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Abstract 
For a long time and until now, rubber is the most used material for the man-
ufacture of tires for motor vehicles. Unfortunately, once the tire meets its life 
cycle, the remaining rubber cannot be recycled, so the tires are discarded in 
collection centers and often in clandestine dumps. This represents a serious 
environmental problem because, in one case, these waste tires become breed-
ing grounds for insects and wildlife that is harmful to humans. In the second 
case, the tires are burned, releasing highly damaging gases into the atmos-
phere. On the other hand, concrete is worldwide the construction material 
par excellence. It is basically composed of cement, gravel and sand. Mixing 
these three components in different proportions, their mechanical strength in 
compression can be increased. However, due to its fragile nature, concrete, 
once a crack is formed, it rapidly advances by fragmenting the material and 
producing its rapid collapse. In the present work, in order contribute to the 
care of the environment as well as to modify the fracture mode of the con-
crete, rubber particles obtained from waste tires were used as sand substitute 
in hydraulic concrete. In addition, rubber modified samples concrete were 
lately exposed to 70 kGy of gamma radiation in order to study the effects of 
this radiation on the mechanical deformation of concrete. The results showed 
a decrease in the mechanical properties of the concrete with rubber particles 
with respect to the traditional concrete itself. However, such decreases were 
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offset by the fact that samples with rubber addition do not collapses as fast as 
the free rubber samples. The acquired data pave the way for research with great 
benefits, such as the use of recycled tires in concrete for its fracture mode mod-
ification in a beneficial way, as well as a possible decrease in the cost of concrete.  
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Hydraulic Concrete, Scrap Tire Rubber, Strength, Gamma Radiation,  
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1. Introduction 

For many years, while a large percentage of vehicle tires have been reprocessed 
and used, a bigger lot of them have been accumulated in special places or simply 
thrown in public areas, posing serious threats to the environment and public 
health. A large quantity of worn tires are deposited in untreated controlled land-
fills, whereas some other amount is deposited after being crushed, and the rest is 
not controlled. In order to eliminate these residues, direct burning is frequently 
performed, which causes serious environmental problems since it releases gases 
that contain particles harmful to the environment [1]. 

Nowadays, various methods can be used for the recovery of tires and the de-
struction of their dangerous components. Furthermore, the operations of reuse, 
retreading, and recycling of used tires represent an important opportunity for 
the industry and technology [2]. The worn tires have three main components 
[3], which provide the tire with a vibration absorption capacity, reduced weight, 
high cut resistance, high resistance to weather conditions, and flexibility. 

1) Rubber. Excellent mechanical properties, including elasticity in traction, 
bending, and in compression. 

2) Metal. Steel of very good quality and performance, recyclable in iron and 
steel companies. 

3) Fiber. Material of a great calorific value and with good acoustic and thermal 
insulation properties. 

For the present work, the first component is that of a major interest. 
On the other hand, concrete made with Portland cement has a wide range of 

applications that allow multiple possibilities of use. All types of concretes have 
been proven over time to have excellent properties and a high degree of durabil-
ity and resistance, which can be seen in large buildings, public works, or artistic 
groups located in harsh conditions (near the sea). The excessive consumption of 
construction materials such as concrete, leads to excessive consumption of raw 
materials, which are usually found in nature. Since the extraction of natural re-
sources has the most significant impact on the environment generating envi-
ronmental and landscape effects, in order to reduce the ecological impact that 
this entails, efforts have been made to reduce the consumption of nonrenewable 
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natural resources during the manufacture of concrete. In addition, entities re-
sponsible for the protection of the environment have limited the access to these 
resources [1] [4], however, these environmental problems lie not only in mining, 
but also in the issue of waste generation, such as tires, which increase propor-
tionally with the number of vehicles. The environmental problem of tire waste is 
generated by the limited knowledge of waste management plans, owing to both 
cultural issues and the lack of policies and research on the reuse and final dis-
posal of this type of waste. Considering the previous scenarios, such as the ex-
cessive generation of tires and insufficient final disposal sites and the shortage of 
stone resources, in an attempt to make adequate use of excess rubber from scrap 
tires, several research works have been carried out [4] [5] [6] [7], so, it can be 
considered that the reuse of tires as recycled material within building construc-
tion materials presents a means to contribute to the environmental, technical, 
and economic benefit for the society [4] [5]. In this way, several years ago, Tou-
tanji [4] proposed the utilization of rubber tires in concrete for several specific 
applications, such as noise barriers, electricity posts, and plants of asphalt [4]. A 
viable solution to the problem caused by scrap tires is to use tire elastomers in 
concrete as a substitute for the fine or coarse aggregates, ensuring the quality of 
the product and, if possible, increasing desirable properties such as strength, 
Young’s modulus, and durability. In spite of that it is well known that mechani-
cal properties of the concrete are not enhanced by rubber additions, in the 
present work, the authors propose its use as a modifier of fracture mode as well 
as crack fast breakthrough inhibitor. In this research work, the rubber particles 
obtained from car waste tires were used as a sand substitute for reinforcement in 
hydraulic concrete. In addition, the effect of aging on physical properties of 
concrete with rubber additions will be also considered since it has been reported 
that the performance of rubber materials, gradually downturn when during a 
long period of service they are exposed to oxygen, ozone, sun light, heat, and so 
on [8]-[14] which suggest they are vulnerable to the aging process. 

