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Abstract

One of the construction industry’s main interests is using innovative
materials to facilitate construction, extend service life, and minimize
maintenance and rehabilitation costs. Recycling waste tire rubbers into
conventional concrete materials constitutes one of the biggest and
challenging issues in modern concrete technology, which can
significantly relieve critical environmental issues. However, the
compressive strength reduction caused by the added rubber aggregates,
albeit with significant ductility enhancement, has limited its application
in concrete structures. The present study aimed at attaining the optimum
ratio of crumb rubber with minimal reduction in compressive strength to
be used in large scale elements in which the ductility constitutes a
critical design parameter. Different rubberized concrete mixes with
different percentages of crumb rubber (CR) and different treatment were
investigated. The main parameters were the type of crumb rubber
(course or fine), the percentage of replacement (5%, 10%, 20%, and
30%), the treatment conditions (treated with NAOH, or without
treatment), and using silica fume as partial replacement of cement. The
test data were analyzed considering the workability, the compressive,
tensile, and flexural strengths. The results revealed that the most
appropriate concrete mix is using a 20% treated fine crumb rubber, with
silica fume incorporation.

1. Introduction

With the rapid development of the worldwide automobile industry, the production of tires has
increased enormously in recent decades. Tremendous stockpiles of waste tires are being generated
annually. One of the most common waste tires disposal methods is landfilling. This in turn
constitutes prominent environmental, health and aesthetic problems since, when waste tires occupy
large landfill spaces, it becomes a nest for insects and rats [1-3]. Furthermore, the waste tire could
become a fire hazard because of its flammability. One viable solution to override the waste tire
induced problems is its use as partial replacement of aggregate in concrete production and road
pavements [4-10]. These solutions can pave the way for constructing eco-friendly buildings and
encourage the concept of sustainable production.
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Extensive studies have been conducted in the early 1990s to explore the effect of aggregate
replacement with waste tire rubber on different physical, and mechanical properties of concrete to
validate their using in concrete structures. Compared to conventional concrete, rubberized concrete
has some advantages such as higher toughness, ductility, better sound insulation, lower density, and
resistance against cracking [11-17]. However, as reported by different research groups around the
world, replacing aggregate with waste tyre rubber associated with significant reduction in
compressive strength, tensile strength, flexural strength, and modulus of elasticity [18-23]. The
strength reduction is attributed to the low stiffness of rubber and incompatibility between rubber
and cement paste. Many investigations have been conducted to overcome or even mitigate the
strength reduction. Some research groups suggested pretreatment of rubber with sodium hydroxide
solution or using cement coating to enhance the bond strength between rubber and cement paste
[24-26]. However, the investigations are still early in developing a specific solution for the problem.
Furthermore, there is a lack of data available regarding the performance of full-scale rubberized
concrete elements, especially structural elements that are suffering from brittle failure and in need
of ductility. The experimental study reported here is part of an ongoing comprehensive research
program that aimed at attaining the optimum ratio of crumb rubber ratio with minimal reduction in
strength to be used in large scale columns and deep beams. The present paper reports the results of
the first stage of developing optimum rubberized concrete considering the fresh and hardened
concrete properties.

2. Experimental Program

The experimental program included testing twenty-five concrete mixes. Thirteen concrete mixes
were reported by Arafa et al. [27] and were used as a reference in the present paper. One concrete
mixture was used as a control mix without aggregate replacement, while for the other specimens
crumb rubber was used. The variables involved the following points:

1. Type of crumb rubber (coarse and fine rubber as partial replacement for coarse, and fine
aggregate, respectively)

2. The replacement ratio (5%, 10%, 20% and 30% by volume of sand or gravel wherever it is
applicable)

3. The pre-treatment with NAOH

4. The use of silica fume as a partial replacement of cement (33% of the cement weight)

For ease of referencing, the concrete mixes are identified by the concrete mix type (R for refence
specimen, G, and S for the concrete mixes in which the gravel, and the sand was replaced by crumb
rubber, respectively) followed with the replacement ratio. This was followed by two letters; T for
treated crumb rubber and S for concrete mix in which a portion of cement was replaced with silica
fume, if any. The concrete mix proportions of each batch of tested concrete mix are shown in
Tablel. It should be mentioned that the used silica fume quantity was selected such that the mix
record similar slump compared with its reference without silica fume in the same group. This has
been achieved after testing different silica fume quantities from which the reported quantity in the
paper was concluded.
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Table 1: Concrete mixes proportions of each batch of concrete, kg/m®

