
UC Berkeley
Earlier Faculty Research

Title
Why voters may prefer congested public clubs

Permalink
https://escholarship.org/uc/item/2rm6x4kc

Authors
Glazer, Amihai
Niskanen, Esko

Publication Date
2001-09-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2rm6x4kc
https://escholarship.org
http://www.cdlib.org/


Estimation of Highway Deterioration Models
by Combining Experimental Data from
Different Sources

Adrian Richardo Archilla

Samer Madanat

Reprint
UCTC No. 454

The University of California

Tmnspottatlon Center

University of Calffor~ia
Berkeley, CA 94720



The University of Californi=
Transportation Center

The Universit7 of Califor~a
Transportation Center CGCTC)

is one of ~en reg/orml units

mandated by Con~.n~ss and

established in Fall 1988 to

suppor~ research, education,

and training in surface traas-
por.ation. The UC Center

serves federal Re, on LX ~d
is supported by matching

grants from the U.& Depart-
meat of Transpor:ation, the

California Department of

Transportation (Cakmns), and

the University.

Based on ~e Berkeley
Campus, UCTC draws upon
exis:ing ca~ab[lides and

resources of d~e Institutes of

T~ns~oc~on S~-dies a~
Ee."k£ey, Davis, I:’,-ine. and

Los A.-,ge!es; d’~e Inn!rote of
Urban and R.:~or.al Develop-
men: ac Serk£ey: and several

acade..’nic de.:arunen~s at the
BerkKey,Davis. [urine. and

Los Angete~ c~puses.

Facu,.’~ a:d st~-dea~ on o~er
University of Caiifornia
composes may pa~icipae in

Center activities. Researchers
aI: o~hdr universities within the
region also have opporramtiea
to collaborate with UC faculty

or~ selected studies.

UCTC’s educational and
fese~ch prog~dns are focused
on strategc pla~/ng for
impro ring mea’opoL{tan
accessibiiiw, with emphasis

on the special condifior~ in
Region IX. P:zr’dcular a~endon
is dkec:ed to s~rategies for

using wanspor~afion as an

~nsu’umen~ of economic

development, while aIso ac-
commodating to the region’s

persistent exp~sion and
while maintainingand enhanc-

ing the quali~" of life there.

The Center d£swibu~es re~ov’,.s
on its rese~--ch in working
papers, monographs, and in
repents of pu~iished articles.
ti also Fuhiishes Access. a

magazine g:ese:z:.:ng sum-
modes of se!ec:ed studies. Fcr
a Hs: of ~cubiicado~.s in pv;nt,
w~e ~o the ad~-*ss ~e!ow.

Umve~it’y. ot CaIffornda
Tr’an~pormfion Center

108 Nav~ Aar.him:tm~ Builflm~
Berkeley, C..a~om/~ 94720
TeA: 510/643=7378
FAX: 5t01543..S,456

The co,eats of this mpod reflect the views of the authors, who are
responsible for the facts a~d the accuracy of the information presented
herein. This document is disseminated under the sponsorship of the

Department of Transportation, University Transportation Centers Program,
in the interest of information exchanEe. The U.S. Government assumes no

liability for the contents or use thereof.



Estimation of Highway Pavement Deterioration Models by
Combining Experimental Data from Different Sources

Adrian Ricardo Archilla*

Samer Madanat**

*Graduate Research Assistant
** Associate Professor

Department of Civil and EnvironmentaI Engineering
University of California

Berkeley, CA 94720-1720

Reprinted from
Journal of Transportation Engineering

ASCE, September 2001

UCTC Reprint No. 454

The University of California Transportation Center
University of California at Berkeley



Estimation of Highway Pavement Deterioration Models by Combining

Experimental Data from Different Sources

Adrian Ricardo Archilla 1 and Samer Madanat2

Abstxact

The accurate prediction of rutting development is an essential element for the

efficient management of pavement systems. In addition, progression models of highway

pavement rutting can be used to study the effects of different loading levels, and thus in

allocating cost responsibilities to various vehicle classes for their use of the highway

system. Further, such models can be used for evaluating different strategies for design,

maintenance and rehabilitation. Finally, if the models contain information about asphalt

concrete rn~xes, they can also provide directions in the proportioning of aggregate,

asphalt and air in the mix.

The objective of this paper is to demonstrate the effectiveness of the estimation of

rutting models by combining the information from two data sources. The data sources

considered are the AASHO Road Test and the WesTrack Road Test. Combined

estimation with both data sources is used to identify parameters that are not identifiable

from one data source alone. In addition, this estimation approach also fields more

efficient parameter estimates.

The results presented in this paper demonstrate that joint esth-nafion produces

more realistic parameter estimates than those obtained by using either data set alone.

Furthermore, joint estimation allows us to account for the effects of pavement structure,

axle load configuration, asphalt concrete mix properties, freeze-thaw cycles and hot

temperatures ha a single model. Finally, it allows to us to predict the relative

contributions of rutting originating both in the asphalt concrete and in the unbound Iayers

in the same model.

1 Graduate Strudent Researcher, Institute of Transportation Studies and Department of Civil and

Enviro:ranental Engineering, University of California, Berkeley, CA 94720
z Associate Professor, Institute of Transportation Studies and Department of Civil and Environmental

Engineering, 1 t4 McLaughlin Hail, University of California, Berkeley, CA 94720, Tel: 510-643-1084,
Fax: 510-642-1246, email: rnadanat@ce.berkeley.edu



Estimation of Highway Pavement Deterioration Models

by Combining Experimental Data from Different Sources

I. Introduction

Modeling highway pavement deterioration is a critical component of pavement

management systems. Pavement deterioration models provide predictions of pavement

condition over time as a function of traffic, pavement characteristics and environmental

factors. In asphalt concrete pavements, the deterioration manifests itself through several

distress types, such as cracking, rutting, raveling, potholing, and roughness. In particular,

rutting, which appears as longitudinal depressions in the wheel paths of asphalt concrete

pavements, has historically been used a primary criterion of structural performance in

many pavement design methods and represents a serious safety issue for road users. For

these reasons, in this paper we focus on the development of rutting progression models.

The accurate prediction of rutting development is an essential element for the

efficient management of pavement systems. In addition, progression models of highway

pavement rutting can be used to study the effects of different loading levels, and thus in"

allocating cost responsibilities to various vehicle classes for their use of the highway

system. Further, such models can be used for evaluating different strategies for design,

maintenance and rehabilitation. Finally, if the models contain information about asphalt

concrete mixes, they can also provide directions in the proportioning of aggregate,

asphalt and air in the mix.