2. Experimental Setup 

Four different mixtures of cement, gravel, sand, and rubber were prepared ac-
cording to the compositions shown in Table 1, substituting the sand by waste 
tire rubber scratches of about 1.0 - 1.5 mm diameter and 5 - 15 mm long, at 5 
and 10 and 20 wt%. 

Each mixture was poured into a mold to obtain a continuous bar of 5 cm 
(height) × 5 cm (width) × 30 cm (length). At the end of the pouring process, 
four square section bars of 5 cm (side) × 30 cm (length) were obtained. Figure 1 
shows two representative bars. 

Afterwards, each bar of specific composition was sectioned to obtain six cubes 
of 75 cm3. From each bar, three cubes were separated to be aged by its exposition 
to gamma radiation, keeping the remaining three as the control patterns. The 
cubes to be irradiated were subjected to gamma radiation (70 kGy doses) with 
cobalt-60 using a Gamma beam 651-PT irradiator at variable dose rates with 90 kCi.  
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Figure 1. Continuous concrete bars of 5 cm (height) × 5 cm (width) × 30 cm (length) 
obtained after 24 h from casting. 
 
Table 1. Amounts (kg) of cement, gravel, sand and rubber used in the study. The cement 
used was Portland CPC type 30. a/c = 0.58. 

Sample Sand Rubber Cement Gravel Water (mL) 

M (0) 0.51460 0 0.282 0.7998 200 

M (5) 0.48887 0.02573 0.282 0.7998 200 

M (10) 0.46314 0.05146 0.282 0.7998 200 

M (20) 0.41168 0.10292 0.282 0.7998 200 

 
Then, the irradiated (R) and the no-irradiated (SR) cube samples were me-

chanically characterized by performing compression tests in an Instron universal 
machine for mechanical tests, Model 4206, with a capacity of 150 kN, at a cross-
head rate of 0.5 mm/min. 

Stress-strain curves were obtained, in which fracture stress was determined 
using a strain criterion of 0.01%. Likewise, the modulus of elasticity was calcu-
lated using Equation (1) according to the criterion established by the American 
Concrete Institute [15]. 

0 4700 cE f ′= ,                       (1) 

where 0E  is the modulus of elasticity (MPa) and cf ′  is the fracture stress of 
concrete (MPa). 

3. Results 
3.1. Mechanical Properties 

The results of the mechanical tests are shown in Table 2 as well as in Figure 2 as 
fracture stress versus strain and Figure 3 as fracture stress versus rubber content 
curves of the samples at different rubber rates and states of the studied composi-
tions. It is important to mention that in the present research work, the first 
change of slope observed in the stress vs strain graph was taken as the fracture 
stress of the sample under study, assuming that such change in the slope was  
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Figure 2. Fracture stress vs strain curves obtained in the samples at different composi-
tions and states. SR: Non Irradiated; R: Irradiated. 
 

 

Figure 3. Mechanical behavior observed in the concrete samples as a function of the 
rubber content. (a) Fracture Stress; (b) Maximum Fracture Stress. 
 
