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The actual speed behaviour when drivers approach a curve is very relevant to assess the road design and safety
but is mostly overlooked in the scientific literature. Most research into curve driving behaviour is focussed at the
behaviour inside the curve, although the speed selection is done before curve entry. The main objective of this
research is to identify which freeway characteristics play a role in driving speed selection. High Frequency
Floating Car Data, detailed reconstruction of the curves and their surroundings, as well as three dimensional sight
distance analysis, were used to analyse individual speed profiles on 153 Dutch freeway curves. By defining the
positions where the acceleration approaches 0 m/s? before and after a curve starts, the positions when the driver
started and stopped decelerating upon curve entry were defined. Further correlation and regression analysis of
those positions revealed that the radius of the curve is indeed a main explaining variable, as well as the speed
driven before deceleration starts. Sight distances and cross section characteristics play a further role in deter-
mining the position where deceleration starts. Deceleration ends at approximately 135 m after curve start, and
the speed in a curve is also correlated with the deflection angle and length of a curve. Sight distances do not play
arole in selecting the speed in a curve based on this research. Overall, the findings indicate a non-constant nature
and variability of speed behaviour upon curve entry. This can be used for safer freeway curve design and to assess

traffic safety based on actual speed behaviour.

1. Introduction

The speed which drivers select to drive in a freeway curve is of major
influence on traffic safety. A speed which is too high, results in a loss of
control of the vehicle due to a loss of friction (Donnell et al., 2016; Himes
et al., 2019; Li and He, 2016). Because of this, the design of freeway
curves has mostly been related to side friction factors (Fitzpatrick and
Kahl, 1992). Human factors are however mostly overlooked in curve
design, although it is the driver who selects the speed (Charlton and
Starkey, 2017b). Understanding how drivers select their driving speeds
is therefore of importance to safe freeway curve design.

Research in curve driving has mainly focussed on driving aspects
when the driver is already inside the curve. Such research focusses on
where drivers look (Gruppelaar et al., 2018; Land and Lee, 1994; Leh-
tonen et al., 2014; Salvucci and Gray, 2004; Shinar et al., 1977), the
lateral position inside the lane (Coutton-Jean et al., 2009; de Waard
etal., 2004; Van Winsum and Godthelp, 1996) or the speed drivers select
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in a curve (Farah et al., 2019; Hassan et al., 2011a, 2011b; Luque and
Castro, 2016; Odhams and Cole, 2004). Only a few research studies have
focused on the curve detection phase (Lehtonen et al.,, 2012), even
though task descriptions state that the period just before entering the
curve is most important in the perceptual, cognitive and psychomotor
tasks drivers need to select their driving speeds in a curve (Campbell
et al., 2012; McKnight and Adams, 1970; Shinar, 2017). Explorative
research showed that drivers take the entire curve surroundings into
account while selecting their speed when entering a curve (Vos et al.,
2020). It remains unclear however, which cues are of importance to the
driver.

The key feature of a curve is its radius. A relatively small radius urges
drivers to slow down, in order not to skid (Donnell et al., 2016; Gibson
and Crooks, 1938). This means that the radius is a key element upon
which drivers select their speed. Because the driving task is mostly visual
(Hills, 1980; Sivak, 1996), drivers need to perceive the radius. However,
from a driver standpoint the perception of a curve gets distorted in a
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hyperbola, which results into less well perceived curvature when the
radius decreases (Brummelaar, 1975). Because it is difficult for drivers
to perceive the curve radius, other factors are assumed to play a role in
curve perception and speed selection such as the deflection angle of a
curve (Fildes and Triggs, 1985; Riemersma, 1988; Wang and Easa,
2009). Studies on distortion in the perception of curvature were mostly
based on perspective drawings as laboratory stimuli and lack therefore
other static and dynamic curve characteristics (e.g., guardrail, signing or
traffic). Some of these elements have however been validated in ex-
periments or field studies, these include the transition curve (Perco,
2006; Riemersma, 1989) and vertical sag curves (Bella, 2015; Campbell
et al., 2012; Wang and Easa, 2009). Visual research using eye trackers
shows more visual attention towards the right, in right turning curves
than to the left in left turning curves (Lappi and Lehtonen, 2013; Shinar
et al., 1977), suggesting right turning curves need more attention. In
both laboratory studies (Singh and Fulvio, 2007) and simulator studies
(Coutton-Jean et al., 2009), it was shown that drivers use and need
continuous information to assess the curvature. This includes road
markings (Charlton and Starkey, 2013; Coutton-Jean et al., 2009; de
Waard et al., 2004), curve signs (Charlton, 2004), road lighting and tree
lines (Blumentrath and Tveit, 2014). These elements need to be visible
enough though, otherwise drivers decelerate later and more sharply
before curve entry (Jamson et al., 2015). Partly occluded shapes how-
ever, can still be interpreted based on knowledge about these objects
(Hazenberg and van Lier, 2016). Indeed, when drivers are familiar with
the road, they choose higher speeds (Wu and Xu, 2018). Drivers also
choose their speed based on perceived road categories (Charlton and
Starkey, 2017a) and the number of lanes present (Calvi et al., 2018), so
the composition of the cross section is also relevant to the driver.
Furthermore, design consistency studies showed that the tangent char-
acteristics upstream of the curve, such as tangent length and width,
influence the speed reduction (Hassan et al., 2011a, 2011b).

Speed profiles give more insights into speed development upstream
of a curve and in the curve itself and can be considered as key input for
assessing the way drivers drive through curves (Dias e al., 2018).
Research into speed profiles showed that the speed is not constant in a
curve (Bella, 2014; Montella et al., 2015; Wang et al., 2020), and that
deceleration starts before the curve and ends inside the curve. Since
drivers start to search for the upcoming curve and start to decelerate
before the curve (Campbell et al., 2012; Hallmark et al., 2015; Land and
Lee, 1994; Lehtonen et al., 2012; Shinar et al., 1977), the speed profile
before a curve is of interest in investigating which of the elements dis-
cussed above may be of importance to the driver in speed selection.
There is still a knowledge gap on this point. Since the deceleration stops
within the curve, the speed selection inside the curve is also of interest to
analyse the speed behaviour upon curve approach.