Rutting models developed to date are all limited somehow by the characteristics

of the data sets used to estimate them. For example, the information in some data sets

allows the identification of the effects of the structural design of the pavement (pavement

layer thicknesses) but not of the effects of asphalt concrete mix characteristics and vice-

versa. Different types of data have complementary characteristics that can be exploited

using joint estimation.



The objective of this paper is to demonstrate the effectiveness of the estimation

of rutting models by combining the information from two data sources. The data sources

considered are the AASHO Road Test and the WesTrack Road Test. The AASHO Road

Test (H , 1962) is the most comprehensive full-scale pavement test carried out to date.

This data set allows the identification of the effects of layer thicknesses, freezing and

thawing, and the level and number of repetitions of the loads. A total of 9,478

observations (7,035 for the original sections and 2,443 for overlaid sections)

corresponding to 260 pavement sections are used for model estimation. The data set is an

unbalanced panel.

WesTrack is also a full-scale experiment that consists of a specially built track in

the state of Nevada. In contrast to the AASHO data set, the WesTraek data set allows the

identification of the effects of asphalt concrete mix characteristics, the number of load

repetitions and high air temperatures. This data set, which consists of 860 observations

for 26 pavement sections, is also unbalanced.

Combined estimation with both data sources is used to identify parameters that

are not identifiable from one data source alone. In addition, this estimation approach also

yields more efficient parameter estimates.

The paper is organized as follows. Section 2 describes the specifications of the

WesTrack and AASHO models. Section 3 presents the parameter estimation results for

the individual models. Then Section 4 introduces the joint estimation approach. Section 5

presents the parameter estimation results using the joint estimation approach and

analyzes the most important consequences. Section 6 concludes the paper.

2, Model specifications

2this section first presents background common to the specification of the models

for both data sources. Then, this common background is customized to the characteristics

of each data set.
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Common background

When the environmental conditions do not change appreciably, most empirical

~md accelerated pavement test studies exbdbit a concave trend of deformation (rut depth)

with respect to the number of load applications. Curve A in Figure 1 shows this trend,

which illustrates how the materials harden with loading. The same increment in the

number of load applications (AN), produces a larger increment of rut depth (ARD) 

the beginning of the life of the pavement than the near the end of the life of the

pavement.

RD
(Rut Depth)

.... Curve B
j,

a"

I Curve A

/

Cumulative number of load applications, N

Figure 1: Rut depth vs. cumulative number of load applications.

C.urve B in the same figure illustrates what happens when the environment

changes to more unfavorable conditions. For example, thawing of frozen soils adversely

affects the performance of unbound materials and high air temperatures affect adversely

the performance of asphalt concrete mixes. In such situations, the trend in curve A is

discontinued by the jumps in the increments in rut depths shown in curve B.
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One can find simple expressions capable of modeling trends like that depicted by

curve A. Unfortunately, similar expressions capable of modeling trends such as the one

in curve B do not exist. Consequently, the rut depth for a section i at time t, RD,.t, is

modeled as the summation of the increments of rut depth up to time t, ARDu, in addition

to a constant term indicating the rut depth immediately after pavement construction, c/.

In this manner, the rut depth jumps with changes in the environmental conditions

can be considered in the specification of the rut depth increments. To model the

increments of rut depth for each period, it is important to consider the mechanisms of

rutting and the locations where deformations originate in the pavement structure. Rutting

appears as consequence of densification and plastic flow in the pavement layers1.

Attributing how much of the rutting is due to densification and how much is due to flow

is very difficult because both mechanisms occur throughout all pavement layers in

different degrees. However, near the pavement surface flow plays a more important role

than densificafion but the importance of flow relative to densification decreases with

depth. Thus, although the two mechanisms cannot be separated, one should expect"

different trade-offs between relevant variables near the pavement surface and deeper in

the pavement structure. Consequently, the increment of rut depth for each period is

modeled as the sum of an increment originating near the pavement surface and an

increment originating deeper in the pavement structure° There is another reason why this

is convenient. The relevant environmental effects are also different near the pavement

surface and deeper in the pavement structure. Near the surface, the pavement has asphalt

concrete whose performance is severely affected by high air temperatures. In contrast,

the underlying layers of the pavement structure are commonly built with unbound

materials that are affected by freezing and thawing. Thus, the increment of rut depth for

time period t is modeled as:

I Densification involves change of volume without change in shape whereas flow involves change in shape

without change in volume.
4



ARDi, = ARDiAtc + ARDiVt (2)

Where: ARDi~Cis the increment in rut depth for section i in period t that originates in the

asphalt concrete layer and v.ARDOr zs the increment in rut depth for section i in period t

that originates in the underlying layers.

To model these increments of rut depth Arehilla and Madanat (2000b) have used

the following expressions:

ARD;,U = a. e u,, (3)

A C eb’ re’it
ARDi, =mi, ANi, (4)

Where: m;t is a function of the mix characteristics, loading, and high air temperatures and

a’it is a function of the pavement layer thicknesses and a measure of freeze-thaw in the

period. The expressions for m~t and air are presented later when the background is

customized for each data set. Finally, b and b’ are (negative) model parameters.

The variables ANit and AN’t capture the effects of traffic loads during the loading

period for rutting originating in the asphalt concrete layer and for rutting originating in

the underlying layers, respectively. Similarly, the variables Nit and N’,-~ represent the"

t

cumulative loading up to the current period t. That is, they are Nit =)~ANis and
s=l

l

,/Vii = >2 ANis, respectively.
s=l

Equations (3) and (4) indicate that the increments of vatting are proportional 

the loading in the period but they decrease with cumulative loading (as captured through

the exponential terms). Thus, the parameters b and b’ capture the hardening that occurs in

the underlying layers and the asphalt concrete layer, respectively.

AN,.t and AN’t are defined using the concept of equivalent single axle loads,

which is generally accepted in pavement engineering. The number of applications of



equivalent single axle loads is the number of 80 kN single axle loads that produce the

same damage as the actual traffic loads. These are computed using a Load Equivalency

Factor (LEF). The LEF for a load S gives the number of applications of single axle loads

of 80-kN that produce the same damage as one passage of the load S. This factor is

computed as:

LEF = (S/8O)v (5)

Where: y is a load equivalency coefficient that is commonly assumed to be equal to 4.

