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ABSTRACT

It is well known fact that determination of properties of asphaltic materials in laboratory is
laborious, expensive, time and resource consuming exercise. Hence, researchers have resorted
to use of tools that provide a meaningful predictive model for material response. Within the
domain of asphaltic materials, there are very few models available for predicting the material
response. Owing to predictive capability, researchers/engineers have resorted to use of machine
learning schemes to develop predictive models. However, most of the approaches/schemes are
black box in nature. Under these circumstances, Gene Expression Programming (GEP) comes
handy. GEP is a non-parametric technique that uses a symbolic regression approach to optimise
the function itself. One of the main advantage of this technique is availability of equation that
can be used as predictive model. The present work proposes GEP based models for predicting
response of different asphaltic materials. These include (i) prediction of effective viscosity of
binary blends of asphalt binders, (ii) prediction of density and viscosity of heavy crudes, (iii)
prediction of foamed bitumen properties, and (iv) dynamic modulus of asphalt concrete.
Several improvements have been suggested to improve prediction capability of GEP based

approach. The same has been discussed in following paragraphs.

The first objective was to develop a viscosity mixing rule for binary blend of asphalt
binders using GEP. This work presents a novel GEP based approach to obtain a viscosity-
mixing rule. To develop these expressions, two distinct binary blends comprising of varying
proportion of unmodified binder and polymer modified binder were prepared and tested for
their resultant viscosity at different temperatures. The obtained data were used to (i) develop
the GEP-based viscosity-mixing rule, and (ii) compare the resultant viscosity with viscosity-
mixing rules reported in the literature (like the Arrhenius model). Statistical analysis indicated
that the accuracy of GEP based mixing rule is superior to other viscosity-mixing rules reported

in the literature.

The prediction of density and viscosity of heavy bitumen using GEP was chosen as the
second objective. To evaluate the accuracy of proposed GEP based models, results reported by
various researchers were utilized. Published literature on heavy bitumen including Athabasca,
Cold lake and Gas free bitumen were used for this purpose. Using temperature, and pressure
data as input, the density and viscosity of bitumen were predicted using GEP technique. The
developed GEP based models were compared with the conventional empirical regression
equations proposed by others. The statistical analysis indicated that GEP based models work

better than currently used models for density and viscosity of bitumen.
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The foamed bitumen parameters (i.e., ER, HL) are highly influenced by viscosity,
foaming temperature and water content. With no predictive model that relates these variables
with foaming parameters, development of predictive model was taken as third objective. The
database consisting of ER and HL, and physico-chemical properties of six distinct binders was
developed by research team at Central Road Research Institute (CRRI), New Delhi. All binders
were tested for their physical properties and chemical composition, and the ER and HL were
measured over the range of test temperatures (110°C to 200°C) and water contents (2% to
11%). The final database consisted of 166 observations. Expressions to predict ER and HL
have been developed based on temperature, water content, viscosity, and chemical composition
using this database through the GEP technique. The goodness of fit parameters indicated that
models based on physical properties are able to predict ER and HL with reasonable accuracy
and with the addition of chemical composition along with physical properties improved the
accuracy of predictive models significantly. These expressions can be used to identify the
feasible range of test conditions for the production of foamed bitumen before actual testing is

commenced.

The fourth objective was to develop a novel hybrid clustering- GEP approach for
predicting foamed bitumen properties. A database consisting of 190 observations was used.
Essentially this database was obtained by addition of more binder data to database used with
third objective. The Self-Organizing Map (SOM) based clustering of this database helped in
obtaining homogeneous groups even with highly complex interaction. Further, C5.0 algorithm
was used to decipher underlying patterns among clusters identified by SOM. GEP approach
was used to develop four global models to predict HL and ER. Subsequently hybrid models
were obtained through recalibration of these global models but using data from individual
clusters. These models were different than those obtained while working on third objective.
Major differences include (i) different functional form, (ii) additional model for HL in terms of
ER, and (iii) increased accuracy with more information supplied. Statistical analysis indicated
that hybrid models outperformed corresponding global models in all cases. Global sensitivity
analysis indicated that among various parameters, water content had significant effect on ER
prediction. This was followed by temperature, and viscosity. However, for predicting HL, this

order was ER (if used), water content, temperature, and viscosity.

