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Abstract

Road traffic accidents remain a critical global issue with approximately 1.19 million fatalities
each year, on which excessive and inappropriate speeds contribute significantly. Managing
vehicle speeds is essential for improving road safety, yet predicting and understanding op-
erating speeds remains a challenge. Among different road elements, tangents play a crucial
role, as they serve as transition segments between curves and allow for free acceleration,
making them particularly relevant for speed management and road design. This study
investigates the operating speeds on both single- and dual-carriageway road tangents to
identify the key influencing factors. Data were collected from 24 single-carriageway and 20
dual-carriageway road tangents in Croatia, comprising a total of 14,854 speed observations
(filtered sample size). The analysis focuses on the impact of geometric, traffic, and roadside
environment characteristics on operating vehicle speeds. The results reveal that for single-
carriageway road tangents, the most influential factors were traffic volume and terrain
type, while for dual-carriageway road tangents, the factors traffic flow density, average
summer daily traffic, and heavy goods vehicle share. These findings provide essential
insights for the future development of operating speed prediction models, enhancing road
design guidelines, and improving speed management strategies.

Keywords: operating speed; road safety; road tangents; traffic accidents

1. Introduction

Road traffic safety is a global challenge for many countries around the world. Accord-
ing to the World Health Organization report [1], approximately 1.19 million people die
in road traffic accidents each year worldwide, with an even larger number of them being
injured. Therefore, road traffic accidents are the eighth leading cause of death globally
and the leading cause of death among young individuals, aged 5 to 29 [2]. Most fatalities
occur in low- and middle-income countries, where infrastructure, vehicles, and education
on road traffic safety are not at satisfactory levels. Consequently, road traffic accidents
have become one of the most critical public health issues facing modern societies, and their
significance is expected to grow in the future.

The OECD (2018) [3] estimates the social cost of road traffic accidents in the European
Union at around EUR 500 billion (or 3% of its GDP). This cost includes medical expenses,
productivity losses, repair and reconstruction costs for road infrastructure, as well as
other related costs. Internationally, it is estimated that about one-third of fatal road traffic
accidents are partially caused by excessive or inappropriate speed [4]. Numerous studies
have found a link between speed and the likelihood of road traffic accidents. Furthermore,
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an increase in average speed is directly associated with a higher probability of accidents
and the severity of their consequences. Specifically, a 1% increase in average speed leads to
a 4% increase in the risk of fatal accidents and a 3% increase in the risk of accidents results
in serious injuries [1].

Straight road segments, or tangents, facilitate higher vehicle speeds due to the absence
of geometric constraints, such as horizontal curves or intersections. While this characteristic
enhances traffic flow, it also contributes to increased crash risk and severity. Studies have
indicated that excessive speed is a primary factor in road traffic accidents, with a significant
proportion occurring on road tangents. According to the National Highway Traffic Safety
Administration (NHTSA), speeding contributed to 29% of all fatal road traffic accidents
in 2022, emphasizing the relationship between high speeds and accident severity [5].
Furthermore, data have suggested that a substantial share of fatal road traffic accidents
on rural (68%) and urban (81%) roads occur on road tangents, where drivers are more
likely to exceed speed limits due to the absence of speed-reducing elements [6]. The
physics of high-speed travel further exacerbates risk, as increased speed reduces driver
reaction time and extends stopping distances, increasing the probability of collision [7].
Moreover, speed-related road traffic accidents on road tangents often result in fatalities
or severe injuries due to higher impact forces [8]. A critical issue contributing to road
safety concerns is the discrepancy between the speed limits and the actual vehicles” speeds,
with research indicating that drivers frequently exceed regulatory limits on straight road
segments, leading to increased crash risk and severity [9]. These “actual vehicles’ speeds”
are defined as operating speeds.

Following the above, operating vehicle speed can be defined in several ways. It may
be considered the actual speed at which a vehicle is driving under free-flow conditions [10],
or as the 85th percentile speed distribution used to measure operating speeds related to
specific locations or road geometries [11]. Studies have shown that operating speed under
free-flow conditions, particularly on roads without speed monitoring/speed enforcement,
tends to exceed posted speed limits [12,13]. The highest operating speeds are typically
achieved under free-flow conditions, where road geometry rather than interactions with
other vehicles primarily influences speed. Thus, it may be presupposed that vehicle
interaction has minimal effect on operating speed under such conditions [14].

The existing research on operating speeds has encompassed various types of roads,
with single-carriageway and dual-carriageway roads being of particular interest. More-
over, operating speeds have been analyzed in multiple road segments, such as horizontal
curves, vertical curves, tangents, and combinations of these. In studies examining factors
influencing operating speed in horizontal curves across all road types, radius of horizontal
curve has proven to be the most statistically significant variable [15-20]. For instance,
Wang et al. (2018) [16] found that operating speeds significantly decrease when the curve
radius is less than 300 m, and that vehicle speed stabilizes as the radius increases. Sim-
ilarly, Russo et al. (2016) [21] noted that a radius of horizontal curve greater than 400 m
has a negligible impact on the operating speed. The existing research on tangent road
sections is relatively limited compared to the studies conducted on horizontal curves.
Fitzpatrick et al. (2005) [22] conducted a study in both urban and rural areas, identifying a
strong correlation between posted speed limits and operating speed on tangents. Other
parameters affecting operating speed included driveway density, median type, and the
presence of parked vehicles and pedestrians. Notably, pedestrian presence was found to
be inversely proportional to operating speed. Additionally, on rural tangents, lane width
has been shown to proportionally increase operating speed. The Federal Highway Admin-
istration (FHWA) notes that wider lanes and shoulders result in faster operating speeds;
for instance, methodologies in the Highway Capacity Manual predict an approximately
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0.64 to 1.77 km/h increase in speeds on two-lane highways for every 0.3 m increase in lane
width. [23]. Maiji et al. (2020) [15] conducted research across 251 locations in Oklahoma,
developing three models to predict operating speed, including one for roads with higher
speed limits (80-105 km /h), one for roads with lower speed limits (56-72 km/h), and a
third for roads with varying speed limits, with the latter model proving most accurate.
Among the most statistically significant variables were posted speed limits and pavement
friction coefficients across all speed limit categories. Conversely, for roads with lower speed
limits, only the posted speed limit proved to be statistically significant. Furthermore, the
differences in predicting operating speeds can be attributed to varying driving behavior
patterns. Ozkan et al. (2006) [24] compared aggressive driving behavior across different
nationalities and cultures, specifically between Finnish, British, Greek, Iranian, Dutch, and
Turkish drivers. They found that Greek drivers engaged in aggressive violations more
frequently and expressed greater anger and impatience towards other road users. British,
Dutch, and Finnish drivers exhibited the least aggression, while Iranian and Turkish drivers
fell between these groups. In light of the aforementioned considerations, it may be presup-
posed that driving behavior varies among nationalities and cultures, therefore influencing
operating speed [25].

The existing studies on operating speeds on road tangents have identified several
factors influencing operating speed. Research by Fitzpatrick et al. (2005) [22] found that
driveway density, median type, and the presence of parked vehicles and pedestrians
significantly affect vehicle speeds. In particular, pedestrian presence has been shown to
inversely correlate with operating speeds, as drivers tend to reduce speed when pedestrian
activity is high [21]. Furthermore, road design characteristics, such as lane width, was
found to have an essential role in speed variations. Wider lanes have been associated
with higher operating speeds, as drivers perceive them to be safer and less restrictive [15].
However, some studies, such as Fitzpatrick et al. (2005) [22], have reported that lane width
does not always have a statistically significant impact on operating speed, suggesting
that additional contextual factors may be at play. Despite the existence of operating
speed prediction models for road tangents, many studies have questioned their accuracy
due to regional differences, variations in driving behavior, and site-specific conditions.
Additionally, models that rely primarily on posted speed limits often fail to account for the
impact of environmental factors, leading to discrepancies between the predicted and actual
speeds [15].

While some operating speed prediction models for road tangents incorporate variables,
such as the operating speed, on the preceding curve or previous road segment [26-32], this
approach presents limitations when applied to newly designed roads. In such cases, the
operating speeds on preceding segments are unknown, and thus must also be predicted,
which introduces additional uncertainty into the model. The reliance on prior speed data
increases the potential for errors, as these predictions may not accurately reflect real-world
conditions without empirical speed data from the existing roads. Consequently, for newly
designed roads, it is crucial to develop independent models that can predict operating
speeds on tangents without relying on the operating speeds of preceding segments or
curves, thereby minimizing the prediction errors and enhancing the accuracy of operating
speed prediction. Without this consideration, models may be less reliable and less applica-
ble to modern road design, where prior speed data is unavailable and must be estimated,
leading to a higher margin of error in predictions.

This research focuses on analyzing the operating speeds on tangent sections of both
single- and dual-carriageway roads in Croatia, with the primary objective of examining the
impact of various contributing factors on operating vehicle speeds. Road tangents were
specifically chosen due to their distinctive influence on driver behavior and speed selection.
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RESEARCH AREA
Croatia
Single-carriageway road tangents
Dual-carriageway road tangents

Unlike horizontal curves, which impose physical constraints, such as centrifugal force,
tangents are free from such limitations, enabling drivers to select speeds based on road
geometry, visibility, and environmental conditions [15,22,33-37]. The lack of geometric
constraints on tangents often results in higher operating speeds, making them crucial for
understanding the variations in driving speeds and their implications for traffic dynamics.
By concentrating on tangent sections, this study aims to enhance the understanding of
how factors such as road design, surrounding environment, and traffic conditions interact
to influence operating speeds. Through comprehensive data collection and subsequent
statistical analysis, the research seeks to provide empirical insights into the factors shaping
operating speeds, thereby contributing to a more nuanced understanding of speed behavior
on road tangents.

2. Methodology

A simplified overview of the applied methodology is presented in Figure 1, while a
detailed explanation of each step is provided in the subsequent subsections.

