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Turbo roundabouts are a relatively new design. Thus far, research on their safety has
focused on comparisons with other types of intersection and the effects of physical lane
dividers. This study investigates crash patterns at German turbo roundabouts, based
on a largely complete sample of such roundabouts and detailed data on infrastructure
characteristics, traffic volumes and crashes. We calculate the crash rates for turbo
roundabouts as a whole, as well as for their individual elements, including entries and
exits, and the circulatory roadway. In addition, crash constellations are analysed and
crash prediction models are computed, for all crashes and for the two most relevant crash
constellations right-of-way and rear-end crashes. The results confirm earlier research
findings that turbo roundabouts effectively combine high capacity with high safety levels.
The results add new insights, thanks to the more detailed analysis. Entries and
right-of-way crashes are most relevant, followed by rear-end crashes which mainly occur
at the circulatory roadway. Crash constellations differ significantly between the different
elements of the roundabouts, traffic volumes increase crash numbers for all designs and
elements. We find no significant effects of the different types of marked lane dividers in
our sample, this suggests that drivers do not respect solid lines and that physical dividers
are potentially needed to prevent drivers from changing lanes in the circulatory roadway.
The detailed analysis of crash patterns in this study enables specific recommendations to
be made for improving safety at turbo roundabouts further and exploiting their potential

, Martin Barwolff"*®, Julian Schmitz’®, Justin Geistefeldt’®, Sebastian Hanteschel'®,

more effectively.

1. Introduction

The turbo roundabout was invented in the 1990s in the
Netherlands (Fortuijn, 2009). There are various types of
turbo roundabouts, all of which share some common fea-
tures. A typical design is illustrated in Figure 1. Like con-
ventional roundabouts, turbo roundabouts have a circula-
tory roadway and give right of way to traffic in the circle.
The special characteristic is the lane addition inside the
circulatory roadway at one or more two-lane entries, vehi-
cles on the left lane of the entry are then directed to the
added lane on the inside. Vehicles on the right lane of the
entry have to drive to the continued right lane of the cir-
culatory roadway. Unlike conventional roundabouts with a
single circular lane, turbo roundabouts have non-concen-
tric circular lanes and multi-lane sections. Every lane that
is added on the inside of the circulatory roadway is sub-
tracted on the outside of the circulatory roadway at any of
the following exits.

Although turbo roundabouts are widespread in the
Netherlands, they are rare in other countries, with only
a few examples in Germany, Poland, the Czech Republic

and Austria. The German guidelines for turbo roundabouts
(FGSV, 2015) define four entry and four exit types, which
are shown in Table 1. Entries are grouped by the number of
upstream entry and circulatory roadway lanes. Entry type
2EN-1CR represents a lane addition and is typical for turbo
roundabouts. Single-lane entries similar to those at con-
ventional single-lane roundabouts (e.g. IEN-1CR) can be
also found. Exits are grouped by the number of downstream
exit and circulatory roadway lanes. A suffix is added to dis-
tinguish combinations with the same number of entry and
exit lanes. 1EX-1CR-conv has one exit and one circulatory
roadway lane. This design is frequently used in single-lane
roundabouts and needs to be distinguished from 1EX-1CR-
split, where a two-lane roadway splits into two single-lane
roadways.

The entry and exit types shown in Table 1 are also com-
mon in turbo roundabouts in other countries, with the ex-
ception of 1EX-1CR-split. Turbo roundabouts with three-
lane entries and corresponding circulatory roadways do not
exist in Germany but can be found in the Netherlands.

With these characteristics, turbo roundabouts should
combine the advantages of single-lane roundabouts, which
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Figure 1. Example of a turbo roundabout design with
reachable destinations by lane (FGSV, 2015)
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Table 1. Entry and exit types of turbo roundabouts
according to FGSV (2015)

are known for their high safety levels (Bondzio et al., 2012;
Brilon et al., 1993; Schmotz et al., 2020; Spahn & Baumler,
2007; Vieten et al., 2010), with the high capacity of multi-
lane roundabouts. Safety issues such as lane changes on
the circulatory roadway, which occur at multi-lane round-
abouts, should not occur at turbo roundabouts, since in-
coming traffic is already assigned to the correct lane upon
entering the turbo roundabout. An example of the reach-
able destinations by lane for 2EN-1CR is shown in Figure 1.

At the same time, turbo roundabouts allow entries and exits
with multiple lanes and therefore provide a higher capacity
than single-lane roundabouts. The capacity of turbo round-
abouts is up to 4 500 vehicles per hour (Brilon & Geppert,
2014) and depends to a large extent on the distribution of
traffic flows across entries and exits (Kocianova, 2016). A
key aspect of ensuring high safety levels at turbo round-
abouts is preventing lane changes on the partially two-lane
circulatory roadway, which is why solid markings or physi-
cal lane dividers separate the parallel lanes. Speed reducing
elements like perpendicular entries and exits are also pos-
sible at turbo roundabouts to increase safety levels.

Previous research on the safety of turbo roundabouts
mainly focuses on comparing safety levels with those of
other types of intersection. This is achieved through be-
fore-and-after study designs or by making direct compar-
isons between intersections with different designs in real-
world case studies or simulations (Arun et al., 2021). The
safety levels of turbo roundabouts are consistently higher
than those of conventional two-lane roundabouts, thanks
to the reduction in conflict points and driving speed (Ko-
cianova, 2016). Eliminating the dangerous conflict points at
the exits from the inner circular lane and removing weav-
ing (lane changing) from the circulatory roadway are par-
ticularly effective in ensuring high safety levels. Compared
to two-lane roundabouts, crash risk at turbo roundabouts
is reduced by about 70% (D. de Baan, 2009; Hansen & For-
tuijn, 2006), similar reductions are found for signalised in-
tersections (Skvain et al., 2017; Vos, 2016), conventional
single-lane roundabouts and yield-controlled intersections
(Vos, 2016). Studies comparing the safety levels of turbo
roundabouts and single-lane roundabouts come to different
conclusions. For example, D. de Baan (2009) find higher
crash risks for turbo roundabouts, whereas Vasconcelos,
Silva, and Seco (2013) find similar safety levels. Compara-
tive studies analysing conflicts mainly use the time-based
conflict indicators Time-To-Collision (TTC) and Post-En-
croachment Time (PET), and also find advantages for turbo
roundabouts (Arun et al., 2021). Bulla Cruz, Lyons, and
Darghan (2021), in a simulation study, find 72% fewer con-
flicts at turbo roundabouts compared to conventional two-
lane roundabouts, Shetty, Sauciur, and Pande (2025) find
less conflicts compared to signalised intersections. Lower
speed at turbo roundabouts is one key factor for their
higher safety levels, compared to conventional two-lane
roundabouts (Leonardi & Distefano, 2023) and to sig-
nalised intersections (Shetty et al., 2025). Macioszek and
Kurek (2020) investigate the perceived risk and find lower
levels at turbo roundabouts compared to conventional two-
lane roundabouts.

Very few studies could be identified that analyse more
detailed crash constellations and their determinants at
turbo roundabouts. Early studies from Germany find that
there are more crashes at the entries than at the circulatory
roadway and exits, and that right-of-way and rear-end
crashes are the most common crash types. However, these
studies rely on very small sample sizes, with some studies
examining just one turbo roundabout (Brilon & Harding,
2008; Hantschel & Maier, 2013). These findings are in line
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with those of studies that analyse conventional single-lane
or two-lane roundabouts (Bondzio et al., 2012; Schmotz et
al., 2020; Spahn & Bdumler, 2007). Kfivda et al. (2020) in-
vestigate conflicts and behaviour at 100 turbo roundabouts
in Europe and identify the following types of conflict as the
most relevant: failure to give way, vehicles becoming inter-
twined, and drivers taking shortcuts.

