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Abstract

In this study, the effects of recycled tire rubbers (RTR) and steel fiber (SF) on the fresh and hardened state properties of the self-

compacted alkali activated concrete (SCAAC) were investigated. The ground granulated blast furnace slag, 1 % hooked-end SF, and 

two types of RTR were utilized. The crumb rubbers (CR) and tire rubber chips (TCR) were used as a substation to natural aggregates 

at substation levels of 10 % and 15 %. The fresh state performances were evaluated by T50 value, slump flow, V-funnel, and L-Box 

tests, while mechanical performances were assessed through compressive, flexural, and splitting tensile strength tests. Also, detailed 

crack and microstructural analyses were conducted. The RTR adversely affected the fresh state properties, which reduced more with 

SF inclusions. Among the RTR, the TR specimens exhibited lower fresh state performance than the CR specimens. Similar mechanical 

strengths were obtained on the TR and CR specimens under the same replacement ratios. However, TR specimens exhibited higher 

deformation capacities than the CR specimens, when SF was utilized. The SCAAC specimens with 1 % SF and 15 % RTR showed more 

and wider flexural cracks, higher mechanical strength, and deformation capacity, which can be utilized in structural applications, 

particularly in high seismic zones.
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1 Introduction
Nowadays, a serious environmental problem emerges in 
the world due to the massive quantity of waste tire mate-
rials. The billions of tires in the world are buried and/or 
throw away to the global environment, which results in an 
obvious environmental threat into the world, especially 
in the regions where huge amounts of tires are produced. 
The oil that includes toxic and soluble components [1] 
emerges during the burning procedure of the waste tires, 
which pollutes the soil and water [2]. Tire landfilling also 
considered to be a significant ecological threat since waste 
tire disposal areas reduced biodiversity due to the toxic 
and soluble components of the tires [3]. The less avail-
able landfill area, the increased cost of accumulation, and 
the transportation of waste tires are also considered to 
be the main problem for waste tire disposal. Researchers 
expected that the number of waste tires will increase up to 

about 5000 million in 2030 if the number of motor vehi-
cles increased to 1200 million [3], which will cause serious 
environmental pollution. It was reported that the vehicle 
number in China was 240 million, and the cumulative auto-
mobile tire number was 648 million, and approximately 
14.58 million tons of waste tires were produced in 2018 [4]. 
Therefore, it becomes crucial importance of recycling such 
a big number of waste tires for possible utilization in the 
construction industry, which becomes one of the best solu-
tions for both economy and cleaner environments. Also, 
the utilization of recycled rubbers in construction indus-
tries can decrease the dependency on natural aggregates, 
resulting in more sustainable constructions [5].

The utilization of tire chips and crumb rubbers as recy-
cled rubbers in concrete takes great attention to improve 
low deformation capacity, poor tensile strength, and energy 
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absorption capacity [6]. However, the tire rubber substitu-
tion ratio should be lower than 20 % to prevent a detrimen-
tal effect on the mechanical strength of the rubberized con-
crete [7]. The slump of the rubberized concrete decreased 
with an increase in the rubber content [8]. Another problem 
is the early cracking due to the lack of an adequate bond 
between rubbers and concrete, hence it has been limited to 
non-structural applications [5].

Recently, eco-friendly cleaner geopolymer or alkali 
activated concrete has been preferred instead of OPC con-
crete due to less energy requirement and environmental 
pollution [9]. The alkali activated concrete exhibited supe-
rior mechanical and durability performance for structural 
utilization [10–12]. In addition, self-compacted concrete is 
widely used for the structural elements that required con-
gested steel rebars and the essential properties of the SCC 
are passing ability and flowability without bleeding and 
segregation [13]. Generally, industrial by-product materi-
als like ground granulated blast furnace slag, fly ash, and 
silica fume with a binder content of 500–600 kg/m3 are 
utilized to enhance flowability, passing ability, mechan-
ical strength and to decrease the cost of the SCC [14]. 
Subsequently, self-compacting alkali activated concretes 
(SCAAC) have drawn great attention for structural utili-
zation to reduce environmental hazards of OPC produc-
tion [15, 16]; Although there are many studies regarding 
the self-compacting concrete with OPC, there are limited 
studies about the SCAAC, especially reinforced with steel 
fibers and recycling tyre rubbers.

