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Predicting Remaining Strength of Flexible
Pavement and Overlay Design Thickness
with Stochastic Modeling

Khaled A. Abaza and Maher M. Murad

A pavement’s remaining strength is predicted from initial pavement
strength by meansof layer structural capacity adjustment factors. “Ini-
tial pavement strength” isdefined asthetotal structural capacity associ-
ated with theasphalt concreteand underlying granular layer sestimated
by appropriaterelativestrength indicator ssuch asthegravel equivalent
or structural number. Thepavement’ sfutureremaining strength isesti-
mated astheproduct sum of multiplyingtheinitial layer strength by the
corresponding adjustment factor. Thestructural adjustment factor rep-
resentsthe per centage of remaining strength for a particular pavement
layer at a specified servicetime (t). The structural capacity adjustment
factor associated with theasphalt layer istheprincipal factor estimated
from a project performance curve gener ated with stochastic modeling.
The discrete time Markov model is used to predict pavement distress
ratings for a particular project over a specified service life (T). A sim-
plified approach is presented for estimating a project transition matrix
using only initial and terminal transition probabilities. The predicted
distressratingsareused to construct a project performance curve. The
areafalling under the performance curvehaslong been recognized asa
direct measur e of the pavement relative strength. Therefore, the princi-
pal structural capacity adjustment factor is defined asthe ratio of the
area under the performance curve for the remaining service period
(T —t) and theareaunder theentireperformancecurvefor aservicelife
(T). A sampleapplication isprovided with resultsused to generateempir-
ical modelsto aid in developing rehabilitation strategiesand management
policiesat the network level.

Prediction of flexible pavement remaining strength has potential
applications in pavement rehabilitation and management. Current
methods for estimating flexible pavement remaining strength are
either mechanistic, requiring measurement of surface deflection, or
empirical and based on an assessment of pavement distress. Thefirst
method requires instruments such asthe Dynaflect or falling weight
deflectometer with results used in a backcal culation of the multi-
layered linear elastic theory (1-3). The second method, known as
the effective thickness approach or component analysis method,
requires assessing pavement distress with the outcome translated
into equivalency conversion factors (4—6). These methods mainly
yield a present estimate of the pavement remaining strength for
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calculating the required overlay thickness at the project level. The
ability to predict the future pavement remaining strength can be
potentially useful in developing long-term rehabilitation strategies
and management policies at the network level.

Prediction of pavement remaining strength isdirectly related to the
long-term performance of pavements. Two types of modelshave been
widely used in predicting the long-term performance of pavements:
probabilistic and deterministic. The probabilistic model predictsthe
future pavement condition with some degree of uncertainty, whereas
thedeterministic model predictsit with certainty (7). The probabilis-
tic model that was extensively used by several researchersto predict
pavement performance is the discrete time Markov model (8-12).
TheMarkov model can be used with homogenous or nonhomogenous
transition chains. The homogenous chainsrequirethe sametransition
matrix, whereas the nonhomogenous chains can deploy a different
transition matrix for each chain.

The prediction outcome of pavement performance is typically
represented by means of a performance curve, which depicts pave-
ment deterioration ratesin relation to servicetime. Predicted perfor-
mance curves were used in yielding optimum pavement design and
performing optimum life-cycle analysis (13, 14). The area falling
under the performance curve has long been recognized as a direct
measure of the pavement relative structural capacity (4, 5, 13, 14).
Therefore, the areaunder the performance curve at any given service
time can be directly related to the pavement remaining strength,
considering aspecified servicelife. It isproposed to usethe discrete-
time Markov model to predict pavement distressratingsfor usein
generating distinct performance curves (models). The predicted per-
formance modelswill be used in estimating the pavement remaining
structural capacity. The predicted remaining structural capacity can
be used in estimating the required overlay design thickness, devel op-
ing pavement rehabilitation strategies, and establishing rehabilitation
project priority scheduling.

RESEARCH OBJECTIVES
There are three main objectives for this research paper:

1. Predicting the performance curve (model) for a particular
pavement project using stochastic modeling;

2. Predicting theflexible pavement remaining strength and overlay
design thickness using layer structural capacity adjustment factors
with the principal asphalt layer adjustment factor derived from the
generated performance curve; and

3. Developing empirical stochastic-based models for predicting
remaining strength and overlay design thickness to be used by the
practitionersin pavement rehabilitation and management.
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METHODOLOGICAL DEVELOPMENT

Methodol ogical devel opment includesthree main sections. Thefirst
section presents the stochastic model that was previously used to
predict pavement performance. The second section presentsanewly
developed simplified approach for estimating the transition matrix
using only two or three transition probabilities. This approach sub-
stantially reduces the time and effort involved in estimating what
are, otherwise, alarger number of transition probabilities required
to apply the Markov model. Thethird section presentsanew approach
developed for predicting flexible pavement remaining strength using
performance curves as the main input parameter. Currently used
methods only estimate the present remaining strength and require
the use of expensive structural pavement testing devices. Predicting
the future remaining strength, as presented in this paper, can be
very beneficial in pavement management applicationsthat generally
require low-cost distress assessment procedures.