Studies investigating the determinants of crashes at
turbo roundabouts focus on the impact of various types of
lane dividers on the circulating roadway. An exception is
the study by Vos (2016), which analyse the influence of giv-
ing priority to cyclist at crossings and the design of the
inner lane at 204 turbo roundabouts in the Netherlands.
Turbo roundabouts that give priority to bicyclists are found
to have a higher level of safety compared to those where
motorized vehicles have right of way. Although not sta-
tistically significant, roundabouts with a rectangular inner
lane addition at the circulatory roadway also demonstrate
a higher level of safety than those with a smoother, curved
design. Macioszek (2015) compare turbo roundabouts with
physical and solid line marked lane separation, and find
a low proportion of crashes with personal injury for both
groups (4% and 7%). Not yielding the right-of-way (33%
and 40%), rear-end (23% and 29%) and incorrect lane
changes (16% and 19%) are the main cause of crashes in
both groups. For turbo roundabouts with physical lane di-
viders, additional crashes due to inappropriate speed to
traffic conditions (25%) have a notable share. By analysing
the behaviour in turbo roundabouts with physical lane di-
viders, Chodur and Bak (2016) conclude, that physical lane
dividers are an effective measure to prevent lane changes
at the circulatory roadway. Macioszek (2015) and Kie( et al.
(2019) report more vehicle side impact crashes with pave-
ment markings as lane dividers compared to physical raised
dividers. Smaller radii reduce the likelihood of crashes in
several studies investigating turbo roundabouts (Kie¢ et al.,
2019; Porter et al., 2019) and conventional roundabouts
(Spahn & Baumler, 2007). Spahn and Bdumler (2007) inves-
tigate conventional roundabouts and find that those with
lighting and tangential entries have lower crash rates, while
raised kerbs on the inner traffic island lead to higher crash
rates.

The literature review shows that there is a good level of
knowledge about the general safety levels of turbo round-
abouts compared to signalised intersections and conven-
tional roundabouts. Research gaps have been identified
with regard to the effects of the specific turbo roundabout
characteristics on safety levels and detailed crash constella-
tions, which have only been considered in studies with very
small sample sizes thus far. Previous studies are mainly
based on descriptive statistics. Model-based approaches,
such as regression analysis, have rarely been applied thus
far.

The following aims are formulated for this study in order
to address these research gaps: (1) to provide an overview
of turbo roundabouts in Germany with their specific char-
acteristics, (2) to investigate how different characteristics
affect safety levels, and (3) to identify detailed crash con-
stellations and their determinants.

To achieve these aims, we conduct a thorough research
on existing turbo roundabouts in Germany, thereby obtain-
ing a largely complete sample. Data on traffic volumes,
infrastructure design and operation, and crashes are col-
lected for all sites in the sample. Next, turbo roundabouts
are categorised according to their various characteristics.
Crash rates are calculated for each category and detailed
crash constellations are identified, based on the standard-
ised crash types and detailed narrative crash reports. Fi-
nally, crash prediction models are developed to take into
account the interdependencies between the various factors
that influence crash occurrence. The detailed data enable
the analysis at two levels: the turbo roundabout as a whole,
and individual elements, including entries, exits and circu-
latory roadway.

2. Data
2.1. Study sites

In this study, a turbo roundabout is defined as a multi-
lane roundabout that has at least one two-lane entry in
combination with a lane addition on the inside of the cir-
culatory roadway (2EN-1CR in Table 1). Roundabouts with
spiral markings and other roundabouts similar to turbo
roundabouts are not included. The turbo roundabouts
listed by S. D. L. de Baan (2021) were used as a starting
point for the identification of the sites for this study. They
were complemented by a systematic online search, which
was conducted in 2023 and included e.g. articles in newspa-
pers and information on the websites of public authorities.
Overall, 35 turbo roundabouts in operation were identified
with this approach in Germany. It can be assumed that this
sample covered major parts of turbo roundabouts in Ger-
many at that time. The lanes of the circulatory roadway
of the turbo roundabouts in our sample are separated by
solid line or dashed line pavement markings. Dashed lines
as separation are not in line with the German guidelines
for turbo roundabouts (FGSV, 2015), which state that lane
changes on the circulatory roadway should at least be pre-
vented by solid line pavement markings. Physical dividers
at German turbo roundabouts only exist at a few sites which
were opened after 2020 and are not part of the sample for
this study.

In order to ensure that crash data from a period of five
years were available for each site in the sample, only turbo
roundabouts were taken into account, that were put into
operation before 1 January 2016, and at which crashes in-
volving at least minor property damage were recorded by
the police. The resulting final sample comprises 25 turbo
roundabouts. Table 2 lists the characteristics collected for
each site. Figure 2 visualises the geometric characteristics,
which were taken from planning documents and aerial im-
agery.

Local public authorities provided traffic counts and fore-
cast data for over a third of the turbo roundabout arms.
Data from the 2015 nationwide manual road traffic census
(BW, 2015; NRW, 2015) were available for 29 different arms.
For the other 29 intersection arms, the Average Daily Traffic
(ADT) of motorised vehicles was estimated based on the
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Table 2. Collected characteristics for each turbo roundabout

Label Characteristic
Average daily traffic of motorised vehicles (ADT) for each intersection arm
A Diameter of the circulatory roadway
Number of intersection arms
For each roundabout Lanes separation of the circulatory roadway
Number of roadsides with a sidewalk
Number of entries with two lanes
Lighting
Entering ADT
Type of entry (for exit as well)
a Right corner radius
b Deflection by the central island
[« Angle to the exit upstream
For each entry Type of the pedestrian crossing
Shape of the splitter island
Speed limit
Factor for environmental use (Schller, 2009)
d Distance between entry and the corresponding exit

Distance from the first signpost

Figure 2. Geometric characteristics with label

ADT values of nearby road sections from the 2015 census,
and considering the road surroundings and the function of
the turbo roundabout in this study within the network. ADT
values for each entry and exit were estimated based on the
assumption of an equal distribution of the overall ADT at
the roundabout across all arms. For the entries and exits
parallel to bypasses, the ADT was reduced by a third for
four-arm and by half for three-arm turbo roundabouts.

Cyclists, pedestrians and scooter riders were categorised
as Vulnerable Road Users (VRUs). As a proxy for VRU vol-

umes, the “factor for environmental use” was calculated
based on the method proposed and validated by Schiiller
(2009). This factor considers the length and type of road-
side development on both sides of the road and is calcu-

lated as:

Fenv _ 2'LDres+2'LDret+3'LDmiw +LDcom (1)

LR

where F,,, is the factor for environmental use, LR is the
length of the roadside considered (in m), and LD is the
length of all buildings facing the road (in m) in (1). The land
use categories residential (res), retail (ret), mixed residen-
tial and retail (miz), and other commercial (com) are used
as indices for LD. For each intersection arm, a total road-
side length of 200 meters was considered, corresponding to
100 meters along each side of the roadway.

The number of roadsides with a sidewalk refers to the
two roadsides of each arm of the turbo roundabout. Thus,
a turbo roundabout with four arms can have a maximum
of eight roadsides with sidewalks. No distinction was made
regarding sidewalk width, distance from the roadway, the
presence of bicycle traffic, or the availability of nearby bi-
cycle facilities.

2.2. Crash data

Crash data were provided by local authorities for the
years 2016 to 2020, including geolocation, crash severity,
crash type, collision partners and a narrative report of the
course of each crash. The data include crashes with injuries
as well as crashes with major and minor property damage.

All crashes within the outer edge of the roundabout and
in the next 50 m sections were taken into account to ensure
that the crashes were related to the corresponding turbo
roundabout and that roundabouts with different geome-
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Illustration ~ Crash constellation Turbo roundabout elements
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Right-of—way Entries

Entries or exits

VRUs crossing

Two-lane entries, two-lane exits or circula-
tory roadway

Lane changing

. Q¢

Cutting Two-lane entries, two-lane exits or circula-
tory roadway
“»Y=p Rearend All
—
@ Loss-of-control All
Other All

No information (missing or ~ All
insufficient report)

Table 3. Classification of turbo roundabout crashes by
crash constellation

tries were comparable. Only crashes classified by the police
as loss-of-control, turning, right-of-way, pedestrian cross-
ing, or longitudinal crashes were considered. Parking
crashes, crashes involving wildlife, and crashes caused by
technical failures accounted for 3.5% of all cases and were
excluded from the analysis, as they are typically not related
to the design or operational characteristics of the round-
abouts.

In order to gain more detailed insights, the narrative re-
port and the geolocation were analysed for a total of 1 013
crashes in terms of the crash constellation and the associ-
ated turbo roundabout element as defined in Table 3. The
classification of crashes is summarised in the same table.
Crashes were assigned to the corresponding entry, exit,
circulatory roadway or bypass whenever possible. Some
crashes could not be assigned to any of the crash constel-
lations defined in Table 3, even though the narrative crash
report was complete. Those crashes, which were grouped as
‘Other’, often had contradictory information in the narra-
tive report.