This concept is used to define ANu, the loading for rutting originating in the underlying

layers, as follows:

nsj t.8o)
j=l

Where nsj is the number of single axle load applications of load magnitude ~,j=l,..., Rs:

Rs is the number of different load magnitudes for single axles; nrj is the number of

tandem axle load applications of load magnitude Tj, j=I,...,Rr; and Rr is the number of

different load magnitudes for tandem axles. The factor (Sj /80)~5 is simply the LEFfor

the single axle load magnitude Sj. The multiplication of the LEFsj by the number of

applications of load Sj in the period, nsj, yields the number of equivalent single axle load

applications produced by single axle loads of magnitude Sj. Similarly, the factor

(Tj/([37 80))1~6 is the LEF for the tandem axle load magnitude Tj. In this case, the axle

load Tj is standardized by a standard tandem axle load (flz 80-kN) that produces the same

damage as the standard single axle load of 80-kN. The Ioad equivalency coefficient for

tandem axle loads, fir, is not constrained to be the same as the load equivalency

coefficient for single axles, fls. This is reasonable because the stress distribution.~

produced by single and tandem axle load configurations are different deep in the

pavement structure° As illustrated schematically in Figure 2, the stress distributions

caused by the two loads in a tandem configuration are superimposed yielding a stress

distribution that is different from the stress distribution for a single axle load.
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Tandem axl~-~

../ .... ? ( .... ...:.....
./" ../ "x

’’\4.," / \. \.,/ / ..

Figure 2: Superposition of stress distributions under a tandem axle.

It should be noted that the expressions for the WesTrack and AASHO Road Tests

are simpler. Figure 3 shows the configuration of the truck used to load the WesTrack

sections. It can be noted that there are only two single axle load magnitudes that

correspond to a 53.4-kN steering axle and five 89-kN single loading axles and there is

only one tandem axle load of 178-kN. For AASHO, the loading axles are either one

.,;ingle, two singles, one tandem, or two tandem axles whose magnitude change from

section to section and the steering axle is always a single axle with a magnitude that also"

varies from section to section.

53.4 kN
02 K)

~9kN

89 kN 89 kN 89 kN 89 kN
(20 K) / (20 (20 K) (20 K) (20 K) (20 K)

Front axle Tandem Axle

89 kN
(20 K)

!Figure 3: Truck configuration used in WesTrack.

Although the loading for a given section is unique, its effect on rotting

originating in the asphalt concrete layer is different from its effect on rutting originating
7



in the underlying layers. Based on observations of simplified stress distributions near the

pavement surface and at depth, we expect the effect of load to be much more pronounced

at depth than near the surface of the pavement (Archilla and Madanat, 2000b). In fact,

this is the main reason why loading has been considered separately for the two origins of

rutting. In addition, near the surface the two loads in a tandem configuration act as two

separate single axle loads. (There is no superposifion of the stress distributions caused by

each of the axles). From these observations the loading for rutting originating in the

asphalt concrete layer is specified as follows:

Rs

~,S0J +~--,,nrj2~, 80 )
(7)

j=l j=~

This expression is very similar to (6). However, there are two important

differences. First, the load equivalency exponent for single axles, fl12, is not assumed to

be the same as ]35, the load equivalency exponent for single axles for rutting originating

in the underlying layers. As mentioned before, the a priori expectation is that ,fl12 should

be smaller than/35. Second, tandem axles are considered as two single axles each with

half the load of the tandem axle. This is why in the second term, the load Tj is divided by

2 and the result is then standardized by 80 kN, the standard single axle load. This ratio is

then raised to the file power, the load equivalency exponent for single axles to obtain the

LEF for one of the axles of the tandem configuration. Finally, this LEF is multiplied by 2

to account for the fact that there are two single axles for each passage of a tandem axle.

To complete the specification of the two models we need expressions for m~t and

air. This is done in the following two subsections in the context of each model.

Wes Trark Model Specification

The results of trenching studies in WesTrack indicated that almost all the rutting

originated in the asphalt concrete layer (Hand, 1998). Thus, for this data source, the

background presented in the previous section is simplified by considering that the rutting

originating in the underlying layers is negligible. This is fortunate because all the

pavement sections in WesTrack had the same structural design. Thus, even if the rutting
8



originating in the underlying layers had not been negligible, the related parameters

(presented in the next section) could not have been identified. Clearly, the predictions 

this model will be limited to rutting originating in the asphalt concrete layer.

The loading was also the same for all sections. Therefore, the load equivalency

parameter in equation (7), ,//12, cannot be identified from this data source. This does not

present a problem for the model estimation since AN’~t can simply be expressed as:

w

ANit = constant * AV/t (8)

Where AV/t is the number of vehicle passages during period t. Assuming a given value

for the constant (and consequently a value for fl12) affects the magnitude of the

coefficients multiplying N’~t but not the predicted values of rutting. In other words if the

constant is multiplied by a factor K:, the estimate of the parameter that multiplies N’it is

divided by ~: but the rutting predictions are unaffected. The value assumed in the model

is transferred from the AASHO model presented in the following subsection, which was

0.39.

To complete the model specification; we need a specification for mu. Archilla and

Madanat (2000a) have specified mi~ as a function of three asphalt concrete mix variables,

high air temperatures, and loading. The three asphalt concrete mix variables are a

Gradation Index (GO, the Voids Filled with Asphalt (VFA), and the in-place Air Voids

(,4 V). The gradation index is a measure of the deviations of the percent passing a series

of sieves from the corresponding percent passing from an associated maximum density

line. The maximum density line is a line that describes gradations that theoretically

achieve the maximum density for a given maximum aggregate size. The idea is that

gradations that differ the most from its associated maximum density line will have a

lower intrinsic resistance to rutting. A more complete description of the gradation index

can be found in Archilla and Madanat (2000a). Here, it suffices to note that with this

variable we try to capture the intrinsic deformability of the aggregate structure

independently of the mix asphalt content and compaction.

VFA is the percentage of the voids in the mineral aggregate which are filled with

asphalt° Its value changes with the level of compaction and trafficking, but it approaches

9



a constant value near the end of the life of the pavement. The VFA values we used for the

estimation of the model were obtained from field samples compacted with the Superpave

Gyratory Compator (AASTHO, 1997). The VEA value obtained from the Superpave

Gyratory Compator is an approximation to the field VFA value near the end of the life of

the pavement. Thus, in our model, VFA represents a measure of the asphalt content near

the end of the life of the pavement° VFA, together with an air temperature dummy

varJat~le defined beIow, captures the significant rutting during periods with high air

temperatures that is commonly observed in mixes with excessive asphalt content.

Finally, in-place air voids content is intended to capture the degree of compaction of the

asphalt concrete layer immediately after construction.

The specification for mit developed by Archilla and Madanat (2000a) 

(, VFAi .~ (r5 + r6 / GI, )
m/t = (y , +y~GIi)+(y ~ +y4.GIi)(~ oTempDum, (9)

+ A Z,. e×p(r N;,)

Where Yl, Y2, Y3, y4, Ys, Y6, Ys, and Z9 are model parameters and TempDumt is equal to one

if the mean maximum temperature in an observation period2, MeanMaxTt, is greater than

28.6°C and 0 otherwise° The rationale for this threshold is explained in Archilla and.

