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Abstract. The research aims to explore the effects of geometric road features on driver speed behaviour in order to
identify unsafe road segments where high reductions in speed between successive road elements occur. The sample
involves two-lane rural roads on flat terrain (vertical grade less than 5%) in Southern Italy, totalling 184 km without
spiral transition curves between the tangent segments and circular elements. The testing was carried out on 567 study
sites, of which 248 are on circular curves and 319 on tangents. Speed data collection was carried out in environmental
and traffic conditions using a laser. The conditions were the following: dry roads, free flow conditions, daylight hours
and good weather conditions. The main goal was to calibrate and validate different operating speed prediction models:
a) one model on tangent segments; b) one model on circular curves; c) only one model to be used at the same time
on tangents and circular curves. The validation process involved almost 10% of the total road network length, that was
removed from the calibration phase. The speed measurements of each of the first two datasets (a, b) were grouped
into ten homogeneous substrates while for the remaining dataset (c) sixteen substrates were defined by using a hard
c-means algorithm. Two statistical criteria were used to remove anomalous operating speed values from each group of
three datasets, namely, the Chauvenet criterion and the Vivatrat method. The first criterion was preferred in the final
process of model selection. The results of the first filtering procedure showed more homogeneous samples that guar-
anteed a higher correlation coefficient and lower residuals of the predictive models during the validation phase than
the Vivatrat method. The models were developed using an Ordinary Least Squares (OLS) method. The explanatory
variables were total segment length, lane width, curvature of the road element, the curvature change rate on homo-
geneous road segments, and the number of residential driveways per km. ANOVA and additional synthetic statistical
parameters were assessed to check the effectiveness of using a single general model to predict operating speeds at the
same time on tangents and on circular curves alike. The results suggested the reliability of this hypothesis and its ef-
fectiveness in bringing advantages during the application phase.

Keywords: operating speed; road; impact; statistical analysis; vehicle.

e TRANSPORT
ISSN 1648-4142/elSSN 1648-3480

2016 Volume 31(2): 260-270
doi:10.3846/16484142.2016.1193054

Introduction and Literature Review

The prediction of human behaviour takes on a key role
in the optimal management of traffic, maintenance and
planning of the best intervention strategy. User behav-
iour is difficult to predict as it is influenced by human,
infrastructural and environmental factors. Studies have
shown that one of the parameters that most influence
safe driving is operating speed, and being able to predict
it is one of the main factors in highway safety assessment
at the design phase. One way to compensate for human
information processing limitations is to design roadway
environments in accordance with driver expectations: a
road designed according to the Rules and, consequently,
according to drivers’ expectations has good alignment
consistency.

The use of operating speeds in lieu of, or in addition
to, design speed has been suggested and implemented in
many countries when dealing with design consistency.
One of the ways in which operating speeds are used in
ensuring design consistency is through the use of speed
profiles. Speed-profile models are used to detect speed
inconsistencies along road alignments. Design inconsist-
encies are identified on the speed profile when there are
large differentials in operating speeds between succes-
sive alignment features (Fitzpatrick et al. 2000).

Geometric design refers to the selection of road-
way elements that include horizontal alignment, verti-
cal alignment, cross section, and the roadside of a high-
way or street. In general terms, good geometric design
means providing the appropriate level of mobility and
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land use access for motorists, cyclists, and pedestrians
while maintaining a high degree of safety. Roadway de-
sign must also be cost effective in today’s fiscally con-
strained environment. The goal is to provide geometric
street designs that ‘look and feel’ like the intended pur-
pose of the roadway. Such an approach produces geo-
metric conditions that should result in operating speeds
consistent with driver expectations and commensurate
with the function of the roadway. It is envisioned that a
complementary relationship would then exist between
design speed, operating speed, and posted speed limits
(Fitzpatrick et al. 2003).

The research presented here explores the effects
produced by the road elements of a two-lane rural road
network (tangent segments, circular curves, total ele-
ment length, mean curvature change rate, travel lanes
plus shoulder length, residential driveways per km, radi-
us of the geometric element) on speed levels, and vehicle
trajectories. The basic aim is to determine if such a re-
lationship exists and, if it exists, what the consequences
on road safety in terms of high operating speed variation
between two successive road elements are. Spiral tran-
sition curves, tangent-to-curve transition sections, and
curve-to-curve transition curves are missing along the
whole length of the two-lane rural roads studied. These
types of roads were built before the current Road De-
sign Standard (Ministero delle Infrastrutture e Dei Tras-
porti 2001) became law. These Rules require the design
and introduction of spiral transition curves along the
horizontal alignment length because they help to pro-
vide a gradual change in the alignment curvature and
also avoid abrupt speed variations while negotiating the
change of curvature.

