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Abstract
Purpose The study sought to estimate the effects of centreline
milled rumble strips on rural two-lane roads in Sweden in a
wide perspective. Traffic safety effects (i.e., fewer crashes and
injuries), driver experience, and driver opinions of centreline
milled rumble strip usage on rural roads are investigated.
Methods To evaluate the traffic safety effects, an Empirical
Bayes study comparing the outcome before and-after the in-
troduction of rumble strips was conducted. This study is based
on data from 2003–2012 from the Swedish national traffic
accident database, STRADA. To capture driver experience
and opinions about milled centreline rumble strips, focus
groups and road-side interviews were performed.
Results The results indicate a significant decrease in all types
of severe injury crashes, a 20% (±13%) reduction in the num-
ber of fatalities and seriously injured people (all crash types)
and a 27% (±18%) reduction in the number of fatalities and
severely injured people in single-vehicle crashes. Participants
in focus groups and road-side interviews generally favoured
centreline rumble strips on rural roads, and up to 90% of the
interviewed motorcyclists and commuters stated that the rum-
ble strips would help improve traffic safety.
Conclusions Rumble strips in the centre of two-lane rural
roads are a countermeasure to help drivers who are uninten-
tionally about to leave the lane, for example, due to sleepiness
or inattention. Based on the results of this study, installing

centreline milled rumble strips on two-lane rural roads 8–10
meters wide is a measure to consider to increase safety.

Keywords Milled rumble strips . Traffic safety . Driver
acceptance . Focus groups: Road side interviews . Empirical
Bayes

1 Introduction

Rumble strips in the centre of two-lane rural roads and on
the shoulder of motorways are a countermeasure to help
drivers who are unintentionally about to leave the lane,
for example, due to sleepiness or inattention. Rumble
strips have been used widely in several countries for a
long time, especially in the USA and Canada [1].
Sometimes they are installed in raised profile and some-
times as in-ground, and the variation is not only between
raised versus in-ground rumble strips but also in their
width, depth, and length [1]. A report from the USA [2]
establish that it is difficult to specify optimal dimensions
of shoulder and centreline rumble strips due to lack of
knowledge on e.g. the stimuli levels necessary to alert
inattentive, distracted, drowsy, or fatigued drivers, but
provides guidelines based on present knowledge.
Evaluations of rumble strip effectiveness demonstrate that
the rumble strips are useful not only for sleepy [3] but
also for inattentive drivers [4, 5]. A before–after study
in seven US states, including 98 treatment sites and over
210 miles of road, examining centre-line rumble strips
found a reduction in injury crashes of approximately
15% (CI 5–25%) and in frontal and opposing-direction
sideswipe injury crashes of approximately 25% (CI 5–
45%) [6, 7]. The effect of rumble strips on the shoulder
is even more positive (40–50%) [8].
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A quasi-experimental study of the Albany Highway in
Western Australia resulted in a reduction in the all-severity
crash rate of 58% and in casualty crashes of 80% [9]. The
US report [2] concludes that centreline rumble strips reduce
the total number of crashes by 9% (SE = 2) and the fatal and
injury crashes by 12% (SE = 3). Looking at the target crashes
only (defined as head-on and opposite-direction sideswipe
crashes head on), the total number of target crashes are re-
duced by 30% (SE = 5) and the total number of fatal and injury
crashes by 44% (SE = 6). There is also support for an adverse
effect in terms of crash migration from locations with to those
without rumble strips [10]. Most of these studies consider a
mixture of raised and in-ground rumble strips, and also in-
clude variation in the type of in-ground strips. This heteroge-
neity is a confounding factor that is a limitation especially in
estimating the optimal effect. A study from Norway including
large-scale reports of real-world driver experience supports
the evidence that rumble strips reduce crash numbers by re-
ducing the severity of consequences, specifically of fatigue-
related driving, and found a significant reduction in sleep-
behind-the-wheel incidents resulting in road departure crashes
when rumble strips were present [11].