Stochastic Model for Predicting
Pavement Performance

The stochastic model that was extensively used in predicting future
pavement conditionsis the Markov model (8-12). The basic Markov
model for discrete-timehomogenous chainsispresented in Equation 1.
The mode! predicts a column vector of state probabilities[QY] after a
period comprising k discrete-timeinterval s (transitions) from multiply-
ing the row vector of initia state probabilities [Q©] by the transition
matrix [PY] multiplied k times. The transition matrix used in Equa-
tion 1 contains the transition probabilities that remain unchanged if
homogenouschainsareassumed. Theinitia state probabilitiesfor new
pavements can be assumed to have values as defined in Equation 1.
This condition can be met if areasonably large number of pavement
statesis used. A transition matrix with 10 statesis generally adequate
to ensurethat thisconditionis satisfied. Otherwise, aninitial pavement
distressassessment isrequired to estimate theinitial state probabilities.

Q¥=Q9P¥  (k=1,2,....,n) @

where

_ﬂQi(k) =10k=1,2...,n)

QY =(Q%Q% Q5. ..,QY), therow vector representing ini-
tial state probabilities, [(1, 0, O, . . ., 0) for new pave-
ments]; and

Q™ = column vector representing state probabilities after
k transitions.

Thehomogenous transition matrix used in estimating the future state
probabilities in the absence of any maintenance and rehabilitation
(M&R) works is defined by Equation 2. The transition matrix is
a square matrix with size (m) representing the number of deployed
pavement states. Each row of thetransition matrix istypically assumed
to only include the two transition probabilities (P;;) and (P;,1) (8, 9,
11, 12). Thetransition probabilities along the main matrix diagonal
(Pi;) represent the probabilitiesthat pavements currently in condition
state (i) will remain in the same condition state after the elapse of
onetransition. Thetransition probabilities (P, ;,,) represent pavement
deterioration rates from a present condition state (i) to aworse state
(i + 1) after onetransition. All matrix entries below the main diagonal
represent pavement improvement rates, which are assigned zero
valuesin the absence of M& R works. The main objective in defin-
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ing the transition matrix, as presented in Equation 2, isto predict the
future performance of new pavements.

P. R, 0 O o - 0

0 F)ZZ P2,3 0 0 O

0 0 P, P 0 ... ©
R @

0 0 0 0 Pom Poim

0 0 0 O 0 P

where P;; + P;;,; equals 1.0 and Py, equals 1.0.

Thefuture pavement distressrating [DR®] for aparticular pavement
project can be estimated as defined in Equation 3. The future state
probabilities[QM], as determined from the Markov mode!, are used as
themain parametersfor predicting thefuture pavement distressratings.
The pavement distress rating after k transitions [DRY] is estimated
as the mean of a compound uniform probability density function
defined by the future state probabilities [Q¥]. Theith future state
probability represents a uniform probability density function, with
its ordinate represented by [Q®], and its random variable range
defined using the lower (LDR;) and upper (UDR)), distress ratings.
The mean distress rating (B;) is defined as the average of the lower
and upper distress ratings used to define the pavement condition
state (i) according to a deployed pavement distress indicator.

DRY=%YBQY (k=0,12...,n) ©)

M=

I
N

where

B = LDR, + UDR,
2
and

B, <DRY <B.

The predicted distressratings[DRY] can be used to construct adistinct
performance curvefor aparticular pavement project, as shownin Fig-
ure 1. Thepredicted distressratings are plotted against the correspond-
ing number of transitions (k) as shown, or by using the equivalent
servicetime (t) in years obtained from multiplying the number of tran-
sitions (K) by the timeinterval length (d) in years. The length of time
interval (transition) istypically taken to be equal to 1 or 2 years.

Simplified Stochastic Approach for Predicting
Pavement Performance

The major requirement in predicting future distress ratings for a
particular pavement project is the estimation of the corresponding
transition matrix. The transition matrix, as defined in Equation 2,
requires obtaining estimates of (m — 1) transition probabilities.
Estimation of (m— 1) transition probabilities minimally requires
conducting two cycles of pavement distress assessments, separated
by atime period equal to the length of time interval (d) equivalent
to thelength of onetransition (11, 12). Thiswould require extensive
efforts, especialy if the transition matrix must be estimated for
individual pavement projects. For estimating the transition matrix,
this section presents asimplified approach that only requiresthe use
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FIGURE 1 Pavement distress rating predicted with
stochastic modeling.

of two or three transition probabilities. The simplified approach is
based on thetypica pavement deterioration trendsthat are recognized
in pavement performance. The typical performance curve is either
represented by astraight line, indicating uniform deterioration rates;
apolynomial concaving upward, indicating increasing deterioration
rates; or a polynomia concaving downward, indicating decreasing
deterioration rates (4, 14). These three typical trends of pavement
deterioration can be related to the transition probabilities to be used
in generating a particular project performance curve.

