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Developing an Analysis System for Road Infrastructure
Deterioration and its Effect on the Regional Economy

Management of
limitations

the aging

infrastructure

by Y. HAYASHI', 0. OMAR?, K. DOI®,
T. OKUDA* and M. DAIKOKU?

under budget
issue

is becoming a critical in many countries.
This paper presents a model system for supporting the process
of road infrastructure management. The system provides
information on expected road performance in terms of pavement
deterioration and need for repair. Also the direct impacts on
the users of the facility and indireect impacts on the
regional economy are quantified and given at each

performance level. The system is supported by a GIS as a tool

to facilitate decision making.
easily adapted for the other types of

1. INTRODUCTION

In Japan,
maintenance cost
budgeted through
investment, so
future,

the necessary
has been almost

treasury loans
far. However, in
according to the rapid
in road infrastructure stock
aging of the network, it will
difficult to budget for all the
maintenance required. Under such
circumstances, a certain level of
deterioration and increase in road user
costs might be inevitable. This may also
bring about negative impacts on the
regional and national economy as occurred
in other countries, such as in the US
(1). Therefore it 1is a necessity to
provide information on when, where and
how to repair in order to minimize the
possible future damage cost due to budget
shortage. Such information should also
include the amount of direct and indirect
costs incurred at any damage level.

road
fully
and
the
increase
and the
become

Having recognized the importance of the
above issue, we have developed a model
system to provide such information,
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of Civil

The developed system can be

infrastructure.

focusing on highway pavements as a
typical example. The system is composed
of the following elements:

1) Model to forecast future deterioration

and need for repair, which treats
deterioration and repair as stochastic
phenomena. It can be applied to predict

the performance of a road network under
different repair strategies (2,3).

2) System to quantify the direct
impacts of deterioration in the form of
changes in vehicle operating costs and
travel speed. Accordingly, generalized
travel cost between regions and zones can
be quantified under any road performance
level (4).

3) Model to forecast indirect impacts on
the regional economy due to road
deterioration. It combines an input-

output model with a business/industrial
location model. The model can estimate
the change in the production levels of
the sectors of the economy 4).

4) Geographic Information System
base to support the decision making
process regarding deterioration and
repair. This system provides reports and
maps  which can facilitate further
analysis of information (5,6).

This paper briefly describes the
development of each of the components and
how they function together. Example
application of the system is also given.

(GIS)
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2. SYSTEM OBJECTIVES

Modeling pavement deterioration is
regarded as an essential need for the
proper management of road infrastructure.
Such a need becomes more critical if such
management has to be carried out under
budget constraints. Applying such models,

road infrastructure renewal strategies
commonly based on the "fire-alarm
strategy” are likely to be abandoned in
favor of strategies based on predicted

information, leading to efficient use of
the available budget. However, under the
current trend of governments worldwide to
neglect infrastructure repair, such
models are not enough., It 1is also
important to give figures on how much are
the direct and indirect costs that will
be incurred if the infrastructure is left
to deteriorate. If such figures are
known, the repair budget is likely to be
raised. Also it is important to adapt new

technologies to develop computerized
systems which can help the management
process. With such systems in hand,

systematic analysis can be done and the
aspects of the issue can be clarified.

The main target of this research work
is to develop a system which can handle

the required analysis. The sub-elements
and flow logic of a developed model
system are shown in Fig. 1. Each sub-

element is briefly discussed in the
following chapter.
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Fig 1: Study Sub~Elements and Flow Logic

3. SYSTEM SUB-ELEMENTS
3.1 Deterioration and Repair Model

is to
future performance of the
road network considering its pavement
condition. Future condition is governed
by the deterioration mechanism and repair
applications. Thus, a model is developed
to simulate two processes: 1)

The purpose of this sub-element
estimate the

deterioration with age and 2) repair
need, application and effect on
condition. To account for the uncertainty
in the deterioration mechanism and the
subjective nature of repair decisions,
the model treats these ©processes as
probabilistic phenomena.

