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ABSTRACT

Permanent deformations {rutting) of asphalt pavements which appear in many roads m lrag.
have caused a major impact on pavement performance by reducing the useful serviee hite of
paverment and creating services hazards for highway users. Therelore, it is important 1o analyre and
investigate this type ol distress.

The objectives of the present paper include; the analysis of the mam comnbutory Bactors
influencing rutting, and development of statistical model for the prediction of pernanent
delormation in paving materials.

To achieved these objectives for the requirements ol data collection. live Types of gradation.
(40-50) asphalt cement and different types ol filler are used w prepare three hundred sixty asphalt
concrete specimens throughout the work using Marshall method and Superpave systom Must ol
lhese specimens are tested by applving diametric creep under dilferent temperatures and stress
[evels.

A statistical model has been developed for the prediction of rut depth m lucal asphalt puving
materials as influencing by the [actors of asphalt cement content, minerai Hller tvpe. air vonds and
environmental lemperature.
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INTRODUCTION

The asphaltic paving mixture is normally subjected to various detrimental types of distresses
during its service life ‘These distresses are caused by load, weather, and construction praclices. and
for deficient materials. Some of these serious distresses include rutting (permanent deformation).
shoving, sifipping, and fatigue (alligator cracking), which finally may lead to complete ailure ol
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pavement al the same time. Such distresses will reduce the pertormance of asphalt pavemens,
which not only causes inferior ride quality o motorists but also yields higher life-cycle cost. Some
of the mentioned distresses are associated with the asphalt cement binder and can be controlled
significantly by modifying ihe material with chemical additives [Ramzi et al. (199%8)],

Permanent deformation (rutting) of asphalt pavements has a major impact on pavement
performance. Rulting reduces the useful service lifc of the pavement and. by affecting vehicle
handling characteristics, creates serious hazards for Inghway users. Highway materials engincers
have been handicapped in their efforls to provide rutting resistant materials in by the exising
methods for testing and evaluating asphall-aggregate mixes which are empirical and do no give a
reliable indication of in-service performance [Huang et al. (1991)].

A vanely of materials is currently available for use as modifiers 1o improve the performange
ol asphalt concrete pavements. Dilferent eflorts and techniques have been carried out to improwve
the ability of asphalt concrete to resist runting; for example, many agencies around the United Siaies
have adopied specilications to address rutting distress in asphalt concrete pavements [Sousa et al.
(1991)]

In Iragg, the severity of rutting has been increased in asphalt pavements possibility due 10 the
mcrease in truck axle loads, tire pressure, and high pavement temperature in summer [Hussain

1985],
SOURSE OF DATA

The required data for the previously mentioned independent variables are gathered from the
resulls of the experimental tests, while the dependent variable (rutting) is calculated according Lo
the following statistical model, which is reported by Baladi (1988),

Log(RD) - 1.6 {OU6THAVIH 15K log( TACH+ (00T TI+(0.000434 1K N 11 (015 Ioe( ESALY)
(DL4) logi MK, 3-0.63% log(ME , (0L T)(log(SD) ¢ (0.01) (Jog(Cs)) (1)

where:-

" = ruft depth (inchy,

TAC Hickness of AC cowrse (inchl),

S0 surface deflection (inch),

AV = the percent qir voids of the AC mix (AV = 1, 2. etc.),
MEy = the resilient modulus of the base material (psi),

ME = the resilient modulus of the roadbed soil (psi),

TS = the tensile sivain at the bottom of the AC fiber,

CH = the compressive strain ai the bottom of the AC layer,
AV = kinematic viscosity of the AC binder {centistokes),

ESAL= the mmber of equivalent single axle load arwhich the rut depti
is being calcwlated and
T = average annual air lemperature (407).

STEPWISE REGRESSION PROCEDURE

This procedure beging by computing the simple regression model for each independent
variable. [t examines all-such models to determine which is best and whether the F-statistic of the
sccomd variab = (with the first variable already in the equation) is greater than F-to-enter. If two
independent variables are highly correlated, only one of them will enter the equation. (Ince the 1irst
variable is included, the added explanatory power of the second variable will be minimal and its -
statistic will not be large enough to enter the model.

The procedure continues by deciding whether 1o add another independent variable at cach
step. The p-values of all variables are computed (at each step) and compared to the Feto-remove, 1f
a variable F-statistic falls below this standard, it is removed from the equations.

