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Abstract: Rubberized concrete is widely used in construction by utilizing the advantages of partially
replacing fine or coarse aggregate with rubber to enhance several properties of concrete and provide
an environmentally friendly solution. This paper experimentally explores the influence of utilizing
crumb rubber (CR) as an alternate coarse aggregate in concrete. Concrete specimens were prepared
with different percentages of rubber (0%, 5%, 10%, 15%, and 20%). Additionally, other parameters,
such as freezing-thawing cycles, temperature, and stainless steel fibers (SSFs), were investigated. The
workability of fresh concrete and the compression properties of hardened concrete were examined.
Reductions in the mechanical properties of rubberized concrete were obtained. The compressive
strength reductions ranged between 13% and 50%, based on the percentage of CR in the concrete mix.
However, a lesser unit weight and higher toughness were obtained relative to conventional concrete.
The average unit weight decreased by 1.3%, 2.5%, 3.4%, and 5.7% of the control mixture when 5%,
10%, 15%, and 20% of the CR were incorporated into the concrete mixtures, respectively. Regression
models to predict the compressive strength and unit weight of concrete with CR were developed. In
addition, a life cycle cost analysis (LCCA) to identify and quantify the possible benefits of using CR
in concrete mixes was carried out. Using rubberized concrete mixtures for thin whitetopping offered
a slightly lower net present value compared to the ordinary concrete mix.

Keywords: rubberized concrete; crumb rubber; mechanical properties; stainless steel fibers; mode of
failure; life cycle cost analysis

1. Introduction

Approximately 300 million waste tires are discarded in the USA every year and
added to the current tires stockpiled around the country [1]. The removal of rubbers from
used tires is the most eco-friendly issue, unless they are recycled in an environmental
way [2]. Recently, 35% of waste tires have been recycled, 50% of them have been reused
to make tire-derived fuels, and the remainder (15%) have been decomposed or burned in
landfills [3]. A possible environmentally friendly approach to recycling waste tires instead
of burning or burying them in landfills is to re-use the rubber content existing in the tires as
partial replacements of the fine or coarse aggregates in concrete after passing through some
chemical and mechanical processes. Nowadays, rubberized concrete is considered one of
the most important green concrete materials produced by replacing natural aggregates
with rubber particles from old tires in a concrete mixture [4].

Previous researchers have studied the impact of adding waste rubber aggregates as
substitutes on the mechanical properties of concrete. The lower unit weight for crumb
rubber (CR) provides a better choice to be a lightweight substitute for natural aggregates [5].
Concrete blends with different dosages of shredded or crumbed rubber were prepared to
investigate their impact on the mechanical properties of concrete. Rubberized concrete
exhibited reductions in workability as the rubber content increased [6]. Concrete mixes
with CR were more workable than concrete mixes with coarse tire rubber [7]. However, the
test results conducted by Padhi and Panda [8] indicated that as the fine rubber quantity
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increased, the workability of both conventional and self-compacting rubberized concrete
decreased. The use of rubberized concrete for certain structural members was limited due
to reductions in compressive strength [9]. The corresponding ultimate strain increased
due to the effect of rubber [10]. The lower adhesiveness of the rubberized aggregate and
cement paste was the main reason for this reduction in strength. The rubber-cement matrix
interface was found to play a major role in controlling the macro-mechanical properties
of rubberized concrete [11,12]. A higher strength was developed when finer-sized rubber
particles were used [13]. However, coarse and medium rubber sizes in concrete show more
workability relative to concrete with fine rubber sizes [14]. The content ratio of rubber
controlled the reductions in the tensile strength of concrete [15,16]. The utilization of silica
fume in rubberized concrete enhanced corrosion behavior and decreased corrosion current
density values [17].

The reduction in the mechanical properties can be compensated for by adding steel
fibers to the rubberized concrete mix [18,19]. For conventional concrete, the flexural
toughness increased significantly when steel fibers were added, which plays an important
role in enhancing tensile and flexural strength by transforming concrete from a brittle
material to a semi-ductile material [20]. Steel fibers improved the fracture energy, toughness,
and shrinkage deformation of rubberized concrete [21].

Previous studies were found concerning the effect of environmental conditions, such
as temperature and freezing—thawing cycles, on concrete [22,23]. Exposure to elevated
temperatures causes additional reductions in the residual mechanical properties of rub-
berized concrete [24,25]. Analytical models have been proposed to predict these residual
properties [26]. The thermal conductivity of rubberized concrete is strongly affected by
temperature due to porosity changes and water loss [10]. This conductivity degrades as
the rubber particle size decreases or the rubber content increases. The efficacy of CR in
providing freezing—thawing resistance in concrete was investigated [27]. The strengthening
effect due to steel fibers vanished under the effect of freezing—thawing cycles [28].

The mechanical properties of rubberized concrete have been widely investigated in
previous studies. However, more experimental investigations are still needed at different
ages and under the effects of different parameters to develop regression models to predict
the compressive strength and unit weight of concrete with CR. Moreover, the long-term
economic potential of implementing rubberized concrete is not well known and needs
to be explored. Therefore, concrete specimens were prepared with different percentages
of rubber (0%, 5%, 10%, 15%, and 20%) and tested at different ages. Additionally, other
parameters, such as freezing-thawing cycles, temperature, and stainless steel fibers (SSFs),
were investigated. The workability of fresh concrete and the compression properties of
hardened concrete were examined. Regression models to predict the compressive strength
and unit weight of concrete with CR were developed. Moreover, the long-term economic
potentials of implementing rubberized concrete were explored by presenting a life cycle
cost analysis (LCCA) to identify and quantify the possible benefits of using CR in concrete
mixes.