3. Methods

A three-step approach involving several methods was
chosen for the analysis. In the first step, crash rates were
calculated for each roundabout and its entries and exits,
based on the volume of motorised vehicles at each site. To
avoid potential biases caused by lower exposure during the
COVID-19 pandemic, only crashes from 2016 to 2019 were
considered in this step, resulting in 842 crashes. Pearson
correlation matrices were computed for the characteristics
of each roundabout and its entries to determine interde-
pendencies between the various characteristics and to as-
sess whether the observed effects of individual variables
could possibly be attributed to their relationship with other
features. Only significant correlations with coefficients
above 0.3 or below -0.3 were taken into account.

In the second step, detailed crash constellations as de-
fined in Table 3 were computed to gain a deeper under-
standing of crash patterns at the different elements of the
turbo roundabouts and the factors that determine them in
terms of infrastructure and operation. We tested the rele-
vance of the COVID-19 pandemic for this analysis by com-
paring the proportions of crash types for all roundabouts
in Saxony, Saxony-Anhalt and Hesse in the years 2016 to
2020. We found no significant effect of the lower exposure
in 2020 on the distribution of crash types and therefore in-
cluded crashes from 2020 in this second step, resulting in a
total of 1 013 crashes.

In the third step, crash prediction models were devel-
oped for entries, as this element got identified as the most
relevant in terms of crash numbers. Models were computed
for all crashes, as well as for the two most common crash
constellations, right-of-way and rear-end, as defined in
Table 3. The modelling procedure followed a stepwise ap-
proach, starting with an intercept-only model, followed by
the addition of exposure variables, and concluding with a
full model incorporating all relevant parameters. Initially,
poisson regression was applied to assess the individual ex-
planatory power and statistical significance of each vari-
able. To address overdispersion commonly observed in
crash count data, final parameter estimation was carried
out using negative binomial regression. Only variables with
coefficients statistically significant at the 10% level and not
highly correlated with each other were included in the fi-
nal model specification. Correlations between the variables
were assessed using the Pearson correlation matrix mod-
elled in step one.

4. Results

4.1. General characteristics of the turbo
roundabouts and crash risk

The 25 turbo roundabouts in our sample vary in their in-
frastructural and operational characteristics. The smallest
turbo roundabout has an outer diameter of the circulatory
roadway of 31 m, while the largest has an outer diameter
of 80 m. The arrangement and number of the various entry
and exit types (see Table 1), as well as the number of by-
passes, are almost unique for each turbo roundabout. The
surroundings of the 25 turbo roundabouts range from rural
to urban.

Regarding the crossing facilities for VRUs, there is at
least one at-grade crossing at 12 turbo roundabouts and
one grade-separated crossing at 6 turbo roundabouts. At-
grade crossings always include a refuge island between the
entry and exit roadway. One roundabout gives priority to
VRUs at at-grade crossings on all the exits and entries, in-
cluding those with two lanes. At this roundabout, refuge
islands are not only located between entry and exit road-
ways, but also between the individual lanes of two-lane en-
tries and exits. Next to the differences in crossings for VRUs
and diameter, there are notable differences in traffic vol-
ume, road marking, and the number of intersection arms
between the turbo roundabouts.
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Table 4 displays the distributions of different character-
istics of the turbo roundabouts in our sample along with the
corresponding crash rates, where N; stands for the num-
ber of sites of the category. Table 5 shows the Pearson
correlation matrix for the characteristics. The crash rates
at the turbo roundabouts in our sample range from 0.19
to 2.36 crashes per one million motorised vehicles
(crashes/10°mot) with a variance of ¢%=0.29
crashes?/10'2mot2. On average, there is one crash/10°mot
at the turbo roundabouts. Turbo roundabouts with three to
five roadsides featuring sidewalks exhibit an average crash
rate of 0.74 crashes/10°mot, which is lower than that of
turbo roundabouts with fewer than three (1,01
crashes/10mot) or more than five such roadsides (1.09
crashes/10%mot). Only a small difference in average crash
rates is observed between turbo roundabouts with three
arms (1.13 crashes/10mot) and those with four arms (0.92
crashes/10°mot). Turbo roundabouts with diameters
greater than 65 m show a noticeably lower crash rate (0.82
crashes/10%mot) compared to those with smaller diameters
(1.03 and 1.01 crashes/10mot). Moreover, turbo round-
abouts featuring dashed lane separation markings exhibit
a substantially lower average crash rate (0.66
crashes/10°mot) compared to those with single solid line
markings (1.04) and double solid line (1.55
crashes/10%mot).

Turbo roundabouts with an average daily traffic (ADT) of
26 000 motorised vehicles or more exhibit a higher average
crash rate (1.23 crashes/10°mot) compared to those with
lower traffic volumes (0.88 and 0.77 crashes/10°mot). This
crash rate of 1.23 crashes/10°mot is only slightly below the
maximum values observed among turbo roundabouts with
lower ADT (1.32 crashes/10°mot).

Furthermore, an increasing number of two-lane entries
appears to come along with higher crash rates. The only
exception is a single turbo roundabout with four two-lane
entries, which shows a comparatively low crash rate (0.55
crashes/10%mot) and may represent a special case. In ad-
dition, turbo roundabouts equipped with roadway lighting,
which is more commonly implemented, tend to have higher
crash rates (1.06 crashes/10°mot) than those without light-
ing (0.81 crashes/10%mot).

A statistically significant negative correlation is ob-
served between the number of roadsides with a sidewalk
and both the diameter (r = -0.45, p < 0.05) and the Entries
with two lanes (r = -0.36, p < 0.05). In contrast, a positive
correlation is found between the number of roadsides with
a sidewalk and lighting (r = 0.51, p < 0.05).

The Diameter is positively correlated with the ADT (r =
0.46, p < 0.05), while showing a negative correlation with
lighting (r = -0.37, p < 0.05).

The Number of Entries with two lanes shows a signifi-
cant positive correlation with the presence of a single solid
line separation (r = 0.52, p < 0.01) and a significant negative
correlation with dashed line separation (r = -0.48, p < 0.05).

Table 6 and Table 7 presents the number of observations
and average crash rates for the entries and exits as clas-
sified in Table 1, as well as for the different entry charac-
teristics. Ny stands for the number of entries of the cate-

gory. Table 8 shows the Pearson correlation matrix for the
entry characteristics. Crash rates are significantly lower at
exits than at entries, regardless of the configuration. With
regard to entry types, 2EN-2CR has the highest crash rate
(1.08 crashes/10%mot). 2EN-1CR (0.83 crashes/10°mot) and
1EN-2CR (0.70 crashes/10°mot) show comparatively lower
crash rates; however, the likelihood of a crash remains
higher for these entry types than for I1EN-ICR (0.50
crashes/10%mot), which represents the entry design of con-
ventional roundabout. The inner lane addition at the circu-
latory roadway of 1EN-1CR is always smooth, in contrast to
the rectangular inner lane addition also commonly found in
the Netherlands (Vos, 2016). Only minor differences in the
mean crash rates are found for the different categories of
the variables right corner radius, angle to the exit upstream
and types of pedestrian crossing.

Notable differences are found between the different
types of exits. 1EX-1CR-split exhibits the highest crash rate
with 0.13 crashes/10%mot. In contrast, 2EX-1CR, the typical
two-lane exit design used in turbo roundabouts, shows the
lowest average crash rate with 0.08 crashes/10%mot.

A statistically significant positive correlation exists be-
tween the entry type 2EN-1CR and the ADT (r = 0.65, p <
0.001), the right corner radius (r = 0.32, p < 0.01), and the
angle to the exit upstream (r = 0.41, p < 0.001). The en-
try type 1EN-2CR is positively correlated with the right-of-
way for motorised vehicles at at-grad crossings (r = 0.34, p
< 0.01), while the entry type 2ZEN-2CR shows a positive cor-
relation with the angle to the exit upstream (r = 0.49, p <
0.001).

