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Abstract: Employing recycled tyre steel (RTS) fibres to replace industrial steel (IS) fibres in ultra-

high performance concrete (UHPC) can improve its cost-effectiveness and sustainability. However, 

the lack of research on dynamic properties of such sustainable UHPC would hinder its application in 

concrete structures such as protective and defence structures which may experience different dynamic 

loadings. This paper experimentally investigates the effect of various RTS fibre replacement levels 

(0.5-2.0% by volume) on the flowability and quasi-static compressive, flexural and tensile strengths 

of UHPC as well as the dynamic splitting tensile behaviour under various strain rates (4.5-6.5 s-1). 

The conventional UHPC with 2.0% IS fibre was prepared as the reference. Results indicate that the 

flowability of UHPC containing RTS fibres is about 5-11% higher than that of reference UHPC. 

Rising the RTS fibre replacement level up to 1.0% increases the compressive, flexural and tensile 

strengths while after which, the strengths drop. The dynamic splitting tensile behaviour of all UHPC 

specimens is sensitive to strain rate in terms of failure pattern, dynamic splitting tensile strength, 

dynamic increase factor and energy absorption capacity. Using 0.5% RTS fibre to substitute IS fibre 

can bring the best synergy, leading to the highest dynamic splitting tensile properties of UHPC at a 

strain rate of approximately 4.5-6.5 s-1. The material cost, embodied carbon and embodied energy of 

UHPC are reduced by 9-57% in the presence of RTS fibres. The optimal RTS fibre replacement 

dosage for UHPC is 0.5% considering static mechanical properties, dynamic splitting tensile 

behaviour, material cost and environmental impact. 
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1. Introduction 

Ultra-high performance concrete (UHPC) exhibiting extraordinary mechanical properties (e.g., ≥ 

150 MPa in compressive strength [1]) and durability has been developed in the mid-1990s [2], which 

is designed by the tight particle packing of solid materials and adopting a very low water-to-binder 

ratio (< 0.2) [3]. Besides, sufficient chemical additives and a high volume fraction of steel fibres (≥ 

2.0%) are needed during the mix design of UHPC [1]. Given the superior engineering properties of 

UHPC, it has been applied in various structural applications including long-span bridges and defence 
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facilities [4, 5]. For instance, UHPC has been adopted to develop a new desk-to-girder connection for 

concrete girder bridges [6]. However, the high cost and environmental impact associated with the 

commonly used industrial steel (IS) fibres in UHPC would hinder its large-scale application as well 

as the sustainable development of construction industry. For instance, the cost of UHPC with 1.5% 

(by volume) IS fibre is about 5-6 times higher than that of conventional concrete [7], and 

approximately 1.9 tonnes of CO2 are emitted per tonne of IS fibre generated [8]. Therefore, finding 

other sustainable fibres with lower costs to replace IS fibres in UHPC is vital. In recent years, many 

efforts have been made towards this target and using recycled fibres from end-of-life tyres to 

substitute IS fibres is a promising option. 

 About 1500 million waste tyres are generated every year and most of them are disposed of without 

any treatment, intensifying the burden on landfilled regions and increasing contamination areas [9, 

10]. One of the solutions to address these concerns is to recycle the usable materials from the waste 

tyres such as crumb rubber, steel wires and textile fibres and adopt them as the ingredients of 

construction materials. Further, the carbon footprint can be reduced as recycling waste tyres could 

avoid approximately 1520 tonnes of CO2 emissions every year [11]. The steel fibres recycled from 

the waste tyres are known as recycled tyre steel (RTS) fibres in literature, which can be mainly 

recovered through the mechanical recycling process [12]. In the past decade, many studies explored 

the feasibility of partial or full replacement of IS fibres with RTS fibres in fibre reinforced concrete 

that can achieve a compressive strength of 30-80 MPa [13-25]. It was indicated that under the same 

fibre content (0.25-2.0%), the flexural post-cracking behaviour, dynamic compressive properties and 

chloride-induced corrosion resistance of RTS fibre reinforced concrete were comparable to those of 

composites with IS fibres [13, 14, 16-18], while it was also reported that the RTS fibre content should 

be twice more than that of IS fibre to achieve comparable engineering properties for RTS and IS fibre 

reinforced concrete, due to the irregular dimension of RTS fibres [15]. In addition, partially replacing 

IS fibres with RTS fibres can create a synergistic effect to exhibit a 39% higher post-cracking residual 

strength [25] and similar tensile strength and flexural behaviour as compared with mono-IS fibre 

reinforced concrete when the replacement ratio was lower than 50% [23, 24]. Most hybrid mixtures 

surpassed composites with RTS fibres only in terms of various properties [23, 24]. 

To date, the effect of RTS fibre on the fresh and hardened properties of UHPC such as workability, 

compressive strength, flexural behaviour and shear performance has been rarely investigated [8, 26-

28]. The strength of UHPC can be affected by the cleanness and length of RTS fibre, where the 

mixture had a lower strength if the used RTS fibres contained many rubber particles and impurities 

or the length of most RTS fibres was less than 9 mm. Increasing the RTS fibre dosage can consistently 

improve the compressive strength, flexural strength, shear strength and elastic modulus of UHPC but 

weakened the workability. Nevertheless, these studies did not compare the performance between RTS 
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fibre reinforced UHPC and UHPC with IS fibres, which were mainly focused on the static mechanical 

properties while the dynamic properties have not been explored. It is worth noting that UHPC is 

promising to be applied in structures that may be subjected to dynamic loadings such as protective 

and military applications [29].  

