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Abstract  18 

Recycled rubber particles and steel fibres from end-of-life tyres have the potential to enhance 19 

the flexibility and ductility of concrete pavements and produce more sustainable pavement 20 

solutions. However, the fatigue behaviour of such pavements is not fully understood. This 21 

article investigates the mechanical and fatigue performance of steel fibre reinforced concrete 22 

(SFRC) and steel fibre reinforced rubberised concrete (SFRRuC). Specimens tested were cast 23 

using rubber particles as replacement of natural aggregates (0%, 30% and 60% by volume), 24 

and using a blend of manufactured and recycled tyre steel fibres (40 kg/m3). Prisms were 25 

subjected to four-point flexural cyclic load (f=15 Hz) at stress ratios of 0.5, 0.7, 0.8 and 0.9. 26 

The results show that, compared to plain concrete, the addition of steel fibres alone improves 27 

the fatigue stress resistance of concrete by 11% (at 25% probability of failure). The replacement 28 

of natural aggregates with rubber particles improves the flexibility of SFRRuC (from 51 GPa 29 

elastic modules for plain concrete to 13 GPa for SFRRuC), but reduces its fatigue stress 30 

resistance by 42% (at 25% probability of failure). However, a probabilistic analysis of the 31 

fatigue life data and overall design considerations show that the flexible SFRRuC can be used 32 

for pavements. To account for the effect of fatigue load, the Concrete Society approach 33 

included in TR34 is modified to account for SFRRuC pavements. Finite element analyses show 34 

that flexible SFRRuC pavements can accommodate large subgrade movements and settlements 35 

and result in much smaller cracks (up to 24 times) compared to SFRC pavements. 36 

mailto:L.Koutas@sheffield.ac.uk


 

 

Keywords: Rubberised concrete; Fatigue performance; Steel fibre reinforced rubberised 37 

concrete; Flexible concrete pavement; Recycled fibres 38 



1 

 

1 Introduction 39 

 40 

Rigid concrete pavements are widely used in the construction of long-lasting roads as they 41 

enable a better distribution of load over the subgrade and require overall smaller structural 42 

depth, compared to flexible asphalt pavements. However, road pavement slabs are subjected to 43 

continuous cyclic traffic and thermal loads that can deteriorate the material mechanical 44 

properties, propagate cracks and eventually cause fatigue fracture [1-3], leading to premature 45 

pavement failure. A potential solution to enhance the flexibility, toughness and fatigue 46 

resistance of concrete pavements is to replace part of the natural aggregates with waste tyre 47 

rubber (WTR) particles [4, 5]. Rubber aggregates are known to reduce stiffness and enhance 48 

impact and skid resistance of concrete [6-12], but can cause significant decrease in mechanical 49 

properties, especially at high rubber contents (up to 90% reduction in compressive strength for 50 

100% natural aggregates replacement) [13-17]. Consequently, until now rubberise concrete 51 

(RuC) is mainly utilised in low-strength non-structural applications, e.g. concrete pedestrian 52 

blocks [11]. Few researchers studied the performance of RuC in structural applications and to 53 

date there are limited studies on the fatigue performance of RuC [7, 18-23]. Liu et al. [7] studied 54 

the effect of replacing small percentages of fine natural aggregates with crumb rubber particles 55 

(0 to 15% by volume) and found that the fatigue performance of the RuC mixes was better than 56 

that of ordinary concrete. The enhancement was attributed to the ability of rubber to resist crack 57 

propagation by filling internal spaces and absorbing energy through deformation. 58 

 59 

To enhance the strength of RuC for structural applications (especially flexural strength), steel 60 

fibres can be used to produce steel fibre reinforced rubberised concrete (SFRRuC) [5, 20, 24-61 

26]. In SFRRuC, rubber particles absorb energy and enhance the fracture characteristics of the 62 

material [14, 27], whereas the fibres control crack opening and propagation even after the peak 63 

load, thus dissipating energy through gradual fibre debonding [8]. Ganesan et al. [20] examined 64 

the flexural fatigue behaviour of self-compacting RuC (SCRuC) with and without 65 

manufactured steel fibres. They observed that the replacement of fine aggregates with crumb 66 

rubber particles (up to 20% by volume) improved the flexural fatigue strength by 67 

approximately 15%. The addition of crimped-type manufactured steel fibres (MSF) into 68 

SCRuC mixes further enhanced the fatigue strength by 10%. More recently, Gupta et al. [22] 69 

reported that the incorporation of rubber ash and rubber fibres in concrete as a replacement of 70 

fine natural aggregates (up to 35% by volume) enhanced the flexural impact and fatigue 71 

resistance by up to 217% and 52%, respectively.  72 
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Whilst these studies examined the fatigue of mixes with small amounts of rubber (less than 73 

20% by total aggregate volume), recent research [8] has proven that the use of large amounts 74 

of rubber (especially large rubber particles) is necessary to attain low stiffness pavements with 75 

the potential to accommodate subgrade movements. The authors [8] have recently proposed 76 

optimised flexible SFRRuC mixes with large amounts of rubber (60% by volume replacement 77 

of natural aggregates) and blends of MSF and recycled tyre steel fibres (RTSF) that meet the 78 

flexural strengths of EN 13877-1 [28]. The authors [29, 30] also demonstrated that the 79 

durability, long-term and permeability performance indicators of the optimised mixes, rank 80 

them as ‘highly durable concrete’[31-34]. These properties make SFRRuC a promising 81 

candidate for sustainable road pavement slabs, particularly considering that reusing end-of-life 82 

tyre materials (WTR and RTSF) in concrete would contribute to the reduction of the 83 

environmental impact caused by discarded tyres (1.5 billion units/year [35]). However, to date, 84 

the flexural fatigue performance of SFRRuC with large amounts of rubber and steel fibres has 85 

not been investigated.  86 

 87 

As the variability in flexural fatigue performance of steel fibre reinforced concrete (SFRC) and  88 

SFRRuC is expected to be high due to the combination of rubber and/or fibres [20, 22], a 89 

statistical approach may need to be adopted to quantify the reliability of experimental results 90 

and their suitability for use in pavement design. Probabilistic distribution models including the 91 

two-parameter Weibull distribution model, graphical interpolation model and the mathematical 92 

model are commonly used to statistically analyse fatigue life data and derive probabilistic 93 

relationships that can be used in design [1, 36, 37].  94 

 95 

This study assesses the mechanical and fatigue performance of SFRRuC. Initially, the study 96 

examines the mechanical performance of SFRC and SFRRuC mixes with different replacement 97 

volumes of rubber aggregates (0, 30 and 60%) and a blend of MSF and RTSF. The results are 98 

compared in terms of uniaxial compressive strength, static flexural strength, elastic modulus, 99 

and flexural fatigue strength (number of fatigue cycles). Subsequently, three different 100 

probabilistic approaches are used to estimate the fatigue life. The design implications of using 101 

SFRRuC in new pavements is shown by a practical example. Finite element analyses are 102 

performed using Abaqus® to demonstrate the capability of flexible SFRRuC pavements to 103 

accommodate subgrade movements and settlements. This study contributes towards 104 

developing economically and structurally sound alternative materials for sustainable flexible 105 

concrete pavements, as well as towards using recycled materials derived from end-of-life tyres. 106 
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2 Experimental programme 107 

