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Performance-Based Models for Flexible Pavement Structural
Overlay Design

Khaled A. Abaza, P.E.1

Abstract: Performance of flexible pavement has long been recognized as an important parameter in the design of flexible p
Pavement surface condition evaluated using visual inspection is periodically done to assess pavement performance over tim
performance curve is then constructed for each pavement structure that relates the pavement surface condition to serv
accumulated 80 kN equivalent single axle load applications. The presented flexible pavement overlay design models are const
performance curve parameters to provide an adequate overlay thickness at any given future time. The undertaken approach
compensate an existing pavement structure for the loss in performance(strength) that it has endured over a specified service time
essence, this approach is similar to the mechanistic methods of overlay design that make a compensation for the loss in
strength indicator such as the commonly used deflection method. Therefore, compensation is made for the loss in perfo
represented by appropriately selected performance curve parameters. Performance parameters are then converted into equiv
strength indicators, which are in turn converted into equivalent overlay thicknesses. The relative strength indicators deployed in
are the structural number and gravel equivalent used by the American Association of State Highway and Transportation Officia
California Department of Transportation design methods of flexible pavement, respectively.

DOI: 10.1061/(ASCE)0733-947X(2005)131:2(149)

CE Database subject headings: Asphalt pavements; Flexible pavements; Pavement design; Pavement maintenance; Reha
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Introduction

Currently, there are two design methods commonly used in
tice to estimate the required overlay thickness for an exi
flexible pavement structure(Yoder and Witczak 1975; Ogles
and Hicks 1982; Haung 1993). The first method is based on d
flection measurement while the second one depends on d
assessment. These two methods attempt to compensate the
ing pavement structure for the loss in strength it has endured
time. The first method is a mechanistic one which depend
surface deflection measurements of pavement. Pavement d
tion is usually measured using especially designed expensi
struments such as the Dynaflect or falling weight deflectom
(FWD). Deflection measurements, traffic data, and existing p
ment properties are then used to estimate the required ov
thickness in what is known as backward solution or backcal
tion of the multilayer linear elastic theory. The elastic method
been simplified by some professional agencies such as the A
Institute and California Department of Transportation using
sign charts(Caltrans 1995; AI 1996). The deflection method
relatively expensive to perform as local governments often
private consultants to perform the related study for each pro

1Associate Professor, Dept. of Civil Engineering, Birzeit Univ., P
Box 14, Birzeit, West Bank, Palestine. E-mail: kabaza@birzeit.edu

Note. Discussion open until July 1, 2005. Separate discussions
be submitted for individual papers. To extend the closing date by
month, a written request must be filed with the ASCE Managing Ed
The manuscript for this paper was submitted for review and pos
publication on May 7, 2003; approved on February 24, 2004. This p
is part of theJournal of Transportation Engineering, Vol. 131, No. 2

February 1, 2005. ©ASCE, ISSN 0733-947X/2005/2-149–159/$25.00.
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and the deflection technology is not available in most develo
countries.

The second method of overlay design, known as the effe
thickness approach or component analysis method, depen
conducting pavement condition evaluation with the outc
translated into equivalency conversion factors recommende
the Asphalt Institute and American Association of State High
and Transportation Officials(AASHTO) overlay design method
(AASHTO 1993; AI 1996). The equivalency conversion facto
account for the degree of distress presents in the existing
ment structure when compared to a new pavement. For exa
1.0 cm of an existing asphalt concrete thickness is gene
equivalent to 0.3–0.7 cm of a new asphalt concrete pave
Essentially, this method requires designing a new pavement
ture using the layers’ thicknesses and properties of the ex
pavement structure. The required overlay thickness is then
mated from the difference between the thickness of newly
signed full-depth asphalt pavement and equivalent thickne
the existing pavement structure obtained from multiplying e
layer thickness by its corresponding equivalency factor.
method is considered sensitive to the value of design equiva
factor, therefore, good judgment and well defined guideline
needed in determining the design equivalency factors. A
method known as the “prescription procedure” is also comm
used by some local governments where predetermined ov
thicknesses and rehabilitation schedules are already estab
for various road classes based on experience and engin
judgment.

The proposed method of overlay design depends on usin
pavement performance curve as the main design input para
The area falling under the pavement performance curve is a

measure of pavement design strength(Yoder and Witczak 1975;
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Haung 1993), and it has been used as a basis for yielding
optimum pavement design(Abaza and Abu-Eisheh 2003). The
proposed method attempts to compensate the existing pav
structure for design strength loss using appropriate strength
cators derived from the performance curve such as the area f
under the utilized curve portion. In essence, this is a way to
pensate the pavement structure for loss in strength it has en
over the past service period. The pavement design stren
defined using an appropriate strength indicator such as the re
strength indicator used in the empirical design methods of fle
pavement. The American Association of State Highway
Transportation Officials(AASHTO 1993) method and the Cal
fornia Department of Transportation(Caltrans 1995) method are
two popular examples among these methods.

The pavement performance curves can be generated usin
chastic prediction models(Shahin et al. 1987; George et al. 19
Gopinath et al. 1994) or developed from historical records
pavement distress. A convenient and practical prediction mod
generating the performance curve for a particular pavement
ture was developed using the AASHTO design method of fle
pavement (Abaza 2002; Abaza and Abu-Eisheh 2003). This
model is based on performing an incremental analysis o
AASHTO basic design equation of flexible pavement(AASHTO
1993), and it can be used in the absence of historical pave
distress records. An overview of the AASHTO performance
diction model is provided in a separate section.

Overview of Main Overlay Design Methods

Overlay design methods of flexible pavement are generally
types: the effective thickness method and nondestructive te
method. The related design procedures are similar to the p
dures used for designing a new pavement structure except th
condition or remaining life of the existing pavement structur
the time of the overlay is taken into consideration(Haung 1993).
Brief overviews of the most popular methods of overlay de
are provided in this section.

