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Impact of Different Economic Criteria on
Priorities in Pavement Management

Systems

VERA MryjuSkovi¢, DRAGAN BANJEVIC, AND GORAN MLADENOVIC

The results of a recent study conducted at the Faculty for Traffic and
Transport Engineering, University of Belgrade, Belgrade, Yugoslavia,
are presented. The study was performed to investigate whether there is
any theoretical principle that could be implemented as a guiding rule
when defining a capital pavement maintenance strategy. Road network
pavement deterioration and repair were described by the controlled non-
homogeneous Markov process. Six guiding rules were defined and a
theoretical proof was provided, that is, that the rule “the sections in the
worst state have the first priority” could never be the best strategy when
considering the effects on a network as a whole when budgets are re-
stricted. The results of a computer program based on these principles
are presented.

The basic dilemma of spending a restricted budget during a longer
period could be defined as whether

1. To repair a greater extent of the network in 1 year with the
measures of a lower standard or

2. To repair a minor extent of the network in 1 year, but achiev-
ing at once an excellent state.

The results of many studies have shown that the staged construction
could almost never be the best strategy; only a severe budget re-
striction could impose the achievement of a long service life of
pavements in two or three steps. So we considered only Orientation
2 of the maintenance strategy. An additional question was imposed:
In what way does the sequence of repair work influence the speed
of improving the overall quality of the network? This question is
treated in .the Pavement Management Forecasting System (PMF)
(1), which considers only the effects on the quality of the network
itself without an analysis of costs to users or of accidents.

One of the most serious obstacles for the implementation of the
modern software for pavement management in countries with poor
economies is the lack of reliable data. The devices for measuring
a bearing capacity and for the calibration of surface deficiencies
are expensive. Moreover, it takes years to quantify the parameters
describing pavement behavior under local climate conditions and
the conditions of the physical environment. This can postpone the
introduction of a modern management system in many regions
with poor economies.

Homogeneous Markov chains are frequently used to describe
pavement deterioration over time on a network as a whole. The
probability that a certain section would remain in the same state or
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pass into a worse state in regions where periods of intensive road
construction are followed by periods of almost total absence of
investment depends on the moment considered. That is why the
homogeneous process is not convenient for the description of the
behavior of such a road network.

For these reasons the present study had the following objectives:

e To establish a mathematical model that will present the impact
of the amount of the available budget on the network quality as a
whole in a simple and as real a way as possible;

e To analyze the effects of strategies defined as principles to
obtain instructions, that is, guiding rules, for the definition of the
projects in more detailed models;

e To establish criteria that will separately reflect the road man-
ager’s and users’ interests and quantify their mutual relations under
various circumstances; : ‘

o To develop a computer program that will contain all the stated
theoretical assumptions and enable the use of currently available
data, but at the same time allow the use of more precise data to be
acquired in the future; and

¢ To determine the trigger values of the traffic volume for which
particular strategies are competent on the basis of such a program.

MATHEMATICAL MODEL
The mathematical model was established in two phases:

e A simple alternative was set up to make clear whether any
regular relationship existed between the sequence of repair works
and their effects, and ’

e An alternative closer to practice was also set up.

Starting Assumptions

Because these considerations were primarily of a theoretical char-
acter and a very poor data base was available, the mathematical
model was based on the following assumptions:

1. The change in the condition of the road network can be de-
scribed by nonhomogeneous Markov chains. The probability of a
change in the condition of a certain road section depends on the
relation between the length of the service life and the time spent in
operation. Because no systematically collected road network con-
dition data were available, the only reliable data—the year of
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construction, the length of the design period, and the type of inter-
vention during the past period—had to be used.

2. Road network sections were classified into a finite number of
states (four) on the basis of an indicator that was decisive (or in cor-
relation with the decisive indicator) for the maintenance treatment.
Because the model was based on pavement performance curves,
which were also used for design, and served primarily for the choice
of principles, not for the choice of the treatment type, only four
states were adopted. The pavement states were delimited in such a
way that improvement to the excellent state might be obtained by
the following interventions:

e From a good to an excellent state: surface treatment and thin
overlay without increasing the bearing capacity,

e From a fair to an excellent state: strengthening, and

e From a poor to an excellent state: reconstruction (similar to the
PMF model).

3. All road network sections behave according to the same dete-
rioration model provided by a standard design procedure. Although
different design methods were applied in the previous period, the
performance curve expected by the standard method of pavement
design was adopted.