36



| Eg Mumber 2 Volume 12 June 20046

Journal of Engincering

I hese steps are repeated until no more varables are added or removed. The rutting model decived
Irom: the analysis is found to be:

RE=2.66T7283+0.061539* ACH).00 ] 285 *Temp.-0.160534*F -0 985539% AV
L R e Nl sEE=(32058

where:-
RV Rut depth in fmm)
AL =Asphalt conten (4 C fromd.0 - 6.0)
Temp. = Temperature in °C
= Filler type (1= Cement, 2=Hydrated lime and 3= Lime stong s
AV the percent air voicls of the AC mix (A Fiom20-51)
By using STATISTICA software, the correlation coctficients between all of the variahles

are caleulated and the correlation matrix is setup. Lhis matrix and testing for (&) ertical can be
i Table (1).

=EUN

Table (1) Correlation Matrix for Rutting Model.

Correlations (New model.sta)
ASPHALT TEMP FILLER AIR VOID } RUTTING
ASPHALT ] 0.1 764704 0L128907 -0.3033593 0.2495724
TEMP 0, 1764704 1 03228478 0. 2466469 | 0.2288295
FILLLER 0128907 (1.3228478 | -0.1925076 D291 172
AR VOID | -0.3033593 | -0 2466469 LTS2 5070 I (L BAIRIRG
RUTTING (0.2495724 0.228R295 02912172 B938356 1

The summary of stepwise regression. regression summary and several possible models can be seen
m Tables (2). ()

Table (2) Reeression Summary and Summary of Step Wise Resression for Rutting Maodel,

Regression Summary for Dependent Variable: RUTTING
R— 90295077 R*= §1532000 Adjusted B2- 81361797
Ei4,4 34y =479.00 p=<0.0000 Std. Error of estimate- 32958
1. Err. at. I,
BETA of BETA 5 of B . t{434) p-level
Interept 26672835 | 0.2366708 11270015 5.132E-26
ASPHALT | 0.0311372 | 0.0218037 | 0.0615394 00430927 1 4280694 0.153991]
TEMP 0.026925 00223344 | 0.0018855 Q00564 12055411 L Z286513
FIL.IL.LER 0.133712 | 0.0219855 | -0.160534 | 0.0263957 | -6.0818308 2.6091-09
AIR VOID | 0.8%41817 | 0.0222487 | 0.9855385 0.0247092 | 39740773 0
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Table (3) Several Possible Models From the Stepwise Regression Analysis for the Selection of

Rutting Model.
-
[j Varmhle Muodel R’ SEL
| Aoy FL=2 T 0 S G Ay 079 | 0.542
2 AvF RI3 =3 046-4+-0 96948 v-0_148F 0812 | 0.330
3 Av b A ED=2T08+0. 98 Av-0 1 51 F+0.066A: w1z | a4
4 | AvFAcTemp | RD=2.667+0.98Av- 1607 H0.06]1 As+0.001 Temp. 0813 3249

TESTING FOR THE MODEL
Testing for Mormality

[n addition to chi-square test for normality. the following twi tests can be used. The first s
called the Kolmogorov-smirnov (or K-35 test). Whereas, the second is called the Lilliefors west Hoth
test work similarly by comparing the actual and normal cumulative probabilities. The difterence
between them is (hat K-5 test assumed that the mean and the standard deviation of the population
arc known. While Lilhetors test requires 10 compute the mean and standard deviation [rom the data
[keller and Warrack {20003].For this study and according to the availahle data Lillicfors west s
sugeested 10 be used.

Lilliefors Test

H, = the data are normally distribution.

FH= the data are not normally distribution.

D= max [Fix)-5(x}]

W here

S(x): Sample comulative distribution function (the proportion .|:u|'r~:ur=|p|-.-_' value that are less than or
cqual to x).and,

F(x): Normal cumulative probabilities. (1'rom normal distribution table).

X=X,

P(Z=

Where,
» =value of variable,

x =Hample mean.
S=5tandard deviation of sample.

