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Reliability-Based Processing of
Markov Chains for Modeling Pavement

Network Deterioration

NINGYUAN LI, WEI-CHAU XIE, AND RALPH HAAS

Accurate prediction of pavement deterioration isthe most important fac-
tor in the determination of pavement repair years and optimization pro-
gramming of highway network maintenance. The Nonhomogeneous
Markov Probabilistic Modeling Program, devel oped to determine pave-
ment deterioration ratesin different stages, isdescribed. In this program
the transition probability matrices (TPMs) are considered as a time-
related transition process. Each element of the TPMsis determined on
the basis of areliability analysis and a Monte Carlo simulation tech-
nique. This avoids the use of the existing conventional methods, which
involve taking an average subjective opinion of pavement engineers or
observing alarge number of multiyear pavement performance data and
conducting a number of statistical calculations. As aresult a series of
TPMs for an individual pavement section for different stages can be
determined by running the program. Furthermore, the pavement condi-
tion state in terms of a probability vector at each stage (year) is calcu-
lated. In applying the models both the predicted actua traffic (in terms
of equivalent single axle loads) at each stage and the maximum traffic
that the pavement can withstand at each defined pavement condition
stateinterval are considered to be random variables. In addition, the sen-
sitivitiesof pavement deterioration ratesto pavement design parameters,
such as traffic growth rate, subgrade strength, and material properties,
arestudied. Finally, an example of calculating the TPMsfor apavement
section located in southeastern Ontario, Canada, is demonstrated. It
shows that the sensitivities of the TPMsto traffic growth rate, subgrade
deflection, and pavement thickness are significant.

The development of probabilistic models for the prediction of net-
work deterioration has been a key technical challenge to pavement
engineers. Other models used in network-level pavement manage-
ment are mainly dependent on the reliability of the prediction of
deterioration for each individual pavement section. In other words,
pavement deterioration prediction influences the quality of many
other components of pavement management, such as determination
of theyearsthat rehabilitation isneeded and the corresponding treat-
ment alternatives, improving the existing road network to arequired
servicelevel, and selecting the optimal cost-effective rehabilitation
and maintenance alternatives. Over the last two decades, although
considerable progress has been made toward the achievement of
effective management systems, thereis still aneed for probabilistic
modeling of network pavement deterioration (1).

OVERVIEW OF EXISTING PREDICTION MODELS

Since the concepts of pavement management were initiated in the
1960s, many prediction models have been devel oped in North Amer-
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icaand elsewhere. Basically, the current prediction models can be
divided into two categories: deterministic and probabilistic (2).
Thesetwo types of prediction models have been used by many high-
way agencies at both the project and the network levels. Determinis-
tic models can be further broken down into purely mechanistic,
mechanistic-empirical, and regression models. A detailed descrip-
tion, with examples, of each type of deterministic model is presented
elsawhere (3). However, it isinadequate to apply deterministic mod-
els to al situations of pavement management because of (a) the
uncertaintiesin pavement behavior under changeabletraffic load and
environmental conditions, (b) the difficultiesin quantifying the fac-
tors or parameters that substantially affect pavement deterioration,
and (c) the errors associ ated with measuring pavement condition and
bias from a subjective evaluation of pavement condition.

The principle of applying probabilistic performance models to
flexible pavement design wasintroduced by Darter and Hudson (4).
Conseguently, the probabilistic modeling of future pavement con-
dition states has recently received considerable attention in pave-
ment management (5). Probabilistic modeling of pavement deterio-
ration has been further applied in many other areas, such asdynamic
programming of pavement maintenance with pavement deteriora-
tion modeled as a Markov transition process, pavement network
budget planning (6), and cost-effectiveness analysis for financial
planning of pavement network management (7). Furthermore, prob-
abilistic models have been used to minimize the total expected cost
and to keep all pavement sections in the network above a required
servicelevel (8).

Although considerable effort has been devoted to improve the
quality of the probabilistic modeling of pavement deterioration, the
applicability of the existing transition probability matrix (TPM)
building method is limited to only several widely spaced pavement
categories, which are classified on the basis of traffic level, subgrade
condition, and pavement thickness. For example, Karan (7) consid-
ered only 18 flexible pavement classes by roughly defining the flex-
ible pavement types on the basis of two levels of subgrade soil
(strong and weak), threelevels of thickness, and threelevels of traf-
fic volume (low, medium, and high). Thus, thetotal number of com-
binationsis 18; corresponding to these pavement classes, 18 differ-
ent TPMs have been established by processing a large quantity of
information and questionnaires from many individual pavement
engineers.

Similarly, Wang et al. (9) recently carried out an extensive analy-
sisof the probabilistic behaviors of the Markovian prediction mod-
els modified for the pavement network optimization system of the
Arizona Department of Transportation. In the road system 15
highway categories were defined on the basis of traffic volume,
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regiona factor, and functional class; 45 pavement condition states
were classified for the purpose of defining the transition process.
Each element of the TPMsin the system for each road category was
obtained from more than 10 years of observed pavement perfor-
mance data.

Essentially, the existing Markov chain TPM building method has
two major technical problemsthat make it difficult to predict pave-
ment deterioration appropriately. One is the assumptions for deal-
ing with the effects of traffic and environmental conditions on
the pavement. Another oneisthe techniques applied in building the
TPMsfor pavements.