2. Experimental Setup

Five rubberized concrete mixes, as listed in Table 1, were designed to prepare 195 con-
crete cylinders and 45 concrete prisms. Different percentages of rubber (0%, 5%, 10%, 15%,
and 20%) were used. Concrete without CR acted as the reference mix. The workability of
fresh concrete and the compression properties of hardened concrete (i.e., unit weight, stress—
strain relationships, compressive strength, modulus of elasticity, compression toughness,
and tensile strength) were examined.
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Table 1. Ratios of the concrete mix ingredients.

Aggregate Rubber
Mix Cement Water Vol SSFs (%)
(kg/m®) Sand (kg/m®) Gravel (kg/m®) (kg/m?) Weight (kg/m®) 0(0;1 ;ne
C-0 464 742 1253 231 0 0 0,1,and 2
RC-5 464 742 1190 231 36 5 0,1,and 2
RC-10 464 742 1128 231 73 10 0,1,and 2
RC-15 464 742 1064 231 108 15 0,1,and 2
RC-20 464 742 1002 231 144 20 0,1,and 2

2.1. Materials
2.1.1. Concrete

The concrete mix ratio between cement: fine aggregate: coarse aggregate of the
reference mix (C-0) was 1: 1.6: 2.7. The water-to-cement ratio used was 0.5 for all concrete
mixes. Ordinary Portland Cement that meets ASTM C150/C150M-20 [29] with a unit
weight of 3150 kg/m?> was used. Sand with a specific gravity of 2.6 was used to prepare the
concrete mixes. Gravel interlocks with a nominal maximum size of 10 mm and a specific
gravity of 2.65 were utilized. Sieve analyses of the aggregates used were performed, as
presented in Figure 1. The rubberized concrete mixtures were made by partially substituting
the coarse aggregate with recycled CR. The replacement ratios of rubber used were 5%
(RC-5), 10% (RC-10), 15% (RC-15), and 20% (RC-20) of the volume of gravel (see Table 1).
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Figure 1. Particle size distributions of the aggregates and the CR.

2.1.2. Crumb Rubber

The size of the particles of the used CR ranged from 3 mm to 6 mm, and the bulk
density was 302.5 kg/m?. Figure 2a shows a sample of the CR aggregates used. The source
of the CR aggregate was recycled tires and was provided by Cobalt Holdings, LLC. These
tires were manufactured from natural and synthetic rubber along with many chemical
additives, including zinc, sulfur, black carbon, and oils that contain polycyclic aromatic
hydrocarbons (Cobalt Holdings, LLC.). The sieve analysis of the rubber is presented in
Figure 1.

2.1.3. Stainless Steel Fibers (SSFs)

NYCON-SSF TYPE V SSFs, as shown in Figure 2b, were used to reinforce the rubber-
ized concrete. The specific gravity was 7.8. The filament diameter was 1.18 mm, and the
length was 38 mm, with an aspect ratio of 32. The tensile strength and modulus of elasticity
were 1030 MPa and 203 GPa, respectively.
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Figure 2. Crumb rubber and stainless steel fibers. (a) Crumb rubber. (b) Stainless steel fibers.

2.2. Preparation and Curing of Specimens

The concrete ingredients were dry mixed with the CR using a mechanical mixer (see
Figure 3), and then water was added gradually. The fresh concrete was mixed for about
4 min until a homogenous mix was obtained. Concrete cylinders of 100 mm x 200 mm
and standard prisms of 150 mm X 150 mm x 530 mm were prepared according to ASTM
C31/C31M [30]. In the curing process, the concrete cylinders remained in the plastic molds
for 24 h. After removal of the concrete specimens, the concrete cylinders and prisms were
immersed in water at room temperature for 28 days.

|

Figure 3. Dry mixing of concrete ingredients with crumb rubber.

2.3. Detection of Temperature, Freezing—Thawing, and Stainless Steel Fiber Effects

The influence of temperature was investigated by storing the designated concrete
cylinders under the effects of temperatures: 3 °C, 21 °C, 40 °C, 121 °C, and 260 °C. The
concrete cylinders were stored in temperature control ovens (see Figure 4a) at the desired
temperature until the day of testing (age of 28 days). On the other hand, the designated
specimens were subjected to freezing and thawing cycles at temperatures —3 °C and 21 °C,
respectively. Each specimen was exposed to —3 °C for 12 h and then to 21 °C for another
12 h. Each specimen was tested at the age of 28 days after 28 freezing—thawing cycles. The
freeze—thaw testing machine is shown in Figure 4b. Moreover, the mechanical behavior of
SSF concrete containing CR was explored by manufacturing five concrete mixes to produce
concrete cylinders and prisms. The SSFs were added at three-volume ratios of 0%, 1%, and
2%.
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Temperature control

(b)

Figure 4. Temperature control equipment. (a) Temperature control ovens. (b) Freeze-thaw testing

machine.

2.4. Test Set-Up

Compression tests following ASTM C39/C39M-20 [31] were conducted using a stan-
dard compression machine, as shown in Figure 5a. This machine was able to capture the
stress—strain curves for each specimen by data acquisition. The machine was working
under force control with a loading rate of 9 kN/min. The readings of the applied load and
axial deflection were recorded during the compression tests by the load cell attached to the
machine head plate and the extensometer, respectively. A gauge length of 100 mm and
dial gauges of 0.002 mm accuracy were used to calculate the axial strains of the tested con-
crete cylinders (see Figure 5b). Splitting tensile tests were carried out according to ASTM
C496/C496M-17 [32], as illustrated in Figure 5c. The flexural tests were carried out accord-
ing to ASTM, C293/C293M-16 [33], as presented in Figure 5d. Three tested specimens were
implemented for each group of tests, and the average results were adopted.