 108 

2.1 Materials and casting procedure 109 

 110 

Four optimised concrete mixes developed previously by the authors [8, 11, 29] were produced 111 

to cast the tested specimens. Three cubes (100 mm) and twelve prisms (100×100×500 mm) 112 

were cast and prepared for each mix. A binder made of 80% of a Portland limestone cement 113 

CEM II-52.5 N, 10% of silica fume (SF) and 10% of pulverised fuel ash (PFA) was used for 114 

all concrete mixes. The fine aggregate was medium-grade washed river sand with size 0/5 mm 115 

and specific gravity (SG) of 2.65, whereas the coarse aggregate was round river washed gravel 116 

with particle sizes of 5/10 mm and 10/20 mm and SG of 2.64. Chemical admixtures including 117 

plasticiser and superplasticiser were utilised to enhance workability and cohesion. A blend of 118 

20 kg/m3 of MSF (0.8, 55) and 20 kg/m3 of RTSF (0.22, 23), as shown in Figure 1a, were used 119 

as reinforcement. Details on the characterisations of the steel fibres are reported in [8, 38]. 120 

 121 

Figure. 1 a) MSF and RTSF, b) rubber particles, used in this study 122 

 123 

The natural aggregates were replaced with two different volumetric percentages of rubber 124 

particles (30% or 60%) of roughly similar size distribution to minimise packing issues. Figure 125 

1b shows the rubber particles according to size. The fine rubber particles of sizes 0/0.5 mm, 126 

0.5/2 mm and 2/6 mm were used in a 2:3:4 ratio, respectively, whilst the coarse rubber particles 127 

of sizes of 5/10 mm and 10/20 mm were used in a 1:1 ratio. The mass of rubber replacing the 128 

mineral aggregates was calculated using a relative density of 0.8 [8]. Figure 2 shows the particle 129 

size distribution of rubber and natural aggregates (NA) obtained according to ASTM-C136 130 

[39]. 131 

0/0.5 mm 0.5/2 mm 2/6 mm

10/20 mm5/10 mm
a) b)

MSF RTSF i)

ii)
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 132 

Figure. 2 Particle size distributions for rubber particles and natural aggregates 133 

Table 1 summarises the mix proportions and corresponding IDs of the four concrete mixes 134 

examined in this study. The number in the ID represents the quantity of rubber particles 135 

replacing both fine and coarse aggregates (0%, 30% or 60% by volume), while P=Plain 136 

concrete and BF=blend fibres.  137 

Table 1. Mix proportions for 1 m3 of concrete, adapted from [8] 138 

Components  
Concrete mixes ID 

0P 0BF 30BF 60BF 

CEM II (kg/m3) 340 340 340 340 

Silica Fume (SF) (kg/m3) 42.5 42.5 42.5 42.5 

Pulverised Fuel Ash (PFA) (kg/m3) 42.5 42.5 42.5 42.5 

Fine aggregates 0/5 mm (kg/m3) 820 820 574 328 

Coarse aggregates 5/10 mm (kg/m3) 364 364 254 146 

Coarse aggregates 10/20 mm (kg/m3) 637 637 446 255 

Water (l/m3) 150 150 150 150 

Plasticiser (l/m3) 2.5 2.5 3.25 4.25 

Superplasticiser (l/m3) 5.1 5.1 5.1 5.1 

Fine rubber particles (kg/m3) 0 0 165 330 

Course rubber particles (kg/m3) 0 0 24.8 49.6 

MSF (kg/m3) 0 20 20 20 

RTSF (kg/m3) 0 20 20 20 

Total  2404 2444 2087 1733 

 139 

To produce the SFRRuC mixes, natural and rubber aggregates were first added into a pan mixer 140 

and mixed for approximately 30 s in dry conditions. Half of the mixing water was then added, 141 

and the materials were mixed for 1 min. The mixer was halted for three minutes to add the 142 

0 5 10 15 20 25
0

20

40

60

80

100

 

C
u

m
u

la
ti

ve
 p

er
ce

n
t 

p
as

si
n

g
 (

%
)

Particle size (mm)

 Rubber (0/0.5 mm)
 Rubber (0.5/2 mm)
 Rubber (2/6 mm)
 Sand (0/5 mm)
 Rubber (5/10mm)
 Rubber (10/20 mm)
 Gravel (5/10 mm)
 Gravel (10/20 mm)
 100% NA
 30% Rubber + 70% NA
 60% Rubber + 40% NA



5 

 

binder materials. Subsequently, mixing restarted and the remaining water and admixtures were 143 

gradually added for another 3 min. Finally, the steel fibres were added manually, and mixing 144 

continued for 3 min. All specimens were cast in moulds using two layers of concrete  145 

(according to EN 12390-2 [40]), and each layer was compacted on a vibrating table for 25 s. 146 

Following casting, the specimens were covered with plastic sheets to retain moisture, and kept 147 

under standard laboratory conditions for 2 days. As a large number of specimens were needed 148 

for each mix, due to parallel durability studies [29, 30], three batches were cast for each mix. 149 

The number of specimens per mix was also limited by the capacity of the concrete mixer in the 150 

laboratory. All specimens were cured in a mist room for 28 days, after which they were stored 151 

under standard laboratory conditions until testing. All specimens were tested after 150 days 152 

following casting to ensure that they had developed their full strength. 153 

 154 

2.2 Test setup and instrumentation 155 

 156 

The uniaxial compressive tests on cubes were carried out using a cube crusher at a loading rate 157 

of 0.4 MPa/s, according to EN 12390Ǧ3 [41]. The prisms were subjected to static and fatigue 158 

four-point bending using a servo-hydraulic actuator with a capacity of 250 kN (±0.05% error). 159 

Two linear variable differential transducers (LVDTs) mounted onto each side of a yoke, as 160 

suggested by the JSCE guidelines [42] (see Figure 3), monitored the vertical mid-span 161 

displacement of the prisms. The static tests were performed at a displacement rate of 0.2 162 

mm/min. Initially, three prisms per mix were tested statically to select the load limits for the 163 

fatigue tests and to monitor the development of cracks. The maximum amplitude of the fatigue 164 

load was calculated by multiplying a stress ratio (S=0.5, 0.7 or 0.9) by the average flexural 165 

strength obtained from the three specimens subjected to static load. As discussed in more detail 166 

in section 3.3, in some cases the stress ratio was multiplied by the characteristic flexural 167 

strength (instead of the average) to prevent premature failure of the prisms during the fatigue 168 

tests. The minimum amplitude of each loading cycle was set to 10% of the maximum fatigue 169 

load to avoid disengagement of the specimens during testing. The fatigue loading cycles were 170 

applied at a frequency of 15 Hz (sinusoidal wave), which is within the typical range (12-20 Hz) 171 

used for prism tests in order to avoid amplification or resonance problems [1, 19, 36, 43, 44]. 172 

