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1. Introduction

Turboroundabouts are specially designed multilane roundabouts 
with spiral circulatory roadway and physically separated traffic 
lanes (Fortuijn, 2009; Fortuijn, 2012). This roundabout layout 
was developed by a Dutch researcher dr.ir. L.G.H. Fortuijn in the 
late nineties of the last century with the aim of increasing the 
traffic safety and capacity at classic multilane roundabouts (Tollazzi 
and Renčelj, 2014; Tollazzi et al., 2015; Pitlova and Kocianova, 
2017; Alsaleh and Shbeeb, 2018; Guerrieri et al., 2018). 

Previous studies conducted on turboroundabouts were mainly 
based on evaluation of their performances (capacity, delays), and 
environmental, economic and safety benefits in regard to single-
lane, classic multilane, flower and target roundabouts (Mauro 
and Branco, 2010; Tollazzi et al., 2011; Giuffrè et al., 2012; Tollazzi 
et al., 2013; Vasconcelos et al., 2014; Bastos Silva et al., 2015; 
Guerrieri et al., 2015; Mauro et al., 2015). Their geometric design 
was considered in a number of other studies, which were 
generally focused on presentation of existing design procedures 

provided in national regulations of several European countries 
(Fortuijn, 2009; Ticali and Corriere, 2012; Bastos Silva et al., 
2013). 

These existing regulations for the design of turboroundabouts 
can be divided into two basic groups regarding the design 
procedures they recommend. First group of regulations includes 
Dutch guidelines (CROW, 2008), Slovenian technical specifications
(MTRS, 2011a), Serbian design manual (SAR, 2012), and Croatian
guidelines (CAR, 2014a). According to these regulations, 
turboroundabout planning and designing is an iterative procedure 
(Fig. 1). Firstly, one of available roundabout types is chosen 
depending on the traffic conditions. Dimensions of basic design 
parameters of these roundabout types (turbo block parameters) 
are predetermined depending on the circulatory roadway radius. 
After designing all roundabout elements, a design vehicle 
horizontal swept path and a fastest path vehicle speed analyses 
are carried out. If analyses show that applied elements do not 
fulfil the swept path and/or speed requirements a redesign of 
roundabout elements is required. 

ARTICLE HISTORY ABSTRACT

Received 18 September 2019
Revised 13 January 2020
Accepted 28 May 2020
Published Online 17 August 2020

KEYWORDS

Previous studies have shown that existing turboroundabout design procedures, in which swept 
path analyses are conducted at the end of design process, contain certain disadvantages and 
understatements which can lead to oversized or undersized turboroundabout solutions i.e. 
low intersection capacity, poor traffic safety, low driving comfort and high construction costs. 
Within the scope of this study elements of standard turboroundabouts were designed in 
accordance with the design vehicle movement trajectories obtained by the swept path 
analyses. Reliability of the software used in these analyses was verified by the real drives at the 
test site. Geometric design of standard turboroundabouts was conducted with variation of 
following influential parameters: design vehicle; circulatory roadway radii; approach leg offset 
and angle value. Design approach applied in this research resulted in optimal intersection 
design regarding the occupation of surrounding area and the design vehicle swept path 
requirements. Circulatory roadway radii and approach leg offset and angle limit values 
applicable on this intersection type are determined, taking into account the real traffic 
situation. Additional practical contribution of this research lies in the ability of application of 
research results in revision of existing guidelines for the design of turboroundabouts, as well as 
in development of new guidelines in countries which still do not have their own regulations on 
the design of this rather new multilane roundabout type.

Standard turboroundabouts
Geometric design
Swept path analysis
Design vehicles
Vehicle movement geometry
Optimization

CORRESPONDENCE Tamara Džambas  tamara.dzambas@grad.unizg.hr  Dept. of Transportation, Faculty of Civil Engineering, University of Zagreb, Zagreb 10000, Croatia

ⓒ 2020 Korean Society of Civil Engineers

https://orcid.org/0000-0002-9622-496X
https://orcid.org/0000-0002-9622-496X
https://orcid.org/0000-0001-8974-1582
https://orcid.org/0000-0001-8974-1582
https://crossmark.crossref.org/dialog/?doi=10.1007/s12205-020-1689-3


2 T. Džambas et al.
Main disadvantages of these procedures are reflected in the 
following: design solution which fulfils the swept path and speed 
requirements is adopted and no further optimization of the 
design elements is made (Chan and Livingstone, 2015; Džambas 
et al., 2016a; Diachuk and Easa, 2018); detailed instructions on 
assigning input parameters for the swept path testing procedure 
are not provided, so the designer may come to the conclusion 
that the applied elements are successfully designed if the design 
vehicle in a simulated drive passes through the turboroundabout 
along the arbitrarily selected path in any way (drive with difficulties 
or with extra space for unhindered movement) (Giuffrè et al., 
2016; Stančerić et al., 2017; Ilić et al., 2018).

Therefore, this design approach can lead to oversized or 
undersized roundabout solutions. Oversized roundabouts increase 
the cost of land purchase, construction costs, and negatively 
affect vehicular safety by enabling greater driving speed through 
the intersection. Long vehicles pass through undersized roundabouts 
at low speed decreasing the driving comfort and capacity of the 
intersection.

The second group of regulations includes German working 
document (FGSV, 2015). This document does not prescribe the 
exact but limit values of turboroundabout basic design parameters, 
and fastest path vehicle speed analyses are not required. Main 
shortcoming of this procedure lies in the fact that it is not clearly 
defined in what way and in which design stage the swept path 
analyses are carried out (Fig. 2). 

