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Abstract: Horizontal curves are found on all roads. The relationship between the characteristics of
horizontal curves and the number of accidents is complex and no previous study has included all
factors that are potentially influential for accidents. This paper presents a study of 63 969 horizontal
curves on rural two-lane roads in Norway. Accident prediction models including more characteristics
of horizontal curves than used in any previous study were developed. Most of the characteristics were
found to be related to the number of accidents. Most coefficients were consistent with those found
in previous studies, but some findings were surprising. Compound curves, which are curves in which
radius varies throughout the curve, were found to be safer than circular or nearly circular curves. A
steeper slope of a vertical grade before a curve is associated with fewer accidents.
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1 Introduction

Horizontal curves are found on all roads, although they
may be sharper and more numerous on some roads than
on other roads. The association between the number of
accidents and characteristics of horizontal curves, like
radius or length, has been studied in several studies, see
next section. However, it is increasingly understood
that the relationship between the characteristics of
horizontal curves and the number of accidents is
complex and depends on many characteristics of
curves. Thus, Elvik (2017) remarks:

‘It is increasingly understood that safety in horizontal
curves depends on many characteristics of the
curves (Hauer, 1999): radius, the presence of
transition curves, super-elevation, interaction with
vertical curves, distance to adjacent curves, number
of lanes and whether the road is rural or urban. None
of the studies included in Figure 1 [of the 2017-paper]
took all these factors into account. It is therefore not

clear how any of the studies included in Figure 1, or a
synthesis of them, can be applied in a specific context
(defined in terms of the characteristics mentioned
above) to predict the safety effect of a specific choice
of curve radius.’

The main objective of this paper is to study how various
characteristics of horizontal curves on rural two-lane
roads in Norway are related to the number of accidents.
The paper aims to include more characteristics than any
previous study of the relationship between horizontal
curves and the number of accidents. A review of
previous studies follows, before the data used in the
current study are presented and accident prediction
models developed.

2 Review of previous studies

Table 1 lists studies that have been reviewed and
indicates for each study the characteristics of horizontal
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curves it included. The studies were identified from
previous papers (Elvik, 2013, 2017, 2019, 2022) and
a search using Google Scholar.

A total of 11 characteristics of horizontal curves are
listed in Table 1. The two most frequently studied are
curve radius and curve length. Almost all studies have
found that the number of accidents increases when the
radius of a curve becomes smaller; i.e. sharp curves
have more accidents than gentle curves. The length
of a curve also tends to be positively associated with
the number of accidents: the longer the curve, the
more accidents. Other characteristics have been less
frequently studied, but the length of the tangent section
before a curve is positively associated with the number
of accidents in curves: the longer the straight section,
the more accidents in curves.

It is seen that most studies listed in Table 1 included
only a few of the characteristics of horizontal curves.
No study included more than four of the eleven
characteristics. Some characteristics, like the presence
of a spiral transition curve, super-elevation and
pavement roughness, have been addressed in only a
single of the studies listed in Table 1. To more fully
understand the complexity of the safety of horizontal
curves, studies including more characteristics of such
curves are needed.

3 Data

The data used in this study were collected by the
Norwegian Public Roads Administration, Region
East (Haugvik, 2018). The data were collected by
means of inspection cars driving along all roads and
collecting data on horizontal and vertical alignment
by means of laser scanning at a resolution of 6.7
millimetres across the road and 12 centimetres along
the road. Data on traffic volume and the number
of accidents were taken from the national road data
bank. Accident data include injury accidents involving
vehicles running off the road. The data comprise the
years from 2006 to 2017. Traffic volume is stated as
Annual Average Daily Traffic (AADT) and is a mean
value for the period covered by accident data. Table 2
showsminimum values, maximum values, mean values
and standard deviations for all variables included in the
study.

The mean number of accidents per curve was 0.02279.
This is a very low number. The total number of
accidents was 1458. Mean AADT was just 1506

reflecting the fact that most rural two-lane roads in
Norway have very low traffic volume. Two curves had
a vertical grade before the curve of 208 degrees, which
clearly must be wrong. Apart from this, the rest of
the data had plausible values for all variables. Table 3
shows the distribution of accidents between the 63 969
curves included in the study.

