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Abstract: Recycled tyre polymer (RTP) fibre has recently been gaining ever-increasing attention 

from the scientific community as a promising substitute to synthetic fibres for cementitious 

composites to improve sustainability. This paper, for the first time, investigates the behaviour of RTP 

fibre reinforced concrete (FRC) under dynamic splitting tension, focusing on the effects of fibre 

content (0.1, 0.2, 0.4 and 0.8 vol%) and strain rate (0.88-3.54 s-1) and the feasibility of replacing 

polypropylene (PP) fibre with RTP fibre for FRC. Results indicate that the inclusion of RTP fibres is 

favourable in enhancing the splitting tensile properties of concrete under various strain rates (10-1 to 

101 s-1), where the dynamic splitting tensile strength and dissipated energy of concrete mixture 

containing 0.2 vol% RTP fibre are improved by 5.5%-14.2% and 24.9%-36.7% respectively 

compared to the plain mixture as a result of fibre bridging effect. Fibre pull-out process considerably 

contributes to the enhancement of energy dissipation capacity. The splitting tensile properties of all 

mixtures are sensitive to strain rate, where the developed empirical equations well describing the 

relationship between dynamic increase factor (DIF) and strain rate provide insight into this rate 

sensitivity. A comparison between RTP-FRC and PP-FRC confirms that RTP fibre can be used as a 

sustainable and cost-effective alternative to PP fibre for cementitious materials considering 

engineering properties and potential economic benefit of the composites. 
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1. Introduction 

It was reported that about 1.5 billion end-of-life tyres are produced every year [1] and this amount is 

expected to increase with the increasing number of vehicles. The amount may reach 5 billion by 2030 

[2, 3], while most of the waste tyres would be landfilled, stockpiled or burned. These disposal methods 

may induce several environmental problems such as the production of harmful substances, air and 

soil pollution, and source of forming disease [2, 4]. Given that creating a sustainable development 

path for the present and future generations in various aspects is one of the main goals in this century 

[5, 6], it is essential to dispose the waste tyres in a more eco-friendly way. 

Apart from the aforementioned disposal methods, another method of disposing waste tyres is to 

recover their constituent materials via several processing phases [7]. The recovered materials mainly 

include rubber, steel and polymer fibre. In recent years, an increasing number of studies have 

attempted to apply these recycled tyre materials in the field of civil engineering especially the mix 

design of concrete, in order to promote the sustainable development in the construction industry 

through maximising the usage of recycled materials. For instance, depending on the size of rubber, it 

can be used to partially replace fine or coarse aggregates in concrete, which is known as rubber 

concrete [2]. Compared to conventional concrete, rubber concrete generally exhibits lower unit 

weight, better impact behaviour and improved durability, which can be used for pavements or barriers 

[2, 8]. Steel is a major component of the tyre (13%-27%) [9]. It was found that concrete reinforced 

with recycled tyre steel fibres is comparable with that reinforced with manufactured steel fibres under 

a certain fibre dosage [10, 11]. Besides, recycled tyre polymer (RTP) fibre is another major recovered 

material from the waste tyre. It was reported that approximately 250,000 tonnes of RTP fibres are 

generated annually in the EU region [12]. RTP fibre is highly flammable, safely storing it is a big 

challenge [12]. Therefore, finding an appropriate way of disposing RTP fibres is of interest to 

researchers. 

Recently, an increasing number of studies have investigated the engineering properties of concrete 

reinforced with RTP fibres. A summary of these studies is listed in Table 1. Most of the research 

aimed at evaluating the optimal RTP fibre content in fibre reinforced concrete (FRC) considering the 

effects of RTP fibre content on the physical, mechanical and durability properties of concrete. The 

feasibility of using RTP fibres as an alternative to manufactured PP fibres for cement-based materials 

is also a research focus. For instance, Huang et al. [13] studied the effect of RTP fibre content (1-7 
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kg/m3) on the mechanical behaviour of concrete after fire spalling and found that concrete 

incorporating RTP fibres over 2 kg/m3 exhibited superior fibre spalling resistance. The experimental 

studies on shrinkage of RTP-FRC indicated that under a certain RTP fibre dosage, the resistances to 

autogenous and plastic shrinkage were enhanced [14, 15]. The effects of as-received (without any 

cleaning process before usage) and cleaned (with certain cleaning process before usage) RTP fibres 

on the engineering properties of normal and wet-sprayed concrete were explored by Baricevic et al. 

[12, 16], who reported that independent of RTP fibre type, incorporating a certain dosage of RTP 

fibres can significantly restrain the early-age deformation and enhance the freeze-thaw resistance, 

while the workability and compressive strength were not considerably influenced. Onuaguluchi and 

Banthia [17] found that the synergistic effects in post-crack flexural behaviour were formed when 

RTP fibres were combined with either steel or PP fibres. However, these studies mainly focused on 

the static properties of RTP-FRC. During service, concrete structures are not only subjected to the 

static loadings but may experience several time-varying loadings with high strain rates, e.g., 

earthquake and impact. In some military zones, concrete structures may encounter blast or explosion 

forces [18]. Thus, it is vital to understand the behaviour of RTP-FRC under a wide range of strain 

rates corresponding to the above loading conditions. As presented in Table 1, Chen et al. [19, 20] 

investigated the effect of four different RTP dosages (0.1-0.8 vol%) on the dynamic compressive 

properties and flexural fatigue behaviour of concrete and observed that incorporating 0.2 vol% RTP 

fibre improved the compressive strength and energy absorption capacity under various strain rates by 

about 12.9% and 54.4%, respectively. In addition, the flexural fatigue behaviour was enhanced with 

the addition of RTP fibres. It is worth mentioning that the tensile failure of concrete under extreme 

loading conditions (e.g. medium or high strain rate loadings) may be more pronounced than 

compressive failure due to its inherent low tensile properties implying that, understanding the tensile 

behaviour under different strain rates is crucial. However, to the best of authors’ knowledge (see 

Table 1), the tensile behaviour of concrete reinforced with RTP fibres under a range of medium or 

high strain rates (over 10-1 s-1) has not been assessed. Therefore, it is important to provide a 

comprehensive understanding of the effects of RTP fibres and strain rates on the tensile behaviour of 

RTP-FRC for its potential engineering applications. 

The main purpose of this study is to experimentally investigate the effect of RTP fibre content 

(0.1, 0.2, 0.4 and 0.8 vol%) on the static and dynamic splitting tensile properties of concrete. The 
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mixture containing 0.1 vol% PP fibre was regarded as the reference for comparison to seek whether 

RTP-FRC presents better splitting tensile behaviour than PP-FRC considering a range of strain rates. 

First, a series of tests were carried out to measure the workability, static splitting tensile strength and 

elastic modulus of specimens with various fibre contents, based on which the effect of fibres was 

estimated. Then, the splitting tensile properties including stress-time curves, failure patterns and 

dissipated energy under various strain rates (0.88-3.54 s-1) were measured using a 100 mm diameter 

split Hopkinson pressure bar (SHPB) testing setup. The obtained results were compared with that of 

static splitting tensile test to estimate the effects of fibres and strain rates on the dynamic increase 

factor (DIF) of concrete. Reliable predicted equations considering the relationship between DIF and 

strain rate were developed. Afterwards, scanning electron microscope (SEM) was utilised to 

characterise the morphology of RTP fibres in concrete after the SHPB test. Lastly, a comparison 

between RTP-FRC and PP-FRC considering workability and static and dynamic mechanical 

properties was made to gain insight into the reinforcing mechanisms. 

