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Abstract: Several types of modern roundabouts are alternatives to standard ones. They are either in
use or at the development stage today. One such intersection is the two-geometry roundabout. Its
circulatory roadway has an elliptical outer edge and a circular inner edge that is defined by a circular
central island resulting in variable circulatory roadway width. The investigation presented in this
paper aims to determine the influence of this variable width on the design of other geometric elements
and its impact on roundabouts’ speed reduction capabilities. There is not enough experimental data
collected to make a comparison to other roundabout types, so this investigation is based on computer
simulations and speed estimations. The investigation is conducted on 40 four-legged single-lane
roundabout schemes. These were designed in the Autodesk AutoCAD 2021 software through
computer simulations of vehicle movement and the resulting swept paths of a tractor with a semi-
trailer generated by the Autodesk Vehicle Tracking 2020 software. The results show that truck aprons
must be included in the design of two-geometry roundabouts with a major axis between 18 and 25 m
to achieve appropriate circulatory roadway widths, personal car path deflection, and the resulting
relative speed and speed consistency.

Keywords: computer simulation; swept path; long vehicle; path deflection; fastest path

1. Introduction

Modern roundabouts are intersections with a raised central island and a circulatory
roadway at which the yield-at-entry rule is applied. At these types of intersections, the
traffic is continuous and circulates at low speed in one direction on a circulatory road-
way toward the exits at the intersection legs [1]. When adequately designed, modern
roundabouts provide numerous benefits compared to conventional intersections, such
as improved intersection safety and capacity, better vehicle speed management, reduced
maintenance costs, and reduced pollution generated by road traffic [2-7].

The benefits of modern roundabouts result from the fact that they are designed to
control traffic speeds [8,9]. This control is achieved through the selection of appropriate
design elements that result in adequate vehicle path curvature upon entry, around the
central island, and upon exit. It is considered that the driving speed through the round-
about is mostly influenced by the deflection of the vehicle path, which is caused by the
roundabout’s central island. The influence of deflection on roundabout performance is
evaluated either by measuring the deflection provided by roundabouts” design elements
(for example, using the procedure given in [10]) or by defining the radius (or radii) of the
centerline of a vehicle traveling along the so-called fastest path through the roundabout
and then calculating the vehicle speed [11]. This theoretical fastest path is representative
of the most used trajectory by drivers under free flow conditions when minimizing their
driving discomfort [12]. In the latter approach, speed prediction models that are based
on fundamental functions of vehicle dynamics are used. For example, the FHWA model,
described in [13], predicts the speed for five locations on the fastest paths (right-turn,
left-turn, through circulating, exit, or entry movements) based on the vehicle path radii,
side friction factor, and superelevation on these locations. On the other hand, the CROW
model, described in [14], gives a single value of vehicle speed for all specific locations on
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the through path: the entry, around the central island, and the exit. It predicts the expected
driving speed through the roundabout based on the vehicle path radius. This radius is
calculated using measured roundabout design elements and it is assumed to be constant
along the vehicle through path. There are also empirically derived speed prediction models,
such as a multiple linear regression model developed for Italian roundabouts (described
in [15]) or a model for speed prediction that includes the central island diameter and the
average of entry, circulating, and exit widths as derived variables (described in [8]). The
investigations that led to the development of these models showed that the FHWA model
overestimates entry and exit speed values. At the same time, investigation results given
in [16] showed that the CROW model results in an even larger estimated speed compared
to the FHWA model and that these differences are proportional to the path radius.

As described in detail in [1], roundabout design, i.e., the selection of roundabouts’
design elements, is an iterative process that is comprised of the following steps. The first
step is the selection of the roundabout size, considering the spatial limitations and the
number and alignment of the legs. The second step is the selection of the circulatory
roadway width. The third step is the selection of the splitter island shape, which is
conditioned by the required level of traffic flow channeling, as well as the design of the
right carriageway edge. The fourth step is the control of the selected geometry, i.e., the
swept path analysis for a design vehicle (a vehicle identified as the least maneuverable
vehicle expected to use the intersection), the fastest path analysis for personal cars, and
visibility checks. When design elements meet the conditions of these performance checks,
a detailed roundabout design is conducted. This iterative process can be simplified by
designing the circulatory roadway and the right carriageway edge according to the results
of the design vehicles’ swept path analyses. These analyses are conducted with software
for vehicle movement simulation today. This approach is an effective way to determine the
optimal roundabout design elements because it incorporates the optimization technique
rather than a trial-and-error process [17-19].

Today, several types of modern roundabouts represent an alternative to standard
single-lane or double-lane roundabouts. They differ in one or more design elements, have
different impacts on traffic safety, capacity, mobility, and the environment, and are either
in usage worldwide (for example, hamburger, turbo, and peanut roundabouts) or still
in the development phase (for example, flower, target, and elliptical roundabouts and
roundabouts with segregated left-turn slip-lanes) [20-22]. One such alternative modern
roundabout is the so-called two-geometry roundabout. This roundabout has variable
circulatory roadway width due to the different roadway edge shapes: the outer edge is
elliptical, and the inner edge, which is defined by the shape of a central island, remains
circular [22]. This peculiarity differentiates them from elliptical roundabouts, i.e., round-
abouts with elliptical outer and inner edges. Its circular central island should provide
increased deflection of personal vehicle paths which results in lower vehicle speed [22].

As the number of constructed two-geometry roundabouts is still low, there is not
yet enough experimental data collected to make a robust comparison to other modern
roundabout types [22]. Therefore, computer simulations must be conducted to determine
the optimum geometry of these intersections and their overall applicability in the road
network. The main gap to be filled is the influence of the variable circulatory roadway width
(which can be significantly wider compared to the standard single-lane roundabouts [22])
on the design of other geometric elements. Additionally, their impact on traffic safety,
i.e., the vehicle path deflection around the central island these roundabouts provide, and,
consequently, their capability for personal vehicles’ speed reduction and consistency should
be investigated.

In this paper, 40 four-legged single-lane roundabout schemes were designed in the
Autodesk AutoCAD 2021 software utilizing computer simulations of vehicle movement
and the resulting swept paths generated by the Autodesk Vehicle Tracking 2021 software.
The reliability of this software is discussed in the paper [23], where the simulated swept
path widths are compared with the ones determined using a precise GNSS device at a test
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site. The results of this investigation showed that from a statistical point of view, these
swept path widths did not differ, so the software can be used for further investigation. The
design vehicle selected for the investigation presented in this paper was a tractor with a
semi-trailer. This long, articulated vehicle was selected because these types of vehicles
face issues while maneuvering the roundabout due to their large turning envelope require-
ments [19,24]. The investigation included the determination of the vehicle path deflection
provided by the designed central island and the determination of passenger vehicle speed
through the designed roundabout schemes based on the following approaches: (1) by
measuring the deflection provided by the designed roundabout’s geometrical features;
(2) by measuring the designed roundabout’s geometrical features and calculating the fastest
path radii and vehicle speed using the CROW model; (3) by constructing the fastest through
paths, measuring the path radii upon entry, around the central island, and upon exit (ac-
cording to the FHWA model) and then calculating the vehicle speed for each location
using the CROW model. The aim was to determine whether the designed two-geometry
roundabout elements provide the appropriate vehicle speed reduction. Additionally, the
consistency between consecutive geometric elements on personal vehicle fastest paths was
investigated. The results showed that two-geometry roundabouts can easily be designed by
utilizing computer simulations of design vehicle movement and the resulting swept paths.
At the same time, the initially analyzed roundabout schemes did not provide sufficient
safety. Namely, the resulting circulatory roadway widths were significantly larger than
the recommended values and the achieved deflection did not provide the required speed
reduction. Therefore, it was concluded that truck aprons must be included in the design
of two-geometry roundabouts to achieve sufficient personal vehicle speed reduction and
consistency.