It is seen that the Poisson lognormal distribution
best fits the empirical distribution of accidents. The
negative binomial distribution also has a quite good
fit to the empirical distribution. A negative binomial
regression model was used when developing accident
prediction models. There was no excessive number
of zeros in the data. In fact, the fitted number of
curves with zero accidents according to the negative
binomial distribution is identical to the observed
number (63 632).

4 Accident prediction models

Accident prediction models were developed in stages,
by adding new variables at each stage. This was
done in order to assess the stability of regression
coefficients across model specifications. Table 4 shows
the pairwise correlations between the variable included
in the models (Pearson’s r2). Most of the correlations
are low. Only two correlations out of 153 exceed±0.6.
These have been highlighted in the Table 4.

Lord (2006) has pointed out that estimates of the
overdispersion parameter can be unstable in samples
characterised by a low mean value. The mean value
in this sample is clearly very low (0.02279). On the
other hand, sample size is large (63 969). As a rule-of-
thumb, Lord (2006) suggests that if the product of mean
value and sample size exceeds 1 000, a low mean value
should not be a problem. Nevertheless, estimates of
the overdispersion parameter will be assessed critically
with a view to potential instability and unreasonable
values.

Table 5 shows estimated coefficients in negative
binomial accident prediction models developed in four
stages. The first stage included traffic volume only.
At successive stages, additional predictor variables
were added. For length of spiral transition curves, 1
was added before converting the variable to natural
logarithms. The radius of a curve is theminimum radius
of the curve.

Vertical grades were included both as dummy
variables, indicating the presence of a grade, and as
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Table 2 Descriptive statistics for variables included in study

Variable Minimum Maximum Mean Standard
deviation

Number of accidents 0 5 0.02279 0.16401
Annual Average Daily Traffic (AADT) 6 29 550 1 506 2 435
Radius of curve (metres) 7 696 261 166
Length of curve (metres) 11 820 98 66
Length of spiral transition curve (metres) 0 1012 23 51
Length of straight section before curve (metres) 1 6 960 90 177
Dummy for compound curve∗ 0 1 0.17 0.37
Dummy for downward grade before curve 0 1 0.46 0.50
Dummy for upward grade before curve 0 1 0.49 0.50
Slope of downward grade before curve (%) 0.0 -13.8 -1.2 2.1
Slope of upward grade before curve (%)† 0.0 14.8 1.3 2.4
Number of curves upstream of curve 0 19 2.22 2.39
Length of section for counting upstream curves‡ 0 1 999 1 558 643
Super-elevation (%) 0.0 17.9 3.6 2.2
Variation of super-elevation (%)§ 0.0 70.9 5.6 4.0
Dummy for adequate cross slope before curve 0 1 0.70 0.46
Dummy for adequate cross slope in curve 0 1 0.63 0.48
Rut depth (millimetres) 0.3 1 628.6 6.9 8.3
International Roughness Index (IRI) value 0.46 7.59 2.93 1.31

∗ A compound curve is a curve in which radius varies throughout the curve.
† Two values listed as 208 were regarded as errors, since a grade cannot exceed 90 degrees (it is then fully vertical).
‡ This variable was not included in the accident prediction models.
§ The upper value of 70.9 is implausible.

Table 3 Distribution of accidents between curves and goodness-of-fit to theoretical distributions

Accident count Empirical
distribution

Poisson distribution Negative binomial
distribution

Poisson lognormal
distribution

0 62 632 62 528 62 632 62 623
1 1 238 1 425 1 227 1 250
2 81 16 98 77
3 15 0 10 11
4 2 0 1 3
5 1 0 0 1
Sum 63 969 63 969 63 968 63 969
Mean 0.02279
Variance 0.02690
Overdispersion
parameter

7.90730

Chi-square χ2 = 442.19 χ2 = 7.50 χ2 = 0.92
Degrees of freedom Df = 2 Df = 3 Df = 3
P-value P < 0.000 P = 0.058 P = 0.821
Note: Cells with estimated frequency less than 5 have been merged with cells with estimated frequency more than five when estimating
the Chi-square.
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numerical variables indicating the steepness of the
grade in percent, stated as positive numbers for upward
grades and negative numbers for downward grades.
This definition of the variables was chosen to avoid
the problem of missing values. If grade is included as
two variables, one with a positive sign (upward) and
one with a negative sign (downward), the data cells for
upward slope will be empty when there is a downward
slope, and vice versa. The statistical software interprets
empty cells as missing values; consequently both
variables will be interpreted as consisting of missing
values only.