Simulator studies have demonstrated that milled rumble
strips do not cause erratic manoeuvring when drivers are alert
[12, 13] or sleepy [14]. A Finnish study of alert drivers dem-
onstrated a decrease in the mean and standard deviation of
lateral lane position due to less space to swerve before hitting
the rumble strips [15]. These results are also supported by
video observations from an equipped vehicle that indicated
increased vehicle separation attributable to the rumble strips
[16]. It is also know that hitting a milled rumble strip when
sleepy effectively brings the driver back into the lane [14, 17].
The effect of hitting a rumble strip when sleepy is fairly short
in duration (i.e., 3–4 min) and drivers will return to the same
sleepiness level as just before hitting the rumble strip [14]
What happens on real roads and whether the driver behaves
differently depending on the reason for hitting the rumble strip
(i.e., sleepiness vs. distraction) is unknown.

Unlike the many studies of rumble strip effectiveness, rel-
atively few studies treat driver opinions and experience of
rumble strips. Most studies do not consider the driver opinions
and acceptance of the strips, a matter that merits further
investigation.

An alternative solution to prevent single vehicle and head
on crashes is lane departure warnings in terms of a driver
support system, LDW systems. It has been shown that there
is a potential to substitute the infrastructure rumble strip with
an in-vehicle LDW system [18]. In an investigation of the
safety benefits of in-vehicle LDW and LKA (Lane keeping
Aid) in real world passenger car injury crashes in Sweden a
positive effect in reducing single vehicle crashes (−53%) as
well as a total reduction of −30% for all head-on and single
vehicle driver injury crashes was shown [19].

2 Objective

This study evaluates the wider effects of centreline milled
rumble strips on rural two-lane roads with a speed limit of
90 km/h. The evaluation considers traffic safety effects, driver
experience, and driver opinions of milled rumble strips on
Swedish rural roads.

3 Methods

In Sweden in the early 2000s, the Swedish Road
Administration (now the Swedish Transport Administration)
investigated the possibility of improving traffic safety and
accessibility on existing rural roads by installing milled rum-
ble strips in the centre of the road. After pilot studies in 2005
and 2006, a decision was made that all rural two-lane roads
with a speed limit of 80 km/h or above and wider than 7.5 m
should have centreline milled rumble strips installed. As of the
end of 2013, about 4700 km of rural roads in Sweden have
centreline milled rumble strips with a total annual traffic vol-
ume of approximately 5.8 billion vehicle km. Only about 5%
of the roads are equipped with edge line rumble strips.

The centreline milled rumble strips are usually intermittent
rumble strips 30–35 cmwide, 15 cm long, and 1 cm deepmost
often with a centre-to-centre distance of 60 cm, Fig 1. To
prevent noise nuisance for those living near the road, caused
by vehicles hitting the rumble strip, a buffer zone of 150 m is
used. This means that for 20–30% of the length of roads with
centreline milled rumble strips there is a break with no rumble
strips.

3.1 Evaluation of crashes

Centreline rumble strips are expected to reduce the number of
single-vehicle crashes and crashes with oncoming vehicles,
thereby reducing the number of crashes, fatalities, and inju-
ries. The traffic safety evaluation was based on crashes report-
ed by the police in the Swedish national STRADA accident
database (Swedish Traffic Accident Data Acquisition) for the
2003–2012 period. Crashes with pedestrians, bicycles,
mopeds, track-based vehicles, and game were excluded from
the analyses. In total, 180 sections of rural roads were included
in the analysis. The crash outcome in the after period was
compared with the outcome in the before period. Only road
sections with both a before and after period and unchanged
speed limit were included in the analysis. Since there are no
rumble strips at junctions, crashes at junctions were excluded.
In total, approximately 1850 km (annual traffic volume of 2.0
billion vehicle km) of roads with a speed limit of 90 km/h and
road width under 10 m were included in the analysis.

