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Abstract 5 

A new approach to incorporate scrap tire material into concrete was investigated, where two 6 

reclaimed waste tire components, carbon black and fuel oil, were used to replace a portion of water.   7 

The effect of “liquid tire” content to water ratios from 5-40% on an otherwise typical concrete mix 8 

were assessed, where compressive and flexural strength, flexural toughness, modulus of elasticity, 9 

and several fresh concrete properties were determined.   Results were compared to typically 10 

expected results of traditional shredded tire mixes with equivalent tire content.  It was found that 11 

the liquid tire mixes experienced significantly less losses of compressive strength and workability 12 

than associated with shredded rubber mixes; an increase in flexural strength over a traditional 13 

concrete mix; and a significant decrease in stiffness over traditional as well as shredded tire mixes.   14 
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Introduction 32 

Of the approximately one billion scrap tires produced throughout the world, fewer than half are 33 

recycled, leaving the majority to be disposed of in landfills (Mouri 2016; Thomas and Gupta 2016). 34 

To encourage the use of recycled tire material in civil engineering applications, various agencies 35 

have attempted to provide incentives. For example, the State of Michigan has provided a 50% 36 

price reimbursement for purchasing scrap tires to advance their recycling and reuse (MDEG 2011), 37 

while the Intermodal Surface Transportation Efficiency Act of 1991 encourages the use of waste 38 

tire rubber in federally funded projects. As a result, highway construction provides a significant 39 

market for waste tire recycling, and various states, such as California, Florida, and Arizona, among 40 

others, routinely use a significant amount of recovered tire material in road construction (NSF 41 

2014).  42 

 43 

A typical vehicle tire is comprised of about 28% carbon black, 27% synthetic rubber, 16% fabrics, 44 

15% natural rubber, and 14% steel (Brentin and Sarnacke 2011). In the shredding and grinding 45 

process, the fabric and steel components are removed while the remaining rubber materials are 46 

reduced in size to pass a No. 4 (4.75 mm) sieve to produce crumb rubber, or a No. 100 (0.152 mm) 47 

sieve to produce rubber powder. This material has been incorporated into hot-mix asphalt and in 48 

Portland cement concrete pavements for more than several decades. Although tire shred has been 49 

more commonly used in asphalt because of the closer relationship between the organic bitumen 50 

binder and hydrocarbons in tires, its use in Portland cement has also been well studied (Thomas 51 

and Gupta 2016).   52 

  53 
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One of the earlier research efforts on this approach was what was reported by Eldin and Senouci 54 

(1993), who found that replacing a portion of concrete aggregate with scrap tire chips provided 55 

significant improvement in toughness and ability to absorb fracture energy. Since then, a large 56 

body of knowledge concerning the performance of rubberized concrete has been generated.  To 57 

synthesize these results, Roychand et al. (2020) recently reviewed over one hundred studies 58 

spanning the last three decades.  Their summary concluded that increasing rubber content generally 59 

decreases workability, compressive, flexural, and split tensile strengths, as well as stiffness, but 60 

increases fatigue life and fracture toughness.  It was also noted that the typical losses in mechanical 61 

properties can be reduced to some extent with treatments such as NaOH and other solvents, as well 62 

as simply soaking or washing rubber aggregates with water.  Similar results were found in an 63 

earlier literature review by Thomas and Gupta (2016).  However, Li et al. (2016a) surveyed various 64 

studies as well and found that high strength rubberized concrete is possible in some cases with the 65 

use of treatments, additives, and careful mix design. 66 

 67 

Various other avenues of research in this area have been recently conducted, including the use of 68 

crumb rubber in engineered cementitious composites (ECC), where increases in tension strength 69 

and resistance to cracking have been found, but with significant loss of stiffness (Zhang et al. 2015; 70 

Alaloul et al. 2020).  Other recent topics include the bearing strength of crumb rubber concrete, 71 

where up to a 30% strength loss was found (Xu et al. 2020); the potential use of rubberized concrete 72 

to resist dynamic loads due to its increased damping and ductility (Habib et al. 2020); and adding 73 

rubber to recycled aggregate concrete (Tamanna et al. 2020), among many others. 74 