A description of the existing TPM method and assessment-
associated quality can be summarized as follows.

1. According to the definition of the Markov process, there can
betwo different transition consequences: homogeneous and nonho-
mogeneous, depending mainly on the assumptions or parameters
defined for a system. When applying the homogeneous Markov
process in modeling pavement deterioration, it has been assumed
that the variables such as traffic (including volume, growth rate,
truck percentage, etc.) and environmental conditions (including
strength of subgrade soil, annual average temperature and precipi-
tation, etc.) are constant throughout the analysis period, which isnot
correct in many real situations. For a multistep transition the exist-
ing method uses the Chapman-Kolmogorov equation to calculate
the future condition states.

2. Each element of the TPM is quantified either by using the
average of subjective opinions of experienced engineers, through
individual interviews and questionnaires, or by observing the per-
formance of a large number of pavements in the same category
under different initial pavement conditions over a long period of
time. For the former it is known that each individual has his or her
own bias and different response to or assessment of the same ques-
tion; therefore, it isdifficult for apavement manager to deal with the
variety of dataand to transform theinformation into aTPM of pave-
ment deterioration. Furthermore, it normally takes considerable
time and expense to perform subjective information collection and
processing. For the latter situation alarge amount of soundly mea-
sured performance datafor all road categoriesisrequired, which is
time-consuming and costly.

3. Since the existing TPM building methods have the forgoing
disadvantages, it is impossible to establish a set of TPMs for each
individual pavement section in anetwork. In fact, the existing TPM
building methods can construct only afew TPMsfor several roughly
classified pavement categories, as described previously. The effects
on pavement deterioration of many other important factors, such as
pavement thickness, construction methods, traffic volume, and
growth rate, are neglected. Each pavement is assigned to one of the
categories so that the established TPMs can be applied. This process
will cause large variations in the prediction of pavement network
deterioration. In addition, for a defined pavement section, the exist-
ing methods are not able to establish a set of time-related TPMsfor
usein different stages.

These drawbacks will, in turn, influence the quality or the cor-
rectness of many other decisions, ranging from determination of the
years when rehabilitation is needed to programming of optimal
pavement rehabilitation and maintenance strategies. Consequently,
the general purpose of this paper isto minimize these drawbacks on
predicting the outcome of pavement deterioration.
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OBJECTIVESAND SCOPE

Asshown in Figure 1 the main components of the Nonhomogeneous
Markov Probahilistic Modeling Program (NHMPMP) are datainput
and simulation, pavement design subsystem, reliability/performance
analysismodel, generation of TPMsand condition state vectors, and
Bayesian calibration of TPMs. The datainput model generates pave-
ment design parameters and actua traffic loads in the form of nor-
mal distributions through Monte Carlo simulation. The pavement
design subsystem selects an appropriate design equation for each
individual pavement section and determinesthe layer thickness. The
reliability/performance analysis model determines the pavement
condition states at each stage under the applied traffic loads. Thegen-
eration and calibration of TPMs are specifically described in a sub-
sequent part of this paper. More specifically, the research described
in this paper istargeted at performing the following:

1. Toselect pavement design modelsfor aspecific pavement sec-
tion and to generate normally distributed design parameters, such as
material modulus of each pavement layer, thickness, subgrade soil
coefficient, and predicted actua traffic.

2. Todetermine each element of the time-related TPMs of pave-
ment deterioration through adatainput simulation program and reli-
ability evaluation. These TPMs form a nonhomogeneous Markov
chain with respect to yearly increased traffic loads and changeable
environment.

3. To test the sensitivities of the established TPMs to the major
pavement deterioration-related factors or parameters such astraffic
characteristics and subgrade strength.

4. To compare the TPMs generated by NHMPMP with those
established by the two existing traditional techniques, that is, sub-
jective opinion-related approach and the method based on the col-
lection of long-term performance data.

5. To apply the NHMPMP to dynamic optimization of a pave-
ment rehabilitation program at the network level. The program can
be universally used to establish the TPMs for any actually con-
structed pavement if all of the design parameters are given. In other
words a set of TPMs may be established for any individually
designed pavement section without being treated as in one of the
several roughly classified road categories.

CONCEPT OF NONHOMOGENEOUS
MARKOV PROCESSES

A nonhomogeneous Markov process can be characterized by states,
stages, and a sequence of TPMs, which are defined as follows.