Until now, many studies have explored the dynamic mechanical behaviour of UHPC especially 

dynamic compressive properties (e.g., [30-33]). It should be mentioned that concrete structures may 

fail more easily under dynamic tension [34, 35] and therefore, a growing number of studies have been 

focused on the dynamic tensile behaviour of UHPC [36-42]. Most of them found that similar to 

normal concrete, the tensile properties of UHPC were significantly sensitive to the strain rate. For 

instance, the average uniaxial tensile strength of UHPC was improved by 45.49% when the strain rate 

raised from 0.2 s-1 to 5 s-1 [37]. Under the same fibre dosage, the effects of different nanomaterials 

including nano-CaCO3, nano-SiO2, nano-TiO2 and nano-Al2O3 on the dynamic tensile behaviour of 

UHPC were not significant, whereas increasing their dosages can enhance the strength of UHPC [38]. 

The dynamic spalling strength of UHPC went up with the rising dosage of either straight IS fibre or 

hooked-end IS fibre and the straight IS fibre had a slightly better effect on enhancing the dynamic 

spalling strength than hooked-end IS fibre when the fibre volume fraction was 1.0% and the strain 

rate was greater than 60 s-1 [39]. Similarly, it was reported that the presence of IS fibres prevented 

the splitting failure of UHPC samples, maintaining their structural integrity [42]. Nevertheless, most 

of these previous studies only focused on the dynamic tensile behaviour of UHPC with IS fibres and 

to the authors’ best knowledge, the research on the effect of fibre with lower cost and higher 

sustainability on the tensile behaviour of UHPC under various strain rates is still lacking. As 

mentioned previously, incorporating RTS fibres into UHPC has a great potential to improve its cost-

effectiveness and sustainability whereas the effect of RTS fibre on the quasi-static mechanical 

properties and dynamic tensile behaviour of UHPC is still unclear, which can limit its widespread 

application. To ensure the future safe design of concrete structures containing RTS fibre reinforced 

UHPC, it is essential to get a comprehensive understanding of the effects of RTS fibre content and 

strain rate on the dynamic tensile behaviour of UHPC. In addition, both direct and indirect tension 

approaches have been applied to characterise the dynamic tensile behaviour of UHPC [41], while 

using the latter one through split Hopkinson pressure bar (SHPB) can offer many benefits over the 

former one such as better achievement of dynamic stress equilibrium and easier testing preparation 

and setup [36, 43, 44]. Hence, it was selected for characterising the dynamic tensile behaviour of 

UHPC in this study.  

The main purpose of this study is to comprehensively investigate the effects of partial and full 

replacement of IS fibres with RTS fibres on the quasi-static and dynamic mechanical properties of 

UHPC, at a controlled total fibre volume fraction of 2.0%. Four replacement ratios including 25%, 
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50%, 75% and 100% were used. A series of tests were first conducted to measure the workability as 

well as quasi-static compressive, flexural and tensile strengths of all UHPC mixtures. A 100-mm 

SHPB device was employed to characterise the dynamic splitting tensile properties of UHPC mixes 

including failure pattern, stress-time response, dynamic splitting tensile strength, dynamic increase 

factor (DIF) and energy absorption capacity. Lastly, an optimal mixture for hybrid fibre reinforced 

UHPC was proposed considering material cost and environmental impact as well as quasi-static and 

dynamic mechanical properties. 

2. Experimental program 

2.1. Raw materials 

P.I. 52.5 Portland cement and silica fume were used as the binders, the chemical compositions and 

particle size distribution of which are shown in Table 1 and Fig. 1, respectively. Quartz sand with a 

size range of 500-600 µm was adopted as fine aggregate and a polycarboxylate-based superplasticiser 

was used to adjust the workability of UHPC mixtures. Fig. 2 presents some photos of the binders and 

sand used in this study.  

Table 1 Chemical compositions (wt.%) of cement and silica fume. 

Oxide CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Loss on ignition 

Cement 63.03 20.19 5.11 2.11 1.19 1.72 0.32 2.14 

Silica fume - 94.77 0.35 - - - - 0.66 

 

Fig. 1. Particle size distribution of Portland cement and silica fume. 

 

Fig. 2. Photos of Portland cement, silica fume, quartz sand and industrial steel (IS) fibres. 
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Straight IS (Fig. 2) and RTS fibres were adopted to reinforce the matrix of UHPC, the properties 

of which are listed in Table 2. The length of the as-received RTS fibres was not uniform and ranges 

from 2 mm to 27 mm. As reported by existing literature [8, 30, 45, 46], the length of steel fibre can 

considerably affect the fresh and hardened properties of UHPC. Thus, an optimal length distribution 

range for RTS fibres should be determined first by evaluating the effect of RTS fibres with various 

length ranges on the fresh properties and quasi-static mechanical properties of UHPC. To divide the 

as-received RTS fibres into three groups with different length distributions (i.e., short, medium and 

long), a screening process employing different sieves and a vibration table was performed, the 

schematic illustration of which is given in Fig. 3. Three various types of RTS fibres were obtained 

named ‘RTS-L’, ‘RTS-M’ and ‘RTS-S’, respectively, and the corresponding length distribution was 

characterised based on a sample size of 500. Fig. 4 displays the length distribution of these fibres and 

as-received RTS fibres. Around 79% of RTS-S fibres have a length of 4-9 mm, while about 68% of 

RTS-M fibres have a length between 9 mm and 16 mm. RTS-L is the longest one, with more than 

90% of them having a length of 16-24 mm. Based on the preliminary results, it can be found that 

UHPC with RTS-M outperformed other UHPC mixtures in terms of static compressive, flexural and 

tensile strengths (about 2-28% higher). Although the static mechanical properties of UHPC 

containing RTS-M were poorer than that with IS fibres (around 4-22% lower), its workability was 

about 9% higher. Therefore, RTS-M was selected and used in this study to replace IS fibres partially 

and fully. 

Table 2 Properties of IS and as-received RTS fibres. 

Fibre Length (mm) Diameter (μm) Tensile strength (MPa) Elastic modulus (GPa) 

IS 13 200 2000 220 

RTS 2-27 220 2165 200 

 

Fig. 3. Schematic illustration of screening process for RTS fibres (note: P = Pass, NP = Not Pass). 
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Fig. 4. Length distribution of (a) as-received RTS fibres, (b) RTS-S, (c) RTS-M, and (d) RTS-L. 

