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Abstract: Utilising crumb rubber from waste tyres to replace silica sand in engineered geopolymer 

composites (EGC) can reduce the environmental impact caused by landfilling and burning the tyres 

as well as that induced by exhausting the natural resources. This paper presents a systematic study on 

the effect of partially replacing silica sand with crumb rubber (10-40%) on the engineering properties 

of EGC, with special focus on deflection-hardening behaviour. Results indicate that the workability, 

density, ultrasonic pulse velocity, drying shrinkage resistance, and compressive and flexural strengths 

of EGC drop with the increasing crumb rubber content. Regardless of crumb rubber content, all 

studied EGC mixes exhibit pronounced deflection-hardening and multiple cracking characteristics. 

Replacing 10% of silica sand with crumb rubber can lead to acceptable compressive and flexural 

strengths of EGC. The crack width of EGC containing crumb rubber after flexural loading ranges 

from around 39 µm to 68 µm, which is lower than that of EGC with silica sand only. The presence 

of crumb rubber can lead to more PVA fibres pulled out and the rubber at the cracking interface may 

contribute to restraining the crack growth, which is conducive to improving the flexural toughness of 

EGC and reducing crack width. 

Keywords: Fibre reinforced concrete; Geopolymer; Engineered cementitious composites; Crumb 
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1. Introduction 

Engineered cementitious composites (ECC) were developed in the early 1990s to overcome the 

brittleness of normal cementitious materials, which possess extraordinary tensile ductility and 

multiple cracking characteristics [1]. The induced crack width of ECC during the strain-hardening 

stage is around or lower than 100 µm, which is much smaller as compared with normal concrete [2]. 

It is worth noting that the Portland cement content in a typical ECC is about 2-3 times higher than 

that in ordinary concrete, which makes ECC not sustainable as the manufacture of Portland cement 

is a major contributor to global CO2 emissions (around 8%) [3, 4]. Therefore, an increasing number 

of studies have been focused on the development of greener and more sustainable ECC in the last 

decade. 

Geopolymers synthesised through the alkali activation of industrial by-products (e.g., fly ash) are 

regarded as a promising alternative to Portland cement considering various aspects such as lower 
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carbon emissions and more superior engineering properties [5]. Given the potential benefits of 

utilising geopolymers in the construction industry, many attempts have been made to replace Portland 

cement in ECC with geopolymers, aiming to develop green, sustainable and highly ductile fibre 

reinforced geopolymer composites, called engineered geopolymer composites (EGC) [6]. Different 

precursors have been used to develop EGC, such as fly ash, ground granulated-blast furnace slag and 

metakaolin [7-10]. Among all available EGC mixes, the one adopting blended fly ash and slag as the 

precursor has attracted much attention in recent years as it can attain a good synergy between fresh 

and hardened properties under ambient temperature [11-13], which is more suitable for cast-in-situ 

applications along with reduced cost and energy consumption. 

It was estimated that around 1000 million waste tyres are generated annually and more than half 

of them are landfilled [14]. This number may rise to 1200 million yearly by the year 2030. Apart from 

landfilling, fire burning is also a disposal way for these end-of-life tyres, while both methods can pose 

many types of environmental risks [15]. Hence, it is important and urgent to propose an appropriate 

solution to dispose of this huge number of waste tyres every year. Through mechanical shredding of 

tyres under ambient temperature, cryogenic degradation of tyres or thermal degradation of tyres, 

several materials especially rubber particles with various sizes can be retrieved, e.g., crumb rubber 

[16, 17]. Depending on the size of these rubber particles, they can be incorporated into concrete to 

partially or fully replace aggregates and cement [18]. This process can help reduce the environmental 

impacts caused by landfilling and burning waste tyres and the overexploitation of natural resources. 

It was reported that the incorporation of crumb rubber into cement-based materials can improve the 

cracking resistance and durability as well as the energy absorption capacity under dynamic loading 

[19-22]. 