Asphalt Institute Method

The Asphalt Institute provides two design methods for the de
of asphalt overlay on asphalt pavement(AI 1996). The first
method is the effective thickness method that estimates the
lay thickness as the difference between the thickness requir
a new full-depth asphalt pavement and the effective thickne
the existing pavement as provided in the following equation

hOL = hn − he = hn − o
i=1

n

Cihi s1d

where hOL=required asphalt overlay thickness;hn=thickness o
new full-depth asphalt pavement;he=effective thickness of th
existing pavement;hi =thickness of theith layer of the existin
pavement;Ci =conversion factor associated with theith existing
layer; andn=number of layers in the existing pavement struct

The conversion factor is used to account for the pave
distress condition and it is estimated based on material class
tion and description(AI 1996). This method is simple to app
however, the estimated overlay thickness is very sensitive t
used design conversion factors. The second method is bas
deflection measurements taken using the Benkelman beam

jected overlay traffic, temperature adjustment factor, and critical

150 / JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / FEBRUA
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period adjustment factor. The design overlay thickness is obt
from a design chart using overlay traffic and a design defle
indicator called the representative rebound deflection.

American Association of State Highway
and Transportation Officials Method

The AASHTO method of overlay design is based on the rem
ing life concept and requires nondestructive testing to estima
in situ moduli and structural capacity of subgrade and va
pavement layers. For an overlaid pavement, the structural c
ity of the original pavement, defined using the structural num
is a function of the loads applied before overlay as well as t
applied after overlay. The following equation is the basic de
equation used to determine the asphalt overlay thickness o
phalt pavement(AASHTO 1993):

hOL =
SNOL

aOL
=

SNy − FRLSNeff

aOL
s2d

where hOL=required thickness of asphalt overlay; SNOL

=required structural number of asphalt overlay;aOL=structura
layer coefficient of asphalt overlay; SNy=total structural numbe
required to support the overlay traffic over existing subgrade
ditions; FRL=remaining life factor accounting for damage of
existing pavement as well as the desired degree of damage
overlay at the end of overlay traffic; and SNeff= total effective
structural number of the existing pavement prior to overlay.

The remaining life factorsFRLd is an adjustment factor appli
to the effective structural number of the existing pavemen
reflect a more realistic assessment of the weighted effe
strength during the overlay period. The AASHTO provides
different methods from which different estimates of the remai
life factor are obtained. Elliot(1989) revealed some inconsiste
cies in the overlay design thickness in relation to the rema
life factor and recommended its exclusion from Eq.(2) while Fwa
(1991) proposed a new expression for estimating the rema
life factor. Similarly, AASHTO proposes three different meth
to estimate the total effective structural number associated
the existing pavement structure. One of these methods, calle
nondestructive testing(NDT) method, is based on the nondestr
tive testing (deflections) measurement and interpretation. Ho
man (2003) proposed a direct and simple method for estima
the effective structural number of the existing pavement, c
the YONAPAVE method, which is based on the interpretatio
the measured FWD deflection basins using mechanistic and
tical approaches. Hall et al.(1992) suggested other revisions
the AASHTO overlay design procedures to make them eas
understand and use, and more adaptable to calibration by
agencies. Therefore, it appears that the AASHTO method ha
tain inconsistencies and difficulties, which restricts its use e
cially by local governments.

State Department of Transportation Methods

Several state Department of Transportations have developed
own flexible overlay design models using mechanistic–emp
procedures(Mamlouk et al. 1990; Zhou et al. 1992; Caltra
1995; Pierce and Mahoney 1996). These procedures apply t
deflection-based NDT to develop models that are calibrate
meet the local conditions of each state highway system. T
fore, the use of these models is restricted to the states that
oped them. Also, Maestas and Mamlouk(1992) evaluated fou

different computer software programs that apply the concept of
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backcalculation and determined that although the four prog
are characteristically different, neither layer modulus nor ove
thickness results were statistically different in most cases,
ever, from a practical perspective backcalculation, as repres
by these programs, is not adequate for use by the practition

Methodology

The proposed performance-based models for estimating the
lay thickness for a particular pavement structure are emp
models derived from the constructed pavement perform
curve. The area falling under the performance curve is a d
measure of pavement design strength(Yoder and Witczak 1975
Haung 1993). The AASHTO method relies mainly on the perf
mance curve to define the expected pavement serviceabil
relation to the 80 kN equivalent single axial load(ESAL) appli-
cations. The AASHTO empirical performance equations, der
from the AASHO road test, show that the trend of the pe
mance curve is directly related to the pavement design stren
indicated by the design structural number(AASHTO 1993). Re-
cently published work has used the area under the perform
curve as a measure of pavement strength to develop opt
design procedure and perform optimum life-cycle analysi
flexible pavement(Abaza 2002; Abaza and Abu-Eisheh 2003).

The first proposed model is based on the area falling unde
utilized performance curve portion. Two other models are
posed using two main performance parameters derived from
generated performance curve. These two main performanc
rameters are the pavement condition indicator and accumu
80 kN equivalent single axle load applications, which are use
define the trend of the performance curve. The three prop
models are time dependent and they can estimate the re
overlay thickness for a particular pavement structure at any g
future time. The proposed models are applied to two very po
flexible pavement design methods that use relative strengt
sign indicators, namely, the AASHTO and Caltrans design m
ods. The three models are described in detail in the subse
subsections.

