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Abstract

Utilisation of abundant waste rubber generated from scrap tyres in eavengineering applications could be a
useful route to consume large extent of the waste from the scrap tyres. dontagute towards maintainirey
greener environment by reducing the associated environmental and social iapaetdl as improve the
properties of bituminous mixture used for pavement engineering appiiealibis paper focuses on the
upgrading of waste rubber aggregates surface properties by identi#gohgapplying optimised chemical
treatment (oxidation and cross-linkjngrhe focus was to increase the life span of bituminous mixtures
containing waste rubber as an aggregate by reducing a phenomenonatfomigf light fractions (maltenes)
from bitumen to rubber which occur at elevated temperatures ranging bet@@d 80°C. The results of various
tests conducted showed the potential of the treatment to reduce thetiabsoipnaltenes into rubber. The
existence of the surface treatment was verified through the ScanningiElitroscope (SEM) analysis of the
rubber aggregate. The reduction in the absorption properties of rulbtr the existence of the treatment was
verified using the Microwave Spectroscopy technique. The results othmtests were promising in terms of
indicating the durability of the treatment and the reduction in the absogptperties of rubber. Mechanical
tests such as Indirect Tensile Stiffness Modulus (ITSM) and Repeated LoddRx4g tests were conducted
on the newly devised bituminous mix design with 10% of addeber (by mass of the sample). The results
were promising in the case of the aged samples with both theessifamd load bearing capacity being higher
for the aged samples. However, the results need improvement indéitasapplications on the light traffic
areas through the replacement of the ordinary filler with the mineral #llso, a higher percentage of waste
rubber should be added to study the suitability of its use in thbléesurface applications such as childsen

playgrounds, sports pitches and surfaces, etc.
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1. INTRODUCTION

1.1. Scrap tyrestheir environmental impact and applications

The waste rubber from scrap tyres posasenvironmental threat if not utilised efficiently. Sin@806
legislation such as End of Life Vehicles (ELV) salvage, waste incineration @ndirEctives on the waste
landfill management prohibited the disposal of waste tyres arisitigetéandfill and similar waste disposing
routes, etc. [1, 2]. Also, stockpiling of the scrap tyres is not alloweduse oft beinga potential source of fire
hazard, cause of environmental damage and other health risks adsediaté It also does add to the disposal
costs of the scrap tyrg¢3-5]. In Europe 95% of the scrap tyres are recycledTBg emphasis on recycling the
scrap tyres encouraged the introduction of new end use market applications as altelinasive recovery
options. Although the market for scrap tyres and its material usasgleden established, the amount of tyres that
reach their enaf-life cycle worldwide significantly exceeds the end use market of tlzg sgre material. The
only exception to this is the UK market of scrap tyres as it is me&06go of the recovery target through

various routes such as recycling, recovery and reuse [1]

One of the potential applications to u#is significant number of scrap tyres is to use them in rubberised
asphalt pavements surfaces, pavement engineering and flexible rubberiaedsswhereby large quantities of
scrap tyres can be consumed. This could potentially reduce the amowmastef generated and can improve
some of the engineering properties of the pavements such ag fiagjstance, reduced low temperature surface
cracking, improve tensile strength, adhesion, resistance to rutting, efasimite reducing characteristics,
safety in wet conditions, flexibility to reduce injuries in the case of ptaygl surfaces, and many more [4, 5,

7-15].

1.2. Brief problem statement and the literature

Applications of waste rubber aggregates in bituminous mixtures, bdik indt and dry process, resulted in two
main problems identified by researchers and professionals [4, 3,17-9619]. At elevated temperatur¢$40-
170°C) the migration of light fractions (constitute resins, aromatics, andatesufrom bitumen to rubber

occurs This causes the swelling of rubber between 3-9 times its original sizangauto lose its rigidity and



59
60
61
62
63

64
65
66
67
68
69
70
71
72
73
74
75
76

77

78
79
80
81
82
83
84
85
86
87

shape. Also, the residual bitumen becomes brittles and hard resultirey bnetiking of the bond between the
rubber, bitumen and aggregates. This causes the particles of rubbeon®beose and become distributed in
the bitumen in the case of fine particles (wet process) and on theesafftte pavement leaving gaps on the
surface in the case of crumb rubber (dry procé&ds}s adversely affects the performance and durability of the

surface.

