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ABSTRACT

The structural design of flexible pavement is a complex and tedious task. Variation in
factors such as traffic loading, pavement material properties, climatic conditions,
construction techniques and models, result in uncertainty. This in turn leads to significant
deviation in the performance of pavements (when compared to design). One approach to
reduce the errors in the performance prediction of pavement is through uncertainty
quantification, while accepting the fact that uncertainty can never be eliminated
completely. Quantifying uncertainty from the potential sources eventually result in
pavements with minimum deterioration, resulting in savings in maintenance cost.
However, the current pavement design methods will not account for uncertainty issues at
design stage. Hence there is a pressing need for quantifying the uncertainty, from these

sources, considering the efficiency and economical aspect of pavement design.

The overall objectives of the thesis include addressing uncertainty in two stages of
pavement analysis-design framework namely, (i) constitutive modelling of viscoelastic
framework, and (ii) pavement design level. The specific objectives, overall framework

and results obtained are discussed below.

(1) Characterization of uncertainty in asphalt mixture dynamic modulus: The dynamic

modulus (JE*|) values of Asphalt Concrete (AC) are determined under laboratory
conditions using frequency sweep-temperature sweep tests. Subsequently,
mastercurve is constructed using the time-temperature superposition principle. Even
under best quality control, significant scatter is found with results obtained with
frequency sweep-temperature sweep tests. This scatter can be attributed to issues

during fabrication processes, testing, and analysis process. This part of research
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addresses the issue of scatter through uncertainty quantification techniques. For this
purpose, |E*| mastercurves constructed using different specimens but with the same
mixture were used. The |E*| values at a particular reduced frequency were analyzed
using uncertainty quantification techniques. The results indicate that parameters used
for quantifying uncertainty are dependent on testing frequency (in the range of 0.1
Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 2 Hz, 5 Hz, 10 Hz, and 20 Hz ), testing temperature (-10°C
to 30°C at 10°C increments), and reduced frequency (1.0E-05 to 1.0E+05 Hz).

(2) Quantification of uncertainty in the mastercurves of viscoelastic properties of asphalt

concrete: The prediction of AC behaviour using continuum damage mechanics
approach requires viscoelastic properties like creep compliance, D(t) and relaxation
modulus, E(t) values. Due to practical limitations, dynamic modulus (|E*|) and
phase angle (¢) measurements are used to construct D(t) and E(t) mastercurves.
Due to issues during testing, fabrication processes and interconversion
approximations, significant scatter can be found in D(t) and E(t) mastercurves
constructed. This part of research proposes and compares quantification methods to
address scatter found in D(t) and E(t) mastercurves. For this purpose, several AC
specimens with identical volumetric properties were prepared and tested for |E*| and
¢ values. The results indicate that the choice of simulation technique affects the
statistical parameters associated with the Probability Density Function (PDF) to a
large extent. In other words, uncertainty found in D(t) and E(t) values are dependent

on the choice of interconversion technique and time of interest.



(3) Analysing the effect of construction methodology on uncertainty in asphalt concrete

mastercurves: This part of study critically evaluates the effect of (i) various
temperature shift factor determination approaches (i.e. free shifting approach,
Arrhenius type equation, William- Landel-Ferry (WLF) equation and Kaelble
equation), and (ii) functional form of mastercurve (symmetric and asymmetric)
adopted on the resulting uncertainty in D(t) and E (t) responses. The results indicate
uncertainty at any particular reduced time is dependent primarily on mastercurve
construction method. Based on the uncertainty quantification parameters, various
mastercurve construction methods were ranked. Based on this ranking, for a given
sigmoidal function, use of Kaelble, Arrhenius, WLF and free shifting approach
resulted in the least to highest uncertainty. Further, for a given temperature shift
factor, symmetric sigmoidal function resulted in higher uncertainty when compared to
asymmetric sigmoidal function.

(4) Evaluating the presence and propagation of uncertainty in asphalt binder

mastercurves: This part of work proposes a comprehensive framework to quantify,
propagate and separate uncertainty in the finalized unit response mastercurves. For
the demonstration of this uncertainty evaluation framework, a set of nine asphalt
binder samples were taken from the same container, which was short term aged and
tested for its viscoelastic properties. Subsequently, J(t) and G (t) mastercurves were
constructed (i) directly (using experimentally determined j(t) and G (t) values), and
(i) through numerical technique (using |G*| and ¢ values through interconversion
approach). Further, uncertainty in mastercurves was evaluated and quantified using

several indicators. The numerical values of these indicators reflected that higher
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uncertainty existed at lower and higher reduced time (and frequencies) when
compared to intermediate reduced time (and frequencies). In case of relaxation
modulus, the numerical values of NUR corresponding to lower (1.0E-05s),
intermediate (10s) and higher (1.0E+05s) reduced time values are 6.11E-01, 2.97E-
01, 1.67E+00 respectively. Further, uncertainty in viscoelastic parameters increased
with intermediate steps in the interconversion process. Subsequently, the uncertainty
in the J(t) and G(t) mastercurves was separated into epistemic and aleatoric
uncertainty. The numerical values of these statistical indicators reflected that the
uncertainty in mastercurves (at a particular reduced time (or frequency) was also
dependent on the construction technique, chosen distribution function and sample
size.

