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Comparison of Modeling and Measurement Accuracy
of Road Condition Data

Antti Ruotoistenmäki1; Tomi Seppälä2; and Antti Kanto3

Abstract: The condition of a road network and its deterioration rate can be estimated by using measurements and statistical models. The
purpose of this paper is to provide tools for assessing the accuracy of the condition information based on measured and modeled values.
In this study, International Roughness Index �IRI� measurements over 3 years �2000–2002� were used. A logarithmic transformation was
applied to the measured IRI values. One half of the data set was used for developing regression models that predict road roughness. These
models were validated using the other half of the data set. The comparison of the residual distribution in the logarithmic regression model
and measurement accuracy in logarithmic terms facilitates direct consideration of the relative accuracies. The Taguchi loss function was
applied to estimating the losses incurred when measured and modeled values were used. The decision of taking new measurements
depends on the relative accuracies of the measurement and the modeling, the cost of measurement, and the losses incurred to the road
users and the maintaining agency due to untimely maintenance.

DOI: 10.1061/�ASCE�0733-947X�2006�132:9�715�

CE Database subject headings: Pavement management; Measurement; Accuracy; Regression models; Cost analysis.

Introduction and Objectives

The purpose of strategic level decision making is to justify the
funding needed for road network maintenance and to allocate
these funds effectively between different subnetworks and main-
tenance activities. The condition of the road network is an essen-
tial input in the decision-making process, and it enables the
quantification of benefits derived from maintenance for both the
road user and the managing agency.

Road condition, or rather its decay, is manifested in the change
of the surface profile and in the cracking of the surface layer. The
surface profile, usually considered as the longitudinal and trans-
versal unevenness of the road, is measured, for example, by using
a road surface monitoring vehicle equipped with laser technology.
The cracking of the surface layer can be monitored visually or by
high-speed data collection of digital images connected to an au-
tomated image processing facility.

Longitudinal unevenness has the greatest impact on the driv-
ing comfort and the road user costs. The most widely used mea-
sure of longitudinal unevenness is the International Roughness

Index �IRI� �Sayers et al. 1986a,b; for more information on IRI
see, e.g., UMTRI 2005�. Several variables are calculated from the
transverse profile of the road, the most obvious of them being the
rut depth. The extent and severity of cracking of the surface layer
can be expressed for individual types of cracking, or a combined
damage index can be used. In this paper, data for longitudinal
unevenness in terms of IRI �mm/m� is used to demonstrate the
methodology that is also applicable to other condition variables
measured and modeled for a road network.

For practical reasons, it may not be possible to measure the
entire road network each year. Various performance models,
which can be used for predicting road condition based on previ-
ous measurements, have been proposed �European Commission
1999; Jämsä 2000; Odoki and Kerali 2000�. The main question
that arises from these observations concerns the accuracy of the
measured and modeled road condition information. It is known
that a certain amount of variation arises from the measured con-
dition variables and that this variation affects the estimated dete-
rioration of the road and the accuracy of the predicted condition
information.

The focus of this paper is to examine the accuracy of measured
and modeled road condition information for strategic level eco-
nomic analysis. The specific objective of the research is to pro-
vide answers to the following questions:
1. How can measuring and modeling accuracy be calculated

and compared; and
2. When is measuring the current road condition beneficial

compared to modeling?
In the following section, the data set used in the analysis, and the
procedures for selecting it are outlined. This is followed by a
section that describes the methodology used in the modeling and
the estimation of the accuracy. The results are then tabulated and
this is followed by a cost–benefit analysis. The final section of
this presentation contains the summary and the conclusions of this
study.
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Data

Description of Data

The data set was drawn from the road condition data base of
Finnra �Finnish Road Administration�. For the purposes of this
study, data for roughness measurements �IRI, mm/m� was consid-
ered. The condition information stored in the Finnra data base is
based on 100-m sections. For the data set used in this paper, 3
consecutive years 2000–2002 were considered. All those 100-m
sections that had been measured in all 3 years 2000, 2001, and
2002 were selected for the analysis. Road sections with recorded
maintenance activities occurring between any two measurements
were excluded. Other criteria for excluding road sections from the
analysis are described in the following subsection. Finnra’s data
base covers the whole network of paved public roads in Finland,
which is approximately 50,000 km. Using these criteria, a data set
of 65,592 observations �6,559 km� was selected.

A logarithmic transformation was first applied to the measured
IRI values. The rationale for this, as will be shown later, is that
the use of logarithmic values allows direct consideration of the
relative accuracies of the measured and modeled values. Addi-
tionally, the assumptions of regression analysis are much better
represented by using logarithmic values. The empirical distribu-
tion of the IRI values and the values of the transformed logarith-
mic IRI for the data from year 2002 are shown in Fig. 1. The
statistics that describe the entire data set are shown in Table 1.
The median �50th percentile� value increases slightly in time,
which indicates deterioration of the road network. It can be noted
that the standard deviation also slightly increases in time. The
minimum and maximum values together with several percentile
points are shown in Table 1 as well.

It is quite clear that the distribution of IRI is by no means
normal. The distribution of the logarithmic IRI, however, is fairly
close to normal. The writers’ experience is that many road con-
dition variables exhibit similar behavior. They are, by definition,
assigned positive values only, and extremely high values are not
restricted. Even if some of the high values are caused by errors,
some of them depict actual road conditions. As a consequence,
the resulting distributions are positively skewed like the one for
IRI shown in Fig. 1�a�. The skewness of the distribution is illus-
trated by the skewness coefficient of IRI far greater than 0 �see
Table 1�. The skewness values for the logarithmic IRI are ap-
proximately 0.4, and the excess kurtosis is approximately 0.2.
Both values are much closer to 0 for the logarithmic values than
for the untransformed values, so it is better to use the logarithmic
values in the analysis.

Variation in Data and Exclusion of Odd Observations

Roughness is measured using vehicles participating in normal
traffic flow. A number of factors are known to affect the variation
in the data obtained from any single year. These factors are as
follows:
• The accuracy of the measurement equipment;
• The variability between different equipment of the same kind;
• The variation in the lateral position of the measurement ve-

hicle with the same operator;
• The variation in the lateral position between the operators;
• The conditions prevailing at the time of measurement; and
• The seasonal variation of the profile.
In addition to that, variation in the data in consecutive years is
caused by:

• The variation of the profile from year to year �deterioration�;
and

• Maintenance activities, some of which are not recorded.
Each vehicle has a certain measurement accuracy, which is de-
scribed by the variation of the measured values between repeated
runs along the same profile. This is due to the mechanics of the
measuring apparatus, and in a statistical model, it can be consid-
ered random. A random error also exists between vehicles driving
along exactly the same longitudinal profile. In practice, compari-
son of results from repeated runs using either the same or differ-
ent vehicles in practically the same conditions �weather, etc.� is
hampered by variation in the measured profile due to unavoidable
lateral wander of the vehicle. The effects of different sources of
variation have been studied in detail by Karamihas et al. �1999�,
who conclude that lateral wander is a major source of variation
between roughness measurements. In this study, the effect of
variation in the lateral position, both due to each operator and
among several operators, is assumed to be part of the random
variation.

The seasonal variation of the profile causes additional varia-
tion in the IRI values. The effect of the seasonal variation has not
been quantified in this study. Seasonal variation is assumed to be
negligible, and included in the general random variation, as all
measurements are conducted during the nonwinter period.

Fig. 1. Distribution of IRI �a� and natural logarithm of IRI �b� in
2002. Fitted normal curves are superimposed on histograms in order
to facilitate comparison of distributions.
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Karamihas et al. �1999� also conclude that seasonal variation in
measured roughness may be considerable, especially during the
winter months, but that it tends to average out in network-level
surveys.

Deterioration is the trend one is trying to capture using the
logarithmic regression model. The other factors of variation men-
tioned above cause variation around this trend. In this study,
variation due to these sources is considered random. Systematic
variation may exist between two pieces of equipment. However,
this should not be the case, since the quality assurance methodol-
ogy employed in collecting the data set ensures that such cases
are detected and appropriate corrective action taken.

