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Summary
It is argued that the typically delayed change to the worse for subsequent
users of a road, initiated by a passing heavy vehicle, is a function of the dam-
age caused by the strains and stresses from that heavy vehicle and the sub-
sequent maintenance actions taken by the road agency. Therefore, marginal
costs caused by the heavy vehicle cannot be assessed without investigating the
maintenance strategies used by the road agency. We investigate the functional
relationships given in the Swedish National Road Administration’s Effektsam-
band 2000 documents with respect to inherent marginal costs of wear and tear.
It is argued in some detail, why the models utilized in the Effektsamband 2000
documents should not be used for deriving these marginal costs.
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1 Introduction

There are at least two aspects of marginal costs of wear and tear due to
heavy vehicles which complicates the determination of these costs. First, an
increased deterioration of a road will manifest itself in a change to the worse of
the user condition (e.g. increased rutting or unevenness), thus forcing higher
costs on subsequent users of the road. However, this change will often not
coincide with the time of the passage of the causing vehicle, but instead will
be a latent change in the (unobservable) exhaustion of e.g. the road surface,
and will become manifest month, years or even decades after that the vehicle
passed. Second, adverse changes in the user conditions can be reverted by
maintenance actions taken by the road agency. Thus, the costs forced on
subsequent users of the road cannot be evaluated without taking the road
agency’s maintenance strategies into consideration.
The typically delayed change to the worse for subsequent users of the

road is a function of the damage caused by the strains and stresses from a
heavy vehicle and the subsequent actions taken by the road agency. It would
therefore be incorrect to generally attribute the changes to the heavy vehicles
alone, at least as long as the road administration is not guaranteed to apply
optimal maintenance strategies.
Thus, if the road agency in practice carries out sub-optimal strategies, an

amount less than the real marginal costs should be attributed to the additional
traffic. This work is not concerned with aspects of charging marginal costs,
but is only concerned with determining their size. However, it is self-evident
that empirical field-observations are only available for status quo maintenance
strategies. Consequently, one either has to strongly believe that these status
quo strategies are close to the optimal ones, or has to acknowledge that the
costs resulting from additional traffic are only partly caused by the additional
traffic, and that some portion of these costs is caused by the road agency
applying sub-optimal maintenance strategies.
In essence, marginal costs resulting from heavy vehicles are only fully

attributable to these vehicles if optimal maintenance strategies are applied.
Because empirically determined marginal costs combine the costs inevitably
caused by the vehicles and the costs which might be avoidable if better mainte-
nance strategies would be applied, empirically determined marginal costs can
at their best provide an upper bound for the costs attributable to the heavy
vehicles. It seems therefore appropriate to accompany empirical studies of
marginal costs due to wear and tear with other sources of relevant knowledge
such as results from laboratory research and general engineering reasoning.
The Swedish National Road Administration (SNRA) has a long history

of maintaining roads, and has undergone substantial effort to structure the
reasoning used for building, improving, and maintaining the Swedish road
infrastructure. This work has resulted in a series of publications, here collec-
tively referred to as the Effektsamband 2000 documents. Because these doc-
uments are meant to give (among others) the means to conduct cost-benefit
analysis for road projects and road maintenance, there must be assumptions
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about marginal costs present in the documents, at least implicitly. We will
here investigate how to determine these implicit marginal costs and will also
critically examine the validity of this approach.
The remaining text is organized as follows. Section 2 addresses some of

the relevant work concerned with maintenance strategies in general as well as
cost-benefit analysis in the context of road depreciation. Section 3 introduces
to the Effektsamband 2000 documents. Section 4 investigates the cost-benefit
approach to maintenance cycles taken in the Effektsamband 2000 documents
and derives the implicit assumptions about marginal costs due to wear and
tear in a simple situation.
Section 5 discusses the validity of the analysis in Section 4 and concludes

that the Effektsamband 2000 documents cannot be consulted uncritically for
the determination of inherent marginal costs. This is a consequence of the
fact that many useful models for planning maintenance activities are built on
associations between variables, but that derivatives with respect to traffic are
only meaningful when the relevant relationships are of causal nature. How-
ever, strong association of variables does not imply causality nor does causal-
ity imply association of variables. Therefore, models successfully applied to
forecasting road user conditions do not necessarily give valid derivations of
marginal costs. This point is elaborated upon in Section 5.
Section 6 summarizes the findings and highlights the consequences for the