The load cycles were applied in four point bending, ensuring a sufficient constant moment 173 

region to allow the development of cracked sections at a known stress level. The fatigue tests 174 

were terminated either after two million cycles, or at failure of the prisms. Readings were saved 175 

at specific logarithmic steps as following (every cycle from 0 to 10 then every10th cycle up to 176 
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100 cycles, then every 100th cycle up to 1,000 cycles, then every 1,000th cycle up to 10,000 177 

cycles, then every 10,000th cycle up to failure). The main output of the fatigue tests was the 178 

number of cycles at failure as well as the vertical displacements recorded by the LVDTs.  179 

 180 

Figure. 3 Flexural test set-up 181 

3 Results and discussion 182 

 183 

3.1 Failure mode 184 

 185 

Typical failure modes of the tested cubes are shown in Figure 4. Whilst the plain concrete 186 

specimens (0P) failed in a brittle manner, the SFRC and SFRRuC specimens failed in a much 187 

more ‘ductile’ manner. As the inclusion of large amounts of rubber and steel fibres led to the 188 

development of more distributed (and thinner) cracking, compared to specimens without rubber 189 

(0BF), this confirms that ductility was improved by adding fibres and further enhanced by the 190 

rubber, as explained previously by the authors in [8].  191 

 192 

Figure. 4 Typical failure modes of concrete cubes 193 

3.2 Static compressive and flexural strengths 194 

 195 

Table 2 summarises the average cube compressive strength (fcm,cube), static flexural elastic 196 

modulus (Es), and static flexural strength (fctm,fl) including characteristic values (fctk,fl) for each 197 
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concrete mix. The coefficient of variation is also presented in brackets. The results in Table 2 198 

indicate that the addition of a blend of steel fibres in conventional concrete (mix 0BF) increases 199 

the compressive strength by 18% over the plain concrete mix (0P). A similar enhancement was 200 

observed in a previous study by the authors [8], who attributed the enhancement to the ability 201 

of steel fibres (especially RTSF) to control and delay micro-crack coalescence and the unstable 202 

propagation of cracking. However, mixes 0BF and 0P show the same elastic modulus and 203 

flexural strength despite the difference in compressive strength, which may be attributed to 204 

some air being trapped during the casting of 0BF prisms as observed by the authors in another 205 

study [8]. Indeed, the results in [8] showed that the increase in air content creates weaknesses 206 

inside the concrete matrix and decreases concrete density, which in turn affects both the 207 

strength and stiffness. Compared to mix 0P, replacing large amounts of fine and coarse 208 

aggregates with rubber reduces the compressive strength by 49% and 85% for 30BF and 60BF 209 

mixes, respectively. Similarly, the elastic modulus and flexural strength of mix 30BF drop by 210 

57% and 34%, respectively, whereas these properties decrease by 75% and 42% for mix 60BF. 211 

Nevertheless, in the design of road pavements, which work essentially in bending, having 212 

sufficient flexural strength is more important than having high compressive strength, provided 213 

durability is not compromised.  214 

Table 2. Static compressive and flexural test results 215 

Mix 
fcm,cube  
(MPa) 

Es  
(MPa) 

fctm,fl 
(MPa) 

fctk,fl 
(MPa) 

 ࢋ࢈࢛ࢉǡࢉࢌඥࢌǡ࢚ࢉࢌ

0P 102 (4.7) 51 (5.1) 7.0 (13.3) 5.2 0.693 

0BF 120 (2.9) 51 (4.8) 7.0 (9.3) 5.8 0.639 

30BF 52 (7.5) 22 (13.8) 4.6 (5.3) 4.1 0.638 

60BF 15 (10.7) 13 (21.9) 4.1 (18.5) 2.6 1.058 

 216 

The reduction in strength and stiffness in SFRRuC is mainly due to the lower stiffness and 217 

higher Poisson’s ratio of rubber (nearly 0.5) when compared to natural aggregates, but also due 218 

to the poor adhesion between rubber and cement paste [8, 11, 15]. It should be noted that the 219 

compressive strength of the mixes degrades faster than the flexural strength, which confirms, 220 

as also discussed in [8], that the combination of fibres and rubber enhances the tensile capacity 221 

of SFRRuC. This is evident by noting that the ratio of the average static flexural strength to the 222 

square root of the average compressive strength (
ǡඥǡೠ್) for 60BF is much higher than for 223 

the other mixes. 224 

It should be mentioned that the relatively large variability in fctm,fl in Table 2 can be attributed 225 

to the fact that each specimen belonged to a different batch. To determine a safe initial loading 226 
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protocol for the fatigue stress loads, the characteristic flexural strength (fctk,fl) of each mix was 227 

determined according to RILEM TC 162-TDF [45].  228 

 229 

3.3 Flexural fatigue strength 230 

 231 

Table 3 summarises the flexural fatigue results of the tested prisms. The results report the stress 232 

ratio (S) in decreasing order, as well as the fatigue life (N). For the initial tests (3 prisms per 233 

mix), the maximum and minimum amplitudes of the fatigue load were determined using the 234 

characteristic strength values (fctk,fl ) and S=0.9 (see footnote * in Table 3). After examining the 235 

values N at this stress ratio, it was found that some of the plain concrete (0P) and SFRC 236 

specimens (0BF) sustained at least 2 million cycles. Conversely, the N values of the SFRRuC 237 

specimens (30BF and 60BF) were much lower. Hence, it was decided to use average strength 238 

values (fctm,fl) and S of 0.8 and 0.9 for the tests on prisms 0P and 0BF, respectively. On the 239 

other hand, the flexural fatigue loads for the tests on prisms 30BF and 60BF were determined 240 

using characteristic values and S of 0.7 and 0.5.  241 

 242 

Table 3. Fatigue flexural test results 243 

Mix 
Stress ratio, S, 

based on  
fctm,fl (fctk,fl) 

Specimen 
No. 

Fatigue life, 
N 

 Mix 
Stress ratio, S, 

based on  
fctm,fl (fctk,fl) 

Specimen 
No. 

Fatigue 
life, N 

0P 
 

0.9 (1.26) 

0P-1 195  

30BF 
 

0.78 (0.9*) 

30BF-1 12,000 + 

0P-2 438  30BF-2 217,700 + 

0P-3 482  30BF-3 729,700 + 

0.8 (1.12) 

0P-1 1,200+  
 

0.57 (0.65) 

30BF-1 2,218 

0P-2 6,968  30BF-2 1,690,882 

0P-3 17,800+   30BF-3 2,000,000 

0.64 (0.9*) 

0P-1 733,303  

0.43 (0.5) 

30BF-1 2,000,000 

0P-2 2,000,000  30BF-2 2,000,000 

0P-3 2,000,000  30BF-3 2,000,000 
         

0BF 
 

0.9 (1.13) 

0BF-1 431  

60BF 
 

0.66 (0.9*) 

60BF-1 3,754 

0BF-2 9,172  60BF-2 6,084 

0BF-3 102,718  60BF-3 59,690 

0.8 (1.0) 

0BF-1 16,525  

0.51(0.7) 

60BF-1 58,937 

0BF-2 209,338  60BF-2 64,157 

0BF-3 356,807  60BF-3 315,080 

0.71 (0.9*) 

0BF-1 852,009  

0.37(0.5) 

