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Abstract. Speed has been identified for a long time as a key risk factor in road traffic. Inappropriate speeds contribute
to a relevant part of road crashes, and then to the mortality and disabilities resulting from them. Starting from this
consideration this paper investigates road safety by analysing operating speed, which is the 85th percentile speed. Par-
ticularly, two regression models are proposed to predict operating speeds for different road elements related to specific
road conditions. The case study is represented by a two-lane rural highway. Smartphone-equipped vehicles were used
to evaluate the operating speed for each element of the analysed road segment. Continuous speed data were recorded
by the vehicles driven by users with different driving behaviours. Since the lack of safety is often linked to an inconsist-
ency roadway geometric design, we effected a preliminary quantitative design consistency evaluation that confirmed
the need of having accurate experimental measures of operating speed or appropriate models for predicting it. We pro-
pose two types of operating speed models: one for estimating speed profiles for horizontal curves, and the other one for
tangents. According to both models, operating speed is predicted by the combination of an independent variable repre-
senting a geometric characteristic (curve radius for the curves and length for the tangent elements) and an independent
variable relating to the speed, and specifically the operating speed of the previous road element. The models show a
good predictive capability, and can be considered as a useful tool for operators and technicians for road management.

Keywords: road safety; design consistency evaluation; safety criteria; design speed; operating speed; experimental
models.

Introduction pavement (only 15% of the drivers exceeds the meas-
ured speed). Many researchers agree with considering
this speed as a truer measure of the behaviour actually
required by drivers (Camacho-Torregrosa et al. 2013).
Other authors retain that the lack of speed consistency
in the road section is reflected also by the large amount
of speed differential in the operating speed between the

two successive elements along a road (Park, Saccomanno

Speed is a key factor in road safety, influencing both the
risk of road accidents as well as the severity of the in-
juries that result from crashes. Inappropriate speeds are
responsible for a high proportion of the mortality and
disabilities that result from road crashes (OECD 2006).
In many cases, geometric road elements (curve and tan-
gent), defined as a function of the design speed, are not

in accordance with drivers expectancy, and consequently
with their driving behaviour (FHWA 1986).

Road design consistency, that studies the road ge-
ometry’s conformance with driver expectancy, is gain-
ing an important role in road design (FHWA 2000a; Ng,
Sayed 2004; Garach Morcillo et al. 2014). Nowadays, the
main criteria to evaluate the design speed are based on
operating speed, often determined as the 85th percentile
speed of a sample of vehicles (Sowmya et al. 2012). Op-
erating speed is the speed under which 85% of vehicles
operate under free-flow condition on clean and dry road

2006). The knowledge and management of the operating
speeds seem to be a crucial point to enhance road safety
conditions, because it allows the alignment of the road
to be tested as a function of the potential heterogene-
ity in drivers’ behaviour, as well as to highlight safety
issues in the existing roads test of safety conditions
(Atashafrazeh, Yadollahi 2013).

The best estimate of the operating speed is obtained
by performing speed measurements on the road. If it
is not possible, then operating speed prediction models
may be used to estimate the operating speed as a func-
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tion of road geometric characteristics (e.g. curve radius,
degree of curvature, curvature change rate). An exhaus-
tive review of the operating speed prediction models has
been proposed by the FHWA (2000b) and by Ng (2002),
and more recently by Atashafrazeh and Yadollahi (2013).
Recent studies introduce more complex operating speed
models, as reported in Pratico and Giunta (2012).

Models reported in the scientific literature are gen-
erally useful for analysing operating speed but only for
specific sites. For this reason, in this paper, two regres-
sion models for predicting operating speeds for differ-
ent road elements related to specific road conditions
are developed. Being the lack of safety often referred to
an inconsistency roadway geometric design, we made
a preliminary quantitative design consistency evalua-
tion. Speed profiles were obtained from smartphone-
equipped vehicles used to evaluate the operating speed
of the elements of a road segment of a two-lane rural
highway.

After this brief introduction, in the following we
firstly describe the case study and the data gathered to
support this research; afterwards we show the design
consistency evaluation of the road layout in order to
verify the need to have experimental measures of the
operating speeds and/or reliable models that allow their
prediction. Then, experimental models are introduced,
and finally we report brief conclusive observations about
the work.

1. Case Study: Data Gathered

The survey interested a part of the Italian National Road
No 106 ‘Jonica’ (SS106). The SS106 is a two-lane rural
highways connecting Apulia with Calabrian regions be-
tween Taranto and Reggio Calabria (Fig. 1).