Deterioration is represented as a
successive transitions over subsequent
condition states. Condition is defined by
the value of the maintenance control
index (MCI); and each state is defined by
a range of MCI values. The pavement age
at which any of the transitions may occur
is treated as a stochastic variable. The
model is developed for classes of
pavements with similar life expectation.
For each class, a group of probability
distribution functions is fitted to
historical data on the age at which such

transitions occurred. Each function
gives the probability of transition
between a certain pair of successive
condition states as a function of

pavement age.
following form:

The used function has the

f(t) = P{tsTst+At}/At

a t-to 2-1 t-to «

ﬂ ( ﬁ ) eXP[‘( ﬂ ) ] ..(l)
where, P{tsTst+At} is the oprobability
that transition will ocecur at age T

which is between f and t+4t years; to is

the minimum age at transition, « and B8
are parameters.

In applying this model to estimate
future deterioration, pavement sections

divided into cohorts based on age and
condition state are partially transferred

to successive condition states with a
vearly rate equals:
A(t) = P{T<t+At[T>t}/At

a t-to 2-1

3 (—7;— ) (2)
where, P{T<t+At|T>t} is the probability
that transition will occur before age

t+At given that it has not occurred sat
or before age ¢. Applying this rate, the
probable condition of any section at any

time, MCIt, can be predicted.

This model also gives a new indicator
for performance evaluation based on
pavement reliability, that is the

probability of staying in the current
condition state and can be given by:

t-to «
a ) I (3)

R(t) = P{T>t} = expl-(
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where, P{T>t} is the probability of no
transition for at least t years.

As for repair modeling, transition is
assumed to occur between only two states,
"repair not required" state and "repair
required” state. The oprobability of
occurrence of this transition depends on
the pavement class and age. In this case,
cohorts of pavement sections from the
same class and age are partially selected
for repair based on a yearly repair rate
given by an equation similar to the
transition rate given by Equation (2).
The effect of repair is simulated as
transition to a better condition state
which depends on the probable efficiency
of the selected repair type.

Prediction of future performance of a
road network entails repeating the
process of estimating the expected yearly
transitions in condition and selection
for repair and its effect, year by year
over an analysis period. Since the
process is probabilistic, it must be
repeated a sufficient number of times to
get the most probable future performance.
Effect of different budget levels on
performance can be estimated by adjusting
the repair rate to reflect the change in
budget.

The prediction of pavement longitudinal
roughness, LR, was also modeled since it
is the major distress influencing travel
speed. This was done as a linear
regression relation between the expected
amount of roughness and pavement
condition (MCI¢) and age.

3.2 Bvaluation System for Direct Impacts

This sub-element is to evaluate the
effects of road condition on the direct
users of the facility. The effects
considered here are the change in 1)
vehicle operating costs (VOC) and 2)
operating speed, and thus travel time,.
The total impact is given as generalized
travel cost between any two zones which
includes both of the previously mentioned
cost factors. The evaluation is based on
the estimated road condition by the
deterioration and repair sub-element. The
following relations are employed:

- Vehi rati v
VOCte = ¥o+do . oxp(-MCIe)+ee o ... (3)
in which

Vee = Voe - @e LRt ... i (4)
where,

VOCto: VOC of vehicle type ¢ on a given

road section at time t (yen/km)

MCI: pavement condition at time ¢

Yo, ¢, &, Wc: regression parameters
which depend on vehicle
type (passenger cars
and trucks)

Vee: average running speed of vehicle

type ¢ on a given road section at
time ¢t (km/h)

Voc: running speed of vehicle type ¢ on

similar section with new pavement
(km/h)
LRt : longitudinal roughness at time ¢
(mm)
2- Travel time:
Tee = "—6'8_‘1'—' ..................... (5)
te
where,
Tte : average travel time of vehicle ¢ on
a given road section at time ¢
(min)
L : Length of the road section (km)
- nerali rav W n

Ci j=MIN[Z {S((VOCt¢.L+Tt¢ .Co).Tec)}] ..(B)
iy e

where,

Ci;: the generalized from
zone i to zome j

Cc : the value of time for vehicle type ¢
(yen/min)

re : the ratio of vehicle type ¢ in the
traffic stream

travel cost

The first summation in Equation (6) is

done over the road sections of each
alternative route from i to Jj. Resulting
minimum travel cost 1is taken as the

generalized travel cost.

