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Abstract

Non-auto transportation infrastructure, such as bicycle lanes and sidewalks, serves as an efficient means of public mobility. Improving
the sustainable design and construction of the concrete slabs that compose such roads promotes environmental and economic
benefits, spanning the usage of green sources of materials and reduced maintenance costs. In this study, an investigation into the
application of recycled tires, also known as tire-derived aggregate (TDA), combined with rotary-kiln produced expanded clay (EC)
as coarse aggregates in concrete, as well as their life-cycle cost assessment, are presented. The mechanical properties of concrete
specimens with three different mix designs, i.e.,100% EC (MIX A or control mix), a mixture of 20% EC - 80% TDA (MIX B), and 100% TDA
(MIX C) as coarse aggregates, were first derived through experimental tests. Impact-fatigue tests were then conducted on concrete
slabs of MIX A, B, and C to evaluate their sustainability under several cycles of bicycle loads. The results showed that the TDA concrete
has lower compressive and flexural strength, but it is more ductile than concrete with zero rubber content. Also, the results of impact-

fatigue tests combined with a life-cycle cost analysis indicated the long-term benefits of constructing green and durable infrastructure

using TDA on future investments in transportation.
Keywords

sustainability, pavement slabs, rubberized concrete, expanded clay, life-cycle analysis

1 Introduction

Precast concrete slabs are reliable and high-performance
elements that have been used in pavement applications for
several decades in the United States. These slabs are often
fabricated with sustainable materials to lessen their reha-
bilitation and long-term maintenance costs. This solution
also assisted with lowering the energy consumption and
air pollution involved with the construction of these con-
crete elements.

Recently, recycled materials have been widely used in
civil engineering applications. One example is using waste
tires as coarse aggregates, namely tire-derived aggregate
or TDA, in concrete, with the advantage of using tires as
a durable engineering material in structure and diverting
waste tires from landfills [1]. TDA has been used in many
applications such as traffic barriers, retaining wall back-
fill material, and pavement slabs [2, 3]. Investigating its
additional applications is an environmental boon, given

that the United States disposes of approximately 279 mil-
lion waste tires per year, representing over 4 million tons
of scrap waste [4].

TDA has contributed to the sustainability of concrete
applications by replacing a part of the coarse aggregates
in the conventional concrete with this durable material;
the final product is also characterized as rubberized con-
crete. According to the previous studies (e.g., [1, 5, 6]),
with its TDA components, such rubberized concrete has
a higher energy absorption capacity but lower compres-
sive strength when compared to conventional concrete.
Several researchers, including Eldin and Senouci [7],
Khatib and Bayomy [8], Atahan and Sevim [9], and Xue
and Shinozuka [10], also concluded that increasing the rub-
ber content of TDA concrete may result in lowering their
mechanical properties but enhance their ability to absorb
the input energy into the system caused by any dynamic
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loading. Miller and Tehrani [11] suggested 80% and 100%
TDA replacements by the volume of the coarse aggregate
for an increased flexural toughness and energy absorption
capacity of the concrete mix. The strength reduction, which
is known to be caused by entrapped air in the concrete mix,
could be lessened by incorporating de-airing agents within
the mix [12]. The rubberized concrete's strength can be
further enhanced via the pretreatment of tire aggregates,
thereby increasing the bonding between these particles and
cement paste, as reported by Rostami et al. [13] and Segre
and Joekes [14]. Other changes reported in the mechanical
properties of TDA concrete are a reduction in the work-
ability of fresh concrete with an increase in rubber con-
tent within the mixture [15] and its unit weight due to an
increase in the air content. Al-Tayeb et al. [6] confirmed a
higher static flexural strength of double-layered concrete
beams with TDA concrete placed on the upper region and
conventional concrete on the bottom. Their research also
established a considerable energy absorption capacity of
the beams under impact load conditions due to the exis-
tence of the rubberized layer of concrete.