2. Experimental program 

2.1 Materials 

Portland cement (P.I. 42.5) with a specific gravity of 3.09 was used in this study, the chemical 

composition of which is given in Table 2. Natural river sand and crushed granites were used as the 

fine and coarse aggregates, respectively. The specific gravity of fine aggregates is 2.56. The 

maximum size of coarse aggregates is 20 mm. Polycarboxylate-based superplasticiser (SP) was added 

at 1.0% by the mass of cement content for all mixtures to improve the workability of specimens. RTP 

and PP fibres shown in Fig. 1 were adopted as reinforcing materials. It can be observed from the SEM 

micrographs of the fibres in Fig. 1c and d that RTP fibres are not uniform in dimension, while the 

shape of PP fibres is straight. It should be noted that RTP fibres were used as received in this study 

and thus many rubber particles are attached. To better understand the percentage of attached rubber 

particles of as-received RTP fibres, a simplified laboratory sieving method based on a previous study 

[12] was applied and a detailed testing process was reported in authors’ previous research [20]. It was 

found that the as-received RTP fibres contain 56.8% cleaned RTP fibres and 43.2% rubber particles 

by weight [19, 20]. Table 3 illustrates the physical and mechanical properties of RTP and PP fibres, 

which are the same as those used in the previous studies [19, 20]. Here, the dimension of RTP fibres 

was characterised based on a group of samples using a microscope and a fibre diameter tester (XGD-



5 

 

1 Fibre Diameter Tester), the results of which are presented in Fig. 2. It is worth noting that 500 and 

300 samples were used for the characterisation of length and diameter of RTP fibres, respectively. 

The coefficient of variations (COV) for the length and diameter of RTP fibres were 47.1% and 11.8%, 

respectively. More details about the geometrical characteristics of RTP fibres can be found in authors’ 

previous studies [19, 20]. Fibre tensile tester (XQ-1A Fibre Tensile Tester) was used to measure the 

mechanical properties of RTP fibres shown in Table 3. 

2.2 Mix proportions and sample preparation 

The mix proportions presented in Table 4 were designed in accordance with the authors’ previous 

studies [19, 20]. The influencing parameters in this study were fibre type (PP and RTP fibres) and 

fibre volume fraction (0.1-0.8 vol%). The number denoted in the symbol (e.g. ‘09’ in PPF09 and ‘12’ 

in RTPF12) stands for the fibre content in kg/m3. Herein, 0.9 and 1.2 kg/m3 correspond to about 0.1 

vol% for PP fibre and RTP fibre, respectively. It was reported that incorporating PP fibres with equal 

or less than 0.1 vol% into concrete can achieve the optimal mechanical properties of resultant 

composites with improved early-age shrinkage resistance and compressive behaviour under a range 

of high strain rates [12, 19, 21, 22]. In addition, RTP fibres showed great potential as a substitute of 

PP fibres considering the performances of the resultant composites but higher dosages of RTP fibres 

are required [12, 14, 19, 20]. To date, a comparison between RTP-FRC and PP-FRC in terms of tensile 

behaviour under various strain rates has not been studied. Thus, the mix proportion of PP-FRC used 

in this study (see Table 4) was kept consistent with previous studies [12, 19, 20] that concrete 

reinforced with 0.1 vol% PP fibre was prepared and compared with RTP-FRC containing various RTP 

fibre contents. 

Regarding the mixing process, dry materials including cement and fine and coarse aggregates 

were first mixed for 2 min. Then, water and SP were added to the mixture followed by the gradual 

addition of fibres. For the mixture containing RTP fibres, the weighted RTP fibres were mixed with 

part of water and SP to ensure a better fibre dispersion [17, 20]. Afterwards, the fresh mixtures were 

poured into different moulds. After 24 h, all samples were demoulded and cured for 28 d in a standard 

curing room (20 ± 2 ∘C and 95% RH). 

2.3 Testing methods 

Table 5 presents the experimental program in terms of number of specimens, achievable parameter 

and complied standard for each test. The details about testing methods are described below. 
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2.3.1 Slump test 

Before casting, the slump test was performed to evaluate the effect of fibre on workability of concrete 

according to GB/T50080-2016 [23]. 

2.3.2 Static splitting tensile test 

The static splitting tensile strength was evaluated using specimens with two different sizes of 150 

mm × 150 mm × 150 mm and ∅ 100 mm × 50 mm, in accordance with GB/T50081-2002 [24]. For 

splitting tensile tests, the results are only valid when the first crack is initiated at the centre of the 

specimen and then propagates along the loading direction [25, 26]. Thus, Brazilian disc sample was 

fabricated to mitigate the above issue. Herein, two parallel flattens with equal width were produced 

on the specimen with a dimension of ∅ 100 mm × 50 mm to fit the loading platens of the testing 

machine (see Fig. 3) [26]. As shown in Fig. 3, the selection of arc angle (2𝛼) is directly related to the 

reliability of the results. As per a previous study [27], the arc angle equal or over 20o can guarantee 

the crack would mostly occur at the centre. Therefore, in this study, an arc angle of 20o was used for 

all the cylindrical specimens for splitting tensile tests. 

For the Brazilian disc cylindrical specimen, the conventional equation of splitting tensile strength 

is not appropriate due to the existence of two parallel flattens [28]. Thus, the following formula was 

used to characterise the splitting tensile strength of Brazilian disc cylindrical specimen [27, 28]: 

𝑓𝑠𝑡 = 𝑘
2𝐹𝑝

𝜋𝐷𝐵
                                                                        (1) 

where 𝑓𝑠𝑡 is the splitting tensile strength of the specimen, 𝐹𝑝 is the maximum load during the splitting 

tensile test, 𝐷 is the diameter of the specimen, 𝐵 is the depth of the specimen, and k is the coefficient 

related to the loading angle [27], which is 0.95 for 2𝛼 = 20o [29]. 

2.3.3 Elastic modulus test 

According to GB/T50081-2002 [24], the elastic modulus test was conducted on 150 mm × 150 mm 

× 300 mm prismatic specimens for each mixture. The elastic modulus can be calculated as: 

𝐸𝑠 =
𝜎𝑎 − 𝜎0

𝜀𝑎 − 𝜀0
                                                                        (2) 

where 𝐸𝑠 represents the elastic modulus of the specimen, 𝜎𝑎 is the stress corresponding to the 1/3 of 

the ultimate stress, 𝜎0 corresponds to 0.5 MPa during the loading, 𝜀𝑎 is the longitudinal strain at 𝜎𝑎, 

and 𝜀0 is the longitudinal strain at 𝜎0. 



7 

 

2.3.4 Split Hopkinson pressure bar test 

The splitting tensile behaviour of the specimens under various strain rates (10-1 to 101 s-1) was 

measured using a 100 mm diameter SHPB testing setup, the schematic diagram of which is presented 

in Fig. 4. The components and the corresponding properties were the same as the SHPB setup used 

in a previous study [19]. The main components contain a striker bar, an incident bar, a transmitted 

bar and an absorbing bar, the lengths of which are 600, 5000, 3500 and 1200 mm, respectively. These 

bars are made of superior alloy steel. 