Stages and Statesin Pavements

In the present study stages are considered to be a series of consecu-
tive equal periods of time. Thetimeinterval isdecided according to
the pavement deterioration rate of each individual pavement section
and the characteristics of the changeable variables. In pavement
management astage isnormally defined as 1 year since seasonal cli-
mate change is cycled in 1 year and the traffic variable is usually
estimated on an annual variation basis. Therefore, in this research
one stage becomes 1 year of thelife-cycle analysis period.
Deterioration of a pavement is measured in pavement condition
states (PCSs), each of which is specifically ranked to acertain level
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FIGURE 1 Major componentsof NHMPMP.

according to pavement ride quality, roughness, structural adequacy,
surface distresses, and safety. For practical purposesit isconvenient
to divide PCSs into 10 states, each of which can be further divided
if necessary. On the basis of the prediction of pavement deteriora-
tion (roughness, etc.) and the selected pavement design model, PCS
may refer to such widely used measures as riding comfort index,
present serviceability index, pavement quality index, and so on.
It should be noted that a higher PCS value represents a better
pavement condition, that is, 10 means perfect and 1 means extremely
poor. The probability vector indicates the proportions of the pave-
ment section in each of the possible condition states. For example,
at a given stage, say stage 5, the probability vector p(5) or PCS(5)
=(0,0,0,0.4,04,0.2,0, 0,0, 0) means that there are 10 defined
pavement condition statesand, after 5 years of opening to traffic, 40
percent of the pavement section will bein State 7, 40 percent will be
in State 6, and 20 percent will bein State 5.

TPMs

In most situationsthe pavement deterioration rate varies over stages
(time) because of variationsin traffic characteristics (truck volume,
growth rate, and traffic configuration) and environmental conditions
(precipitation, temperature, freeze-thaw effects, etc.). It istherefore
practical to model pavement deterioration by using aMarkov prob-
ability transition process. If aset of TPMsfor a pavement sectionis
provided, the future condition state vector, PCS(t), of the pavement
at any stage (year) t can be calculated by the following procedure:

PCS(1) = P,PCS(0),
PCS(2) = P,PCS(1) = P,P,PCS(0), . . .
PCS(t) = P,PCS(t — 1) = P,P.; . .. P,PCS(0) (1)

where Pt is the transition probability matrix at stage (year) t. In
a homogeneous Markov transition process the TPM is assumed to
be a constant. In other words, the TPMs used at any two different
stages are identical, that is, P, = P,= ... = Pt = P. Thistime-
independent TPM P can be used to calculate the future multistage
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transition of pavement condition state by means of the Chapman-
Kolmogorov equation. The matrix of n-step transition probabilities,
P®, can be achieved by multiplying the one-step transition proba-
bility matrix n times. For example, the n-step transition of a PCS
matrix will be

PM=pPPP...P
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where p®is the probability that the pavement condition state will
change from the current statei to state j after n steps (stages) of the
transition process.

However, in most cases the TPM at one stage is different from
that at another stage; the transition process is then called a nonho-
mogeneous Markov transition process. Consequently, the multi-
stage transition of pavement condition state is determined by a
sequence of transition matrices Py, P, Ps, . . . . Each of these transi-
tion probability matrices P, containsthe conditional transition prob-
abilitiesthat hold at timet, giventhe statusat timet — 1. Thelength
of each equally divided staget isdecided on the basis of traffic char-
acteristics (traffic volume and growth rate) and environmental fac-
tors. It is common practice that the length of each staget is conve-
niently defined as 1 year. To analyze the change in transition
probabilities from one stage to the next in a nonhomogeneous
Markov chain, an accompanying sequence of matrices, C;, C,,
Cs, ..., whichare called causative matrices, isintroduced:

P.Ci=P, P,C,=P;...PRG=Pyy,... (3)

Each causative matrix can therefore be obtained from the following
equation:
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Ci = PitPyy, t=12... (4)

Thus, the causative matrices are analogous to derivativesin cal-
culus as an indication of the rate of change. From these causative
matrices the change between the transition matrix at one stage and
the transition matrix at the next stage can be determined. It is obvi-
ous that a homogeneous Markov process is the special case with
C; = |, theidentity matrix of dimension n X n, where nisthe num-
ber of states. When all the transition matrices are different, none of
the causative matrices will be the identity matrix.

When all of the causative matrices are equal, that isC, = C, =

... = C, the nonhomogeneous Markov chain is called constant
causative. It can be verified that
Pis = P.Cs, s=0,1,... (5)

Since C = P1P, = P3! P3, P; can be expressed in terms of P,

and P, by the equation P; = P,P11P,, and in general,

P.1 = P, P 4P (6)

Therefore, every transition matrix P, of aconstant causative chain
may be expressed in terms of P, and P, by the equation

Po= (PP 2P, = P,(Pi1P) 2t =2,3,... )

Using a causative matrix C,, the relationship and change involved
between two consecutive transition matrices P, and P..; can be
described.

GENERATION OF TPMs

In the present research the deterioration of each pavement sectionin
aroad network ishandled individually in terms of assigning a set of
TPMs. Each of these sets of matricesis used to model the transition
of the pavement condition state corresponding to each of the stages
within the life cycle. A unit of scale defining pavement condition
state should be small enough so that even a slight deterioration in
the condition state can be predicted. For example, if only 10 pave-
ment condition states are defined for aroad network, apossible min-
imum drop within one stage of say 0.2 unit will not be detected.
Small deterioration is possible because of a strong pavement struc-
ture, very light traffic, or slight environmental influence. Inthiscase
the number of condition states should be taken as 50, with a unit of
the scale being 0.2.

The basic elementsfor generating the TPMsinclude (a) datainput
simulation, (b) reliability/performance model, and (c) determination
of staged TPMs.