The fifth objective of research presents a novel hybrid Principal Component Analysis
(PCA) - GEP approach to predict the |E*| of asphalt concrete. For this purpose, |E*| database
developed during NCHRP 9-19 study was used. Using the information of all properties as input



(i.e., variables), the dimensionality was reduced using PCA. Such an exercise helped in
removing the redundancy at input stage. The extracted principal components were used to
develop first set of |E*| prediction models. The feature selection property of PCA was used to
decide the parameters mostly contributing to the individual principal components (PC’s) and
rank the same. Using the ranked variables as input, second set of |E*| prediction models were
developed. Careful analysis of these two sets of models indicated that addition of parameters
(or PC’s) beyond certain number did not contribute to accuracy of model. Comparison of
models from these two sets indicated that predictive model obtained using variables as direct
input resulted in improved accuracy. For better understanding, this finalized model was
compared with other regression-based equations proposed by others. Comparison of goodness
of fit indicators indicated that proposed hybrid model offers efficient and accurate alternative.

The proposed model has flexibility to be used with any new database with recalibration.

The sixth (and final) objective of work evaluates the underlying patterns in prediction
error that exists in these models. Again |E*| database developed during NCHRP 1-40D study
was used for this purpose. Initially, the global dataset was compared against individual
mixtures for similarity in terms of mean, range, and correlation. T-test showed that the
individual mixture datasets are significantly different from the global dataset. Thus, calibration
of predictive models was undertaken using global dataset and individual mixture dataset.
Statistical indicators indicated improvement with mixture-wise calibration when compared to
global calibration. To check the extent of prediction error, ‘difference parameter’ (DP) and
‘ratio parameter’ (RP) was introduced in this work. Q-Q plots and cumulative distribution plots
constructed using DP and RP indicated highest and lowest error with Al-Khateeb and PCA-
GEP models, respectively. For a detailed analysis, the entire range of measured |E*| was
divided into subdivisions. In general, lower prediction error was observed in middle range of
measured |E*|. All the predictive models considered in this study overpredicted and
underpredicted in lower and higher modulus range, respectively. Also, in the lower and higher
modulus region, DP and RP showed skewed and flatter distribution when compared to normal
distribution. Based on the numerical values of these distribution indicators, it was inferred that
performance of all models are comparable in middle |E*| range. However, in extreme values
of |E*|, Hirsch and Al-Khateeb models performed poorly. In the same range, PCA-GEP,
Original Witczak and South Korean models performed well. Sensitivity analysis indicted that
binder properties exhibited highest sensitivity followed by testing condition, aggregate

gradation and volumetrics.
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R

I Ffafea a2 2 fos gamemett # SR ATt o T[uil &1 fAaRoT ey, we, 9w 31k Smed
WU AT 21 SAfAV, 2Mhdi3i 7 37 3UdUN b IYINT BT HeRT forar & S Wifde ufafsar
P few ves refes Hfa=T ogaTelT Hise e id & | STAR ITHUT b SIA & Hidr, IrH ufdfsar
&I Hfd=raTof B P T Igd BH AISeT IUcTed] B | WA hgAdTell &HdT &b BRUT, 2ATBdTAT
/ ESARRY A WfdsT FBe-aret Hisd fadbiad B & faig Heft af arem3i &1 3y faat 2|
gTcTifes, TTOBILr GfSChIT / AISHIG Upfd H soics diad &l 37 URIATTAT H, S Taraoed
ITHT (GEP) TH 37TdT 81 GEP U IR-WRTHIT debileh & ST B[ b1 3gpleid P & feiv
YT UfdTHT SfSCehIuT BT ITINT &l &1 SH bl bl Uh JBI @Y FHIBIOT hl
3YAIAT & ST HPT 3UANT HidsT Be-arell Aisd & ®U | BT ST Hebdl &1 adHH b1 fahi=T
SR UeTf St ufdfcsar b Hiasaamot & foig Sigdt 3marRd Aigel BT UdTg &dl 21 84 (i)
STHR ST aTel) bl fg3memt fisron &Yyt fauferaree Y widsgarof, (i) g &Y e 3R
YRI peil Pl feafarge, (iii) BIHE BletdR UT bl Hfasgaruft, 3R (iv) STHR bl & Tfdeitet
Bie onfid g1 SHEH 3maTRa g T $F widsaroht emar § GuR & foiy ¢ Furl &1 germa
T man 1 FHrfeifEd TR H 39} o <= Bl e 2