role the Effektsamband 2000 documents play for the determination of marginal
costs for wear and tear due to heavy vehicles. The main conclusion is that the
value of the Effektsamband 2000 documentation for this particular purpose is
that one can get a perception of how the SNRA will react to changes in the
user conditions and will adapt its maintenance strategies. It thus serves to
access the road agency’s intended maintenance activities and therefore helps
to provide estimates of upper bounds of marginal costs attributable to the
vehicles.
The Effektsamband 2000 documents are intended to be revised on an in-

termittent basis. While the current documentation is substantial for areas of
building and improving roads, the parts concerned with the maintenance and
operation of the road infrastructure are less well developed. This is partic-
ularly true for long run maintenance strategies, and merely reflects the fact
that the body of knowledge is substantially smaller in these areas than in the
areas of construction and improvement.
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2 Related work

A collection of documents, which is supposed to serve a similar purpose than
the parts of the Effektsamband 2000 documents which are concerned with
building and maintaining the road infrastructure, is the accompanying docu-
mentation of the HDM-III system (Watanatada et al. 1987) and its successor
the HDM-4 system (Bennett 1996; Kerali et al. 1998).
General introductions to road engineering are provided byWright (1996) or

Brockenbrough and Boedecker (1996). Huang (1993) deals with engineering
aspects of the design of pavements, while Haas et al. (1994) and Shahin
(1994) focus on the management of pavements mostly from an engineering
perspective. A broader approach including institutional issues is taken by
Robinson, Danielson, and Snaith (1998).
Considerations about the value of roads to the users became gradually

more important as the funding of road projects became increasingly difficult
(OECD 1994). A civil engineering approach which goes under the name of
value engineering is described by Tufty (1996), and Morse and Green (1996)
describe briefly aspects of life cycle cost analysis for pavements. In Sweden,
the feasibility of cost-benefit analysis for road maintenance appears to be
studied early by the Swedish Supreme Audit Institution (RRV 1986). Cost-
benefit approaches are now undisputed (USDOT 1996; Larsen et al. 2002),
and approaches exist which account for the at least partly uncertain nature
of road deterioration and maintenance (Tighe 2001). Thomas (1997) provides
an overview of stochastic approaches to road maintenance and rehabilitation,
and Tack and Chou (2001) are an example of recent work originating from
stochastic reasoning.
Pavement maintenance strategies are often assumed to be of the kind where

a predetermined maintenance action is carried out whenever a predefined criti-
cal value for some deterioration measure is achieved. While it is true that there
are situations where such a maintenance policy is optimal (Li and Madanat
2002) this is not a characteristic of optimal solutions in general. There is a
wide variety of approaches how to maintain deteriorating systems in general
(Wang 2002), and the problem of optimal pavement maintenance has received
much attention (Carnahan et al. 1987; Carnahan 1988; Durango and Madanat
2002; Madanat and Ben-Akiva 1992). Still, the assumption of a single main-
tenance action being carried out periodically whenever a particular level of
deterioration is reached is evidently the most common one when marginal
costs are to be assessed empirically.
Small, Winston, and Evans (1989) have pioneered the empirical assessment

of marginal costs due to wear and tear. Recent efforts to estimate marginal
costs include Jara-Díaz, Donoso, and Araneda (1992) and Ozbay, Bartin, and
Berechman (2001).
Link (2002) estimates the average renewal costs for German motorways

applying essentially a multiple linear regression model which relates renewal
expenditures to traffic and some other variables. The resulting model has the
ratio of average annual daily traffic (AADT) for trucks to AADT passenger
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cars as its central explanatory variable. Consequently, Link derives the mar-
ginal costs with respect to this ratio. It can only be speculated in why this
ratio outperforms the variables AADT trucks or AADT passenger cars alone
as explanatory variable for road deterioration. Be that as it may, the resulting
model in which the total amount of traffic is not important is counter-intuitive
and questions the validity of this particular modelling approach.
Lindberg (2002) elaborates along the lines of Small et al. (1989) and

estimates the marginal costs of road maintenance (agency costs only) for heavy
goods vehicles on Swedish roads. Besides numerical values for the marginal
costs, Lindberg finds some relationships between marginal and average costs
which might be of value for the implementation of marginal cost pricing.
Lindberg uses data from the Swedish long term pavement performance