Although many researchers have investigated the
mechanical properties of TDA concrete, to the authors'
knowledge, there is limited experimental data available in
the literature on the performance of pavement slabs made
by this material under cyclic and impact-fatigue loads.
This project aims to enhance TDA usage, as an econom-
ically efficient and durable recycled material, in concrete
pavement slabs serving non-auto traffic [16]. Furthermore,
to allow the easy handling and transportation of the slabs,
the application of Expanded Clay (EC), from the family of
Expanded Shale, Clay, and Slate (ESCS), is investigated in
this research. EC, produced within rotary kilns at 1100 °C,
is used as durable and lightweight coarse aggregate in the
concrete mix [17]. Three concrete slabs were made using
different ratios of TDA to EC and tested to impact-fatigue
loading, replicating the condition caused due to biking.
A set of material tests was also performed prior to the
fatigue testing to establish the mechanical properties of
lightweight rubberized concrete. The experimental find-
ings and data were used to conduct a life-cycle cost analy-
sis, aiming to estimate the rehabilitation and maintenance
costs of using TDA concrete in pavement slabs.

2 Experimental setups and results

This study consists of an experimental phase followed by
a life-cycle cost analysis to evaluate the performance and
durability of lightweight rubberized concrete pavement
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slabs during their service life. To this end, three mix
designs with different proportions of TDA and EC were
first used in concrete cylinders and beam specimens to
estimate their compressive strength and flexural moduli
of rupture, respectively. Three slab assemblies were then
designed and fabricated using these concrete mixes, and
their fatigue resistance was evaluated when subjected
to several cycles of impact loading using a drop-weight
impact machine. The results from the impact-fatigue test-
ing of slabs were used to estimate the maintenance costs
during their service life quantitatively.

2.1 Design mixes and materials
Fig. 1(a) summarizes the weight of the materials per unit
cubic meter of concrete for three mixes used in this proj-
ect, including the control mix with the expanded clay as the
coarse aggregate (i.e., MIX A), and mixes with 80% and
100% TDA replacements by the volume of the lightweight
EC coarse aggregate, namely MIX B and MIX C, respec-
tively. TDA, with the nominal average size of 9.525 mm,
unit weight of 1150 kg/m’, and specific gravity of 1.15, con-
tained no steel fibers. The unit weight and specific gravity
of EC aggregates were 1728.4 kg/m’ and 1.73, respectively.
Following the recommendations of Miller and Tehrani,
lower rubber replacement ratios (i.e., lesser than 80%)
were not selected for this project, aiming to achieve
a larger flexural toughness for the test specimens [11].
Fig. 1(b) shows the sieve analysis results for the coarse
aggregates. The water-to-cement ratio was considered as
0.48 to obtain a 20.7 MPa 28 days compressive strength for
the control mix, following ACI 211.1-91 [18]. In this mix
design, the ratios of fine aggregate and EC to cement were
1.52 and 0.89, respectively. An average slump of 165.1 mm
for the design mixes, as shown in Fig. 1(c), demonstrates
the satisfactory performance of rubberized mixes in terms
of workability.

2.2 Experimental program and test specimens
Table 1 summarizes the test matrix encompassing two
phases of the experimental program: Phase I — ASTM
Standard material testing of concrete, which consists of
compressive testing of cylindrical specimens [19] and
static/cyclic flexural testing of beam specimens [20], and
Phase II — structural component testing of slab assemblies
under impact-fatigue loading.

