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Abstract: Stone Mastic Asphalt (SMA) has been broadly used on heavily trafficked roads 12 

and motorways in the UK due to its known stability and durability. In this study, several sets 13 

of SMA mixtures were produced using different rubberised bitumens, including a Fischer–14 

Tropsch wax pre-treated rubberised bitumen. Properties associated with rutting were 15 

evaluated using both linear and nonlinear viscoelastic analyses, using different test methods 16 

such as the Strategic Highway Research Program (SHRP), Shenoy rutting parameter, zero 17 

shear viscosity (ZSV) and multiple stress creep recovery (MSCR) tests. The rutting resistance 18 

of the resulting SMA mixtures was assessed using the Repeated Load Axial Test (RLAT). 19 

The addition of rubber was expected to enhance rutting resistance of these materials. The 20 

results indicated that among the binder rutting parameters assessed, the non-recoverable creep 21 

compliance (Jnr) computed from the MSCR test, showed the best correlation with the rutting 22 

resistance of the corresponding asphalt mixtures. Finally, a more fundamental analysis was 23 

provided by assessing the conditions of binder films that would be experienced in the 24 

mixtures.  25 

Keywords: stone mastic asphalt, crumb rubber, rutting, asphalt, Fischer–Tropsch wax 26 

Highlights 27 

• Rutting resistance of binders and mixtures are well correlated when the realistic strain 28 

conditions are taken into account 29 

• SMA produced using rubberised bitumens resulted in highly rut resistant mixtures 30 

• MSCR test can measure the rutting resistance of binders 31 

1. Introduction 32 

Stone Mastic Asphalt (SMA) comprises a coarse aggregate skeleton filled with a high content 33 

of bitumen/filler mortar, and a relatively high binder content. The stone-to-stone aggregate 34 

offers excellent rutting properties while the bitumen/filler mortar offers good fatigue 35 

properties. One of the known issues associated with SMA is the risk for binder drain down 36 

during production and transportation to site. Often additives such as cellulose fibres are used 37 

to stabilise the mixture and prevent binder drain down [1-5]. Inclusion of recycled tyre rubber 38 

in bituminous materials offers some advantages in terms of enhancing the pavement 39 
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performance and helping solve environmental problems that are related to hazardous landfill 40 

[4, 9]. Recycled tyre rubber has been successfully used in SMA and other applications such 41 

as surface dressing (chip seal) binders and SAMIs [8-10]. The gap grading of SMA mixtures 42 

has proven to adequately accommodate the thicker film thicknesses of rubberised bitumen 43 

[12]. The high viscous nature of rubberised bitumens can also prevent the binder drain down 44 

associated with SMA mixtures [4].        45 

The combined parameters of traffic loading and high ambient temperatures cause rutting in 46 

flexible pavements. Bituminous mixtures achieve their resistance to rutting through aggregate 47 

skeleton interlocking and the viscoelastic properties of the binder. Identifying the viscoelastic 48 

parameters of modified binders that can be used to predict the rutting resistance of mixtures is 49 

important for the asphalt industry and producers to help develop and optimise the quality of 50 

binders. The viscoelastic properties of modified binders, and particularly of rubberised 51 

binders, is fundamentally different from unmodified bitumens, and thus, more comprehensive 52 

reviews are needed to investigate them. The relationship between the linear viscous 53 

component of unmodified bitumens and the expected rutting resistance of pavement is well 54 

established in the literature [13-19]. The linear viscous parameters have, however, failed to 55 

effectively characterise modified binders. Modified binders have complex response to the 56 

different stress/strain levels and loading rates that may provide misleading correlations when 57 

tested under only linear conditions [19-22]. Thus, assessing the rutting properties of 58 

rubberised binders using different strain conditions that are associated with different damage 59 

mechanisms, is one objective of this study.  60 

The linear and nonlinear viscoelastic properties of binders were determined and used to 61 

characterise the rutting behaviour of rubberised bitumens. The addition of a Warm Mix 62 