Among the geometric and operational characteristics, a
significant correlation is found between deflection by the
central island and the presence of a curved splitter island
(r =0.32, p < 0.01), as well as the factor for environmental
use (r =-0.37, p < 0.001) and the distance between entry and
exit (r=0.52, p < 0.001).

Further, the angle to the exit upstream is significantly
correlated with the factor for environmental use (r = 0.52,
p < 0.001). Non-at-grade crossings also show a correlation
with the factor for environmental use (r = 0.46, p < 0.001).

4.2. Detailed Crash Patterns

Figure 3 shows the distribution of crash constellations
leading to crashes for turbo roundabouts with different
characteristics in our sample, where N stands for the
number of crashes and N; for the number of sites. Re-
gardless of the design of the turbo roundabout, right-of-
way (between entering vehicles and vehicles) is the most
common crash constellation (42% to 58%). At turbo round-
abouts with more than five roadsides with sidewalks and
those with a diameter greater than 65 m, the proportion
of this crash constellation is highest. Crash constellations
with crossing VRUs have a share of 11% at turbo round-
abouts with three to five roadsides with sidewalks. This
proportion is lower for turbo roundabouts with more than
five roadsides with sidewalks. At turbo roundabouts with
less than three roadsides, crash constellations with cross-
ing VRUs are rare. It is also low at turbo roundabouts with
three arms.
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Table 4. Categorial characteristics and crash rates of the turbo roundabouts in this study

Characteristic Category Ny Crashrate
[crashes /10° mot]
Min Mean Max
All 25 0.19 0.98 2.36
< 19000 0.19 0.77 1.28
ADT [mot/24h] >=19000; < 26 000 6 0.55 0.88 1.32
>=26 000 10 0.35 1.23 2.36
<50m 12 0.19 1.01 2.36
Diameter of the circulatory roadway >=50m;<65m 8 0.30 1.04 2.30
>=65m 0.35 0.82 1.23
3 7 0.43 1.13 2.30
Number of intersection arms
4 18 0.19 0.92 2.36
Double solid line 4 0.70 1.55 2.36
Lane separation of the circulatory roadway Single solid line 0.55 1.04 1.65
Dashed line 7 0.19 0.66 1.06
< 3roadsides 13 0.19 1.01 2.30
Number of roadsides with a sidewalk >= 3; < 6 roadsides 0.30 0.74 1.65
>= 6 roadsides 0.56 1.09 2.36
1 7 0.19 0.71 1.28
2 10 0.30 1.11 2.36
Number of entries with two lanes
3 7 0.43 1.13 2.30
4 0.55 0.55 0.55
Yes 17 0.30 1.06 2.36
Lighting
No 8 0.19 0.81 1.32
Table 5. Pearson correlation matrix of the turbo roundabout characteristics
Slngle. Dashed unb[e Roadsides Er.‘t”es
. solid line - solid line X with L
Diameter Arms line lane with a Lighting
lane . lane . two
. separation . sidewalk
separation separation lanes
ADT 0.46* - - - - - - 0.31
Diameter - - - - -0.45* - -0.37
Arms - - - - - -
Single
cellie -0.47* -0.33 - 0.52** -
lane
separation
Dashed
line lane - - -0.48* -
separation
Double
solid line ) ) )
lane
separation
Roadsides
with a -0.36 0.51**
sidewalk
Entries
with two -
lanes
Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; else p > 0.05
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Table 6. Categorial characteristics of the turbo roundabout entries

Characteristic Category Ng Crash rate [crashes / 10émot]
Qo.15 Mean Qo.s5

2EN-1CR 42 0.29 0.83 1.30
Type 1EN-1CR 14 0 0.50 1.08
1EN-2CR 25 0 0.70 1.53
2EN-2CR 10 0.20 1.08 2.36
<4000 33 0 0.85 1.72
ADT [mot/34h] >=4000; < 8 000 39 0.18 0.64 1.08
>=8000 21 0.29 0.88 191
<14m 22 0.02 0.83 1.70
Right corner radius >=14m;<20m 34 0 0.79 1.65
>=20m 35 0.29 0.75 1.14
>10m 21 0.27 0.85 1.71
Deflection by the central island >=10m;<20m 47 0.06 0.83 1.40
>=20m 24 0 0.61 1.15
>30° 24 0 0.74 1.56
Angle to the exit upstream >=30° < 45° 38 0 0.76 1.28
>=45° 31 0.32 0.80 1.25
Non-priority crossing 14 0.07 0.79 1.65
Type of the pedestrian crossing Right-of-way VRUs 10 0 0.81 1.86
No at-grade crossing 61 0.14 0.75 1.18
Shape of the splitter island curved 3 015 068 116
straight 47 0.06 0.85 1.71
<50km/h 12 0 0.71 1.67
Speed limit > =50 km/h; < 60 km/h 68 0.21 0.81 143
>=60km/h 13 0 0.61 1.02
<0.1 52 0.14 0.72 1.18
Factor for environmental use >=0.1;<0.9 18 0 0.64 1.56
>=0.9 23 0.27 0.98 1.75
<ém 38 0.10 0.93 1.81
Distance between entry and exit >=6m;<10m 15 0.28 0.73 1.31
>=10m 34 0 0.60 1.01
<40m 23 0.02 0.68 1.11
Distance from the first signpost >=40m;< 100 m 32 0.25 0.76 1.23
>=100m 32 0.08 0.80 1.82

Table 7. Categorial characteristics of the turbo roundabout exits

Characteristic Category Ng Crash rate [crashes / 10émot]
Qo.15 Mean Qo.ss
2EX-1CR 21 0 0.08 0.16
1EX-1CR-conv 13 0 0.10 0.19
Type
1EX-2CR 35 0 0.12 0.14
1EX-1CR-split 23 0 0.13 0.26

The proportion of lane changing crash constellations At turbo roundabouts with a diameter between 50 m and
ranges from 8% to 20%. Compared to lane changing, cut- 65 m, the proportion of lane changing as well as cutting
ting crash constellations show a lower share in each case. crash constellations is significantly higher compared to di-
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Table 8. Pearson correlation matrix of the turbo roundabout entry characteristics

1EN-1CR 1EN-2CR 2EN-2CR

ADT Right
corner

radius

Deflection by
the central
island

Angle to
the exit
upstream

2EN-1CR -0.38*** -0.55** -0.31**
1EN-1CR - -
1EN-2CR -
2EN-2CR

ADT

Right corner
radius

Deflection by
the central
island

0.65*** 0.32* - 0.41**

-0.49*** - - -0.43***

No at-
grade
crossing

Non-
priority
crossing

Priority
crossing

Distance
between
entry
and exit

Curved Factor for
. Speed .
splitter o environmental
. limit
island use

Distance
from the
first
signpost

2EN-1CR -0.38*** - -
1EN-1CR - 0.34*** -
1EN-2CR 0.49*** - -
2EN-2CR - - -
ADT - - -

Right corner
radius

Deflection by
the central - - -
island

Angle to the

. -0.32** - -
exit upstream

Non-priority

- _0 58***
crossing ’

Priority

; -0.48***
crossing

No at-grade
crossing

Curved
splitter island

Speed limit

Factor for
environmental
use

Distance
between
entry and exit

-0.35"**

0.37***

0.30**

0.32** - -0.37*** 0.52***

0.52***

0.46™** -

-0.39*** -

0.60***

-0.43***

Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; else p > 0.05

ameters smaller 50 m or greater 65 m. The proportion of
cutting crash constellations is significantly higher at turbo
roundabouts at three-arm turbo roundabouts compared to
those with four arms. While turbo roundabouts with double
solid lines as lane separation have a higher share of lane
changing crash constellations in comparison to those with
single solid lines and especially those with dashed lines,
only a small proportion of 3% are cutting crash constel-
lations. More than one in ten crashes is a rear-end crash.
The proportion is particularly high at turbo roundabouts
with a double solid line as lane separation. Loss-of-control

crashes are rare at turbo roundabouts, regardless of the ex-
pression of the four different characteristics. 5% to 12% of
the crashes could not be assigned to any of the six crash
constellations.