Fig. 1. The SS106 analysed segment
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SS106 is an eighty-year-old road, 491 km long; it is
annually interested by a large number of accident and
so it was named ‘death road’ As reported by the Italian
Institute for the statistical analysis (ACI 2010), in 2009
SS106 was the Italian road with the highest death rate
(0.46 dead persons per km).

The analysed road segment is 10 km long; it is an
interurban almost flat road with a maximum longitudi-
nal grade equal to +4%.

The road segment is a two-way road with one lane
for each travel direction; each lane is 3.5 metres wide. It
is lacking in lighting and, although the road is far from
significant urban areas, there are junctions and private
accesses not detected or inadequately detected along
the route. From a planimetric point-of-view the path
presents a very discontinuous pattern, with radii of cur-
vature between 120 and 520 metres and very tortuous
path, especially in the southern part.

The analyzed road segment consists of 29 elements:
15 tangents and 14 curves. Each element was character-
ised by length (L), curve radius (R), degree of curvature
(DC) (that is the angle at the centre point of the cir-
cular curve, expressed in degrees, corresponding to an
arc length of 100 metres), curvature change rate (CCR)
(that is the angular variation in the travel direction, ex-
pressed both in degrees or grades per km), longitudi-
nal grade from South to North direction (Gg_y), lon-
gitudinal grade from North to South direction (Gy_g),
design speed (V) (Table 1). Design speed values were
calculated by using the formulation proposed by Italian
National Research Council (CNR 2002) as a function of
the curve radius and by considering the physical laws
that govern a vehicle’s motion with respect to the road
geometric characteristics.

The analysed road segment was repeatedly run in
order to collect the instantaneous speed values along
the pattern. To this aim, vehicles equipped with a GPS-
embedded smartphone were used; a specific app allowed
the speed values to be recorded, by adopting a frequency
of 1 Hz, together with the instantaneous vehicle position
(latitude and longitude). The modern GPS receivers are
able to calculate speed values by means of algorithms
based on Doppler (Kaplan, Hegarty 2005), that is on the
measurement of the frequency variation of the waves
emitted by a source and perceived by an observer, when
source and observer are in relative motion.

Instantaneous vehicle speed data were acquired by
27 drivers that covered the segment test both in north-
bound and southbound direction (Pungillo 2013).

Data were reported on GIS in order to locate the
surveyed points included in each homogenous segment
(curve or tangent). Starting from these data, we can cal-
culate the operating speeds, which is the 85th percentile
speeds of the sampled drivers for each road element.
Operating speeds were calculated for each direction
(North-South direction, from Squillace to Soverato, and
South-North direction, from Soverato to Squillace), and
also by considering the speed values surveyed in both
directions. Table 1 shows the geometric characteristics of
the road elements together with the values of the design
speeds and the operating speeds.
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Table 1. Characteristics of the road elements
D Road = /0 v R m] bC CCR Gns Gon Ve Vesv-s)  Vsss-n) Vs
element [deg/100 m] [deg/km] [%] [%]  [km/h]  [km/h] [km/h] [km/h]
0 Tangent 1079 1 -1 100 76.09 84.70 77.97
1 Curve 480 422 13.58 150.95 1 -1 97.14 81.32 81.22 81.22
2 Tangent 397 3 -3 100 80.49 79.52 80.34
3 Curve 69 430 13.33 148.14 4 -4 97.84 76.88 - 76.88
4 Tangent 201 4 -4 100 - 55.26 55.26
5 Curve 122 192 29.86 331.77 4 -4 71.84 64.43 54.80 59.75
6 Tangent 58 0 100 66.39 48.94 57.07
7 Curve 118 386 14.85 165.03 -3 3 93.88 63.24 51.03 60.65
8 Tangent 55 -3 3 100 70.91 59.69 64.60
9 Curve 118 120 47.77 580.83 4 -4 59.72 73.77 62.79 66.71
10 Tangent 344 4 -4 100 79.46 79.06 79.36
11 Curve 352 356 16.10 178.93 4 -4 91.03 75.78 83.90 77.98
12 Tangent 145 2 -2 100 75.34 87.27 77.34
13 Curve 143 320 17.91 199.06 3 -3 87.40 78.01 92.49 83.96
14 Tangent 299 2 -2 100 78.54 98.73 87.88
15 Curve 429 410 13.98 155.37 -3 3 96.07 78.49 88.84 84.01
16 Tangent 242 -4 4 100 91.21 86.31 89.83
17 Curve 513 380 15.08 167.63 -4 4 93.32 88.83 83.61 85.66
18 Tangent 288 -3 3 100 89.55 87.78 89.55
19 Curve 370 270 21.23 235.93 -3 3 81.91 90.11 104.86 95.05
20 Tangent 331 -1 1 100 94.16 110.08 96.59
21 Curve 270 435 13.17 146.44 -1 1 98.27 98.79 116.64 103.31
22 Tangent 333 -2 2 100 100.55 121.34 107.79
23 Curve 118 520 11.02 122.50 -3 3 100 106.23 121.56 108.90
24 Tangent 687 -2 2 100 113.82 120.92 114.49
25 Curve 120 480 11.94 132.71 -2 2 100 118.62 109.00 109.52
26 Tangent 573 1 1 100 119.08 109.27 110.58
27 Curve 190 510 11.24 124.90 1 1 100 118.81 106.73 109.22
28 Tangent 1177 0 0 100 102.15 99.45 99.76