(LTPP) program. The in-service road sections monitored in this program are
not representative for all roads in Sweden, but have been selected purposely
to be mostly of the kind where traffic volumes are low enough in order to reach
the stage where fatigue cracking of the pavement can be observed (Görans-
son and Wågberg 2002, p. 7). The deterioration measure which triggers a
predetermined maintenance action is taken by Lindberg to be an index for
cracking, and the functional relationship between the extend of cracking and
traffic load is based on the work by Wågberg (2001).
However, in Sweden cracking is not the factor that traditionally triggers

a maintenance action, but instead roads are maintained because of extensive
rutting, often caused by passenger cars with studded tires. Nevertheless, at-
tention has been drawn to the fact that cracking is an increasing problem in
Sweden, presumably the result of the application of wear-resistent pavements
in combination with modern studded tires that are less harmful to these pave-
ments, and therefore allow pavements to be in service longer.
In any case, the fact that the data used by Lindberg is (largely) collected

on a subset of the Swedish road network which is known to be maintained for
‘untypical reasons’ questions the relevance of the study for ‘normal’ Swedish
roads. Also, it should be kept in mind that the criterion that triggers mainte-
nance in Lindberg’s study is not the relevant one for Swedish roads in general.

8 VTI notat 6A-2003



3 The Effektsamband 2000 documents

3.1 The collection of documents

The documents collectively referred to as Effektsamband 2000 documents
(SNRA 2001a) are meant to be one of the SNRA’s cornerstones for plan-
ning, projecting, and evaluating all kinds of measures related to the Swedish
road infrastructure. For a summary of these documents see SNRA (2001i).
The preliminaries and some for all relevant enterprises common concepts

are described in SNRA (2001d). Two volumes are dealing with questions re-
garding maintenance and operation of the road infrastructure, namely SNRA
(2001b) outlining the applied concepts and defining relationships, and SNRA
(2001c) guiding through the use of the former document and exemplifying its
useage.
Three volumes are dedicated to new constructions and more substantial

improvements of the existing road-related constructions. The core volume is
SNRA (2001f), accompanied by a volume guiding through its usage (SNRA
2001h) and a collection of examples (SNRA 2001g).
One volume is devoted to aspects of mass transportation (SNRA 2001e),

and one to the SNRA’s exercise of public authority (SNRA 2001j). All docu-
ments are provided on a CD (SNRA 2001k), which also contains a computer
program facilitating the assessment of actions and their consequences. The
use of this tool is described in SNRA (2001l).

3.2 Purpose and intended use

The Effektsamband 2000 documents are intended to be used for a systematic
evaluation of road infrastructure improvements as well as for the evaluation of
maintenance and operation of the infrastructure including road signs and the
like. Some effects are described only verbally and a particular project’s impact
on these criteria is to be judged on an ordinal scale. Other effects are evaluated
on a ratio scale (essentially monetary values) through functional relationships.
These relationships stem from a wide variety of research activities.
It is to be understood clearly that Effektsamband 2000 is meant to sum-

marize research results and makes them operational for the purpose of road
infrastructure planning. It is therefore almost self-evident that Effektsam-
band 2000 has to rely on relationships that sometimes are less well founded.
Effektsamband 2000 is meant to be authoritative in the planning process
within the SNRA, but not to be authoritative in the sense that cutting edge
knowledge is used for all the implemented relationships. Consequently, the
SNRA intends to revise the Effektsamband documents on an intermittent ba-
sis, but to keep the content unchanged in-between and to make explicit in the
evaluation of potential projects which version of the Effektsamband documents
has been used.
As already mentioned, the Effektsamband 2000 documents are intended

to be used for evaluation of infrastructure planning. A typical usage would
be to compare the status quo solution of e.g. a particular section of a rural
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road with a limited number of alternative solutions in order to decide upon
those potential improvements’ merits and in order to conduct a cost-benefit
analysis for those portion of the effects which are evaluated on a common ratio
scale (monetary evaluation). The functional relationships entering the cost-
benefit analysis will typically have some measure of traffic volume as one of
their arguments. For a given well defined situation it is therefore technically
feasible to calculate the partial derivative with respect to the measure of traffic
volume, i.e. to determine the marginal costs with respect to changes in traffic
volume which are implicit in the employed functional relationships. However,
technical feasibility does not mean that the approach is meaningful, something
which is addressed in Section 5 below.