Figure 4 shows the crash constellations for the specific
elements of the turbo roundabouts, including exits, the cir-
culatory roadway and entries. N¢ stands again for the num-
ber of crashes and N; for the number of entries, exits, or
circulatory roadways. The proportions of the crash constel-
lations at the exits are distributed quite evenly, with the
highest shares of VRUs crossing, lane changing, rear-end
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Al turbo roundabouts (N=1013,N,=25)
Sidewalk | < 3 roadsides (N-=530,N,=13)
Sidewalk | >=3; <6; roadsides (N¢=285,N,=7)
Sidewalk | >= 6 roadsides (N¢=198,N,=5)
Number of arms | 3 (N¢=313,N,=7)

Number of arms | 4 (N-=700,N,=18)

Diameter | < 50 m (Nc=468,N,=12)

Diameter | >= 50 m; < 65 m (N¢=343,N,=8)
Diameter | >= 65 m (N¢=202,N,=5)

Lane separation | Double solid line (Nc=266,N,=4)
Lane separation | Single solid line (Nc=403,N,=9)

Lane separation | Dashed line (N¢=214,N,=7)

BN Right-of-way Cutting Other
s VRUs crossing Rear-end BN No information
Lane changing Loss-of-control
5 6 14 28
16 8 14 3ey]
Bl 5 7
13 13 [N
16 13 12 3]
14 3 16 7
2 4 16 6 ||
20 10 13 S
0 3 13 2[00
8 3 18 8
16 7 10 2B
sl v v BB
20 40 60 80 100

Proportion [%]

Figure 3. Proportion of crash constellations for selected characteristics of the turbo roundabouts

and other. Half of all crashes on the circulatory roadway are
of the type lane changing, followed by cutting crashes with
19%. With around 70% of all lane changing or cutting crash
constellations at turbo roundabouts, the circulatory road-
way is also the most significant source of crashes for this
crash constellations in absolute terms. A qualitative analy-
sis of the narrative crash reports reveals that approximately
50% of these cutting crashes are caused by drivers select-
ing the wrong entry lane when entering the turbo round-
about. For a further 35%, this cause cannot be ruled out. In
relation to the total number of crashes at all turbo round-
abouts, such incidents account for 5% to 9%.

By definition, right-of-way crash constellations are ob-
served exclusively at the entries. Overall, they account for
73% of all entry-related crashes. This high share of right-of-
way crashes at the entries dominates also the entire sam-
ple as shown in Figure 3, because of the high number of
700 crashes at the entries, compared to 210 at the circula-
tory roadway and 85 at the exits. Among the different en-
try types, 1EN-2CR shows the highest share of right-of-way
crashes with 83%, whereas 2EN-1CR shows the lowest pro-
portion of only 38%. Rear-end crashes represent the sec-
ond most frequent crash constellation at the entries, com-
prising 14% of crashes. Regarding the entry types, IEN-1CR
entries show a substantially higher proportion of rear-end
crashes (38%) compared to IEN-2CR (2%).

Furthermore, the proportion of VRUs crossing crash con-
stellations is significantly higher at the single-lane entry
types IEN-1CR and 1EN-2CR than at the two-lane entries
2EN-1CR and 2EN-2CR. Looking at the distribution of all
crash constellations, patterns are very similar for entries
of the types 2EN-1CR and 2EN-2CR, with significant differ-
ences to the single-lane entries (1IEN-1CR, 1EN-2CR). Both,
lane changing and cutting crashes occur at the two-lane en-

try types 2EN-1CR and 2EN-2CR, but only with a combined
share of 7% and 11%. The distribution of the crash constel-
lations differ greatly for the different exit types. These dis-
tributions are more difficult to interpret than for the entries
because of the lower number of crashes and because of the
higher share of the constellation of other crashes. The high
share of lane changing crashes (56%) at the exits of type
2EX-1CR, rear-end at IEX-1CR (50%) and of VRUs crossing
at 1EX-2CR (38%) stand out.

As can be seen from the definition of crash constella-
tions in Table 3, crossing VRUs crash constellations are
predominantly associated with the direct involvement of
VRUs. It is worth mentioning, however, that in 25% of these
crash constellations, no cyclists or pedestrians are listed
as participants in the narrative crash report. Their involve-
ment is only apparent from the text describing the cir-
cumstances of the crash. These are predominantly rear-end
collisions in moving traffic resulting from a braking ma-
noeuvre due to crossing VRUs. In the other crash constel-
lations, cyclists and pedestrians are rarely involved. Nev-
ertheless, 3% of crashes between cyclists and motorised
vehicles are cutting and right-of-way crash constellations.

4.3. Crash prediction models for entries of the
turbo roundabouts

Crash models are computed for the entries as the most
relevant elements in terms of crash numbers, for all crashes
involving only motorised vehicles, and for the two most rel-
evant crash constellations right-of-way and rear-end. Table
9 provides an overview of the model outcomes. All three
crash models show the significantly positive influence of
the natural logarithmic entering ADT. Crashes involving
only motorised vehicles have a higher likelihood of crashes
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mmm Right-of-way
I VRUs crossing

Cutting
Rear-end
Loss-of-control

Cther
BN No information

Lane changing

Exit (all) (Nc=85)

Circulatory roadway (all) (N¢=210)
Entry (all) (Nc=700)

2EX-1CR (Nc=27 Ng=21)
1EX-1CR-conv (Nc=10,Ng=13)
1EX-2CR (Nc=13,Ng=35)
1EX-1CR-split (Nc=34,Ne=23)
2EN-1CR (Nc=479,Ng=42)
1EN-1CR (Nc=48,Ng=14)
1EN-2CR (N:=63,Ng=25)

2EN-2CR (Nec=101,Ng=10)

40 60 80 100
Proportion [%]

Figure 4. Proportions of crash constellations for selected elements of the turbo roundabouts

Table 9. Crash models of the entries

All crashes involving only

motorised vehicles

Rear-end crash
constellations

Right-of-way crash
constellations

Parameter Regression Parameter

Intercept -11.610*** -9.480*** -18.180***
in (ADTEgy) 0.953*** 0.875*** 1.719***
Right corner radius -0.032** -0.020

Ditarcs betucen iy e
One entry lane with no bypass -0.842**

lt:r:(t;:g;fjt(entrles of the turbo 0.552*

1EN-1CR -1.623***

2EN-2CR 0.956 ***

Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; else p < 0.1
Explanatory power of the parameters in the crash risk model

with an higher number of entries. In contrast, a larger right
corner radius of the entry and one entry lane with no by-
pass have a crash-reducing effect. For right-of-way crashes,
the right corner radius and the entry type 1EN-1CR get sig-
nificant, and for rear-end crashes the distance between en-
try and exit and the entry type 2EN-2CR. The right corner
radius of the entry is the only parameter that gets signifi-
cant in more than one model.

5. Discussion

The analysis shows a high diversity in the German turbo
roundabouts in our sample. The categories are evenly dis-
tributed for most characteristics of the roundabouts, and
few correlations could be found between the variables. It

seems like each roundabout is a unique one, and that de-
sign characteristics are tailored to the specific local require-
ments. This diversity is probably due to the fact that, prior
to the publication of the official guidelines in 2015 (FGSV,
2015), there were no clear recommendations for the de-
sign and scope of application of turbo roundabouts in Ger-
many. The picture becomes more nuanced when the indi-
vidual entries and exits are examined.

As a general tendency, crash rates increase with increas-
ing complexity of the turbo roundabouts and their ele-
ments. Traffic volumes are particularly relevant, crash rates
at turbo roundabouts with an ADT of >= 26 000 are signifi-
cantly higher than with lower ADT values. The same holds
for pedestrian and cyclist volumes which are considered in
this study via the proxy variable “factor for environmen-
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tal use”. Significantly higher crash rates are found for sites
with a higher factor for environmental use of >= 0.9. Crash
rates for the “smallest” entry type 1EN-1CR are lowest, they
increase with each added lane in the entry and the circula-
tory roadway, and are highest for the most complex entry
type 2EN-2CR. This negative effect of entry complexity on
safety is consistent with previous studies (see e.g. Novék et
al., 2018). Crash rates at the exits are generally low and all
in the same order of magnitude.

