and NC were carried out as described in ASTM C469 [33]. Three identical samples were tested for each mix and the average 
value was used as the test result. 

The 200 × 200 × 200 mm3 cube samples with a 12 mm diameter deformed bar were used to determine the pull-out force under a 
static monotonic load using the ASTM C234 [34] and RILEM method [35]. The bond length of sample was 50 mm as described in 
RILEM method [35]. To prevent an unexpected transfer of force between the reinforcement and the concrete, the reinforcing bars were 
encased in plastic tubes [36], as illustrated in Fig. 3. An LVDT was used to determine the sample slip at the end of deformed bar, and a 
load cell was used to measure the pullout force, and the results were recorded using a data logger. A hydraulic jack was employed to 
continuously apply load at a rate of 20 kN/min. Fig. 3 illustrates the experimental set-up and conceptualization of the equivalent 
substrate stiffness (ks) for pullout test of the AAB and NC. The bond strengths between concrete and reinforcing bar were evaluated at 
28 days of curing, and the reported values represent the average of three samples. The following equation is used to calculate the 
ultimate bond strength: 

τ =
F

πld
(1)  

Where τis the ultimate bond stress (MPa), F is the ultimate pullout force (N), lis the bond length (mm), and dis the diameter of 
reinforcing bar (mm). 

3. Results and discussion 

3.1. Setting time 

Figs. 4–5 show the results for the setting times of the AAHFAC, whereas the setting times of the NC are illustrated in Fig. 6. It is 
found that the use of RCA in the AAHFAC and NC decreased the setting time of concrete. According to Figs. 4–6, the initial and final 
setting times were 18–29 min and 41–63 min for the AAHFAC without SF, 9–20 min and 16–34 min for the AAHFAC with SF, and 
161–193 min and 231–263 min for the NC, respectively. The reduction in setting time of both AAHFAC and NC was due to the lower 
bulk density and water absorption value of RCA [5]. For the effect of RCA on setting time, Wongsa et al. [5] reported that the Ca(OH)2 
in the cement mortar on the RCA surface could react with SiO2 from HFA. This is why the setting time tends to decrease with increased 
RCA contents. 

Table 1 
Chemical compositions of FA and SF (wt%).  

Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

HFA  31.33  13.95 15.65  25.78  2.95  2.94  2.84  3.30  1.31 
SF  93.30  0.24 –  0.83  0.61  1.50  0.07  0.08  3.18 
PC  20.81  4.69 3.40  65.3  1.50  0.40  0.10  2.69  1.0  
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Fig. 1. XRD patterns of HFA and SF.  

Fig. 2. RCA after crushed and sieved.  

Table 2 
Properties of aggregates used in this study.  

Types of aggregate Specific gravity (SG) Fineness modulus 
(FM) 

Water absorption (%) 

Fine aggregate (RS)  2.64  2.42  0.78 
Crushed limestone aggregate (NCA)  2.72  6.02  1.71 
Recycled concrete aggregate (RCA)  2.39  5.97  8.97  

Table 3 
Mix proportions of AAHFAC (kg/m3).  

Mix No. Mix symbol FA (kg) SF (kg) RS (kg) NCA (kg) RCA (kg) SH (kg) SS (kg) SP (%)  

1 AAHFAC-0RCA  470 –  539 1165 –  117.5  117.5  0.50  
2 AAHFAC-20RCA  470 –  508 932 233  117.5  117.5  0.50  
3 AAHFAC-40RCA  470 –  477 699 466  117.5  117.5  0.60  
4 AAHFAC-60RCA  470 –  445 466 699  117.5  117.5  0.65  
5 AAHFAC-80RCA  470 –  414 233 932  117.5  117.5  0.75  
6 AAHFAC-100RCA  470 –  383 – 1165  117.5  117.5  0.80  
7 AAHFAC-SF-0RCA  423 47  530 1165 –  117.5  117.5  0.55  
8 AAHFAC-SF-20RCA  423 47  498 932 233  117.5  117.5  0.55  
9 AAHFAC-SF-40RCA  423 47  467 699 466  117.5  117.5  0.65  
10 AAHFAC-SF-60RCA  423 47  436 466 699  117.5  117.5  0.70  
11 AAHFAC-SF-80RCA  423 47  405 233 932  117.5  117.5  0.85  
12 AAHFAC-SF-100RCA  423 47  374 – 1165  117.5  117.5  1.00  
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For the effect of SF, the AAHFAC incorporating SF (see Fig. 5) showed faster setting time as compared to the AAHFAC without SF 
(see Fig. 4). Chindaprasirt et al. [37] reported that the reactive SiO2 from SF reacted with CaO from HFA and formed additional CSH 
within the matrix. This agrees with the XRD pattern of the SF, which it is mainly comprised of amorphous phase according to Fig. 1. 
Hence, the setting time of AAHFAC incorporating SF was much faster than that of the AAHFAC without SF. 