3.3 Difference to prior documents

The Effektsamband 2000 documents are not simply updates of older docu-
ments such as SNRA (1989). Instead, a different approach to the results
of maintenance actions is used. In prior documents, particular maintenance
actions tended to be associated with various effects in a more or less uncon-
ditional way. The Effektsamband 2000 documents make this reasoning more
explicit in that they relate a maintenance action to a change in the condition
relevant for the road user. This condition is then evaluated and–if possible–a
relationship is provided which links these conditions to effects. As an example,
repaving was linked to a change in the frequency of traffic accidents and vehi-
cle costs, directly depending on the chosen type of pavement (SNRA 1989, p.
62). In the Effektsamband 2000 documents, repaving has an effect on rutting
and unevenness, and these features have in turn an impact on the frequency
of traffic accidents and vehicle costs.

This is an important change for the evaluation of maintenance actions as
well as the incorporation of new insights provided by scientific studies. One
aspect of this approach is that if a maintenance action fails to provide a certain
user condition it will not be considered to have the envisaged effect either.
E.g. can milling and repaving, where the old pavement is mixed in-situ, fail
to provide a remedy to pronounced rutting.1 In such a case, the maintenance
action will not be considered to have changed rutting-related user costs.

The view in the Effektsamband 2000 documents focuses on the scope of
providing certain conditions for road users and is not limited in that only well
known maintenance actions are described. Any maintenance action that will
change the user condition in the same way will have the same effect on user
costs.

1If the rutting is the result of plastic deformation of some pavement layer due to in-
adequate material quality, pronounced ruts might occur again shortly after reopening for
traffic, simply because the faulty material is reused when in-situ mixing is applied.
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3.4 Level of details
The level of detail in the Effektsamband 2000 documents is largest for new
constructions, which are described in terms of travel time, accident risk, fuel
consumption etc. These constructions include motorways (freeways), four-lane
rural roads, expressways without opposing traffic (expressroads), rural roads
without opposing traffic, normal rural roads (6.5 - 11 m wide) and narrow
rural roads (less than 6.5 m wide).
For the economical assessment of projects, some costs are only approxi-

mately described, e.g. accessibility for disabled persons or esthetical aspects
of some structures. Among those costs where explicit guidelines are provided
are travel time* (for persons and goods), traffic safety*, emission/pollution*
(CO2 emission, but also combustion gases and the like), noise, barrier costs,
vehicle costs*, and operation and maintenance costs*. The asterisked entries
are implemented in the computer program EVA 2.31 and are therein used to
evaluate differences between the status quo solution of a road and alternatives.
An evaluation of a project is carried out by essentially conducting a cost-

benefit study based on the subgroup of effects which is expressed in monetary
terms. In addition to that a description of the relevance and possible direction
of the benefits for the effects not described in monetary terms is provided.
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4 Marginal present-cost change for total pave-
ment maintenance and user costs

4.1 Outline of problem

Throughout we focus on the problem where a maintenance action such as
resurfacing is carried out periodically. The situation where essentially the
same maintenance measure is carried out repeatedly has received much at-
tention (Li and Madanat 2002). Anyhow, more elaborate sequences of minor
and major maintenance actions are of practical interest and the Effektsam-
band 2000 documents do present some details even for their analysis. The
nature of the analysis gets more complex and in order to get some principle
insights to marginal cost assumptions implicit in Effektsamband 2000, we will
deliberately restrict ourselves to the most basic situation.
The principle idea is depicted in Figure 1, which presumably draws upon a

situation which can be adequately described in a continuous time frame with
continuous state space and deterministic pavement deterioration (even though
this is not formulated explicitly in the Effektsamband 2000 documents).
The present costs (N) of the total pavement maintenance and user costs

are to be calculated as (SNRA 2001c, p. 38)

N ∗ =
365Q ·KT (L) · (1− e−rm) · S +KV ·

¡
1− e−r(m−L)

¢ · e−rL
1− e−rL

, (1)

where

Q : average annual daily traffic, AADT (vehicles/day)
S : length of the section (km)

KT (L) : present value at year T for the total user costs
per user and km between T and T + L