Therefore, the aim of this research is to gain insights into which el-
ements are of influence on the speed profile when approaching a curve,
and the speed selection in a curve. In order to gain these insights the
following research questions were defined:

e Where do drivers begin to decelerate in reference to the curve start?
And which elements influence this position?

e Which speed do drivers adopt in a curve? And which elements in-
fluence this speed?

The following section will discuss the research methods used to
answer these questions. Section 3 analyses the data in three steps: first
insights into speed profiles, correlations of speeds and curve charac-
teristics, and regression analysis. Sections 4 and 5 discuss the results and
summarize the conclusions, respectively.

2. Research method

In order to investigate the relationship between speed profiles and
curve characteristics, we chose real world situations over laboratory
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settings such as simulators, to avoid any bias due to lack of motion cues
or limitations in the dynamic visualisation of the road scenario (Bella,
2009; Molino et al., 2005). We therefore selected a representative
sample of freeway curves and obtained relevant and measurable curve
characteristics.

2.1. Curve selection

We chose our curves based on a number of characteristics that are
known from literature to have an influence on speed selection. There-
fore, a representative selection of deflection angles, curve radii and
number of lanes were considered in the freeway curves selection. Speed
on off-ramps is much influenced by slowing down for the junction at the
end of it, so off-ramps are excluded in the selection. Only main car-
riageways and connector roads in junctions were included.

This resulted in a selection of 99 road sections which include 153
curves, as presented in Fig. 1 with their main characteristics. The curves
were selected throughout The Netherlands as presented in Fig. 2.

2.2. Obtaining relevant curve characteristics

All of the selected curves were reverse engineered in order to have
insights into the relevant geometric elements: horizontal alignment
(radius, transition curves, deflection angles and tangents), vertical
alignment (grades, sag and crest curves) and cross section elements
(width of carriageway, number of lanes, presence of hard shoulder, su-
perelevation, distance from side marking to guardrail).

Using the reverse engineered road alignments, sight distances were
obtained every 10 m using the Dutch “Zicht” application (Broeren,
2002) which was developed for Rijkswaterstaat (Dutch Directorate-
General for Public Works and Water Management) and used for more
than 20 years. In three dimensional models of the curve environment,
guiding elements (which run parallel to the alignment of the curve),
were identified per curve. This included the roadway itself, brake-lights
(stopping sight distance), guardrail, treelines, noise barriers and curve
signs as guiding elements. The position of these guiding elements was
fed into “Zicht”. The program stops every 10 m along the alignment, to
position a red box at the predefined offset every 5 m in front of the driver
and checks whether or not it is visible from the driver standpoint. Fig. 3
shows a graphical example of this analysis which resulted in a definition
of maximum sight distances for each guiding element, at every 10 m
along the alignment. Results from “Zicht” have been validated using
dashcam video’s, as shown in Fig. 3.

2.3. Speed data collection and preparation

Continuous speed profiles provide detailed information about speed
development during the curve anticipation phase (Dias et al., 2018), and
overcome traditional errors derived from classic point speed measure-
ments (Hassan et al., 2011a, 2011b; Wang et al., 2020). To create these
speed profiles along the generated alignments, High Frequency Floating
Car Data from Flitsmeister-users was used. This smart-phone navigation
app is used by 1.6 million users in The Netherlands, of which most are
personal car or van drivers. Regular Floating Car Data cannot be used to
create speed profiles, but only to show speed distributions per section of
road (Colombaroni et al., 2020). For this study, the data gathering al-
gorithms for the app were set to a frequency of 1 Hz along the selected
road sections. Data collection was executed in March, April and
September 2020. These are unique speed-profiles per trip, from which
acceleration-profiles can be derived. The amount of precipitation was
also added for each speed profile, using the Dutch climatological radar
rainfall dataset (Saltikoff et al., 2019) in order to study relations be-
tween speed and wet road conditions.

The use of speed profiles containing speed and deceleration per
second allows us to find positions in the speed profile where the slope of
speed versus time changes, which are called breakpoints. This method
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Fig. 1. Scatterplot of main characteristics of the selected curves in this study.
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Fig. 2. Map showing the location of the curves in The Netherlands (in black).

was introduced by Montella et al. (2015), who also showed that decel-
eration starts in front of the curve, and ends inside the curve. Break-
points are the main points of interest in this research, and are explained
further in Fig. 4. The positions of breakpoint 1 (BP1) and breakpoint 2
(BP2) are defined based on the acceleration profile. The position where
the continuous radius starts is the reference point for the breakpoints
positions (zero). The point upstream of a curve start, where the accel-
eration approaches 0 m/s?, is defined as BP1 and has a negative position.
The point downstream of the curve start, where the acceleration ap-
proaches 0 m/s?, is defined as BP2 and has a positive position. The

acceleration profile was smoothed using the LOESS algorithm in R
(Cleveland et al., 1992) to obtain a more realistic acceleration profile.
Because of this smoothing, hardly any point will have an exact accel-
eration of 0 m/s2. Therefore thresholds needed to be set to find the point
closest to 0 m/s%. Using a threshold of 1 s in which the acceleration
profile is between —0.1 m/s? and 0.1 m/s? shows an optimal result for
defining the positions of the breakpoints.
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Fig. 3. On the left the analysis of “Zicht” on the visibility of the curve signs. The red object in the 3D model is the object “Zicht” checks along the alignment, in this
case a curve sign, positioned above the guardrail (the dark grey line). On the right, this exact viewpoint is shown in the real life situation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Theoretical speed and acceleration profiles drawn around the
curve start.