DATA FILTERING AND CLEANING
Raw sample: 45,850; filtered to 14,854
- only passenger cars
- free-flow only (25 s headway)

Single-carriageway road tangents - Radar FACTORS IDENTIFICATION

Dual-carriageway road tangents - Drone Single-carfiageway: W factors
Dual-carriageway: 16 factors

LOCATION SELECTION STATISTICAL ANALYSIS

44 ]ocations: SAS JMP 18 PRO
24 on single-carriageway road tangents Pearson / Spearman (numerical)
20 on dual-carriageway road tangents ANOVA / T-test / T-K test (categorical)

Figure 1. Methodology flowchart.

2.1. Research Context

This research was conducted in Croatia, a country situated in Southeastern Europe,
with a population of approximately 3.85 million inhabitants [38]. The capital city, Zagreb,
functions as the administrative, economic, and academic center of the country. Croatia
has a relatively low population density, with a significant proportion of the population
residing in urban areas, while other regions exhibit varied settlement patterns influenced
by geographical and infrastructural characteristics. The national road network supports
both regional connectivity and long-distance transport, with notable seasonal fluctuations
in traffic volumes, particularly in the coastal and southern regions. These fluctuations are
driven by increased mobility during the summer months, contributing to distinct transport
demand patterns that must be considered in traffic and infrastructure studies [39]. Croatia’s
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road infrastructure comprises a network of both single- and dual-carriageway roads, which
together facilitate the movement of local commuters, tourists, and freight. While dual-
carriageway roads are essential for connecting major urban centers and popular tourist
destinations, single-carriageway roads also play a pivotal role in regional connectivity
and local traffic management, particularly in rural and less densely populated areas. The
inclusion of both road types in this research is crucial, as operating speeds on single-
carriageway roads often differ due to distinct geometric features, traffic flow conditions, and
road capacity, which can affect driver behavior in ways that differ from dual-carriageway
roads. Given the central role of tourism in Croatia’s economy, both single- and dual-
carriageway roads are key arteries for domestic and international travelers, providing
essential access to the Adriatic coast and other prominent tourist regions. The interaction
between local traffic, freight transport, and tourist flows creates a complex and dynamic
environment where understanding operating speeds is essential.

2.2. Data Collection
The research was conducted on road tangents on dual- and single-carriageway roads:

e  Dual-carriageway roads—motorways;
e  Single carriageway roads:

o State roads,
° County roads.

According to the Croatian Road Traffic Safety Act [40], a “motorway” is defined as a
public road built and designated exclusively for motor vehicle traffic, with two physically separated
carriageways (using a median, guardrails, etc.) for traffic in opposite directions, with at least two
traffic lanes per direction, each lane being a minimum of 3.5 m wide. Depending on the terrain
configuration, an emergency lane of at least 2.5 m in width is also required. Motorways do not
intersect with other roads or railway or tram tracks at the same level, and access is allowed only via
specific acceleration or deceleration lanes and ramps, facilitating safe traffic flow at speeds of at least
80 km/h. Motorways are marked with prescribed traffic signs. The total length of the motorways
in Croatia is approximately 1313 km [41].

On the other hand, a “state road” is a public road that connects the entire territory of the
Republic of Croatia and links it to the network of major European roads. A “county road” is a
public road that connects the area of one or more counties [40]. The total length of state roads
in Croatia is approximately 7307 km, and the total length of county roads is 9371 km [42].
State roads and county roads in Croatia differ primarily in their functional importance,
design standards, and maintenance levels. State roads are classified as part of the national
road network, and serve a critical role in connecting major cities, regions, and international
borders. As such, they are generally subject to higher maintenance standards, featuring
better quality pavement surfaces, higher retroreflective horizontal and vertical signage,
and enhanced road safety equipment, such as guardrails. These roads are designed to
accommodate higher traffic volumes and more diverse vehicle types, including heavy
goods vehicles, and are typically prioritized in infrastructure planning and investment. By
contrast, county roads primarily serve to connect smaller towns, municipalities, and local
administrative areas. They are often characterized by lower design standards and are less
frequently maintained, which may result in poorer pavement quality and reduced visibility
or completeness of traffic signage and safety features.

A typical motorway, state road, and county road in Croatia are shown in Figure 2.
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Figure 2. Typical (a) motorway, (b) state road, and (c) county road in Croatia.

The network comprising motorways, state roads, and county roads is shown in
Figure 3.

2.2.1. Locations Selection

To ensure a representative and methodologically valid dataset, the locations for speed
measurements were selected following a structured approach. According to the previously
described metrics, and to ensure relevant results, this study focuses on road tangents on
single-carriageway roads (state roads; county roads) and dual-carriageway roads (motor-
ways). The following parameters were considered for selecting the representative locations:

e  Efforts were made to select locations as randomly as possible within the constraints
of the road network, ensuring national representativeness and covering all major
geographic regions (Central Croatia, Slavonia and Baranja, Lika, Istria, Dalmatia);



Appl. Sci. 2025, 15, 7549

7 of 39

e  Existing speed limit (70, 80, 90 km/h for single-carriageway roads; 100, 110, 120,
130 km/h for dual-carriageway roads). It should be noted that, in Croatia, the default
speed limit outside of urban areas is 90 km/h, unless otherwise indicated by a posted
speed limit sign;

e  Other relevant road design, vehicle structure, road capacity, and other contributing
elements;

e  Speeds were measured during the week (from Monday to Friday) at off-peak hours
so that the established patterns of driver behavior could be disregarded or excluded
from consideration;

e To maintain data integrity and to avoid behavioral bias, all selected locations were
situated away from fixed or mobile speed enforcement zones;

e  Only extra-urban areas were considered to eliminate the influence of urban traffic
patterns and to minimize the impact of pedestrian activity;

e Measurements were conducted exclusively on tangent segments, with a minimum
tangent length of 100 m;

e  Within each tangent, measurements were performed at various positions (beginning,
middle, and end) to account for potential intra-segment speed variations;

e  Each location also met the following geometric and environmental criteria:

° A straight and uniform road section, free from nearby horizontal curves that
could affect vehicle speed;

° This study did not consider the horizontal tangents in vertical curves;

o A section where it is technically possible to exceed the posted speed limit;

o Sections exhibiting a range of longitudinal slopes (from —5.20% to +5.20%

(single-carriageway roads); from —4.00% to 4.00% (dual-carriageway roads));
o Locations chosen across different terrain types (flat, hilly, mountainous);
o Locations exhibiting a variety of AADT and ASDT values.

To ensure adequate traffic flow for statistical relevance, locations were only included
if a minimum hourly traffic volume of 10 vehicles was observed during the measurement
window. Additionally, favorable weather conditions were a prerequisite for conducting
measurements—locations experiencing rain, snow, strong winds, or extreme temperatures
during the survey period were excluded to ensure consistency under free-flow and safe
driving conditions.

In total, 44 measurement locations (22 cross-sections) were selected and distributed
across the Croatian road network, as shown in Figure 4 and detailed in Appendix A.

As shown in Appendix A, the locations encompass various speed limits as well as dif-
ferent values for AADT and ASDT. It should however be noted that, for dual-carriageway
roads, AADT and ASDT data were only available for whole cross-sections (both carriage-
ways) [43]. Therefore, the AADT and ASDT values for each carriageway were assumed to
be half of the AADT and ASDT values of the dual-carriageway cross-sections. Similarly;,
for single-carriageway roads, AADT and ASDT data were only available for the entire
cross-section (both directions of travel) [43]. Therefore, the AADT and ASDT values for
each direction of travel were assumed to be half of the AADT and ASDT values of the
single-carriageway cross-sections.
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Figure 3. Croatian road network—motorways; state roads; county roads.

2.2.2. Speed Measurement

The vehicles’ speeds were measured differently for single- and dual-carriageway road
tangents. On single-carriageway road tangents speeds were measured by speed radar; on
dual-carriageway road tangents speeds were measured based on video recordings captured
using an unmanned aerial vehicle (UAV)—drone. A more detailed explanation is provided
below for each road type.
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LEGEND

s Motorways (dual-carriageway roads)
== State roads (single-carriageway roads)
County roads (single-carriageway roads)
@  Selected locations on Motorways
@  Selected locations on State roads
()]

Selected locations on County roads

Figure 4. Map showing selected locations (cross sections) on dual- and single-carriageway roads
in Croatia.

Speed Measurement—Single-carriageway Road tangents

Speed data for single-carriageway road tangents were collected through field surveys
which covered 12 cross-sections, corresponding to 24 measurement locations. Speed data
were gathered using a radar device mounted discreetly on vertical road signs to ensure
minimal visibility to drivers (Figure 5). Speeds were collected on days with moderate
temperatures, low cloud cover, and no precipitation, wind, or fog, ensuring good visibility.
Prior to conducting field research, data on the current road conditions were collected to
avoid issues such as temporary road closures or traffic diversions caused by roadworks,
accidents, or other incidents.



Appl. Sci. 2025, 15, 7549

10 of 39

Figure 5. Radar device installation on one of the locations.

The radar device recorded the exact time of passage of each vehicle, its direction
of travel, speed, and length (based on which the vehicle category could be determined).
The radar device recorded vehicle speeds with high precision, capturing natural driving
behaviors uninfluenced by the awareness of ongoing measurements. The radar-based data
were subsequently processed to remove anomalies and to ensure reliability.

Speed Measurement—Dual-carriageway Road Tangents

Speed data for dual-carriageway road tangents were measured based on video record-
ings captured using an unmanned aerial vehicle (UAV)—the MAVIC 2 PRO drone (Figure 6).
This drone is specifically equipped with GPS/GLONASS satellite positioning systems and
advanced sensor systems for intelligent navigation, detection, and avoidance of stationary
and moving obstacles during flight. It is also fitted with a fully stabilized video camera
capable of recording an exceptionally high-quality 4K Quad HD video with a resolution
of 3840 x 2160 pixels at a frame rate of up to 30 frames per second, as well as capturing
photographs with a resolution of 12 megapixels.