Utilized Performance Area Overlay Model

The first proposed model uses the area falling under the ut
portion of the performance curve as the main parameter to
mate the overlay thickness as provided in Eq.(3). The mode
proposed by the following equation attempts to compensat
pavement structure for the loss in strength it has endured
time using the ratio of the area under the utilized curve portio
the total area falling under the performance curve. Fig. 1 sho
typical pavement performance curve with the total area fa
under the curve is being designatedsA0d. Fig. 2 shows the are
under the utilized portion of the performance curveAstd as a
function of service time. The performance area ratio is raise
powersn1d to be determined based on experience and engine
judgment. The selected value ofsn1d provides an overlay mod
that will generate overlay thicknesses similar to the values us
practice

Sstd = SAstd
A0

Dn1

3 So 3 Fgstd s3d

where
0.0ø Sstd ø So 3 Fgstd

JOURNAL OF T

J. Transp. Eng. 2005.
t

0.0ø Astd ø A0

0.0ø t ø T

The proposed model estimates the present strengthSstd, associ
ated with the required overlay thickness at a given future timstd
as a proportion of the initial design strength provided by the o
nal pavement structuresSod. The estimated present over
strength can then be converted into an equivalent overlay t
ness using an appropriate relative strength coefficient as ou
in a subsequent subsection. A traffic growth factorFgstd can be
applied to Eq.(3) to account for traffic growth that wasn’t anti
pated in the original design. The proposed model can be us
any future time less than or equal to the design service lifesTd of
the original pavement structure.

Pavement Condition Indicator Overlay Model

The second proposed model is constructed using the pav
condition indicatorPstd at a given future timestd as the main
performance parameter. Fig. 3 shows a typical pavement p
mance curve defined as a function of the pavement cond
indicator and service time. The ratio of the change in the p
ment condition indicatorDPstd at a given future time to the d
ference in the initial and terminal condition indicator valuessDPd
is used as the main parameter in the model proposed by th
lowing equation with this ratio raised to powersn2d. The ratio
used will yield present overlay strengthSstd values that rang
between minimum of zero and maximum value that equals t
initial design strengthsSod provided by the original paveme
structure

Fig. 1. Typical pavement performance curve

Fig. 2. Typical overlay model based on utilized performance a
RANSPORTATION ENGINEERING © ASCE / FEBRUARY 2005 / 151
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Sstd = SDPstd
DP

Dn2

3 So 3 Fgstd s4d

where

0.0ø Sstd ø So 3 Fgstd

DPstd = Po − Pstd; DP = Po − Pt

Pt ø Pstd ø Po

0.0ø t ø T

The initial and terminal pavement condition indicator values
designatedsPod andsPtd, respectively. Other variables as defin
earlier. Again, the powersn2d needs to be estimated based
experience and judgment as will be demonstrated in the pres
sample results.

Accumulated Load Applications Overlay Model

The third proposed model deploys the accumulated 80 kN E
applications, estimated from the generated pavement perform
curve at a given future time, as the main performance param
Fig. 4 shows a typical performance curve defined using the p
ment condition indicatorPstd and the accumulated 80 kN equiv
lent single axle load applicationsNstd. The ratio of the accumu
lated 80 kN equivalent single axle load applicationsNstd to the
total 80 kN ESAL applicationssNTd associated with the origin
pavement design is used as the main parameter in the m
proposed by Eq.(5) with this ratio raised to powersn3d

Fig. 3. Typical overlay model based on pavement condition indic

Fig. 4. Typical overlay model based on accumulated l
applications
152 / JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / FEBRUA
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Sstd = SNstd
NT

Dn3

3 So 3 Fgstd s5d

where

0.0ø Sstd ø So 3 Fgstd

0.0ø Nstd ø NT

0.0ø t ø T

According to Eq.(5), the estimated present overlay strengthSstd
again ranges between minimum of zero and maximum value
is equal to the design strength associated with the original
ment structure with the possible inclusion of a traffic growth
tor. The traffic growth factorFgstd can be estimated using t
Asphalt Institute recommended formula as provided in the
lowing equation(AI 1991):

Fgstd =
s1 + rdt − 1

r 3 t
s6d

The estimated traffic growth factor is based on an annual t
growth ratesrd in decimal form for a projected time periodstd.
Therefore, it is assumed that the traffic growth factor will acc
for future increase in traffic loads for a period of time that is e
to the time used in the design of the overlay thickness.

Asphalt Overlay Thickness Design

The present overlay strength estimated from the three pro
models can be converted into an equivalent asphalt overlay d
thickness using an appropriate asphalt relative strength c
cient. The required overlay thicknessDstd is defined as the rat
of the present overlay strengthSstd to the asphalt relative streng
coefficientsCsd as provided in Eq.(7). This approach of conver
ing design strength into an equivalent layer thickness has
used by two popular flexible pavement design methods, na
the AASHTO and Caltrans methods(AASHTO 1993; Caltran
1995). The AASTHO design method uses the asphalt layer
tive strength coefficient designatedsa1d while Caltrans uses
similar coefficient known as the asphalt gravel equivalent fa
sGf1

d.

Dstd =
Sstd
Cs

=
Sstd
a1

=
Sstd
Gf1

s7d

Application of Eq.(7) for estimating the asphalt overlay thickn
Dstd at any given future time is performed in conjunction w
using one of the two mentioned design methods of flexible p
ment, namely, AASHTO and Caltrans. Brief overviews of th
two methods in relation to overlay thickness estimation are
sented in the two subsequent subsections.

Overlay Thickness Design Using American Association
of State Highway and Transportation Officials Method

The AASHTO design method of flexible pavement uses a rel
strength design indicator known as the structural number(SN).
The structural number is derived from the AASHTO basic de
equation based on design load applications, materials stre
and traffic and performance prediction parameters(AASHTO
1993). The structural number is then converted into pavem

layers’ thicknessessDjd using layers’ relative strength coefficients

RY 2005
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sajd as provided in the following equation withsmd representin
the number of pavement layers. The pavement layers’ rel
strength coefficientssajd have been related to commonly us
materials strength indicators such as the resilient modulussMRd,
resistance valuesRd, and California bearing ratio. Correlati
charts can be consulted for the purpose of making the ne
conversion(Yoder and Witczak 1975; Haung 1993).