3.2. Compressive strength 

The increase in the RCA replacement ratio had effects on the compressive strength of both AAHFAC and NC, as illustrated in Fig. 7. 
According to Fig. 7, the 28-day compressive strengths of AAHFAC and AAHFAC with SF increased with increasing RCA replacement 

Table 4 
Mix proportions of NC (kg/m3).  

Mix No. Mix symbol PC (kg) RS (kg) NCA (kg) RCA (kg) Water (kg) SP (kg)  

1 NC-0RCA  410  905 740 –  225 –  
2 NC-20RCA  410  885 592 148  225 0.20  
3 NC-40RCA  410  865 444 296  225 0.40  
4 NC-60RCA  410  845 296 444  225 0.50  
5 NC-80RCA  410  826 148 592  225 0.50  
6 NC-100RCA  410  806 – 740  225 0.55  

Fig. 3. Experimental set-up and conceptualization of the equivalent substrate stiffness (ks) for pullout test.  

Fig. 4. Setting time of AAHFAC under different RCA contents.  
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Fig. 5. Setting time of AAHFAC incorporating SF under different RCA contents.  

Fig. 6. Setting time of NC under different RCA contents.  

Fig. 7. Compressive strength of AAHFAC, AAHFAC with SF, and NC under different RCA contents.  
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ratio. They were 23.0–31.7 MPa for the AAHFAC and 46.0–51.3 MPa for AAHFAC with SF. As is observed from Fig. 7, the strength of 
AAHFAC with SF is higher than that of the AAHFAC. The significant increase in strength development is because the reactive SiO2 from 
SF reacted with CaO from HFA (see Fig. 1) to form the formation of C-S-H coexisted with N-A-S-H or geopolymer gel [38,39]. Han
jitsuwan et al. [38] and Phoo-ngernkham et al. [11] demonstrated that the coexistence of C-S-H and N-A-S-H within that matrix 
contributed to its strength development. Also, the additional formation of C-S-H was obtained from the Ca(OH)2 on the RCA surface 
[40] reacted with SiO2 and Al2O3 from the precursors and became the pozzolanic reaction products. This also agreed with Li et al. [41] 
that the strength development of alkali-activated binder tended to increase with increasing CaO content in the mixture. Furthermore, 
unreacted cement grain existing in RCA during the crushing of old concrete react with water and form hydration products including 
C-S-H. This is why the strength of the AAHFAC incorporating SF is increased. However, a different trend of strength development for 
the NC incorporating RCA as a coarse aggregate was observed, as shown in Fig. 7. The reduction in the strength of NC was found as the 
RCA replacement level increased. Sata et al. [42] reported that the interfacial transition zone in concrete incorporating RCA was 
weakened. Also, the presence of Ca(OH)2 on the RCA surface in the NC mixes is the negative factor on its strength development. From 
Kroehong et al. [43] study, it revealed that the existence of Ca(OH)2 in the Portland cement paste produced many chemical reactions in 
the system, leading to expansion and cracks in concrete. In addition, Rattanachu et al. [40] demonstrated that the high moisture 
content and high water absorption of RCA induced the water to enter in the RCA despite the RCAs were soaked in water for 24 h to 
obtain the SSD condition. This may lead to a reduction of W/C ratio within the matrix. It can be noted that using RCA as a coarse 
aggregate is a good option for producing the AAHFAC. The reaction between Ca(OH)2 on the RCA surface and SiO2 from the precursors 
produced high bonding at the interfacial transition zone. Therefore, this is very attractive for using RCA in construction work when 
alkali-activated concrete is used. 

