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1. Background
It is well known that vehicle speeds depend on many fac-
tors relating to drivers, vehicles, roadway environment, 
etc. (Kanellaidis 1995). In the last decades several stud-
ies were conducted in order to develop operating speed 
prediction models for two-lane rural roads (Castro 
et al. 2011; Fitzpatrick et al. 2000; Gintalas et al. 2008; 
Krammes et al. 1995; Lamm et al. 1988; McLean 1981; 
Misaghi, Hassan 2005, Zuriaga et al. 2010). Many fac-
tors were found to affect the operating speed, such as, ra-
dius of horizontal curve or curvature change rate, grade, 
length of horizontal curve, deflection angle, sight dis-
tance, superelevation rate, side friction factor, and pave-
ment conditions (Boscaino, Praticò 2001; Praticò et al. 
2010; Ong, Fwa 2010).

Among these parameters the curve radius or the cur-
vature change rate are considered to be the most impor-
tant elements in determining operating speed in curve 
sections. In fact, the most common operating speed mod-
els for two-lane rural highways express V85 as a function 
of horizontal curvature even if other curve elements were 

found to be significant. Generally, when the horizontal ra-
dius of curvature decreases, the operating speed decreases. 

Models were usually set out on the basis of given 
boundary conditions: such as lane and shoulder width, 
longitudinal grade, range of horizontal curve radius, dry 
or wet pavement.

Furthermore, many models predict the operating 
speed on a tangent or on a curve only in function of the 
horizontal characteristics of the individual element, while 
others (Abdul-Mawjoud, Sofia 2008; Fitzpatrick et al. 
2000) consider the combination of horizontal and verti-
cal alignment and different equations are introduced in 
order to predict the operating speed in function of dif-
ferent vertical alignment conditions. Polus et al. (2000), 
Yagar (1984), Schurr et al. (2002) identified a number of 
roadway characteristics as speed factors on two-lane rural 
highways. These authors found that operating speeds were 
related to speed limits, highway grade, traffic volume, and 
specific elements of the horizontal and vertical curvature, 
such as the radius, the super-elevation rate, and the sight 
distance.
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In particular Polus et al. (2000), based on the operat-
ing speeds, collected 162 tangent sections of two-lane ru-
ral highways, developed a regression model for predicting 
operating speed on tangents in which the effects of preced-
ing and following horizontal curves are considered. They 
concluded that on tangent sections the speed of vehicles 
is dependent on a wide array of roadway characteristics, 
such as length of the tangent section, radius of the curve 
before and after the section, cross-section elements, verti-
cal alignment, general terrain, and available sight distance. 
They also found that the tangent length and the radii of 
preceding and following curves were the most important 
variables in the regression equations. Finally they conclud-
ed that a single model for tangent speed was inadequate 
because of the low R2 value, and they subsequently devel-
oped four models using descriptors of the highway envi-
ronment based on curve radii and tangent lengths.

Yagar, Van Aerde (1983) studied the effects of the 
geometric and environmental conditions on mean speeds. 
Mean speeds were found to be strongly related to land 
use and legal speed limit. Grade, access from other roads, 
and lane width, followed in that order. The above signifi-
cant factors explained 85% of the across-sites variation in 
speed, leaving relatively small residual errors. Road curva-
ture, presence of an extralane, sight distance, center line 
markings and lateral obstructions were not found to have 
statistically significant effects on speed.

Regarding the curve sections, it was observed that 
curves having similar radius and deflection angle are often 
travelled at a different speed due to the fact that the driv-
ers choose the speed in function of the general character 
of the previous alignment. Some models (Cardoso et al. 
1998; Kerman et al. 1982; Krammes et al. 1995) consider 
the features of the alignment before the element by intro-
ducing the speed of the approaching tangent in the speed 
prediction model of the curves.

McLean (1979) supposed that the operating speed in 
a curve depends not only on the curve radius but also on 
the desired speed. This latter is defined as “the speed at 
which drivers choose to travel under free-flow conditions, 
when they are not constrained by alignment features”. The 
desired speed is affected by road function, overall standard 
alignment and typical trip purpose. 