2.4. Speed data filtering

All road sections were checked for road-works during the measuring
period. Road works could entail extra signing, lowering speeds or dis-
tracting elements along the road. In order not to bias the outcomes in
that direction, trips during roadworks were eliminated from the
database.

Since we are interested in the speed selection based on curve char-
acteristics, car following behaviour should be eliminated from the
database. Every road segment in The Netherlands has a loop-detector
which measures all traffic and generates average speeds and traffic
volumes per minute. Hashim (2011) showed that above a headway of 5
s, most vehicles travelled at their desired speed. This is called a free-flow
situation. Given that traffic flow is Poisson distributed, the headway is
exponentially distributed. Taking an average headway of 5 s, the chance
is around 5% that a vehicle has a headway greater than 15 s (e">> =
0.0497). This is 4 vehicles per minute. In order to select trips which have
a probability of 95% to have been in free-flow, trips in periods with 5 or
more vehicles per minute per lane were filtered out of the database.

This results in 996,375 unique trips available in this research, on
average 10,064 trips per road section (sd = 8,616, max = 41,041, min =
425). This large variability is explained because some road sections are
situated in busy urban areas, and other curves are situated in remote
rural areas, see also Fig. 2. Some road sections also had many trips
filtered out because of roadworks being present during the
measurements.

Based on the loop detector data, we were able to compare our sample
in the High Frequency Floating Car Data to the entire population. On
average, our sample contains 9.1% (sd 7.1%) of all the drivers in the
selected periods without roadworks and in free-flow. By comparing the
average speeds of all the drivers, based on the loop detector data, to the
sample data, it was found that the drivers in our sample drove on
average 5.4 km/h faster (sd 4.9 km/h) at the loop-detector than all the
drivers in the same free-flow periods. Based on the measurements of

Farah et al. (2019) the sample in this research represents on average
around the 60th percentile of all the drivers.

3. Data analysis

The following sub-sections describe the analyses of the data in three
steps: first we show some insights into speed profiles (3.1), then corre-
lations of speeds and curve characteristics were investigated (3.2), and
finally the results of the regression analysis for predicting the positions
and speeds of BP1 and BP2 are presented (3.3).

3.1. First insights into speed profiles

In order to get a first feel of the collected data, speed profiles of
curves with radii around 250 m were compared. For these curves the
median speed profile was calculated, by calculating the median speed
for every meter considering all individual speed profiles. All these curves
have relative tangent approaches. So, based on common speed predic-
tion models, it is expected that all these curves have almost equal pro-
files (Hassan et al., 2011a, 2011b). Fig. 5 however shows some different
characteristics in the speed profiles and breakpoints. This leads us to the
hypothesis that other curve characteristics than curve radius alone
might explain these differences. And indeed, when looking at the
dashcam pictures in Fig. 6, we see different road layouts in terms of
different cross sections and surroundings.

3.2. Correlations of speed, deceleration and positions of breakpoints 1
and 2 to curve characteristics

The positions of BP1, BP2 together with the speeds at BP1 and BP2
are identified as variables which determine the speed profiles. The
average deceleration is derived from those two points. Correlation
analysis between these five variables with curve geometry and sight
distances are presented in Fig. 7. In Fig. 7 only variables which have at
least one correlation coefficient above 0.25 or below —0.25 are shown.
All shown correlation coefficients have a significance of p < 0.001. The
variables ’'Curvature Change Rate’, ’Deflection angle’ and ’Length of
curve’ include both the transition curves and circular curve. The
‘number of usable lanes’ are the available lanes to the driver, either all
available lanes on a carriageway, or the available lanes to pre-sort in the
direction of the curve. The "Ratio A to R’ represents the value of A-value
of the clothoid divided by the horizontal radius in meters, and is
therefore related to the length and angle of the transition. The ’visible
angle’ is defined as the amount of angle which is visible based on any
parallel guiding element, as explained in Vos et al. (2020) and the
’visible length’ is the amount of length of the curve which is visible. All
individual speed profiles have been used in the correlation analysis in
order to account for individual differences in speed profiles and their
respective positions of the breakpoints. Even though Fig. 7 does not
show correlation coefficients above 0.5 or below —0.5, some general
conclusions can be drawn, even though speed prediction models usually
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Fig. 5. Speed profiles of eight curves with radii around 250 m and information about their breakpoints. A) shows the profiles of median speeds of all measured speeds
per curve, relative to the start of the curve radius. A note to profile “A1-4-5Re”, which shows a bump between 250 and 50 m before the curve start. This bump is
probably due to an overpass of around 110 m at this location, which caused GPS inconsistencies. B) shows boxplots of the position of BP1 per curve. C) shows

boxplots of the position of BP2 per curve.

only report correlation coefficients above 0.4 when using multiple var-
iables (Hassan et al., 2011a, 2011b; Llopis-Castello et al., 2018). Since
we have used all individual speed profiles in our analyses and analyse
single variables, we expect relative low correlations. In behavioural
sciences a correlation coefficient between 0.3 and 0.5 is defined as
“medium”, below 0.3 as “low”, and above 0.5 as “strong” (Cohen, 1988).
Distance of BP1 to the curve start, average deceleration and the speed at
BP2 show the largest correlations with curve geometrics and sight
distances.

The speed at BP2 seems to be correlated with the speed at BP1,
suggesting a relation between speed outside and inside a curve. Speed at
BP1 is also correlated with the position of BP1, which is to be expected:
faster driving needs more deceleration length. Sight distances on guid-
ing elements are also correlated with the position and speed at BP1:
when present, guiding elements such as closed elements (e.g., noise
barriers) or curve signs have a higher correlation with the position and
speed at BP1 than stopping sight distance or road sight distance. The
variable that is most correlated with the distance of BP1 is however the
visible length of the curve.

