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Abstract: Owing to the extensive worldwide generation of solid wastes, such as rubber tires, and the
resulting adverse environmental impacts, the incorporation of these waste materials in construction
projects has become a widespread aim. However, concerns have arisen regarding the effects of
rubber waste on the mechanical properties of Portland cement concrete (PCC) mixes. Thus, this study
investigates the effects of replacing natural coarse aggregates with tire-derived aggregates (TDA).
In PCC mixes, natural aggregates were replaced by 0, 10, 20, 40, 60, 80, and 100% TDA by volume,
and the properties of these specimens were tested in the laboratory. The results obtained were then
used as inputs for the KENPAVE software, to evaluate induced stresses, deflections, and cracking
indices in rigid pavement slabs, with eleven different thicknesses, ranging from 200 to 300 mm in
10 mm increments. Stresses under different loading conditions decreased as PCC slab thickness and
TDA content increased. Increased deflection and cracking indices resulting from adding TDA could
be counteracted by increasing the PCC slab thickness by 10 mm. Moreover, environmental impacts
and cost analyses were examined via PaLATE 2.0, which showed that the use of TDA could reduce
energy consumption, harmful emissions, and material costs. Overall, this study indicates that the use
of TDA in PCC mixes has benefits that can make it a good candidate for sustainable, ecofriendly rigid
pavement construction projects.

Keywords: rigid pavements; Portland cement concrete mixes; tire-derived aggregates; stresses;
deflection; cracking index; environmental impacts; cost analyses

1. Introduction

There is no doubt that widespread global and regional development and urbanization
are negatively affecting the environment and increasing the rate of depletion of natural
resources. Industries related to development and processing not only accelerate climate
change and global warming due to their large carbon footprint, but also generate an enor-
mous amount of solid waste. Solid wastes typically include organics, paper, glass, plastics,
metals, wood, rubber tires, etc. Their disposal generally involves dumping in landfills or
incineration for energy production, which may result in severe environmental problems,
including air quality degradation, water pollution, and the utilization of valuable land areas.
However, if properly treated and processed, solid waste can become a sustainable source
of useful construction materials. Portland cement concrete (PCC) mixes are a primary
component of construction projects worldwide. Owing to the depletion of raw materials
used in PCC mixes (e.g., rocks, water, limestone, shells, chalk, marl, and other materials) as
a result of recent development and urbanization, together with the negative environmental
impacts associated with the manufacturing processes, the private sector and public agencies
are currently focused on finding sustainable green alternative materials, such as, cellulosic
spinney waste fibers [1], bitumen as a cement–bitumen composite [2], glass waste [3],
polymers [4], nanomaterials [5], polyvinylchloride (PVC) pipes and asphaltene [6], and
plastic waste [7].
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Tire-derived aggregate (TDA) is a relatively new construction material, produced
by shredding scrap tires into small pieces ranging in size from 12 mm to 305 mm. TDA
has useful properties, maintains its structural integrity, and weighs 70% less than conven-
tional gravel. TDA has been used for decades as a lightweight construction material in
various civil engineering applications, such as road construction, and deployment under
foundations, and around buried utilities [8–21].

Portland cement concrete (PCC) mixes are a primary component of construction
projects worldwide. Owing to the depletion of raw materials used in PCC mixes (e.g.,
crushed rocks, limestone, chalk, marl, and other materials) resulting from the recent
expansion of development and urbanization as well as the negative environmental impacts
associated with manufacturing processes, the search for alternative construction materials
for greener, more sustainable solutions has intensified.

Researchers have been investigating the utilization of different types of waste in con-
crete, to enhance its properties and improve its functionality. The waste materials evaluated
include recycled construction materials, plastic waste, glass, rubber tire waste, and steel
manufacturing byproducts [21–26]. Molenaar [27] has suggested that the utilization of recy-
cled and waste materials in road construction projects could reduce their carbon footprint
while generating economic and environmental benefits.

Cement-based concrete is a brittle material with high rigidity and relatively poor
damping properties. Some applications, such as pavement and traffic barriers, require
concrete with greater toughness and impact resistance. The use of rubberized concrete
has therefore been gaining acceptance in the past decade as a means of increasing the
deformability and ductility of concrete [20].

Many studies have been conducted to examine the implications of adding TDA to
PCC mixes. Findings have shown that increased rubber content has a negative effect on
preferred PCC mechanical properties but improves ductility and material toughness [28].
Bandarage and Sadeghian [11] have reported that the replacement of fine materials with
shredded rubber particles resulted in failure patterns differing from those of a typical PCC
mix. On the other hand, some studies have indicated that PCC mixes containing rubber
could be incorporated in concrete structural elements, providing sufficient strength and
adequate service life [29,30], with the added benefit of permitting the absorption of a large
amount of plastic energy under different loading conditions [8,19].