Crisman et al. (2003) developed a speed model in 
which the operating speed was calculated in function of 
the curvature degree and the environmental speed Venv, 
defined as the max value of the operating speed related to 
the longest tangent or to the curve having the widest ra-
dius in a homogeneous stretch of road. The introduction of 
the environmental speed in the model improved the coef-
ficient of determination of the regression.

Kerman et al. (1982) proposed a model in which the 
bend speed depends on the approach speed and on the 
curve radius. The approach speed refers to the average cur-
vature, the visibility, the cross section and the intersections 
and accesses frequency in the stretch of road 2 km long 
before the curve.

Kanellaidis et al. (1990), based on a wide experi-
mental survey in Greece, modelled the operating speed 
in curve as a function of the curve radius and the desired 
speed. Also Bennett (1994) investigated the effect of cur-
vature on speed in New Zealand. He found that the operat-
ing speed on horizontal curves depends on the curvature 
and on the 85th percentile approach speed.

Krammes et al. (1995) assessed the approach speed 
by means of experimental observations and defined a cor-
relation between the operating speed and several param-
eters related to the curve, such as the degree of curve, the 
length, the deflection angle, and the 85th percentile ap-
proach speed.

All these studies demonstrated the importance of 
considering  the conditions of the alignment before or, 
well again, the overall alignment of the road to better esti-
mate the operating speed in a current horizontal element. 
In particular, regarding the influence of the past geometric 
features, the length of actual and past elements (or in alter-
native the duration of travel of past and current elements) 
interacts in determining V85. 

Furthermore, also the information related to what the 
driver sees after the current element demonstrated to be 
relevant for the operating speed. Such information cannot 
be easily missed because it usually plays an outstanding 
role in suggesting the drivers the right speed to adopt.

Authors proposed a new operating speed model in 
which the geometric features of the previous and oncom-
ing alignment were explicitly considered. The proposed 
speed prediction algorithm was validated on the basis of 
a wide experimental survey carried out in a rural road of 
the Province of Reggio Calabria – southern Italy. Prob-
lem modelling, experimental plan and results discussion 
are below reported. Results proved the validity of the pro-
posed model even if further experiments are needed to 
make the model able to predict the operating speed in dif-
ferent type of roads.

2. Theoretical model and estimation methodology 

As is well known, the vehicle dynamics in a given curve is 
governed by the following relationship:

	
V = agR(ft + tgb),	 (1)

where V – the speed related to the given value of ft ≤ ftmax, 
km/h; ag – the gravitational acceleration, m/s2; R – the curve 
radius, m; ft – the transverse friction coefficient; tgb  – the 
transverse slope. 

On the other hand, when the operating speed, V85, is 
concerned, many other factors related to the driver’s be-
haviour have to be considered. In particular:

−− there is a clear influence of the geometry of the pre-
vious elements (particularly, Li–1 and  Ri–1, where 
Li–1 is the length of the previous tangent/curve, in-
cluded the progressive curve, if any) (Lamm et al. 
2001);
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−− the length of the curve/tangent and the lane width 
(W) greatly affect the operating speed, due to both 
the actual risk perception and the real curvature 
followed by the vehicle;

−− the well known tendency to accelerate (after the 
curve) and to decelerate (before the following 
curve), included the relative characteristic times 
over the tangent (time of acceleration and time of 
deceleration), represents a synergetic expression of 
most of the above-mentioned single factors (Otte-
sen, Krammes 2000);

−− the longitudinal grade, g, not involved in the above-
mentioned equation, modifies the actual speeds 
(Abdul-Mawjoud, Sofia 2008);

−− the actual transverse slope is another important pa-
rameter, which affects V85 and safety (Lamm et al. 
2001);

−− the CCR of the section to which the element be-
longs is another relevant parameter. It is related to 
the desired speed and to the general character of 
the road alignment (Perco 2008);

−− driver perception of past geometric features and 
incoming predictable accident risks also affect the 
actual speeds.

Indeed, there is a synergetic contribution of vehicle 
dynamics and road perception. In particular, note that 
for a given radius, different operating speeds are expected 
based on different sight distances (Praticò, Giunta 2010; 
2011).