The paper is organized as follows. Input parameters and methods used in the inves-
tigation are presented in Section 2. The results of the investigation are given in Section 3.
These results are discussed and interpreted from the perspective of the investigated round-
about design elements’” applicability and safety in Section 4. In the same section possible
future research directions are highlighted. Conclusions are drawn in Section 5.

2. Experiment Design and Methodology

The investigation presented in this paper was conducted on 40 single-lane roundabout
schemes designed in the Autodesk AutoCAD 2021 software. A total of 32 initial schemes
(Figure 1a) were constructed by varying the major axis of the elliptical outer edge of a
two-geometry roundabout (a) from 18 to 25 m, with a 1 m increment. According to previous
research given in [19], these outer radii are commonly used for single-lane roundabouts
worldwide. An increment of 1 m was chosen to capture the dispersity of the results and to
create a sample that is representative, manageable, and easy to present at the same time.

Figure 1. Roundabout design procedure. (a) Initial scheme; (b) Front axle center point path parame-
ters and elements (path for the circular movement around the central island is shown in blue, path for
the right turn is shown in pink, path for straight passage in major axis direction is shown in orange,
path for straight passage in major axis direction is shown in green); (c) Final roundabout design
elements.
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According to [22], the minor axis of the elliptical outer edge of a two-geometry round-
about (b) is determined using the following equation:

0.75 <b/a < 0.90. 1)

In this investigation, for each major axis (a), four two-way geometry roundabouts
were designed by varying the minor axis of the elliptical outer edge of a two-geometry
roundabout (b), as shown in Table 1. Eight initial schemes were created to represent a
standard modern roundabout with an outer radius (R = a) between 18 and 25 m, designed
with a 1 m increment. Roundabout approach leg axes in all schemes intersect in the center
of the roundabout’s outer edge, as shown in Figure 1a. Approach legs are radial to the outer
edge, and their axes intersect in the center of the roundabout. A triangular splitter island,
15 m long, 3 m wide, and placed 0.5 m from the roundabout outer edge, was selected for
this investigation.

Table 1. Major (a) and minor (b) two-geometry roundabout axes.

a b/a=0.75 b/a =0.80 b/a =0.85 b/a =0.90
18 13.50 14.40 15.30 16.20
19 14.25 15.20 16.15 17.10
20 15.00 16.00 17.00 18.00
21 15.75 16.80 17.85 18.90
22 16.50 17.60 18.70 19.80
23 17.25 18.40 19.55 20.70
24 18.00 19.20 20.40 21.60
25 18.75 20.00 21.25 22.50

Carriageway widths and carriageway edge design elements were determined using
computer simulations of the design vehicle movement and the resulting swept paths
generated by the Autodesk Vehicle Tracking 2020 software. Vehicle Tracking is a third-
party computer-aided design (CAD) software released for AUTODESK. It can track the
swept paths of selected design vehicles with the help of its algorithm and automate the
entire design process. The design vehicle used in this investigation was a tractor with a
semi-trailer based upon a Scania R500 LA6x2/4MNA (Sodertilje, Sweden) tractor with
a generic 13.6 m long and 2.55 m wide trailer (Figure 2), which is defined as a standard
European long vehicle in the Vehicle Tracking 2020 database.

13.6

6 ‘215 | Overall Length 16.500m

|'—*—| ‘ Overall Width 2.550m
Overall Body Height 3.691m
Min Body Ground Clearance  0.426m
Max Track Width 2.500m

Lock-to-lock time 6.00s
= T I . Curb to Curb Turning Radius  6.987m

O— O O 00O

IMdx 10° Vert

4.78 M%x 90° Horiz
1.46 2.745 123

6.4 2.52

‘1.4 | 1.4I

Figure 2. Design vehicle (Scania R500 LA6x2/4MNA tractor with a generic 13.6 m long and 2.55 m
wide trailer).

The input parameter necessary for defining the swept path at roundabouts is the
design vehicle steering path, i.e., the front axle center point path. For this investigation, the
front axle center point paths for the circular movement around the central island (shown in
blue in Figure 1b) were constructed with a circular arc with a radius that is offset by 2 m
from the roundabout’s minor axis (R’ =b — 2). Paths for the right turn (shown in pink in
Figure 1b) were constructed with an entry line that was offset by 1.75 m from the splitter
island on the roundabout entry, an exit line that was offset by 2.0 m from the splitter island
on the roundabout exit, and a circular arc (R”) tangential to these lines. Paths for straight
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passage (shown in orange and green in Figure 1b) were constructed following the principles
of hairpin bend geometry, i.e., with an entry line, three consecutive circular arcs, and an exit
line, as elaborated in [25]. Entry and exit lines were offset by 1.75 m from the splitter island
on the roundabout entry and exit. The first and second radii on this path in the direction
of the major axis are 2 m smaller than the roundabout’s major axis (R = a — 2), while the
third radius is equal in size to the major axis. The center of the second arc is located on the
approach leg axis and 2 m from the approach leg axis intersection. The first and second
radii on this path in the direction of the minor axis are 2 m smaller than the roundabout’s
minor axis (R =b — 2), while the third radius is equal in size to the major axis. The center
of the second arc is located at the approach leg axis intersection. Minimal safety lateral
widths of 0.25 m were ensured along the elevated splitter islands, central island, and outer
carriageway edge in every roundabout scheme, according to the instructions given in [26].

The resulting swept paths were used to determine the central island radii (Rc), circula-
tory roadway width along the major axis (x), circulatory roadway width along the minor
axis (y), and carriageway edge design elements (Rentry, Rexit, R'entry, and R'eyi¢). The entry
width was set to 3.5 m, while the exit width was set to 4.0 m (Figure 1c).

The following performance checks were conducted on the resulting roundabout schemes:
(1) estimation of the vehicle path deflection around the central island (D) (Figure 3a), (2) cal-
culation of the expected driving speed through the roundabout based on the measured
distance between the tangent of entry radius and the tangent of the exit radius (L) and
deflection (U) (Figure 3b), and (3) calculation of the expected driving speed based on the
fastest through path analyses (Figure 3c).

(a)
Figure 3. Roundabout performance checks. (a) Deflection around the central island (measured
between the edge of the central island and the line connecting the right edges of the opposite splitter
islands shown in red dashed line), according to [10]; (b) Parameters for the determination of the
expected driving speed through the roundabout according to [14] (fastest path is represented by the
red solid line, while the distances between the tangent of the entry radius and the tangent of the exit
radius are represented by the red dash line); (c) Parameters for the fastest path (represented by the
red solid line) analyses according to [16].