 75 
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The purpose of this study was to explore the effect of incorporating tire waste into an otherwise 76 

common concrete mix design in a way that might minimize the strength loss associated with typical 77 

rubberized mixes.   The method examined was the addition of “liquid” tire waste, which was taken 78 

as a mixture of carbon black and waste (unprocessed) tire fuel oil. These additives are products of 79 

shredded tires when processed in a liquefaction reactor (Moulin et al. 2017; Piskorz et al. 1999), 80 

though various other processes can be used to extract these components as well (Zhang et al. 2018; 81 

Gomez-Hernandez 2019).  Different types of carbon black are available, which can be classified 82 

as a function of particle size, tensile strength, and abrasion resistance.  83 

 84 

Materials 85 

The concrete mix used in this study was composed of Type I Portland cement, 9.5 mm (3/8 in) P-86 

stone, 2-NS sand, and potable water, with one part cement, two parts sand, and two parts aggregate 87 

by weight.   For the control (i.e. no liquid tire content) specimens, a water/cement ratio of 0.42 88 

was used.  Specimens with different amounts of liquid tire content were also prepared, with liquid 89 

tire/water (LT/W) ratios of 5%, 10%, 20%, 30% and 40% by weight, where the LT/W ratio refers 90 

to the percentage of water replaced with liquid tire.  Initial test results indicated LT/W ratios less 91 

than about 5% produced only minor changes in mix properties, and thus lower ratios were not 92 

further explored.  ASTM N110 (ASTM 2019) carbon black was used for the mixes, which has a 93 

nominal particle size from 20-25 mm (Figure 1).   The carbon black was then ground and mixed 94 

with tire fuel oil in a 1:1 ratio by weight to form a liquid tire solution.   The resulting mixture had 95 

a specific gravity of 0.83. 96 

 97 

 98 
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Test Specimens 99 

Test specimens consisted of a set of 64 mm deep x 32 mm wide x 305 mm long (2.5 x 1.25 x 12 100 

in) concrete beams and 102 mm x 203 mm (4 x 8 in) cylinders.  The casting and curing of the 101 

specimens was in compliance with ASTM C31 (ASTM 2011b).   Liquid tire concrete (LTC) 102 

specimens were prepared as follows: 103 

1. Cement, sand, and aggregates were thoroughly mixed using a small concrete mixer for 3-104 

5 minutes. 105 

2. Water and liquid tire solution were mixed for approximately 2 minutes.  106 

3. The water/liquid tire solution was added to the dry mixture and mixed for approximately 2 107 

minutes.  108 

4. The mix was poured into the specimen molds in two equal layers, and each layer was  109 

compacted and vibrated using a vibratory table.  110 

5. The mold was covered with a plastic sheet for an initial 24 hour curing period. 111 

6. Specimens were removed from the molds and placed in a water bath for further curing until 112 

testing (at 7 and 28 days). 113 

Three replicates of each concrete specimen were subjected to mechanical tests.  It should be noted 114 

that the authors found that, although suppliers are willing to sell carbon black in large quantities 115 

(tons), the much smaller quantity needed for experimental work was difficult to obtain.  For this 116 

study, sufficient material could be acquired for about 60 specimens.  Fortunately, results from 117 

multiple specimens were relatively consistent, as shown below.    118 

 119 

Fresh Concrete Properties 120 
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Workability of the mixtures was estimated using a slump test complying with ASTM C143 (2010), 121 

while air content was determined using standard equipment in compliance with ASTM C231 122 

(2011).  Slump, air content, density, as well as temperature for each batch were found to be close 123 

in value, regardless of LT/W ratio.  Ambient temperature at the time of testing was approximately 124 