In the data set used in this study, the contribution of each
factor to the total variation cannot be explicitly determined. How-
ever, based on annual quality control measurements covering
some 1–4% of the measurement program, the total variation can
be quantified. In the quality control measurements done in 2001
and 2002 �Hätälä and Ruotoistenmäki 2002�, a major requirement
was that in 90% of the cases, the absolute value of the difference
in the measured IRI value between any two measurements using
different vehicles within the same year should be less than
0.5 mm/m. The deterioration of IRI between 2 years’ measure-
ments should in principle be non-negative, but in the presence of
measurement errors an improvement of 0.5 mm/m in the mea-
sured IRI due to random variation could be allowed.

Previously it was noted that sections with recorded mainte-
nance actions were excluded from the data set. However, mainte-
nance work may actually have been carried out between any two
measurements, but not recorded in the data base. This causes
outliers in the data set so that a considerable decrease in the
measured roughness values exists for one or several consecutive
sections, even though the distribution of IRI shows that deterio-
ration generally takes place �Fig. 1 and Table 1�.

The writers wanted to eliminate the most obvious errors due to
unrecorded maintenance works from the data set, and the follow-
ing approach was adopted. Exclusion of single outliers, i.e., all

single observations that show an improvement of IRI greater
than 0.5 mm/m, would cause a serious truncation bias in the
data, �see Fig. 2�a��. This is undesirable and results in data that do
not conform to basic requirements of regression analysis. The
writers have therefore chosen to exclude only those measure-
ments for which any two or more consecutive 100-m sections
have a change in the measured IRI less than −0.5 mm/m between
any 2 years: IRI2002–IRI2001�−0.5, IRI2001–IRI2000�−0.5,
or IRI2002–IRI2000�−0.5. Fig. 2�b� shows the remaining data
after this operation. Obviously, the data are much less distorted
by this procedure when compared to the procedure shown in
Fig. 2�a�.

Methods

Modeling

The form of the linear regression model that predicts the logarith-
mic IRI value in a particular year �ln Y�, based on the previous
years’ logarithmic measurements �ln Xj , j=1,2 , . . . , p� is

ln Y = �0 + �1 ln X1 + �2 ln X2 + . . . + �k ln Xp + � �1�

where �0=regression constant; � j =regression coefficients of the
independent variables �j=1, 2 , . . . , p�; and �=error term. The ex-
pected value of error E���=0 and the variance of error is assumed
constant over the range of ln Xj �i.e., homoskedastic model�, but
no specific distribution is assumed for �.

In this study, the following regression models were
considered:

ln Y = �0 + �1 ln X2 + � �2a�

ln Y = �0 + �1 ln X1 + � �2b�

Table 1. Statistics of Data Set Used in Analysis

Statistics

Variable

IRI2000 IRI2001 IRI2002 ln�IRI2000� ln�IRI2001� ln�IRI2002�

Number of observations 65,592 65,592 65,592 65,592 65,592 65,592

Mean 1.50 1.55 1.62 0.335 0.365 0.404

Standard deviation 0.615 0.656 0.693 0.366 0.373 0.380

Skewness 1.892 2.052 1.932 0.404 0.428 0.415

Excess kurtosis 7.47 9.22 7.43 0.18 0.22 0.14

Minimum 0.47 0.44 0.47 −0.755 −0.821 −0.755

1st percentile 0.67 0.69 0.70 −0.400 −0.371 −0.357

5th percentile 0.80 0.82 0.85 −0.223 −0.198 −0.163

10th percentile 0.89 0.91 0.94 −0.117 −0.094 −0.062

20th percentile 1.02 1.04 1.08 0.020 0.039 0.077

30th percentile 1.13 1.16 1.20 0.122 0.148 0.182

40th percentile 1.24 1.28 1.32 0.215 0.247 0.278

50th percentile 1.36 1.40 1.46 0.307 0.336 0.378

60th percentile 1.49 1.54 1.61 0.399 0.432 0.476

70th percentile 1.66 1.72 1.79 0.507 0.542 0.582

80th percentile 1.89 1.96 2.05 0.637 0.673 0.718

90th percentile 2.27 2.36 2.49 0.820 0.859 0.912

95th percentile 2.66 2.78 2.93 0.978 1.022 1.075

99th percentile 3.61 3.80 3.98 1.284 1.335 1.381

Maximum 9.99 11.77 11.02 2.302 2.466 2.400
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ln Y = �0 + �1 ln X1 + �2 ln X2 + � �2c�

where ln Y =logarithmic IRI in year 2002 and ln X1 and ln X2 are
the one- and two-year-old logarithmic IRI measurements, respec-
tively. These models were developed primarily for establishing a
measure of modeling accuracy, and for this reason they were kept
as simple as possible. The accuracy of other regression models
with other explanatory variables can be evaluated using the meth-
odology presented in the following subsection.

To estimate the accuracy of the forecasted values, cross-
validation methods were used: The data set was randomly divided
into two parts of equal size �Fig. 3�. One half of the data set was
used for developing regression models that predict the condition
of a 100-m section in the year 2002 based on its measured con-
dition in the years 2000, 2001, or both. The identified models
were then tested using the other half of the data set, which was
not used for model determination. The residuals between the mea-
sured and predicted values were calculated to determine modeling
accuracy which was then compared with the accuracy of the
measurement.

Calculating Modeling Accuracy

When using any of Eqs. �2a� and �2b�, or �2c� to predict the
logarithmic IRI of a 100-m section based on previous years’ mea-
surements, uncertainty is associated with each individual predic-
tion. This uncertainty can be described by the standard deviation
estimate �sY� of the predicted values, which in the case of one
independent variable �Eqs. �2a� and �2b�� is �see, e.g., Pindyck
and Rubinfeld 1997�

sY = se�1 +
1

n
+

�ln x − ln x�2

SSx
�3�

where se=standard deviation estimate of the error term � in the
regression equation; n=number of observations, ln x=value of
the independent variable; ln x=sample mean of the independent
variable, and SSx=sum of squares of the independent variable
indicating the total variation of that variable. Furthermore,
SSx=�i=1

n �ln xi−ln x�2, where i indicates the observation.
In this case, the number of observations for one half of the

total data set is so large �n=32,796� that both of the latter terms
under the square root are close to zero. Therefore, the value of the
square root is close to unity and the standard deviation of the
predicted values can be estimated directly based on se, the stan-
dard deviation estimate of the error. The researchers found this
approximation to be correct to the fourth decimal.

The standard deviation estimate of the error �se in Eq. �3�� is
calculated from the residuals between the measured and predicted
values of the logarithmic IRI in the year 2002. The residuals
�ei, i=1,2 , . . . ,n� are calculated from the other half of the data set
not used for fitting the models as follows:

ei = ln yi − ln̂yi �4�

where ln yi=measured logarithmic IRI value for observation i in
2002; and ln̂ yi=predicted logarithmic IRI value for observation i
in 2002.

In short, the accuracy of modeling is considered based on the
standard deviation estimate of the predicted values �i.e., sY given
by Eq. �3��, and is approximated by the standard deviation se of
residuals ei from Eq. �4�. An analogous analysis is performed in
the case when there are 2 independent variables �Eq. �2c��, i.e.,
when the logarithmic IRI value in the year 2002 is predicted
based on the measured logarithmic IRI from both of the previous

Fig. 2. Scatter plots based on data from 2001 and 2002: �a� disre-
garded method of excluding any single observation with
IRI2002–IRI2001�−0.5; �b� adopted method of excluding
observations only when measurements from two or more consecutive
100 m sections exhibit IRI2002–IRI2001�−0.5

Fig. 3. Illustration of modeling and validation methodology
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2 years. The modeling accuracy is then compared with the stan-
dard deviation of the measured values of the logarithmic IRI,
calculated as explained in the next subsection.

Calculating Measurement Accuracy

Due to the extent of the whole measurement program �approxi-
mately 30,000 km annually� several �four or five, depending on
the year� measurement vehicles have been used for the production
of measurement data, so that each 100-m section is measured
once by one vehicle. The measurement accuracy is defined here
as the standard deviation of the measured logarithmic IRI values
per each 100-m section. Unfortunately, the accuracy of one mea-
surement is not known. However, using two or more vehicles to
measure the same 100-m sections, the standard deviation of a
measurement can be estimated.