SN =o
j=1

m

aj 3 Dj s8d

SN1 = a1 3 D1

The proposed performance-based models estimate the p
overlay strengthSstd in relation to the design strength of the ori
nal pavement structuresSod. According to the AASHTO desig
method, the design strength of the original pavement structu
the structural numbersSNod. Therefore, the structural number c
be used in Eqs.(3)–(5) to replace the design strength of the or
nal pavement structure. The structural number of the origina
phalt layer issSN1d. Eq.(7) used for estimating the required ov
lay thicknessDstd becomes Eq.(9) when the present overla
strengthSstd is replaced by the present structural number SNstd

Dstd =
Sstd
Cs

=
SNstd

a1
s9ad

SNstd = SAstd
A0

Dn1

3 SNo 3 Fgstd s9bd

or

SNstd = SDPstd
DP

Dn2

3 SNo 3 Fgstd s9cd

or

SNstd = SNstd
NT

Dn3

3 SNo 3 Fgstd s9dd

The AASHTO basic design equation for estimating the requ
design SN is provided in a subsequent section entitled “AASH
Peformance Prediction Model Overview.” AASHTO uses
present serviceability index(PSI) as a measure of pavement p
formance. Therefore, the change in the pavement condition
cator DPstd becomes the change in the PSIDPSIstd. The struc
tural numbersSNod in Eq. (9) can be replaced by the origin
asphalt layer structural numbersSN1d if deterioration is mainly
assumed to affect the surface layer.

Overlay Thickness Design Using Caltrans Method

The Caltrans design method of flexible pavement is anothe
pirical design method that uses a relative strength indic
known as the gravel equivalent(GE). The GE has been related
two main design parameters, namely; traffic loads and mat
strength as given by Eq.(10) (Caltrans 1995). The traffic loading
condition is represented by the traffic index(TI), which is related
to the design 80 kN ESAL applicationssNTd as provided in th
following equation:

GE = 0.00323 TI 3 s100 −Rd s10d

GE1 = 0.00323 TI 3 s100 −Rbd
where

JOURNAL OF T
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TI = 9.03 S NT

106D0.119

Materials strength is defined using the resistance value wit
subgrade and base resistance values designatedsRd and sRbd, re-
spectively. Then, the GE required for a particular pavement s
ture is converted into layers’ thicknesses using the layer g
equivalent factorsGf j

d as provided in the followng equation w
smd representing the number of pavement layers. The g
equivalent factor for asphalt concrete pavement depends, a
ing to Caltrans method, on the traffic loading condition as re
sented by the traffic index. The gravel equivalent for the orig
asphalt layer issGE1d

GE =o
j=1

m

Gf j
3 Dj s11d

GE1 = Gf1
3 D1

The proposed performance-based models estimate the p
overlay strengthSstd in relation to the design strength of the or
nal pavement structuresSod. According to the Caltrans desi
method, the design strength of the original pavement structu
the gravel equivalentsGEod. Therefore, the gravel equivalent c
be used in Eqs.(3)–(5) to replace the design strength of the or
nal pavement structure. Eq.(7) used for estimating the requir
overlay thicknessDstd becomes the following equation when
present overlay strengthSstd is replaced by the present gra
equivalent GEstd:

Dstd =
Sstd
Cs

=
GEstd
Gf1

s12ad

GEstd = SAstd
A0

Dn1

3 GEo 3 Fgstd s12bd

or

GEstd = SDPstd
DP

Dn2

3 GEo 3 Fgstd s12cd

or

GEstd = SNstd
NT

Dn3

3 GEo 3 Fgstd s12dd

The asphalt gravel equivalent factorsGf1
d can be obtained bas

on the design traffic index by consulting Caltrans design ma
(Caltrans 1995). Again, the gravel equivalentsGEod in Eq. (12)
can be replaced by the original asphalt layer gravel equiv
sGE1d if deterioration is mainly assumed to affect the sur
layer. The required performance parameters can be obtained
the AASHTO performance prediction model or estimated f
historical records of pavement distress.

Advantages of Proposed Performance-Based Overlay
Models

It must first be recognized that each design method applies d
ent approach and requires different design parameters with
method yielding an overlay thickness that is very unlikely to
the same thickness obtained from another method. Howeve
presented performance-based overlay design models have
advantages over the outlined AI and AASHTO overlay de

methods that can be summarized as follows:
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1. The proposed performance-based overlay models re
mainly the performance curve associated with the orig
pavement structure. It can be estimated using the pres
AASHTO performance prediction model or from histori
records of pavement distress that are typically obtaine
pavement management. This is an advantage especia
United States local governments and developing coun
that lack the resources and expertise to perform NDT te
required by the AASHTO method and other mechanistic
proaches.

2. A local agency can only generate one performance curv
consequently one overlay design model for each pave
system consisting of roads with similar pavement struct
and traffic conditions. Therefore, a small local governm
may only need to develop a limited number of overlay m
els.

3. The actual performance curve is expected to deviate from
trend depicted by the estimated performance curve. H
ever, the overall impact on overlay design thickness is
pected to be small since the presented overlay models
the ratio of a present performance parameter such a
utilized area to a total performance parameter such a
total curve area.

4. The final outcome of the proposed overlay models is
equation that is only time dependent, as will be demonst
in the sample presentation section, and it is used to est
the overlay thickness at any given future time. It occasion
happens that an agency hires a consultant to perform
NDT testing and recommend an overlay thickness, bu
construction gets delayed a couple of years or more, and
the recommended overlay thickness is no longer valid.
by using the proposed overlay models, the overlay de
thickness can easily be updated without any additional

5. The proposed overlay models always yield overlay th
nesses that are reasonable without any major discrepa
This is because the overlay thickness is estimated as a
portion of the original pavement strength. The original pa
ment strength can be the strength associated with the
pavement structure if surface condition shows major sign
deformation and damage or only the strength associated
the asphalt layer if surface condition shows otherwise.