Thus, this approach can either result by the procedure which 
does not differ from the procedures given in the first group of 
regulations (swept path analyses are conducted at the end of the 
design process) or by the procedure in which turboroundabout 
elements are designed on the basis of the swept path analyses 
carried out for randomly selected input parameters (the choice of 

these parameters does not have to be the result of systematic 
research leading to optimal intersection design) (Džambas et al., 
2016a).

In the light of the above considerations, it can be concluded 
that both design procedures recommended by existing regulations 
for the design of turboroundabouts contain certain disadvantages 
and understatements which can lead to oversized or undersized 
turboroundabout solutions i.e., low intersection capacity, poor 
traffic safety, low driving comfort and high construction costs 
(Džambas et al., 2016a; Džambas et al., 2017; Džambas, 2018).

2. The Scope and Limitations of the Study 

Knowing the rules of design vehicle movement geometry is an 
essential prerequisite of proper roundabout design (Ahac, 2014; 
Chan and Livingstone, 2015). In the small-radius curves 
characteristic for such intersections the dynamic requirements 
lose in importance due to the low driving speeds, and the design 
vehicle swept path becomes the key parameter for geometric 
design. 

In previous study, also carried out by the authors of this paper, 
turboroundabout design approach based on the rules of design 
vehicle movement geometry was proposed (Džambas et al., 
2016b). That approach, which ensures the usage of optimal 
intersection element dimensions and an unhindered path for the 
design vehicle through the intersection, was used to define 
optimal design of turboroundabout elements in this research 
(Fig. 3). 

Several software which enable such significant progress in the 
design practice (optimal design of turboroundabout elements 
based on the results of vehicle movement simulation) are 
currently available on the market. In this study turboroundabout 

Fig. 1. Turboroundabout Design Procedure Recommended by First Group of Regulations

Fig. 2. Turboroundabout Design Procedure Recommended by German Regulations

Fig. 3. Geometric Design of Turboroundabouts Based on the Rules of Design Vehicle Movement Geometry 
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elements are designed in accordance with the design vehicle 
movement trajectories obtained by Autodesk Vehicle Tracking 
software, with a variation of following influential parameters: 
design vehicles; circulatory roadway radii; approach leg axis 
offset and angle values. The subject of the research is a standard 
turboroundabout i.e., basic turboroundabout type which is most 
commonly used in design practice (Fig. 4).

Main objectives of the study are as follows: 
 to conduct detailed analyses of basic design parameters of turbo 

block (translation axis angles, turbo block radii) and other 
elements of standard turboroundabouts (approach leg axis 
positions, elements of central island, circulatory lane widths, 
elements of splitter islands, widths of entry and exit lanes);

 to define relevant design vehicles for the design of standard 
turboroundabouts;

 to define input parameters for swept path analysis procedure Fig. 4. Elements of Standard Turboroundabout 

Fig. 5. Geometric Design of Standard Turboroundabouts Based on the Design Vehicle Movement Geometry
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(position and design elements of design vehicle paths, 
minimum clearances); 

 to define optimal design of elements of standard 
turboroundabouts regarding the design vehicle’s swept path 
requirements and the occupation of surrounding area are 
defined. i.e., to determine limit values of circulatory 
roadway radii and approach leg axis offsets and angles for this 
intersection type. 

Limitations of this study are:
 the study is limited to standard turboroundabouts because 

the designing a turboroundabout is a rather demanding and 
time-consuming process, especially when it comes to the 
complex approach applied in this research;

 the focus was set on geometric design of turboroundabout 
elements i.e. traffic and other performance analysis will be 
carried out in further research.

3. Methodology

As stated earlier, the design vehicle swept path does not represent a 
performance check at the end of the design process in this study, 
but the basis to determine the optimal dimensions of standard 
turboroundabout elements. The diagram which outlines the 
whole turboroundabout design procedure based on the rules of 
design vehicle movement geometry is given in Fig. 5.

Reliability of Autodesk Vehicle Tracking software used for 
vehicle movement simulation has been verified by real drives of 
a two-axle truck with a three-axle semitrailer at the test site 
(Džambas, 2018). Test vehicle was conducting a critical manoeuvre 
(left turn for 270°) for ten times and its swept path widths were 
measured in 32 cross sections by means of precise GPS device. 
Situation at the test site was then simulated in Autodesk Vehicle 
Tracking software. 

The accuracy of simulation results has been evaluated using 
the T-test for 95% confidence interval for the significance of the 
difference between the means of two independent samples: real and 
simulated swept path widths. T-test has shown that the swept path 
widths determined by field measurements and the swept path widths 
determined by vehicle simulation are from statistical point of view 
the same. Normality of average differences between the real and 
simulated swept path widths has been tested using the Shapiro-Wilk 
test for 95% confidence interval. Shapiro-Wilk test has shown that 
the distribution of these average differences is normal.

3.1 Choosing the Input Parameters in the Design Vehicle
Movement Simulation

The success of the design approach applied in this research 
significantly depends on the selection of input parameters in design 
vehicle movement simulation procedure. These input parameters are:

 Initial conditions;
 Design vehicles;
 Position and design elements of design vehicle paths;
 Minimum clearances along the design vehicle movement 

trajectories.

