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Factors related to the road infrastructure contribute to the occurrence of motorcycle accidents. )is study investigates how design
parameters of the existing rural two-lane road network in Norway influence the occurrence of single motorcycle accidents. )e
design elements considered in this study are horizontal curvature (curve type, degree of curvature, and adjacent curve re-
quirements) and lane and shoulder widths. A matched case-control study design was applied to investigate the safety effects of
these elements. Cases were defined as segments experiencing at least one single motorcycle accident during the study period from
2013 to 2017, while controls were defined as segments not experiencing an accident in the same period. In order to identify the
segments, a GIS analysis was performed on data collected from the National Road Database (NVDB). In case-control studies,
matching allows us to control for confounding variables. AADTand speed limit were used as matching variables in this study. A
matching ratio of 4 :1 (i.e., four controls per case) was used, resulting in 752 controls being matched to 188 cases. )e results
indicate horizontal alignment to have a more significant effect on single motorcycle accidents compared to lane and shoulder
widths. Segments with several adjacent reverse curves, with high curvature (R< 200m), have high odds for an accident. Further, if
the requirements for adjacent curves are not fulfilled (i.e., considerable variation in adjacent curve radii), the odds increase even
more. While the results are not statistically significant, trends seen indicate that wider lanes were associated with increased odds
for an accident, while wider shoulders were associated with decreased odds. In comparison with a similar study considering
passenger vehicles, the results of this study also indicate that horizontal alignment has a greater effect on single motorcycle
accidents than on passenger vehicle accidents.

1. Introduction

Vision Zero, a national level goal of reaching zero killed or
severely injured in traffic, has been a guiding principle in
traffic safety in Norway for several decades [1], resulting in a
large reduction of the number of severely injured and killed
people in traffic accidents. )is reduction is primarily a
result of the reduced number of severely injured and killed
car occupants, which decreased by 58% and 62%, respec-
tively, in the period from 2001 to 2019, compared to 14% and
53% for motorcyclists [2]. Risk levels have decreased over
time for all road user groups in Norway, including mo-
torcycles [3]; however, the number of accident victims is still

far from the Vision Zero target. In 2019, 16motorcycle riders
died, while 118 were severely injured [2].

)e risks associated with motorcycle driving have been
subject to extensive traffic safety research. As motorcyclists
are more vulnerable and less protected than car occupants,
the risk of fatality or severe injury when involved in an
accident is several times higher for motorcycle riders than
for car occupants [4]. )e majority of the researches have
been focused on human-related risk factors such as alcohol
abuse [5, 6], the extent of injury [7, 8], and other features like
age, gender, and the use of safety equipment [9–11]. While
researches have considered risk factors related to motorcycle
accidents and road geometry [12–16], research on single-
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vehicle accidents on rural two-lane roads is limited. A recent
analysis of fatal motorcycle accidents in Norway showed that
a considerable part (40%) of these accidents only included a
single vehicle. It also showed that factors related to the road,
such as road geometry (most often curve geometry), were
contributory factors in every fourth fatal motorcycle acci-
dent [17].

In Norway, the requirements for road geometry and
design are provided in standards published by the Norwe-
gian Public Roads Administration (NPRA). )ese standards
are revised regularly, and design parameters are frequently
changed. However, these changes are typically not based on
safety research or at least documented as such [18].

)e aim of this study is to investigate the relationship
between single motorcycle accidents and road geometry.)e
elements within road geometry that will be investigated are
horizontal curvature, lane width, and shoulder width. )ese
elements affect the motorcyclists’ behavior, as the distance to
an upcoming horizontal curve has a significant impact on
the change of throttle and the brake force applied by the
motorcyclist [19], and the lane width and adjacent roadside
affect overtaking speed and lateral positioning [20].

