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Abstract  18 

 19 

This study evaluates the freeze-thaw performance of steel fibre reinforced rubberised concretes 20 

(SFRRuC) engineered for flexible concrete pavements. The effect of large volumes of fine and 21 

coarse rubber particles (i.e. 30% and 60% volumetric replacement of natural aggregates) is 22 

determined for concretes reinforced with 40 kg/m3 of a blend of manufactured steel fibres and 23 

recycled tyre steel fibres. The freeze-thaw performance is assessed through surface scaling, 24 

internal damage, residual compressive strength and flexural behaviour. The results show that 25 

SFRRuC are able to withstand 56 freeze-thaw cycles with acceptable scaling and without 26 

presenting internal damage or degradation in mechanical performance. This indicates that 27 

SFRRuC can perform well under extreme freeze-thaw conditions and can be used to construct 28 

long-lasting flexible pavements as a sustainable alternative to asphalt concretes. 29 

 30 

Keywords: Freeze-thaw; Frost resistance; Rubberised concrete; Steel fibre concrete; Flexible 31 
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1 Introduction  33 

 34 

The use of concrete pavement slabs in regions experiencing severe freeze-thaw cycles is 35 

challenging, as concretes used for this application must withstand harsh environmental 36 

conditions during their service-life. One of the main factors compromising the durability of 37 

concrete pavements in such conditions is that drastic changes in temperature produce extra 38 

internal stresses causing concrete deterioration [1, 2]. Ice lenses can also form beneath the 39 

concrete surface as a result of uneven frost action on the subgrade and can potentially create 40 

unsupported regions in the pavement structure and cause additional flexural stresses [3]. 41 

Furthermore, de-icing salts, which are used to melt ice and snow, contain high volumes of 42 

sodium and/or magnesium chloride and can induce corrosion of the steel reinforcement and 43 

surface spalling [4, 5]. Hence, it is required to design concretes that can meet the mechanical 44 

strength requirements for paving, with the ability to withstand aggressive in-service conditions 45 

such as chlorides attack and freeze-thaw. 46 

 47 

According to the European Tyre Recycling Association (ETRA) [6], each year in the 28 48 

European member states and Norway around 300 million post-consumer tyres are discarded as 49 

waste. Much of these end up in landfills or are incinerated, despite the fact that they contain 50 

high performance constituent materials. According to ETRA [6], the composition of car tyres 51 

on the European Union market (by weight) are 48% rubber, 22% carbon black, 15% metal, 5% 52 

textile, and 10% others. Strict environmental protocols have been considered in most developed 53 

countries to control the disposal of waste tyres and the European Directive 1991/31/EC [7] has 54 

forbidden the land filling of whole post-consumer tyres since 2003 and shredded tyres since 55 

2006 [8-10]. The European Directive 2008/98/EC [11] has provided a disposal hierarchy to 56 

encourage the management of post-consumer tyres that places reuse and recycling above 57 

incineration. A possible waste management solution is to find use for the post-consumer tyre 58 

materials in the construction industry. This improves sustainability by preventing 59 

environmental pollution as well as saving natural aggregate from depletion, and it is 60 

economically viable as some of the costly conventional materials (e.g. steel fibres) can be 61 

saved. 62 

 63 
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During the last three decades, rubber aggregates have been used in asphalt-rubber mixtures  for 64 

pavement applications [12]. It has been noted that the use of rubber helps to reduce noise and 65 

increase resistance to temperature variation and freeze-thaw action, thus lowering maintenance 66 

costs and enhancing service life [13, 14]. The use of rubber aggregates as a partial substitution 67 

of natural aggregates in concrete has also been investigated by several researchers [8, 15-17]. 68 

It has been demonstrated that, compared to conventional concrete, rubberised concrete (RuC) 69 

has larger deformability [15, 18], lower density [19-21], and higher sound absorption, skid and 70 

impact resistance as well as enhanced electrical and thermal insulation [10, 22-24]. Conversely, 71 

RuC suffers from increased air content as well as reduced workability, strength and stiffness 72 

[8, 25, 26]. As a result, RuC is rarely used in structural applications.  73 

 74 

The durability properties of RuC are also not well understood. Few studies have assessed the 75 

freeze-thaw resistance of RuC and most focused on the resistance of RuC containing crumb 76 

rubber only [1, 2, 27-30]. Savas et al. [30] investigated the freeze-thaw resistance of RuC 77 

containing different amounts of crumb rubber. They observed that RuC mixes with replacement 78 

ratios of 10% and 15% by weight of cement (2–6 mm in size) exhibited durability factors (DFs) 79 

higher than the minimum 60% after 300 freeze-thaw cycles specified by ASTM C666/C666M-80 