KV : maintenance costs (for the agency) per km in SEK
for each maintenance instance

r : social discount rate
m : time horizon for analysis in years after year T

The user costs consist of increased accident costs, vehicle costs, and costs for
comfort and travel time. Costs for users from delays due to road works or
other temporary congestions are–to the best of the author’s knowledge–not
included in the guidelines of the Effektsamband 2000 documents.
Observe that KT (L) is a function of L, the time span between successive

pavement rehabilitations. This time span may or may not depend on Q. In
well specified models, optimal cycle length can be derived from theoretical
considerations. However, studies with the purpose to determine maintenance
intervals have not been carried out in Sweden (SNRA 2001b, p. 42).
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Figure 1: The principle situation for a periodically applied maintenance
action such as resurfacing. After the maintenance measure is applied, the
user condition is set back to a more favorable state. As a consequence, the
user costs are lower after the maintenance action but increase gradually as
the road deteriorates. At a well specified point the same maintenance action
is carried out again. The maintenance costs are periodical expenditures by
the agency, while the user costs are constantly present but to various degrees.
Source: SNRA (2001c, p. 38, customized).
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4.2 Cycle length independent of Q
If the cycle length is independent of Q, the first derivative of N ∗ (agency and
user costs) with respect to Q is given by

∂ N∗

∂ Q
=
365 ·KT (L) · (1− e−rm) · S

1− e−rL
. (2)

Note that this is the derivative with respect to AADT, and not with respect
to a single vehicle. In this equation, S is easily obtained from road inventory
data and L is externally determined. Not surprisingly, because the length of
the maintenance cycle L is assumed to be unchanged by the change in traffic,
the marginal N∗ is independent of the agency costs KV . A thorough study
of SNRA (2001c, Ch. 4) reveals that the present value of the total user costs,
KT(L), is suggested to be a function of rutting and unevenness as expressed by
the International Roughness Index (IRI). Both of these criteria are modelled
as developing over time, where time is the only explanatory variable. KT(L)
does depend on the proportion of heavy vehicles, but does so only because
different values for travel time and comfort as well as vehicle costs are used
for passenger cars and heavy vehicles (SNRA 2001c, App. 1). Following these
specifications, unevenness and rutting are not changed by the change in traffic,
and the change in N ∗ is merely the change due to the vehicles in addition or
subtraction to the status quo traffic.
Note that the right hand side of Equation (2) is always non-negative,

meaning that N∗ is increasing with additional traffic. Furthermore, from the
fact that the cycle length, agency costs, and progress of rutting and IRI are
unrelated to the change in traffic, the additional present costs are entirely
attributable to the costs for the additional users (at least as long as other
users’ accident risk remains unchanged). In this situation, the marginal costs
for the road user are exactly the costs taken by the very same user in terms of
travel time and comfort as well as vehicle costs. Such a user does not create
additional costs for other users and does not create costs for the agency.

4.3 Cycle length depends on Q

Suppose know that the cycle length L is a function of the amount of traffic
Q. To highlight this fact, we can rewrite Equation (1) as

N∗ =
£
365Q ·KT (L(Q)) ·

¡
1− e−rm

¢ · S (3)

+KV ·
¡
1− e−r(m−L(Q))

¢ · e−rL(Q)¤± ¡1− e−rL(Q)
¢
,

where the derivative with respect to Q might be evaluated numerically for any
given situation. Even in this model the maintenance costs per maintenance
instance, KV , are constant over time, but now the cycle length will change
with the change in traffic.
Following SNRA (2001c, p. 42), the optimal maintenance cycle L∗ (Q) can

be determined by an iterative algorithm. Even the discounted total user costs
will change due to the change in cycle length. However, very little is found in
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Effektsamband 2000 which provides guidelines on the development of rutting
and longitudinal unevenness as a function of traffic. The in SNRA (2001c)
specified functions relate these user conditions to time with the consequence
that the derivative with respect to traffic volume is zero, meaning that condi-
tions for subsequent users are unchanged by additional traffic. This aspect is
discussed in Section 5 below.
Furthermore, Equations (1) and (3) are built upon the concept of AADT

(Q) as a measure for traffic volume. Therefore, the marginal effects of ad-
ditional passenger cars will be formally identical to the marginal effects of
heavy vehicles, unless the user costs are a function of the proportion of heavy
vehicles, which of course changes if a vehicle of a particular kind adds to the
traffic.