As a consequence, the following algorithm for the op-
erating speed in curve is proposed:

	
V85i = agR(ft + tgb) + F(Li–1) + F(W, g),	 (2)

where F – stands for function.
When tangents are concerned, the conceptual frame-

work is summarised as follows:

	 	 (3)

where F – stands for function, while d(al, SL, Ri + 1) is a 
function which operates on al (longitudinal acceleration) 
and splits its value from positive to negative as a function 
of the curvature of the following curve. It follows that the 
length of the part of the tangent on which there is accelera-
tion from Vi – 1 up to the max value (which depends also 
on speed limits SL) is in practice determined in terms of 
form (i.e. coefficients) of the function d, each time numeri-
cally controlled by Ri + 1.

Based on the abovementioned factors, V85 is suppo-
sed to depend on three main classes of parameters related 
to:

−− past geometric features and/or their consequences 
(Vi - 1, F(Li - 1), etc.);

−− present geometric features (F(W,i), [agR(ft + tgb)], 
Li);

−− oncoming geometric features (d(al, SL, Ri + 1), 
Li + 1).

From a numerical point of view, in the light of the 
abovementioned facts the following simple model, valid 
for curves and tangents, is proposed:

	
, 	 (4) 

where g – stands for longitudinal grade (decimals). By re-
ferring to this equation, the following critical points need 
for further clarification and studies. The coefficient a tunes 
the weight of the main variable, i.e. R, and it is relevant on 
both a statistical  and  a phenomenological viewpoint. 

The parameter b is the value to which V85 approaches

when  tends to zero and i is null. As a consequence, it is

supposed that it relates to the so-called desired speed. But 
other solutions are the environmental speed, the design 
speed and also the posted speed. Further, other convenient 
statistics of the speed along the road stretch could influ-
ence such parameter. Note that the lower d the higher the 
effect on V85 in the transition lower to middle radii, while 
a does not seem to have a similar remarkable effect on V85 
variations. 

As abovementioned, Eq (4) states that there is a no-
teworthy influence of current and “environmental” geo-
metric features on operating speeds. On the other hand 
this equation presents from a conceptual standpoint the 
following drawbacks:

−− the effect of past geometric features is not well 
grounded in logic: a curve or a tangent placed just 
before the current geometric element are not con-
sidered in a different way. In other words, all the in-
formation from the past or “from” the future seems 
condensed into the factor b. On the contrary, it ap-
pears relevant that a curve with small radius will 
have a very different effect on the following element 
if compared with a long tangent;

−− another critical point relies on the extension (length 
or/and travel time) of the element under examina-
tion; many studies confirm that the longer it is, the 
higher its influence on operating speeds. One can 
speculate that the same radius, the same longitudi-
nal grade will affect differently operating speeds if 
travelled for one second or five seconds. This fact 
doesn’t result considered in Eq (4) and calls for fur-
ther research;

−− furthermore, another relevant problem originates 
from the absence of information related to what 
the driver sees after the current element. Such in-
formation cannot be easily missed because it usual-
ly rules an outstanding role in suggesting the driver 
the right speed to adopt. In the case, for example, 
of a small radius following a tangent, the driver will 
be forced to adapt the speed to the oncoming curve 
and this fact will affect operating speed.
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In order to propose a conceptual framework able to 
take into account the abovementioned issues (particularly, 
in terms of the effect of past and approaching elements), 
the concept of element relevance is here introduced 
through the following element parameter ai:

	

	 (5)

where Li – stands for length of the ith element, m, while f 
(positive) and n (positive, dimensionless) are model pa-
rameters to estimate

It results

	 	 (6)

Note that the higher the length Li, the higher is the el-
ement parameter. In particular, if Li tends to infinite, then 
the element factor tends to 1 (Fig. 1). On the contrary, the 
lower Li, the closer to zero is the element factor

	
	 (7)

	
	 (8)

In the model here set out, the element parameter is 
used in order to quantify the influence of the geometric 
features of the ith element on V85. 

