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ABSTRACT

The increased emphasis on sustainability in pavement construction has led to the incorporation
of synthetic alternative aggregates, such as crushed waste glass (CWG) in hot mix asphalt
(HMA) production. As the uppermost layer in a pavement structure, asphalt is constantly
exposed to traffic loads, fluctuating atmospheric temperatures and varying rainfall conditions.
Given that asphalt constitutes the most vulnerable and expensive layer in a pavement structure,
ensuring an adequate load-bearing capacity and maintaining structural integrity are critical.
Accordingly, a comprehensive understanding of their fracture response when subjected to a
combination of mechanical and thermal stresses is essential. This is more crucial when new
aggregates (CWGQ) are explored for use in asphalt mixes, which could influence their properties
and prospective on-field performance.

This study focuses on investigating the fracture behaviour and thermo-mechanics of
dense graded HMA mixes prepared with varying percentages of CWG, as a replacement for
natural fine aggregates (particle size < 4.75 mm and > 0.075 mm). This was achieved using
standard testing methods and advanced experimental techniques to evaluate mixture stiffness,
fracture response, crack propagation and deformation characteristics under simple and complex
stress states. To understand the effect of aggregate morphology on the mechanical performance
of asphalt, a detailed aggregate shape characterization study was also carried out. Mesoscale
features such as sphericity, roundness and angularity were quantified through image analysis
and computational techniques, while the microscale feature — particle roughness was estimated
using 3D optical profilometry and the fractal approach. Four mixes with increasing CWG%
ranging from 2.5% to 42.5% were designed with unmodified bitumen as per the Marshall
method. Specimens prepared at the optimum binder content were further tested for their
cracking resistance through the Brazilian and Indirect Tensile Cracking Tolerance (IDEAL-CT)

tests. Additionally, a novel stereo high-speed photography technique was used with the
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Brazilian tests at — 20°C, 0°C and 60°C temperatures for accurate estimation of crack initiation
stresses, crack locations, crack speeds and nature of cracks in the specimens. The IDEAL-CT
tests were conducted at room temperature (22°C) on Marshall and Gyratory compacted
specimens. The observed fracture response was further studied through thermal parameters of
the mixes— thermal conductivity, diffusivity and specific heat capacity, measured using the
Transient Plane Source (TPS) method. In addition to cracking, which is a major form of
pavement distress, rutting and moisture damage are of significant concern, particularly in
regions experiencing high temperatures and rainfall. Therefore, the Hamburg Wheel-Tracking
(HWT) tests were conducted to evaluate the rutting and stripping resistance of the mix designs
with increasing percentage of CWG.

Following initial investigations into the fracture resistance and thermo-mechanical
performance of the mix designs, the ultrasonic pulse velocity (UPV) technique was used for
precise identification of crack initiation and crack damage thresholds in the specimens.
Unconfined compressive strength (UCS), uniaxial and biaxial compressive tests were
conducted on cubical samples, coupled with ultrasonic transducers at room temperature.
Further, true triaxial compressive tests were performed and the volumetric strain approach was
applied to identify and compare cracking closure, crack initiation, and crack damage thresholds
in reference and CWG mixes. Finally, results were fitted to established failure criteria such as
the Mogi-linear, Mogi-power and the Drucker-Prager models, offering a deeper understanding
of the failure characteristics (compressive and shear dominated) and mechanical behaviour of
the mixes.

The Marshall test results reveal variations in stability, flow and volumetric properties
across mixes with and without CWG. Mixes with increasing CWG are observed to have lower
Marshall stability, flow and optimum binder contents but higher stiffness (Marshall Quotient).

The IDEAL-CT evaluations show that the Cracking Tolerance index (CTingex) and other key
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fracture parameters are a function of the mix design and specimen size with lower CTindex being
obtained at higher CWG contents. To follow, the Brazilian tests with high-speed photography
provide accurate identification of crack initiation thresholds and estimation of crack speeds
which vary with the test temperature and percentage of glass in the samples. Higher ultimate
tensile strength and stiffness are observed for mixes with 10% CWG at all test temperatures.
Thermal property measurements also provide insights into the observed fracture response by
highlighting lower thermal conductivity, diffusivity and specific heat capacities of samples
with increasing CWG. Further, the HWT tests demonstrate improved rutting and stripping
resistance in mixes with CWG up to an optimum inclusion level of 10%. The above findings
on cracking and rutting performance of the mix designs are better interpreted with aggregate
shape parameters and their associated effects on mechanical performance.