Before the test, the Brazilian disc specimen was sandwiched between the incident and 

transmission bars, as shown in Fig. 4. During the test, the incident bar was first impacted by the striker 

bar which produced an incident wave (𝜀𝑖(𝑡)). During the propagation of the incident wave, part of 

the incident wave was reflected as reflected wave (𝜀𝑟(𝑡)) when it reached the interface between bar 

and specimen. The remaining part was transmitted through the transmission bar as transmission wave 

(𝜀𝑡(𝑡)). A pulse shaper (see Fig. 4) was used to transform the square-shaped waveform into half-sine-

shaped waveform by minimising the wave dispersion [30, 31]. Thus, the rising time of the incident 

pulse can be prolonged to ensure the stress equilibrium is achieved within the specimen. The strain 

gauges mounted on both incident and transmission bars were used to record the details of these three 

waveforms [19]. The change of force with time (𝐹𝑑(𝑡)) acting on the specimen can be calculated as 

follows [31, 32]: 

𝐹𝑑(𝑡) = 𝐸0𝐴𝜀𝑡(𝑡)                                                                         (3) 

where 𝐴 denotes the cross-sectional area of the bars, and 𝐸0 represents the elastic modulus of the bars.  

The change of stress with time 𝑓𝑑(𝑡) can be evaluated using Eq. (1) by inputting the change of 

force obtained from Eq. (3). The corresponding loading rate (�̇�) and strain rate (𝜀̇) of each tested 

specimen can be calculated as: 

�̇� =
𝑓𝑑𝑠𝑡 

∆𝑡
                                                                        (4) 

𝜀̇ =
�̇�

𝐸𝑠
                                                                        (5) 

where 𝑓𝑑𝑠𝑡 stands for the dynamic splitting tensile strength of the specimen (peak value), ∆𝑡 is the 

time for the tested specimen to reach 𝑓𝑑𝑠𝑡, and 𝐸𝑠 is the elastic modulus of the tested specimen. 

It is worth noting that all the above equations were used based on two main assumptions that are 

one-dimensional wave propagation and uniformity of stress or strain [31]. The surface condition of 
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RTP fibres after the SHPB test was characterised using SEM. As previously stated, the use of a pulse 

shaper can help achieve the stress equilibrium whilst the SHPB test. It is essential to check whether 

the stress equilibrium is achieved to ensure the validity of the SHPB results. Thus, an example 

showing how the stress equilibrium state was checked is illustrated in Fig. 5. As observed, the wave 

at the incident end of the tested specimen is very close to the transmitted wave, which implies that 

the stress equilibrium was achieved. 

3. Results and discussion 

3.1 Static splitting tensile strength 

Fig. 6 presents the static splitting tensile strength of all mixtures. The results of the plain mixture (F0) 

were highlighted as purple dash lines in Fig. 6. It can be observed that, regardless of fibre type and 

sample size, the static splitting tensile strength of all FRC mixtures was higher than that of F0. With 

respect to the effect of sample size, the results obtained using cylindrical samples were found to be 

higher than that using cubic samples (averagely 15.2%). This can be explained by the fact that the 

splitting tensile strength is dependent on the fracture area of the splitting section whilst the testing 

[33] meaning that, the splitting tensile strength tends to be higher when the splitting area is smaller. 

Regarding the effect of RTP fibre content, as seen in Fig. 6, incorporating 0.1-0.8 vol% RTP fibre 

increased the static splitting tensile strength up to 7.6% as compared with F0. This could be attributed 

to the bridge effect of RTP fibres across the fracture zone, which restrained the crack growth and 

propagation [20]. As a result, the splitting tensile strength of RTP-FRC was improved. However, the 

improvements induced by the addition of RTP fibres were not significant, which can be attributed to 

the features of RTP fibres, e.g. fibre length. As seen in Table 3, the average length of RTP fibre is 

quite short, which may lose the efficiency of fibre bridging as the splitting cracks propagate. It is 

interesting to note that, similar to flexural strength [20], the further addition of RTP fibres (over 0.2 

vol%) gradually weakened the splitting tensile strength of concrete. Under the same fibre dosage (0.1 

vol%), the splitting tensile strength of RTP-FRC was comparable to that of PP-FRC with no more 

than 1.5% difference. This implies that both RTP and PP fibres were not significant in enhancing the 

splitting tensile strength of concrete, which can be attributed to their hydrophobic characteristics [14, 

34]. Therefore, the bonding between either RTP or PP fibres and matrix tends to be poor. Although 

both fibres can bridge the micro cracks, they may experience slippage or pull-out as the cracks 

propagate, leading to a reduced load-carrying capacity of the resultant composites. 
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3.2 Elastic modulus 

Fig. 7 shows the elastic modulus of concrete with and without fibres. The result of compressive 

strength [19] is also illustrated for comparison as the elastic modulus of concrete is strongly related 

to its compressive strength [30, 35]. It can be clearly found that the trend of compressive strength is 

consistent with that of elastic modulus that regardless of fibre type, the addition of fibres reduced the 

elastic modulus by 4.0%-15.7% as compared with F0. The results here are in good agreement with 

findings presented by a previous study [12] that RTP and PP fibres resulted in a decline of elastic 

modulus by 3.0%-7.0%. The observed reduction in elastic modulus can be explained by the same 

reasons for the change in compressive strength [19, 20], which are mainly influenced by the internal 

structure of FRC (e.g. porosity) and stiffness of the fibre [35]. Firstly, the inclusion of fibres reduces 

the workability of fresh concrete. As seen in Table 4, the slump value of FRC decreased with the 

increase of RTP fibre content, where RTPF96 achieved the lowest slump value of 70 mm. This can 

be ascribed to the increased contact network between fibre and matrix, which would restrict the 

movement of constituent materials [20]. The reduction in workability may increase the non-

homogeneity of FRC and thus affect its internal structure. Secondly, the porosity of FRC would be 

increased due to the increased air content entrapped by the rubber particles attached the RTP fibres 

(i.e. 0.518-4.15 kg/m3). Besides, rubber particles have relatively a lower stiffness than the cement 

matrix [36] and thus, the cracks would be easily present along the weak interface between rubber 

particle and cement matrix. Moreover, the low stiffness of RTP and PP fibres partially contributes to 

the reduction in elastic modulus of FRC, although it was noted that the fibre stiffness does not have 

a significant effect on the mechanical properties of FRC prior to cracking [37]. 

3.3 Dynamic splitting tensile behaviour 

3.3.1 Dynamic splitting tensile strength and failure pattern 

Fig. 8 depicts the stress-time curves of all mixtures under various strain rates ranging from 0.88 s-1 to 

3.54 s-1. In this study, the dynamic splitting tensile strength corresponds to the peak stress of the 

curves shown in Fig. 8, the results of which are listed in Table 6. An obvious feature can be found for 

all mixtures that, increasing the strain rate consistently enhanced the dynamic splitting tensile strength. 

For instance, for F0, the peak stress (see Fig. 8a) increased from 9.55 MPa to 11.73 MPa when the 

strain rate rose to 1.34 s-1. Besides, for FRC, the peak stress of RTPF12 (see Fig. 8c) was improved 

by 19.1% when the strain rate changed from 0.94 s-1 to 1.35 s-1. This strength improvement feature 
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could be influenced by several factors such as structural inertia forces and viscosity of bulk material 

[38, 39]. In addition, the rapid development of cracks along with the appearance of multiple cracks 

under high strain rates is also responsible for this strength enhancement feature [38]. As shown in Fig. 

8, apart from the dynamic splitting tensile strength, the increase of strain rate also resulted in a shorter 

time to reach the peak stress meaning that, the curves shifted towards left. When the strain rate was 

the lowest, the time to reach the peak stress of all mixtures was in the range between 310 and 325 µs. 

By contrast, the time decreased to 140-155 µs when the strain rate was the highest. This can be also 

observed in Table 6 that, the average stress rate of all mixtures was increased with the rising strain 

rate. As introduced in Section 2.3.4, the stress rate was defined as the ratio of the peak stress (see Fig. 