4.4 Numerical example
This example is derived from the setting in Example 1 in SNRA (2001c, Sec.
4.5). Under consideration is one kilometer of the right lane of a motorway
with two lanes, which carries an AADT of 10 000 of which 4 000 use the right
lane. Rutting is linearly increasing with 1.0 mm/year. After repaving, the
rut depth is set back to 2.0 mm. The right lane is 4 meter wide and the
maintenance action (repaving) costs 65 SEK (7 EURO) per square meter.
The social discount rate is 4%.
Following the instructions given in SNRA (2001c), the optimal cycle length

is determined to be 11 years. Furthermore, the user costs needed in Equa-
tion (1) and (2) above is calculated with the help of an appendix and partially
based on a computer program only referred to in SNRA (2001c). These costs
evaluate numerically to KT(L) = 0.04481758, and are meant to include ac-
cident costs, vehicle operating costs, and comfort costs. The agency costs
evaluate to KV = 4m×1 000m×65SEK/m2 = 260 000 SEK (28 400 EUR).
With the remaining values Q = 4000, S = 1.0, and L = 11, Equation (1)

and Equation (2) give the present costs of this maintenance strategy and mar-
ginal costs depending on the time horizon after the first maintenance action,
m.
Table 1 summarizes the costs for a number of different analysis horizons.

N∗ denotes the present costs as derived from Equation (1), whereas MCAADT
gives the marginal costs as derived by Equation (2). However, a change in
AADT means one additional vehicle per day on the average. Therefore, one
single vehicle may be represented by a change of 1/365th of AADT. The
resulting marginal cost is denoted by MCveh. and given for a trip of 100 km
length on a similar road. (The other costs are given for the project length of
one kilometer.)
Figure 2 shows the dependence of the marginal costs on the planning hori-

zon. The commonly used planning horizons of 40 to 60 years are highlighted
in the graph. The marginal costs as expressed for one vehicle during a 100
km long trip on a similar road varies from 10 to 11.5 SEK (1.1 to 1.25 EUR)
as the time horizon for the analysis varies from 40 to 60 years.
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40 years 50 years 60 years 70 years 80 years ∞ years
N∗ 469 652 530 505 571 295 598 638 616 967 654 233
MCAADT 36.68 39.74 41.79 43.16 44.08 45.96
MCveh. 10.05 10.89 11.45 11.82 12.08 12.59

Table 1: Costs for various time horizons. The present costs for user and
agency, the marginal costs derived with respect to AADT, and the marginal
costs calculated for one vehicle travelling for 100 km on a similar road. Note
that all costs converge to a constant as the analysis horizon converges to
infinity (right most column).

time horizon for analysis (years)
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Figure 2: As the time horizon for the analysis varies from 40 to 60 years, the
marginal cost for a single vehicle under a 100 km long trip on a similar road
varies from 10 to 11.5 SEK (1.1 to 1.25 EUR).
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5 Pitfalls in the analysis
This section focuses on the question if the technically feasible derivation of the
marginal costs implicit in the Effektsamband 2000 documents is meaningful.
We will argue that the interpretation of the results of such an operation are
plagued with a problem regarding the identifyability of models in conjunction
with the fact that Effektsamband 2000 was derived for a different purpose. Es-
sentially, our concerns relate to that many useful models for planning main-
tenance activities should be build on strong associations between variables,
but that derivatives with respect to traffic are only meaningful when the rel-
evant relationships are of a causal nature. While it is widely recognized that
association of variables does not imply causality, it is also true that causality
does not imply association of variables. Thus, association and causality are
different concepts.
This point is clarified by an example. Suppose that rutting is determined

to be the critical factor for the user costs. Based on empirical observations
for a particular type of road construction in a particular climate zone with
roughly the same traffic loads, one has determined a quadratic relationship
between the extend of rutting S and time t, S(t), where time is the age of the
pavement currently in service. Thus, one has empirically determined

S(t) = α+ βt+ δt2 (4)

for some constants α, β, and δ. This is indeed the functional form suggested
in SNRA (2001c, p. 35).
Suppose further that the cumulative number of equivalent single axle loads

(ESALcum) is roughly proportional to time, and that this property is shared
by the accumulated average number of passing vehicles (AADTcum) in that
well defined group of roads, implying that

ESALcum ≈ cESAL × t , and (5)

AADTcum ≈ cAADT × t , (6)

for some constants cESAL and cAADT.
As a consequence, the model given in (4) could have been formulated as

S(ESALcum) = α+
β

cESAL
ESALcum +

δ

c2ESAL
ESAL2cum , (7)

or

S(AADTcum) = α+
β

cAADT
AADTcum +

δ

c2AADT
AADT2cum . (8)