Extensometric cell

Dial gauges

Concrete cylinder

(d)

Figure 5. Types of equipment for compression, splitting, and flexural tests. (a) Uniaxial compression

tests. (b) Axial strain measurements. (c) Splitting tests. (d) Flexural tests.
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3. Test Results and Discussion

The workability of fresh concrete and the compression properties of hardened concrete
(i.e., unit weight, compressive strength, modes of failure, modulus of elasticity, toughness,
and stress—strain relationships) were examined at different ages of concrete as follows.

3.1. Slump Test Results

Slump tests were achieved according to ASTM C143/C143M-15a [34] to explore the
fresh-state behavior of the rubberized concrete mixes. The slump test results were between
95 mm and 260 mm (see Figure 6a). Increasing the CR content caused a reduction in the
slump reading. This low workability of rubber-based concrete was due to the hindrance
in the movement of concrete ingredients by rubber particles and the lack of adhesion
between the cement paste and rubber particles. These results confirmed that the rubber-
based concrete mix needs a higher water/cement ratio than normal concrete to coat the CR
particles and ensure enough free water to accomplish cement hydration [6]. The percentage
slump loss factor is calculated using Equation (1) as follows:

So — Sy
Slump loss % = S x 100 1)
0

where S, is the slump of reference mix and Sy is the slump of rubber or SSFs based concrete
mix. Additional reductions in the slump were obtained when SSFs were used in the
concrete mixes, and these reductions increased as the content of the SSFs increased. When
20% CR content and 0% SSFs were used, the slump reading was reduced by 30%. However,
this reduction increased to 45% and 55% when using 1.0% and 2.0% of SSFs, respectively
(see Figure 6b). Previous studies confirmed the same trend for the slump values when
different percentages of steel fibers and rubber were used [21].

—o— Without SSFs 60 rrg Without SSFs
--s--With 1% SSFs » With 1% SSFs
0+ With 2% SSFs S0 | 'w With 2% SSFs

o
o

Slump loss (%)
(3] (5]
o (=]

(=4

o ol B

10 15 20 5% 10% 15% 20%
Rubber (%) Rubber (%)
(a) (b)

Figure 6. Slump test results for all concrete mixes. (a) Effect of CR and SSFs on slump test values.
(b) Percentage of slump loss.

3.2. Unit Weight

In this study, a digital caliper was used to measure the dimensions and subsequently
calculate the volume of each specimen. At the same time, a digital scale was used to
measure the weight of each cylinder. Based on the weight and volume of each concrete
cylinder, the unit weight was determined at the age of 28 days. The effect of CR and
SSF replacement ratios on unit weight is illustrated in Figure 7. The average unit weight
dropped by 1.3%, 2.5%, 3.4%, and 5.7% of the reference mix when 5%, 10%, 15%, and 20% of
the CR content were utilized in the concrete mixtures, respectively. The lower relative unit
weight of rubber particles relative to the natural coarse aggregate was the reason for these
reductions [35]. At 5% CR content, SSF concrete had an average unit weight of 23.0 kN/m?
and 23.6 kN/m? for SSF content of 1.0% and 2.0%, respectively. These values decreased as
the content ratio of CR increased (see Figure 7).
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Figure 7. Effect of CR and SSFs on unit weight.

Figure 8 depicts the influence of temperature on the unit weight of rubberized concrete
at the age of 28 days. The unit weights of the rubberized concrete were reduced by 7.6%,
7.2%, 6.8%, 6.6%, and 6.5% when the temperature increased for the concrete mixtures with
CR content of 0%, 5%, 10%, 15%, and 20%, respectively. The mixture containing 20% CR
displayed the least influence of temperature on the unit weight of the rubberized concrete
when the temperature was less than 40 °C. However, the effect of elevated temperature on
concrete with 20% CR became more pronounced after 40 °C. There was a slight increase in
the mass losses of concrete with 20% CR compared to the other mixtures. Early mass loss
was caused by the evaporation of free capillary and physically bounded moisture and the
partial dehydration of the chemical compounds of the cement matrix [36]. Additionally,
the decomposition of CR particles at elevated temperatures and the formation of voids
in concrete due to the decomposition of these particles contributed to these reductions in
unit weights [37,38]. The CR particles melted at a temperature of around 170 °C, which
contributed to greater reductions in the unit weight due to the mass loss of the CR.

230 —o—For 0% rubber

225 --a--For 5% rubber
%‘22 0 -0 For 10% rubber
‘E ’ - x= For 15% rubber
:/21 S For 20% rubber
210 [ BT e T —o
o | N e T e
£205 F- v xS *
P a
§ 200 0 TR s s x

195 F

19-0 L L L L L L L L L L J

0 25 50 75 100125 150 175 200 225 250 275
Temperature (°C)

Figure 8. The unit weight of concrete with CR and exposed to temperature.

Two multinomial regression models were developed to explore the unit weight of
concrete with CR, using experimental data at the age of 28 days. The goodness of fit mea-
sures and the coefficient of multiple determinations (R?) was used to assess the adequacy
of the proposed statistical regression models. Minitab statistical software V. 17 was used
for model development.