(5) Comparison of various surrogate models for predicting strain at critical locations in

flexible pavement: Various numerical techniques used in flexible pavement analysis

(for estimating the strain at critical locations) are computationally expensive. Under
such circumstances, surrogate models (which reduce computational resource
requirement) becomes handy. This part of work evaluates the efficacy of three
surrogate models; response surface method, Kriging model, and Support Vector
Regression (SVR) model for predicting strain in a four-layered pavement structure.
Several combinations arising out of different kernel functions, loss schemes, and
optimisation methods were used to construct surrogate models. The strain at various
critical locations in pavement structure was predicted using these surrogate models,
and the model accuracy was evaluated using various statistical techniques. From the

study it can be concluded that the proper choice of kernel and optimisation method

vii



plays an important role in the finalized surrogate model. Kriging model was found to
be superior to SVR and RSM for predicting strain at critical locations i.e. under one
of the tyres and middle of the dual tyre.

(6) Estimating model uncertainty of the surrogate strain model using Bayesian Model

Averaging: Most of the surrogate models rely on conventional approach of relating
covariates with response through simplified models. Usually covariates are chosen on
basis of experience, and data availability with ease. Further, form of the model is
finalized based on statistical indicators and goodness of fit values. Thus concept of
uncertainty in selecting the model is completely ignored. This often leads to
overconfident results and an increased risk in the prediction. Under these
circumstances, Bayesian Model Averaging (BMA) could be a potential model
building tool. This part of study presents BMA based approach for choosing
influencing variables and quantifying uncertainty associated with the linear regression
models used to predict strain in a four layered pavement structure. Initially, modulus
and thickness of individual layers were used as input into surrogate model building
exercise. Out of 128 possible models, best 100 models were used in conjunction with
BMA technique to rank various models and variables. Further, model uncertainty was
represented by plotting the marginal density function of the coefficients, Coefficient
of Variation and Normalised Uncertainty Range. BMA exercise indicated that
modulus and thickness of asphaltic layer,and modulus of binder layer accounted for
majority of variability (upto 88%) associated with tensile strain in asphaltic layer.
Similarly, thickness of asphaltic layer modulus and modulus of subgrade affected

vertical compressive strain prediction models significantly (upto 38%). Also, ranking
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based on the posterior inclusion probability can be used as alternative for traditional
sensitivity analysis.

Keywords: Uncertainty Quantification, Constitutive modeling, Time-temperature
superposition; Mastercurve, creep compliance, relaxation modulus; Surrogate models;

transfer functions; Bayesian Model Averaging; Shift factor.



R

TR G 1 e R T SR AR 4w B 3, o e @ g el
HRS!| B URGd-RAAd 3R Fiebed & HRU ¢ SR GRUmH sifAfEadr 81 aramd s,
Feury et 7T, STaarg aRkfufad, Fafor aeiie ok Aisd o dRe! o fiddr I
SHfAfErerar Uar ¥ 3R Feurdf & = &t Hiawamft # Heayuf fagad &) ok 78| Feury
¥ e o1 Higsgaroht & et B 1 B BT U WU JHIUH AR w1 afamr g
Tl 6, IH a0 P WIHR dxd gy & A o Hft ff Tt e I war =& fosar o
Fhdl g1 FUIAd Al & ST BT HH H & URUTHGEY 3idd: JAdH Tg-H 3R
Y & WY Peurdl H uRumA gl B, e uRumREaRy peury d Heifyd i
aiEreTe & fore oiRférd A @ qud it 81 grelifey, WivEr Geury f$ere & qlis
ATYAT & RS Bl 3D SOz & T8l A &1 FIY Heury fSHET &1 qardm 3R
fFmrd ugq R faR #xd gy, sifAf¥adret & fRufita #=9 & fiw we qa@ &t

TGS B |

i o FHY I =T H Beury fIReiur-fEHTg e & 41 TR H (& 1 Felftd
HAT M g, (i) fasipuaes Had H1 Yaue Aisfer, 3R (i) Feury feug wr|
fafRry SEel, Ty FoRaT 3R UTed gkt = == @t T 7
(1) SR o & sfHfeaar &1 foRivar SAE® Aie: S™HH® AU (|E*|) SR
HebIc (AC) & | & 3Mghi WY-AIE WY URIEUl BT IUANT B FANTRITET
uRfRfad & RufiRa fobar SIrem 81 59 dle, TrEH-Cuver JuRUIoRH Risid @1
JUTNT HRd §U HReIF o1 A7 fovar STra §1 g8t ao o wata Jores o
& I8, SMGRT WIY-ATaHT W9 Ti&uil & Ay YT TROmA & A1y Agayu! foexma

X



UTT ST B 1 9 Uhiui ot o ufthanell, vdterr ok faeir wfthan % SR Rl
& forg RCR 3= S JobdT 1 SrEUM &7 T8 fowan Affddr 7 &1 3evia
P! & HEH 4 fTERE & Ge &I Hald a1 ¢| 39 WaeE & o (|E7)
STT- ST A BT SUTNT HRd §T ARCIHRA PI AT foam 7T o7 <ifchT U g
fH307 & 1Yy IuGRT foba 1 U1l (|E*)) T fORY U ¥ &H MR W qAdl B
el SRS URHATUBRUT debilehl T SUANT Reb fobarm Tam Tl ufRums ST
R § b ST B g F forg Iw fby oM aret tRftey wien gt
TI&01 A 3R HH g R AR &