8) to the time needed to reach it. Thus, when the time required to reach the peak stress was reduced, 

the corresponding stress rate increased. It is worth noting that this duration is dependent on the striker 

bar as well as the thickness of the pulse shaper [40]. 

The failure patterns of all mixtures under static and dynamic splitting tension are illustrated in 

Fig. 9. Given that concrete is heterogeneous in nature, the resulted strain rate for each mixture would 

vary even under the same impact velocity [19]. Thus, in Fig. 9, a range of strain rates are given rather 

than a specific strain rate. It can be clearly seen that for all mixtures, the cracks were mostly passing 

through the centre of the specimen surface, which confirms the validity of the results. As seen in Fig. 

9, under static loading, all mixtures showed similar failure patterns that the tested samples were 

broken into two halves. Besides, for RTPF48 and RTPF96, some additional cracks can be observed 

near the loading positions, which can be ascribed to the increased stress concentration between 

specimen and loading ends. Under dynamic loading, unlike the failure patterns of specimens 

subjected to the static loading, the main crack formed along the surface of the specimen was not 

straight. With the increase of strain rate (2.12-3.54 s-1), this feature became more pronounced and the 

cracks from the centre was shearing towards the loading ends, forming triangular crushed sections 

near the two flat ends. The possible reason for this failure feature is that the cracks appear before the 

stress reaches the equilibrium state [25]. Additionally, the use of two flattens to fit the loading points 

(see Fig. 3) could relieve the stress concentration near the loading ends [25, 29], but the increased 

friction at the interface between specimen and loading points under high strain rates could still result 

in unstable stress distribution. 
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Fig. 10 illustrates an example showing the effect of RTP fibres on the stress-time curves of 

concrete under a range of strain rates. In general, the presence of RTP fibres increased the dynamic 

splitting tensile strength in comparison with F0. The effect of RTP fibre content on the dynamic 

splitting tensile strength is shown in Fig. 11. Under various ranges of strain rate, all RTP-FRC 

mixtures exhibited a similar trend that the dynamic splitting tensile strength was increased initially 

up to a fibre dosage of 0.2 vol%, followed by a descending trend with the further addition of RTP 

fibres. This trend is consistent with that of dynamic compressive strength [19]. Under an appropriate 

fibre content, the incorporation of RTP fibres can bridge the existing cracks and appearing cracks due 

to external loading, which restrains the growth of cracks. Unlike dynamic compressive failure [19], 

for all RTP-FRC mixtures, only one clear macro crack can be observed for dynamic splitting tensile 

failure (see Fig. 9). This suggests that the appearance of existing cracks inside the concrete either due 

to intrinsic flaws or shrinkage mechanism can largely affect its behaviour under high velocity impact 

as the cracks caused by the external forces are more likely present at the weak zone or near the 

intrinsic flaws [35]. As reported by previous studies [12, 16], under a certain fibre dosage, the 

inclusion of RTP fibres can effectively limit the crack growth induced by shrinkage, which indicates 

that the number of internal cracks would be lower when RTP fibres are present inside the concrete 

matrix. Besides, the improved dynamic splitting tensile strength observed in RTP-FRC is highly 

associated with the energy dissipation capacity. More energy is required to fracture the fibre 

reinforced composite because of the stress transfer at the fibre-matrix interface. In summary, the 

dynamic splitting tensile strength is significantly affected by the fibre bridging efficiency and internal 

structure of the composite. As mentioned previously, the internal structure of the composite is 

influenced by its internal fibre orientation. It is interesting to note that the mixture containing 0.2 vol% 

RTP fibre had the highest dynamic splitting tensile strength under different ranges of strain rate, 

which was approximately 5.5%-14.2% higher than that of F0. This is consistent with the previous 

discussion that adding 0.2 vol% RTP fibre can achieve the optimal fibre distribution in concrete, 

which enhances the mechanical properties of concrete. Regarding the post-failure pattern of all 

mixtures (see Fig. 9), no pronounced difference can be found as the RTP fibre content changed. 

Nevertheless, within the strain rate range of 1.73-2.05 s-1, several fragments can be observed for F0, 

which can be attributed to the stress localisation near the loading points [25]. By contrast, a secondary 
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vertical crack can be noticed for RTPF24, which suggests that the presence of RTP fibres dispersed 

the acting stress to wider areas. 

3.3.2 Dynamic increase factor 

The strength-enhancing feature discussed in the last section is usually quantified in terms of DIF, 

which is defined as the ratio of dynamic splitting tensile strength to static splitting tensile strength. In 

this study, the static splitting tensile strength measured using cylindrical specimens was used for 

calculating the DIF, the results of which are listed in Table 6. It can be found that under various strain 

rates, all mixtures had a DIF over 1 and it consistently increased with the increasing strain rate. This 

is well correlated with dynamic splitting tensile strength discussed in Section 3.3.1. It is worth 

mentioning that acquiring an equation between DIF and strain rate is essential for better 

characterisation of material behaviour under high strain rate tension [30]. Besides, a reliable equation 

can provide more insights for future structural design and numerical analysis. Thus, the fitted linear 

curves of DIF against strain rate for plain concrete, PP-FRC and RTP-FRC are obtained and shown 

in Fig. 12. The developed DIF equations are compared with those proposed by other studies [41, 42] 

for predicting the tensile properties of steel-FRC within a certain range of strain rates, which are listed 

together in Table 7. Regarding the gradients of the developed equations, RTP-FRC presented the 

highest sensitivity to strain rate in comparison with plain concrete and PP-FRC. The 𝑅2 shown in 

Table 7 can be used to judge the reliability of the developed equations, where the equations developed 

in this study were found to be reliable and accurate as the values of 𝑅2 were close to 1 (0.950-0.979). 

The predicted equation developed by Zhao et al. [41] showed that hybrid FRC containing steel and 

polyvinyl alcohol fibres was less sensitive to strain rate than the studied mixtures here (with a gradient 

of only 0.543). Wu et al. [42] reported that the ultra-high performance concrete containing various 

contents of micro steel fibres presented considerably large sensitivity that the tensile strength was 

significantly enhanced with the rising strain rate (with a gradient of 9.635). However, the results have 

large deviations with 𝑅2  = 0.795. The fitted equation derived by a previous study [19] for the 

prediction of dynamic compressive strength of RTP-FRC was also used for comparison. As seen in 

Fig. 12 and Table 7, the dynamic compressive strength of RTP-FRC was more sensitive to strain rate 

in comparison with the dynamic splitting tensile strength (with a gradient of 2.422), which is 

inconsistent with the finding of [41]. The possible reason could be that the static compressive strength 

of RTP-FRC was generally lower than that of plain concrete, i.e. up to 17.7% lower at 28 d. According 
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to the definition of DIF, the lower the static mechanical strength (i.e. smaller denominator), the higher 

the DIF can be achieved [19]. Moreover, utilising compressive loading condition in SHPB setup can 

exhibit a very high range of strain rates (101 to 104 s-1) [18, 22], which may in turn increase the strain 

rate sensitivity. In contrast, the static splitting tensile strength of RTP-FRC found in this study was 

higher than that of F0 and the resulted strain rates were in the range between 10-1 and 101 s-1. As a 

result, the strain rate sensitivity may be slightly affected. Nevertheless, both equations were found to 

be reliable for predicting the compressive and tensile behaviour of RTP-FRC within a certain range 

of strain rates as the 𝑅2 values were both higher than 0.9. 