The effect of the geometric features of the ith element 
on the relative operating speed can be evaluated by the fol-
lowing equation:

	

	 (9)

where a, c – model parameters which don’t depend on the 
ith element (such as the abovementioned b). In contrast, 
Ri (horizontal radius of the ith element), gi (longitudinal 

grade of the ith element) and ai (element parameter) are 
element-specific.

Similarly, the effect of the (i - 1)th element on the op-
erating speed of the ith element is evaluated by

	

	 (10)

The parameter e is expected to be

	 	 (11)

while the product ai–1ai takes into account for the syner-
getic effect of the lengths of the ith and (i - 1)th elements.

Note that being aj < 1, usually it will be

	 	 (12)

On a general standpoint the influence of all the previ-
ous (P) or current (C) elements on the operating speed of 
the ith element will be:

   
.	 (13)

As for the effect of “future”, Fu, elements (and in par-
ticular the (i + 1)th element) on V85i, the following hypoth-
eses are set out:

−− if the (i + 1)th element is very similar (in curvature) 
to the ith element, its influence will be negligible;

−− if the (i + 1)th curvature radius is higher than the 
previous ith element, its influence will be still neg-
ligible;

−− if the (i + 1)th curvature radius is strongly lower 
than the previous ith element, its influence will be 
very valuable and it will affect V85i .

The factor Fu,  which takes into account the influence 
of the following elements, is given by:

	

,	 (14)

where n1 (dimensionless) and h – coefficients to be esti-
mated (Fig. 2).

The following consequence is outlined when very 
small radii are involved:

	
.	 (15)

Note, that by elaborating more on the concept of in-
fluence of “future” or “past” elements, a sum is derived. As Fig. 1. a vs Li  
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1st step the series is truncated after one term (1st succes-
sive/previous element).   

Fig. 2 shows how the parameter Fu approaches zero

when  ranges from 0 to 1.

Finally, from Eqs (13) and (14), the following equa-
tion is derived (P + C + Fu):

	

.	 (16)

If Ri+1 @ Ri, ai–1 @ 0, ai @ 1 and e @ 0, Eq (4) is obtai-
ned as a particular case:

	

	  (17)

3. Experiments and results 

To the purpose of validating the abovementioned model, 
an experimental survey was planned and carried out. The 
road SS 18 was considered. The SS 18 is a two-lane rural 
road in the Province of Reggio Calabria – southern Italy. 

As the majority of rural single carriageways roads, the 
SS 18 follows historic alignments. The consistency with de-
sign standards is often unsatisfactory. The SS18 is charac-
terized by low traffic volumes. This fact reduces the po-
tential for restricted vehicle flows. The longitudinal slope 
covers a range of ±5.0%.

As a preliminary step, the investigation focused on 
the accuracy and precision (ISO 5725) of the laser speed 
gun, used to collect the speeds. Figs 3 and 4 illustrate 
how the error depends on the angle. Angles (degrees) are 

reported on x-axis. The ratio  (in percentage, left 

y-axis, where Vmeas is the measured speed and Vact is the 
actual speed) is plotted against angles. Right y-axle refers 
to repeatability, r. 

The 1st phases of the experimental plan were the col-
lection of the geometric data of the road and the identifi-
cation of the horizontal and vertical elements. Speed data 
was collected at 273 sites. 

The actual speeds of vehicles at the midpoint of curves 
and at independent tangents were collected by means of a 
speed laser gun. The operator of laser gun was always hid-
den from oncoming vehicles, and only angles close to 0° or 
180° (0 ± 10°; 180° ± 10°) were used. 

For each curve and tangent monitored at least 125 
measures of speed were performed (Pignataro 1973).

All the measurements were conducted under free 
flow conditions, in a day time and in dry pavement con-
dition.

Fig. 2. Variation of Fu as a function of radii ratio

Fig. 3. Example of measurements at 0 or 90 degrees angles

Fig. 4. Accuracy (% of true speed) and precision (r)
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Tables 1–3 summarize the main statistics of geomet-
ric features and operating speeds of the road under inves-
tigation (SS 18). 