Horizontal curves are an essential element of road ge-
ometry, which is why many studies have examined their
safety effects. Elvik [21] investigated the transferability of
accident modification functions for horizontal curves by
comparing models developed in several different countries.
)e models included in the study reported a decrease in
accident rate with an increasing radius.)ough a small curve
radius is associated with increased risks for an accident,
more recently Elvik [22] found that small adjacent curves are
associated with a lower accident rate compared to larger
adjacent curves. Elvik [22] also found that the presence of
several curves with shorter straight distances (i.e., 50m) in
between each curve results in lower accident rates. While
some literature on curve radius shows increased risk of an
accident in sharp curves, the presence of several sharp curves
can have a positive effect, as it could encourage lower speeds
and more careful driving.

Only a few studies consider motorcycles and horizontal
curvature exclusively, specifically for single-vehicle accidents
on two-lane roads. One study that did so was conducted by
Schneider et al. [23]. )e study estimated the accident
frequency with the use of a negative binomial regression
model and 225 police-reported single motorcycle accidents
in Ohio. )e results showed that both radius and curve
length had a significant impact on the accident frequency,
with sharper and longer curves increasing the motorcyclists’
risk. )e study also found that accidents occur most fre-
quently in curves and that the frequency decreases as the
motorcyclist travels further away from the curve. )ese
findings might be explained by the fact that sharp curves are
more demanding for riders and can attract more risk-
seeking riders compared to straight road sections.

Another study, again using a negative binomial re-
gression model, investigated the relationship between single
motorcycle accidents and horizontal geometry [24].)e data
were collected on rural two-lane road segments located in
Florida and involved 439motorcycle accidents over 11 years.

)e results indicate the same effects as the study by
Schneider et al. [23], which showed that sharper and longer
curves induce an increased accident frequency. )e study
also investigated the effects of different curve types (i.e.,
single curves, compound curves, and reverse curves) and
found that the accident frequency is reduced when a reverse
curve is present. A reverse curve was defined as a curve
consisting of two jointed curves in opposite directions. )e
same accident dataset was included in amore recent study by
Xin et al. [25], which aimed to estimate the accident
modification factors (AMFs) for horizontal curve features on
single motorcycle accidents using a case-control study de-
sign. )e findings were consistent with the previous two
studies. )e AMF was highest for sharp nonreverse curves.

Similar to horizontal alignment, a large number of
studies on the safety effects of the traffic lane and shoulder
widths have been conducted worldwide, but the specific
research on motorcycle accidents remains limited. In gen-
eral, the safety literature on lane and shoulder widths shows
the variability of results. According to the Handbook of
Road Safety Measures [26], lane width seems to be related to
accidents; however, the relationship depends on many other
factors and can be either positive or negative. Gitelman et al.
[27] used a negative binomial regression model and a case-
control study to investigate the safety effects of traffic lane
widths. )e results provided by the two methods were
consistent and showed that the number of severe accidents
was less when traffic lanes were narrow. However, these
results are inconsistent with the results from a study by
Gross and Donnell [28] who also applied a case-control
study design, along with a cross-section design. )e results
showed an increased risk for narrow lanes, which also is
supported in a study by Gross and Jovanis [29]. Wider traffic
lanes provide extra recovery space, which can help reduce
the number of accidents. However, they might also en-
courage higher speed levels.

Regarding shoulder widths, studies report very different
findings depending on local context, data quality, different
sample sizes, and local specifics regarding the reporting of
the accidents, among other factors. For example, one study
from Israel reported a nonmonotonous relationship between
shoulder width and accident risk, with increasing risk for
widths up to 2.2m [27], while several American studies
reported a monotonous link with decreased risk for wider
shoulders [28, 29]. Similar to lane width, some of these
results can be explained by the extra recovery space provided
by the shoulders and the possibility to conduct an emergency
stop without interfering with traffic [26]. On the other hand,
wider shoulders might also encourage higher speed levels,
which again could increase risk. When considering traffic
lane and shoulder width simultaneously, a study by Gross
et al. [30] found no clear trends on whether it was beneficial
to increase the traffic lane width or the shoulder width for
fixed total width. )ese results were inconsistent with a
previous study by Zegeer et al. [31], which found that it to be
beneficial to increase the traffic lane width.