The proposed simplified approach for estimating the transition
matrix requiresonly three deterioration rates. Thesethreedeterioration
ratesincludeinitial (Py,), middle (Pyy,1), and termina (Pp1), transi-
tion probabilities. Therefore, three deterioration rates are to be esti-
mated from pavement distress assessment conducted on pavementsin
condition states (1), (m — 1), and the condition state (x), which is
selected to bethe middl e state between states (1) and (m— 1). Estimates
of these three deterioration rates are required to approximate the
remaining deterioration rates (P;;,,) under the assumption of either uni-
formly increasing or uniformly decreasing deterioration rates. Gener-
aly, there are four distinct performance prediction models that can be
derived from the transition matrix, depending on the relationship
among the deployed transition probabilities, as described below.

Increasing Rate of Deterioration Model

Thefirst performance prediction model isrepresented by apolynomial
of second degree, asindicated by Equation 4. Themodel for pavement
distress rating [DR(t)] at a service time t is obtained from fitting a
second-degree polynomial to the predicted performance curve shown
in Figure 1. The second derivative for this model is negative, indi-
cating that the corresponding performance curveis concave upward.
Themodel coefficientsa, b, and ¢ are constants obtained from curve-
fitting the predicted distress ratings [DR®] using either best-fitting
or regression techniques.

DR(t)=-at®-bt+c (4)
The performance prediction model indicated by Equation 4 is

associated with progressively increasing deterioration rates. This
deterioration trend takes place when the initial deterioration rate
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(Py) is smaller than the middle deterioration rate (Pyx.1), Which is
in turn smaller than the terminal deterioration rate (P, 1). It isnot
too unrealistic to assume that the deterioration rates associated with
thismodel increase uniformly, especially given that the corresponding
performance curveis parabolic in nature with consistently increas-
ing slopes. Therefore, the deterioration rates (P; ;) are determined
using Equation 5a for condition statesfalling between (2) and (x— 1),
on the basis of the assumption that deterioration rates uniformly
increase from an initial value of (P,,) to aterminal value of (Pyx:1)-
Similarly, the deterioration rates associated with condition states
falling between (x+ 1) and (m— 2) are determined using Equation 5b,
assuming that deterioration rates uniformly increase from an initial
value of (Pyx.1) to aterminal value of (P, 1m)-

Pon—Ro

Pi,i+1 = P1,2 +(i - 1)[L

) ) (i=23...,x-1) (5a)

(i=x+1Lx+2,...,m=-2) (5b)
where

P,<P;<---<B,,<P

XX+1 X+1,x+2

<---<P

Uniform Rate of Deterioration Model

The second type of deterioration model isassociated with auniform
rate of deterioration as presented in Equation 6. The corresponding
prediction model takes on a linear form, with coefficients b and ¢
determined from the predicted distress ratings [DR¥]. The deterio-
ration rates associated with this model are essentially the same.
Therefore, the initial and terminal deterioration rates are sufficient
to construct the corresponding project transition matrix.

DR(t)=-bt+c (6)
where
P1,2 = P2,3 = P3,4 == Pwl,m

Decreasing Rate of Deterioration Model

The third type of prediction model is associated with progressively
decreasing deterioration rates. The corresponding prediction model
isasecond-degree polynomial as defined by Equation 7. The second
derivativefor thismodel ispositive, indicating that the corresponding
parabolic performance curve is concave downward with a consis-
tently decreasing slope. Similarly, the model coefficientsa, b, and ¢
are to be estimated from the predicted distress ratings [DR®] with
best-fitting or regression techniques.

DR(t)=at’-bt+c (7)

The prediction model indicated by Equation 7 requires progressively
decreasing deterioration rates. Thisperformancetrend typically occurs
when the initial deterioration rate (Py,) is larger than the middle
deterioration rate (Pyx.1), Which is, in turn, larger than the terminal
deterioration rate (P, 1,m). Equation 8a generates the deterioration
rates (P, ;,,) for condition statesfalling between (2) and (x— 1) on the
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basis of the assumption that deterioration rates uniformly decrease
fromaninitial value of (P, ,) to aterminal value of (Pyx.1). Similarly,
Equation 8b yields the deterioration rates (P; ;) for condition states
falling between (x + 1) and (m— 2), assuming that the deterioration
rates (P;;,1) uniformly decrease from an initial value of (Py,1) to a
terminal value of (Py, 1)

Pi= Pl,z—(i—l)(m) (i=23...,x-1) (8a)

x-=1

H Px x+l Prm m
F)i,i+1 = P><,x+1 - (I - X)(ﬁj

(i=x+1Lx+2,...,m-2) (8b)

where

P1,2 > P2,3 > > Px,><+1 > P><+1,><+2 > > Pwl,m

Zero Rate of Deterioration Model

The fourth type of prediction model is essentialy a hypothetical one,
wherein the pavement distress rating remains unchanged over time,
indicating constant performance. The prediction model associated with
thistypeof performanceisindicated by Equation 9. The pavement dis-
tress rating remains equa to the maximum distress rating value that
can be derived from Equation 3. The deterioration rates (P, ;,;) associ-
ated with this prediction model areall equal to zero, and thetransition
probabilities (P;;) are all equal to 1. Therefore, the transition matrix
associated with thismodel is simply the identity matrix.