Madanat (2000a). Equation (9) has three additive terms. The first term, a linear function

of the gradation index for section i (Gli), is intended to capture the intrinsic deformability

of the aggregate structure in the mix. The second term is intended to capture the

interaction of high asphalt contents (high VFAi) and high air temperatures (TempDumt 

1). This interaction is also affected by the aggregate structure through the two linear

functions on GI,.. Finally, the third term captures the effect of initial compaction. A

pavement that is not well compacted (high A V~) will tend to compact mare under traffic

and this will lead to more rutting. Thus, ,68 should be positive. However, the effect of

initial compaction will fade away with loading. This is captured with the exponential

term with a negative f19.

In summary the specification of the WesTrack model is

2 The periods between observations were about two weeks long.

10
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With the mit’s given by equation (9), AN’ given by equation (7) (using a value for fl12 

I).39 from the AASHO model explained below), and where ~0 replaces the constant

term c~ in equation (1) and y7 replaces the parameter b’ in equation (4).

AASHO Model Specification

In the AASHO road test, rutting originated in both the asphalt concrete layer and

the underlying layers. Thus, both sources of rutting must be accounted for in the model

specification. For rutting originating in the asphalt concrete layer, we would have like to

use the same specification as for the WesTrack model. Unfortunately, the information we

had for the asphalt concrete mixes in AASHO was very limited and therefore some

simplifications were needed.

For the asphalt concrete mixes in AASHO, we only had information about the

averages of the GI, VFA, and A V as well as some information about their variability. In

general, these averages were quite tight because all the sections were constructed

according to the same specifications. The variation between sections was due mainly to

construction variability, which given the experimental nature of the AASHO Road Test

was relatively low. In light of the above, equation (9) was simplified for AASHO to 

form:

A
mu = ~1o +~31t " TempDumt (11)

Note that in the above equation we have substituted the expressions (Yl + Y2 Gig)

and (y 3"+ 3’ 4 .Gig) (VFA~ / 100)(~5 + ~6.cI,) appearing in equation (9) by the parameters ,81o

and fill, respectively. This is reasonable, since GI and VFA were relatively similar for all

sections° Note also that we have neglected the third additive term in equation (9). The

reason for this is that the average of the in-place air voids for the AASHO mixes was

relatively low (around 3.6 %). Therefore, for the AASHO mixes, the effect of this term 

11



negligible with the exception perhaps of the first one or two observations for each

pavement (recall that the contribution of this term decreases with loading).

To complete the AASHO model specification, we only need an expression for a~t

in equation (3). Consider first the case of fixed, favorable environmental conditions.

Since the environmental conditions do not change, a, = a~. It is reasonable to expect that

the stronger is the pavement the lower is the rutting originating in the underlying layers.

As seen in equation (3), the amount of rutting is directly proportional to the value of a~t.

This can be represented by a relation of the form shown in Figure 4.

Strength

Figure 4: Anticipated relation between the a5 coefficient and the strength of a pavement.

Such a relation simply indicates that the stronger the pavement, the less the

accumulated rut depth for a given traffic and that in extremely strong pavements the

rutting originating in the underlying layers should approach zero. The exponential

function provides a way to obtain such a shape, but before giving the expression relating

aj to strength, we need to define the strength. To model pavement strength, a concept

similar to the structural number defined in AASHTO (I993) is used. Specifically, the

strength of the pavement is modeled as:

RN, =f51 (T,l +OT,)+[3z 7/2 +133 Ti3 (12)

Where:
12



RN~ = resistance number for pavement i (although this is almost identical to the

structural number, a different name is used to make explicit that this

number is specific to rutting)

T~.I = thickness of the asphalt concrete layer for pavement i (m);

OT/ = thickness of the asphalt concrete overlay for pavement i (m) (only 

those sections that were overlaid);

T~2 = thickness of the granular base layer for pavement i (m);

T,.3 = thickness of the subbase layer for pavement i (m);

,/~ = contribution of the jth layer to the pavement resistance, wherej = 1,2,3 for

asphalt concrete, base, and subbase respectively.

Then, the following expression is used to relate a; to RN,-:

(13)

From this expression, it can be seen that as the pavement becomes more resistant,

the rut depth originating in the underlying layers approaches zero asymptotically°

Most sections in the AASHO Road Test showed an evident increment in the rate"

of rut depth progression during the spring months. Thus, in what follows, an

enviroranentaI variable is defined with the information available to include the thawing

effects in our model.

The environmental information available in the database for the AASHO Road

Test was very limited. Nevertheless, from the information about the maximum and

minirnum temperatures, a thawing index is computed with the following reasoning:

Freeze will only accumulate when temperatures are below 0°C. Thus an accumulated

freeze index for period t is computed as follows:

"AccumFzet = 0 t = 1

A ccumFzet = max(0, A ccumFzet_t -MeanMin Tt ) t = 2,..., T,.

(14)

13



Where MeanMinTt is the mean minimum temperature (°C) in the two week period t (in

the AASHO road test there was no freezing in period 1, which is why we set AccumFzel

= 0) and where T~ is the number of observations for section i.

Once the minimum temperature falls below 0 °C, freezing starts to accumulate. At

some point in time the minimum temperature again exceeds 0 °C, thus reducing the

accumulated freeze. When there are enough periods with temperatures above zero the

accumulated freeze is exhausted and therefore the variable AccumFzet becomes zero

again.

The effect of thawing will be the greatest when there is considerable accumulated

freeze from previous periods and the temperatures in the current period are substantially

above zero. In such cases, there will be large amounts of water in the pavement structure

with the consequent detrimental effects. Thus, a thawing index representing this

interaction of cumulative freeze with temperatures above zero is defined as follows

TI, = AccumFze~ ¯ max(MeanMaxTt ,0) (with units of °C) (15)

Where MeanMaxTt is the mean maximum temperature (°C) in the two week period

preceding t. This thawing index will be zero when the mean maximum temperature in

the period is below zero or when there is no accumulated freeze. Thus, as illustrated in’

Figure 5, when thawing starts, this variable starts increasing, then it reaches a maximum

and it returns to zero at the end of the thawing period. Archilla and Madanat (2000b)

describe other conditions that are necessary for freezing and thawing to have an effect.

Having defined the thawing index, it is now explained how it is incorporated in the

model. The introduction of a correction factor for a/when the environmental conditions

change is done as follows:

Where /39 is a model parameter. Whenever the thawing index is zero, the new

multiplicative factor (exp([38 TIt/lO00) ) is 1 and whenever there is thawing the factor is

14



l~eater than one implying that the pavement will rut faster during the corresponding

period.

2000

1800

1600

1400

1200

iO00

=~ coo

~- 600

4OO

2OO

0
Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Date

Figure 5: Thawing index computed at the AASHO Road Test.