3.1.1 Initial Conditions
Existing regulations for the design of turboroundabouts set different 
initial conditions for swept path analysis. According to MTRS 
(2011a), SAR (2012), CAR (2014a) and FGSV (2015), while 
passing through a turboroundabout the design vehicle should not 
track over the central island truck apron or the 30 cm wide lane 
dividers placed between the traffic lanes but can track over the 
traversable beginning of a lane divider. In CROW (2008) such 
behavior is recommended but not mandatory. Buses should 
certainly meet these requirements because the drive over such 
elevated elements is uncomfortable and disturbs the passengers 
(Bezina et al., 2016). Moreover, high truck aprons can compromise 
the stability of heavy vehicles which can lead to vehicle overturn 
in the area of circulatory roadway (Patočka and Smělý, 2016). In 
addition to the above, buses and heavy vehicles can track over 
the lane dividers only at low driving speeds, which negatively 
affects the intersection capacity and the traffic safety (Kenjić, 
2009), and when they track over them these elements are frequently 
getting damaged, which results in high maintenance costs (Brilon,
2005). In the light of the above considerations, recommendations 
given in MTRS (2011a), SAR (2012), CAR (2014a) and FGSV 
(2015) were considered in this research. 

3.1.2 Design Vehicles
Because of their large diameters, and multi-lane approaches at 
which traffic accidents involving the non-motorized traffic 
participants are frequent, it is recommended to use turboroundabouts 
outside of or on the edges of settlements (Fortuijn, 2003). As a 
rule, a significant number of heavy vehicles (truck-semitrailer 
combinations and trucks with trailers) and intercity buses (two- 
and three axle buses) is present in the traffic network on such 
locations. Therefore, these are the groups of vehicles from which 
the least favorable one regarding swept path width should be 
chosen as a design vehicle when designing a turboroundabout 
(Džambas et al., 2016b). 

Design vehicles used in this research are a two-axle truck with 
a three-axle semitrailer from German guidelines (FGSV, 2001) 
and a three-axle bus from Austrian guidelines (FSV, 2007) (Figs. 6(a)
and 6(b)). These vehicles were chosen based on a detailed 
analysis of data collected from two different sources: first source 
were the norms and guidelines for intersection design used in 
Germany, Austria, Switzerland, Croatia and Serbia; second source
were the catalogues of the most prominent manufacturers of 
heavy vehicles and buses at European market (Ahac, 2014). For 
the applied design vehicle to be in accordance with the European 
Committee Directive 2002/7/EC (2002) the width of the vehicle 
was set to 2.55 m. 

3.1.3 Position and Design Elements of Design Vehicle
Paths

Important input parameters for swept path analysis in Autodesk 
Vehicle Tracking software are the design vehicle paths. The 
following must be defined for these paths: 

 Design elements, regarding the design vehicle movement 
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direction (right turn, through movement, left turn, U-turn);
 Positions, regarding the point at the design vehicle which 

follows the assigned path.
Design vehicle paths (Fig. 7(a)) in initial standard turboroundabout

schemes were formed using the straights at approach legs, and 
arcs at circulatory roadway (FHWA-RD-00-67, 2000). Minimum 
radii of path curvature between the straights on approach legs 
and circular arcs on circulatory roadway (entry and exit path 
radii) were 12 m at the entrance to the circulatory roadway, and 
15 m at its exit (Chan and Livingstone, 2015). The smallest 
feasible number of elements was applied during the construction 
of these paths to make the ride along them as comfortable as 
possible (Džambas et al., 2016b). 

Due to the requirements of Autodesk Vehicle Tracking 
software, the path positions were determined iteratively based on 
the position of design vehicle movement trajectories. The design 
vehicle movement trajectories were defined by the most 
prominent points of the design vehicle’s body (Fig. 7(b)). In the 
case of two-axle truck with a three-axle semitrailer, the front 
most prominent point of design vehicle’s body can either be the 
front overhang of truck or the front overhang of semitrailer 
(Harwood et al., 2003). The design vehicles followed the paths 

assigned by previously described procedure with a point located 
in the axis of truck’s front axle.

3.1.4 Minimum Clearances along the Design Vehicle
Movement Trajectories

Minimum clearances along the design vehicle movement trajectories
should be applied due to the following reasons: they are necessary 
for a long vehicle driver to maintain the driving direction; they 
make the maneuvering in horizontal road curves easier; they 
provide additional space for the equipment mounted at the design 
vehicle’s body (mirrors etc.) (Harwood et al., 1990). Minimum
clearances recommended by Slovenian, Serbian, Croatian, German,
Swedish, and Austrian regulations are given in Table 1. As 
shown in table, the value of this parameter varies from 0.25 to 
1.00 m. However, minimum clearances in the amount of 0.25 m 
and 0.30 m should be applied exceptionally at road sections in 
straights where less maneuvering mistakes occur (BASt, 2008), 
and minimum clearances in the amount of 1.00 m should be 
avoided because they lead to oversized turboroundabout solutions
(excessive circulatory lane and entry and exit widths) (Džambas 
et al., 2016b). In the light of the above considerations, minimum 
clearances in the amount of 0.50 m were applied in this research.

Fig. 6. The 2.55 m Wide Design Vehicles Used in This Research: (a) Two-Axle Truck with Three-Axle Semitrailer, (b) Three-Axle Bus

Fig. 7. Design Vehicles’: (a) Path Elements, (b) Movement Trajectories
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3.2 Creating the Initial Standard Turboroundabout
Schemes

This step includes a determination of dimensions of new turbo 
blocks, with a variation of circulatory roadway inner radius R1
from 11 m to 21 m (Δ = 1 m), and a definition of approach leg 
positions i.e., a creation of initial standard turboroundabout schemes, 
with a variation of approach leg axis offset values O from -8 m to 
+8 m (Δ = 1 m) and approach leg axis angle values α from 75° to 
105° (Δ = 1°).