Shakhnazarli [20] has utilised secondary polyethylene, polyamiée filaste, and crumb rubber to modify
bitumen. Airey et al [7] pointed out the use of modifiers like sulphuibbers, thermoplastic polymers, and
thermosetting resins to modify the bituminous mixture to improvehargcal properties of the bituminous mix.
Stabilising agents such as cellulose and mineral fibers have beeto ysedent the drain down [21]. Polymers
such as styrene-butadiene-styrene (SBS), styrene-butadiene r@®iR), Elvaloy, ethylene vinyl acetate
(EVA), polyethylene, and others have also been used to modiflagpnders [2217]. Frantzis [23] discusses
methods to modify rubber includirgdevulcanization process, heavy paraffinic distillate solvent extracaand
water activated method. Additives like Poly phosphoric acid and vestenaneealserused for improving the
properties of crumb rubber modified bitumen [24]. Althoughs¢h&reatmentsup to an extent, improve the
performance in terms of mechanical behaviour and engineering propeesestance to deformation, low
temperature cracking, flexibility, stiffness, etc.) of bitumen andntitous mixtures that ultimately has an
influence on the service life of pavements, the problem of migraifomaltenes has not been explicitly

addressed by any of the above.

1.3. Waste rubber aggregates treatment

This paper demonstrates the use of suitable chemical additives and their exptiuéntities to modify the
rubber surface properties to subsequently reduce the migratioalteines from bitumen to rubber. This could
potentially result in a strong adhesive properties of rubber whigseguently helps in improving the bonding
between the bitumen and rubber. If successful in reducing thratioig of light fraction from bitumen to rubber,
the proposed treatment is also expected to improve the resistancemangetr deformation, reduce low
temperature surface cracking, and improve the flexibility of the mater&l along period of time for the
applications such as use in school playgrounds and sports stadahosk absorbing surfaces,
walkways/pathways, artificial turf for football stadiums. Additionally, itlcbhave potential to be used on light
traffic road surfaces [4, 5, 7-9, 11, 13, 16-19] (Al-Nagaimd Robinson 2007; Rahman et al 2003; Huang et al

2007; Cao 2007; Navarro et al 2005; Lee et al 2008; Rahman et al 200bpAak2002; Read and Whiteoak

3
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2003; Xiao et al 2009; Hernandez-Olivares et al 2089Microwave spectroscopy technique was used to
analyse the absorption properties of rubber through indirectly insmudye properties of bitumen and changes
incurred in the spectrum of bitumen after its interaction with the treatielder. This technique has been
demonstrated in previous studies by the same author as this artich8] 2 analyse bitumen properties. The
mechanical properties were tested using the Indirect Tensile StiffnessuddtibM) test and Repeated Load

Axial (RLA) test

Ateeq et al [25] and Ateeq et al [26] attempted to carry out the chemical treatmeatiehothe optimum
chemical treatment parameters were not achieved. This study extends khbywdentifying the optimum
chemical treatment (percentage of oxidation and cross-linking agentsh firakents the mechanical testing of
the bituminous samples prepared in the laboratory with the treateer raihd its resultDespite the attempt to
identify and explore optimum chemical treatment in the current sfudyer work is required to improve the
mechanical behaviour from the test results as well as to optimise the chemica¢tteiait large size samples.
This can either be achieved at the chemical treatment stage (through othérequainchemical treatment
systems), at the time of manufacturing the laboratory test sampudésr dhrough field trials. More detailed
testing is also required including the use of more established analysigjteshto study the migration of light

fractions from bitumen to rubber.

2. MATERIALS AND METHODS

2.1. Materials

The crumb rubber utilised to carry out the treatment was 1-6 mm gigegates from truck scrap tyres. The
size range of the sample was obtained using a set of sieve by passing th®ugm sieve and retaining &n
mm particle size sieve. It was supplied by J. Allcock & Sons based in EstechUK. The sample of waste

rubber is shown in Figure 1 and its physical properties are preseritadlenl



110

111 Figure 1. Crumb rubber from scrap tyres of the size 1-6 ned insthe study using 1-6 mm sieve set
112
113 Table 1: Physical properties of coarse waste rubber aggregates
Properties Value
Bulk specific gravity, gm/cn? 2.79
Apparent specific gravity, gm/cn? 2.82
Water absorption, % 0.4
Dielectric constant (20°C) 8.0
114

115 The bitumen was 100/150 penetration grade (pen) supplied by Nynas URh&Btypical properties of the

116  bitumen used in the study is shown in Tahle 2

117 Table 2: Properties of 100/150 pen bitumen used in the study
Parameters Bitumen (100/150 pen) values
Penetration at 25°C 100-150x0.1 mm
Softening point 39-47°C
Penetration index -1.5t0 +0.7
Dynamic viscosity at 60°C NPD
Fraass breaking point <-12
Dielectric constant (20-25°C) 2.55-3.5
118
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The chemicals used for the oxidation wekgassium dichromate, > 99.5% supplied by Sigma Aldrich and

potassium permanganate, 99% supplied by BDH Laboratory, Englandcréks-linking agent used was
polyethyleneimine supplied by Sigma Aldrich. Petroleum (petrol special)aritinatic basis (~18%, bp. 180-
220°C) was supplied by Sigma Aldrich that was used to replicate the interafféahof bitumen (because of

their similar properties). This was to analyse the polyethyleneimine gaatthits durability in petroleum.