Figs 5 to 10 and Tables 4 and 5 summarize the results. 
In order to validate the model, seven progressive models 
(i to vii cases) were taken into account. In each case, data 
were examined through an algorithm differing from the 
previous only for a component. As a consequence, it was 
possible to analyse the actual need for optimized models, 
taking into account also present, past and oncoming geo-
metric features. More precisely, the validation model was 
performed for successive steps in order to carefully eva-
luate the influence of the features of the previous and fu-
ture elements on the operating speed in a current element 
(curve or tangent). This allowed to demonstrate, step by 
step, the performance of the proposed algorithm and the 
improvement achievable in speed prediction.

Figs 5 to 10 display the collection of points each having 
the value of actual V85 (V85act, km/h), determining the po-
sition on the horizontal axis and the value of the predicted 
V85 (V85pred, km/h) determining the position on the vertical 
axis. The equality line is also reported (dotted line).

Cases i to iii
When the simple model (Eq (4)) was considered, without 
the influence of the grade (c = 0) and by fixing the value 
of d equal to 1, the results shown in Fig. 5 were obtained. 

The agreement of the model with the experimental 
data was quite unsatisfactory (R2 = 0.29).

It was easily recognized that the predicted  speeds (y 
axis) both downhill and uphill varied in a small range li-
mited by the term b which in this case seems to represent a 

Table 1. General data of SS 18 under investigation

Length,
m

Grade,
%

Number of element 
surveyed,  n° Speed data, n° V85, km/h

Dir.  RC-SA Dir.  SA-RC per element total min max avg
12644.38 –5 ~ +5 143 144 125 35875 40 97 63

Table 2. Statistics for curves

Direction Number 
Radius, m Length, m V85, km/h

min max avg min max avg min max avg
Dir. RC-SA 88 13 1638.3 121.54 10.10 377.00 33.90 41.00 93.15 61.08
Dir. SA-RC 89 13 1638.3 121.54 10.10 377.00 33.90 39.65 84.00 60.62

Table 3. Statistics for tangents

Direction Number
Length, m V85, km/h

min max avg min max avg
Dir. RC-SA 55 6.40 357.00 52.12 49.00 98.00 68.44
Dir. SA-RC 55 6.40 357.00 52.12 48.65 96.15 66.90

Fig. 5. Case i

Fig. 6. Case ii
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reference speed of the entire alignment (desired speed, en-
vironmental speed, etc.). Note, that the operating speeds in 
the downhill case were often underestimated (Fig. 5). It is 

deduced that the curvature  of the single element in 

this case is not sufficiently exhaustive in describing the inf-
luence on operating speed.

An improvement of the correlation between model 
and experimental data was obtained in the previous model 
when the influence of the grade was taken into account 
(Fig. 6). Even if the estimated speeds are still lower than 
the max value b, in this case the R2 value had a small in-
crease.

When all the parameters of the simple model (a, b, 
c and d) were considered, the performance of the model 
remained substantially unchanged, even if the value of the 
model parameters a and d varied appreciably. The results 
in terms of error and coefficient of determination were si-
milar to the ones obtained in the previous case (Fig. 7).

Cases iv to vii
Table 5 and Fig. 8 illustrate the effect of the introduction 
of the abovementioned element coefficient as a correction 
factor able to “tune” the effect of longitudinal grade and 
lengths on operating speeds. In particular, Figs 9–10 show 
that thanks to the introduction of the element coefficient 
the cloud of points was progressively rotated (about 45 de-
grees). As a consequence, estimated and actual speeds in 
the range 50–80 km/h resulted quite close to the equality 
line. R2 value increased from 0.41 to 0.51 and the average 
error decreased from 7.0 to 6.6 km/h c.a.

Cases vi and vii did not result in a satisfactory per-
formance of the model, due to the interaction between b 
and the element factor, which resulted in very low element 
factors and very high coefficients b. When the curvature 
of the previous element was considered, the coefficient of 
determination increased from 0.51 to 0.61 (Fig. 9). It is re-
levant to point out that the coefficients a and e resulted 
quite similar (~–100). Furthermore, through the synergis-
tic effect of b and of the radius of the previous element, the 
model better estimated several very high operating speeds 
(Fig. 9).