Mix. Mix proportions (kg/m?3)
No. Mix designation Cement | Silica Coarse Fine Rubber Sp
fume aggregate aggregate
1 MR-OCR 1127 | | e
2 MG-5CR 1070 18.7
3 MG-10CR 1014 37.4
4 MG-20CR 901 74.8
5 MG-30CR 1o QN [—— 788 112.2
6 MG-5CR-T 1070 18.7
7 MG-10CR-T 1014 624 37.4
8 MG-20CR-T 901 74.8
9 MG-30CR-T 788 112.2
10 MG -5 CR- TS 1070 18.7
11 | MG-10CR-TS 1014 37.4
300

12 | MG-20CR-TS 100 901 74.8
13 | MG-30CR-TS 788 1122 | 95
14 MS-5CR 592.8 10.36
15 MS-10CR 561.6 20.72
16 MS-20CR 499.2 41.43
17 MS-30CR 436.8 62.15
18 MS-5CR-T 0o 592.8 10.36
19 MS-10CR-T 561.6 20.72
20 MS-20CR-T 1127 499.2 41.43
21 MS-30CR-T 436.8 62.15
22 MS -5 CR- TS 592.8 10.36
23 | MS-10CR-TS 561.6 20.72
24 | MS-20CR-TS 300 100 499.2 41.43
25 | MS-30CR-TS 436.8 62.15

Sp: Superplasticizer dosage,
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2.1. Material Properties

Aggregates: Locally available aggregates were used in our study that included two types of sand
and crushed gravel. The physical and chemical properties of the used aggregates agreed with ECP
203 requirements [28]. River sand was used as fine aggregate. The coarse aggregate used was
natural gravel with a maximum aggregate size of 10 mm. Table 2 lists the physical properties of the
used aggregates.

Table 2: Physical properties of the used aggregates

Specific Volume Specific Fineness Crushing Maximum
gravity | weight (t/m3) | surface area | modulus value (%) Nominal size
(cm2/gm) (mm)
Sand 2.5 1.68 43.82 288 | e | e
Gravel 2.5 1.58 1.94 6.95 18.2 10

Cement: Portland cement of grade 32 N, used in construction works, was used. The mechanical and
physical properties met the requirements of ECP 203 [28] as shown in Table 3, and Table 4. The
used Silica fume had a specific gravity of 2.0. Its chemical composition and physical properties met
the requirements of ASTM C1240-03a [29].

Table 3: Physical properties of Portland cement

Average Results Egyptian Specifications [28]
Mgo 1.4
SO3 2.75 Not more than 3.5%
Loss of ignition 2.5 Not more than 5%
Insoluble residues 5.5 Not more than 5%
Chlorides Contents 0.03 Not more than 0.10%
Clinker Contents
C3S 52.5
C2S 22.5
C3A 6.5
C4 AF 12
Lime Saturation Factor 0.93

Table 4: Physical properties of Portland cement

Average Results Egyptian Specifications [28]

Surface area cm?/gm (Blaine Method) 3200 N.R.
Setting time Initial setting time 150 Not less than 75 min.
Soundness (Le Chatellee) 0.5 Not more than 10 mm

Compression Strength N/mm?
After 2 days 17 N.R.
After 7 days 25.5 Not less than 16 N/mm?
After 28 days 36 Not less than 32.5 N/mm?

Silica fume: Silica fume was used as supplementary cementitious material (SCM) with specific
gravity of 2.0. Its chemical composition and physical properties met the requirements of ASTM
C1240-03a [29].

Crumb Rubber: A crumb rubber aggregate (with no steel wires) having a maximum size of 4.65
mm, and 10 mm with a specific gravity of 0.83 and a negligible absorption was used as a partial
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replacement of the fine, and coarse aggregate in the tested concrete mixes, respectively. Fig. 1
shows the used crumb rubber.

Fig.1: The used crumb rubber (a) fine crumb rubber, (b) coarse crumb rubber

Superplasticizer: A superplasticizer called Sikament -NN (Produced by Sika company) was used
to overcome the workability-induced problems.