Lillicfors test result for the developed model can be seen in the following tables:

N
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D-value for rutting model

Variable (T value
Temperature , 0.035
Stress 0.042
Asphalt content 0021
Filler type 0.039
Gradation type D.035
Compaction methods 0042
WokA, 0031
Flow 0.015
Stiffness 0.040
Alr voids 0.011
i-hllﬁng 0.018

For sample size >30 and significant level =0.05,
Then DD, = 0.886/ (m)"*

1) e = 90422 for rutting model The values o [, are grater than the above mbulated for

rutting moded . Thus, [ does not fall ino the rejection region and there is no reason 1o reject the null
v pothesis.

Checking for B o

Refer (o the correlation matrix, most of the coefficients of correlation between each wo
variables B, =R is equal 10 0.095 (n=439, df= n-{1+1) =437).Thus. the null hypothesis
that, there is no association between the variables is rejected at 95% confidence level

The correlation coefficient of the final form of this model =090 = R 123, (n=43%.
di=n-(3+1) =433). Therefore, there is strong comclation between the rutting model and the
independent variables in this model.

feaorirn

Goodness of Fit

To checking the goodness of 71 for the predicied model. Chi-sguare test was carried out and
the following results arc cxpressed.
I- X7 -test

n=43%_ df=43% conlidence level =95%,

Case variables 7 value X " =value

1 x»=observed 01,77 233.99

ypredicted mitting model

Forcasc I X' <X there is no significant difference between the observed and the
predicted values,
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RESULTS OF THFE, ANALYSIS

The stepwise regression using STATISTICA software serves its purpose in drawing attention
te dangerous inter-correlation and enables a selection of varables to be made on logical basis, The
chosen variables are then entered in a regular multiple regression, The first model developed is
shown at the end of the previous section as rutting model Equation (2).

The variables; air voids, filler type, temperature and asphalt content are choser. The
variables used in the model show that the rutting is strongly affected by air voids and wsphalt
conlent, while, filler type and temperature reflect lower effect on rutting, The model indicates thn
rulling increascs with the increase in air voids, asphalt content and temperature, while it decreases
with the filler type from cement to hydeated lime, which has low value ob correlation with the
nitting.

It was found that the linear forms of the variables result in best correlation between the independent
variables and rutting, ]

A study of the correlation coefficient matrix and the variables selecied for the TERIessIon
analysis showed several variables comelated reasonably well with the dependent variable. but do non
enier because of high order of inter-correlation with a variable already selecred for the model
Accordingly, it was decided to reduce the number of variahles, leaving as few as possible o
describe the pavement.

DISCUSSION OF RESULTS
Regarding the rutting model; four variables are found to be commoan e the general picture of
the model development; these were air voids, filler type, temperature, and asphall contenm. The
coellicient of determination is found 1o be 0.813, which means that this model can explain 1.3
percent of the rutting prediction.
Ihere is no multicollinearity between the mdependent variables that affect the rulting mods|

MODEL LIMITATION
As with all regression models, the model is only valid within the ranges of the vanables
developed .Some additional limitations can be mentioned, as in the (ollows:
1. Mix stitfness could be estimated by Heukelom method, and
2. The ranges of data for rutting model can be seen in Table (4).

Tabhle {4) Range of Data in Rutting Moedel

¥Yariables Mean Minimum Maximum

ASPHALT CONTENT (%) 40359 4.0 6.0
STRESS LEVEL ( Mpa) (.88 . BO2s |
LEMPERATURE (°C) 31.93 2000 &
COMPACTION TYPE (land 2) 1,191 1.0 2.
GRADATION TYPE (1,23 4and5) 3387 1.0 5.0
FILLEE. TYPE (I.2.and 3) 1.293 1.0 3.0
STIFFNESS (Kpiem?) 4.4749 3.0 13
FLOW (mm) 2971 2.0 Al
V.M.A (%) 12.534 L 100
ALR VOID (%) 2.0y 2.0 31
RUTTING (mm) 5.760 1.366 8.420
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VALIDATION OF THE DEVELOPTED MODEL
Introduction
The final step in the model building process is the validation of the developed models. The

I.‘.Il"_|1.’.CF‘l"rE is to assess the ability of rutting prediction model to accurately predict the amount of
rutting in the field using data not already used in developing the model.