6. An estimate for the total effective structural number of
existing pavement, used by the AASHTO overlay de
method, at a given service timestd can be estimated from th
performance curve based on the ratio of the unutilized c
area to total curve area, raised to powerm, and multiplied by
the structural number associated with the original pave
structuresSNod as provided in the following equation:

SNeffstd = SA0 − Astd
A0

Dm

3 SNo s13d

7. A new performance-based overlay model can be prop
that is compatible to the AASHTO basic design equa
presented in Eq.(2), which uses the total effective structu
number of the existing pavement as obtained from Eq.(13).
An empirical equation for overlay design thickness can
be derived that is only time-dependent.

Overlay Life-Cycle Cost Analysis Model

An overlay life-cycle cost analysis(LCCA) can be performe

once a specific overlay model has been derived for a particular
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pavement structure(project). The presented overlay LCCA mod
considers a number of pavement rehabilitation cyclessNd sched
uled at equal time intervalssDdd over a selected life-cycle ana
sis periodsDd. The thickness of the required asphalt overla
estimated from the derived overlay model and assumed to re
unchanged for each scheduled rehabilitation cycle. The reh
tation cycle may consist of plain overlay, overlay combined
cold milling, or complete removal of the existing surface la
and replacement with new material. However, each rehabilit
cycle within the same analysis period is assumed to consist
same treatment plan. The present value of the life-cycle cossP0d
associated with a particular rehabilitation schedule is given b
(14). A rehabilitation schedule consists ofsNd overlay cycles

P0 = C0 3 o
k=1

N

fsP/F,i,Dkd s14d

where

N = S D

Dd
− 1D

Dk = k 3 Dd sk = 1, . . . ,Nd

DN = sD − Ddd

fsP/F,i,Dkd =
1

s1 + idDk

The overlay LCCA model considers the cost of each reha
tation cycle as a future valuesFd that is converted into a prese
value sPd using the economical conversion factorfsP/F , i ,Dkd,
wheresid=annual discount rate andsDkd=scheduled time(years)
of the kth overlay cycle. The life-cycle analysis periodsDd is
selected such that the resulting number of overlay rehabilit
cyclessNd is an integer and the scheduling time of theNth cycle
is equal tosD−Ddd. Since it is assumed that all overlay rehab
tation cycles scheduled within a selected analysis period co
of the same treatment plan, then the associated cost is as
constant at an estimated rate ofsC0d in United States dollars p
square meter. The overlay LCCA is performed by varying
number of selected rehabilitation cyclessNd within the same
analysis period as will be demonstrated in the sample pres
tion. A complete pavement LCCA requires the inclusion of o
cost items such as routine maintenance and added user
(FHWA 1994; Abaza 2002).

American Association of State Highway and
Transportation Officials Performance Prediction
Model Overview

A procedure for generating a pavement performance curve,
an incremental analysis of the AASHTO basic design equatio
flexible pavement design, has been used in pavement desig
rehabilitation (Abaza 2002; Abaza and Abu-Eisheh 2003). The
developed procedure provides a simple tool to predict the p
ment performance condition at any given future time. It can
pecially be used in the absence of actual pavement perform
condition data. The two main parameters defining a perform
curve are the PSI and 80 kN ESAL applications. These two
rameters are also related to materials properties, drainag

environmental conditions, and performance reliability. The design
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approach applies all related parameters to obtain a measure
required structural strength through an index known as the
The following equation provides the basic equation used fo
design of flexible pavement(AASHTO 1993):

log W80 = ZRSo + 9.36 logsSN + 1d +

logF DPSI

4.2 − 1.5
G

0.40 +
1,094

sSN + 1d5.19

+ 2.32 logsMRd − 8.27 s15d

whereW80=number of 80 kN ESAL applications estimated fo
selected design period and design lane;ZR=standard normal de
viate for a specified reliability level;So=combined standard err
of the traffic prediction and performance prediction;DPSI
=difference between the initial or present serviceability in
sP0d and the terminal serviceability indexsPtd; SN=design struc
tural number indicative of the total required pavement thickn
and MR=subgrade resilient modulus and must be in pound
square inch.

In the design mode and after all related parameters are
mated, Eq.(15) is solved for the design SN by trial and error
using the equivalent AASHTO design chart(AASHTO 1993).
The approach used to define a pavement performance curv
function of the present serviceability index and 80 kN ESAL
plications or service time is based on the direct use of Eq.(15).
The incremental 80 kN ESAL applicationssW80di is calculated b
specifying varying values of the incremental change in the pre
serviceability index sDPSIid. The incremental change in t
present serviceability index is defined as the difference bet
the initial serviceability indexsP0d and the incremental prese
serviceability indexsPSIid. The incremental present serviceabi
index is varied between its assigned initial and terminal va
Fig. 5 illustrates the basic concept by which the difference
tween two successive data points can be used to construct a
ment performance curve. The estimated incremental chan
load applicationssDsW80di,i+1d can then be converted into
equivalent incremental service time intervalsDTi,i+1d using the
following equation. The assumption made in establishing the
lowing equation is that the 80 kN ESAL applications incre
linearly with time:

DTi,i+1 =
DsW80di,i+1

NT
3 T s16d

where

Fig. 5. Basic pavement performance curve
DsW80di,i+1 = sW80di+1 − sW80di, i = 1,2, . . . . . . ,n.
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sW80di = FsDPSIi,SN,MR,ZR,Sod

from Eq. (15)

sW80di+1 = FsDPSIi+1,SN,MR,ZR,Sod

from Eq. (15)

NT = o
i=1

n

DsW80di,i+1

Note thatNT is also the total number of 80 kN ESAL applicatio
estimated over a design life ofT years