Fig. 13 presents the effect of RTP fibre content on the DIF under different ranges of strain rate, 

which shows a similar trend with that displayed in Fig. 11. Concrete mixture reinforced with 0.2 vol% 

RTP fibre had the highest sensitivity to strain rate as the DIF of RTPF24 was the highest under various 

strain rates, ranging from 1.82-2.76. When the incorporated RTP fibre content was 0.8 vol%, RTP-

FRC was found to be less strain rate sensitive than F0. For instance, when the strain rate range was 

1.34-1.48 s-1, the DIF of RTPF96 was 1.94 which was 0.1 lower than that of F0. This can be mainly 

attributed to the reduced dynamic splitting tensile strength of RTPF96 as compared with F0 (6.6% 

lower). While the static splitting tensile strength of RTPF96 was comparable with that of F0, with a 

difference of only 1.9%. Thus, considering the definition of DIF, the lower the numerator (i.e. 

dynamic splitting tensile strength), the smaller the DIF. Additionally, fibre failure pattern may 

partially contribute to the reduced DIF when the critical fibre dosage is exceeded [43]. 

3.3.3 Energy dissipation capacity 

The dissipated energy of all mixtures during the SHPB test (𝑊𝑑(𝑡)) can be calculated based on the 

energy balance between the energy of the incident (𝑊𝑖(𝑡)), reflected (𝑊𝑟(𝑡)) and transmitted waves 

(𝑊𝑡(𝑡)) using the following equations [29, 31]: 

𝑊𝑑(𝑡) = 𝑊𝑖(𝑡) − 𝑊𝑟(𝑡) − 𝑊𝑡(𝑡)                                                                        (6) 

𝑊𝑖(𝑡) = 𝐸0𝐶0𝐴 ∫ 𝜀𝑖
2(𝑡) 𝑑𝑡

𝑡

0

                                                                        (7) 

𝑊𝑟(𝑡) = 𝐸0𝐶0𝐴 ∫ 𝜀𝑟
2(𝑡) 𝑑𝑡

𝑡

0

                                                                        (8) 

𝑊𝑡(𝑡) = 𝐸0𝐶0𝐴 ∫ 𝜀𝑡
2(𝑡) 𝑑𝑡

𝑡

0

                                                                        (9) 

where 𝐶0 denotes the longitudinal wave velocity of the bars. 
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The dissipated energy of all mixtures is given in Table 6. For all mixtures, the trends of dissipated 

energy are consistent with those of dynamic splitting tensile strength and DIF. Increasing the strain 

rate consistently enhanced the dissipated energy in different extents. For instance, under the strain 

rate range of 2.62-3.02 s-1, the dissipated energy of F0, RTPF12, RTPF24, RTPF48, RTPF96 and 

PPF09 was 15.4%, 20.8%, 22.2%, 25.0%, 25.6% and 19.8% higher than that under the strain rate 

range of 2.12-2.52 s-1. Under high strain rate loading, the increased energy dissipation capacity for 

concrete can be mainly ascribed to the increasing appearance of cracks [41]. Since the loading 

duration is extremely short under high velocity impact, there is no enough time for the cracks to 

propagate. The formation of cracks dissipates more energy than the propagation, and thus the energy 

dissipation capacity is considerably enhanced. In this study, the failure specimen is normally fractured 

into parts (see Fig. 9), while Zhao et al. [41] found that the tested specimens showed fragmental 

failure when the strain rate was higher than 10.1 s-1. Nevertheless, in this study, the highest strain rate 

was around 3.54 s-1 and no obvious fragmental failure pattern was observed for the specimens shown 

in Fig. 9. The highest energy improvement due to the rising strain rate obtained in this study (61.0%) 

was much lower than that for the energy dissipation of RTP-FRC under dynamic compression 

reported in [19] that was 339.3%. It can be suggested that the improved dissipated energy with the 

increase of strain rate can be attributed to the formation of internal micro cracks and propagation of 

primary splitting crack (see Fig. 15). 

As mentioned in Section 3.3.1, fibre bridging behaviour plays an important role in improving the 

tensile behaviour of FRC under different strain rates. For FRC, the energy dissipated by the pull-out 

process of fibres accounts for a large proportion of total energy dissipation capacity under dynamic 

loading [19, 44]. It is worth pointing out that various fibre characteristics including chemical bond, 

frictional bond and anchorage can influence the fibre pull-out process [44, 45]. Fig. 14 illustrates the 

effect of RTP fibre content on the dissipated energy of concrete under various strain rates. The trend 

is well correlated with the trends found in Figs. 11 and 13. Similarly, RTPF24 had the highest energy 

dissipation of 46.6-166.1 J under different strain rates. Compared to F0, the dissipated energy of 

RTPF24 was improved by 24.9%-36.7%, which further proves that 0.2 vol% can be regarded as the 

optimal fibre dosage for RTPF. The improved energy dissipation capacity of RTP-FRC is highly 

associated with fibre pull-out behaviour. Fig. 15 shows the SEM micrographs of RTP fibres after the 

SHPB test. As seen in Fig. 15a, the splitting tensile failure can be ascribed to the combined formation 
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of micro and macro cracks. Besides, ruptured RTP fibre can be found near the macro crack. Fig. 15b 

provides more information regarding the ruptured type of RTP fibres. Unlike polyvinyl alcohol fibres, 

RTP and PP fibres are similar, and both have a very low chemical bond. Thus, the frictional bond is 

the main factor influencing the pull-out process of RTP fibres. As seen in Fig. 15b, two types of 

ruptured end can be observed for RTP fibres, i.e. ruptured necking end and smooth end. The fibre 

with a ruptured necking end implies that more energy may be required to overcome the frictional 

bond during pull-out to cause this type of fibre failure [41]. A higher load is required to cause the 

fibre pull-out under dynamic loading than under static loading because of the strain rate sensitivity 

[46]. In contrast, less energy may be consumed to cause a fibre failure with a smooth end due to its 

smoother pull-out process. However, both mechanisms greatly contribute to the improvement of 

dissipated energy of RTP-FRC under high strain rate loading.  

3.4 Comparison between RTP and PP fibres 

One of the objectives of this study is to explore whether PP fibres can be fully replaced with RTP 

fibres for concrete in terms of splitting tensile properties under various strain rates. If RTP-FRC can 

present comparable or even better performance than PP-FRC under a certain fibre dosage, it means 

RTP fibres have a large potential to substitute PP fibres. As discussed above, concrete mixture with 

0.2 vol% RTP fibre has the highest dynamic splitting tensile strength, DIF and energy dissipation 

capacity among all mixtures. Thus, in this section, only the results of PPF09, RTPF12 and RTPF24 

were used for comparison and analysis. Fig. 16 depicts the effects of PP and RTP fibres on dynamic 

splitting tensile strength of concrete under different strain rates. It can be observed that when the fibre 

dosage was 0.1 vol%, PP-FRC slightly outperformed RTP-FRC. However, the difference was not 

significant (less than 5.7%). FRC containing 0.2 vol% RTP fibre consistently outperformed PPF09 

under different ranges of strain rate, where the difference ranged from 2.7%-5.2%. Similar results 

were found in the aspect of DIF shown in Fig. 17. As discussed in Section 3.3.2, RTP-FRC is more 

strain rate sensitive than PP-FRC, which means in overall, the increase in splitting tensile strength 

was higher within a certain range of strain rates. The effects of PP and RTP fibres on the dissipated 

energy are shown in Fig. 18. The dissipated energy of RTPF12 was considerably lower than that of 

PPF09, especially within the strain rate of 1.73-1.96 s-1 (17.6%). However, increasing RTP fibre 

content can slightly mitigate this negative influence. RTPF24 had at most 8.9% higher dissipated 

energy than PPF09. It is worth noting that the above increase or decrease percentages were estimated 
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based on the average value of each parameter. Overall, the behaviour of RTPF24 and PPF09 seems 

to be similar. 