2. Objectives

The main objective of this study was to investigate how the replacement of natural
coarse aggregates with different percentages of tire-derived aggregate (TDA) affects the
performance of PCC pavements. In addition, the study evaluated the cost savings and
environmental impacts resulting from incorporating TDA in rigid pavement construction.

3. Experimental Program
3.1. Materials

The specimens used in this research were fabricated by utilizing locally sourced
materials. Recycled TDA rubber was obtained from a local scrap tire recycling plant. The
TDA used was sieved in the laboratory and all TDA particles larger than 19.05 mm were
removed. A sieve analysis was also conducted on the different constituents of the concrete
matrix, in accordance with ASTM C136. The material properties of the concrete constituents
are listed in Table 1. TDA was used to replace natural coarse aggregates in the PCC mix
in six different percentages: 10, 20, 40, 60, 80, and 100% TDA by volume. For purposes of
comparison, a control mix with 0% TDA was also prepared. Three cylinders 150 mm in
diameter and 300 mm high and beams measuring 150 × 150 × 500 mm were made from
each mix. Table 2 lists the constituents of a typical PCC mix used in this study.
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Table 1. Material properties of the constituents used.

Material Type
Minimum

Aggregate Size
(mm)

Maximum
Aggregate Size

(mm)

Bulk Density
(kg/m3)

Cement PC Type 1 _ _ 1506
Fine aggregates Masonry sand 0.15 4.75 1817

Coarse aggregates 12 mm gravel 4.75 19.05 1601
TDA * Shredded tires 4.75 19.05 557

* TDA aspect ratio is approximately 1:2.5.

Table 2. PCC control mix constituents.

Material Weight, kg

Cement 569
Water 235

Fine aggregates 559
Coarse aggregates 958

3.2. Laboratory Tests

To investigate the effects of adding TDA to PCC mixes, seven concrete mixes with
different TDA percentages were prepared. Mix with 0% TDA acted as the control mix. The
cement content, water–cement ratio, and volume of aggregate were kept constant for all
mixes. In each mix, TDA replaced a certain percentage of the natural coarse aggregate by
volume. Three specimens of each type of mix were prepared to determine the average for
each of the properties examined. The effect of the TDA content on the compressive strength,
elastic modulus, and flexural strength of the concrete at 28 days was measured by utilizing
the ASTM testing procedures ASTM C39, ASTM C469M, and ASTM C78, respectively.
The results obtained were then used as inputs for the KENPAVE software, a computer
package for pavement analysis and design, in order to study the effects of using TDA in
concrete pavement.

3.3. KENPAVE Software

Stresses, deflections, and damage ratios (cracking index, CI) of rigid PCC pavements
resulting from tire loading were determined via the KENPAVE software [31]. KENPAVE
employs the finite element method (FEM) by constructing a rectangular finite element mesh
with assigned corner nodes to represent the PCC slabs. The software modeled concentrated
vertical forces at the nodes due to wheel loading, and applied subgrade reactions to the PCC
slab to represent the stiffnesses of the base and subbase structures; a detailed description
of KENPAVE software and its algorithms can be found in Huang [31]. Concrete slabs
with eleven different thicknesses, ranging from 200 to 300 mm in 10 mm increments, were
considered in order to evaluate the effects of incorporating different percentages of TDA in
rigid pavements. The subgrade used under the slab had a modulus of subgrade reaction
of 55 MN/m3, representing a typical stiffness for base layers under rigid pavements.
A 6000 kg dual-wheel load with 350 mm spacing and a contact pressure of 550 kPa was
applied first at the corner of the slab, then at the interior of the slab, and finally at the edge
of the slab (Figure 1) to determine the stresses, deflections, and damage resulting from the
applied load. With the aid of Portland Cement Association (PCA) models, KENPAVE uses
the PCC elastic modulus to determine stresses and deflection, and the modulus of rupture
to determine the cracking index (Equations (1)–(4)). The cracking index (CI) can be defined
as “the summation of the ratio of the number of load repetitions to the maximum allowable
number of load repetitions (Nf) and is a function of the flexural strength of PCC mixes” [31].
Pavement failure occurs when CI reaches a value of 1. Equation (3) represents unlimited
loading cycles, where CI = 0 (i.e., no failure occurs). This is related to the endurance limit
of PCC mixes [31].
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where
ni,j = the predicted number of load repetitions for load j in period i;
Nfi,j = the allowable number of load repetitions, determined by Equations (1)–(3);
p = the number of periods per year;
m = the number of load groups.

3.4. Environmental Impacts and Cost Analyses

Vast quantities of rubber tires are manufactured annually worldwide, resulting in a
massive amount of rubber tire waste. In 2017, 249.4 million scrap tires were generated in
the USA alone, with 16% being disposed of in landfills or burned as an alternative source
of energy. However, the burning of rubber tires leads to severe environmental impacts,
including toxic air emissions, and water and soil pollution [32]. Thus, rubber tire waste can
negatively affect the environment and public health and safety.