3.3. Stress-strain curves under uniaxial compression 

Table 5 and Figs. 8–10 show all of the compressive stress-strain curves of the AAHFAC and NC at the age of 28 days. The mea
surement of elastic modulus and Poisson’s ratio of the samples was conducted as described in ASTM C469 [33]. As illustrated in the 
Figures, the strain of concrete increased with increased stress of concrete up to the peak stress, followed by a subsequent descending 
stage. A higher strain was observed when the RCA replacement was increased, as shown in Table 5. According to Figs. 8–10, more 
deformation behavior of concrete corresponded to a high energy-absorption capacity that is increased the ductility of concrete 
[44–46]. The elasticity modulus in NC was found to generally increase with the RCA replacement rate, which is consistent with other 
reported results [47]. However, for AAHFAC and AAHFAC incorporated with SF, the elastic modulus was found to increase if the RCA 
replacement rate is low, but decrease if the replacement rate is high. Sofi et al. [48] claimed that the stiffness of concrete depended on 
the strength of paste and aggregates. Also, Tangchirapat et al. [49] reported that the strength of the aggregates was an important factor 
in the elastic modulus of concrete. This is the main reason why the incorporation of RCA decreased the elastic modulus in the AAHFAC 
mixes. However, the increased elastic modulus of the AAHFAC mixed with SF was probably due to the Ca(OH)2 on the RCA surface 
reacted with SiO2 from HFA and SF as well as the hydration reaction of unreacted cement particle surrounding the surface of RCA. This 
again could improve the reaction at the contact zone between the RCA surface and the alkali-activated binder. The values of elastic 
modulus obtained from this study are similar to those reported in the previous studies [10,50,51]. There were between 17 and 25 GPa 
for alkali-activated concrete and 25 and 35 MPa for conventional concrete. For the results of Poisson’s ratio, it is found that the 
Poisson’s ratio for the AAHFAC, AAHFAC with SF, and NC mixes showed a little change with increasing the RCA contents. They were in 
the range of 0.171–0.221 for the NC mixes, 0.215–0.286 for the AAHFAC mixes; and 0.204–0.232 for the AAHFAC incorporating SF, 
respectively. The Poisson’s ratio values of the NC are consistent with the normal strength of the NC [48]. However, the Poisson’s ratio 

Table 5 
Mechanical parameters of AAHFAC and NC under uniaxial compression.  

Mix symbol f
′

c (MPa) E (GPa) ε at peak σu υ 

AAHFAC-0RCA  23.0  16.3  0.00182  0.236 
AAHFAC-20RCA  25.7  17.3  0.00207  0.286 
AAHFAC-40RCA  29.3  13.9  0.00268  0.240 
AAHFAC-60RCA  30.3  14.5  0.00265  0.255 
AAHFAC-80RCA  30.4  14.0  0.00248  0.215 
AAHFAC-100RCA  31.7  11.1  0.00320  0.227 
AAHFAC-SF-0RCA  46.0  18.3  0.00268  0.225 
AAHFAC-SF-20RCA  46.8  20.2  0.00274  0.232 
AAHFAC-SF-40RCA  48.7  22.0  0.00289  0.229 
AAHFAC-SF-60RCA  47.1  19.5  0.00283  0.219 
AAHFAC-SF-80RCA  49.2  18.1  0.00323  0.204 
AAHFAC-SF-100RCA  51.4  18.5  0.00339  0.206 
NC-0RCA  39.8  29.0  0.00186  0.210 
NC-20RCA  36.3  32.2  0.00158  0.193 
NC-40RCA  35.3  30.3  0.00181  0.201 
NC-60RCA  33.8  31.1  0.00192  0.221 
NC-80RCA  30.9  32.9  0.00104  0.213 
NC-100RCA  31.5  33.8  0.00123  0.171  
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values of alkali-activated binder exhibited in the same ranges for high-strength concrete, which were between 0.21 and 0.27, as re
ported by Sofi et al. [48]. 