An improvement in speed prediction was obtai-
ned when the following further aspects were considered 
(Fig. 10):

−− the curvature and the length of the previous ele-
ment; 

−− the grade of the previous element. Note that also 
the simple model demonstrated the influence of the 
longitudinal grade on the operating speed especial-
ly for values higher than 4%.

This resulted in a slight increase of R2 value while the 
average error decreased.

When the curvature of the (i + 1)th element was con-
sidered (case vii) the correlation between experimental 
data and model remained unchanged with respect to the 
case in which only the previous element was considered. 

Fig. 7. Case iii

Fig. 8. Case iv

Fig. 9. Case v
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Table 4. Summary of models taken into account

Case Correlation

i ;    R2 = 0.29 (18)

ii ; R2 = 0.35 (19)

iii ; R2 = 0.41 (20)

iv
 
; R2 = 0.51

 

 

(21)

(22)

v ; R2 = 0.61

 

(23)

(24)

vi ; R2 = 0.62

 

(25)

(26)

Fig. 10. Case vi

Although only several points resulted closer to equality 
line, this further term resulted quite effective in taking into 
account for speed calming due to the oncoming elements.

Table 5 offers a resumé in the light of the conceptual 
framework above proposed.

By referring to Tables 4 and 5 it is important to point 
out that:

−− the value of a ranged from –500 to –100 circa; the 
most important cause of variation  was the consid-
eration of a power law for the radius. As for the scal-
ing exponent, it ranged from 0.1 to 1.0;

−− the coefficient b ranged from 70 to 270. The  most 
relevant cause for this variation was the consider-
ation of the element coefficient, related to tangent 
length; when the influence of the tangent length was 
not taken into account, the value of b represented 
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the (constant) operating speed on tangents; on the 
contrary, when the element coefficient was consid-
ered, bai  represented the max achievable operat-
ing speed on tangents. In this second case, b was 
higher than the previous value, because of the fact 
that the actual operating speed was affected by tan-
gent length. Furthermore, these findings suggested 
the presence of an appreciable number of drivers 
who did not obey to speed limits (“violators”, as in 
Kanellaidis 1995);     

−− as for the longitudinal slope, probably due to the 
considered range of the investigated slopes (from 
–5% to 5%), its influence ranged up to 6%;

−− as for the influence of the curvature of the previous 
element, based on the elaborations which were run, 
such influence was always lower than that of the 
curvature of the current element (e < a);

−− the coefficients f and n which adjust the importance 
of the ith tangent as a function of the availability of 
length in which the operating speed can increase, 
resulted quite constant;

−− on average, the current element explained the 51% 
of  variance while the previous one only the 11% 
and the future elements only 1%;

−− the considered geometric features did not explain 
the remaining 37% of variance.    

4. Conclusions 

1. The assumption of an environmental speed not depend-
ent on the tangent length resulted quite unsatisfactory for 
the road under investigation. The length of the element 
under investigation resulted very relevant especially when 
comparing short and long tangents. As a consequence, due 
to the introduction of the element factor, it was possible 
to adjust the term b. This fact originated a rotation of the 
cloud of points in the scatter plots. Furthermore, the intro-
duction of the element factor permitted to solve the issues 
related to (very) short tangents. Indeed, very often, short 
tangents are located between two curves and the operating 
speeds on such very short elements are strongly depend-
ent on the previous and successive element. Through the 
introduction of this multiplicative factor, these short ele-
ments were associated to a very low element factor, thus 
resulting in a prevalence of the remaining factors.

2. From a statistical standpoint, the influence of the 
geometric features of the current element resulted prevai-
ling both on past and oncoming elements. More precise-
ly, the current element explained five times the variance 
explained by the previous element and around 50 times 
the variance explained by the future element.

3. Authors are aware that although about 36  000 
speeds were considered the analyses carried out do not jus-
tify the derivation of general conclusions. In particular the 
following main issues call for further research: relationship 
speed limits vs. element factor, country-specificity and/or 
transportability of the concept of the element factor.
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