Passetti and Fambro (1999) investigated whether
spiral transitions can affect the speed at which vehicles
move along horizontal curves on rural two-lane road-
ways. Passenger car free-flow speeds on spiral transi-
tion curves were compared with the speeds of free-flow
passenger cars on circular curves with similar geomet-
ric characteristics. Using regression techniques, it was
concluded that spiral transitions did not significantly af-
fect the 85th percentile speed of drivers on horizontal
curves, and spiral transition curves may affect vehicle
speeds as the curve radius decreases.

Few studies in the scientific literature have dealt
with a complete speed profile for roads without spiral
transition curves (DellAcqua, Russo 2010; Figueroa,
Tarko 2005a, 2005b). Using an iterative process, they
obtained a deceleration/acceleration transition length
divided between the approach/departure tangent to/
from the horizontal circular curve and on the circular
element. They subsequently calibrated predictive speed
models on tangents and curves by removing speed val-
ues falling within the transition portions of the tangents
and circular curves from the database.

Models available in the scientific literature make it
possible to reproduce real driver speed behaviour on the
horizontal alignment in order to carry out safety evalu-
ations (Arndt et al. 2011; Chen, S., Chen, F. 2010) and
road consistency assessments along the whole length
(Boonsiripant et al. 2011; Dell’Acqua et al. 2013).
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Many researchers have dealt with driver speed
behaviour on rural roads to identify all the possible
factors that can be directly linked to safety conditions
during travel (DellAcqua, Russo 2011) and to analyze
changing driver behaviour in relation to rapid evolu-
tionary change in the surrounding environment (T6rok
2011). Promising methodologies that can be employed
to improve roadway safety performance and to choose
the best improvements have been proposed. Designing
highways to influence driver-operating speed effectively
through environmental feedback is a key research field
requiring special attention (Stamatiadis, Hartman 2011).

Speed has been found to have a very large effect
on road safety, probably larger than any other known
risk factor. Speed is a risk factor in all accidents, rang-
ing from the smallest fender-bender to fatal crashes. The
effect of speed is greater in accidents leading to serious
injury and fatal events than in property-damage only ac-
cidents (Elvik et al. 2004; Weiss at al. 2014).

Louah et al. (2009) realized an equation appropri-
ate on circular curves and on independent tangents:
predicted Vg5 values are a function of the curvature
radius as a constraint on the asymptotic value when
the curve radius tends to infinity. In fact, for approach
tangents longer than 500 m, a constant value is given
by the equation with the asymptotic value of 102 km/h.
Complementary fits were then carried out using uncor-
rected data, introducing the year and the speed limit as
explanatory variables.

Castro et al. (2013) developed an operating speed
model for passenger cars on circular curves collect-
ing data on 42 elements of two-lane rural highways in
South-West Spain integrating laser, GPS and GIS sys-
tems. They made a comparison between this model and
several models developed previously in other European
countries.

Morris and Donnell (2014) proposed operating
speed prediction models for passenger cars and trucks
on multilane highways combining horizontal curves and
steep vertical grades. The findings indicate that the radi-
us of horizontal curve and increasing the right shoulder
width appear to have a larger influence. Higher posted
speed limits were associated with higher truck and pas-
senger car operating speeds.

Despite the widespread acceptance and use of
speed limits throughout the world, there has been no
consensus among practitioners concerning the methods
and techniques that should be used to select the most
appropriate speed limit for a particular facility. Statu-
tory limits are based on the concept that uniform cat-
egories of highways can operate safely at certain maxi-
mum speeds under ideal conditions. Most engineering
approaches to speed limit setting are based on the 85th
percentile speed. The typical procedure is to set the
speed limit at or near the 85th percentile speed of free-
flow traffic. Adjustments intended to either increase or
decrease the speed limits may be made depending on in-
frastructure and traffic conditions. Specifically, research
at the time had shown that travelling at or around one
standard deviation above the mean operating speed
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yields the lowest crash risk for drivers. Furthermore,
crash risk increases rapidly for drivers travelling two
standard deviations or more above or below the mean
operating speed. Therefore, the 85th percentile speed
separates acceptable speed behaviour from unsafe speed
behaviour that disproportionately contributes to crash
risk. Variable speed limits are speed limits that change,
using dynamic sign messages, based on road, traffic, and
weather conditions. Variable speed limits offer consider-
able promise in restoring the credibility of speed limits
and improving safety by restricting speeds under adverse
conditions. Variable speed limit systems may use sensors
to monitor prevailing traffic and/or weather conditions,
and input from transportation professionals and law
enforcement in posting appropriate enforceable speed
limits on dynamic message signs (Forbes et al. 2012).

1. Data Collection

This study is a continuation of a 2010-2011 (Dell’Acqua,
Russo 2010, 2011) research project that developed pro-
cedures to predict speed factors for horizontal curves
and tangents on low-volume roads reproducing real
driver speed behaviour at each section of the horizontal
alignment with geometric variables and non-geometric
variables.