Table 2. Mechanical properties of the samples under study. 

Sample 
Rubber 
content 
(wt%) 

Sand substitution by rubber 

SR* R* 

Fracture 
stress 
(MPa) 

Strain** 
(%) 

Maximum 
Fracture 

Stress (MPa) 

Fracture 
stress 
(MPa) 

Strain** 
(%) 

Maximum 
Fracture 

Stress (MPa) 

M (0) 0 6.10 0.256 12.24 2.02 0.0473 8.06 

M (5) 5 4.20 0.255 8.01 2.33 0.040 8.87 

M (10) 10 4.46 0.183 6.45 1.460 0.256 8.17 

M (20) 20 0.94 0.138 5.73 0.469 0.117 4.47 

*SR: not irradiated. R: irradiated. **Strain at fracture stress. 

 
produced by the cracking or micro cracking anywhere in the sample. Likewise, 
the maximum stress value observed in the stress vs strain graph was taken as the 
maximum stress supported by the specimen before the decrease in stress begins. 

It can be observed that rubber additions produces a decrease in the mechani-
cal property of Fracture Stress of the SR sample, see Figure 3(a), being 31.14% 
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for M (5), 26.88% for (M10) and 84.59% for M (20) sample. The Maximum 
fracture stress was also affected exhibiting 34.55%, 47.3% and 53.18% decreases 
corresponding to the M (5), M (10) and M (20) SR samples, see Figure 2(b). In 
both cases, the lowest stress values belong to the M (20) sample with 20 wt% 
rubber. These results are in agreement with Holmes et al. [16], who reported 
that significant reductions in compressive strength could be avoided if the addi-
tion of crumb rubber in concrete specimens does not exceed 20% of the total, 
although in the present work, it was used rubber scratches instead of crumb 
rubber. 

Figure 3(a) shows that, regarding fracture stress, the strongest samples are 
those that were not irradiated (SR), starting with sample M (0) which exhibit a 
6.1 MPa fracture stress, followed by samples M (5), M (10), and M (20), which 
exhibited 4.2 MPa, 4.46 MPa, and 0.94 MPa fracture stress, respectively. On the 
other hand, the weak samples were found to be those exposed to the gamma 
radiation dose of 70 kGy. In this case, the highest fracture stress value was 2.33 
MPa, corresponding to the M (5) sample, followed by the sample with 0 wt% 
rubber, which shows a 2.02 MPa fracture stress. Samples with 10 wt% and 20 
wt% rubber showed 1.46 and 0.469 MPa fracture stress, respectively. 

In the same way, Figure 3(b) shows the maximum fracture stress values of the 
samples in both states, irradiated (R) and not irradiated (SR). It can be observed 
that the highest values of 12.24 MPa and 8.01 MPa correspond to the M (0) and 
M (5) samples respectively. On the other side, the sample M (10) exhibit 6.45 
MPa and sample M (20), 5.73 MPa. In spite of such maximum fracture stress 
values are small, they are about twice higher than that of the fracture stress, 
which means that, although the sample is “cracked”, it is capable to supporting 
big load before it collapses completely. 

When the mechanical properties of SR samples were compared with those 
exposed to gamma-radiation, it was clear that the radiation exposure did not 
have a beneficial effect on the fracture stress of all of the samples, since there was 
a large decrease in the mechanical resistance, being the largest that of the M (10) 
sample followed by M (0) sample, in which a 67.26% reduction and 66.88% re-
duction in mechanical resistance respectively was observed. Conversely, the 
lowest decrease corresponded to the M (5) sample with 5 wt% rubber observing 
a mechanical resistance reduction of approximately 44.5%. At the end, appar-
ently, the most promissory composition was that of 5% rubber, which represents 
the second-best value of fracture stress. In contrast, apparently the gamma radi-
ation has a beneficial effect on the Maximum Fracture Stress of the M (5) and M 
(10) samples since the values of such compositions are higher than the SR ones 
and even a little higher than the M (0) R as it can be seen in Figure 3(b). The 
results in some way support the observed by Martinez-Barrera et al. [17] [18] 
who reports that gamma radiation produces structural and surface modifications 
in the components of a polymeric concrete, improving the compatibility be-
tween the polymer components and the aggregates of the polymeric concrete. It 
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has been reported that gamma radiation degrades the materials structure and 
can cause fracture in ceramic and polymers such as concrete and rubber [19] in-
dividually. Regarding the rubber, this may be the result of scission of the poly-
mer chains due to high energy radiation, affecting the tensile strength, hardness, 
elastic modulus and elongation at break [20] [21]. In the case of concrete, the 
radiation dehydrates it and becomes more fragile. In the present research, it is 
observed that the irradiated M (5) and M (10) samples increased their maximum 
fracture stress which suggests that radiation effect on the mixture of concrete 
and rubber is lower in comparison when the materials are exposed individually. 