15 [31], whereas mixes with 20% and 30% could not meet the minimum DF recommended. 81 

Similarly, Kardos and Durham [32] assessed the rapid freeze-thaw resistance of plain concrete 82 

and RuC mixes with up to 50% sand replacement by volume. The authors found that RuC 83 

containing 10% crumb rubber exhibited the highest DF followed by the 20% RuC while the 84 

plain concrete and 30% RuC, showed comparable DFs. The 40% RuC and 50% RuC failed to 85 

withstand freeze-thaw action after 300 cycles as their DFs fell below 60%. Richardson et al. 86 

[28, 29], on the other hand, indicated that the addition of 0.6% by weight of crumb rubber with 87 

size smaller than 0.5 mm provided significant freeze-thaw protection in concrete. 88 

   89 

Deterioration of concrete subjected to repeated freeze-thaw actions occur due to the formation 90 

of micro ice bodies within the concrete pores, which expand up to 9% compared to the volume 91 

of water [33, 34]. If the concrete paste becomes critically saturated and there is no space for 92 

this volume expansion, hydraulic pressures and tensile stresses can be generated in the pores, 93 

contributing to pore enlargement [35]. Consequently, the enlarged pores can be filled with 94 

water from the environment due to water uptake phenomena, causing larger tensile stress when 95 
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frozen again and eventually leading to deterioration. Hence, the pore structure governs the rate 96 

and level of damage caused by freeze-thaw. More interconnected and larger pores are expected 97 

to lead to more water uptake and damage. The freeze-thaw resistance of concrete can be 98 

improved by providing air-entraining agents to create empty and closely spaced bubbles, which 99 

act as receiver of the excess water, thus relieving the pressure created in the concrete due to ice 100 

formation. In full saturation conditions, however, “the hydraulic pressure theory” is not 101 

applicable since non-frozen water cannot find a way to escape [36]. It is believed that crumb 102 

rubber particles can promote the formation of pores of similar quality to those created by air-103 

entraining agents [28, 37]. Khalo et al. [25] attributed the entrapment of air to the hydrophobic 104 

nature and rough surfaces of rubber particles, which entrap air during the mixing process. 105 

Hence, it is evident that the amount and size of rubber particles incorporated play a major role 106 

in the RuC freeze-thaw resistance, but there appears to be a limit to the replacement ratio that 107 

can lead to beneficial results. It has been reported for rubberised mortars and concretes that the 108 

amount of rubber replacement should be limited to a maximum of 10% [2] or 30% [32] by 109 

volume of fine aggregate in order to obtain acceptable durability. 110 

 111 

In a recent study, the authors [38] demonstrated that the inclusion of fibres in RuC with high 112 

volumes of rubber (e.g. 30% or 60%)  promote the development of SFRRuC with enhanced 113 

flexibility and ductility characteristics and flexural strengths that comply with the 114 

specifications defined in pavement design EN 13877-1 [39].  It has also been identified [40] 115 

that the substitution of natural aggregate by rubber particles increases the permeability of 116 

SFRRuC (i.e. volume of permeable voids and sorptivity) as rubber content increases. However, 117 

this increment is minor and the permeability properties of these concretes lie within the range 118 

of highly durable concretes. Furthermore, SFRRuC exhibit very high resistance to chloride 119 

permeability when assessed under accelerated wet-dry cycles [40]. The combination of such 120 

properties makes SFRRuC mixes ideal candidates for flexible concrete pavements. However, 121 

the effect of large volume of rubber on freeze-thaw resistance needs to be addressed. Due to 122 

the weak bond between cementitious materials and rubber particles [25, 26], micro-cracks 123 

forming in RuCs might propagate locally at a fast rate, making these materials more prone to 124 

damage. However, the authors hypothesised that this issue would be greatly mitigated by the 125 

inclusion of fibres in RuC as fibres tend to bridge micro-cracks and resist their opening. Hence, 126 

this study aims to examine the influence of freeze-thaw on the performance of SFRRuC under 127 

accelerated conditions. Performance is assessed through visual inspection of the specimens, 128 
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mass loss, coefficient of thermal expansion (CTE), changes in relative dynamic modulus of 129 

elasticity (RDM), and residual mechanical properties including compressive strength, flexural 130 

strength, flexural modulus of elasticity and toughness. 131 

 132 

2 Experimental Programme 133 

 134 

2.1 Materials and concrete mix designs 135 

2.1.1 Materials 136 

 137 

Concrete mixtures were produced using a ternary blend of Portland lime cement type CEM II 138 