Manufactured PP fibre can offer many benefits to cementitious materials, especially plastic 

shrinkage resistance [34] and it is considered as the secondary reinforcement in conventional concrete 

[22]. However, the production of synthetic PP fibres consumes many non-renewable and expensive 

natural resources, and its non-biodegradable disposal may increase the waste generation [6]. This 

implies that increasing the usage of PP fibres in concrete would accordingly reduce the sustainability 

of construction materials. Thus, it is vital to explore the feasibility of using RTP fibres as a promising 

substitute to manufactured PP fibres considering the engineering properties of concrete. If this 

hypothesis can be proved, a win-win outcome can be obtained that the manufacture of PP fibres can 

be reduced, and the accumulated waste tyres can be effectively disposed. As a result, the 

environmental impact of FRC can be considerably reduced. 

Fig. 19 shows a comprehensive comparison between PPF09 and RTPF12/RTPF24 in the aspects 

of workability and static and dynamic mechanical properties. The results obtained from the previous 

studies [19, 20] were used and presented in Fig. 19. It should be mentioned that the percentages shown 

in Fig. 19 were calculated based on the average result of each parameter. Regarding the fresh 

properties, RTPF12 presented slightly better workability than PPF09, while the workability of 

RTPF24 was approximately 5.1% lower than that of PPF09. Herein, it can be suggested that PP fibres 

had a more negative influence on workability than RTP fibres. The workability of FRC can be 

considerably affected by the critical fibre dosage while this value reduces with the increasing fibre 

aspect ratio [35]. According to the fibre properties shown in Table 3, PP fibre has a larger aspect ratio 

(731) than RTP fibre (412) implying that the critical fibre dosage of PP fibre is lower. It is worth 

noting that the possibility of fibre clumping may increase when the critical fibre dosage is exceeded, 

which may in turn reduce the workability of concrete [35, 47]. The air content of RTPF12 and 

RTPF24 was lower than that of PPF09 due to larger surface area of PP fibres [20]. As shown in Fig. 

19, all mixtures exhibited comparable static mechanical properties (compressive, flexural and 

splitting tensile strengths) with the largest difference of 4.8%. Regarding the dynamic mechanical 

properties shown in Fig. 19, a range of percentages was given as various strain rates were adopted 

whilst the SHPB test. RTPF24 consistently had slight better static mechanical properties than PPF09, 

while the differences were not significant ranging from 0.8%-2.4%. In terms of dynamic compressive 
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properties, under the same fibre dosage, RTP-FRC showed less fracture energy than PP-FRC, where 

the largest difference was about 31.9%. This was explained in [19] that PP fibres with a longer length 

can arrest the crack with a bigger size. However, increasing the RTP fibre dosage can compensate the 

loss in fracture energy under different strain rates, where the largest improvement over PPF-FRC was 

31.4%. 

The estimated cost of each mixture (unit: USD/m3) is presented in Fig. 20. The unit costs of 

constituent materials except RTP fibres are based on the commercial market prices [37, 48]. The unit 

cost of RTP fibres was provided by the supplier, which is around 0.5 USD/kg. Since RTP fibres were 

used as received in this study, the potential costs of cleaning the RTP fibres before the usage was not 

considered. It can be found that replacing PP fibres with RTP fibres significantly reduced the overall 

production cost, where the cost was 5.9%-11.8% lower. The main difference was due to the difference 

in fibre costs. As a result, replacing PP fibres with RTP fibres in FRC can not only mitigate the 

environmental problems induced by manufactured PP fibres and accumulated waste tyres but reduce 

the cost of the composite. It is worth pointing out that Fig. 20 is only used to briefly indicate the 

potential economic benefit of using RTP fibres in concrete to replace manufactured PP fibres. For 

practical applications, the additional costs related to RTP fibres such as cleaning and packing costs 

should be considered [7, 12].  In summary, it can suggest that PP fibres should be replaced by a two 

times higher quantity of RTP fibres, considering the fresh and mechanical properties of FRC. 

4. Conclusions 

This study presents an experimental study on the static and dynamic splitting tensile properties of 

concrete with various content of recycled tyre polymer (RTP) fibre (0.1, 0.2, 0.4 and 0.8 vol%). 

Splitting tensile properties of concrete with and without fibres under various strain rates (0.88-3.54 s-

1) were investigated using a 100 mm diameter split Hopkinson pressure bar (SHPB). Based on the 

experimental results, the main conclusions can be drawn as follows: 

• The static splitting tensile strength is influenced by the size of the tested specimen, where the 

tested specimen with a smaller splitting area exhibits a larger strength (averagely 15.2% higher). 

The addition of RTP fibres did not significantly improve the static splitting tensile strength of 

concrete, where adding 0.2 vol% RTP fibres leads to the highest improvement of approximately 

7.6%. 
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• Incorporating either RTP or PP fibres decreases the elastic modulus of concrete by 4.0%-15.7%, 

which can be attributed to the increased porosity of composites, low stiffness of fibres, and low 

stiffness of rubber particles attached the RTP fibres. 

• The dynamic splitting tensile properties including dynamic splitting tensile strength, dynamic 

increase factor (DIF) and energy dissipation of all mixtures investigated are sensitive to strain 

rate. To better understand this rate sensitivity, empirical equations with 𝑅2  of over 0.9 were 

developed to describe the relationship between DIF and strain rate for all mixtures within a range 

of 10-1 to 101 s-1. 

• The incorporation of RTP fibres up to 0.2 vol% considerably enhances the splitting tensile 

properties of concrete under various strain rates. For instance, the dynamic splitting tensile 

strength and dissipated energy are improved by 5.5%-14.2% and 24.9%-36.7%, respectively in 

comparison with the plain mixture without fibre. 

• SEM images indicate that the dynamic splitting tensile failure is a result of the formation of 

internal micro cracks and macro splitting crack. In addition, RTP fibres with two different types 

of ruptured end can be observed after dynamic splitting tensile failure. Fibres with ruptured 

necking ends are mainly responsible for the enhancement of energy dissipation capacity of 

concrete. 

• An in-depth comparison between RTP and PP fibres in terms of engineering properties and 

economic viability of the resultant composites indicates that PP fibres should be replaced with a 

two times higher content of RTP fibres in fibre reinforced concrete. 

It should be mentioned that the use of as-received RTP fibres at a low fibre dosage showed 

improvements in static and dynamic mechanical properties, and potential environmental and 

economic benefits. However, stable and acceptable performance of concrete containing RTP fibres 

is required for engineering applications. It is essential to develop a reliable and effective cleaning 

approach for processing the as-received RTP fibres, as the attached rubber particles may affect the 

constancy of behaviour of fibre reinforced concrete [12, 19, 20]. Afterwards, the addition of higher 

fibre dosages (e.g. 0.5-1.0 vol%) of cleaned RTP fibres can be considered and their effects on the 

overall performance of concrete can then be investigated. This is a subject of ongoing work and will 

be presented in a future publication. 
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Fig. 1. Pictures and SEM micrographs of (a) as-received recycled tyre polymer (RTP) fibres (with 

rubber granules attached); (b) Polypropylene (PP) fibres; (c) SEM micrograph of RTP fibres 

(magnification: 100×); (d) SEM micrograph of PP fibres (magnification: 100×). 

 

(b) (a) 

(c) (d) 
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Fig. 2. Distribution of (a) length and (b) diameter of RTP fibre. 
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Fig. 3. Schematic diagram showing the preparation of Brazilian disc sample for splitting tensile 

tests. 

