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Effects of Traffic Volume on Optimal 
Road Condition 
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Administration 

A pavement management system was developed in Finland 
in the 1980s. This system is used to analyze different main­
tenance and rehabilitation strategies for the existing paved 
road network. The optimal road condition is the distri­
bution where the sum of the user and the agency cost is at 
the minimum. It has also been found that the optimal con­
dition should be better than the current condition. This 
optimal condition level depends on the traffic volume. 
Moreover, different budget strategies have been analyzed 
to find the optimal strategy from the current condition to 
the optimal condition. The short-term (8-year) budget was 
beneficial when high- and medium-trafficked roads were 
analyzed, but on low-volume roads it was not very signif­
icant. Benefits gained from the reduced traffic costs are so 
low that in addition to lower condition requirements, very 
constrained short-term budgets are sufficient for low­
volume road upkeep. 

T he transportation system in Fin!trnd consists of 
a road network, railroads, and air transporta­
ti n. Th roa d network is the most important 

part of this transportation system. The economic struc­
ture of Finland is based mainly on forest and metal in­
dustries, and the raw materials are transported long dis­
tances. In general, distances in Finland are long because 
u{ Lln: luw IJUIJUl,uiuu UCHSiLy, t:Spt:Liaiiy iu CDC norcnern 
parts of the country. 
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The total length of the public road network in Fin­
land is about 77 000 km. The daily traffic volume on 
most roads is rather low because of the low population 
density. Therefore, the proportion of unpaved roads is 
also relatively large. About 55 percent of the total road 
network is paved roads, 16 000 km of which are as­
phalt concrete and about 27 000 km are oil gravel 
(emulsion gravel), which is the main pavement type on 
paved low-volume roads. 

The road network was constructed mainly during 
1950s and 1960s. The design age of the paved road 
structure has been 15 to 20 years, depending on the 
pavement type. Since then the volume of traffic, axle 
loads, and gross weights of heavy vehicles have in­
creased significantly. In the 1980s and 1990s, mainte­
nance and rehabilitation of the existing road network 
has become an important part of road keeping. One 
important issue has been how to decide on the optimal 
service level, the pavement surface condition, and the 
optimal structural service level. 

It is well known that keeping roads in too good or 
too bad condition is uneconomical. Usually the annual 
budget level is insufficient, and it is important to decide 
how to allocate the available funds in the most econom­
ical way. In Finland, it has become important to develop 
a decision support system for managing pavements. The 
cieveiopmem oi rne rinnisn ravement Ivianagement 5ys­
tem (PMS) started in the 1980s. The goal was to de-
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velop a management system for both network and proj­
ect levels. 

Today the Finnish PMS includes network-level 
(HIPS) and project-level (PMS91) systems, as well as the 
road data bank and the road condition data bank 
(KURRE). The detailed system is documented elsewhere 
(1-6). 

This paper presents examples of how to use the re­
sults of the network-level system in finding the optimal 
level of service (condition) and how it depends on the 
traffic volume of the road network. 

The basic questions in network-level decision making 
are as follows: 

• What is the best condition target for the long term? 
What is the optimal condition distribution and how 
much does it cost to keep the network in that 
condition? 

• How large is the gap between the current condition 
and the target condition and what could be the most 
economical strategy to move from the current state to 
the optimal state? Moreover, how can the limited fund­
ing available be allocated most effectively among dif­
ferent areas and among different functional road 
classes? 

When these questions were taken into account, it was 
straightforward to formulate a two-stage network-level 
management system in such a way that the first stage 
could answer the first question and the second stage 
could answer the second question. 

In the network-level system, the road network is di­
vided into 12 subnetworks. The lengths and average 
daily traffic (ADT) volumes of the subnetworks are 
shown in Table 1. 

The basic features of the systems are illustrated in 
Figures 1A-1D. Figure 1A presents theoretically how 
the point of minimum costs differs in each subnetwork, 
that is, in each traffic volume class. The long-term target 
budget level is taken from the point where the total 
costs in each subnetwork are at a minimum. High­
volume traffic networks need more maintenance actions 
than low-volume traffic networks. 