UgeT 3829 GEP T 3UANT ek STHY dTeer] o TRt fASuT & feiy vep fRIufamT
TASoT (9 faepEd AT 71 Tg BTH U FRIURIUTA-fHSI0T THT 9Tt &3 & i Ueh 3u=ad
GEP 31TUTRA 3ftCHIvT TKJd Rl 81 &9 AeAfridl Bl fapid ¥ & foiy, QT 37eTT-37eTT
TE3aRY Aol # 3AHITEWIES aTSed 3R TR HRNfEid STSeR & 37cTT1-31e1T 31UTd 2ATfHA &,
S fafi=1 aroET W 37 gRumT ferafadTee & fay daR 31k adtaror fasar T o) o7 Ser
BT IYANT (i) GEP- 3mTRa faufaaroq-fAsor fFam faesf@a & & fog fadsar mar e, 31K (i)
Hrfeca § qarg MY ferafadrga-fagror (et (S srefRa Aise) & | gRurH feafirge &
T X B 1 Wi faeeivor 3 Hasd T fds GEP 31maTRd fAs/oT 33w 61 Heiar anfec
H gaTg Y 31 feraferaro-fAsor I & 98 2|
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SHEUT T 3TN PBRd Y HRT PIAdR bl 8 3R foufadrge 61 wiasgaroht o g
3699 P BY H AT AT T YEATidd GEP 3THTRA HISc & TelasdT BT Heaidsd i & farg, fafi=
oMereafat grRT RuYe 5T g URUTTHT ST 3TFNT {5 1T &/T1 31ATIREHT, Ples oidb 3N 1 Hord
BIAIR Hied YRI BIAdR TR YHBIRId Hfecd BT 3UANT 3 352 & el g febam 7T 7| dTqHH
3R Y ST BI STYC & U H 3UYN PR §Y, SHISUT debrilch T ITANT &b fagHT bl T
3R feraferoTege Bl Hidwgaroft &1 1€ &ff | fiepfEia GEP 3R Hisc @l Joi T §&R1 gRT dTad
URURS ATHISTT FIATHT HHIBROT &b HI DY TS &t FifSADIg faeeivor 4 Hba e feb
SigYT ATeTRA Hisel fagHT & o 37 fRufearge & fofg adam # 3w fby 7 Alsel &

gt H JgcR BT &d & |

BIAE faghd WRIHIR (@1, $31R, Tege) ferafedrod, SinT droAm 3R 9! & a9t 3§
TP YHTIAd BId &1 PIS HIdST FBeardl AISH el & oIl 84 TRI Pl BITHT AIUCS] & T
eiftid el 8, QIgHTATcHe HISc T faehI TR 3528 & U H foidT TaIT 2171 $31R 31K Ui,
(HIIRIR3E), TS feeett # 37rgEu™ < gRT fdesfea fosam mam aml it arge’t &t 373 vt ot 3R
IATaAE TReAT & fav gderor fasar mar e, 31k $31R 3R TIUd Pl RO a9 (110 St
AT I 200 fSTt AfeamT) 3R g b AT (2% I 11%) Dl AT 9 A719T 79497 27| 3ifaqH
ST B 166 37dcid MAA | SISUl dab-id & ATedd J 39 seley T 3YANT d3ds dTaqH,
Tt BT g, feraferge 3R IMTafAe AT & 3R WR $31R 37K TaUd &l Yiasiarort &3
& rfieafarar faefia B € &1 e ATIeET B 3reeTé ~ Wdbd f&a 3 Hifde 7o w smnfa
Higcl 3ferd Felhdr & H1 SR 3R TEUd ! Mol B  Fard g 3R IR il &
TL-AT Hifciep TUT o HT-FTf ITFHTIAT AISTT bl HlehdT H Th! JUR g3 2 | 37 sTficafaal
BT 3UANT IrEdfded TRIGOT [ B H U8el BIHE BleTdR P 3cd1ed &b ey wiefor feifddr &
e Yol B U o &b el T fsarT ST gepaT 21