21 ⁰C.  Results are given in Table 1.  As shown in the table, slump increased with increasing LT/W 125 

ratio until 20-30%, then abruptly decreased from its peak value at 40% LT/W.  The overall slump 126 

ranges from 90 – 130 mm (3.5 – 5 in), was not too large.  Air content was inconsistent, and appears 127 

to be a function of the natural variation of batch properties and the test procedure rather than due 128 

to liquid tire content.  Density slightly decreases as LT/W increases, as expected given the lower 129 

density of tire content compared to water.   130 

 131 

Mechanical Testing Procedures 132 

Specimens were tested for compressive strength, flexural strength, Young’s modulus, and assessed 133 

for flexural toughness.  The cylinder specimens were tested for compressive strength after 28 days 134 

of wet curing according to ASTM C39 (2011) using a calibrated MTS 810 test machine, operated 135 

by a closed loop, servo-hydraulic system.  Force was monitored with a load cell at the test machine 136 

crosshead while displacement was recorded with an LVDT integral to the load cylinder. Load and 137 

displacement data were recorded electronically with a PC-driven data acquisition system, then 138 

converted to corresponding (engineering) stress and strain.  As specified in ASTM C39, the load 139 

rate was applied to correspond to a stress rate on the specimen of approximately 0.25 MPa/s (35 140 

psi/s).  To estimate flexural strength, the beam specimens were placed on two simple supports and 141 

loaded at mid-span with the same system described above to produce a three point bending test 142 
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similar to the descriptions in ASTM D790 (ASTM 2014) and C293 (2016), where a typical test is 143 

shown in Figure 3 for a 20% LT/W specimen.   144 

 145 

Specimen Test Results 146 

 Mean compressive stress-strain curves are given in Figure 2, while numerical results are given in 147 

Table 2.  As shown in Figure 2, a loss of initial stiffness as well as ultimate capacity is evident as 148 

the LT/W ratio was increased.  In accordance with this loss of stiffness, a higher strain value is 149 

associated with peak capacity, which was approximately 0.0025 for the mean control specimen 150 

result, but approximately 0.004 for most of the mean LTC specimen results.  Also of interest is 151 

that the LTC specimens retained more of their post-peak strength at higher strains, as seen by the 152 

lower negative LTC post-peak slopes as compared to that of the more sharply-declining control 153 

specimen.  Interestingly, the post-peak slope remained constant, regardless of the LT/W ratio.  154 

Strength and stiffness results are quantified in Table 2, where the mean peak strength (f’c), Young’s 155 

modulus (E), ratio of specimen compressive strength to that of the control specimen (f’c/f’c0), ratio 156 

of specimen E to that of the control specimen (E/E0), and coefficient of variation (COV) of the 157 

specimen results are given.  As shown in the Table, there was an initial steep drop in f’c of 9% 158 

from the control mix when 5% LT/W was added.  Thereafter, there was an approximately linear 159 

reduction of compressive strength as a function of LT/W ratio, where 10% LT/W resulted in 89% 160 

of the compressive strength of the control mix while 40% LT/W resulted in 84% strength.  A 161 

similar pattern was seen with Young’s modulus, where a large loss of stiffness of approximately 162 

57% occurs at the initial LT/W ratio of 5%, then a more gradual, approximately linear decrease 163 

thereafter, with an E/E0 ratio of 0.45 at 10% LT/W to 0.34 at 30-40% LT/W.  Also notice in the 164 

Table that relatively low COVs for specimen strength were realized, below 5% (except for the 165 
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40% LT/W specimens), though higher COVs for modulus were obtained.  For comparison, the 166 

COV of self-weight of a typical cast-in-place structural concrete member is approximately 0.05 167 

(Eamon and Nowak 2005).  Note that Young’s modulus was computed based on the secant 168 

modulus, taken at a compressive strength of 0.5f’c (ACI 318-2014).    169 

 170 

When tested in flexure, regardless of LT/W ratio, the failure of the beams were similar, with 171 

predominant cracks near midspan.  However, beams with liquid tire content displayed a larger 172 

number of significant flexural cracks along the beam length when compared to the control 173 

specimens.   No meaningful difference in crack pattern or other crack characteristics were observed 174 

among specimens with different LT/W content. Mean flexural stress vs deflection curves are given 175 

in Figure 4.  The 10, 30, and 40% LT/W specimens maintained flexural stiffness at higher strains 176 

as compared to the 5 and 20% LT/W cases as well as the control specimens. In particular, the 10, 177 