Similar to OPC concrete, the SCAAC performs brittle 
behavior under reversed loadings. In general, steel fibers 
are utilized to enhance splitting tensile strength, flexural 
strength, post-cracking behavior, ductility, and tough-
ness of the concrete [17]. The structural performance was 
mainly influenced by the steel fiber volume, and 1 % steel 
fiber content was considered to be optimum steel fiber vol-
ume for the sake of economy [18].

Although there are several studies regarding OPC 
based SCC incorporating waste tires, very few studies 
have been conducted on the flowability, passing ability, 
and mechanical properties of self-compacted alkali acti-
vated concretes with recycled rubber tires and steel fibers. 
Therefore, the aim of this research is to investigate the 
combined use of recycled tire rubbers and steel fibers on 
the flowability, passing ability, and mechanical properties 
of SCAAC samples cured under the ambient environment. 
In addition, detailed crack and SEM analyses of fibrous 

and rubberized SCAAC specimens were executed to find 
out the possible utilization of recycled tire rubber based 
SCAAC specimens in the structural concrete elements. 

2 Experimental procedure
2.1 Materials
The ground granulated blast furnace slag with a specific sur-
face area of 418 m2/kg and a specific gravity of 2.70 g/cm3 
was utilized as binder materials for the slag based self-com-
pacted alkali activated concrete (SCAAC). Slag has CaO, 
SiO2, Al2O3, Fe2O3, and MgO contents of 34.12 %, 36.40 %, 
11.39 %, 1.69 %, and 10.30 %, respectively. The crushed 
limestone coarse and fine aggregates were used in the 
SCAAC specimens. The recycled tire rubber (RTR) mate-
rials; tire rubber chips (TR) as a coarse rubber aggregate, 
coarse crumb rubber, and fine crumb rubber (CR) as fine 
aggregates, were utilized in the production of SCAAC as 
shown in Fig. 1. Table 1 illustrates the sieve analysis of the 
RTR materials. Also, 1 % of steel fibers (SF) were intro-
duced to some of the rubberized SCAAC specimens to 
investigate the flowability, passing ability, and hardened 
state properties of SCAAC specimens. For this aim, nine 
rubberized SCAAC specimens with/out SF were produced, 
and TR and CR were replaced with 10 % and 15 % of coarse 
and fine aggregates, respectively. For the 10 % or 15 % CR 
replacements, coarse and fine CR were replaced with equal 
ratios of 5 % and 5 %, or 7.5 % and 7.5 %, respectively. 

(a) (b)

(c) (d)

Fig. 1 The utilized materials in the production of SCAAC
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A polycarboxylate ether based superplasticizer, Master 
Glenium 51, was used to achieve the requirements of the 
SCC by the related standards.

The waste tires were taken from the utilized truck tires 
discarded after a 2nd recapitulating. The TR and CR mate-
rials were prepared by mechanical shredding and the gra-
dation of crumb rubbers was determined according to 
ASTM C136 standard [19]. The TR with a specific gravity 
of 1.02, and coarse and fine CR with specific gravities of 
0.83 and 0.48, and hooked-end SF with a length of 30 mm, 
a diameter of 0.75 mm, an aspect ratio of 40, and a volume 
ratio of 1 were utilized in the production of rubberized 
SCAAC specimens. The sodium silicate (SiO2: 29.4, water: 
55.9 %, and Na2O:13.7 %, by mass) and sodium hydroxide 
(97 %–98 % purity) with a sodium silicate to hydroxide 
ratio of 2.5 were utilized as an alkali activator. The sodium 
hydroxide molarity was selected as 12 M since 12M NaOH 
was found to be the optimum concentration amount for the 
superior mechanical strength of SCC mixes [20]. 