SN =FsNT,DPSI,ZR,So,MRd

T = o
i=1

n

DTi,i+1

and

NTi+1
= o

i

DsW80di,i+1 = sW80di+1

NT1
= 0.0

whereNTi+1
=cumulative number of 80 kN ESAL applications

timated over a service life ofTi+1 years. Also

Ti+1 = o
i

DTi,i+1

T1 = 0.0

whereTi+1=cumulative service time in years associated with
cumulative 80 kN ESAL applicationssNTi+1

d. In addition

DPSIi = P0 − PSIi

DPSI =P0 − Pt

PSIi = P0 − si − 1d 3 DPi,i+1, i = 1,2, . . . . ,n + 1

n =
DPSI

DPi,i+1

DPi,i+1=specified incremental change in the PSI value use
generatesn+1d data points to be used in the construction o
particular pavement performance curve. It must be specifie
ther as a tenth or hundredth of a point to ensuren will be an
integer. A performance curve is then constructed by plotting
incremental PSIi versus the cumulative aging timesTi+1d or cu-
mulative 80 kN ESAL applicationssNTi+1

d.
The total areasA0d falling under the entire performance cu

is calculated as the sum of the incremental areassAi,i+1d with each
incremental area calculated as the area of a trapezoidal
bounded by two curve points as provided in the following e
tion. The utilized performance areaAstd at any given future tim
std is calculated in a similar way but using only the applica
curve points

A0 = o
i=1

n

Ai,i+1

A = 1sPSI + PSI d − P 3 DT s17d
i,i+1 f2 i i+1 tg i,i+1
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Sample Presentation

A sample presentation for estimating overlay thickness is
vided in this section using both the AASHTO and Caltrans de
methods. In the presented sample overlay thickness calcula
it is assumed that the deterioration of the pavement stru
mainly affects the asphalt layer. Therefore, the structural nu
and gravel equivalent corresponding to the surface layer(SN1 and
GE1) are used in lieu of the structural number and gravel equ
lent corresponding to the original pavement structure(SNo and
GEo).

Sample American Association of State Highway
and Transportation Officials and Caltrans Flexible
Pavement Designs

The sample pavement design input parameters needed f
calculation of the original pavement surface thicknesssD1d and
generation of the corresponding performance curve accordi
the AASHTO method are as follows:

Design 80 kN ESAL applicationssNTd=10.03106

subgrade resilient modulussMRd53 MPa (9,000 psi)
granular base resilient modulussMRb

d5280 MPa
(40,000 psi)
initial present serviceability indexsP0d=4.5
terminal present serviceability indexsPtd=1.5
95% reliability sZRd=−1.645
overall standard deviatesSod=0.35
pavement design analysis periodsTd520 years
incremental PSI changesDPi,i+1d=0.5

The resulting design yields 4.067 structural numbersSNod
based on design subgrade modulus of 63 MPas9,000 psid. The
estimated structural number is needed for the generation o
corresponding performance curve according to the AASHTO
diction model. Then, using 280 MPas40,000 psid base resilien
modulus results in a 2.542 surface structural numbersSN1d, which
corresponds to a pavement surface thickness of 14.6
s5.78 in.d assuming high stability asphalt mixsa1=0.44d. The
structural numbers(SNo and SN1) are obtained using Eq.(15).

The pavement design input parameters needed for estim
the asphalt layer thickness according to the Caltrans metho
the same design 80 kN ESAL applicationssNT=10.03106d, and
78 granular base resistance valuesRbd which is equivalent t
280 MPas40,000 psid resilient modulus value. The resulting
value is 12, which corresponds to 1.64 gravel equivalent fa

Table 1. Sample Performance Curve Parameters Using American
ciation of State Highway and Transportation Officials Prediction Mo

Point i PSIi DPSIi

sW80di

s3106d
DsW80di,i+1

s3106d
DTi,i+1

(years)
NTi+1

s3106d
Ti+1

(years)

1 4.5 0.0 0.00 N/Aa N/Aa 0.00 0.00

2 4.0 0.5 0.60 0.60 1.20 0.60 1.2

3 3.5 1.0 1.78 1.18 2.36 1.78 3.5

4 3.0 1.5 3.36 1.58 3.16 3.36 6.7

5 2.5 2.0 5.26 1.90 3.80 5.26 10.5

6 2.0 2.5 7.45 2.19 4.38 7.45 14.9

7 1.5 3.0 10.00 2.55 5.10 10.0 20.0

Note: PSI5present serviceability index.
aNot available.
sGf1
d for asphalt mix type B(Caltrans 1995). The calculated
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,
gravel equivalent for asphaltsGE1d is 25.76 cms0.845 ftd result-
ing in an equivalent layer thickness of 15.70 cms6.18 in.d.

Sample Overlay Design Thickness Models

The performance parameters needed for the construction
corresponding performance curve according to the pres
AASHTO prediction model are summarized in Table 1. The
sulting total area falling under the curvesA0d is 23.45. The est
mated sample asphalt overlay thicknesses using the utilize
formance area model are provided in Table 2 for both AASH
and Caltrans design methods. These sample results are ob
using Eq.(9b) for AASHTO with sSNod replaced bysSN1d and
Eq. (12b) for Caltrans withsGEod replaced bysGE1d. Three dif-
ferent values have been tested for the model powersn1d. The
thickness values corresponding to a power value of 2.0 seem
more appropriate compared to the others according to the au
subjective assessment. The power value of 2.5 is also accep
but the value of 1.5 provides overlay thicknesses that are s
what higher than what typically used in practice, especially
before the pavement middle age. The effect of power valuesn1d
on overlay thicknesses diminishes at advanced service tim
shown in Fig. 6 using results from the AASHTO method.
power value is generally selected based on experience and
neering judgment, and by comparing the resulting overlay th

Table 2. Sample Overlay Thicknesses Using Utilized Performance
Model

Time
stda

years Astd Fgstd

Asphalt overlay thicknessfDstdg, cm

AASHTO Method Caltrans method

n1=1.5 n1=2b n1=2.5 n1=1.5 n1=2b n1=2.5

0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.

1.20 3.30 1.00 0.79 0.28 0.10 0.84 0.30 0.

3.56 8.61 1.04 3.40 2.06 1.24 3.63 2.18 1.

6.72 14.14 1.09 7.49 5.82 4.52 8.00 6.20 4.