Speed at BP2 is correlated more to the curve geometric elements such
as Curvature Change Rate (CCR), deflection angle, horizontal radius,
transition curve and number of lanes. A relative large correlation can
also be observed between the speed at BP2 and the maximum speed sign
and presence of curve signs. Also the sight distance available on guiding
elements is correlated with the speed in a curve. The position of BP2 is
hardly correlated with anything, suggesting that geometric elements
and sight distances do not influence the position of BP2. The average
deceleration is correlated with the same geometric elements as the speed

at BP2. Average deceleration however seems to be more correlated with
sight distance on the guiding elements than the speed at BP2 does.

In the above paragraphs we have discussed the correlations in Fig. 7.
These all met the threshold of a correlation coefficient above 0.25 or
below —0.25. It is also of interest to see which variables did not meet this
threshold. The introduction mentioned that the curve direction in-
fluences driver behaviour, but this was not found in this analysis shown
Fig. 7. Also sag curves in combination with the horizontal curve were
mentioned to influence driver perception, but this did not show in Fig. 7.
Superelevation is of major importance in using design speeds to design a
curve, however it did not correlate to any of the breakpoints. Road
categories were also identified in the introduction to influence the
driver. Since only freeways were examined, we focussed instead on types
of discontinuity. Discontinuities are transitions between two road-
sections which limits the amount of lanes available for a driver in a
certain direction because of pre-sorting. However, the different types of
discontinuities did not correlate to any of the breakpoint variables. The
number of usable lanes in the direction of the curve at a discontinuity
takes pre-sorting into account, and even usable lanes are less correlated
with BP1 than all lanes in the cross section at BP1. So, no direct corre-
lation of discontinuity or pre-sorting with BP1 and BP2 variables was
found. Most of the sight distances to guiding elements were satisfactorily
correlated with the breakpoints. The positions from which sight on the
curves start, or where the first 100 m of the curve is available to the
driver, however did not correlate at all with BP1 or BP2 variables. And
only the presence of curve signs as guiding elements seemed to correlate
to the breakpoints; guardrail, treelines or closed elements did not.
Finally, external weather effects such as daylight and precipitation also
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Fig. 6. Dashcam pictures of the actual carriageways taken at 1000 m (most left picture), 500 m, 250 m and 0 m (most right picture) to the curve start of each speed

profile shown in Fig. 5.

were not found to correlate to the breakpoint variables.

3.3. Regression analysis

Regression analysis was used to explore the relationship between the
positions and speeds of BP1 and BP2 and the explanatory variables. The
horizontal radius of the curve is the defining variable of a curve. Fig. 8
clearly shows relations of the horizontal curve radius to the distance of
BP1 and the speed at BP2. The position of BP2 is loosely correlated with
the radius of the curve. The speed at BP1 is not correlated with the
horizontal curve radius because it is assumed that drivers chose an
optimal desired speed and are not being influenced by the horizontal
radius, and indeed in Fig. 8C a very scattered plot is shown.

The formulas derived in Fig. 8 contribute to the prediction of the
position and speed of BP1 and BP2 (respectively dgp; and dgpz in meters
and vgp; and vgps in km/h) for different horizontal curve radii (Rp) in
meters. These formulas have been used to create mean speed profiles for
an array of different horizontal radii as shown in Fig. 9. This shows the
average speed behaviour in curve approach as a function of the hori-
zontal radius of the curve, based on BP1 and BP2.

Each of the two breakpoints (BP1, BP2) shown as a mean in Fig. 9 has
a variability in the relation to the horizontal radius as shown in Fig. 8.
We have used linear regression analysis on all available variables, to
investigate how much each variable explains the variability of BP1 and

BP2. We used the BIC value as an indicator for the fitness of the model.
We started with a base model, showing the breakpoint as a function of
the horizontal radius of the curve, as shown in Fig. 8. Next we created
new models, in which we added one variable per model, to examine the
contribution of this variable to explaining the variability. The added
variables which lowered the BIC value of the base model by at least
0.05% showed that these variables could have a relevant contribution in
explaining the variance of the breakpoints. Those variables were then
checked for collinearity, before creating and testing multiple regression
models. The outcome of these steps are presented in the next sub-
sections.

3.3.1. Breakpoint 1 (BP1)

In Table 1 we show which variables contribute to predicting the
distance of BP1 to curve start (dgp;). Both the visible angle of the curve
at BP1 (v@pp;) and the visible length of the curve at BP1 (vLcgps)
decrease the BIC value more than 2.9%, but are rather correlated,
because the deflection angle is a derivative of curve radius and length.
Because the closer a driver gets to a curve, the more length and
deflection angle he can see, it is logical that the visible angle (v&gp;) is
related to the position of BP1 (dpp;). We chose to investigate the effect of
the visible angle (v@pp;) further because it was found to decrease the BIC
value more than the visible length of the curve, and is less obviously
related to the distance of BP1 to the curve start. Next, the speed at BP1
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Fig. 9. Mean speed profiles for different horizontal radii, based on the mean positions and speeds at BP1 and BP2, derived from Fig. 8.

(vgp1) was found to explain some of the variability in the distance of BP1
to curve start. This is because the faster a driver drives, the more length
they need to decelerate. Both the road sight distance and stopping sight
distance at BP1 (RSDpp; and SSDpp;) improve the explainability of the
model, but since both sight distances are collinear, only one of the two
variables will be considered. We explored the stopping sight distance
(SSDgp7) further because it decreased the BIC value most and is an
internationally used measurement. The total number of lanes and the
number of pre-sorting lanes to the curve, as well as the width of the
carriageway at BP1 (nLppj, nuLgp;, and Wppj) are also correlated. We
explored the total number of lanes (nLgp;) further, because it reduced
the BIC value most. The effect of not having all the lanes available
because of pre-sorting at BP1, is covered in a variable checking the
presence of a discontinuity. The presence of different types of disconti-
nuities (weaving section, exit lane or a fork) at BP1 (Wsgp;, Elgp; and
Fopp; respectively) are correlated, so we chose to explore the variable of
continuity at BP1 (Cpp;) further, because it lowers the BIC value most
and covers the presence of discontinuity and the need for pre-sorting as
well.