2.2 Mix design
For the preparation of the nine different SCAAC speci-
mens, two series were produced with 100 % ground gran-
ulated blast furnace slag without steel fibers (SF0) and 
with 1 % SF (SF1) incorporations. Table 2 shows the mate-
rial amounts of the rubberized SCAAC specimens with/
out steel fibers, and the alkali activator/binder ratio was 
kept constant for all mixes. The CR, TR, and SF refer to 

crumb rubber, tire rubber chip, and steel fiber, respec-
tively. The CR and TR were used as a substitution to nat-
ural aggregates with 10 % and 15 % as shown in Table 1. 
For the 10 % or 15 % CR substitutions as fine aggregates, 
coarse and fine CR were used at equal substitution levels 
of 5 % and 5 %, or 7.5 % and 7.5 %, respectively. For the 
economic alkali activated concrete production, the sodium 
silicate/sodium hydroxide ratio should be in the range of 
1.5 to 2.5 [21], thus sodium silicate to sodium hydroxide 
ratio of 2.5 was selected for the production of specimens. 

2.3 The fresh properties of rubberized SCAAC mixes
The flowability and viscosity of rubberized SCAAC mixes 
were measured by slump flow and V-funnel tests, whilst the 
passing ability was measured via the L-Box test. During 
the flowability tests, slump flow along both x and y direc-
tions were measured and t50 flow time was recorded when 
the slump flow reaches 50 cm. The V-funnel section was 
filled with the rubberized SCAAC mixes and the discharge 
period from the V-Funnel section was noted. The passing 
ability requirement of the rubberized SCAAC mixes was 
also studied using L-box test-setup, and the passing abil-
ity through tight openings (41 ± 1 mm) was measured by 
dividing the concrete heights of lateral L-Box part to ver-
tical L-Box part (PL value).

2.4 Curing method of the rubberized SCAAC samples
After the casting procedure, required compaction was 
applied to the specimens. Then, the upper surface of the 
rubberized samples was coated with plastic sheets to elim-
inate the alkali solution evaporation. The produced rub-
berized samples were demolded after 24 h later and then 
kept in the laboratory medium at 23 ± 2◦C at the ages of 
28 days. In the previous investigation, it was reported that 
slag-based alkali activated concretes can be utilized in 

Table 1 Sieve analysis of the recycled tire rubbers

Sieve Size (mm) /
Material passed (%) 0.25 0.5 1 2 4 8

Coarse Crumb Rubber 12.2 21.8 33.5 81.7 100 100

Fine Crumb Rubber 11.1 47.4 86.3 100 100 100

Tire Crumb Rubber 5.3 9.6 24.6 53.8 89.6 100

Table 2 Material ingredients of SCAAC mixes for 1 m3

Mixture
Na2SiO3+NaOH Slag FCR CCR TR SF Fine Agg. Coarse Agg.

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

SF0CR0TR0 250 500 0 0 0 0 860.07 738.12

SF0CR10 250 500 7.95 10.65 0 0 700.80 738.12

SF0CR15 250 500 11.9 15.98 0 0 621.16 738.12

SF0TR10 250 500 0 0 30.9 0 860.07 577.66

SF0TR15 250 500 0 0 46.4 0 860.07 497.43

SF1CR10 250 500 7.95 10.65 0 78.40 700.80 738.12

SF1CR15 250 500 11.9 15.98 0 78.40 621.16 738.12

SF1TR10 250 500 0 0 30.9 78.40 860.07 577.66

SF1TR15 250 500 0 0 46.3 78.40 860.07 497.43
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structural applications without oven-curing or water cur-
ing [22]. Therefore, oven-curing or water curing was not 
applied to the specimens. The typical three samples were 
cast to achieve average values for each experiment results. 