To ensure an unobstructed flight of the unmanned aerial vehicle during traffic flow
recording and to maintain a high level of aerial video quality, the recording days were
selected based on weather forecasts predicting favorable conditions at the selected locations.
These included days with moderate temperatures, low cloud cover, and no precipitation,
wind, or fog, ensuring good visibility. Prior to conducting the field research, data on the
current road conditions were collected to avoid issues such as temporary road closures
or traffic diversions caused by roadworks, accidents, or other incidents. The distance for
speed measurements was defined along a road tangent approximately 100 m in length.
Only vehicles traveling under free-flow traffic conditions were considered, ensuring that
the recorded speeds were not influenced by interactions with other vehicles. Given these
conditions, it is reasonable to assume that vehicle speeds remained stable over the observed
segment, with no significant acceleration or deceleration occurring within this short dis-
tance. Consequently, the measured speeds can be considered representative of the constant
speed travel under natural driving conditions. It should also be emphasized that the
methodology used for determining vehicle speeds from aerial video footage (drone) was
previously validated at a separate test location on the Zagreb bypass (dual-carriageway
road—motorway). At this location, a radar speed measurement device was installed in
parallel with the drone-based recording system. The speeds obtained from both methods
were subsequently compared to assess measurement accuracy. The comparison revealed no
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significant discrepancies between the radar and the drone-derived speed values, thereby
confirming the reliability and validity of the drone-based speed measurement approach

used in this research.

Figure 6. The unmanned aerial vehicle (drone) MAVIC 2 PRO, utilized for recording video footage of
the selected locations [44].

The aerial video recordings at the selected locations were conducted using the drone
during the period from 7 July 2023 to 8 August 2023, where the measurements were
conducted during the week (Monday-Friday), excluding the weekend. [45]. The recordings
were carried out during relevant off-peak hourly intervals, selected based on an analysis
of hourly traffic flow fluctuations. Detailed information on the measurement periods is
provided in Table 1.

To determine the speed values, the aerial video footage was first converted into a
format suitable for data processing, and then imported into the Adobe Premiere Pro 2023
software. Within this software, the video footage underwent detailed review, preprocessing,
and analysis, during which the timepoints of the individual vehicles passing the entry and
exit detection reference lines on each carriageway of the observed locations were identified.
Upon a vehicle crossing the defined detection reference lines, the video frame’s timestamp
and the vehicle type present at the detection line were recorded (Figures 7-9) [45].
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Table 1. List of dates and relevant hourly intervals during which traffic flow recordings were
conducted using drone on selected dual-carriageway segments [45].

Off-Peak Hour
Road Name Carriageway/Direction Aerial Video Recording Date Selected for
Recording

Bisko-Blato na Cetini

Motorway Al Monday, 31 July 2023 12:00-13:00

Blato na Cetini-Bisko

Bosiljevo 2-Ogulin
Motorway Al - — Tuesday, 18 July 2023 13:00-14:00
Ogulin—-Bosiljevo 2

Mot AL Donja Zdencina—Jastrebarsko Tuesday, 11 July 2023
otorwa uesday, 11 Ju 18:45-19:4
Y Jastrebarsko-Donja Zdenc¢ina Y Y 8:45-19:45

Gornja Plo¢a-Gospi¢
Motorway Al - - Tuesday, 18 July 2023 07:00-08:00
Gospi¢-Gornja Ploca
Zadar Center—Zadar East

Zadar East-Zadar Center

Motorway Al Tuesday, 8 August 2023 12:00-13:00

Zabok-Zapresi¢
Motorway A2 - Tuesday, 11 July 2023 18:45-19:45
Zapresi¢—Zabok

Babina Greda-Zupanja
Motorway A3

- Monday, 24 July 2023 18:30-19:30
Zupanja—Babina Greda

Kriz-Popovaca
Motorway A3 - Wednesday, 12 July 2023 06:00-07:00
Popovaca—Kriz

Luzani-Nova Gradiska

Motorway A3 Monday, 24 July 2023 13:00-14:00

Nova Gradiska-LuZani

Delnice—-Ravna Gora
Motorway A6 - Monday, 7 July 2023 18:30-19:30
Ravna Gora—Delnice

Fie Edt Cip Sequence Markers Grophicsand Tites View Window Help

- The chosen position of the exit The chosen position of the
% (second) detection line exit (first) detection line
Direction A . Direction A

The distance between the entry and exit detection lines
(segment length-Direction A)

The distance between the entry and exit detection lines
(segment length-Direction B) eope

~=—=—The chosen position of the =t The chosen position of the
exit (first) detection line exit (second) detection line
Direction B Direction B l

Figure 7. Defining the positions of entry and exit reference lines for vehicle detection on aerial video
footage within the Adobe Premiere Pro 2023 software [45].
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Figure 8. Marking the moments of individual vehicles entering the entry and exit detection lines, based

on adding tags with comments to the video timeline in the Adobe Premiere Pro 2023 software [45].
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Figure 9. Exporting tags with comments recorded during video playback from the Adobe Premiere
Pro 2023 software to an MS Excel database [45].
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The data collected during each vehicle’s passage over the entry and exit detection
lines were exported from Adobe Premiere Pro 2023 into CSV format files upon completing
the video frame processing and annotation procedure. The data contained within the CSV
files, generated from the processed aerial footage of specific motorway segments, were
subsequently merged into a unified output attribute table. This table, created based on the
described data processing procedure, was stored in a separate XLSX format file, suitable
for performing the subsequent steps of statistical analysis. Subsequently, the speeds of
individual vehicles in the traffic flow were determined based on the lengths of the observed
motorway segments and the calculated travel times through each segment [45].

2.2.3. Data Cleaning and Finalizing

The research conducted recorded a total of 45,850 samples/vehicles. After data clean-
ing, a total of 14,854 samples/vehicles remained, upon which this research is based.

For the purposes of this research, only passenger cars were considered. Motorcycles
were excluded due to their small share in the traffic flow, and their inclusion would not have
provided a representative or statistically significant sample. In addition to motorcycles,
heavy goods vehicles and buses were also not considered, as they are subject to lower
speed limits than passenger cars. It is also worth noting that most heavy goods vehicles
operate with tachographs, which can be used to detect speed violations, thus indirectly
contributing to speed control in some sense. Furthermore, it should be highlighted that
only off-peak data were used in this research to avoid the speeds associated with typical
peak-hour driving behavior.

To obtain data on the operating speeds, only speed values recorded under free-flow
traffic conditions were considered. This means that a 5-s gap between vehicles was taken
into account to ensure that the vehicle ahead did not influence the speed of the following
vehicle [22]. After filtering the data as described, the 85th percentile speeds were calculated
for each direction of travel (single-carriageway roads) i.e., for each road lane (right-driving
lane; left-overtaking lane—dual-carriageway roads), at each cross-section.

2.2.4. Factors Identification

In this research, an analysis of 24 factors on single-carriageway road tangents and
16 factors on dual-carriageway road tangents was conducted to assess their potential influ-
ence on the vehicles” operating speeds. These factors were selected based on their relevance
to traffic flow and roadway design, as well as their potential to impact driver behavior
and, consequently, the operating vehicles” speeds. The factors analyzed included both
roadway characteristics and traffic flow factors. Roadway characteristics encompassed pa-
rameters, such as lane width, speed limit, and longitudinal slope, among other parameters,
all of which are critical in defining the physical constraints and perceived driving comfort
on road tangents. Additionally, traffic flow factors, such as annual average daily traffic
(AADT), average summer daily traffic (ASDT), and heavy goods vehicles share, among
other factors, were examined to understand if and how the variations in traffic volume and
vehicle distribution influence the operating speed. These factors were assessed for their
individual impact on the operating speed on single- and dual-carriageway road tangents.
Detailed factor identification forms the foundation for the subsequent statistical analysis,
aimed at elucidating the relationships between these factors and the observed operating
speeds. Accordingly, the factors that were analyzed for single- and dual-carriageway road
tangents are shown in Appendix B.

Factors Identified—Single-carriageway Road Tangents

The external roadside environment can influence driver behavior and, consequently,
operating speed. Three distinct passenger-side conditions were identified, including cutting
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sections, guardrails, and flat area. Each of these conditions can affect driver perception and
lane positioning, with cut sections and guardrails potentially inducing a more cautious
driving approach. However, following that, shoulder presence and composition were
analyzed at each location, with five possible classifications, including absence of a shoulder,
extremely narrow shoulder, unpaved (earth/grass) shoulder, gravel shoulder, and paved
(asphalt/concrete) shoulder. The shoulder type may affect vehicle stability and driver
confidence, therefore influencing speed selection. Similarly, the edge line quality on the
passenger side was assessed subjectively in the following four categories: absence of an
edge line, poor, satisfactory, and excellent. Clearly marked and visible edge lines may
contribute to improved lane discipline and potentially higher operating speeds, while
faded or missing lines may cause drivers to reduce their speed (or vice versa) [46]. Visi-
bility was assessed in terms of forward sight distance, considering terrain configuration,
longitudinal slope, and vegetation. This assessment was conducted subjectively, with three
classifications, including poor, good, and excellent. It should be noted that visibility was
assessed in terms of horizontal sight distance, as vertical curves were not included in the
scope of this analysis. Horizontal visibility was evaluated based on the driver’s line of
sight along the road alignment, which can vary significantly depending on several con-
textual factors. These factors include terrain configuration, road width, and the positional
characteristics of the road segment, such as whether the segment is located in a cutting, on
an embankment, or on flat terrain. Such conditions may substantially influence a driver’s
ability to perceive the road ahead and to respond to potential hazards, thereby affecting
speed selection. Reduced visibility can lead to lower speeds, as drivers may compensate for
the increased risk of sudden obstacles. Moreover, the density of lateral accesses, measured
as the number of lateral accesses in one previous kilometer may have an impact on the
driver—a higher access density may result in lower operating speeds due to increased
potential for vehicle interactions and conflict points. Pavement quality was evaluated based
on observable distress features, such as rutting, cracking, and potholes. Three classifications
were established, including poor, satisfactory, and excellent pavement conditions. Poor
pavement conditions can lead to speed reductions as drivers may need to maneuver to
avoid road imperfections.