Asphalt (WMA) additive to rubberised asphalt mixtures provides better workability and 63 

handling during mixture production [7, 23-25]. Two base bitumens were selected with large 64 

differences in their physical and rheological properties in order to identify the effect of the 65 

base bitumen on the interaction mechanism and the final rubberised bitumen properties; a 66 

hard base bitumen  with a penetration of 40 dmm and a soft bitumen with a penetration of 67 

200 dmm were, therefore, chosen. Rubber modification for a soft base can significantly 68 

increase the performance temperature span of the resultant materials which make it a very 69 

effective option for pavements that are prone to both low temperature cracking and 70 

permanent deformation. This study also investigates the effect of combining the Warm Mix 71 

Additive (Fischer–Tropsch (F-T) wax) and crumb rubber on the rutting behaviour of binders 72 

and mixtures. The rutting resistance of binders were first assessed using the SHRP rutting 73 

parameter, Shenoy rutting parameter, zero shear viscosity (ZSV) and multiple stress creep 74 

recovery (MSCR). In order to establish a relation between the binder rutting properties with 75 

their mixtures, Repeated Load Axial Test (RLAT) was then used to assess the rutting 76 

resistance of the asphalt mixtures. The possible correlations between the rutting resistance of 77 

binders and their mixtures were, subsequently, assessed.   78 

2. Materials and specimen production  79 

2.1 Aggregate 80 

Granite aggregate and limestone filler were used in this study. The design recipe of the 81 

asphalt mixtures (for the conventional and rubber modified mixtures) was selected from the 82 
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BS EN 13108-5 and BSI PD 669 standards, e.g. stone mastic gradation (10mm) suitable for 83 

surface courses. The SMA gradation is shown in Fig. 1.  84 

2.2 Binders 85 

Four different binders were used to manufacture the SMA mixtures. Each binder represents a 86 

specific case in terms of bitumen modification as follows: 87 

• Control paving grade bitumen “H”: this bitumen is considered as a control and 88 

labelled “H” throughout the study. The penetration and softening point of this 89 

bitumen were 40 dmm and 51.4 °C, respectively. 90 

 91 

• Rubberised bitumen “H-R”: this rubberised bitumen was produced by adding 15.25% 92 

of recycled rubber by total mass to bitumen H using the wet process. The neat 93 

bitumen H was preheated to 180oC and then the required amount of recycled tyre 94 

rubber was added gradually while mixing at 180oC using a Silverson L4RT high shear 95 

laboratory mixer for 120 minutes. Many researchers have recommended the use of the 96 

high shear mixers to manufacture rubberised binders with superior properties [25-29]. 97 

The recycled tyre rubber used in binder H-R, was obtained from discarded truck and 98 

passenger car tyres using ambient grinding. The average diameter size of the rubber 99 

particles is 300µm. 100 

 101 

• Rubberised bitumen “S-R”: same recycled tyre rubber, same content and same 102 

processing conditions used with binder H-R were also used in binder S-R. The only 103 

difference is the base bitumen. A very soft bitumen with a penetration of 200 dmm 104 

and a softening point of 37 °C was used to produce the rubberised bitumen S-R.  105 

 106 

• Rubberised bitumen “H-Rw”: the base bitumen H was modified using recycled tyre 107 

rubber that had been pre-treated with a special oil and F-T wax. The details of pre-108 

treatment process are not available as the recycled rubber was provided by a third-109 

party. The F-T wax allows a reduction in compaction temperature while avoiding 110 

insufficient workability and compactability. The average diameter size of the rubber 111 

particles is also 300µm. The same rubber content and processing conditions used with 112 

the above rubberised bitumens were also used with H-Rw. The recycled rubber used 113 

in binder H-Rw was derived from 100% recycled truck tyres using the cryogenically 114 

grinding method.    115 

2.3 SMA mixtures production 116 

Fig. 2 shows the mixing and compaction equipment used to produce the asphalt mixtures as 117 

follows: 118 

1. Aggregate and filler mixed at the defined mixing temperature in mixer. 119 

2. The required amount of binder (pre-heated at defined temperature) was then added 120 

and the mixing continued for three minutes. 121 

3. The same binder content of 6.2% was used for all mixtures as specified in BS EN 122 

13108-5 and BSI PD 6691. 123 

4. Mixture then placed in a preheated slab mould. 124 
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5. Compacted using a smooth steel roller in accordance with BS EN 12697-33 to 125 