Notes: L - length; R - radius; DC - degree of curvature; CCR - curvature change rate; Gy_g — longitudinal grade for southbound
direction; Gg_y - longitudinal grade for northbound direction; V; - design speed; Vs (_g) — operating speed for southbound
direction; Vgs (s_n) — operating speed for northbound direction; Vs — operating speed for both directions.

The analysis of the characteristics of the road el-
ements highlights that all the tangent elements have a
design speed of 100 km/h, while for the curves it var-
ies from 60 to 100 km/h; finally, operating speeds varies
from about 50 to 120 km/h.

2. Design Consistency Evaluation

In order to verify the design consistency of the ana-
lysed road segment and the resulting driver behaviour
in free-flow condition, we analysed speed values of the
road design elements. The analyses were restricted to a
road segment of about 6 km (6096 metres) because in
some parts of the investigated road segment, interested
by tunnels, GPS signal was lost and the smartphone did
not acquire the data.

In Fig. 2 the instantaneous values of registered
speeds (V,) are reported, together with operating speed
(Vg5) and mandatory speed limit (V) profiles for each

road element. The diagram can help in a qualitative
design consistency evaluation, because it immediately
shows that speed values maintained by the drivers are
well over the design speeds (V) in many points of the
path, and in some cases the mandatory speeds limits are
higher than the design speeds.

A quantitative design consistency evaluation was
made by considering the main methodologies reported
in the scientific literature, and specifically those based
on speed analysis; from these we chose the methodology
proposed by Lamm et al. (1999), who introduced three
‘consistency’ criteria in order to have a safety-related
evaluation of the interactions between road geometric
design, driving behaviour, driving dynamics, and acci-
dent situation:

- safety criterion I aims to achieve the ‘design con-

sistency, and requires a control between 85th
percentile speed (Vgs) and design speed (V);
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Fig. 2. Speeds profiles

— safety criterion II aims to achieve the ‘operating
speed consistency, that is achieving consistent
road characteristics, by means of a control of the
operating speeds Vg5 between successive design
elements;

— safety criterion III aims to achieve the ‘driving
dynamic consistency’ by assuming that the dif-
ference between side friction assumed for curve
design (as a function of V,) and side friction
required at curved sites (as a function of Vgs)
represents a quantitative measure of driving dy-
namic safety or unsafety.

In our analysis we chose to verify the design con-
sistency by using the safety criterion I proposed by Lamm
et al. (1999). According to this criterion, the quality
level of the road design can be defined as ‘good;, ‘fair’
or ‘poor’ depending on the difference between operat-
ing and design speed values (Table 2). When the level
is ‘good’ a balanced speed behaviour can be expected,
especially at curved site, and no corrections in the road
design are necessary. If the level is ‘fair’ the speed behav-
iour should be brought down through speed limits and
appropriate traffic control devices, although the qual-
ity level of the road design can be defined as ‘tolerable.

A level ‘poor’ indicates that critical discrepancies be-
tween design speed and actual driving behaviour are
present as a consequence of the inadequate road design;
therefore, redesigns are normally recommended.

Table 2. Safety criterion I proposed by Lamm et al. (1999)

Design quality level Recommended interval
Good |Vgs - V4l <10 km/h
Fair 10 km/h < |Vg5 - V4| <20 km/h
Poor |Vgs = V4| > 20 km/h

The results of the design consistency evaluation
made according to Lamm’s safety criterion I are reported
in Fig. 3. From the results, we can observe pattern in-
consistency mainly in the first part of the road stretch
(from North to South). In these elements, we registered
a remarkable difference between operating and design
speeds; this fact indicates a situation of potential risk,
with consequent decay of the minimum requirements
for the safety of the infrastructure. The central part of
the pattern does not have particular problem, because
the operating speeds are very similar to the theoretical

Fig. 3. Design consistency evaluation according to Lamm’s safety criterion I:
a - North-South direction; b - South-North direction; ¢ - both directions
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speeds assumed for sizing the roadway. In the last part
of the pattern, the design consistency evaluation shows
a ‘tolerable’ situation, where the quality of the design
can be considered ‘acceptable’ but some operating speed
control systems have to be provided.