30 and 40% cases demonstrated a significant flexural-crack induced change in stiffness at a 178 

flexural stress from about 3.5-5.2 MPa (500-750 psi), whereas the 5%, 20%, and control cases lost 179 

stiffness near 1.4 MPa (200 psi).  Moreover, these latter cases demonstrated a subsequent 180 

hardening behavior around 2 MPa (300 psi), whereas the 10, 30 and 40% cases showed little 181 

changes in flexural stiffness prior to peak capacity.  182 

 183 

It can be observed that the three cases with lowest LT/W ratio (5, 10, and 20%) reached peak 184 

strength at a larger deflection level than the control, as well as held a relatively high level of post-185 

peak load at levels of strain greater than the control specimen. However, the highest LT/W cases 186 

of 30 and 40% reached peak capacity at a lower deflection value than the control specimen, as well 187 

as lost post-peak capacity at a faster rate than the control. 188 
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 189 

Note that this behavior was not simply due to natural variations in specimen behavior, as 190 

differences in performance among specimens of the same type was relatively low, and thus the 191 

mean curves given in the Figure are representative of actual differences in response.  For example, 192 

individual test specimen curves are given for the control specimens and for 30% LT/W in Figures 193 

5 and 6, respectively, where it can be seen that the same trend in slopes and overall behavior exist 194 

for the duplicate specimens.  A similar degree of similarity exists for the remaining LTC specimens 195 

as well.  Table 3 provides the mean 7 and 28-day modulus of rupture (MOR) for the specimens, 196 

where the ratio of specimen strength to the control (MOR/MOR0) and COV is given.  As shown, 197 

all LTC specimens had greater flexural strength than the control, while specimens from 5-30% 198 

LT/W experienced nothing less than an approximately 20% flexural strength increase. The 199 

MOR/MOR0 ratio was greatest for the 20% LT/W case, where a 36% increase in strength was 200 

realized. Larger LT/W ratios lost effectiveness, where the largest LT/W ratio of 40% resulted in 201 

only a minor increase in strength of 4%.   202 

 203 

One potential advantage of rubberized concrete is an increased resistance to fracture, the toughness 204 

of the liquid tire mixes were also evaluated. Although various definitions of toughness exist, it 205 

may be broadly defined as the amount of energy absorbed prior to failure.  As there are no existing 206 

standards to measure toughness for the relatively flexible LTC material, absolute flexural 207 

toughness (T) is defined in this study as the total measurable work done; i.e. the integration of the 208 

complete load-displacement curve of the test specimen.  These results are presented in Table 4, 209 

were the load-displacement data used to generate the mean stress-displacement curves in Figure 4 210 

were evaluated.  As shown in the Table, the ratio of toughness of a LTC specimen to that of the 211 
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control (T/T0) peaked with a modest value of 1.2 at 20% LT/W.  Interestingly, the 5% LT/C 212 

specimens showed a slight drop of approximately 2% of T on average from the non-LTC mix.  213 

 214 

Comparison to Shredded Tire Results 215 

 216 

To evaluate the effectiveness of LTC relative to the traditional shredded rubber approach for 217 

introducing recycled tire content into concrete, the effect of adding rubber to concrete on the 218 

compressive strength, MOR, and Young’s modulus are shown in Figures 7-9.   219 

 220 

A large variety of experimental results exist for rubberized concrete.  To provide typically expected 221 

comparison properties for this material, the expressions developed by Aslani (2016) are used, 222 

where best-fit empirical curves were fit to approximately 90 (for flexural strength) to 300 223 

(compressive strength) 28-day results reported in the literature, and are in the form of:  R = aebV. 224 

The expressions provided the reduction factor R to the property in question, relative to traditional 225 

concrete, as a function of the percentage of aggregate volume V replaced by tire material, while 226 

factors a and b  vary as a function of the property considered (i.e. compressive strength, flexural 227 

strength, modulus) and the type of rubber aggregate used (chipped rubber, crumb rubber, or both), 228 

and are given by Aslani (2016).  For consistent comparison to the LTC specimens considered here, 229 

the hypothetical shredded rubber cases that were evaluated were taken to have a rubber aggregate 230 

volume that produces the same rubber/water ratio (by weight) as the LT/W ratios tested in this 231 

study (which varied from 1.6 – 25.7% of rubber to aggregate volume V), while using the same mix 232 