The first regression model was developed to estimate the unit weight of hardened con-
crete with CR and SSFs, based on the volumetric content of the CR and SSFs. Equation (2)
expresses this regression model:

UW =, — 0.077R + 0.687F @)
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where UW is the unit weight of the concrete mixture in kN/m?, y. is the unit weight of
the reference mixture, R is the volumetric content of rubber (%), and F is the volumetric
content of SSFs (%). The adjusted R-squared was determined as R? = 95.92% for the
regression model. Investigating the standardized coefficients of the model indicates that
the rubber content has a negative impact on the unit weight of the mixture, which means
that increasing the rubber content in the mixture will reduce the unit weight of the mixture.
On the other hand, fiber content has a positive effect on the mixture’s unit weight, meaning
that an increase in the fiber content will increase the unit weight of the mixture.

Another multinomial regression model was developed to estimate the unit weight
of hardened rubberized concrete under the effects of different temperatures. The tem-
perature and CR content were used as predictive variables in the regression model (see
Equations (3) and (4)).

UW =y — 0.081R — 0.005T (3°C < T < 21°C) ®G)

UW =v — 0.IR — 0.005T (21°C<T) (4)

where UW is the unit weight of the concrete mixture in kN/m?3, v, is the unit weight of the
reference mixture at the ideal temperature (21 °C), R is the CR content in the mixture (%),
and T is the temperature in degree Celsius (°C). The adjusted R-squared value was deter-
mined as R? = 98.29% and 92.53%, respectively. Investigating the standardized coefficients
of the model indicates that both predictive variables (i.e., rubber content and temperature)
have a negative impact on the unit weight of the mixture (similar to the previous model).
This means that the unit weight of the concrete mixture will decrease if the rubber content
and temperature of the mixture increase. Comparisons between the experimental and
prediction results are shown in Figure 9 to assess the adequacy of the proposed prediction
model.

[N
=

>
[N
w

| UW =7, - 0.077R + 0.687F I | UW =7, - 0.08IR - 0.005T |

A

]
)

R?=95.92% R?=98.29%

N
[N]

= Without SSFs
o With 1% SSFs
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— (33 i
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Figure 9. Regression between the experimental and analytical values of the unit weight. (a) Case of
rubber content. (b) Case of rubber content and temperature (3 °C < T < 21 °C). (c) Case of rubber
content and temperature (T > 21 °C).

3.3. Stress—Strain Relationships

The readings of the applied load and deflection were recorded during the compression
tests, and subsequently, the stress—strain relationships were plotted. Figure 10 demonstrates
the influence of CR content on stress—strain relationships. These relationships confirmed
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reductions in concrete stiffness and compressive strength as the CR content increased.
However, the ultimate strains increased with an increase in the CR content. The reason
for these reductions was the lack of bond between the CR and the ingredients of concrete
mix. The same conclusion was observed as the temperature increased (see Figure 11). In
addition, the softening due to elevated temperature caused declination in the linear portion
of the stress—strain relationships, and the curve became flattered where the slope of the
ascending branch decreased.

&~ s
S
™

—For 0% rubber
—For 5% rubber
—For 10% rubber
For 15% rubber
——For 20% rubber

o
T

(=1
T

Stress (MPa)
e e S S
(=R -

[
T

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Strain (mm/mm)

Figure 10. Effect of the CR content on the stress—strain relationships.
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Figure 11. The stress—strain relationships of concrete with CR and exposed to temperatures. (a) 0%
content of CR. (b) 5% content of CR. (c) 10% content of CR. (d) 15% content of CR. (e) 20% content of

CR.
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Conversely, the stiffness and compressive strength of the rubberized concrete speci-
mens improved with the addition of SSFs. The improvement was enhanced as the percent-
age of SSFs increased, as shown in Figure 12. The SSFs were uniformly distributed and
randomly oriented to arrest the micro-cracking mechanism and limit crack propagation.

60 50
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=10 = 35 L
ay &30 . g
E 30 2 ,7 o
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Z 20 ) : &7
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0 A 1 1 J 0 e 1 i i J
0 0.001 0.002 0.003 0.004 0 0.001 0.002 0.003 0.004 0.005
Strain (mm/mm) Strain (mm/mm)
(a) (b)
40 35 r
35 7 e 30
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a25 F W ’ -
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220r Y o
Do 15 r
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S 0 With 2% SSFs T -+ With 2% SSFs
0 4 1 4 4 . J 0 L 1 i L 1 1 I
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&
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-------- With 2% SSFs
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Strain (mm/mm)
(e)

Figure 12. Effect of SSFs on the stress—strain relationships of rubberized concrete. (a) 0% content of
CR. (b) 5% content of CR. (¢) 10% content of CR. (d) 15% content of CR. (e) 20% content of CR.