A total of 184 km of two-lane rural road network in
Southern Italy was involved and investigated in the re-
search project here presented: 509 speed measurements
were collected, 42% of which were on tangents (total
of 212 investigated road sections) and 58% on circular
curves (total of 297 investigated road sections). A total
of almost 7090 hours of speed data were collected in 3
years. As will be explained at the next point in the man-
uscript, an accurate procedure has been implemented to
define transition zones at each circular curve, available in
the scientific literature (Figueroa, Tarko 2005a, 2005b).
This methodology has made it possible to identify por-
tions of circular curves and near tangents perceived as
transitions approaching or leaving the curve. Speed data
collection was carried out using laser detectors in spe-
cific environmental and traffic conditions where drivers
can reach best driving performance (DellAcqua 2015):
i.e., dry roads, free flow conditions, daylight hours, and
good weather conditions. Time headways of 5s or more
were used to identify free-flow vehicles (Figueroa, Tarko
2005b). The average number of speed observations made
was 300, with at least 100 observations in free flow con-
ditions at each spot. Laser detectors were hidden from
the view of drivers and placed on a tripod beside the
road for two to three hours. The detector emitted and
received a pair of laser beams and it recorded the time,
instantaneous vehicle speed, vehicle length and both
travelling directions for each vehicle.

The laser detector was placed on the beginning
section, middle section and end section of each tangent
segment and circular curve. Driver speed behaviour
approaching the curve and leaving the curve has been
carefully examined in previous research by the authors
(Dell’Acqua, Russo 2010): the number of sections sur-

veyed was increased from the beginning and end section
of each curve. The first change was from 30 to 50 m, the
second from 80 to 120 m and the third change from 140
to 200 m. Motorcycles and trucks were eliminated from
the database because the main goal is to calibrate oper-
ating speed prediction models on tangents and circular
curves for the highest percentage of the traffic compo-
nent of the average annual daily traffic. At least 100 free
flow speeds were measured at each site. The rural roads
examined in this manuscript are located on flat terrain
with a vertical grade of less than 5%. Roadway grades
have a different effect on vehicle speeds, depending on
vehicle and roadway characteristics. For example, pas-
senger cars can generally negotiate gradients of 5% or
less without considerable reductions in vehicle speeds,
while heavy-duty trucks are affected significantly by gra-
dients because of their inferior operating capability. The
collected vertical grades for the Italian case study make
it possible to disregard the effect of the vertical grade on
the operating speed value for only the passenger cars.

Vertical grades and increasing lane width appeared
to have a more significant influence on truck operating
speeds than on passenger car speeds (Morris, Donnell
2014). Some guidelines are available in the scientific lit-
erature where the effect of grade on vehicle performance
and a list of road types which would be suitable for these
grades are shown in Table 1 (DTMR 2015).

Other research works have shown how the maxi-
mum road grades are determined by vehicle perfor-
mance, particularly heavy vehicles, and level of service
criteria. On high-speed roads, grades of up to 3% provide
road users with a good level of service, and minimise the
adverse effects of speed variance between different types
of vehicle. On roads with more modest operating speeds,
grades of up to about 6% do not usually cause noticeable
problems with speed variance. Grades steeper than 10%
often cause speed variance problems. The main problem
is the very slow uphill speeds of heavy vehicles, but there
is also the potential for high downhill speeds on steep
grades and the safety problems associated with these
(NZ Transport Agency 2000).

The calibration network involved 172 km of the to-
tal, while the remainder was used to validate the mod-
els. Speed observations on curves with a radius greater
than 500 m were included in the same database because
driver behaviour is very similar to that adopted on the
tangents analysed in terms of acceleration and decelera-
tion motions leaving and approaching the circular curve
(Dell’Acqua, Russo 2010). The experimental analysis
proved that curves with a radius greater than 500 m
were not binding elements of the horizontal alignment
or restrictive for high driving performance because the
resulting deceleration rate approaching the curve and/
or acceleration rates leaving the curve were less than
0.1 m/s%.

On tangent segments, calculated operating speeds
vary from 35 to 110 km/h with a mean value of 79 km/h.
The mean roadway width (travel lanes plus shoulders)
is 7.51 m. Tangents have a minimum length of 22 m
and a maximum length of 2.6 km. On circular curves,
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Table 1. Effect of grade on vehicle type (DTMR 2015)
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Reduction in vehicle speed as compared to flat grade
Grade Uphill Downbhill Road type suitability
Light vehicle | Heavy vehicle Light vehicle Heavy vehicle
0-3 | Minimal Minimal Minimal Minimal For use on all roads
- Some reduction on |, . . . For use on low-moderate speed roads (incl.
3-6 | Minimal high speed roads Minimal Minimal high roads traffic volume roads)
Minimal for straight . . .
Largely alignment; For use on roads in mountainous terrain;
6-9 Significantly slower | Minimal L Usually need to provide auxiliary lanes if
unaffected Substantial for .
L . high traffic volumes
winding alignment
Significantly . Need to provide auxiliary lanes for
slower for straight -
. moderate - high traffic volumes;
9-12 | Slower Much slower Slower alignment; . . e
Need to consider run-away vehicle facilities if
Much slower for ) e
o . the number of commercial vehicles is high
winding alignment
10-15 km/h | 15% max 10-15 km/h Satisfactory on low volume roads (very few
12-15 . Extremely slow . .
slower negotiable slower or no commercial vehicles)
. . Only to be used in extreme cases and should
15-33 | Very slow Not negotiable Very slow Not negotiable be short in length (no commercial vehicles)