Literature Review

A review of the statistical literature [Neter et al., 1990 and Snee 1977] sugpests the tolluwing
methikls for validating a regression model:

¢ Check on Model Predictions and CoelTicients

e Collection of Mew Data

=  Comparison with Previously Developed Models
= Data Splitting

-

Prediction Sum of Squares (PRESS)

Selection of Validation Methods

The Literature suggests that all available methods of validation could be used. However, in
this ease, 1t is not possible 1o use all the methods of validation. Therefore, the applicability of cach
method in terms of the validation of the rutting model will be discussed and the most appropriate
methods of validation will be selected.

The first method (Check on Model Predictions and Coefficients) attempts o make sure tha
the selected model agrees with the physical theory, This essentially has been alreadv checked
during the development process.

The second method (Collection of New Data) sugeests that o new data set should be collected.
Unfortunately, the collection of the new data is nol possible due to time constraints.

The third methed (Comparison with previously developed models) compures the resuelts of a
newly developed model with a previously developed mode] or with a theoretical model,

‘The fourth method (data splitting) has recommended that one may not consider dur splitting
unless N = 2P4235, where N is the sample size and 1" is number of estimated parameters.

I'he last method (Prediction Sum of Squares) is a form of data splitting and it 15 not feasible
because of the available large sample size,

For the above mentioned discussion, because of the nature of the available dara and
minimization of the error of mean for the accuracy requirements, the third method (Comparison
with previously developed models) is selected 10 assess the predictive ability of the mrting model.

COMPARISION WITH PREVIOUSLY DEVELOPTED MODELS
shell design method (Manually caleulated), shell pavement design software SPDM 3.0 and

new rulting model have been applied to show the effect of variable variations on the permanent
deformation values of asphalt concrete surface laver The following default values are used in this
process;

1-80 mm asphalt concrete mixture as surface layer wilh stillness modulus varyving accoerding 1o the
t}'ile of mixiure

2- The above mentioned layer is supported by 200 mm asphalt concrete hase layer with stiffness
madulus of [ = 10% N/m’

3- Silty clay subgrade with a resilience modulus of 2.5= 10" N/m* modulus

4- The MMAT (Mean Monthly Air Temperature), arc (18.3, 21.4, 25.3, 31.8, 39.1, 42.7, 44.5, 46,
404, 34.9, 24.3, and 18) [Iraqi Metcorological Organization, 2002].

a- Design life =15 year

t-The total number of axles per lane per day is equal to 2000, and it is anticipated that tralTic will
merease at the rate of 2 percent
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Table (5) shows the.rut depth calculation by using shell method (manual calculation). SPDM
3.0 software, and new rutting model for each mix variable.