52.5N, with silica fume (SF) and pulverised fuel ash (PFA) as cement replacements (10% by 139 

weight for each). Two types of high range water-reducing admixtures were used: a) 140 

polycarboxylate polymer plasticiser and b) superplasticiser  141 

 142 

Natural river sand with particle size of 0/5 mm and specific gravity (SG) of 2.64 was used as 143 

fine aggregate (FA), while natural river gravel with particle sizes of 5/10 mm and 10/20 mm 144 

and a SG of 2.65 was employed as coarse aggregate (CA). Rubber aggregates used in this 145 

experimental study were recovered mechanically from post-consumer tyres. The fine rubber 146 

(FR) particles were supplied in three different sizes, 0/0.5 mm, 0.5/2 mm and  2/6 mm, and 147 

were used to replace 22.2%, 33.4%, 44.4% of FA volume, respectively. The course rubber 148 

(CR) particles were provided in two sizes, 5/10 mm and 10/20 mm, and were used to replace 149 

the CA in equal amounts. The specific gravity of 0.8, determined by the authors [38], was 150 

employed to calculate the volume of rubber particles. Fig. 1 shows the particle size distribution 151 

of all aggregates used in this study, obtained according to ASTM-C136 [41]. 152 
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 153 

Fig. 1 Particle size distributions  154 

 155 

2.1.2 Concrete mix designs 156 

 157 

Four different concrete mixes were prepared in this study including a plain concrete mix, a 158 

steel fibre reinforced concrete (SFRC) mix, and two SFRC rubberised concrete (SFRRuC) 159 

mixes, in which rubber aggregates were used as partial replacement for both FA and CA with 160 

30% or 60% by volume. The amount of steel fibres added in the SFRC and SFRRuC mixes 161 

was 40 kg/m3, as used in structural concrete, using equal amount of: a) crimped type 162 

manufactured steel fibres (MSF) with lengths of 55 mm and diameters of 0.8,  and b) recycled 163 

tyre steel fibres (RTSF) with lengths between 15-45 mm (>60% by mass) and diameters <0.3 164 

mm. Further details about the fibres characteristics are reported in [38, 42]. 165 

 166 

A mix ID was adopted for easy reference. It contains a number and a letter, where the number 167 

can be 0, 30 or 60, denoting the volumetric percentages of rubber aggregates used as partial 168 

replacement of natural aggregates, while the letter can be either P or BF (Plain or Blend of 169 

Fibres, respectively), referring to the absence or presence of the steel fibre reinforcement in the 170 

concrete mix. Table 1 shows the mixes IDs and variables. 171 

 172 

 173 
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Table 1 Mixes IDs and variables 174 

Mix ID 0P 0BF 30BF 60BF 

FR replacing FA by volume (%) 0 0 30 60 

CR replacing CA by volume (%) 0 0 30 60 

Amount of MSF (kg/m3) 0 20 20 20 

Amount of RTSF (kg/m3) 0 20 20 20 

 175 

All concretes assessed in this study were designed with 340 kg/m3 of Portland cement, 42.5 176 

kg/m3 of SF,  42.5 kg/m3 of PFA , 820 kg/m3 of FA, 1001 kg/m3 of CA, 150 l/m3 of tap water 177 

(water /cement = 0.35), with 2.5 l/m3 of plasticiser and 5.1 l/m3 of superplasticiser. All mix 178 

design parameters were kept constant in this study except from the aggregates volume (see 179 

section 2.1.1). This study targeted slump of class S3 according to EN 206 [43] or higher (≥ 90 180 

mm), therefore, the amount of plasticiser was also increased to 3.25 l/m3 for 30BF mix and to 181 

4.25 l/m3 for 60BF mix to attain the targeted slump. The adopted concrete mix design was 182 

selected based on the outcomes of a previous study [21] evaluating RuC, in which it was 183 

identified that similar large volumes of aggregate replacements do not induce excessive 184 

degradation in fresh properties compared with reference concretes without rubber.  185 

 186 

2.1.3 Mixing, casting and curing procedure 187 

 188 

The production of the concrete mixes started with dry mixing natural and rubber aggregates for 189 

30 s using a pan mixer.  Half of the total amount of water was then introduced to the mixer, 190 

and the materials were mixed for another 1 min. Subsequently, mixing was halted for 3 min, to 191 

allow aggregates to gain saturation, and the cementitious materials were added. After that, 192 

mixing was continued for 3 min during which the remaining water and chemical admixtures 193 

were gradually added. Finally, the steel fibres were manually integrated, and mixing was 194 

continued for another 3 min. 195 

Prior to casting, the concrete fresh properties including  slump, air content and unit weight were 196 

assessed based on methods described in EN 12350┽2 [44], EN 12350┽7 [45], and EN 12350┽6 197 