calculated operating speeds vary from 20 to 112 km/h
with a mean value of 63 km/h. A careful analysis showed
that on tangent lengths greater than 1 km the operating
speed value adjusts to an asymptotic value of 110 km/h
while on circular curves with a radius of less than 60 m
the operating speed value adjusts to asymptotic value
equal to 44 km/h; therefore, these study sites were not
taken into account in calibrating operating speed predic-
tion models like the points on the transition zones.

Table 2 shows the descriptive statistics of the mean
features observed on the investigated road network.

The variables in Table 2 are as follows: L is the total
element length; W is the travel lanes plus shoulders; RES
is the number of residential drive-ways per km; R is the
radius of the geometric element; 1/R is the curvature of
the geometric element; CCR is the sum of the absolute
values of angular changes on the horizontal alignment
divided by the total length of the road section; CCR, is
the curvature change rate of the single circular curve
with transition curves (Wolhuter 2015) equal to 63700/R
without transition curves.

The curvature change rate is a variable that reflects
the mean tortuosity of the horizontal alignment of a geo-
metric road. Manuscripts are available in the literature
where CCR is used to divide the sample into homogene-
ous segments, investigate the road consistency (Fitzpat-

rick et al. 2000), as well as one of several explanatory
variables to calibrate operating speed prediction models
on tangents and circular curves (TRB 2011). In order to
identify homogenous segments, we referred to indica-
tions of the German standard (RAS-1:1995).

A diagram is plotted: on the x-axis there is the road
distance expressed in km, and on the y-axis there is the
cumulative of the absolute value of the angular changes.
The slope of each fitting line with the highest coeflicient
of determination calculated using the Ordinary Least
Squares (OLS) method shows the curvature change rate
of a homogeneous road segment. No more than three
homogeneous road segments were identified on the in-
vestigated rural roads.

2. Data Analysis

During the study carried out in 2010 (Dell’Acqua, Russo
2010) Vys profiles were designed for two travel direc-
tions for all selected roadways, and a careful analysis was
carried out to identify the real transition zone occupied
by drivers to decelerate on approaching a curve and to
accelerate on leaving the curve for each circular element.
The study confirmed that two-lane rural roads without
spiral transition curves between tangent and circular
curves as well as between circular curve and circular

Table 2. Descriptive statistics of the mean road features

L[km] | CCR [gon/km] CCR, [gon/km] W [m] | RES [access/km] | R [m] % [m]
Min value 0.03 9.60 0.004 5.23 0 15 0
Mean value 0.23 198.81 403.70 8.38 34 442.69 0.004
Max value 2.03 662.66 4246.7 9.95 239 5000 0.07
Std. Dev. 0.28 176.55 489.59 1.03 51.93 657.35 0.007
C.V. 1.22 0.88 1.21 0.12 1.55 1.48 1.75
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curve have transition zones that can enclose a portion
of a circular horizontal curve and near tangent. It has
been assessed how the mean value of the deceleration
transition length L is 115 metres and the mean value of
the acceleration transition length is 130 m. In particu-
lar L; is divided thus: 60% on the approach tangent at
the horizontal curve from the beginning section of the
circular curve and 40% on the circular element, while
L, is divided as follows: 51% on the departure tangent
from the end section of the circular curve and 49% on
the circular curve. In particular, it has been observed
that the mean deceleration rate used by drivers entering
circular elements, is equal to 0.70 m/s> and the mean
acceleration rate is equal to 0.68 m/s? and is adopted by
drivers coming off the curves. Therefore, once the de-
celeration transition length and acceleration transition
length for each circular curve have been measured on
the basis of the results of the previous work, assuming a
uniform motion along the transition distance, the tran-
sition segments are identified at each circular element,
and operating speed prediction models on tangents and
horizontal curves are calibrated using the remainder of
the collected speed values. The potential geometric el-
ements used to study driver speed behaviour were 80
tangent segments, 40 circular elements and 70 tangent-
curve-tangent transitions identified during the study of
deceleration and acceleration actions. As a result of the
transitions identified at each circular curve: a) 141 sec-
tions over a total of 297 placed on the circular curves
fell within the identified transition zones (156 speed sec-
tions belonged to real circular curves without transition
length), and b) 53 sections over a total of 212 placed on
the tangent segments fell within the identified transition
zones (159 speed sections belonged to real tangent seg-
ments without transition length).

