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Abstract 
The European road network is very large, and much of it is made up of two-lane rural roads. In Italy the road 
network requires adjustment work to improve mobility safety management. One of the most important tools for 
this analysis is the operating speed (V85) profile. In many design standards, different formulations are used for 
estimating V85, obtained on the basis of research carried out at different times and in different contexts. The aim 
of the research presented in this study is to analyze driver speed behavior on two-lane rural highways. The study 
was conducted using traffic counters, able to record in both directions and for every passage of a vehicle, its 
length, instant speed and direction. The survey plan was elaborated to satisfy different research objectives. The 
readings were taken by keeping every section under observation for 3, 6 or 12 hours. The data were collected on 
11 homogeneous sections of highway. The database consisted of free-flow passenger car speeds and various 
geometric data from 103 sites. Data were collected at sites to both develop and validate equations. The proposed 
model includes the radius of horizontal curvature and the “Speed Environment”, which is defined as the speed at 
which users travel in free-flow conditions when they are not constrained by the alignment of the highway.  

Keywords: “Speed Environment”, validation, design consistency, rural highways, driver behavior 

1. Introduction 
The safety performance of existing highways should be increased by targeting investments towards the highest 
accident concentration sections (Brewer et al., 2001) and to the highway sections with the highest accident 
reduction potential (Jasiūnienė et al., 2012). In fact crashes are often due to bad decisions by drivers made in 
environments created by engineers (Dell’Acqua, 2011). International research (Esposito et al., 2011) has thus 
suggested a variety of approaches to analyze the road traffic safety level on the basis of an assessment of 
accident rates and frequency (Discetti et al., 2011). Road traffic safety has since become a worldwide priority 
and one of the major factors for a description of the state of the traffic system in terms of both positive and 
negative changes (De Luca et al., 2011). Many researchers have shown that one of the parameters that most 
influence safe driving is the speed variable, and in the literature some research work has dealt with speed 
prediction models to analyze real driver behavior (Dell’Acqua & Russo, 2011a). The experimental analysis 
presented here is only one component of a larger study which has been under way on a number of roads for 
several years now with a view to improving performance, road management and safety (Dell’Acqua et al., 
2011a-b-c). Moreover, many models are used as a quantitative tool for the evaluation of the impact of design 
consistency on road safety (Ng et al., 2004). Regarding two-lane rural roads, researchers from all over the world 
have attempted to overcome the problems that prevent the formulation of a prediction model for operating 
speeds. These models are fairly exhaustive, examining driver speed behavior on tangents, curves and spiral 
transitions. They aim to reach formulations that can correlate operating speeds and the principal geometric 
features of the elements themselves. Polus et al. (2000) developed, for example, a model to predict operating 
speeds on tangent segments. The sites were divided into four groups based on the tangent length and the 
preceding and following radii of the horizontal curves. Later, Fitzpatrick et al. (2003) collected speed and 
geometric data in 78 sites and speed models for which five different highway classes were developed. Rereading 
the scientific literature on a critical note, the first approach to the study followed the search for a speed 
representative of drivers’ behavior on whole road sections, including those of a certain length, with similar 
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geometric features. Subsequently, identifying proper new parameters to be used as independent variables for 
operating speeds led researchers to seek any correlation between the operating speeds maintained on a single 
section and the most important geometric characteristics of the elements themselves. Some studies have shown 
how acceleration and deceleration actions occurred only on tangent segments and a constant speed was, 
subsequently, maintained by drivers on circular elements (Ottesen et al., 2000). A complete speed-profile was 
studied for example by Figueroa-Medina and Tarko (2004). They subsequently calibrated predictive speed 
models on tangents and curves which are not restricted to a specific percentile, but for all percentile speeds from 
the 5th to the 95th in increments of five. In a recent study, an extension to the speed-profile model was developed 
to incorporate the effect of sight obstruction on operating speeds and deceleration rates (Easa, 2003). 

2. Experimental Analysis 
There were two main components to data collection: the geometric features of the alignment, and the operating 
speeds. The data set was dividing in two parts, the first one was used to develop the model and the second was 
employed to validate it. General criteria were used to select sites that represent the common conditions found 
along Italian highways (Table 1). The traffic never exceeded 400 vehicles/hour during data collection.  