The selected variables in Table 1 were used to create multiple
regression models for predicting the position of BP1. The results are
shown in Table 2. This shows the added explainability of using sight and
visibility in the model to predict the distance of BP1. Dropping the
visible angle (v@pp;) from the model, decreases the explainability
drastically as seen in models 4 and 7 in Table 2. The models show that
with more curve angle visible, the position of BP1 moves closer towards
the curve start. But, with more sight distance (SSDgp; and SDmaxgp;)
available at BP1, this is located further away from the curve start.
However, a sight on curve signs (CSSpp;) decreases the distance of BP1
to the curve start. Fig. 10 shows how these sight distances interact with
the position of BP1. Stopping Sight Distance from BP1 (SSDppj) is
defined by how far ahead the driver is able to see a braking light. In most
cases the SSD remains the roughly same if the position of BP1 changes.
Whether or not a curve sign is visible from BP1 (CSSgp;) is defined by
whether or not BP1 is positioned beyond the point where the signs are
visible the first time. If BP1 gets closer to the curve start from that point,
the variable remains “yes”. The visible part of deflection angle seen from
BP1 (vdpp;) is very much related to the position of BP1 to the curve start.
The closer BP1 is located to the curve start, the larger the visible
deflection angle will be. Adding lanes (nLgp;) to the cross section, in-
creases the distance between BP1 and the curve start, and this is even
more when a discontinuity (Cgp;) is added. Finally, during daytime (T)
the position of BP1 is located closer to the curve start, than during night

time.

The speed at BP1 (vgp1) is not correlated with the curve itself, but is
used as a variable to define the position of BP1. So, no specific model has
been created to define the speed at BP1. In case of consecutive curves,
the speed at BP2 (vgpy) for the first curve, can be used as the speed at BP1
(vgp1) to predict the position of BP1 (dpp;) for the second curve.

3.3.2. Breakpoint 2 (BP2)

As shown in Fig. 8B, the position of BP2 (dpp2) is weakly correlated
with the horizontal radius of the curve. The position is on average 135 m
from the curve start, but varies between 50 and 350 m. Fig. 7 shows no
variables correlate to the position of BP2. We found that different var-
iables did not reduce the BIC by more than 0.15% compared to the base
model. Curve length has no influence in this, since the curves in this
study have an average length of 303 m (sd = 46.5 m). When investi-
gating the curves which are causing the variability, we notice that the
curves which have a position of BP2 beyond 160 m after curve start, all
have follow-up curves which need further speed reduction. We can
exclude these curves in our analysis on the position of BP2, since these
positions are actually related to the consecutive curve. Hence we assume
the position where drivers stop decelerating (dpp2) is rather constant
along different horizontal radii.

In Table 3 we show the variables added to the base model which
contribute to the prediction of the speed at BP2. The speed at BP1 de-
creases the BIC of the base model most. Since the deflection angle of the
curve and the entry transition curve (J, and O, respectively) as well as
the Curvature Change Rate (CCRy,) are collinear with the total deflec-
tion angle (&) we chose to explore this variable further. By doing so,
we isolated the deflection angle, which is part of the calculation of the
CCR. Also the total length of the curve (L) and turning direction (Dir)
are of influence. In the cross section, the presence of a discontinuity,
number of lanes and the width of the emergency lane (Cgp2, nL and W)
further lower the BIC. Finally, the presence of curve signs (pCS) also
lowers the BIC of the base model.

The selected variables in Table 4 were used to create multiple
regression models. The results are shown in Table 4. This shows that
with a higher speed in front of the curve (vgp;), a higher speed in the
curve (vpp2) is obtained. Furthermore, increasing length and angle of the
curve (G and Lyor) seem to increase the speed in a curve. And, also, the
wider the cross section gets, the higher the speed gets. However, adding
the speed at BP1, deflection angle, length and direction of the curve
(VBp1, Gtot, Ltor and Dir) to the model, nullifies this effect for the number
of lanes in the curve (nL).
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Table 1
Variables which increase the explainability of the position of BP1 (variables with
an asterix (*) are not explored further because of collinearity).

Added Variable model BIC BIC Variable
variable to  Interpretation decrease collinear
dgp; =1n with

(Rp) + ...

vOgp1 Visible angle of the 19,339,426 2.97% vLcgp; (R
curve at BP1 (grad) (1481780) =
(see Vos et al. 0.49, p <
(2020)) .0001)

vLcgpr* Visible Length of the 19,349,040* 2.92%* Ovgp; (R
curve at BP1 (m)* (1481780) =

0.49,p <
.0001)*

VBp1 Speed at BP1 (km/h) 19,457,787 2.37%

SSDgp; Stopping Sight 19,605,067 1.64% RSDgp; (R
Distance at BP1 (m) (1481903)

=-0.86,p <
.0001)

RSDgp1* Road Sight Distance 19,632,363*  1.50%* SSDgp; (R

at BP1 (m)* (1481903) =
—-0.86,p <
.0001)*

nLgp; Number of Lanes at 19,798,294 0.67% nuLgp; (R

BP1 (1481903) =
—0.68, p <
.0001),
Wgpr (R
(1481903) =
—0.75,p <
.0001)

Wpgp1* Width of 19,844,715*  0.43%* nLgp; (R

carriageway at BP1* (1481903) =
—0.75,p <
.0001),
nuLgp; (R
(1481903) =
—-0.47,p <
.0001)*

Cgp1 Continuity at BP1 (1 19,863,030 0.34% Fo gp; (R
= continuous, 0 = (1481903) =
discontinuous) —0.47,p <