2.2. Pre-Treatment of Rubber

The necessity of pre-treatment of the rubber particles for having effective concrete is well
documented in the literature [10-20]. The most common used method is using a Sodium Hydroxide
(NaOH) solution to enhance the adhesion between the cement and the rubber [24-25]. The
laboratory results demonstrated that the pre-treatment of rubber using a NaOH solution should be
implemented within 30 minutes. Pre-treatment for longer period associated with negative effect on
concrete mechanical properties. This observation was carefully considered in our study; the used
crumb rubber was immersed in a 10% NaOH solution for 30 minutes only. The rubber was then
washed vigorously and continuously to remove the NaOH. This was done until the rubber pH
returned to 7, which was measured using a pH meter. After draining, the rubber was allowed to air
dry in trays lined with paper towels. Fig. 2 shows the steps of the rubber pre-treatment process.

@) (b) (© (d)

Fig. 2: Steps of rubber particles pre-treatment: (a) adding rubber to NaOH solution, (b) submerging
rubber during the treatment period, (c), vigorously washing the treated rubber, and (d) spreading
rubber to air dry.

2.3. Mixing Procedure and Casting

In mixing the concrete recipes, an electrical rotational drum mixer was used. Both coarse and fine
aggregates, including crumb rubber, if any, were first mixed for three minutes. The binders (cement
and fly ash) were then added and mixed for two minutes. This was followed with adding the half of
the water quantity and mixed for two minutes. The super plasticizer was properly blended with the
rest of the water and added to the concrete mix for three minutes of mixing. Fig. 3 shows the
concrete mixing process.
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3. Test Methods and results

3.1. Workability

As reported by many investigations [29-32], the rubberized concrete has a lower workability
compared to normal concrete. This is due to the higher water absorption ability of crumb rubber in
comparison to the normal aggregates. Furthermore, the crumb rubber is usually having higher
service area than the normal aggregate and non-uniform shapes that in turn consumes large amount
of water. This is the main reasons that make the workability of rubberized concrete mixes
constitutes a big problem in their design. To mitigate the effect of this problem, using a super
plasticizer would be the most appropriate tool. By doing so, many routes have been taken to control
the concrete mixes in attaining the maximum superplasticizer dosage such that the concrete has no
segregation or strength reduction. It was found that using 2.25% of the cement weight had the best
results. Accordingly, this dosage was used for all test concrete mixes. The workability was
measured following the most common slump cone test. Fig. 4 shows a sample under test.

Fig. 4: Slump test

The measured slumps for different concrete mixes were plotted in Fig. 5. Using crumb rubber as
partial replacement for gravel caused a reduction in the slump ranging between 25% and 75%. The
reduction was alleviated in the case of sand replacement as the reduction was in the range of 6% to
70%. This is attributed to the lower weight of sand relative to gravel. The difference in slump
appears to be similar at replacement ratio of 30%, regardless the replacement type (see Fig. 5). This
indicates that this replacement level is very critical concerning the concrete workability.

The pre-treatment seems to have no effect on the workability since similar slump was measured for
the pre-treated or un-treated specimens. Cement replacement with silica fume has a slight
workability enhancement. Within the range of the tested replacement ratio, using a 10%
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replacement of gravel or 20% replacement of sand showed a slump of 9 cm that would be suitable
in beams and columns according to code specification. Concrete with higher replacement ratio
would be suitable in roads pavement.

® Without treatment Treated Treated with Silika fume replacement

16
B —-_ 7

MR-0CR MS-5CR MG-5CR

Slump (cm)
e

= Without treatment Treated Treated with Silika fume replacement

MR-0CR MS-10CR MG-10CR

Slump (cm)
T

m Without treatment Treated Treated with Silika fume replacement

Slump (cm)
T

MR-0CR MS-20 CR MG-20CR

= \Without treatment Treated Treated with Silika fume replacement

Slump (cm)
R

E
MR-0CR MS-30 CR MG-30CR
Fig. 5: Measured slump for test specimens

3.2. Unit Weight

The unit weight of the concrete is critical index in the structure design. As much as we could reduce
the concrete weight the much lower needed reinforcement, accordingly an economic design can be
achieved. In this context, using rubber as partial replacement can be a viable tool in reducing the
concrete weight. This is attributed to two main reasons; (1) the specific gravity of the rubber is
much lower than the specific gravity of the aggregate (0.83 compared with 2.5, respectively), (2)
The low adhesion between rubber and cement paste in concrete which make rubber act as a void in
the concrete matrix that increases its porosity, thereby resulting in a low unit weight. In the present
study, the reduction in the unit weight ranged between 5% to 22% as function of the type and
replacement ratio as shown in Fig. 6. Specimens with gravel replacement showed the lowest
reduction in the unit weight. Overall, using rubber as partial replacement would be beneficial in
term of reducing the weight of structure.
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Unit weight (t/m3)