3.4. Compressive Strength

Figure 13 shows the compressive strength of the tested specimens at different ages (3-,
7-,14-, 28-, 56-, and 90-days). All concrete specimens with CR show adequate compressive
strength at age 28 days, ranging from 21.7 MPa (for 20% of CR) to 37.2 MPa (for 5% of CR).
The reductions in compressive strength ranged between 13% and 50%. The percentage
of CR directly affected compressive strength, whereas a larger percentage of CR led to
more drops in compressive strength. Similar rates of reduction were exhibited at different
ages of concrete. Previous studies confirmed 10-59% reductions in the 28-age compressive
strength [21]. The significant degradation in the adhesion between the cement paste and CR
particles due to the smooth surfaces and softness of the CR particles increased the volume of
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the weakest phase and interfacial transition zone [39]. Figure 14 demonstrates the influence
of concrete age on the compressive strength of concrete with different CR content ratios.
All concrete mixes gained more strength over time. However, the gain rate decreased as
the CR content increased at the early age of concrete (age of 3 days). The modes of failure
of concrete specimens with different CR contents are shown in Figure 15. The reference
specimen without CR showed brittle and sudden failure, and cracks appeared throughout
the entire surface. Numerous cracks were created as the CR percentage increased. The
shape of failures for concrete specimens under compressive tests showed that with the
increase in the CR percentage, the failure was accompanied by more crack propagations.
Well-formed cones with vertical splitting were observed for concrete cylinders with 10%
and 15% CR. Columnar vertical cracking was the mode of failure observed for 5% and 20%
CR.

-0 -3-days 7-days o 14-days
—o—28-days - 56-days o - 90-days

(=)
(=]
- —

Lh
(=]

Compressive strength (MPa)

5 10 15 20
Percentage of rubber (%)

Figure 13. Effect of rubber content on compressive strength at different ages.
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R=10% -x-R=15%
R=20%

Compressive strength (MPa)
=

=}

0 10 20 30 40 50 60 70 80 90
Time (days)

Figure 14. Effect of the concrete age on the compressive strength of concrete with different CR content
ratios.

To compensate for these reductions in compressive strength, SSFs were added to the
concrete mixes. Figure 16 shows the variations in strength after adding SSFs with CR to the
concrete mixes. Slight improvements in compressive strength were obtained after using
1.0% and 2.0% SSF content without CR. However, a 33.3% enhancement in compressive
strength was confirmed when using 2.0% SSFs with 20% CR content.
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(e)
Figure 15. Modes of failure of concrete specimens with different CR contents. (a) 0% content of CR.
(b) 5% content of CR. (c¢) 10% content of CR. (d) 15% content of CR. (e) 20% content of CR.

: —o—Without SSFs

510 - 0-With 1% SSFs
s | -~ With 2% SSFs
0 * ; . .

0 5 15 20

10
Percentage of rubber (%)

Figure 16. Effect of the SSF percentage on the compressive strength of concrete with CR.

The residual compressive strength of concrete containing CR after exposure to different
temperatures (3 °C, 21 °C, 40 °C, 121 °C, and 260 °C) is shown in Figure 17. The specimens
exposed to 21 °C achieved the highest compressive strength relative to those with the same
CR content and under higher temperatures (see Figure 17). For the reference specimens
without CR, the reductions in compressive strength were 19.4%, 26.5%, 43.2%, and 49.6% for
the temperatures 3 °C, 40 °C, 121 °C, and 260 °C, respectively. However, these reductions
were 9.2%, 8.8%, 40.4%, and 55.3% when the CR content was 20%. These results confirmed
that the effect of cold and hot weather (3 °C and 40 °C) in reducing the compressive strength
of concrete vanished as the CR content reached 20%. However, serious reductions were
obtained at temperatures of 121 °C and 260 °C. The highest compressive strength for each
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CR content was at a moderate temperature of 21 °C, and that strength reduced as the
temperature increased (see Figure 18). At elevated temperatures, the early evaporation of
free capillary and physically bounded moisture and partial dehydration of the chemical
compounds of the cement matrix caused damage to the concrete surfaces [36], which were
visually evaluated immediately after removal from the electric oven (see Figure 19). There
was serious damage to the concrete surfaces of the specimens with 15% and 20% rubber
content due to exposure to elevated temperatures of 121 °C and 260 °C, which led to
serious reductions in concrete compressive strengths. The expansion of the CR inside the
concrete mix, due to the elevated temperature, induced internal thermal stresses, which led

to serious internal and external damage.

45 [-o--3°C ——21°C 40°C -x-121°C —= - 260°C
=40
=5
2,35

30 f
=]
£25 b
w20 b
715 |

(ST

5 10 15
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Figure 17. Effect of CR content on compressive strength at different temperatures.
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Figure 18. Effect of temperature on concrete with different percentages of CR.

15% CR content 20% CR content 15% CR content 20% CR content

(a) (b)

Figure 19. Serious damage to the concrete surface of specimens with 15% and 20% CR contents due
to exposure to elevated temperatures of 121 °C and 260 °C. (a) For a temperature of 121 °C. (b) For a

temperature of 260 °C.
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The compressive strengths of rubberized concrete specimens after 28 freezing—-thawing
cycles were compared with the corresponding specimens without freezing—thawing cycles,
as shown in Figure 20. There was a 17.6% reduction in compressive strength in the case of
0% CR content. However, this reduction decreased to 5.9% as the CR content increased to
20%. The addition of CR limited the side effects of freezing—thawing cycles on reducing the
compressive strength of concrete.

(ST IS I
(=T

th
T

,_
[=]
T

Compressive strength (MPa)

h
T

—o— Without F&T
--a--With F&T
0 5 10 15 20
Percentage of rubber (%)

(=]

Figure 20. Effect of freezing-thawing cycles on the compressive strength of rubberized concrete.