(2) SR Sebic & fampaRed o & HReWDIaY H AT &t A fFRavdr afa
FifAD! TPDIU BT IUINT B Tl TagR i HidsIaTult i FH1 3UTeH, D(t)
3R faym ATi®, £(t) Geal oY fovpiRied o & 3TaRgehdT gt | | STdeiRe
1S & PRU, SRS AUiS (|E*|) SR TR SO AT BT ST D(t) AR
E(t) AReH o] o9 & o fobar ST 81 9fierur & SR He) & HrRur, fgfor &

UfehaTy 3R e Afaded, D () 3R E(t) AReIBeq H Ag@yul forarTa urar
S Tahdl § | SFTHUH BT Jg YN AT Rl § 3R D(¢) 3R E(t) HReHoy o
UT¢ & aTdl foRaRTa &t Waifed & & e aeddss adie! ot ga ol ol 39
TRteH & fore, Iu areg=fie TN 9 B TRl A B O faan T SR I
e fsar (|E7)) IR and A GRUMH §d1d € f RMARE d&-ie &1 g
Tiefaferdt SRt e (dISium) ¥ e FiRsTaia ATuGS] &I BB ga db THIAd
AT &1 TR Usdl B, D(t) 3R E() el | firelt iffeddr Sevepa ao-ita SiR

Ude & gAY &t I¥ig R AR B

Xi



(3) SR Pshic ARCITDIGY H SHFETA W {0 usfd & uurd o1 fazeivor: srea
%1 g8 fe= iR =U 9 (i) fafva auee uRadd eRe FuRor efP@ior @ gad
BT & THTT BT Hedih BT & | 3R Breted JHIB0N), 3R (i) D(¢) 3R E(6)
gfdfcbaraf # gROM ST WR OIS TS HReRd (WHIHA SR rHHE) B
FrEfEs 0| oo fad fady U @ o0 99 W AT &1 Ghd 3d §
TS %0 ¥ IRexgpa Ao fafy R MR g1 siffgaar afvamfiero amodst &
YR WR, faflrd ARexgpa Fafor fafial &1 ¥ fasar Tam o119 3T & SR ),
frht fou Tu Ryrmiigsd oM & fog, bad, 3ReMUY, Ssuauw 3R Wi RifteT
=PIV BT IUANT HH A HH Iad YA & U H gl g1 S 3], Tb
fau T qUEE uikadd HR® & U, Efd Redissd HaRE & ga § 9™
Rroiged HharM & TN 3 SHTEddl gs |

(4) SR SieA Bt A=A ARexGY § T &1 IufRUfT 3R TR &1 geid: HH
o1 U8 f=an 3ifqH 3T ufafehar AReRpoy § TG, YRR 3R 3ol ifif2aar
& o0 Ueh TUes i &1 URATd &l & | 39 SAfadT Jeaidh oid & UeRH & g,
T B HeR J Al SR Y= 31 A T BT T e foram Tam o, S sreqepifere
3 SR D! [ RdRe® o & forg udtemr fear mar o1l & & je) iR
G (t) AReHod &1 ol fbar man () A wames wu 9 Fufa § @) ok
G () I BT YT IXb), 3R (ji) WATHD db-iidb &b HITH I (SUANT | eyl
=PIV & HegH J 7H) | ST ST, B3 Jbdd! BT SUART B HREIWDIGY H
AT &1 geaie SR Ar FAufa &1 18 R 37 dohde! & TeAaEs i 3
gxIfaT i Tegadl &H T (3R Sgfal) & ga § I fAf¥aar &1 ok I=

Xii



Y T (3R Mgyl W Aieg f1 9% e, fmafRes amdst & SifAfdddr
SRPGRH UfehdT | Hegac =@RUll & Ty §¢11 818 H, /(1) 3R 6 (1) AReTDad d
ST BT HEHRY SR RSP ST & sfem X faar mar o1l 37 gitsTs
Jhad! & THS Jed! 2 AT {6 ARehed (U faY U § HH 980 @
3mgfy) W sifAfydar ft Fafor deie, g7 gu faRu TuRE 3R TAT SR W
R ot

(5) Tt Heury ¥ Agayul R )R a9 &1 Hfgsgarft & o fafts Wit Afea &1
T T Feury IRy @@yl Ml W dH1d &1 SMdbad d1 & fog) o
SN & IH arelt ol dedd dob-ie HRgexqd ©0 4 T8 g1 Tl
Rl &, T Aisd (@ HCIAT THIYT B SaRADhdl Bl HH I o)

M 8 O §1 B BT I fg&q 9 Wil Aisd & YHUIGHIRGT BT Hedih
AT ¢ IR TR WA & 719 @t ufasgaroht & e fafrar wdqg fafy,
fepfiiT Higa 3R I darex R (THdle) Higd | Wiile disd & FHufor 3 fog
fafiret el oy, T Wb R SHPHEWH fafd! & Saae 8 arel g Jarerl

D1 IGANT foaT 7T T | Feury IAaT H fafi Agayul RiFl W 091 &1 A 3
WAIC ATed & STANT B AT T AT, iR fafd Fidhdr adb-ia! &1 SudnT