DR(t) = B, = constant 9)
where

Pl,l = P212 = P313 == vam= 10 and

P1,2 = I32,3 = P3,4 == Pwl.m =00

Thedeterioration rates (P, ;1) can be estimated using only theinitial
andtermind deterioration rates. Inthiscase, themiddletransition prob-
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ability (Pyx1) isestimated asthe average of theinitial and terminal tran-
sition probabilities. Equations 5 and 8 are then used as outlined to esti-
mate the remaining transition probabilities. Also, Equations 5 and 8
can be used to estimate the remaining transition probabilities for mod-
els other than polynomials, provided that these models are associated
with either consistently increasing or decreasing deterioration rates.

Figure 2 shows sample pavement performance curves derived
from only theinitial and terminal transition probabilitiesin 10 con-
dition states. The mean state distress ratings (B;) are assumed to be
95, 85, ..., 5for condition states 1, 2, . . ., 10, respectively. The
deterioration model for the concave-up curve is provided in Equa-
tion 10 with almost perfect R2. The uniform deterioration model is
presented in Equation 11 with perfect R%. The deterioration model
for the concave-down curveisindicated by Equation 12. The deployed
length of time interval dis1year.

DR(t)=-0.124t>-1.758t + 94.938 (R’ =0.99) (10)
DR(t)=-3.984t+94.929 (R’ =1.00) 11)
DR(t)=0.200t* - 7.447t +94.107 (R’ =0.99) (12)

Stochastic-Based Approach for Predicting
Flexible Pavement Remaining Strength

The proposed approach for predicting the remaining strength of
flexible pavements is mainly dependent on the performance curves
generated with the outlined stochastic approach. A distinct perfor-
mance curveor itsequivalent prediction model [DR(t)] can bedevel-
oped for each pavement project considering a terminal service life
of T years. The performance prediction modelswill mainly be used
to estimate the future structural capacity associated with a particular
pavement structure at a specified servicetimet.

Estimation of Initial and Future Structural Capacity

Theinitial structural capacity associated with aparticular pavement
structure can be defined with Equation 13. The structural capacity

100
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Pavement Distress Rating, D(t)
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10 1 | —&— Decreasing Deterioration Rate (P1,2=0.8; P9,10=0.1)

—&— Increasing Deterioration Rate (P1,2=0.2; P9,10=0.9)

—&— Uniform Deterioration Rate (Pi,i+1=0.4)
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FIGURE 2 Sample pavement distress rating models predicted with stochastic modeling.



66

of the various pavement layers can be determined with appropriaterel-
ative strength indicators, such as the structural number and gravel
equivaent (GE) deployed by AASHTO and the California Department
of Transportation (Caltrans), respectively (4, 15).

p

SC,(0) = SC, (0)+X,5¢,(0) (13)

where

SC,(0) = initial structural capacity of the pavement structure,

SC,(0) = initial structural capacity of the asphalt layer, and

SC;(0) = initial structural capacity of thejth underlying pavement
layer.

The future structural capacity associated with a particular pave-
ment structure at a given servicetime (t) is defined, asindicated by
Equation 14, to be the product sum of multiplying the initial struc-
tural capacity of various pavement layers by their corresponding
structural capacity adjustment factors. The structural capacity adjust-
ment factor simply defines the remaining structural capacity for a
particular pavement layer asafraction of itsinitia structural capacity.
SC,(t) = SC,(

0) x SAF, ( Zsc ) x SAF (t) (14)

where

SC,(t) = future structural capacity of the pavement structure at
servicetime (t),
SAF,(t) = structural capacity adjustment factor for asphalt layer
at servicetime (t), and
SAF(t) = structural capacity adjustment factor for the jth under-
lying pavement layer at service time (t).

Thestructural capacity adjustment factor associated with the asphalt
concrete layer is considered to be the most critical factor in predict-
ing the pavement’ sremaining structural capacity. The asphalt layer
typically endures most of the strength degradation caused by traffic
action, whereas the underlying granular layers rarely undergo sig-
nificant strength degradation resulting from traffic action. However,
adverse environmental and drainage conditions can contributeto the
rapid deterioration of the entire pavement structure.