The main goal was to calibrate and validate differ-
ent operating speed prediction models for the safety
management: a) one model on tangent segments, b) one
model on circular curves, and c) only one model to be
used at the same time on tangents and circular curves.
Before moving to the calibration phase, the Pearson’s
correlation index that expresses the linearity between
the covariance of two variables and the product of their
respective standard deviations, was estimated. The most
significant variables for the Vs are in bold type in Table 3.

The speed measurements of each first two datasets
(a, b) were grouped into ten homogeneous substrates
while for the remaining dataset (c), sixteen substrates
were defined by using a hard C-means algorithm. Clus-
tering is basically considered as the classification of simi-
lar objects or, in other words, it is the precise partitioning
of datasets into clusters so that the data in each cluster
share some common trait. The hierarchical, partitioning
and mixture model methods are the three major types
of clustering processes applied for organising data. The
choice to apply a particular method generally depends
on the type of output desired, the known performance
of the method with a particular type of data, the avail-
able hardware and software facilities, and the size of the
dataset (Rao, Vidyavathi 2010).

k-means or hard c-means clustering is basically a
partitioning method applied to analyse data, and treats
observations of the data as objects based on locations
and the distance between various input data points. It
partitions the objects into mutually exclusive clusters (K)
in such a fashion that objects within each cluster remain
as close as possible to each other but as far as possible
from objects in other clusters. Each cluster is character-
ized by its centre point i.e. the centroid (Ghosh, Dubey
2013).

A cluster analysis was carried out before moving to
the calibration phase of the operating speed prediction
models for assembling different objects into groups in
such a way that the degree of association between two
objects is at its maximum when belonging to the same
group, and minimum otherwise. By following this pro-
cedure, the cluster is treated as the sampling unit so the
analysis can be carried out on a population of clusters.
The main objective is to reduce the scattering of meas-
ures, focusing on the mean value of the cluster by in-
creasing sampling efficiency. Many authors such as Azi-
mi, Zhang (2010) and Prassas et al. (1996) implemented
cluster analysis to examine traffic data.

After several iterations to maximize the reliability
and effectiveness of the prediction models, and reflecting
the results in Table 2, the variables used to cluster road
sections using a hard c-means algorithm falling within
tangents and circular curves, as well as sections on tan-
gents and on circular curves, were joined to calibrate

Table 3. Pearson’s correlation coefficient

CCR [gon/km] CCR, [gon/km] W [m] RES [access/km] L [km] R [m] % [m]
Tangent elements
-0.6606 -0.0606 0.4143 -0.1377 0.6247
Vs [km/h] n.a n.a.
p=0.000 p=0313 p=0.000 p=0.000 p=0.015
Circular curves
Vs [ken/h] -0.6391 -0.5005 0.4084 -0.1452 0.1372 0.5010 -0.6145
p=0.000 p=0.000 p=0.000 p=0.057 p=0.069 | p=0.000 | p=0.000
Tangent elements + circular curves
Vs [ken/h] -0.6447 -0.4476 0.3679 -0.0968 0.4005 0.0462 -0.3138
p=0.000 p=0.000 p=0.320 p=0.053 p=0.000 | p=0309 | p=0.000
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one single model, and were (a) for the tangents only Vg
and the CCR, while Vg5, CCR, and 2 were used for

the remaining two datasets (b, c). Ten final clusters were
obtained only for the speed measurements falling within
both tangent segments and circular curves, while a final
number of sixteen clusters were built for all datasets.

Figure shows the process adopted to develop the
operating speed models.

For each cluster, two filtering criteria (the Chau-
venet criterion and the Vivatrat method) were then ap-
plied to remove anomalous data before moving on to
the calibration phase of the predicted operating speed
models. As part of the literature review, a number of
statistical anomaly detection approaches were developed
to identify anomalous data (Kasunic et al. 2011) includ-
ing statistical control chart techniques (3-sigma outlier,
moving range, SPI/CPI outlier), Grubbs, Rosner, and
Dixon tests, and Tukey box plots.

A comparative approach was adopted in order to
filter the operating speed values at each investigated road
section for each defined cluster by using two different
criteria aiming to check the reliability of the techniques
and if no huge differences exist, to identify and remove
anomalous speed points. The results, as will be shown
later, confirmed that small differences exist in terms of
the number and value of the removed anomalous speed
values. This confirms the consistency of filtering tech-
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niques and an irrelevant error in the model calibration
by removing a few data from the sample to optimize the
statistical reliability of the models. No more than 5% of
the total operating speed values were removed.