In recent years, crumb rubber has also been utilised to partly replace silica sand in ECC to improve 

its sustainability. It was generally found that the tensile strain capacity or flexural deformation 

capacity of ECC can be improved in the presence of crumb rubber [23-30], which can be attributed 

to the decreased matrix toughness and interface bonding as well as the increasing number of active 

flaws [31]. In addition, crumb rubber contributed to reducing the crack width of ECC [32]. For 

instance, the crack number, crack spacing and crack width of ECC were changed from 16 to 58, 5.04 

mm to 1.37 mm, and 155 µm to 116 µm, respectively when 50% of Portland cement was replaced 

with crumb rubber [29]. It was also reported that incorporating crumb rubber into ECC can enhance 

its resistance against impact loading [25, 28]. However, most of these studies found that the 

mechanical strengths of ECC such as compressive and tensile strengths were weakened in the 

presence of crumb rubber. Some of them indicated that the drying shrinkage of ECC containing crumb 

rubber was higher than that of normal ECC [23, 27, 30]. Up to now, to the author’s best knowledge, 

only one study [33] has explored the effect of crumb rubber on the mechanical properties of slag-
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based EGC, revealing that the inclusion of crumb rubber greatly improved the tensile strain capacity 

of EGC although the tensile and compressive strengths dropped. Adopting crumb rubber to substitute 

5% of slag can achieve a superior tensile strain-hardening behaviour along with very tight crack 

widths (73.2 µm). Although the above study proved the feasibility of using crumb rubber in EGC, the 

effect of crumb rubber as alternative sand on the overall behaviour of EGC is still unclear. It is worth 

noting that the interfacial transition zone would significantly affect the mechanical properties and 

durability of EGC [34]. As mentioned earlier, fly ash-slag based EGC has many benefits over either 

fly ash- or slag-based EGC. Thus, it is vital to study the role of crumb rubber in engineering properties 

of fly ash-slag based EGC. 

The main purpose of this study is to investigate the effect of partial replacement of silica sand with 

crumb rubber (10-40%) on the engineering properties of EGC. The EGC mix made from silica sand 

alone was prepared and used as the reference. A series of experimental tests including workability, 

density, ultrasonic pulse velocity (UPV), compressive strength and four-point bending tests were 

carried out. Regarding the four-point bending test, the stress-displacement response, failure mode, 

cracking behaviour, flexural strength and flexural toughness of EGC with and without crumb rubber 

were discussed in depth. The fibre condition across the cracking interface was also explored to 

understand the underlying mechanisms. 

2. Experimental program 

2.1 Raw materials 

Low-calcium fly ash and ground granulated blast-furnace slag were used as the precursors of EGC, 

the chemical compositions and particle size distribution of which are presented in Table 1 and Fig. 1, 

respectively. Silica sand with a specific gravity of 2.65 and crumb rubber obtained from the ambient 

grinding of truck tyres with a specific gravity of 1.14 were adopted as the aggregates in the mixtures. 

The particle size distribution of silica sand and crumb rubber is also shown in Fig. 1. As per the 

previous studies [12, 35], a mixture of NaOH solution (10 M) and Na2SiO3 solution with a silicate 

modulus of 2.58 was used as alkaline activator, where NaOH solution was prepared by dissolving 

400 g of NaOH pellets in one litre of solution. A polycarboxylate-based superplasticiser was 

incorporated into the mixtures to adjust their workability. PVA fibre with a length of 12 mm and a 

diameter of 40 µm supplied by Kuraray Co., Ltd., Japan was used for all proposed mixes in this study. 

The tensile strength and elastic modulus of the used PVA fibre are 1600 Mpa and 41 GPa, respectively. 

Table 1 Chemical compositions (wt.%) of fly ash and ground granulated blast-furnace slag. 

Type/oxide  SiO2 Al2O3 CaO Fe2O3 MgO K2O MnO 

Fly ash 49.80 25.08 4.65 11.67 1.67 3.30 - 

Slag 34.10 12.30 44.20 0.41 8.12 0.56 0.25 
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Fig. 1. Particle size distribution of fly ash, slag, silica sand and crumb rubber. 