achieve the desired asphalt thickness (~60mm) which corresponds to 4% designed air 126 

voids. 127 

6. The mixing and compaction temperatures were identified to facilitate good binder 128 

coating of the aggregates and to achieve compaction at the prescribed air voids 129 

content (4%). 130 

7. For H-R mixtures, the mixing temperature was selected to be 190±5 °C and 170±5 °C 131 

for compaction and for control, S-R and H-Rw mixtures, 170±5 °C and 150±5 °C, 132 

respectively. 133 

8. The cellulose fibres was only included in the control mixtures at 0.3% of the bitumen. 134 

9. 100 mm diameter and 40mm thickness cores suitable for RLAT tests were cored and 135 

trimmed from the slabs.  136 

3. Testing Programme 137 

3.1 Binder Testing 138 

All binders underwent artificial ageing using the Thin Film Oven Test (TFOT) to simulate the 139 

short-term ageing occurring during the manufacture of asphalt mixtures. The binder tests 140 

performed on TFOT residues were deemed important to establish a correlation between the 141 

rutting properties of binders and their mixtures. An isothermal high temperature of 50oC was 142 

chosen as approximates the maximum pavement temperature of most UK regions. The high-143 

temperature properties of binders were assessed using the following test methods and 144 

parameters.  145 

SHRP Rutting Parameter 146 

The SHRP rutting parameter (|G*|/sin δ) of the TFOT aged residues was determined at 50oC 147 

and at 1.59 Hz using a Malvern DSR CVO Model. Strain control mode within the LVE 148 

region was applied on the sample sandwiched between two 25mm diameter parallel plates . 149 

The gap between the plates was 2mm for rubberised bitumens and 1mm for the neat bitumen 150 

to minimise the effect of rubber particles on the viscoelastic measurements [5, 6]  151 

Shenoy Rutting Parameter 152 

The Shenoy rutting parameter was also determined using the same testing conditions used 153 

with SHRP parameter but at 0.1 Hz frequency and calculated using equation 1. 154 

𝑆ℎ𝑒𝑛𝑜𝑦 𝑅𝑢𝑡𝑡𝑖𝑛𝑔 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 =  𝐺∗

(1 − (1/ 𝑠𝑖𝑛 𝛿 𝑡𝑎𝑛 𝛿))⁄    (1) 155 

Zero Shear Viscosity ZSV 156 

The ZSV parameter was derived using the simplified Cross model to fit the data of the 157 

complex viscosity measurements. The complex viscosity measurements were obtained at test 158 

temperature of 50˚C through oscillatory sweep frequency tests (0.1 – 10 Hz) using the DSR. 159 

The Cross model shown below was used to extrapolate the complex viscosity to a very low or 160 

zero frequency.   161 

𝜂∗ =  
𝑍𝑆𝑉 

1+ (𝐾𝜔)𝑚 
      (2)                                                                                                                              162 

where η∗ is complex viscosity; ZSV is zero shear viscosity; ω is frequency (rad/s), K and m 163 

are constants.  164 

Multiple Stress Creep and Recovery (MSCR) 165 
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The MSCR test comprised repeated creep-recovery cycles of 1 second applied creep shear 166 

stress and 9 seconds recovery period. The MSCR test was conducted in accordance with the 167 

ASTM D 7405 test method. Additional multiple stress levels (100, 400, 1600, 3200, 6400, 168 

12800 and 25600 Pa) were considered to examine the stress sensitivity and nonlinearity of 169 

rubberised binders. 10 cycles of repeated creep-recovery were applied at each stress level. 170 

The test was conducted at a temperature of 50˚C.     171 

3.2 Mixture Testing 172 

The rutting resistance of mixtures was evaluated using the Repeated Load Axial Test (RLAT) 173 

in accordance with BS DD 226 using the Nottingham Asphalt Tester (NAT) equipment. The 174 

configuration of the RLAT is shown in Fig. 3 inside the NAT. The test was conducted at a 175 

temperature of 50oC by applying axial stress of 100 kPa for 3600 cycles. The average value 176 

of at least three specimens were reported for each mixture.  177 

 178 

4. Results and discussion 179 

4.1 Rutting Resistance of Binders 180 

It should be mentioned that the bitumen ‘H’ did not undergo the same heating history of other 181 

binders during the rubber modification, i.e. heating up at 180oC and for 120 minutes. 182 