2.2. Mix proportions 

Table 3 shows the mix proportions of all UHPC mixtures, where the water-to-binder ratio was 

selected as 0.18 and the superplasticiser dosage was 2.1% of the total binder weight to ensure 

acceptable workability for all mixes. The weight ratios of cement, silica fume and quartz sand were 

1.0:0.25:1.4. The matrix was reinforced with either IS fibres, RTS fibres or a combination of IS and 

RTS fibres. Regarding the meaning of mix ID, I2.0 means the mix with 2.0% IS fibre while I1.5R.05 

denotes the mixture containing 1.5% IS fibre and 0.5% RTS fibre. 

Table 3 Mix proportions of UHPC used in this study. 

Mix ID 

By weight (kg/m3) By volume (%) 

Cement  Silica fume 
Quartz 

sand 
Water Superplasticiser IS fibre RTS fibre 

I2.0 

788 200 1100 182 21 

2.0 0 

I1.5R0.5 1.5 0.5 

I1.0R1.0 1.0 1.0 
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I0.5R1.5 0.5 1.5 

R2.0 0 2.0 

2.3. Specimen preparation 

The following mixing procedure was employed for all investigated UHPC mixtures: (1) all powders 

and sand were dry mixed for 3 min; (2) steel fibres were added and mixed for 2 min; (3) half of the 

mixing water and all superplasticisers were added and mixed for 3 min; (4) the remaining water was 

added and mixed for 2 min, followed by a 3 min high-speed mixing. After mixing, all fresh mixtures 

were poured into moulds of different sizes. All samples were de-moulded after 24 h and then cured 

in a standard curing room (20 ± 2 °C and 95% relative humidity) for 28 d. 

2.4. Testing methods 

2.4.1. Flowability test 

The flow table test was conducted to estimate the workability of UHPC mixtures as per ASTM 

C1437-15 [47]. Upon the completion of mixing, the mixtures were first poured into a mini-slump 

cone, followed by elevating the cone and striking the flow table 25 times in 15 s. Then, the spread 

diameters in two directions were measured and the mean value was adopted. The test setup is 

illustrated in Fig. 5. The above process was repeated three times for each mixture. 

 

Fig. 5. Experimental setup of flowability test. 

2.4.2. Flexural and compressive tests 

The flexural strength of UHPC specimens measuring 40 mm × 40 mm × 160 mm (𝑏 × ℎ × 𝑙) was 

determined by a four-point bending test according to EN196-1 [48] and its test setup is shown in Fig. 

6. The flexural strength (𝑓𝑓) of test specimens can be calculated as: 

𝑓𝑓 =
𝐹𝑚𝑎𝑥𝐿

𝑏ℎ2
                                                                        (1) 

where 𝐹𝑚𝑎𝑥 is the maximum flexural load recorded by the testing machine, and 𝐿 is the loading span 

(i.e., 100 mm).  

After four-point bending test, two broken parts of the specimen were used for compressive test. 

The compressive strength of test specimens was determined by dividing the maximum compressive 
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load by the loading area. For each mixture, three samples were tested to determine the average flexural 

strength while six samples were tested to obtain the average compressive strength. 

 

Fig. 6. Experimental setup of flexural test. 

2.4.3. Uniaxial direct tensile test 

For each mixture, the uniaxial direct tensile test was performed on three dog-bone shaped specimens 

(see Fig. 7a) using a universal tensile testing machine [49], as demonstrated in Fig. 7b. During the 

test, a constant displacement-controlled loading rate of 0.5 mm/min was utilised. The results were 

only valid when the final crack appeared within the central region (dark green) of the specimen. 

 

Fig. 7. Schematic diagram of (a) dog-bone shaped specimen and (b) experimental setup of uniaxial 

direct tensile test. 

2.4.4. Quasi-static splitting tensile test 

The quasi-static splitting tensile test was carried out on three UHPC specimens measuring ∅100 mm 

× 50 mm for each mixture, as displayed in Fig. 8,  where two plywood pieces were placed between 

the test sample and the loading plates to help attain a uniform stress distribution [52]. The used sample 

size was kept consistent with that for the dynamic splitting tension test to attain reliable DIF values 
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[50, 51]. After the test began, a vertical load was applied along the diameter of the test sample with a 

constant loading rate of 0.5 mm/min. 

 

Fig. 8. Experimental setup of quasi-static splitting tensile test. 

2.4.5. Dynamic splitting tensile test 

A 100-mm SHPB testing apparatus was employed to evaluate the dynamic splitting tensile behaviour 

of UHPC specimens, the schematic illustration and photograph of which are given in Fig. 9. The 

striker, incident, transmission and absorbing bars are all made of high-strength steel materials and 

their lengths are 600 mm, 5000 mm, 3500 mm and 1200 mm, respectively. The test specimen (∅100 

mm × 50 mm) was placed between the incident bar and the transmission bar prior to the impact test. 