The length of the tangent section, both preceding and following the measurement
point, could have a role in determining vehicle speeds. Extended tangents may encourage
higher speeds due to the absence of horizontal curvature, while shorter tangents preceding
sharp curves may necessitate speed reductions. These lengths were precisely measured
using QGIS 3.32.3 software. Speed limits serve as a regulatory measure influencing driver
behavior. The default speed limit for single-carriageway roads outside urban areas in
Croatia is 90 km/h, though variations due to local conditions may alter actual operating
speeds. Furthermore, traffic volume and composition were considered through the average
annual daily traffic (AADT) and average summer daily traffic (ASDT) values, obtained
from Croatian Roads Ltd. [43]. Higher AADT and ASDT values generally correlate with
lower operating speeds due to increased vehicle interactions and congestion effects. Lane
width was directly measured on site using precise measuring tools. Wider lanes typically
facilitate higher speeds, whereas narrow lanes can contribute to cautious driving and speed
reduction. Longitudinal slope could impact the vehicles” acceleration and deceleration
patterns, particularly on extended gradients. Indeed, empirical studies have confirmed
the impact of longitudinal slope on speed variation [47-49]. This parameter was measured
using field equipment to ensure accuracy. On the other hand, a crash ratio is an indicator
that was derived by calculating the ratio of registered vehicles to speed-related crashes
within the county where each site is located. This factor was defined as the ratio between
the number of recorded speed-related crashes and the number of registered vehicles within
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a specific county in Croatia, both measured over a one-year period. This annualized metric
serves as a normalized indicator of speed-related crash frequency relative to the size of the
vehicle fleet in each county. By accounting for the number of registered vehicles, the crash
ratio enables a more accurate comparison of road safety conditions across counties with
differing vehicle ownership levels. The variable was introduced to capture the potential
regional variations in driver behavior, enforcement intensity, and road infrastructure quality,
which may influence the prevalence of speed-related incidents. A higher accident ratio may
suggest an increased likelihood of speed-related incidents, influencing driver behavior and
risk perception.

Defined by Croatian regulations [50], the design speed (Vp) represents the maximum
safe speed under optimal weather conditions. This factor reflects roadway design intent
and provides a benchmark for expected operating speeds. Terrain classification—flat, hilly,
or mountainous—was included as a key factor due to its influence on vehicle speeds. The
study by Martinelli et al. [51] indicated that operating speeds tend to be higher in flat areas
and lower in hilly and mountainous regions due to challenging road geometry. The presence
of guardrails enhances roadside safety and can encourage higher speeds by providing a
perceived safety buffer. Conversely, roads without guardrails may prompt cautious driving.
Similarly, shoulder lanes provide additional maneuvering space, which could potentially
influence speed selection. Also, two road categories were analyzed, namely state roads and
county roads. State roads generally exhibit superior design characteristics and maintenance,
accommodating higher traffic volumes compared to county roads. The share of heavy
goods vehicles and buses could also be an important factor. Large vehicles generally reduce
speeds due to their lower acceleration capabilities and extended braking distances. Data on
vehicle composition were sourced from Croatian Roads Ltd. [43]. Finally, the disruptive
presence factor captures the influence of roadside infrastructure elements that may affect
driver behavior and operating speed. This includes features such as bus stops, lay-bys, rest
areas, pedestrian crossings, and similar elements located within or in close proximity to
the observed road segment. The presence of these features can introduce potential conflict
points, requiring drivers to reduce speed preemptively due to the increased likelihood of
vehicle deceleration, pedestrian activity, or unexpected maneuvers [52,53]. As such, these
factors represent localized disturbances to the otherwise uniform driving environment of
tangent sections, and their inclusion in the analysis helps to account for reductions in speed
that are not attributable to road geometry or traffic volume alone, but rather to contextual
roadside conditions that influence risk perception and driving decisions.

Factors Identified—Dual-carriageway Road Tangents

Tunnels have a potential impact on driving speeds due to narrower lanes, an absence
of emergency lanes, and lower speed limits. Additionally, the enclosed environment
of tunnels alters driver perception and behavior, contributing to reduced speeds. This
parameter was quantified by summing the lengths of tunnels over the designated distance
(previous 20 km) using the official road network data.

The posted speed limit may directly influence operating speeds, often serving as the
upper boundary for vehicle speed under free-flow conditions. This factor was obtained
from regulatory signage at each study location, ensuring accuracy in reflecting the pre-
scribed speed limits. Moreover, the research has demonstrated that lane width influences
driving speed, with wider lanes generally supporting higher speeds due to increased
perceived safety margins [54,55]. Lane width was measured using drone high-resolution
imagery, providing precise data on this parameter.

Defined by Croatian regulations (Official Gazette 110/2001 and 90/2022) [50], the
design speed represents the maximum safe speed under optimal weather conditions.
This factor reflects the intent of roadway designers and policymakers to ensure safety
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and functionality. Data on the design speed (Vp) were derived from the official design
documents and engineering standards.

The distance from the preceding infrastructure facility (e.g., junction, rest area,
bridge, etc.) was included as a factor due to its potential impact on speed changes. These
distances were measured using geospatial analysis tools, accounting for features that may
disrupt or influence steady traffic flow.

Similar to the previous object distance, the following object distance factor accounts for
the proximity of upcoming infrastructure that could influence driver behavior and speed. To
be more precise, the following object distance refers to the distance from the measurement
point to the next significant road infrastructure element, such as an interchange, rest area,
or toll station. This parameter is relevant because the presence of such facilities is often
announced in advance through vertical traffic signage, typically 1000 to 2500 m before the
actual object. As a result, some drivers may begin adjusting their behavior in anticipation,
such as changing lanes toward the right (driving) lane or reducing their speed to prepare for
an exit maneuver. These anticipatory actions can influence the operating speed measured
at the observation point, particularly if the upcoming object is within a range that drivers
perceive as necessitating a preparatory response. Therefore, the following object distance
serves as a proxy for evaluating the potential behavioral impact of upcoming infrastructure
on vehicle speed and lane choice. Measurements were performed using geospatial tools,
ensuring consistency with the methodology for the previous object distance.

The longitudinal slope of the road might significantly impact vehicle speeds, particu-
larly on extended ascents or descents [47-49]. This parameter was measured using Google
Earth, which provided accurate slope data.

The share of heavy goods vehicles (including buses) in traffic flow may affect operating
speeds, particularly in the right (driving) lane where heavy goods vehicles predominantly
travel. These shares were determined by analyzing the drone video recordings, enabling
lane-specific evaluations.

The AADT and ASDT factors represent traffic volumes, and were obtained from official
datasets. Since the data were available only at the cross-section level (both carriageways),
values for the individual carriageways were assumed to be half of the total values.

Traffic flow density, defined as vehicles per kilometer per lane, may influence speed
by affecting vehicle interactions [56]. Lane-specific traffic flow densities were calculated
using the drone video recordings.

2.3. Data Analysis

The data collected for this study were subjected to a comprehensive statistical analysis
using SAS JMP 18 Pro software. The primary objective of the analysis was to examine
the relationships between the operating vehicle speeds (V85) and the various geometric,
environmental, and traffic-related factors along the road tangents. This analysis aimed to
identify the significant associations that could provide insights into speed behavior on both
single- and dual-carriageway road tangents.

The first step in the data analysis process involved data cleaning, where anomalies
and extreme outliers were identified and removed to minimize any potential distortions
caused by measurement errors. Only passenger cars speed values recorded under free-flow
conditions were retained to ensure that vehicle interactions did not confound the analysis.

For continuous variables, the distribution was first assessed using the Shapiro-Wilk
test to determine whether the data followed a normal distribution. For variables that were
normally distributed, the Pearson correlation was applied to assess the strength and direc-
tion of the relationship between the operating speed and the respective factors. For variables
that did not meet the assumption of normality, Spearman’s rank correlation was used to
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assess the monotonic relationships, as this method does not assume normal distribution. A
significance level of 0.05 was used to identify statistically significant relationships.

For categorical variables, a one-way analysis of variance (ANOVA) or t-test was
employed to test statistically significant differences in operating speeds across the different
levels of each categorical variable. If a significant difference was found, the Tukey—Kramer
test was then used to perform pairwise comparisons between the levels of the variable,
identifying where significant differences in the operating speed occurred and quantifying
the magnitude of these differences.

The analysis was conducted separately for single- and dual-carriageway road tangents.
On dual-carriageway road tangents, further distinctions were made between the right
(driving) lane and the left (overtaking) lane to examine the influence of lane-specific factors,
such as the share of heavy goods vehicles and traffic flow density.

The results of this analysis provided valuable insights into the factors influencing
operating speeds, highlighting the relative contributions of geometric, environmental, and
traffic-related variables to variations in speed. These findings formed the basis for the
interpretation and discussion of this study’s results.

3. Results
3.1. Single-Carriageway Road Tangents

For the single-carriageway road tangents, the statistical analysis focused on examining
the relationships between the operating speeds (V85) and various factors, both numerical
and categorical. The approach varied depending on the type of variable being analyzed
(Table 2).

Table 2. Statistical approach for factors on single-carriageway road tangents.