As part of the data-production measurement process, quality
control measurements were taken using several vehicles. The
same vehicles that were used for the data production measure-
ments were also used for quality control measurements on 2,317
selected 100-m sections. In 829 of the 100-m sections, measure-
ments were obtained from three vehicles, while in 1,488 sections
they came from the use of two vehicles. Two or three measure-
ments were then taken, once with each vehicle, from each of the
2,317 quality control sections. �Hätälä and Ruotoistenmäki 2002�.
In this analysis, the variance of the logarithmic IRI values using
two or three vehicles was calculated for each quality control sec-
tion. The variances of the logarithmic IRI are assumed to be the
same for all vehicles measuring the same section, and the esti-
mated variance of an individual measurement �s2� is calculated as
the weighted average of the variances from all sections. The es-
timate of the measurement accuracy is thus

s =��
i=1

nc

�mi − 1�si
2

�
i=1

nc

�mi − 1�

�5�

where mi=number of vehicles measuring section i; si
2=variance

of measurements for section i; and nc=total number of sections in
control measurements. In this analysis, mi=2 or 3 and nc

=2,317.

Results of Modeling and Measurement Accuracy

The accuracy of the different models �Eqs. �3� and �4�� and the
measurement accuracy �Eq. �5�� are presented in Table 2. The
results indicate that the accuracy of the predicted road condition
is improved when based on the most recent measurements. Fur-

ther, the availability of measurements from 2 years improves the
accuracy of the predicted values. This indicates that previous
measurements do have their value in estimating the current road
condition. In general, the more information is available for esti-
mating the current road condition, the more accurate the estimate
is likely to be. This information may include more historical mea-
surements and road specific data.

The standard deviation of error is increased from 0.118 when
the logarithmic IRI is measured, to 0.168 when a prediction
model based on 2 year old measurements is used. The logarithmic
differences and the corresponding standard deviations can be in-
terpreted as percentages. Thus, in this case, the difference is 5.0%
units �0.168−0.118=0.050�. Similarly, the standard deviation of
error is increased to 0.156 �by 3.8% units� when a prediction
model over 1 year is used and to 0.147 �by 2.9% units� when the
model predicting the logarithmic IRI is based on the measured
logarithmic IRI from both of the previous 2 years.

It should be noted that the modeling error includes the mea-
surement error because modeling is also based on measurements.
The difference between the reported standard deviations can be
used as a measure of the excess error caused by modeling. The
excess errors calculated �2.9, 3.8, and 5.0%� are significantly
smaller than the actual measurement error �11.8%�.

The practical consequences of these results should be evalu-
ated by considering how the increased uncertainty in the input
affects the output of the decision-making process. The benefits of
the investment in the measurements should exceed the cost in
order to justify the investment. The benefits may include im-
proved accuracy of fund allocation and the use of data for other
purposes such as design and quality control of procured mainte-
nance works. The costs of wrong decisions due to the inaccuracy
of the condition data could also be quantified, and used as losses
or negative benefits in the analysis. The latter is the basis for the
following analysis.

Cost-Benefit Analysis

Having perfect information on the road condition, proper mainte-
nance decisions would always be made. However, all measure-
ments and models include some error. Deviation from the true
value of condition information leads to performing maintenance
activities either too early or too late. The loss that occurs from
variation of condition information can be quantified by using the
Taguchi method �Taguchi 1986�. It is generally accepted and
widely used in the quality control of industrial processes, and a
loss function is used for establishing a financial measure of the
user dissatisfaction with a product’s performance as it deviates
from a target value �see e.g., Terninko 1996�. In this particular
application of the method, the target value is the true condition of
the road, and user dissatisfaction is quantified in terms of road
agency loss due to premature maintenance and additional user
costs due to deferred maintenance actions. According to the Tagu-
chi loss function, the loss �L� increases according to a quadratic
curve as the measured value �Y� deviates from the target:

L�Y� = k�Y − T�2 �6�

The loss coefficient k=nominal value of loss when value Y devi-
ates by one unit from the target value T. The Taguchi loss func-
tion can be understood as the second-order Taylor series approxi-
mation of a function �Taguchi 1986�. Thus any function can be
approximated using the Taguchi loss function. The intuition be-
hind using a quadratic curve for depicting losses, rather than a

Table 2. Accuracy of Modeling and Measuring Roughness

Accuracy

Measurement
Regression model: Dependent variable ln�IRI2002�

Independent variables:

ln�IRI2000� ln�IRI2001�

ln�IRI2000�
and

ln�IRI2001�

Quality
control

measurements
in 2002

0.168 0.156 0.147 0.118
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linear relationship, is that the losses due to erroneous information
increase with an accelerating rate as one deviates further from the
target.

The expected loss can be decomposed into the following two
components:

E�L�Y�� = k�2 + k�� − T�2 �7�

where �=E�Y�=expected value of Y and �2=variance of Y. In
the context of this study, the measured and modeled logarithmic
values of the IRI are considered, and T=true logarithmic value of
roughness. Because the measurement vehicles have been cali-
brated, the measured values are considered unbiased, i.e., they are
correct in average. Similarly, the modeled values in regression
analysis are unbiased. Thus, in Eq. �7�, �=T. The expected loss
then simplifies to

E�L�Y�� = k�2 �8�

and the expected loss is proportional to the variance. Often the
loss from positive and negative errors can be different. In such
cases an asymmetric quadratic loss function can be used �Kackar
1985�

L�Y� = �k1�Y − T�2, if Y � T

k2�Y − T�2, if Y � T
	 �9�

Following similar arguments as before, and assuming a symmet-
ric probability distribution for the errors �e.g., normal distribu-
tion�, leads to the expected loss

E�L�Y�� = 1
2k1��2 + �� − T�2� + 1

2k2��2 + �� − T�2� �10�

= 1
2 �k1 + k2��2 �11�

The variance �2 is estimated by the error variances of the mea-
surements and the estimated models, respectively. By taking into
account the cost of measurement, the expected losses resulting
from each case can then be compared. The task remains to prop-
erly define the loss coefficients k1 and k2. The coefficient k1 rep-
resents the case when maintenance activity is performed too early
due to erroneous condition information, and the coefficient k2

when maintenance activity should have been carried out, but is
erroneously postponed. In the first case, all or part of the mainte-
nance cost is wasted. In the latter case, excessive road user costs
are incurred.

To determine the coefficients k1 and k2, one unit change in the
logarithmic IRI is calculated. On main road networks, such as the
data set used in this study, an IRI value of 1.0 �equivalent to
ln�IRI�=0� would be measured immediately after maintenance
activity has been performed. An IRI value of 2.7 �ln�IRI�
1� is a
maintenance threshold for such roads. Thus, the value of k1 is
defined as the cost of maintenance activity divided by its longev-
ity, which results in the annual maintenance cost. The annual cost
is calculated, because each year one is faced with the same ques-
tion whether to measure or to model the condition of the road
network. The additional user costs, due to deferred maintenance
actions, are also calculated per annum.

For example, if the cost of repaving is €35,000/km, and its
longevity is 10 years, then k1=€3,500/km. The coefficient
k2=€17,000/km represents the additional annual user costs due to
deferred maintenance for one kilometer of road with a traffic
volume of 10 000 vehicles/day. The cost of measuring IRI for the
data set used in this study was c=€17/km. The expected loss
according to Eq. �11� and Table 2 when measured IRI is used then
becomes �€/km�

E�L�Y�� = 1
2 �k1 + k2�s2 + c = 1

2 �3,500 + 17,000� · 0.1182 + 17 = 160

�12�

Similarly, when the model predicting the logarithmic IRI based
on the measured logarithmic IRI from 2 years is used, the ex-
pected loss is €221/km. The expected loss is €249/km when a
1-year old measurement is used for predicting the current condi-
tion and €289/km when a 2-year old measurement is used. These
values implicate that the road condition should be measured,
rather than predicted. However, the conclusion depends on the
relative accuracies of the measurement and the modeling, the cost
of measurement, and the coefficients k1 and k2. Modeling is more
profitable than measuring when the following inequality holds:

1
2 �k1 + k2�sY

2 �
1
2 �k1 + k2�s2 + c �13�

or

sY
2 − s2 �

2c

k1 + k2
�14�

In Eq. �14�, the terms that include costs have been reorganized to
the right side of the inequality to show the maximum difference in
the relative variances �i.e., squared relative accuracies� that favors
the modeled values to the measured values. Thus, according to the
Taguchi loss function approach, the decision to measure, or not to
measure, is based on the excess variance sY

2 −s2 caused by mod-
eling. By keeping other terms in Eq. �14� constant, a maximum
value of 0.125 �=12.5% � is found for modeling error, sY, which
makes modeling preferable to measuring. This yields an excess
error of 0.007 �=0.125−0.118�, or 0.7%. Such improvement in
the modeling accuracy could be achieved, e.g., by introducing
other explanatory variables in the model.