10.52 18.89 1.16 12.32 11.05 9.93 13.16 11.81 10

14.90 22.17 1.24 16.74 16.28 15.80 17.91 17.42 16

20.00 23.45 1.34 19.66 19.66 19.66 21.03 21.03 21

Note: AASHTO5American Association of State Highway and Trans
tation Officials.
aThe same asTi+1 provided in Table 1.
bSelected as the best appropriate model.

Fig. 6. Sample overlay models based on utilized performance
using American Association of State Highway and Transport
Officials design method
RY 2005
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nesses to those used on similar pavement structures as ob
from historical records of pavement rehabilitation.

The estimated overlay thicknesses using the pavement c
tion indicator model are provided in Table 3 for both
AASHTO and Caltrans design methods. The difference in
initial and terminal pavement condition indicatorsDP=DPSI
=P0−Ptd is 3.0. The tabulated thicknesses are obtained usin
(9c) for the AASHTO method withsSNod replaced bysSN1d and
Eq. (12c) for the Caltrans method withsGEod replaced bysGE1d.
The sample results are again obtained for three different m
power valuessn2d with the power value of 1.5 selected as
most appropriate based on the author’s best judgment a
plained earlier. In Eqs.(9c) and (12c), the pavement conditio
indicator sPd is replaced by the PSI.

Table 4 provides similar sample results using the accumu
load applications model. These results are obtained using Eq(9d)
for the AASHTO method and Eq.(12d) for Caltrans method. Th
models with power valuesn3d of 1.0 seem to provide the mo
appropriate overlay design thicknesses. The used accum
80 kN ESAL applicationsNstd and service timestd are obtaine
from the generated sample performance curve parameter
vided in Table 1, namely, the last two columns of the table.

Table 3. Sample Overlay Thicknesses Using Pavement Condition
cator Model

Time std
years DPstda Fgstd

Asphalt overlay thicknessfDstdg, cm

AASHTO method Caltrans method

n2=1 n2=1.5b n2=2 n2=1 n2=1.5b n2=2

0.00 0.0 1.00 0.00 0.00 0.00 0.00 0.00 0.

1.20 0.5 1.00 2.44 0.66 0.41 2.62 1.07 0.

3.56 1.0 1.04 5.11 2.92 1.68 5.44 3.15 1.

6.72 1.5 1.09 8.00 5.64 4.50 8.60 6.04 4.

10.52 2.0 1.16 11.35 9.27 7.57 12.14 9.91 8

14.90 2.5 1.24 15.19 13.87 12.62 16.23 14.81 1

20.00 3.0 1.34 19.66 19.66 19.66 21.03 21.03 2
aThe same asDPSIi provided in Table 1.
bSelected as the best appropriate model.

Table 4. Sample Overlay Thicknesses Using Accumulated Load Ap

Time std
years

Nstda

3106 Fgstd

AASHT

n3=0.5 n3

0.00 0.00 1.00 0.00

1.20 0.60 1.00 3.61

3.56 1.78 1.04 6.45

6.72 3.36 1.09 9.27

10.52 5.26 1.16 12.34

14.90 7.45 1.24 15.72

20.00 10.00 1.34 19.66
aThe same asNTi+1

provided in Table 1.
b
Selected as the best appropriate model.
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d
presented sample overlay thicknesses are based on an as
annual traffic growth ratesrd of 3%.

The three selected overlay solutions, as obtained from T
2–4 (i.e., n1=2.0, n2=1.5, n3=1.0), provide relatively close re
sults as evidenced from Fig. 7. The figure shows three c
corresponding to the selected three sample overlay thic
models using the AASHTO design method. The presented sa
overlay models corresponding to the pavement condition in
tor and accumulated load applications models(Model Nos. 2 an
3) are almost identical as evidenced from the trend of thei
picted curves. The utilized performance area model(Model No.
1) deviates from this trend at about 6 years of age when it s
providing higher overlay thickness when compared to the
other models. This is possibly the age when pavement
showing signs of deterioration, therefore, the pavement can
efit from the additional overlay thickness provided by this mo
Also, Model No. 1 provides lower overlay thickness during
first 6 years, which is the period the pavement rarely require
rehabilitation. Therefore, Model No. 1 is considered to be s
rior to the two other models. Best-fit curves have been gene
for the selected three overlay models with the correspon
mathematical equations provided in Fig. 7. The resulting e
tions are only time-dependent and polynomial in form with
most perfect coefficient of determinationsR2d. Fig. 7 shows al
most two identical curves for each model with one cu

ions Model

Asphalt overlay thicknesssDstdd, cm

thod Caltrans method

n3=1.5 n3=0.5 n3=1.0b n3=1.5

0.00 0.00 0.00 0.0

0.20 3.86 0.94 0.2

1.14 6.88 2.90 1.2

3.10 9.91 5.74 3.3

6.48 13.21 9.58 6.

11.71 16.81 14.53 12

19.66 21.03 21.03 21

Fig. 7. Sample overlay models using American Association of S
Highway and Transportation Officials design method
plicat

O me

=1.0b

0.00

0.89

2.72

5.36

8.97

13.56

19.66
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connecting the plotted data points and the second one repr
ing the derived best-fit equation.

Sample Overlay Life-Cycle Cost Analysis Presentation

The utilized performance area overlay model is selected for
viding sample overlay LCCA results. The formula that repres
this model is given in the following equation, which is the sa
equation provided in Fig. 7 for Model No. 1. Three differ
rehabilitation schedules have been investigated using 8, 1
and 20 years corresponding time intervalssDdd and 40 years life
cycle analysis periodsDd. The associated overlay thicknesses
7.4, 14.6, and 19.4 cm as obtained from the following equa
using the selected time intervals. The first rehabilitation sche
consists of four plain overlay cycles at an estimated cost ra
United States $10/m2

D1std = − 0.004t3 + 0.1146t2 + 0.283t − 0.1146 s18d

The second rehabilitation schedule includes two rehabilita
cycles with each consisting of an overlay combined with
milling at an estimated cost rate of United States $20/m2. Typi-
cally, when cold milling is performed, the required overlay th
ness is reduced based on the ratio of 1.0 cm with cold mi
being equivalent to 1.5 cm of plain overlay(Caltrans 1995).
Therefore, only about 10 cm of asphalt surface thickness i
quired. The third rehabilitation schedule consists of one reha
tation cycle that requires, as a minimum, complete removal o
existing asphalt layer and placement of new 19.4 cm asphalt
with an estimated cost of United States $40/m2. The assume
rehabilitation cost rates are locally estimated from prevailing
ket prices and the actual costs of similar works.