Putting all the above together, the complete specification of the AASHO model

t t

s=k s=k

(17)

In the above equation, the constant term ci of equation (1) is replaced by the

parameter ,8.14, and the parameter b of equation (3) is replaced by the parameter ,89. The

two summations start with index s = k, where k is either equal to one if the pavement has

not received any overlay or equal to the index of the period in which the pavement was

overlaid. It is assumed that when the pavement is overlaid, all existing rutting is
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eliminated and that immediately after the overlay construction there will be some initial

rutting which is similar to the initial rutting of original construction (in both cases we

assume that initial rutting to be equal to/~H). The expressions for mA/., and au are given

by equations (1 I) and (16), respectively. Finally, in order to account for overlays, 

t

for the cumulative loading variables are given by Nit =>~LuVis andexpressions

a=l

s=k

~uV~,, respectively. The summation in the expression for Nit starts always at

period 1 because the construction of the overlay does not affect the hardening that has
0

occurred in the underlying layers. In contrast, the summation Nit starts at period k, the

period when the pavement was overlaid. This is because when a pavement is overlaid

most of the new rutting originating in the asphalt concrete layer will occur within the

overlay, which has not harden. The contribution of the older asphalt concrete layer to

ratting is minimal. The expressions for AN;t and AN’it are still given by equations (6)

and (7).

3. Estimation results for the individual models

This section presents the results of the parameter estimation when both models

are estimated separately. The discussion of the estimation approach that follows is

presented in the context of the AASHO model but it is equally applicable to the

WesTrack model.

Equation (17) is the expression of the conditional expectation function of rut

depth for section i at time t, E(RDit[Xtt,fl). This function gives expected rut depth

conditional on the set of regressors Xi, = (1,Til, Tie, T,3,,nsit,,nnt .... nsil,,nra,FLi, Ri,

ALli, AL2,,TIt)’ corresponding to the t th observation for section i and on the vector of

parameters ,8 = (,81, o., fl13. fl14.t..o., fill.s)" where S is the total number of sections. The

model can be expressed as the following set of regression equations:
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RDit =E(RDi,[Xit,(5)+eit i= 1,...,S, 1,. ..,T/ (18)

"Where T,. is the number of observations for section i and eit is the error term which is

assumed to have mean 0 and constant variance c~2. As can be seen from equation (17)

l~s model is nonlinear in the variables and the parameters. Moreover, the vector X,.t

contains the whole history of loading through the nsi~ and nrit. All these factors make the

estimation of the model complex.

When a data set consists of observations for different pavement units tlu’ough

time, several methods of pooling the data can be used. Such data sets are known as panel

data sets. One could estimate separate cross-section regressions (each using observations

for different pavement sections at the same point in time) or separate time-series

regressions (each with observations for a single pavement section over time). However,

if the model parameters are constant over time and over cross-sectional units, then more

efficient parameter estimates (i.e., estimates with lower variance) can be obtained if all

the data are combined and a single regression is run. This is the case if all observations

are the result of a single underlying deterioration process.

The simplest technique is to combine all cross-section data and time series data

and perform ordinary least-squares regression on the entire data set. In the present"

context, this is equivalent to performing a regression using equation (18) with

E(RDaIX,-t,[3) given by equation (i 7) and assuming that [3il 4 = ~ 14 iS the same for all i. The

problem with this procedure is that despite the reasonableness of the assumption that all

the observations are the result of a single underlying process, some unobserved

heterogeneity (unobserved and persistent pavement-specific factors) is still expected

among different pavement sections.

An example of the kind of unobserved heterogeneity that will be accounted for in

the model estimation is the initial cross-section profile.

The advantage of a panel data set over a cross sectional data set is that it allows

the researcher greater flexibility in modeling differences in behavior across individual

units (Greene 1997). The two most widely used frameworks for modeling unobserved

heterogeneity are called fixed- and random-effects respectively. Both approaches assume
17



that the unobserved heterogeneity can be captured through the constant term. In thefixed

effects approach, the individual effect (13,’14) is taken to be constant over time and specific

to the individual pavement section i. This approach produces consistent results

(consistent as S, the number of sections, approaches infinity) but it is costly in terms 

the number of degrees of freedom lost, because a different intercept term is required for

each pavement section.

An alternative approach is the random effects specification. Since the inclusion of

different constant terms (/314) represents a lack of knowledge about the model, it 

natural to view the section specific constant terms as randomly distributed across

pavement sections. Specifically, it is assumed that flil4 = fl14 + ui, where u; is a random

disturbance characterizing the i th section and is constant through time with mean E(u,) 

0 and constant variance equal to eru2. With these assumptions the random-effects

specification is:

l

R-Dit =~14 +E

s=k

t

+Z
s=k

( T1,

(r.., +or,, ). ¯ r,,) e lV N,
e- ANi,

(19)

Without a priori ways to distinguish between individual sections, treating the

intercepts as random variables is a familiar expression of the researcher’s ignorance

(Ruud 2000). However, the approach yields consistent parameter estimates only if the

regressors are uncorrelated with the individual effects ui. This can be tested using a

Hausman specification test (Greene 1997).

T.he estimation approach for linear models can be found, for example, in Greene

(1997). The estimation of the model parameters here is more complicated since the

model is nonlinear in the variables and the parameters, and the panel is unbalanced (that

is, there are different numbers of observations for different pavement sections).

Therefore, special routines had to be programmed for estimation of the model. Details of

the estimation approaches mentioned above are given in Archilla and Madanat (2000a).

t8



Both models were estimated using the fixed- and random-effects approaches.

~mce they gave almost identical results, only the results of the random effects-approach

axe presented here. For the same reason, it was unnecessary to perform a Haussman

specification test to verify if the regressors are tmcorrelated with the individual effects ui.

l~e merits of the parameter estimation results for these two models have been presented

elsewhere (Archilla and Madanat 2000a, 2000b). Thus, here we discuss only the most

relevant results so we can make a comparison with the joint estimation results presented

later.

Table 1 shows the estimation results using the random-effects approach for the

WesTrack model. During estimation, )’1 and Y3 were constrained to be greater than or

equal to zero since there is no reason to expect a reduction in rut depth for any value of

(7I, and particularly when G1 equals zero. As can be observed, the constraint Y3 >- 0 is

binding. It can also be observed that only seven of the other nine parameters are

statistically significant at a 5 % significance level. However, the joint hypothesis, that Ys,

and Yg, are jointly equal to zero produces a Z 2 statistic of 33.85. Since the 5 percent

critical value from the chi-squared distribution with 2 degrees of freedom is 5.99, the

hypothesis that Ys and Y9 are jointly equal to zero is rejected.

y7 is statistically significant from zero at a 5 % level and it has the correct sign.