The influence of the vehicle path deflection around the central island was analyzed by
measuring the distances (D) between the edge of the central island and the line connecting
opposing splitter islands, as shown in Figure 3a [10].

The calculation of expected driving speed through the roundabout was conducted
through two approaches. The first approach included the calculation of the expected
driving speed through the roundabout according to the instructions given in [14] (CROW
model, Figure 3b). Firstly, the distance between the tangent of the entry radius and the
tangent of the exit radius (L and L') and deflection (U and U’) were measured for the major
and minor axis directions of each roundabout scheme, as shown in Figure 3b. Then, the
vehicle path radius (R) was calculated as [14]:

(0.25 x L)* + (0.50 x (U +2))?

R =
u+2

2
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Finally, a calculation of the expected driving speed through the roundabout for the
major and minor axis directions of each roundabout scheme was conducted using the
CROW model, where the relation between speed (V) and the vehicle path radius (R) was as
follows [14]:

V =74xVR. ©)

The second approach included the estimation of vehicle speed based on the fastest
through paths constructed on final roundabout schemes. The fastest path is the smoothest,
flattest path possible for a single vehicle in the absence of other traffic and ignoring all lane
markings, traversing through the entry, around the central island, and out the relevant
exit [16]. The fastest paths were constructed in Autodesk AutoCAD 2021 software using
cubic splines, piecewise polynomials of the third degree with function values, and second
derivatives that agree at the points (nodes) where they join. Nodes were defined in such a
way that they result in a spline curve tangent with the following minimum clearances: 1 m
from the painted edge line of the splitter island and 1.5 m from the right carriageway edge
and the central island (Figure 3c). Following the construction of the fastest through paths,
the critical radii along these paths were determined:

e theentry path radii (R; and R'1), which are the minimum radii on the fastest through
paths before the entrance line;

e the circulating path radii (R; and R’;), which are the minimum radii on the fastest
through paths around the central island; and

e the exit path radii (R3 and R’3), which are the minimum radii on the fastest through
paths into the exit.

Finally, estimations of vehicle speed based on the speed-radius relationship (3) were
conducted for every path radius: the entry speed (V along R; and V’; along R, Figure 3c),
the circulating speed (V; along R; and V’; along R’;, Figure 3c¢), and the exit speed (V3
along R3 and V'3 along R'3, Figure 3c). The resulting relative speed between the consecutive
fastest path elements on the entrance path, the path around the central island (V;-V5), and
elements on the path around the central island exit path (V3—V;) was also investigated.

Six conditions were investigated for all designed roundabout schemes in the first part
of the investigation:

e  Condition 1: circulatory roadway width in single-lane roundabouts (x and y) should
be smaller than 5.5 m so that drivers do not use a wide roadway as two lanes and
sufficient deflection is achieved [1].

e  Condition 2: circulatory roadway width in the direction of the minor axis (y) should
be between 4 and 6 m [22].

e  Condition 3: vehicle path deflection around the central island (D) should be greater
or equal to double the entrance width (which is 7.0 m in this investigation) for the
roundabout’s design to be deemed satisfactory [10].

Condition 4: the deflected vehicle path radius (R;) should not exceed 80-100 m [22].
Condition 5: the calculated expected driving speed through the roundabout for the
major and minor axis directions (V) should be lower than 35 km/h [14].

e Condition 6: for vehicles to safely negotiate the roundabout, the maximum relative
speed between consecutive fastest path elements (V1-V; and V3-Vy) should not exceed
25 km/h [16].

To meet the requirements of Condition 1 and Condition 2, the second part of the
investigation was conducted on 40 modified roundabout schemes. The modification
included the definition of the fixed circulatory roadway width along minor axes (y) of 5.5 m.
Conditions 3-5 were investigated for these modified roundabout schemes.

To provide the visualization of the dependence between the measured values of the
distance between the tangent of the entry radius and the tangent of the exit radius along
the major and minor axis (L and L’), the deflection along the major and minor axis (U and
U’), personal vehicles’ fastest path radii along the major and minor axis (R; and R';, where
i=1-3), and the axis length, these values along both the major and minor axis were plotted
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for all analyzed roundabout schemes. One hundred simple linear regression models were
defined taking the major axis (a) as an independent variable and measured values (L, L', U,
U, R; and R';, where i = 1-3) for different (b/a) relations as dependent variables. It should
be emphasized here that these simple linear regression models were not intended for use
in the two-geometry roundabout’s design. Their purpose is to provide the visualization of
the investigation results in as simple a way as possible.

3. Results

In this section, the results of the investigation and their interpretation are provided.
The section is divided into two subsections. In the first subsection, the results of the
investigation for 40 roundabout schemes with variable circulatory roadway widths along
minor axes (y) that were defined by the resulting design vehicles’ swept paths are presented.
In the second subsection, the results of the investigation for 40 roundabout schemes with
fixed circulatory roadway widths along minor axes (y = 5.5 m) are presented.

3.1. Roundabout Schemes with Variable (y)

The results of the swept path analyses for the circular movement were the circulatory
roadway widths (x) and (y) given in Table 2. The resulting widths along the major axis (x)
of analyzed two-geometry roundabout schemes with variable (y) did not meet Condition
1 (x, y < 5.5 m), as they were up to two times wider than the recommended value. This
was expected, due to the applied swept path construction. Namely, swept paths for the
circular movement were constructed based on a front axle center point path shaped as an
arc around the circular central island for a long design vehicle. This arc was constructed
with a radius that was offset by 2 m from the roundabout’s minor axis. Only one resulting
circulatory roadway width along the minor axis (y) was smaller than 5.5 m—the one for
the largest analyzed (a) and (b/a = 0.90). At the same time, Condition 1 was met by three
standard geometry roundabout schemes with variable (y) and (a = b = 23-25 m), as shown
in Table 2.

Table 2. Circulatory roadway widths along the major axis (x) and the minor axis (y) for roundabout
schemes with variable (y).

(m) b/a =0.75 b/a = 0.80 b/a =0.85 b/a =0.90 b/a =1.00
amm x (m) y (m) x (m) y (m) x (m) y (m) x (m) ym  x=y(m)

18 11.85 7.35 10.60 7.00 9.35 6.65 8.20 6.40 6.05

19 11.75 7.00 10.50 6.70 9.30 6.45 8.10 6.20 5.95

20 11.75 6.75 10.45 6.45 9.25 6.25 8.05 6.05 5.80

21 11.85 6.60 10.45 6.25 9.20 6.05 8.10 6.00 5.75

22 11.85 6.35 10.55 6.15 9.25 5.95 7.95 5.75 5.60

23 11.95 6.20 10.55 5.95 9.25 5.80 7.95 5.65 5.45

24 12.05 6.05 10.65 5.85 9.25 5.65 7.95 5.55 5.45

25 12.25 6.00 10.75 5.75 9.35 5.60 7.95 5.45 5.35

Condition 2 (y < 6.0 m) was met by 13 two-geometry roundabout schemes with vari-
able (y). At the same time, Condition 2 was met by seven standard geometry roundabout
schemes with variable (y) (Table 2). It can be noted that the resulting circulatory roadway
width along the minor axis (y) was inversely proportional to the roundabout size, namely,
the major and minor axes (a and b). This was not the case with the resulting circulatory
roadway width along the major axis (x), as these values for (b/a = 0.75, 0.80, and 0.85) after
initial reduction started to rise (Table 2).