Estimation of Structural Capacity
Adjustment Factors

The structural capacity adjustment factor associated with the asphalt
layer can be estimated from the performance curve generated for a
particular pavement structure. The transition probabilities used in
generating the corresponding performance curve are typically esti-
mated from asurvey of pavement distressdefectsthat mainly indicate
strength degradation endured by the asphalt layer. The areafalling
under the performance curve has long been recognized as a direct
measure of the pavement relative structural capacity (4, 5, 13, 14).
Therefore, the area falling under the remaining service period (At)
is directly used in Equation 15 to estimate the structural capacity
adjustment factor associated with the asphalt layer. Figure 3 shows
a typical performance curve, with the area corresponding to the
remaining service period (At) shown with a shaded background.

AUC, (At)

SAF, ()= "AUC,(T)

15
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FIGURE 3 Proposed pavement remaining strength
prediction model.

where
00<(At=T-1)<T,
SAF,(0) = 1.0,
SAF(T) = 0.0
AUC,(At) = area under performance curve corresponding to
remaining service period (At),
At = remaining service period defined as the difference
between terminal service life (T) and service time
(t), and
AUC,(T) = total areaunder performance curve corresponding to

aterminal servicelifeT.

The areaunder the generated performance curve can be estimated
using either the predicted distress ratings[DR™] derived from Equa-
tion 3 or the equivalent distress prediction model [DR(t)] obtained
from best-fitting or regression techniques. In the first option, the
required areais obtained as a summation of the corresponding trape-
zoidal strip areas, wherein the ordinates of each trapezoidal strip are
defined by two successive distressratings, [DRY] and [DRU*Y], with
the width of the strip equal to the length of the time interval in
years(d). Inthe second option, adirect integration of the distress pre-
diction model is performed to obtain the required area. Equation 16
presents the mathematical formulations for the two outlined options
that are required to obtain the area falling under the performance
curve portion corresponding to the remaining service period (At).

T n-1
AUC, (At) = [DR(t)dt = %(DR(") +DR"+2) DR(”] (16)
t j=k+1

where

k=t/d = number of transitions corresponding to a servicetime t
inyearsand

n = T/d=number of transitions corresponding to aterminal service
life Tinyears

Similarly, thetotal areafalling under the entire performance curve
for aterminal servicelife T can be estimated as indicated by Equa-
tion 17 using thetwo outlined integration and summation approaches.
Once the two required performance areas are estimated through
Equations 16 and 17, the structural capacity adjustment factor for
the asphalt layer can be determined as defined in Equation 15.
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P n-1
Auca(T)=jDR(t)dt:%(DR(0)+DR<n>+22 DRm] (17)

=1

The structural capacity adjustment factors associated with the
underlying pavement layers can be estimated asindicated by Equa-
tion 18. Underlying granular layers would generally experience
little or no strength degradation under normal traffic, environmen-
tal, and drainage conditions. However, adjustment factors can be
estimated with layer relative strength coefficients similar to the
AASHTO relative strength coefficients () or Caltrans GE factors
(Gy))- Theselayer coefficients have been correlated to typical sup-
port capacity indicators, such as the California bearing ratio or
resilient modulus (Mg) obtained from testing underlying layer
materials (4, 15).

_RsCy(1)

SAF, (1)

where

0<t<T=10,
SAF;(0) = 1.0,
RSCi(t) = design relative strength coefficient for the jth under-
lying pavement layer at servicetime (t), and
RSC;(0) = initial design relative strength coefficient for the jth
underlying pavement layer.

Estimation of Pavernent Remaining Strength

The pavement remaining strength can be estimated using apavement
structural capacity loss indicator [PSL(t)] defined by Equation 19.
The pavement structural capacity loss, [PSL(t)], simply definesthe
percentage of strength lost over aspecified servicetimet for apartic-
ular pavement structure. It isdetermined from the difference between
theinitial pavement structural capacity [SC,(0)] and the future pave-
ment structural capacity [SCy(t)] estimated at a specified service
time t. The estimated structural capacity loss can be used in devel-
oping guidelines for pavement M& R strategies and for establishing
rehabilitation priority scheduling among pavement projects in the
same roadway classification.

SCP(O) - SCp (t)

=0

x100% (19)

Estimation of Overlay Design Thickness

Another important application of the estimated future pavement
structural capacity is obtaining adesign thickness for asphalt resur-
facing (overlay) required at aspecified servicetime (t), asindicated by
Equation 20. The estimated overlay design thickness is the thickness
equivalent to the structural capacity |oss the pavement structure has
endured over a specified service time (t). Therefore, the required
overlay structural capacity [SC,(t)] is set equal to the structural
capacity lossdetermined asthe difference between theinitial structural
capacity [SC,(0)] and the future structural capacity [SC,(t)]. The
relative strength coefficient required by Equation 20 is similar to
the AASHTO relative strength coefficient (a;) or Caltrans GE factor
(Gy,) for asphalt materials (4, 15).
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_ SC,(0)-SC, (1)
RSC, RSC

(20)

¢}

where hy(t) isthe required asphalt overlay thickness at servicetime
(t) and RSC, is the relative strength coefficient for asphalt overlay
material.