Data Input Simulation

Typical input data for aflexible pavement design equation include
aninitial PCSimmediately after construction or rehabilitation, ini-
tial annual traffic characteristics (including traffic volume and
growth rate, percent trucks, and truck equivalency factor), number
of traffic lanes in each direction, subgrade defl ection or resilient
modulus (My), and equivalent granular thickness or structural num-
ber. By applying a Monte Carlo simulation technique, each design
parameter is generated randomly with adefined distribution.
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Inthe present study each pavement design parameter isgenerated
independently by running arandom number-generating subroutine.
The main steps of the subroutine can be summarized as follows:

1. Generate U; and U, as two independent, standard uniformly
distributed random numbers. Let V, = 2U; — 1fori = 1 and 2 and
let W= V2 + V3.

2. Convert the generated, uniformly distributed numbers into
standard normal random numbers. If Wis >1, go back to Step 1.
Otherwise, let

Y = J(=2InW)/W
Z =V, and Z, = \bY.

Then Z, and Z, are independent standard normal random numbers.

3. A normally distributed design parameter X ~ N (i, o) may be
generated as X = U + o Z, where Z is a standard normal random
number generated in Step 2.

Probability Calculation of Pavement
Condition Deterioration

Traffic is generally considered amajor factor associated with pave-
ment deterioration. Reliability analysis of PCSs at each stage (year)
can be performed by comparing the potential trafficloadingin equiv-
alent single axleloads (ESAL s) that the pavement structure can with-
stand beforeits condition state dropsto adefined level and the actual
predicted annual traffic accumulation. According to the reliability
definitions (4), the number of ESALS [N,;] that the pavement can
withstand before its PCS drops fromitsinitia state to state i can be
caculated. On the other hand, the actual number of ESALs (N,) that
will be applied to the pavement may be estimated from atraffic pre-
diction model, which isbased on the existing traffic volume and esti-
mated traffic growth rate. By comparing N, with Ny the reliability
R at any stage (year) can be calculated by the following equations:

R = P[(log Ny —10ogN,) > 0]

- g
Hog N, —l0gN, = (2 ®

D\/ Szongcs(i) + Sf)gNl E

=0

where

d (2) = probability distribution function for stan-
dard normal random variable,
10g Nysy = mean value of 10g Ny,
log N; = mean value of log N,, and
Sog Nocsii and Sgqn, = standard deviations of 10g Ny and log N,
respectively.

Thus, the pavement condition state vector PCS(t) at staget is deter-
mined. Furthermore, by applying these formulas to calculate the
probability P[(10g Npesiy — 109 Npesjy)) — (109 N1 — log Ny)], thetran-
sition probability at staget can be established, wherei and j vary from
10to O with an interval of any defined value, for example, 0.2.

In reality, many uncertain factors are involved in all aspects of
pavement management systems. According to the results of previ-
ous studies and statistical analysis of alarge amount of observed
pavement performance data (10), the actual number of ESAL s that
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cause a pavement to deteriorate from condition statei to state j can-
not be calculated without error. Similarly, the predicted actual traf-
fic in terms of ESALSs in future years cannot be determined pre-
cisely. Consequently, they can be treated as random variables with
certain probability distributions, asshownin Figure 2. In Figure2 a
scale of only 10 units of PCSs is defined; py(N) is the probability
density function of the predicted actual traffic (ESALs) accumulated
int years, Ny isthe mean value of the traffic (ESALSs) that drives
the pavement condition state to deteriorate from the initial state to
state i, and Ppesiy is the probability density function of Ny, which
isthe traffic (ESALS) that forces the pavement to deteriorate from
theinitial condition state to condition statei.

Determination of Staged TPMs

If a pavement section serves a higher traffic volume with a certain
growth rate and the traffic is the major factor affecting pavement
deterioration in each stage (year), then the nonhomogeneous
Markov TPMs of pavement deterioration may be determined ana
lytically, asfollows.

1. Let N bethe maximum number of ESALsthat pavement sec-
tion s can withstand before it drops from condition stateii to state j,
and let py, be the probability density function of the predicted actual
number of ESALs N, accumulated in staget. If Nj are deterministic
numbersor constants, then the transition probabilitiesfrom statei to
state j [p§(t)], as shown in the upper part of Figure 3, are given by

Py (t) = P(NF. <N, <Ny

=P(N; <Nj) = P(N; <N7j.,)
—_ Ni S d e S H H
=[, PROAIN-S R, <i ©)

I}VPCSO)
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where pi(t) is transition probability that pavement section s transi-
tions from condition statei to state j during the period of the year t.

2. However, N§ isin general arandom variable with probability
density function pNi?(N), as shown in the lower part of Figure 3.
Thus, the following equations can be established:

Pi(D=0,] >,
P =P(N <N = [ ’ ajp;m(x, )ty

= [[ P ooy
(D) = P(NG. < N <) = PN, < N) = P(N, < N?0)

= [ P ouhay- 3w, i< (10)

By applying these equations to each specific section of pavement
inaroad network, the nonhomogeneous Markov TPM for pavement
section s at staget is given asfollows:

Epfo,m(t) Pios(t) pfo,o(t)g
O : : g
) pio(®) Pso(t) B

BAYESIAN UPDATE OF TPMS

As described earlier the nonhomogeneous Markov TPMs for pave-
ment deterioration may be efficiently determined if the pavement