Slab specimens were fabricated by connecting 685.8 mm
x 457.2 mm x 101.6 mm concrete units using conventional
No. 3 (d, =9.525 mm, where d, is the rebar diameter) dowel
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Fig. 1 Design mixes — materials and testing (a) three mix designs used in this study and aggregate materials, (b) gradation report for EC and TDA, (c)

slump test on rubberized concrete mixes — Note: TDA was produced by mechanical shredding of car and truck tires and did not contain any steel fiber

Table 1 Test matrix

Test Specimen Size/ Number of Testing
Specimens per Mix ~ Procedure
152.4 mm Compressive
(diameter) x Testing
304.8 mm (height) following
Cylindrical ASTM C39
Specimens / 3 Standard [19]

152.4 mm square
section x 533.4 mm
(length) Beam
Specimens / 3

~ 685.8 mm (length)

x 457.2 mm

(width) x 101.6 mm
(thickness) Slab
Specimens / 2

Static Flexural
Testing
following
ASTM C78
Standard [20]

Impact-Fatigue
Testing of Slab
Assemblies

bars with a total length of 317.5 mm (including a 12.7-mm
gap between the slabs). These test units were scaled down
from a prototype slab assembly with the dimensions of
1066.8 mm x 1066.8 mm x 101.6 mm. The longitudinal and
transverse dimensions of the scaled test units were selected
to respectively accommodate one set of connectors (with
the transverse spacing of 457.2 mm) and two bicycle wheels,
with an average distance between the front and rear axles,
i.e., wheelbase, of 457.2 mm. Also, considering a cover
concrete of 38.1 mm for each slab, two layers of 19 gauge
galvanized welded wire (d, = 1.016 mm) mesh with the
dimensions of 609.6 mm x 381 mm were used to prevent
any cracking of concrete specimens due to temperature
change and shrinkage, per minimum recommendations of
ACI 318-14 [21]. Fig. 2 shows construction details of the
slab assemblies.

In the following sections, a detailed description of the
experimental setups, loading protocols, instrumentations,
and results is presented for all three phases of testing.



2.3 Mechanical properties of TDA concrete

2.3.1 Compressive testing of concrete cylinders

The compressive strength of concrete cylinders was esti-
mated on day 28, following the ASTM C39 Standard [19],
using the Universal Testing Machine (UTM) located at
the Materials Laboratory of California State University,
Fresno, as shown in Fig. 3.

In this test, the cylindrical specimens were placed
inside the UTM machine and compressed with the ASTM-
recommended loading rate of 4 kN/sec, which was main-
tained throughout the course of testing and continued up
to the failure of the specimens. To this end, any uneven
or rough surface of the specimens was sawed to result in
a uniform distribution of stress over the cross-section of
the cylinders. In addition to evaluating their compressive
strength, the cracking pattern and failure mechanism of
the test units under compression loading were examined
through this test. As shown in Fig. 3, testing observa-
tions confirmed the initiation and penetration of localized

th
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cracking in the rubberized test specimens (i.e., MIX B and
C) while a single brittle cracking split the control specimen
(i.e., MIX A) into two pieces, with nearly no warning prior
to complete failure. Although a more ductile failure mech-
anism was observed for the specimens with added rubber
aggregates, they showed lower compressive strength at
the point of failure. Fig. 3 also presents the compressive
strength of concrete mix designs when different amounts
of TDA replaced EC aggregates. This figure shows that
although the desired compressive strength of 20.7 MPa in
MIX A was reduced by 70% and 83%, respectively in MIX
B and C, the ultimate achieved compressive strength of the
rubberized concrete mixes was still sufficient in sustaining
the applied loads in non-auto transportation routes.

2.3.2 Flexural testing of beams

In order to estimate the flexural strength (modulus of rup-
ture) and stiffness of the rubberized concrete specimens and
their comparison with those derived for the control specimen,

 MIXB
f.=6.3 MPa

 MIX C
f.=3.6 MPa

Fig. 3 The testing machine, fracture pattern and compressive strength, /', in cylindrical specimens — compression test
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a series of beam specimens were tested for four-point flex-
ural loading in accordance with ASTM C78 [20], as shown
in Fig. 4(a). The setup was consisted of a vertical load cell
(see Fig. 4(a)) with a built-in String Potentiometer or SPOT
(see Fig. 4(b)) to record the instantaneous applied load and
vertical displacement, respectively. Additionally, a triangu-
lar load applicator (see Fig. 4(a)) was used to distribute the
region of maximum stress across the middle 152.4-mm por-
tion of the beam specimens. These simply supported beams
were then subjected to half-cyclic static loading to represent
the push-release loading condition that will be applied to the
specimens due to biking. Fig. 4(c), which presents the load-
ing protocol for this phase of testing, indicates the increase
of load cycles from 0.25P,, to 2P, with load increments of
0.25P