The alignments of the highways (Figure 1) are without spiral transition curves. The survey stations were located 
on geometric elements with constant curvature in free flow conditions. The selected infrastructures (Figure 2) for 
the survey are all located in areas with level terrain, and the road vertical slope is by far inferior to  4% 
(Dell’Acqua & Russo, 2011b). 

 

Table 1. Site selection criteria 

Control Criteria 
Area Type Rural 
Functional Classification minor arterial 
Posted Speed Limit 50 km/h to 90 km/h 
Terrain Level 
Radii 50 m to 2200 m 
Grade - 4 % to + 4 % 
Traffic Volumes  100 vehicles per hour

Carriageways Widths 5 m to 12 m 
Tangent Length No restrictions 

 

The geometric features of each section were obtained from the Regional Territorial Cartography Bureau (Figure 
3). For the purpose of this research, three laser traffic counters were used. These devices have two photocells for 
the emission and reception of a pair of laser beams perpendicularly directed to the road axis. Vehicle speed is 
inferred from the movement of the vehicle from the first photocell to the second.  

The measurer was lodged in a fixed posting. The devices recorded time, vehicle speed, length of vehicle, and 
direction of travel for each vehicle passing. The data were filtered to get a sample of transits truly representative 
of the passage of cars in free-flow conditions, because the “Speed Environment” is more feasible on “faster” 
layouts, and the operating speeds necessarily refer to low traffic conditions.  

The transits of vehicles were enucleated with: length between 2.5 and 9.0 meters, such as cars for private use; 
gap superior to 5 seconds after the preceding vehicle (to free the results from conditioning by the previous 
vehicle). The highways were selected according to the following criteria: the high maximum value of the 
recorded operating speed (V85 > 60 km/h), the index of the probability of reaching the “Speed Environment” 
(Venv) defined as “the speed at which drivers choose to travel under free-flow conditions when they are not 
constrained by alignment features” (Austroads, 2009); the traffic flow related to the whole period of the study. 
The flow rate was always below 400 vehicles/h. In the preliminary analysis, scatter plots and correlation 
matrices were used to recognize potential links between the radius, the “Speed Environment” and the operating 
speed. Then the variables with a higher explanatory value were identified by performing a linear regression 
analysis. One of these is the curvature change rate of a single curve (CCRs): 

CCRs = (200/π)[L2/R+(L1+L3)/2R]/L [gon/km]                  (1) 
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Table 4. Model comparison 

Equation 
Parameters 

ρ2 
p-level 

a0 a1 a2 a3 p0 p1 p2 p3 

V85= a0 +a1·CCRs 74.88 - 0.020 - - 0.58 0.000 0.000 - - 

V85= Venv /(1+ a0/R
a1) 3.47 0.48 - - 0.57 0.000 0.000 - - 

V85=a0+a1/R
0.5 

85.62 - 180.26 - - 0.21 0.000 0.252 - - 

87.74 - 268.17 - - 0.46 0.000 0.000 - - 

87.14 - 211.09 - - 0.44 0.000 0.073 - - 

82.36 - 235.70 - - 0.47 0.000 0,000 - - 

V85= a0 +a1/R +a2/R
2 +a3·Venv 46.47 -1678.12 22013.83 0.35 0.64 0.000 0.000 0.000 0.000

 

The regression equation has one independent variable: the curvature change rate CCR (gon/km). The regression 
parameter of the analysis is statistically significant (P-value < 0.05) for the collected data (Table 5): 

Venv = 97.49 – 0.05 CCR [km/h]       r2=0.84                   (5) 

 
Table 5. “Speed Environment” model estimation parameters 

Model: Venv=a0+a1·CCR 

Dep. Var. : Venv [km/h] Level of confidence: 95.0% ( alpha=0.050) 