For variables that were included in more than one
model, it is seen that estimates of the regression
coefficients are quite stable. Most estimates are slightly
attenuated (become smaller in value) as more variables
are added to the model, but none of them change
sign. Goodness-of-fit is evaluated by means of the
Elvik index (Fridstrøm et al., 1995). This is based
on the overdispersion parameter. The overdispersion
parameter is defined as follows:

V ar (x) = λ · (1 + µ · λ) (1)

Var(x) is the variation of the recorded number of
accidents, λ is the expected number of accidents, either
as predicted by means of accident prediction models
or as the mean value of the distribution of accidents
between the units of observation used in developing an
accident prediction model, and µ is the overdispersion
parameter. The overdispersion parameter can be
estimated both for crude data and as an estimator of
residual variance in an accident prediction model. To
estimate the overdispersion parameter in crude data,
solve Equation (1) for µ. This gives:

µ =

V ar (x)

λ
− 1

λ

(2)

Denoting the overdispersion parameter in the crude data
as µcrude and the overdispersion parameter in a fitted
model as µmodel, the Elvik index is defined as follows:

Elvik index = 1− µmodel

µcrude
(3)

It takes on values between 0 and 1 and shows the share
of systematic variation in accident counts explained
by the model. It is seen from Table 3 that the
overdispersion parameter of the crude data was 7.9073.
The overdispersion parameter is reduced in value as
more variables are added to the prediction model, as

seen at the bottom of Table 5. The values are reasonable
and do not indicate any instability due to a low-mean
problem. Figure 1 shows a decomposition of the
variance in the data set.

Most of the variation in the number of accidents is
random (84.7%). It was nevertheless possible to fit an
accident prediction model to the data, which explains
most of the systematic variation in the number of
accidents (78.1%). Traffic volume alone explains more
of the systematic variation in the number of accidents
than all other factors combined.

The estimated coefficients are mostly consistent with
what previous studies have found. The effects on
accidents of each variable can be estimated by applying
the coefficient for that variable, keeping all other
variables constant. Sharper curves (lower radius) have
a higher number of accidents than gentler curves. This
is consistent with almost all previous studies. The
coefficient for curve radius indicates that a curve with
a radius of 50 metres will have about 7 times as many
accidents as an otherwise identical curve with a radius
of 600 metres.

The positive coefficient for the length of a curve
indicates that the number of accidents increases as
curves get longer. At a constant radius, increasing the
length of a curve will trace out an increasing part of a
circle. At an angle of 57.3 degrees, the length of the
curve equals its radius, i.e. the curve is a radian. A
curve with 100 degrees of deflection will have length
of 1.745 times the radius. This relationship is shown in
Figure 2.

Figure 2 Tracing out a curve with constant radius and
increasing deflection angle

According to the coefficient for curve length, a 100-
degree curve will have more than 4 times as many
accidents as a 30-degree curve. The coefficient for
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Figure 1 Decomposing sources of variation in the number of accidents in horizontal curves on rural two-lane roads in
Norway

spiral transition curve is particularly interesting. Only
one of the studies reviewed in Table 1 (Zegeer et al.,
1992) included this variable. It found that curves
having spiral transition curves at both ends had about
2%–4 % fewer accidents than curves without spiral
transition curves. The coefficient estimated in model 4
indicates that a curve which has spiral transition curves
of the mean length (23 metres) has about 12% fewer
accidents than an otherwise identical curve without
spiral transition curves (i.e. length = 0). Increasing
the length of a spiral transition curve by 10 metres is
associated with almost 2% fewer accidents.

Increasing the length of the straight (tangent) section
ahead of a curve is associated with an increased number
of accidents. This is consistent with previous studies.
All else equal, an increase in the length of the straight
section before a curve from 50 to 600 metres is
associated with an increase in the number of accidents
of 23%.