The design consistency evaluation suggests the need
of accurate experimental measures of operating speed
or, in alternative, suitable prediction methods. Therefore,
calibrating reliable models capable of predicting as close
as possible the real speeds values is surely convenient.
The main purpose of this research is to propose models
for estimating the operating speeds in road sections hav-
ing similar characteristics to the analysed one.

3. Experimental Models

Two types of operating speed models were defined in
order to estimate real speed profiles for two-way undi-
vided rural highways: one for horizontal curves and the
other for tangent elements. The operating speed models
were calibrated based on continuous operating speed
profiles obtained on the SS106 segment by means of
smartphone-equipped vehicles, as described in the pre-
vious sections. These models can accurately reflect driv-
ers’ behaviour overcoming the limitations of other oper-
ating speed models based on speed-spot data collection.

3.1. Operating Speed Model for Curves

Preliminarily, it was necessary to analyze the correlation
matrix for geometric characteristics, design speed and
operating speed to understand how the operating speed
depends on geometric features for curves, and to deter-
mine the final variables to be considered in the model.
The correlation matrix shown in Table 3 was obtained
for 8 variables including curvature features.

Speeds recorded on the SS106 segment are partially
affected by some specific local factors (low-volume con-

L. Eboli et al. Experimental relationships between operating speeds of successive road design elements ...

ditions, good weather conditions, dry road surface), that
were not considered by the proposed regression model.
For these reasons, some data were excluded from the
analysis; twenty curvilinear elements were finally exam-
ined, with radii varying between 120 and 520 meters and
operating speeds ranging from 62 to 122 km/h.

From this analysis it appears that the parameters
mostly affecting the operating speed are the operating
speed of the previous segment (Vg5 ; ;) and the radius
of the curve (R). Despite some models account for other
variables, such as grade and sight distance (Ng 2002),
this research is directed toward finding formulations
characterized by few variables (easily determinable), and
then by a simple analytical form that can be easily used
by operators and technicians for the road infrastructure
management. Therefore, the proposed operating speed
model for curves uses radius and operating speed of the
previous element as explanatory variables according to
the following equation:

(1)

where: Vg ; is the operating speed for curve i [km/h];
Vgs,i.1 is the operating speed of the previous ele-
ment [km/h]; R; is the radius of the curve i [m]; a, b
and c are the model parameters to be calibrated.

Table 4 shows the estimated parameters of the
model. Both independent variables were found to have a
significantly positive effect on operating speed on curve.
More importantly, the fit measures indicate that the pro-
posed model fits the data well (p> =0.944, pﬁdj =0.937,
MSE = 18.743, RMEQ = 4.329).

Based on these results, the operating speed model
for curves can be described through the following ex-
pression:

Ves,ei =0 Vgsig TR +¢,

Vis.e.; =0.858 Vs, | +0.037 - R—1.288. )

Table 3. Correlation matrix for geometric characteristics, design speed and operating speed for curvilinear elements (n = 20)

Variable R L DC CCR G Vv, Vst Vis.c.
L - —
R - -0.05
DC -0.90 -0.18 -
CCR -0.90 -0.18 1.00 -
G 0.00 0.00 0.00 0.00 -
v, 0.96 0.11 -0.98 -0.98 0.00 -
Ves.it 0.53 -0.05 -0.40 -0.40 0.02 0.44 -
Ves.c 0.62 -0.06 -0.47 -0.47 0.03 0.52 0.97 -

Notes: L - length; R - radius; DC - degree of curvature; CCR - curvature change rate; G — longitudinal grade; V,; - design speed;
Vgs,;_1 — operating speed for previous segment; Vgs .; — operating speed for curve i.

Table 4. Model parameter estimates (Vs )

Source Value Standard deviation t p Lower bound (95%) Upper bound (95%)
Constant -1.288 6.148 -0.209 0.837 -14.260 11.684
Vesio1 0.858 0.082 10.481 <0.0001 0.686 1.031
R 0.037 0.011 3.401 0.003 0.014 0.060




Transport, 2017, 32(2): 138-145

3.2. Operating Speed Model for Tangents (Vg5 ,)

As previously performed for the curves, a preliminary
correlation analysis was carried-out to identify the ex-
planatory variables to be used in the operating speed
model for tangents (Table 5).