Table 1 shows traffic volumes, number of injury crashes,
and number of fatalities and severely injured (FSI) people in
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the before and after periods. The traffic volumes were approx-
imately 20% higher in the before period compared with the
after period, reflecting a longer duration of the before-period.
For all crashes on the evaluated roads, there were 342 FSI in
the before period and 216 in the after period, while there were
984 injury crashes before and 836 after.

To evaluate the traffic safety effects of milled centreline
rumble strips on rural two-lane roads, the numbers of injury
crashes and of people killed or severely injured before and
after rumble strip installation were compared in a before and
after Empirical Bayes (EB) study as well as a before–after
study with a control group. The EB study controls for trend,
traffic volume and regression to the mean, while the before
and after study only controls for trend and traffic volumes.

In the before and after study with control, the change be-
tween the before and after periods is estimated as:

θ̂ ¼ ck
∑Y
∑X

where X is the number of observed crashes in the before
period, and Y the number in the after period (summarized over

all road sections), c corrects for differences in traffic
volumes between the before and after period and k cor-
rects for the changes in the control group. To estimate
the trend (k) in the control group, the number of injury
crashes as well as the number of fatal and seriously
injured (FSI) per year for an average before and after
period were calculated. The index is calculated as the
ratio between the after and before outcomes in the con-
trol group and is 1.047 ± 0.038 for personal injury
accidents and 0.821 ± 0.066 for FSI (95% confidence
interval). The traffic safety effect is estimated by θ-1.
Following a first-order Taylor expansion [20], the vari-
ance is estimated by

Var θ̂
� �

¼ ck
∑Y
∑X

� �2 1

∑X
þ 1

∑Y

� �

and a 95% confidence interval is:

CI ¼ θ̂� 1; 96*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var θ̂

� �r
:

To control for regression to the mean (RTM), an em-
pirical Bayes (EB) approach were used. EB is the most
common method of controlling for regression to the
mean in before–after studies [21]. There are several ver-
sions of the EB approach [22, 23], which in the present
case, briefly stated, relies on estimating the expected
number of crashes by combining two sources of infor-
mation: the recorded number of crashes and the normal
expected number of crashes estimated by an accident
prediction model. In principle, the normal expected num-
ber of crashes can be obtained from the empirical distri-
bution of a control dataset. The data available for this
evaluation do not contain a proper control dataset for
estimating the normal expected number of crashes, but
instead rely on an EB approach developed for and often
used in Swedish traffic safety evaluations [24]. The ex-
pected number of crashes, E(α|r), is calculated as

E αjrð Þ ¼ wαþ 1−wð Þr

Table 1 Traffic volume, number of injury crashes, and the number of fatalities and severely injured (FSI) people in the before and after periods on the
studied rural centreline milled roads

Road type Crash type Traffic volume (million axle-pair km) Number of injury crashes Number of FSI

Before After Before After Before After

Rural roads, 90 km/h All 10,610 8756 984 836 342 216

Single vehicle 10,610 8756 596 523 178 96

Fig. 1 Example of road with centreline milled rumble strips
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where α is the expected normal number of crashes, r is
the recorded number of crashes, and w is a weight, which
is calculated as

w ¼ 1

1þ kα

The expected normal number of crashes, α, is calculated
from standard model values (i.e., estimated crash and FSI
rates) based on the national average outcome over a fixed
period for a certain road type and speed limit, and the weight,
w, is estimated to be 0.1 for Swedish conditions [25]. The
standard model values are based on the 2003–2008 period,
which is the average before period (Table 1).

3.2 Driver experience

If rumble strips should bemandatory on 2 lane rural roads it is of
major importance to gather the drivers experience and opinions.
To do this both qualitative and quantitative studies were per-
formed. The qualitative study was based on focus group discus-
sions intended to capturemotorcyclist and commuter experience
and opinions of milled rumble strips on narrow rural roads.