[46], respectively. Table 2 summarises the fresh properties of the concrete mixes. The results 198 

show that the inclusion of rubber particles in the fresh concrete mixes reduces the slump and 199 

unit weight, and increases the air content.  200 
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Table 2 Fresh properties of the tested concrete mixes 201 

Mix ID 0P 0BF 30BF  60BF 

Slump (mm) 235 200 155 110 

Air content (%) 1.7 1.3 2.3 2.9 

Unit weight (kg/m3) 2401 2425 2175 1865 

 202 

Concrete was cast in the moulds using two layers of casting (according to EN 12390-2) [47] 203 

and was vibrated on a shaking table (25s per layer). The specimens were then cured in the 204 

moulds for 48 h with wet hessian and sealed with plastic. Subsequently, all specimens were 205 

stored in a mist room at a temperature of 21 襖 罰 2 and relative humidity of 95 罰 5% for 10 206 

months. This curing age was selected considering that in countries experiencing severe winters, 207 

concrete casting on-site typically takes place in spring (or summer) and therefore it is most 208 

likely that the first freeze-thaw will be experienced within 10 months of age.  209 

 210 

 Four cubes and three prisms per mix were removed from the mist room, marked as ‘F-T’ and 211 

subjected to freeze-thaw conditions, while a similar number of specimens was kept as ‘control’ 212 

in the mist room. The compressive strength and flexural behaviour of all ‘F-T’ and ‘control’ 213 

specimens were evaluated at the end of the freeze-thaw conditioning period. Two prisms per 214 

mix were used to assess the coefficient of thermal expansion (CTE) as described in section 3.2.  215 

 216 

2.2 Test set-up and instrumentation 217 

 218 

2.2.1 Freeze-thaw testing 219 

 220 

The freeze-thaw resistance of concrete cubes and prisms was assessed based on: (i) visual 221 

analysis in terms of damage caused by freeze-thaw action, (ii) mass loss due to cubes scaling 222 

following the recommendation of PD CEN/TS 12390-9 [48], (iii) beam tests according to PD 223 

CEN/TR15177 [49] to assess the internal damage of concrete prisms through the evaluation of 224 

their RDMs using the measurements obtained from ultrasonic pulse transit time (UPTT), and 225 

(iv) residual compressive strength and flexural behaviour. 226 

 227 

The concrete specimens were placed in stainless steel containers and were fully immersed in a 228 

3% NaCl solution. The containers were then placed into a chamber that was programmed to 229 
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apply continuous cycles of freeze and thaw with temperature ranging from -15 襖 to 20 襖 and 230 

controlled through a thermocouple embedded in the centre of a concrete cube. Fig. 2 shows  231 

the experimental temperature profile compared with the desired temperature profile specified 232 

in PD CEN/TS 12390-9 [48].   233 

 234 

 235 

Fig. 2 Temperature profile measured in the centre of a concrete cube using a thermocouple, 236 

compared with that of PD CEN/TS 12390-9 [48] 237 

 238 

The mass loss and UPTT were determined after 7, 14, 28, 42 and 56 freeze-thaw cycles. At 239 

each of these defined cycles, during the thawing phase, the concrete cubes and prisms were 240 

removed and first visually examined in terms of surface damage. The cubes were then 241 

thoroughly brushed to remove any loose parts and then weighed. All detached materials were 242 

collected, oven dried for 24 hours at 105 襖 and weighed to the nearest 0.1g. The percentage 243 

of cumulative mass loss after n cycles, was calculated according to Equation (1): 244 

 245 

Cummulative mass loss 岫ガ岻┸ n 噺   冨 M鳥┸津津沈退怠警待   ゲ   などど                                                               岫な岻 246 

 247 

where, Md,n is the mass of the oven dried scaled material collected after cycle n, and M0 is the 248 

initial mass of specimens after curing and before testing. 249 

 250 

Similarly, the concrete prisms were thoroughly brushed, surface dried, and were then fitted 251 

with two transducers on the two opposite sides of the prisms to measure the UPTT. The 252 
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transducers were pressed against the concrete surfaces, using the same pressure each time, until 253 

a constant minimum value was achieved. The RDM of elasticity after n cycles, was calculated 254 

using Equation (2) below; 255 

 256 RDM┸ n 岫ガ岻 噺  磐戟鶏劇劇待戟鶏劇劇津卑態 ゲ  などど                                                                                                   岫に岻 257 