PP Hisd AcIdhdl B Hedidh- [odT T UT| 30T ¥ T8 shY HbIal off Tl
g fb ®a SR e fafY &1 Ifud fadwe sifdd U § Wil Aisd § &
Teaqul YfAreT FAurar §1 i Afsd & Teayul Ml W a9 &t yfawmarft &
fore Tadiem SR SRUHTH § SEeR Trm |

(6) IRARYT Hied TR T ITANT HRb TN A HId B Aled AT &1
ST T SHYBIR WIE Hied Wlldhd Hied & Aread ¥ ufdfehar & wry

Xiii



ST PHaRTeH P URURS VB0 TR HRIGT HRd | SATHIR WR HIas] &Y 3gHd
F YR W TN ST 8, 3R MAHT ¥ JeT Iuaeudl| SHP (], Wik
T R fihe Tl Bl 3B1E & MUYR W Hisd & &Y & ifad 0 faar Srar
21 39 UPR Oled & 99 § S(MAf¥Ad &1 SaURuT &I g8 0 ¥ ToRsfE™ &R
fear mar 31 g SR Sifa snafay uRumy iR Hfasarft # ue ser sifay ot
3R STl g1 39 uRfRfadl #, SRRy Aisd TRioi @A) Te ITfad Afsa
AT JUSRUT 81 Thdl B1 SHETT P1 I8 feR BMA URd ef¥dbiun 1 uifad
HRA AT TR P G & (o0 TR BT § 3R Th IR WA Peurd Wa-1 § a-rd
@l HidwEll B b o IuENT fbu S art WP gl Alsa d St
SAfdar o1 FufRd P 81 URY #, 3-8 Rl & AU 3R HICs B
JTINT TRIIC Aled (ST A™H H 399 & =0 § a1 11 UT| 128 ¥Hd Hied o
¥, 99§ 100 Hisd faft AlSel $IR TR BT ¥F P & AT BMA TP & T

e o SUART fU T8 9| ST 3fdTd], Ared AT B uni, fi=ar & oid
3R AP A HH & Wi 97 JHRIG SI Wi Ia9 & gRT eIl
T 7| STUHY AT A Hohd {3 for STR 3R SHR &1 IRd &1 HIcK, 3R S
IRd & HIUIh P SHNG URd H I-0dl -9 ¥ 9[S TRAd-RITTdT (88% dh) & dgHd
¥ forg fomieR 81 S TE, SR &I WA & AUS 3R IS F afchd gHIad
IfHa HURE W UfSHRE ATSd (38% TP) Bl UHTAd Hd & | SqP 3faar, Ui
§C B HHIET & SHTYR TR b BT FUTNT YRURS HagTieid fazeyur & fased
& =0 H a1 o gobell 3|

Xiv



PIgs: AHAAA AT BT 360d, HRCICIRAA AISIC, TRA-ATTHA  FORUISR,
TAREXHd, WHT 3UEH, fasm A1die; Wie Aled; RIMIARU HI; TR TaRToHT

Aisd: URI RSP |

XV



TABLE OF CONTENTS

CER T C AT E e [
ACKNOWLEDGEMENTS ...ttt I
AB S T R A T 1\
325 PR X
TABLE OF CONTENTS ... XVi
LIST OF FIGURES ...t XXI
LIST OF TABLES ... oottt XXIV
LIST OF ABBREVIATIONS ...t XXVI
LIST OF SYMBOLS ... XXVill
CHAPTER 1 INTRODUCTION ..ot 1
LA GRNEIAL. .. 1
1.2 Motivation fOr the rESEAICN ...........coviiiii e 2
1.3 RESEAICN ODJECHIVES.....c.viiiieiiicie ettt ettt ettt e sre e ste e sreesreere s 8
1.4 Overall reSEarch SEQUENCE.........ccueiveeieiie sttt ste ettt ste et e e sreeneeneesreere s 4
1.5 OUutling OF the thESIS ......ccuiiiiiiieeee e 8
CHAPTER 2 THEORETICAL BACKGROUND ..ot 10
2.1 GBNETAL. ... 10
2.2 Uncertainty QUantifiCatioN.............ccooiiiiiiiii i 10
2.3 Classification Of UNCEIAINTY ..........ccviiiiiiiieiie e 10
2.4 TeChniqUES TOr UQ ... .ottt 14
2.4.1 Sampling Techniques used for Uncertainty Quantification..............cccccoeeeveninnnnns 17
2.4.1.1 Monte Carlo SAMPIING .....c.ooiieiieie e 17
2.4.1.2 Latin Hypercube sampling ... 18



2.4.1.3 BOOtStrap SAMPlING ....c.ccveiieiiee e 19

2.4.2 Uncertainty Propagation ..........ccccceiueieeiieiie e sae e sne e 20
2.4.3 SENSILIVITY ANAIYSIS .....vveivieie et 20
2.5 Use of uncertainty quantification approach in engineering domain ..............cccceeue.. 22