The results of the swept path analyses for the right turn and straight passage were the
distances between the tangent of the entry radius and the tangent of the exit radius along
the major and minor axes (L and L’) and the deflection along the major and minor axes (U
and U’) given in Tables 3 and 4. It can be noted that these distances and the deflections are
proportional to the length of the major axis (a). In general, measured distances between
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the tangent of the entry radius and the tangent of the exit radius along the major axis (L)
are larger than measured distances along the minor axis (L). The only deviation from
this behavior can be noted for a major axis (a) of 24 m and (b/a) of 0.90. At the same
time, measured deflections along the major axis (U) are generally smaller than measured
deflections along the major axis (U’). The only deviation from this behavior can be noted
for a major axis (a) of 18 m and (b/a) of 0.75.

Table 3. Distances between the tangent of the entry radius and the tangent of the exit radius along
the major axis (L) and deflections along the major axis (U) for roundabout schemes with variable (y).

b/a=0.75 b/a =0.80 b/a=0.85 b/a =0.90 b/a=1.00
am v ) Um  Lm Um  Lm  Um  L@m  Um  Lm  Um)
18 54.06 1.88 53.51 2.77 57.17 4.09 61.20 5.37 64.63 7.65
19 54.52 252 57.26 3.87 58.47 5.09 62.76 6.46 69.66 8.85
20 56.09 3.51 59.26 4.92 62.76 6.24 64.89 7.52 71.44 10.14
21 62.98 4.59 61.75 5.94 65.20 7.31 62.37 8.03 75.60 11.12
22 63.13 5.51 65.32 6.89 68.83 8.31 74.11 9.80 79.15 12.32
23 64.02 6.37 68.38 7.92 70.85 9.31 74.80 10.75 83.36 13.55
24 67.99 7.34 71.44 8.86 75.21 10.40 78.90 11.83 87.44 14.62
25 71.66 8.20 74.33 9.80 77.27 11.30 82.53 12.88 91.66 15.79
Table 4. Distances between the tangent of the entry radius and the tangent of the exit radius along the
minor axis (L) and deflections along the minor axis (U’) for roundabout schemes with variable (y).
b/a=0.75 b/a=0.80 b/a =0.85 b/a =0.90 b/a =1.00
am pm) Um Um Um U@m Um LU@m Um LUm U m
18 51.48 1.70 50.41 2.86 55.53 443 57.74 5.39 64.63 7.65
19 51.92 2.77 52.98 3.99 56.66 5.25 63.51 6.62 69.66 8.85
20 53.21 3.76 58.71 5.18 59.97 6.36 63.70 7.62 71.44 10.14
21 54.93 4.67 58.66 6.13 62.14 7.42 63.86 8.49 75.60 11.12
22 59.62 5.78 62.82 7.11 66.17 8.45 71.22 9.85 79.15 12.32
23 59.92 6.37 64.85 8.13 68.39 9.47 73.38 10.86 83.36 13.55
24 63.19 7.60 69.24 9.12 72.44 10.55 80.40 12.04 87.44 14.62
25 65.05 8.41 69.34 9.97 76.86 11.54 81.57 13.02 91.66 15.79

To provide the visualization of the investigation results (given in Tables 3 and 4 and
Appendix A, Tables A1 and A2) in as simple a way as possible, 50 simple linear regression
models were defined taking the major axis (a) as an independent variable and measured
values (L, L', U, U, R;, and R’;, where i = 1-3) for different (b/a) relations as dependent
variables (Figures 4-8). It should be emphasized here that these simple linear regression
models were not intended for use in the two-geometry roundabout’s design. The modeled
simple linear dependency of the distance between the tangent of the entry radius and the
tangent of the exit radius along the major axis (L), the distance between the tangent of the
entry radius and the tangent of the exit radius along the minor axis (L'), the deflection
along the major axis (U), and the deflection along the minor axis (U’) and the major axis
length (a) for roundabout schemes with variable (y) is shown in Figures 4 and 5. It can
be noted that the parameters (L) and (U) were significantly influenced by (a) for every
designed roundabout scheme with variable (y), while this dependency is less significant
for the parameters (L') and (U’), especially for (b/a = 0.80) and (b/a = 0.90a).
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Figure 4. The linear dependency of the distance between the tangent of the entry radius and the
tangent of the exit radius (L and L) and the major axis length (a) for roundabout schemes with

variable (y).
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Figure 5. The linear dependency of the deflection (U and U’) and the major axis length (a) for
roundabout schemes with variable (y).
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Figure 6. The linear dependency of the entry path radii (R; and R’1) and the major axis length (a) for
roundabout schemes with variable (y).
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Figure 7. The linear dependency of the circulating path radii (R, and R';) and the major axis length
(a) for roundabout schemes with variable (y).
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Figure 8. The linear dependency of the exit path radii (R; and R’3) and the major axis length (a) for
roundabout schemes with variable (y).

The calculated vehicle path radius (R) and measured personal vehicle fastest paths
radii Ri and R’; (i = 1-3) for the variable circulatory roadway width along the minor axis (y)
are given in Appendix A, Table A1l. The modeled simple linear dependency of the personal
vehicle’s fastest path radii (R; and R’;, where i = 1-3) and the major axis length (a) for
roundabout schemes with variable (y) is shown in Figures 6-8. It can be noted that:

e  radii for (b/a = 0.75) showed the greatest discrepancy caused by large path radii values
in roundabouts with the smallest major and minor axes,

e for(b/a=1.00), either no influence could be noted, or radii were inversely proportional
to (a), and

e  for the rest of the roundabout schemes, either no influence could be noted, or radii
were proportional to (a).

Analyses of the vehicle path deflection around the central island have shown that
Condition 3 (D > 7.00.m) was met by 88% of the designed two-geometry roundabout
schemes with variable (y) and by all standard roundabout schemes with variable (y)
(Appendix A, Table A2). Condition 3 was not met by the two-geometry roundabouts with
the smallest major and minor axes:

e  major axis (a) of 18 m and (b/a = 0.75, 0.80), and
e  major axis (a) of 19 and 20 m and (b/a = 0.75).

Condition 4 (R; < 100 m) was not met by one analyzed two-geometry roundabout
with variable (y) (Appendix A, Table Al): the one with a major axis (a) of 18 m and
(b/a =0.75) for both directions. This condition was met by all analyzed standard round-
about schemes.