crd

where P is the critical load corresponding to the the-
oretical flexural strength of the beam specimens and is esti-
mated as a function of their measured compressive strength,
following ACI 437.2-13 [22]. As shown in this figure, two
cycles of static load were applied at each load increment.
A vertical linear variable deformation transformer or LVDT
(see Fig. 4(d)) and two 60-mm strain gauges at top and bot-
tom surfaces of the beam (see Fig. 4(e)) were also used at the
mid-length of the beam specimens to record their maximum
displacement and strain measurements, respectively.

Fig. 5(a) presents the initial and final crack formation in
one of MIX C's beam specimens. Results from experimen-
tal observations in this phase indicate a ductile behavior of
rubberized beams as they experienced (1) sustained large
deformations before their flexural failure (see Fig. 5(a)) and
(2) uneven and rough fracture surfaces compared with the
smooth fracture surface of MIX A's beams, as presented
in Fig. 5(b).

Plots of Fig. 6 present the tensile stress-strain response
of beams of MIX A, B, and C for all loading cycles up to
the failure point and compare their performance over the
last cycle of loading.

Load. -
Applicator

N\
P

Load
PN

2 Per
1.75P,

T VY VY Y,

Time

(d ©
Fig. 4 Overview of the experimental setup, instrumentation, and
loading protocol — flexural test of beams (a) four-point flexural testing
setup (b) vertical SPOT (c) loading protocol (d) vertical LVDT
(e) 60-mm strain gauge at the beam bottom surface

Table 2 summarizes the maximum applied load before
failure (i.e., critical loading), the flexural modulus of rup-
ture (MOR), maximum deflection at mid-length, and flex-
ural toughness for beams with MIX A, B, and C.

As presented in this table and shown in Figs. 6(a—c),
a reduction in the stiffness of the beam elements was

(a)
Fig. 5 Experimental observations — flexural test of beams (a) initial and final cracks on the south side of beam with MIX C (b) fracture surface of
beams with MIX A, B, and C

(b)
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Fig. 6 Tensile stress—strain curves for beams with (a) MIX A- all cycles, (b) MIX B- all cycles, and (c) MIX C- all cycles, (d) comparison of plots for
different mixes — final cycle

Table 2 Summary of experimental results — beams

. Max. MOR”, kPa Maximum
Mix . . Toughness
Desian® Load, (Experiment/ Deflection, Index (I,/I,))
J kN Expected®) mm s
MIX A 29.4 3544/ 2131 2.03 1.04/1.05
MIX B 14.1 1779/ 1172 18.03 2.8/3.6
MIX C 10.85 1340/ 883 19.81 4.4/74

a Due to the space limitation, only results from one set of beams are
presented.

b Modulus of Rupture

c ACI318-14[21], f, =7.5A/ f, where A = 0.75 for lightweight
concrete.

observed during multiple cycles of flexural loading. The
observed moduli of rupture of the specimens were higher
than the expected values, as shown in Table 2. These for-
mer values were estimated using the recorded critical
loading, P, at failure and the flexure formula. By adding
tire aggregates into the concrete mix, a drop in the mod-
uli of rupture of the specimens was observed; however,
the maximum deformation sustained by these beams was