.0001),

Elgp1 R
(1481903) =
—0.41,p <
.0001),
Wsgpr R
(1481903) =
—0.49,p <
.0001)

CSSpp1 Curve Sign in Sight 19,872,820 0.29%
at breakpoint 1 (1 =
yes, 0 = no)

Wsppr™ Weaving section at 19,888,209* 0.21%* Cgp1 (R
breakpoint 1 (1 = (1481903) =
weaving section, 0 —0.49, p <
= continuous or .0001)*
other discontinuity)

*

SDmaxgp; Maximum Sight 19,895,226 0.18%

Distance at BP1 (m)
(maximum of sight
on road, stopping
sight, guardrail,
curve signs, treeline
or closed elements

nuLgp;* Number of usable 19,898,082* 0.17%* nLgp; (R
Lanes at breakpoint (1481903) =
1 based on pre- —0.68, p <
sorting; correct pre- .0001),
sorting lanes leading Wpep; (R
up to the curve* (1481903) =

—0.47,p <
.0001)*
Elgpr* 19,898,961*  0.16%*
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Table 1 (continued)

Added Variable model BIC BIC Variable

variable to  Interpretation decrease collinear

dgp; =1In with

Ry + ...
Exit lane at Cgp; (R
breakpoint 1 (1 = (1481903) =
exit lane, 0 = —-0.41,p <
continuous or other .0001)*
discontinuity)*

Fogp1* fork at breakpoint 1 19,911,603* 0.10%* Cpp1 (R
(A = fork, 0 = (1481903) =
continuous or other —0.47,p <
discontinuity)* .0001)*

T Daytime (1 = sun up, 19,916,198 0.07%

0 = sun down)

4. Discussion, limitations and future research directions

We have shown that the radius of a curve is of influence on the po-
sition where drivers start to decelerate in front of a curve, as well as the
speed they select within a curve. We present a relation which shows
when the horizontal radius decreases, drivers start decelerating further
away from the curve. This deviates from the findings by Montella et al.
(2015), who show drivers start decelerating closer to the curve, when
the radius decreases. This difference might be explained by the use of a
driving simulator in the study by Montella et al. (2015) and the distor-
tion of a curve from a driver’s standpoint (Brummelaar, 1975) in such an
experiment. This strengthens the hypothesis that drivers on freeways use
other cues besides the horizontal radius alone to select their speed.

This research focusses on the positions where 0 m/s? was reached in
speed profiles. These positions however do not match up with the
perceptual tasks, since the breakpoints are preceded by the cognitive
and psychomotor tasks (Campbell et al., 2012; Shinar, 2017). The cues
drivers actually react to, could be present up to a couple of seconds
before the position where 0 m/s? is reached.

The amount of visibility of the curve at BP1 is correlated with the
position of BP1. It remains unclear however whether this is a cause or an
effect, because the closer BP1 is positioned to the curve start, the more of
that curve the driver would be able to see. So, visibility-variables which
take the position of the curve start into account (e.g. visible angle or
curve sign in sight) should not be taken into account in explaining the
position of BP1. This means that the need to recognise 100 m of the
curve (Campbell et al., 2012; ROA, 2019) cannot be underpinned by this
study. The focus should be on the sight distances though, which show
that if a driver has increased sight distances available, deceleration oc-
curs earlier. Effects of individual guiding elements were not found,
although adding guiding elements to the sight distance (SDmaxgp;) in-
creases this effect. The finding that stopping sight distance (SSDgp;)
added more explainability to the regression analysis of the position of
BP1 (dpp;) than the road sight distance (RSDpp;) could be explained
because SSD analysis in ‘Zicht’ created a smoother line than RSD analysis
because it is less prone to sight obstructions. This adds to the thought
that drivers need continuous information (Coutton-Jean et al., 2009;
Singh and Fulvio, 2007). The presence of curve signs only correlates to
the position of BP1, when these are tested on correlation in Fig. 7. But
when added in a regression model together with horizontal radius it
shows no extra explainability, other than the speed at BP2 (vgpy).

The cross section is of influence both on the position where decel-
eration starts (BP1), as well as the speed in a curve. Increasing the width
of a cross section, increases the distance of BP1 from the curve start. This
could be explained by the speed at BP1, however this was not collinear.
One explanation could be the extra perceived risk with multiple lanes in
a cross section (Vos et al., 2020), which could lead the driver to decel-
erate more cautiously. But, because we tested only speed profiles in free
flow situations, this explanation is unlikely, since not much other ve-
hicles should be around during the measurement. The addition of pre-
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Table 2
Regression analysis results for the position of BP1.
Model 1 (base) Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Constant —980.286""" —~1104.617""" —~1115.862""" —934.521""" —~965.670""" —947.848""" —495.498"""
(1.629) * (1.166) (1.235) (1.586) (1.299) (1.263) (1.481)
In(Ry) 134.395""" 180.308""" 182.810""" 138.395""" 192.028""" 191.076""" 155.613""
(0.289) (0.194) (0.202) (0.278) 0.197) (0.196) (0.236)
VOpp1 2.852""" 2.829"" 2.448™" 2.449™"
(0.002) (0.003) (0.003) (0.003)
VBp1 -2.269""" -2.308""" -4.166"""
(0.006) (0.006) (0.008)
SSDgp; -0.826""" —0.792""" —0.650""" —~0.650""" —-0.457"""
(0.001) (0.001) (0.001) (0.001) (0.001)
SDmaxgp; —0.043™" -0.038""" -0.038"" —0.027"""
(0.000) (0.000) (0.000) (0.000)
CSSgps 19.756"" 21.669"" 21.010"""
(0.276) (0.264) (0.264)
nLgp; —42.137"" —-3.798""" —4.366""" ~14.986"""
(0.147) (0.101) (0.100) (0.128)
Crp1 48.093"" 14.982"" 13.978 43.465'
(0.386) (0.253) (0.253) (0.322)
T 12.004""" 11.344™"
(0.209) (0.268)
Num.Obs. 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905
R2 0.127 0.629 0.635 0.210 0.669 0.668 0.457
R2 Adj. 0.127 0.629 0.635 0.210 0.669 0.668 0.457
AIC 19931003.8 18664030.3 18640587.0 19782830.0 18493508.1 18496798.2 19227773.9
BIC 19931040.4 18664091.3 18640672.5 19782891.1 18493642.4 18496920.3 19227883.8
Log.Lik. —9965498.884 -9332010.129 —~9320286.511 —~9891410.008 —9246743.040 —9248389.087 —9613877.949
F 215655.159 836516.766 514640.655 131390.746 332926.431 373300.302 178081.226
*p <01, p<0.05 """ p<0.01
Stopping Sight Distance Curve Sign in Sight? Visible deflection angle