To evaluate the effects of using TDA in rigid pavements, a rigid pavement lane
1 km long and 4 m wide was considered. Eleven different slab thicknesses were used,
ranging from 200 to 300 mm in 10 mm increments, together with seven different PCC
mixes, where coarse material aggregates were replaced by 0, 10, 20, 40, 60, 80, and 100%
TDA by volume. To facilitate comparisons between the different mix designs, only the
initial construction phase was considered. The pavement lifecycle assessment tool for
environmental and economic effects, PaLATE 2.0 (Madison, WI, USA), was used to evaluate
the environmental impacts and initial construction material costs of the different designs.
Material production, transportation, and processes and equipment used in construction
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were considered, together with cost analyses including materials. PaLATE 2.0 utilizes
spreadsheets with design specifications, material estimates, and energy consumption
specifications for construction and maintenance machinery. The PaLATE 2.0 software
tracks material and energy flows, emissions, and design, construction, operation, and
maintenance costs. Dos Santos et al. [33] evaluated different types of lifecycle analysis
software tools, including PaLATE, GaBi, DuboCalc, and ECORCE-M. They found that
although the results of the different tools varied for specific impact categories, most of the
software tools were able to determine the approximate overall environmental impacts of
the pavements assessed. Advantages of using PaLATE 2.0 include its ease of access and the
possibility of modifying its materials and process databases, which take local conditions
into account. Further details concerning PaLATE 2.0 can be found in Horvath [34] and
Bloom [35]. PaLATE 2.0 evaluates the following environmental impacts:

• Energy consumption;
• Water consumption;
• Carbon dioxide (CO2) and global warming potential (GWP);
• Nitrogen oxides (NOx);
• Particulate matter (PM10);
• Sulfur dioxide (SO2);
• Carbon monoxide (CO);
• Mercury (Hg);
• Lead (Pb);
• Resource Conservation and Recovery Act (RCRA) hazardous waste generated;
• Human toxicity potential (cancer), an index that reflects the potential harm of a unit of

chemical released into the environment;
• Human toxicity potential (noncancer), accounting for adverse health effects on human

beings caused by the intake of toxic substances.

4. Results and Analysis
4.1. Strength and Stiffness Properties

Figure 2 shows the 28 day compressive strength measured for the seven concrete
mixes evaluated. The compressive strength of the mixes containing TDA was lower than
that of the control case, which contained no TDA. For a mix where 10% of the natural
coarse aggregate was replaced by TDA, a 25% strength reduction was observed, and for
the mix with 100% TDA, a 79% strength reduction was seen. The causes of decreased
concrete compressive strength with increasing TDA content have been explained in various
studies [20,36–38]. This reduction in strength is attributed primarily to the very low stiffness
of rubber compared to the other concrete constituents. The rubber thus acts as a void in the
concrete matrix. In addition, the smooth surface of rubber results in low adhesion between
the TDA particles and the cement paste.
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Although the inclusion of rubber in concrete substantially enhances the ductility of the
concrete, it reduces the modulus of elasticity, as can be seen in Figure 3. The low stiffness
and soft structure of the TDA particles lead to high energy absorption and ductility before
failure, which is a very desirable feature in concrete pavement applications. As shown
in Figure 3, similar to the observed reduction in compressive strength, in comparison to
the control case with 0% TDA, the elastic modulus decreased by approximately 36% in
concrete mixes where 10% of the natural coarse aggregate was replaced by TDA, and by
84% in mixes with 100% TDA.

Figure 3. Variation of the elastic modulus of rubberized concrete with TDA content.

Similarly, the decrease in flexural strength of rubberized concrete seen in this study
is similar to that observed for the compressive strength. Figure 4 plots the modulus of
rupture against the percentage of coarse aggregate replaced by TDA. In comparison to the
control mix with 0% TDA, flexural strength was reduced by 22% in mixes with 10% TDA,
and by 59% in mixes with 100% TDA. However, it should be noted that an advantage of
rubberized concrete is that it does not exhibit brittle failure, as conventional concrete does
under bending loading conditions.
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4.2. KENPAVE Software

KENPAVE software results showed that for the evaluated PCC mixes, the stresses
resulting from the three loading conditions decreased linearly with increasing TDA content,
as illustrated in Tables 3–8. Figure 5 shows the maximum stresses resulting in the x- and
y-directions for selected slab thicknesses. The negative values correspond to tensile stresses,
whereas the positive values correspond to compressive stresses. The stresses generated
decreased as the PCC slab thickness and TDA content increased. Due to the ductile, flexible
nature of TDA, it seems probable that the TDA acts as a cushion and reduces the effects of
the applied loads on the PCC slab, yielding lower resulting stresses in all directions.