As it can be expected, the elastic modulus was also affected by the rubber in-
troduction to the concrete. Figure 4 shows a graph where it can be appreciated 
an irregular behavior of the decrease in the elastic modulus in the SR condition 
and a little more regular behavior in the R condition. 

The highest values were 11,608 MPa and 9926 MPa showed by the M (0) and 
M (10) samples respectively, in the SR stage. Such decrease represents approx-
imately 14.5%, which is a reasonable value considering that the concrete con-
tains rubber. On the other hand, the R samples showed a uniform decrease, but 
such values of elastic modulus were lower than the exhibited by the SR samples. 
In this case, the highest values were 6678 MPa and 7174 MPa corresponding to 
the M (0) and M (10) radiated samples respectively. In this stage, the corres-
ponding elastic modulus increase was of 7% approximately. Ganjian et al. [22] 
studied non-irradiated concrete with chipped rubber as aggregated replacement 
and ground rubber as cement replacement and obtained 17% - 25% reduction in 
modulus of elasticity when the aggregate replacement with chipped rubber was 
between 5% - 10%. On the other hand, 18% - 36% reduction was obtained when 
powdered rubber was used. In the present research, scratched rubber was used in 
rates similar to that used by Ganjian, and although lower elastic modulus values 
were obtained, the decrease in such elastic modulus is lower than the reported by 
Ganjian. However, a remarkable result in this research is the increase in elastic 
modulus in the irradiated M (5) sample. 
 

 

Figure 4. Elastic modulus behavior as a function of the rubber content and stage of the 
samples. 
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3.2. Cracking and Fracture Characterization 

Figure 5 shows the cracking observed in both SR and R samples after the com-
pressive tests. It can be observed that the samples without rubber, see Figure 
5(a) and Figure 5(b), exhibit wide cracks that produced catastrophic fractures, 
leading to a complete fragmentation and subsequent disintegration of the sam-
ple, as well as loss of all the mechanical strength and total collapse. 

Otherwise, samples with 5 wt% rubber and 20 wt% rubber can be seen in Fig-
ure 5(c) and Figure 5(d) where it is observed that the cracks in these samples 
are thinner than those observed in the samples without rubber; however, despite 
these cracks, the samples remained complete, without disintegration, exhibiting 
additional resistance and deformation, see Figure 3, that allows a slow collapse 
instead of the sudden one observed in the samples without rubber. Such beha-
vior suggests that this material could be potentially useful for buildings. 

Fracture observations were also made on the samples under study. Figure 6 
shows representative images of the fractures seen in the samples without and 
with rubber. It can be observed that the specimen without rubber, Figure 6(a), 
exhibits the presence of only a mixture of cement and sand with gravel and some 
small cracks indicated by the arrows. In addition, the characteristics of a brittle 
fracture, such as a smooth surface, which indicates a lack of cohesion between  
 

   
(a)                                       (b) 

  
(c)                                       (d) 

Figure 5. Concrete samples after mechanical tests in which the maximum compressive 
deformation was 4%. ((a), (b)) 0wt% rubber, (c) 5wt% rubber, and (d) 20wt% rubber. 
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(a)                                       (b) 

Figure 6. Top view of the fractures observed. (a) In the specimen without rubber. (b) 
Specimen with rubber scratches. 
 
the fragments, promoting its easy separation, cleavage, and subsequent disinte-
gration, were also observed. In the same way, the fracture of specimen with rub-
ber, see Figure 6(b), also exhibits a mixture of cement and sand with gravel, but 
unlike the previous, the sample with rubber show characteristics of a high 
toughness fracture, in addition to a homogenous distribution of rubber scratches 
indicated by the bright arrows and the presence of some small cracks indicated 
by the black arrows. 