2.6 Uncertainty quantification in the material properties (particularly Viscoelastic

PIOPEITIES) .ttt ettt bbbt nn b bbb i 23
2.6.1 Dynamic modulus and phase angle mastercurves (input level)...........cccccovevenee. 25
2.6.2 Time-temperature SUperposition PrinCiple ..o iiiie e 25
2.6.3 Use of sigmoidal fUNCLION ..........ccoeiiiiice e 27
2.6.4 Various temperature shift factor methods............ccccoevveviviiiiicic 27
2.6.5 Relaxation modulus and creep compliance mastercurves (At output level)............. 29
2.6.6 Applicability of Interconversion Methods ...........ccceveieiininiiiieeee 29
2.6.7 Scatter in viscoelastiC properties MaStErCUIVES. ........cccooererirereeieee e 30

CHAPTER 3 UNCERTAINTY QUANTIFICATION IN THE DYNAMIC

MODULUS MASTERCURVES ... 37
K T8/ 1011 70 o [3Tod 1 o o PPN 37
3.2 Mixture, Specimen Preparation, and TeStiNg.......ccccvvevveriiieieeiece e 38
3.2.1 Constituent materials and mMiXture deSign ... 38
3.2.2 SPECIMEN PrEPArALION ....cc.eiviitiiiieiieiieieste sttt bbb nre s 39
Bi2.3 TSHING ..ttt et bbbkttt bbb bttt bbb b bt nne s 40
3.3 Uncertainty Quantification Methodology ...........cccveieriiiniiiiiieeeee s 40
3.4 ReSUILS aNd DISCUSSION .....cviiiiiiiiiiiieiiei ettt 42
3.5 ClOSING REMAIKS......cviiiieiciie ittt ae e ree s 45

Xvii



CHAPTER 4 UNCERTAINTY QUANTIFICATION IN RELAXATION

MODULUS AND CREEP COMPLIANCE MASTERCURVES ........... 46
A1 INErOdUCTION ..ot 46
4.2 Mixture, Specimen Preparation, and TeStNG.......ccccvvveiierieniieniesiee e 47
4.3 Uncertainty Quantification Methodology .........cccccccviieiieiicic i 47
4.4 ReSUILS aNd DISCUSSION .....c.cviiiiieiiiiiieisiesie et 49
4.5 ClOSING FEMATKS ....cuviiiieiiieiieie ettt st et e b e sbeeneesreesreeneens 58

CHAPTERS EFFECT OF CONSTRUCTION METHODOLOGY ON

UNCERTAINTY IN MASTERCURVES ... 60
S5.1INtrOAUCTION ..ot 60
5.2 Materials and TeSTING........cceiiriiieieieese e 62
5.3 Analysis MethOdolOgy .........cccuiiiiiiiiiiei e 63
5.4 ReSUILS aNd DISCUSSION .....vuiiiieiieiiiiesieiesie ettt 65
5.4.1 Effect of the functional form of the sigmoidal function................ccccoeviiieiicieenenn, 72
5.4.2 Effect of temperature shift factor approach...........ccccceeviiiiciicic e, 75
5.4.3 Use of normalized uncertainty range...........ccoueeeieienenene s 76
5.4.4 Distribution function associated with uncertainty.............cc.ccoovvviiiienniencnenns 82
5.5 ReSArch SIgNIfiCANCE ..o 85
5.6 CloSING REMAIKS ...ttt eneas 85

CHAPTER 6 EVALUATION OF THE SEPARATION AND PROPAGATION

OF UNCERTAINTY IN BINDER MASTERCURVES ........cccooviie. 87
6.1 INtrOAUCHION ...ttt srb e nre e bneeen 87
6.2 Materials and TESTING........cceiiiiiieieieere bbb 93
6.3 MethOdOoIOgY ..o, 95
6.4 RESUILS aNd DISCUSSION .....cviiiiiiiiiiiieieiesie e 99



6.4.1 Uncertainty quantification in experimentally determined shear relaxation modulus

and shear creep COMPIANCE VAIUES ..........ociieieiieii e 99
6.4.2 Uncertainty quantification in the storage modulus ...........cccccovveviniiiiencnie i, 103

6.4.3 Uncertainty quantification in the shear creep compliance and shear relaxation

modulus computed through interconversion method (as output parameter)105

6.4.4 Uncertainty propagation from input to outcome parameters using Monte Carlo

101U = U1 o] o USSR PPRN 112
6.4.5 Separation of uncertainty at the output level ... 115

6.4.6 Comparison of uncertainty estimates from best and worst shift factor approaches

......................................................................................................................................... 119
6.6 APPLICAtION L. .o 126
6.7 CLOSING REMARKS ... ..ottt snae e nae e 126

CHAPTER7 COMPARISON OF VARIOUS SURROGATE MODELS FOR

PREDICTING STRAIN IN FLEXIBLE PAVEMENT ........ccccocveiienn. 130
T GENETAL ...ttt e 130
7.2 BaCKEIOUNA. .. ...ooiiiiiic e 133
7.2.1 Response surface Methodology ........cooereiiiiiiiiiiee e 133
7.2.2 SUPPOIt VECIOr REGIESSION: ....eiiiiiiiieieeee sttt 135
7.2.3 Kriging surrogate model (KM) ... 141
7.2.4 Calibration of SVR and Kriging surrogate models.............ccccccoveviiviiieiieieceene. 145
7.3 MethOUOIOgY.. ...ooiiiieie e 148
7.3.1 Phase 1: Database development..........coovoveii i 148
7.3.2 Phase 2: Development of surrogate models ..........ccccooveiiiiiiiie e 151
7.3.3 Phase 3: Accuracy check and Statistical validation................cccooveviiiiiiieennnns 154
7.4 ReSUIES aNd DISCUSSION .....oviiiiiiiieiieie sttt 156
T8 L TOSHING v ee e 156