4. Interventions either turn pavement back into an excellent con-
dition or do not influence the pavement such that it changes into any
other condition. This means that routine maintenance costs depend
on the pavement condition but do not influence the probability of
the change of condition. If small repairs are not performed in time,
pavement deterioration is accelerated, but no reliable quantification
could be done with the available data. If appropriate information on
those relations were available, that information could be entered
into the program by adapting the input data.

Description of Road Deterioration and Repair

The entire road network condition can be described by the state vec-
tor of the network:

o = (0g, Oy, Oy, Q)

Daip=1 ¢))
7k

where o, presents the participation of sections in j state of roads in
class k in the ith year on the entire road network, where j is 1 for
excellent condition, j is 2 for good condition, j is 3 for fair condi-
tion, and j is 4 for poor condition (Figure 1).
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FIGURE 1 Average time of pavement service in particular
condition.

The classes of roads present the road network classification
according to traffic volume categories expressed by the average
annual daily traffic (AADT). The limits among individual classes
have been determined on the basis of a traffic survey, so that each
class (k = 1, 2, 3, 4) covers a typical traffic composition (Figure 2)
in the following way (where vpd is vehicles per day):

AADTI: AADT >10,000 vpd
AADT2: 10,000> AADT > 5,000 vpd
AADT3: 5,000> “AADT > 2,000 vpd
AADT4: 2,000> AADT

If pj, presents the probability that the road network section in class
k of traffic volume in the year i will remain in the state j and 1 — pj,
is the probability that it will pass into a worse state, then the transi-
tion matrix for the network without interventions (except routine
maintenance) will look like

Pix  1— P 0 0
P, = 0 px 1-pux O |
0 0 Phe 1—pi
0 O¢ 0 1

where pi, P, and p}, are natural conditions, that is, the consequence
of the general state of pavement on the part of network in the
kth class. Because interventions on the network either change it
into an excellent condition or do not influence its condition at
all, the transition matrix for the network expected to be improved
will be

Pix 1 - pii 0 0
dy P (I—ab) (1—ph)-(1—ak 0
Py=| . ) ) . :
F | dke 0 Ph-(l—ah)  (1=p)-(1—ab)
aly 0 0 1—di
where

dy, = participation of network length of the kth class in good
condition improved at the ith step (year) to excellent con-
dition by surface treatment or overlay d =< 4 cm,

a, = participation of network length of the kth class in fair con-
dition improved at the ith step to excellent condition by
strengthening, and

ai. = participation of network length of the kth class in poor
condition improved at the ith step to excellent condition by
reconstruction.

The elements a}, must be determined by the optimization process in
the context of the available budget. ‘

If the average time that the pavement remains in excellent
condition is ¢z, years, and if #, and ¢, are periods for good and fair
condition, respectively, then '

ph=EL -

where s is the participation of road network length of class k being
in operation [ years considered in ith year.
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FIGURE 2 Traffic composition depending on traffic volume,

Definitions of Objectives and Criteria
The basic aim is a high-quality network. That means that
oy is >1.0 and oy, a3, and agy are >0.

The criterion of a network quality from the investor’s point of
view is the total sum B’ of funds needed to bring the whole network
into an excellent condition (backlog) in the ith year.

B = Z a}k -Gy Ly ' 3)
Jik .

where

G = the average repair cost to bring 1 km of pavement in class
k and in state j into excellent condition,
L, = the length of roads in class k of the network considered,
and
i = current year of the period considered.

The highest network quality is obtained when B’ is equal to 0. The
best strategy is the one that reduces B to the minimum in the quick-
est way, with the assumption that the total network length does
not change significantly during the period considered. The adopted
sum B’

e Most clearly reflects the effects of the repair strategy on the
quality of the network from the investor’s point of view,

o Contains the comparative rating of particular road conditions
through unit repair costs,

e Uses data in a form typical for the proposed mathematical
model, and :

¢ Can be adapted to different evaluation systems.

The primary criterion from the users’ point of view is minimal
vehicle operating costs. For the whole network considered these
costs are ‘

§'=1364-> AADT; - o - Tj- L )

Jik
where

§' = total users’ costs on the whole network in the ith year

of the period considered;

Ty = users’ costs per vehicle kilometer pondered for aver-
age traffic composition in class & of traffic volume
(k=1,2,...,m)onpavement in condition j, where
Ty is T,,, on pavement in excellent condition; and

AADT;] = average annual daily traffic on roads of class k in the
ith year.