The diameter of the roundabout and related variables
are particularly interesting. Crash rates are lowest for turbo
roundabouts with a diameter of >= 65m, for entries with a
deflection by the central island of >= 20m, and for higher
distances between entry and exit of >= 10m. Higher diam-
eters of roundabouts tend to increase the speed in the cir-
culatory roadway with adverse effects for safety (Spahn &
Baumler, 2007). At the same time, higher diameters mean a
higher deflection by the the central island for approaching
vehicles. This supports a reduction of the approaching and
entering speed (Hydén & Vérhelyi, 2000) and therefore can
result in a higher safety level (Al-Marafi et al., 2020; Kim
& Choi, 2013). In the balance of these two contrary effects,
the positive effects of higher dimensions and deflection
outweigh the negative effects in our sample.

Crash rates are higher for turbo roundabouts equipped
with lighting, despite the generally well-established posi-
tive effect of lighting on safety levels (Elvik, 1995). These
results may be attributed to complex interactions between
various design features, although few significant correla-
tions could be identified in the data. Furthermore, the lack
of detailed information on lighting, such as whether it is in
operation throughout the night, its intensity, or whether it
covers the approaches, represents a limitation of the analy-
sis.

By definition, right-of-way crashes can only occur at the
entries, but they are most relevant for all different types of
turbo roundabouts in our sample, regardless of which vari-
able is chosen to categorise the sites. The high share of
crashes at the entries is the main reason for this, it has also
been found in previous studies investigating roundabouts
in general (Mandavilli et al., 2009; Spacek, 2004). The dis-
tribution of crash constellations at turbo roundabouts with
solid line markings differ from the finding by (Macioszek,
2015); the share of right-of-way crashes are 16% higher,
whereas the share of rear-end crashes are 19% lower.

Differences in the proportions of right-of-way crashes at
the different entry types show that their design matters,
the share is lowest at entries of type 1EN-1CR, which is the
“smallest design” and highest for 1EN-2CR, which is more
complex. Drivers need to cross the outer lane to get to the
inner lane at this entry type.

Lane changing and cutting are the most relevant con-
stellations in the circulatory roadway, independent from
the type of lane separation. We need to consider that all of
the roundabouts in our sample have marked lane dividers
in the form of dashed, single solid and double solid lines;
there are no raised dividers. The results of our analysis sug-
gest that drivers do not respect single or double solid lines,

resulting in similar crash constellations and rates for all
types of markings.

The proportions of crash constellations at the exits are
evenly distributed, but different patterns are found for the
exit types. The proportion of lane changing crashes is par-
ticularly high at exits of type 2EX-1CR and lower at exits of
type 1EX-1CR-split. Complexity of the infrastructure seems
not only to have an effect on crash rates but also on the
distribution of the different crash constellations. No clear
patterns could be found for the proportion of crashes with
crossing VRUs, this crash constellation just seems to “ap-
pear” when VRUs are present. Rear-end crashes have also
high proportions, which are highest at the entry type
1EN-1CR. This suggests that crashes at this smallest entry
type are being displaced from the roundabout onto the ac-
cess road. This effect may be more pronounced during peri-
ods of high traffic volume.

The crash prediction models for entries confirm the find-
ings from the descriptive analysis. Traffic volumes have a
significant effect on crash numbers for all crashes and also
the two constellations right-of-way and rear-end. Coeffi-
cients are slightly below or, for rear-end crashes above one,
which means that there is no safety-in-numbers effect in
our sample. Greater distances between the entry and exit
reduce the likelihood of crashes, which confirms the de-
scriptive analysis; deflecting drivers seems to be more im-
portant than the size of a roundabout for achieving high
safety levels. Similarly, larger right corner radii reduce the
likelihood of crashes which comes somewhat unexpected,
but has also been observed at roundabouts in general (Al-
Marafi et al., 2020). Larger corner radii typically reduce ve-
hicle deflection by the central island, potentially allowing
higher speed in the approach and entry and, as the conse-
quence, might increase crash risks. One possible explana-
tion for our counter-intuitive result could be that a larger
corner radius improves the visibility of oncoming traffic on
the circulatory roadway, which may help drivers to better
assess gaps in traffic and enter more safely. The other sig-
nificant variables (one lane with no bypass, number of en-
tries at the roundabout, entry type) are linked to the overall
complexity of the roundabout and confirm the descriptive
findings that higher complexity of a roundabout increases
the likelihood of crashes.

6. Conclusions and outlook to further research

This study uses a largely complete sample of turbo
roundabouts in Germany to investigate detailed crash pat-
terns in terms of location at the different roundabout el-
ements and crash constellation. The analysis shows that
driving properly through a turbo roundabout is a complex
task for drivers. Ideally, turbo roundabouts should be sim-
ple in terms of their size, entry types, additional infra-
structure characteristics and low traffic volumes. For higher
traffic volumes, which need larger and more complex de-
signs, drivers need clear guidance and support to achieve
high safety levels. The current German guidelines on turbo
roundabouts (FGSV, 2015) allow for multiple and very dif-
ferent individual turbo roundabout designs, a higher degree
of standardisation might support higher safety levels. Sim-
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ilar to findings from previous studies investigating round-
abouts (Mandavilli et al., 2009; Spacek, 2004), the entries
are most critical in terms of crashes also in this study.
The early and intuitive guidance of drivers to the correct
lane when entering the turbo roundabout should get high-
est emphasis to reduce all types of crash constellations,
and specifically right-of-way, lane changing and cutting
crashes. Fish hook pavement markings and corresponding
arrows on the signposts in the approach can support dri-
vers, these markings are not common in Germany thus far.
Reduced maximum allowed speed and clear sight lines can
be also assumed to increase safety levels. VRUs increase
complexity, locations with low VRUs volumes are preferable
for turbo roundabouts in general, and particularly when the
motorised traffic volumes are high. The effect of VRUs vol-
umes was assessed in this study based on the proxy variable
“factor for environmental use”, future studies with detailed
data on the volumes of pedestrians, cyclists and micro-mo-
bility users would be helpful to better understand these ef-
fects.

In terms of infrastructure characteristics, previous stud-
ies have paid particular attention to lane dividers. This
study finds no significant differences between the various
types of pavement marking on the circulatory roadway. Fu-
ture studies comparing marked and physical dividers would
be helpful. Deflection increases safety levels and can be
measured using various variables. Both should definitely
be considered in the future design guidelines for round-
abouts. Standardisation can be also assumed to increase
safety levels, when drivers use the turbo roundabout more
intuitively, just because of their experience from driving
through other turbo roundabouts with similar designs.
While standardisation at the level of roundabouts as a
whole may be difficult, it is feasible and necessary at the
level of individual elements, including entries, exits, and
the circulatory roadway. Our sample points to this direc-
tion: there is far greater diversity at the level of round-
abouts than at the level of individual elements.

Future international studies investigating detailed crash
patterns at the level of individual turbo roundabout ele-
ments, as examined in this study, would allow for compar-
isons to be made and demonstrate the transferability of this
study’s results. A deeper understanding of the mechanisms
that influence safety could be achieved by supplementing
crash research with studies on conflicts and safety percep-
tions, at the level of individual turbo roundabout elements
and involving large samples. Our sample is with 25 turbo
roundabouts small but largely complete for Germany. We
could only compute crash prediction models for the entries,
too many exits had no crashes at all. However, the three
regression models computed in this study provide valuable
insights into the effect of traffic volumes and infrastructure
characteristics on crash numbers. To the best of our knowl-
edge, this is the first study to go beyond descriptive sta-
tistics and focus on entries rather than turbo roundabouts
as a whole. Future studies that compute similar crash pre-
diction models would be valuable in helping to deepen our
knowledge of the significance of the different effects. In-
cluding additional characteristics such as sight distances,

surveyability, lane arrow pavement markings, and direc-
tional signage could help identify further parameters af-
fecting safety levels. Further analyses of crashes with cross-
ing pedestrians or cyclists would be also valuable but would
need higher sample sizes and detailed exposure data.

Overall, this study confirms earlier research findings that
turbo roundabouts effectively combine high capacity with
high safety levels. The detailed analysis of crash patterns in
this study enables specific recommendations to be made for
improving safety even further and exploiting this potential
more effectively.