)ere was only one study on lane and shoulder widths
that focused explicitly on single motorcycles accidents on
rural two-lane roads. Schneider et al. [21] identified 6 ft
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(1.8m) to be the critical shoulder width regarding single
motorcycle accidents. Based on a negative binomial re-
gression model, the accident frequency is expected to in-
crease by more than 50% if the shoulder width is less than
1.8m.

)is study described within this paper is also linked with
a previous matched case-control study by Pokorny et al. [32]
that investigated the safety effects of lane and shoulder
widths on single and head-on motor vehicle accidents on
rural two-lane roads in Norway. In order to compare the
findings, the same methodology and dataset have been
applied. )e results of this study increase the knowledge of
risk factors related to single motorcycle accidents in Norway,
which, if considered, could increase the safety level of future
road facilities.

2. Method

Observational studies (e.g., before-after studies and cross-
section studies) are commonly used to estimate the safety
effects of geometrical road features. Before-after studies are
usually preferred over cross-section studies but can be time-
consuming as collecting data can take several years, and it
can be challenging to find a sufficient sample size. )erefore,
some features are better examined by a cross-section study
(e.g., horizontal curves). However, the challenge with cross-
section studies is that it can be difficult to identify sections
with similar features, besides the feature of interest to use
within the analysis. Unlike cross-section studies, case-con-
trol studies can examine the safety effect of several features
simultaneously (i.e., horizontal curves and traffic lane
widths). )e case-control study design also provides the
ability to control for confounding variables when amatching
scheme is applied [33]. Based on this, the case-control study
design was considered suitable for the current study.

)e case-control study design was initially used within
epidemiology but has in more recent times also been used
within traffic safety research [28]. )e purpose of the case-
control study design is to investigate the effect of risk factors
by comparing a group of cases and controls. Case-control
studies should not be mistaken with cross-section studies.
Unlike cross-section studies, case-control studies select sites
based on the outcome (accident or no accident) rather than
the presence of a specific feature [33]. )e approach of this
case-control study is separated into three main steps, il-
lustrated in Figure 1.

One of the main challenges with the case-control study
design is defining cases and controls. )e results produced
can be unclear if the definition of cases and controls is not
specific. It is also essential that the cases and controls are
representative of the sites of interest [33]. For this study, a
case is defined as a rural two-lane road segment experiencing
at least one single motorcycle accident within the study
period, 2013–2017. Control is defined as a rural two-lane
road segment which has not experienced an accident during
the same period.

)e case-control study design should recognize differ-
ences between segments with multiple accidents and single
accidents. If this is not taken into account, the safety effect

can be underestimated [34]. In this study, six segments
experienced multiple accidents. )ese were defined as
multiple cases (i.e., one segment experiencing two accidents
is separated into two cases), making the features associated
with multiple accidents more frequent among the cases.

Applying a matching scheme allows controlling for
confounding variables. Controls are matched to each case
based on the same value of the confounding variables. )e
confounder must be associated with both the risk factors
(horizontal curvature and lane and shoulder width) and the
outcome (single motorcycle accident). If this is not the case,
one can experience a biased result due to overmatching [35].
)e traffic volume (AADT) and the speed limit were
identified as confounding variables in the current study.
)ey are both related to road geometry as the design classes
in Norway are adapted to speed limit and AADT, among
other factors (i.e., dimensioning vehicle type and topogra-
phy) [30].)e speed limit is used to determine the minimum
curve radius, while wider roads usually are associated with
higher AADT [36, 37]. Although AADT does not indicate
the proportion of motorcyclists, it has been proven to impact
the frequency of single motorcycle accidents (1% increase in
AADT results in 0.43% increased frequency of single mo-
torcycle accidents) [23]. Speed has also been proven to affect
the risk of a motorcycle accident in studies by Vlahogianni
et al. [11] and Jevtić et al. [38]. In this study, the speed limit is
considered as a surrogate measure of speed.