2.2 Design of the chemical treatment

e The modification of waste rubber surface was a two stage proceks. finst stageoxidation of the crumb
rubber was carried out. It was followed by tt@ss-linkingof the rubber in the second stagéne most
important factor in the current study was to optimise the chemical treatémeno identify the combination
of the oxidation and cross-linking agents and their suitable percerttagésain the treated rubber te b
used in the preparation of the bituminous mix design. It follows #nqars work carried out by Ateeq et al
[25] and Ateeq et al [26]. From the detailed combination of chemical treatmehtieananalysis the most
suitable and effective treatment identified was as follows: Waste rubber aggregaeetreated with the
oxidising solution comprising 0.1 mol/L of potassium dichrom#eCr.0O;), 0.5 mol/L of sulphuric acid
(H2SQy) and water (HO). The oxidation was carried out at 60-70°C for 90 minutes to accelihate
oxidation reaction on the hot plate and thereafter kept at room temperat@reHours for further reaction

to take place. The process is shown photographically in Figure 2.

Figure 2. Oxidation of the waste rubber using potassium dichromate, salatid and water



138 e The oxidised rubber was then cross-linked using 3% of the polgetignine in the rubber-bitumen blend

139 The blend was mixed for one hour and further cured for 6 fad80-170°C in an oven

140 2.3. Testing and analysis
141 Two types of analyaswere carried out to confirm the sustainability, durability and effectsenéthe chemical

142 treatment. They includeasurface analysis as well as an absorption analysis of rubber. fheesanalysis of
143 the treated waste rubber wearied out using a Scanning Electron Microscope (SEM). It was important to
144  obtain evidence of the existence of the cross-linking agent (polyethyieegion the surface of the treated
145  waste rubber aggregates after the treatment at high temperE80r&7(°C). The key factor was the existence
146  of the thin film coverage on the rubber surface and to examihe Harsh temperature environment still left the
147  thin film intact during and after the treatme8tnce it was difficult to analyse the surface of the treated rubber
148  out of the rubber-bitumen blend due to the bitumen coating on ryidbéicles, a suitable and alternative
149  approach was designed. Petroleum (petrol special) was used to simulateethefelfitumen. The oxidised
150 rubber was mixed with petroleum and heated to 160-170°C. For theseuof this paper, the results of two
151 samples treated with polyethyleneimine was presented and compared with éa¢edntubber sample. Cross-
152 linking agent at % and 9% by weight of the rubber was added in the blend and ntizeaLighly for 1 hour to
153  produce the uniform coating on the rubber surface. The blendutasif mixed for additional 2 houtstil all
154  the petroleum evaporated. Rubber particles from the blend were then anzigee SEM.

155 The analysis of the absorption properties of rubber was carriedsog the Microwave Spectroscopy (MS)
156 analysis technique. The technique has been proven effective, accurate atablepeahe analysis of the
157  absorption properties of bitumen when it interacts with eufip5, 26]. This was achieved through the indirect
158 analysis of the bitumen taken from the rubber-bitumen blends wittwithdut oxidised and/or cross-linked
159 rubber. The aim was to monitor the surface resistance of the rubbéunmen by indirectly measuring the
160 changes in the bitumen properties extracted from the blend. Baséwk dnebry of the microwave analysis
161 technique it was assumed that if the treatment was effective the spectra olotmmtiee microwave analysis of
162 the bitumen would be similar or close to the pure bitumen curve bedatieeleast change having taken place
163 in the dielectric properties of bitumen. This is because the two bitunmeplesawill have almost identical
164  percentage of light fractions and will exhibit similar properties. Othenhisspectra would shift away from the
165 pure bitumen sample result. For results to be accurate and repeatable, the béitnples svere kept im

166 temperature controlled chamber for 24 hours before conducting thesian&urthermore, the weight of the
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bitumen samples to be analysed need to be precisely the samedtmepaccurate results because of the
instrument sensitivity

The samples were analysed in the frequency range of 2.329-@H47 This is because of the effective
response of the physical properties of bitumen at this band of fragqaeifhe results analysed were for the
reflected power also known as reflection coefficight) due to the detailed and accurate information available.