Once the striker bar impacted the left end of the incident bar, an incident wave was generated and 

propagated towards the test sample. When the incident wave reached the sample, part of the wave 

was reflected and the remaining continued to propagate along the transmission bar. Based on previous 

studies [51, 53, 54], a rubber pulse shaper with diameter of 50 mm and thickness of 2 mm was placed 

at the left end of the incident bar to promote the dynamic stress equilibrium. Fig. 10 shows a typical 

check of dynamic stress equilibrium, indicating that the transmission stress was close to the sum of 

the incident stress and reflected stress. It suggests that the test specimen was in a state of stress 

equilibrium under dynamic loading [55]. The strain gauges mounted on the incident and transmission 

bars were used to measure the history of incident strain (𝜀𝑖(𝑡) ), reflected strain (𝜀𝑟(𝑡) ) and 

transmission strain (𝜀𝑡(𝑡)). The history of dynamic splitting tensile stress (𝜎𝑑𝑡(𝑡)) was calculated as 

follows [54]: 

{
𝜎𝑑𝑡(𝑡) =

2𝐹𝑑𝑡(𝑡)

𝜋𝐷𝑠𝐿𝑠
𝐹𝑑𝑡(𝑡) = 𝐸𝑏𝐴𝑏𝜀𝑡(𝑡)

                                                                        (2) 

where 𝐹𝑑𝑡(𝑡) is the history of dynamic splitting tensile force, 𝐸𝑏 and 𝐴𝑏 denote the elastic modulus 

and cross-sectional area of the SHPB bar, respectively, and 𝐷𝑠 and 𝐿𝑠 represent the diameter and 

length of the test specimen, respectively. 

The strain rate for each test (𝜀̇) and the energy absorption capacity of UHPC specimens (𝑊𝑑𝑡) can 

be derived as follows [56-58]: 
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{
 
 

 
 𝜀̇ =

𝑓𝑑𝑡
𝑡0𝐸𝑠

𝑊𝑑𝑡 = 𝐸𝑏𝐴𝑏𝐶𝑏∫ (𝜀𝑖
2(𝑡) − 𝜀𝑟

2(𝑡) − 𝜀𝑡
2(𝑡))

𝑡

0

𝑑𝑡

                                                                        (3) 

where 𝑓𝑑𝑡 is the dynamic splitting tensile strength, 𝑡0 denotes the time required to achieve the peak 

of transmission stress, 𝐸𝑠 represent the elastic modulus of the test sample, and 𝐶𝑏 is the longitudinal 

wave velocity of the SHPB bar. 

 

 

Fig. 9. SHPB device: (a) schematic illustration, and (b) photo of the real device. 

 

Fig. 10. An example of checking dynmaic stress equilibrium. 
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3. Results and discussion 

3.1. Flowability 

Fig. 11 illustrates the measured slump flow of all UHPC mixtures, ranging from 226 mm to 251 mm. 

The flowability of UHPC containing RTS fibres was about 5-11% higher than that of I2.0, which can 

be ascribed to the smaller aspect ratio of RTS fibres. IS fibres have an aspect ratio of 65, while around 

69% of the used RTS fibres have an aspect ratio smaller than 65 (Fig. 4c). Fibres with higher aspect 

ratios have larger surface areas and may absorb more water, leading to reduced workability [59-61]. 

In IS fibre reinforced UHPC, the flowability tends to be lower when the used IS fibres have deformed 

shapes as compared to UHPC with straight IS fibres [62, 63]. Herein, although some RTS fibres are 

not straight (Fig. 4c), increasing the RTS fibre dosage in hybrid fibre reinforced UHPC still improved 

the workability. This can be attributed to the mutual effect between hybrid fibres, which can restrict 

each other’s rotation to prevent the fibres from orienting perpendicular to the flow direction [64]. The 

largest shear resistance can be induced when most fibres are distributed perpendicular to the flow 

direction of the matrix. Similar findings were reported in other studies [30, 64] that using hybrid long 

and short IS fibres can result in better workability for UHPC as opposed to the mixture with solely 

long IS fibres. For instance, when the short IS fibre volume fraction was between 0.5% and 1.5%, the 

flowability of UHPC was around 3-7% larger than that of UHPC with 2.0% long IS fibre [30]. As the 

RTS fibre replacement dosage increased, the positive effect of RTS fibre on the flowability of UHPC 

gradually minimised. This can be evidenced by the similar slump flow values of I1.0R1.0 (244 ± 4.4 

mm), I0.5R1.5 (251 ± 5.3 mm) and R2.0 (246 ± 4.0 mm). 

 

Fig. 11. Flowability of UHPC mixtures. 

3.2. Quasi-static compressive and flexural strengths 

The quasi-static compressive strength of UHPC is presented in Fig. 12a, revealing that irrespective 

of reinforcing fibre type and content, all mixes had a compressive strength of larger than 168 MPa. 

I1.5R0.5 achieved the highest compressive strength of 186 MPa, while R2.0 exhibited the lowest one. 

As the RTS fibre replacement level increased, the compressive strength of UHPC was raised first, 
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followed by a decline. The compressive strengths of I1.5R0.5 and I1.0R1.0 were about 2% and 6% 

greater than that of I2.0, which can be explained by the fact that: (1) the compactness of these hybrid 

fibre reinforced UHPC mixtures is better because of the higher flowability; (2) a synergistic effect of 

hybrid fibres is generated to control the cracks; (3) some RTS fibres with longer lengths (≥ 13 mm) 

can better restrain the crack propagation compared to IS fibres; and (4) RTS fibres with deformed 

shapes can offer additional mechanical anchorage to improve the bonding with matrix [60]. When 

the RTS fibre content went up to 1.5% and 2.0%, the compressive strength of resultant composites 

was 3-4% lower than that with IS fibres only, primarily due to the reduced efficiency in restraining 

the cracks when less long fibres were present. Additionally, some RTS fibres may be damaged during 

the recycling process, raising the possibility of weakening the mechanical performance of UHPC [15, 

65]. Previous studies [30, 64, 66, 67] reported similar results that the short fibre replacement content 

should be limited to ensure acceptable compressive strength. For instance, the 28-d compressive 

strengths of UHPC containing 0.5-1.0% short IS fibres were about 8-14% smaller than that of UHPC 

incorporating 0.25% short IS fibres [64]. Similarly, the compressive strength of UHPC with 1.5% 

long IS fibre and 1.0% short IS fibre was around 12% lower than that with 2.5% long IS fibre [67]. 

                        

Fig. 12. Effects of IS and RTS fibres on (a) compressive strength and (b) flexural strength of 

UHPC. 