)e power of a matched case-control study increases
when the control-to-case ratio increases (i.e., several con-
trols are matched to each case). However, the power stag-
nates when the ratio exceeds four [28]. Due to a large
number of controls available in this study, a 4 :1 ratio was
applied, with four controls randomly matched to each case
by using the random function in the Python programming
language.

)e case-control method cannot be used to determine
the expected accident frequency. Instead, it is used to find an
approximation of the relative risk presented as an odds ratio.
)e odds ratio indicates the increased or decreased risk
associated with a treatment [32]. It is expressed as the change
in relative risk compared to a baseline. For binary risk factors
(absence or presence), the baseline is usually considered as
the risk factor being absent. For categorical risk factors, any
category can be considered as the baseline [26]. In this study,
the most frequent parameter for each category was con-
sidered as the baseline.

Conditional logistic regression is a commonly used
technique to estimate the odds ratio in case-control studies
[25, 27, 39].)e probability of a single motorcycle accident is
given by equation (1) and is further used to calculate the
odds ratio, as cited by [25, 30, 34]:

Pr yij � 1  �
1

1 + exp − αi + kβkxijk  
, (1)

where yij is the outcome in the jth segment in the ith stratum
(1� case and 0� control). αi is the effect of matching vari-
ables for each matched stratum (sets on 4 controls and 1
case). βk is the estimated coefficients for unmatched
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variables. xijk is the kth unmatched covariate in the jth

segment in the ith stratum.

3. Segmented Network

)e data on road design parameters, traffic operation, and
accidents used in the study were collected from the Nor-
wegian National Road Database (NVDB) for the study
period 2013–2017. NVDB is provided by the NPRA. )e
study focuses on undivided two-lane rural roads (classified
as European, Regional, or District roads according to the
Norwegian classification, ERF roads). Roads with low (≤
50 km/h) and high (≥ 90 km/h) speed limits were excluded
from the network. Additionally, all tunnels and bridges over
20mwere excluded, along with intersections and all adjacent
road sections within a radius of 100m. Intersections were
defined as intersections between ERF roads and roads with
higher functional classes (thereby excluding forest, agri-
culture, and other low-class roads). )e segmented network
was initially created by Pokorny et al. [32] and was reused,
with slight modifications, for the current study. )e mod-
ifications included adding a parameter on whether the ad-
jacent curves met the Norwegian standard or not, to provide
more detailed results related to horizontal alignment. In
addition, the data was handled by different software in the
two studies, which may also have caused some differences in
the dataset. Despite these differences, the results are con-
sidered comparable as the modification does not affect the
way the road is segmented, only the categorization of the
segments. Also, the way the data are structured within this
study allows for the exclusion of the parameter on adjacent
curves when comparing the results of the current study to
the results of Pokorny et al. [32]. For more details on the
segmentation process, consult the referenced paper by
Pokorny et al. [32].

A description of the final dataset, consisting of 58,815
segments, is provided in Table 1.

For segments with a variation in lane and shoulder width
(but not enough variation to create a new segment), a
weighted average was used as an estimate. )e coefficient of
variation (CV) was calculated to evaluate the precision of the
weighted average estimate. 99.9% of the segments showed a
sufficient CV (CV< 0.5) [27].

)e horizontal alignment was treated slightly differently
from the study by Pokorny et al. [32], as it was relevant to
include adjacent curve requirements in the current study.
)e segments were categorized according to curve type,
degree of curvature, and adjacent curves, all based on the
radius information. First, the segments were divided into
four classes: straight (R� 0 or |R|>1750m, as suggested by

Norwegian design standards [36]), single curve, multiple
curves in the same direction, and multiple curves in opposite
directions. Furthermore, the curved segments were divided
into two categories determining whether the curvature was
high (R< 200m) or low (R> 200m). )e value of 200m was
used as a limit value, as the relative accident rate seems to be
increasing drastically for radii below 200m [21]. For mul-
tiple curved segments, a weighted average of the radiuses Rw
(using absolute values) was calculated to determine the high
or low classification.