The quantitative study was explorative and based on road-
side interviews designed to capture the perceptions and expe-
rience of road users who had just travelled over roads with
centreline milled rumble strips. The following section briefly
describes the methods used.

3.2.1 Focus groups

Focus group discussions are a qualitative research method
intended to obtain a wide-ranging description of how people
reason about a specific topic or phenomenon [26, 27], in this
case, centreline milled rumble strips on rural roads. Of the two
stakeholder groups, i.e., motorcyclists and commuters, motor-
cyclists were selected assuming that they might find them less
safe than drivers of passenger cars, possibly even cause en-
dangering situations when crossing them during overtaking.
Commuters were chosen based on the argument that these
drivers are likely the most experienced ones, as they drive a
lot and should therefore have more experience of driving on
roads with milled rumble strips. Before implementing the fo-
cus groups, participants received written invitations that also
contained information about the project. The discussions were
relatively structured and followed an interview guide [28].
The discussions were voice recorded. The analysis was the-
matic note based and the voice recordings was used as a sup-
port to the notes.

The motorcyclist focus group comprised six motorcyclists,
one woman and five men, 30–55 years old. They were recruit-
ed through personal contacts. They drove their own bikes

representing the following brands: Kawasaki, BMW 1200,
BMW 1100, Honda VFR 800, Varadeo 1000 and HD
Sportser 1200. All were experienced motorcyclists who drove
3000–10,000 km/year. The discussion took part in August
2007 and lasted in total for approximately 3 h. To ensure that
the participating motorcyclists had experience of driving on
centreline milled rumble strips and to facilitate productive
discussion of rumble strips in a natural way, a group motorcy-
cle trip on Highway 36/34 between Linköping and
Borensberg, approximately 40 km apart, was performed be-
fore the discussion. The rumble strips applied on this part of
the road is a typical solution in Sweden. The rumble strip has
width of 30 cm, a length of 15 cm, a cc of 60 cm and a depth of
1.0 cm. Some part of the road had 2 + 1 fences.

Before the start an information meeting was done at VTIs
premise. After the information, the riders were asked if they
had questions and informed that they had they right to stop
without reason at any time. The group then drove the 40 km
together. The moderator and observer travelled as passengers.
The participants were advised to cross the rumble strips sev-
eral times during the ride, in both 70 km/h and 90/h and if
possible also brake at them. At Borensberg the riders were
invited to the café. Coffee and tea was served and the inter-
view started by the question BPlease explain how you experi-
enced driving on the rumble strips?^.

The interview guide was only used when needed and it
consisted of questions in the following areas: experience from
driving on rumble strips, their thoughts about the aim with
rumble strips (including questions about pros and cons, safety
and accessibility), design of the rumble strips, acceptance and
future recommendation.

The group of car commuters comprised four people, i.e.,
one woman and three men, 40–60 years old. They were re-
cruited thru advertisement in the local newspaper and through
personal contacts. The discussion took part in November
2007 at VTIs premises. Before the discussion started a short
round the table presentation was done and information was
given about the aim with the focus groups and a small presen-
tation about the rumble strips. The discussion lasted for ap-
proximately one hour. Participants took different routes to and
from work, but all drove on roads with centreline milled rum-
ble strips during their daily commuting. Three participants
were shift workers, while one travelled considerably while
on duty, often late at night.

