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1. Introduction
This investigation is part of an ongoing research programme spanning five years at Northumbria University, which has looked into various aspects of rubber crumb usage in concrete with regard to freeze/thaw protection.  The research was carried to examine the optimum particle size of rubber crumb, when used within concrete, which will provide the maximum freeze-thaw protection. The investigation extends the range of earlier work carried out by Richardson, Coventry, and Ward, (2011) Richardson, Coventry, Dave, and Dave, J, (2011).
The rubber crumb used within the test was divided into five batches, where the concrete mix increased the rubber crumb size in instalments of 0.5mm. The range of rubber crumb used was between 0.5 to 2.5mm. The primary properties of the concrete investigated were; air content, freeze-thaw durability and compressive strength. 
1. 1 Background
Vehicle tyres are made from a chemically improved rubber, and are designed to last for long periods of time (Waste watch, 2006). These specific properties pose difficult questions once the tyres have reached their end of life as they contain environmentally toxic substance, which in landfills break down very slowly and when they are incinerated, they produce dangerous pollutants (Siefle, 2006). The European Union identified this concern and took action by setting environmental legislation banning whole tyres from landfills from July 2003 and shredded tyres from July 2006 (Evans and Evans, 2006). Elbaba and Williams (2013) highlighted the severity of waste tyres as they suggest Europe and the USA combined produce approximately 8.3 million tons of waste tyres annually. 
Since the early 1990’s numerous research has been carried out by many authors into the use of recycled rubber from vehicle tyres within concrete. These authors suggest the greatest characteristic benefits are: improved toughness, reduced density, greater sound absorption, increased ductility and reduced water absorbed (Fattuhi and Clark, 1996; Segre and Joekes, 2000; Khaloo, Dehestani and Rahmatabadi, 2008; Bravo and Brito, 2012; Mohammad et al, 2012). Furthermore, rubber incorporated into concrete have been proven to enhance the resistance to freeze-thaw deterioration (Paine and Dhir, 2010; Richardson et al, 2011). 
It is believed rubber crumb has similar qualities to traditional air-entraining agents, which create minuscule pores (gel pores) that are so small temperatures can fall to -78oC without the formation of ice. These pores allow for the release of pressure and therefore protection from freeze-thaw attack (Neville and Brooks, 2010). Benazzouk et al (2006) highlighted the ability of rubber crumb particles to ‘artificially entrap air’. Khaloo, Dehestani and Rahmatabadi (2008) suggest this entrapping air is due to the non-polar rough surfaces of the rubber particles, which entrain air providing freeze-thaw protection.  
Additionally, Benazzouk (2007) studied the hydraulic behaviour of rubber particles and discovered “rubber additives tend to restrict water propagation and reduce water absorption.”  Laźniewska-Piekarczyk (2013) explains this water repellent characteristic “will dramatically improve the durability of concrete exposed to moisture during cycles of freezing and thawing,” thus aiding the protection of concrete from freeze-thaw damage. 
It is well recognised for every additional percent of entrained air added through air-entrainment agents, the compressive strength decreases by about five to six percent (Waddel and Dobrowolski, 1993; Cement admixtures associations, 2012). Similarly, since research started investigating the use of rubber within concrete it has been accepted there is a compressive strength loss. The overall consensus is the greater the quantity of rubber the larger the reduction in compressive strength. (Topçu, 1994; Fattuhi and Clark, 1996; Li, Li and Li, 1998; Khatib and Bayomy, 1999; Zheng, Huo and Yuan, 2008; Ganjian, Khorami and Maghsoudi, 2009; Atahan and Yücel, 2012; Bravo and Brito, 2012). However it must be noted, the majority of this research has used the rubber crumb as substitutes for fine or coarse aggregate.    
The necessity to examine the rubber crumb particle was recognised by Fattuhi and Clark (1996) who recommend there’s a need to investigate the rubber in terms of ‘origin, size and shape’ and the effect each parameter has on concrete. Relatively little research has been carried out into these parameters, although Paine and Dhir (2010) suggested the freeze-thaw resistance increases as the rubber particle sizes decrease.  Zhu et al (2011) recognised that “the size of crumb rubber has an influence on the freeze-thaw resistance of concrete,” although this research introduced rubber as a sand replacement rather than additive. 
This research was informed by Richardson, Coventry and Ward (2011) who investigated the optimum quantity of rubber crumb content for the most effective freeze-thaw protection was 0.6% by weight.