Table 3. Stresses in slab with thickness of 200 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 1798.8 1672.5 1603.6 1565.5 1411.2 1275.5 1236.4
Max comp. stress (x-direction), kPa 1484.4 1430.9 1395.9 1374.9 1279.4 1164.6 1129.8
Max tensile stress (x-direction), kPa −86.9 −26.4 0 0 −2.8 −5.8 −10
Max comp. stress (y-direction), kPa 1288.9 1184.4 1124.8 1091.2 1004.7 944.9 926.6
Max tensile stress (y-direction), kPa −725.2 −657.8 −624.4 −606.7 −540.7 −480.6 −465.1

Interior Loading

Max stress, kPa −1361.4 −1273.4 −1230.3 −1207.5 −1120.6 −1037.0 −1014.4
Max comp. stress (x-direction), kPa 228.2 233.4 231.4 229.1 212.9 192.2 198.2
Max tensile stress (x-direction), kPa −1361.4 −1273.4 −1230.3 −1207.5 −1120.6 −1037.0 −1014.4
Max comp. stress (y-direction), kPa 307.5 302.8 299.3 297.0 285.9 271.6 267.1
Max tensile stress (y-direction), kPa −397.2 −389.5 −385.6 −383.4 −374.9 −366.4 −364.1

Edge Loading

Max stress, kPa −2503.9 −2335.8 −2253.9 −2210.7 −2046.9 −1890.9 −1848.9
Max comp. stress (x-direction), kPa 412.9 423.4 419.6 415.3 384.7 336.7 334.3
Max tensile stress (x-direction), kPa −2503.9 −2335.8 −2253.9 −2210.7 −2046.9 −1890.9 −1848.9
Max comp. stress (y-direction), kPa 501.5 456.9 431.4 417.0 385.7 370.9 366.2
Max tensile stress (y-direction), kPa −294.5 −280.6 −274.0 −270.8 −258.8 −248.9 −246.5

Table 4. Stresses in slab with thickness of 220 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 1551.5 1450.7 1398.2 1368.8 1247.9 1128.6 1097.6
Max comp. stress (x-direction), kPa 1245.8 1212.9 1190.1 1176 1109.5 1025.9 1000.1
Max tensile stress (x-direction), kPa −102.6 −53.9 −29.1 −15.8 0 −3.7 −4.4
Max comp. stress (y-direction), kPa 1110.3 1036.2 992.5 967.4 861.1 814.1 800.6
Max tensile stress (y-direction), kPa −633.8 −579.4 −551.8 −537 −481 −428.9 −415.3

Interior Loading

Max stress, kPa −1172.4 −1098.6 −1062.7 −1043.8 −971.3 −901.7 −882.8
Max comp. stress (x-direction), kPa 180.4 191.3 192.9 192.7 185.5 169.3 163.6
Max tensile stress (x-direction), kPa −1172.4 −1098.6 −1062.7 −1043.8 −971.3 −901.7 −882.8
Max comp. stress (y-direction), kPa 255.2 253.0 251.0 249.6 242.4 232.5 229.2
Max tensile stress (y-direction), kPa −332.0 −326.0 −322.9 −321.1 −314.3 −307.4 −305.5

Edge Loading

Max stress, kPa −2160.1 −2018.5 −1950.1 −1914.0 −1776.8 −1646.0 −1610.7
Max comp. stress (x-direction), kPa 325.0 346.7 349.9 349.6 336.0 305.5 294.6
Max tensile stress (x-direction), kPa −2160.1 −2018.5 −1950.1 −1914.0 −1776.8 −1646.0 −1610.7
Max comp. stress (y-direction), kPa 433.4 402.0 383.4 372.6 327.2 314.9 311.5
Max tensile stress (y-direction), kPa −250.9 −239.2 −233.5 −230.6 −219.9 −210.8 −208.6
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Table 5. Stresses in slab with thickness of 240 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 1350.2 1266.8 1226.5 1203.7 1108.4 1005.7 978.1
Max comp. stress (x-direction), kPa 1066.7 1037.0 1022.2 1012.8 966.5 905.5 886.1
Max tensile stress (x-direction), kPa −108.5 −69.5 −49.0 −37.9 0.0 −0.8 −2.1
Max comp. stress (y-direction), kPa 961.9 909.0 876.9 858.1 776.5 706.4 696.5
Max tensile stress (y-direction), kPa −557.4 −513.8 −491.0 −478.7 −431.1 −386.0 −374.0

Interior Loading

Max stress, kPa −1022.0 −959.1 −928.6 −912.5 −851.2 −792.3 −776.2
Max comp. stress (x-direction), kPa 142.2 156.5 160.3 161.5 160.4 151.1 147.3
Max tensile stress (x-direction), kPa −1022.0 −959.1 −928.6 −912.5 −851.2 −792.3 −776.2
Max comp. stress (y-direction), kPa 214.7 213.9 212.9 212.1 207.5 200.6 198.3
Max tensile stress (y-direction), kPa −281.6 −276.9 −274.4 −273 −267.5 −261.8 −260.2