increased, which indicates a more ductile behavior of the
rubberized concrete specimens (see Fig. 6(d)). The maxi-
mum deflection at the bottom surface of the beam speci-
mens at their mid-length is presented in Table 2. To eval-
uate the performance of test specimens during repeated
cycles of loading over their service life, both strength
(i.e., the maximum stress) and ductility (i.e., the maxi-
mum strain) are critical. To this end, their flexural tough-
ness (i.e., energy absorption capacity before fracture) can
be calculated; this mechanical property is related to the
area under the stress-strain curve, 4. In this paper, rec-
ommendations of ASTM C1018-97 [23] guideline were
used to calculate two toughness indices, /; and [, by
dividing A4, up to a deflection of 3.0 and 5.5 times the
first-crack deflection, respectively, by the area under the
stress-strain curve up to the first crack. These tough-
ness values, summarized in Table 2, confirm signifi-
cantly higher energy absorption capacity of the beams
when replacing EC with TDA.
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2.4 Impact-fatigue performance of TDA concrete slabs
2.4.1 Test setup and instrumentation

A series of impact-fatigue tests were conducted on slab
assemblies of MIX A-C to evaluate the performance of
road pavement slabs serving non-auto traffic. A test setup
was fabricated in the Structures Laboratory of California
State University, Fresno, to mimic several impact loads
generated by bicycles on slabs, as shown in Fig. 7.

In this setup, the impact forces were produced by drop-
ping two 80-N weights from a 25.4-mm height; the free fall
of these weights was secured by attaching them to two gears
with a prefabricated 25.4-mm slot. These gears were con-
nected using a chain (Fig. 7(a)), while one of these gears was
additionally connected to a motor at its back (Fig. 7(b)). This
motor was used to consider the fatigue feature of the test by
repeating the impact cycles with a frequency of 3.3 Hz.

To generate the actual constraint condition, the slabs
were placed in a soil box while they were longitudinally

* R "}'4. w‘. '::/,
2.

( Longitudinal springs

attached to the box at their outer ends using a series
of springs (see in Fig. 7(a)) with the stiffness, K, of
62.75 N/mm; the stiffness was set to accommodate for
the horizontal movements of the slabs due to temperature
change, A, (i.e., equal to 12.7-mm length of the expan-
sion joints between the two slabs) when resisting the fric-
tion force, f, of 310 N acting beneath the adjacent slabs.
Jfwere calculated using the static friction formula with the
friction coefficient, u, between the precast concrete and
soil to be equal to the tangent of the friction angle of soil,
¢ (i.e., 30° for sand). A No. 3 dowel bar was also used at
the interior surface of the slabs to join the two slabs and
create the assembly.

As shown in Fig. 7(c), the slab specimens were equipped
with different sensors such as accelerometer, SPOT, and
strain gauge to measure their critical responses, e.g.,
acceleration of slabs during dynamic impact loading and
maximum deformation/strain values.

Motor at the back o
the left gear S -

é X

Fig. 7 Overview of experimental setup and instrumentation — impact-fatigue testing of slabs (a) front view (b) back view (c) completed setup



2.4.2 Impact loading on concrete slabs — analytical
modeling
Analytical modeling of the slab assembly was performed
using SAP2000 [24] to estimate the stresses developed by
the generated impact force, as shown in Fig. 8(a).

To this end, a series of springs were used to model
the soil pad beneath the concrete slabs, with the stiffness

of K, as estimated in Eq. (1) [25]:
K o 136G o
¥ B(1-v)

where G and v are the modulus of rigidity and Poisson's ratio
of soil and B is the width of the slab. The SPOT readings
from the experiment were used to verify the theoretical val-
ues of K

sV2

through a trial-and-error process. Additionally,
the slabs were constrained using two-joint link springs, with
the stiffness of K, in the longitudinal direction. To model
the dowel bars, the two slabs were constrained to move
together in the horizontal direction, using a steel link/spring
element. The equivalent static impact force exerted on the
slabs due to the falling weights, P, = 80 N, is defined with

P__, and can be estimated using the following equation:

max?