The ultrasonic pulse velocity (UPV) test offers a novel perspective into crack
propagation mechanisms in mixes with and without CWG, depicting variations in wave
velocity and energy during uniaxial and biaxial compressive tests. Biaxial test results indicate
the strengthening effect of the confining intermediate principal stress (g,). Ultimately, the true
triaxial compressive tests contribute to a more comprehensive understanding of the strength,
deformation characteristics, crack patterns and crack thresholds in mixes with and without
CWG, under complex stress states experienced by pavements in the field. Failure criteria
assessment also shows differences in degree of fitness for the tested mix designs indicating
differences in mechanical response (comparatively ductile reference mixes vs brittle CWG
mixes). The findings demonstrate that mixes with CWG (upto 10%) show improved rutting
performance compared to reference mixes. However, the stiff and brittle characteristics of
mixes with CWG affect their cracking resistance. Overall, the study highlights the feasibility

of CWG as a sustainable, yet mechanically distinct alternative aggregate for asphalt production.
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ABSTRACT IN HINDI (9RTR)

Uatc fafor § ¥aadr (sustainability) TR §¢d SIR & URUIRGEY, gic fHag TShlee
(HMA) & o & Ridfes dwfeus witiey, S {6 %3S a% @ (CWG), &1 SUAN
foaT S @ §1 UgHe ST B GaY S WRd 81 & HRUT, Thlee MR AT
YR, URTAIT IgHSH dIUaM auT Seadt au IRfUfaal & dud & gl ¢l dfe
UpTee UaHc URaT &l Jed St Fag-Riter 3R He'll URd Bl &, SHfeT uafd HR-
TG & G HRAT AU TRATHD SIS Y TG A SHAAD ¢ | 37c: TiAD
Td At aral & Agad UHTd B 39! thaer Ufafhar & THY IHE Sadd &l il g
g ATTIH AT a9 R 3P Agayul g1 STl § 5Id ¢ THISH (CWG) B! TxhTee fHgyor
& il oo Siran 8, aifor o Yo o 0T quT YHTTad thics UeRM &I gHTfad &R 9dhd
g

g I UIphfdd TglH TICH (Ul HHR < 4.75 fiHlt v > 0.075 ) &
3R R & U & fafie ufa=idt § cwG & IuaiT 3 dUR e T8 S9 98S HMA
1307 & TherR SHaER Td YHT-Ap o d 0N ! wird R Higd &1 3T forg A Tlierm
faferl U S UrifiTeh deb-iep] b1 SUIT foba 11, fOrTdl TR Td wifeel aHTd SaTaf
o Y1 3 HeRaT, thaar Ufdfhar, v TR T fagpia faRiwdrsit &1 geaie- fasar o
T | TpTeE & i Ta= R THIE 1P & guIa I THeH 8 U g Wi
PR fadivar siemme +f fpar mam| Ae-wha favaredl o WS, I8ey @
TR DI A [IRANUr Td AU g da-iie! gRT AETES 0 ¥ fAuiia fear mn,

Safd AgPI-Thd faRINAT 3ufd HUI WRERITA (particle roughness) &1 3THET 3-D
3fiPdma Uifthaic! Ud thded Ui gRT fasar |
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2.5% ¥ 42.5% T dgd CWG Ufa=Id & 91 IR Byl o1 feere srafswiss fagaa
& T AR fafd & SR fordr 77| SPaH SIgeR Al R R T &I STeiferda
TRIEUT TUT SSTIRTE TS A shidhTT TIARH (IDEAL-CT) TRI&UN o HTEAH ¥ I ohfchl
UfoRIY &A1 & foTT SiFT Ul 11 39 SfdRed, —20°C, 0°C TUT 60°C AIUHMI W
STSIera URI&T o |1y Ueb Td1- WiRa! 818-WitS WICHI®! deb-ilch T IUUNT febarn
1, o e 3RY TG, b I, b ol qUT AT H § aTdl bl Bl Upfd &l
Tl 3Tl IH Bl HahT| IDEAL-CT URI&UT HHR & AU (22°C) TR HIRI Td Slges]
HIFes T IR T M|