The condition distribution achieved with different 
budget levels depends on the budget level, which is il­
lustrated in Figure 1B. The class limits of each condition 
variable is presented in Table 2. The number of roads 
in poor condition increases when the budget decreases, 
and vice versa. The optimum condition distribution is 
taken from the point (step) where the total costs are 
then at a minimum. 

MODELS 

Four different categories of models are built into the 
HIPS system: the agency cost model, user cost model, 
deterioration model, and model for the effects of main­
tenance and rehabilitation actions. 

All models are based on four condition variables. 
The common condition variables for both pavement 
types [asphalt concrete (AC) and oil gravel (OG)] are 
roughness (IRI mm/m), bearing capacity (MN/m2

), and 
defects (m2/100 m). The fourth condition variable is the 
AC model rut depth (mm) and the OG model transver­
sal roughness (mm) (see Table 2). The number of con­
dition classes varies from three to five according to the 
condition variable. The total number of different con­
dition states is 3 X 5 X 3 X 3 = 135 in AC models and 
3 X 4 X 3 X 3 = 108 in OG models. 

Figures 2A and 2C contain examples of pavement 
deterioration and maintenance action effects on pave­
ment condition distribution. Figures 2A and 2B show 
the probabilities of the best and the worst roughness 
and defects in two bearing capacity classes when the 
initial condition state is the best condition state and no 
maintenance actions are applied. These figures show 
how the probability of the best condition classes de­
creases and the probability of the worst classes increases 
during the time and how the bearing capacity affects 
the deterioration. 

An example of how maintenance actions influence 
deterioration is given in Figure 2C. If we assume that 
the maintenance actions are always made in the worst 
condition (defects), we can see how they affect the 

TABLE 1 Length and ADT of Subnetworks 

Length km Asphalt Concrete Pavement Oil Gravel Pavement *) 
/ADT 

Traffic Volume 
Traffic Volume 

Region High Medium Low High Medium 

North 602/10027 3791/2906 2278/1024 2763/ 11 98 6406/534 

South 1970/11577 5171/3133 2903/896 1869/1210 4458 /540 

Total km 2572 8962 5181 4631 10864 

* )The binder of oil gravel pavement is bituminous oil. 

Low 

81 99/201 

3858/223 

12057 
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FIGURE 1 Total costs and condition versus long-term budget levels: (a) total costs versus long-term budget, (b) condition 
distribution versus budget level, (c) net present value, (d) poor condition progression versus budget. 

probabilities of the best and the worst conditions. 
Maintenance Action 3 is planing and/or remix and 
f,.1aintcnance .A:,.ction 5 is a thick asphalt overlay (2 in.). 

The effect of both maintenance actions on the prob­
ability of the worst condition class is quite similar. But 
Maintenance Action 5 is better than 3 because the prob­
ability of the best condition class is better when using 
Maintenance Action 5. 

RESULTS 

Optimal Long-Term Budgets and Condition in 
Different ADT Classes 

The primary results of the long-term analysis are (a) the 
long-term optimal budgets for maintenance and reha­
bilitation actions for each subnetwork and (b) the op-

timal condition distributions of different condition 
variables. 

Figure 3 sho,vs hov\.' the total costs (traffic costs and 
agency costs) depend on the annual long-term budget 
in markkan (FIM) per kilometer per year. Because the 
deterioration, maintenance costs, and traffic volumes of 
each subnetwork are different, the optimal long-term 
budget level varies respectively. When the annual budget 
level is too low, the condition distribution is worse, and 
the traffic costs increase. On the other hand, when the 
budget level is too high, the condition distribution im­
proves but the traffic costs do not decrease and the total 
costs increase. The optimal budget level (and the con­
dition level) is found at a point where the total costs 
!:lrP minimi7Prl 

Figure 3A shows the cost-budget lines of low-volume 
asphalt concrete networks and the high-volume (ADT > 
800) oil gravel networks. The budget level for high-