3.4. Bond strength of reinforced concrete 

Fig. 11 shows the bond strength of all concrete under different RCA contents. In general, the effect of RCA on the bond strength was 
found to be similar to its effect on the compressive strength of the mixed concrete. The bond strengths of AAHFAC and AAHFAC with SF 
increased with increasing RCA replacement; however, the bond strength of NC decreased with increasing RCA replacement, which is 
consistent with the findings of Alhawat and Ashour [52]. For instance, the bond strengths of AAHFAC-0RCA, AAHFAC-60RCA, 
AAHFAC-SF-0RCA, AAHFAC-SF-60RCA, NC-0RCA, and NC-60RCA were 12.66, 16.70, 24.73, 27.42, 30.58, and 22.55 MPa, respec
tively. When AAHFAC and AAHFAC with SF are compared, it is observed that the reactive SiO2 from SF has a substantial effect on bond 
strength growth than SiO2 from HFA. This reactive SiO2 could react with the Ca(OH)2 on the RCA surface and hence the formation of 
C-(A)-S-H coexisted with N-A-S-H gels [23,53]. Phoo-ngernkham et al. [23] demonstrated that combining C-(A)-S-H and N-A-S-H 
strengthened the interaction between concrete and AAB. This is why the AAB including RCA has a stronger bond. 

The load-slip curves for concrete pullout specimens with deformed bar under different RCA contents are shown in Figs. 12–14. As 
displayed in Figs. 12–14, the load capacity initially was rather high, with a relatively steep curve; nevertheless, the slope of the curve 
progressively increased to a peak value. Following that, the bond stress began to drop as the strengthened steel bar began to slip out 
from surrounding concrete [54,55]. The load-slip relationship for deform bars embedded in AAHFAC and AAHFAC with SF followed 

Fig. 8. Compressive stress-strain curves of AAHFAC under different RCA contents.  

Fig. 9. Compressive stress-strain curves of AAHFAC incorporating SF under different RCA contents.  
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Fig. 10. Compressive stress-strain curves of NC under different RCA contents.  

Fig. 11. Bond strength of AAHFAC, AAHFAC with SF, and NC under different RCA contents.  

Fig. 12. Load-slip curves of AAHFAC under different RCA contents.  
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the same pattern. Both AAHFAC and AAHFAC with SF had increased load capacity as the RCA replacement increased (see Figs. 12–13). 
As explained previously, the addition of reaction products at the contact zone between AAB and RCA facilitated the development of 
their bond strength. While the load capacity of the NC mixes decreased as RCA replacement increased (see Fig. 14). These findings 
revealed that the bond resistance occurred in a similar way to the works of John Robert Prince and Singh [56] and Xiao and Falkner 
[57]. Recently, Xie and Zhao [58] presented a partial-interaction mechanics-based model to simulate the bond-slip response between 
steel bars and RAC, covering scenarios from a steel bar pulled out from RAC to the tension stiffening in reinforced RAC members. 
Similar models could be developed for AAHFAC and AAHFAC with SF but more experimental data are needed. 

Fig. 15 shows the relationship between bond strength and compressive strength of concrete under different RCA contents. The 
logarithm function was used to display the relationship between the bond strength and compressive strength of all concrete containing 
RCA. This empirical equation has been successfully applied for normal concrete as described in ACI408R-03 [59]. An empirical 
equation with a high R2 value of 0.962 and 0.929, respectively, could be utilized to express the bond strength of AAB and NC in 
relationship to the RCA content, as shown in Eqs. (2) and (3). Note, the constants in Eqs. (2) and (3) were determined by fitting curves 
to the results for RCA replacement levels of 0%, 20%, 40%, 60%, 80%, and 100%. Additionally, the bond strength models based on 
ACI408R-03 [59] and CEB-FIP [60] are provided with square root functions of concrete strength, as illustrated in Eqs. (4) and (5). It can 

be observed from Fig. 16 that the bond strength of the AAB and NC expressed as a function of 
̅̅̅̅

f ′

c

√

/D was higher than those of normal 
concrete predicted by ACI408R-03 [59] and CEB-FIP [60]. The bond strength of AAB obtained from the present experiment was 
comparable to that of high strength concrete as determined by Orangun et al. [61] and Esfahani and Rangan [62], but was less than 
that of NC. Additionally, the bond strengths obtained in the present experiment were greater than those reported by Topark-Ngarm 
et al. [63] for high-calcium fly ash geopolymer concrete. 

uAAB = 0.532

( ̅̅̅̅

f ′

c

√

D

)2.24

(2)  

uNC = 0.126

( ̅̅̅̅

f ′

c

√

D

)3.32

(3) 