Summary and Conclusions

The condition of a road network is an essential input to mainte-
nance planning. The condition and the deterioration rate of the
road network are estimated using measurements and statistical
models, both of which include variation. In this paper, these ef-
fects were studied using a data set of IRI measurements from
3 years �2000–2002� drawn from the road condition data base of
the Finnra �Finnish Road Administration�. The measured IRI val-
ues were first transformed using logarithmic transformation. Two
particular questions were addressed: How can measuring and
modeling accuracy be calculated and compared? When is measur-
ing the current road condition beneficial compared to modeling?

The main findings of this study are as follows:
1. The measurement accuracy is defined as the variation of a

single measurement, and it can be quantified with the stan-
dard deviation of repeated observations using one or more
vehicles in similar conditions;

2. The modeling accuracy describes the uncertainty involved
with each individual prediction. This uncertainty can be de-
scribed by the standard deviation estimate sY of the predicted
values, which is approximated by the standard deviation se of
residuals ei in the regression model;

3. The standard deviation of the error in the logarithmic IRI
value is increased by 2.9–5.0% units, when a model is used
for predicting the current condition from the previous
2 years’ measurements instead of measuring it. The amount
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of increase in the standard deviation depends on the age of
the previous measurement and the corresponding model
used;

4. The modeling error includes the measurement error, and their
difference is the excess error caused by modeling. This was
found to be significantly smaller than the actual measurement
error;

5. To develop a method for calculating the modeling accuracy,
simple models that predicted roughness solely based on pre-
vious observations, were developed. The models indicate the
value of historical measurements in estimating the current
road condition. Generally, having more information, such as
road specific data on traffic and maintenance history, would
be likely to yield a better estimate of the current road condi-
tion. The accuracy of any regression model can be evaluated
using the presented methodology; and

6. The Taguchi loss function was applied to estimating the
losses incurred in the different cases. The decision of taking
new measurements depends on the relative accuracies of the
measurement and the modeling, the cost of measurement,
and the losses incurred to the road users and the maintaining
agency due to untimely maintenance.
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Notation

The following symbols are used in this paper:
c � cost of measurement �€/km�;

E�·� � expected value operator;
ei � residual of prediction for observation i;

k ,k1 ,k2 � cost coefficients;
L�Y� � Taguchi loss function;
ln Xj � independent variables �logarithms of measured

IRI in 2000 and 2001�;
ln x � measured value of independent variable ln X;
ln x � sample mean of independent variable ln X;
ln Y � dependent variable �logarithm of measured

IRI in 2002�;
ln yi � measured logarithmic IRI value for observation

i in 2002;
ln̂ yi � predicted logarithmic IRI value for observation

i in 2002;
mi � number of vehicles measuring section i;
n � number of observations in data set for model

determination and fitting;

nc � number of observations in control
measurements;

p � number of independent variables in regression;
SSx � sum of squares of independent variable;

s � standard deviation of measured logarithmic
IRI values;

se � standard deviation estimate of error term in
regression equation;

si
2 � variance of measurements for section i;

sY � standard deviation estimate of predicted
values;

� j � regression coefficient of independent variable
Xj;

�0 � regression constant;
� � error term in regression equation;
� � expected value of Y; and

�2 � variance of Y.
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 Original access matrix = A (Figure 2) A consistent solution (Figure 3) 
 To To 

From Node 0: Node 1: Node 2: Node 3: Node 0: Node 1: Node 2: Node 3: 
Node 0: 0 1 1 1 0 0 0 1 
Node 1: 1 0 1 0 0 0 1 0 
Node 2: 1 1 0 1 1 1 0 0 
Node 3: 1 0 1 0 0 0 1 0 

 A1 + A2 + A3 + A4 A1 + A2 + A3 + A4 
 To To 

From Node 0: Node 1: Node 2: Node 3: Node 0: Node 1: Node 2: Node 3: 
Node 0: 22 16 22 16 1 1 2 2 
Node 1: 16 14 16 14 2 2 3 1 
Node 2: 22 16 22 16 3 3 3 2 
Node 3: 16 14 16 14 2 2 3 1 
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 A consistent solution (Figure 6) 
 To 

From Node 0: Node 1: Node 2: Node 3: 
Node 0: 0 1 0 1 
Node 1: 1 0 1 0 
Node 2: 1 1 0 0 
Node 3: 0 0 1 0 

 A1 + A2 + A3 + A4 
 To 

From Node 0: Node 1: Node 2: Node 3: 
Node 0: 6 6 6 4 
Node 1: 8 8 6 4 
Node 2: 8 8 6 4 
Node 3: 4 4 4 2 
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Abstract

Summarising indices of road condition are used in road maintenance management for aggregating the vast amount of data and for

communication purposes. In this paper, a road condition rating based on factor analysis of measured road condition variables is

developed to calculate values for an existing or a new condition index. Three factors were extracted from road surface profile and

deflection measurements: structural factor, roughness factor and transversal unevenness factor. Factor scores are calculated as the mean

of the standardised values of log-transformed variables in each factor. Condition rating, calculated as the weighted sum of the factor

scores, is used for maintenance policy evaluation.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Strategic level; Decision making; Road maintenance; Road condition; Summarising indices; Factor analysis; Policy evaluation

1. Introduction and objectives

Many road agencies collect a large number of road
condition variables from their network into their data-
bases. The different variables indicate various aspects of
road condition. For example, the longitudinal and
transversal surface profiles are most often measured using
the road surface monitoring (RSM) vehicle based on laser
technology. The different surface distresses are monitored
visually or using automated image collection and inter-
pretation techniques. The properties of the road structure
and the subgrade can be deduced from surface deflections
measured using the falling weight deflectometer (FWD)
and measurements done using the ground penetrating
radar (GPR). For strategic-level decision-making in road
maintenance management, the condition of the road
network has to be described using indicators that
summarise the vast information obtained from measure-
ments (Hudson et al., 1997).

The most famous and widely used summarising indices
include the pavement condition index (PCI) and the
present serviceability index (PSI). The PCI of a road in
excellent condition is 100, and the severity and extent of
various defects reduce the PCI to a minimum of 0 (Hudson
et al., 1997; FAA, 1982; Shahin and Walter, 1990). The PSI
reflects the user rating of ride quality on a scale from 5
(excellent) to 0 (poor), and it is estimated from the
measured condition variables using regression equations
(AASHO, 1962). For example, in the German road
management system, a rating based on the measured
condition variables is calculated as a weighted overall index
ranging from 1 (excellent) to 5 (poor) (see e.g. Elchlepp and
Heller, 2004).
However, in the Finnish road maintenance management

context, overall indices of road condition have rarely been
used. This may partly be due to unfamiliarity with such
indices within the Finnish road community. A classification
of infrastructure condition into five categories from 5
(excellent) to 1 (poor) is proposed in a recent Finnish study
(Finnra, 2005), where a standardised level-of-service scale
for the condition of the road assets based on the measured
condition indicators is presented.
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The problem with many of the existing practices for
deriving summarising condition index values is that they
require identical information from all roads in considera-
tion. The objective of this paper is to present a flexible
condition rating system for presenting the overall condition
of a road network and comparing different roads and sub-
networks, based on a number of measured road condition
variables. The objective is also to introduce a tool for using
road network condition as an input to strategic-level
decision-making. These objectives are achieved by means
of factor analysis that considers the various aspects of road
condition and combines them into an overall condition
rating. This rating is further used as an input to a simplified
evaluation method of maintenance policies. This method
relates the various maintenance policies to their resulting
condition distributions during a selected analysis period.
Although the specific application presented here is road
maintenance management, the proposed method is suitable
for assessing the overall condition of any asset based on a
number of observed variables.

The benefit from using the proposed condition rating is
that, once calibrated, it can be used for estimating index
values from road condition measurements for an existing
or a new condition index. Furthermore, any number of
condition variables available from a road can be used for
calculating this rating. The resulting indices from two
roads are also directly comparable, even when different
condition variables have been measured on different roads.

The principles of the analysis method and the results are
explained in Section 2 of this paper. The calculation of a
condition rating based on the factor analysis is explained in
Section 3 and the selection of the data set used in this study
is described in Section 4 of this paper. The results are
discussed and the use of the proposed method is then
illustrated in Section 5. The derived condition rating
system is applied to maintenance policy evaluation which
is presented in Section 6. The main findings and limitations
of the study together with recommendations for imple-
mentation of the results are summarised in Section 7.