2.2 Mix proportions 

Table 2 lists the mix proportions of studied EGC mixes. The mass ratios of fly ash/slag, 

activator/precursor, silica sand/precursor, and superplasticiser/precursor were set as 4.0, 0.4, 0.2, and 

0.01, respectively based on previous studies [12, 36]. In addition, the PVA fibre volume fraction in 

all mixtures was 2.0%. The silica sand was substituted with crumb rubber at an increment of 10% up 

to 40%. It was reported that the compressive strength of ECC was decreased by about 26% when 50% 

of silica sand was replaced with crumb rubber [23]. Besides, around a 90% reduction in compressive 

strength was observed for normal concrete when 40% crumb rubber was used to substitute the dune 

sand [37]. Therefore, the highest crumb rubber replacement level was set as 40% to ensure the 

proposed mixtures possess acceptable mechanical properties. Regarding the mix ID, CR0 indicates 

the mixture without any addition of crumb rubber while CR10 denotes the mixture containing 10% 

crumb rubber. 

Table 2 Mix proportions of EGC (kg/m3). 

Mix ID Fly ash Slag NaOH Na2SiO3 
Silica 

sand 

Crumb 

rubber 
Superplasticiser PVA 

CR0 994 248.5 165.7 331.4 248.5 0 12.4 26 

CR10 994 248.5 165.7 331.4 223.7 24.9 12.4 26 

CR20 994 248.5 165.7 331.4 198.8 49.7 12.4 26 

CR30 994 248.5 165.7 331.4 174 74.6 12.4 26 

CR40 994 248.5 165.7 331.4 149.1 99.4 12.4 26 

2.3 Sample preparation  

All samples were prepared using a Hobart mixer in this study. Fly ash, slag, silica sand and crumb 

rubber (if any) were first mixed for 2 min. Then, the alkaline activator was slowly added to the mixture 

and mixed for 3 min followed by the addition of superplasticiser. After another 1 min of mixing, PVA 
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fibres were slowly and carefully added to the mixture to ensure uniform fibre dispersion. The mixing 

was continued for another 1 min when all PVA fibres were uniformly added into the mixture. The 

total mixing time of all mixtures was around 12 min. Upon the completion of mixing, the fresh 

samples were poured into moulds with various sizes. All specimens were de-moulded after 24 h and 

then moved into a curing room with constant temperature and relative humidity of around 20 oC and 

50% until the testing ages. 

2.4 Testing methods 

The flow table test was used to assess the workability of all EGC mixes as per ASTM C1437-15 [38]. 

For each mix ID, the flow table test was repeated three times. 50 mm cubic samples were utilised for 

determining the density [39] and UPV value of EGC at 7 d and 28 d. UPV is a non-destructive 

technique to indirectly reflect the quality of the test specimen based on the required velocity for an 

ultrasonic pulse to pass through the sample. Fig. 2 illustrates the UPV test setup, where the direct 

transmission was used during the test. For each mixture, six samples were tested for both density and 

UPV. The drying shrinkage of EGC was evaluated by measuring the length change of the prismatic 

sample (50 mm × 50 mm × 285 mm) between the de-moulding day and subsequent curing days. For 

each mix, three specimens were tested. 

 

Fig. 2. A photo of UPV test apparatus. 

The samples used for the density and UPV tests were then adopted for measuring the compressive 

strength according to ASTM C109/C109M-20b [40]. A constant loading rate of 1200 N/s was used 

for all test specimens. The four-point bending test was performed as per ASTM C1609 [41] to 

characterise the flexural behaviour of EGC, the test setup of which is shown in Fig. 3. The used 

specimen size was 20 mm × 100 mm × 400 mm and the test loading span was set as 300 mm. Three 

specimens were prepared and tested for each mix ID. A dial gauge was installed to measure the mid-

span deflection of the test sample and the whole loading process was recorded to help obtain the 

deflection results. After each test, the residual crack number and crack width in the upper, middle and 

lower lines of the tested specimen were measured using a portable microscope (Dino-Lite Edge 
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AM73115MZT), as illustrated in Fig. 4 [42]. For the crack across more than one line, its crack width 

was determined by averaging the crack width in each line. The microscope was also applied to explore 

the cracking interface to understand the inherent mechanisms. 