Factors—Single-Carriageway Roads Type Normal Distribution Test Used
Passenger side Categorical—Multi-level - ANOVA
Shoulder type Categorical—Multi-level - ANOVA
Edge line quality Categorical—Multi-level - ANOVA
Visibility Categorical—Multi-level - ANOVA
Pavement quality Categorical—Multi-level --- ANOVA
Lateral access density Continuous NO Spearman
Tangent length (uP to measurement Contintous NO Spearman
point)
Tangent lengthp(ili‘ﬁf[r)l measurement Contintous NO Spearman
Speed limit Categorical—Multi-level --- ANOVA
AADT Continuous NO Spearman
ASDT Continuous NO Spearman
Lane width Categorical—Multi-level -— ANOVA
Longitudinal slope Continuous YES Pearson
Crash ratio Continuous NO Spearman
Design speed Categorical—Multi-level --- ANOVA
Terrain type Categorical—Multi-level - ANOVA
Guardrail presence Binary - t-test
Shoulder lane presence Binary - t-test
Radius of previous curve Continuous NO Spearman
Radius of following curve Continuous NO Spearman
Road category Binary - t-test
Overtaking allowed Binary - t-test
Heavy goods vehicles share Continuous NO Spearman
Disruptive factor presence Binary --- t-test
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For numerical factors, the normality of the data distribution was first assessed using
the Shapiro-Wilk test. This step was essential to determine whether the data met the
assumption of normality. Continuous variables that were found to be normally distributed
were analyzed using the Pearson correlation, while those that did not meet the assumption
of normality were analyzed using Spearman’s rank correlation. The detailed normality
distribution (Shapiro-Wilk test) results are shown in Figure 10.

Lateral access density Tangent length (up to measurement point) Tangent length (from measurement point) Longitudinal slope

° 1 2 3 4 s s 7 ° s00 1000 1500 2000 2500 3000 ° s00 1000 1500 2000 2500 3000 -5 - -2 ° 2 P s
w Prob<W w Prob<W w Prob<W w Prob<W

Shapiro-Wilk 0.847152 Shapiro-Wilk 0.8911757 0.0141* Shapiro-Wilk 0.8911757 0.0141% Shapiro-Wilk 0.9381188 0.1481

AADT ASDT Crash ratio Radius of previous curve

° 5000 10000 15000 20000 o 5000 10000 15000 20000 25000 30000 0.002 0.004 0.006 0.008 001 0.012 o s00 1000 1500
w Prob<W w Prob<W w Prob<W w Prob<W

Shapiro-Wilk 0.8101726 Shapiro-Wilk 0.7225481 Shapiro-Wilk 0.6179782 Shapiro-Wilk 0.7595485

Radius of following curve Heavy vehicles share

° 500 1000 1500 001 o002 003 004 005 006 007 008 009
w Prob<W w Prob<W

Shapiro-Wilk 0.7595485 Shapiro-Wilk 0.8818639

Figure 10. Shapiro-Wilk test for continuous factors—single-carriageway road tangents (Values
marked with * indicate statistically significant results at the 0.05 level).

Based on the results of the Shapiro-Wilk test for normality, further analysis was
conducted to assess the relationships between the operating vehicle speed and continuous
factors. For one factor—longitudinal slope—which was found to be normally distributed,
the Pearson correlation was applied to evaluate the strength and direction of the relationship
with operating speed. For the remaining continuous factors, which did not meet the
assumption of normality, Spearman’s rank correlation was used to assess the monotonic
relationships. The results of both the Pearson and Spearman are shown in Table 3.

For the binary categorical factors, a f-test was conducted to test for the significant
differences in operating speeds between the two categories. The results of the t-test analysis
are shown in Figure 11.
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Table 3. Correlation results—Pearson and Spearman for continuous factors on single-carriageway

road tangents.

Continuous Factors Pearson Significance Level
. . Test Used . . ,
Single-Carriageway Roads Coefficient/Spearman’s p (p-Value)
Lateral access density Spearman —0.0540 0.8020
Tangent length (up to measurement point) Spearman 0.1076 0.6168
Tangent length (from measurement point) Spearman 0.1568 0.4643
AADT Spearman —0.3970 0.0547
ASDT Spearman —0.3412 0.1028
Longitudinal slope Pearson —0.03352 0.8764
Crash ratio Spearman 0.3628 0.0815
Radius of previous curve Spearman 0.3242 0.1222
Radjius of following curve Spearman 0.3349 0.1097
Heavy goods vehicles share Spearman 0.0829 0.7002
Guardrail presence (0-NO; 1-YES) Edge lane presence (0-NO; 1-YES) Road category (0-county road; 1-state road)
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w 0 1 20 0 1 w 0 1
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1-0 1-0 1-0
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Std Err Dif 8.964 DF 3.705838 Std Err Dif 6.322 DF 127177 Std Err Dif 5.599 DF 20.54662
Upper CLDif  17.988 Prob > [t| 0.4424 Upper CLDif  11.726 Prob > |t| 0.7621 Upper CLDif  12.630 Prob > |t| 0.8639
Lower CLDif -33.388 Prob>t  0.7788 Lower CLDif -15.638 Prob>t  0.6190 Lower CLDif -10.687 Prob>t  0.4320
Confidence 095 Prob<t 02212 -30 -20 -10 0 10 20 30 Confidence 095 Prob<t 03810 -20 -10 0 20 Confidence 095 Prob <t 0.5680 -10 0 10
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Difference  -0.3810 t Ratio

1-0
-0.09789
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Difference -17.143 tRatio -1.7101
Std Err Dif 3.8917 DF 12.04966 Std Err Dif 10.024 DF 2.295385
Upper CLDif  8.0944 Prob > |t 0.9236 UpperCLDif  21.083 Prob> |t 0.2130
LowerCLDif -8.8563 Prob>t 05382 LowerCLDif -55.369 Prob>t  0.8935
Confidence 095 Prob<t 04618 -10 -5 0 5 10 Confidence 095 Prob<t 0.1065 -30 -20 -10 0 10 20 30

Figure 11. t-Test results for the binary factors—single-carriageway road tangents.

For multi-level categorical variables the relationship between the operating speeds
and the different levels within each variable was analyzed using an analysis of variance
(ANOVA). This approach allowed for the assessment of significant differences in operating
speeds across multiple categories. The ANOVA results are shown in Figure 12.
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Figure 12. ANOVA results for multi-level categorical factors—single-carriageway road tangents
(Values marked with * indicate statistically significant results at the 0.05 level).

An analysis of variance (ANOVA) was conducted to examine the influence of nine
categorical factors on the operating vehicle speed (V85). The results revealed that for
most factors—namely passenger side (p = 0.5042), shoulder type (p = 0.2764), visibility
(p = 0.8159), pavement quality (p = 0.2816), and speed limit (p = 0.3454)—there was no
statistically significant difference in V85 across the categories (p > 0.05). However, terrain
type showed a highly significant effect on operating speed (F = 10.99, p = 0.0005), indicating
substantial differences in operating speeds across different terrain types.

In addition, three variables—edge line quality (p = 0.0695), lane width (p = 0.0519),
and design speed (Vp) (p = 0.0519)—produced marginal p-values, falling just above the
conventional significance threshold of 0.05. Given their proximity to statistical significance,
a post hoc Tukey—Kramer test was performed for these three factors (along with the
factor terrain type) to further investigate the pairwise differences between the group
levels (Figure 13). This approach allows for more detailed identification of which specific
categories may be contributing to the observed variation, while appropriately controlling
for multiple comparisons.
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Figure 13. Tukey—Kramer test results—single-carriageway road tangents (Values marked with *

indicate statistically significant results at the 0.05 level).

3.2. Dual-Carriageway Road Tangents

Similar to single-carriageway road tangents, for dual-carriageway road tangents the

statistical analysis focused on examining the relationships between operating speeds (V85)
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and various factors, both numerical and categorical. The approach varied depending on
the type of variable being analyzed (Table 4).

Table 4. Statistical approach for factors on dual-carriageway road tangents.

Factors—Dual-Carriageway Roads Type Normal Distribution Test Used
Total tunnel length in last 20 km Continuous NO Spearman
Speed limit Categorical—Multi-level --- ANOVA
Lane width Categorical—Multi-level --- ANOVA
Design speed Categorical—Multi-level - ANOVA
Emergency lane presence Binary --- t-test
Previous object distance Continuous YES Pearson
Following object distance Continuous YES Pearson
Longitudinal slope Continuous YES Pearson
Terrain type Categorical—Multi-level - ANOVA
Heavy goods vehicles share (left lane) Continuous NO Spearman
Heavy goods vehicles share (right lane) Continuous YES Pearson
Heavy goods vehicles share (both lanes) Continuous YES Pearson
AADT Continuous NO Spearman
ASDT Continuous NO Spearman
Traffic flow density (left lane) Continuous NO Spearman
Traffic flow density (right lane) Continuous YES Pearson

For numerical factors, the normality of the data distribution was first assessed using
the Shapiro-Wilk test. This step was essential to determine whether the data met the
assumption of normality. Continuous variables that were found to be normally distributed
were analyzed using the Pearson correlation, while those that did not meet the assumption
of normality were analyzed using Spearman’s rank correlation. The detailed normality
distribution (Shapiro-Wilk test) results are shown in Figure 14.

Further analysis was conducted separately for the left (overtaking) lane and the right
(driving) lane. This approach was taken due to the differences in the traffic flow structure
(with a higher share of heavy goods vehicles in the right lane) and greater variations in the
speeds. For this reason, a difference test (Tukey—Kramer test) was conducted to compare
the difference in the deviations of the measured speeds from the speed limit on these roads.
The analysis included the speeds of passenger cars under free-flow traffic conditions. The
conducted Tukey—Kramer test revealed a statistically significant difference between the left
(overtaking) lane and the right (driving) lane in terms of the deviations of the measured
speeds from the speed limit (Figure 15).