D,
Nt(A’) * Ih
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FIGURE 2 Distribution of predicted actual traffic and pavement performance curves.
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FIGURE 3 Probability calculation of pavement condition
transition from state to state at year,.

design model and the corresponding design parametersaregiven. In
addition, if a set of actually observed pavement performance data
for a specific pavement section is available, then the Bayesian pos-
terior probability approach can be applied to update the established
TPMs. For thisresearch the collection of multiple years of pavement
performance data for the Ontario highway network has been
planned. The main purposeisto usethe actually observed datainthe
calibration of the established TPM sthrough the Bayesian technique.
When the data are collected and properly processed, they will be
used in the Bayesian posterior probability calibration model to
update the TPMss established by NHMPMP. The model and proce-
durein devel oping the Bayesian updated TPMs are explained in the
following discussion.

The basic theoretical foundation that connects a Markov process
and the Bayesian posterior probability approach has been summa-
rized previously (11). It isbased on the assumption that the prior dis-
tribution function of the matrix of the transition probabilities
belongsto afamily of distributionsthat is closed under consecutive
sampling. The matrix beta density function is the natural conjugate
distribution for the likelihood function of the consecutive sampling
rule. Moreover, many of the properties of arbitrary families of dis-
tributions that are closely related to the consecutive sampling rule
are related to characteristics of the matrix beta distribution. In the
following discussion, some of the main results of matrix beta distri-
bution are summarized.

Concept of Matrix Beta Distribution

A K X Nmatrix P = [p!] is called a generalized stochastic matrix
if each element of the matrix isnonnegative and the sum of each row
isunit 1, where p is the probability that the system makes atransi-
tion to statej, given that it is currently in state i and the kth alterna-
tiveisused. The K X N random generalized stochastic matrix P is
said to have the matrix beta distribution with parameter M = [mk]
if P hasthejoint density function

TRANSPORTATION RESEARCH RECORD 1524

%(M)I_l.ﬂ (p)"™, PO,

0 0, elsewhere

fug" (PIM) = 12

where Sqyistheset of al K X N generalized stochastic matrices. The
normalizing constant k(M) is given by

r(l\/I )

k(M) = 1
(M) = |_|-1|_|k1 r(l\/l,,) (13)
where

M, :Zﬂmj,kzlz,...r...Ki,u,J=1,2,...N (14)

K; isthe number of alternatives that the decision maker can choose
when the systemisin state i, and N is the number of states that the
system can occupy. The parameter M isaK X N matrix such that
m>0k=12,.......K,i,j=12...N
Fork=1,2,...,K,andi,j=1,2,...,N,themeansand variances
of the elements of P are given by the following formulas

E[B}] = ﬂ =p (15)
and

VTR~ G ™ e 1o
Letx, = (Xo, X1, - - - , X,) be@asample of n transitions observed under

the consecutive sampling rule in which x, isthe initial state, which
is known in advance of sampling. Denote fk the number of transi-
tionsin x, from state i to state j under the kth alternative in state i
(k=1,2,...,k;i,j=1,2,...,N)anddefine the transition count
of themmpleastheK N matrix F = [f4.K = Z K.

Theorem: Let P have the matrix beta distribution W|th parameter
M’ and suppose that a sample with transition count F is observed
under the consecutive sampling rule with noninformative stopping.
Then the posterior distribution of P ismatrix betawith parameter

M =M"+F 17)
Application of Theorem in Probabilistic

Modeling of Pavement Deterioration

For the transition probability matrix P = [p§*], it is known that
E[B1=0", Var[pi*]=(c}")"i,j=12,  ...N (8)

From Equations 14 and 15,

m¥
M“ =p (19)
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Py (1= ")

M™ 1 (01" (20)

where M™ = Z“ilmj”"‘. Summing up Equation 20 for j from
1toNyields B

N
1-% (A" N
e 2O @

That is,

L Z (R -1 (22)

Ty

Letting 3pk= of*/ph* be the coefficient of variance, then of*=
3k prk. From Equation 19

m* = MM P (23)

By using the method presented in the previous section, that isthe
reliability performance concepts and a Monte Carlo simulation
approach, the TPMs of pavement performance P™ = [pj<], n = 1,
2, ..., N, have been obtained. Knowing the mean values pj*and
the given coefficient of variations 8% of the transition probabilities
P, the element mp* of the parameter M of the matrix beta distribu-
tion can be determined by using Equations 22 and 23. The parame-
ter M obtained is the parameter of the prior distribution, that is, M’.

The coefficients of variation 8% may be used as control parame-
ters of the confidence level of a pavement manager on the observed
data. If the coefficients of variation are small, the values of the ele-
ments of M’ are large and the relative effect of the observed data
(transition count F) is small. A pavement manager may select a
smaller 8 when the observed data are scattered or are not very accu-
rate. On the other hand, if the coefficients of variation are large, the
entries of M’ are small and the relative effect of the observed data
(transition count F) islarge. A pavement manager may select alarger
d**when the conditions of a pavement are significantly different
from those specified in the code or alarge database of pavement per-
formance for pavements with similar characteristicsis available.