The presence of a grade (upwards or downwards) ahead
of a curve is associated with an increased number
of accidents (of about 55%). However, the slope of
the grade is negatively associated with the number
of accidents. Thus, if a downward slope, which is
indicated by negative numbers, changes from -1.2%
to -2.4%, there is an estimated 0.6% reduction in the
number of accidents. Likewise, changing an upward
slope from 1.3% to 2.6% is associatedwith an estimated
accident reduction of 6.7%. Therefore, grades as such
are associated with an increased number of accidents,
but the steeper they are, the lower is this increase.

A compound curve, often referred to as an ‘egg curve’
in Norwegian, is a curve that does not have constant
radius. It, in a sense, resembles the curvature of an egg.
Figure 3 is an attempt at drawing such a curve.

Figure 3 A compound curve (an ‘egg curve’)

These curves are not consistent with current design
standards for horizontal curves. In fact, these curves
have not been designed according to any design
standard at all but have emerged ‘naturally’ as a result
of fitting the road to the landscape with as little
construction work as possible.

According to the estimated coefficient, these curves are
safer than curves with a constant radius. This finding
is surprising and possible explanations of it will be
discussed in the discussion section of the paper.

The coefficient for super-elevation is negative. Only
one of the studies reviewed in Table 1 (Shalkamy &
El-Basyouny, 2020) included this characteristic. That
study also found a negative coefficient for super-
elevation, suggesting that there are fewer accidents
when super-elevation increases. Super-elevation is
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stated in percent. Increasing it from the mean value
3.6% to 4.6% is associated with 2.3% fewer accidents.

Design standards for horizontal curves in Norway
specify minimum values for cross slope before a curve
and in a curve. Not all curves comply with design
standards. However, those that comply with the design
standard for cross slope in the curve are safer than those
that do not comply with the design standard. Finally,
rut depth in the road surface of curves does not seem
to have much of an effect on safety, whereas increasing
roughness, as indicated by the International Roughness
Index, appears to be associated with a lower number of
accidents.

5 Discussion

By and large, the results of the study presented in this
paper are consistent with the results of previous studies.
There were, however, some surprising results. One of
them was that compound curves, which do not have a
constant radius, were safer than curves with a constant
radius. Another was that the steeper a vertical grade is,
the smaller is the increase in the number of accidents
associated with it.

One may speculate that behavioural adaptation by
drivers accounts for these findings (Elvik, 2022; Wilde,
1982; Evans, 1985). For example, when driving
through a compound curve, the driver has to turn
the steering wheel continuously. This requires more
attention to the driving task than driving in circular
curves where it is sufficient to rest the steering wheel
at an appropriate turning radius.

As far as vertical grades are concerned, drivers may
brake in a steep downward slope to prevent speed from
increasing. A steep upward slope limits sight distance,
which may cause drivers to slow down and increase
their alertness.

While these behavioural adaptations seem plausible,
drivers do not fully compensate for the increase in
risk associated with horizontal curves. The smaller the
radius, the higher the number of accidents. The longer
the straight section before a curve, the more accidents
there are in the curve.

With respect to practical application of the findings of
the study, it is important to keep at least two things in
mind. The first is that it is, in general, not possible to
change a single characteristic of a horizontal curve in
isolation. Thus, if radius is made larger, the curve also

becomes longer and the length of the straight sections
between the curve and adjacent curves become shorter.
If one were to apply the model to predict the effect
on accidents of increasing the radius of a curve, one
would then have to include not just the coefficient for
radius, but also the coefficients for length of curve and
length of straight section ahead of the curve. Possibly
even other characteristics, like super-elevation, might
be affected.

The second limitation of the study as far as practical
application is concerned, is that it did not include all
factors that are likely to be related to the safety of
curves and could be affected if changes are made to
the alignment of a curve or set of curves. It did not
include, for example, lane width, shoulder width, and
speed limit. All of these might change if a road is
reconstructed, making, for example, curve radius larger
than before.

6 Conclusions

The main conclusions of the research presented in this
paper can be summarised as follows:

1. The safety of horizontal curves on rural two-lane
roads in Norway is related to very many factors.
This study included 17 factors, more than any
previous study of horizontal curve safety, but it was
still incomplete.

2. The variation in the number of accidents between
curves is mostly random; still the accident
prediction model explained 78.1% of the systematic
variation in the number of accidents.

3. The most important explanatory factor with respect
to systematic variation in the number of accidents is
traffic volume.