3.3 Evaluation Indirect

Impacts

System for

In this study. the indirect impacts are
represented by the change in the

productivity of each of the economy
sectors. Unlike input-output analyses,
the change is analyzed on the regional

and zonal! level assuming no change in the
total national products. The main purpose
of this analysis was to show the
consequences of cutting the maintenance
and rehabilitation budget in the study
region. A budget reduction might result
from a general decline in road budget or
a re-allocation with a lower share for
the study region. The developed model
estimates the shares of demand and supply
for each production sector located in
each region and zone of the nation.
Change in accessibility to any region or
zone causes re-arrangement of the demand-
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supply shares between regions and zones.
The generalized travel cost to a
region/zone was assumed to reflect its
accessibility and thus the attractiveness
of production activities in  exchange
with other regions/zones.

The mathematical model was obtained by
combining the concepts of input-output
analysis with those of a
business/industrial location model. The
formulation is as follows (4):

The basic relation in the model is the
equilibrium between supply and demand as
given by:

Xk = T Amk Xm 4 Fk
L4

where,

X¢* : total products of any sector k

X* : total products of sector m, (m =

1,2,....k,...n)

A"* . input coefficient of materials to
sector m from sector k (amount of
product k required for producing 1
unit m)

Ff . final demand for sector k

The implemented business location model
employs the number of employees in each
sector rather than the amount of
products. Thus, Equation 7 is re-written
as:

Bt = Z oné Fm + BE . (8)
»
in which,
’ k k
oot =P and ok - wer. ()
»
where,

E* . pumber of employees in sector k

E* : number of employees in sector m

g"*: input coefficient of employee to
sector m from sector k (number of
employees in k to serve one employee
in m)

B* : number of employees
the final demand

x"4. sales of k products to sector m

in k to serve

FEquation 8 represents the market only
under the assumption that demand creates
equal supply. However, —in reality, the
existence of demand only increases the
chance of supply. Thus, Equation 8 has to
be written twice, once from the viewpoint
of demand and again from the viewpoint of
supply. Solution of the two equations
yields the market equilibrium.

Equation 8 can be re-written from the
viewpoint of demand, while taking into
account the distribution of demand on

products of any sector k over ¢ regions,

(9 = 1,2,..,h,..,..) which are further
divided into J zones each, (j =
1,2,..,i,..,..), as follows:

for any zone i in any region h:

o, =nf. e =288, P1Y,
»m

g/
+ 6t 22 Ry, P, (10)
917
in which,
Pt = Sti . exp(8™* Chiy) (11)
2% S5 exp(8™* Chiy)
g1
and for the whole region:
Dh=2Db, o (12)
i
where,
pbi: demand (in terms of the number of

required employees to cover this
demand) for sector k located in
zone hi (that is zone i located in
region k)

S§;: supply (employees) by sector m
located in zone g¢J
Rg£: population in zone gJ
PI¥;: probability of selecting zone Ri to
supply k to sector m located in
zone §Jj
Ptis: probability of selecting zone ki to
supply & to final demand sector
' located ip zone §J
m ., K . regression parameters
6"" . diminishing parameter reflecting
the effect of transport cost on the
marketing of product of sector k to
sector m
Ciij: the generalized
zone hi to zone g¢Jj
Db : total demand (employees) for sector
k located in region A

travel cost from

The physical meaning of Equation 11 is
that demand probability gets higher with
the scale of the producer (S) and its
closeness to the market (C).