3.2.1 Determining the Dimensions of New Turbo Blocks
Dimensions of new turbo blocks were determined based on the 
design vehicle movement trajectories obtained by swept path 
analysis, with a variation of circulatory roadway inner radius R1
from 11 m to 21 m (Δ = 1 m). Accordingly, 33 new turbo blocks 
were created:

 11 turbo blocks for truck with a semitrailer;
 11 turbo blocks for bus;
 11 turbo blocks for both design vehicles (most common 

case in design practice).
These new turbo blocks were constructed in accordance with 

the instructions provided in Croatian guidelines (CAR, 2014a) 
(Fig. 8). Croatian turbo block was chosen for the analysis due to 
the following reasons: in this turbo block template circular arcs 
at one side of the translation axis entirely overlap with circular 
arcs at the other side of the translation axis; at the beginning of 
the inner circulatory lane widening that gradually decreases 
towards the lane end is performed (Džambas et al., 2017). In 
Dutch, Slovenian and Serbian turbo block templates, 5 cm shift 
of circular arcs at translation axis exists (this shift may confuse 
the designer and lead to incorrect circulatory roadway design). In 
German turbo block template, the widening at the beginning of 
inner circulatory lane which facilitates the entry of heavy 
vehicles and buses to this lane is not performed. Turbo block 
design procedure consisted of two main steps: 

1. Determining the minimum required width of outer circulatory 
lane L2;

2. Determining the dimensions of remaining turbo block 
elements: width of inner circulatory lane L1; circular arc 
radii R2, R3 and R4; distance between the outer Δv and 
inner centers Δu of circular arcs at translation axis.

Design vehicles were conducting a critical maneuver and their 

Fig. 8. The Elements of Croatian Turbo Block: (a) Turbo Block Template, (b) Turbo Block Cross Section

Table 1. Minimum Clearances in Various European Countries

Parameter
Country

SI RS HR DE CH AT

Minimum clearance value [m] 1.001 1.00 2 1.003 0.505 0.408

(V = 40 km/h)
0.509

0.50 (min. 0.30)4 0.50 (min. 0.25)6,7 0.2510

1(MTRS, 2011b), 2(SAR, 2012), 3(CAR, 2014b), 4(CAR, 2014c), 5(FGSV, 2015), 6(BASt, 2008), 7(FGSV, 2012), 8(SN 640 201, 2003), 9(LO, 2007), 
10(FSV, 2007)
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swept path widths wi in 13 cross sections were measured (Fig. 
9(a)). Radii of design vehicle paths Rit were determined iteratively 
i.e., the design vehicle’s inner movement trajectory had to be 

distanced from the circle which represented the turbo block inner 
circular arc R1 for minimum clearance value. 

As shown in Fig. 9(b), the largest swept path widths wmax of 

Fig. 9. A Method for Determining the Minimum Required Widths of Outer Circulatory Lanes L2: (a) Critical Manoeuvre, (b) Largest Swept Path 
Widths

Table 2. Dimensions of New Turbo Blocks for Bus and Both Design Vehicles

Element Turbo block dimensions for bus and both design vehicles [m]

R1 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00

L1 7.10 6.90 6.75 6.60 6.50 6.35 6.25 6.15 6.05 5.95 5.90

L2 6.80 6.60 6.45 6.30 6.20 6.05 5.95 5.85 5.75 5.65 5.60

R2 17.95 18.75 19.60 20.45 21.35 22.20 23.10 24.00 24.90 25.80 26.75

R3 18.25 19.05 19.90 20.75 21.65 22.50 23.40 24.30 25.20 26.10 27.05

R4 25.05 25.65 26.35 27.05 27.85 28.55 29.35 30.15 30.95 31.75 32.65

Δu 6.80 6.60 6.45 6.30 6.20 6.05 5.95 5.85 5.75 5.65 5.60

Δv 7.10 6.90 6.75 6.60 6.50 6.35 6.25 6.15 6.05 5.95 5.90

D 56.20 57.05 58.25 59.60 61.15 62.35 63.85 65.30 66.90 68.35 70.07
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bus were equal to the largest swept path widths wmax of both 
design vehicles. In other words, the bus was less favorable design 
vehicle regarding the swept path widths in this design stage. 
Minimum required widths of outer circulatory lanes L2 were 
determined based on the sum of the largest swept path widths 
wmax and the double value of minimum clearance.

Remaining dimensions of new turbo blocks for bus and both 
design vehicles were determined based on the value of circulatory 
roadway inner radius R1 and the width of outer circulatory lane 
L2 (Table 2). The dimensions of new turbo blocks for truck with 
a semitrailer were determined in the same manner but are not 
presented in the paper due to the page limits. Diameters D of all 
turbo blocks created by previously described procedure were 
smaller than 70 m, which is in accordance with recommendations
given in FGSV (2015). 

3.2.2 Defining the Approach Leg Positions
Turboroundabout approach legs are usually aligned radially 
under the angle of 90° (their axes intersect in turboroundabout 
geometric center GC). Such approach legs are often difficult to 
plan, especially in the case of reconstruction of existing roundabouts
located at sites with significant spatial limitations (Džambas et 
al., 2017). In this research, following approach leg positions 
were observed: 

 Radial alignment at angles 75° ≥ α ≥ 105° (Δ = 5°) (Fig. 
10(a)); 

 Translational shift to the right +1 m ≥ O ≥ +8 m (Δ = 1 m) 
(Fig. 10(b)); 

 Translational shift to the left -1 m ≥ O ≥ -8 m (Δ = 1 m) 
(Fig. 10(c)). 

Limit approach leg angle and offset values were defined 
based on the recommendations provided in previous studies 

carried out by Ahac (2014) and Chan (2017). At all schemes 
turbo block translation axis was set to 150°. 