 258 

where UPTT0 is the initial UPTT of the specimen, in たs, while UPTTn is the specimen UPTT 259 

after n freeze-thaw cycles, in たs. Cubes and prisms were then returned to the containers with 260 

fresh 3% NaCl solution and test was resumed. 261 

 262 

2.2.2 Compressive cube tests and flexural tests on prisms 263 

 264 

Concrete cubes were tested under uniaxial compressive loading according to EN 12390┽3 [50] 265 

at a loading rate of 0.4 MPa/s. Concrete prisms were tested under 4-point bending test 266 

configuration following the recommendations of  the JSCE [51], using an electromechanical 267 

testing machine. The net mid-span deflection was recorded by two linear variable differential 268 

transformers (LVDTs), placed on an aluminium yoke. The load was applied in displacement 269 

control at a constant rate of deflection at the mid-span of the prism of 0.2 mm/min until a 270 

deflection of 6 mm.  271 

 272 

2.2.3 Coefficient of thermal expansion 273 

 274 

The CTE was determined according to the TI-B 101 procedure [52]  using two duplicate prisms 275 

per mix. The CTE of the rubber particles used in this study was also determined to be 276 

approximately 80 x 10-6 m/mK, which is 10 times higher than that of the limestone natural 277 

aggregates used in this study, and obtained from FDA [53]. Such significant difference in CTE 278 

may induce internal stresses during the freeze-thaw cycles.   279 

 280 

 281 

 282 
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3 Results and Discussion 283 

 284 

3.1 Visual inspection 285 

 286 

Fig. 3 shows the appearance of the tested specimens before and after completing 56 cycles of 287 

freeze-thaw action. Surface scaling and concrete pop-outs are the two signs of deterioration 288 

that are observed in all tested specimens. Surface scaling (i.e. delamination) is expected to 289 

develop when internal stresses exceed the tensile or shear strength of the surface layer, whilst 290 

the build-up of pressure around the coarse aggregate particles can cause the concrete between 291 

the particles and the nearest concrete face to pop-outs [54].  292 

 293 

Fig. 3 Specimens appearance before (left) and after (right) completing 56 cycles of freeze-294 

thaw action 295 

 296 

ASTM C672/C672M – 12 [55] specifies a visual rating category depending on the severity of 297 

surface scaling, as shown in Table 3. Based on the appearance of the concretes after exposure 298 

(Fig. 3), concretes without rubber aggregates (i.e. 0P and 0BF) are rated 3, while SFRRuC 299 

specimens (i.e. 30BF and 60BF) are rated 4. The amount of concrete scaling and mortar coming 300 

off at the end of the freeze-thaw cycles is higher in rubberised concrete. This is a likely 301 

consequence of the higher volume of permeable voids (VPV) identified in SFRRuC (see Fig. 302 

4 [40]), and the resulting increase in water uptake of the samples during testing compared to 303 

specimens without rubber aggregates. It has been reported [56] that the connectivity of pores 304 

is higher at the surface of the concrete specimens and typically increases at higher freeze-thaw 305 
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cycles. Therefore, concretes with higher permeability are expected to suffer more severe 306 

damage.  Despite the fact that the SFRRuC specimens show moderate to severe scaling, they 307 

withstood 56 freeze-thaw cycles without severe damage. 308 

 309 

Fig. 4 VPV (left) and sorptivity (right) of all tested concretes [40] 310 

 311 

Table 3 Surface scaling rating adapted from ASTM C672/C672M – 12 [55] 312 

Rating Condition of surface 

0 No scaling 

1 Very slight scaling (3 mm [1/8 in.] depth max., no coarse aggregate visible 

2 Slight to moderate scaling 

3 Moderate scaling (some coarse aggregate visible) 

4 Moderate to severe scaling 

5 Sever scaling (coarse aggregate visible over entire surface) 

 313 

3.2 Mass of scaled concretes  314 

 315 

Fig. 5 shows the mean cumulative mass loss versus the number of freeze-thaw cycles. Error 316 

bars represent one standard deviation of four measurements. It is evident that 0P specimens 317 

exhibit minimal mass loss throughout the test, while 0BF and 60BF specimens show similar 318 

mass loss behaviour, which is higher than 0P. The SFRRuC specimens with 30% rubber 319 

replacement, 30BF, display the highest rate of mass loss, especially after 14 freeze-thaw cycles. 320 