Table (5) Rut Depth Calculation by Using Shell and New Developed Model

= 5 Shell method E i
Mix | . h T H W ke N i ; Al o= %
g : i ; ' 2 | & 15 Manually | SPpM |2 = 2
M. ' by F+6 2 | N/m v " Manually | & == E
{mm) E+4 M/m " {mm}) By charts | Software g a3 e
{mim} {mm)
q 2 L L .. = 2
1 | 44 19 0 . 3.9 Qi .5 1.6 | B3 498 b2 .14
2 40 3 4 0382 | 3.76 1.5% T4 0 1.2 233
o L)L 40 J39) 2 Jos3si|aso] o7s 66 Jo6] 1.2 | 241 g1 i S
2] 40 Y36 4 Jo3z |3so 157 68 Jos| 12 | 254 ' ' i
: . e = . T
1 1 A0 i 2 0279 | 385 0.7 T4 0.6 .z 2.2 4.4 467 55
2 44 36 4 381 3% 1.57 %.1 0.6 1. 213
: b i 3 3 s 53 2 E :
¢ L] 30 139 0.380 1 3.79 | 0.7 53 Jo6] 1.2 26 34 466 -
f: 441 36 d UIED | 379 1.58 5.6 0.6 1.2 261
5 | 40 £ 2 382 | 376 7% 592 .6 1.2 2.9 54 4.50 5 3%
2 A0 £l 4 08T | 5.76 .54 87 0.6 1.2 25
& | 4i) El 2 371 | 3.9 (706 521 06| 1.2 31 606 8 & i
2 40 e i 037l 5 Lk 1.53 a7 (ki 1.2 2%
2 Tl 3 i 2. 2 e
T ] i) a9 2 03TE | 580 078 5.0 i FE Sl 45] s v
i aiy 3% & 378 1 3.80 1.57 544 & 1.2 317
g | Al 1 . L3TE | 159 0.77 1a 1K) P2 P IE 411 118 5 3
2 A i 4 3724 5.39 b5 L .6 1% bt
9 1 Ak 250 z 0410 § 375 1150 T42 0.6 |22 * 3z 14 < ‘16
2 Ay i 4 04100 375 [ A0 8,52 La 12 2002
o LA 40 e 2 Joswlam] o 57 Jos] 12 | 308 iy e e
2] 40 J 36| 4 Josm]ime 1.58 654 Joe] 12 | 2.4 : -
3 ) 37 7 . A .,
' | 4ip El 2 0371 L (.76 6% 06| 12 165 515 4.88 "
2 A} if 4 0.371 3.9 153 6.9 0.6 12z x50
iz L1440 139 2 Jossafavr] o7 [ se Joel 12| 29 e 4] Yo
2] 40 f36) 4 Jo3salsor] (50 | 663 |oel 12 | =358
13 i A0 ig 2 o 0580 | 379 0.7 L (.6 12 .50 183 468 o
s 4} in 4 0380 § 3.1 .58 T4 1.6 2z .33
14 | A0 i 2 {.381 | 3.80 0.7k 1.4 0.6 1.2 900 £ 437 517
F 410 i 4 0.381 | 3.80 1.57 233 0.6 a5 T.41
5 I 4 i 2 0379 | 3,79 0.7 1. E5 0.6 1.z 444 ] 475 56
2 41 £f: 4 0379 | 3.9 1.58 .5 & 1.2 384
1A | 41 a0 2 027 | 3,70 0. 7% HA .G | A | .57 3 % &3 5 a8
P 40 T 4 0279 379 1.58 002 § 05 1.2 T2
pp LLL 40§39} 2 Joarifsoo] o7 | 883 Jos| 2 [ 195 2 64 S 5.62
2| an 36 4 | w371 | 390 .53 22 fos)] 12 ] 1.69
g L) 40 J3o) 2 Jo3ssofse] o 64 Joa] 12| 27 % 7 P 539
21 an £ 4 | 03z | e 1.5% 7.1 061 1.2 | 243
o L) 40 139 2 Josnnfseof o7s s9 Jos) 12| 292 547 4a7 5 32
2 40 3G B 0371 | 390 1.5% 6.5 0.6 .2 265
op L1J 40 $39) 2 Jo2m |39 o7 | 531 Jos] 12 ] 325 S i 48
a1 4o | 4 279 | 3.79 1,58 562 fos) 12§ 307
N i ETH ) 2oAoare]zse| 077 783 loa| 12| 270 413 5.48 632
=g 40} £ 4 0.372 1.5 1.54 g9z 0.6 12 [.93%
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VALIDATIOMN RESULTS

The rutting values resulted from SPDM sofiware are plotted against those estimated by the
new rulting model. This relation is shown in Fig. (1),

Bm[-

y = 08513 + 09622
R* = 0. 7562

¥.50

e

&80

G.00

Ful Depth by Using SPOM 3.0 Software

400 - S
400 450 500 &HB0 G600 G50 FOO YSO  BOO
Rut Depth by Using Mew Ruiting Mode|

Fig. (1). SPDM 3.0 Software versus New Rulling Model Rut Depth

The best fit of the relation between the rutting value of SPDM 3.0 software and new rutting model
can be found in the following form;

RD¢SPDM 3.0 Software) - 0.831 3*RD{New Rutting Model]+0 Y62 {3
R* =0.7552
where:-
RD (SPOM 3.0 Software) - Kur Depth Calewlared Using SPDM 3.0 Software
R (New Rutting Model) = Rut Depeh Calcwlated Using New Rulting Mode!
These findings seem 1o have good agreement with the relation y = k.
Thus and for the lotal materials characteristics and environmental condition. the developed

model can be recognized for the prediction of the rutting in Irag within the mentioned limitations of
this model.