2. Methodology 
To investigate if there is an optimum particle size of rubber crumb, several aspects of the concrete and materials were assessed. The rubber crumb was divided into five batches, increasing is instalments of 0.5mm, from > 0.5 to 2.5mm. The key elements for examination were: air content, freeze-thaw performance, compressive strength and rubber crumb distribution. Each element was subjected to tests as listed in Figure 1. These tests were based upon the British Standards Institution (BS) and American Society for Testing and Materials (ASTM). 









Figure 1 – Test programme
A combination of ASTM C 666 and BS CEN/TR 15177:2006 were used to establish the principles of the freeze-thaw cycle. Time was a constraint with this research, so the initial decision was to follow the BS that recommended 56 cycles compared to the ASTM which states “300 cycles or until its relative dynamic modulus of elasticity reaches 60% of the initial modulus.” At the conclusion of 56 cycles the plan cubes had not failed, as the modulus of elasticity had not yet reached 60% of the initial modulus, therefore the test was extended for a further 14 cycles, to aid the deterioration of the cubes.

3. Results and Discussions
The density of concrete can be used to indicate the air content (Neville and Brooks, 2010). Figure 2 indicates the smaller the rubber crumb the greater the air entrainment, and consequently recommends the particle size > 0.5mm as offering the greatest freeze-thaw protection.    
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Figure 2 – Mean Density Comparison
The overall results for the air entrainment test are illustrated in Figure 3, which have produced a similar trend to the density test, which suggests the smaller the rubber crumb particle; the greater the air entrainment. The consistency between the density and air content results adds credence to the suggestion that > 0.5mm is the optimum particle size.











Figure 3 – Test programme
The pulse velocity for all batches over the specific test period can be seen in Figure 4. It is evident that the pulse velocity for all batches consistently increased over the first 42 cycles. Panzera et al (2011) suggests the causation of the pulse velocity increasing is due to a correlation between pulse velocity and increase in compressive strength. Due to the time constraints, the cubes started the freeze-thaw cycle after 3 days, which evidently continued to cure and increase in strength. However the most notable aspect of this test is the decrease in the plain cubes pulse velocity from cycle 42 to cycle 70, where for the same period the cubes with rubber crumb were relatively stable.
















Figure 4 – Mean Pulse Velocity Comparison
During the freeze-thaw cycles all batches experienced a weight loss, although at different rates. The plain concrete cubes most meaningfully had the greatest loss, suggesting the most damage was caused, as illustrated in Figure 5.  








Figure 5 – Mean Weight Loss Comparison
The full comparison of compressive strength, seen in Figure 6, is a great indication of the transformation the concrete cubes have undergone at different stages of this research. The increase of strength from the start of the freeze-thaw cycle at three days to the post freeze-thaw cycle strength reveals the concrete has continued to cure during at least part of the freeze-thaw cycles. The strength of the 28 day old cubes are stronger than the post freeze-thaw strength. 











Figure 6 – Total Compressive strength Comparison
The >0.5mm rubber crumb additive achieved the best performing freeze/thaw performance as displayed in Figure 6.





4. Conclusion 
There was no definitive correlation between the compressive strength and the rubber crumb particles size, although the rubberised concrete had an average strength loss of 5.24% after 28 days. Thus, this research indicates rubber crumb smaller than 0.5mm to be the optimum size to afford maximum freeze/thaw protection using a waste product within the concrete supply chain. 
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Mean Density Comparison
Batch A     Plain	2249.6706323617468	Batch B     	>	 0.5 mm	2212.918944528853	Batch C     0.5 - 1 mm	2217.5796185718868	Batch D     1 - 1.5 mm	2232.835375303006	Batch E     1.5 - 2 mm	2232.9115950291039	Batch F     2 - 2.5 mm	2242.38578287271	kg/m3