SAMPLE APPLICATION

A sample application for predicting flexible pavement remaining
strength is presented in this section. The sample applicationinvolves
12 village access roads selected from the northern districts of the
West Bank of Palestine. These roads were constructed under the
administration of the Palestinian Authority during the period of
1997-1998 with international donor funding provided to assist the
Palestinian people in rebuilding their infrastructure system. The
12 roadsto beinvestigated have been randomly selected from alarger
sample of morethan 50 roadsthat were built during the same period.
Theseroadsare mainly two-lanelow-volumerural roadswith lengths
ranging from 3 to 7 km and are used by local residents to reach the
nearest main highways. The sample application isto cover the three
main objectives outlined earlier in the paper.

Sample Pavement Performance
Prediction Models

A 10 x 10 transition matrix similar to the one outlined in Equation 2
has been used to represent the deterioration mechanism of eachinves-
tigated roadway. Condition states are defined using equal 10 points
distress rating (DR) range on an overall scale of 100 points, with
higher ratings indicating better pavements. Pavement sections of
15-mlanelength and 3-m width were used in the distress assessment.
The DR assigned to a pavement section has been estimated using
Equation 21 on the basis of the section surface area(A), cracked areas
(A.), deformed areas (Ay), cracking severity factor (F.), and defor-
mation severity factor (Fgy) (12). Severity factors are assigned the
values of 1, 2, and 3 for low, medium, and high levels of severity,
respectively, on the basis of crack width and deformation depth. A
defected areacan only be counted as cracked or deformed. A sample
value of (DR = 61.4) isobtained given A= 45— n?, A.= 14.2 — n?
(F.=2, medium severity), Ay= 7.8 — n? (F4= 1, low severity), and
Aq=5.3-n? (Fy= 3, high severity).

DR:[sA_ZFC;Z_ZF"A’jxloO (21)

where
A+ ZAqislessthan or equal to A.

Theinitial (P;,) and terminal (Py.0) transition probabilities have
been estimated for each investigated roadway by conducting two
cycles of pavement distress assessment. The two cycles were sepa-
rated by al-year timeinterval representing thelength of the deployed
transition. Equation 22 has been used to estimate the transition prob-
abilities on the basis of the number of pavement sections found in
state (i) after thefirst cycle (N) and second cycle (N@), (11, 12).
A minimum of 30 pavement sectionswere surveyed inthefirst cycle
for each condition state (States 1 and 9) and were inspected againin
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TABLE 1
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Sample Pavement Deterioration Rates and Original Design Parameters

Road No. P, Pg10 h, (cm) h; (cm) R-Vaue Wigox10° Drainage Condition
1 0.18 0.38 8 25 46 470 Good
2 0.25 0.36 8 25 41 320 Good
3 0.26 0.69 8 30 30 350 Fair
4 0.29 0.51 7 30 27 180 Fair
5 0.32 0.74 7 35 24 250 Fair
6 0.35 0.31 8 30 40 520 Good
7 0.38 0.49 8 35 28 650 Fair
8 0.39 0.75 8 40 21 700 Fair
9 0.47 0.85 9 45 10 620 Poor
10 0.52 0.49 8 35 26 580 Fair
11 0.58 0.52 9 40 16 660 Poor
12 0.64 0.50 9 45 13 750 Poor

the second cycle. The sections are assigned to the states according
to their estimated distress ratings. Sample values of (P;, = 0.18)
are obtained given (N = 50, N{? = 41), and (P, = 0.38) given
(N§ =32, N@ = 20).

Rin=—""g — (22)

Theestimated initial (P;,) and terminal (Pg 10) transition probabil-
itiesareprovidedin Table 1 for the 12 roadways under investigation.
Examination of thetabulated transition probabilitiesreveal sthat the
increasing deterioration rate model as represented by Equation 5is
valid when theinitial probability (Py,) is smaller than the terminal
probability (Py10). Similarly, the decreasing deterioration rate model
as defined by Equation 8 is applicable when the initial probability
(Py,») islarger than the terminal probability (Pg10). Then, the perfor-
mance curves (models) are developed using the predicted distress
ratings [DR¥] generated for each roadway, as indicated by Equa-
tion 3. A terminal servicelife T of 20 years has been used, whichis
equivaent to 20 transitions (n), since one discrete-time interval (d)
isequal to 1 year. The predicted pavement distressratings are to be
used in estimating the structural capacity adjustment factor associated
with the asphalt layer to predict the flexible pavement remaining
strength. Table 1 provides additional data pertaining to the original
roadway design, which includethe asphalt layer thickness (h,), gran-
ular base layer thickness (h,), subgrade resistance value (R), design
80kN (18K) equivalent single axleload applications (Wa), and current
roadway drainage condition rating. The qualitative roadway drainage
condition rating is assigned according to the condition of the exist-
ing roadway drainage system, quality of roadway transverse and
longitudinal profiles, and type of surrounding terrain (level, rolling,
or mountainous).