That Yz is negative indicates that the material hardens over time. In other words, the same

loading increment will produce a smaller increment in rat depth for more trafficked

pavements° Finally, y8 is positive, which as described in the previous section, has the

expected sign.

The estimates of au2, 7.43 and of a~2, 2.98 indicate that the individual effects

produce more than 70 % of the variance. This shows that the size of the unobserved

heterogeneity is significant. Finally, the estimated standard error of the regression

(x/-~2 +~ ), 3.23 ram, is within the accuracy with which rat depth was measured at

WesTrack.
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Table 1: Parameter estimation results for the WesTrack model.

Parameter Asymptotic
Parameter

Estimate t-statistic

8.26e-6 3.39

5.67e-6 6.93

0.00e+0 0.00

1.36e-4 11.25

8.05e+0 11.97

10.88e+0 5.08

-2.46e-6 -I2.82

Ys 1.63e-6 2.15

-2.31 e-6 -1.32

~/0 4.74e-1 0.80

a~2 = 2.98 cro2 = 7.43

Number of observations = 860

Table 2 shows the estimation results for the AASHO model using the random-

effects approach. All but one coefficient are statistically significant at a 5% significance

level and they all have the expected signs. According to these results, the asphalt

concrete layer is only 1.47 ([3fl[32) times more effective in reducing rutting than the base

layer. The contribution of the base is 1.13 ([32/[33) times the contribution of the subbase.

The coefficient 13z = 1.79 indicates that a tandem axle load of 143.2 kN (32,220

lbs) has the same effect on rutting as an 80kN (18,000 lbs) single axle load. This is in

agreement with the assumption made at the A.ASHO Road Test (HRB 1962) that 

18,000 lbs single axle was equivalent to a 32,000 lbs tandem axle. The coefficients [3~ =

2.87 and [36 = 3.55 are significantly different from 4.0 (a very common assumption in

pavement engineering) at a 5 % significance level. This illustrates the advantage of not

having presupposed, for example, a 4-power law for load equivalencies. Further, /85

(single axle load) and/36 (tandem axle load) are significantly different from each other 
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a 5% significance level, which indicates the appropriateness of not having presupposed

that ,85 = fla.

Table 2: Parameter estimates of the AASHO model obtained using the random-effects

approach.

Parameter Parameter Estimate Asymptotic t-statistic

7.49 15.33

5.10 28.24

A 4.51 28.93

8.46e-7 3.00

A 2.87 22.05

#6 3.55 19.80

1.79 83.82

4.78e-3 24.59

-1.04e-6 -10.15

fl/0 1.18e-5 27.61

fl/l 0.00 0.00

~J2 3.89e-1 11.32

~/3 -1.20e-6 -24.33

/~/4 1.06 6.51

~2 = 4.23 ~,2 = 8.42

Number of observations = 9,478

The significance of 13s, the coefficient of the thawing index, shows the

importance of the consideration of the environmental effects. 139 has the expected

negative sign and indicates that the underlying materials harden over time.
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During estimation, the coefficients t31o and 13H were constrained to be greater or

equal to zero since under normal conditions, the rut depth cannot decrease with loading.

The constraint on 1311 is binding, indicating that the asphalt concrete mixes at the

AASHO Road Test were not severely affected by high temperatures. Given the design

characteristics of these mixes, tiffs result is reasonable.

The estimated value of 13/2 (0.39) was smaller than both 13s and t36. That is, near

the pavement surface the effect of the toad is not as important as it is at greater depths.

Finally, ]313, which captures the hardening occurring in the asphalt concrete layer, also

has the expected negative sign and it is of the same order of magnitude as 139. This is

surprising since the literature on material testing indicates that asphalt concrete mixes

harden faster than unbound layers.

The estimates of cyu2, 8.42 and of ~z, 4.23 indicate that the individual effects

produce more than 50 % of the variance. This again shows that the size of the

unobserved heterogeneity is significant. The estimated standard error of the regression

( 4~2 +cy~2 ), 3°6 rnm, is close to the accuracy with which rut depth was measured at the

AASHO Road Test.

4 Joint estimation

Joint estimation is a methodology used for statistically combining different data

sources. The methodology has been used, for example, by Ben-Akiva and Morikawa

(1990) for combining revealed preference and stated preference data in travel demand

modeling. In the area of infrastructure management, Feng-Yeu Shyr (1993) has used this

methodology to develop a rail fatigue model by combining synthetic and field data. In all

these cases, the different types of data have complementary characteristics that can be

exploited using joint estimation. The methodology has not previously been used to

model pavement performance.

The same motivation applies in our context. A model derived only from the

AASHO Road Test is limited to the materials used in that test. Similarly, a model
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developed from the "WesTrack Road Test is limited to the layer thicknesses mad axle

loads used in that test. From the AASHO Road Test data set, the effect of axle loads and

layer thicknesses can be identified but not the effect of the characteristics of the asphalt

concrete mix. In contrast, from the WesTrack data set, the effect of the characteristics of

tlae asphalt concrete mix can be identified but not the effect of load magnitudes or layer

thicknesses°

The important features of the methodology are:

® Bias correction

® Efficiency

® Identification

Bias correction is better explained in the context of trying to estimate a model

with field and experimental data. Since one is ultimately interested in predicting the

pavement behavior in the field, the estimation of a correctly specified model using field

data alone would yield unbiased parameter estimates. In contrast, the estimation of a

properly specified model from experimental data would most likely yield biased

parameter estimates (the parameters would be biased when predicting field pavement

behavior). Joint estimation in this context allows the estimation of a rutting model that 

includes bias parameters for the experimental data source. Thus, a correction for bias can

be introduced when using the model developed from experimental data to predict field

behavior. This feature is not relevant in the present context because both data sources are

experimental and there is no a priori reason to believe than one or the other represent

field conditions better.

Statistical efficiency (lower variance of the parameter estimates) is obtained

because the parameters are estimated from all the available data.

Identification is related to the complementary characteristics of both data sources

already mentioned. By using joint estimation, trade-offs among attributes that are not

identifiable from one of the data sources can be identified from the other data source.

The following is a brief description of the joint estimation method in the context

of a rutting progression model. The two data sources are labeled A and B. Define
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RDA = rut depth measurement for data source A,

RDB = rut depth measurement for data source B,

x:, :ca = vector of explanatory variables shared by both data sources,

wA = vector of explanatory variables unique to the A data source,

zB = vector of explanatory variables unique to the B data source,

[3A, g3B = vectors of model parameters for xa and xB respectively,

ot = vector of model parameters for wA, and

y = vector of model parameters for z~,

where E(RDt ¯ ) is the rut depth conditional expectation, function, which has a functional

form g(-).