ACI408R-03 [59] code: 

u = 0.85

̅̅̅̅

f ′

c

√

D
(4) 

CEB-FIP [60] code: 

u = 2.0

̅̅̅̅

f ′

c

√

D
(5)  

Where u is the ultimate bond strength (MPa), f
′

c is the compressive strength (MPa), and D is the diameter of the deformed bar (cm). 
The equivalent substrate stiffness (ks) is an important parameter necessary in the design of the substrate-structure interaction 

members i.e., beam on foundation, stretchable electronics, and so on [64]. This equivalent substrate stiffness (ks) can be calculated by 
the imposed displacement at an end point or free-end slip (lend). ACI408R-03 [59] reported that the equivalent substrate stiffness (ks) is 
called “friction force” among the surface of the bar. The conceptualization of the equivalent substrate stiffness (ks) and bond force 
transfer mechanisms are shown in Fig. 16. Eq. (6) illustrates the relationship between the equivalent substrate stiffness and the end 
displacement of concrete pullout specimens with reinforcing bars. This equation stems from the concept of bar problem embedded in 
the elastic foundation as proposed by Limkatanyu et al. [65]. Tables 6–7 and Fig. 17 show 

comparison of the equivalent substrate stiffnesses (ks) of AAHFAC, AAHFAC with SF, and NC with various different RCA contents. It 
can be seen that the equivalent substrate stiffness (ks) of AAHFAC and AAHFAC with SF tended to increase with increasing RCA 
substitution, except for AAHFAC-SF-0RCA and AAHFAC-SF-100RCA mixes. This is because the experimental results are low in slip. For 
the NC mixes, it is demonstrated that when RCA replacement increased, the equivalent substrate stiffness (ks) appeared to decrease. 

lend =
P coth

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ks/EsAs

√
L
)

̅̅̅̅̅̅̅̅̅̅̅̅̅
ksEsAs

√ (6)  

Where lend is the imposed displacement at an end point (m), P is the imposed force at an end point (kN), ks is the equivalent substrate 
stiffness (kN/m), Es is the elastic modulus of reinforcing bars (GPa), As is the area of reinforcing bars (m2), and L is the embedded length 
(m). 

3.5. Life-cycle assessment 

The life-cycle assessment (LCA) of AAHFAC, AAHFAC with SF, and NC at various RCA contents were evaluated. For the LCA 
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analysis, the unit of measurement is CO2-e emitted (t CO2-e/ton), as stated previously [11,66]. The emission factors in Table 8 are 
derived from the literature [67–71]. It is observed that HFA emits the lowest CO2, whereas SS solution emits the most CO2. Tables 9 and 
10 illustrate the LCA calculations for AAHFAC, AAHFAC with SF, and NC at various RCA contents. The CO2-e emitted value tended to 
decrease as the RCA replacement level increased for all types of concrete. A mixture containing 100%RCA seems to have the potential 
to reduce CO2-e emissions by approximately 54% for AAB mixes and 31.5% for NC mixes. According to Tables 9–10, the 
AAHFAC-100RCA and AAHFAC-SF-100RCA mixes generated the lowest CO2-e at 0.28197 and 0.28199 ton CO2-e/ton, respectively. 
Additionally, the CO2-e emission values for AAHFAC and AAHFAC with SF were clearly lower than the NC mixes. For instance, the 
CO2-e emitted values were 0.41434, 0.41435, and 0.54085 ton CO2-e/ton for AAHFAC, AAHFAC with SF, and NC, respectively. It can 
be concluded that incorporating RCA in AAB has a significant advantage, including improved strength development and a low carbon 
footprint. 

4. Conclusion 

From the results of the equivalent substrate stiffness and mechanical properties of sustainable alkali-activated concrete obtained 
from the study, the following conclusions can be drawn:  

1) The use of RCA as a coarse aggregate in the AAHFAC and NC mixes decreased the setting times. The setting times of the AAHFAC 
with and without SF were shorter than that of NC mixes. The differences of reaction products in AAHFAC and NC were reasonable 

Fig. 13. Load-slip curves of AAHFAC incorporating SF under different RCA contents.  