The users’ costs were calculated by means of the vehicle operating
cost (VOC) (2) model, which is a part of the HDM-IIT program, so
that results could be compared with the results of similar methods.
The data and standards on vehicles and pavements taken from re-
lated studies were used without any statistical verification of their
reliability. The quantification and validation of parameters will be
done in the final phase, after examining the model behavior under
hypothetical conditions. To make the data manipulation easier, the
following expression was mostly used:

AS =364 > AADT- (Ty — T\ - ok - Ly ®
Jk

which represents the additional users’ costs because of the imper-
fect state of the pavement, that is,

§'=1364> AADT} Ty - L, + AS
Jk
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Accident costs have not been included up to now since the avail-
able evidence could not be rapidly adapted to the needs of this
model, but a modification of the model could easily be done.

The routine maintenance costs rf are a very important measure of
the effects of particular strategies. They are several times smaller
than backlog or users’ costs, but they have the same structure.

ﬁ;:Lk‘Z a}k'rjk (6)
J

where ry is an average cost of routine maintenance for 1 km of road
in class k and in state j. Only additional routine maintenance costs
because of an imperfect state of the pavement are a part of the total
effects presented here.

Definitions of Strategies

Strategies were defined as guiding rules concerning priorities. The
program searched for the best sequence of repairs in each step, that
is, year. Because the analysis of effects should give also an answer
to the question: Does a consistent application of a certain basic rule
(Strategies I to IV) give better results than the sequence of inter-
ventions obtained by optimization at each step? the following strate-
gies were defined.

Strategy I (the best first). Resources are spent primarily to repair
roads in better condition, and the rest is spent on roads in worse con-
dition. '

Strategy II (proportional). Resources are spent in proportion to
the length of roads in particular condition categories.

Strategy III (combined). Resources are spent on the part of
network whose state is below the minimal standards, and the rest is
spent according to Strategy L.

Strategy IV (the worst first). Resources are spent primarily on
repairs for the worst sections, and the rest is spent on sections in a
better state.

Strategy V (investor’s point of view). Resources are spent ac-
cording to the sequence determined by optimization at every step
(year), with the maximal benefit in network quality (backlog) as the
primary criterion.

Strategy VI (users’ point of view). Resources are spent accord-
ing to the sequence determined by optimization at every step, ap-
plying minimal users’ costs as the primary criterion.

FINDINGS

Optimal Sequence of Repair Works

The state of the network before the implementation of particular
strategies was described by oye. The transition matrix of the road
network condition in the ith year for the class of roads k was defined
by Py, so the road network state vector after n years of application
of some strategy would be

— n—l — 0. P .
of=af - Pyp=oag-Py-... PPy

For each step the elements aj were caléulated from the available
budget 4} in the ith year

bi=> aj- o G- L . 0
Jk
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according to the strategy considered. Strategies I to IV have a fixed
sequence of work; only the effects backlog B, users’ costs S, and
routine maintenance costs were calculated. When the optimization
had been performed (Strategies V and VI) the model searched for
the sequence of work with minimal backlog or minimal users’ costs
at every step (year). The optimal sequence was obtained in the fol-
lowing way:

N

1. Backlog as an optimization criterion: The trigger value for the
choice of a strategy was found to be

r = F(max a,) / F(max a;)

For r > 1 the sequence of repairs is A for good, B for fair, and C for
poor roads. For r < 1 the sequence of repairs is A for fair, B for
good, and C for poor roads.

where

F(max a;) = (Gy/Go) — Py [(Gu/Go) — 1]
F(max as) = (Gy/Gx) — P §k (GulGs) — 1]
F(max ay) =1
G, = construction costs of bringing 1 km of road in the
Jjth state and the kth category of traffic- volume to
excellent condition, and :
i = the probability for a road section to remain in state
Jjinyeari.

The fact that

F(max a,), F(max a3) > 1, and F(max a,) = 1

means that roads in poor condition must be repaired only if the other
two categories have been accomplished. This is the mathematical
proof of a logical conclusion that the basic task must be oriented
toward stopping the deterioration of better pavements, regardless
of whether the available budget is low or high.

2. The users’ costs as an optimization criterion: The sequence of
repairs was determined by the sequence of magnitude of F’, so that
the sections in a state for which F'(max a;) was the greatest had the
first priority.