60BF-1 1,600,000 

0BF-2 2,000,000  60BF-2 2,000,000 

0BF-3 2,000,000  60BF-3 2,000,000 
+ Number of cycles recorded in 100 cycle accuracy. 244 
* Initial tests at 0.9fctk,fl 245 

 246 
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Figure 5 compares the logarithmic number of cycles (log N) endured by each specimen and the 247 

relative S calculated using fctm,fl (quantitative comparisons are included in section 4). It is 248 

evident that the fatigue life data have a large scatter even for the same mixes and stress ratios, 249 

in particular for specimens with steel fibres and/or rubber particles. Though the uneven 250 

distribution of rubber and fibre orientation may significantly contribute to this high variability 251 

[1, 20], the fact that specimens from different batches were used also plays a significant role. 252 

 253 

Figure. 5 Test results in terms of logarithmic number of cycles (log N) and S (based on fctm,fl) 254 

 255 

Figure 5 indicates that steel fibre blends improve the performance of specimens 0BF by 256 

increasing its fatigue life. Previous research has proven that RTSF are effective in restraining 257 

the propagation of micro-cracks into meso-cracks, whilst MSF are more effective in holding 258 

macro-cracks together [1, 38].  259 

 260 

The replacement of natural aggregates with rubber in SFRRuC significantly degrades the 261 

fatigue performance of specimens 30BF and 60BF. This can be attributed to the stiffness and 262 

strength degradation in the SFRRuC resulting from the different elastic properties of rubber, 263 

as well as to the weak bond between cement paste and rubber. SFRRuC is also highly porous 264 

[29], which also contributes to stiffness degradation during cyclic loading. 265 

 266 

Figure 6 compares the load-deflection response under static and fatigue load for the examined 267 

mixes. The static curve is the average of three prisms, whereas the fatigue curve (one specimen) 268 

is representative of typical behaviour observed during the tests. Despite the fact that the applied 269 

S (calculated using fctm,fl) is different for all mixes, it is evident that the initial stiffness (slope) 270 

0 1 2 3 4 5 6 7
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0.6
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of the fatigue loops is similar to that of the static curve. However, the stiffness degrades 271 

gradually with the number of fatigue cycles. Note also that the stiffness degrades faster with 272 

increasing rubber contents. It is also interesting to note that the 0P and 0BF failure occurred 273 

when the fatigue cycles touched the monotonic envelope. This may also be the case for 30BF 274 

and 60BF as one cycle was recorded for every logarithmic step. Though this does not 275 

necessarily help to predict fatigue life, but it can give an indication of the likely fatigue 276 

behaviour and, most importantly, the maximum displacement at failure. 277 

   278 

The damage process in SFRRuC under fatigue loading is expected to progress in three stages: 279 

1) during the first load cycles, flaws and micro-cracks form at the rubber/matrix interface and 280 

at the weak region within the concrete; 2) as loading progresses, micro-cracks develop at the 281 

rubber/matrix interface and at the fibre/matrix interface, with the former propagating at a faster 282 

rate. Although the fibres resist the opening of numerous micro-cracks, these tend to propagate 283 

and combine quickly to form macro-cracks; 3) at the final stages of loading (or at failure), a 284 

main crack develops after a sufficient number of macro-cracks have formed. 285 

 286 

  287 

Figure. 6 Load-deflection response under static and fatigue load for examined mixes 288 
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The fatigue loops of the SFRRuC (30BF and 60BF) specimens are evidently “fatter” than those 289 

of 0P and 0BF, thus indicating that the addition of rubber enhances energy dissipation. 290 

However, a direct comparison of the energy dissipated by the specimens is not possible due to 291 

the different S applied during the tests. Note also that, due to their higher flexibility, SFRRuC 292 

specimens exhibit notably higher deflection at failure than that of normal concrete (0P and 293 

0BF). Despite the lower fatigue resistance of SFRRuC mixes with large volumes of rubber, 294 

their higher ductility and flexibility can still be used to accommodate subgrade movements of 295 

pavement slabs at lower stress levels. To assess the overall fatigue performance of SFRRuC 296 

pavement, a probabilistic approach can be adopted, as shown in the following sections.  297 

 298 

4 Determination of fatigue-life distribution using probabilistic analysis 299 

 300 

In this section, three models: 1) two-parameter Weibull distribution model, 2) graphical 301 

interpolation model and 3) the mathematical model are used to derive probabilities of failure 302 

(Pf) and S–N relationships for each mix, which can be used in pavement design. For comparison 303 

purposes, the Pf-S–N relationships are compared at probabilities of failure of 25% and 50% (or 304 

survival probabilities of 75% and 50%, respectively). These values are widely adopted in the 305 

fatigue design of pavements [1, 46-48]. In pavement design, it is usually considered that 2×106 306 

cycles correspond to an infinite fatigue life [7, 20, 49] and this assumption is utilised in the 307 

following calculations. 308 

 309 

4.1 Two-parameters Weibull distribution 310 

 311 

The Weibull distribution has been widely used for the statistical analysis of fatigue life data in 312 

concrete [7, 36, 49, 50] because it is easy to apply, it is statistically sound and provides accurate 313 

results even with a small number of samples, and it has a hazard function that reflects the actual 314 

material behaviour in fatigue. The two-parameters of the Weibull distribution (Į and u) can be 315 

calculated through either i) the graphical method, ii) the method of moments, or iii) the method 316 

of maximum-likelihood estimate. In this study, the fatigue life data for each mix and at a given 317 

stress ratio S (based on fctm,fl) are analysed, and Į and u are estimated using methods i to iii 318 

above. The mean values of Į and u (average of i to iii) are used to estimate the fatigue lives 319 

corresponding to Pf = 0.25 and 0.50, from which the Pf-S–N relationships are derived.  320 
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4.1.1 Graphical method 321 

 322 

The Weibull distribution survival function is defined by [7, 50]: 323 

௦ܲ ሺܰሻ ൌ e�� ቈെ ൬ ܰݑ  ൰ఈ                                                                                                                     ሺͳሻ 324 

where N is the fatigue life, Į is the shape parameter (or Weibull slope) at the stress ratio S, and 325 

u is the scaling parameter (or characteristic life) at S. 326 

By taking the logarithm twice on both sides of Eq. (1): 327 

݈݊ ݈݊ ൬ ͳܲݏ ൰൨ ൌ Ƚ lnሺܰሻ െ ߙ lnሺݑሻ                                                                                                  ሺʹሻ 328 

If  it is assumed that ܻ ൌ ݈݊ ቂ݈݊ ቀ ଵೞ ቁቃ,  ܺ ൌ ݈݊ ሺܰሻ and ߚ ൌ  ሻ, then Eq. (2) can be 329ݑሺ݈݊ߙ

rewritten as a linear equation: 330 ܻ ൌ Ƚ X െ  ሺ͵ሻ 331                                                                                                                                             ߚ

where all the variables are as defined before. Hence, when the fatigue life data at a given stress 332 

follow a linear trend (correlation coefficient r≥0.9), such data are deemed to comply with the 333 

Weibull distribution and Į and u can be obtained directly from regression analyses [7, 20]. 334 

Table 4 summarises the fatigue life data (in ascending order), Ps, X and Y of the tested 335 

specimens. In this table, the survival probability Ps is calculated using [49, 50]: 336 