The results of the calculation of the expected driving speed through the roundabout (V)
for the major and minor axis directions of each roundabout scheme, which was conducted
according to Equation (3), showed that Condition 5 (V < 35 km/h) was not met by all
analyzed roundabout schemes with variable (y) (Appendix A, Table A2). The results of
the estimation of vehicle speed based on the fastest through paths (V;) showed that these
values were over 35 km/h in five analyzed two-geometry roundabout schemes for the
major axis direction and three analyzed two-geometry roundabout schemes for the minor
axis direction (Appendix A, Table A2). Therefore, this condition was not met for (V;) in the
two-geometry roundabouts with the smallest major and minor axes:

major axis (a) of 18 m and (b/a = 0.75, 0.80) for both directions,
major axis (a) of 19 m and (b/a = 0.75) for both directions, and
major axis (a) of 20 and 21 m and (b/a = 0.75) for the major axis direction.

Condition 6, regarding the relative speed between consecutive fastest path elements
on exit and around the central island (V3-V;), was not met by 98% of analyzed paths
constructed in two-geometry roundabout schemes (Appendix A, Table A2). Regarding the
relative speed between consecutive fastest path elements on entry and around the central
island (V1-V3), this condition was not met by 6% of analyzed paths. These paths were
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constructed in two-geometry roundabouts with variable (y) with the smallest major and
minor axes (Appendix A, Table A2):

e  major axis (a) of 18 m and (b/a = 0.75) for both directions,
e  major axis (a) of 18 m and (b/a = 0.80) for the major axis direction, and
e  major axis (a) of 19 m and (b/a = 0.75) for the major axis direction.

3.2. Roundabout Schemes with Fixed (y)

In the second part of the investigation, the circulatory roadway width along the minor
axis (y) was fixed to 5.5 m to meet the requirements of Condition 1 and Condition 2. This
resulted in reduced circulatory roadway widths along the major axis (x), as shown in
Table 5. It can be noted that the resulting circulatory roadway width along the major axis
(x) was proportional to roundabout size, namely, the major and minor axes (a and b).

Table 5. Circulatory roadway widths along the major axis (x) and the minor axis (y) for roundabout
schemes with fixed (y).

2 (m) b/a =0.75 b/a =0.80 b/a=0.85 b/a =0.90 b/a =1.00
x (m) y (m) x (m) y (m) x (m) y (m) x (m) y (m) x =y (m)
18 10.00 5.50 9.10 5.50 8.20 5.50 7.30 5.50 5.50
19 10.25 5.50 9.30 5.50 8.35 5.50 7.40 5.50 5.50
20 10.50 5.50 9.50 5.50 8.50 5.50 7.50 5.50 5.50
21 10.75 5.50 9.70 5.50 8.65 5.50 7.60 5.50 5.50
22 11.00 5.50 9.90 5.50 8.80 5.50 7.70 5.50 5.50
23 11.25 5.50 10.10 5.50 8.95 5.50 7.80 5.50 5.50
24 11.50 5.50 10.30 5.50 9.10 5.50 7.90 5.50 5.50
25 11.75 5.50 10.50 5.50 9.25 5.50 8.00 5.50 5.50
The results of the swept path analyses for the right turn and straight passage were the
distances between the tangent of the entry radius and the tangent of the exit radius along
the major and minor axes (L and L’) and the deflection along the major and minor axes (U
and U’), given in Tables 6 and 7. It can be noted that these distances and the deflections are
proportional to the length of the major axis (a). Measured distances between the tangent of
the entry radius and the tangent of the exit radius along the major and minor axis (L and
L’) did not change after the intervention in circulatory roadway width along the minor axis
(y). At the same time, measured deflections along the major axis (U) are all smaller than
measured deflections along the major axis (U’). It can be also noted that these measured
deflections are smaller than the deflections on roundabout schemes with variable (y) and
that this difference is inversely proportional to the length of the major axis (a).
Table 6. Distances between the tangent of the entry radius and the tangent of the exit radius along
the major axis (L) and deflections along the major axis (U) for roundabout schemes with fixed (y).
b/a=0.75 b/a =0.80 b/a=0.85 b/a =0.90 b/a =1.00
2™ p@m  Um L  Um  L@m U@ Lm  Um  Lm Ut
18 54.06 3.34 53.51 4.27 57.17 524 61.20 6.27 64.63 8.20
19 54.52 4.02 57.26 5.07 58.47 6.04 62.76 7.16 69.66 9.30
20 56.09 4.76 59.26 5.87 62.76 6.99 64.89 8.07 71.44 10.30
21 62.98 5.69 61.75 6.69 65.20 7.86 62.37 8.53 75.60 11.37
22 63.13 6.36 65.32 7.54 68.83 8.76 74.11 10.05 79.15 12.42
23 64.02 7.07 68.38 8.37 70.85 9.61 74.80 10.90 83.36 13.55
24 67.99 7.89 71.44 9.21 75.21 10.55 78.90 11.88 87.44 14.62
25 71.66 8.70 74.33 10.05 77.27 11.40 82.53 12.88 91.66 15.79
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Table 7. Distances between the tangent of the entry radius and the tangent of the exit radius along
the minor axis (L) and deflections along the minor axis (U’) for roundabout schemes with fixed (y).

b/a=0.75 b/a=0.80 b/a=0.85 b/a=0.90 b/a=1.00
am ) Um V@ Um U@ Um L@ Um U@  Um
18 51.48 3.55 50.41 4.36 55.53 5.37 57.74 6.29 64.63 8.20
19 51.92 4.27 52.98 5.19 56.66 6.20 63.51 7.32 69.66 9.30
20 53.21 5.01 58.71 6.13 59.97 7.11 63.70 8.17 71.44 10.30
21 54.93 5.92 58.66 6.88 62.14 7.97 63.86 8.99 75.60 11.37
22 59.62 6.63 62.82 7.76 66.17 8.90 71.22 10.10 79.15 12.42
23 59.92 7.07 64.85 8.58 68.39 9.77 73.38 11.01 83.36 13.55
24 63.19 8.15 69.24 9.47 72.44 10.70 80.40 12.09 87.44 14.62
25 65.05 891 69.34 10.22 76.86 11.64 81.57 13.02 91.66 15.79

To provide the visualization of the investigation results (given in Tables 6 and 7 and
Appendix A, Tables A3 and A4) in as simple a way as possible, 50 simple linear regression
models were defined taking the major axis (a) as an independent variable and measured
values (L, L', U, U, R;, and R’;, where i = 1-3) for different (b/a) relations as dependent
variables (Figures 9-13). It should be emphasized here that these simple linear regression
models were not intended for use in the two-geometry roundabout’s design. The modeled
simple linear dependency of the distance between the tangent of the entry radius and the
tangent of the exit radius along the major axis (L), the distance between the tangent of the
entry radius and the tangent of the exit radius along the minor axis (L’), the deflection along
the major axis (U), and the deflection along the minor axis (U’) and the major axis length
(a) for roundabout schemes with fixed (y) is shown in Figures 9 and 10. It can be noted
that compared to the roundabout schemes with variable (y), the parameters (L) and (L)
remained the same and that parameters (U) and (U’) were slightly larger. Their dependency
on (a) remained the same.

Along major axis (a) Along minor axis (b)
100 100

90 90

80

L (m)

70 ~ 7

60 E 60

50 50

a(m) a(m)

= b/a=0.75 b/a=0.80 b/a=0.85 b/a=0.90 = b/a=1.00

Figure 9. The linear dependency of the distance between the tangent of the entry radius and the
tangent of the exit radius (L and L') and the major axis length (a) for roundabout schemes with
fixed (y).