SENSITIVITY ANALYSIS _
Sensitivity analysis has been made o illustrate the effect of vanous parameters on limg
prediction model. Analysis is conducled to evaluate the effect of air void, filler ype. asphali
content, and temperature on the rtting model of asphall mixtures.
A parametric study is performed to select the suitable variables in the presented model 'I'a!!:rlr
(6) shows the results of the parametric study. Based on the highest coefficient of determination

(R, rut depth {#D), temperature { Temp.), filler type (F), and the air void (AV) are selected for the
prediction model.
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Table (6) Selection of Model Parameters

Model Parameter Condition R’

RD, AV, F, Terp. ,AC With all Parameter 0.8136
RI), F, Temp., AC Without AY 1373
RD.AVF, AC Without Temp. {1834
RD, AV, Temp., AC Without F 0.7981
RD, AV, F, Temp. Without AL 081317

Effects of Air Voids on the Rutting

Fig. (2) Presents the variation of rulting with the percentage of air voids, In peneral, as the aif
voud content increases the rutling increases. In cerlain instances, asphall mixtures with similas
gradation characteristices and air void content yield different rutting valucs. This difference may be
attributed to the different arrangements of the void distributions in different samples.

Fuling {mm)
T - T T T
v |
.‘!%
i
-
1‘#'
%
W

=
1
=
1
o L=
it 1 2 3 4 ) &

Bir Woids (3%
Fig. (2) Variation of Rutting with Air Voids

Effects of Asphalt Content on the Rutting

Fig. (3) Presents the variation of the rutting with the asphalt content. In general. as the asphalt
comient increases the rutting increases

In certain instances, asphalt mixtures with similar gradation characteristics and asphall content
yield different rutting values. This difference may be attributed to the different asphalt distributions
mn different samples.

o S | P T e Ll y
& |
B - - = i
w |
o ; i e - '
= » : -
= - |
Sl T — § U -
o *
= — -
g :
T 3 Iy +
3 |
|
- - |
|:| 1
. 3.5 4 .50 ) 0.5 =] fi 5
Asphalt Contant (%)

Fig. (3) Variation of Rutting with Asphalt Content
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Effects of Filler Type on the Rutting
Fig. (4) Shows the effects of the variation of fller type on the rutting of HIMA mixiures. No

conclusions could be drawn since the filler 1ype docs not varies significantly in the considered
mixtures. -

] - —— ———
g | b
! )
E B
£ | |
E !
s " . T
=] 3 ;
o I= Asghalt Cement
E 2= Hydrated Lime
1 5= Limc Stone Dhist
L4 "
a 1 2 3 4
Fillizr Type

Fig. (4) Variation of Rutting with Filler Tvpe

Effects of Temperature on the Rutiing
Fig. (5) Shows the effects of the variation ol temperature on the rutting of HMA mixiures, No

conclusions could be drawn since the temperature does not varies significantly in the considered
mixtures.

]

A -

7 1 X »
E6
| I
5 .
é 1 - -

2

i

0 e

i 10 20 0 40 150) C i
Tempereture (T
Fig_ (3) Variation of Rutting with Temperature
CONCLUSIONS

1- As a result of the statistical analysis, the following model is developed wo predict rutting in
asphalt concrele mixiure;
RD-2.667283+-0.061539* ACHR.00T B85 * Temp.-0. 160534* F tD.9855394 AV
whera:-
D= Rut depth in fmm)
AC=Asphall content (AC from4.() - 6.0%)
Temp. = Temperature in *C
F= Filler type (1-Cement, 2=Hydrated lime and 3-Lime stone dust)
ANV=the percent air voids of the AC mix (AV from 2.0 - 5.1%%)
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2- As compared with the sensitivity analysiy results, the air voids and asphalt content have u
prvot role to influence the mixture ability to resist permanent deformation. While lower
influence on the permanent deformation appear by other variables,

RECOMMENDATIONS

The developed rutting model can be recognized for the prediction of rutting in Frag within its
limitation and lowal materials characteristics and environmental conditions,
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NOMENELATURE

| B Rut depth in (mm)

AL “Asphalt content (AC from4.0 - 6.0%%)

Temp. = Temperature in °C

F = Filler type (1=Cement, 2=Hydrated lime and 3=Lime stone dust)
AV = Air Voids of the AC mix (AV from 2.0 - 5.1%)
PEESS - Prediction Sum of Squares.

E Coefficient of Correlation.

B’ Coelficient of Determination.

R Cntical Coefficient ol Correlation

#' = Chi-square.

e = Critical Chi-square.
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