2.5 The mechanical strength performance 
2.5.1 Compressive strength tests
The compressive strength tests of the rubberized SCAAC 
specimens with/out SF were carried out on 100 × 100 × 
100 mm cube specimens according to ASTM C39 stan-
dard [23]. The influences of the TR, CR, and SF on the 
compressive strength performance were evaluated.

2.5.2 Splitting tensile strength tests
The 100 × 200 mm cylinder samples were utilized to assess 
both elasticity modulus and splitting tensile strengths 
according to ASTM C496 [24] standard. The upper sur-
faces of the 100x200 mm samples were capped with sulfur 
according to ASTM C617 [25] to achieve a smooth surface.

2.5.3 Flexural tensile strength tests
The four-point flexural strength tests were carried out on 
100 × 100 × 500 mm rubberized SCAAC samples by dis-
placement controlled mode with a rate of 0.02 mm/min. 
Three linear variable displacement transducers (LVDT) 
were utilized to measure the deflections of the specimens. 
The unnotched beam specimens were selected for the flex-
ural strength tests to observe the influence of steel fiber 
and tire rubber materials on the crack formation (single 
crack or multiple cracks), crack types (flexural-shear), and 
failure mechanism.

3 Result and discussion
3.1 The fresh state properties 
Table 3 gives the fresh state performance of the rubberized 
SCAAC mixes. The minimum slump flow value for the 

SF1TR15 mix was measured as 657 mm, which is above 
the minimum slump flow values of 550 mm and 600 mm 
according to the EFNARC committee and EN 12350-8 
standards [26], respectively. Also, the highest T50 time was 
obtained as 4 s on the SF1TR15 SCAAC mix and all T50 
values are found to be lower than the maximum suggested 
T50 flow time of 6 s with respect to EN 12350-8 standards. 
The V-Funnel discharge period from the V-Funnel section 
should be less than 15 s in order to achieve superior fill-
ing ability in accordance with EN 12350-9 standard [27]. 
The obtained results indicated that V-Funnel discharge time 
was found to be higher than 16 s, except for SF0CR0TR0 
and SF0CR10 specimens. The highest V-funnel discharge 
duration was obtained as 24.13 s on the SF1TR15 mix. 
However; no blocking was observed for all rubberized 
SCAAC mixes. It should be noted that the SCC test cri-
teria were prepared in accordance with the non-fibrous 
mixes, and still, there is no guidelines/recommendation 
exist for the fibrous SCC mixes. The L-Box test represents 
the passing ability through narrower openings (41±1 mm) 
and EFNARC guideline/specification and EN 12350-10 
standards [28] suggest that PL value should be above 0.8 
to meet the passing ability criteria. The obtained PL value 
results revealed that all of the mixes were found to be above 
0.8, indicating adequate passing ability. The fresh state test 
results pointed out that the rubberized SCAAC mixes have 
adequate flowability and passing ability performance. 

3.1.1 The influence of RTR and SF on slump flows 
Fig. 2 illustrates the variation of slump flow values with the 
addition of SF and RTR in the SCAAC mixes. The results 
pointed out that both RTR and SF inclusions reduced the 
flowability. The highest slump flow was obtained in the 
control mix (without rubber and SF), whilst the minimum 
slump flow was achieved in the specimens with 1 % SF and 
15 % TR (SF1TR15). The slump flows were found to be 

Table 3 The fresh state properties of SCGC mixtures

Mixture Flow (mm) L-Box (PL) V-Funnel (s) T50 (s)

SF0CR0TR0 741 (±3) 1.00 (±0) 10.71 (±0.55) 2.46 (±0.04)

SF0CR10 704 (±4) 0.94 (±0.01) 14.23 (±0.76) 3.25 (±0.06)