SENSITIVITY OF GENERATED
TPMsTO DESIGN PARAMETERS

Itisimportant to know that variationsin each element of the TPMs
will affect the predicted values of future pavement condition states.
Therefore, itismeaningful to perform asensitivity analysistoinves-
tigate the variation in the TPMs generated if the design parameters
of a pavement take on other possible values.

A case study of Highway 402 is used as an illustration. Highway
402 is a 102-km, four-lane rural expressway built in southern
Ontario during the early 1980s. The Ontario Pavement Analysis of
Cost (OPAC) flexible pavement design method (12) has been
selected to perform the sensitivity analysis. The OPAC design
model considers both the traffic effects (Pr) and the environmental
effects (Pg) on pavement deterioration. Traffic- and environment-
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related deterioration, Py and Pe (on ascale of 0to 10), respectively,
are calculated by the following eguations:

P = 2.445W +8.805W° (24)

R=h- 1+P°BW J1-e) (25)

where ¥ = 3.7238 X 10~%AN; w is the subgrade deflection (in
millimeters) and is determined by

e 9&00;54 - 26
oM %)QHes\ o HJHM
s 0.9Hes| 2
M,

where

P, = as-built riding comfort index (scale of 0 to 10);

He = total pavement equivalent granular base thickness;
= the number of ESALSs that changes the pavement by an
amount Pr;

M, = modulus of granular base layer;
M; = modulus of subgrade sail;

B = regional factor 1, B = 60 in southern Ontario;

o = regional factor 2, « = 0.006 in southern Ontario; and

Y = number of years.

The design parameters used in the sensitivity analysis are sub-
grade deflection or soil modulus, traffic growth rate, and pavement
thickness (total equivalent granular base thickness). Some of the
major parameters used in the pavement design of this highway are
provided in Table 1. Estimation of ESAL applications of 80 000 N
is based on the OPAC traffic input model, that is,

N, 0 2AADT AADT, - AADT 00

Y 2
A, HAADT + AADT,) ' A,(AADT +AADT,) = ] @D
MAADT,
N, :Ap@] xdaysxTxLDFXTF,%
SAA x daysxT; x LDF ><TFf i (28)
where

T = truck fraction;
AADT = one-directional average annual daily traffic;
LDF = lanedistribution factor (0.8 for four-lane highways);
TF = track factor;
days = number of days per year for truck traffic (generally
300); and
i and f = initial and final, respectively.

On the basis of the input design parameters, the TPMs of the pave-
ment at different stages (years) can be established by running the
NHMPMP. Thegenerated TPM of the pavement deterioration at Stage
lisprovidedin Table 2. It should be pointed out that because of space
limitations of the paper, only parts of the TPM elements are listed in
Table 2. Some of the TPMs (Stages 1, 5, and 10), which indicate the
nonhomogeneous Markov chain of pavement deterioration when
annual traffic growth rate is 8.0 percent, are presented in Table 2.



TABLE 1 Input Design Parametersfor Calculating the TPMson Pavement Section on
Highway 402

Design Parameters Description

Structure 90 mm asphalt surface, M, = 400,000
150 mm granular base, M; = 50,000 aOUrroers
300 mm granular subbase, M; = 15,000

He =90 x 2 +150 x 1 +300 x0.67 = 530 mm
Subgrade layer M, = 5,000

AADT, two directions | AADT, = 6500, AADT,y= 9012, traffic growth rate is 2.5% per year,
analysis period A, = 20, LDF; = LDF; (lane distribution factor) = 0.8

Truck factor Truck % is 20 at initial year and 35 at the end of analysis year; truck
factor is 0.91 at the initial year and 1.14 at the end of analysis year.

ESALS (thousands) Accumulated ESALs in one year and 20 years are 251 and 6519,
respectively, coefficient of variance is 0.1.