7.4.2 CheCK fOr @CCUNACY .....voivieieiie ettt 160

7.5 CONCIUSION. . . .. e ettt e e ettt e e e e e e e et e e e e e e e e e e 176

CHAPTERS8 ESTIMATION OF MODEL UNCERTAINTY IN STRAIN
PREDICTION EXPRESSIONS USING BAYESIAN MODEL

AVERAGING ...t 179
8.1 INEFOAUCTION. .. ..ot 179
8.2. BaCKgroUNd ..o 184
8.2.1 Markov Chain Monte Carlo (MCMC) SAMPIErS.........cccoceiviiiieniiieenesese e 185
8.3 Methodology ......oviiei i 187
8.4 RESUILS aNd DISCUSSION .....vuiiiieiietiiieieiesiesi ettt 192
8.5 ClOSING FEIMAIKS .....veeieciiecieecie ettt re et e e b e e nte e e snaenas 204
CHAPTER9 CONCLUSIONS AND RECOMMENDATIONS ..o 207
0. L SUMIMIAIY ottt e e e 207
9.2 MaJOr FINAINGS ....eeivieii ettt ettt et e e e nas 207
9.3 Research Contributions to Knowledge and Practice............cccccccvvveviiiieiieieece s 209
9.3.1 CoNntributioN t0 tNEOIY.......cciiiiiiieie e 209
9.3.2 Contribution t0 INUSEIY.......ccviiiiiieiieie st 209
9.4 Limitations OF the STUY ..o 210
9.5 Recommendations and fULUIe WOTK ...........cccooiiiiiiiiiie e 210
REFERENCES ...t 212
PUBLICATION/SUBMISSION BASED ON PhD RESEARCH...........ccccvciviiinne 251
BIODATA OF THE AUTHOR ..o 253

XX



LIST OF FIGURES

Figure 1.1: ME design framework for pavement design ..........cccccevveveiiesiene e 7
Figure 2.1: Representation of different cases of known and unknown as quadrants........ 11
Figure 2.2: Classification of UNCErtaINtY..........ccoouiirieiiieieeee s 13
Figure 2.3: Uncertainty quantification Methodology ...........cccoevevviieiiieii e 16
Figure 2.4: Samples generated by Monte Carlo sampling method.............ccccoevviieinenen. 18
Figure 2.5: Clustering in Monte Carlo Samples ... 18
Figure 2.6: Samples generated by the Latin Hypercube sampling method ...................... 19
Figure 2.7: Schematic diagram showing horizontal shifting .............cccccoeveveiiiiiiinien. 26
Figure 2.8: Scatter in mastercurves for a reference temperature of 10°C...........c.cccecueeee. 33
Figure 3.1: Grain size distribution Chart .............ccooeeiiiiieie s 39
Figure 3.2: Methodology to quantify uncertainty in dynamic modulus data.................... 41

Figure 3.3: Mastercurves of dynamic modulus at reference temperature 20°C for the 9
SPIECIMENS ...ttt ettt e e et e e s te et e e e e te e esae e s beeseeeseeabeesteansesse e eeeseeabe e teeneeaseenteenreaneenreeneeas 42

Figure 3.4: CDF obtained through Monte-Carlo simulation at various reduced frequencies

Figure 4.1: Methodology used for uncertainty quantification ............ccccoceveniicnennnnne. 48
Figure 4.2: Dynamic modulus and phase angle mastercurves at 20°C reference
LE=] 0] 01 =0 SRR 50

Figure 4.3: Mastercurves for Relaxation modulus and Creep Compliance for nine

SPPECIIMIEIS ...tttk skttt bbbt bbb e et bbbt bt e bt bt et e e et bbb b e ene s 51
Figure 4.4: Comparison of percentile limits of relaxation modulus................ccoccovrinenne. 54
Figure 4.5: Comparison of percentile limits of creep compliance.............ccccooveeviennnnn. 55
Figure 4.6: Variation of the coefficient of variation with reduced time..............c...c........ 57
Figure 4.7: Variation of skewness with reduced time............cc.ccoovviiiiiiinenc e 58

Figure 5.1: Dynamic Modulus mastercurve obtained using four different shift factor
construction MEtNOOIOGIES ........ooviiiie i e 61
Figure 5.2: Temperature v/s shift factor for different methods .............ccccooviiiiviiiinnn. 61
Figure 5.3: Dynamic Modulus mastercurve obtained considered for different sigmoidal
TUNCEIONAL FOIMIS ... e s este e e ereenneenee s 62

Figure 5.4: Temperature v/s shift factor for different sigmoidal functional forms........... 62
XXi



Figure 5.5: Analysis MethodolOgY .........cooveieiieiiiie e 63

Figure 5.6: Mixture averaged mastercurves obtained with different temperature shift

factor determination @PPrOACH .........coiiiiiiiie e 67
Figure 5.7: Variation of normalized uncertainty range with reduced time....................... 78
Figure 5.8: Variation of normalized uncertainty range with coefficient of variation....... 81