CRediT contribution

Armin Kollascheck: Conceptualisation, Data curation,
Formal analysis, Investigation, Methodology, Software, Vi-
sualisation, Writing—original draft, Writing—review &
editing; Martin Barwolff: Conceptualisation, Data cura-
tion, Formal analysis, Investigation, Methodology, Project
administration, Software, Writing—original draft; Julian
Schmitz: Conceptualisation, Data curation, Formal analy-
sis, Visualization, Writing—original draft; Justin Geiste-
feldt: Conceptualisation, Supervision, Writing—original
draft, Writing—review & editing; Sebastian Hantschel:
Supervision, Writing—review & editing; Regine Gerike:
Conceptualisation, Supervision, Writing-original draft,
Writing—review & editing

Data availability

The crash data is not available due to restrictions by the
providing authorities.

Declaration of competing interests
The authors report no competing interests.
Ethics statement

This study did not involve any human or animal subjects,
nor did it use any sensitive or personally identifiable data.
Therefore, ethical approval was not required.

Funding

This report is based on parts of the research project car-
ried out at the request of the Federal Ministry for Trans-
port, represented by the Federal Highway and Transport
Research Institute, under research project No. 02.0397/
2016/FRB. The author is solely responsible for the content.

Declaration of generative Al use in writing

The authors declare that no generative Al was used in
this work.

Editorial information

Handling editor: Haneen Farah, Delft University of
Technology, the Netherlands.

Traffic Safety Research 13



Kollascheck et al. (2025) Determinants of crash numbers and constellations at turbo roundabouts in Germany

Reviewers: Mariusz Kiec, Cracow University of Technol-  Submitted: June 04, 2025 CET. Accepted: September 30, 2025
ogy, Poland; Maria Salomons, Delft University of Technol- g1, pyblished: November 07, 2025 CET.
ogy, the Netherlands.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-
mons.org/licenses/by/4.0/legalcode for more information.

Traffic Safety Research 14



Kollascheck et al. (2025) Determinants of crash numbers and constellations at turbo roundabouts in Germany

References

Al-Marafi, M. N., Somasundaraswaran, K., & Ayers, R.
(2020). Developing crash modification factors for
roundabouts using a cross-sectional method. Journal
of Traffic and Transportation Engineering (English
Edition), 7(3), 362—-374. https://doi.org/10.1016,
j.jtte.2018.10.012

Arun, A., Haque, Md. M., Washington, S., Sayed, T., &
Mannering, F. (2021). A systematic review of traffic
conflict-based safety measures with a focus on
application context. Analytic Methods in Accident
Research, 32, 100185. https://doi.org/10.1016
j.amar.2021.100185

Baan, D. de. (2009). Turborotondes. Royal Haskoning.
https://fietsberaad.nl/CROWFietsberaad/media
Kennis/Bestanden
Dirk%20de%20Baan%20Turborotondes%20presentati
e%20Fietsberaad.ppt?ext=.ppt

Baan, S. D. L. de. (2021). Aantal ’gespotte’ turborotondes.
https://www.dirkdebaan.nl/locaties.html

Bondzio, L., Scheit, M., & Weinert, R. (2012).
Verkehrssicherheit innerortlicher Kreisverkehre (Vol.
05). Brilon Bondzio Weiser and Unfallforschung der
Versicherer; Gesamtverband der Deutschen
Versicherungswirtschaft e.V. Unfallforschung der
Versicherer. https://m.udv.de/de/publikationen/
forschungsberichte

Brilon, W., Drews, O., & Stuwe, B. (1993). Sicherheit und
Leistungsfihigkeit von Kreisverkehrsplitzen:
SchlufSbericht. Univ. Lehrstuhl fiir Verkehrswesen.
http://worldcatlibraries.org/wcpa/oclc/258600715

Brilon, W., & Geppert, A. (2014). Verkehrsablauf und
Verkehrssicherheit an zweistreifig befahrbaren
Kreisverkehren und Turbokreisverkehren: Vol. H. 1112.
Fachverl. NW in der Carl-Schiinemann-Verl.-GmbH.

Brilon, W., & Harding, J. (2008). Turbo-Kreisverkehr in
Baden-Baden - Teil 2: Verkehrs- und
sicherheitstechnische Untersuchung. StrafSe und
Autobahn, 2008 59-5(59). https://trid.trb.org/view,
938673

Bulla Crugz, L. A., Lyons, L., & Darghan, E. (2021).
Complete-Linkage Clustering Analysis of Surrogate
Measures for Road Safety Assessment in
Roundabouts. Revista Colombiana de Estadistica.
https://doi.org/10.15446/rce.v44n1.81937

BW, V. (2015). StrafSenverkehrszdhlung 2015 baden-
wiirttemberg. https://mobidata-bw.de/vm
Bundesweite_Strassenverkehrszaehlung/
Strassenverkehrszaehlung 2015.zip

Chodur, J., & Bgk, R. (2016). Study of driver behaviour
at turbo-roundabouts. Archives of Transport, 38(2),
17-28. https://doi.org/10.5604/08669546.1218790

Elvik, R. (1995). Meta-analysis of evaluations of public
lighting as accident countermeasure. Transportation
Research Record, 1485, 112—123. https://
onlinepubs.trb.org/Onlinepubs/trr/1995/1485
1485-015.pdf

FGSV (Ed.). (2015). Arbeitspapier Turbokreisverkehre.
Forschungsgesellschaft fiir StrafSen- und
Verkehrswesen.

Fortuijn, L. G. H. (2009). Turbo Roundabouts: Design
Principles and Safety Performance. Transportation
Research Record: Journal of the Transportation
Research Board, 2096, 16—24. https://doi.org/10.3141
2096-03

Hansen, I. A., & Fortuijn, L. G. (2006). Steigerung der
Leistungsfaehigkeit und Sicherheit von mehrspurigen
Kreisverkehrsplaetzen durch Spiralform.
StrafSenverkehrstechnik, 50(1).

Hantschel, S., & Maier, R. (2013). Turbokreisverkehr
Stadtring/Nordring in Cottbus - wissenschaftliche
Begleitung der Inbetriebnahme: Schlussbericht.
Technischen Universitédt Dresden.

Hydén, C., & Varhelyi, A. (2000). The effects on safety,
time consumption and environment of large scale use
of roundabouts in an urban area: A case study.
Accident Analysis & Prevention, 32(1), 11-23. https://
doi.org/10.1016/S0001-4575(99)00044-5

Kie¢, M., Ambros, J., Bgk, R., & Gogolin, O. (2019).
Evaluation of safety effect of turbo-roundabout lane
dividers using floating car data and video
observation. Accident; Analysis and Prevention, 125,
302-310. https://doi.org/10.1016/j.aap.2018.05.009

Kim, S., & Choi, J. (2013). Safety analysis of roundabout
designs based on geometric and speed
characteristics. KSCE Journal of Civil Engineering,
17(6), 1446-1454. https://doi.org/10.1007
$12205-013-0177-4

Kocianova, A. (2016). Capacity Limits of basic Turbo-
roundabout. Communications - Scientific Letters of the
University of Zilina. https://doi.org/10.26552
com.C.2016.4.90-98

Kfivda, V., Petr(, J., Macha, D., Plocova, K., & Fibich, D.
(2020). An Analysis of Traffic Conflicts as a Tool for
Sustainable Road Transport. Sustainability. https://
doi.org/10.3390/sul2177198

Leonardi, S., & Distefano, N. (2023). Turbo-
Roundabouts as an Instrument for Improving the
Efficiency and Safety in Urban Area: An Italian Case
Study. Sustainability, 15(4), 3223. https://doi.org/
10.3390/su15043223

Macioszek, E. (2015). The road safety at turbo
roundabouts in Poland. Archives of Transport, 33(1),
57-67. https://doi.org/10.5604/08669546.1160927

Macioszek, E., & Kurek, A. (2020). Roundabout users
subjective safety - case study from Upper Silesian and
Masovian Voivodeships (Poland). Transactions on
Transport Sciences, 11(2), 39-50. https://doi.org/
10.5507/tots.2020.009

Mandavilli, S., McCartt, A. T., & Retting, R. A. (2009).
Crash patterns and potential engineering
countermeasures at maryland roundabouts. Traffic
Injury Prevention, 10(1), 44—50. https://doi.org/
10.1080/15389580802485938

Novék, J., Ambros, J., & Fric, J. (2018). How Roundabout
Entry Design Parameters Influence Safety.
Transportation Research Record: Journal of the
Transportation Research Board, 2672(34), 73-84.
https://doi.org/10.1177/0361198118776159