Accordingly, 759 initial standard turboroundabout schemes 
with various turbo block dimensions (11 turbo blocks for each 
design vehicle scenario) and approach leg positions (a total of 23 
positions) were created:

 253 schemes for truck with a semitrailer;
 253 schemes for bus;
 253 schemes for both design vehicles.

3.3 Designing the Circulatory Lanes
The width of roundabout circulatory lane should be limited in 
order to prevent the parallel drive i.e., overtaking in single lane 
(Montella et al., 2013). Maximum permitted widths of circulatory 
lanes prescribed by existing regulations for the design of 
turboroundabouts are given in Table 3. As shown in table, the
limit value of this parameter varies from 5.25 m to 6.00 m. 

According to CROW (1998), limit value in the amount of 
5.25 m should not be adopted as an absolute if the swept path 
requirements for chosen design vehicle are not satisfied. 
Consequently, maximum circulatory lane width in the amount of 
6.00 m defined by FGSV (2015) was applied in this research. 
Width in the amount of 6.00 is also the smallest maximum 
circulatory lane width recommended by existing regulations for 
the design of single lane roundabouts (a turboroundabout can be 
considered as a single lane roundabout due to physical separation 
of traffic lanes), which is favorable in terms of turboroundabout 
planning (Ahac, 2014).

The width of circulatory lanes was smaller or equal to 6.00 m 
at 207 out of a total of 759 previously created initial standard 
turboroundabout schemes: 

 115 schemes with turbo block inner radii R1 from 17 m to 

Fig. 10. Approach Leg Alignments: (a) Radial, (b) Shift to the Right, (c) Shift to the Left

Table 3. Maximum Permitted Widths of Circulatory Lanes Prescribed by Existing Regulations for the Design of Turboroundabouts

Parameter
Regulations

CROW (2008) MTRS (2011a) SAR (2012) CAR (2014a) FGSV (2015)

Max. circulatory lane width [m] 5.25 5.25 5.25 5.25 6.00
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21 m for truck with a semitrailer;
 46 schemes with a turbo block inner radius R1 of 20 m and 

21 m for bus (Table 2);
 46 schemes with a turbo block inner radius R1 of 20 m and 

21 m for both design vehicles (Table 2).

3.4 Designing the Central Island
Turboroundabout central island consists of traversable apron and 
non-traversable central part (Fig. 4). If properly designed, central 
island ensures the adequate deflection of passenger car fastest 
paths and reduces driving speed at circulatory roadway (Cygas et 
al., 2009). Moreover, this element cuts the view of the horizon in 
direction of travel so the drivers at roundabout entrances pay 
more attention to the traffic at circular roadway (Ahac et al., 
2016). 

As shown in Table 4, existing regulations for the design of 
turboroundabouts provide different recommendations on traversable 
apron use and design. According to these regulations, this element 
either serves for special transport or for stops of special emergency 
vehicles and regular vehicles in case of emergency. Previous 
studies have indicated that traversable apron should be used for 
special transport only (Džambas, 2018). The reasons for this are 
as follows: special emergency vehicles and regular vehicles in 
case of emergency should not be allowed to stop at this element 

because they may endanger the traffic safety of other vehicles at 
circulatory roadway; buses and heavy vehicles should not track 
over this element due to the reasons described in Chapter 3.1.1. 
(low driving comfort, poor stability, high maintenance costs). 
Furthermore, the beginning of traversable apron should be always 
designed as flat because the spiral shape is often ambiguous to the 
drivers that are approaching roundabout entrance, and it 
consequently leads to the conflicts at circulatory roadway 
(Fortuijn, 2009). In the light of the above considerations, 5 m 
wide traversable apron with flat beginning was applied in this 
research.

3.5 Designing the Approach Leg Elements
Main parameters that define turboroundabout approach legs are 
the width ws of splitter islands, the width of entry len and exit lex

lanes, and the entry Ren and exit Rex radii i.e., the radii of curvature 
of lane edges between the approach legs and circulatory roadway. 
As shown in Figs. 4, 11(a) and 11(b), standard turboroundabout 
has two entry and two exit lanes at main approach legs, and two 
entry and one exit lane at side approach legs. 

3.5.1 Splitter Islands
In first step, the elements of splitter islands were designed. As 
shown in Table 5, existing regulations for the design of 

Table 4. Traversable Apron Use and Design according to Existing Regulations for the Design of Turboroundabouts

Parameter
Regulations

CROW (2008) MTRS (2011a) SAR (2012) CAR (2014a) FGSV (2015)

Function Special transport Emergency stops Emergency stops Emergency stops Special transport

Width [m] 5.0 2.0  2.5 2.0 2.5 2.0 2.5 -

Shape Flat/spiral Flat/spiral Flat/spiral Spiral Spiral

Fig. 11. The Elements of Standard Turboroundabout at: (a) Main Approach Legs, (b) Side Approach Legs
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turboroundabouts recommend the use of splitter islands with 
parallel sides. The benefits of application of such splitter islands 
are as follows: they provide low driving speeds at roundabout 
entrances and exits; they are favorable in terms of visibility at 
roundabout entrances; they are encouraging the drivers approaching
the roundabout entrance to yield the traffic at circulatory roadway
(CROW, 1998). The width of this element ws varies from 2.0 m 
to 3.0 m.

Considering the above, 3.0 m wide splitter islands with parallel 
sides were applied in this research. The maximum recommended 
width in the amount of 3.0 m was chosen for analysis due to the 
fact that wider splitter islands lead to greater fastest path vehicle 
speeds, which is favourable in terms of this research. 