Although the number of the anomalous speed val-
ues at each cluster was small and no huge difference was
observed by using two different filtering techniques, sta-
tistical tools helped to identify the best dataset during
the calibration and validation phase. The coefficient of
determination of the models, the significance level of the
explanatory variables, the performance diagrams, and
the outcomes of the validation procedure based on the
residuals’ analysis, as well as ANOVA, helped to identify
the more suitable models from among those calibrated.

The Chauvenet criterion is based on the Eq. (1) as
follows:

vi,clusterj - Vmean,clusterj
P|V> =
c
d d 1
1—erf| — |=1-P| — |=—, (1)
c c 2-n
where: v; ., denotes operating speed value at the i-th

site belongingto cluster j-th; Vinean.cluster, d€NOtEs mean
value of the operating speeds belonging to cluster j-th;
d denotes distance between Vicluster, and Vimean,cluster, at
each cluster j-th; n denotes number of operating speed

values at each cluster j-th; erf () denotes error function.

SAMPLE SIZE
(567 operating speed
measurements)

)

Calibration phase
(172 km)

)

Validation phase (17 km)
involving different road
network from that used
during calibration phase

i

o

Dataset involving
only tangent segments
(280 speed measurements)

Dataset involving
only circular curves
(206 speed measurements)

Dataset involving
both tangents and
circular curves
(448 speed measurements)

X

Investigating the application of a single
model on tangents and circular curves
instead of two distinct models

Filtering anomalous speed values:

Chauvenet criterion
and Vivatrat method

X

ANOVA and residuals analysis
to check effectiveness of the results

(

i

—~

Operating speed model
for only tangent segments (involving
speed values both from
Chauvenet criterion and Vivatrat method)

N S

Operating speed model for
only circular curves

X

(involving speed values both from
Chauvenet criterion and Vixatrat method)

—

Only one operating speed
model applicable at the same time
on tangents and on circular curv es
(involving speed values both from
Chauvenet criterion and Vivatrat method)

N S

Assessment of statistical parameters
to select the model that best fits data

(

Fig. The data collection and analysis process
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This criterion first postulates the normal distribu-
tion of errors with a standard deviation o, and then
states that if erf () returns the probability that v

z,clusterj

of less than —, each
2-n

point v; y,.,. is not rejected if the corresponding dis-

tance from the mean is less than d* (Foti, Gianino 1999).

Table 4 shows that v; ;.. belongs to the 7-th clus-

ter of the tangent only segments and the distance from

the relative v

keeps a distance from Vimean,cluster,

mean,clusterj .

Table 4. Excerpt of the Chauvenet application to elements
of a cluster of tangent segments

vi,clusterj abS(d) = Vi,clusterj - Vmean,cluster)- an/h]
74 2.00 accept
74 2.00 accept
92.04 16.04 reject
79 3.00 accept
77 1.00 accept
68 8.00 accept
73.33 2.67 accept
84 8.00 accept
76 0.00 accept
68 8.00 accept
75 1.00 accept
68 8.00 accept
67 9.00 accept
77.33 1.33 accept
83 7.00 accept
75 1.00 accept
80 4.00 accept
77.33 1.33 accept

From the tables of the normal two-tailed standard
distribution, it is known that:

L sl 001395 222220,
2-n 2 4-n

From Eq. (1), it can be observed that:
e=d i =2.6=220-423=931km/h.
c
With regard to the example shown above, the third
operating speed value is anomalous and was rejected.
The Vivatrat method (Vivatrat 1978) is widely used
in geotechnical engineering. The method is based on
estimates of a value range that can be considered fluc-
tuations of the ‘regular’ measurements compared with
values estimated as ‘abnormal’ This procedure can be
summarized as follows:
- divide the speed measurements for each subset
(a, b, ¢) into homogeneous substrates (clusters)
by using the explanatory variables defined above;

- order the measurements for each cluster in in-
creasing calculated Vs values;

- determine the mean and standard deviation of
operating speed distribution for each substrate
(cluster);

— determine ‘representative dispersion’ S, for each
cluster defined as the minimum value among the
following expressions:

1
S, :E'(Si+l+sz‘);
1
SY:E-(SI._1+S,-);

1
S, :E'(Sm +S14) )

where: S;_;, S;and S,, | are the standard deviations
for (i-1)-th cluster of the dataset (a, b, ¢), i clus-
ter, and (i+1)-th cluster, respectively;
— for each cluster, the measurements outside the
range W; + A-S, will be removed where y; is the
mean of the measures belonging to each cluster i;
S, is the standard deviation and A is a coefficient
that defines the amplitude of the semi-interval
considered acceptable for the values assumed by
the measures. The values of parameter A must
come between 0.5 < A < 2.5.
Table 5 shows the results from the Chauvenet and
Vivatrat criteria for each cluster of the three datasets.
Moving to the calibration phase, the models were
created using an iterative process by applying the OLS
method with non-linear multiple regression, according
to the Gauss—-Newton algorithm, based on expansion in
a Taylor series of the proposed function (TRB 2011).
Table 6 shows a summary of the calibrated oper-
ating speed models. The outputs of the Chauvenet cri-
terion were preferred due to the number of significant
variables introduced, the higher value for p? and the
lower residuals during the validation phase. Eq. (4) was
selected to estimate the operating speed on tangent ele-
ments, Eq. (6) for circular curves and Eq. (11) for tan-
gent elements + circular curves.