௦ܲ ൌ ͳ െ ܭ݅   ͳ                                                                                                                                    ሺͶሻ 337 

where i is the failure order number, and K is the number of specimens tested at a given stress 338 

ratio (K=3 prisms).  339 

 340 
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Table 4. Analysis of fatigue life data 341 

Mix S 
Fatigue 
life, N 

Ps X Y 
Graphical method 

Method of 
moments 

Maximum likelih- 
hood moment 

Average 
Estimated fatigue life, Ne 

at Pf  of  
r Į u Į u Į u Įw uw 0.25 0.50 

0P 
 

0.9  
195 0.75 5.27 -1.25 

0.94 1.48 461 2.58 419 3.63 415 2.54 427 262 370 438 0.50 6.08 -0.37 
482 0.25 6.18 0.33 

0.8  
1,200 0.75 7.09 -1.25 

0.99 0.57 11,208 1.03 8,758 1.13 9,029 0.90 9,569 2,400 6,371 6,968 0.50 8.85 -0.37 
17,800 0.25 9.79 0.33 

0.64  
733,303 0.75 13.51 -1.25 

0.90 1.22 2,032,791 2.29 1,780,997 3.18 1,771,850 2.21 1,843,261 1,048,809 1,561,514 2,000,000 0.50 14.51 -0.37 
2,000,000 0.25 14.51 0.33 

0BF 
 

0.9  
431 0.75 6.07 -1.25 

1.00 0.29 32,926 0.64 26,868 0.53 22,143 0.48 27,039 2,014 12,594 9,172 0.50 9.12 -0.37 
102,718 0.25 11.54 0.33 

0.8  
16,525 0.75 9.71 -1.25 

0.96 0.46 272,603 1.15 204,081 1.06 198,163 0.88 222,700 54,233 146,979 209,338 0.50 12.25 -0.37 
356,807 0.25 12.78 0.33 

0.71  
852,009 0.75 13.66 -1.25 

0.90 1.44 2,028,617 2.62 1,820,457 3.74 1,804,209 2.57 1,865,583 1,149,396 1,617,843 2,000,000 0.50 14.51 -0.37 
2,000,000 0.25 14.51 0.33 

30BF 
 

0.78  
12,000  0.75 9.39 -1.25 

0.99 0.37 396,881 0.86 295,090 0.76 278,790 0.66 320,351 47,821 183,078 217,700  0.50 12.29 -0.37 
729,700  0.25 13.50 0.33 

 
0.57  

2,218 0.75 7.70 -1.25 
0.91 0.18 1,999,505 1.16 1,295,849 0.47 818,064 0.60 1,357,428 169,741 736,371 1,690,882 0.50 14.34 -0.37 

2,000,000 0.25 14.51 0.33 

0.43 
2,000,000 0.75 14.51 -1.25 

0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 2,000,000 2,000,000 2,000,000 0.50 14.51 -0.37 
2,000,000 0.25 14.51 0.33 

60BF 
 

0.66  
3,754 0.75 8.23 -1.25 

0.91 0.49 26,817 0.71 18,660 0.84 20,913 0.67 21,909 3,434 12,701 6,084 0.50 8.71 -0.37 
59,690 0.25 11.00 0.33 

0.51  
58,937 0.75 10.98 -1.25 

0.85* 0.71 193,571 1.00 145,901 1.29 159,403 0.99 164,629 46,870 113,763 64,157 0.50 11.07 -0.37 
315,080 0.25 12.66 0.33 

0.37  
1,600,000 0.75 14.29 -1.25 

0.90 5.49 2,007,453 9.55 1,965,979 14.25 1,946,702 9.67 1,953,644 1,717,428 1,880,968 2,000,000 0.50 14.51 -0.37 
2,000,000 0.25 14.51 0.33 

+ All of three specimens recorded 2M fatigue cycles, therefore, all point in the curve are aligned. * Correlation coefficient less than 0.9. 342 
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Figure 7 plots the values X and Y for mix 0BF. The results show that the fatigue life data for 343 

the same stress ratio follow a linear trend. This confirms that Į represents the slope of the curve, 344 

while u can be calculated using the curve intercept point. Similar trends were observed for the 345 

rest of the data, and the results of Į and u obtained from the graphical method are listed in 346 

Table 4. It is shown that in most cases r≥0.9, thus indicating that a linear relationship exists 347 

between X and Y. Since all the three prisms 30BF at S=0.43 reached 2×106 fatigue cycles, the 348 

three points in the graph are aligned vertically, thus leading to a zero slope (i.e. Į=0). Although 349 

r=0.85 for 60BF at S=0.51, the probabilistic analysis is still carried out and the results are 350 

subsequently adjusted using the average values of the Weibull distribution parameters, as 351 

explained later. 352 

 353 

Figure. 7 Graphical analysis of fatigue-life data for 0BF 354 

 355 

4.1.2 Method of moments 356 

 357 

This method calculates Į and u at each stress ratio using the mean (µ) of three prisms, and the 358 

corresponding coefficient of variation (CV) according to the following equations [36, 49-51]: 359 ߙ ൌ ሺܸܥሻିଵǤ଼                                                                                                                                         ሺͷሻ 360 

and  361 

ݑ ൌ ʒߤ ቀͳߙ  ͳቁ                                                                                                                                        ሺሻ 362 

where Ƚ( ) is the gamma function.  363 
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Table 4 summarises the values Į and u for all concrete mixes at various stress ratios using the 364 

method of moments. 365 

 366 

4.1.3 Method of maximum-likelihood estimate 367 

 368 

The probability density function of the Weibull distribution can be written as [36, 50, 51]: 369 

ே݂ሺܰሻ ൌ ߠߙ  ܰఈିଵ e�� ܰఈߠ ൨                                                                                                                 ሺሻ 370 

 where  371 ߠ ൌ  ఈ                                                                                                                                                     ሺͺሻ 372ݑ 

The maximum-likelihood function can be expressed as follows [36, 50, 51]: 373 σ ܰఈכ  ln ሺ ܰሻୀଵσ ܰఈכ ୀଵ െ ͳכߙ ൌ  ͳܭ   lnሺ ܰሻ
ୀଵ                                                                                            ሺͻሻ 374 

כߠ ൌ  ͳܭ   ܰఈכ  
ୀଵ                                                                                                                                  ሺͳͲሻ 375 

where Į* and ș* are the maximum-likelihood estimators for Į and ș, respectively, and the rest 376 

of the variables are as defined before. Accordingly, the value Į* is first obtained iteratively 377 

using Eq. (9), and then replaced in Eq. (10) to calculate ș*. The parameter u is finally calculated 378 

using Į* and ș* (instead of Į and ș) in Eq (8). Table 4 summarises the values Į and u for all 379 

concrete mixes at various stress ratios using the method of maximum-likelihood estimate. 380 

  381 

The results in Table 4 show that the three methods lead to significantly different values of Į 382 

and u, with the graphical method yielding Į and u values considerably different from those 383 

obtained by the other two methods. This is due to the small number of prisms (three) tested at 384 

each stress ratio, as well as to the large scatter in the fatigue life data. To address this issue and 385 

adopt a more conservative approach, the average values of Į and u of the three methods are 386 

considered. The average values are shown as Įw
 and uw in Table 4. 387 

 388 

 389 
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4.1.4 Ps-S-N relationships 390 