SF0CR15 673 (±5) 0.89 (±0.02) 17.93 (±0.82) 3.63 (±0.08)

SF0TR10 683 (±4) 0.90 (±0.01) 19.49 (±0.86) 3.47 (±0.08)

SF0TR15 667 (±6) 0.84 (±0.02) 22.94 (±0.94) 3.91 (±0.11)

SF1CR10 678 (±6) 0.90 (±0.02) 17.57 (±1.02) 3.37 (±0.11)

SF1CR15 664 (±8) 0.84 (±0.03) 19.97 (±1.15) 3.87 (±0.13)

SF1TR10 672 (±8) 0.85 (±0.02) 22.68 (±1.23) 3.73 (±0.12)

SF1TR15 657 (±10) 0.80 (±0.03) 24.13 (±1.38) 4.01 (±0.14)



894|Eren et al.
Period. Polytech. Civ. Eng., 65(3), pp. 890–900, 2021

decreased with an increase in the RTR replacement ratios. 
The slump flows of the SCAAC mixes including 15 % CR 
and TR were found less than the mixes including 10 % 
CR and 10 % TR. A similar result was also obtained in 
the earlier investigation that the flowability characteristics 
decreased with an increase in the RTR volume ratio [29]. 

In addition, the size of the RTR adversely affected the 
slump flow values. The RTR with bigger sizes (TR) exhib-
ited lower flowability than the RTR with lower sizes (CR). 
The reduction in the slump flow values was found to be 
more for the TR incorporated mixes than the CR incorpo-
rated mixes under the same replacement ratios as shown 
in Fig. 1. The inclusion of SF reduced more the slump flow 
compared to non-fibrous mixtures. The reduction of the 
slump flow for the 1 % SF mix was also noted in the ear-
lier studies [13, 17]. 

3.1.2 The effects of RTR and SF on T50 flow duration
Fig. 3 presents the T50 durations for the rubberized SCAAC 
mixes. The minimum T50 flow time was achieved in the 
samples without RTR and SF (SF0CR0TR0), whilst the 
maximum T50 flow time was reached in the samples 
including 15 % TR and 1 % SF. Similar to slump flow 
results, T50 time increased with increasing RTR and SF 
volume ratios. Also, the T50 flow duration was found more 
for the TR incorporated mixes than the CR incorporated 
mixes under the same replacement ratios. 

3.1.3 The effects of RTR and SF on V-funnel duration
Fig. 4 presents the V-funnel discharge time of the mixes. 
The minimum V-funnel discharge duration was achieved 
in the mixes without RTR and SF, whilst the maximum 
discharge time was obtained in the mixtures involving 
15 % TR and 1 % SF. The V-funnel discharge duration 
was found to be increased with an increase in the RTR 
ratio. The TR incorporated mixes showed higher V-funnel 

flow time than the CR incorporated mixes under the same 
replacement ratios, indicating that long rubbers decreased 
the flowability more than short rubbers. 

3.1.4 The effect of RTR and SF on L-box height ratio 
Fig. 5 illustrates the L-Box test results for the rubberized 
SCAAC mixtures. For the required passing ability char-
acteristics, the PL value should be above 0.8 according to 
the related guidelines/standards. The results showed that 
the PL values of all mixes were above the minimum PL 
value of 0.8. Similar to other tested fresh state properties, 

Fig. 2 The effect of SF and RTR on the slump flow values 

Fig. 3 The effect of RTR and SF on the T50 flow duration

Fig. 4 The effect of SF and recycled rubber on V-funnel time

Fig. 5 The effect of SF and RTR on the L-Box height ratio
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PL value decreased with an increasing RTR ratio and SF 
inclusion. Also, CR incorporated mixes exhibited higher 
PL values than the TR incorporated mixes for the same 
replacement ratios. The fresh state results indicated that 
RTR decreased the fresh state properties, and the reduc-
tion was found more with the SF inclusions. Also, TR 
reduced the fresh state performances more than the CR.