The overlay LCCA model presented in Eq.(14) is used to
determine the present cost valuesP0d associated with each reh
bilitation schedule. The three present cost values associated
the three outlined pavement rehabilitation schedules are U
States $16.55, $15.88, and $15.08/m2, respectively, assuming 5
annual discount rate. The resulting three present cost value
relatively within a close range from each other with the first
habilitation schedule being associated with the highest cost v
Of course, this cost trend would significantly change had the

Table 5. Sample Overlay Thickness Calculations from Different De

Road
number

Subgrade
modulus

MPa (psi)

Design
equivalent single axle load

s3103d

Existing la
thickne

h1

(cm)

1 30.8
(4,400)

460 8

2 75.6
(10,800)

680 9

3 62.0
(8,850)

240 7

4 95.9
(13,700)

185 7

5 35.7
(5,100)

700 9

6 33.2
(4,750)

110 7

Note: AASHTO5American Association of State Highway and Trans
of routine maintenance and added user been considered in the
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-LCCA. The expected outcome in such a case would suppo
selection of the first rehabilitation schedule(FHWA 1994; Abaza
2002).

Sample Actual Overlay Design Application

A sample of six village access roads from the district of Nab
West Bank, are considered for overlay design using the prop
performance-based method, the AI method, and the AAS
method. The roads were newly constructed about 10 year
and paved using asphalt surface and aggregate base. Table
vides for each road the subgrade resilient modulus, proj
10 years overlay traffic, existing layers’ thicknesses, and
original design SNo used to generate the corresponding pe
mance curve. The utilized performance area model is us
estimate the overlay thickness using a model power value o
The initial and terminal PSI values of 4.3 and 2.0 are, res
tively, used to generate the relevant performance curves
overlay thicknesses are estimated using 10 years service tst
=10d, and they are listed under “Proposed method” in Tab
The relative strength coefficient is assumed to be 0.44 in d
mining the asphalt overlay thickness.

The AI method is then used to estimate the overlay thickne
as indicated by Eq.(1). The new full-depth asphalt pavemen
obtained from the relevant AI design chart based on the d
parameters provided in Table 5 and using 15. 6°C(60°F) mean
annual air temperature(AI 1991). The layer conversion facto
are estimated from the relevant AI table to be 0.5 and 0.1
asphalt surface and aggregate base, respectively. The AAS
method as presented in Eq.(2) is used to estimate the over
thicknesses assuming the value for the remaining life factor
1.0 as recommended by Elliot(1989). Because the NDT testing
not locally available for determining the existing pavem
moduli, the proposed Eq.(13), with a power of 0.5, is used
estimate the total effective structural number of the existing p
ment sSNeffd. The structural number associated with the ove
sSNYd is estimated based on the design 80 kN ESAL applica
and subgrade modulus provided in Table 5. Table 5 shows th
presented sample overlay design thicknesses as derived fro
three different methods are within close range from each o
Therefore, the proposed performance-based method is defin

ethods

SNo SNy SNeff

Overlay design thickness(cm)

Proposed
method

AI
method

AASHTO
method

3.18 3.52 1.64 11.63 8.88 10.9

2.46 2.71 1.54 6.76 6.20 6.75

2.25 2.51 1.48 5.52 4.66 5.94

1.83 2.05 1.26 4.93 5.16 5.19

3.22 3.56 1.64 10.24 9.01 11.0

2.53 2.77 1.54 7.29 6.70 7.10
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Conclusions and Recommendations

The presented performance-based asphalt overlay models p
a reliable alternative to the currently used overlay design mo
The basic principle used in establishing the presented mod
very similar to the one used by other models, which is com
sating the existing pavement structure for the loss in streng
has endured over past service time. The performance curv
rameters are the main input data needed to use the pre
models, which can be estimated from the outlined AASHTO
diction model or from historical records of pavement distress.
performance-based overlay models can then be investigat
done in the sample presentation to yield an appropriate m
based on experience and engineering judgment. The fina
come is a unique overlay design model generated for each
ment structure(project), which can be used to estimate the
quired overlay thickness at any given future time. Perform
curve parameters can be generated, according to the AAS
model, using an incremental change in the present servicea
index smaller than the 0.5 value used in the sample present
A 0.1 value can easily be deployed if a computer program is u
which would yield performance parameters with a higher de
of accuracy. The power value associated with the presented
lay models can be estimated using 0.5 increments. The app
ate power value generally falls between 1 and 3.

The overlay thickness estimated from the presented m
can be applied as plain asphalt overlay up to a certain pave
age to be determined based on field assessment of paveme
dition. The age associated with plain overlay typically does
exceed 10 years of service time. Overlay thicknesses asso
with advanced aging times require additional corrective mea
such as cold milling or complete removal of the existing asp
surface layer. Pavement management requires undertaking c
tive pavement rehabilitation measures at optimum sched
times. The optimum pavement rehabilitation scheduling time
only be determined as part of a complete pavement life-c
analysis(Abaza 2002). Therefore, it is recommended that such
optimum rehabilitation scheduling time be determined, whic
typically located within the first half of the pavement expec
service life. Plain overlay would then be adequate if the optim
scheduling time is used. It is further recommended that a high
agency, interested in using the presented overlay models, re
its historical rehabilitation records and compares them again
results obtained from the presented overlay models to sele
model that best suits the prevailing local conditions.
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