4. The existence of vertical grades before a curve is
associated with an increased number of accidents;
however, the steeper the grades, the smaller is the
increase in the number of accidents.

5. Compound curves (with radius varying throughout
the curve) were found to be safer than curves with
a constant radius.

CRediT contribution statement

Rune Elvik: Conceptualisation, Formal analysis,
Methodology, Writing—original draft, Writing—
review & editing. Espen Strandvik Haugvik:

9



Elvik & Strandvik Haugvik | Traffic Safety Research vol. 4 (2023) 000026

Conceptualisation, Data curation, Formal analysis,
Writing—review & editing.

Declaration of competing interests

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this
paper.

Acknowledgements

This study was performed as part of the ongoing
revision of the Handbook of Road Safety Measures, a
project funded by the Norwegian Ministry of Transport
and the Public Roads Administration (grant number
1175).

References

Bauer, K. M., D. M. Harwood (2013), ‘Safety Effects of
Horizontal Curve and Grade Combinations on Rural
Two-Lane Highways’, Transportation Research Record,
2398, 37–49, https://doi.org/10.3141/2398-05.

Cardoso, J. L. (2005), ‘Safety assessment for design
and redesign of horizontal curves’, 3rd International
Symposium on Highway Geometric Design, Chicago, IL,
USA, 29 June–2 July 2005.

Christensen, P., A. Ragnøy (2006), ‘Vegdekkets
tilstand og trafikksikkerhet: Betydningen av
spordybde, ujevnhet og endringer i tverrfall
for ulykkesrisikoen [The condition of the road
surface and safety]’, Institute of Transport
Economics (Oslo, Norway), TØI rapport 840/2006,
https://www.toi.no/getfile.php?mmfileid=4696.

Dhahir, B., Y. Hassan (2019), ‘Using horizontal curve speed
reduction extracted from the naturalistic driving study to
predict curve collision frequency’, Accident Analysis &
Prevention, 123, 190–199, https://doi.org/10.1016/j.aap.
2018.11.020.

Dietze, M., G. Weller (2011), ‘Applying speed prediction
models to define road sections and to develop accident
prediction models: A German case study and a
Portuguese exploratory study’, RISMET project
(ERANET), Deliverable 6.2.

Easa, S. M., Q. C. You (2009), ‘Collision prediction
models for three-dimensional two-lane highways’,
Transportation Research Record, 2092, 48–56,
https://doi.org/10.3141/2092-06.

Elvik, R. (2013), ‘International transferability of accident
modification functions for horizontal curves’, Accident
Analysis & Prevention, 59, 487–496, https://doi.org/10.
1016/j.aap.2013.07.010.

Elvik, R. (2017), ‘Can evolutionary theory explain the slow
development of knowledge about the safety level built
into roads?’, Accident Analysis & Prevention, 106, 166–

172, https://doi.org/10.1016/j.aap.2017.06.008.
Elvik, R. (2019), ‘The more (sharp) curves, the lower the

risk’, Accident Analysis & Prevention, 133, 105322,
https://doi.org/10.1016/j.aap.2019.105322.

Elvik, R. (2022), ‘Which is the most important for road
safety—road design or driver behavioural adaptation?’,
Traffic Safety Research, 2, 000009, https://doi.org/10.
55329/pvir7839.

Evans, L. (1985), ‘Human Behavior Feedback and Traffic
Safety’,Human Factors, 27(5), 555–576, https://doi.org/
10.1177/001872088502700505.

Findley, D., J. E. Hummer, W. Rasdorf, C. V. Zegeer,
T. J. Fowler (2012), ‘Modeling the impact of spatial
relationships on horizontal curve safety’, Accident
Analysis & Prevention, 45, 296–304, https://doi.org/10.
1016/j.aap.2011.07.018.

Fridstrøm, L., J. Ifver, S. Ingebrigtsen, R. Kulmala,
L. K. Thomsen (1995), ‘Measuring the contribution
of randomness, exposure, weather, and daylight to the
variation in road accident counts’, Accident Analysis
& Prevention, 27, 1–20, https://doi.org/10.1016/0001-
4575(94)E0023-E.