Lastly, the multiple curved segments were divided into
two categories determining whether the requirements for
adjacent curves were fulfilled (OK) or not (NOT OK). )ese
requirements are given by the Norwegian standard for
geometric road design, Handbook V120 Premises of geo-
metric road design [37]. )e purpose is to provide an even
and consistent curvature. For curve radii less than or equal to
300m, there are requirements for the minimum and max-
imum radii adjacent to the curve. )e same criterion was
applied in this study. As can be seen in Table 2, although this
is a standard requirement within Norwegian road design, the
existing network contains a significant share of segments
where the requirements are not fulfilled.

4. Accidents

)e accident data were retrieved from NVDB, where an
accident is registered if it has led to personal injury or great
material damage [40]. In total, 188 single motorcycle acci-
dents from the period of 2013–2017 were assigned to the
segmented network based on their GPS data. Because of the
relatively low number of accidents, all five years were an-
alyzed together. According to the descriptive statistics (see
Table 3), most of the accidents occurred in curves (most
frequently in left-hand curves) and most of the single
motorcycle accidents resulted in slight injury.

5. Statistical Model

)e analysis was conducted using the statistical software
SPSS. )e COXREG function was used as a substitute for
conditional logistic regression, as the results produced by the
COXREG are equal to the ones produced by a conditional
logistic regression. )e covariates included in the statistical
model were horizontal alignment, traffic lane width,
shoulder width, region, road type, and the percentage of long
vehicles (> 5.6m). )e three parameters on horizontal
alignment were merged together, resulting in 11 different
combinations describing the horizontal alignment of each
segment (as seen in Table 4).

Define cases and
controls

Matching based on
confounding

variables
Statistical analysis

Figure 1: )e three main steps of a case-control study design.
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6. Results

)e results of the statistical analysis are presented in Table 5,
where the significance levels, odds ratio, and 95% confidence
intervals are included.

Almost all of the results on lane and shoulderwidthwere not
statistically significant (only the result for width 1.76–2.00m),
and the confidence intervals are large. However, the results
appear to be presenting some trends. For traffic lane widths

(Figure 2(a)), the trend appears to be an increased odds ratio for
wider lanes. )e opposite trend appears for shoulder widths
(Figure 2(b)), where wider shoulders are associated with lower
odds ratio.

)e results on horizontal curvature were more significant
compared to the results on lane and shoulderwidth. Yet, some of
the confidence intervals are large, as seen in Figure 3.)ehighest
odds ratio is associatedwithmultiple curved segments, with high
curvature, not fulfilling the requirements for adjacent curves (i.e.,

Table 1: Descriptive statistics of the final dataset, 58 815 segments.

Parameter Number of segments % of segments % of total length % of accidents

Lane width

1.5–1.75m 2347 3.99 3.94 2.13
1.76–2.0m 3402 5.78 5.81 2.13
2.01–2.25m 5284 8.98 8.92 3.19
2.26–2.5m 6351 10.80 10.92 6.91
2.51–2.75m 9075 15.43 15.44 11.17
2.76–3.0m 15,558 26.45 26.50 33.51
3.01–3.25m 12,183 20.71 20.67 27.13
3.26–3.5m 4615 7.85 7.81 13.83

Shoulder width

0–0.25m 15,611 26.54 26.94 32.45
0.26–0.5m 25,037 42.57 21.44 45.21
0.51–0.75m 12,644 21.50 42.49 16.49
0.76–1.0m 3549 6.03 5.91 4.26
> 1m 1974 3.36 3.22 1.60

Region

East 20,115 34.20 33.71 45.21
Middle 9259 15.74 15.38 8.51
North 16,426 27.93 28.93 14.89
South 4576 7.78 7.75 10.64
West 8439 14.35 14.23 20.74

Road type
European 7164 12.18 12.52 14.36
County 47,123 80.12 79.67 76.60
District 4528 7.70 7.81 9.04