Although this may indicate a bias analysis towards the modified binders, the rubber 183 

modification (as will be seen in the next sections) changed considerably the rheological 184 

properties. For example, the SHRP rutting parameter (the least affected by rubber 185 

modification in comparison to other parameters) increased by 2 to 3 times by rubber 186 

modification. It has been shown that the SHRP rutting parameter of the control bitumen ‘H’ 187 

increased by 50% when subjected to TFOT ageing [31]. Heating up of relatively large 188 

quantity of bitumen (at least 2 kg) has far less effect than the effect of ageing thin film of 189 

bitumen (as the case under TFOT conditions). Thus, it is not anticipated that the heating up of 190 

the bitumen ‘H’ would have significant impact on the findings.      191 

SHRP Rutting Parameter 192 

The SHRP rutting parameter is derived from loss compliance (J”= sinδ/|G*|) measurements 193 

of binders. The parameter indicates the binder contribution to the rutting resistance of asphalt 194 

mixtures [15]. Binders with a reduced (J”), i.e. increased SHRP rutting parameter, are 195 

preferable for controlling the rutting distress as the unrecovered strain (γunr) is minimised. 196 

The SHRP rutting parameter values for the different binders measured at a frequency of 1.59 197 

Hz and temperature of 50 oC are shown in Fig. 4. The addition of rubber has resulted in a 198 

significant increase in the SHRP rutting parameter for binders H-R and H-Rw in comparison 199 

to their base bitumen. The binder H-Rw which was manufactured using tyre rubber pre-200 

treated by the FT-wax, exhibited the largest SHRP rutting parameter. This indicates the 201 

positive contribution of F-T wax to the rutting resistance of binders by forming a crystal 202 

structure when the temperature drops to lower than the melting point of the F-T wax. The S-R 203 

binder which was manufactured using a very soft bitumen, e.g. 200 dmm penetration, had the 204 

smallest SHRP rutting parameter. The ranking of different binders in terms of the SHRP 205 

rutting parameter are as follows:  206 

H-Rw > H-R> H > S-R 207 
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Shenoy Rutting Parameter 208 

The Shenoy Rutting Parameter is considered as an improvement to the SHRP rutting 209 

parameter [16]. The main modification corresponds to the magnification of the elastic 210 

component of the binder, i.e. phase angle, making it more appreciative of the addition of 211 

polymeric modifiers to the binders. Fig. 5 shows the values of the Shenoy rutting parameter 212 

measured at a frequency of 0.1 Hz and test temperature of 50oC. The main difference shown 213 

in the Shenoy Rutting Parameter is the improvement in the binder S-R which confirms the 214 

sensitivity of this parameter to the addition of rubber. Fig. 5 also shows that the H-Rw binder 215 

exhibited a considerable increase which again reflects the increase in elastic response 216 

(reduced phase angle) of the H-Rw binder.  217 

The ranking of different binders in terms of the Shenoy rutting parameter are as follows:  218 

H-Rw > H-R> S-R > H  219 

 220 

Zero Shear Viscosity ZSV 221 

The ZSV reflects the binder’s response to cyclic oscillatory loads within the linear 222 

viscoelastic regime. Fig. 6 shows the values of complex viscosities measured at 50oC and 223 

fitted using the simplified Cross Model. As expected, the base bitumen H demonstrated 224 

Newtonian fluid-like behaviour, i.e. the complex viscosity measurements are almost 225 

independent of the applied frequency. In this case, the ZSV can be easily extrapolated by the 226 

asymptote. The rubberised binders, however, exhibited Non-Newtonian behaviour (shear 227 

thinning) and they were sensitive to the frequency. The results of complex viscosity 228 

highlighted the complex response of rubberised binders to the shear rate. For example, the 229 

binder S-R is ranked below the base bitumen H at high frequencies, but it is superior to 230 

bitumen H at low frequencies.  231 

The ranking of different binders in terms of the ZSV rutting parameter are as follows:  232 