The calculated vehicle path radius (R) and measured personal vehicle fastest paths
radii Ri and R’; (i = 1-3) for the variable circulatory roadway width along the minor axis (y)
are given in Appendix A, Table A3. The modeled simple linear dependency of the personal
vehicles’ fastest path radii (R; and R’;, where i = 1-3) and the major axis length (a) is shown
in Figures 11-13 for roundabout schemes with fixed (y). It can be noted that compared to
the roundabout schemes with variable (y), these radii were smaller. Radii for (b/a = 0.75)
showed the greatest discrepancy, caused by large path radii values at roundabouts with the
smallest major and minor axes.
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Figure 10. The linear dependency of the deflection (U and U’) and the major axis length (a) for
roundabout schemes with fixed (y).
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Figure 11. The linear dependency of the entry path radii (R; and R’;) and the major axis length (a)

for roundabout schemes with fixed (y).
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Figure 12. The linear dependency of the circulating path radii (R, and R’;) and the major axis length
(a) for roundabout schemes with fixed (y).
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Figure 13. The linear dependency of the exit path radii (R3 and R’3) and the major axis length (a) for
roundabout schemes with fixed (y).
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Analyses of the vehicle path deflection around the central island have shown that Con-
dition 3 (D > 7.00.m) was not met by one analyzed two-geometry roundabout (Appendix A,
Table A4): the one with a major axis (a) of 18 m and (b/a = 0.75) for both directions. This
condition was met by all analyzed standard roundabout schemes with fixed (y).

Condition 4 (R; < 100 m) was met by all analyzed two-geometry roundabouts
(Appendix A, Table A3) and by all analyzed standard roundabout schemes with fixed (y).

The results of the calculation of the expected driving speed through the roundabout (V)
for the major and minor axis directions of each roundabout scheme, which was conducted
according to Equation (3), showed that Condition 5 (V < 35 km/h) was not met by all
analyzed paths (Appendix A, Table A4). The results of the estimation of vehicle speed
based on the fastest through paths (V;) showed that Condition 5 was met by all analyzed
paths.

Condition 6, regarding the relative speed between consecutive fastest path elements
on entry and around the central island (V1-V3), was met by all analyzed paths (Appendix A,
Table A4). This condition regarding the relative speed between the consecutive fastest path
elements on exit and around the central island (V3-V;) was not met by 92% of analyzed
paths (Appendix A, Table A4).

4. Discussion

The main reasons for the implementation of alternative roundabout types are the
disadvantages of standard roundabouts regarding specific location circumstances, resulting
in low levels of traffic safety or low capacities as well as negative impacts on the envi-
ronment and mobility [20-22]. According to [22], the main advantages of two-geometry
roundabouts are: (1) they occupy less space than standard modern roundabouts, (2) they
are easily passable by long vehicles due to their variable circulatory roadway width, and
(3) they ensure low vehicle speed because the required personal vehicle path deflection is
created by their circular central island.

The investigation presented in this paper has shown that analyzed two-geometry
roundabouts are indeed easily passable by the selected long design vehicle. However, the
design vehicles” swept paths used in the roundabout design resulted in extremely large
circulatory roadway widths along the major axis (x), ranging from 7.95 to 12.25 m. This
could result in personal car drivers trying to use this wide circulatory roadway as multiple
lanes, thus reducing traffic safety. Circulatory roadway widths along the minor axis (y),
ranging from 5.45 to 7.35 m, were mostly wider than the recommended values of 5.5 m [1]
and 6.0 m [22]. These wide circulatory roadways should be avoided, but at the same time,
the circulatory roadway must allow the unobstructed passage of long vehicles. The solution
is to reduce circulatory roadway width to an appropriate size by introducing truck aprons
in the roundabout design. A truck apron is a paved edge of the central island raised relative
to the circulatory roadway and constructed with a greater cross slope to deter car drivers
from crossing it, thus providing greater safety on roundabouts. In the second part of the
investigation, the circulatory roadway width along the minor axis (y) was fixed to 5.5 m
to meet the requirements of Condition 1 and Condition 2. This intervention in the initial
roundabout schemes reduced the circulatory roadway widths along the major axis (x) and
increased deflection around the central island, which is favorable in terms of traffic safety
and speed reduction.

The position of the right carriageway edge entry and exit radii (Rentry, Rexit, R’/ entry, and
R’ exit, Figure 1c), designed according to the design vehicles’ swept paths, resulted in values
of the expected driving speed through the roundabout (V) higher than the recommended
35 km/h [14] in every analyzed roundabout scheme, including the standard roundabouts.
These differences were especially pronounced for two-geometry roundabout schemes with
smaller major axis (a) values (up to 16 km/h on schemes with (a) of 18 m). Here, it should
be noted that this recommended speed limit at roundabouts is conservative compared
to the ones given in roundabout design guidelines and regulations used worldwide. For
example, Swiss and American guidelines limit the speed to 40 km/h, and French and
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Italian guidelines to 50 km/h [19]. At the same time, the CROW model (Equation (3)),
used in this investigation for the estimation of vehicle speed, results in higher speed values
compared to the FHWA model given in [13], which includes superelevation and side
friction factors [16,19].

According to [2,8,9,13,27], consistency between the speeds of various movements
within the intersection can help to minimize the crash rate between conflicting traffic
streams. In the first part of the investigation, 94% of the analyzed paths constructed for the
two-geometry roundabout schemes met the requirement for a maximum relative speed on
entry (V1-V3), while only 1 (2%) of the analyzed paths met the requirement for a maximum
relative speed on exit (V3—V;). For roundabouts that did not meet these requirements,
lower speed for the fastest entering and exiting movements should be provided. It is
relatively simple to reduce the speed for the fastest entering movements in single-lane
roundabouts. Possible options are the introduction of a truck apron (thus adjusting the
design vehicle’s swept path and designed entry width/radii parameters) or shifting the
approach alignment to the left. Shifting the approach alignment to the left would increase
the speed for the fastest exiting movements. Therefore, the issue of relative speed was
addressed by fixing the circulatory roadway widths (y) to 5.5 m in the second part of the
investigation. This intervention completely fixed the issue of maximum relative speed on
entry (V1—Vy); however, 92% of the analyzed paths at the exit did not meet the condition of
maximum relative speed (V3-V; <25 km/h).

To provide deeper insight into the impact of two-geometry roundabouts on traffic
safety, the relative speeds between conflicting traffic streams and between consecutive
geometric elements in personal vehicles’ fastest paths will be investigated further. The
investigation will be conducted on the initial two-geometry roundabout schemes with fixed
(y) that will be fitted with truck aprons. These truck aprons will be designed according
to the conditions of personal vehicles” path deflection around the central island and will
be at least 1 m wide. Truck aprons will also help reduce the relative speed on the entry
and exit, as they will influence the design of the right carriageway edge, reducing and
shifting the entry and exit radii (Rentry, Rexit, R'entry, and R’ eyit, Figure 1c) closer to the outer
edge of the circulatory roadway. The expected driving speed through the roundabouts
will be estimated by a procedure that includes superelevation and side friction factors.
Furthermore, designed two-geometry roundabout schemes will be compared with standard
single-lane roundabouts according to their capacity and the surface they occupy. The
roundabouts’ capacity will be determined according to the regression Swiss Bovy model,
which considers the joint influence of geometric parameters on the capacity [28].