Edge Loading

Max stress, kPa −1886.2 −1765.0 −1706.5 −1675.8 −1559.2 −1447.9 −1417.8
Max comp. stress (x-direction), kPa 254.8 282.8 290.4 292.7 290.9 273.4 266.2
Max tensile stress (x-direction), kPa −1886.2 −1765 −1706.5 −1675.8 −1559.2 −1447.9 −1417.8
Max comp. stress (y-direction), kPa 376.1 354.1 340.5 332.5 297.5 269.8 267.5
Max tensile stress (y-direction), kPa −216.5 −206.8 −201.8 −199.3 −189.9 −181.5 −179.5

Table 6. Stresses in slab with thickness of 260 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 1182.2 1119.3 1082.2 1064.4 988.8 905.4 881.3
Max comp. stress (x-direction), kPa 936.3 894.1 884.5 878.3 846.2 801.5 787.0
Max tensile stress (x-direction), kPa −108.4 −77.4 −60.7 −51.5 −15.2 0.0 0.0
Max comp. stress (y-direction), kPa 838.2 800.3 776.7 762.7 700.1 627.2 609.6
Max tensile stress (y-direction), kPa −493.0 −458.2 −439.4 −429.1 −388.8 −349.6 −339.1

Interior Loading

Max stress, kPa −900.3 −845.8 −819.5 −805.6 −752.9 −702.3 −688.6
Max comp. stress (x-direction), kPa 118.0 127.7 132.9 135 138.1 133.9 131.6
Max tensile stress (x-direction), kPa −900.3 −845.79 −819.5 −805.6 −752.9 −702.3 −688.6
Max comp. stress (y-direction), kPa 186.9 182.8 182.4 182 179.1 174.4 172.7
Max tensile stress (y-direction), kPa −241.9 −238.2 −236.1 −235 −230.4 −225.7 −224.4

Edge Loading

Max stress, kPa −1664.2 −1558.9 −1508.2 −1481.5 −1380.9 −1285.1 −1259.3
Max comp. stress (x-direction), kPa 217.7 229.8 240.2 244.3 250.5 242.6 238.2
Max tensile stress (x-direction), kPa −1664.2 −1558.9 −1508.2 −1481.5 −1380.9 −1285.1 −1259.3
Max comp. stress (y-direction), kPa 328.1 312.6 302.7 296.7 270.0 238.8 231.7
Max tensile stress (y-direction), kPa −188.8 −180.7 −176.5 −174.3 −166.0 −158.4 −156.6
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Table 7. Stresses in slab with thickness of 280 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 1041.5 993.7 960.0 948.8 885.8 817.8 797.9
Max comp. stress (x-direction), kPa 825.7 785.2 771.0 766.9 744.7 712.0 701.0
Max tensile stress (x-direction), kPa −105.1 −80.5 −66.8 −59.2 −28.6 0.0 0.0
Max comp. stress (y-direction), kPa 735.1 707.7 690.1 679.7 631.7 573.6 556.0
Max tensile stress (y-direction), kPa −438.3 −410.5 −395.1 −386.6 −352.4 −318.4 −309.1

Interior Loading

Max stress, kPa −800.1 −752.5 −729.4 −717.2 −671.4 −627.5 −615.6
Max comp. stress (x-direction), kPa 102.5 104.0 110.1 112.7 118.6 118.0 116.8
Max tensile stress (x-direction), kPa −800.1 −752.5 −729.4 −717.2 −671.4 −627.5 −615.6
Max comp. stress (y-direction), kPa 164.3 157.8 157.7 157.5 155.9 152.6 151.5
Max tensile stress (y-direction), kPa −210.0 −207.0 −205.3 −204.4 −200.7 −196.7 −195.6

Edge Loading

Max stress, kPa −1481.4 −1388.9 −1344.3 −1320.9 −1233.1 −1149.5 −1127.0
Max comp. stress (x-direction), kPa 188.8 186.2 198.2 203.2 215.0 214.1 211.8
Max tensile stress (x-direction), kPa −1481.4 −1388.9 −1344.3 −1320.9 −1233.1 −1149.5 −1127.0
Max comp. stress (y-direction), kPa 287.5 276.9 269.6 265.2 244.8 219.9 212.4
Max tensile stress (y-direction), kPa −166.1 −159.3 −155.7 −153.9 −146.6 −139.8 −138.1

Table 8. Stresses in slab with thickness of 300 mm.