3. Results

The three models that best fit the operating speed data-
sets were validated on geometric elements not included
in the calibration phase by estimating three synthetic
statistical parameters as shown in Table 7.

The procedure focuses on the residuals analysis
equal to the value of the difference measured between
the predicted operating speed value using the model and
the real value of the operating speed surveyed on the
same roadway segment (Hauer et al. 2004).

Finally, a variance analysis (ANOVA) was carried
out to ascertain whether the last equation can replace
the first two models for predicting operating speed on
tangent elements and circular curves.
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Table 5. Results from two filtering criteria
Chauvenet criterion Vivatrat method
Clustel.r sample Befqre 1 d Sample size | V, Sample size | V,
size filtering | — ‘. p 85 final S, S S S p 85 final
2-n c after filtering | [km/h] ! 1 2 3 | after filtering | [km/h]
Tangent segments
1 34 0.015 | 2.43 34 67 10.21 | 871 | 10.21 | 9.46 27 77
2 11 0.045 | 1.99 11 57 7.21 7.13 7.97 7.87 8 57
3 32 0.016 | 2.42 32 72 7.03 6.94 7.08 6.99 26 73
4 16 0.031 | 2.15 16 61 6.85 6.32 6.89 6.37 11 61
5 55 0.009 | 2.61 55 102 580 | 591 6.06 | 6.17 42 102
6 47 0.011 | 2.55 46 83 6.01 6.45 | 596 | 6.39 42 83
7 18 0.028 | 2.20 17 76 6.88 | 6.70 | 642 | 6.24 16 74
8 8 0.063 | 1.85 8 49 6.51 5.85 6.38 5.71 5 49
9 51 0.010 | 2.58 50 93 5.18 7.24 5.44 7.50 45 93
10 8 0.063 | 1.85 8 50 9.30 9.30 7.37 8.33 5 50
Circular curves
1 25 0.020 | 2.33 25 76 11.44 | 15.76 | 11.44 | 13.60 19 77
2 10 0.050 | 1.96 10 46 20.07 | 15.92 | 15.76 | 11.60 9 46
3 9 0.056 | 1.95 9 60 11.76 | 10.73 | 11.68 | 10.65 7 61
4 18 0.028 | 2.20 18 61 9.70 9.65 | 10.17 | 10.13 14 61
5 24 0.021 | 2.31 24 53 9.61 | 12.87 | 9.63 | 12.89 17 54
6 21 0.024 | 2.26 21 61 16.12 | 14.03 | 12.88 | 10.79 17 57
7 28 0.018 | 2.37 28 82 11.94 | 12.58 | 11.37 | 12.01 21 81
8 34 0.015 | 2.435 34 92 13.22 | 13.22 | 12.29 | 12.30 22 91
9 19 0.026 | 2.22 19 98 13.22 | 12.96 | 12.76 | 12.49 18 98
10 18 0.028 | 2.20 18 45 12.69 | 12.70 | 12.59 | 12.64 13 43
Tangent segments + Circular curves

1 39 0.013 | 249 39 85 14.60 | 16.19 | 14.60 | 15.40 35 84
2 40 0.013 | 2.54 35 85 17.79 | 12.34 | 16.19 | 10.75 34 84
3 41 0.012 | 2.46 41 101 6.90 | 11.08 | 8.82 | 13.00 36 100
4 40 0.013 | 2.54 36 96 1525 | 1449 | 12.04 | 11.28 35 95
5 41 0.012 | 2.46 41 85 13.73 | 12.59 | 12.50 | 11.37 32 81
6 40 0.013 | 2.54 40 87 11.45 | 11.50 | 11.41 | 11.46 34 84
7 40 0.013 | 2.54 39 83 11.55 | 15.69 | 11.48 | 15.61 36 84
8 40 0.013 | 2.54 34 80 19.82 | 15.34 | 15.65 | 11.17 35 79
9 39 0.013 | 2.49 38 63 10.85 | 12.74 | 11.01 | 12.89 35 63
10 12 0.042 | 2.05 12 49 14.62 | 11.35| 12.81 | 9.55 8 55
11 12 0.042 | 2.05 12 54 8.08 | 10.08 | 8.82 | 10.81 5 55
12 12 0.042 | 2.05 12 54 12.07 | 11.49 | 10.44 | 9.86 8 55
13 14 0.036 | 2.10 14 51 1091 | 949 | 10.39 | 8.97 10 54
14 13 0.038 | 2.07 13 60 8.067 | 11.26 | 852 | 11.71 11 60
15 13 0.038 | 2.07 11 55 14.45 | 13.43 | 11.48 | 10.46 11 55
16 12 0.042 | 2.05 12 47 1241 | 12.41 | 11.43 | 11.92 8 41