Coffee and tea was served during the event. After present-
ing themselves to each other the discussion started by asking
the group: BWhat is your thoughts about rumble strips?^ The
interview guide was only used when needed and it consisted
of in total six areas of questions: experience from first time
driving on rumble strips, influence of rumble strips on their
driving behaviour, 2 + 1 road with barrier compared to rumble
strips, acceptance among drivers, the design of the rumble
strips and future recommendation.
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3.2.2 Road-side interviews

To have a more generic view of the drivers’ opinions in
close relation to their experience of driving on rumble
strips a total of 360 questionnaire interviews were admin-
istered in five geographical regions of Sweden: North
(n = 77), Middle (n = 46), South East (n = 83), South
(n = 95), and West (n = 59). The roadside questionnaires
were administered along roads with centreline milled rum-
ble strips, i.e., E18, E4, E55, County Road 184, and high-
ways 34 and 116. To contact passing drivers, the police
stopped drivers randomly to check driving licenses and
test breath alcohol levels. The site selection depended on
police officer availability and on the appropriateness of
stopping road users. Then drivers were asked whether
they were willing to participate in the study. If they
agreed, the interviewer approached the car and asked if
they agree to answer a limited number of questions. The
surveys were completed by the interviewer. Most drivers
agreed to be interviewed; some drivers declined, usually
because they had a deadline to meet. The questionnaire
consisted of questions about drivers’ background and ex-
perience of self-reported sleepiness (KSS) during the driv-
er [29], speed, lateral position, feeling of safety and
accessibility.

4 Results

4.1 Crash evaluation

The results of the Empirical Bayes analysis, correcting for
RTM as well as the general road safety trend and changes in
traffic volumes are shown in Table 2. Regarding severe
crashes, the results indicate that milled centerline rumble strips
reduce FSI (all crash types) by 20% (significant) and in single-
vehicle crashes by 27% (significant). No significant changes
are noted in injury crashes.

The EB approach relies on standard model values (i.e.,
estimated crash or FSI rates) developed for Swedish con-
ditions. Table 3 shows the standard model values as well
as the observed crash and injury rates, reported separately

for narrow (<8 m) and normal-width roads (8–10 m) to
obtain as good a match as possible to the case group. In
general, the observed FSI rate is lower than the standard
model value. For injury crashes, the difference between
the observed rate and standard model value is small for
normal-width roads, while the observed rate is lower than
the standard model value for narrow roads.

4.2 Driver experience

4.2.1 Focus groups

The results of the focus group discussions indicate that rumble
strips are not perceived as a problem by either motorcyclists or
commuters, taking into account both traffic safety and acces-
sibility. The participants had no objections to the design of the
rumble strips or to how they influence driving, although they
thought that a road design with even deeper rumble strips, for
example, might be even more effective.

The participants mentioned that one’s speed when passing
crucially affects one’s experience of the rumble strip. The
motorcyclists’ impression was that the rumble strips feel less
pronounced when one is driving fast, for example, at 90–
100 km/h versus 70 km/h. Two members of the group of
motorcyclists said:

BThe impression was greater at low speeds than high
speeds, so we recommend high speeds [laughing]
…^BIn conclusion, the impression was less at 90 and
100 km/h than at 70 km/h.^

On the other hand, the commuters’ impressions were
that centreline rumble strips led to lower speeds, since they
provided drivers with feedback on speed when overtaking,
feedback that made drivers more aware of the situation.
Another issue raised by both the motorcyclists and com-
muters was that the type of vehicle and tires are important
for one’s experience of milled rumble strips. Low-quality
tires and low tread depth seemed to increase the effect of
the rumble strips perceived by the motorcyclists, who also
commented that motorcycles without rear shock absorbers
definitely registered the effects of rumble strips more than
did normal sport bikes. Despite this, the motorcyclists did
not seem to be influenced at all by the rumble strips, un-
like the commuters, who mentioned their influence not
only on their speed but also on their lateral lane position.
The commuters described how they changed their driving
behaviour, for example, overtaking less often and shifting
their lateral lane position to the right (i.e., increasing the
distance from the centre of the road). These changes in
driver behaviour can be linked to an increased road safety
effect, in line with the commuters’ sense that the rumble

Table 2 Estimated traffic safety effects of milled rumble strips on rural
roads with 90 km/h including corrections for RTM. 95% confidence
intervals