H-Rw > H-R> S-R > H 233 

Multiple Stress Creep and Recovery (MSCR) 234 

The non-recoverable creep compliance (Jnr) is highly sensitive to the stress dependency of 235 

modified binders. It is shown to accurately predict the binder rutting performance into the 236 

asphalt mixtures and it is proposed as an alternative to the SHRP rutting parameter [32]. The 237 

MSCR test enables the binder response at different stress levels to be measured, i.e. within 238 

and outside the viscoelastic region making it appropriate for specification purposes for both 239 

unmodified and modified binders [20, 33]. The binder films within the asphalt mixtures are 240 

subjected to strain levels considerably greater, e.g. 100 times, than the overall average strain 241 

of the asphalt mixtures. It is, therefore, important to measure the Jnr of binders at high strains.  242 

The Jnr and the percentage of recovery results measured over stresses ranging from 0.1 kPa to 243 

25.6 kPa are shown in Fig. 7 and Fig. 8, respectively. The effect of the applied shear stress on 244 

the measured Jnr is remarkable for all rubberised binders, i.e. shear thinning with Jnr 245 

increasing with the applied shear stress. The control bitumen unlike the rubberised binders 246 

exhibited Newtonian behaviour, i.e. the measured Jnr maintained the same measurements 247 

regardless of the stress magnitude. Different ranking for the binders was observed for the 248 

rutting parameters of binders tested using the dynamic oscillatory tests. This was expected as 249 
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there are many variables associated with the oscillatory tests and creep and recovery tests. 250 

These variables include delayed elasticity, sensitivity to the level of stress and loading rate, 251 

relaxation times and nonlinearity. Fig. 8 shows that the recovery ability of rubberised binders 252 

has considerably improved in comparison to the base bitumen. Especially, the binder H-R 253 

exhibited a good recovery property even under very high stresses. The H-Rw appeared to step 254 

down a level in ranking when subjected to high stresses under the MSCR conditions. The pre-255 

treatment by waxes (for H-Rw binder) can make the binders less flexible due to the formation 256 

of crystal lattice structure. The lattice structure of waxes makes the modified binders stiffer 257 

especially under small strains (using the dynamic oscillatory tests) but increases the stress 258 

sensitivity of the modified binders when testing under high stresses/strains (using the MSCR 259 

test).    260 

Fig. 9 shows one cycle measurements taken from the MSCR test at a stress level of 25.6 kPa, 261 

and temperature of 50 °C for binders S-R and H. The results in Fig. 9 show that the 262 

rubberised binder S-R was able to recover significant amounts of the total strain while the 263 

control bitumen did not have this ability.  264 

The ranking of different binders in terms of the Jnr rutting parameter are as follows:  265 

H-R > H-Rw > S-R ≥ H 266 

Based on the four different approaches (SHRP, Shenoy, ZSV and MSCR), the ranking of the 267 

different binders varies depending on the rutting parameter used. 268 

In the next sections, the rutting resistance of mixtures manufactured using the same binders 269 

are evaluated to establish a correlation for the rutting resistance between binders and 270 

mixtures.    271 

4.2 Rutting Resistance of SMA mixtures 272 

Fig. 10 shows the results of axial strains development against load cycles for the different 273 

mixtures measured at a test temperature of 50 oC using the RLAT. Three characteristic phases 274 

are normally formed when plotting the axial strain against load cycles termed the primary 275 

phase, secondary phase and tertiary phase. The primary phase is generated from the rapid 276 

increase in the vertical strain caused by the combination effects of loading platens seating and 277 

material densification. The secondary phase starts when the axial strain rate gradually 278 

decreases and reaches a steady state. At this stage, the relationship between the strain and the 279 

load cycles are almost linear. The tertiary phase is the last stage and starts when the strain rate 280 

increases rapidly indicating the failure of the sample. However, the tertiary phase was not 281 

reached for any of the mixtures tested in this study. The main analysis parameters used to 282 

evaluate the rutting resistance of mixtures tested using the RLAT are (i) the cumulative axial 283 

strain at the end of the 3600 load pulses or at the initiation of the tertiary phase, and (ii) the 284 

slope of the steady state phase (minimum strain rate).     285 

The slope of the second phase (minimum strain rate), i.e. the steady state phase, is determined 286 

from a segment between 1500 to 3000 pulses as follows; 287 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒 [
𝜇휀