3.5.2 Entrances and Exits
In following steps, the elements of standard turboroundabout 
entrances and exits were designed. According to existing regulations 
for the design of turboroundabouts, the width of turboroundabout 
entry lanes wen should always amount 3.5 m, while the width of 
exit lanes wex depends on driving direction: at main approach 
legs this width should amount 4.0 m, and at side approach legs 
4.5 m (Table 6). Minimum value of entry radius varies from 10 
m to 14 m, and minimum value of exit radius from 10 m to 16 m.

Study carried out by Italian researchers has shown that the 
widths of entry and exit lanes prescribed by these regulations 
should not be adopted as an absolute if they do not satisfy the 
swept path requirements of chosen design vehicle (Corriere and 
Guerrieri, 2012). Furthermore, Montella et al. (2013) state that 
the entry wen and exit wex widths are parameters which significantly 
affect the roundabout traffic safety, and therefore should not be 
negligent during its geometric design: wide entrances are 
enabling the two passenger cars to simultaneously enter the 
circulatory roadway from single entry lane, which often results 
in traffic accidents at roundabout entrance; wide exits are 
enabling the high driving speeds at roundabout exits, which often 
results in traffic accidents involving the non-motorized traffic 

participants. 
Literature review has shown that the entry wen and exit wex

widths are prescribed only by Croatian (CAR, 2014b) and American 
regulations (FHWA-RD-00-67F, 2000) for the design of single 
lane roundabouts. Considering the fact that the design vehicles 
applied in this research are characteristic for European market, 
and the fact that the traffic conditions in turboroundabouts are quite 
similar to traffic conditions in single lane roundabouts, limit 
entry and exit widths prescribed by Croatian guidelines for the 
design of single lane roundabouts were considered in this 
research: wen,max = 7.0 m; wex,max = 10.0 m. 

Elements of standard turboroundabout entrances and exits 
were designed on the basis of swept path analysis for all driving 
directions. As described in Chapter 3.1.3., the design vehicle 
centerline paths were assigned iteratively based on the position 
of design vehicle movement trajectories with the aim of optimal 
turboroundabout design: 

 The entry and exit trajectories had to be as close as possible 
to the edge of the splitter island (for the inner entry/exit 
lane), or to the edge of the raised mountable lane divider 
between the entry and exit lanes (for the outer entry/exit 
lane), taking into consideration the minimum clearances 
along the trajectory in the amount of 0.50 m; 

 The trajectories on the circulatory roadway had to be as 
close as possible to the edges of the circulatory lane, taking 
into consideration the minimum clearances along the 
trajectory in the amount of 0.50 m;

 The distance between the trajectories of two design vehicles 
driving simultaneously in adjacent traffic lanes had to be 
1.00 m or greater.

As shown in Table 7 and Fig. 12, each driving direction was 
relevant for the design of particular turboroundabout entrance 
and exit. This was very time consuming and complex process. 
The analysis was carried out at 207 standard turboroundabout 
schemes given in Chapter 3.3., and at each scheme 18 design 
vehicle centerline paths were constructed i.e., a total of 3,726 

Table 5. Splitter Island Design according to Existing Regulations for the Design of Turboroundabouts

Parameter
Regulations

CROW (2008) MTRS (2011a) SAR (2012) CAR (2014a) FGSV (2015)

Shape Parallel sides Parallel sides Parallel sides Parallel sides -

Width [m] ≤ 3.0 ≥ 2.0 ≥ 2.0 ≥ 2.0 -

Table 6. Design of Turboroundabout Entrances and Exits according to Existing Regulations for the Design of Turboroundabouts

Parameter
Regulations

CROW (2008) MTRS (2011a) SAR (2012) CAR (2014a) FGSV (2015)

Entry lane width [m] - - - - 3.5

Exit lane width [m] - - - - 4.0 1 / 4.5 2

Min. entry radius [m] ≥ 12 ≥ 10 ≥ 12 ≥ 12 ≥ 14

Min. exit radius [m] ≥ 15 ≥ 10 ≥ 15 ≥ 15 ≥ 16
1two lane exits, 2single lane exits
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centerline paths were assigned iteratively.
In this design stage, the swept path requirements were 

satisfied at:
 85 out of a total of 115 standard turboroundabout schemes 

with turbo block inner radii R1 from 17 m to 21 m for truck 
with a semitrailer;

 38 out of a total of 46 standard turboroundabout schemes 
with turbo block inner radii R1 of 20 m and 21 m for bus; 

 38 out of a total of 46 standard turboroundabout schemes 
with turbo block inner radii R1 of 20 m and 21 m for both 
design vehicles.

On remaining standard turboroundabout schemes, either the 
carriageway edge could not be designed (entry Ren and exit Rex

radii of the adjacent approach legs were overlapping), or the 
entry wen and exit wex widths were greater than 7.0 m i.e., 10.0 m. 
As shown in Table 8, in the case of bus and both design vehicles 
approach legs can be aligned under the angles from 75° to 105° 
i.e., shifted to the right for up to 4 m and to the left for up to 8 m. 
Moreover, the widths of entry len and exit lex lanes and the values 
of entry Ren and exit Rex radii determined based on the position of 
movement trajectories of bus are equal to the widths of entry len

and exit lex lanes and the values of entry Ren and exit Rex radii 
determined based on the position of movement trajectories of 
both design vehicles. Again, the bus was less favorable design 
vehicle regarding the swept path widths (even though the two-
axle truck with a three-axle semitrailer had larger total length, 

Table 7. Design of Standard Turboroundabout Entrances and Exits

Swept path analysis procedure

Step No.
From entry lane (approach leg No. / traffic lane No.)
 to exit lane (approach leg No. / traffic lane No.)