From the viewpoint of supply, the
choice of suppliers in this model is
where to locate their activities to cover
the demand. Under this condition,
supply will be located as follow:

for region A:

D" exp(st ub)

£
057 exp(sf .ub)
g

sf = s

in which,
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wf = 2 60" . 1n(Z DE.exp(8*.Chg)) ...(14)
n g

for any zone i in any region h:

r* £ ook
st = s Zmp%ye’“’(" o) (15)
i J

-fexp(é*.uf/)

in which,

ufi = Z 6% In(Z Dhy.exp(8.Ciy)) ... (16)

where,

st supply (employees) by sector k
located in region &
S* . total supply (employees) by sector k
6 : diminishing parameter reflecting
the average effect of transport cost
on the marketing of product of
sector k
Chg: the average generalized travel cost
form region h to region ¢
¥ . regression parameter
u expected extreme utility for
producing Kk (considering transport
cost) if located in h
sti: supply (employees) by
located in zone hi
efi:  expected extreme utility for
producing k <(considering transport
cost) if located in zone hi

sector k

Equations 14 and 16 mean that business
considers both the amount of demand and
its distance while evaluating the utility
of each possible location for its
activities.

The solution of the group of Equations
10 through 16 ~can be obtained by
iteration under the condition:

ohi = st

3.4 GIS Base as Decision Supporting Tool

Road networks are inherently geographic
as they are extended over a wide area and
intersect with different land topography,
such as rivers, mountains, buildings,
other roads, etc. Also network components
and events taking ©place within the
network are locational in nature. For
example, the extent and Sshape of links,
road intersections, accidents, and
pavement conditions cannot be completely
defined unless the geographic location of
the component or event is given. Thus,
spatial considerations in the analysis
for different road activities, including
maintenance and repair management, are
essential and can vastly improve the
quality of the decision making process.

However, highway infrastructure
management systems are usually based on a
central data bank in which only
descriptive data are handled. More
advanced systems are also supported by
CAD systems for maps generation. None of
these systems permits spatial operations
on the data. GIS as a system with spatial
analysis capabilities besides having the
attributes of the above mentioned systems
is particularly matching the geographic
nature of road networks. Therefore, we
coupled the previously discussed sub-
elements with a GIS. The developed system
includes the following components:

1) A spatial data base which stores data
describing the spatial distribution of
geographic features in the study area.
Example of such features are, roads, city
borders, land wuse, and main wutility
lines. Each of the features is stored as
a separate layer and related with the
other features by location as a common
key.

2) An attributes
which representative
information on the spatial
stored. An example of such information
for a road segment is road inventory,
traffic volumes, and pavement condition.

data base in
non-geographic
features are

3) An analysis module in the form of
computer programs which represent the
previously mentioned three sub-elements;
and utilize data from both the spatial
and attributes data bases. Spatial
integration of different types of data is
also possible to produce new information.

4) An outputs generation module to
summarize data and information and
produce reports and maps. The generation
of such outputs can be done through
programs, user textual gqueries, or user
geographic queries.

The resulting system has the following
advantages:
1- Automation of maps generation.
2- Powerful geographic queries.
3- Network analysis and simulation.
4- Spatial analysis and data integration.

4. SUMMARY OF OBTAINED RESULTS

The developed model system was applied
to a part of the trunk roads network
within the Aichi region, Japan. The
purpose of the application was to examine
the performance of this network under
different levels of repair budget. The
corresponding direct and indirect costs
were quantified. Also the merits of
introducing GIS to the system were
examined. This chapter briefly gives some
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of the results. Detailed -results are
given in references 2,3,4 and 5.

Fig. 2 shows the future performance of
the network, given as network average
reliability, under different repair
levels and different allocation priority

criteria. The figure shows that
allocation of limited budget would be
more efficient if higher priority 1is

given to older road sections and then to
those with higher traffic. It also shows

that the effect on the network
reliability due to reducing the repair
budget by 40% from its current level

would be 3 times as high as the effect of
20% reduction. This shows the effect of
cumulative damage due to budget cuts.
Fig. 3 shows the performance in terms of
estimated average future MCI.

AVERAGE SECTIONS RELIABILITY

0.7 -

0.6 | %-Budsel & Priority Critemy N
~ Current Budget Leve!