TDA, % 0 10 20 40 60 80 100

Corner Loading

Max stress, kPa 922.9 886.2 856.0 845.1 796.8 741.1 724.6
Max comp. stress (x-direction), kPa 731.9 701.8 682.7 674.0 658.7 634.8 626.6
Max tensile stress (x-direction), kPa −100.2 −80.6 −69.4 −63.1 −37.3 −10.7 −3.4
Max comp. stress (y-direction), kPa 648.7 628.6 615.6 607.7 570.7 524.5 510.2
Max tensile stress (y-direction), kPa −391.5 −369.3 −356.7 −349.7 −320.8 −291.3 −283.2

Interior Loading

Max stress, kPa −716.9 −674.6 −654.1 −643.5 −603.0 −564.5 −554.1
Max comp. stress (x-direction), kPa 89.1 88.5 91.0 93.9 101.7 103.7 103.3
Max tensile stress (x-direction), kPa −716.9 −674.6 −654.1 −643.5 −603.0 −564.5 −554.1
Max comp. stress (y-direction), kPa 145.2 140.1 137.4 137.4 136.6 134.5 133.7
Max tensile stress (y-direction), kPa −184.0 −181.6 −180.2 −179.5 −176.3 −173.0 −172.0

Edge Loading

Max stress, kPa −1329.2 −1246.8 −1207.2 −1186.6 −1108.8 −1035.3 −1015.5
Max comp. stress (x-direction), kPa 163.9 163.4 163.0 168.7 184.0 188.2 187.5
Max tensile stress (x-direction), kPa −1329.2 −1246.8 −1207.2 −1186.6 −1108.8 −1035.3 −1015.5
Max comp. stress (y-direction), kPa 253.6 246.1 240.7 237.5 221.9 202.2 196.1
Max tensile stress (y-direction), kPa −147.2 −141.6 −138.5 −136.9 −130.5 −124.5 −122.9
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Figure 6 shows that vertical deflection increased with increasing TDA content. This
is due to the decrease in the elastic modulus with a greater TDA content. For example,
the deflection results for slabs with a thickness of 220 mm and different TDA contents can
be compared in Figure 6. It shows that with the increase in TDA contents, the deflection
increased under different loading conditions. For corner loading the increase in deflection
ranged between 18% up to 94% for 10% and 100% TDA content, respectively. Other loading
conditions yielded similar results with 18% up to 109% for 10% and 100% TDA content,
respectively, for interior loading. As for edge loading, the increase ranged between 18%
up to 101% for 10% and 100% TDA content, respectively. Results followed the same trend
for all slab thicknesses and TDA content. This increased deflection may be attributable
to the properties of the TDA, allowing PCC slabs containing TDA to deform more, and
thus providing greater flexibility for rigid pavements under different loading conditions.
Furthermore, results showed that with the increase in slab thicknesses the deflection
decreased at the same TDA content. When comparing 220 mm slab with 0% TDA content
and the 240 mm slab with 10% TDA content, as an example, both yielded approximately
the same deflections under different loading condition. Although the increase in deflection
seemed high for higher TDA contents, the absolute values for deflection from a design
perspective did not increase significantly. For example, for the 220 mm slab, the deflection
of a 0% TDA content was around 1.2 mm and 2.3 mm for 100% TDA.
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As shown in Table 9, damage analysis results varied significantly among mixes differ-
ing in slab thickness and TDA content. For instance, the cracking index of the slab with a
thickness of 230 mm and 100% TDA indicated a drastic difference in the extent of damage.
Increasing the slab thickness by 10 mm resulted in improved fatigue life, with a greatly
reduced cracking index. For PCC mixes with 0, 10, and 20% TDA, CI values were 0 in
thicker slabs, indicating that no failure would result from the applied load. For mixes with
other TDA contents, there was a dramatic decrease in the CI values with the increase in
slab thickness. Since KENPAVE utilizes the modulus of rupture to determine CI, and since
the modulus of rupture decreased as the TDA content increased resulting in higher CI,
however, it is postulated that due to the flexibility of TDA and its random distribution
within the PCC mixes, TDA could act as a crack propagation inhibitor by absorbing stresses
and flexing before failing, resulting in decreased fatigue failure due to loading, compared
to mixes without TDA [20]. Li et al. [28] determined that when rubber was added to PCC
mixes, the resulting impact energy was 2.39 times higher than in PCC mixes with no rubber,
and the energy absorption capacity was increased by 9.46%.

Table 9. Cracking indices of the PCC slabs.

TDA, % 0 10 20 40 60 80 100

PCC Slab Thickness, mm Cracking Index (CI)

200 1.21 × 10−5 2.60 × 10−4 2.16 × 10−4 4.09 × 10−3 4.02 × 10−1 3.80 × 10−1 4.58 × 100

210 3.45 × 10−6 6.68 × 10−5 5.69 × 10−5 8.77 × 10−4 6.42 × 10−2 6.30 × 10−2 6.46 × 10−1

220 6.39 × 10−7 2.00 × 10−5 1.73 × 10−5 2.22 × 10−4 1.24 × 10−2 1.26 × 10−2 1.12 × 10−1

230 3.13 × 10−8 6.77 × 10−6 5.90 × 10−6 6.52 × 10−5 2.86 × 10−3 2.97 × 10−3 2.31 × 10−2