Fig. 12b presents the flexural strength of UHPC with different fibre types, where the changing 

trend of flexural strength with RTS fibre content was consistent with that of compressive strength. 

I1.5R0.5 attained the largest flexural strength of 34.6 MPa, which was 7.33% and 37.49% higher than 

that of I2.0 and R2.0, respectively. This can be mainly ascribed to the synergistic effect of IS and 

RTS fibres in controlling the cracks at two scales, where short RTS fibres can control the initiation 

and growth of micro-cracks while IS fibres and long RTS fibres tend to bridge the cracks with larger 

sizes. Previous studies revealed a similar synergistic effect when hybridising long and short steel 

fibres in UHPC, where the flexural strength of UHPC containing 1.5% long IS fibre and 0.5% short 
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IS fibre was better than that with 2.0% long IS fibre [30, 64, 67]. Unlike compressive strength, the 

reduction degree in flexural strength was larger when more RTS fibres were present. For instance, 

the flexural strength of I0.5R1.5 was around 14% lower than that of I2.0, while only a 3% drop can 

be observed in compressive strength, implying that the fibre bridging effect plays a more dominant 

role in flexural behaviour [68]. Hence, to ensure an acceptable flexural behaviour for hybrid fibre 

reinforced UHPC, the dosage of RTS fibre should be limited. 

3.3. Quasi-static tensile strength 

Fig. 13 illustrates the uniaxial tensile and splitting tensile strengths of UHPC specimens, indicating 

that the changing trends of them with RTS fibre dosage were similar to those of compressive and 

flexural strengths. Regardless of reinforcing fibre, the splitting tensile strengths of all mixtures were 

about 59-69% higher than their uniaxial tensile strengths, due to the disparate fracture processes. 

Whist the splitting tension, the tangential stress would surpass the uniaxial tensile strength, leading 

to the final failure [43]. Fibre bridging behaviour plays an important role during both uniaxial and 

splitting tensile loadings, and some images showing the cracking interfaces are given in Fig. 14. Both 

pulled out and ruptured fibres can be observed in UHPC with 2.0% IS fibre (Fig. 14a). Fibre pull-out 

tends to improve the overall tensile behaviour, while fibre rupture may lead to crack localisation 

which can appear due to the hydrophilic surface feature of IS fibres or when the fibre inclination 

angle exceeds a certain degree [68, 69]. As seen in Fig. 14b, there exists a synergistic fibre effect in 

hybrid fibre reinforced UHPC, suggesting that when the incorporated RTS content is appropriate (e.g., 

0.5%), the short RTS fibres can effectively bridge the micro-cracks, while IS fibres and long RTS 

fibres start their actions when the micro-cracks propagate into macro-cracks. The coefficient of 

variation values (i.e., ratio of standard deviation to mean) of uniaxial tensile strengths ranged from 

4.3% to 7.5%, significantly greater than those of splitting tensile strengths (1.4-2.9%), which can be 

strongly associated with the fibre dispersion inside UHPC. Only the fibre distribution and orientation 

along the diameter of the test specimen are critical to its splitting tensile strength as the major splitting 

crack appears along the centre of the test specimen. While under the uniaxial tensile loading, a crack 

normally is initiated from the largest flaw inside the test specimen and then propagates along the 

weakest zone [70]. If the number of effective fibres (i.e., fibres perpendicular to the crack plane and 

with smaller inclination angles) across the crack interface is lower, the test specimen would fail 

quickly resulting in lower ultimate strength. Thus, the variability of uniaxial tensile strength tends to 

be higher than that of splitting tensile strength due to the uncertain location of the crack appearance 

and the effective fibre number crossing the crack interface. This phenomenon was also captured by 

other studies [71, 72]. 
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Fig. 13. Effects of IS and RTS fibres on uniaxial tensile and splitting tensile strengths of UHPC. 

 

Fig. 14. Fibre conditions across the cracking interface of (a) mono-IS fibre reinforced UHPC and 

(b) hybrid fibre reinforced UHPC. 

3.4. Dynamic splitting tensile properties 

3.4.1. Failure pattern 

Fig. 15 displays the failure patterns of all UHPC specimens under various strain rates. The major 

cracks of all specimens passed through their centre, confirming the validity of the results. All mixtures 

were sensitive to strain rate, where the damage degree (e.g., crack width) went up with the increasing 

strain rate. This can be attributed to the increased crack velocity, accelerating the crack initiation and 

propagation and thus weakening the fibre bridging behaviour. A similar phenomenon was captured 

by a previous study on UHPC [42], where increasing the strain rate induced more cracks at the 

interface between the test specimen and bars. At a strain rate of 6.53-6.68 s-1, most specimens 

exhibited triangular damage near the loading ends, possibly due to the increased stress concentration 

at the loading points [51]. 

Replacing IS fibres with a certain content of RTS fibres can mitigate the damage loss of UHPC 

under a similar strain rate, while the presence of excessive RTS fibres can intensify the damage. For 

instance, at a strain rate of 5.31-5.48 s-1, the crack width of I1.5R0.5 was smaller than that of I2.0, 

and many bridging fibres can be identified at the crack interface. By contrast, the specimens of 
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I0.5R1.5 and R2.0 were split into two halves with fewer bridging fibres across the interface. The 

causing reasons are similar to those explained for quasi-static mechanical properties. In addition, 

employing a suitable dosage of RTS fibre to substitute IS fibre can lead to a favourable fibre 

orientation for UHPC, where more fibres can be distributed perpendicular to the loading direction. 

The positive effect of utilising hybrid fibre reinforcement to resist the dynamic failure of UHPC was 

also found in Ref. [30], where UHPC with 2.0% long IS fibres presented relatively large and round 

broken fragments after dynamic compression with a strain rate of around 115 s-1, while the sizes of 

broken fragments for UHPC containing both long and short IS fibres were more balanced.  