2.43

MR-0CR MG-5CR MG-10CR  MG-20CR  MG-30CR

2.45
- 2.43 _lin
[

MR-0CR MS-5CR MS-10CR~ MS-20CR  MS-30 CR

Unit weight (t/m3)

Fig. 6: Calculated unit weight for the test specimens

3.3. Compressive Strength

There is an agreement between amongst research groups that the rubberized concrete is suffering
from compressive strength reduction induced problems. The compressive strength of concrete is
correlated with three parameters: (1) the voids ratio, (2) the bond between the concrete materials
and (3) the compressive strength of the material itself. In case of using rubber, the non-polar nature
of the crumb rubber creates voids in concrete. Additionally, the cohesion and the bond strength are
weak between the rubber and cement paste. Furthermore, the compressive strength of crumb rubber
is much lower than aggregate. All these factors induce a significant reduction in the compressive
strength. Therefore, all studies are searching for an effective solution to address this problem. Since
the crumb rubber has its inherent characteristics in term of compressive strength, that can’t be
changed, the focus of this study is therefore to enhance the bond strength and decrease the voids
ratio as much as possible. The pre-treatment of the rubber with NAOH was conducted to enhance
the bond strength, while silica fume was used to reduce the voids ratio. To see the effect, the
compressive strength was measured based on the average results of six cubes of dimensions 150 x
150 x 150 mm from each concrete mix at the age of 28 days (See Figure 7 the specimens under
testing). The results are plotted in Figure 8 for different test specimens. It is clear that the gravel
replacement showed the highest reduction in strength relative to their sand replacement
counterparts. More specific, the reduction ratios in the compressive strength were respectively 13%,
35%, 58% and 65% corresponding to 5%, 10%, 20% and 30% of coarse aggregate replacement.
Meanwhile, the reduction ratios were 7%, 13%, 23%, and 46%, respectively in case of sand
replacement. Either rubber pre-treatment or using silica fume as partial replacement for cement
noticeably enhanced the compressive strengths, nevertheless, using both appears to have the best
results. For example, for gravel replacement, the strength reduction ratios changed to 10%, 29%,
55%, and 58%, respectively for treated rubber, and 6%, 26%, 42%, and 45%, respectively after
using silica fume. Similarly, the reduction ratios for sand replacement recorded 7%, 10%, 19%, and
39%, respectively in the former case, while 0.0%, 6%, 13%, and 26%, respectively in the later.
Within the context of the present paper, it is of interest to check the most suitable rubberized
concrete with the high replacement ratio, while the strength reduction is minimal. Considering the
obtained results in Fig. 8 for the compressive strengths, it can be found that the aggregate
replacement ratio with rubber should not be higher than 10%, 20% in case of gravel, and sand
replacement, respectively, with reduction in compressive strength was 21%, and 13%, respectively.
A higher replacement ratio would be impractical since it is associated with unacceptable strength
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reduction. Additionally, it can be inferred that sand replacement would be preferable since it led to
comparable strength compared with the normal concrete.

Fig. 7: Compressive strength test

= Without treatment » Treated = Treated with Silika fume replacement

Compressive strength
(Mpa)

MR-0CR MS-5CR MG-5CR

= Without treatment = Treated = Treated with Silika fume replacement

(Mpa)

[

Compressive strength

MR-0CR MS-10CR MG-10CR

= Without treatment = Treated = Treated with Silika fume replacement

(Mpa)

Compressive strength

MR-0CR MS-20 CR MG-20CR

= Without treatment = Treated = Treated with Silika fume replacement

s 23
2 17 19 18

Compressive strength

MR-0CR MS-30 CR MG-30CR
Fig. 8: Measured concrete compressive strengths for test specimens

3.4. Tensile Strength
Tensile strength determined from splitting tensile tests. For each concrete mix, at least six standard
cylinders with dimensions of 150 mm diameter x 300 mm height were cast and tested as shown in
Fig. 9. The following equation was used in splitting tensile strength calculations:
2P
fgp =—— 1
= s M
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where fsp is the splitting tensile strength, P is the maximum splitting tensile load, L1 is the height of
cylinder sample, d = diameter of cylinder sample.