3.2.1. Left (Overtaking) Lane

In order to explore the relationships between the operating vehicle speed and the
continuous factors in the left (overtaking) lane of dual-carriageway road tangents, a similar
approach to that used for single-carriageway roads was employed. Following the Shapiro—
Wilk test, the Pearson correlation coefficient was applied for those variables that were
found to be normally distributed, while Spearman’s rank correlation was utilized for the
remaining variables that did not meet the assumption of normality. The results of both
the Pearson and Spearman’s correlations are summarized in Table 5, which highlights the
strength and direction of the relationships between the operating vehicle speed and each of
the continuous factors.
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Figure 14. Shapiro-Wilk test for continuous factors—dual-carriageway road tangents (Values marked

with * indicate statistically significant results at the 0.05 level).
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Figure 15. Determination of statistically significant difference between measured speeds in the left and

right lane on motorways (Values marked with * indicate statistically significant results at the 0.05 level).
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Table 5. Correlation results—Pearson and Spearman’s for continuous factors in the left (overtaking)
lane of dual-carriageway road tangents (Values marked with * indicate statistically significant results

at the 0.05 level).

Continuous Factors

Dual-Carriageway Roads—Left Test Used Coeffi cieii7gszgrman’s Slgn:ﬁ-c\j':l(:e?evel
(Overtaking) Lane P P P
Total tunnel length in last 20 km Spearman —0.2194 0.3527
Previous object distance Pearson 0.170952 0.4711
Following object distance Pearson 0.188981 0.4249
Longitudinal slope Pearson —0.1876 0.4283
Heavy goods vehicles share (left lane) Spearman 0.6152
Heavy goods vehicles share (right lane) Pearson 0.115168 0.6287
Heavy goods vehicles share (both lanes) Pearson 0.284816 0.2236
AADT Spearman -0.1117 0.6392
ASDT Spearman —0.4649 0.0389 *
Traffic flow density (left lane) Spearman —0.7434
Traffic flow density (right lane) Pearson —0.66612 0.0013 *

For the binary categorical factor (only the emergency lane presence), a t-test was
conducted to test for significant differences in the operating speeds between the two
categories. The results of the t-test analysis are shown in Figure 16.

Emergency lane presence (0—NO; 1—YES)

175
- [ 1]
170 .
[ 13
165
c .
i)
4§ 160 -
"5';' [)
= L2 1 1]
155 ]
150
[ ]
—
145
1
Emergency lane
AtTest
1-0
Assuming unequal variances
Difference 6.360 tRatic  1.5685085 VRN
Std Err Dif 4,053 DF 1.459267 N
Upper CL Dif 31.725 Prob = [§] 0.299 d
Lower CL Dif —19.005 Prcb >t 0.1498 ‘_
Confidence 0.95 Prob <t 0.8502 =10 =5 ]

LY
_h
5 10

Figure 16. t-test results for the binary factor (emergency lane presence)—left (overtaking) lane of

dual-carriageway road tangents.
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V85-left lane

V85-left lane

For multi-level categorical variables, the relationship between the operating speeds
and the different levels within each variable was analyzed using an analysis of variance
(ANOVA). This approach allowed for the assessment of significant differences in the
operating speeds across multiple categories. The ANOVA results are shown in Figure 17.
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Figure 17. ANOVA results for multi-level categorical factors—left (overtaking) lane of dual-
carriageway road tangents.

An analysis of variance (ANOVA) was conducted to examine the influence of several
categorical factors on the operating vehicle speed (V85) in the left (overtaking) lane of
dual-carriageway road tangents. The results revealed that most factors did not exhibit
statistically significant differences in the operating speed. Specifically, the factors speed
limit (p = 0.3981), lane width (p = 0.2427), and design speed (Vp) (p = 0.2427) all produced
p-values greater than the 0.05 threshold, suggesting no significant effect on V85 in the
left lane. However, terrain type (p = 0.0970) showed a borderline significant effect on
the operating speed, with an F-ratio of 2.6842, indicating potential differences in speed
across terrain types, but failing to reach the conventional significance level of 0.05. Given
that the p-value for terrain type was close to 0.05, it was decided to perform a post hoc
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Tukey—Kramer test to further investigate the pairwise operating speed differences between
the terrain categories. The Tukey—Kramer test results are shown in Figure 18.
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Figure 18. Tukey-Kramer test results—terrain type—Ileft (overtaking) lane of dual-carriageway

road tangents.

3.2.2. Right (Driving) Lane

In order to explore the relationships between the operating vehicle speed and continu-
ous factors in the right (driving) lane of dual-carriageway road tangents, the same approach
to that used for the right (driving) lane of dual-carriageway road tangents was employed.
Following the Shapiro-Wilk test, the Pearson correlation coefficient was applied for those
variables that were found to be normally distributed, while Spearman’s rank correlation
was utilized for the remaining variables that did not meet the assumption of normality. The
results of both the Pearson and Spearman’s correlations are summarized in Table 6, which
highlights the strength and direction of the relationships between the operating vehicle
speed and each of the continuous factors.
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Table 6. Correlation results—Pearson and Spearman’s for continuous factors in the right (driving)
lane of dual-carriageway road tangents (Values marked with * indicate statistically significant results

at the 0.05 level).
Continuous Factors . Ny
Dual-Carriageway Roads—Right (Driving) Test Used . Pearson Coeff,l- Significance Level
Lane cient/Spearman’s p (p-Value)
Total tunnel length in last 20 km Spearman —0.2095 0.3754
Previous object distance Pearson 0.25115 0.2855
Following object distance Pearson 0.083631 0.7259
Longitudinal slope Pearson —0.10003 0.6748
Heavy goods vehicles share (left lane) Spearman 0.2591 0.2700
Heavy goods vehicles share (right lane) Pearson 0.25593 0.2761
Heavy goods vehicles share (both lanes) Pearson 0.430092 0.0584
AADT Spearman —0.3170 0.1733
ASDT Spearman —0.5525 0.0115*
Traffic flow density (left lane) Spearman —0.7901
Traffic flow density (right lane) Pearson —0.70432

For the binary categorical factor (only the emergency lane presence), a t-test was
conducted to test for significant differences in the operating speeds between the two
categories. The results of the t-test analysis are shown in Figure 19.

Emergency lane presence (0—NO; 1—-YES)

160
155
» 150 .
E .
]
£ 145 .
= -
5 0
2 140 v
L]
135
[ 1]
L 1]
130
0 1
Emergency lane
AtTest
1-0
Assuming unequal variances
Difference 4,242 t Ratio 0.958548
Std Err Dif 4,425 DF 1.582965

Upper CL Dif 28.9956 Prob = || 0.4608
Lower CL Dif -20.513 Prob >t 0.2304
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Figure 19. t-test result for the binary factor (emergency lane presence)—right (driving) lane of
dual-carriageway road tangents.

For multi-level categorical variables, the relationship between the operating speeds
and the different levels within each variable was analyzed using an analysis of variance
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(ANOVA). This approach allowed for the assessment of significant differences in the
operating speeds across multiple categories. The ANOVA results are shown in Figure 20.
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Figure 20. ANOVA results for multi-level categorical factors—right (driving) lane of dual-carriageway
road tangents.

An analysis of variance (ANOVA) was conducted to investigate the influence of
several categorical factors on the operating vehicle speed (V85) in the right (driving) lane
of dual-carriageway road tangents. The results showed that, for most factors, there was no
statistically significant effect on the operating speed. Specifically, the factors speed limit
(p = 0.6072), lane width (p = 0.5067), and design speed (Vp) (p = 0.5067) all resulted in
p-values greater than 0.05, indicating that these factors did not significantly influence the
vehicle speed in the right lane. Similarly, the factor terrain type (p = 0.1172) exhibited a
borderline significant effect, with an F-ratio of 2.4380, suggesting potential differences in
the speed across terrain types, but failing to meet the conventional significance threshold of
0.05. Given that terrain type approached statistical significance, it was decided to conduct a
post hoc Tukey—Kramer test to further explore the pairwise differences between the terrain
categories. The Tukey—Kramer test results are shown in Figure 21.
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Figure 21. Tukey-Kramer test results—terrain type—right (driving) lane of dual-carriageway road tangents.

4. Discussion and Conclusions

Road traffic safety is a critical global issue, with approximately 1.19 million fatalities
occurring annually due to road traffic accidents, as reported by the World Health Organiza-
tion. The socioeconomic burden of these accidents is substantial, with costs estimated at 3%
of GDP in the European Union alone. Among the key contributors to road traffic accidents
is excessive or inappropriate speed, which is linked to higher crash rates and severity levels.
Studies have indicated that a 1% increase in average speed results in a 4% increase in fatal
crash risk. Indeed, road tangents, characterized by their straight alignment and lack of
geometric constraints, are particularly associated with higher operating speeds, making
them crucial areas for traffic safety research. Despite their role in enhancing traffic flow
efficiency, tangents pose significant safety risks due to the potential for excessive speeds
and increased crash severity. Previous research has highlighted various factors influencing
operating speeds, such as road geometry, traffic conditions, and human behavior, but a
comprehensive understanding of these influences remains incomplete. This study aimed to
address this gap by analyzing the operating speeds (V85) on road tangents of both single-
carriageway and dual-carriageway roads, investigating their correlation with geometric,
traffic-related, and environmental factors. To achieve this, a combination of field data
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collection and statistical analysis was performed, including the Pearson correlation test and
the Tukey—Kramer test for categorical variables. The research was conducted on carefully
selected road segments in Croatia, covering various speed limits and road environments
to ensure a diverse and representative dataset. By identifying key relationships between
the operating speed and influential factors, this study contributes to a more detailed un-
derstanding of speed behavior on road tangents and its implications for road safety and
infrastructure planning.

The analysis of single-carriageway road tangents revealed limited statistically signif-
icant relationships between the investigated factors and the operating speed (V85). The
initial assumption that road geometry, traffic flow characteristics, and roadside features
substantially influence speed behavior was only partially supported by the data.