240 0 1.99 × 10−6 1.66 × 10−6 2.16 × 10−5 7.59 × 10−4 8.05 × 10−4 5.56 × 10−3

250 0 3.59 × 10−7 2.69 × 10−7 7.97 × 10−6 2.29 × 10−4 2.47 × 10−4 1.53 × 10−3

260 0 0 0 2.77 × 10−6 7.73 × 10−5 8.42 × 10−5 4.73 × 10−4

270 0 0 0 6.86 × 10−7 2.87 × 10−5 3.16 × 10−5 1.62 × 10−4

280 0 0 0 7.86 × 10−8 1.17 × 10−5 1.29 × 10−5 6.08 × 10−5

290 0 0 0 0 4.91 × 10−6 5.54 × 10−6 2.47 × 10−5

300 0 0 0 0 1.75 × 10−6 2.08 × 10−6 1.08 × 10−5

4.3. Environmental Impacts and Cost Analyses

Energy consumption and emission results obtained for selected PCC slabs via the
PaLATE 2.0 software are shown in Table 10. The results indicate an increase in environmen-
tal impacts with increased PCC slab thickness, and an overall decrease in environmental
impacts with increased TDA content. The increase in TDA content was associated with a
reduction in energy consumption ranging from 24,208 to 242,081 MJ (0.37% to 3.73%), a
reduction in CO2 emissions ranging from 1000 to 2000 kg (0.25% to 2.45%), and a reduction
in NOx emissions ranging from 18 to 177 kg (0.35% to 3.5%). The greatest improvements
were a decrease in human toxicity potential (noncancer) ranging from 4.95% to 49.48%, and
a decrease in human toxicity potential (cancer) ranging from 2.21% to 22.08%. However, it
was found that with increased TDA content, SO2 emissions increased slightly, by 0.05% to
0.46%. This can be attributed to the TDA treatment process. However, when environmental
impacts due to disposing of rubber tires in landfill or incinerating them are taken into
account, it can be seen that, overall, the use of TDA can be beneficial to the environment,
especially if the results are applied to a full-scale rigid pavement project.
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Table 10. Environmental impact results for selected PCC slabs.

Slab,
mm TDA Energy

(MJ)

Water
Consumption
(kg)

CO2 (Mg)
= GWP

NOx
(kg)

PM10
(kg)

SO2
(kg)

CO
(kg)

Hg
(g)

Pb
(g)

RCRA
Hazardous Waste
Generated (kg)

Human Toxicity
Potential
(Cancer) (kg)

Human Toxicity
Potential
(Noncancer) (kg)

200 0 5,191,814 2065 369 4048 1131 2910 1542 5.39 380 12,038 79,530 431,524,959
200 10% 5,172,448 2062 368 4034 1111 2911 1539 5.39 380 11,994 77,773 410,172,953
200 20% 5,153,081 2059 367 4020 1090 2912 1536 5.39 379 11,950 76,017 388,820,947
200 40% 5,114,348 2053 365 3992 1049 2915 1531 5.38 379 11,862 72,504 346,116,935
200 60% 5,075,615 2047 363 3963 1008 2918 1526 5.38 378 11,774 68,992 303,412,923
200 80% 5,036,882 2041 362 3935 967 2920 1521 5.37 377 11,686 65,479 260,708,910
200 100% 4,998,150 2035 360 3907 926 2923 1516 5.37 376 11,597 61,966 218,004,898

220 0 5,711,108 2272 406 4453 1244 3201 1696 5.93 418 13,242 87,486 474,683,196
220 10% 5,689,805 2269 405 4438 1222 3202 1693 5.93 418 13,194 85,554 451,195,989
220 20% 5,668,501 2265 404 4422 1199 3204 1690 5.93 417 13,145 83,622 427,708,783
220 40% 5,625,895 2259 402 4391 1154 3207 1684 5.92 416 13,048 79,758 380,734,369
220 60% 5,583,289 2252 400 4360 1109 3209 1679 5.92 416 12,951 75,894 333,759,956
220 80% 5,540,683 2246 398 4329 1064 3212 1673 5.91 415 12,854 72,030 286,785,542
220 100% 5,498,077 2239 396 4297 1019 3215 1667 5.91 414 12,757 68,166 239,811,129

240 0 6,230,401 2479 443 4858 1358 3492 1850 6.47 456 14,446 95,442 517,841,433
240 10% 6,207,161 2475 442 4841 1333 3493 1847 6.47 456 14,393 93,334 492,219,025
240 20% 6,183,922 2471 441 4824 1308 3495 1844 6.47 455 14,341 91,227 466,596,618
240 40% 6,137,442 2464 438 4790 1259 3498 1838 6.46 454 14,235 87,011 415,351,803
240 60% 6,090,963 2457 436 4756 1210 3501 1831 6.45 453 14,129 82,796 364,106,989
240 80% 6,044,483 2450 434 4722 1161 3505 1825 6.45 452 14,023 78,581 312,862,174
240 100% 5,998,004 2443 432 4688 1112 3508 1819 6.44 452 13,917 74,366 261,617,616

260 0 6,749,695 2685 480 5263 1471 3783 2004 7.01 494 15,650 103,398 560,999,669
260 10% 6,724,518 2681 478 5245 1444 3784 2001 7.01 494 15,593 101,115 533,242,062
260 20% 6,699,342 2677 477 5226 1418 3786 1998 7.00 493 15,536 98,831 505,484,454
260 40% 6,648,989 2670 475 5190 1364 3790 1991 7.00 492 15,421 94,265 449,969,238
260 60% 6,598,636 2662 473 5153 1311 3793 1984 6.99 491 15,307 89,698 394,454,022
260 80% 6,548,284 2654 470 5116 1258 3797 1977 6.99 490 15,192 85,132 338,938,806
260 100% 6,497,931 2646 468 5079 1204 3800 1971 6.98 489 15,077 80,565 283,423,590
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Table 10. Cont.