A multinomial regression model was developed using the rubber and SSF volumetric
contents to estimate the compressive strength. Equation (5) expresses the regression model:

CS=f. — 0.9R + 2.65F (5)

where CS is the compressive strength of concrete with CR and SSF contents (MPa), f. is the
compressive strength of the reference concrete mix without CR and SSFs, R is the CR content
in the mixture (%), and F is the SSF content in the mixture (%). The adjusted R-squared
value was determined as R? = 98.19% percent. Another multinomial regression model was
developed to explore the influence of CR content and temperature on the compressive
strength of rubberized concrete mixtures. Equation (6) expresses the regression model:

CS=f. —0.09T — 0.9R (6)

where CS is the compressive strength of rubberized concrete after exposure to temperature
(MPa), R is the rubber content in the mixture (%), and T is the temperature in °C. The
adjusted R-Squared of the developed regression model was determined as R? = 82.14%
percent. Comparisons between the experimental and analytical results are shown in

Figure 21.
0 M oo o er A 50
CS=£-09R +265F | CS=f. - 0.09T - 09R
—_ —_— n
s 3 2= S < - 5 ,
240 R® = 98.19% EOT re=s214% °
7 - 7
=30 | 230
2 ) 2 = Temperature = 3°C
E 20 F : T__Vj 20 Temperature = 21°C
_'_’E. ® Without SSFs = ¢ Temperature = 40°C
210} With 1% SSFs 210 * Temperature = 121°C
4 With 2% SSFs 4 Temperature = 260°C
0 . : R . ; 0 . . )
0 10 20 30 40 50 0 10 20 30 50
Experimental results (Mpa) Experimental results (Mpa)

(a) (b)

Figure 21. Regression between the analytical and experimental values of compressive strength.
(a) The effect of CR content. (b) The effect of CR content and temperature.
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3.5. Strain at Peak Stress

The strains corresponding to the peak stresses are demonstrated in Figure 22. The
strains at peak stresses increased due to the effect of rubber. Moreover, more improvement
in the ultimate strains was obtained as the CR content increased. The optimum ultimate
strains were obtained at a temperature of 21 °C. However, these strains exhibited reductions
as the temperature increased, and these reductions were more pronounced as the CR content
increased. On the other hand, the SSFs decreased the strain of the rubberized concrete at
peak stress. However, the addition of SSFs afforded a more prominent effect when the CR
content exceeded 10%. For specimens without SSFs, the maximum increase in strain at the
peak stress was approximately 85%, for a CR content of 20%. For specimens containing
SSFs, the maximum increase in strain at peak stress was approximately 76%, for a CR
content of 20%.

0.008 —0—R=0% --0--R=5% & R=10% 0.007
R=15% R=20%

e
2
S
=
T

0.005

—o— Without SSFs
--0--With 1% SSFs
e With 2% SSFs

0.004

Strain at peak stress (mm/mm)

0 L L L L L , 0.003 )
0 50 100 150 200 250 300 0 5 10 15 20
Temperature (°C) Percentage of rubber (%)

(@) (b)
Figure 22. Strain at peak stress. (a) Effect of temperature. (b) Effect of SSFs.

3.6. Modulus of Elasticity

The modulus of elasticity, shown in Figure 23, was calculated by dividing the stress at
0.45fc’ by the respective strain recorded from compression tests. In general, replacing coarse
aggregates with CR reduces the modulus of elasticity. For the 20% CR content, there was
a 70.6% reduction in the modulus of elasticity. The modulus of elasticity and volumetric
ratio of the coarse aggregate in concrete affect the modulus of elasticity of the resulting
concrete [14]. The smaller the modulus of elasticity of the coarse aggregate, the weaker the
concrete produced. Therefore, a higher volume of CR resulted in weaker concrete with a
smaller modulus of elasticity. To compensate for this drop in the modulus of elasticity, SSFs
were added to the concrete mix. After adding 2.0% SSF content, the modulus of elasticity
was improved by 26.3% for concrete without CR. However, this improvement increased to
33.5% as the CR content increased to 20%. Moreover, the improvement in the modulus of
elasticity due to increasing the SSF content from 1.0% to 2.0% decreased as the CR content
increased. These improvements were 11.1% and 3.2% for the 0% and 20% CR contents,
respectively.

= Without SSFs
» With 1% SSFs
With 2% SSFs

ﬂﬂnm

0% 5% 10% 15% 20%
Percentage of rubber (%)

Relative percentage (%)

Figure 23. Modulus of elasticity of concrete with CR and SSFs normalized to the reference mix.
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3.7. Compression Toughness

Figure 24 presents the effect of the CR percentage on the compression toughness of the
tested specimens. Compression toughness, as defined in this study, is calculated as the area
under the stress—strain relationship up to the ultimate strain value. These values indicate
that the compression toughness improved with an increase in the CR content. Moreover,
the compression toughness of rubberized concrete with SSFs was much improved relative
to rubberized concrete without SSFs.

140 | = Without SSFs = With 1% SSFs = With 2% SSFs |

— =
(=S
= =1

=)
o

Relative percentage (%)
4 o
(=] (=]

[3~]
(=]

=]

0% 5% 3 4 5
Percentage of rubber (%)

Figure 24. Compressive toughness of concrete with CR and SSFs normalized to the reference mix.

3.8. Indirect Tensile Strength

Figure 25 shows the results of the splitting tests after 28 days with respect to the CR
and SSF contents. Reductions in the splitting tensile strength were observed after increasing
the CR content. These reductions were 11.1%, 20.7%, 33.5%, and 43.5% for CR contents
of 5%, 10%, 15%, and 20%, respectively. The very small cracks initiated between the CR
particles and cement paste due to the weak bond holding them together were the main
reason for these reductions [40,41]. Using SSFs in the concrete mix enhanced the indirect
tensile strength by 29.2% and 43.1% when the percentages of the SSFs increased from 1.0%
to 2.0%, respectively. Incorporating SSFs in rubberized concrete would bridge micro-cracks
at an early age and enhance tensile strength [21].