Pmax :nfi't :{1-'_ 1+2[ALJJPM (2)
st

In this equation, /4 is the falling height of 25.4 mm, and
A,, is the static deformation at the location of the point loads,
which was experimentally measured to be 8.5, 9.8, and

Biking Loads
Longitudinal Springs
with Stiffness of K

Soil Springs witl
Stiffness of Ksv

0 160 475 793 1117 1434 1768 2068

(b)
Fig. 8 Impact loading of slab assemblies using SAP2000 [24]
(a) modeling of slab assemblies, (b) stress distribution (in kPa) in the

slabs with MIX A when subjected to impact loading, P,
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10.8 x 10° mm during testing. Using Eq. (2), the respec-
tive impact forces of 19.71, 18.33, and 17.44 kN were esti-
mated for the slabs with MIX A, B, and C. These loads were
between 35-40% of the max impact caused by a bicycle,
with an average weight of 556 N per tire, hitting road debris
as large as 3.2 mm. When the slab models were loaded with
P_.., the maximum tensile stress of 1282.4 (MIX A), 1192.8
(MIX B), and 1137.6 kPa (MIX C) were achieved at the
bottom surface of the slabs, as shown in Fig. 8(b) for MIX
A. These values are less than the respective ultimate ten-
sile strength (36%, 67% and 81% of MOR, respectively),
as recorded for the beams and reported in Table 2.

2.4.3 Impact-fatigue test results

As shown in Fig. 7, the slabs were loaded to multiple
cycles of impact loading until the fatigue failure reached.
This situation was reported when the maximum ten-
sile strain values at the extreme face of the slabs reached
the cracking strain as recorded during flexural testing of
the beam specimens, with the values of 181, 643.5, and
835.6 ue, respectively for MIX A, B, and C. The measured
tensile strain at the bottom surface of the slabs was plot-
ted in Fig. 9 versus the number of loading cycles recorded
throughout the testing.

This figure indicates that by replacing 80% and 100%
of EC with TDA, the slab assemblies sustained 2.90 (with
441,171 cycles) and 3.63 (with 524,590 cycles) times more
cycles compared to the control mix (with 113,252 cycles)
before failure. A life-cycle cost analysis was performed
based on the experimental results obtained from this test-
ing phase, as presented in the following section.

3 Life-cycle cost analysis
Derived from well-established principles of economic
analysis, life-cycle cost analysis holistically assesses the
long-term economic efficiency of alternative investment
options by taking into account both initial and future costs
over the lifetime of all such options, ultimately identifying
the best investment overall. In this paper, the initial costs
of concrete specimens reflect the actual prices of mate-
rials that were used for the purpose of the experimental
phase of this project, which are comparable with aver-
age reported values for similar mixture proportions [26].
In contrast, the future costs are estimated based on the
results of the cyclic and impact-fatigue tests.

Table 3 shows the cost associated with each mixture,
including initial costs of materials and placement and
maintenance costs for repair efforts.
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Table 3 Summary of cost analyses

. Material {, Maintenance Analysis  Annual
Life-Cycle Placement’/ d .7 de f
. . Intervals Period Cost
Costs Maintencance (year) (year) ($/m’)
Costs ($/m”) y y
Mix A 360.2/890/2.22 1.6 40 32.5
Mix B 543.8/890/3.11 6.0 40 36.4
Mix C 621.5/890/3.57 7.2 40 38.1

a Adjusted for peak strength

b Includes earthwork, drainage, etc.

¢ Pavement only, including 100% grinding and 1% patching
d Assuming annual average daily traffic (AADT) =200

e Adopted for consistency and simplicity

f Assuming zero interest for simplicity

The interest rate is assumed zero for simplicity. The
material costs in this table reflect the actual prices of mate-
rials that were used for this experimental phase of the proj-
ect, which are comparable with average reported values for
similar mixture proportions [16]. The referenced thickness
of pavement slabs is appropriated for the MIX A, which
has the highest peak flexural strength in comparison with
MIX B and MIX C. Hence, the thickness of MIX B and
MIX C has been designed at 1.4 and 1.6 times the refer-
enced thickness, respectively, to reflect their relative flex-
ural strength. This modification contributes to higher ini-
tial costs for MIX B and MIX C as opposed to MIX A,
disregarding the choice of materials.