AT 32T TP 3UATH EISf6I8 FoReRIT-SHEUT GfeapiuT faasfad &t ot Sit fb Bis
BITAR 0TI el HIdSIETOft b feiT &TI 190 3TciIesH] dTel ST T 3UTNT febT 71T &AT| el B
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g ST AR 3829 b 1Y IYANT fbY ST Tl SeTei b felq 37feieh TS ex 221 3 3retrar v
e T 271 39 ST & WI-3TRITSIA AT (SOM) 3THTRA doiReRi A 37cfeies Sifee aradiid & aref
TSI g bl HT UTed R H HEg Pl | §Hdb 31T, C5.0 TAiRed SOM gRT Uga ¢ HHgl & dta
siaffea Yt BT THEM & folg 3uanT fdsar TRIT 7| STt gfseahIoT o7 39T Tavd 31 3R &
Hidsgaroft A & foiv IR Afedes ATse faefd wed & fay fosar mar a1l g9F a1e grsfee Aisd &
dfedes Higel & G: RERTERUT & HTea I U T 717 &, cife earferd?Td HHfgl & ST el 3udIT eBid §V |
q HTEe IR 32T TR BTH FHd THI WIS {ehQ 1T @Il F 3167 A | 9 3’ H (i) fafi=1 eraicaes
BY e &, (i) ER & Fed # HL & farg srfaRed Afed, 31 (iii) 3myfd & 7€ 31fde SHeRT
& 1Y Felpar ¥ gfg| FifAHIT faeawor 3 Fasd fan {3 grsfes Aise @it we o dfed
dfedes HiSeT ¥ I8k WelT d 81 dfedes HaeefierdT faeeisur 7 Fdbd T fob fafi=1 ATucs!
b &fe, 3R Hidsraroft W STl ATHYT T HecquT YHTT ATI 3P 91 dTaA, 37K faufdurege
oft| BIeife, Gauet &bt Hidsgamuft e & foiv, T 31meer $31R (Afe gxdHTe fsarm 1T, urT bt
A, araHTE 3R fRafdaree el

2T T UTerdT 3229 U 39T E1Sfae fifive duie Tfeifi (PCA) TRgd Hrar & -
GEP gfRehIvT &l Hia=gaTuft 3 & feiQ |E*| STHR dhshlc &l | 38 YIS o feiv |E*| NCHRP
9-19 37T P SR fdBHd SeTH BT 3TN 6T TAT &TI 7Y (I, TR) &b U H FHT 7071
&I STFBRT BT 3UANT YA U, YT BT 3TN b STTATHIAT BH 81 TS il | 3 TRE P 30T
A FAYE RO R AfRE P R B § A fielt | FHebrer T T geeh! 61 3T vgat 9 & fag
fepaT Strar i | E* | wfdsgaroft Aiger| HRg bt g @ Fufa o1 39aiT Sarara’ afeda fofade
Heh! (IR H ANTE A dTel HTICE] Pl T B3 3R 3T Pl b e &b feiv 6T 71T 271 S99 o6 B4
% 355 3T MY TR BT IYANT HAT, BT gIRT A | E*| widsgaroft Aiset fdafdd fog 77 | Alsqa s 7 @
{2t & FaUHIdeh fdeewor 4 Hebd e fob fHAfead Hwar & W) Arudel (A1 4T 7 Aieel Bl FetebdT H
e T8t | 39 & Je I Aisdl bl gl 7 Hebd 13T fob Yaar 379 & BU H =R BT 30N Bieh
TS 81 a7l GaigAT Alsel § Heidbar H UK 37| Ja< TAeT & iy, g 3ifdw Aisd &I gor ga’l
GRT SEATTId 37 FIATHA- 3R FHiesRoi & A1l &1 7S &ft | ftbe Hobcep! & 31eBTS bl goiT H Hebd
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fiera 2 fob TRafa gTefeis Hiset ol 3R Hleh faebed e T 8| TRATfad A H oo
& Fr febfl Wt AT ST BT 3UAT febar ST 21