AADT

< 500 25,514 43.38 43.73 23.40
501–1500 18,851 32.05 31.85 35.64
1501–4000 11,319 19.25 19.23 31.38
4001–6000 1914 3.25 3.22 4.79
6001–8000 601 1.02 0.99 1.06
> 8000 616 1.05 0.98 3.72

% of long vehicles
< 8% 11,172 19.00 18.61 16.49
8–12% 29,599 50.33 50.06 51.60
> 12% 18,044 30.68 31.34 31.91

Speed limit
60 km/h 8934 15.19 14.58 13.83
70 km/h 2611 4.44 4.33 4.26
80 km/h 47,270 80.37 81.09 81.91

Table 2: Descriptive statistics on horizontal alignment.

Horizontal alignment categories Number of segments % of segments % of total length

Curve type

Multiple curves in opposite direction 17,921 30.47 34.82
Multiple curves in the same direction 6604 11.23 10.33

Single 4925 8.37 6.18
Straight 29,365 49.93 48.67

Degree of curvature
High (R< 200m) 4641 7.89 7.22
Low (R> 200m) 24,809 42.18 44.11

Straight 29,365 49.93 48.67

Neighbor curves

NOT OK 13,252 22.53 27.91
OK 11,273 19.17 17.24

Single 4925 8.37 6.18
Straight 29,365 49.93 48.67
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Table 3: Descriptive statistics on accidents.

Accident categories number of accidents % of accidents

Degree of injury

Fatality 17 9.04
Severe injury (severe + very severe) 41 21.81

Slight injury 127 67.55
No injury/not registered 3 1.60

Road geometry

Straight 40 21.28
Left-hand curves 86 45.74
Right-hand curves 37 19.68

Unknown 25 13.30

Table 4: Combinations describing the horizontal alignment in the statistical model.

Curve type Degree of curvature Adjacent curve requirements Number of segments Percentage of segments
Straight 430 45.74%
Single curve High 67 7.13%
Single curve Low 6 0.64%
Multiple curves in the same direction High OK 15 1.60%
Multiple curves in the same direction High NOT OK 1 0.11%
Multiple curves in the same direction Low OK 40 4.26%
Multiple curves in the same direction Low NOT OK 58 6.17%
Multiple curves in opposite directions High OK 44 4.68%
Multiple curves in opposite directions High NOT OK 29 3.09%
Multiple curves in opposite directions Low OK 95 10.11%
Multiple curves in opposite directions Low NOT OK 155 16.49%

Table 5: Results of the statistical analysis. Significant (p< 0.05) results presented in bold font.

Parameters Significance Odds ratio
95.0% CI for the

odds ratio
Lower Upper

Lane width

1.5–1.75m 0.383 0.518 0.118 2.271
1.76–2.0m 0.015 0.208 0.059 0.738
2.01–2.25m 0.196 0.476 0.155 1.467
2.26–2.5m 0.592 0.806 0.366 1.776
2.51–2.75m 0.272 0.703 0.375 1.318
2.76–3.0m 0.383 1 1 1
3.01–3.25m 0.547 0.859 0.525 1.407
3.26–3.5m 0.973 0.989 0.520 1.880

Shoulder width

0–0.25m 0.881 1 1 1
0.26–0.5m 0.836 1.047 0.680 1.611
0.51–0.75m 0.525 0.837 0.483 1.450
0.76–1.0m 0.702 0.817 0.290 2.302
>1m 0.514 0.622 0.150 2.586

Region

East 0.343 1 1 1
Middle 0.304 0.691 0.341 1.398
North 0.041 0.546 0.305 0.975
South 0.730 0.885 0.444 1.765
West 0.659 0.892 0.536 1.483

Road type
County 0.591 1 1 1
European 0.951 1.022 0.520 2.008
District 0.351 0.721 0.362 1.435

Heavy vehicles
<8% 0.653 0.883 0.512 1.521
8–12% 0.838 1 1 1
>12% 0.783 1.075 0.644 1.792
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considerable variation in curve radii). Generally, the odds in-
crease when the curvature is high (R<200m) compared to low
(R>200m). It is clear from the results that curved sections have
higher odds ratios compared to straight sections, except for
single curved segments with a radius greater than 200m;
however, this result was not significant. As only one segment had
the following combination for horizontal alignment, multiple
curves in the same direction, with high curvature not fulfilling
the requirements for adjacent curves, this was excluded from the
results.