Construction of a typical bike lane involves additional
costs beyond the pavement section. The total cost of these
components is estimated to be nearly 890 $/m’ [27], which
includes earthwork and drainage at 115.2 $/m” and the con-
crete slab placement cost of nearly 25.8 $/m” [28]. These
typical costs remain the same for all considered mixtures
in this study.

Maintenance efforts involve preventive and correc-
tive maintenance projects. Preventive measures typically
include diamond grinding to preserve the smoothness and
consequently the serviceability of the bike lane. Corrective
measures usually involve patching damaged portions
of the bike lane. The maintenance cost in this project is
effectively 4.74 $/m’, which includes diamond grinding
(3.55 $ m°) of the entire pavement area (100%) and patch-
ing (120 $/m”) a portion of the pavement area, say one per-
cent [28]. The patching cost is adjusted per difference in
the cost of materials.

The life of the bike lane relates to the annual average
daily traffic (AADT) of bikes and determines required
maintenance intervals. An AADT of 200 is a typical value
for life-cycle calculations [29], and the number of cycles
at peak stress is based on the results of the fatigue testing

Mix A: 113,252 cycles up to a strain of 181 pe
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Fig. 9 Tensile strain vs. the number of loading cycles — impact-fatigue

testing of slab assemblies

(see Fig. 9). The estimated life of the slabs is estimated by
the strain at failure (i.e., 181, 643.5, and 835.6 ue for the
three mixes, as shown in Fig. 6(d)).

As summarized in Table 3, the annual cost of specimens
with MIX A, B, and C is respectively 32.5, 36.4, and 38.1 $/
m’ with the corresponding maintenance cycles of 1.6, 6.0,
and 7.2 years over a 40-year analysis period; this indicates
a slight increase in the life-cycle cost of specimens using
TDA, disregarding the residual strength of ductile mix-
tures. Such residual strength may extend the post-failure
life of the pavement in the absence of proper maintenance,
and hence, contributing to the resilience of the pavement.

4 Conclusions and recommendations

In this study, the conventional coarse aggregates of con-
crete were replaced with Tire-Derived Aggregates (TDA)
and Expanded Clay (EC), and the new mix, namely light-
weight rubberized concrete, was used to fabricate precast
concrete pavement slabs. The mechanical properties and
sustainability of concrete specimens with three different
ratios of rubber content were examined through a series
of experimental tests to assess the optimum mix design
for pavements serving non-auto traffic. A life-cycle cost
analysis was conducted using the results obtained from the
experimental phases. This life-cycle cost was used to esti-
mate the material costs to build pavements using each mix
design and the maintenance costs and intervals needed to
keep their serviceability. The conclusions drawn from this
study are presented below:



» Replacing EC coarse aggregates with TDA reduced
the compressive strength and modulus of rupture
of the corresponding concrete specimens. Although
using more TDA led to a reduction in the strength
properties of the rubberized concrete, the achieved
values were still sufficient to sustain the bicycle loads
in non-auto transportation routes.

* The failure pattern of cylindrical specimens showed
amore ductile performance of those containing TDA
than the control mix. This pattern was confirmed
when localized cracks were first observed at the cor-
ners of MIX B and C cylindrical specimens before
their failure, while MIX A specimens were suddenly
split into two pieces with one single crack.

* The energy absorption capacity of TDA-contained
concrete specimens was higher than that of the
zero-rubber content concrete.

» The initiation of cracks at the tensile face of the
TDA-contained beam specimens was observed at
a higher vertical deflection induced by the actuator.
In addition, a significant gap opening was measured
in MIX B and C beams before their failure, while
this gap opening was not trackable in the control
specimen due to its sudden failure.

* The results of impact-fatigue tests of slab assem-
blies revealed that the concrete pavements built with
TDA-contained concrete sustain a larger number of
loading cycles before reaching the failure strains.
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