2. Factor analysis of road condition data

2.1. Approach and short review on previous studies

Factor analysis is a multivariate data analysis method,
which summarises the vast information conveyed by a large
number of observed variables. The factors—less in number
than the original variables—describe the more general
properties of the object of research, in this case the road.
These properties are latent, i.e. they are usually not directly
measurable. For example, the structural capacity of the
road cannot be directly measured. Instead, surface deflec-
tions, measured using the FWD, are taken to describe the
structural capacity of the road. In this paper, the
calculation method has been explained to the extent that
it gives the reader an understanding of the results. For a
complete explanation of the method, the reader is referred

to textbooks such as Cureton and D’Agostino (1983), or
Hair et al. (1998).
Factor analysis has been applied to road condition

measurements at least by Hajek and Haas (1987), Talvitie
and Olsonen (1988), Ramaswamy and McNeil (1991) and
Kyyrä (1992). Hajek and Haas use cracking data from
Ontario, with 15 pavement surface distress types aggre-
gated to five general dimensions of surface cracking using
factor analysis techniques. Unfortunately, as will be further
discussed in Section 4, the cracking variables from visual
survey could not be clearly interpreted in this study, neither
as a distinct factor nor as part of any other of the derived
factors.
Talvitie and Olsonen used factor analysis to find general

dimensions of road condition for use in a network-level
pavement management system. Based on their work, four
condition indicators have traditionally been used by the
Finnish Road Administration (Finnra): International
Roughness Index (IRI), rut depth, bearing capacity (or
later bearing capacity ratio) and cracking index. Kyyrä
found the same factors that describe road condition, except
that for bearing capacity, she derived two factors: bearing
capacity of the road structure, and that of the subgrade.
Ramaswamy and McNeil derive one- and two-factor

models from the measured rut depth, slope variance and
cracking variables and compare the results with the PSI.
The difference of this work to that of Ramaswamy’s and
McNeil’s—and other previous works referred to in this
section—is that the factors are derived separately, so that
the measured condition variables are each included to only
one factor. Furthermore, the results of the factor analysis
are used for establishing a condition rating, whose use in
evaluating alternative maintenance policies is demon-
strated in Section 6.

2.2. Measurement model

The measurement model gives factor loadings that relate
the factors with the original variables according to:

xi ¼
Xk

j¼1

lijF j ¼ li1F 1 þ li2F 2 þ � � � þ likF k,

i ¼ 1; 2; . . . ; n, ð1Þ

where xi refers to original variable i, lij is the loading of the
variable i on factor j, Fj is factor j, n is the number of
original variables and k is the number of factors, with kon.
First, an exploratory factor analysis (starting with

correlation matrix using principal component factoring)
was carried out to unveil the factors in the data set. Three
factors with eigenvalue greater than one were extracted and
a Varimax rotation was applied. Eigenvalue describes the
amount of variation in the original data that a factor
explains, and values greater than one imply that a factor
explains the variation in the original data better than an
original variable in average. The derived factors are rotated
in the variable space in order to find a solution where the
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original variables have high loadings on the factors.
Varimax rotation aims at a result where each of the
original variables has a high loading on exactly one factor.
The resulting factors are orthogonal, which means that
they are uncorrelated. The factors can be interpreted and
named based on the variables with high loadings on the
factors. For example, if the variables calculated from the
longitudinal profile load on the same factor, this factor can
be interpreted as a roughness factor.

The analysis was continued with a confirmatory factor
analysis, where the factors found in the exploratory
analysis were extracted, one at a time, from the data set
using only the variables chosen to represent that factor.
In this method, no rotation is necessary, as maximum
loadings on each factor are immediately found. The
resulting measurement models from the confirma-
tory analysis with the final factor loadings are shown in
Table 1, where names are given to the factors, based on the
variables included in each factor.

Mäenpää et al. (2006) use an approach related to the one
used in this paper for analysing the behaviour of internet
bank customers. They found distinct dimensions in the
behaviour of more hedonic and less hedonic consumers.
The results can be applied when developing internet
banking services to key target groups of customers. In
parallel, this approach allows consideration of distinct

aspects of road condition separately. The results from the
confirmatory analysis are further used in developing the
condition rating.
A logarithmic transformation was applied to the

variables, as will be further discussed in Section 4, where
the data set used in this study is described.
It is seen, that the factors have meaningful and coherent

interpretations. All the deflections, measured using the
FWD, have high loadings on one factor, which is thus
named structural factor. The IRI and the various root
mean squares (RMS) in the wavelength area used for
calculating the IRI have high loadings on one factor named
roughness factor.
The variables describing the transversal profile of the

road have high loadings on one factor named transversal
unevenness factor. The variables are rut depth, average
ridge height, transversal unevenness and maximum devia-
tion. On the main roads in Finland, the major deterioration
mechanism is rutting of bituminous layers due to heavy
traffic and studded tyres. On minor roads, the transversal
profile is distorted due to deterioration of both the road
structure and the subgrade. This is seen in increased values
of ridge height, transversal unevenness and maximum
deviation.
Unlike the original Varimax rotated factors, the final

factors are correlated with each other; the correlations are
shown in Table 2. The correlations are fairly small, except
for the one between roughness factor and transversal
unevenness factor. A closer look at the correlations
between the logarithmic transformations of the original
variables revealed that several of the variables in the
roughness and transversal unevenness factors have fairly
high correlations with each other. This is natural, since
especially minor roads with distorted transversal profile
also have high roughness values. It is also worth noting
that this correlation of 0.63 implies a value of coefficient of
determination of 0.4 (R2), which is fairly high, but is
usually not considered to show strong explanatory power.
The two factors can thus be considered separately.

2.3. Calculating factor scores

The factor scores Zj of the factors Fj can be used as new
variables in further analysis, and they are calculated from
the values of the original variables using least-squares

ARTICLE IN PRESS

Table 1

Measurement models with the corresponding factor loadings

Factor Variablesa Factor

loadings

1. Structural

factor

D0_T ¼ temperature-corrected deflection

under the loading plate

0.860

D20_T ¼ temperature-corrected deflection

200mm from the loading plate

0.942

D30_T ¼ temperature-corrected deflection

300mm from the loading plate

0.982

D45_T ¼ temperature-corrected deflection

450mm from the loading plate

0.993

D60_T ¼ temperature-corrected deflection

600mm from the loading plate

0.982

D90_T ¼ temperature-corrected deflection

900mm from the loading plate

0.939

D120_T ¼ temperature-corrected

deflection 1200mm from the loading plate

0.883

2.

Roughness

factor

IRI 0.972

Root mean square (RMS) of the surface

profile with 0.5–1m wave length, outer

wheel path

0.821

RMS 1–3m wave length, outer wheel path 0.944

RMS 3–10m wave length, outer wheel

path

0.924

RMS 10–30m wave length, outer wheel

path

0.655

3.

Transversal

unevenness

factor

Rut depth 0.957

Average of transversal unevenness 0.930

Average of ridge value 0.819

Average of maximum deviation 0.708

aAll the variables have been transformed using logarithmic transformation.

Table 2

Correlations between factors

1. Structural

factor

2. Roughness

factor

3. Transversal

unevenness

factor

1. Structural factor

2. Roughness

factor

0.160

3. Transversal

unevenness factor

0.146 0.630

A. Ruotoistenmäki, T. Seppälä / Transport Policy 14 (2007) 410–420412



estimation:

Zj ¼
Xn

i¼1

bijxi ¼ b1jx1 þ b2jx2 þ � � � þ bnjxn; j ¼ 1; 2; . . . ; k,

(2)

where bij is the least-square estimator of the weight of the
factor j on variable i; bij is set to 0, if variable i is not
included in factor j. Kyyrä (1992) developed equations for
calculating factor scores from measured condition vari-
ables. They are, however, rather complex for practical use.
Also, the exact values of factor weights vary between data
sets. For using the measured road condition as the basis for
a condition rating, a simplified approach was to be found
for the calculation of factor scores.