The samples were repeated twice to prove the validity of the results

2.4. Sample preparation for microwave spectroscopy analysis

The aim of the surface treatment of coarse waste rubber was to use it agregatagreplacement in the
bituminous mix (dry process). However, to study the absorptiopgsties of waste rubber (treated & untreated),
blends of rubber-bitumen were prepared in a similar fashion as in theogespwhere the fine rubber is mixed
with the bitumen and heated. This approach was adapted to study finth tl@ direct effect of the treatment
on the surface of waste rubber and to analyse the impact in teabsarption of bitumen into rubber through
its surface. Treated and untreated rubber was mixed at 10% by weighd toL1of the bitumen sample at
medium shear strain to bring a solution to a continuous phase. Thegmiascarried out for an hour at 160-
170°C. It was then followed by further 6 hours of curing tfee maximum absorption of light fractions from
bitumen into rubber. After the blend was ready, bitumen was extrafftélde blend into the sample tube (15

mL) to be analysed using the microwave spectroscopy analysis teehniqu

The experimentation was carried out in a temperature controlled chamber amahpleeature was set at 20°C.
All the samples were kept in the chamber for 24 hours to stabilise therttome before any analysis tests were

conducted.

2.5. Microwave spectroscopy analysis theory

Microwave analysis monitors the changes in the molecular structure of théamateler consideration via
measuring the changes in the permittivity of the material. Any changles molecular structure of the material
affects its permittivity. This change in the permittivity of the materiallmoaptured in the form of microwave
spectra when the microwaves interact with the materiaRPJ7Fhese response signals could be in the fora of
reflected power, also known as the reflection coefficientipp&ameter as well as the transmitted power, also
referred to as the transmission coefficienSg, parameter30]. Collectively, they are termed as S-Parameters

(scattering parameters) [31Permittivity simply measures the response of the material to the applied

microwaves in the form ad change in the complex electric permittivity, termeccagind is defined a$31):
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Wherez' represents the energy stored by the materiakandpresents any losses of the energy. Measuring the

influence of the material on the s-parameters at discrete frequencies omelatanit to various material
characteristics such as material composition, its type, concentration, size/sizetistrietc. in the sample

under test [31].

3. RESULTS AND DISCUSSION
3.1. Scanning Electron Microscope (SEM) surface analysis

The results of the SEM analysis of the surface of the untreated and tdatted samples is shown in Figure 3,
4 and 5 for comparison. The same particle size was chosen for ta-like-comparison both in the case of
untreated and treated rubber which was about 1 mm. The surface ttcfaintiee SEM analysis was carried out

as described in section 2.2.

v AL = S - S, T R s TR -
surface roughness bthe untreated rubber in the
 form g up\e<en, iqqghgeas and texture ﬂjrgygl’f‘«‘

N -
o R 7 @,

(a) (b)

Figure 3. (a) SEM analysis of the untreated crumb rubber surfacerahgmfication of 3422x (b) SEM

analysis showing the particle size of the untreated rubber to be approxiftnataty
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Figure 4. (a) SEM analysis of the 6% polyethyleneimine treated crurbkrrabrface at the magnification of

approximately 3000x (b) SEM analysis showing the particle size of the tredieer to be approximately 1 mm

@) (b)

Figure 5. (a) SEM analysis of the 9% polyethyleneimine treated crurbbrrshbrface at the magnification of

approximately 3000x (b) SEM analysis showing the particle size of the tredieer to be approximately 1 mm

The comparison of the two rubber samples in Figure 3 and 4 in wfirbeth their surface properties
(appearance, texture, smoothness) and change in the size shamising results and demonstrate the

effectiveness of the treatment. Lookiagthe surface of the untreated rubber in Figure 3 (a) shows tlaeeur

10
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being rough at approximately 3000x magnification. Comparing it withréaed rubber surface in Figuréa}
shows the smooth surface labelled, Figure 4(a), covered by the ffipolgethyleneimine even after going
through the harsh temperature conditions that resembles to the actual treatientréieraction with bitumen.