Designed elements of standard turboroundabout entrances and exits

1 2/13/3 4/11/3 2/14/3 4/12/3 -

2 1/13/3 3/11/3 1/14/3 3/12/3 Raised mountable lane dividers between exit lanes at main approach legs

3 1/11/4 3/13/4 2/11/4 4/13/4 Raised mountable lane dividers between entry lanes at main and side approach 
legs

4 1/22/3 3/24/3 - - Left carriageway edge at side approach legs

5 1/23/4 3/2/1/4 2/23/4 4/21/4 Left and right carriageway edge at main approach legs, right carriageway edge 
at side approach legs

Fig. 12. Design of Standard Turboroundabout Entrances and Exits: (a) Initial Scheme, (b) Step 1, (c) Step 2, (d) Step 3, (e) Step 4, (f) Step 5 
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this vehicle combination, consisting of a tractor unit and semi-
trailer attached to the tractor with a fifth-wheel which facilities 
the maneuvering process, occupied a smaller area when passing 
through a horizontal curve compared to the standard “non-
articulated” three-axle bus applied in this research).

In the case of truck with a semitrailer approach legs can be 
aligned under the angles from 80° to 100° i.e., shifted to the 
right for up to 5 m and to the left for up to 7 m. The dimensions 
of approach leg elements for this design vehicle scenario are 
not presented in the paper due to the reasons described in 
Chapter 3.2.1. 

Minimum values of entry Ren and exit Rex radii determined by 
previously described procedure were considerably greater than 
the minimum values of entry Ren and exit Rex radii prescribed by 
existing regulations for the design of turboroundabouts. 
Accordingly, these values should be set as follows:

 Ren,min = 19 m and Rex,min = 27 m for truck with a semitrailer; 
 Ren,min = 16 m and Rex,min = 24 m for bus and both design 

vehicles.

3.6 Determining the Opening Widths at the Beginning 
of Inner Circulatory Lanes

Opening widths at the beginning of inner circulatory lanes low

were determined based on the results of swept path analysis 
carried out in previous design step (Table 9). As shown in Fig. 
13, opening width low includes the length of traversable beginning of 

Table 8. The Width of Entry and Exit Lanes and the Values of Entry and Exit Radii at Schemes at Which Swept Path Requirements for Bus and Both 
Design Vehicles Were Satisfied

Approach leg axis alignments
Approach leg No. / Traffic lane No.

1/1 1/2 1/3 1/4 2/1 2/2 2/3 3/1 3/2 3/3 3/4 4/1 4/2 4/3

75° ≤ α ≤ 105°
+1 m ≤ O ≤ +4 m
1 m ≥ O ≥ 8 m

Width of entry / exit lane [m]

len len lex lex len len lex len len lex lex len len lex

4.25 4.25 4.75 5.00 4.25 4.25 5.00 4.25 4.25 4.75 5.00 4.25 4.25 5.00

Approach leg axis alignments Entry / exit radius [m]

Ren Ren Rex Rex Ren Ren Rex Ren Ren Rex Rex Ren Ren Rex

R1 = 20 m

α 75° 17 22 27 24 18 22 25 17 22 27 24 18 22 25

80°  85° 17 22 27 24 18 21 25 17 22 27 24 18 21 25

90° 17 22 27 24 18 21 24 17 22 27 24 18 21 24

95° 105° 17 22 27 24 18 20 24 17 22 27 24 18 20 24

+ O 1 m 17 22 27 24 18 21 24 17 22 27 24 18 21 24

2 m  3 m 17 22 27 24 18 21 26 17 22 27 24 18 20 26

4 m 17 22 27 24 18 21 27 17 22 27 24 18 21 27

 O 1 m 17 22 27 24 18 21 24 17 22 27 24 18 21 24

2 m  4 m 17 22 27 24 18 20 24 17 22 27 24 18 20 24

5 m  7 m 17 22 27 24 17 19 24 17 22 27 24 17 19 24

8 m 17 22 27 24 16 19 24 17 22 27 24 16 19 24

R1 = 21 m

α 75°  80° 18 22 28 24 19 22 25 18 22 28 24 19 22 25

85°  105° 18 22 28 24 18 21 25 18 22 28 24 18 21 25

+ O 1 m  4 m 18 22 28 24 18 21 26 18 22 28 24 18 21 26

 O 1 m  4 m 18 22 28 24 18 21 25 18 22 28 24 18 21 25

5 m  8 m 18 22 28 24 17 21 25 18 22 28 24 17 20 25

Fig. 13. The Opening Widths at the Beginning of Inner Circulatory 
Lanes 
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lane divider ltb placed between the circulatory lanes which 
facilitates the entry of design vehicles to inner circulatory lane. 

4. Fastest Path Vehicle Speed Analysis

Fastest path vehicle speed is the speed a passenger car achieves 
while taking the straightest possible path through a roundabout, 
in the absence of other vehicles and by not respecting the lane 
markings on the roadway (Pilko et al., 2014). Fastest path vehicle 

speeds at standard turboroundabouts designed based on the rules 
of design vehicle movement geometry were determined by 
means of Dutch calculation model, recommended by existing 
regulations for the design of turboroundabouts. This Dutch 
calculation model consists of following steps (CROW, 1998):

 Defining the roundabout geometric characteristics; 
 Determining the fastest path radii R;
 Calculating the average driving speed v using the Eq. (1).