V@gp15= 60 gra
V@gp1o= 50 grad

Fig. 10. Sightlines from BP1 are shown in two different positions of BP1 (a and b) as a dotted arrow to show the effect on different sight distance measurements.

sorting tasks effects increase this effect. Having a discontinuity at
breakpoint 1, increases the distance to the curve start even more. The
speed in a curve decreases with the addition of extra lanes, but only if
the length and angle of the curve are taken into account. When analysing
the number of lanes in a curve without any other variables, the
increasing number of lanes increases speed in a curve, just as Calvi et al.
(2018) also showed. Our study shows the impact of other variables of the
curve on this effect. One of these effects is the direction of the curve. We
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show that in right turning curves the speed is higher than in left turning
curves, which is not in line with the findings of Farah et al. (2019) but is
in line with findings of Misaghi and Hassan (2005). Since more visual
attention is towards the right in right turning curves compared to
attention to the left in left turning curves (Lappi and Lehtonen, 2013;
Shinar et al., 1977), but no sight distances added explainability to the
speed at breakpoint 2, it remains unclear as to why drivers drive faster in
right turning curves. However, since all the afore mentioned studies
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Table 3
Variables which increase the explainability of the position of BP1 (variables with
an asterix (*) are not explored further because of collinearity).

Added Variable model BIC BIC Variable
variable to  Interpretation decrease collinear
vppz = In with

(Rp) + ...

VBp1 Speed at BP1 (km/h) 12,049,030 1.96%

a.* Deflection angle of 12,269,707*  0.17%* Oior (R
the horizontal curve (1481903) =
(rad)* 0.98,p <

.0001)

CCR. (R
(1481903) =
0.63,p <
.0001)*

Oror Total deflection 12,269,917 0.16% Oerc (R
angle of the (1481903) =
horizontal curve, 0.83,p <
including transition .0001)
curves (rad) ag. (R

(1481903) =
0.98,p <
.0001)
CCRyo: (R
(1481903) =
0.80, p <
.0001)

Lot Total Length of the 12,272,569 0.14% L. (R
horizontal curve, (1481903) =
including transition 0.94,p <
curves (m) .0001)

Cgp2 Continuity at BP2 (1 12,274,609 0.13%
= continuous, 0 =
discontinuous)

nlL number of Lanes in 12,274,036 0.13% W R
curve (1481903) =

0.74,p <
.0001)

CCRy* Total Curvature 12,276,095* 0.11%* CCR. (R
Change Rate of (1481903) =
horizontal curve, 0.98,p <
including transition .0001)
curves® Oror R

(1481903) =
0.80, p <
.0001)*

Dir Direction of curve (1 12,276,473 0.11% iR
= right turning, —1 (1481903) =
= left turning)) 0.78,p <

.0001)

CCR.* Curvature Change 12,277,515* 0.10%* CCR;: (R
Rate of horizontal (1481903) =
curve* 0.98,p <

.0001)

2. (R
(1481903) =
0.63,p <
.0001)*

ODerc™ Deflection angle of 12,278,122* 0.10%* Oror (R
entry transition (1481903) =
curve (rad)* 0.83,p <

.0001)*

w= Width of 12,277,702%  0.10%* nL (R
carriageway in curve (1481903) =
(m)* 0.74,p <

.0001)*

L, Length of horizontal 12,279,619 0.09% Lie (R

curve (m) (1481903) =
0.94, p <
.0001)

Lot Length of entry 12,279,271%  0.09%* Aec R

transition curve (m)* (1481903) =
0.77,p <
.0001)*

i* Superelevation in 12,281,303* 0.07%* Dir (R

curve (%)* (1481903) =
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Table 3 (continued)

Added Variable model BIC BIC Variable
variable to  Interpretation decrease collinear
vgpz = In with
Ry + ...
0.78,p <
.0001)*
We Width of emergency 12,283,065 0.06%
lane (m)
Aerc™ A-value of entry 12,283,939*  0.05%* Lee R
transition curve (1481903) =
(clothoid parameter) 0.77,p <
* .0001)*
pCS Presence of curve 12,283,822 0.05%

signs in curve (1 =
yes, 0 = no)

were undertaken in right driving countries, it could have to do with the
added visibility of the curve trajectory, because it is less obscured by the
bodywork of the car.

The relation between the radius and start of deceleration shows an
increase in variability of the position of BP1 when the radius decreases.
This heteroscedasticity is explained mostly by the speed at BP1, the
larger the radius of a curve, the less speed adjustment is needed. The
relation of radius and the speed in a curve shows a decrease in variability
of the speed at BP2 if the radius decreases. This shows that the smaller a
radius gets, the less speed in a curve is influenced by other variables than
the horizontal radius.