As can be seen from the values in Table 1, most of the
factor loadings from Eq. (1) within each factor are fairly
close to each other. It can be shown that in such a case, the
coefficients bij in Eq. (2) can be approximated as the mean
of the standardised variables in factor j; this implies that
the coefficients within one factor are approximately equal,
i.e.

bij ¼
1

nj

, (3)

where nj is the number of variables in factor j. Thus, all the
variables in one factor have equal importance when
determining that factor score, and bring their share of
information of the corresponding factor score. If some
variables are not available, the factor scores can still be
calculated from the remaining variables by adjusting the
number of factors nj in Eq. (3). It is desirable to use as
many variables as possible: the more variables there are,
the more reliable are the estimates of the road asset
condition.

3. Road condition rating

In this study, a condition rating was constituted by
assigning relative weights to each of the factors. The factor
scores were first calculated from the original variables
using Eqs. (2) and (3), and then the condition rating (CR)
was calculated as the weighted sum of the factor scores
from

CR ¼
Xk

j¼1

wjZj, (4)

where wj is the relative weight of the factor j, Zj is the factor
score for factor j and k is the number of factors.

The original variables, xi, have different scales. To allow
for the comparison and summation of the different
variables, the standardised values of the log-transformed
variables, zi, are calculated using

zi ¼
xi � x̄i

si

, (5)

where x̄i is the sample mean of log-transformed variable i

and si is the sample standard deviation of log-transformed
variable i.
The condition rating assigns each road section a single

value which describes the overall condition of that section.
The variables included in the analysis are such that the
greater the value of the variable, the worse is the road
condition. Therefore, the greater the value of the condition
rating, the worse the road condition. There are no
theoretical limits to rating values, thus the scale extends
from N (poor) to �N (excellent). For practical purposes,
the rating values need to be transformed into a finite scale,
and depending on the application, divided into categories.
The relative weights of the factors, wj, can be defined, for

example, based on expert opinions, which is a common
approach. Another alternative would be to use information
of the factor eigenvalues, as a higher eigenvalue refers to a
factor with a larger share of the total variance of the road
condition. It is beyond the scope of this study to define a
condition index for any specific road administration. For
this reason, equal weights have been assigned to all factors
in order to demonstrate the use of the factors in a condition
rating. The relative weights are scaled to sum to unity. Any
administration wishing to employ this method has to define
weights appropriate to its specific network and the
objectives of the management process.

4. Description of the data set

A data set was drawn from the road condition database
of the Finnra. The condition data in the database is stored
in 100-m sections. The database covers the whole network
of paved public roads in Finland, with a road length of
approximately 50,000 km. The condition measurements
done in 2003 were used for this analysis. A total of
33,685 lane-km of measurements using the RSM vehicle
were done, yielding variables on the longitudinal and the
transversal profile of the road. Surface deflections were
measured with the FWD on 4042 km of road using 100m
longitudinal spacing. The purpose of this study was to find
dimensions of road condition based on various condition
variables. Therefore, those road sections, where both RSM
and FWD measurements were done in 2003, in total
1411.6 km, were selected for the analysis, resulting in
14,416 observations.
The main roads are measured using the RSM vehicle

every year, whereas the secondary roads are measured
every 1–3 years. The FWD measurements were at that time
generally done in the year following maintenance work.
The RSM and FWD measurements were done between
June and September. The FWD measurements are
concentrated on the low-volume part of the network, thus
the distribution of traffic in the data set used in this
analysis is somewhat different from that of the whole
network. Yet, a comparison of distributions of IRI and
deflection between the data set and the latest measure-
ment from the whole network revealed no substantial
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differences. The data set used in this study can thus be
taken as representative of the Finnish paved road network.

A visual examination of the distributions of the original
variables reveals that they are not normally distributed.
The logarithmic transformations of most variables follow
normal distribution more closely than the original values.
This is illustrated by the distribution of IRI-values and the
values of the natural logarithm of IRI in the data set, as
shown in Fig. 1. The statistics (mean, Standard deviation,
skewness, excess kurtosis, minimum and maximum values

and a number of percentile points) of all variables used in
the analysis, after logarithmic transformation, are shown
in Table 3.
It is clearly seen, that the distribution of IRI is not

normal, whereas the distribution of the logarithmic IRI is
fairly close to normal. Most road condition variables are,
by definition, assigned positive values only, and extremely
high values are not restricted. As a consequence, the
resulting distributions are right-skewed like the one for IRI
shown in Fig. 1a. The skewness of the distribution is also
illustrated by the skewness coefficient deviating from 0.
The skewness coefficient of the original IRI values is 1.974,
whereas the skewness coefficient for the logarithmic IRI
values is 0.417. This together with excess kurtosis close to 0
for the logarithmic IRI values indicates that the log-
transformed values follow the normal distribution more
closely than the original values, as can be seen in Fig. 1b.
Unfortunately, for many of the log-transformed deflection
values, especially those at 300, 450 and 600mm from the
loading plate, the excess kurtosis values deviate from 0 (see
Table 3). However, the distribution of condition variables
is closer to the normal distribution after the logarithmic
transformation than without the transformation.
In addition, the logarithmic transformation is among the

simplest transformations applicable to most road condition
variables. Its use also facilitates the consideration of the
measuring accuracy, defined by Ruotoistenmäki et al.
(2006) as the variation of repeated log-transformed
observations. It is the authors’ conclusion to treat road
condition variables as log-normally distributed for the
purpose of deriving a condition classification based on the
results of the factor analysis.
Certain longitudinal surface profile variables and vari-

ables from visual distress survey were excluded from the
analysis. The RMS of the longitudinal profile of the road
with wavelengths less than 500mm correlate well with
variables describing the road surface texture. However, the
surface texture variables reflect both desirable and un-
desirable properties of the road surface. Unevenness with
short wavelength provides sufficient friction for safe ride,
but in the same time it is the cause of noise and tyre wear
(Chavet et al., 1987). Therefore, longitudinal unevenness
with wavelength less than 500mm is not used for
determining the condition rating in this study. However,
the inclusion of surface texture variables in the condition
classification should be further investigated.
Road surface distresses indicate problems in the road

structure or subgrade, and should therefore be of interest in
a condition classification. Data on surface distress has
indeed been collected at network level using visual survey.
However, when the distress variables retained in the
database were included in the data set used in this analysis,
no satisfactory interpretation could be found. The dis-
tress variables had loadings on several factors instead
of one factor that could be called a distress factor. The
loadings on other factors together with road surface
profile and deflection variables could not be given logical
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Fig. 1. Distribution of IRI (a) and the natural logarithm of IRI (b) in the

data set. Fitted normal curves are superimposed on the histograms in

order to facilitate comparison of the distributions.
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interpretation either. This may be due to large variation in
the distress data from visual survey. Also, the identification
of the types of distress may contribute to this effect, e.g.
one investigator classifies certain distress as alligator
cracking while another classifies it as several longitudinal
cracks. It is the authors’ anticipation that when distress
data with less variation is obtained using automated image
collection and interpretation techniques, the inclusion of
distress data in the factor analysis and subsequent
condition classification will become more meaningful.

5. Condition classification

Calculating the condition rating of a road section is
demonstrated using the data set where the factors were
extracted from. The factor scores are calculated from the
standardised values of condition variables, and the condi-
tion rating value is calculated as a weighted sum of the
factor scores. In this case, equal weight is given to all
factors, and the resulting condition distribution is shown in
Fig. 2a. Smaller values represent better condition, as
explained in Section 3. In Fig. 2b, the condition rating
has been divided into five categories, each one standard
deviation wide, and the x-axis values as group midpoints.
In road maintenance management applications, the condi-
tion rating values need to be adjusted with the management
objectives and the observed ride quality. This can be
achieved, for example, using driver panels.

In the absence of some of the measurements on some of
the road sections in the network, a condition rating value
can still be calculated for all sections of the network using
the existing measurement data, and the calculated rating
values from different road sections are comparable. In case
some of the factors are completely left out from the
calculation of a condition rating for a road section,
the weight of that factor has to be divided among the
remaining factors so that their weights sum to unity
(the wj’s in Eq. 4).