 

Fig. 3. A photo of four-point bending test setup. 

 

Fig. 4. An example of how to determine the crack number and crack width of EGC. 

3. Results and discussion 

3.1 Workability 

Fig. 5 presents the effect of crumb rubber content on the workability of EGC, which indicates a 

conspicuous trend that the flow value of EGC dropped with the increasing crumb rubber content. For 

instance, replacing 30% of silica sand with crumb rubber reduced the flow value by about 37%, which 

can be ascribed to the irregular shape and rough surface texture of rubber particles as compared with 

silica sand particles [43, 44]. Previous studies reported a similar phenomenon for cement-based 

materials [45, 46] and geopolymers [47, 48]. As mentioned previously, most rubber particles are 

recovered from the mechanical shredding process of waste tyres and the surface texture of the crumb 
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rubber is highly dependent on the manufacturing process. Some studies found that the workability of 

geopolymers was improved in the presence of crumb rubber due to the relatively smooth surface 

texture of crumb rubber compared to sand or the presence of more free water caused by the 

hydrophobicity of crumb rubber [49, 50]. The fibre content would also affect the workability of EGC 

with crumb rubber as the interaction between the constituent materials could be intensified when the 

incorporated fibre dosage is too high. 

 

Fig. 5. Flowability of EGC mixes containing various crumb rubber contents. 

3.2 Density and ultrasonic pulse velocity 

The effect of crumb rubber content on the density of EGC is illustrated in Fig. 6a. Regardless of 

curing age, the density of EGC containing crumb rubber was lower than that of EGC with silica sand 

only. The density of CR10, CR20, CR30 and CR40 at 7 d was 3.98%, 5.65%, 6.83% and 7.04% 

respectively smaller than that of the reference mix (CR0), which can be primarily attributed to the 

lower specific gravity of crumb rubber (1.14) in comparison with silica sand (2.65). The rise of air 

content inside EGC due to the presence of crumb rubber can also contribute to the reduction of density 

[51]. A similar finding was reported by Lương et al. [33] that the density of crumb rubber EGC was 

5-10% lower than that of the mix without crumb rubber. It is interesting to note that the differences 

in density between EGC with and without crumb rubber at 28 d (about 2-5%) were smaller than those 

at 7 d, which can be associated with the reaction between extra NaOH solution and some components 

of rubber (e.g., isoprene), reducing the entrapped air content [52]. Comparative results were reported 

in previous studies that the density of geopolymers [53] or cement-based concrete [54] containing 

NaOH-treated crumb rubber was higher than those of mixes incorporating as-received crumb rubber. 

Fig. 6b shows the UPV values of all mixes. A higher UPV value generally indicates a better quality 

of the test specimen and a lower number of internal flaws inside the sample. The UPV values of all 

EGC mixtures at 7 d and 28 d ranged from 3064 km/s to 3310 km/s and 3087 km/s to 3333 km/s, 

respectively, implying that the change of curing age did not have an apparent effect on the UPV of 
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EGC. Similar to the trend of density, the UPV of EGC went down with the increasing crumb rubber 

content. For instance, the UPV value of CR40 at 28 d was around 7% lower than that of CR0. Similar 

results were captured in previous studies on ECC [23], geopolymers [55] and cement-based concrete 

[43]. The main reason can be associated with the increased porosity for EGC due to the addition of 

crumb rubber. Ultrasonic pulses travel through solid materials faster than through porous materials 

[56] and thus, a longer travel time is required for the pulse to pass through the specimen containing 

crumb rubber. 