Predicting Remaining Strength
of Sample Flexible Pavement

The predicted pavement distress ratings [DR®] have been used to
estimate the principal structural capacity adjustment factor [ SAF,(t)]
associated with the asphalt layer as defined by Equation 15, using a
service time (t) of 10 years. The two areas under the performance

curve[AUC,(10)] and [AUC,(20)] required by Equation 15 have been
also estimated, asindicated by Equations 16 and 17, respectively, using
the generated distressratings[DR™]. Table 2 providesthe valuesfor
the two areas under the performance curve and the corresponding
asphalt structural capacity adjustment factor. The sampleresultspro-
vided indicate that the values associated with the asphalt structural
capacity adjustment factor rangefrom 0.180t0 0.422. Thishasically
meansthat the remaining strength for the asphalt layer after 10 years
of servicerangesfrom 18.0%t0 42.2% for theinvestigated roadway’s,
with an average value of about 30%. Thismight be somewhat lower
than expected, which coul d be attributed to inadequacy of construction
practices and of quality assurance policiesthat istypically encoun-
tered in developing countries. The structural capacity adjustment
factor for the granular base layer [ SAF,(10)] isassumed as provided
in Table 2, based on the qualitative roadway drainage condition
rating of 1.0 for good, 0.9 for fair, and 0.8 for poor. Alternatively,
the base strength adjustment factor can be estimated as outlined
in Equation 18 using original and present layer relative strength
coefficients.

TABLE 2 Sample Pavement Structural Capacity Adjustment
Factors Predicted with 10 Years’ Service Time

Road AUC,  AUC, SAF,  SAF,
No. P Po  (10) (20) (10) (10)
1 018 038 62125 147335 0422 1.0
2 025 036 53755 135810  0.39 1.0
3 026 069 39525 119180 0332 09
4 029 051 43065 122420 0352 09
5 032 074 30400 106670  0.285 09
6 035 031 44590 122330  0.364 1.0
7 038 049 33360 108340  0.308 09
8 039 075 23045 95655  0.241 09
9 047 085 14950 82870  0.180 0.8
10 052 049 22900 91955  0.249 09
11 058 052 18855 85545  0.220 08
12 064 050  167.00 81195  0.206 08
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The initia structural capacity for the two-layer pavement struc-
turesisestimated using the relative strength indicator known as GE,
deployed by Caltransin the design of flexible pavement structures (15).
Theinitial structural capacities associated with asphalt concrete and
aggregate base layers, [SC,(0)] and [SC,(0)], are assumed to be
equal to their corresponding GE values, which are obtained from
multiplying the layer thickness in feet by the layer GE factor, with
resultsprovided in Table 3. The GE factorsfor asphalt concrete and
aggregate base (G;, and Gy) are assumed to be equal to 2.0 and 1.2,
respectively. The GE factor for asphalt concrete is dependent on the
traffic index, whichisafunction of the 80kN (18K equivalent single
axleload applications. Table 3 providestheinitia pavement structural
capacity [SC,(0)], as proposed by Equation 13, and the predicted
pavement structural capacity [SCy(10)], as proposed by Equation 14,
at 10 yearsof service. Both theinitial and predicted pavement struc-
tural capacitiesare used to determinethe overall pavement structural
capacity loss [PSL(10)], as presented in Equation 19, and required
overlay design thickness [h,(10)], as presented by Equation 10, at
10 years of service. The tabulated results show that the [PSL(10)]
hasranged from 19.58% to 35.83% with an average value of 27.16%,
and the overlay design thickness has ranged from 4.6 to 12.8 cm
with an average value of about 8 cm. The asphalt concrete relative
strength coefficient (RSC,) used in the calculation of the overlay
design thicknessis the GE factor with a2.0 value.

Pavement rehabilitation strategies have been recommended in
line with the [PSL (10)] and [h,(10)] values, asindicated in Table 3,
whichinclude plain overlay (PO), skin patch (SP), and reconstruction
(RE). PO isto be applied directly to the existing surface after crack
sealing and RE of localized failures, with estimated overlay design
thickness rounded to the nearest 1 cm. SP involves milling about
half of the existing asphalt layer, crack sealing and RE of localized
failures, and placement of anew asphalt layer with thickness equal
to the estimated overlay design thickness reduced by 1 cm for every
2 cm of the remaining original asphalt layer. RE includes removal
of theexisting asphalt layer and placement of a10-cm leveling aggre-
gate layer and a new asphalt layer with thickness equal to the esti-
mated overlay design thickness reduced by 1 cm for every 2 cm of
the leveling aggregate layer, provided that the final thicknessis not
lower than the original asphalt layer thickness. The pavement struc-
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tural capacity loss[PSL(10)] can also be used to assign priority list-
ings among rehabilitation project candidates in the same roadway
classification, as provided in Table 3.