proportions of the LTC specimens. 233 
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As shown in Figure 7, the compressive strength differences between the LTC and shredded rubber 234 

mixes increase with increasing rubber content, where typical shredded rubber mixes have 235 

significantly higher strength reductions.  In particular, the LTC mixes result in strength reduction 236 

factors from 0.91-0.84, whereas the corresponding shredded mixes range from 0.84-0.48.  For the 237 

largest tire/water ratio considered of 40% (or, a corresponding rubber-to-aggregate percentage of 238 

approximately 26% of either fine or coarse aggregates), the shredded mixes result in close to twice 239 

the strength reduction as the comparative LTC mix. In Figure 8, reduction factors for flexural 240 

strength from typical shredded mixes range from 0.97-0.68 across the tire/water ratios considered, 241 

whereas the LTC mixes provide a significantly different trend, resulting in strength increases by 242 

factors of 1.04-1.36, peaking at a LT/C ratio of 20%.  In contrast to compressive and flexural 243 

strength, however, Figure 9 reveals a significant performance drop in LTC relative to shredded 244 

rubber mixes, where the compressive stiffness of the LTC mix is significantly reduced from 0.45-245 

0.32 to that of a traditional non-rubberized mix.  In contrast, typical corresponding reduction 246 

factors for shredded mixes range from approximately 0.9-0.56. This is somewhat interesting, 247 

considering the strength increases of LTC compared to shredded.  248 

 249 

Although various other concrete properties may be of interest depending on the application, an 250 

additional characteristic of general concern is workability.  Using slump as a metric, for the range 251 

of tire content considered in this study (LT/W weight ratios from 5-40%, or mixes with 252 

approximately 1.6-13% of total aggregate volume), Khatib & Bayomy (1999) reported reductions 253 

in slump of approximately 12-62% when sand was replaced with crumb rubber; no significant 254 

changes in slump when coarse aggregate was replaced with chipped rubber, and reductions from 255 

approximately 2-15% when both crumb and chipped rubber were used.  Danko et al. (2006) 256 
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reported larger proportional reductions in slump, from 69-94%, when 5-10% of chipped rubber 257 

was used.  For the case of Danko et al., however, it should be noted that the slump of the control 258 

mix was reported as 50 mm (2 in), so relatively smaller absolute variations in slump result in large 259 

percent changes.  In contrast, the use of LTC at the same replacement content resulted in increases 260 

in slump from approximately 12-25% from 5-30% LT/W, and a maximum reduction of 12% at 261 

40% LT/W (13% total aggregate volume). 262 

 263 

Discussion 264 

The loss of compressive strength and Young’s modulus in LTC demonstrate trends similar to those 265 

in traditional rubberized concrete, where a general reduction in f’c and E occur as rubber content 266 

is increased.  A difference shown with LTC is the degree of change, where f’c is reduced less 267 

whereas E is reduced more, as compared to the traditional rubberized approach.  However, a large 268 

variation in results is given in the literature for rubberized mixes, and the LTC results fall within 269 

the range of existing observations synthesized from literature surveys (Li et al. 2016a; Roychand 270 

et al. 2020).  The general reasons for this performance loss reported in the literature are weakened 271 

bonds between the cement and rubber particles; the low stiffness of the particles, which encourages 272 

crack development at the particle-cement interface; and general reductions in concrete density.  273 

The authors suggest that similar mechanisms exist for LTC as well.  The authors would further 274 

suggest that the reason LTC experienced a significantly less reduction in compressive strength (for 275 

the same rubber content) as compared to the traditional approach is primarily due to tire particle 276 

size.  This follows the general trend found in the literature where as particle size is reduced (from 277 

shredded to crumb), less reduction in f’c is experienced (Li et al. 2016a; Roychand et al. 2020).  It 278 

is thus not unexpected that the very fine particles used in LTC similarly produced less of a strength 279 
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loss than found from crumb or ground rubber. Although the reason for this size effect does not 280 

appear to be well described in the literature, the authors suggest that smaller, more evenly 281 

distributed imperfections, or points of weakness, more effectively limit the formation of large 282 

cracks that readily propagate through fewer but more significantly sized flaws.    283 

 284 

Somewhat unusual is the increase in flexural strength found in LTC beyond the control mix.  285 