 

Fig. 15. Effects of strain rate and fibre on failure pattern of UHPC. 

3.4.2. History of dynamic splitting tensile stress 

Fig. 16 demonstrates the history of dynamic splitting tensile stress at different strain rates, indicating 

that all curves are comparable in shape and contain ascending and descending regions. In the first 

region, the dynamic splitting tensile stress went up gradually and the first visible crack was initiated 

in the central portion of the specimen after reaching the elastic limit. Afterwards, the crack started 

propagating towards the loading ends but its width did not vary remarkably owing to the fibre 

bridging effect [42, 56, 71]. This phenomenon happened during the region between the elastic limit 

and the peak stress. Then, as the crack continued to propagate with the increasing crack width, the 

fibres were either pulled out or ruptured and the dynamic stress dropped. Some stress fluctuations can 
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be found in the descending stages of all mixtures, which can be associated with the rising contact area 

between the test specimen and the bars [42]. Similar fluctuations were noticed by other studies [42, 

50, 73] when using steel fibres as reinforcement. As the strain rate raised, the slope of the elastic 

region for all UHPC specimens went up, consistent with the previous discussion on the increased 

crack velocity with the rising strain rate (Section 3.4.1). Changing the fibre type or dosage did not 

significantly alter the shape of the curve, while the peak stress (i.e., dynamic splitting tensile strength) 

and corresponding energy absorption capacity were disparate which will be further discussed in the 

following sections. 

          

 

Fig. 16. Dynamic splitting tensile stress-time response of UHPC specimens at different strain rates. 

3.4.3. Dynamic splitting tensile strength 

Fig. 17 shows the effects of strain rate and fibre on the dynamic splitting tensile strength of UHPC. 

Like failure patterns, the dynamic splitting tensile strength was strain-rate dependent, which went up 

substantially with the rising strain rate. For instance, the dynamic splitting tensile strengths of I2.0, 

I1.5R0.5, I1.0R1.0, I0.5R1.5 and R2.0 were improved by 26.35%, 23.34%, 19.53%, 20.71% and 
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22.57%, respectively, when the strain rate changed from about 4.5 s-1 to 5.5 s-1, which can be 

explained by the following reasons [42, 43, 50, 56, 74]: (1) the increased crack velocity can increase 

the rates of crack generation and propagation and more micro-cracks are formed beside the major 

crack, consuming more energy; (2) the presence of viscous liquid inside the specimen can resist the 

crack propagation and this resistance is proportional to the crack velocity; and (3) the lateral inertia 

effect, i.e., the lateral deformation of the test specimen under a high-speed impact loading (due to the 

Poisson’s effect) is confined by the backward inertia force. 

 

Fig. 17. Dynamic splitting tensile strength of UHPC at various strain rates. 

Consistent with the results of quasi-static mechanical properties, I1.5R0.5 attained the highest 

dynamic splitting tensile strength at each test strain rate while R2.0 exhibited the lowest one. The 

dynamic splitting tensile strength of I1.5R0.5 was about 11-14% higher than that of I2.0, while 

I1.0R1.0 had comparable performance to I2.0 at various strain rates. Similar to the quasi-static 

loading, the synergistic effect of hybrid IS and RTS fibres contributed to the strength improvement 

and the better fibre orientation can intensify this effect. As aforementioned, some deformed RTS 

fibres can enhance the bonding with the matrix, which can be further increased with the increasing 

strain rate. However, the strain rate effect on the straight steel fibre was found to be insignificant [35]. 

Therefore, partially replacing straight IS fibres with mostly deformed RTS fibres can result in better 

dynamic splitting tensile strength as opposed to UHPC containing 2.0% IS fibre. When the RTS fibre 

replacement level reached 1.5% and 2.0%, the dynamic splitting tensile strengths of UHPC were 

found to be 8.40-12.49% and 20.19-22.58% lower than that of I2.0, which can be attributed to the 

reduced fibre bridging capacity as a result of the rising number of short or damaged RTS fibres. 

Similar findings were reported in previous studies on the dynamic compressive behaviour and drop 

hammer impact performance of UHPC [30, 67]. When the strain rate was between 114.8 s-1 and 195.8 

s-1, the dynamic compressive strength of hybrid fibre reinforced UHPC was 13.10-15.45% higher 

than that of mono-fibre reinforced UHPC [30]. In addition, the peak impact force of hybrid fibre 
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reinforced UHPC was 655.85 kN after the drop hammer loading, about 17% greater than that of 

UHPC with 2.0% long IS fibre [67]. 

3.4.4. Dynamic increase factor 

DIF of UHPC here is defined as the ratio of dynamic splitting tensile strength to quasi-static tensile 

strength, which is regarded as a critical parameter for future structural design and numerical 

simulations [30]. Fig. 18a presents the DIF values of UHPC under a strain rate ranging from 4.27 s-1 

to 6.68 s-1, indicating that a consistent changing trend of DIF against strain rate with that of dynamic 

splitting tensile strength while their trends against the increase of RTS fibre content were not 

compatible. The DIF values of I2.0 and I1.5R0.5 were similar, outperforming other mixtures. The 

reason why I1.5R0.5 did not surpass I2.0 in terms of DIF can be ascribed to its better internal quality 

caused by the superior fibre bridging effect, showing a good agreement with previous studies [31, 

75]. It was reported that the DIF of concrete tends to be greater when its quality is lower [76], while 

such conclusion is not valid for the current study. As indicated in the results of quasi-static mechanical 

properties, UHPC with a large number of RTS fibres may have lower quality and should possess a 

greater DIF compared to UHPC with fewer RTS fibres. Nevertheless, the DIF values of I0.5R1.5 and 

R2.0 were still around 1-6% and 6-10% smaller than that of I2.0, implying that further research is 

required to elucidate this phenomenon. 

                     

Fig. 18. (a) DIF of UHPC at various strain rates, (b) comparison of DIF gained from the present 

work with existing models and studies [34, 57, 71, 77-79]. 