It is noticed in Figure 4(a) that some parts of the treated rubber leasess of polyethyleneimine, an example
of which is indicated and encircled in the Figure. This might be mitigatéte case of bitumen with further
mixing to spread the layer uniformlyigure 3(b) and 4(b) shows that size comparison before and after
treatment of the similar size rubber sample. It can be observed thertiote sizes remain similar before and
after treatment, hence demonstrating the least (which would be confirmedheitmicrowave analysis in
section 3.2) as well as the durability and effectiveness of the treatmeduierthe absorption of light fractions
into the rubber. Additional result of the treated rubber sample wittehigércentage of polyethyleneimine is
presented in Figure 5 to verify the existence and effectiveness of thegcéalietter uniformity in the coating
was achieved as shown in Figure 5(a) at approximately 3000x ficatjoh compared to Figure 4(a). When
comparing the treated surface, Figure 5(a), with the untreated rinbBigrure 3(a) it is noticed that the treated
rubber surface has smoother appearance in comparison to the untreatrdstuface that shows rough surface
and texture as in Figure 3(a). In terms of the change in the fsihe sample after treatment, it can noticed in
Figure 5(b) that the sample size of 1 mm doesn’t change in comparison to Figure 3(b), untreated rubber. This

indicates the effectiveness of the cross-linking treatment to reduseéfieng of rubber particles.

3.2. Microwave analysis

The microwave cylindrical resonant cavity was utilised for the microwaveysawlof the sample. It ia
bespoke cavity resonator designed at the Radio Frequency and Microwave (Ritid) lgverpool John
Moores University to carry out the analysis of various materials suchtamn¢ailver products, polymers, etc.
The technique is non-invasive and non-destructive. The resonant canliagded aa closed box short circuited
at both ends. Both the electric and magnetic energy is stored withaavitg. These fields together form a
standing wave at certain frequencies causing the resonance to occur iesidavitly. Because of this
phenomena various modes may exist in the cavity, each of them withritsesonant frequency and a quality
factor (Q) associated with it. For the cylindrical cavity, the fundamentdemare Tk and TMyo The TE
(Transverse Electric) mode has a magnetic component in the direction of propaghticeas the TM
(Transverse magnetic) mode has an electric component in the directimpagation of wave. In this way, the

power dissipated in the metallic walls of the cavity due to the applied etereetic wave (in the microwave

11
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frequency region) can be used to study the material under test Imaisgdhteraction with the material [32, 33]
The setup of the microwave spectroscopy system is shown in Figure 6

Due to the response of the microwaves to the bitumen, the reflected pewvdessribed in the section 2.5 was
considered for the analysis before and after the treatrbet signal represents the change in the dielectric
properties of the bitumen samples based on its absorption into rubbemyandanges incurred as a result of
the reduction in the light fractions percentagéer the range of experiments conducted it was found that the
reflected power in the frequency range of 2.329-2.347 GHzbesssuited to indicate the absorption of waste

rubber for each sample and the effectiveness of the treatmeungiththe resonant peaks obtained.

Figure 6. Non-invasiveeattime cylindrical microwave cavity setup for the bitumen analysis
The microwave analysis results of four samples are presented in Figure §amples analysed include:
e Bitumen sample, un-cured.
e Bitumen sample, cured for 6 hours to compare with the 6 hoted bitumen extracted from the blend
with treated rubber.
e Bitumen extracted from the blend containing pure/untreated rubber.
e Bitumen extracted from the blend containing the 10% (by weightf)eotreated rubber oxidised with
0.1 mol/L of potassium dichromate {8r.0;), 0.5 mol/L of sulphuric acid (}$Qy) and water (HO)

and cross-linked with 3% of polyethyleneimine.

12
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7 [ | m==-- 0.1 K2Cr207;
0.5 H2504, 3%
poly_1+6 hrs

— — Pure
rubber_1+6 hrs

Pure bitumen,
6 hrs curing

Power (dBm)

[ e Pure bitumen,
g / no curing

2333 2338 2343 2348

Frequency (MHz)

Figure 7: Effects of 1 hour mixing plus 6 hours curing us#gpolyethyleneimine treatment in the rubber-
bitumen blend (10:100 ratio) containing rubber oxidised with 0.MLnk2Cr207, 0.5 mol/L of H2S0O4, and

water

The resonant peak of the bitumen (cured and uncured) sample were datectathd 2.3374 GHz and 2.3373
GHz respectively. When these peaks were compared with the bitumere saxtqacted from the blend
containing the untreated rubber mixed for 1 hour and further ¢areglhours, a shift to the right was observed
with a resonant peak detected at the frequency of 2.8387 The shift was approximately 1.34 and 1.4441
MHz from the cured and uncured bitumen sample. This amount df(8hifMHZ) is significant keeping in
consideration the sensitivity of the instrument. This signifies tlabitumen has changed its properties due to
its light fractions absorbed by the rubber. When the curve of ithenén retrieved from the treated rubber
bitumen blend was analysed the peak frequency was observed & @Bi8h is an overlap on the uncured
bitumen sample curve. Thus, the bitumen was exhibiting the dielpctjerties similar to the pure bitumen
and could be linked with the loss of light fraction in the bitun@mthis occasion, the results indicate minimal

absorption of light fractionsto the treated rubber.