268 E Russo et al. Operating speed as a key factor in studying the driver behaviour in a rural context

Table 6. Summary of the operating speed models calibrated

Filtering criteria Equation | p

Tangent segments

Chauvenet criterion Vgs =75.25+9.15~log(L)+exp(0.36-W) (3) 0.68
Chauvenet criterion | Vg5 =96.60+0.0007 - exp(W)—0.05- CCR+4.28-log(L)—0.53- RES (4) 0.70
Vivatrat method Vg5 =76-0.06-CCR+2.07-W (5) 0.66
Circular curves
17
Chauvenet criterion | Vg =11.77-W —882.1- (EJ (6) 0.99
17
Chauvenet criterion | Vg5 =103.5-exp(L)—1462.33- (Ej (7) 0.92
1
Vivatrat method Vs =114.75—7036.54~E (8) 0.92
Tangent segments + Circular curves
Chauvenet criterion | Vg; =103.96+5.32-log(L)—-0.061-CCR 9) 0.86
Chauvenet criterion | Vg; =88.62+9.30-log(L)+0.18-W> (10) 0.88
1
Chauvenet criterion Vgs :104.59+3.99-10g(L)—0.07~CCR—1670-E (11) 0.89
1
Vivatrat method VSS =97.76—0.07-CCR—1888.37-E (12) 0.85

Table 7. Parameters obtained from the validation procedure

n
» | MAD (Mean Absolute Deviation) Z| D-|
2 | D, denotes difference between predicted and observed operating speed ~!
o} i . MAD=i1__ (13)
E |values; n denotes number of study sites "
s
= 2
g - 2o
= | MSD (Mean Squared Deviation) =
2 MSD=4zL (14)
S n
Q
3 I= MSE (15)
= | I (coefficient of variation) 1
(,>f ZVi,SS_predicted n
1=i
g Tangent segments
S| Ves=96.60+0.0007-exp(W)—0.05-CCR+4.28-log(L)—0.53- RES MAD=7 MSD=7377 | I=0.10
g
2 Circular curves
ol w
b 1)
§“§ V85:11.77-W882.1-(Ej MAD=8 | MSD=10046 | I=0.14
joto]
g
= Tangent elements + Circular curves
—
L
1
& | Vi :104.59+3.99'log(L)—0.07-CCR—1670~E MAD=7 MSD=75.02 | I=0.02

Table 8. ANOVA results

Equation F calculated Percentile of F statistic variable Null hvpothesis
q by Eq. (16) at significant level of 5% P
(4) 0.068 3.84 HO: VSS,i_eq. 11 on tangent = V85,i_eq. 45 not rejeCted

(6) 0.00003 3.84 Hy: VSS,i_eq. 11 on circ. curves — V85,i_eq, 6> not rejected
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One-way ANOVA with F-test statistics was applied
as indicated in Eq. (16):

X (7, -7)
Y S S (16)
(1)

n—k

where }71 denotes the sample mean in the i-th dataset;
n; is the number of observations in the i-th dataset;
Y denotes the overall mean of the data; k denotes the
number of datasets; l?l is the j-th value in the i-th out
of K datasets (3 datasets exist but the comparison has
been carried out in pairs); n is the overall sample size
(see the results in the Table 5 after the filtering phase for
each).

The ANOVA results shown in Table 8 confirm that
the last equation (Eq. (11)) predicts comparable operat-
ing speed values of Eq. (6) on circular curves and com-
parable operating speed values on tangents of Eq. (4).

Conclusions

The research aims to create a procedure to identify
unsafe road segments on a rural road network as well
as potential countermeasures in order to improve the
safety management process according to the Directive
2008/96/EC. The Vys profiles can be used to develop
safety studies of existing two-lane rural roads.

By assessing the real difference between the operat-
ing speed value using models and the design speed value
according to Italian standards, it becomes possible to
plan measures to improve the roadway conditions oper-
ating on some introduced explanatory factors reducing
the gap between two values of speeds.

The number of possible strategies of which we can
control the phenomenon and outcomes according to our
results is equal to the number of explanatory variables
employed in the model. It is not possible to consider
working on an explanatory variable to reduce hazardous
conditions on the road network without also consider-
ing how this variation might affect the influence of the
remaining explanatory variables on operating speed and,
consequently, on the predictive model. For example, ac-
cording to Eq. (11), it is possible to reduce Vg5 without
changing CCR and curvature by reducing the length. In
the same way, it was observed that a reduction of the
CCR and the curvature, with a fixed value for the length
of the roadway segment is associated to a higher Vi
value.
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