Crash Type Injury crashes Fatalities and seriously
injured, FSI

All crashes −3.5 ± 8.9 −20.3 ± 13.2

Single vehicle crashes 0.4 ± 11.8 −26.7 ± 18.0
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strips were a traffic safety measure. A driver from the
commuter group said:

BI hesitate a bit more to overtake. / ... / Unless there is
someone who is driving really slowly, so you just have
to. You take less risk in this way. / ... / In conclusion, you
take i t more gently, are more careful when
overtaking….^

4.2.2 Road-side interviews

The average age of drivers was 50 year (SD 14.7) and
there was no difference in their mean age between the
different geographical regions (F = 1.37; p = 0.22). On
average, the drivers had possessed their driving licenses
in 31 years (SD 14.7 years) and the majority (74%)
drove more than 15,000 km per year. Of the 360 respon-
dents, 74% were male and 26% female. Most of the
drivers (83%) did not believe that they had reduced their
speed because of the rumble strips, while 12.5% said that
they might have reduced their speed. Most drivers (58%)
said that they had not changed their distance from the
centre of the road because of the rumble strips, and 37%
said that they might have increased their distance from
the centre line. Most of the drivers (62%) thought that
the rumble strips would increase the feeling of security,
defined in terms of Byou cannot leave your lane without
knowing it^. There was no significant difference between
males and females (X2 = 3.04; p = 0.22). The most
positive response to the rumble strips concerned a feeling
of safety (84%), defined as Bfewer oncoming vehicles
that leave their lanes without knowing it.^. Also, no sig-
nificant difference was seen between males and females
(X2 = 4.87; p = 0.09. In total, 90% of the drivers be-
lieved that the rumble strips would contribute to in-
creased traffic safety. Among 354 drivers 23 reported
high levels of sleepiness (KSS 8–9) during the driver.
All of them except one agreed that rumble strips would
contribute to traffic safety. For those remaining 331

drivers with less degree of self-reported sleepiness 298
believed the rumble strips would contribute to traffic
safety, and 20 drivers did not. The difference between
the groups was not statistical significant.

5 Discussion

Studies of the traffic safety effects of centreline milled rumble
strips in Sweden, corrected for the effect of regression to the
mean, indicate a 20% reduction in the number of fatalities and
seriously injured people (all crash types) and a 27% reduction
in the number of fatalities and severely injured in single-
vehicle crashes. It was also shown that road users, especially
the motorcycle riders, were positive about the rumble strips.
The interviewed experienced commuters were also positive
about the rumble strips, even though they thought the strips
would force them to reduce their speed and overtake other cars
less often. The present questionnaire study demonstrated that
90% of the drivers report that the rumble strips would contrib-
ute to increased traffic safety.

The criteria for selecting roads for the installation of rumble
strips did not include a high crash record of the road, and the
results of this study indicate that the crash rates observed in the
before period were lower than expected from the standard
modelled values, leading us to suspect regression to the mean
(RTM) effects [21]. Here we used an EB approach developed
for Swedish conditions to correct for RTM. After correction
for RTM effects, the present results can be compared with
those of earlier studies from the USA [23], which found that
injury crashes were reduced by 14% (significant) and frontal
and opposing-direction sideswipe injury crashes by 25%
when centreline rumble strips were installed. Estimates sug-
gest that the number of crashes will decrease by 15% after the
installation of milled rumble strips in the middle of the road
[6], and a pilot study in Finland [30] estimated that personal
injury crashes, head-on collisions, and running off the road to
the left would be reduced by approximately 10%. A meta-
analysis, including different types of rumble strips, estimated
that centreline rumble strips reduced head-on crashes by 24%
while no significant effect was demonstrated for the total

Table 3 Standard model values (estimated accident/FSI rates) and observed crash and injury rates for the before period

Road type Crash type Standard model values Observed crash/injury rate

Injury
crashes

Fatalities and
seriously injured (FSI)

Injury
crashes

Fatalities and
seriously injured (FSI)