Since, in principle, the parameter estimation is always the result of the

optimization of some objective function, the true parameters 13 can be estimated by

forming the joint objective function as the sum of the objective functions for the"

individual data sources and optimizing it with respect to all the parameters3. The

estimation also produces estimates of the parameters ot and 3’ of the variables not shared

by both data sources. When using Generalized Least Squares (GLS), the objective

function is a weighed sum of square residuals and the optimization is a minimization

problem.

Before applying joint estimation to the AASHO and WesTrack data sources, it is

necessary to examine their compatibility. Archilla and Madanat (2000a) compared

factors such as rut depth measurement teclmology, aggregates, asphalt type, load

magnitude, tire inflation pressures, target vehicles’ speeds, and traffic wander in both

tests.

The summation of objective functions is justified because it is assumed (and reasonable) that the error
terms for the two data sources are independent.
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From all the factors above, it was concluded that although there are some

differences between the two tests, none of them seems to be so influential as to render

the deterioration mechanisms of the asphalt concrete layer in both tests different. In

addition to the aforementioned variables, there are many other factors such as tire types,

aggregate mineralogy, etc, that also influence the deterioration mechanism but carmot be

accounted for in the models. If all these factors have small influences, they will be

captured by the error term assumptions. Thus, although one test may be biased with

respect to the other, it is expected that the bias is smaller than the precision with which

the parameters in common between the two models can be estimated. >From the above

observations, it is reasonable to assume that both data sources are compatible for joint

estimation.

5;. Joint estimation results

The specifications of the models to be estimated jointly are the same specifications

given before. These were presented in equations (10) and (t 

Given the compatibility of the two data sources, two parameters are shared by

tlhese models. However, only one of them can be identified from both models. The"

parameter/712 is common to both specifications but it can only be identified from the

AASHO data source (recall that to estimate the WesTrack model this parameter was set

equal to 0.39). In addition, the parameter/713 in the AASHO model is equivalent to the

parameter y7 in the WesTrack model. This parameter measures the hardening of the

asphalt concrete layer.

As mentioned before, of the three main features of joint estimation, identification

is the riaost relevant for this research. Joint estimation allows the simultaneous

identification of the effects of layer thicknesses, asphalt concrete mix characteristics,

high temperatures, and thawing.

Statistical efficiency is obtained because the parameters are estimated from all

the available data. However, the models used for joint estimation are a constrained
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version of the models estimated individually. This is because the parameters ills and 7"z

are constrained to have the same value and no bias parameters are specified. This may

result in some parameters having higher standard errors when the models are estimated

jointly.

Table 3 presents the joint estimation results using the random-effects approach.

Many of the interpretations are similar to the ones given before° Thus, only some points

are elaborated here.

The first important difference that can be noted with the results from the

individual estimations are the changes in the material hardening parameters/39 and 1315

(Yz). Table 4 shows the estimated parameters for three different cases. The values shown

in the first and second columns are the estimates of parameters ,89 and ills when the

AASHO model is estimated individually excluding and including the overlay

information, respectively. The values shown in the third column are the estimates of/39

and ,81~ from joint estimation approach. When the AASHO model was estimated without

the overlay information, the estimated value offl9 was zero, which means that there was

no hardening in the underlying layers. This is not satisfactory since the results of

laboratory experiments indicate that the unbound materials commonly used in the.

underlying layers harden with loading. Consequently, there seems to be an

overestimation of the effects of thawing during the second thawing period for the

overlaid sections. When the model was estimated with the overlay information, the

estimated value of/39 was almost the same as the estimated value of ill3. This is not very

satisfactory either because results from laboratory experiments show that asphalt

concrete material harden faster than unbound materials. In this case, the hardening of the

underlying layers may have been overestimated and consequently the effects of thawing

during the second thawing period may have been underestimated.

When the AASHO model is estimated jointly with the WesTrack model, the

estimated value of/315 = Yz falls within values for the AASHO model estimated

individually with and without the overlay information that is intuitively correct. Another

important benefit is that the information about the ratting of the asphalt concrete layer in
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WesTrack, allows a better allocation of how much rutting is originating in the underlying

layers and how much rutting is originating in the asphalt concrete layer in the AASHO

model. The hardening parameters play an important role in this allocation. After joint

estimation, the estimated value of,813 is now about ten times larger than the estimated

value of/89. This is consistent with the observation above that asphalt concrete materials

harden faster than unbound materials.

The estimated values of,81, ,82, 183 are higher than before, but these parameters are

linked to ,84, which is also higher. The ratio of the estimated values of pl and/8z is now

1.95, higher than the previously estimated ratio of 1.47. However, the ratio ’82//73 is only

changed from lo13 to 1.11. This is again reasonable since the WesTrack data set contains

better information about the behavior of asphalt concrete mixes. Thus, with joint

estimation one can expect changes in the estimated effectiveness of a unit thickness of

asphalt concrete material with respect to the estimated effectiveness of a unit thickness

of the base and subbase materials. However, the relative effectiveness of the base and

subbase materials should be unaffected, which was the case here.

The estimated values of/75 and/86 are lower than before. Again, they are both

siignificantly different from 4.

With respect to the WesTrack model, 7~ is significantly different from zero at a

5% significance level but 7"9 is not. The joint hypothesis that both coefficients are equal

to zero produces a Z z statistic of 36.6. Since the 5 percent critical value from the chi-

squared distribution with 2 degrees of freedom is 5.99, the hypothesis that ’88 and/39 are

jointly equal to zero is rejected. Thus, the joint estimation results reinforce the

importance of the variable "in-place air voids" in the model specification.

27



Table 3: Joint estimation results.

AASHO Model WesTrack Model

Paramete i Asymptotic Parameter Asymptotic
Paremeter Parameter

r estimate t-statistic estimate t-statistic

P, 9.28 16.2 6.05e-6 2.4

4.77 23.3 Y2 4.79e-6 6.4

4.29 24.0 0°00

1.71e-6 3.3 [ g, 1.17e-4 16.1

2.44 25.2 8.06 8.9

2.86 24.5 10.79 3.7

1.68 61.0 2.48e-6 2.4

4.26e-3 23.7 -3.61e-6 -1.7

-2.28e-7 -3.7 l Y/O 0.48 0.7

~/0 1.70e-5 22.5

0.00

~/2 0.56 12.I ,5 0.56 12.1

ill3 -2.1Ie-6[ -22.1 -2.1 le-6 -22.1

~/4 0.76 4.6

cr~2 = 5.81 ~su2 = 8.18 c~=2 = 3.00 cy.2 = 7.59

Number of observations = 9504 Number of observations = 860

Total number of observations = 10364
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Table 4: Comparison of estimates from three different estimations.