Figure 5.9: Summary of the coefficient of determination for cross plots of NUR vs COV

Figure 6.1: Scatter in measured viscoelastic properties at 48°C...........ccocevvrirenienennnnn. 89
Figure 6.2: Mastercurves of viscoelastic properties at a reference temperature of 48°C . 91
Figure 6.3: Unit response mastercurves obtained through interconversion technique ..... 93
Figure 6.4: Analysis methodology adopted in StUY ..........ccoeveeiiiieiieceee e 96
Figure 6.5: Variation in CDF of experimentally determined G (t) and J(t) data at various
=10 [0t I 40T SRS 102

Figure 6.6: Variation in CDF of storage modulus values at various reduced frequencies

Figure 6.7: Comparison of uncertainty quantification parameters obtained from different
approaches (asymmetric Kaelble method)...........ccccceiveiiiciicc e 108
Figure 6.8: Comparison of uncertainty quantification parameters obtained from different
approaches (symmetric free Shifting)........coooieiiiiiiii e 110

Figure 6.9: Distribution uncertainty in G(t) at various time locations (asymmetric

KBIDIR) ... 117
Figure 6.10: Distribution uncertainty in G(t) at various time locations (symmetric free
] 11110 ) SO 119
Figure 6.11: Variation of mean values with reduced time...........c.ccccooevieiiiiie e, 120
Figure 6.12: Variation of storage modulus with reduced frequency ..........ccccceeevernnnne. 121
Figure 6.13: Variation of NUR with reduced timesS...........cccvivieiiiiiievie e 122
Figure 7.1: Schematic diagram of four-layered asphalt pavement structure .................. 131
Figure 7.2: Schematic diagram showing sampling points in BBM ............ccccccocvnininnne 135
Figure 7.3: Pictorial representation of SVR showing the hyperplane and penalization
10l 11=] 0 T PRSPPI 138
Figure 7.4: Schematic diagram showing internal working of SVR model..................... 140

XXii



Figure 7.5: Schematic diagram showing internal working of Kriging model ................ 144

Figure 7.6: Overall methodology adopted in the Study............ccoevevviieiiieii e 150
Figure 7.7: Methodology adopted for surrogate model development................ccocevvnene 155
Figure 7.8: Comparison of computed MAPE values (Validation data).............c.cccceeee. 164
Figure 7.9: Comparison of computed MAPE values (Test data)...........cccccvevvevverrennnnnn. 166
Figure 7.10: Comparison of computed RMSE values (Validation data) ........................ 168
Figure 7.11: Comparison of computed RMSE values (Test data) ...........ccoocvvervnirinnns 170
Figure 7.12: Best fit models for the critical locations (Test data) ..........ccccceevercverernnnne 174
Figure 7.13:Worst fit models for critical locations (Test data)...........c.cccevvveveiveineennnnn. 176
Figure 8.1: Methodology adopted for the study...........cccccvveviiieiiiciiccceee e 188
Figure 8.2: WOrk Flow in BMA ... 191
Figure 8.3: Model inclusion based on best 100 MOdelS..........ccoviviieieiiiiniiines 193
Figure 8.4: Prior and posterior model size distribution .............cccccooveveiieiie e, 195
Figure 8.5: Comparison with first order Sobol indeX ..........ccccoceviveiiiieiiiccice e, 200
Figure 8.6: Marginal density function plots for RHMA...........c..ccccooviveiveiiecie e, 204

XXiii



LIST OF TABLES

Table 3.1: Quantified uncertainty range with probability distribution parameters........... 45

Table 4.1: Descriptive statistics for Relaxation Modulus.............ccccccveieiievieneiieieenns 53
Table 4.2: Descriptive statistics for Creep Compliance...........cccccevvvevveveiiieieese e 53
Table 5.1: Descriptive statistics regarding relaxation modulus.............ccocevviiiininnnnns 70
Table 5.2: Descriptive statistics regarding creep COMPHanCe. .........cccooeveierencnininnnnns 71

Table 5.3: Computed percentile values for relaxation modulus using Bootstrap samples 74
Table 5.4: Computed percentile values for creep compliance using Bootstrap samples.. 74
Table 5.5: Summary of normalized uncertainty range Values ............ccocceovvevvevesieinenns 78
Table 5.6: Summary of the goodness of fit values and associated ranking for
mastercurves obtained using Kaelble shift function ..........c..cccooevveiiviiici s 83

Table 5.7: Summary of the goodness of fit values and associated ranking for

mastercurves obtained using the free shifting approach...........ccccoove i, 84
Table 6.1: Summary of binder teSt reSUILS ........c.oovviieiiee e 93
Table 6.2: Summary of descriptive statistics related to uncertainty in experimentally
obtained G () and J(£) data......cccoeueieerieeeieseee e 100
Table 6.3: Summary of PDF parameters describing experimentally determined G (t) and
0 ;L1 103