 391 

The values Įw
 and uw of the Weibull distribution parameters (Table 4) are used here to estimate 392 

the fatigue lives corresponding to Pf = 0.25 and 0.50 (Ps=0.75 and 0.50). The fatigue life Ne at 393 

certain S and Pf can be estimated using a rearranged version of Eq. (2) [36]: 394 

ܰ ൌ ݈݊ିଵ ൦݈݊ ݈݊ ൬ ͳͳ െ ܲ  ൰൨  Ƚ௪ lnሺݑ௪ሻȽ௪ ൪                                                                               ሺͳͳሻ 395 

Table 4 compares the values Ne calculated using Eq. (11) at Pf = 0.25 and 0.50. The results 396 

show that, as expected, for the same stress ratio the value Ne increases with the probability of 397 

failure. Additionally, for the same probability of failure, Ne increases as the stress ratio 398 

decreases.  399 

 400 

Using the estimated fatigue lives Ne in Table 4, the Pf-S-N relationships can be derived using 401 

the double logarithmic fatigue equation, which has been used in previous studies [7, 19]:  402 lo�ሺܵሻ ൌ  ܽ  ܾ lo� ሺ ܰሻ                                                                                                                   ሺͳʹሻ 403 

Figure 8 shows the calculated Pf-S-N relationships for all concrete mixes using Ne values at 404 

Pf=0.25 and 0.50. The constants a and b in Eq. (12) are obtained from regression analyses of 405 

the data shown in Figure 8. It is shown that r is always close to 1 for all concrete mixes at both 406 

probability of failures, which confirms the linear trend of the test data. Note that the equations 407 

in Figure 8 can be used to calculate the stress ratio for a known fatigue life at Pf=0.25 and 0.50, 408 

as shown in section 4.4.  409 

 410 

Figure. 8 Fatigue curves of all concrete mixes corresponding to a) Pf = 0.25 and b) Pf = 0.50    411 
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4.2 Graphical interpolations 412 

 413 

The graphical interpolation model is suitable for practical design because it presents concisely 414 

the Pf -S-N relationships, and it is fast and computationally simple. To generate the Pf -S-N 415 

relationships, the specimens are initially sorted in ascending order of fatigue life [44, 52, 53]. 416 

The probability of failure is defined as  
ାଵ , where j is the rank of the specimen and n is the 417 

number of specimens tested for each mix at a particular stress ratio. Table 5 shows the 418 

specimens of mix 0BF ranked according to their fatigue life, as well as the calculated Pf values.  419 

Table 5. Ranked specimens in terms of N according to stress ratio for mix 0BF. 420 

j 

Fatigue life, N,  at stress ratio of  
(based on fctm,fl) ܲ ൌ ݆ሺ݊  ͳሻ 

0.9 0.8 0.71 

1 431 16,525 852,009 0.25 

2 9,172 209,338 2,000,000 0.50 

3 102,718 356,807 2,000,000 0.75 

 421 

The Pf -S-N relationships for mix 0BF are shown in Figures 9a-c. In this method, a Pf -N curve 422 

is initially plotted for each stress ratio using Pf and log(N), as shown in Figure 9a for the data 423 

in Table 5. Based on linear regressions, the S-N curves are then derived using the stress ratios 424 

S (based on fctm,fl) and log(N) for each Pf, as shown in Figure 9b. The S-Pf curves in Figure 9c 425 

are finally obtained by graphical interpolation for different fatigue lives. For instance, for a 426 

fatigue life N=500,000 cycles (log (N)=5.7), the estimated stress ratio is Se=0.76 (see Figure 427 

9b) for Pf =0.50. Alternatively, the linear equations obtained by regression analyses in the S-N 428 

curves (see Figure 9b) can be used to estimate the stress ratio. Different N can be selected in 429 

the last step for comparison. In this study, N=500,000, 1,000,000 and 2,000,000 cycles are 430 

adopted. The Pf -S and S-N curves for mixes 0P, 30BF and 60BF calculated following the above 431 

procedure are shown in Figure 10. Further comparisons of the results shown in Figures 9 and 432 

10 are included in section 4.4. 433 
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 434 

Figure. 9 Graphical interpolation example for mix 0BF a) Pf -N, b) N-S and c) Pf -S curves  435 
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 436 

 437 

Figure. 10 Graphical interpolation results for mixes 0P, 30BF and 60BF: S-Pf and S-N curves 438 

 439 

4.3 Mathematical models 440 

 441 

Previous research has proposed a mathematical function to derive Pf-S-N relationships for 442 

SFRC [1, 44, 52]. The mathematical function can be expressed as: 443 

ܲ ൌ ͳ െ ͳͲି ௌ್ ሺ ேሻ                                                                                                                     ሺͳ͵ሻ 444 

where a, b and c are experimental coefficients derived from statistical analyses of the fatigue 445 

life data, as described in references [44, 52, 53]. The coefficient a, b and c obtained for the 446 

mixes examined in this study are summarised in Table 6. Such coefficients can be replaced in 447 

Eq. (13) to estimate the stress ratio Se for any values of N and Pf. 448 
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Table 6. Experimental coefficients a, b and c calculated from the mathematical model. 449 

Mix 
Experimental coefficients 

a b c 

0P 8.77E-04 21.50 8.39 

0BF 1.43E-03 10.07 4.76 

30BF 2.91E-04 1.71 4.62 

60BF 2.27E-06 8.35 10.87 

 450 

4.4 Comparison between models  451 

 452 

Table 7 compares the estimated fatigue stress ratio Se for a fatigue life of 2×106 cycles and 453 

Pf=25% and 50% obtained from the probabilistic models described in sections 4.1, 4.2 and 4.3. 454 

With the exception of 30BF, the estimated fatigue stress ratios obtained from the three models 455 

agree well for all mixes at the same Pf. The low stress ratios given by the mathematical model 456 

for 30BF can be attributed to the fact that the three specimens for S=0.43 reached 2×106 fatigue 457 

cycles (see Table 3), which leads to a very low coefficient b (see Table 6). The average stress 458 

ratio of the three models can be used for practical pavement design, as demonstrated by an 459 

example in the following section. 460 

Table 7. Summary of the fatigue stress ratio obtained from three methods. 461 

Mix Pf 
Estimated Se based on  

Average stress 
ratio, Se,ave 

Weibull 
distribution 

Graphical 
interpolation 

Mathematical 

0P 
25% 0.62 0.60 0.61 0.61 
50% 0.63 0.64 0.64 0.64 

      

0BF 
25% 0.70 0.69 0.65 0.68 
50% 0.70 0.71 0.71 0.71 

      

30BF 
25% 0.42 0.47 0.24 0.45+ 
50% 0.44 0.49 0.40 0.47+ 

      

60BF 
25% 0.36 0.35 0.34 0.35 
50% 0.37 0.36 0.37 0.37 

                           + Value calculated based on the Weibull distribution and graphical methods only. 462 