            

Fig. 6. Effect of crumb rubber content on (a) density and (b) UPV of EGC. 

3.3 Drying shrinkage 

Similar to ECC, coarse aggregates are typically excluded in the mix design of EGC as they can 

increase the matrix toughness and weaken the tensile strain-hardening behaviour of EGC [6]. As a 

result, the drying shrinkage resistance of EGC would be lower than that of normal concrete since the 

excellent shape stability of coarse aggregates can effectively restrain the drying shrinkage. It was 

reported that fly ash-slag based geopolymers had higher drying shrinkage than cement-based pastes, 

mainly due to the higher mesopore volume of geopolymers relative to cementitious pastes [57]. Thus, 

it is essential to study the effect of crumb rubber content on the drying shrinkage of EGC to ensure it 

has acceptable durability. 

The drying shrinkage of all EGC mixes at different curing ages is shown in Fig. 7, indicating that 

the drying shrinkage of EGC developed very rapidly at early ages and gradually slowed down with 

the increase of curing age. Generally, the drying shrinkage of EGC with crumb rubber was higher 

than that of EGC without crumb rubber although there was no clear trend when the crumb rubber 

content varied. Within the first 21 d, the drying shrinkage of CR0 was comparable to that of CR10. 

After that, EGC containing crumb rubber had similar drying shrinkage but larger than the reference 

mixture. For instance, the drying shrinkage of CR10, CR20, CR30 and CR40 at 28 d was 0.646%, 

0.682%, 0.660% and 0.670%, respectively, which was 9.58-15.76% greater than that of CR0. This 
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can be attributed to the reduced internal restraint to shrinkage caused by the lower elastic modulus of 

crumb rubber compared to silica sand and the increased rate of moisture loss due to higher porosity 

in the presence of crumb rubber [46, 58]. It agrees well with the literature finding [23, 27, 50] that 

the drying shrinkage of ECC or geopolymers went up with the increase of sand replacement by crumb 

rubber.  

 

Fig. 7. Drying shrinkage of EGC with various crumb rubber contents at different curing ages. 

3.4 Compressive strength 

Fig. 8 displays the compressive strength of EGC with various crumb rubber contents at 7 d and 28 d, 

indicating that CR0 held the highest compressive strengths of 29.2 MPa and 52.4 MPa, respectively. 

Irrespective of curing age, the presence of crumb rubber lowered the compressive strength of EGC 

and the reduction was higher when more silica sand was replaced with crumb rubber. The 28-d 

compressive strengths of CR10, CR20, CR30 and CR40 were approximately 8%, 24%, 33% and 43% 

lower than that of CR0, which is consistent with most of the existing studies on cementitious and 

geopolymer materials. It can be explained by the fact that: (1) the non-homogeneity of EGC tends to 

be higher in the presence of crumb rubber owing to the reduced workability and increased entrapped 

air content; (2) the compressive cracks are more likely to appear near the crumb rubber as the crumb 

rubber can be deformed more easily due to its lower stiffness [59, 60]; (3) the weak bonding between 

the crumb rubber and the matrix [18]; (4) some rubber particles may be damaged by NaOH solution 

with a high concentration [61]. However, the reaction between NaOH solution and crumb rubber can 

mitigate the negative effect on compressive strength of EGC as NaOH can accelerate the oxidative 

decomposition of crumb rubber, forming the carboxyl groups with Na+ and thus the wettability of 

crumb rubber [54, 62]. This can promote cement hydration, enhancing the compressive strength of 

EGC. Hence, when the sand replacement dosage by crumb rubber in EGC was appropriate (e.g., 10%), 

EGC could still have an acceptable compressive strength. Previous studies revealed that the 

compressive strength of cement-based and geopolymer mixes was significantly improved when the 

used crumb rubber particles were soaked in NaOH solutions for 40 min [49, 54]. Moreover, a previous 
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study [62] found that crumb rubber can be simultaneously treated during the alkali-activation process 

of geopolymers to reduce the negative effects of crumb rubber on the properties of geopolymers, 

implying that no pre-treatment of crumb rubber is needed before the mixing. 