Now, taking the derivative of (4), (7) and (8) with respect of the relevant
measure of traffic (loads) gives

d S(t)

d traffic
= 0 , (9)

dS(t)

dESALcum
=

β

cESAL
+

2 δ

c2ESAL
ESALcum , and (10)

dS(t)

dAADTcum
=

β

cAADT
+

2 δ

c2AADT
AADTcum . (11)
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Thus, the marginal change of rutting with respect to traffic is zero under model
(4), but depends on the load if model (7) is used and is therefore different for
heavy vehicles and passenger cars. If model (8) is applied, the marginal costs
depend only on the number of vehicles and is of identical magnitude for heavy
vehicles and passenger cars.
With respect to (statistical) model identification, models (4), (7), and (8)

are equivalent under condition (5) and (6), because the variables contain the
same information with respect to forecasting rutting. (If one would consider
a multiple regression model with all three variables included, this would be
revealed by problems of multicollinearity.)
With respect to the value of a model for a practitioner, it is certainly easier

to calculate the time since last overlay than to get a perception of ESAL or
AADT. Therefore, if the models would be intended to be used as forecasting
rutting at particular times, model (4) would be preferable for that purpose.
Furthermore, because time may capture even other features of importance
like the approximate number of spring thaw periods the road was exposed to,
model (4) may very well give better forecasts than (7) or (8) in situations
of practical importance where the proportionality assumptions (5) and (6),
respectively, might be relaxed.
The problem is that many useful models for planning maintenance activ-

ities are built upon associations between variables, but that derivatives with
respect to traffic are only meaningful when the relevant relationships are of
causal nature (at least in the relevant aspects). However, strong association
of variables does not imply causality nor does causality imply association of
variables. See Barnard (1982) for a short discussion of causation in scientific
contexts or consult a general encyclopedia (such as the Encyclopedia Britan-
nica) for the concept of causality in philosophy and science.
In essence, models successfully applied to forecasting road user conditions

do not necessarily give valid derivations of marginal costs. The models uti-
lized in the Effektsamband 2000 documents are generally designed to produce
forecasts for different scenarios which are to be compared. They are not
designed for deriving marginal costs and must not be used for this purpose
without great care. In the particular case of evaluating maintenance strategies
the models are clearly unsuitable for this purpose other than in very special
circumstances. This should not be misinterpreted as a statement about the
validity of the models for the purpose they were designed for.
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6 Conclusions
It was argued that the typically delayed change to the worse for subsequent
users of the road, initiated by a passing heavy vehicle, is a function of the
damage caused by the strains and stresses from that heavy vehicle and the
subsequent actions taken by the road agency. Therefore, marginal costs caused
by the heavy vehicle cannot be assessed without investigating the mainte-
nance strategies used by the road agency. Only the portion of marginal user
and agency costs which are unavoidable under optimal maintenance strategies
should be attributed to the additional vehicles.
However, empirical field-observations are only available for status quo

maintenance strategies. Because empirically determined marginal costs com-
bine the costs inevitably caused by the vehicles and the costs which might
be avoidable if better maintenance strategies would be applied, empirically
determined marginal costs can at their best provide an upper bound for the
costs attributable to the heavy vehicles.
This was the reason for investigating the Effektsamband 2000 documents

with respect to marginal costs inherent in the functional relationships applied
in these documents. Because these documents are meant to give (among
others) the means to conduct cost-benefit analysis for road projects and road
maintenance, there must be assumptions about marginal costs present in the
documents, at least implicitly, and we derived these implicit costs for a simple
example of a periodically repeated maintenance action such as resurfacing.
To summarize our findings, models successfully applied to forecasting road

user conditions do not necessarily give valid derivations of marginal costs. The
models utilized in the Effektsamband 2000 documents are generally designed
to produce forecasts for different scenarios which are to be compared. They
are not designed for deriving marginal costs and must not be used for this
purpose without great care. In the particular case of evaluating maintenance
strategies the models are clearly unsuitable for this purpose other than in
very special circumstances. Nevertheless, this should not be misinterpreted
as a statement about the validity of the models for the purpose they were
designed for.
Having that said, the relationships stated in the Effektsamband 2000 doc-

umentation are valuable for the determination of marginal costs in so far as
they give a perception of how the SNRA intends to adapt its long run main-
tenance strategies to changes in traffic. It thus helps to provide estimates of
marginal costs under status quo maintenance strategies, because it makes the
decision process within the SNRA transparent.
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