 463 

5 Design implications  464 

 465 

To assess the effect of the addition of steel fibres and/or rubber on the thickness h of rigid 466 

pavement slabs, a road section with a standard axle load W is assumed. According to 467 
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Westergaard’s empirical-theoretical model [54], the rigid pavement can be modelled as a thin 468 

elastic plate on a soil subgrade. The stress at the edge (critical location) is: 469 

௫ߪ ൌ   ͲǤͷʹ ܹ݄ଶ Ͷ lo� ൬ ξͳǤ ܼଶܫ  ݄ଶ െ ͲǤͷ ݄൰  ͲǤ͵ͷͻ൨                                               ሺͳͶሻ 470 

where ımax is the maximum tensile stress of the slab modified to account for fatigue by 471 

multiplying the flexural strength (fctm,fl  listed in Table 2) by the average fatigue stress ratio 472 

Se.ave at Pf=25% (i.e. values from last column in Table 7); Z is an equivalent contact radius of 473 

the tyre; and I is the radius of the relative stiffness of the slab, defined by: 474 

ܫ ൌ  ඨ ௦  ݄ଷͳʹ ሺͳܧ െ ɋଶሻ ܯ   ర                                                                                                                      ሺͳͷሻ 475 

where Ȟ is the Poisson’s ratio of the slab material; Mk is the modulus of elastic subgrade 476 

reaction; and Es is shown in Table 2. In this study, Mk is the modulus of resilience of the soil 477 

and measures the ability of the ground to resist immediate elastic deformation under load. 478 

 479 

The slab thickness h for all concrete mixes was calculated using the modified Westergaard’s 480 

method and the following (typical) values: W=80 kN, Mk=80 MPa/m, and Z=190 mm 481 

(assuming a tyre pressure of 7 bar), and Ȟ=0.2. The subgrade is taken to be a very well 482 

consolidated made of gravels and sandy gravels [55]. Although mixes 0P and 0BF have similar 483 

average static flexural strength and elastic modulus, the addition of fibres reduces the slab 484 

thickness by 7% (h=173 mm for 0P vs h=161 mm for 0BF). This is mainly due to the enhanced 485 

fatigue performance resulting from the addition of fibres, as discussed in section 3.3. On the 486 

other hand, the replacement of natural aggregates with rubber particles increases the slab 487 

thickness to 256 mm and 305 mm for mixes 30BF and 60BF, respectively. This is due to the 488 

reduced mechanical and fatigue properties of SFRRuC mixes (sections 3.2 and 3.3), which 489 

leads to a low radius of relative stiffness I (Eq. (15)).  490 

 491 

Based on these results, it is evident that the modified Westergaard’s method does not show the 492 

expected benefits of using steel fibres and/or rubber over plain concrete. This is because the 493 

method was originally developed for plain concrete, which behaves in a linear elastic manner 494 

up to tensile failure. As such, the effect of deformability (i.e. ductility and flexibility) which 495 

will help to accommodate subgrade movements are not accounted for in the equations. To 496 

assess the deformability of SFRRuC, the authors performed three-point bending tests on 497 
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notched prisms according to RILEM [45], and the stress versus crack mouth opening 498 

displacement (CMOD) curves are shown in Figure 11. The enhancement in flexibility is 499 

demonstrated by progressively larger CMODs at maximum stress with increasing rubber 500 

content, resulting from the ability of rubber to reduce stress concentration at the crack tip and 501 

to delay micro-crack propagation [24]. Likewise, the post-peak behaviour is also improved by 502 

the inclusion of fibres, and it is further enhanced by the rubber. For example, at a stress level 503 

of 3MPa, mixes 30BF and 60BF have larger CMODs than that of 0BF, thus confirming the 504 

enhancement in ductility as discussed in section 3.1. Hence, in order to identify the benefits of 505 

using steel fibres and/or rubber in concrete, it is necessary to use design equations that take 506 

into account the flexibility and ductility that SFRRuC can offer. 507 

 508 

Figure. 11 Average stress-CMOD curves for prisms  509 

 510 

The Technical Report 34 (TR34) by the Concrete Society [56] can be used to show the 511 

advantages of using SFRRuC pavements. TR34 designs SFRC slabs at the ultimate limit state 512 

(ULS) using the yield line theory. Accordingly, the flexural moment at the bottom of the slab 513 

and along the sagging yield lines (Mp) are considered to be fully plastic (i.e. residual post-514 

cracking behaviour exist), as shown in Eq. (16). At the same time, cracks must be avoided at 515 

the top surface of the slab and the moment capacity along the hogging yield lines (Mn), as 516 

shown in Eq. (17), should be always greater than the ultimate design moment of the concrete. 517 
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where ı1= 0.45 ∙ CMOD1, and ı4= 0.37 ∙ CMOD4. In this study, values of CMOD1=0.5 mm 520 

and CMOD4=3.5 mm (as obtained from three-point bending tests on notched prisms [45]) are 521 

used to calculate ı1 and ı4. The slab thickness h  can be calculated using Eq. (18) [56] for a 522 

free edge load. 523 

ܹ ൌ   ሾߨ ሺܯ  ܯሻ  Ͷ ܯሿቂͳ െ ቀʹ ܼ͵ ܫ ቁቃ                                                                                                         ሺͳͺሻ 524 

The design approach adopted by TR34 neglects the effect of fatigue load. To address this 525 

drawback and account for fatigue, it is thus proposed to modify this approach and multiply 526 

fctm,fl  in Eq. (17) by Se.ave (section 4.4).  527 

 528 

Figure 12 compares the slab thickness calculated using the modified TR34 approach and 529 

modified Westergaard’s method. It is shown that the adoption of the proposed modified TR34 530 

approach reduces the slab thickness calculated   by the modified Westergaard’s method by 20% 531 

for 0P, 32% for 0BF, 44% for 30BF and 50% 60BF mixes. These results confirm the benefits 532 

of using steel fibres and/or rubber in concrete. It is also shown that, although the fatigue 533 

strength of SFRRuC is relatively low, the thickness of slabs produced with this novel material 534 

is similar to that of slabs built with plain concrete. However, unlike plain concrete pavements, 535 

SFRRuC pavements represent a potential solution to accommodate subgrade movements 536 

during service life. Consequently, it is recommended to use the proposed modified TR34 537 

approach for the design of flexible SFRRuC pavements. 538 

 539 

Figure. 12 Slab thickness comparison for all concrete mixes  540 
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The capability of flexible SFRRuC pavements to accommodate subgrade settlements is 541 

demonstrated through finite element (FE) analysis in the following section. 542 

 543 

6 Finite Element Modelling 544 

 545 

A two-dimensional (2D) plane strain model of a pavement slab was developed in the FE 546 

software ABAQUS® [57]. Recent research [58] has shown that 2D plane strain models provide 547 

similar results to 3D models (differences of less than 2%) in the study of transverse profiles of 548 

pavements with large longitudinal dimensions. To show the true benefits of flexible SFRRuC, 549 

two pavements designed using the modified TR34 approach (Figure 12) were modelled: i) a 550 

SFRC pavement (0BF) of 95 mm depth; ii) a SFRRuC pavement (60BF) of 134 mm depth. 551 