Traffic Safety Research 15


https://doi.org/10.1016/j.jtte.2018.10.012
https://doi.org/10.1016/j.jtte.2018.10.012
https://doi.org/10.1016/j.amar.2021.100185
https://doi.org/10.1016/j.amar.2021.100185
https://fietsberaad.nl/CROWFietsberaad/media/Kennis/Bestanden/Dirk%20de%20Baan%20Turborotondes%20presentatie%20Fietsberaad.ppt?ext=.ppt
https://fietsberaad.nl/CROWFietsberaad/media/Kennis/Bestanden/Dirk%20de%20Baan%20Turborotondes%20presentatie%20Fietsberaad.ppt?ext=.ppt
https://fietsberaad.nl/CROWFietsberaad/media/Kennis/Bestanden/Dirk%20de%20Baan%20Turborotondes%20presentatie%20Fietsberaad.ppt?ext=.ppt
https://fietsberaad.nl/CROWFietsberaad/media/Kennis/Bestanden/Dirk%20de%20Baan%20Turborotondes%20presentatie%20Fietsberaad.ppt?ext=.ppt
https://www.dirkdebaan.nl/locaties.html
https://m.udv.de/de/publikationen/forschungsberichte
https://m.udv.de/de/publikationen/forschungsberichte
http://worldcatlibraries.org/wcpa/oclc/258600715
https://trid.trb.org/view/938673
https://trid.trb.org/view/938673
https://doi.org/10.15446/rce.v44n1.81937
https://mobidata-bw.de/vm/Bundesweite_Strassenverkehrszaehlung/Strassenverkehrszaehlung_2015.zip
https://mobidata-bw.de/vm/Bundesweite_Strassenverkehrszaehlung/Strassenverkehrszaehlung_2015.zip
https://mobidata-bw.de/vm/Bundesweite_Strassenverkehrszaehlung/Strassenverkehrszaehlung_2015.zip
https://doi.org/10.5604/08669546.1218790
https://onlinepubs.trb.org/Onlinepubs/trr/1995/1485/1485-015.pdf
https://onlinepubs.trb.org/Onlinepubs/trr/1995/1485/1485-015.pdf
https://onlinepubs.trb.org/Onlinepubs/trr/1995/1485/1485-015.pdf
https://doi.org/10.3141/2096-03
https://doi.org/10.3141/2096-03
https://doi.org/10.1016/S0001-4575(99)00044-5
https://doi.org/10.1016/S0001-4575(99)00044-5
https://doi.org/10.1016/j.aap.2018.05.009
https://doi.org/10.1007/s12205-013-0177-4
https://doi.org/10.1007/s12205-013-0177-4
https://doi.org/10.26552/com.C.2016.4.90-98
https://doi.org/10.26552/com.C.2016.4.90-98
https://doi.org/10.3390/su12177198
https://doi.org/10.3390/su12177198
https://doi.org/10.3390/su15043223
https://doi.org/10.3390/su15043223
https://doi.org/10.5604/08669546.1160927
https://doi.org/10.5507/tots.2020.009
https://doi.org/10.5507/tots.2020.009
https://doi.org/10.1080/15389580802485938
https://doi.org/10.1080/15389580802485938
https://doi.org/10.1177/0361198118776159

Kollascheck et al. (2025) Determinants of crash numbers and constellations at turbo roundabouts in Germany

NRW, M. (2015). SVZ 2015 NW. https:/
www.strassen.nrw.de/de/periodische-
verkehrszaehlungen.html?file=files/a_snrw-2022
dokumente/03_nutzen-und-erleben/02_Verkehr-in-
NRW/Verkehrsdaten
SVZ%202015%20NW.x1sx\ &cid=50275

Porter, R., Gooch, ., Peach, K., Chestnutt, C., Moore, B.,
Broeren, P., & Tigelaar, J. (2019). Advancing Turbo
Roundabouts in the United States: Synthesis Report.

Schmotz, M., Schréter, B., Schemmel, A., Lippold, C., &
Schulze, C. (2020). Kreisverkehren an landstrafSen -
auswirkungen der erkennbarkeit und der
zufahrtsgestaltung auf die verkehrssicherheit. TUD
University of Technology Dresden. https://
bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver,
index/docld/2512/file/V343 BF_Gesamt.pdf

Schiiller, H. (2009). Modelle zur Beschreibung des
Geschwindigkeitsverhaltens auf Stadtstrafsen und
dessen Auswirkungen auf die Verkehrssicherheit auf
Grundlage der StrafSengestaltung: Dissertationsschrift
[PhD thesis, TUD University of Technology Dresden].
https://nbn-resolving.org/
urn:nbn:de:bsz:14-qucosa-61493

Shetty, V., Sauciur, M., & Pande, A. (2025). Investigating
the conversion of a signalized intersection to a turbo
roundabout (Nos. 25-02). Mineta Transportation
Institute, College of Business, San José State
University. https://doi.org/10.31979/mti.2025.2233

Skvain, V., Petru, J., & Krivda, V. (2017). Turbo -
Roundabouts and their Basic Evaluation at Realized
Constructions in Czech Republic. Procedia
Engineering, 190, 283-290. https://doi.org/10.1016
j.proeng.2017.05.339

Spacek, P. (2004). Basis of the swiss design standard for
roundabouts. Transportation Research Record,
1881(1), 27-35. https://doi.org/10.3141/1881-04

Spahn, V., & Baumler, G. (2007). Sicherheit von
Kreisverkehrsplédtzen und Lichtzeichenanlagen in
Bayern / Traffic safety of roundabouts and
intersections equipped with traffic lights.
Strafsenverkehrstechnik, 51.

Vasconcelos, A., Silva, A., & Seco, A. (2013, January).
Safety analysis of turbo-roundabouts using the SSAM
technique. CITTA 6th Annual Conference on Planning
Research.

Vieten, M., Dohmen, R., Diirhager, U., & Legge, K.
(Eds.). (2010). Quantifizierung der
Sicherheitswirkungen verschiedener Bau-, Gestaltungs-
und Betriebsformen auf LandstrafSen: Bericht zum
Forschungsprojekt FE 82.311/2006 (Vol. 201).
Wirtschaftsverlag NW Verl. fiir neue Wiss.

Vos, C. (2016). Analyse verkeersveiligheid turborotondes:
Eindrapport [Master’s thesis, Hogeschool
Windesheim; Hogeschool Windesheim]. https://
www.dirkdebaan.nl/uploads/1/0/0/5/10059444

christiaan_vos_to_eindrapport.pdf

Traffic Safety Research 16


https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://www.strassen.nrw.de/de/periodische-verkehrszaehlungen.html?file=files/a_snrw-2022/dokumente/03_nutzen-und-erleben/02_Verkehr-in-NRW/Verkehrsdaten/SVZ%202015%20NW.xlsx\&cid=50275
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/2512/file/V343_BF_Gesamt.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/2512/file/V343_BF_Gesamt.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/2512/file/V343_BF_Gesamt.pdf
https://nbn-resolving.org/urn:nbn:de:bsz:14-qucosa-61493
https://nbn-resolving.org/urn:nbn:de:bsz:14-qucosa-61493
https://doi.org/10.31979/mti.2025.2233
https://doi.org/10.1016/j.proeng.2017.05.339
https://doi.org/10.1016/j.proeng.2017.05.339
https://doi.org/10.3141/1881-04
https://www.dirkdebaan.nl/uploads/1/0/0/5/10059444/_christiaan_vos_to_eindrapport.pdf
https://www.dirkdebaan.nl/uploads/1/0/0/5/10059444/_christiaan_vos_to_eindrapport.pdf
https://www.dirkdebaan.nl/uploads/1/0/0/5/10059444/_christiaan_vos_to_eindrapport.pdf

	Determinants of Crash Numbers and Constellations at Turbo Roundabouts in Germany
	1. Introduction
	2. Data
	2.1. Study sites
	2.2. Crash data

	3. Methods
	4. Results
	4.1. General characteristics of the turbo roundabouts and crash risk
	4.2. Detailed Crash Patterns
	4.3. Crash prediction models for entries of the turbo roundabouts

	5. Discussion
	6. Conclusions and outlook to further research
	CRediT contribution
	Data availability
	Declaration of competing interests
	Ethics statement
	Funding
	Declaration of generative AI use in writing
	Editorial information

	References