6.1. Comparison between Motorcycles and Other Motorized
Vehicles. Pokorny et al. [32] conducted a similar study on
1,886 accidents involving motorized vehicles (excluding
motorcycles). Nearly, the same baseline was utilized in

the current study, making it possible to compare the
results with those found in the previous study. )e
variation between the two studies comes from the way
the segmentation is executed and is not believed to
impact the comparison. When comparing the odds ratio
for shoulder width, the trends are similar for motorcycles
and other motorized vehicles, as seen in Figure 4. In-
creasing shoulder width shows a decreasing odds ratio.
)e opposite trend appears for traffic lane width, as an
increasing lane width shows an increased odds ratio (as
seen in Figure 5). )is trend appears for both motor-
cycles and other motorized vehicles. However, for both
lane and shoulder width, the 95% confidence intervals are
larger for motorcycles. )is could be a consequence of
the difference in the sample sizes. )e results on lane and
shoulder width in the current study show little statistical

Table 5: Continued.

Parameters Significance Odds ratio
95.0% CI for the

odds ratio
Lower Upper

Curve type +High/low+Adjacent curves

Straight 0.000 1 1 1
Single curve + low 0.013 10.739 1.653 69.754
Single curve + high 0.863 0.922 0.367 2.318

Multiple opposite dir. 0.000 21.993 8.465 57.141+High +NOT OK
Multiple same dir. ∗ ∗ ∗ ∗+High +NOT OK

Multiple opposite dir. 0.000 3.341 2.010 5.552+ Low+NOT OK
Multiple same dir. 0.012 2.582 1.228 5.430+ Low+NOT OK

Multiple opposite dir. 0.000 14.063 6.213 31.833+High +OK
Multiple same dir. 0.000 12.442 3.744 41.346+High +OK

Multiple opposite dir. 0.000 4.970 2.752 8.974+ Low+OK
Multiple same dir. 0.054 2.420 0.984 5.952+ Low+OK

∗Only one segment had this specific categorization
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Figure 2: Odds ratio for (a) lane width and (b) shoulder width and 95% confidence intervals. Significant (p< 0.05) result is underlined.
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significance, while the results for other motorized ve-
hicles have higher levels of statistical significance, es-
pecially for traffic lane width [32].

Pokorny et al. [32] did consider horizontal curvature in
their study, but not the requirements for adjacent curves.
)erefore, a statistical analysis of the motorcycle accidents,
excluding the adjacent curve requirements, was conducted for
comparison reasons. Straight sections were used as the baseline
in both studies. )e results presented in Figure 6 show that the
odds ratio for motorcycles is considerably higher than for
motorized vehicles, especially when the curvature is high
(R< 200m). Both studies show high levels of statistical sig-
nificance for the odds ratio on horizontal curvature. However,
the 95% confidence intervals are considerably larger for mo-
torcycles than for motorized vehicles.

7. Discussion

)e analysis considered the impact of lane width, shoulder
width, and various aspects of horizontal curvature on two-
lane rural roads on the odds risk of single motorcycle
accidents.

For lane width, this study shows a trend where increased
lane widths are associated with increased odds ratio. )e
results were statistically significant for only the second
narrowest width category (1.76–2.0m), which represented
only 5.81% of the total length of the studied road network.
)e only other relevant motorcycle study found that the
width did not significantly impact accident frequency, with
the caveat that there was little variation in lane width in the
sample, which may have impacted the results [23]. Con-
sidering motorized vehicles in general where research is
more prevalent, the results of case-control studies vary.
While, for example, Gitelman et al. [27] identified a similar
trend as found in this study, Gross and Jovanis [29] and
Gross and Donnell [28] reported the opposite. Looking

beyond case-control methodologies, existing research has
also provided varying results. Some studies identified wider
lanes as safer due to providing more space for avoiding
potential collisions [41, 42], while others noted that width
has a negative safety effect, where narrower roads might
result in safer driving behavior, namely, lower speeds [43].
)us, the results in the current study might be explained by
the motorcyclists taking extra precautions (i.e., reduced
speed and increased concentration) when driving on roads
with narrow traffic lanes.