To indicate the effectiveness of the chemical treatment, microwave ardlgssample oxidised with 0.1 mol/L

K2Cr207, 0.1 mol/L of H2S04, and water followed by 3% polyethylaies is also presented in Figure 8.
13
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Frequency (MHz)
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Figure 8: Effect of 1 hour mixing plus 6 hours curing and 3% ploj§eneimine on rubber-bitumen blend

(10:100) containing rubber oxidised with 0.1 mol/L K2Cr207, 0dl/imof H2SO4, and water

The four samples presented in Figure 8 are:

e Pure bitumen sample, un-cured

e Bitumen sample, cured for 6 hours to compare it with the bituraerple extracted from the cured
blend with treated rubber.

e Bitumen sample extracted from the blend with pure/untreated rubber.

e Bitumen sample extracted from the blend containing 10% (by weightedfehted rubber, oxidised

with 0.1 mol/L K2Cr207, 0.1 mol/L of H2S0O4, and water and crodsetinwith 3% of the

polyethyleneimine.

It can be noticed from Figure 8 that the resonant frequencies of pumeeh sample (cured and un-cured) are
detected at around 2.33742 & 2.33732 GHz. In comparison, the duttve loitumen sample retrieved from the
pure/untreated rubber-bitumen blend shifted to the right showing thegbesproximately 33834 GHz, a

difference of 0.92 and 02 MHz from the cured and un-cured sample respectively. It is a considehéfble s
when compared to the peak value of the bitumen sample retrievediedmtend with modified rubber. It has a

peak at 2.33713 GHz, representing a shift of approximately 0.29.8 MHz to the left, a value closer to the
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cured and un-cured sample of the pure bitumen. Similar to the resiguire 7, the peak value of the modified
bitumen in Figure 8 indicates the dielectric properties of the modified bitsaraple close to the pure bitumen
showing a reduction in the migration of light fractions into rubbtwever, it is slightly towards the left in
comparison to modified bitumen in Figure 7 indicating a slight changdeindtelectric properties of the
modified bitumen. Hence, the combination of treatment in Figures/ mae effective in comparison to the
treatment in Figure 8, i.e. 0.1 mol/L K2Cr207, 0.1 mol/L of H2S@#d water followed by 3%
polyethyleneimine in comparison with the later 0.1 mol/L K2Cr207 nfiofL of H2S04, and water followed

by 3% of polyethyleneimine. This shows that a higher molar concemti@ftid2S0O4 was more effective.

3.3. Mechanical testing and results

3.3.1. Mix design

The mix design was selected based on the target application. The target applicatioiesl isgtfaces such as a
light traffic areas, sports pitches, golf courses, walkways/pathways, etavaitable recipe of the mix designs
in the British and European Stand#wor this kind of application includes a 6 mm medium graded seidaarse
(MGSC) mix and a dense graded surface course mix. Since, thespumyas to modify the mix design and
accommodate the waste rubber aggregates (along with their swelling propbdiddGSC mix design was
selected for carrying out the mix designs and mechanical tegtitgpical MGSC mix gradation target limit

according to the PD6691 [34] is shown in Table 3

Table 3. The target limit for the composition of Medium Graded Surfaces€ fMGSC) mix [34]

Mixture description AC 6 med surface
Test sieve aperture size % by mass passing
10 100
6.3 98
4 -
2 3341
1 14-26
0.250 -
0.063 4-7
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For the purpose of the laboratory based mix design of the sartigesjean value of the percentage of the
respective size of the aggregates was selected for the new mix designsx gunedation chart for the target

limit and composition is shown in Figure 9

Upper
envelope (%)

Lower
envelope (%)

= Selected
gradation
passing (%)

2

Sieve size (mm)

Figure 9: MGSC mix gradation chart for the target limit and compostion

3.3.2. Optimisation of the mix design and samples prepared

The mix design of the control and rubberised samples in terms ofntbana of bitumen and rubber was

optimised using the flow chart of Figure.lhe samples prepared were as follows:

Control sample

Sample with untreated rubber

Sample with treated rubber using method 1 (TP1)

Sample with treated rubber using method 2 (TP2)