Table 6.4: Summary of descriptive statistics related to uncertainty quantification
parameters in storage MOAUIUS............cccviiiiiiii e 104
Table 6.5: Summary of descriptive statistics related to uncertainty in G(t) and J(t) data
obtained through interconversion process using asymmetric Kaelble method............... 105
Table 6.6: Summary of descriptive statistics related to uncertainty in G(t) and J(t) data
obtained through interconversion process using symmetric free shifting method ......... 106
Table 6.7: Summary of PDF parameters describing G(t) and J(t) values obtained
through interconversion process using asymmetric Kaelble method ..............cccoceeenee. 111
Table 6.8: Summary of PDF parameters describing G(t) and J(t) values obtained
through interconversion process using symmetric free shifting method ........................ 112
Table 6.9: Summary of descriptive statistics related to uncertainty in G(t) and J(t) data

obtained through uncertainty propagation scheme using asymmetric Kaelble method . 113

XXiv



Table 6.10: Summary of descriptive statistics related to uncertainty in G (t) and J(t) data

obtained through uncertainty propagation scheme using symmetric free shifting method

Table 6.11: Summary of sampling uncertainty quantification parameters using
asymmetric Kaelble Method ..........cooeoiiiii s 124

Table 6.12: Summary of sampling uncertainty quantification parameters using symmetric

free Shifting MEtNOM ...........oov i s 125
Table 7.1: Limits on input variables used in the present study.........cccccevvvirienieienne. 149
Table 7.2: Finalized coefficients in second order response surface............ccoceeeverennnnn 157
Table 7.3: Hyperparameters associated with finalized SVR models............cccccevenenne. 159
Table 7.4: Gaussian process variance associated with the Kriging process .................. 160
Table 7.5: Summary of coefficient of determination values (Validation data) .............. 161
Table 7.6: Summary of coefficient of determination values (Test data) .............cc.co...... 161
Table 7.7: Comparison of computed Bias values (Validation data) .............c.cccccevevuennee. 171
Table 7.8: Comparison of computed Bias values (Test data) ............cccccvevevveieeiieseenne. 171
Table 8.1: Linear regression model without considering model uncertainty.................. 182
Table 8.2: PIP and descriptive statistics for various covariates...........c.cceevrvervnrerrennee 197
Table 8.3: Uncertainty estimates associated with coefficients .............................. 202
Table 8.4: Comparison of NUR and COV ........cooviiiiiiiiiiiie e 203

XXV



LIST OF ABBREVIATIONS

AC
AIC
BBM
BFGS
BIC
BMA
CDF
cov
CMAES
DoE
DSR
HMA
IQR
LEA
LHS
LVDT
MAPE
MCS
MCMC
MEPD
NHDOT
NUR
PIP

PM
PMP
PSD
QR

Qol
RBF

Asphalt Concrete

Atkins Information Criteria

Box Behnkem Method

Broyden Fetcher Goldfarb Shanno
Bayesian information Criteria

Bayesian Model Averaging

Cumulative Distribution Function
Coefficient of Variation

Covariance Matrix Adaptation Evolution Scheme
Design of Experiments

Dynamic Shear Rheometer

Hot Mix Asphalt

Inter-Quartile Range

Linear Elastic Analysis

Latin Hypercube Sampling

Linearly Variable Differential Transducers
Mean Absolute Percentage Error

Monte Carlo Simulation

Markov Chain Monte Carlo

Mechanistic Empirical Pavement Design
New Hampshire Department of Transportation
Normalised Uncertainty Range

Posterior Inclusion Probability

Posterior Mean

Posterior Model Probability

Posterior Standard Deviation

Quantile Regression

Quantity of Interest

Radial Basis Function

XXVi



RMSE Root Mean Square Error

RSM Response Surface Methodology
SVR Support Vector Regression

UP Uncertainty Propagation

uQ Uncertainty Quantification
WLF William Landel Ferry

XXVii



LIST OF SYMBOLS

G'(wr)
1G™|

c’
G(t)
G(tr)
huma
hwmm
hesp
J(@®)
K, K,

Nf

Nr

Temperature shift factor

Center points.

Creep compliance

Shear creep compliance

Dynamic modulus

Resilient modulus of Hot Mix Asphalt layer
Resilient modulus of Wet Mix Macadam layer
Resilient modulus of Granular Subbase
Resilient modulus of Subgrade

Relaxation modulus

Reduced frequency

Testing frequency

Storage modulus as a function of reduced angular frequency
Complex shear modulus

Storage modulus at various reduced frequency
Shear relaxation modulus

Relaxation modulus as a function of reduced time
Thickness of Hot Mix Asphalt layer
Thickness of Wet Mix Macadam layer
Thickness of Granular Subbase

Shear creep compliance

Constants in Kaelble shift equation

Number of independent variables

Number of combinations

Number of repetitions to fatigue cracking

Number of repetitions to rutting failure

XXViii



2'/

<>

Property of interest

Reduced time

Reference temperature

Defining point for inflection point in Kaelble shift equation
Offset parameter to be estimated

Scale parameter

Location parameter

Local slope of storage modulus mastercurve

Adjustment factor

Vector of weight coefficients

Dot product

Phase Angle

Poisson ratio

Regression coefficients describing symmetric sigmoidal function
Regression coefficients describing asymmetric sigmoidal function
Angular frequency

Coefficients describing shape of asymmetric sigmoid function.
Gamma function

Horizontal tensile strain at middle of one of tyres

Vertical compressive strain at middle of one of tyres
Horizontal tensile strain at middle of dual tyres

Vertical compressive strain at middle of dual tyres

XXIX



	ASWATHY REMA.pdf