Fig. 18b compares the obtained DIF results in this study with the predicted results using the 

existing DIF models for normal concrete and literature data. The commonly used DIF models for 

normal concrete included CEB-FIP model [77], Malvar-Ross model [34] and FIB model [78], which 

can be expressed as follows: 
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{
 

 𝐷𝐼𝐹𝐶𝐸𝐵−𝐹𝐼𝑃 = (
𝜀̇

𝜀1̇
)1.016𝛼  𝑓𝑜𝑟 𝜀̇ ≤ 30 𝑠−1

𝐷𝐼𝐹𝐶𝐸𝐵−𝐹𝐼𝑃 = 𝛾(
𝜀̇

𝜀1̇
)
1
3  𝑓𝑜𝑟 𝜀̇ > 30 𝑠−1

                                                                        (4) 

where 𝜀1̇ is equal to 0.000003 s-1, 𝛼 is (10 + 6
𝑓𝑐

𝑓𝑐1
)−1, 𝛾 is 10(7.11𝛼−2.33), 𝑓𝑐 denotes the quasi-static 

compressive strength, and 𝑓𝑐1 = 10 MPa. 

{
 

 𝐷𝐼𝐹𝑀𝑎𝑙𝑣𝑎𝑟−𝑅𝑜𝑠𝑠 = (
𝜀̇

𝜀2̇
)𝛼1   𝑓𝑜𝑟 𝜀̇ ≤ 1 𝑠−1

𝐷𝐼𝐹𝑀𝑎𝑙𝑣𝑎𝑟−𝑅𝑜𝑠𝑠 = 𝛾1(
𝜀̇

𝜀2̇
)
1
3  𝑓𝑜𝑟 𝜀̇ > 1 𝑠−1

                                                                        (5) 

where 𝜀2̇ is equal to 0.000001 s-1, 𝛼1 is (1 + 8
𝑓𝑐

𝑓𝑐1
)−1, and 𝛾1 is 10(6𝛼1−2). 

{
 

 𝐷𝐼𝐹𝐹𝐼𝐵 = (
𝜀̇

𝜀3̇
)0.018  𝑓𝑜𝑟 𝜀̇ ≤ 10 𝑠−1

𝐷𝐼𝐹𝐹𝐼𝐵 = 0.0062(
𝜀̇

𝜀3̇
)
1
3  𝑓𝑜𝑟 𝜀̇ > 10 𝑠−1

                                                                        (6) 

where 𝜀3̇ is equal to 0.000001 s-1. 

The current DIF results especially at higher strain rates deviated from that predicted using the 

CEB-FIP and FIB models, which can be ascribed to the unreliability of the CEB-FIP model at high 

strain rates [34] and the ignorance of quasi-static compressive strength of FIB model (see Eq. (6)). 

The predicted DIF using the Malvar-Ross model was close to the results of UHPC mixtures with 

fewer RTS fibres. The compressive and tensile strengths of rubber concrete were 17.91 MPa and 2.21 

MPa, respectively, while its DIF ranged from 1.95 to 2.15 at a strain rate of about 0.2 s-1 [57]. By 

contrast, the mixtures containing steel fibres had lower DIF [71, 79]. Under a similar strain rate, the 

DIF of normal steel fibre reinforced concrete was higher than that of UHPC, showing a good 

agreement with the discussion above. 

3.4.5. Energy absorption capacity 

The energy carried by the stress wave typically includes both the elastic strain energy and kinetic 

energy [58]. Based on the energy conservation law, the energy absorption of UHPC can be determined 

using Eq. (3). Fig. 19 presents the energy absorption capacity of UHPC under dynamic splitting 

tensile loading. Regardless of reinforcing fibre, rising the strain rate substantially improved the energy 

absorption capacity of UHPC specimens, which agrees well with the results of dynamic splitting 

tensile strength and DIF. For instance, the energy absorption capacity of I1.5R0.5 was increased by 

18.12% and 48.32% with the increase of strain rate from 4.27 s-1 to 5.42 s-1 and 6.68 s-1, respectively, 

which can be mainly attributed to the rapid propagation of major splitting cracks and the appearance 

of more micro-cracks [51, 56]. 
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Fig. 19. Relationship between energy absorption and strain rate for all UHPC mixtures. 

Additional energy is required for UHPC to pull out or rupture the steel fibres, leading to a higher 

energy absorption capacity of UHPC than plain mortar. The changing trend of energy absorption with 

the increase of RTS fibre content was consistent with that of quasi-static mechanical properties and 

dynamic splitting tensile strength. Replacing IS fibre with 0.5% and 1.0% RTS fibre resulted in a 

1.19-9.25% higher energy absorption capacity compared to UHPC with 2.0% IS fibre, while UHPC 

containing an excessive dosage of RTS fibre absorbed less energy. To better interpret the results 

above, the fibre distribution of some UHPC specimens at the cracking interfaces is shown in Fig. 20. 

Many long pulled out steel fibres can be observed for I2.0 and I1.5R0.5 and the complete fibre pull-

out is beneficial for the improved energy absorption. The fibre distribution of I1.5R0.5 seemed to be 

more uniform compared to that of I2.0, which greatly contributed to the enhancement of energy 

absorption. Fewer IS fibres and more deformed RTS fibres can be observed at the crack interface of 

I1.0R1.0. Although rising the RTS fibre dosage over a certain content would weaken the energy 

absorption capacity of UHPC, the improved bonding between deformed RTS fibre and matrix can 

still increase the friction during the pull-out process and thereby absorbing more energy. Such 

competition effect led to a comparable energy absorption capacity of I1.0R1.0 to that of I2.0. Previous 

studies reported that replacing long straight IS fibres with short straight IS fibres did not benefit the 

energy absorption capacity of UHPC under dynamic compression, drop hammer impact and Charpy 

impact tests, indicating the dominant effect of long IS fibre in terms of the energy absorption capacity 

[30, 64, 67]. While in this study, replacing long straight IS fibres with a certain dosage of deformed 

RTS fibres can improve the energy absorption capacity of UHPC under various strain rates, primarily 

owing to the interfacial behaviour between RTS fibres and the matrix.  
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Fig. 20. Fibre distribution of UHPC at the cracking interface after dynamic loading. 