- 80%, Otd Pav-High Tra!
<=- 60%, Old Pav-High Tral
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-}- 60%, High Tral-Old Pav
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Fig 2: Average Network Reliability
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5.2 ‘
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4.8 T T T . . 1
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Fig 3: Average MCI of the Network

The yearly relative savings/losses in
total VOC were computed for a part of the
network as shown in Fig. 4. As shown,
only the 100% (keep current average MCI)
and 90% budget levels would result in
future savings in VOC. All other levels

result in losses which were as high as
160 billion yen in the 20th year for the
50% budget level (a cut of 3.25 billion

ven a year). The required yearly
additional rehabilitation and maintenance
costs to raise the average condition of
the network to MCI = 8 are shown in Fig.
5. Such costs are considered as another
direct cost due to the cumulative damage
resulting from repair deferment due to
budget limitations.

Increase in Total VOC (10 biilion yen)

Budget is a percentage Lol TEEEN . .
1 4 - Qf tha( reqmréd to - keep ............... PR AR R R e TR
19 current | average  MCI ‘

..................... l e

1 7 10 13 16 19
Year
Fig 4: Increase in Total Yearly VOC

Additional Repair Budget (billion yen)

Time (Years)

Fig 5: Required Yearly Additional Budget

As for the indirect effects, the number
of employees in each sector were computed
for each road performance level. These
numbers were then multiplied by the
productivity of the employees in each
sector to get the amount of production
for this sector. The change in the amount
of production of all sectors, as a result
of different road conditions, was
considered as the effect on the economy
of the study region and its zones. The
final analysis, however, was done only on
the regional level.

Fig. 6 shows the total amount of loss
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due to the increase in travel cost and
decrease in production. The loss is shown
for budget level 60%. As shown in this
figure, the direct loss due to the
increase in travel cost is generally less
than 256% of the indirect 1loss, The
indirect loss in the eighth year of the
analysis period totaled 214 billion yen.
This amount corresponds to 0.92% of the
current Gross Regional Products (GRP) of
the study region. Such loss is expected
to become 1.3% in the sixteenth year.
Regarding the cumulative indirect loss
compared with the cumulative reduction in
road budget, the indirect loss was found
to be as high as 40 times the reduction
in budget over the first eight years.
Such a ratio was found {0 wuniformly
increase with time so that it almost
double after an additional eight years.

Loss value (100 billion yen)
R Trave! Cost
aigﬂb}éaﬁéﬁéh ............................ Fizsz
0.4 T e RN
ol N\

12

o,el‘ ........ m\ ................. %\ .......

0 }
8 16

Analysis Year

3.6

Fig 6: Loss in Production and Travel Cost

Fig. 7 shows
type which

analysis
possible by

an example of
becomes

introducing GIS to the system. The figure
shows an overlay between a road segment
scheduled for future rehabilitation and
the main water lines. The overlay gives
the location, characteristiecs, and future
repair year and authority of those lines
intersecting with that road segment.
Better coordination between timing of
road repair and wutilities repair and
installation can be realized with such
analysis.

5. CONCLUSIONS

This paper briefly discussed the
development of a model system for
supporting road infrastructure

management. The system is composed of the
following elements:

1) A model to forecast
deterioration and need for repair,
2) An evaluation system for direct costs
incurred by facility's users due to
deterioration,

3) A model to forecast indirect impacts
in the form of negative effect on the
economy due to the increase in user cost,
4) A GIS base to support the decision
making process.

future

Some of the findings through system
development and application are:
1) Modeling deterioration and repair as
probabilistic phenomena is more
realistic. This yields accurate
simulation and prediction of future
performance.

2) Estimation of the direct and indirect

costs are essential to clarify the
importance of keeping satisfactory
condition. The results shows that such

costs are much larger than the cost of
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proper repair of the infrastructure.

3) Adaptation of new technologies such as
GIS in the area of infrastructure
management is promising and can vastly
improve the quality of decision-making
process.

Finally, the developed system can be
also easily adapted for other types of
infrastructure. With such systems in
hand, infrastructure renewal strategies
commonly  based on the "fire-alarm
strategy” are likely to be abandoned in
favor of strategies based on predicted
information.
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