 

Fig. 8. Effect of crumb rubber content on compressive strength of EGC. 

The typical compressive failure patterns of EGC are shown in Fig. 9. Varying the sand replacement 

dosage by crumb rubber did not significantly change the failure pattern of EGC. All mixtures retained 

the original shape of test specimens along with vertical macrocracks parallel to the loading direction. 

Owing to the fibre bridging effect, the lateral expansion of specimens was effectively restrained. 

 

Fig. 9. Typical compressive failure patterns of EGC with various crumb rubber contents at 28 d. 

The density and UPV of EGC can be correlated with the compressive strength, the results of which 

are presented in Figs. 10a and 10b, respectively. As seen in Fig. 10a, the density of EGC at both 7 d 

and 28 d had positive correlations with compressive strengths, which is consistent with the literature 

on slag-based EGC [33], ECC [23, 63] and fly ash-slag based geopolymer concrete [50]. It can be 

ascribed to the densified microstructure along with lower porosity when the density of the specimen 

is higher. Fig. 10b indicates a similar trend that the UPV of EGC was positively correlated with the 

compressive strength. The relation between UPV and compressive strength can be described as 

follows [64]: 

𝑓𝑐 = 𝐴𝑒𝐵∙𝑈𝑃𝑉                                                                                                 (1)                 

 where 𝐴 and 𝐵 are the constant coefficients. 
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The fitted exponential curves of EGC at 7 d and 28 d are presented in Fig. 10b, which can be 

considered as reliable models since the equations had a 𝑅2 of over 0.8 [65], and thus can be used to 

estimate the change of deterioration level of EGC with time. The rising rate of compressive strength 

with the change of UPV at 28 d was slightly higher than that at 7 d, which was also observed in 

previous studies [23, 55]. Adesina and Das [23] proposed a linear equation to describe the relation 

between UPV and compressive strength with a 𝑅2 of 0.9897: 

𝑓𝑐 = 0.022𝑈𝑃𝑉 − 33.78                                                                                            (2)                 

          

Fig. 10. Compressive strength of EGC against its (a) density and (b) UPV. 

3.5 Flexural behaviour 

The flexural behaviour of EGC in terms of stress-deflection relationship, failure pattern and cracking 

behaviour, flexural strength, and flexural toughness was analysed and discussed in this section. 

3.5.1 Stress-deflection response 

Fig. 11 depicts the stress-deflection relationship of all EGC mixes, indicating that they exhibited a 

pronounced deflection-hardening behaviour under four-point bending. The stress-deflection curves 

mainly consisted of two stages. In the first stage, the flexural stress of EGC was linearly increased up 

to the elastic limit, where the first crack was initiated at that point. The first crack of the test specimen 

was mainly induced by the existence of initial flaws when the load went up. Then, the stress-deflection 

curve of the specimen entered into the deflection-hardening stage and the curve showed some stress 

drops forming several serrated lines. These stress drops denoted the formation of microcracks and a 

larger drop typically indicated a larger crack opening. More serrated lines can be observed for EGC 

containing fewer crumb rubber while the stress-deflection curves of EGC with more crumb rubber 

(CR30 and CR40) were smoother during the deflection-hardening stages, suggesting that increasing 

the sand replacement level by crumb rubber may lower the crack width under four-point bending. A 

similar observation was found in a previous study [27]. 
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Fig. 11. Flexural stress-deflection response of EGC with various crumb rubber contents. 
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3.5.2 Failure pattern 

Fig. 12 demonstrates the typical microcracks formed over the tensile side of EGC containing crumb 

rubber from two different views. Consistent with the stress-deflection curves shown in Fig. 11, 

multiple microcracks along with a main major crack can be observed and the specimen behaved like 

a bendable slab instead of experiencing sudden failure. The cracking patterns of all EGC mixes after 

the four-point bending are illustrated in Fig. 13. 