Among the continuous variables, correlation analyses using the Pearson and Spear-
man’s tests indicated that none of the examined factors were significantly correlated with
operating speed on single-carriageway road tangents at the 5% significance level. Although
the average annual daily traffic (AADT) and the crash ratio demonstrated moderate nega-
tive correlations with V85 (p = —0.3970, p = 0.0547 and p = 0.3628, p = 0.0815, respectively),
the associations did not reach statistical significance. Similarly, tangent lengths, longitudi-
nal slope, and heavy goods vehicles share exhibited weak or negligible correlations with
the operating speed, suggesting that these variables alone are insufficient predictors of
speed behavior on single-carriageway road tangents.

For the binary variables, independent sample f-tests did not identify any statistically
significant differences in the operating speed across categories such as guardrail presence,
shoulder lane presence, overtaking allowance, road category, or the disruptive presence
factor. These results imply that such binary features may not play a dominant role in speed
selection on tangent segments or that their effects are moderated by other, unmeasured
factors, such as driver behavior or the contextual environment.

More insight was gained from the multi-level categorical variables assessed through
one-way ANOVA and post hoc Tukey—Kramer testing. The ANOVA results showed that
only terrain type had a statistically significant effect on the operating speed (F = 10.99,
p = 0.0005), with post hoc comparisons revealing that vehicles drove significantly faster
on hilly and flat terrain than in mountainous areas. This finding aligns with the existing
literature [51], which consistently links reduced speeds to increased perceived and actual
driving difficulty in mountainous regions. Additionally, lane width, design speed (Vp),
and edge line quality exhibited marginal p-values (all around 0.05), suggesting potential
effects that warrant further investigation. Consequently, a Tukey-Kramer post hoc analysis
was conducted for these variables. For lane width, the comparison between 3.00 m and
3.25 m widths reached statistical significance (p = 0.0435), with wider lanes supporting
higher operating speeds, which is consistent with findings from the road safety literature.
Edge line quality, while not yielding statistically significant differences, showed a tendency
toward higher speeds on road sections with higher edge line quality ratings, though these
differences did not achieve significance in pairwise comparisons.

Importantly, these results underscore the need for nuanced interpretation when an-
alyzing categorical variables. Unlike continuous predictors, which are often evaluated
through correlation, categorical variables require group-wise comparison methods, such as
ANOVA and post hoc testing, to uncover meaningful patterns.

In summary, while the majority of the investigated factors did not show statistically
significant associations with the operating speed, the influence of terrain type was clearly
evident. Additionally, lane width demonstrated borderline significance and could con-
tribute to speed behavior under certain conditions. These findings reinforce the complexity
of speed choice on single-carriageway road tangents, and highlight the importance of con-
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sidering both environmental context and roadway design features in road safety analyses.
Future studies should expand the dataset to enhance the statistical power, to incorporate
objective measures for road quality assessments, and to explore the interactive effects
among multiple road attributes.

The analysis of dual-carriageway road tangents included a separate examination of
the left (overtaking) and right (driving) lanes, recognizing their distinct traffic functions.
Various factors were tested for their statistical association with operating speed, using
correlation analysis for continuous variables (Pearson or Spearman’s depending on the
data distribution), t-tests for the binary variables, and ANOVA with post hoc Tukey—Kramer
testing for categorical variables with more than two levels.

Among the continuous variables, the most consistent and statistically significant asso-
ciations were observed for traffic flow-related parameters, especially in the left (overtaking)
lane. A strong negative correlation was found between traffic flow density and operating
speed in both lanes, particularly in the left lane (p = -0.7434, p = 0.0002) and the right lane
(p =-0.7901, p < 0.0001). Similarly, the average summer daily traffic (ASDT) was signifi-
cantly negatively correlated with the operating speed in both lanes, more prominently in
the right lane (p = 0.0115). These results confirm the intuitive expectation that increased
traffic volumes and densities reduce the potential for maintaining higher operating speeds.

A statistically significant positive correlation was also identified between the share of
heavy goods vehicles in the left lane and the operating speed in that same lane (p = 0.6152,
p =0.0039). This may indicate driver tendency to accelerate in overtaking lanes when
passing slower heavy goods vehicles, thereby increasing the average speeds. However,
other continuous factors, such as longitudinal slope, object distances (previous and follow-
ing), and total tunnel length in the preceding 20 km, did not show statistically significant
associations with the operating speed in either lane.

Regarding the binary variable of emergency lane presence, the t-test showed no
statistically significant difference in the operating speed between road sections with and
without emergency lanes. However, this result must be interpreted with caution due to the
extremely small sample size in the group without emergency lanes, which included only
one road segment.

The analysis of categorical variables via ANOVA did not reveal statistically significant
differences in operating speed for speed limit, lane width, design speed, or terrain type,
though terrain type approached statistical significance for both lanes (p = 0.0970 for the
left land; p = 0.1172 for the right). Tukey-Kramer post hoc testing suggested higher
speeds on flat terrain compared to hilly or mountainous terrain, but these differences were
not statistically significant at the 0.05 level. Nonetheless, the consistent trend suggests a
potential practical relevance worth exploring further in future research.

In summary, the results for dual-carriageway road tangents indicate that traffic-related
variables, particularly traffic flow density and ASDT, are the most influential factors affect-
ing the operating speed. These effects are more pronounced in the left lane, likely due to its
function in overtaking maneuvers. While the geometric characteristics and infrastructure
features did not show strong statistical relationships in this dataset, their influence may
become clearer with a larger and more diverse sample. Future studies should continue to
examine the interaction between traffic flow dynamics and road design elements, especially
in multilane settings where lane function varies.

An important consideration arising from both analyses is the overall weak association
between the operating speed and most investigated factors. This pattern suggests that
factors beyond road geometry and traffic flow characteristics may exert a stronger influence
on driver speed choice in these contexts. One plausible explanation is the absence of strong
physical constraints on speed, such as those present on horizontal curves (e.g., curve radius
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Single-carriageway road tangents

and therefore centrifugal force). Tangents offer relatively unobstructed sight distances
and driving comfort, enabling drivers to travel at speeds of their choosing with limited
immediate feedback or correction imposed by the road itself.

Moreover, the research was conducted on road segments outside urban areas, where
default speed limits apply (typically 90 km/h for single-carriageway roads) unless other-
wise posted. In such zones, in contrast to urban areas, enforcement intensity is generally
lower, and penalties for speeding are comparatively lenient, particularly for marginal ex-
cesses over the posted speed limit. Additionally, Croatian legislation [57] include a legally
recognized tolerance margin of 10 km/h for speed limits up to 100 km/h, and 10% for
limits above 100 km/h. This means that a driver traveling at 100 km/h in a 90 km/h zone,
or at 143 km/h on a motorway with a 130 km /h limit, is not considered to be speeding.
This regulatory structure likely reduces the perceived risk of enforcement and diminishes
the drivers” motivation to strictly adhere to speed limits on these segments.

This interpretation is further supported by the findings of the Tukey—Kramer post hoc
tests, which revealed no statistically significant differences in the operating speed across
different posted speed limit categories for both single- and dual-carriageway road tangents
(Figure 22).
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Figure 22. Comparison of the operating speeds across different speed limit categories on single- and
dual-carriageway road tangents—Tukey—Kramer post hoc test results.

Such results underscore the salience of driver psychology and enforcement perception

as determinants of actual driving behavior. On many roads where the measurements were
taken, fixed speed enforcement is absent and its position is likely well known through
public mapping platforms (like Google Maps), allowing drivers to adjust their behavior
accordingly when appearing closer to the location of enforcement. In particular, dual-

carriageway roads (e.g., motorways) lack fixed enforcement systems, relying instead on mo-

bile enforcement (e.g., unmarked police vehicles), which tend to target only extreme cases
of speeding. This enforcement environment likely contributes to the high and relatively
uniform operating speeds observed, independent of posted limits or road design features.

This research has several limitations. First, this study was conducted on a limited

number of locations, and expanding the research to a broader range of sites would improve
the generalizability of the findings. Additionally, examining the same tangent segments

in different countries could reveal variations in speed selection due to the differences in

driving behavior and traffic culture. An area that warrants further investigation is whether
driver demographics or vehicle types systematically differ between single- and dual-
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carriageway roads. Such differences could potentially influence observed speed behavior
and contribute to variations in operating speeds across road types. For instance, it is
plausible that dual-carriageway roads, particularly motorways, attract a higher proportion
of long-distance travelers, commercial vehicles, or more experienced drivers, whereas
single-carriageway roads may be more frequently used by local traffic with a different
demographic or vehicle composition. If such systematic differences are confirmed, they
could represent an important factor in understanding driver behavior and speed selection,
offering a valuable direction for future research aimed at refining speed prediction models
and enhancing road safety measures.

Further research should also focus on tangent segments with lower speed limits and a
wider range of speed limits to explore better their influence on operating speeds. This study
should also be extended to other road categories as well as to 2 + 1 road configurations
to capture more diverse road environments. It is important to acknowledge that certain
variables used in the analysis, specifically edge line quality, visibility, and pavement quality
were assessed subjectively based on a visual inspection in the field. While this approach
provides a practical initial estimation, it introduces a level of observer bias and limits the
reproducibility of the results. For future research, it would be fruitful for these parameters
to be quantified using objective measurement techniques. For instance, edge line quality
could be evaluated using retroreflectivity meters, visibility through precise geometric
modeling, or LIDAR-based sight distance analysis, and pavement quality via standardized
indices, such as the International Roughness Index (IRI) or the Pavement Condition Index
(PCI). Implementing such objective methodologies would enhance the reliability and
comparability of the findings, allowing for more precise conclusions. Moreover, the research
was limited to extra-urban areas, excluding urban contexts where different factors may
influence operating speeds. Future studies should also incorporate driver perception
through surveys or questionnaires to better understand visibility-related influences on the
operating speed. Finally, future research should focus on developing predictive models for
the operating speed on road tangents, enabling more accurate assessments of speed trends
and their implications for road safety and infrastructure design.
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Appendix A

Table Al. Locations (cross sections) general data.