Geedipally, S. R., M. P. Pratt, D. Lord (2019), ‘Effects
of geometry and pavement friction on horizontal curve
crash frequency’, Journal of Transportation Safety
and Security, 11, 167–188, https://doi.org/10.1080/
19439962.2017.1365317.

Gooch, J. P., V. V. Gayah, E. T. Donnell (2016),
‘Quantifying the safety effects of horizontal curves
on two-way, two-lane rural roads’, Accident Analysis
& Prevention, 92, 71–81, https://doi.org/10.1016/j.aap.
2016.03.024.

Gooch, J. P., V. V. Gayah, E. T. Donnell (2018), ‘Safety
performance functions for horizontal curves and tangents
on two lane, two way rural roads’, Accident Analysis
& Prevention, 120, 28–37, https://doi.org/10.1016/j.aap.
2018.07.030.

Hanno, D. (2004), ‘Effect of the combination of horizontal
and vertical alignments on road safety’, Master thesis.
Department of Civil Engineering, University of British
Columbia, https://open.library.ubc.ca/media/stream/pdf/
831/1.0063466/1.

Hauer, E. (1999), ‘Safety and the Choice of Degree of
Curve’, Transportation Research Record, 1665, 22–27,
https://doi.org/10.3141/1665-04.

Haugvik, E. S. (2018), ‘Risikokurver. Analyse av
utforkjøringsrisikofaktorer på 2-feltsveger [Analysis
of run-off risk factors on 2-field roads]’, Statens
vegvesen, region øst, Statens vegvesens rapport
171, https://vegvesen.brage.unit.no/vegvesen-xmlui/
bitstream/handle/11250/2614570/Risikokurver%
20SVV%20rapport%20171%20%283MB%29.pdf.

Khan, G., A. R. Bill, M. Chitturi, D. A. Noyce (2013),
‘Safety Evaluation of Horizontal Curves on Rural
Undivided Roads’, Transportation Research Record,
2386, 147–157, https://doi.org/10.3141/2386-17.

10

https://doi.org/10.3141/2398-05
https://www.toi.no/getfile.php?mmfileid=4696
https://doi.org/10.1016/j.aap.2018.11.020
https://doi.org/10.1016/j.aap.2018.11.020
https://doi.org/10.3141/2092-06
https://doi.org/10.1016/j.aap.2013.07.010
https://doi.org/10.1016/j.aap.2013.07.010
https://doi.org/10.1016/j.aap.2017.06.008
https://doi.org/10.1016/j.aap.2019.105322
https://doi.org/10.55329/pvir7839
https://doi.org/10.55329/pvir7839
https://doi.org/10.1177/001872088502700505
https://doi.org/10.1177/001872088502700505
https://doi.org/10.1016/j.aap.2011.07.018
https://doi.org/10.1016/j.aap.2011.07.018
https://doi.org/10.1016/0001-4575(94)E0023-E
https://doi.org/10.1016/0001-4575(94)E0023-E
https://doi.org/10.1080/19439962.2017.1365317
https://doi.org/10.1080/19439962.2017.1365317
https://doi.org/10.1016/j.aap.2016.03.024
https://doi.org/10.1016/j.aap.2016.03.024
https://doi.org/10.1016/j.aap.2018.07.030
https://doi.org/10.1016/j.aap.2018.07.030
https://open.library.ubc.ca/media/stream/pdf/831/1.0063466/1
https://open.library.ubc.ca/media/stream/pdf/831/1.0063466/1
https://doi.org/10.3141/1665-04
https://vegvesen.brage.unit.no/vegvesen-xmlui/bitstream/handle/11250/2614570/Risikokurver%20SVV%20rapport%20171%20%283MB%29.pdf
https://vegvesen.brage.unit.no/vegvesen-xmlui/bitstream/handle/11250/2614570/Risikokurver%20SVV%20rapport%20171%20%283MB%29.pdf
https://vegvesen.brage.unit.no/vegvesen-xmlui/bitstream/handle/11250/2614570/Risikokurver%20SVV%20rapport%20171%20%283MB%29.pdf
https://doi.org/10.3141/2386-17


Elvik & Strandvik Haugvik | Traffic Safety Research vol. 4 (2023) 000026

Llopis-Castello, D., F. J. Camacho-Torregrosa, A. Garcia
(2018), ‘Calibration of the internal consistency index
to assess road safety on horizontal curves of two-lane
rural roads’, Accident Analysis & Prevention, 118, 1–10,
https://doi.org/10.1016/j.aap.2018.05.014.