The pavements were assumed to be on top of a stiff clay subgrade of length=10.0 m and 552 

depth=4.0 m, as shown in Figure 13a. The length of the pavement was chosen to prevent 553 

boundary and edge effects. Previous research has shown that there are no subgrade 554 

deformations beyond such depth [59]. Two scenarios were considered: 1) a continuous 555 

subgrade (Figure 13b), and 2) a subgrade with a gap filled with loose material (length=1 m, 556 

depth=0.10 m, see Figure 13c). The gap is intended to simulate common defects arising from 557 

non-uniform subgrades due to deterioration developing over time, such as settlement due to 558 

poor compaction during construction or temperature variations and freeze-thaw. 559 

 560 

8-node quadrilateral plane strain reduced integration elements (CPE8R) were used for the 561 

analyses. An initial convergence analysis was performed to optimise the characteristics of the 562 

mesh. Based on these results, only a fine mesh was selected for the loading area. The total 563 

number of nodes and elements was 14962 and 4800, respectively.  564 
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 565 

Figure. 13 Finite element model: a) discretised pavement and subgrade, b) continuous 566 

subgrade, c) subgrade with a gap 567 

 568 

The bottom edge of the subgrade was fixed to prevent horizontal and vertical movements. The 569 

boundary nodes along the pavement edges were constrained horizontally only. A Coulomb 570 

friction law was used to define the surface-to-surface contact interaction between the pavement 571 

and subgrade (friction parameter=0.3). The load (standard axle) on the pavement was applied 572 

through a static contact pressure of 800 kPa. Previous research has widely adopted the Mohr-573 

Coulomb plasticity criterion for subgrade analysis [60], hence, this criterion is used to model 574 

the inelastic behaviour of the subgrade and the filling material in the gap. Table 8 summarises 575 

the soil properties used in the FE analyses. 576 

Table 8. Assumed soil properties used in FE analyses. 577 

Soil 
Elastic modulus 

(MPa) 

Poisson’s 
ratio, 

Ȟ 

Friction angle, 
ĳ (º) 

Dilation angle 
ȥ (º) 

Yield stress 
(KPa) 

Plastic 
strain 

Stiff Clay 
(subgrade) 

80 0.45 0 0 200 0 

Loose Sand 
(hole filling) 

10 0.20 28 0 1 0 

 578 

The concrete was modelled using the concrete damaged plasticity (CDP) constitutive model 579 

built-in in ABAQUS®. This model accounts for the inelastic behaviour of concrete in both 580 

tension and compression, and can include damage. The model considers two main failure 581 

mechanisms in concrete: tensile cracking and compressive crushing. The stress-strain 582 

relationship for uniaxial concrete in tension was obtained using inverse analysis [61, 62]) on 583 
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the load-deflection curves presented in Figure 6b and d. The values for the CDP model (dilation 584 

angel=30, eccentricity=0.1, 
ி್బబ  =1.116, K=0.667 and viscosity=1ྶ10-5) were taken from 585 

previous research [61, 63, 64] using SFRC. 586 

 587 

Figure 14 compares the plastic strain distribution (cracks) for the SFRC pavement (0BF) 588 

considering the two scenarios. Whilst wide localised cracks develop in both scenarios, the 589 

results in Figure 14b indicate that cracks can be up to 5 times wider if a gap develops under the 590 

pavement. It is also shown that if the pavement settles, two wide cracks propagate through the 591 

pavement towards its top surface within the loaded area. This implies that the pavement would 592 

experience significant damage due to multiple wide cracks, thus jeopardising its serviceability 593 

requirements. 594 

 595 

Figure. 14 Plastic strain model 0BF-95 mm a) without a gap, and b) with 10 cm ྶ1 m gap. 596 

Figure 15 compares the plastic strain distribution (cracks) for the SFRRuC pavement (60BF) 597 

considering both scenarios. Figure 15a shows that some minor cracks develop in the pavement 598 

on the continuous subgrade. However, these cracks are more spread and up to 7 times narrower 599 

compared to the SFRC pavement (see Figure 14a). In presence of the gap (Figure 15b), the 600 

cracks in the SFRRuC pavement are not only more evenly distributed over a larger area, but 601 

also significantly narrower (up to 24 times) than those in the SFRC pavement. Even when the 602 

same depth of 134 mm is used for the SFRC pavement, the cracks are still 10 times larger than 603 
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the SFRRuC pavement. This shows that flexible SFRRuC pavements are capable of 604 

accommodating subgrade movements and settlements more effectively than their SFRC 605 

counterparts. 606 

 607 

Figure. 15 Plastic strain for model 60BF-134 mm a) without a gap, and b) with 10 cm ྶ1 m 608 

gap. 609 

It should be mentioned that previous research by the authors showed that optimised flexible 610 

SFRRuC a) is highly ductile and flexible [8], and b) that such concrete meets the flexural 611 

strengths specifications defined in pavement design [28] . The authors have also demonstrated 612 

the adequate durability and long term performance of SFRRuC [29, 30]. In this article, the 613 

authors prove that (despite its lower fatigue resistance) SFRRuC can accommodate large 614 

subgrade movements and settlements. The experimental, analytical and numerical evidence 615 

confirm that SFRRuC is a promising solution for building sustainable road pavements, 616 

particularly considering that reusing end-of-life tyre materials (WTR and RTSF) in concrete 617 

can contribute to reducing stockpiles of discarded tyres. It should be also noted that, due to the 618 

limited number of specimens and mixes examined in the above studies, further research is 619 

necessary to fully understand the mechanical behaviour and long-term performance of different 620 

SFRRuC mixes with other mix proportions and tested with different stress ratios (e.g. 6 621 

specimens tested at each stress level). Current research by the authors is validating the 622 

predictions given by the modified TR34 approach against additional experiments so as to 623 

provide practical design guidelines. 624 
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7 Conclusions 625 

 626 

This study assesses the mechanical and fatigue performance of steel fibre reinforced 627 

rubberised concrete (SFRRuC) using fatigue flexural loads on prisms. Based on the results 628 

in this study, the following conclusions are drawn: 629 

 630 

 A blend of steel fibres in concrete enhances its compressive strength by 20%, while the 631 

flexural strength and elastic modulus remain roughly the same. The addition of rubber as 632 

aggregate decreases significantly the compressive strength, static flexural strength and 633 

elastic modulus of SFRRuC. However, the combination of fibres and rubber enhances the 634 

tensile capacity of SFRRuC. 635 

 636 

 The relationships between probability of failure, stress ratio and fatigue life (Pf-S–N) 637 

given by three probabilistic models widely used in pavement design agree reasonably well. 638 

They also provide comparable estimates of fatigue stress ratios that can be used for the 639 

practical design of SFRRuC pavements. 640 

 641 

 The modified Westergaard’s approach does not show the benefits of adding blends of steel 642 

fibres or rubber to concrete since the post-peak behaviour of concrete is neglected. The use 643 

of the modified TR34 design approach proposed in this study leads to thinner slab thickness 644 

when compared to the modified Westergaard’s model. Consequently, it is recommended to 645 

use this approach for the design of SFRRuC flexible pavements. 646 

 647 

 FE analyses indicate that flexible SFRRuC pavements can accommodate large subgrade 648 

settlements, thus making such pavements an attractive solution for road pavement 649 

applications. 650 
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