Sample Empirical Stochastic-Based
Prediction Models

The main outcome of the demonstrated stochastic modeling for pre-
dicting flexible pavement remaining strength isthe principal structural
capacity adjustment factor [ SAF,(t)] associated with theasphalt layer.
Relevant empirical modelsgenerated using multiplelinear regression
techniques can be very useful to practitioners. Such models can be
used to estimate the [ SAF,(t)] factor from related variables—such as
design load applications (Wg), subgrade resistance value (R), total
pavement thickness (h,), and roadway drainage (D)—which are
assigned condition ratings of 1 for good, 2 for fair, and 3 for poor.
A sample regression model with nonlinear transformations for esti-
mating the [SAF,(10)] factor is presented in Equation 23, with rel-
evant input data given in Table 1 and the corresponding [ SAF,(10)]
valuesin Table 2. The generated model is significant at more than a
99% confidence level with the variable coefficients significant at
98%. The model has a 94.35% determination coefficient (R?) and
0.022 standard error of estimate.

3
SAF, (10) = 0.858 - 0.346 logWgs +1.31x10°° (g)

hﬁ] 23)

p

- 0.194Iog(

Another equally important empirical model that can be of inter-
est to practitionersisonethat estimatesthe overlay design thickness
(ho(10)) directly from related variables. Equation 24 presents a
sample overlay model derived from the estimated overlay design
thicknessesin Table 3 and the corresponding input datain Table 1.
The developed regression model is significant at more than 99%
confidence level with the variable coefficients significant at 99.9%.
Themodel hasa99.56% determination coefficient and 0.213 standard

TABLE 3 Sample Pavement Initial and Remaining Strength Indicators and Overlay Design Thickness

with 10 Years' Service Time

Road Repair Priority
No. SC,(0) SC4(0) SC,(0) SC,(10) PSL(10) h,(10) (cm) Strategy Listing
1 0.525 0.984 1.509 1.206 20.08 4.6 PO 11
2 0.525 0.984 1.509 1.192 21.01 4.8 PO 10
3 0.525 1.181 1.706 1.237 27.49 7.2 SP 5
4 0.459 1.181 1.640 1.224 25.36 6.3 PO 9
5 0.459 1.378 1.837 1371 25.37 71 SP 8
6 0.525 1.181 1.706 1.372 19.58 51 PO 12
7 0.525 1.378 1.903 1.402 26.33 7.6 SP 7
8 0.525 1.575 2.100 1.544 26.48 85 SP 6
9 0.591 1.772 2.363 1.524 35.51 12.8 RE 2
10 0.525 1.378 1.903 1371 27.96 8.1 SP 4
11 0.591 1.575 2.166 1.390 35.83 118 RE 1
12 0.591 1.772 2.363 1.539 34.87 12.6 RE 3
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error of estimate. Similar empirical models have been attempted
to estimate the initial and transition probabilities from the same
related variables but resulted in much lower confidence levels and
determination coefficients.

h,(10) = 3.742+0.060(h,D) - 3.215(\;\/&) | (24)

80

The presented sample empirical stochastic-based modelscan help
practicing pavement engineers save time and money, provided that
the models are applied to roadway conditions similar to those used
in the models' development.

CONCLUSIONS AND RECOMMENDATIONS

The presented sampl e results have indicated that stochastic modeling
can beuseful in predicting flexible pavement remaining strength. The
simplified approach outlined for predicting pavement distressratings
using only theinitial and terminal transition probabilitiesis certainly
an advantage to local highway agencies with limited resources. Esti-
mates of these two transition probabilities can be obtained by refer-
ring to historical pavement distress records or conducting two cycles
of pavement distress assessment. Once such estimates are available,
the approach presented for predicting flexible pavement remaining
strength is a straightforward procedure with minimal data require-
ments. It isrecommended that 10 condition states be used in forming
aproject transition matrix. Prediction of remaining strength is to be
performed with an appropriate flexible pavement design procedure,
such as the demonstrated Caltrans procedure, which deploys the GE
asan indicator of the pavement relative structural capacity.

The predicted flexible pavement structural capacity can be easily
used in estimating the required overlay design thickness, recommend-
ing appropriate rehabilitation strategies, and establishing rehabilita-
tion project priority listing. Implementation of the presented stochastic
model, which forms the basis for generating the required project per-
formance curves, is mainly dependent on simple field surveys and
measurements of pavement distress defects. The cost associated with
conducting therequired distress assessment isvery minimal compared
with the savings that can be expected once adequate records become
available to develop relevant empirica remaining strength models
similar to the ones presented in the sample application. The derived
empirical stochastic-based models can provide highway agencies
with substantial savings, provided that they are applied to roadway
conditionssimilar to those used in devel oping themodels. A highway
agency may develop different sets of empirical models for various
roadway classifications of a particular roadway network, which per-
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mits the development of pavement rehabilitation and management
policies at the network level.
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