Lord, D. (2006), ‘Modeling motor vehicle crashes using
Poisson-gamma models: Examining the effects of low
sample mean values and small sample size on the
estimation of the fixed dispersion parameter’, Accident
Analysis & Prevention, 38(4), 751–766, https://doi.org/
10.1016/j.aap.2006.02.001.

Milton, J., F. Mannering (1998), ‘The relationship among
highway geometries, traffic-related elements and motor-
vehicle accident frequencies’, Transportation, 25, 395–
413, https://doi.org/10.1023/A:1005095725001.

Montella, A., L. Colantuoni, R. Lamberti (2008), ‘Crash
prediction models for rural motorways’, Transportation
Research Record, 2083, 180–189, https://doi.org/10.
3141/2083-21.

Persaud, B., R. Retting, C. Lyon (2000), ‘Guidelines
for identification of hazardous highway curves’,
Transportation Research Record, 1717, 14–18,
https://doi.org/10.3141/1717-03.

Saleem, T., B. Persaud (2017), ‘Another look at the
safety effects of horizontal curvature on rural two-lane
highways’, Accident Analysis & Prevention, 106, 149–
159, https://doi.org/10.1016/j.aap.2017.04.001.

Shalkamy, A., K. El-Basyouny (2020), ‘Multivariate models
to investigate the relationship between collision risk
and reliability outcomes on horizontal curves’, Accident
Analysis & Prevention, 147, 105745, https://doi.org/10.
1016/j.aap.2020.105745.

Wilde, G. J. S. (1982), ‘The Theory of Risk Homeostasis:
Implications for Safety and Health’, Risk Analysis, 2(4),
209–225, https://doi.org/10.1111/j.1539-6924.1982.
tb01384.x.

Zegeer, C. V., J. R. Stewart, F. M. Council, D. W. Reinfurt,
E. Hamilton (1992), ‘Safety Effects of Geometric
Improvements on Horizontal Curves’, Transportation
Research Record, 1356, 11–19, https://onlinepubs.trb.
org/Onlinepubs/trr/1992/1356/1356-002.pdf.

About the authors

Rune Elvik has been a road
safety researcher at the Institute of
Transport Economics since 1980.
His main areas of research have been
evaluation studies, meta-analysis
and cost-benefit analysis. Rune

Elvik served as editor-in-chief (together with Karl
Kim) of Accident Analysis and Prevention from 2005
to 2013. He has participated in many European projects
and contributed to the Highway Safety Manual. He has
published more than 150 papers in scientific journals.

Espen Strandvik Haugvik works
with traffic safety in Innlandet
county council in Norway. He
was previously affiliated with
the Norwegian Public Roads
Administration, where he worked

with accident analyses and in-depth investigations of
serious accidents. He is currently leading a project
in Innlandet county council that deals with safety
measures in curves with an assessed high risk. Espen
Strandvik Haugvik has an education in sociology from
the University of Oslo and a master degree in road
engineering from NTNU in Trondheim.

All contents are licensed under the Creative Commons
Attribution 4.0 International License.

11

https://doi.org/10.1016/j.aap.2018.05.014
https://doi.org/10.1016/j.aap.2006.02.001
https://doi.org/10.1016/j.aap.2006.02.001
https://doi.org/10.1023/A:1005095725001
https://doi.org/10.3141/2083-21
https://doi.org/10.3141/2083-21
https://doi.org/10.3141/1717-03
https://doi.org/10.1016/j.aap.2017.04.001
https://doi.org/10.1016/j.aap.2020.105745
https://doi.org/10.1016/j.aap.2020.105745
https://doi.org/10.1111/j.1539-6924.1982.tb01384.x
https://doi.org/10.1111/j.1539-6924.1982.tb01384.x
https://onlinepubs.trb.org/Onlinepubs/trr/1992/1356/1356-002.pdf
https://onlinepubs.trb.org/Onlinepubs/trr/1992/1356/1356-002.pdf
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

	Introduction
	Review of previous studies
	Data
	Accident prediction models
	Discussion
	Conclusions