O thaer ufafosar &1 S sreqa fson & ardi Tui—dardia araddr, ardia
TRRURITeT Td fafRy w1 etikdr—or Arend ¥ fosan wan, forg ciforie @i | (TPS)
3t & wran a1 ohfdT & sifafad, S Uade &fd 1 U T &4 g, I ud ot aff ot
IR U q I quHE ud 34fde aui arar &= # 1R ffar w1 fawa 81 8ia: cwe & sgd
gfa=Id & IrY s fesmgt &1 e ud fefthn ufeRiy emar & geaid /g a7 @id-
ST (HWT) ST b Tl

301 fEwmeHl &1 Thaer UfcRlYy &l Td yHl-AdbMHed Jaxiq W URfi® Siid &
TYTd, A § b 3RY T shep &ffd THTell & Iid UgaH & oY Sfecrii-e I&
AARIE (UPV) bl BT IUANT fbdll AT SR & A W Hfddhd TG R
FHIWIES HURE WY (UCS), ZF3NRmad Td sriifaaad ddte wsier fey g, 5
ST CIaSgEd & A1y SIST TT| 39 HfaRad, T crifeqdd duis usiem fay
T YT aicgifes © VDIV B TATHR IBIW Td CWG T4l 7 Shep FRiloR, $hep
SMRURE Td % SH WH1sT &1 Uga™ Ud qa- &1 x| Sfdd:, aRume! & wifid




fawmaar AFc S o Afl-cif R, AFft-urar auT SaR-ITR Aredl & A1y fthe foar T,
o foreyort & fatseran Jored! Td Tifie HagR &1 T8+ IHS U &l 9|

HIRie GRI&UT GRUMA CWG & E1Y T foAT cwG drel gl & R, vl wd
diegafee 1ol & firsrar g=ifd §1 CWG &Y AT S & Iy ol & oy Arefe fRuRa, wal
Ud 3yad Sgex aidl, fdhq 3ifties HARaT &t T2 | IDEAL-CT Hedidh § I8 WV gidl §
o5 hTETT TR L8R (CTinaed T 317 T ThoeRk TRrefTeR fogor f&eiret ud o
AMHR TR R A &, T I CWG THR TR B CTingex U BIT 81 3T, TTE-ThS
BICIATH & 1Y fhT 7T sreiifera udieror fafte e ud @ ufa=rd & a1y b
SR TS B AP UG AT oheh a7 b SHTH T Dl AT I & | T URTeror daromr=i
TR 10% CWG dTel fsfunl 7 offdfes sifcrd o= Qe Td o Rdl ¢@ 715 |

g Tont & Ao § o Ofd Shee ufafshar &) caren | geradr fyad! €, |ife
ded CWG Ufa=Td o Irf A1 | d1diy arctepd], YRRURITed U fafRmy Ssam aiikar &9
urs 5| 39 Sffafked, HWT Tlietll & g8 UaRid gidl ¢ f& 10% d® & ¥aH CwG
TR O vl # 3T ue fRe i ufaRty ¥ gur g1 8 1 $hidv wd 2fev ueefa @ wsifia
SUad FTSHH! B dgaR AR TURIT HR IR 94T 3% JifAe UG IR THG
& el & Y o gt B

UPV T1&{0T CWG % |1y T4 foHT CWG aTet firsioll & oheh TR o &1 T 1d 1 2f9
TR R 8, o gfenfRmgd vd sRfRmad Sdites udleron & SR O 31 Td Soif
7 firang velRfa gt €1 sdfRye wiemn afkomm Fead! vE IdisT a9 (0,) &
UREeE YHTd 1 3T § | 3fdct:, T grifeqad HUls Tietl bies H UaHc gRIT 3JHd B
I aTefl Sifee TTd SfaTsfi o Sfavid CWG & |1y Td foHT cw arel st ot 2ifer,
fagfa faRivarstl, e et aut e dwmrsii &t ifis US THg UeH &d o
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fawed AMES & S ¥ Rigr fbu 7T gy fEemsl &t Iugadd of il 4 off
3R fears <ar &, S aife ufafehar & fiysar &) <2fal | (qoide ¥u ¥ 3ifie T
B fHreoT 99 3ifere 4R cwiG fson | fse g=ifd § T 10% a& cwiG aral farson
o YW Yol & ga B S8R AT USRH WK gl § | Ui, cwG gad ol @
HER Td 1R TP It ITDT ohfehTT TTaRTY &HAT BT THTIIT Bl & | THT U U, TG ST
TTHIeT IATG & A CWG BT T T, fvg Tife wu 9§ g dabfeusd Titie & ©u o
3O 1 AR bl Xifehd Bl &
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