𝑐𝑦𝑐𝑙𝑒⁄ ] =  
𝜀3000− 𝜀1500

1500
 𝑥 10−6         (𝟑)                               288 

where; 289 

휀3000 = accumulated strain at 3000 pulses 290 
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휀1500 = accumulated strain at 1500 pulses 291 

Fig. 11 shows the RLAT results analysed to determine the total accumulated strain at the end 292 

of 3600 pulses and the minimum strain rate. The average value of at least three replicates are 293 

reported with the range bars represent the maximum and minimum values. The improvement 294 

gained by the addition of rubber, particularly for the SMA (H-R) mixture, is clearly seen in 295 

the RLAT results of rubberised mixtures. The RLAT results for mixtures produced using the 296 

binder S-R are very interesting. The binder S-R was manufactured using very soft bitumen 297 

(penetration of 200 dmm), however, the rutting resistance at a temperature of 50 oC for the 298 

asphalt mixture made with this binder was better than the control mixtures which was made 299 

with a base bitumen with a penetration of 40 dmm. The S-R mixture also shows comparable 300 

performance to the H-Rw mixture. A t-test (two-sample assuming equal variances) was 301 

carried out between the means of the minimum strain rate for S-R and H-Rw mixtures. It was 302 

concluded that the difference between the minimum strain rate of S-R and H-Rw was not 303 

statistically significant.         304 

Such results confirm the positive effect of rubber to enhance the high temperature properties 305 

of bituminous materials and the importance of rubber modification using soft base bitumen.  306 

 307 

4.3 Rutting susceptibility: From binder to mixture 308 

Correlation between binder rutting parameters and RLAT 309 

The different analysis and test methods use to characterise the rutting resistance of binders 310 

resulted in different rankings for the binders considered in this study. Identifying the test 311 

method and parameter that can reliably reflect the binder contribution in resisting rutting 312 

distress is one of the main objectives of this study. Therefore, the different rutting parameters 313 

of the binders were correlated with the rutting parameters of the asphalt mixtures. The 314 

minimum strain rate obtained from the RLAT measurements for the asphalt mixtures was 315 

selected to establish the correlation with the binder parameters. The minimum strain rate 316 

parameter for the mixtures was selected over the total strain because the latter is largely 317 

influenced by the initial conditioning of the test, i.e. the initial seating of loading platens and 318 

the orientation of the aggregate interlock for different specimens.    319 

The different asphalt mixtures are ranked in terms of the minimum strain rate as follows: 320 

SMA (H-R) > SMA (H-Rw) > SMA (S-R) > SMA (H) 321 

The binder rutting parameters obtained from the MSCR test were the only ones among the 322 

other parameters that correctly ranked the binders with respect to the mixture performance. 323 

The SHRP rutting parameter did not provide an accurate ranking with the mixtures which 324 

confirms its inappropriateness for characterising the modified binders. The ZSV and Shenoy 325 

parameters provided better ranking prediction to the rutting performance of the mixtures but 326 

was still inferior to the MSCR test parameters. 327 

Fig. 12 (a to f) presents correlations for the rutting parameters of the binders and mixtures 328 

based on linear regression analysis. Fig. 12 (a, b, and c) showed poor correlation between the 329 

rutting parameters of the binders obtained from the dynamic oscillatory test and the minimum 330 

strain rate of the mixtures.  331 
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The correlations based on the Jnr parameter obtained from MSCR, shown in Fig. 12 (d and e), 332 

were significantly improved. Fig. 12 (f) shows poor correlation (R2= 0.42) for the Jnr tested at 333 

a high stress level of 25.6 kPa. However, a significantly improved correlation (R2= 0.99) can 334 