 
3.2 Hardened state properties of rubberized specimens
Table 4 presents the hardened state test results of the rub-
berized SCAAC specimens. The results indicated that com-
pressive strength, modulus of elasticity, splitting tensile 
strength, and flexural strength decreased with an increase 
in RTR substitution ratios for the specimens without SF. 
The reduction in mechanical strength due to the RTR substi-
tution ratio was also reported in previous research [30, 31]. 
The loss of strength may be attributed to the loss of bond-
ing between the RTR and matrix, loss of stiffness due to 
inclusions of RTR, and reduced density with an increase 
in the RTR substitutions. However, the deformation capac-
ity significantly enhanced with RTR utilization when 1 % 
SF was utilized. The inclusion of SF slightly decreased 
the compressive strength, while the modulus of elastic-
ity, splitting tensile strength, and flexural strength slightly 
enhanced with the addition of SF. Meanwhile, deformation 
and energy absorption capacities of specimens significantly 
improved when SF and RTR were utilized together.

3.2.1 Compressive strength
Fig. 6 indicates the compressive strength results of the 
rubberized SCAAC specimens. The RTR utilization 
decreased the compressive strength results, and the com-
pressive strength decrease increased with an increase in 
the RTR ratios. A slight compressive strength enhance-
ment was observed with the 1 % SF inclusions. The results 

also showed that the compressive strength was found inde-
pendent from the rubber sizes since similar compressive 
strength values were obtained in the TR and CR speci-
mens under the same replacement ratios. Meanwhile, the 
compressive strength improvement due to the 1 % SF addi-
tion was also reported in the earlier investigations [13, 17]. 
In addition, significant compressive strength improvement 
was also reported due to the SF inclusion for the fly ash 
based geopolymer SCC [32]. This compressive strength 
improvement may be attributed to the improved SF and 
matrix bond strength caused by the crack arresting capa-
bility of fibers [32]. 

3.2.2 Splitting tensile strength
Fig. 7 indicates the splitting tensile strength results of the 
specimens. The results indicated that the splitting tensile 
strength of the non-fibrous specimens slightly decreased 
with the RTR inclusions. However, SF inclusion signifi-
cantly enhanced the splitting tensile strength of the rub-
berized SCAAC specimens. For the non-fibrous speci-
mens, the average splitting tensile strength decrease for 
the 10 % and 15 % RTR substitutions were 8 % and 12 %, 
whilst the average splitting tensile strength improvements 

Table 4 Hardened state properties of rubberized SCAAC specimens

Specimens Compressive Strength 
(MPa)

Modulus of Elasticity
(GPa)

Splitting Tensile Strength 
(MPa)

Flexural Strength
(MPa)

SF0CR0TR0 60.95 (±0.95) 20.73 (±0.79) 3.43 (±0.54) 3.89 (±0.47)

SF0CR10 52.74 (±0.86) 19.17 (±0.67) 3.17 (±0.45) 3.49 (±0.43)

SF0CR15 50.74 (±0.83) 18.47 (±0.68) 2.97 (±0.46) 3.35 (±0.41)

SF0TR10 53.23 (±0.77) 19.52 (±0.61) 3.12 (±0.38) 3.61 (±0.41)

SF0TR15 49.31 (±0.71) 19.18 (±0.57) 3.02 (±0.44) 3.49 (±0.39)

SF1CR10 55.32 (±0.63) 21.97 (±0.54) 3.95 (±0.41) 4.07 (±0.37)

SF1CR15 52.23 (±0.54) 22.87 (±0.49) 4.61 (±0.36) 4.10 (±0.39)

SF1TR10 56.29 (±0.64) 22.26 (±0.43) 4.22 (±0.38) 4.06 (±0.38)

SF1TR15 52.85 (±0.69) 23.19 (±0.52) 4.65 (±0.33) 4.11 (±0.34)