| Fig. 9: Splitting test

The variation of splitting tensile strength of the test specimens with crumb rubber content, size,
treatment, and silica fume addition is shown in Fig. 10. Generally, using crumb rubber appears to
have drastic effect on the tensile strength; the reduction ranged between 14% - 62% in case of
gravel replacement, while ranged between 5% - 40% for sand replacement. The ratio is function of
the replacement ratio; the higher the replacement ratio, the higher tensile strength reduction
occurred. Many reasons for this phenomenon were previously reported. The surface where crumb
rubber and cement paste come in contact acts as a micro-crack, whereas the crumb rubber acts as
cavity; therefore, the overall tensile strength of rubberized concrete is lower than that of normal
concrete. Weak interfacial transition zone and stress concentration along such zones accelerate
failure under tensile stress. This effect, however, diminishes with pre-treatment and silica fume
usage, since the reduction ratios shifted to be 1% to 22% in the case of gravel replacement, and 8%
to 50% in case of sand replacement. The results in Fig. 10 also support the finding that most
suitable used replacement ratio is 10% replacement of gravel, and 20% replacement of sand: the
tensile strength reduction was14%, and 23%, respectively.
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= Without treatment = Treated = Treated with Silika fume replacement

Tensile strength
| (M p?)

MR-0CR MS-5CR MG-5CR

u Without treatment = Treated = Treated with Silika fume replacement

Tensile strength

MR-0CR MS-10CR MG-10CR

m Without treatment = Treated = Treated with Silika fume replacement

(IMpaI)

Tensile strength

MR-0CR MS-20 CR MG-20CR

= Without treatment = Treated = Treated with Silika fume replacement

Tensile strength
(Mpa)

MR-0CR MS-30 CR MG-30CR
Fig. 10: Measured splitting tensile strengths

3.5. Modulus of Rupture
The flexural tests were conducted with a four-point loading beam scheme as shown in Fig. 11. The
specimens’ dimensions are 150 x 150 x 600 mm.

|

Fig. 11: Flexural test
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The decreasing trend of modulus of rupture of rubberized concrete is nearly similar to the
compressive and the splitting tensile strength as shown in Fig. 12. The reduction in flexural strength
is ranged between 3% - 31% for sand replacement, and between a 9 — 49% for gravel replacement.
The results agree with the recommendation that a 20% sand replacement is the most appropriate for
rubberized concrete (the reduction in strength was 8% relative to the control specimen), and a 10%
replacement is the best for gravel replacement (the reduction in strength was 17% relative to the
control specimen).

= Without treatment = Treated = Treated with Silika fume replacement

Flexural strength
(Mpa)

MR-0CR MS-5CR MG-5CR

= Without treatment = Treated = Treated with Silika fume replacement

Flexural strength
(Mpa)

MR-0CR MS-10CR MG-10CR

m Without treatment = Treated = Treated with Silika fume replacement

Mea)

Flexural strength

MR-0CR MS-20 CR MG-20CR

= Without treatment = Treated = Treated with Silika fume replacement

Flexural strength
| (Mrlla)

MR-0CR MS-30 CR MG-30CR
Fig. 12: Measured flexural strengths

4. Conclusions

The disposal of waste tires constitutes a major environmental problem. So, finding a technical
economic solution to reuse and utilize waste tires in a sustainable environmentally friendly concrete
is currently being tested as a vital solution for the problem. This study represents an investigation of
utilizing waste tire rubber to partially replace the natural aggregates in concrete mixes. The study
aimed at enriching the literature by reporting the mechanical characteristics of rubberized concrete
and proposing the optimum rubberized concrete with minimal strength reduction. Based on the test
results and discussions, the following conclusions can be drawn:
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1. The addition of rubber in concrete caused significant reduction in the fresh and aged mechanical
properties of concrete, and the reduction increases with rubber’s size and content.

2. The pre-treatment of rubber in addition to using silica fume is necessary to balance the strength
reduction.

3. The replacement ratio of aggregates should be limited to 10% by volume of gravel, and 20% by
volume of sand. Using higher values will be associated with unacceptable concrete properties.
Overall, with the tested concrete mixes and variables herein, it can be concluded that using pre-
treated 20% fine crumb rubber by volume of sand and silica fume had the best result with

insignificant reduction in strengths and it can be recommended as the optimum concrete mix.
Future Research Work: The reported results were obtained from testing of fresh and hardened
rubberized concrete and concluded by reporting the optimum rubberized concrete mixture. As
result, a laboratory testing is ongoing at Assuit University on the behavior of full-scale deep beams
and columns cast with the optimum rubberized concrete. The test results will be a step forward the
development of design recommendations for using rubberized concrete in structures. The results of
these studies will be reported in subsequent papers.
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