TABLE 2 Classification of Condition Variables 

Variable Class AC low 
Roughness Good > -1,5 
IRI (mm/m) Fair 1,6-3,5 

Poor >3,5 

Bearing BCO >230 

Capacity BC1 201-230 
(MN/m2 ) BC2 171-200 

BC3 141-170 
BC4 < =140 

Defects Good < =25 
(m 2 /100m) Fair 26-60 

Poor >60 

Rutting or Good < = 12 

transf .roug Fair 13-19 
(mm) Poor > 19 

(a) 
AC/Low Volume/North 

Probability 
1.2.----------- ------------, 

(c) 

1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 

Year 

- Poor IRI (BC•Oood) ---+- Good IRI (BC•Good) 

---8- Poor IAI (BC•Poor) - 6--- Good IRI (BC•Poor) 

AC/Low Volume/North 

Probability 1.2~------ -----·-- - --- --- -- -

1 " o.s j • 

0 .6 rl 

0.4 

o.2j 
0 ''...· ~--==~1=t:::~~======:t:::::::=:~~::J:::J 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Year 

- Poor(Do nolhlng} ~ Poor(Actlon 5) 

- G- Good (Do nothing) - - - Good(Action 5) 

-+- Poor(,Aotlon 3J 

~ - Good(Action 3) 

OG high OG Med OG Low 
> =2 > =2 > =2 
2,1-3,5 2,1-3,5 2,1-3,5 
>3,5 >3,5 >3,5 

>200 >200 > 185 
140-200 140-200 130-185 
125-139 125-139 120-129 
< 125 < 125 <120 

< =25 < =25 < =25 
26-60 26-60 26-60 
>60 >60 >60 

< =5 < =6 < =5 
6-12 6-12 6-12 
> 19 >12 >12 

(b) 
AC/Low Volume/North 

Probability 
1.2.-----------------------, 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Year 

- Poor def (BC•Good) 

___g_ Poor def (BC•Poor) 

Assumptions: 
In all figures: 

--+-- Good def (BC•Good) 

--+- Good def (BC•Poor) 

Initial condition state (0000): best condition 
• Other condition variables are constants 

In figure C: 

Actions are made in the poorest condition state annually 

Do nothing 
Surface dressing (action #3) 
Thick asphalt overlay (action #5) 

FIGURE 2 Pavement probabilistic behavior: (a) roughness versus bearing capacity, (b) defects versus bearing capacity, 
(c) defect progression with maintenance actions. 
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FIGURE 3 Total annual cost versus long-term budget levels: (a) AC/low and OG/high, (b) oil gravel/medium traffic, (c) oil 
gravel/low traffic, (d) AC/medium traffic. 

TABLE 3 Agency and Total Costs at Steady State (Long-
Term Optimum) 

Subnetwork Agency costs at Total costs at 

Pavement/ steady state steady state 

Type/Volume /Area (FIM/km/year) (FIM/km/year) · 

AC/Med/North 24,000 2,041,000 

AC/Med/South 34,000 2,252,000 

/\C/Low/1\iorth 15,000 750,000 

AC/Low/South 17,000 647,000 

OG/High/North 12,000 820,000 

OG /High/South 12,000 828,000 

OG/Med/North 11,630 391,000 

OG/Med/South 12,000 397,000 

Ul:i/Low/North I I, IUU I 00,UUU 

OG/Low/South 10,900 173,000 
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volume oil gravel roads is 12 000 FIM/km/year to keep 
the condition sustainably steady. The total costs are 
about 830,000 FIM/km/year. If the annual budget level 
decreases below 10,000 FIM/km, the condition deteri­
orates and the traffic costs and total costs will increase. 
Moreover, the same figure shows that in asphalt con­
crete subnetworks, the total costs are less than in OG 
networks because there is less ADT. The optimal long­
term budgets are, however, higher than OG budgets 
(15,000 to 17,000 FIM/km/year). Two reasons for 
higher optimal budget levels in low-volume AC net­
works are design standards (e.g., pavement type and 
width) and higher maintenance costs. 

The optimal long-term budget levels in each subnet­
work in Figure 3 appear in Table 3. These expected 
optimal budget levels imply expected optimal condition 
distributions. The situation in the northern region of 
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FIGURE 4 Optimal condition distributions (north 
subnetworks): (top) optimal roughness, (middle) 
optimal defects, (bottom) optimal bearing capacity. 