A previous study by the authors [40] on the transport properties of the same four concrete mixes 321 
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shows that 30BF specimens present the highest sorptivity values (see Fig. 4). The higher 322 

sorptivity for the 30BF specimens was attributed to the large amount of fine pores which 323 

facilitated water uptake and caused these specimens to be more prone to damage due to freeze-324 

thaw cycles. On the other hand, owing to the high amount of large coarse rubber particles and 325 

the non-sorptive nature of rubber, a reduction in sorptivity was observed in the 60BF 326 

specimens. 327 

 328 

Fig. 5 Cumulative mass loss as a function of freeze-thaw cycles  329 

 330 

For all concrete mixes, the ratios between the masses of scaled materials after completing 56 331 

freeze-thaw cycles (M56) to that after 28 cycles (M28) are lower than two, and the M56 are less 332 

than 1.0 kg/m2 (see Table 4).  Hence, they all fall under the acceptable resistance category, as 333 

specified by the Swedish standard SS 13 72 44 ED [57]. Consequently, this study contradicts 334 

previous work [2, 32] and shows that when using fibres,  the amount of rubber aggregates can 335 

be significantly increased (up to 60%) without compromising durability.  336 

 337 

The high resistance to freeze-thaw exhibited by the tested concretes can not be attributed to 338 

differences in thermal properties as minimal changes in the coefficient of thermal expansion 339 

(CTE) were obtained (see Table 5). This indicates that rubber aggregates may counteract the 340 

freeze-thaw effect even in highly porous concretes due to their low stiffness, which offers less 341 

resistance to expansion. It should also be noted that the addition of rubber increases air 342 

entrainment (see VPV in Fig. 4), as found in [40], which can also create a pressure release 343 
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system for freeze-thaw phenomena [58]. Furthermore, rubber particles, with their excellent 344 

damping characteristic [20, 59], may contribute somehow in balancing the internal stresses and 345 

act like absorbers for the temperature and freeze-thaw induced stresses and deformations [4]. 346 

The fibre blends also participate by bridging and controlling cracks. 347 

 348 

Table 4 Mass loss results for all concrete mixes 349 

Mix M56/M28 
Mass of scaled materials after 56 

cycles, M56 (kg/m2) 

0P 1.5 0.5 

0BF 1.1 0.6 

30BF 1.2 0.9 

60BF 1.9 0.7 

 350 

Table 5 Coefficient of thermal expansions obtained for all concrete mixes 351 

 352 

 353 

 354 

 355 

 356 

3.3 Effect of freeze-thaw on mechanical performance 357 

 358 

3.3.1 Compressive strength  359 

 360 

Table 6 summarises the average compressive strength and standard deviation (in brackets) 361 

derived from testing four specimens for each of the examined concretes. As expected, the 362 

addition of blended fibres enhances the compressive strength of control specimen 0BF by 7% 363 

with respect to 0P. The partial replacement of natural aggregates with rubber particles, 364 

however, considerably reduces the compressive strength reporting an average reduction of 58% 365 

for 30BF and 88% for 60BF compared to 0BF. The two mechanisms responsible for such 366 

degradation in compressive strength are: (i) the lower stiffness and higher Poisson ratio of 367 

rubber compared to natural aggregates, and (ii) bond defects between rubber particles and 368 

Mix Coefficient of thermal expansion  
10-6 m/mk 

0P 10.3-12.2 

0BF 10.3-11 

30BF 9.0-11.6 

60BF 9.7-12.9 
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matrix [25, 26]. Further discussions regarding the compressive strength reduction mechanism 369 

in SFRRuC are reported in [38], where similar results were obtained. 370 

 371 

Table 6 Average compressive strength results of all concrete mixes  372 

Mix 

Compressive strength (MPa) 

Control F-T Change on control (%) 

0P 111 (3.8) 108 (3.8) -3 

0BF 118 (0.9) 110 (7.7) -7 

30BF   50 (4.0)   40 (5.3) -20 

60BF   14 (3.0)   12 (2.0) -14 

 373 

After 56 cycles of freeze-thaw (F-T), all concrete specimens exhibit minor compressive 374 

strength loss compared to the control specimens of the same mixes. The slight reduction in the 375 

compressive strength indicates that the freeze-thaw action has affected mostly the surface of 376 

the concrete, without compromising its internal integrity.  377 

 378 

A good correlation is identified between the compressive strength and cumulative mass loss 379 

for all concrete specimens at the end of the 56 cycles (see Fig. 6). The 30BF specimens show 380 

the highest amount of cumulative mass loss, 0.66%, and compressive strength loss, 20%, which 381 

were most likely caused by the higher sorptivity of this mix (see Fig. 4). 382 

 383 
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 384 

Fig. 6 Correlation between the percentage of cumulative mass loss and compressive strength 385 

loss at the end of 56 freeze-thaw cycles 386 

 387 

3.3.2 Flexural strength 388 

 389 

Table 7 summarises the average values of flexural strength, modulus of elasticity and toughness 390 

of the control and F-T specimens as obtained from testing three specimens per mix. Values in 391 

brackets represent standard deviation. 392 

 393 

Table 7 Average flexural strength, modulus of elasticity and toughness factor 394 

Mix  0P 0BF 30BF 60BF 

Flexural strength 
(MPa) 