Road Speed AADT ASDT Total Sample Size (All Filtered Sample
Road Type Cat:ao l{]{oad Direction Limit Vehicle Categories) [veh] Size (Passenger
gory ame [km/h] [veh/day] [veh/day] Cars) [veh]
_ _ Doy f)fislk 9 18,292 25,757 8222 1024
Slngle-crz(i)r;éageway State road Dubrovnik
towards 90 18,292 25,757 6802 1287
Cilipi
Single-carriageway County Gospi from toll 90 878 1118 242 161
road road towards toll 90 878 1118 176 119
Single-carriageway County Knin from Knin 90 1216 1450 88 70
road road towards Knin 90 1216 1450 76 56
. . from Osijek 70 8717 8438 2433 933
Single-carriageway County Osijek
road road %W?.rds 70 8717 8438 3526 1147
sijek
. . from Pazin 90 3391 3847 492 335
Single-carriageway State road Pazin
road t‘ijwa.rds 90 3391 3847 488 338
azin
. . from PoZzega 90 1656 1655 836 323
Single-carriageway County Pozega
road road tl‘,’“iards 90 1656 1655 928 429
oZega
Sinel . from Pula 90 2873 4375 1602 771
Ingle-carriageway State road Pula
road towards Pula 90 2873 4375 1557 762
. . towards Sisak 90 3953 4550 479 248
Single-carriageway State road Sisak
road fowards 90 3953 4550 516 234
truzec
Single-carriageway g plit from Klis 80 2404 3522 823 299
road towards Klis 80 2404 3522 1234 359
_ _ Vafrr:;ﬁn 90 8947 8773 1603 564
Slngle—carrcllageway State road Varazdin
roa
towards 90 8947 8773 1696 661
Varazdin
R R from Novaki 90 380 410 74 62
Single-carriageway County Virovitica
road road towardg 90 380 410 75 63
Novaki
, , fowards 90 13,022 22,904 1914 906
Smgle—carrlageway State road Zadar adar
road towards Nin 90 13,022 22,904 1211 502
Total: 37,093 11,653
. Filtered sample
AADT ASDT Total'sample size (all size (passenger
. Speed vehicle categories)
Road type Road Road Carriageway/ Limit cars)
Category name Direction [km/h] . Left Right
Left lane Right lane
[veh/day] [veh/day] [veh] Tveh] lane lane
[veh] [veh]
Bisko~ Bato 139 5253 11,059 391 739 86 113
Dual-carriageway Motorway Motorway na Letint
road Al Blato na
L. . 130 5253 11,059 340 614 86 113
Cetini—Bisko
ZB"SCi)lje‘i," 100 10,511 24,747 414 600 94 106
Dual-carriageway Motorway Motorway —VYsulin
road Al Ogulin—
s 100 10,511 24,747 506 703 102 105
Bosiljevo 2
Donja
Zdenc¢ina— 130 20,603 34,474 773 550 99 79
Dual-carriageway Motorway Motorway Jastrebarsko
road Al
Jastrebarsko—
Donja 130 20,603 34,474 863 585 86 79

Zdentina
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Table Al. Cont.

Road Road Speed AADT ASDT Total Sample Size (All Filtered Sample
Road Type Directi Limit Vehicle Categories) [veh] Size (Passenger
yp Category  Name frection - Aml Iveh/dayl [veh/day] & ars) [oehs
GormjaPlota=" 109 9255 22,581 243 168 25 73
Dual-carriageway Motorway Motorway OSpic
road Al ié—
GGO?p‘C iy 120 9255 22,581 443 688 82 114
ornja Ploca
Zadar
Center— 130 7857 19,279 574 753 94 110
. Zadar East
Dual-carriageway Motorway Motorway
road Al Zadar
East—Zadar 130 7857 19,279 611 770 85 106
Center
, Zabok— 130 9999 15,473 137 355 29 86
Dual-carriageway Motorway Motorway Zapresic
road A2 Zapredic—
apresie 130 9999 15,473 232 502 43 108
Zabok
Babina
Dual-carriagewa Motorway Greda— 100 5988 9184 167 261 60 81
_carri y S .
road Motorway A3 Zupanja
Zupanja—
Babina Greda 100 5988 9184 87 211 32 62
. Krii—V 130 13,425 18,067 242 443 52 72
Dual-carriageway Motorway Motorway Popovata
road A3 P —
Pt 130 13,425 18,067 273 420 73 81
Y17
Luzani—
. Nova 130 9007 12,947 265 362 65 70
Dual-carriageway Motorway Motorway Gradigka
road A3
Nova
Gradiska— 130 9007 12,947 350 383 78 74
Luzani
Delnice—
Dual-carriageway Motorway  Motorway  Ravna Gora 110 7981 13,233 158 438 54 99
road A6
Ravna Gora— 44, 7981 13,233 380 163 63 82
Delnice
7449 10,308 1388 1813
Total:
17,757 3201
Appendix B
Table A2. Factors identified—Summary.
Operating Speed Values Symbol Unit of Type Mean StDev Min Max Median
Measure
Operating speed (V85) for single-carriageway  y; [km/h] Continuous ~ 93.18 14.37 7400  128.00 91.50
road tangents
Operating speed (V85) for dual-carriageway yg5p [km/h] Continuous 15920 719 14800 17300  157.00
road tangents (left lane)
Operating speed (V85) for dual-carriageway  y,g5p [km/h] Continuous  142.70 8.22 131.00 157.00  141.50
road tangents (right lane)
. . it of . .
Factors—Single-carriageway roads Symbol I:g:stlfre Type Mean StDev Min Max Median
. ical—
Passenger side PS [-] Cl\j[fl%i(if:;;l' -— - - - -—
Categorical—
Shoulder type ST [ e -
: : Categorical—
Edge line quality ELQ [-] Mul%i—l evel:
S Categorical—
Visibility Vsb [-] Mul%i—level' - - - - -
. Categorical—
Pavement quality PQ [-] Mul%i—lev ol:
Lateral access density LAD [-] Continuous 1.63 1.55 0 6 1
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Table A2. Cont.

. Unit of . .
Operating Speed Values Symbol Measure Type Mean StDev Min Max Median
Tangent length (up to measurement point) TL1 [m] Continuous  848.75 619.25 110.00  2500.00 715.00
Tangent length (from measurement point) TL2 [m] Continuous 848.75 619.25 110.00  2500.00 715.00
. Categorical—
Speed limit SL [km/h] Multi-level; 87.50 6.08 70.00 90.00 90.00
AADT AADT [veh/day] Continuous 547742  5488.92 380.00  18,292.00 3132.00
ASDT ASDT [veh/day] Continuous 723325  8244.36 410.00  25,757.00 4111.00
Lane width W [m] Categorical— 5 ) 0.30 2.50 350 3.00
Multi-level;
Longitudinal slope LS [%] Continuous 0.00 3.364 -5.20 5.20 0.00
Crash ratio CR [-] Continuous ~ 0.003785 0.002544  0.002108 0.011545 0.003098
; Categorical—
Design speed Vp [km/h] Multi-level; 69.167 18.86 40.00 100.00 70.00
. Categorical—
Terrain type TT [] Multi-level; - - - -
Guardrail presence GP [-] Binary 0.17 0.38 0 1 0
Shoulder lane presence ELP [-] Binary 0.63 0.49 0 1 1
Radius of previous curve RpC [m] Continuous ~ 418.75 372.51 25.00  1500.00 315.00
Radius of following curve RfC [m] Continuous 418.75 372.51 25.00 1500.00 315.00
Road category RC [-1 Binary 0.58 0.50 0 1 1
Overtaking allowed OA [-] Binary 0.88 0.34 0 1 1
Heavy goods vehicles share HVS [%] Continuous 3.60 1.90 1.20 8.40 3.20
Disruptive factor presence DFP [-] Binary 0.13 0.34 0 1 0
. Unit of . .
Factors—Dual-carriageway roads Symbol Type Mean StDev Min Max Median
measure
Total tunnel length in last 20 km TTL [m] Continuous 274.50 662.05 0 2640.00 0
- Categorical—
Speed limit SL [km/h] Multi-level; 120.00 13.38 100.00  130.00 130.00
Lane width W [m] Categorical— 5 0.15 3.25 3.75 3.75
Multi-level;
. Categorical—
Design speed Vp [km/h] Multi-level; 116.00 12.31 80.00 120.00 120.00
Emergency lane presence SLP [-] Binary 0.90 0.31 0 1 1
Previous object distance POD [m] Continuous  4810.00  3066.96 0 13,400.00 4400.00
Following object distance FOD [m] Continuous ~ 4400.00  3067.66 0 13,400.00  3650.00
Longitudinal slope LS [%] Continuous 0.43 1.81 —4.00 4.00 0.00
. Categorical—
Terrain type TT [] Multi-level; - - - -
Heavy goods vehicles share (left lane) HVS_LL [%] Continuous 0.87 0.93 0.00 2.92 0.54
Heavy goods vehicles share (left lane) HVS_RL [%] Continuous 17.12 9.38 4.52 35.08 14.83
Heavy goods vehicles share (both lanes) HVS_2L [%] Continuous 10.53 5.81 2.56 22.82 10.09
AADT AADT [veh/day] Continuous 9.99 4.27 5.25 20.60 9.13
ASDT ASDT [veh/day] Continuous 18.10 7.39 9.18 34.47 16.77
Traffic flow density (left lane) TFD_LL [veh/km/lane] Continuous 2.49 1.42 0.70 4.80 2.15
Traffic flow density (right lane) TFD_RL [veh/km/lane] Continuous 4.33 1.63 1.80 7.00 3.80
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