Finland is presented in Figure 4. The situation in the 
southern region is similar. The primary result is that in 
most subnetworks the optimal condition distribution 
is better than the current condition distribution (Figure 
5 top). 

According to these results, the structural condition 
(bearing capacity) of asphalt concrete roads should be 
in the highest bearing capacity class. In oil gravel net­
works the distribution is different. The proportion of 
the highest bearing capacity class should be about 70 
percent. 

These results vary among the subnetworks and are 
not completely comparable because of the different 
bearing capacity class limits among the networks. From 
these figures we can, however, see how the distributions 
vary according to the traffic volume class and that the 
condition is better when the traffic volume is higher. 

According to these results, roughness and defects 
should be mostly in the medium (fair) or the best (good) 
condition class. However, the most important class in 
practical road keeping is the poorest class (see Table 4). 
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FIGURE 5 Example of long-term results: (top) current and 
optimal condition, (bottom) optimal long-term policy. 
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TABLE 4 Optimal Roughness and Defects Among Northern Subnetworks, 
Percentage of Poorest Class 

Poor Roughness (%) 

Pavement High Medium 

type traffic traffic 

Asphalt 0.5 0.9 

Concrete 

Oil Gravel 4.3 5.2 

The optimal number of roads in the poorest rough­
ness class varies between 0.5 and 5.6 percent. In oil 
gravel roads and in low-volume roads, the percentile is 
significantly higher than in other roads. 

The influence of traffic volume on optimal defect dis­
tribution and specially on the poorest defect class is 
quite clear as well (Table 3). In low-trafficked AC and 
OG roads, the amount of roads in the poorest defect 
class is almost 10 percent. 

Difference Between Current and Optimal 
Conditions and Recommended Volumes of 
Maintenance and Rehabilitation 

The difference between the current and the long-term 
condition distributions is significant. Figure 5 (top) 
shows how the current condition and the optimal con­
dition differ among each OG subnetwork. The current 
proportion of roads in poor condition classes is large, 
especially in low-volume networks. The result of total 
cost optimization suggests that it should be much 
smaller. 

According to the results, the main maintenance ac­
tion should be either remix (AC networks) or milling 
and planing (OG networks). In optimal condition, little 
reconstruction is needed. iv!aintenance actions could be 
very light because of a good structural condition level 
(bearing capacity). (See Figure 5, bottom.) 

Sensitivity analysis also shows that optimal condi­
tions are rather sensitive to long-term budget levels and 
to the user cost weight factor, as is shown in Figure 6. 
Without user costs, the optimal condition level would 
decrease significantly. 

Examples of Strategies Meeting Different 
Funding Levels 

In short-term analysis, the budget constraints are the 
main tools to make different short-term strategies. So­
called unconstrained short-term analysis gives the fast-

Poor Defects ( %) 

Low High Medium Low 

traffic traffic traffic traffic 

2.2 

5.6 

0.3 1 . 1 9.4 

1 .2 3.8 6.6 

est strategy from the current condition to optimal con­
dition. Unconstrained runs always give unrealistic re­
sults because the budgets for the first years are .too high. 
The budget constraints can be set between the uncon­
strained runs and the budget level of long-term results, 
which is the minimal realistic budget level (because it is 
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the minimal funding level to maintain the optimal 
condition). 

The short-term funding strategies in this study were 
as follows: 

1. Unconstrained budget levels (to AC and OG sub­
networks); 

2. Long-term (LT) optimum level; 
3. LT level + 50 MFIM/AC and LT + 50 MFIM/ 

OG subnetworks; and 
4. LT level + 200 MFIM/AC and LT + 150 MFIM/ 

OG. 

The priority of the strategies can be based on econom­
ical indicators, for example, the rate of return or the net 
present value of the total costs. The priority can also be 
based on how the targets for the condition state are 
achieved. 