. Qi (Tsk—le ; Ek—Tu>
Fmax @) ==~ (I — T - D

( 2) G (T ) Ty — Ty P T — Ty
- 0! ( i Ta— Ty )
F'(max a;) = =~ Ty — T) |1 — P}

( 3) G (T ) Pk T — Tu

F'(max a) = 2 (T, — Ty
Ga

where Q% is (mean AADT - 365) in year i on the roads of the kth
class, and, T}, is VOC per vehicle kilometer for the traffic compo-
sition on roads in class k and in state j. These relations show that the
road section in any condition could have the first priority, mostly
depending on the traffic volume and the ratio of operating
costs/construction costs.
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Data Used

It was extremely difficult and tiresome to find consistent and
reliable data on capital and routine maintenance from our practice.
Different data or default values were taken from the available studies
and programs with minimal corrections. Thus, the effects presented
here can provide only an idea of the relations. For practical use the
whole input had to be reconsidered. The sources of data used in this
study were as follows:

1. The mean time of service for pavements in particular condi-
tions and the construction costs were adopted from PMF.

2. Maximal possible value for roughness was adopted from
HDM-III to make the vehicle operating costs on poor roads as great
as possible.

3. The prices for VOC input were average prices in Belgrade in
October 1992.

4. Data for three sets of representative vehicles were used in this
model. The two sets were suggested by two independent groups of
experts (without any statistical background), and one was taken
from HDM-III. The differences were evident, but not so important
that the strategy had to be changed.

5. Routine maintenance costs were adapted from different
sources. :

6. The road network in extremely bad condition (Figure 3) was
adopted in the example presented to show the logic of the model.

Although data from different sources were aggregated the results
were very stable. Little changes could not influence the choice of
strategy. Some of the results are presented in the following.

TRANSPORTATION RESEARCH RECORD 1455

Results

We expected that the best-first strategy would always be the best
one from the investor’s point of view and that the worst-first would
be the best strategy from the users’ point of view only on the roads
with high traffic volume. For this reason we searched for such a set
of data that would give the opposite strategies from two viewpoints.
A very high traffic volume was adopted for two-lane roads to
obtain the following results. The consequent application of the
best-first and worst-first strategies was also considered to see which
sequence prevailed in an optimal choice and to see whether the
optimization would yield significantly better results than those from
the fixed sequence.

Contrary to expectations, the worst-first strategy was never opti-
mal in the frame of the input data. Although there were only minor
differences between the effects obtained by the three good strate-
gies, the participation of road length under particular conditions
after a 10-year period was quite distinct (Figure 3). These distinc-
tions might influence the final decision only through routine main-
tenance costs. The magnitude of these costs (Figure 4), users’ costs
(Figure 5), and backlog (Figure 6) were not of the same level.

The benefits in relation to the do-nothing alternative were usually
considered in the evaluation procedures. This relation is shown in
Figure 7. The difference between do nothing and the worst-first
strategy was almost the same as those between the worst-first and
the three good strategies. Such a promising picture was changed
after the number of thin layers had been limited.

The PMF model gave the same advantage to the “best-first” strat-
egy, but in that model only backlog existed as a criterion. The
choice of strategy from the users’ viewpoint depended on the dif-
ferences T;, — T,;_;, of users’ costs. A large increase in these dif-
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FIGURE 3 Pavement condition before and after 10-year application strategies.



MILLIONS $

100

904

STRATEGIES:
—— BEST-FIRST |
70|~ WORST-FIRST .. .| .. . . N
—¥— OPTIMAL INVESTOR'S
=

OPTIMAL USERS’

60 T T T T T T T T
1 2 3 4 5 6 7 8 9 10
YEARS

FIGURE 4 Additional users’ maintenance costs.

MILLIONS §

22

i8

i6 | | STRATEGIES: o |
—— BEST-FIRST

—— WORST-FIRST

14 71 |"=k=" OPTIMAL INVESTOR'S

—&=- OPTIMAL USERS’

12 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
YEARS

FIGURE 5 Additional users’ costs because of pavement deficiencies (ADDT = 12,000 vpd;
L = 250 km). .



MILLIONS $
2

—*— BEST-FIRST

—+ WORST-FIRST
1'2 - + OPTIMALINVESTOR'S . . [ P B P i B
—&- OPTIMAL USERS’

YEARS

FIGURE 6 Backlog funds needed to bring entire network to excellent state in 1 year (ADDT =
12,000 vpd; L = 250 km).

MILLIONS §
4 v

22 L

20... ................... - - . e e e e e e

18 B A R

16 | STRATEGIES: .. .. ... . | . ¥ e
=~ NO INVESTMENT

14 71— WORST-FIRST -

’ + OPTlMAL INVESTOR S

1 e L e
— BEST-FIRST

10 T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10

FIGURE 7 Backlog for network with and without investment.