Regarding shoulder width, the trend found in this study
(increased shoulder width leads to decreased odds for an
accident) is similar to other case-control studies [23, 28, 30],
although only the first of these studies specifically focused on
motorcycles. Again, the results from this study are not
statistically significant. )e identified trend is interpreted as
wider shoulders being beneficial for motorcycle safety be-
cause they provide more recovery space and better sight
distance in curves.
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Regarding horizontal alignment, the results are more
conclusive, showing that the odds ratio is highest on mul-
tiple curved segments going in opposite directions (reverse
curves). Furthermore, if the segment additionally has high
curvature and the requirements for adjacent curves are not
fulfilled, the odds ratio increases even further. )e odds
ratios are lower on segments with low curvature, yet still
higher than for straight segments. )e results for high
curvature are similar to the findings of several studies which
are specifically focused on motorcycles [23–25]. However,

this is inconsistent with the study by Elvik [22] who found
that several sharp curves reduce the risk, although Elvik’s
study is not specific to motorcycles. While the presence of a
reverse curve showed increased odds of an accident, these
results differ from other studies focused on motorcycles
[24, 25] where the presence of a reverse curve is associated
with decreased odds for an accident, although using this
same dataset Xin [44] later found that reverse curves result in
more severe injuries. One reason for the discrepancy
compared to this study may be the difference in geography
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associated with the two samples, where Norway has more
challenging terrain. )e results of this current study related
to horizontal alignment are likely explained by the increased
complexity by riding a motorcycle in a curve compared to a
straight section. Several adjacent curves can make speed
adjustment difficult, especially if the radius of the curves
varies in size. If the curvature is high, the sight distance
around the curve might also be reduced. Another expla-
nation, as stated in the previous research, could also be that
such road segments attract risk-seeking riders.

While the results indicate trends such that increased
traffic lane widths lead to increased odds for a single
motorcycle accident and an opposite effect for increased
shoulder widths, these results are not largely statistically
significant. )e results on horizontal alignment show
higher statistical significance for most of the categories,
compared to the results on lane and shoulder width. )ese
results indicate that the horizontal alignment has a greater
influence on single motorcycle accidents than lane and
shoulder width or that lane and shoulder width do not
influence single motorcycle accidents at all. )e results
from the study by Pokorny et al. [32] involving motorized
vehicles also show less significance for shoulder width
compared to traffic lane width and horizontal alignment.
)is strengthens the indication that shoulder width has less
influence on accidents compared to the other design pa-
rameters studied. However, the lack of statistical signifi-
cance and large confidence intervals could also be affected
by a low sample size (i.e., low number of accidents).
Possible ways to increase the sample size would be to either
extend the study period or include more accident types.
Including more accident types would lead to a broad
definition of cases, which could lead to unclear results, and
thus is not suggested [33]. Increasing the study period
could lead to temporal variations within the data, which
would not be favorable either. However, a greater sample
size may not solve these issues in their entirety, as the
sample size in the study by Pokorny et al. [32] was ten times
greater than in the current study and yet several of the
results were insignificant. Additionally, the comparison
between the two studies shows that horizontal curvature is
more influential on accident risk for motorcycles than for
other motorized vehicles.

Increasing the knowledge on risk factors related to mo-
torcycle accidents can help reduce the number of accidents.
Based on this study, the importance of horizontal curve design is
emphasized for motorcycle safety. When considering motor-
cycle safety for future road facilities, larger curve radii are
preferred along with single curves. It is also important that the
requirements for adjacent curves are fulfilled.
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