This is illustrated in Fig. 3, where the best category is
assigned a value of 5, whereas the worst category is
assigned a value of 1, and 3 represents average condition.
The scaling from 1 (poor) to 5 (excellent) is consistent with
the condition classification used by the Finnish Road
Administration (Finnra, 2005). The dark columns indicate
the situation where all available variables are used for
calculating the condition category, as in Fig. 2. The white
columns indicate the situation where some of the variables
are missing for some of the road sections as follows: for
approximately one-third of roads in the database condition
category was calculated only based on the roughness
factor, and the associated variables. For another one-third
of roads, the condition category was calculated based on
the roughness and transversal unevenness factors, and the
associated variables. The condition category for the last
one-third of roads was calculated from all available
variables. Entire roads were selected into each group, in
order to retain the autocorrelation structure in the original

data set. Roughly, the same number of 100-m sections from
all road classes and geographical locations were selected
into all three groups.
From Fig. 3 it is seen that when more information is

used for determining the condition category of the 100-m
sections, the distribution of condition categories is centred
so that the number of sections in average condition
(category 3) increases, whereas the number of sections in
all other categories decreases. Furthermore, the category
improves or worsens for roughly the same amount of

ARTICLE IN PRESS

Fig. 2. Example of the condition rating distribution (a) and condition

categories (b) based on the data used in factor analysis. Smaller values

represent better condition. Fitted normal curves are superimposed on the

histograms in order to facilitate comparison of the distributions.
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sections. In a large data set, averaging across a large
number of variables tends to decrease the variance of a
summarising index, which consists of two parts—one due
to the variances of the original variables and other due to
the covariances (correlations in the case of standardised
variables) between the original variables. As the number of
variables increases, the first part approaches 0, whereas the
latter part approaches the average pair-wise covariance
(correlation) between the variables.

In this paper, a fixed section length of 100m is used,
because that is how the Finnra’s road database is
organised. Other fixed lengths can naturally be used, and
the condition rating can be calculated for sections with
varying lengths as well. Condition ratings for sections with
equal length are directly comparable. For many widely
used condition variables, such as the IRI and rut depth, the
reporting length affects the variation in that variable.
Therefore, in the case of sections that vary in length, an
adjustment to account for the different variation needs to
be made when calculating the condition rating. However,
the approach is not further elaborated in this context.

6. Policy evaluation

Finding the optimal condition distribution of the road
assets and the annual funding needs for reaching this
optimal condition are the goals of road maintenance
management at strategic level. The condition classification
developed in the previous sections is here used as an input
to a simplified policy evaluation method which relates the
maintenance expenditure of various policies to benefits
defined by the resulting condition distributions over a
selected analysis period. The method is fully elaborated in
Ruotoistenmäki (2007), and used here for illustration
purposes.

The probability distribution of road network’s condition
categories in year t is represented by vector Xt. Markovian
transition probability matrix P is used for multiplying the
condition distribution in year t to find the condition
distribution in the following year t+1 (see e.g. Heyman
and Sobel, 1982):

X tþ1 ¼ PTX t, (6)

where T denotes the transpose of a matrix. The transition
probability matrix P is divided into two parts—the first
indicating the effect of maintenance works, and the latter
the deterioration. The elements of the transition prob-
ability matrix are calculated as follows:

Pij ¼ ai;tMij þ ð1� ai;tÞDij, (7)

where Mij is the element of the maintenance effect matrix
indicating the transition probabilities due to maintenance,
Dij the element of the deterioration matrix indicating the
transition probabilities due to deterioration, and ai,t is the
share of road assets in category i that are maintained in
year t (0pai,tp1). Furthermore, it is assumed that a policy
is kept unchanged during the analysis period, thus ai,t is
constant for all years t in each condition category i. The
elements of the deterioration matrix Dij and maintenance
effects matrix Mij indicate the proportion of 100-m sections
that move from category i in year t to category j in year
t+1. The elements of the deterioration matrix were
estimated from the data set used in this study; the squared
difference between the predicted and the observed dis-
tributions of condition category and age were minimised in
a spreadsheet application. The maintenance effects matrix
was constructed based on experience.
The distributions are derived from the 100-m data, which

is the shortest section length in this data set, therefore the
predicted deterioration is that of the 100-m sections.
Condition categories could be calculated for longer road
sections than 100m, but that would decrease the variability
of the condition between the sections, and the knowledge
of the localised road conditions would be more uncertain.
Maintenance cost is assigned to each condition category,

and the total maintenance cost in year t is calculated as

Ct ¼ N
Xm

i¼1

xi;tai;tci;t, (8)

where N is the extent of the network, m the number of
condition categories, xi,t the share of roads in condition
category i in year t and ci,t is the maintenance cost in
condition category i in year t. The decision variables in the
calculation method are the elements ai,t in Eqs. (7) and (8).
The model was tested in a spreadsheet application, where
the decision variables are typed on-screen, and the outcome
can be evaluated instantly.
The time frame for the analysis can be selected freely, but

it is not reasonable to increase the length of the period too
much, as the uncertainty in the analysis increases, thus
making the results less useful. The length of a planning
period for a road agency is typically 5 years, which is also
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Fig. 3. Example of calculating the condition category based on different

variables from different roads. In the white columns, for roughly one-third

of roads only variables from the longitudinal profile are used, for another

one-third of roads variables from the longitudinal and transversal profile

are used, and for the last one-third, all variables, including the measured

deflections are used.
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used in this analysis. Eq. (6) is applied five times from year
t to year t+5, and the resulting condition distribution Xt+5

is used for the comparison of maintenance policies. The
average maintenance cost over the analysis period is
calculated.

Two policies are compared, preserving the current
condition (Alt 0) and a preventive maintenance policy
(Alt 1). Both policies are considered for two traffic
categories separately, average daily traffic (ADT)4500
vehicles per day and ADTp500 vehicles per day. Dividing
the original network of 1441 km at ADT ¼ 500 vehicles per
day results in two sub-networks of fairly equal size (638
and 803 km), whose results are combined for the compar-
ison of policies.

The preservation policy is achieved by minimising the
sum of squared differences between the initial condition
distribution and the condition distributions in each year of
the analysis period. This is done using spreadsheet
optimisation tools and results in a solution where part of
the roads in the two worst categories is maintained. The
preventive policy is one where additionally some of the
roads in the best three condition categories are maintained.
This policy prevents the condition distribution of road
network from deteriorating too fast and reduces main-
tenance needs, as maintenance is less expensive in good
condition than in poor condition.

The resulting maintenance budgets (annual sum from the
two sub-networks averaged over the 5-year analysis period)
are Mh 2.91 for preserving the current condition and Mh

3.45 for the preventive maintenance policy. Thus, the cost
of the preventive maintenance policy is 19% higher than
that of the preservation policy. A common result is that a
preventive policy is less expensive to carry out than a
preserving policy. However, this result depends on the
probability distribution of the condition of the sub-
networks.

Fortunately enough, in favour of the preventive policy,
also the benefits are higher, as is clearly seen from the
resulting condition distributions at the end of the 5-year
analysis period shown in Fig. 4, where the condition
distributions of the two sub-networks are combined into
one distribution.

It is difficult to directly determine how much higher the
benefits are when they are defined as the improvement of
the condition distribution. The road user benefits from the
improved condition could be calculated, as is a common
practice in full socio-economic cost–benefit analysis of road
maintenance. However, the presented calculation method
is kept as simple as possible. This enables the analysis also
for those road assets where the user benefits are difficult, if
not impossible to determine, such as relatively low-volume
paved roads like the data set of this study, bridges and
gravel roads. The selected approach is a practical tool for
finding an appropriate maintenance policy especially when
target for condition distribution has been set elsewhere.
It is seen that differences in distributions between the

current condition and the preservation policy exist. This is
most likely due to the simplifications in the model; for
example, if different values were assigned for the decision
variables ai,t in different years of the analysis period, the
spreadsheet optimisation technique might find a solution
with a closer match of the initial condition distribution and
the resulting condition distribution at the end of the
analysis period. However, the original purpose of this
method is to simplify analysis from full optimisation; thus
the approach is kept as simple as possible.
From the resulting values of the decision variables of ai,t

from this simple analysis it can also be concluded that the
average time between maintenance works is 14 years for the
preventive maintenance policy, but more than 25 years for
the alternative of preserving the current condition. Thus,
the preventive maintenance policy better represents a
sustainable maintenance policy of the compared two
alternatives.