5. Conclusions

The investigation presented in this paper aimed to determine two-geometry round-
abouts’ speed reduction capabilities and to investigate consistency between consecutive
geometric elements in personal vehicles’ fastest through paths. The investigation was based
on computer simulations and speed estimations conducted on 40 four-legged single-lane
roundabout schemes that were designed in the Autodesk AutoCAD software. Roundabout
elements were designed according to the swept paths of a tractor with a semi-trailer gener-
ated by the computer simulations of vehicle movement using Autodesk Vehicle Tracking
2020 software. Investigated schemes included 32 two-geometry four-legged single-lane
roundabouts with a major axis (a) between 18 and 25 m and minor axis (b) between 0.75a
and 0.90a and eight standard four-legged single-lane roundabouts with outer radii between
18 and 25 m. For designed roundabout schemes, six conditions referring to the circulatory
roadway widths, the vehicle path deflection around the central island, the radius of the
deflected vehicle path, the expected driving speed through the roundabout, and the relative
speed between consecutive fastest personal vehicle path elements were investigated.

The results have shown that to meet the abovementioned conditions, the two-geometry
roundabout design presented in this paper must be adjusted. The adjustment is needed
as the required circulatory roadway width and personal vehicle path deflection cannot
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be achieved due to the conditions of the swept path for the long design vehicle. It can be
concluded that truck aprons must be included in the design of two-geometry roundabouts
with a major axis between 18 and 25 m. This is essential for achieving sufficient traffic
safety, i.e., appropriate circulatory roadway widths, personal car path deflection, and the
resulting relative speed on these alternative roundabout types.
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Appendix A

Table Al. Calculated vehicle path radius (R) and measured personal vehicle fastest paths radii Ry
and R'; (i = 1-3) for the variable circulatory roadway width along the minor axis (y).

hj{i]izr l\il;(;r Major Axis Direction (Axis a) Minor Axis Direction (Axis b) Standard Geometry (b = a)

a b R Ry R, Rs R R R, R's R=R Ri=R; R,=R’» Rs=R’;

(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
1350 4805 13092 4051 371.82  45.69 150.86 3453 315.26
1440 3871 9176 2973 9972 3389 64.38 24.93 101.60

18 1530 3507 6564 2284 9427 3158 59.00 19.45 94.89 2947 45.66 14.85 67.69
1620 3361 5984 1958  88.86  30.04 48.54 18.12 9257
1425 4223 8336 2992 13870 3651 68.39 24.89 168.35
1520 3638 6594 2283 9603 3078 52.76 18.93 81.92

19 1615 3191 6028 2073 7896  29.49 47.90 16.00 76.77 30.66 49.90 14.60 70.50
1710 3121 5341 1781 6981 3140 48.39 15.84 67.25
1500 3706 6811 2521 10399  32.16 56.33 20.84 114.37
1600 3345 5507 2034 8504  31.80 5171 17.78 84.18

20 1700 3194 5382 1843 7126 2898 47.00 17.00 74.80 29.31 44.69 13.47 88.76
1800 3002 5113 1710 7138 2877 46.91 1557 75.42
1575 3927 5977 2496 15755  29.94 49.33 17.92 79.59
1680 3200 5336 2032 7949 2849 222 1513 64.06

2 1785 3087 5123 1745 6508  27.97 40.78 15.00 60.47 30.51 43.29 1474 88.76
1890 2675 4783 1729 5712 2692 4337 16.68 66.65
1650 3504 5972 2145 8099  30.50 4436 15.84 68.63
1760 3222 5304 2017 7393 2935 47.44 14.45 58.97

2 1870 3130 5024 1696 6365  28.80 43.70 14.85 6135 30.92 47.46 1413 59.25
1980 3204 4963 1600 6626  29.72 4417 1593 60.10
1725 3270 5551 2170 6836 2890 5455 1713 70.06
1840 3194 5399 2039 6573 2848 43.66 1473 62.15

2 1955 3057 4712 1611 6073 2835 4211 1525 57.34 31.82 50.04 1420 85.30
2070 3061 4774 1497 5853  29.38 44.67 14.64 56.25
1800 3327 5461 2022 7243 2840 43.16 15.01 54.66
1920 3209 5017 1849 6301  29.73 39.81 17.92 55.36

2 2040 3161 4864 1643 5872 2927 4730 14.80 57.27 3291 52.95 14.69 65.82
2160 3159 4562 1542 6027 3229 50.89 14.98 5821
1875 3402 5365 1981 6822 2801 4156 13.81 55.61
2000 3221 4988 1817 6091  28.10 4820 1451 53.60

25 2125 3138 4614 1690  59.83  30.65 51.84 14.66 57.81 33.96 52.93 1470 68.15
250 3233 4826 1511 5862 3144 4428 14.45 55.48
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Table A2. Investigation results for Condition 3 (D > 7 m), Condition 5 (V > 35 km/h, V, > 35 km/h),
and Condition 6 (V1-V; < 25 km/h, V3-V; < 25 km/h) for the variable circulatory roadway width
along the minor axis (y).