Table 5. Correlation matrix for geometric characteristics, de-
sign speed and operating speed for tangent elements (1 = 20)

Variable L G Vgs.io1 Vs
L _
G 0.00 -
Vgs.it 0.75 0.06 -
Vgs 0.83 ~0.04 0.94 -

Notes: L — length; G - longitudinal grade; Vgs; | — operating
speed for previous segment; Vg5 — operating speed.

We found that drivers’ behaviour over tangent seg-
ments, expressed in terms of speed, can be considered
dependent on the bounding curves; this implies that an
in-depth analysis has to be done to better explain the
relationship between the operating speed on tangents
and the operating speed on curves preceding tangent
elements.

Specifically, it should be noted that operating
speed of a tangent segment depends only partially on
the length of the segment itself; on the other hand, the
operating speed on tangent cannot be fully explained by
the operating speed on the previous curve, although the
two variables are strongly correlated. Furthermore, while
length is the main geometric feature of the tangent ele-
ment affecting the drivers’ performance with the same
weather, visibility and traffic conditions, operating speed
on the previous curve is linked to the behaviour experi-
enced by users approaching the tangent segment.

These findings suggest that a combination of the
two variables (length of the tangent element and operat-
ing speed of the previous curve) may increase the pre-
dictive capabilities of the simple regression models, as
demonstrated by other authors (Ng 2002). Based on the
above-mentioned experimental studies the analytic form
of the proposed operating speed model for tangents is:

Vissi =a-Vgs; 1 Tb-logyg (Li)+c’ 3)

where: Vs , ; is the operating speed for tangent i [km/h];
Vgs,i_1 is the operating speed for the previous segment
[km/h]; L; is the length of the tangent i [m]; g, b and ¢
are the model parameters to be calibrated.

Table 6 shows the estimated parameters for the
model. It can be seen that both independent variables
were found to have a significantly positive effect on
operating speed on curve. The goodness of fit indices
show that the proposed model closely replicates the ob-
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served operating speed values on tangents (p?> =0.912,
pZy; =0.902, MSE = 39.335, RMEQ = 6.272).

Based on these results, the operating speed model
for tangents can be described by the following equation:

Vgsy =0.762- Vs, +13.994-log,( (L) -10.721.  (4)

3.3. Results

In order to have a comparison between the proposed
model and others reported in the literature (Ng 2002),
we select the models considering the same independent
parameters, and by assuming a base value of 70 km/h
for the speed on the previous road element (Fig. 4a)
and 300 metres for the length of the tangent (Fig. 4b),
respectively.

From Fig. 4 we can observe that our model has es-
timated coeflicients in the range of the same parameters
considered by other authors, in different experimental
contexts.

Finally, in order to have an immediate measure of
the model goodness of fit, we propose a scatter diagram
of the ‘reliability, where observed and estimated speed
values are compared, for curves and tangents operating
speed models, respectively (Fig. 5).

We can observe that operating speed model for
curves is more reliable than the other model.
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Fig. 4. Comparisons between the proposed model and some
models reported in the literature

Table 6. Model parameter estimates (Vg ;)

Source Value Standard deviation t p Lower bound (95%) Upper bound (95%)
Constant -10.721 9.703 -1.14 0.267 -27.95 5.69
Vgs.i1 0.762 0.117 6.46 0.000 0.55 0.96
L 13.994 6.634 2.17 0.043 2.93 25.87
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Conclusions

This paper has presented a road safety study in which
safety is investigated by analysing operating speeds on
two-lane rural highways. Lack of safety is often referred
to an inconsistency roadway geometric design, which im-
plies geometric features that may cause incorrect drivers
behaviour, and hence produce potential for risk collision.

Preliminarily, a quantitative design consistency
evaluation was performed on a two-way undivided rural
highway case study by adopting the methodology pro-
posed by Lamm et al. (1999). Speed profiles obtained
from a sample of smartphone-equipped vehicles were
used to evaluate the operating speed for each element
of the road.

The case study was used to calibrate two types of
operating speed models in order to estimate speed pro-
files for horizontal curves and tangents. Both operat-
ing speed models were calibrated based on continuous
speed data recorded by smartphone-equipped vehicles.
The models show a good predictive capability, despite
their formulation is characterized by few variables (sec-
ondary factors are not considered, such as grade and
sight distance) to be easily used by operators and techni-
cians for road management. Specifically, the main find-
ings suggest that a combination of two variables, one
relating to the geometric characteristics (curve radius
for the curves and length for the tangent elements) and
the other relating to the operating speed of the previous
road element may increase the predictive capabilities of
the simple regression models.
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