However, this is not unheard of for traditional rubberized concrete, where as summarized by Li et 286 

al. (2016a) and Roychand et al. (2020), a number of studies have shown that adding rubber 287 

particles can increase the flexural strength beyond that of the non-rubberized mix.  This increase 288 

is generally believed to be due to the ability of the rubber particles to limit crack growth and 289 

correspondingly delay failure by allowing flexural strains to increase without material fracture.     290 

This suggestion is supported in part by the observed increase in flexural deflection at failure of the 291 

rubberized mixes.  The increase in LTC flexural strength is further aligned with the explanation of 292 

smaller particle size, where the majority of studies have shown losses of flexural strength as 293 

particle size increased (Roychand 2020). 294 

 295 

Currently, is not clear why flexural strength and toughness peak at 20% LT/W content.  The 296 

authors suggest that this trend may in fact occur in some traditional rubberized mixes as well but 297 

is typically unobserved.  Of the studies that have shown an increase in flexural strength in 298 

traditional rubberized mixes over the control mix (e.g. Segre and Joekes 2000; Chou et al. 2010; 299 

Najim and Hall 2013; Li et al. 2016b; Munoz-Sanchez et al. 2017) only Li et al. considered  300 

different amounts of rubber content, a procedure that could potentially allow detection of this 301 

phenomenon.  In that study, rubber content was varied from 5 – 30%, and indeed it was found that 302 
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flexural strength peaked as well (at about 10% rubber content by aggregate volume).  It was 303 

proposed that the cause of this peak was due to several factors, including lowering the degree of 304 

bond-enhancing chemical treatment on the rubberized particles; decreasing mix density; and 305 

potential particle clumping as rubber content increased, all negative factors which eventually 306 

outweighed the positive crack arresting effect that the particles provided with increased rubber 307 

content.  Similarly, the authors of this study suggest that two opposing phenomenon are occurring 308 

as LTC content is increased: increases in strength due to the mitigation of large catastrophic 309 

flexural crack growth, and decreases in strength due to the typical reasons given for general 310 

compressive strength loss (loss of aggregate bond, low particle stiffness, loss of concrete density).  311 

An optimal amount of rubber content exists that balances these conflicting trends and maximize 312 

flexural strength.   313 

 314 
Conclusions 315 

 316 

Several key mechanical properties of a typical concrete mix with the addition of two reclaimed 317 

scrap tire components, carbon black and fuel oil, were examined.  Considering LT/W ratios from 318 

5- 40%, it was found that 28-day compressive strength decreased from approximately 10-15%; 319 

flexural strength increased from 5-35%, flexural toughness increased up to 0-20%, Young’s 320 

modulus decreased from 55-65%, and air content and unit weight exhibited only minor changes.   321 

 322 

In comparison, typical mixes with equivalent volume of shredded tire or crumb rubber generally 323 

experience significantly greater reductions in compressive and flexural strengths, as well as 324 

workability.  However, the LTC mixes suffered a significant compressive stiffness loss compared 325 

to the traditional scrap tire approach.  Such a trade-off may be acceptable for a variety of concrete 326 
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elements including non-loadbearing walls and facades, as well as potential uses in some pavement 327 

applications, where durability concerns rather than stiffness may be critical.  Of particular interest 328 

is the increase in flexural strength of the LTC mixes over traditional concrete.  As such, the 329 

mechanical advantages of LTC may be worthy of additional investigation.   330 

 331 

As the current study represents a preliminary assessment of the LTC approach, a variety of 332 

additional avenues of investigation may be useful, including the use of different grades of carbon 333 

black, fuel oil, and mix proportions; freeze-thaw durability; and alternative measures of toughness 334 

considering impact resistance and crack opening energy.    Although no significant differences 335 

could be seen between the failed LTC and control specimen cross-sections by visual inspection, 336 

of particular interest is developing an understanding of the morphology and microstructure of the 337 

LTC specimens via use of scanning electron microscopy or a similar procedure.  An in-depth 338 

analysis of this nature may reveal meaningful evidence to provide further insight to the behavior 339 

of this material.     340 

 341 

Data Availability Statement 342 

Some or all data, models, or code that support the findings of this study are available from the 343 

corresponding author upon reasonable request. 344 

  345 
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 430 
Table 1.  Batch Properties 431 