3.5. Material cost and environmental impact 

To assess the cost-effectiveness and environmental impact of UHPC with RTS fibres, the material 

cost, embodied carbon and embodied energy per m3 of all UHPC mixtures were calculated based on 

the data of each ingredient given in Table 4 and Fig. 21. It is worth noting that the calculated material 

cost here was employed to briefly reveal the potential economic benefit of using RTS fibres to 

substitute IS fibres in UHPC, while the actual material cost may vary as the price of each ingredient 

can change with regions, manufacturers and producing years. The material cost of I2.0 was about 684 

USD/m3, which was 16.77-135.00% higher than that of UHPC containing RTS fibres (Fig. 21a). 

Similar trends were found for embodied carbon and energy (Figs. 21b and c), where R2.0 exhibited 

the lowest values of around 730 kg CO2.eq/m3 and 6050 MJ/m3, respectively. 

Fig. 22 compares the static and dynamic mechanical performance as well as total material cost and 

environmental impact between UHPC incorporating solely IS fibres and hybrid fibre reinforced 

UHPC. In general, apart from the reduced material cost and environmental impact, the workability of 

UHPC with IS fibres only can be improved by adding RTS fibres. Replacing IS fibres with RTS fibres 

up to 1.0% fibre content is beneficial for the compressive strength, flexural strength, tensile strength 

and dynamic mechanical properties of UHPC, implying that 1.0% is the limit for the IS fibre 

replacement. The most cost-effective mixture was I1.5R0.5 as it can not only achieve better 

workability, compressive strength and sustainability than I2.0, but also exhibit a 7.33% higher 

flexural strength, an 8.99-11.86% higher tensile strength, a 10.89-13.60% higher dynamic splitting 

tensile strength, and a 5.24-9.25% higher dynamic energy absorption capacity. 

Table 4 Estimated material cost and life cycle inventory data of each ingredient for UHPC [8, 80-86]. 

Material type Cost 

(USD/kg) 

Embodied carbon 

(kg CO2.eq/kg) 

Embodied 

energy (MJ/kg) 

Cement  0.072 0.83 4.6 

Silica fume  0.12 0.014 0.1 

Quartz sand  0.025 0.025 0.17 

Superplasticiser  1.21 1.5 35 

IS fibre  3.53 2.68 35.3 

RTS fibre  1.01 0.083 9.5 
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Fig. 21. (a) Material cost, (b) embodied carbon, and (c) embodied energy of all UHPC mixtures. 

 

Fig. 22. A comparison between mono-fibre and hybrid fibre reinforced UHPC (𝑓𝑡 = uniaxial tensile 

strength, 𝑓𝑐 = compressive strength, 𝑓𝑓 = flexural strength, 𝑓𝑑𝑡 = dynamic splitting tensile strength, 

𝑊𝑑𝑡 = energy absorption capacity under dynamic splitting tension). 
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4. Conclusions 

In this study, the effect of partially or fully replacing industrial steel (IS) fibres with recycled tyre 

steel (RTS) fibres (0.5-2.0% fibre volume fraction) on the workability, quasi-static mechanical 

properties and dynamic splitting tensile properties of ultra-high performance concrete (UHPC) was 

experimentally investigated. Based on the results obtained, the following conclusions can be drawn: 

• Compared to UHPC with 2.0% IS fibre, the addition of RTS fibres enhanced the workability by 

about 5-11% and the quasi-static compressive, flexural and tensile strengths of UHPC with no 

more than 1.0% RTS fibre were 2-12% greater. 

• There existed a pronounced strain rate dependency for the dynamic splitting tensile behaviour of 

all studied UHPC specimens, whose damage degree, dynamic splitting tensile strength, dynamic 

increase factor (DIF), and energy absorption capacity went up with the increasing strain rate. 

• Given the better synergistic effect of IS and RTS fibres in limiting the cracks, UHPC reinforced 

with hybrid 1.5% IS fibre and 0.5% RTS fibre achieved the highest dynamic splitting tensile 

strength and energy absorption capacity under various strain rates, in comparison with other 

mixtures. The excessive usage of RTS fibres (over 1.0%) in UHPC induced lower dynamic 

mechanical properties compared to UHPC with 2.0% IS fibre. 

• The changing trend of DIF with RTS fibre replacement level was not consistent with that of quasi-

static and other dynamic properties. The measured DIF values of UHPC containing fewer RTS 

fibres were close to the predictions by the Malvar-Ross model. 

• Replacing IS fibres with RTS fibres reduced the material cost, embodied carbon and embodied 

energy of mono-fibre reinforced UHPC by around 9-57%. UHPC with 1.5% IS fibre and 0.5% 

RTS fibre can be regarded as the most cost-effective mix, which achieved 11-14% and 5-9% 

higher dynamic splitting tensile strength and energy absorption capacity than the reference UHPC 

with 2.0% IS fibre as well as acceptable workability, superior quasi-static mechanical properties, 

and higher sustainability. 

The aforementioned results suggest that utilising 0.5-1.0% RTS fibre to replace IS fibre in UHPC 

can improve its quasi-static and dynamic mechanical properties as well as reduce the material cost 

and environmental impact. However, UHPC is vulnerable to damage induced by high temperatures 

due to its dense microstructure [87]. Towards practical applications, the effect of RTS fibre content 

on the engineering properties of IS fibre reinforced UHPC at elevated temperatures needs to be 

studied in depth, which is the subject of ongoing research and will be presented in future publications. 
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