Fig. 6 The effect of RTR and SF on the compressive strengths
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of the steel fibrous specimens were 19 % and 35 % for 
the 10 % and 15 % RTR substitutions for SF0CR0TR0 
specimens. The SF inclusions to the rubberized SCAAC 
specimens enhanced the splitting tensile strength, and 
the improvement was found to be increased further with 
the higher RTR replacements (15 %). The results also 
pointed out that similar splitting tensile strength values 
were obtained in the specimens with CR and TR under 
the same replacement ratios. However, in literature, there 
is a conflict about the effect of rubber size on mechani-
cal strengths. Some studies reported that specimens with 
finer rubbers showed higher mechanical strengths [31, 33], 
while others stated that specimens with coarse rubbers 
performed higher mechanical strengths [34, 35]. In this 
research, similar mechanical strengths were obtained for 
the specimens with coarse and fine rubbers. 

3.2.3 Flexural strength
Table 4 gives the flexural strength test results of the rub-
berized SCAAC specimens under four-point loading. 
The results indicated that the flexural strength of the 
non-fibrous specimens slightly decreased with the RTR 
replacements. For the non-fibrous specimens, the aver-
age flexural strength decrease for the 10 % and 15 % RTR 
replacements were 8 % and 12 %. However, the flexural 
strength of the steel fibrous specimens slightly improved 
with the RTR replacements. The average flexural strength 
enhancements were 5 % and 6 % for the 10 % and 15 % 
RTR replacements with respect to SF0CR0TR0 specimens. 
The splitting tensile and flexural strength improvements 
due to the SF incorporations were also stated in the ear-
lier investigations [17, 32]. This improvement may be due 
to the hydrophilic nature of SF [36], improving the bond 
between SF and matrix. Also, high elastic modulus of SF 
facilitates stress distribution so that tensile crack formation 
is restrained, improving the mechanical strengths [37]. 

Fig. 8 shows the load versus displacement curves of the 
specimens under four-point loading. A linear slope was 
obtained up to the initiation of the first crack and then 
stress-softening was observed in the post-peak regions. 
The non-fibrous specimens showed very low deformation 
capacities, whilst SF rubberized specimens exhibited very 
high deformation capacities and toughness as shown in 
Fig. 8(a) and Fig. 8(b), respectively. The superior defor-
mation capacity was obtained in the SF1TR15 rubberized 
specimens, while the minimum deformation capacity was 
reached in the SF1CR10 rubberized specimens. A simi-
lar result was also obtained in the previous investigation 
that the peak strain decreased as the crumb rubber size 
reduced [38]. The high ductility of the specimens is mainly 
attributed to the crack bridging ability of the SF [24, 39]. 

3.3 Failure modes of the flexural specimens
Fig. 9 illustrates the cracking patterns of the rubberized 
SCAAC specimens under four-point loading. The flexure 
type of cracks and flexural failure realized in all speci-
mens. For the non-fibrous rubberized specimens, a big 
main crack was observed on the bending zone (Figs. 9(a), 
9(c) and 9(d)), except for SF0CR15 specimens (Fig. 9(b)). 

Fig. 7 The effect of RTR and SF on the splitting tensile strength

(a)