 (1)

Speed analyses were carried out for: through movement (Figs. 
14(a) and 14(b)), right turn from the inner entry lane (Fig. 14(c)), 
and right turn from the outer entry lane (Fig. 14(d)). Vehicle 
fastest paths were assigned in respect to the potential points of 
impact and placed at the distance of 1 m from them. Speed 
determined by previously described procedure had to be smaller 
or equal to 40 km/h.

Analysis results have shown the following: 
 Fastest paths for right turns could not be constructed at 93 

out of a total of 161 standard turboroundabout schemes at 
which swept path requirements were satisfied, due to the 
lane dividers placed between the traffic lanes at approach 
legs and circulatory roadway; 

 Dutch calculation model is not applicable at standard 
turboroundabout schemes at which approach legs intersect 
under the angles larger/smaller than 90° i.e., at standard 
turboroundabout schemes at which approach legs do not 
intersect in roundabout geometric center.

Previous study carried out at ten single lane roundabouts in 
Croatia has also shown that the fastest paths and speed values 
determined by Dutch calculation model substantially differ from 
fastest paths and speeds determined by field measurements 
(Šurdonja et al., 2018). In the light of the above considerations, it 
can be concluded that new (improved) speed calculation model 
which corresponds to real traffic situation should be developed.

5. Conclusions

A valid turboroundabout design approach should include a 
determination of design elements based on the rules of design 

v 7.4 R=

Table 9. Opening Widths at Beginning of Inner Circulatory Lanes at 
Schemes at Which Swept Path Requirements for Bus and 
Both Design Vehicles Were Satisfied

Approach leg axis 
alignments

Bus / both design vehicles

R1 = 20 m R1 = 21 m

Opening width [m]

low1 low2 low1 low2

low3 low4 low3 low4

α 75° 5.49 6.35 5.84 7.14

80° 5.46 6.00 5.82 6.71

85° 5.50 5.74 5.84 6.42

90° 5.47 5.57 5.81 5.96

95° 5.46 5.56 5.84 5.91

100° 5.48 5.66 5.84 5.99

105° 5.47 5.72 5.84 6.07

+ O 1 m 5.54 5.33 5.84 5.68

2 m 5.47 5.04 5.84 5.42

3 m 5.48 4.84 5.84 5.22

4 m 5.50 4.64 5.84 5.00

 O 1 m 5.46 5.88 5.84 6.23

2 m 5.44 6.23 5.85 6.54

3 m 5.48 6.55 5.85 6.85

4 m 5.50 6.90 5.85 7.20

5 m 5.47 7.27 5.84 7.56

6 m 5.50 7.67 5.86 7.95

7 m 5.47 8.08 5.82 8.55

8 m 5.50 8.33 5.84 9.00

Fig. 14. Passenger Car Fastest Paths at Standard Turboroundabout for: (a) Through Movement on Main Driving Direction, (b) Through Movement on 
Side Driving Direction, (c) Right Turn from the Inner Entry Lane, (d) Right Turn from the Outer Entry Lane
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vehicle movement geometry, and not a conduction of swept path 
analyses at the end of design process. Within the framework of 
this research the influential parameters for the design of turbo 
block and other standard turboroundabout elements are analyzed, 
the design vehicles for the design of standard turboroundabouts 
are defined, the parameters for swept path analysis are specified 
(initial conditions, position and design elements of design vehicle 
paths, minimum clearances), and the design approach based on 
the rules of the design vehicle movement geometry is presented 
i.e., all research objectives are achieved.

Finally, optimal design of elements of standard turboroundabouts
for various design vehicle scenarios, circulatory roadway radii 
and approach leg positions was defined. When the design vehicle 
is truck with a semitrailer standard turboroundabouts with inner 
circulatory roadway radii from 17 m to 21 m should be designed. 
Approach legs at these turboroundabouts should be aligned 
under the angles from 80° to 100° i.e., shifted to the right for up 
to 5 m and to the left for up to 7 m. When the design vehicle is 
bus, and when both design vehicles are present in traffic network, 
standard turboroundabouts with inner circulatory roadway radii 
from 20 m to 21 m should be designed. Approach legs at these 
turboroundabouts should be aligned under the angles from 75° to 
105° i.e., shifted to the right for up to 4 m and to the left for up to 
8 m. 

Despite the fact that three design vehicle scenarios were observed
in this research, both trucks with a semitrailers and intercity 
buses are commonly present in traffic networks at suburban areas 
where turboroundabouts are usually planned. Consequently, the 
dimensions of design elements which satisfy the swept path 
requirements of both of the above-mentioned vehicles should be 
applied when a standard turboroundabout is designed (Tables 8
and 9).

In the light of above considerations, practical contribution of 
this research lies in the ability of application of research results in 
revision of existing guidelines for the design of turboroundabouts, 
as well as in development of new guidelines in countries which 
still do not have their own regulations on the design of this rather 
new multilane roundabout type. Turboroundabouts should be 
observed as a specific intersection type which notably differs 
from classic single and multilane roundabouts due to their 
complex geometry and demanding process of swept path analysis. 
Consequently, the guidelines for the design of turboroundabouts 
should be always separated from the guidelines for the design of 
conventional roundabouts. 

Future studies should include the following: a definition of 
optimal design of elements of other turboroundabout types by 
means of design approach suggested in this study (number of 
available turboroundabout types should be limited because some 
of them are still in developing phases); a development of new 
(improved) fastest path vehicle speed model which corresponds 
to the real traffic situation (until this new model is devised, the 
speed analyses should not be used as elimination criteria for 
design solutions at which swept path requirements are satisfied); 
a definition of the influence of geometric design of particular 

turboroundabout elements on intersection capacity.
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