be obtained if the S-R point is removed, as shown in Fig. 13. The binder S-R was made using 335 

a very soft base bitumen and exhibited considerable increase in the Jnr at high stresses. For 336 

rubberised binders manufactured using soft base bitumens, the linkages formed between 337 

bitumen and rubber are weaker at high strains and these physical linkages cannot act as a 338 

single phase in a very soft medium [6]. This greatly affects the deformation resistance of 339 

modified binders at high stresses and this resistance would be mainly controlled by the 340 

properties of base bitumen. Moreover, the binder S-R experienced a considerably high strain 341 

value (~ 960%) when the stress level reached 25.6 kPa. This magnitude of strain is unlikely 342 

to occur under the RLAT condition, even though high strains are expected for the binder 343 

films in a mixture.   344 

In the next section, the effect of strain levels is analysed to provide a better understanding 345 

about the rutting resistance of materials at high temperatures.  346 

 347 

Establishing a more fundamental relationship between binders and mixtures    348 

The binder films within asphalt mixtures when subjected to loading undergo a wide range of 349 

strain distributions. The distribution and magnitude of strains vary depending on the 350 

compositional properties of asphalt mixtures, i.e. air voids, aggregate size and grading, and 351 

the properties of the constituent materials [34, 35]. It has been shown that the strain within 352 

binder films, based on finite-element analysis, can be between 10 and 100 times the bulk 353 

strain of the mixture  [34]. The approximate strains that binder films experience within the 354 

mixtures are, therefore, considered to provide a fundamental relationship between the rutting 355 

parameters of binders and asphalt mixtures. The average strains of binder films within the 356 

mixture were estimated by multiplying the total accumulated strain from RLAT results by the 357 

median value (55) and compared with the binder strains that occur in the MSCR as shown in 358 

Table 1. The average total strains of 10 cycles, obtained from the MSCR test at each stress 359 

level, are presented in Table 1 together with the estimated binder film strains. The shaded 360 

values shown in Table 1 represent the binder strains under the MSCR conditions that are 361 

close to the estimated binder strains under the RLAT conditions.         362 

Table 1 shows that each binder needed a different stress level under the MSCR conditions to 363 

induce the same estimated strain that may occur under the RLAT conditions. For binders S-R 364 

and the base bitumen H, the MSCR stress levels needed to induce approximately the same 365 

strains under RLAT conditions, were 3.20 kPa and 6.4 kPa, respectively. Table 1 shows that 366 

for binders H-R and H-Rw, the MSCR stress levels that corresponded to the RLAT 367 

conditions had to be determined by interpolation between two stress levels.     368 

The Jnr for each binder were determined at a stress level that induced approximately the same 369 

strain under RLAT conditions. Fig. 14 shows linear fitted correlation between the Jnr of the 370 

binders and the minimum strain rate of the mixtures. The results in Fig. 14 suggest that a 371 

good correlation can be obtained between the binder rutting parameter Jnr and the minimum 372 

strain rate when the strain conditions of binders and mixture testing are considered. The 373 

correlation (R2= 0.97) shown in Fig. 12 (d) is better than the correlation in Fig. 14. However, 374 

a closer look into the correlation in Fig. 12 showed that the Jnr at 0.1 kPa stress level did not 375 
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actually differentiate between the rutting resistance of binders H-R and H-Rw although their 376 

mixtures exhibited large differences in rutting performance. On the other hand, the Jnr 377 

determined based on matching the same strain conditions in the binder and mixture testing 378 

was able to differentiate between the rutting resistance of those binders and reflect that 379 

correctly into the asphalt mixtures.      380 

 381 

5. Conclusions 382 

This study has presented the results of an assessment of the rutting performance at high 383 

temperature for different rubberised binders and a control base bitumen in addition to their 384 

asphalt mixtures. The DSR was used to measure the binder’s response at high temperature 385 

when subjected to dynamic oscillatory loads or creep and recovery loads. The RLAT was 386 

used to evaluate the permanent deformation resistance at high temperatures for asphalt 387 

mixtures. The results from the binder testing were analysed to obtain different rutting 388 

parameters for the binders in order to establish a correlation with the rutting resistance of the 389 

mixtures.     390 

The conclusions below are presented based on the analysis of this study: 391 

1. The rutting resistance at high temperature for binders and mixtures was significantly 392 

enhanced by the addition of rubber. The addition of rubber to a very soft bitumen, e.g. 393 