Closer observations of the cracks in the samples with and without rubber were 
performed. Figure 7(a) is a close up of a crack in which it can be appreciated a 
single and growing crack that separates the sample in two pieces as a result of 
the lack of cohesiveness, decreasing the load resistance and leading to a subse-
quent collapse of the material as it can be seen macroscopically in Figure 5(a) 
and Figure 5(b). 

On the other hand, an important finding in the fracture of the sample with 
rubber was the presence of some rubber scratches holding together the two 
pieces of material separated by a crack in several zones of the sample as it can be 
seen in Figure 7(b). In the specimens containing rubber scratches, the polymer-
ic material seemed to be acting like “anchors” that keep a certain grade of union 
between the pieces through thin cracks, preventing the rapid growing of the 
crack in the material due to its intrinsic fragility, see Figure 7(b). Otherwise, in 
the samples that did not contain rubber scratches, internal cracks formed and 
propagated through the matrix of cement and sand and even through the gravel 
separating them completely, causing the disintegration and collapse of the ma-
terial, see Figure 7(a). 

It is clear that rubber scratches cannot avoid the cracking of the material, but 
apparently, they can decrease the fast advance of cracks and eventually stop the 
crack at a certain limit determined by the intensity of the load supported. Basi-
cally, striped rubber avoids the abrupt separation of the fractured parts and, 
therefore, the disintegration and collapse of the material. 
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(a)                                      (b) 

Figure 7. Photomicrographs of the fractured surfaces in the specimen; (a) without rub-
ber; (b) with rubber. 

4. Conclusions 

The substitution of sand with rubber produces changes in the mechanical resis-
tance of concrete as well as in its elastic modulus. A decrease in fracture stress 
was observed when rubber is added to the concrete. Such decrease was expected 
since the rubber is a soft and elastic material. Otherwise, sand is a hard and 
non-elastic material. However, in the present research it was observed that sam-
ples without rubber show high mechanical resistance, but a fragile behavior, 
rapid fragmentation, and collapse of the material once cracks appear, leading to 
a catastrophic fail. On the other hand, specimens including rubber exhibit rela-
tively low mechanical resistance but also show an elastic-like behavior where 
slow fragmentation and slow collapse of the material are observed once the 
cracks appear. In addition, specimens with rubber show additional load support 
once their fractures stress was reached. This is apparently due to the fact that 
long rubber scratches act like “anchors”, holding together the concrete frag-
mented pieces and offering additional resistance to the collapse of the sample. 

Gamma radiation produces a 67% decrease in the fracture stress and 34% de-
crease in the maximum fracture stress of the samples without rubber. In the 
samples with rubber, approximately 54% average decrease in the fracture stress 
of the samples was registered. Opposite case was observed in the Maximum 
Fracture Stress registered in the M (5) and M (10) samples where the gamma 
radiation produced an increase of approximately 19% average. Therefore, it is 
assumed that the applied dose of gamma radiation affects the fracture stress of 
the samples in a non-beneficial way, being such effect, major in samples without 
rubber. Otherwise, apparently gamma radiation affects in a beneficial way the 
maximum fracture stress of the samples with 5wt% and 10wt% rubber. This 
probably can be due to the radiation affects mainly the surface of the specimens 
but not the inner components such as the rubber. This prevented internal struc-
tural changes in the components of the concrete, produced by the gamma radia-
tion. 

In the present research, there were used rubber scratches as fine aggregate 
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substitute and the obtained results give support to the observations made by 
Holmes et al, on the fact that more than 20% replacement of rubber in concrete 
specimens can produce significant decrease of the compressive strength. 

These results pave the way for research with great benefits, including, on one 
hand, the use of recycled scrap tires in concrete and, on the other hand, the im-
provement of the samples properties manipulating the rates of the concrete 
components and the aging can increase the mechanical resistance instead of de-
creasing it.  
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