l\gili(s)r I\g;r::r Major Axis Direction (Axis a) Minor Axis Direction (Axis b) Standard Geometry (b = a)
a b D v Vo,  Vi-Va VeV, D \% V, V4V, VeV, D V Vo, ViV, VsV,
(m) m  (m) (km/h) (km/h) (km/h)  km/h) (m) (km/h)  (km/h)  (km/h)  (km/h)  (m) (km/h)  (km/h)  (km/h)  (km/h)
1350 47 51 47 38 9% 47 50 43 47 88
1440 59 46 40 31 34 59 43 37 2 38
18 1530 7.2 44 35 25 36 7.2 2 33 24 39 105 40 2 2 32
1620 83 43 33 24 37 83 41 32 20 40
1425 58 48 40 27 47 538 45 37 24 59
1520 7.0 45 35 25 37 7.0 41 32 2 35
19 1615 82 2 34 24 32 8.2 40 30 2 35 16 41 28 2 34
1710 9.4 41 31 23 31 9.4 41 29 2 31
1500 68 45 37 24 38 6.8 2 34 2 45
1600 8.1 43 33 2 35 8.1 2 31 2 37
20 1700 93 42 2 23 31 93 40 31 20 33 127 40 27 22 2
1800 105 41 31 2 32 105 40 29 21 35
1575 7.7 46 37 20 56 7.7 40 31 21 35
1680 9.1 42 33 21 33 9.1 39 29 19 30
21 1785 103 41 31 2 29 103 39 29 19 29 138 41 28 20 41
1890 114 38 31 20 25 114 38 30 19 30
1650 87 44 34 23 32 87 41 29 20 32
1760 100 42 33 21 30 100 40 28 23 29
2 1870 113 41 30 2 29 113 40 29 20 29 149 41 28 2 29
1980 126 42 30 23 31 126 40 30 20 28
1725 96 e 34 21 27 9.6 40 31 24 31
1840 110 42 33 21 27 10 39 28 20 30
2 1955 123 41 30 21 28 123 39 29 19 27 161 42 28 u 40
2070 136 41 29 2 28 136 40 28 21 27
1800 105 43 33 21 30 105 39 29 20 26
1920 119 42 32 21 27 119 40 31 15 24
B 2040 133 4 30 2 27 133 40 28 2 28 171 42 28 2 82
2160 146 42 29 21 28 146 42 29 24 28
1875 113 43 33 21 28 113 39 27 20 28
2000 128 42 2 21 2 128 39 28 23 26
2 2125 142 41 30 20 27 142 41 28 25 28 182 43 28 2 33
250 156 42 29 23 28 156 41 28 21 27
Table A3. Calculated vehicle path radius (R) and measured personal vehicle fastest paths radii R;
and R'; (i = 1-3) for the fixed circulatory roadway width along the minor axis (y).
Major Minor Maior Axis Direction (Axi inor Axis Direction (Axis b dard _
Axis ‘Axis ajor Axis Direction (Axis a) Minor Axis Direction (Axis b) Standard Geometry (b = a)
a b R R R, R, R R R, R R=R R;=R; R;=R’, R; =R'5
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
13.50 3554 6389 2251 9480 3123 4843 2093 98.98
14.40 3011 5588 1978  89.05 2656 4143 17.18 81.73
18 15.30 3002 5271 1762 6898 2799 4334 1429 63.58 28.14 4143 13.52 59.55
1620 3037 4941 1639 7001 2721 4136 1478 70.97
1425 3236 6138 2054 8197 2844 4298 1699 80.96
15.20 3075 5547 1824 6273 2620 3980 1474 70.03
19 16.15 2859 5060 1645 5414 2652 4221 13.11 66.55 29.66 45.95 1417 60.26
17.10 2017 4954 1596 6304 2938 4368  13.83 56.75
15.00 3078 5647 1936 7259 2700 4244 1347 58.32
16.00 2986 5124 1809 6079 2853 4245  14.03 55.19
20 17.00 2063 5022 1657 5728 2695 4357 1530 61.64 29.01 4242 1412 58.06
18.00 2865 4657 1606  60.67 2748 4350  14.08 59.41
1575 3416 5860 2064 8678 2579 3963  15.64 66.74
16.80 2060 5039 1794  6L17 2644 3809 1326 51.27
21 17.85 2941 4478 1607 5619 2670 3756 1279 53.00 30.06 43.56 16.10 62.28
18.90 2572 4540 1621 5173 2594 3903 1580 63.38
16.50 31.89 5824 1901 6303 2790 3992 1352 52.34
17.60 3034 4985 1840 6214 2771 4091 1334 51.08
2 18.70 3021 4903 1628 5696  27.83 4236 1332 52.85 30.76 46.94 1426 58.82
19.80 3150 4847 1601  59.88 2922 4324 1461 53.39
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Table A3. Cont.

hj{i]izr 1\11;21‘ Major Axis Direction (Axis a) Minor Axis Direction (Axis b) Standard Geometry (b = a)
a b R Ry R, R; R’ R R, R, R=R R;=R; R;=R), R; =R3
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
17.25 3051 5263 2004 5867 2701 4624  13.83 55.59
18.40 3077 5144 1871 6075 2749 4004 1342 55.18
23 19.55 2993 4706 1678 5751 2778 4001 13.09 51.75 51.82 50.04 14.20 85.30
20.70 3033 4619 1548 5897 2912 4100  13.36 55.16
18.00 31.69 5062 1948 6434 2712 4184 1330 48.86
19.20 3126 5226 1777 5847 2899 3888 1338 50.55
2 20.40 3131 4751 1688 5657 2900 4614  13.81 52.81 3291 52.95 14.69 65.82
21.60 3150 4454 1614 5931 3220 4747 1475 61.02
18.75 3267 5284 1892 6086 2697 3892 1334 49.11
20.00 3167 4985 1786 6117  27.65 4451  13.84 50.82
25 21.25 3120 4576 1686 5812 3048 4637 1415 56.48 33.96 52.93 14.70 68.15
22.50 3233 4826 1511 5862 3144 4428 1445 55.48
Table A4. Investigation results for Condition 3 (D > 7 m), Condition 5 (V > 35 km/h, V, > 35 km/h),
and Condition 6 (V1-V; < 25 km/h) for the fixed circulatory roadway width along the minor axis (y).
Major  Minor Maior Axis Direction (Axi Minor Axis Direction (Axi dard b=
Axis Axis ajor Axis Direction (Axis a) inor Axis Direction (Axis b) Standard Geometry (b = a)
a b D v Vo VieVa VeV, D \'% V, ViV, VsV, D V Vo ViV, VsV,
(m) @m) (m) (km/h) (km/h) (kmh) (km/h) (m) (km/h) (km/h) (km/h)  (km/h)  (m) (km/h) (km/h)  (km/h)  (km/h)
1350 65 44 35 24 37 65 41 34 18 40
1440 74 41 33 2 37 7.4 38 31 17 36
18 1530 83 41 31 23 30 83 39 28 21 31 4 39 27 20 30
1620 9.2 41 30 2 32 9.2 39 28 19 34
1425 73 oS 34 24 33 7.3 39 31 18 36
1520 82 41 32 24 27 8.2 38 28 18 34
19 1615 9.2 40 30 23 24 9.2 38 27 21 34 120 40 28 2 30
1710 101 40 30 23 29 101 40 28 21 28
1500 80 41 33 23 30 8.0 38 27 21 29
1600 9.0 40 31 21 26 9.0 40 28 20 27
20 1700 100 40 30 2 26 100 38 29 20 29 130 40 28 20 29
1800 110 40 30 21 28 110 39 28 21 29
1575 8.8 43 34 23 35 8.8 38 29 17 31
1680 9.8 40 31 21 27 9.8 38 27 19 26
2 1785 109 40 30 20 26 109 38 26 19 27 140 41 30 19 29
1890 119 38 30 20 23 119 38 29 17 29
1650 95 42 32 24 26 95 39 27 20 26
1760 106 41 32 21 27 106 39 27 20 26
22 1870 117 41 30 2 2 117 39 27 21 27 150 41 28 23 2
1980 128 42 30 2 28 128 40 28 20 26
1725 103 41 33 21 24 103 38 28 23 28
1840 114 41 32 21 26 114 39 27 20 28
23 1955 126 40 30 20 26 126 39 27 20 26 161 42 28 S 40
2070 137 41 29 21 28 137 40 27 20 28
1800 110 42 33 20 27 110 39 27 21 25
1920 122 41 31 2 25 122 40 27 19 26
A 2040 134 41 30 21 25 134 40 27 23 26 71 4 28 2% 32
2160 146 42 30 20 27 146 4 28 23 29
1875 118 42 2 2 2 120 38 27 19 25
2000 130 42 31 21 27 130 39 28 2 25
2 2125 143 41 30 20 26 143 41 28 23 28 182 43 28 % 33
250 156 42 29 23 28 156 41 28 21 27
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