&
=
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® With 1% SSFs
m With 2% SSFs

N
(=]
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> o o
T T T

Splitting tensile strength (MPa)
- .
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=

0% 5% 10% 15% 20%
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Figure 25. Results of the indirect tension tests.

3.9. Modulus of Rupture

Reductions in the modulus of rupture were obtained, as shown in Figure 26. These
reductions ranged from 13.6% to 41.9% when the percentage of CR increased from 5% to
20%. Using 1.0% of the SSFs significantly enhanced the modulus of rupture by 5.7% to
14.5%, while the percentages of CR increased from 5% to 20%, respectively. Moreover, these
improvements ranged from 15.9% to 33.3% in the case of the 2.0% SSFs.
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Figure 26. Bending test results (modulus of rupture).

4. Life Cycle Cost Analysis

To compute the long-term economic potentials of implementing rubberized concrete, a
life cycle cost analysis (LCCA), which is a data-driven and systematic methodology, is used
following these steps: (1) defining the application; (2) developing scenarios; (3) determining
lifecycle cash flow streams; and (4) calculating net present values.

4.1. Application

Rubberized concrete has several applications, such as building facade systems and
slabs, and roadway overlays (i.e., thin whitetopping (TWT)) [42]. In this research, TWT was
selected as a potential application of rubberized concrete for the LCCA. TWT is a concrete
overlay, generally, 101.6- to 177.8-mm, added to an existing asphalt concrete layer mainly
constructed at the intersections, where shoving and rutting in asphalt pavement continue
to cause problems [43]. TWT is mostly designed for a life span of 5 to 10 years.

4.2. Scenarios and the Expected Life Span of the Alternatives

Three scenarios, as listed in Table 2, are developed to compare the life cycle cost
of rubberized concrete with the life cycle cost of ordinary concrete for roadway TWT
application. Several research studies have illustrated that rubberized concrete mixtures
offer a higher service life compared to ordinary concrete mixes. For instance, Liu et al. [44]
confirmed that the toughness and cracking resistance of the concrete increased with an
increase in rubber content (up to 20%) in the mixture. Moreover, the fatigue life and
dynamic strain of rubberized concrete were better than those of ordinary concrete under
certain stress levels [44]. Feng et al. [45] showed that adding CR to concrete mixtures
enhanced the deformation capacity and crack resistance of the concrete. In this study, the
same life spans are assumed for ordinary concrete mixtures and the rubberized concrete
mixtures in the LCCA. A life span of 40 years is assumed for the roadway structure.

Table 2. Scenarios for implementing rubberized concrete and ordinary concrete in Texas, U.S.

Scenario Overly Thickness (mm) Life Cycle (Yrs.) Analysis Period (Yrs.)
1 101.6 (4 in.) 5
2 127.0 (5in.) 7 40
3 177.8 (7 in.) 10

4.3. Material Costs and Cashflow Streams

Agency costs for roadways include land achievement, construction, financing, main-
tenance, and operations [46]. In this study, TWT is assumed to be the resurfacing and
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rehabilitation approach for roadway systems with a lifespan of 40 years. It is assumed that
all agency costs, except the concrete mix cost for TWT, will be the same for the roadway
system. Therefore, they are removed from the life cycle cost analysis. Table 3 presents the
costs of the different concrete mixtures and their ingredients. The average of individual bid
items used in highway maintenance projects in Texas [43] was used as the unit cost of the
mixture ingredients.

Table 3. The unit cost of different concrete mixtures and their ingredients.

Ingredients
CR Content Total ($/m®)
Cement ($0.29/kg) Sand ($0.05/kg) Gravel ($0.13/kg) Water ($0.01/Lit) Rubber (50.22/kg)
0% $63.42 $37.01 $163.88 $2.44 $- $266.75
5% $63.42 $37.01 $155.64 $2.44 $7.94 $266.45
10% $63.42 $37.01 $147.53 $2.44 $16.09 $266.49
15% $63.42 $37.01 $139.16 $2.44 $23.81 $265.84
20% $63.42 $37.01 $131.05 $2.44 $31.75 $265.67

In Texas, the first TWT was constructed at the intersection of Interstate Highway 20
and BU 83 in Abilene, Texas [47]. This intersection was selected as an illustration to conduct
the LCCA of the TWT using rubberized concrete and to compare it with ordinary concrete.
This project included a lane at the intersection with a width of 3.65 m (12 ft.) wide and a
length of 53.3 m (175 ft.), which was covered by TWT. Table 4 presents the quantity and
cost of concrete mixtures required for different TWT scenarios at the intersection. Figure 27
presents the cash flow streams for the TWT of the roadway using both ordinary concrete
and rubberized concrete for all scenarios. This figure shows the time intervals for TWT
with different thicknesses.

Table 4. Quantity and cost of concrete mixtures required for different TWT scenarios.