 

Fig. 4. Schematic diagram of SHPB testing system. 

 

 

Fig. 5. An example of checking the stress equilibrium. 
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Fig. 6. Static splitting tensile strength of all mixtures. 

 

 

 

 

 

 
Fig. 7. Elastic modulus and compressive strength of all mixtures. 
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Fig. 8. Effect of strain rate on stress-time curves of: (a) F0; (b) PPF09; (c) RTPF12; (d) RTPF24; 

(e) RTPF48; and (f) RTPF96. 
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Fig. 9. Failure patterns of all mixtures under different strain rates. 
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Fig. 10. Effect of RTP fibre on stress-time curve of concrete at strain rates of 3.02-3.54/s. 

 

 

 

Fig. 11. Effect of RTP fibre content on dynamic splitting tensile strength of concrete under different  

strain rates. 
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Fig. 12. Fitted curves of dynamic increase factor (DIF) of fibre reinforced concrete (FRC) against 

strain rate. 
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Fig. 13. Effect of RTP fibre content on dynamic increase factor (DIF) of concrete under different 

strain rates. 

 

 

 

Fig. 14. Effect of RTP fibre content on dissipated energy of concrete under different strain rates.  
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Fig. 15. SEM micrographs of RTP fibres inside the FRC after SHPB test. 

 

 

 

 

 

 

 

 
Fig. 16. Comparison of PP and RTP fibre effects on dynamic splitting tensile strength of concrete. 
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Fig. 17. Comparison of PP and RTP fibre effects on dynamic increase factor (DIF) of concrete. 

 

 

 

 

Fig. 18. Comparison of PP and RTP fibre effects on dissipated energy of concrete. 
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Fig. 19. Comparison between specimens RTPF12/RTPF24 and PPF09 in terms of workability, 

static and dynamic mechanical properties (adopted from [19, 20]). 

 

 

 

 

 

 

 

Fig. 20. Estimated cost of all mixtures per m3.  
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Table 1. Summary of previous studies on effect of recycled tyre polymer (RTP) fibre on concrete. 

Refs. Specimen Fibre type and content Properties measured Concluding remarks 

Huang et al. [13] Concrete 

Cleaned RTP1: 1, 2 and 7 

kg/m3; 

PP: 2 kg/m3 

Fire spalling and residual 

compressive strength 

▪ Mixtures containing RTP fibres over 2 

kg/m3 exhibited enhanced fire resistance. 

Serdar et al. [14] Concrete 

As-received RTP2: 5, 10 

and 15 kg/m3; 

PP: 1 kg/m3  

Density and air content, slump, 

compressive strength, 

autogenous shrinkage, 

restrained shrinkage, and total 

shrinkage 

▪ The workability was not obviously 

weakened by the addition of RTP fibres. 

▪ The autogenous shrinkage was 

considerably reduced by the addition of 15 

kg/m3 RTP fibre. 

Onuaguluchi and 

Banthia [15] 
Mortar 

As-received RTP: 0.2%, 

0.3% and 0.4% by mass of 

cement; 

PET: 0.2%, 0.3% and 0.4% 

by mass of cement  

Plastic shrinkage, crack 

characterization, 

microstructure after hot water 

curing of 90 d, sulphate 

resistance, and longitudinal 

expansion 

▪ The plastic shrinkage resistance was 

enhanced by incorporating 0.4% RTP fibre 

into mortar, which was comparable to that 

of mortar reinforced with 0.3% PET fibre. 

▪ The durability was not impaired by the 

incorporation of RTP fibres. 

Baricevic et al. [12]   Concrete 

As-received RTP: 5, 10 and 

15 kg/m3; 

Cleaned RTP: 1, 2 and 5 

kg/m3; 

PP: 1 kg/m3 

Density and air content, slump,  

early-age deformation, 

compressive strength, elastic 

modulus, and freeze-thaw 

resistance 

▪ The evolution of heat of hydration was 

not influenced by the presence of either 

RTP or PP fibres. 

▪ The early-age deformation of concrete 

was reduced by the incorporation of RTP 

fibres regardless of number of rubber 

granules attached. 

▪ The freeze-thaw resistance of concrete 

was significantly improved by adding as-

received RTP fibres. 

Baricevic et 

al. [16]   
Concrete 

As-received RTP: 0.9 and 

1.8 kg/m3; 

PP: 0.9 and 1.8 kg/m3 

Density, slump, compressive 

strength, flexural strength, 

capillary absorption, gas 

permeability, freeze-thaw 

resistance, air void 

characterization, pore size 

distribution, autogenous 

▪ The early-age shrinkage resistance of 

concrete reinforced with RTP fibres was 

improved compared with that without fibre 

reinforcement and that with PP fibre 

incorporation. 
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shrinkage, and restrained 

shrinkage 

▪ The overall concrete behaviour was 

improved when PP fibres were replaced 

with RTP fibres. 

Onuaguluchi 

and Banthia 

[17] 

Mortar and 

concrete 

As-received RTP: 0.35 and 

0.7 vol% 

Flexural residual strength, 

post-crack flexural properties, 

and abrasion resistance 

▪ A positive synergistic effect can be 

formed when combining RTP fibres with 

either steel or PP fibres. 

▪ No significant influence was found 

when RTP fibres were incorporated in 

concrete. 

Chen et al. 

[19] 
Concrete 

As-received RTP: 0.1%, 

0.2, 0.4 and 0.8 vol%; 

PP: 0.1 vol% 

Slump, compressive strength, 

dynamic compressive 

properties, and microstructure 

▪ The compressive properties under 

different strain rates were improved with the 

addition of RTP fibres up to 0.2 vol% where 

the optimal RTP fibre dosage was regarded 

as 0.2 vol%. 

▪ 0.1 vol% PP fibre can be replaced with 

0.2 vol% RTP fibre considering overall 

static and dynamic compressive properties. 

Chen et al. 

[20] 
Concrete 

As-received RTP: 0.1%, 

0.2, 0.4 and 0.8 vol%; 

PP: 0.1 vol% 

Air content, flexural fatigue 

properties, and microstructure 

▪ The flexural strength was slightly 

improved by the incorporation of RTP fibres 

(i.e. enhanced by 3.6 to 9.6%). 

▪ With the incorporation of RTP fibres of 

0.2-0.4 vol%, the overall fatigue behaviour 

was improved. 

Note: RTP (recycled tyre polymer); PP (polypropylene); PET (polyethylene terephthalate); SHPB (split Hopkinson pressure bar); SEM (scanning 

electron microscope); BSE (back-scattered electron); 1 (after certain cleaning process before usage); 2 (without any cleaning process before usage). 
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Table 2. Chemical compositions (wt%) of cement. 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O LOI 

Cement 60.56 21.35 5.98 2.91 2.22 2.05 0.21 4.72 

Note: LOI (loss on ignition). 

 

 

 

Table 3. Properties of fibres used in this study. 

Fibre type 
Length 

(mm) 

Diameter 

(µm) 

Density 

(kg/m3) 

Tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

PP 19 26 910 376 3.79 

RTP 8.7±4.1  21.1±2.5 1160 475 3.21 

 

 

 

Table 4. Mix proportions. 

Symbol 
Cement 

(kg/m3) 

FA 

(kg/m3) 

CA 

(kg/m3) 

Water 

(kg/m3) 

SP 

(kg/m3) 

RTP 

(vol%) 

PP 

(vol%) 

Slump 

(mm) 

F0 550 560 1128 154 5.5 0 0 185 

PPF09 550 560 1128 154 5.5 0 0.1 158 

RTPF12 550 560 1128 154 5.5 0.1 0 170 

RTPF24 550 560 1128 154 5.5 0.2 0 150 

RTPF48 550 560 1128 154 5.5 0.4 0 120 

RTPF96 550 560 1128 154 5.5 0.8 0 70 

Note: FA (fine aggregate); CA (coarse aggregate); SP (superplasticiser). 