Fig. 14. Load-slip curves of NC under different RCA contents.  
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Fig. 15. Relationship between bond strength and compressive strength of concrete under different RCA contents.  

Fig. 16. Bond force transfer mechanisms [59].  

Table 6 
Equivalent substrate stiffness values of AAHFAC and AAHFAC with SF.  

Mix No. Mix symbol Experimental Numerical simulation 

P (kN) Slip (mm) L (mm) Es (GPa) As (mm2) ks (MN/m) Slip (mm)  

1 AAHFAC-0RCA  23.87  0.70370  50  
200 

113.04 695.72 0.7037  

2 AAHFAC-20RCA  25.83  0.77676  50  
200 

113.04 681.63 0.7768  

3 AAHFAC-40RCA  24.62  0.72598  50  
200 

113.04 695.46 0.7260  

4 AAHFAC-60RCA  31.49  0.57479  50  
200 

113.04 1141.36 0.5748  

5 AAHFAC-80RCA  29.19  0.61882  50  
200 

113.04 977.17 0.6188  

6 AAHFAC-100RCA  32.67  0.52286  50  
200 

113.04 1309.55 0.5229  

7 AAHFAC-SF-0RCA  46.63  0.30155  50  
200 

113.04 3479.51 0.3015  

8 AAHFAC-SF-20RCA  47.71  0.46271  50  
200 

113.04 2229.05 0.4627  

9 AAHFAC-SF-40RCA  50.31  0.54045  50  
200 

113.04 1996.83 0.5404  

10 AAHFAC-SF-60RCA  51.69  0.44720  50  
200 

113.04 2522.75 0.4472  

11 AAHFAC-SF-80RCA  55.19  0.37027  50  
200 

113.04 3339.52 0.3703  

12 AAHFAC-SF-100RCA  54.90  0.71809  50  
200 

113.04 1619.23 0.7181  
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for this case. Moreover, using RCA in AAHFAC incorporating SF showed a very fast setting compared to the AAHFAC, due to 
additional the reaction products within the matrix.  

2) The increase in the RCA replacement level showed a positive effect on the strength development of both AAHFAC and AAHFAC 
incorporating SF; however, there seemed to provide a negative effect on NC mixes. The existence of hydration products on surface 
RCA could react with SiO2 and Al2O3 from the precursors and hence became a more reaction products at contact zone between RCA 
and AAB.  

3) The elastic modulus and strain capacity of the AAHFAC and AAHFAC incorporating SF mixes tended to increase with increasing 
amount of RCA replacement. The reaction between hydration products on surface RCA and SiO2 and/or Al2O3 from the precursors 
provided a high bonding at the interfacial transition zone in concrete. Likewise, the strain capacity of the NC mixes tended to 
increase as the RCA replacement level increased; however, its elastic modulus decreased with increasing RCA content.  

4) The Poisson’s ratio values of the AAHFAC and AAHFAC incorporating SF were higher than that of the NC mixes. They were 
corresponded to the Poisson’s ratio values of high-strength concrete.  

5) Bond strengths of AAHFAC and AAHFAC with SF increased as RCA replacement was increased; nevertheless, bond strengths 
declined at NC mixes. The addition of reaction products at the AAB and RCA contact zone assisted in the improvement of their bond 
strength.  

6) Both AAHFAC and AAHFAC with SF and RCA are viable options for sustainable concrete. They provide excellent strength 
development and bond strength between deformed bars and concrete with generating low CO2. 

Table 7 
Equivalent substrate stiffness values of NC.  

Mix No. Mix symbol Experimental Numerical simulation 

P (kN) Slip (mm) L (mm) Es (GPa) As (mm2) ks (MN/m) Slip (mm)  

1 NC-0RCA  57.65  0.36071  50  200  113.04  3611.38  0.3607  
2 NC-20RCA  50.77  0.62717  50  200  113.04  1720.28  0.6272  
3 NC-40RCA  51.11  0.54737  50  200  113.04  2003.27  0.5474  
4 NC-60RCA  42.51  0.50271  50  200  113.04  1802.34  0.5027  
5 NC-80RCA  39.89  0.65317  50  200  113.04  1278.52  0.6532  
6 NC-100RCA  38.33  0.59297  50  200  113.04  1356.97  0.5930  

Fig. 17. Equivalent substrate stiffness of concrete under different RCA contents.  