Control 8.1 (1.1) 9.4 (1.0) 6.1 (1.0) 3.7 (0.6) 

F-T 8.5 (1.3) 9.1 (0.5) 4.9 (0.8) 3.9 (0.6) 

Change on 
control (%) 

5 -3 -20 5 

Flexural modulus of 
elasticity (GPa) 

Control 48 (2.2) 46 (0.1) 26 (0.5) 9.3 (1.0) 

F-T 47 (4.3) 44 (1.5) 25 (0.7) 8.8 (1.1) 

Change on 
control (%) 

-3 -3 -3 -5 

Flexural toughness 
factor (MPa) 

Control  - 5.9 (0.3) 5.2 (0.9) 3.2 (0.5) 

F-T  - 5.2 (0.9) 3.8 (0.7) 3.4 (0.3) 

Change on 
control (%) 

 - -12 -27 6 
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Table 7 shows that the addition of blended fibres enhances the flexural strength of 0BF control 395 

specimens by 5%, compared to 0P. On the other hand, the replacement of 30% and 60% of 396 

natural aggregates with rubber particles, as expected, reduces the flexural strength by 35% and 397 

60% respectively, compared to 0BF. It should be noted that the presence of steel fibres in 398 

SFRRuC mixes effectively mitigates the rate of reduction in flexural strength, compared to that 399 

in compressive strength, due to the ability of the fibres to control micro-cracking, as discussed 400 

in Alsaif et al. [38]. 401 

 402 

After completing 56 cycles of freeze-thaw action, the concretes 0P, 0BF and 60BF show 403 

comparable flexural strength values to those of control specimens of the same mixes with small 404 

differences within one standard deviation. The flexural strength of the 30BF specimens after 405 

56 cycles of freeze thaw action, however, is 20% below that of the control specimens of the 406 

same mix, which is consistent with the reduction in compressive strength reported in Table 6. 407 

As mentioned earlier, the high sorptivity in the 30BF mix [40] may have caused this reduction 408 

in strength. Nevertheless, all SFRRuC specimens studied here (both F-T and control) satisfy 409 

the flexural strength requirements specified  in pavement design EN 13877-1[39]. 410 

 411 

3.3.3 Flexural modulus of elasticity 412 

 413 

The elastic beam theory was adopted in this study to determine the secant modulus of elasticity 414 

of the load-deflection curves considering the region from 0 to 40% of the peak load. As shown 415 

in Table 7, the addition of steel fibres in conventional concrete specimens, 0BF, marginally 416 

reduces the modulus of elasticity compared to 0P specimens. This reduction was not anticipated 417 

as the addition of fibres was expected to slightly increase the modulus of elasticity of the 418 

composite due to their high stiffness, but may be explained by the increased volume of 419 

permeable voids, as discussed in [40]. The substantial decrease in the modulus of elasticity, 420 

however, for the SFRRuC specimens (48% for 30BF and 80% for 60BF) was expected due to 421 

the lower stiffness of the rubber aggregates, compared to the replaced natural aggregates [38]. 422 

After freeze-thaw action, minor reductions (3-5%) in the modulus of elasticity were recorded. 423 

The RDM was also investigated and it is discussed in the following section. 424 

 425 
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3.3.3.1 Relative dynamic modulus of elasticity 426 

 427 

Fig. 7 shows the mean RDM values as a function of the number of freeze-thaw cycles applied. 428 

Error bars represent one standard deviation of three measurements. It is worth mentioning that, 429 

during the periodical measurements, occasionally UPTT values went down due to difficulties 430 

of making contact with the sides of the concrete prism as these were severely roughened due 431 

to scaling. In general, the RDM values decrease with increasing number of freeze-thaw cycles.  432 

This is expected due to the typical increase in water uptake (capillary pores imbibe water) and, 433 

hence the UPTT values. It is also evident from Fig. 7 that the rate of reduction in RDM values 434 

increases with the rubber content. This may indicate some loss in the bond between the rubber 435 

and cementitious materials [1], possibly due to the weak adhesion in the interfacial transition 436 

zone (ITZ). As all specimens survived 56 freeze-thaw cycles and their RDM values are above 437 

the threshold value of 80% defined by RILEM 2004 [60], all concrete mixes can be considered 438 

to be durable. 439 

 440 

Fig. 7 Change in relative dynamic modulus during freeze/thaw cycles  441 

 442 

3.3.4 Load-deflection curve and flexural toughness factor 443 

 444 

Fig. 8 shows the average (of 3 prisms) stress-deflection curves. While the plain concrete 445 

specimens, 0P, failed suddenly after reaching the peak stress, highlighting the brittleness of 446 

plain concrete in tension, 0BF, 30BF and 60BF specimens continued sustaining further flexural 447 

stresses even after first crack. This is mainly due to the contribution of  fibres in dissipating 448 
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energy through their pull-out mechanism as well as in bridging cracks and resisting their 449 

opening [38]. Rubber particles also participated partially in enhancing the post-peak behaviour 450 

by absorbing some of the energy during loading and undergoing large deformation as identified 451 

by the authors in a previous study  [38]. 452 

  453 

 454 

 455 

Fig. 8 Average stress versus deflection curves for all concrete mixes  456 

 457 

To further examine the effect of freeze-thaw action on the flexural behaviour of SFRC and 458 