 

 

 

Table 7. Summary of the fitted dynamic increase factor (DIF) equations for the curves in Fig. 12. 

Legend Fitted equation of DIF  𝑅2 

F0 𝐷𝐼𝐹 = 1.616log 𝜀̇ + 1.771 0.979 

PPF09 𝐷𝐼𝐹 = 1.621log 𝜀̇ + 1.785 0.960 

RTP fibre 𝐷𝐼𝐹 = 1.678log 𝜀̇ + 1.723 0.950 

Chen et al. [19] 𝐷𝐼𝐹 = 2.422log 𝜀̇ − 3.204 0.913 

Zhao et al. [41] 𝐷𝐼𝐹 = 0.543log 𝜀̇ + 1.049 0.890 

Wu et al. [42] 𝐷𝐼𝐹 = 9.635log 𝜀̇ − 8.923 0.795 
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Table 5. Number of specimens, achievable parameter and complied standard for each test. 

Note: 𝑓𝑠𝑡 (static splitting tensile strength); 𝐸𝑠 (elastic modulus); DIF (Dynamic increase factor) 

 

 

 

 

 

 

 

 

 

 

 

Symbol 

Slump test Splitting tension test Elastic modulus test SHPB test  

Achievable 

parameter 
Standard 

Number of specimens 
Achievable 

parameter 
Standard 

Number of 

specimens 

Achievable 

parameter 
Standard 

Number of 

specimens 

Achievable 

parameter 
Standard Cubic 

size 

Cylindrical 

size 

F0 

Slump 

GB/T500

80-2016 

[23] 

3 3 

𝑓𝑠𝑡 

GB/T500

81-2002 

[24] 

3 

𝐸𝑠 

GB/T5008

1-2002 

[24] 

18 

Stress-strain 

curves, DIF, 

dissipated 

energy 

- 

PPF09 3 3 3 18 

RTPF12 3 3 3 18 

RTPF24 3 3 3 18 

RTPF48 3 3 3 18 

RTPF96 3 3 3 18 
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Table 6. Summary of dynamic properties of all mixtures obtained from SHPB tests. 

Symbol 
Average stress 

rate (GPa/s) 

Average strain 

rate (s-1) 
𝑓𝑑𝑠𝑡 (MPa) 𝑓𝑠𝑡1 (MPa) 𝑓𝑠𝑡2 (MPa) DIF, 𝑓𝑑𝑠𝑡  /𝑓𝑠𝑡2 

Dissipated 

energy (J) 

F0 30.8 0.88 9.55±0.47 4.83±0.46 5.76±0.36 1.66±0.08 34.1±2.89 

 46.9 1.34 11.73±0.71 4.83±0.46 5.76±0.36 2.04±0.12 54.9±4.78 

 60.8 1.73 12.15±0.52 4.83±0.46 5.76±0.36 2.11±0.09 66.9±2.43 

 74.4 2.12 13.40±0.48 4.83±0.46 5.76±0.36 2.33±0.08 95.6±6.49 

 91.9 2.62 13.78±0.82 4.83±0.46 5.76±0.36 2.39±0.14 110.3±3.07 

 106.1 3.02 14.86±0.23 4.83±0.46 5.76±0.36 2.58±0.04 132.8±9.30 

PPF09 32.9 0.99 10.53±0.34 5.06±0.07 5.91±0.38 1.78±0.06 42.8±2.57 

 46.4 1.39 12.06±0.26 5.06±0.07 5.91±0.38 2.04±0.04 68.7±3.69 

 61.7 1.85 12.95±0.95 5.06±0.07 5.91±0.38 2.19±0.16 91.7±6.28 

 75.1 2.25 13.89±0.73 5.06±0.07 5.91±0.38 2.35±0.12 118.2±5.07 

 91.4 2.74 14.16±0.58 5.06±0.07 5.91±0.38 2.40±0.10 141.6±10.20 

 106.1 3.18 15.91±0.66 4.99±0.39 5.91±0.38 2.69±0.11 160.3±13.95 

RTPF12 31.6 0.94 9.96±0.30 4.99±0.39 5.85±0.35 1.70±0.05 40.4±2.58 

 45.6 1.35 11.86±0.39 4.99±0.39 5.85±0.35 2.03±0.07 59.7±3.08 

 60.0 1.78 12.29±0.59 4.99±0.39 5.85±0.35 2.10±0.10 75.6±3.55 

 74.7 2.22 13.82±0.48 4.99±0.39 5.85±0.35 2.36±0.08 108.3±6.99 

 90.7 2.69 14.06±0.69 4.99±0.39 5.85±0.35 2.40±0.12 130.8±6.52 

 104.4 3.10 15.66±0.34 4.99±0.39 5.85±0.35 2.68±0.06 147.1±4.96 

RTPF24 33.6 1.04 10.91±0.28 5.20±0.62 6.01±0.37 1.82±0.05 46.6±2.64 

 46.7 1.45 12.38±0.51 5.20±0.62 6.01±0.37 2.06±0.08 70.4±4.83 

 63.0 1.96 13.54±0.36 5.20±0.62 6.01±0.37 2.25±0.06 90.3±4.64 

 78.1 2.43 14.45±0.39 5.20±0.62 6.01±0.37 2.40±0.06 119.4±4.06 

 90.2 2.80 14.89±0.56 5.20±0.62 6.01±0.37 2.48±0.09 145.9±10.67 

 106.9 3.32 16.57±0.58 5.20±0.62 6.01±0.37 2.76±0.10 166.1±14.31 

RTPF48 31.3 1.02 10.02±0.34 5.17±0.73 5.78±0.21 1.73±0.06 42.6±2.91 

 44.2 1.44 11.26±0.66 5.17±0.73 5.78±0.21 1.95±0.11 60.7±3.94 
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 59.7 1.95 12.54±0.32 5.17±0.73 5.78±0.21 2.17±0.06 82.4±1.77 

 74.6 2.43 13.42±0.52 5.17±0.73 5.78±0.21 2.32±0.09 106.0±6.79 

 88.4 2.88 14.15±0.63 5.17±0.73 5.78±0.21 2.45±0.11 132.5±11.83 

 103.9 3.38 15.06±0.80 5.17±0.73 5.78±0.21 2.61±0.14 154.2±6.20 

RTPF96 29.1 0.98 9.31±0.69 5.13±0.14 5.65±0.48 1.65±0.12 37.7±1.52 

 43.8 1.48 10.95±0.51 5.13±0.14 5.65±0.48 1.94±0.09 49.2±2.31 

 60.6 2.05 12.11±0.63 5.13±0.14 5.65±0.48 2.14±0.11 63.2±3.56 

 74.6 2.52 13.05±0.46 5.13±0.14 5.65±0.48 2.31±0.08 96.1±7.49 

 89.3 3.02 13.84±0.54 5.13±0.14 5.65±0.48 2.45±0.10 120.7±7.41 

 104.6 3.54 14.65±0.68 5.13±0.14 5.65±0.48 2.59±0.12 131.2±6.07 

Note: 𝑓𝑑𝑠𝑡 (dynamic splitting tensile strength); 𝑓𝑠𝑡1 (static splitting tensile strength using cubic sample); 𝑓𝑠𝑡2 (static splitting tensile strength using cylindrical sample). 