Typically, the difference between the TP1 and TP2 treatment methodhatas tTP1 the rubber was first

oxidised and then cross-linked in the rubber-bitumen blend mixetl fmur and cured for further 6 hours as
stated in section 2.4. However, to examine the impact of a variation ir#teaént method, in TP2 the oxidised
rubber was first cross-linked using the polyethyleneimine anefdciar 3 hours in the oven at 170-180°C. The

rubber obtained was then used in the preparation of rubberised bitisnnitbo samples.
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All the bituminous samples (control, untreated rubberised and treateerisddl) were prepared and compacted
according to the British Standards [35, 36]. The samples prepared wer@ tssng the Indirect Tensile
Stiffness Modulus (ITSM), for the stiffness behaviour, and Repeated Axiatl Test (RLAT), to evaluate the
resistance to permanent deformation. Ageing tests were also conducted otiebatintrol and modified
bituminous samples to examine the effect of ageing to simulate thetibabservice life from 6 hours to 10
years. Some of the samples prepared are presented in Figure 11

,/;Bituminous mi)l\
‘\\ design /‘

\ 4
Different Optimum X
) Confirmed
percentages > binder »  Control sample |« ~ont
X using ITSM test
of bitumen contents
Optimum binder contents
Diff t
erlcee|'1rtea\n os - Optimum ‘ Rubberised | Confirmed
pof rubbgr " | rubber content " bituminous sample | using ITSM test
Optimum rubber contents
Different . Optimum/close to .
percentages > Ookimun > S < Confirmed
) rubber content . using ITSM
of bitumen rubberised sample

Optimum rubber and binder contents

Two
treatment
methods for
rubber

Optimum control, .
) P Confirmed
rubberised control, < R
using ITSM
and treated control

v

Conducted
mechanical tests,
such as, ageing,
RLAT, ITSM, and
water sensitivity

1
Results
v

Aged and
non-aged
samples

Compared results to
identify important
parameters and
recommend further
improvements
based on the results

Figure 10: Schematic representation of the overall strategy to optimise the mix design
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Figure 11: Subset of the bituminous mix samples preparaed (control dredisel)

3.3.3. Indirect Tensile Stiffness Modulus (ITSM) test

The test conditions set for the ITSM test were the horizontal strain/deforméiti@005% of the specimen
diameter, the rise time of 124 + 4 ms (equivalent to the frequeihty33 Hz), the specimen diameter of 100
mm, the specimen thickness between 30-70 mm, and the test temgpefaf0°C. The stiffness results and

comparison of various samples are presented in Figure 12

R B Control sample
8000 i
7000
B Control rubber
6000 sample (uncured)
5000
 Control rubber
sample (cured)
" 4000
(7]
g ®
& 2-3000 H Upgraded
& E rubberised
bituminous mix
2000 using TP1
M Upgraded
1000 rubberised
bituminous mix
0 - using TP2

Without Ageing Short-term Ageing Long-term Ageing

Figure 12: Stiffness Modulus of the control and rubberised bituminongles (aged and unaged)
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The results show that in the case of unaged samples the highesbivéheestiffness was obtained for the
untreated rubberised bituminous sample cured for 6 hours. The oflthe stiffness of the TP1 treated
rubberised bituminous mix has a value of 2653 MPa, comparable to ritvelceample of 2854 MPa. The
stiffness values for the TP2 treated rubberised bituminous mix anththeed control rubber sample has the
lowest values. In comparison to the unaged samples, the short-ternsagptes showed variation in the
stiffness values of the samples. The highest value was obtained fayntinel sample followed by the cured
untreated rubberised bituminous sample that was slightly highetitamcured untreated rubberised sample
(3309 MPa). The value of the TP1 treated rubberised bituminous sdropleed to 1970 MPa compared to its
unaged version. However, it was still significantly higher thanTih2 treated rubberised bituminous sample.
The last comparison was between the long term aged samples. SignificamiyJafyes were obtained for the
control and untreated rubberised bituminous samples (cured and uné¢iwedver, the stiffness value of the
TP1 treated rubberised bituminous sample increased (2086.5 MPa)geitlg ashowing improvement in its
stiffness. In contrast the TP2 treated rubberised bituminous mix stiffieelsiced further to 513 MPa. On
repetition similar results were obtained. The results show that the stiffallessneeds improvement in the case
of lightly trafficked areas applications. However, the TP1 treated mix can bsedtifor playground and
footpath applications after changes in the mix design (such as theftfjlber and percentage of waste rubber)

to improve its performance. This will be verified in the proposedviafig study.

3.3.4. Repeated Load Axial (RLA) test

To study the resistance to permanent deformation of the newly gedetabberised bituminous mix, an RLA
test was used. Again, the comparison was made among the contpté gamrubber), the control rubberised
sample and treated rubberised sample (both aged and unaged sttesulis are presented in Figure 13 and

14 for unaged and aged samples respectively.