AASHO No Ovl AASHO OvL Joint Estimation

0.00 -1.04 x 10-6 -2.28 x 10-7

fl/3 -2.21 x 10-6 -1.20 x 10-6 -2.11 x 10-6

1.47
1.95

1.13 1.11

Figure 6 shows the observed and predicted rut depth values for two of the

sections at the AASHO Road Test. The values after the word "Design" in the section

6tles indicate the thicknesses in meters of the asphalt concrete, base, and subbase layers.

For overlaid sections, the thickness of the asphalt concrete overlay plus a ’+" sign

appears before the original asphalt concrete thickness. The axle loads are expressed in

kN (KiloNewtons) and S or T indicate that the pavement was loaded with a single 

tandem axle respectively.

It can be observed that the model replicates the rutting trends quite well for both

section 257, which was not overlaid, and for section 303, which was overlaid. The

dashed line in the figure shows how much of the rutting is attributed to the asphalt

concrete layer. The difference between the two lines in the figure represents the rutting

attributed to the underlying layers. It cart be seen that most of the rutting attributed to the

underlying layers occurs during the thawing periods. For these two sections, about 50%

of the rutting is attributed to each source.
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Figure 6: Predicted total rut depth and rut depth originating in the asphalt concrete layer

vs. time with the parameter estimates from the joint estimation for two A_ASHO sections.

Figure 7 shows the observed vs. predicted rut depth values in eight of the 26

sections in WesTrack. It can be observed in these figures that in most cases, the model

replicates the pavement behavior well. This point deserves particular emphasis because

the pavement behavior is replicated well over a wide range of loads and pavement

structures, for asphalt concrete mixes of different c’naracteristics and in two different"

environments.
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Figure 7: Observed and predicted rut depth vs. time for eight WesTrack sections. The

lowest end of the load range deserves particular attention.

The lowest loads are usually ignored in the calculations of ESALs, a consequence

of the fourth power ordinarily assumed for load equivalencies. However, the estimated

walue of fl12 = 0.56 indicates that even small loads produce non-negligible rutting in the

a’;phalt concrete layer. This can be seen in Figure 8 for two AASHO sections with axle

loads of 27 kN. Although the axle loads were too small relative to the pavement

structures to produce any significant rutting in the underlying layers during the thawing

periods, they produced significant rutting in the asphalt concrete layer (about 70 to 80%

of the rutting is attributed to this source). It must be noted that the 0.56 value most likely

accounts for the effects of tire pressures, which for AASHO and in general are positively

correlated with the loads. Near the surface, the stresses are determined by the tire contact

pressures more than by the loads. The lowest load applied at the AASHO Road Test was

9 kN. Even this small toad produced a rut depth of about 5 mm at the end of the test for
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most sections. For passenger cars, the model may give an upper bound on their effect

since these vehicles have a smaller width and smaller fire imprints than tracks. Thus,

more vehicles passages are likely to be necessary to obtain the same coverage produced

by trucks. In addition, the cars tire inflation pressures are lower than for trucks.

As mentioned before, of the three main features of joint estimation, the most

relevant in this context is identification. After having estimated the model jointly from

both data sources, the following model can be used for the estimation of rut depths:

l

+

mis e Y7 Nu AIVis

8=k

(20)

Where all the terms are as previously defined. Notice that instead of using malt we can

now use the more complete term mit in equation (9), which accounts for asphalt concrete

mix characteristics.
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Figure 8: Predicted total rut depth and rut depth originating in the asphalt concrete layer

vs. time with the parameter estimates from the joint estimation for two AASHO sections

trafficked with 27 kN loads.

6,. Discussion

Even after using joint estimation, the model still has some limitations. As pointed

out in the previous two chapters, the experimental data may not represent the true

deterioration mechanism of in-service pavements because of differences in factors such

as traffic wander, traffic speed, and material aging. In addition, the results are limited to

the subgrade, subbase, and base materials used at the AASHO and WesTrack road tests.

Further, it is also limited to asphalt concrete mixes with a nominal maximum aggregate

size of 19 mm and to asphalt cements PG64-22.

Another factor not included in the model is the effect of cracking. When a

pavement cracks, it allows the ingress of water from the pavement surface to the

ttnderlying layers with the consequent detrimental effects on rutting performance.

Unfortunately, the information regarding severe cracking at the AASHO road test was

limited because either the sections were taken out of the test or they were overlaid. A

similar situation occurred in WesTrack. It should be noted however that the effects of"

cracking on rutting performance are most significant only for regions with intense

precipitation and poor maintenance. Since the problem is essentially the same as with

thawing, which is the presence of a considerable amount of water in the underlying

layers interacting with traffic loads, it could be taken into account in a similar fashion as

the thawing index. Further, if preventive maintenance such as crack sealing is performed

timely, the problem of cracking can be greatly reduced.

Most of the limitations mentioned above are common to all existing empirical

models. In addition, some of these limitations are not so severe, particularly in a

pavement management context where the predictions are limited to a few years. For

example, the subgrade material at the AASHO road test is representative of weak

subgrades that are affected by frost. For stronger subgrades, one can bound the

prediction of rutting by using the complete specification for an upper bound and the
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specification for rutting in the asphalt concrete mix for a lower bound. In addition, if no

source of water is present and there is no freeze-thaw cycles, an estimate of rutting in the

asphalt concrete mix may be all that is necessary since most of the rutting will occur in

that layer. Finally, the asphalt cement used in the mix does not play a role in the rutting

performance for pavement sections in very cold regions, unless very soft asphalt is used

to avoid cracking problems.

To use the model for prediction, the user needs to have the loading and

environmental information in two-week periods. The interval between observations at

the AASHO Road test was 2 weeks. In WesTrack the interval between observations was

variable but on average was also approximately 2 weeks. Nowadays, to obtain the

required environmental information for two-week periods should pose no problem, at

least in the United States. For example, the LTPP database (Ostrom et. al., 1997)

contains the information for thousands of weather stations throughout the United States

and Canada. The loading information is also simple to obtain for routes with weigh in

motion (WIM) scales. But even without the detailed information from WIM scales, the

analyst can usually obtain some information about the traffic distribution, at least

seasonally. Thus, an estimate of the total loading can be prorated accordingly. The use of

26 periods for every year may seem a burden for practitioners. However, this is"

necessary to obtain precise estimates of rut depth. Most mechanistic-empirical models

require at least the same level of detail to have some merit. In addition, this model can be

programmed in a spreadsheet, which is still much simpler than the computation of strains

and stresses in a mechanistic-empirical approach.

As already mentioned, the extension of the model to include the effects of

overlays greatly expands its scope of application. Another major consequence of

including the information for overlays is the different estimates of the parameters

representing the hardening of the materials (89 and /313). Precise estimates for these

parameters are considered important because of the short period of time during which the

experiment took place. If one wants to predict the pavement behavior over longer

periods, it is essential to model material hardening correctly.
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