Air Entrainment  Comparison (%)
Batch A     Plain	1.9E-2	Batch B     	<	 0.5 mm	3.3000000000000002E-2	Batch C     0.5 - 1 mm	2.7E-2	Batch D     1 - 1.5 mm	2.7E-2	Batch E     1.5 - 2 mm	2.5000000000000001E-2	Batch F     2 - 2.5 mm	2.5000000000000001E-2	
Mean Pulse Velocity Comparison
Batch A     Plain	0 Cycles	7 Cycles	14 Cycles	21 Cycles	28 Cycles	35 Cycles	42 Cycles	49 Cycles	56 Cycles pre pause	56 Cycles post pause	63 Cycles	70 Cycles	3.540616881502574	3.6094101997584001	3.6790297048639609	3.6953582166142351	3.7292123620296902	3.7829320265473632	3.780060417756915	3.7445796912876168	3.6691311384234	3.6824459901804629	3.6381802517995809	3.62079116883401	Batch B     	>	 0.5 mm	3.57736879999629	3.5941907642625899	3.6339457597082072	3.6869032196066831	3.7093954829077811	3.720272890268931	3.725669917577167	3.7158103432137861	3.7073637944117062	3.709063920995594	3.7090442567288822	3.7135173611900698	Batch C     0.5 - 1 mm	3.5509717058044949	3.6257286752937001	3.6564011727217371	3.7175921529933018	3.7358755850660952	3.7802764795748751	3.7892624432963169	3.7416891756391641	3.7238469703382431	3.7220282861928742	3.7186692558606209	3.7255489798368528	Batch D     1 - 1.5 mm	3.5907457902565669	3.6293770754144732	3.6588429231147379	3.6587290907512982	3.675483190682431	3.7041461416858952	3.7404010480774401	3.7238365230387962	3.685130187891938	3.7024593134101371	3.694413132897171	3.7087240391526279	Batch E     1.5 - 2 mm	3.5170492344328901	3.5446766877954312	3.6126192962166979	3.6351326393320709	3.6696311555307379	3.7411643205132652	3.7395424333709371	3.7043636856973019	3.667118099457598	3.7338247078245499	3.6578699832592858	3.7366391665449279	Batch F     2 - 2.5 mm	3.5276345174030781	3.5651054233086579	3.6185748383433332	3.617722931247374	3.6575229339298772	3.7230143067589281	3.7299877321907182	3.6973288636940311	3.6978655640419991	3.6953149922063222	3.7095840937079019	3.7047426675922228	Pulse Velocity (Km/s)

Mean Weight Loss Comparison
Batch A     Plain	0 Cycles	7 Cycles	14 Cycles	21 Cycles	28 Cycles	35 Cycles	42 Cycles	49 Cycles	56 Cycles pre pause	56 Cycles post pause	63 Cycles	70 Cycles	2291.0833333333339	2293.166666666657	2294.666666666657	2291.6	2290.4500000000012	2292.2833333333342	2292.483333333334	2285.6999999999998	2282.1499999999992	2281.033333333336	2278.4	2277.366666666665	Batch B     	>	 0.5 mm	2272.25	2272.75	2273.8000000000002	2273.4500000000012	2272.883333333335	2273.933333333337	2274.2833333333342	2271.4166666666661	2271.1999999999998	2266.216666666664	2268	2270.5833333333339	Batch C     0.5 - 1 mm	2266.5833333333339	2266.3333333333399	2266.5833333333339	2266.65	2265.966666666664	2267.9166666666661	2268.383333333335	2264.75	2265.1833333333329	2259.983333333334	2262.1833333333338	2264.1999999999998	Batch D     1 - 1.5 mm	2310.75	2312.4166666666661	2312.466666666664	2310.966666666664	2310.116666666665	2309.85	2309.883333333335	2306.2666666666569	2304.883333333335	2301.0833333333339	2301.35	2302.733333333334	Batch E     1.5 - 2 mm	2312.75	2313.3333333333399	2313.5500000000002	2312.966666666664	2311.0500000000002	2312.1833333333329	2310.75	2307.016666666666	2305.7833333333342	2301.233333333334	2301.1	2303.65	Batch F     2 - 2.5 mm	2293.8333333333399	2294.5	2294.6833333333329	2293.6833333333338	2292.216666666664	2292.116666666665	2290.566666666663	2287.616666666665	2286.6	2281.383333333335	2281.716666666664	2283.5833333333339	Weight (g)

Total compressive strength comparison
Batch A     Plain 	3 Day Initial Test	28 Test	Post F/T Cycle	14.013681848398409	37.915857222842277	29.477594805146161	Batch B     	>	 0.5 mm	3 Day Initial Test	28 Test	Post F/T Cycle	35.9233804406499	32.02342482452196	Batch C     0.5 - 1 mm	3 Day Initial Test	28 Test	Post F/T Cycle	35.61114026498813	31.491230390512069	Batch D     1 - 1.5 mm	3 Day Initial Test	28 Test	Post F/T Cycle	36.311289465215381	31.649087941211569	Batch E     1.5 - 2 mm	3 Day Initial Test	28 Test	Post F/T Cycle	35.158585891747748	30.20376519024742	Batch F     2 - 2.5 mm	3 Day Initial Test	28 Test	Post F/T Cycle	36.646854573341983	29.311053438952499	Compressive stress (N/mm2)