Table 8 
The emission factors of tested materials [67–71].  

Materials Emission factor (t CO2-e/ton) 

Portland cement, PC (kg)  0.8200 
River sand, RS (kg)  0.0139 
Natural coarse aggregate, NCA (kg)  0.4300 
Recycled concrete aggregate, RCA (kg)  0.1478 
High-calcium fly ash, FA (kg)  0.0070 
Silica Fume, SF (kg)  0.0100 
Sodium hydroxide, SH (kg)  0.7000 
Sodium silicate, SS (kg)  1.5140  
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Table 9 
LCA analysis of AAHFAC and AAHFAC with SF from this study.  

Mix symbol HFA 
(kg) 

CO2-e/t from 
HFA 

SF 
(kg) 

CO2-e/t 
from SF 

RS 
(kg) 

CO2-e/t 
from RS 

NCA 
(kg) 

CO2-e/t from 
NCA 

RCA 
(kg) 

CO2-e/t from 
RCA 

SH 
(kg) 

CO2-e/t 
from SH 

SS 
(kg) 

CO2-e/t 
from SS 

Total CO2- 
e/t 

AAHFAC-0RCA  470  0.0033 – –  539  0.0075 1165 0.5010  0.0000  117.5  0.0247  117.5  0.0765  0.61290 
AAHFAC- 

20RCA  
470  0.0033 – –  508  0.0071 932 0.4008 233 0.0344  117.5  0.0247  117.5  0.0765  0.54672 

AAHFAC- 
40RCA  

470  0.0033 – –  477  0.0066 699 0.3006 466 0.0689  117.5  0.0247  117.5  0.0765  0.48053 

AAHFAC- 
60RCA  

470  0.0033 – –  445  0.0062 466 0.2004 699 0.1033  117.5  0.0247  117.5  0.0765  0.41434 

AAHFAC- 
80RCA  

470  0.0033 – –  414  0.0058 233 0.1002 932 0.1377  117.5  0.0247  117.5  0.0765  0.34815 

AAHFAC- 
100RCA  

470  0.0033 – –  383  0.0053  0.0000 1165 0.1722  117.5  0.0247  117.5  0.0765  0.28197 

AAHFAC-SF- 
0RCA  

470  0.0033 47 0.0005  530  0.0074 1165 0.5010 – –  117.5  0.0247  117.5  0.0765  0.61292 

AAHFAC-SF- 
20RCA  

423  0.0030 47 0.0005  498  0.0069 932 0.4008 233 0.0344  117.5  0.0247  117.5  0.0765  0.54672 

AAHFAC-SF- 
40RCA  

423  0.0030 47 0.0005  467  0.0065 699 0.3006 466 0.0689  117.5  0.0247  117.5  0.0765  0.48054 

AAHFAC-SF- 
60RCA  

423  0.0030 47 0.0005  436  0.0061 466 0.2004 699 0.1033  117.5  0.0247  117.5  0.0765  0.41435 

AAHFAC-SF- 
80RCA  

423  0.0030 47 0.0005  405  0.0056 233 0.1002 932 0.1377  117.5  0.0247  117.5  0.0765  0.34817 

AAHFAC-SF- 
100RCA  

423  0.0030 47 0.0005  374  0.0052 – – 1165 0.1722  117.5  0.0247  117.5  0.0765  0.28199  
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Table 10 
LCA analysis of NC from this study.  

Mix symbol PC (kg) CO2-e/t from PC RS (kg) CO2-e/t from RS NCA (kg) CO2-e/t from NCA RCA (kg) CO2-e/t from RCA Total CO2-e/t 

NC-0RCA  410  0.3362  905  0.0126 740 0.3182 – –  0.66698 
NC-20RCA  410  0.3362  885  0.0123 592 0.2546 148 0.0219  0.62494 
NC-40RCA  410  0.3362  865  0.0120 444 0.1909 296 0.0437  0.58289 
NC-60RCA  410  0.3362  845  0.0117 296 0.1273 444 0.0656  0.54085 
NC-80RCA  410  0.3362  826  0.0115 148 0.0636 592 0.0875  0.49882 
NC-100RCA  410  0.3362  806  0.0112 – – 740 0.1094  0.45678  
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