7. Conclusions

In this study, three distinct factors describing road
condition were extracted from a data set of 14,416
observations of 100-m road sections with road surface
profile and deflection measurements: structural factor,
roughness factor and transversal unevenness factor. The
factors are essentially the same as found in previous studies
of Talvitie and Olsonen (1988) and Kyyrä (1992), except
that the data on road surface cracking did not yield
satisfactory results in this analysis.
A road condition rating is calculated as a weighted sum

of factor scores. This rating can be calibrated for
estimating an existing or a new road condition index,
which is used for describing the overall condition of a road
network and as an input to the strategic-level decision-
making in road maintenance management.
The main conclusions and expected benefits of this study

are:

� The proposed condition rating is easily applicable for
estimating condition index values from the available
road condition variables. The factor scores are calcu-
lated as the average of the standardised variables in each
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factor. In this way, the structural factor, for example,
can be calculated from any number of measured
deflections, and a different number of measured deflec-
tions for different road sections.
� In the absence of the deflection or surface profile

measurements, a condition rating value can be calcu-
lated using the existing measurements, and the calcu-
lated rating values for different road sections are still
comparable with each other.
� The condition rating can be used for evaluating the

benefits of maintenance policies in a management
system. This is demonstrated by using a simple model
that relates the budgets of various policies to their
resulting condition distribution defined by this rating.
The results emphasise the benefits of a preventive
maintenance policy.

General conclusions include:

� The log-transformed values of the variables follow the
normal distribution more closely than the original
variables.
� The reporting lengths of the variables, such as the IRI and

rut depth, affect the amount of variation in that variable.
In this paper, a fixed section length of 100m is used. If
sections that vary in length are to be used, an adjustment
to account for the different variation will have to be
developed for the calculation of the condition rating.

The limitations of this study, for consideration in further
work, are:

� Variables describing surface texture are not included in the
current analysis since they reflect both desirable (friction)
and undesirable properties (noise and tyre wear) of the
road surface. However, it is recommended that their
inclusion in the condition rating be further studied.
� Possibly due to large variation in the results from visual

survey, the distress variables did not yield satisfactory
interpretation in the factor analysis. Therefore, they
were left out of the final analysis. Data with improved
accuracy, e.g. from automated distress survey, should
enable the inclusion of distress data in the factor
analysis and the subsequent condition rating.

The recommendations for implementation of the results
of this study are:

� If the database of the network under consideration contains
variables not included in this study, factor analysis using all
the available variables should be run to find the relevant
factors that describe the different aspects of road condition.
An optimal number of variables and factors ought to be
found that conveys all relevant information from the road
network into the summarising index.
� Appropriate weights for the different factors are to be

defined, based on the properties of the network under

consideration and the objectives of the management
process.
� The condition rating values need to be adjusted with the

observed ride quality and management objectives, e.g.
using driver panels.
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Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.85 0.15 0 0 0
4 0 0.965 0.035 0 0
3 0 0 0.98 0.02 0
2 0 0 0 0.94 0.06
1 0 0 0 0 1 �
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Discontinuous PCC bridges on salted roads

Total bridge deck area 517 742 m2

Current condition

Category 5 4 3 2 1
% in each category 13.8 % 59.3 % 24.3 % 2.3 % 0.2 %

Deterioration model

Transition probability matrix
Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.85 0.15 0 0 0
4 0 0.965 0.035 0 0
3 0 0 0.98 0.02 0
2 0 0 0 0.94 0.06
1 0 0 0 0 1

Maintenance effects models

Rehabilitation

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.00 0.00 0.00 0.00 0.00
4 0.00 1.00 0.00 0.00 0.00
3 0.10 0.90 0.00 0.00 0.00
2 0.00 0.90 0.10 0.00 0.00
1 0.00 0.70 0.30 0.00 0.00

Reconstruction

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 1.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 1.0000 0.0000 0.0000
2 1.0000 0.0000 0.0000 0.0000 0.0000
1 1.0000 0.0000 0.0000 0.0000 0.0000

Cost models

Cost €/m2
Maintenance action

Condition category
Routine Rehab Reconst
maint.

5 3
4 3
3 3 350
2 3 450 1300
1 500 1300
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Continuous PCC bridges on salted roads

Total bridge deck area 831 070 m2

Current condition

Category 5 4 3 2 1
% in each category 8.0 % 57.0 % 27.0 % 6.0 % 1.0 %

Deterioration model

Transition probability matrix
Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.85 0.15 0 0 0
4 0 0.965 0.035 0 0
3 0 0 0.98 0.02 0
2 0 0 0 0.94 0.06
1 0 0 0 0 1

Maintenance effects models

Rehabilitation

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.00 0.00 0.00 0.00 0.00
4 0.00 1.00 0.00 0.00 0.00
3 0.10 0.90 0.00 0.00 0.00
2 0.00 0.85 0.15 0.00 0.00
1 0.00 0.70 0.30 0.00 0.00

Reconstruction

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 1.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 1.0000 0.0000 0.0000
2 1.0000 0.0000 0.0000 0.0000 0.0000
1 1.0000 0.0000 0.0000 0.0000 0.0000

Cost models

Cost €/m2
Maintenance action

Condition category
Routine Rehab Reconst
maint.

5 3
4 3
3 3 350
2 3 450 1300
1 650 1300
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PCC bridges on unsalted roads

Total bridge deck area 890 600 m2

Current condition

Category 5 4 3 2 1
% in each category 6.0 % 61.0 % 28.0 % 5.0 % 0.0 %

Deterioration model

Transition probability matrix
Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.86 0.14 0 0 0
4 0 0.975 0.025 0 0
3 0 0 0.985 0.015 0
2 0 0 0 0.96 0.04
1 0 0 0 0 1

Maintenance effects models

Rehabilitation

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.00 0.00 0.00 0.00 0.00
4 0.00 1.00 0.00 0.00 0.00
3 0.10 0.90 0.00 0.00 0.00
2 0.00 0.90 0.10 0.00 0.00
1 0.00 0.70 0.30 0.00 0.00

Reconstruction

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 1.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 1.0000 0.0000 0.0000
2 1.0000 0.0000 0.0000 0.0000 0.0000
1 1.0000 0.0000 0.0000 0.0000 0.0000

Cost models

Cost €/m2
Maintenance action

Condition category
Routine Rehab Reconst
maint.

5 2
4 2
3 2 300
2 2 400 1300
1 450 1300
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Prestressed PCC bridges on salted roads

Total bridge deck area 515 963 m2

Current condition

Category 5 4 3 2 1
% in each category 15.4 % 60.2 % 21.1 % 2.9 % 0.4 %

Deterioration model

Transition probability matrix
Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.85 0.15 0 0 0
4 0 0.965 0.035 0 0
3 0 0 0.98 0.02 0
2 0 0 0 0.94 0.06
1 0 0 0 0 1

Maintenance effects models

Rehabilitation

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.00 0.00 0.00 0.00 0.00
4 0.00 1.00 0.00 0.00 0.00
3 0.10 0.90 0.00 0.00 0.00
2 0.00 0.90 0.10 0.00 0.00
1 0.00 0.70 0.30 0.00 0.00

Reconstruction

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 1.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 1.0000 0.0000 0.0000
2 1.0000 0.0000 0.0000 0.0000 0.0000
1 1.0000 0.0000 0.0000 0.0000 0.0000

Cost models

Cost €/m2
Maintenance action

Condition category
Routine Rehab Reconst
maint.

5 3
4 3
3 3 350
2 3 450 1300
1 750 1300
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Prestressed PCC bridges on unsalted roads

Total bridge deck area 192 800 m2

Current condition

Category 5 4 3 2 1
% in each category 20.6 % 68.8 % 10.5 % 0.1 % 0.0 %

Deterioration model

Transition probability matrix
Condition Condition in year t+1
in year t 5 4 3 2 1

5 0.86 0.14 0 0 0
4 0 0.975 0.025 0 0
3 0 0 0.985 0.015 0
2 0 0 0 0.96 0.04
1 0 0 0 0 1

Maintenance effects models

Rehabilitation

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.00 0.00 0.00 0.00 0.00
4 0.00 1.00 0.00 0.00 0.00
3 0.10 0.90 0.00 0.00 0.00
2 0.00 0.90 0.10 0.00 0.00
1 0.00 0.70 0.30 0.00 0.00

Reconstruction

Condition Condition in year t+1
in year t 5 4 3 2 1

5 1.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 1.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 1.0000 0.0000 0.0000
2 1.0000 0.0000 0.0000 0.0000 0.0000
1 1.0000 0.0000 0.0000 0.0000 0.0000

Cost models

Cost €/m2
Maintenance action

Condition category
Routine Rehab Reconst
maint.

5 2
4 2
3 2 350
2 2 450 1300
1 650 1300
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