S-R (200 dmm penetration), enhanced the rutting resistance of both the binder and 394 

mixture to a point that made them better than the asphalt mixture made with bitumen 395 

H (40 dmm penetration). Using a very soft bitumen is known to provide better stress 396 

relaxation and resist low temperatures cracking. Thus, the addition of rubber to a soft 397 

bitumen will produce bituminous materials suitable for resisting the defects at both 398 

low and high in-service temperatures. 399 

2. The results have shown that the rutting parameters for binders derived from the 400 

dynamic oscillatory test failed to adequately characterise the rutting resistance of 401 

rubberised binders. On the other hand, the rutting parameters derived from the MSCR 402 

test accurately reflected the binder contribution to the rutting resistance of the asphalt 403 

mixtures.  404 

3. Among the different binders used in this study, the rubberised binder H-R which was 405 

made using ambiently ground rubber showed the best rutting resistance followed by 406 

the binder H-Rw which was made using cryogenically ground rubber followed by S-R 407 

and H.    408 

4. The results have shown that considering the same strain conditions that would occur 409 

for the binder films under the binder testing conditions and the mixture testing 410 

conditions, can provide a more fundamental approach to assess the rutting resistance 411 

of binders and mixtures. In this regard, the MSCR test offers the readiness to measure 412 

the binder’s response at different stress levels. This enables the stress level that would 413 

induce approximately similar strains occur under the mixture conditions to be 414 

selected.  415 

5. The correlations have been developed on only limited data set and materials. More 416 

data and different materials will be required for future researches to draw a universal 417 

relationship.    418 
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Table 1. The estimated binder strains under the RLAT conditions and MSCR strains for the different binders 517 

  H H-R H-Rw S-R 

Estimated strain%  151.03 71.83 115.54 97.17 

Stress level [kPa] MSCR strains % 

0.10 2.25 0.65 0.53 2.82 

0.40 8.91 2.68 2.14 11.30 

1.60 35.48 10.89 9.08 46.08 

3.20 71.51 21.94 18.58 99.25 

6.40 143.94 45.06 38.65 222.49 

12.80 288.09 97.43 83.43 446.26 

25.60 582.32 220.15 198.91 959.64 

 518 

 519 

Fig. 1. The 10mm SMA gradation in accordance with BS EN 13108-5 and BSI PD 6691 520 

 521 
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 522 

Fig. 2. (a) Mixer, and (b) Steel roller 523 

  524 
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 525 

Fig. 3. RLAT testing configuration in NAT 526 

 527 

Fig. 4. The results of SHRP rutting parameters at 50 °C 528 
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 530 

Fig. 5. The results of Shenoy rutting parameters at 50 °C531 

 532 

Fig. 6 Complex viscosity of different binders at 50 °C 533 
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 535 

Fig. 7 Jnr of binders at 50 °C 536 

 537 

 538 

Fig. 8 Recovery percentage of binders at 50 °C 539 
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 548 

Fig. 9 One cycle results of MSCR test for binders S-R and H, at stress level of 25.6 kPa, and temperature of 50 °C 549 

 550 

 551 

Fig. 10 : RLAT results of different mixtures tested at 100kPa stress and at 50oC temperature 552 
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Fig.11 RLAT results in terms of the minimum strain rate and total strain555 

 556 

Fig. 12 Correlation between different rutting parameters with the minimum strain rate of mixtures; (a) SHRP, (b) Shenoy, 557 
(c) ZSV, (d) Jnr @ 0.10 kPa stress level, (e) Jnr @ 3.2 kPa stress and (f) Jnr @ 25.6 kPa stress 558 

  559 
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 560 

Fig. 13 Correlation between Jnr @ 25.6 kPa stress with the minimum strain rate after removing S-R  561 

 562 

 563 

Fig. 14 Correlation between Jnr obtained at different stress levels with the minimum strain rate 564 
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