By comparing Figure 13 and 14 it can be concluded that the deformétadhtbe samples decreased after
ageing compared to the unaged samples. Improvement was observedesutteaf the untreated rubberised
sample (cured) whereby the axial strain reduced from 50,000 ntiein-® 14500 micro-strain for 3600 pulses.
Also, significant improvement was observed in the RLA valugn@fTP1 treated rubberised bituminous sample
with the axial strain reduced from 55,000 micro-strain to almost @0rf@ro-strain for 3,600 pulses. In
contrast, for both the untreated rubberised bituminous sample édj)and TP2 treated rubberised bituminous

sample, the failure occurred at 300 and 1300 pulses respectively, eari¢hah@ompletion of the load pulses
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385  (Figure 13). Improvement was observed though in the casaanfred rubberised bituminous sample with an
386  axial strain value of 52,000 micro-strain (Figure 14) compared to theefailat occurred at the value of §338

387  micro-strain following 2100 pulses (Figure)13
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389 Figure 13: Repeated load axial test results of the unaged control aedisatitsamples
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Figure 14: Repeated load axial test results of the aged control and rubbaripésssa

The results show that the TP1 treated rubberised need improvement inténmsleformation properties for its

application in the light traffic areas but may be suitable for the applicationsaasyghygrounds, footpaths, etc.
after minor amendments in the design. This could be achieved thitweigise¢ of an alternative filler or by the
inclusion of fibres into the mix and retested to see the improveméntherefore recommended that the future
work should utilise fibres in the mix or replace the filler used withrhineral filler such as hydrated limestone.
Literature [37-40] suggested that by replacing the ordinary filler fromagiggegate source with the mineral
filler such as white cement, ordinary Portland cement, hydrated limestaneehasnic waste dust, coal fly ash,
etc. and adding fibres substantially improves the mechanical propertiesmoatigéal which might be suitable

for light traffic areas, etc. It would be interesting to have further labgratiafs and tests using these fillers

with the TP1 treated waste rubber to monitor and analyse the impaatioaddition.

4. CONCLUSIONS AND RECOMMENDATIONS

Tests were conducted to monitor and analyse two aspects of the curdgniT$iis included:

e The quality of the waste rubber surface treatment to reduce its absopptiperties. The tests
conducted were the SEM surface analysis of the rubber and Microwaveospepir analysis of the

bitumen.

¢ Mechanical properties of the newly designed bituminousesgtdy utilising the treated and untreated
rubber and comparing it with the control samples through Stiffneskulo® test and Repeated load

axial test

The following were the conclusions from the analysis and mechanitatseds.

e The SEM analysis in Figure 4 & 5 of the surface treatment sholee@xistence of the film on the
surface of the rubber particle. This indicates the durability of the thindi the surface under harsh

temperature conditions of mixing.

e The microwave spectroscopy analysis of various samples of bitumemstice pure bitumen, bitumen
out of the untreated rubber bitumen blend and bitumen from the trealber bitumen blend
successfully showed the variation in the bitumen properties when iherravas mixed with the

bitumen. The microwave spectrum obtained for the bitumen from tra#tbdrrbitumen blend showed
21
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the properties close to the pure bitumen demonstrating the effectivertbegretment. This provided
evidence of the reduction in the absorption properties of the rubbemed#) the bitumen from the
untreated rubber bitumen blend hashifted spectrum from the pure bitumen case showing the change

in its properties due to the absorption of light fraction from bitumenruitber.

The mechanical test results indicates that the mix design need improventkatfollowing/future
study to make it applicable for a range of applications. The results show ¢hatatierial is only

suitable for applications such as indoor and small play areas and posskay@bhnd pathways.

As mentioned in the last section, the mechanical behaviour of the mixeetadied in the subsequent
studies to monitor any improvements by replacing the ordinary filldr mineral filler or by the

addition of various types of fibres.

Future work is required on the use of higher percentage of rtitdoerl 0% to make the material more
suitable for sensitive applications such as childrgitaygrounds, sports track and pitches, etc. that

require higher flexibility and softness of the surface with stadxdorbing properties.

Thorough mechanical testing is required to ensure the durability of dteriah with additional tests
such as Head Injury Criterion (HIC), etc. to make it suitable for additimdustrial applications such

as childrerns playground, sports pitches, tennis courts and turfs.

Field trials along with the modifications in the mix design are also reconeddndthe newly devised
TP1 treated rubberised mix to monitor it over a certain period of éintkin a range if weather

conditions.

The results show that the treatment technique has the potential to regladesdnption properties of
the waste rubber and improve the bituminous mix mechanical propertieurtiter modifications in
the design. However, further studies with additional chemical treatmehtssting is recommended to
verify the claim. It would also be interesting to verify the reduction in rphisoa by analysing the

bitumen samples through a suitable existing techniques such as FT-IR.
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