The results, however, show that the economic indi­
cators of different strategies to maintain low-volume 
roads differ little. The main target should be to improve 
the high-volume roads according to the economics of 
analysis. Improvements on low-volume roads can be al­
located in a flexible way, depending on the funding 
situation. 

One example of the effect of the different budget 
constraints on the distribution of maintenance actions 
and on the poor condition in the AC low-volume net­
work is shown in Figure 7. As one can see, the differ­
ences are small at the end of the period, although the 
budget levels vary significantly. 

USING RESULTS IN MANAGEMENT BY OBJECTIVES 

This type of analysis forms a basis for the strategic plan­
ning in the Finnish National Road Administration. The 
long-term and short-term condition distributions and 
budget allocations are used when defining the road­
keeping products the road districts should offer for the 
central administration. In practice, this means that the 
annual condition requirements are defined by the cen­
tral administration, and the road districts estimate the 
costs to maintain the road in the required condition. If 
the measured condition is not met within the negotiated 
one, the districts have to pay for depreciation. 

Because of the different condition levels in the dis­
tricts, the application of this procedure is not always 
straightforward. Those districts that have executed a 
reasonable road-keeping policy during recent years will 
get less funding in this product-based system. On the 
other hand, those districts that have neglected their road 
network to some degree will now have higher funding 
levels. Unfortunately, this problem will lead to rather 
volatile annual budget levels in some districts during the 
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FIGURE 7 Example of short-term results: (top) short-term 
maintenance strategies (AC/low), (bottom) condition 
progression versus budget level (AC/low). 

next years. After this transition period, the budgets will 
become less volatile. 

CONCLUSION 

An example of the economic analysis of rehabilitation 
and maintenance of low-volume roads in Finland is pre­
sented. The results show that it is still rather difficult to 
admit that less funding can be allocated to low-volume 
roads. 

The long-term optimization results in the condition 
of low-volume roads being better than the current con­
dition. However, the results of short-term analysis show 
that the strategy, which can be used to reach the optimal 
condition, can be very flexible, that is, the budget level 
can vary widely due to low economic benefits. 

This paper partly reveals that a strictly optimal short­
term resource allocation is not easy: if the optimization 
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is based on technical criteria only, the importance of 
traffic costs is underestimated. The optimization should 
be based more on pure economical optimization, where 
more emphasis is put on evaluation of the economical 
benefits of road keeping (8). 

REFERENCES 

1. Thompson, P. D., L.A. Neuman, M. Miettinen, and A. 
Talvitie. Micro-Computer Markov Dynamic Programming 
System for Pavement Management in Finland. Proc., 2nd 
North American Conference on Managing Pavements, To­
ronto, Ontario, Canada, Vol. 2, 1987. 

2. Thompson, P. D., R. Olsonen, A. Talvitie, and R. Tapio. A 
Micro-Computer Markov Model for Optimal Pavement 
Rehabilitation Policy. Selected Proc., 5th World Confer­
ence on Transportation Research, Yokohama, Japan, Vol. 1, 
Western Periodicals, Ventura, Calif., 1989, pp. 375-389. 

3. Highway Investment Programming System: User's Man­
ual. Cambridge Systematics Inc., Cambridge, Mass. 

4. Aijo, J., R. Tapio, V. Mannisto, and P. D. Thompson. Min­
imum of Social Cost as a Guideline of Finnish Pavement 
Management. Proc., PTCR Annual Summer Meeting, 
Brighton, England, 1990. 

5. Pavement Management Systems: Deterioration Models. 
FinnRA Reports 53/1991, Finnish National Road Admin­
istration, Helsinki', 1991 (in Finnish). 

6. Rantanen, T. Road Condition Measurements and Pave­
ment Management in Finland. FinnRA Reports 52/1993. 
Finnish National Road Administration, Export Services 
and Traffic and Road Research, Helsinki, 1993. 

7. Haas, R., W R. Hudson, and J. Zaniewski. Modern Pave­
ment Management. Krieger Publishing Company, Malabar, 
Fl., 1994. 

8. Infrastructure Management System: A Case Study of 
FinnRA. FinnRA Research Reports 4/93, Finnish National 
Road Administration, Helsinki, 1993. 