 

Fig. 12. Typical microcracks on the tensile side of CR10: (a) front view and (b) bottom view. 
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Fig. 13. Typical failure patterns of EGC with various crumb rubber contents. 

It should be noted that these images were taken immediately after unloading and some very tight 

cracks may be closed and were difficult to detect [66]. Based on visual observation, multiple 

microcracks can be captured for all mixtures while such behaviour was more conspicuous for CR0, 

CR10 and CR20. This agrees well with the discussion in the last section that the crack widths of CR30 

and CR40 were tighter. Some of these tight crack widths were enlarged using a portable microscope 

(see Fig. 14). After unloading each failed specimen, its crack number and crack width were measured 

although the residual crack width could not fully represent the crack width of the specimen during 

the flexural loading. The result can still be used to evaluate the effect of crumb rubber on the cracking 

performance of EGC below. 

 

Fig. 14. Examples of tight microcracks in (a) CR30 and (b) CR40. 

3.5.3 Cracking analysis 

Fig. 15 displays the residual crack number and crack width of EGC against crumb rubber content. 

Increasing the crumb rubber content to 20% did not significantly vary the crack number of EGC while 

the further increments to 30% and 40% increased the crack number of EGC by about 36% and 43%, 

respectively. On the other hand, the residual crack width of EGC gradually dropped with the rising 

sand replacement level by crumb rubber. For instance, the average crack width of CR40 was 38.92 

µm which was around 44% lower than that of CR0. Similar findings were reported when crumb 

rubber was used to replace silica sand in ECC [27, 32]. The rise in crack number and reduced crack 

width for EGC caused by the presence of crumb rubber can be ascribed to the following reasons: (1) 

crumb rubber particles can weaken the matrix toughness due to their lower stiffness to lower the stress 

level needed to induce a new crack [31]; (2) more active flaws can be introduced by the addition of 

crumb rubber to improve the microcrack density and thereby the ductility [1]; (3) crumb rubber 

particles may bridge the microcracks to restrain the crack width [32]. Nevertheless, a previous 

research study [33] reported an inconsistent finding that adding 5% crumb rubber into slag-based 
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EGC increased the crack number and reduced the crack width, whereas the further addition of crumb 

rubber to 10% led to opposite effects. This may be associated with the poor interfacial bonding 

between fibres and the matrix and the bridging fibres can be pulled out very quickly before the 

formation of a new crack, resulting in localisation of failure. 

 

Fig. 15. Effect of crumb rubber content on residual crack number and crack width of EGC. 

Fig. 16 shows the fibre conditions at the crack interfaces of CR0, CR10 and CR40 after four-point 

bending tests. Both fibre pull-out and fibre rupture can be observed at the crack interface of EGC 

with no crumb rubber (CR0). It should be noted that fibre pull-out is more favourable for improving 

the flexural deformation capacity of EGC. As mentioned above, the interfacial bonding of fibre and 

matrix would be weakened due to the presence of crumb rubber and therefore, the fibres would tend 

to be pulled out. More pulled out PVA fibres appeared at the crack interfaces of CR10 and CR40. In 

addition, some rubber particles can be found at the cracking interfaces, implying that they could 

bridge the microcrack to restrain its crack width as the flexural loading goes up. As crumb rubber is 

an elastomer, it can sustain a large deformation when the microcrack grows until rupturing [32]. 
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Fig. 16. Fibre conditions across the cracking interfaces in EGC. 

3.5.4 Flexural strength and toughness 

Fig. 17a presents the flexural strength of EGC with various crumb rubber contents. Different from 

compressive strength (Fig. 8),  replacing 10% of silica sand with crumb rubber did not weaken the 

flexural strength of EGC. However, when 20% of silica sand was substituted with crumb rubber, the 

flexural strength of EGC was dropped by approximately 23%, while the further increase of crumb 

rubber replacement content to 30% and 40% did not considerably reduce the flexural strength of EGC. 