LT/W (%) Slump (cm)* Air (%) Specific Gravity 

0 10 1.33 2.28 
5 11.5 1.5 2.27 
10 10 2.5 2.25 
20 13 1.8 2.26 
30 13 2.3 2.24 
40 9 1.9 2.24 

*reported to the nearest ½ cm. 432 
 433 
 434 

 435 
Table 2.  Mean Compressive Strength and Young’s Modulus 436 

 Compressive strength Young’s Modulus 

LT/W (%) f’c (MPa) f’c/f’c0 COV E (GPa) E/E0 COV 

0 24.9 1.00 0.046 18.0 1.00 0.077 

5 22.8 0.91 0.047 7.66 0.43 0.161 

10 22.2 0.89 0.016 8.03 0.45 0.129 

20 21.9 0.88 0.010 5.77 0.32 0.253 

30 21.1 0.85 0.034 6.16 0.34 0.132 

40 20.9 0.84 0.088 6.16 0.34 0.144 

 437 
 438 

 439 
Table 3.  Mean Flexural Strength  440 

 7-day Strength 28-day Strength 

LT/W (%) MOR 

(MPa) 

MOR/MOR0 COV MOR 

(MPa) 

MOR/MOR0 COV 

0 3.90 1.00 0.075 4.33 1.00 0.050 

5 4.84 1.24 0.042 5.15 1.19 0.027 

10 5.16 1.32 0.024 5.51 1.27 0.063 

20 5.60 1.44 0.011 5.91 1.36 0.025 

30 4.98 1.28 0.027 5.29 1.22 0.024 

40 4.15 1.07 0.146 4.49 1.04 0.106 

 441 

 442 
 443 

Table 4. Flexural Toughness. 444 

LT/W (%) T (N-m) T/T0 COV 

0 7.65 1.00 0.067 

5 7.54 0.98 0.058 

10 8.74 1.14 0.092 

20 9.18 1.20 0.065 

30 8.42 1.10 0.080 

40 8.12 1.06 0.099 
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 445 

Figure Captions 446 

Figure 1. Carbon Black Additive. 447 

Figure 2. Mean 28-Day Compressive Stress-Strain Relationship. 448 

Figure 3. Typical LTC Flexural Test. 449 

Figure 4. Mean 28-Day Flexural Stress-Deflection Curves. 450 

Figure 5. Individual 28-Day Flexural Stress-Deflection Curves, Control Specimens. 451 

Figure 6. Individual 28-Day Flexural Stress-Deflection Curves (LT/W = 30%). 452 

Figure 7. Comparison of LTC to Solid Rubber Specimens, Typical f’c Reduction. 453 

Figure 8. Comparison of LTC to Solid Rubber Specimens, Typical MOR Reduction. 454 

Figure 9. Comparison of LTC to Shredded Rubber Specimens, Typical E Reduction. 455 

  456 
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 459 

 460 
 461 

Figure 1. Carbon Black Additive. 462 
  463 
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 465 

 466 
 467 
Figure 2. Mean 28-Day Compressive Stress-Strain Relationship. 468 
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 472 
 473 

Figure 3. Typical LTC Flexural Test. 474 
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 477 

 478 
 479 
Figure 4. Mean 28-Day Flexural Stress-Deflection Curves. 480 
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 483 

 484 
 485 
Figure 5. Individual 28-Day Flexural Stress-Deflection Curves, Control Specimens. 486 
 487 
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 492 

 493 

 494 
 495 

Figure 6. Individual 28-Day Flexural Stress-Deflection Curves (LT/W = 30%). 496 
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 499 
 500 

 501 
 502 
Figure 7. Comparison of LTC to Solid Rubber Specimens, Typical f’c Reduction. 503 
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 506 
 507 

 508 
 509 
Figure 8. Comparison of LTC to Solid Rubber Specimens, Typical MOR Reduction. 510 
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 512 
 513 

 514 
 515 
Figure 9. Comparison of LTC to Shredded Rubber Specimens, Typical E Reduction. 516 
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