By using all individual speed profiles in the statistical analysis, we
were able to gain insight in individual speed choices. This showed a
positive correlation between the speed before a curve, and inside a
curve, suggesting that fast drivers on tangents, also drive fast through
curves. This could relate to individual driving style or familiarity. Since
speed before a curve is important to the speed in a curve, speed pre-
diction models should pay more attention to elements which influence
speed before a curve, such as discontinuities. Hassan et al. (2011a)
already noted that both upstream and downstream elements influence
measurements at a certain location.

No correlation to the vertical alignment was found in this study. This
could be related to the relatively large sag curves in the data-set, so
critical combinations are almost not present in the data. This could also
be due to the relative flatness of most road sections in the Netherlands,
which could also explain why the grade of the road did not correlate
with any breakpoint as well.

The amount of precipitation has no substantial influence on the po-
sition of BP1, or the speed at BP2, and therefore not on deceleration. Wet
surfaces offer less friction (Donnell et al., 2016; Li and He, 2016) and
therefore lead to increased crash risks. This increased risk seems not to
influence speed behaviour. A small correlation to daylight and break-
point 1 is seen. Drivers tend start decelerating later in daylight, sug-
gesting a more cautious curve approach in lessened visibility, the effect
is however less than half a second.

The sample of drivers used in this research appear to be faster drivers
than the average driver in the Netherlands. This might also indicate a
higher level of experience and familiarity, and could also be an expla-
nation for not finding relations to precipitation. This should be kept in
mind when translating these insights into design-policy or safety as-
sessments. The use of this set of faster drivers represents a subset which
is willing to take a higher risk of skidding than the average driver.

The use of High Frequency Floating Car data is promising, but this
data is not readily available because regular Floating Car Data recording
methods need to be altered into a higher data gathering frequency
within the used apps. This includes careful consideration of research
purposes and selecting useful road sections in future research using this
type of data. Because the data has high frequency time series, using
complex functional data analysis could give more multi-dimensional
insights (Ramsay et al., 2009).
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Table 4
Regression analysis results for the speed at BP2.
Model 1 (base) Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Constant —-39.609"" —54.003"" —48.737"" —60.448™" —37.843™" —43.345™" —45.276""
(0.124) (0.130) (0.135) (0.124) (0.140) (0.147) (0.160)
In(Ry) 23.391""" 19.770"" 18.124" 21.0417"" 22.386"" 17.458"" 17.804"""
(0.022) (0.022) (0.025) (0.021) (0.023) (0.025) (0.028)
VBp1 0.331"" 0.337""" 0.318"" 0.353""" 0.351"""
(0.001) (0.001) (0.001) (0.001) (0.001)
Oror 0.020""" 0.040""" 0.038""" 0.039"""
(0.000) (0.000) (0.000) (0.000)
Leot 0.006™"" 0.002""" 0.008"" 0.008""
(0.000) (0.000) (0.000) (0.000)
Dir 3.385""" —-1.214"" 3.222"" 3.333""
(0.026) (0.014) (0.026) (0.026)
nL 1.869"" -0.234""" -0.307"""
(0.018) (0.017) (0.017)
Cap2 —4,531"" —9.227""" —9.229""
(0.044) (0.041) (0.041)
W 1.429™ 1.236"" 1.240™"
0.017) (0.016) (0.016)
pCS 0.913""
(0.030)
Num.Obs. 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905 1,481,905
R2 0.433 0.531 0.536 0.523 0.446 0.554 0.554
R2 Adj. 0.433 0.531 0.536 0.523 0.446 0.554 0.554
AIC 12290097.4 12010287.7 11992963.6 12034897.2 12256647.7 11935478.1 11934563.4
BIC 12290134.1 12010348.7 11993049.1 12034970.5 12256720.9 11935600.2 11934697.7
Log.Lik. —6145045.720 —6005138.838 —~5996474.811 —6017442.606 —6128317.830 —5967729.064 —5967270.703
F 1133386.776 558968.079 342810.984 406220.801 298274.797 230059.611 204725.726
*p <01, p<0.05 """ p<0.01

The discussion showed uncertainty in causality for the relation be-
tween visibility and the position where drivers start decelerating.
Further research on where the visual focus of drivers lies just before
deceleration, could give better insights into the cues which drivers use to
start decelerating. Using two time dependent variables — visual focus
and start of deceleration — could infer a causal relation between the
guiding element which was focussed on by the driver and the deceler-
ation which occurred, using knowledge about the drivers information
processing (Shinar, 2017).

5. Conclusions

We were able to show that the distance to a curve start where drivers
start to decelerate is related to the horizontal radius of that curve, and
this result confirms earlier findings that speed in the curve is also related
to the horizontal radius. We found relations of the driven speed in front
of the curve to the speed behaviour in curve approach and concluded
that drivers stop decelerating at around 135 m into the curve indepen-
dent from the horizontal radius and speed.

So, horizontal radius is a key characteristic for a curve and the speed
behaviour upon curve entry. Variability in positions where drivers start
to decelerate are explained further by stopping sight distances, number
of lanes, the presence of a discontinuity for pre-sorting and daylight. We
were unable to find relations towards specific guiding elements in a
curve which determine speed behaviour in front of a curve, other than
the presence of curve signs.

The speed in a curve is further explained by the deflection angle and
length of a curve, as well as the direction of the curve. Also the cross
section is of influence, but we were unable to provide good explanation
to the relation of the number of lanes, width of the emergency lane and
discontinuities with the speed inside the curve. Of further interest is that
sight distances do not seem to influence speed within a curve.

Given the insights gained in this research, freeway curve design
should not be solely based on side friction, but should take actual speed
behaviour into account as well. This means considering the existence of
deceleration in a constant circular curve, and acknowledging the influ-
ence of upstream road characteristics and other curve characteristics on
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speed behaviour upon a curve. This could reveal differences in friction
demand based on actual speed behaviour. Furthermore, problems
regarding to speeding and traffic safety in curves, can be analysed using
the variables in this research.
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