The reasons causing this reduction are similar to those explained for the compressive strength (see 

Section 3.4). When the incorporated crumb rubber content was appropriate (10%), the reaction 

between NaOH solution and crumb rubber can improve the bonding between crumb rubber and 

matrix, minimising the negative effect of crumb rubber on the flexural strength of EGC. PVA fibres 

played a more essential role in flexural strength than in compressive strength. Therefore, combining 

PVA fibres and crumb rubber with improved wettability would not considerably lower the flexural 

strength of EGC. Previous studies [23, 27] also revealed that the reduction in flexural strength of ECC 

caused by the crumb rubber was lower than that in compressive strength. For instance, replacing 50% 

of silica sand with crumb rubber reduced the compressive strength of ECC by 26.1% while it only 

reduced the flexural strength by 10.5% [23]. 

            

Fig. 17. Effect of crumb rubber content on (a) flexural strength and (b) toughness of EGC. 

The flexural toughness of ECC in this study was determined by integrating the load-deflection 

curve, the results of which are illustrated in Fig. 17b. The flexural toughness defined in ASTM C1609 

[41] can be calculated as the area enclosed under the load-deflection curve up to the point of the mid-

span deflection of 2 mm, which was not adopted herein since it could not fully understand the 

toughness of the mixture with a superior deflection-hardening behaviour. Except for CR40, the 

flexural toughness of CR10, CR20 and CR30 ranged from 28.42 J to 32.80 J, which was comparable 

to CR0 (32.57 J). As discussed in Section 3.5.3, incorporating the crumb rubber into ECC can promote 
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the PVA fibre pull-out that can benefit the toughness of the specimen. More microcracks were 

generated when more silica sand was substituted with crumb rubber, enhancing the flexural toughness 

of ECC. The crumb rubber can absorb more energy under deformation owing to its elastic property 

[23, 62]. These effects can compensate for the loss of toughness induced by reduced flexural strength. 

4. Conclusions 

In this paper, a systematic experimental study was conducted to explore the effect of replacing silica 

sand with crumb rubber (10-40%) on the engineering properties of fly ash-slag based engineered 

geopolymer composites (EGC). Based on the results obtained, the following conclusions can be made: 

• Increasing the crumb rubber content reduced the workability, density and ultrasonic pulse velocity 

of EGC, primarily due to the irregular particle size and lower density of crumb rubber and 

increased air content inside EGC. The drying shrinkage of EGC with crumb rubber was generally 

higher than that of EGC with silica sand only, where the drying shrinkage of CR10, CR20, CR30 

and CR40 at 28 d was 9.58-15.76% greater than that of CR0. 

• The compressive strength of all EGC mixes herein ranged from about 30 MPa to 52 MPa, which 

is appropriate for engineering applications. The compressive strength of EGC was gradually 

weakened when silica sand was partly replaced with crumb rubber. The reaction between NaOH 

solution and crumb rubber may mitigate such negative effect on the compressive strength and 

thus, replacing 10% of silica sand with crumb rubber can still lead to an acceptable compressive 

strength for EGC. EGC with or without crumb rubber maintained the structural integrity after 

compression. There existed a good correction between the density or ultrasonic pulse velocity of 

all EGC mixtures with compressive strength. 

• All studied EGC mixes exhibited clear deflection-hardening and multiple cracking characteristics. 

The crack number and crack width of EGC after flexural loading were increased and reduced, 

respectively, in the presence of crumb rubber. For instance, the average crack width of CR40 was 

38.92 µm which was around 44% lower than that of CR0. Replacing 20% or more silica sand with 

crumb rubber weakened the flexural strength of EGC while the flexural toughness was not 

significantly affected when 10-30% of silica sand was substituted with crumb rubber. The 

presence of crumb rubber can promote the pull-out of PVA fibre and the crumb rubber across the 

crack interface can sustain a large deformation as the crack grows, which is beneficial to reducing 

the crack width of EGC and improving flexural toughness. 
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