BT &1 BT (3R 3ifd) 3807 wiasamoft Ffe # siafifed e o1 qriesd Har & il g1
Hisdl A AlG[G 81 T A |E*| NCHRP 1-40D 37e89 & AR fdebd Sered ol 3ualT 89 3899
& oI febaT 7T 21| 9RM #, dfedies e &l JoiT ATed, Auit 3R HedaY & ATHA H HHA]
& folg Sfara fismT & fGars & 1€ ot S-3w A uar Ia f afama fFeor serie dfeas
ST A BIBI AT 8| T TBR, dfede STRIE 3R AfeRiTTd fH0T ST BT 3TN b QdigH AIse
1 3i2liep b T 7| Wifedeh I Habdep! 4 dfedres 3ieriesd bt ol H fAYUI-aR 372riesd & A1 GUR
T Hebd faT| Mfdsraroft Y Jfe B 5w B b iy, 39 B § 'fEweid Wit (DP) 3R '3rgurd
W' (RP) BT U 3T T 27| ST 33K 3R &7 39T dXep (A ag-a-] y@ie 3R Terdt faavor
el A AL TA-Tdig 3R UNHIU-STE Ut Aiset & |1 3eaad iR fwan Ffe &1 Hebd feam| geb faxgd
faeeioor & forQ, wTUT &t 9t S@e |E*| 3u@e! # favford fasar mar o1 Mg dR 0, |77 a7 Head
QUit § 74 Qaigae e <@ g1 |E*| 39 309 | faeR fbq 10 i) qaiqHT Hisel shrer: B 3R 3=
HIYTeh 35T # 3RS 3R 3783Cs €1 38 e, el 31k 3= Araies &3 , it 31k 3Rt 7 |y
faeRoT T gor T # faveT 37 =maeqd! faavor fe@man| g7 fadavor Hobde! b H@TcHe el &b 3R R,
Tg A AT 7T off feb Y Aisel T veel Hear & geria 1| E*| diai g, TR geal § [E¥,
f2of 37 37e-Tdie ATget 3 TRTe W fbam| 3d IS o, PCA-GEP, 3nNRfSet fdedse 31k aEe a1
Aised 7 37T YeL fasar| ddeeiaar faearsor 7 wsd fear fos afum aret ot wfteror fRafd, a#w
30 3R ATRIATCRT F 91 ISTan FdeAefiterdr yefefd ad &
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List of notations

|E*| = Dynamic modulus of asphalt mixture, 10° psi

|E* | = Dynamic modulus of asphalt mixture, psi

|E*|s = Dynamic modulus of asphalt mixture, MPa

|G*| = Binder shear modulus, psi

|G|y, = Binder shear modulus, Pa

IG*|g = Glassy modulus, Pa =10° Pa (145000psi)

Sp = Phase shift angle, degrees

n = Asphalt binder viscosity, 10° psi

f = Loading frequency, Hz

/A = Volume of air voids in the mix, %

Vbersr = Volume of effective binder content, %

2y % weight of aggregates retained on the % inch sieve
D3 = % weight of aggregates retained on the 3/8inch sieve
Da = % weight of aggregates retained on the No.4 sieve
D200 = % weight of aggregates passing through the No.200 sieve
VMA = Voids in mineral aggregates in the mix, %

VFB = Voids filled with the binder in the mix, %

T = Test temperature, °C

AC = Asphalt content, %

Oamp = Stress amplitude

Eamp = Strain amplitude
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