SFRRuC, the flexural toughness factors were obtained (see Table 7) according to JSCE [51]. 459 

The toughness factor of the plain concrete mix, 0P, is not included as its post-peak energy 460 

absorption behaviour is negligible. The area under the load-deflection curve is computed up to 461 

a deflection of hf = 2 mm and the flexural toughness factor is calculated according to Equation 462 

(3). 463 

Flexural toughness factor 岫MPa岻 噺 畦堅結欠 憲券穴結堅 建月結 潔憲堅懸結 ゲ  詣に ゲ  決 ゲ  月態                                          岫ぬ岻 464 

where L is the span length, in mm, b is the width of the specimen, in mm, h is the high of the 465 

specimen, in mm.  466 
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The toughness factor is found to decrease with increasing rubber content mainly due to the 467 

large reduction in flexural strength. After freeze-thaw action, the toughness factor decreases by 468 

12% for 0BF and 27% for 30BF while it increases by 6% for 60BF. Overall, F-T action did not 469 

have a major impact on flexural performance, except for 30BF specimens due to their higher 470 

sorptivity (see Fig. 4). This is mainly attributed to the presence of fibres which are more 471 

effective in enhancing flexural behaviour through mechanisms (crack bridging) that are not 472 

significantly affected by freeze-thaw. 473 

 474 

3.4 General discussion on practical use 475 

 476 

Previous research by the authors [38] showed that optimised flexible SFRRuC mixes were able 477 

to attain high ductility and flexibility, and achieve workability properties and flexural strengths 478 

that meet the specifications defined in pavement design [39]. It has also been identified in a 479 

subsequent research study [40] that the durability and permeability properties of these flexible 480 

SFRRuC mixes lie within the range of highly durable concrete based on commonly accepted 481 

“durability indicators” [57, 60-62]. In this article, the authors demonstrate the ability of these 482 

SFRRuC mixes to withstand 56 freeze-thaw cycles with acceptable scaling and without 483 

presenting internal damage or degradation in mechanical performance. Furthermore, the 484 

inclusion of a large amounts of waste tyre rubber leads to the development of flexible SFRRuC 485 

pavements with stiffness values similar to those of flexible asphalt pavements, i.e. around 8 486 

GPa [7]. Hence, these flexible SFRRuC are expected to accommodate subgrade induced 487 

movements and settlements arising from poor compaction during construction or temperature 488 

variations, including freeze-thaw. The body of this work shows that SFRRuC, which can be 489 

manufactured using conventional mixing techniques, is a promising solution for building 490 

sustainable road pavements.” 491 

 492 

4 Conclusion 493 

 494 

This study assessed the freeze-thaw performance of steel fibre reinforced rubberised concretes 495 

(SFRRuC) produced with large contents of waste tyre rubber and reinforced with a blend of 496 

manufactured and recycled tyre steel fibres. Based on the experimental results, this study shows 497 

that all SFRRuC mixes successfully withstood 56 freeze-thaw cycles without being 498 
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significantly damaged. The cubes show acceptable scaling resistance according to the Swedish 499 

Criteria SS 13 72 44 ED, while the prisms maintain RDMs values above the threshold value 500 

for internal damage (80%) specified in RILEM TC 176-IDC. Hence, as hypothesised by the 501 

authors, the inclusion of steel fibres in RuC greatly mitigates the negative effects of large 502 

volumes of rubber on freeze-thaw resistance. 503 

 504 

The presence of steel fibres in SFRRuC mixes significantly reduces the rate of reduction in 505 

flexural strength due to the addition of large volumes of rubber, compared to that in 506 

compressive strength. All SFRRuC mixes show flexural strengths that satisfy the requirement 507 

for pavement design according to EN 13877-1.  508 

 509 

Comparable mechanical performance is observed from specimens subjected to freeze-thaw and 510 

control specimens kept in the mist room, thus making SFRRuC a potentially sustainable 511 

flexible concrete pavement solution capable of adequate freeze-thaw performance. For 512 

pavement applications, future studies should investigate the fatigue performance of this novel 513 

concrete. 514 
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