(b)
Fig. 8 Load vs displacement curves of the rubberized SCAAC specimens
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For the SF0CR15 specimens, very small hairline crack 
(≤0.1 mm) was observed as well as the main flexural type 
of crack. For the steel fibrous rubberized specimens, mul-
tiple cracks, shown as red circles in Figs. 9(e)–(h), were 
observed in the bending zone. The obtained cracks pointed 
out that stress transfers were available amongst the SF 
due to the crack arresting capability of the hooked-end 
SF, resulting in enhanced deformation capacity. When 
the obtained cracks were investigated in details, one main 
flexural crack was observed on the 10 % CR replaced 
(SF1CR10) steel fibrous specimens at the tension zone, and 
branching of this crack occurred at the compression region, 
Fig. 9(e). For the 15 % CR including (SF1CR15) steel fibrous 
specimens, one main crack and two small hairline cracks 
were obtained and the cracks reached to the main crack 
in the tension zone. The main flexural crack proceeded to 
the compression zone with branching and resulted in the 
failure, Fig. 9(f). For the 10 % TR replaced (SF1TR10) 
steel fibrous specimens, two vertical hairline cracks were 
observed, and these two cracks were found independent 
from the main crack and proceeded to the half of the spec-
imen. The main flexural crack with branching in both ten-
sion and compression regions proceeded to the failure, 
Fig. 9(g). For the 15 % TR replaced steel fibrous (SF1TR15) 
specimens, the main crack with a wider size in the tension 
zone was observed and proceeded to the failure. However, 
additional two vertical cracks were also observed, and one 
of them had a wider crack width (>0.1 mm) with branching 
in the tension zone, Fig. 9(h). These branched secondary 
cracks caused more deformation, which is an indicator of 
the highest load and deformation capacity in the SF1TR15 
specimens under flexure. 

3.4 Scanning Electron Microscopy (SEM) analysis
Fig. 10 shows the scanning electron microscopy (SEM) of 
the rubberized SCAAC specimens. The SEM results indi-
cated that continuous geopolymer gel in the slag based 
AAC showed more compact and homogeneous morpholo-
gies. Also, cavities and angular slag particles were barely 
found. The well-distributed paste with less unreacted slag 
grains, indicating denser, homogeneous, and less porous 
microstructure, resulting in higher mechanical strength 
for the SCAAC specimens. However, wider interconnected 
macro-cracks were observed in the microstructure, which 
can be attributed to the water evaporation and self-desic-
cation [39], and shrinkage of the reaction products [40]. 
This may be caused by the improper bond between matrix 
and rubber particles, which may result in a reduction in the 
mechanical strength of the specimens.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 9 Failure shapes of the rubberized SCAAC specimens

(b)
Fig. 10 SEM images of rubberized SCAAC specimens

(a)
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4 Conclusions
In this research, the fresh and hardened state performance 
of rubberized self-compacting alkali activated concrete 
(SCAAC) specimens with/out steel fibers (SF) were inves-
tigated. The crumb rubbers (CR) and tire rubber chips 
(TR) were used as a substitution to natural aggregates with 
10 % and 15 %. The SF with a fiber volume of 1 % was also 
used to investigate the possible utilization for structural 
applications. The following results were obtained:

The flowability and passing ability of the mixes 
decreased with an increase in the RTR content and rub-
ber particle size. Among the RTR, the TR adversely influ-
enced the fresh state performance more than the CR.

The specimens with 1 % SF and 15 % TR performed 
the lowest fresh state performance; however, all mixes 
had adequate flowability and passing ability based on the 
related guidelines and standards.

The mechanical strengths of the specimens were 
found to be independent of the rubber sizes since simi-
lar mechanical strengths were obtained for the specimens 
with TR and CR.

The very high deformation capacities were obtained 
due to the inclusion of 1 % SF. The post-peak performance 
enhanced with higher RTR ratios and the bigger TR parti-
cles performed slightly higher deformation capacity than 
the short CR particles when 1 % SF were utilized. 

The failure modes indicated that one main flexural crack 
was obtained for the non-fibrous specimens, while more and 
wider cracks were observed on the specimens including 1 % 
SF and 15 % RTR, resulting in higher post-peak performance.

The SEM results revealed that denser and homogeneous 
microstructure was obtained in the specimens. However, 
wider interconnected macrocracks were observed in the 
microstructure, probably due to the water evaporation, 
self-desiccation, and shrinkage of the reaction products.

The SF reinforced rubberized specimens should be used 
in structural applications, particularly in seismic zones.
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