Scenario Thickness CR Content Quantity Project Material Cost
0% $5270.98
101.6 mm > 3.65 * 53.3 + 0.1016 $5265.05
1 in.) 10% 19.76 m3 $5265.84
’ 15% : $5253.00
20% $5249.64
0% $6588.73
127.0 mm > f’ 3.65 * 53.3 * 0.127 3658132
2 (in.) 10% 2470 m? $6582.30
’ 15% ’ $6566.25
20% $6562.05
0% $9226.88
177.8 mm o 3.65 % 53.3 * 01778 soane.l
3 (7in.) 10% 34.59 m? $9217.89
’ 15% ) $9195.41
20% $9189.53

4.4. Net Present Value (NPV)

To compare the life cycle cost of different concrete mixtures for the resurfacing of the
intersection over the roadway’s life span, the net present value (NPV) is used. This value is
calculated as presented in Equation (7).

n
NPV — Z Cashflow;

=+ 7

where Cashflow; = concrete mixture cost at time f; i = discount rate; and n = life span of the
roadway. A 1.5% discount rate is used in this analysis, as recommended by the U.S. Office
of Management and Budget [48], for projects longer than 30 years.
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Figure 27. Cashflow streams for TWT over a 40-year life span of the roadway using both ordinary
concrete and rubberized concrete for different scenarios.

Figure 28 illustrates the NPV of all concrete mixtures for the three scenarios. Com-
paring all the NPV’ for different scenarios shows that using rubberized concrete mixtures
for TWT offers slightly lower NPVs compared to the ordinary concrete mix. Among the
rubberized concrete mixtures, RC-20 offers the lowest NPV’s (i.e., $27,179.60, $23,903.57,
and $20,315.60) for all three scenarios (i.e., 101.6 mm, 127 mm, and 177.8 mm) due to having
higher percentages of CR as a cheaper aggregate substitute in the mixture. Comparing the
scenarios reveals 177.8 mm (7 in.) is a cost-efficient option for TWT at this location. It is
noteworthy to mention that only material costs were considered in this study. The benefits
of using rubberized concrete are beyond the cost of materials. Rubberized concrete offers
several advantages over ordinary concrete. The unit weight of rubberized concrete was
lower than that of the ordinary concrete mixture. This can increase labor productivity in
handling the mixture. Rubberized concrete also provides excellent freeze-thaw durability
compared to ordinary concrete mixtures [49]. The improved fatigue life of the rubberized
concrete relative to conventional concrete makes the rubberized mixture a better solu-
tion for roadway applications. Finally, rubberized concrete mixtures have fewer negative
environmental impacts compared to ordinary concrete mixtures.

Net Present Value
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Figure 28. Net present values of implementing different concrete mixtures for TWT at the intersection.
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5. Conclusions

In this paper, concrete specimens were prepared with different percentages of rub-
ber (0%, 5%, 10%, 15%, and 20%). Other parameters, such as freezing-thawing cycles,
temperature, and SSFs, were also investigated. The workability of fresh concrete and the
compression properties of hardened concrete were examined. An LCCA to identify and
quantify the possible benefits of using CR in concrete mixes was carried out. The main
conclusions of this study are as follows.

e Increasing the percentage of CR resulted in reducing the slump of concrete, especially
when 20% rubber was used. Additional reductions in the slump were obtained when
SSFs were used in the concrete mixes, and these reductions increased as the content of
SSFs increased. Slump decreased by approximately 30% when 20% rubber was used
(without SSFs). However, using 1.0% and 2.0% of the SSFs with 20% rubber caused
reductions in the slump value of nearly 45% and 55%, respectively.

e  Theaverage unit weight decreased by 1.3%, 2.5%, 3.4%, and 5.7% of the control mixture
when 5%, 10%, 15%, and 20% of the CR were incorporated into the concrete mixtures,
respectively. A similar trend was observed for mixtures with the same replacement
ratios when CR was added to SSF concrete.

e  The unit weights of the rubberized concrete were reduced when the temperature
increased, and this reduction decreased as the CR content increased. The mixture
containing 20% CR displayed the lowest effect of temperature on the unit weight of
the rubberized concrete.

e  The stress—strain relationships confirmed reductions in the concrete stiffness and
compressive strength with an increase in the CR content. However, the ultimate
strains increased with an increase in the CR content. On the other hand, the stiffness
and compressive strength of the rubberized concrete specimens improved with the
addition of SSFs. The improvement was enhanced as the content of SSFs increased.

e  All concrete mixes gained more strength over time. However, the gaining rate de-
creased as the CR content increased at the early age of concrete (age of 3-day).

e The compressive strength reductions ranged between 13% and 50% based on the
percentage of CR in the concrete mix. Slight improvements in compressive strength
were obtained after using 1.0% and 2.0% SSF content without CR. However, a 33.3%
improvement in compressive strength was confirmed when using 2.0% SSFs with 20%
CR content. The contribution of the SSFs in enhancing compressive strength increased
as the CR content increased.

e  The effect of cold and hot weather (3 °C and 40 °C) in reducing the compressive
strength of concrete vanished as the CR content reached 20%. However, serious
reductions were obtained at temperatures of 121 °C and 260 °C.

e  Reductions in the splitting tensile strength were observed after increasing the CR
content. The tensile strength decreased by 11.1%, 20.7%, 33.5%, and 43.5% for CR
contents of 5%, 10%, 15%, and 20%, respectively. However, using SSFs in the concrete
mix enhanced the indirect tensile strength by 29.2% and 43.1% when the percentages
of SSFs increased from 1.0% to 2.0%, respectively.

e  Using rubberized concrete mixtures for thin whitetopping offered a slightly lower
NPV compared to the ordinary concrete mix. Among the rubberized concrete mixtures,
RC-20 offered the lowest NPVs for all three scenarios (i.e., 101.6 mm, 127 mm, and
177.8 mm) due to having higher percentages of CR as a cheaper aggregate substitute
in the mixture.
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