Slab,
mm TDA Energy

(MJ)

Water
Consumption
(kg)

CO2 (Mg)
= GWP

NOx
(kg)

PM10
(kg)

SO2
(kg)

CO
(kg)

Hg
(g)

Pb
(g)

RCRA
Hazardous Waste
Generated (kg)

Human Toxicity
Potential
(Cancer) (kg)

Human Toxicity
Potential
(Noncancer) (kg)

280 0 7,268,988 2892 517 5668 1584 4074 2159 7.55 532 16,854 111,354 604,157,906
280 10% 7,241,875 2888 515 5648 1555 4076 2155 7.55 532 16,793 108,895 574,265,098
280 20% 7,214,762 2883 514 5629 1527 4077 2151 7.54 531 16,731 106,436 544,372,289
280 40% 7,160,536 2875 511 5589 1469 4081 2144 7.54 530 16,608 101,518 484,586,672
280 60% 7,106,310 2867 509 5549 1412 4085 2137 7.53 529 16,484 96,601 424,801,055
280 80% 7,052,084 2858 506 5509 1354 4089 2130 7.52 528 16,361 91,683 365,015,438
280 100% 6,997,858 2850 504 5470 1297 4093 2122 7.52 527 16,237 86,765 305,229,821

300 0 7,788,282 3098 553 6073 1697 4365 2313 8.09 570 18,058 119,310 647,316,143
300 10% 7,759,232 3094 552 6052 1666 4367 2309 8.09 570 17,992 116,675 615,288,134
300 20% 7,730,182 3089 551 6031 1636 4369 2305 8.08 569 17,926 114,041 583,260,125
300 40% 7,672,083 3080 548 5988 1574 4373 2297 8.08 568 17,794 108,772 519,204,107
300 60% 7,613,984 3071 545 5946 1513 4377 2290 8.07 567 17,662 103,503 455,148,088
300 80% 7,555,884 3062 543 5903 1451 4381 2282 8.06 566 17,529 98,234 391,092,070
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As expected, cost analyses showed an increase in material costs with increased PCC
slab thickness, due to the increased slab volume and amount of material required. In
comparison to a 220 mm thick PCC slab, costs were 9.1% higher for a slab 240 mm thick
and 18.2% higher for a slab 260 mm thick. In contrast, as shown in Figure 7, increased TDA
content was associated with a 10% decrease in total material costs. This is attributable to
the fact that the TDA replaces some of the natural coarse aggregates. Interestingly, it was
found that the material costs of thicker slabs with 40% TDA were similar to those of thinner
slabs with no TDA.
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5. Conclusions

In conclusion, this study shows that incorporating TDA in rigid pavement construction
reduces environmental impacts and overall project costs by reducing the amount of natural
material required. Although the use of TDA may reduce the cracking resistance of rigid
pavements, the benefits cannot be ignored. In addition, the use of TDA improves the
flexibility of PCC mixes, which can help to increase the tolerance to different loading
conditions and reduce the failure potential. Thus, as demonstrated in this research, the use
of TDA in rigid pavement construction as a replacement for natural coarse aggregates can
achieve ecofriendly, sustainable rigid pavement design solutions.

The main findings of this study can be summarized as follows:

1. The strength and stiffness of the concrete decreased as the TDA content increased.
2. Increasing the concrete slab thickness reduced the stresses generated by various

loading conditions. Increasing the TDA content similarly resulted in reduced stresses
in the concrete slab.

3. Concrete slabs containing TDA exhibited greater flexibility and ductility than mixes
without TDA. The ductility increased as the TDA content of the concrete increased,
resulting in greater deflection in comparison to slabs without TDA.

4. PCC mixes with no TDA showed better cracking resistance in flexure than PCC mixes
with TDA. For example, a PCC mix with no TDA exhibited a cracking resistance
similar to that of a slab 10 mm thicker with 20% TDA.

5. An environmental impact analysis showed that incorporating TDA in PCC mixes
reduced energy consumption and harmful emissions during material processing,
transportation, and construction.

6. Cost analyses indicated increased material cost savings in PCC mixes with greater
TDA content. For instance, a PCC slab with no TDA had material costs similar to
those of a slab 10 mm thicker with 40% TDA.
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