Rural roads, 90 km/h All 0.1220 0.0506 0.090 0.0359

Narrow roads, < 8 m Single vehicle 0.0820 0.0285 0.052 0.0182

Rural roads, 90 km/h All 0.0929 0.0376 0.093 0.0314

Normal width roads, 8–10 m Single vehicle 0.0542 0.0166 0.057 0.0164
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number of crashes [5]. The slight difference between these re-
sults, although they all tend in the same direction, might be due
to different rumble strip designs. In our study, only convention-
al milled rumble strips were examined; it is not known what
sorts of rumble strips were examined in some of the other stud-
ies. The differences in results might also depend on how and
whether RTM is considered. In this study, considering RTM
makes a large difference for the numbers of fatalities and seri-
ously injured people, but for all injury accidents. Other aspects
that might explain the inter-studies variability are road features
and cultural differences. In the ITERATE-project where a uni-
fiedmodel of driver behaviour was developed, it was found that
country (or possibly culture) was a significant factor for almost
all performance indicators [31]. However, it was not further
investigated which aspects differed between drivers from dif-
ferent countries. It has also been shown that road width might
affect the safety benefits. In an earlier study larger effects were
shown for narrow roads with road width below eight meters
compared to roads 8–10 m wide [32].

The results of our study are supported by analyses of crash
scenarios based on detailed police reports from the Swedish
crash data system STRADA. These analyses indicate that
centreline milled rumble strips reduce the risk of multi-
vehicle collisions and crashes in which a driver drives leftward
off the road [33]. Simulator studies also demonstrate that rum-
ble strips are effective in awakening sleepy drivers and that
drivers awakened by rumble strips take the proper counter-
measures [14, 17]. Most studies examine rumble strips used
in the centre of 8–10-m-wide roads, though they could also be
used in the centre of the lane. Pre-pilot tests have examined
such a possibility, and though their results were positive, mo-
torcyclists complained that such strips influenced and reduced
their ability to follow the road as desired. Finding a solution to
these problems calls for further investigation.

Another issue is that it is more and more common with in-
vehicle Lane Departure Warning systems with the aim to re-
duce single vehicle and head-on crashes, and that an increas-
ing rate of cars with LDW systems has affected the results in
this study. Very positive effects of in-vehicle LDWs in single
vehicle crashes (−53%) have been show [19]. However, since
the design of our study considers both a case group (roads
with milled rumble strips) and a control group (roads without
rumble strips), it is not likely that an increasing rate of cars
equipped with LDWs has affected the results in the study.

As regards behavioural adaptation (BA), the results of the
present road-side interviews of 360 car drivers indicate that
most of them (83%) did not believe that they had reduced their
speed because of the rumble strips, but that if they imagined
any change it would be a reduction in speed (12.5%). In ad-
dition, 58% of the drivers said that they had not changed their
distance from the centre of the road because of the rumble
strips, while 37% said theymight have increased their distance
from the centre line where the rumble strips were installed. In

conclusion, however, 90% of the drivers believed that the
rumble strips would contribute to increased traffic safety.
The focus group discussions indicated that motorcyclists did
not believe that the rumble strips would influence their driving
behaviour, except that they would contribute to their safety. In
contrast, the group of commuters believed that they might
lower their speed, would overtake less often, and would d shift
their lateral position to the right of the road. These results are
in line with measurements of speed and lateral position in
traffic flow made in a pre-study [34] showing a speed reduc-
tion of 2 km/h in average and a change in lateral position of
5 cm to the right (right hand traffic). In relation to in-vehicle
LDW systems an evaluation whether a LDW system would
induce BA was done [35]. Results showed that drivers with
LDW systems tend to overreliance on such systems which
might lead to less positive safety effect. However, it has also
been showed that in-vehicle LDW systems improved driving
performance overall [36].