TABLE 2 Testsof Sensitivity of TPMsto Time-Related Traffic Volume

(a) TPM of the Pavement Deterioration at Stage 1

10 | 96192 | 88 | 84 (80| 76| 72| 68| 64| 60 56| 52 (48| 44| 4.0 3.6

10{0.000/0.981]0.019

9.6 0.0020.985]0.013

9.2 0.0060.982 10.012

8.8 0.024 [0.966 [0.010

8.4 0.043 0.949]0.008

8.0 0.070[0.926 0.004

7.6 0.109 |0.888 [0.003

7.2 0.164 [0.833 (0.003

6.8 0.235 10.763 [0.002

6.4 0.320 [0.679 [0.001

6.0 0.403 [0.594 10.003

5.6 .473 10.525 10.002
52 .543 |0.456 10.001

(b) TPM of the Pavement Deterioration at Stage 5

10 | 96|92 (88|84 |80([76|72(68|64(60]|56]52(48]| 44| 40/(36

10 [0.001 |0.794 0.190 [0.016

9.6 0.002 [0.808 [0.176 |0.015

9.2 .004 [0.8180.167]0.012

8.8 0.009] 0.825]0.1550.012

8.4 0.016(0.832 [0.141 [0.012

8.0 0.028 0.828 0.133 |0.012

7.6 0.036 10.831 10.124 0.010

7.2 0.043 0.836 [0.112 [0.010

6.8 0.062 10.828 10.101 [0.010

6.4 0.073 [0.826 0.093 0.009

6.0 0.090 [0.818 [0.084 [0.009

5.6 .109 [0.801 [0.083 0.008

5.2 0.132 10.786 [0.075 0.008

(c) TPM of the Pavement Deterioration at Stage 10

10 | 96 |1 92|88 (84|80 [76)|72|68|64]|60]|56]|52(48)| 44|40/ 3.6

10 [0.000 [0.436 ]0.400 [0.120 0.029 [0.017

9.6 0.000 [0.446 |0.394 [0.115 [0.029 |0.017

9.2 0.002 | 0.456]0.385] 0.112]0.029 0.017

8.8 0.002]0.470] 0.377{0.107 {0.028 [0.017

8.4 0.002 0.477 [0.376 [0.102 0.027 [0.017

8.0 0.002 10.492 ]0.362 |0.101 0.028 [0.016

7.6 0.005 10.499 [0.355 [0.099 0.027 [0.016

7.2 0.007 10.508 [0.349 0.096 0.025 [0.016

6.8 0.010 [0.513 [0.343 [0.095 0.024 |0.016

6.4 0.013 0.519 [0.336 [0.093 0.026 [0.014

6.0 0.017 10.528 ]0.327 {0.090 10.026 0.013
5.6 0.024 10.533 [0.319 [0.089 [0.023 [0.013

52 0.028 0.535 [0.318 0.085 [0.035
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Tests of Sensitivity to Subgrade Deflection

The sensitivities of the TPMsto subgrade soil modul us or deflection
(w) is studied by varying w from 0.6604 mm (0.026 in.) to 0.7336
mm (0.029 in.) with an increment of 0.0254 mm, whereas all other
design parameters remain the same asin Table 1. The TPMs deter-
mined by the NHMPMP are providedin Table 3. Thisresult implies
that the strength of subgrade soil is most critical to pavement dete-
rioration, as might be expected.

Tests of Sensitivity to Pavement Thickness

If the subgrade coefficient and the traffic growth rate are 5,000 and
2.5 percent, respectively, the other design parameters in Table 1
remain unchanged, and the sensitivities of the TPMs to different
total pavement equiva ent thicknessaregivenin Table4. Theresults
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in Table 4 indicate that the thicker pavement has a high probability
of retaining its state in a 1-year transition period, whereas the thin-
ner pavement tendsto deteriorate mostly to the next lower condition
state.

In addition, the sensitivities of the TPMs to different traffic
growthrates(2, 5, and 8 percent) were studied. It was concluded that
the greater the traffic growth rate, the greater the difference in any
two consecutive TPMs or the more nonhomogeneous the Markov
chain isfor parameter deterioration.

SUMMARY AND CONCLUSIONS

In this paper application of the reliability concepts has been
extended so that they can be used at the network level of pavement
management. The condition state of apavement section at each year
(stage) can be expressed in theform of aprobability vector. Theuse

TABLE 3 Testsof Sensitivity of TPMsto Different Subgrade Strengths

(a) TPM at Stage 5 with Subgrade Deflection = 0.6604 mm
10 {96 92|88 | 84| 8076|172 ) 68| 64| 6056|5248 44| 40/ 3.6
10 |0.2053(0.6996/0.0775[0.0130{0.0045
9.6 0.236 {0.675 [0.073 [0.012 {0.004
9.2 0.272 [0.644 0.069 [0.012 [0.004
8.8 0.311 0.609 [0.064 0.011 [0.004
8.4 0.344 [0.581 [0.060 [0.010 0.004
8.0 0.380 {0.550 0.057 0.010 0.004
7.6 0.414 0.520 [0.053 [0.009 0.004
7.2 .47 10.490 [0.050 [0.009 [0.004
6.8 0.478 [0.462 10.048 0.008 J0.004
6.4 0.509 [0.434 10.045 0.008 0.003
6.0 0.539 0.408 [0.0429/0.008 0.003
5.6 0.567_10.383 [0.040 0.008 [0.003
5.2 0.592 [0.359 [0.039 {0.007 [0.002
(b) TPM at Stage 5 with Subgrade Deflection = (.6858 mm
10 96 [ 92 | 88 [ 84 (80 (767268 64|60)|56|52]|48|44]|40] 3.6
10 J0.1321 0.6707 [0.1381 [0.0400 [0.019
9.6 0.155 0.661_[0.127 {0.038 [0.019
9.2 0.176 [0.647 [0.122 [0.036 0.019
8.8 0.211 0.617 0.120 [0.033 [0.019
8.4 .235 10.600 [0.116 [0.030 [0.021
8.0 10.260 [0.581 [0.113 [0.027 {0.019
7.6 0.292 [0.557 [0.106 [0.026 [0.019
1.2 .325 10.531 0.100 0.025 0.019
6.8 0.356 [0.503 [0.098 [0.025 [0.018
64 0.387 10.478 [0.092 [0.025 [0.018
6.0 0.411 [0.458 [0.089 [0.025 [0.017 [0.018
5.6 0.432 [0.441 [0.088 [0.022 [0.018
5.2 0.457 0.425 [0.079 J0.022 [0.018