Mijuskovic’ et al.

ferences had to be made to change the decision. A detailed investi-
gation of the upper and lower limits of prices in a stable economy
is still needed to define more exactly the frames in which particular
strategies are competent.

The function of pavement behavior represented here by means of
service life in particular states had a great impact on the results. An
analysis of these relations under different circumstances is still
needed.

In spite of the expected changes in the results in case of some.

other physical and economic environment, the following conclu-
sions can be drawn:

1. Backlog or some familiar criterion must find its place in the
maintenance strategy evaluation for all classes of roads, and

2. Effects of any greater improvement must be observed only on
a network as a whole.

INTRODUCTION OF LIMITATION IMPOSED
BY PRACTICE

The next step to the real-world situation was the introduction of the
principle that after the application two thin layers, that is, after two
improvements from a good to an excellent state, the road section
must be strengthened. This was performed by introducing several
more classes of pavement condition categories, which enabled. the
network structure to be visible at every step.

The transition matrix had the following shape:

Plox 1 — plox
P'il,k 1= plix
Plak 1- P'iz,'k
A0k Dok (1 — phow) -
(1 — aj) (1 — akw
aby p;l.k' 1 “Pin,k) :
a- a%l.k) a- aél,k)
aix Pk A =pio-
A -dipy A-alp
@ox 1 —ai,

The vector of the network state is
o = (Ctigg i1k a{z,ky 304 0151.1“ 0Li3,k, o)

where, for the part of network in the th class of traffic volume in a
year i

aos = participation of new, strengthened, and reconstructed
road sections in an excellent state;

o4, = participation of new, strengthened, and reconstructed
road sections in an excellent state after one treatment
with thin layers;

iy, = participation of new, strengthened, and reconstructed
road sections in an excellent state after two treatments
with thin layers;

ahox = participation of new, strengthened, and reconstructed
road sections without surface treatment in a good state;

o, = participation of new, strengthened, and reconstructed
road sections with one thin layer in a good state;
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o, = participation of roads in a fair state; and
oy, = participation of roads in a poor state.

To observe the consequences of the introduction of such a matrix
the same data were processed in the basic model and in the
improved model. For that reason we had to adopt a longer design
period to make up the changes. In practice, the starting state vec-
tor would reflect the interventions done in the previous period. The
results are presented in Table 1 and Figures 8 and 9.

The results are logical and expected. The only surprise is the sta-
tionary state in some strategies (Figure 8, years 17 to 20). It means
that the process becomes homogeneous after several years. In that
case no increase in quality can be expected without an increase in
budget resources. It also means that a stable investment in a very
poor network leads to a homogeneous process and that conditions
for such a development could be defined. The most important is that
the worst strategy achieves homogeneity the first.

CONCLUSIONS AND FINAL REMARKS

No significant deviations from the results obtained in the basic
alternative (Table 1) were found in the improved alternative of the
model. Thus, the worst-first strategy had to be rejected under the cir-
cumstances considered in the paper. We also underline two facts.

1. Investor’s and users’ criteria produced the effects whose func-
tions had the same shape.

TABLE 1 Effects of Particular Strategies in Basic and Improved
Simulation Model

Effects of good strategies without limitation for thin layers

ADDITIONAL

ADDITIONAL  ROUTINE

BACKLOG USER’S COSTS MAINT.COSTS
STRATEGY YEAR  (thousands $) (thousands $) (thousands $)
BEST-FIRST 20 10589 51611 957
INVESTOR’S 20 10389 51317 936
USER’S 20 10574 51536 ‘956
Effects of good strategies with the limitation imposed
BEST-FIRST 16 12542 61957 1130
17 12557 59225 1141
18 12793 61551 1169
19 12360 63141 1121
20 1 1933 . 59550 1076
INVESTOR'S 16 12372 61043 1115
17 12475 58615 . 1139
18 12564 60551 1149
19 12473 61122 1134
20 12096 61433 1092
USER’S 16 12525 61876 1129
17 12542 59144 1141
18 12775 61485 1168
19 12354 62976 1120
20 11927 59610 1076
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2. Differences between the effects of particular good strategies
were under the level of accuracy of the input of this model.

Actually, the consequences of the limitation were reflected in
greater oscillations of the effects. For this reason the backlog of
the optimal investor’s strategy in the 20th year was greater than
the backlog of the users’ strategy. Cumulative savings could help
the final decision, but no further economic analysis has been per-
formed (like internal rate of return or net present value). Such an
analysis would be needed for the opposed strategies or when the

187

accuracy of the parameters in the model and the input data had been
checked.
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