Another issue not covered here is external noise. In
Sweden, a buffer zone of 150 m from buildings is used to
prevent noise nuisance. Studies of external noise find that if
the general Swedish guideline values for road traffic noise
would increase by 5 dB to 65 dB (outdoors) and 40 dB (in-
doors), in the same way that industrial noise are addressed,
possibly resulting in limit values being exceeded at distances
of under 140 m (outdoors) and 80 m (indoors) [37]. Some
initiatives have used sinusoidal milled rumble strips in com-
bination with, for example, drop-flex lane markings [38].
These initiatives aim both to protect the line markings and
reduce the external noise; the results are positive, although
the internal noise seems to be reduced considerably [39].
This raises the question of what really awakens and alerts
drivers, the noise or the vibrations from the rumble strips.
Further studies are needed to answer this question.

Comparison of conventional and sinusoidal rumble strips
indicates that sinusoidal rumble strips generate lower internal
noise in the car as well as less vibration compared to conven-
tional strips at both 70 and 90 km/h. Regarding the external
noise, there is no difference at 70 km/h, but external noise is
somewhat lower level for sinusoidal strips at 90 km/h, in other
words, a difference of 1–4 dB(A) compared with 7 dB(A) for
conventional strips. It should be noted that these sinusoidal
strips were studied using cars, and that their effects have not
been studied for heavy vehicles [33].

5.1 Limitations and future research

Based on the present results, we strongly recommend the use
of centreline milled rumble strips on two-lane rural roads, a
conclusion also supported by other [23, 40].

However, we still need more knowledge of optimal rumble
strip design in terms of driver awakening results. This study
examined only conventional milled rumble strips. In several
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other studies strip design is usually not controlled for,
which might partly account for some differences between
their results and the present results. Other important
questions are whether there are any differences in effec-
tiveness related to the reason for lane departure, and
whether there are any rumble strip designs that can
awaken and alert drivers without contributing to external
noise. It might be useful to develop installation guide-
lines covering aspects such as: in-ground profile; rumble
strip width, length, and depth; and milled versus pressed
and conventional versus sinusoidal rumble strips. There
are also arguments against this since fundamental re-
search has not been conducted on the stimuli levels nec-
essary to alert impaired drivers [40].

In addition, more knowledge is needed of the effects of
rumble strips for heavy vehicles. Since the results indicate that
driver’s positioning on the road is influenced, it is also impor-
tant to study the effect of rumble strips on road surface damage
in greater detail.

The method used to correct for RTM is based on an EB
approach developed for Swedish conditions. This method
may need updating, and further analysis and comparison of
different methods to correct for RTM are a future
recommendation.

Lateral positioning results indicate that rumble strips cause
drivers to move away from the centre line and that the vari-
ance in lateral position may therefore decrease. From a main-
taining perspective this might lead to increased rutting and
wear. This matter merits further investigation.

Using the method discussion within focus groups are
very useful to have a wider understanding of the drivers
reasoning, at the same time it is important to understand
that other individuals within driver categories that were
approach might have other experiences not covered here.
The questionnaires used at the road side is quantitative
way of gathering data. It can be argued that the results
might be biased due to the police officers’ involvement
with stopping. In order to avoid this, the police officers
were informed beforehand of the importance of how they
approached the drivers and in addition, the drivers that
agreed were asked to drive some meters further were the
interviewer were waiting. Either in the focus groups or in
the questionnaires questions were asked about the differ-
ence between infrastructures based rumbles strips versus
in-vehicle systems, or of the acceptance of the rumble
strips or the experience of the internal noise they gener-
ate. In the future it might be important to learn more
about the drivers’ opinion about this. The focus groups
aimed to get a deeper understanding of considerations
about rumble strips. However, it should be kept in mind
that only two groups were involved and that more groups
should be used to make sure all information possible to
receive was included.

In conclusion, the study provides positive results when
installing centreline milled rumble strips on two-lane rural
roads 8–10 m wide which should be taken into consideration
by road authorities considering this engineering measure.
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