(c) TPM at Stage 5 with Subgrade Deflection = 0.7112 mm

10 | 9692 | 88| 84(80)| 76(72|68|64] 60 | 56](52) 48 | 44| 40| 3.6
10 0.078 10.601 |0.210 |0.056 |0.027 |0.011 |0.018
9.6 .094 10.599 {0.200 0.053 J0.026 |0.011 [0.018
9.2 0.107 [0.597 [0.194 [0.051 [0.023 [0.011 [0.018
8.8 0.126 |0.585 0.188 [0.052 10.022 |0.010 [0.018
8.4 0.147 10.571 [0.185 0.051 {0.020 {0.009 |0.018
8.0 0.164 10.565 10.178 10.047 j0.021 [0.008 [0.018
7.6 0.185 [0.557 0.167 0.046 10.020 [0.009 0.017
7.2 0.212 |0.539 |0.158 10.046 0.020 0.009 [0.017
6.8 0.230 0.532 10.147 [0.048 [0.018 [0.009 10.017
6.4 0.252 |0.518 0.139 0.048 [0.018 10.009 [0.017
6.0 0.276 10.505 [0.130 |0.046 [0.019 0.009 [0.016
5.6 0.305 |0.480 [0.131 0.041 0.019 [0.025
52 .329 10.462 0.126 [0.041 [0.033
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TABLE 4 Testsof Sensitivity of TPMsto Different Pavement Thicknesses

(a) TPM at Stage 5 with He = 380 mm

10 [ 9.6 [ 9.2 | 88 |84 (8.0 |7.6|72([68)|64]|60(56]| 52 |48| 44| 4.0 | 3.6
10 ]0.052 0.360 [0.213 10.124 |0.075 |0.042
9.6 0.059 10.359 |0.208 10.125 {0.074 10.041
9.2 0.064 10.361 [0.202 0.126 [0.073 [0.041
8.8 0.067 10.360 [0.200 10.129 [0.071 [0.040
84 0.070 10.365 [0.196 10.128 |0.068 [0.041
8.0 .077 10.367 10.189 10.130 [0.066 [0.039
7.6 0.080 0.366 |0.191 [0.128 0.065 |0.038
7.2 0.092 0.364 10.184 0.126 10.065 |0.037
6.8 0.095 10.363 [0.186 0.124 10.065 [0.036
6.4 0.101 |0.364 [0.182 10.124 [0.063 |0.036
6.0 0.108 10.362 10.182 {0.120 0.062 |0.037
5.6 0.111 [0.362 10.180 0.121 [0.061 ]0.036

(b) TPM at Stage 5 with He = 430 mm

10 196 [ 92 | 88 | 84 | 80 | 76 | 72| 68 | 64 [ 60| 5.6 | 52 (48| 44 (4.0 3.6
10 J0.259 0.562 10.117_10.035 ]0.012 [0.016
9.6 0.283 [0.541 [0.114 [0.036 [0.011 [0.016
9.2 0.3063 10.5195 [0.1131]0.036010.01000.016
8.8 0.326 10.504 [0.111 [0.034 ]0.010 |0.016
84 0.341 10.494 10.106 0.034 [0.010 |0.016
8.0 0.365_10.475 0.101 {0.034 0.010 |0.016
7.6 0.389_10.454 10.099 0.033 10.010 [0.016
7.2 10.403 10.446 0.095 10.032 [0.009 0.016
6.8 0.423 10.429 0.091 10.032 |0.010 |0.015
6.4 0.435 10.420 |0.090 0.031 [0.011 10.013
6.0 .450 0.409 [0.089 10.030 [0.010 |0.013
5.6 0.467 10.396 10.089 10.027 {0.011 0.012

(¢) TPM at Stage 5 with He = 510 mm

10 (9692|8884 80]7.6|72]|68][64] 60| 56 | 52 | 48| 44 [4.0] 3.6

10 /0.806 [0.191 j0.004

9.6 0.823 [0.175 0.003

9.2 0.836 [0.162 0.003

8.8 0.853 |0.145 10.003

8.4 0.862 [0.136 [0.003

8.0 .872 [0.126 [0.003

7.6 0.886 [0.112 |0.003

7.2 0.899 [0.099 [0.003

6.8 0.909 [0.089 [0.003

6.4 0.910 0.088 |0.003

6.0 0.918 0.081 0.002

5.6 0.928 [0.071 {0.002

5.2 0.934 10.065 ]0.002
of anonhomogeneous Markov transition processin the modeling of for pavement management at the network level, and (4) to provide
pavement deterioration hastaken both the actual traffic and the envi- afoundation for optimization and dynamic programming of pave-
ronmental conditions into consideration. This allows the random ment rehabilitation and maintenance alternatives.
nature of pavement behavior and different deterioration rates with One of the advantages of this newly devel oped probabilistic tran-
time to be included in the modeling of the pavement deterioration sition prediction methodol ogy over the existing onesisthat it avoids
process. the problems of either processing many individual, possibly biased,

Probability vectors of future condition states for a pavement sec- subjective opinions or requiring the observation of long-term

tion in aroad network may be interpreted as the probability that the performance condition data.
pavement will be in each of the possible condition states or the per-
centage of the pavement in each category of condition statesin terms
of length. Probability vector is an important concept in pavement
dynamic programming and in maintenance and rehabilitation opti-
mization at the network level.

This new technique could be used in pavement management to
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