 Estimate Standard 

Error 

t-value 

df = 9 

p-level Lo. Conf 

Limit 

Up. Conf 

Limit 

a0 97.49169 2.231751 43.68395 0.000000 92.44312 102.5403 

a1 -0.05363 0.007897 -6.79124 0.000080 -0.07150 -0.0358 

 
Speeds on a tangent increase with the “Speed Environment” and depend on tangent length and the operating 
speed of the preceding curve. If the tangent length is greater than 750 meters, the operating speed on the tangent 
is equal to the “Speed Environment” of the homogeneous section to which the tangent section belongs; while if 
the tangent length is smaller than 750 meters the operating speed on tangents can be estimated using Equation (4) 
with 1/R = 0. The next step was a validation analysis to evaluate the accuracy with which the equations predict 
the operating speeds. The validation data set consists of speeds not included in the model development data set, 
recorded on curves (radii: 150, 220, 250, 300 and 320 meters) on the SP 135 rural highway. To determine the 
accuracy of the equation, the mean absolute deviation (MDA), the mean squared error (MSE) and the validation 
index (I) for the Equation (4) were calculated across all validation sites. The results are presented in Table 6. The 
low values of MAD, MSE and I indicate the effectiveness of the model being due to the reduced gap between the 
observed results and the forecasts. The calculated value of the validation index (I) was: 

( )

.
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i i
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Y Y

nI 0 08
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n


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


 

The control chart, however, highlights specific forecasting errors. The error estimate is a random residual 
normally distributed with a mean of zero and a standard deviation of σ (Figure 6). This result makes it possible to 
extend the properties of a normal variable to the examined characteristics, as reported in the calculation tables. 
By setting a level of confidence of 95% for the measurements identified, the forecast is considered “good” if 95% 
of the observed data present an error of ± 2σ.  

The calculated value of σ was: 
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86.53.34  MSE  [km/h] 

Since all the errors of estimates range from - 2σ to + 2σ, the results can be considered positive, as confirmed by 
the validation index (I) which estimates the relationship between the deviation and the expected value rating 
observations (Figure 7). 

 

Table 6. Deviations, MAD, MSE 

 

Observed 
85th 

percentile Predicted Error Absolute Error Squared error 

i Yi Yi Di= Yi-Yi |Di|=|Yi-Yi| |Yi-Yi|^2 

1 66.00 67.76 1.8 1.8 3.10 

2 70.00 71.61 1.6 1.6 2.59 

3 82.00 72.94 -9.1 9.1 82.07 

4 69.00 74.70 5.7 5.7 32.51 

5 76.00 67.76 -8.2 8.2 67.88 

6 76.00 71.61 -4.4 4.4 19.27 

7 81.00 72.94 -8.1 8.1 64.95 

8 73.30 74.70 1.4 1.4 1.97 

    MAD = 5.0 MSE = 34.3 

 

4. Conclusions 
The two-lane rural highways represent the greater part of the Italian road network. Experimental evidence has 
confirmed that the speeds adopted by the drivers using them are not consistent with the road design standards 
and with the imposed legal speed limits. The high dispersion of the speed distributions is an indicator that the 
drivers are scarcely conditioned by the layout in their driving choice behavior. The models developed to estimate 
the operating speed V85 show very good prediction ability after introducing the “Speed Environment”.  

The models, calibrated using an ample experimental casuistry, are representative of the real flow conditions on 
the territory in question and, at the same time, are of immediate applicability by the highway administrations. 
Designers should use the models for the assessment and upgrading of existing roads and the design of new roads. 
The speed models require an iterative approach to road design and applying it correctly will give good results.  

The validation of the speed-prediction equation for horizontal curves was performed by comparing the predicted 
equation V85 with the observed field, V85 at the midpoint of the curve. The mean absolute deviation error for the 
equation was 5.0 Km/h. The “Speed Environment” model Venv proposed uses the curvature change rate of the 
homogeneous section as independent variables and shows very good prediction ability. Some limitations are: 

 the subjective determination of road sections, as it is not always obvious where a change occurs, but 
proper use of the model will usually result in insignificant differences; 

 secondary factors are not taken into account (for example: road function, slope, etc.). 
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Figure 6. Half-normal probabilistic plot of residuals 

 

 

Figure 7. Control chart 
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