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ABSTRACT 
Designing an adequate sequence of road axis elements is a challenging engineering task 
with the aim to find the proper road corridor considering both spatial and safety limitations. 
Current Slovenian regulations define that the key road elements should be calculated in 
accordance with the constant design speed, known as calculative speed too. It is often 
chosen arbitrary by a designer (civil engineer) or even by an authorized contracting 
authority. Many researches showed that real driving speeds are significantly higher and 
different from the calculative design speed. If the maneuver of deceleration between road 
axis elements is done by utilizing car brakes this can lead to a sudden and potentially 
hazardous change of speed. A heavy deceleration with braking is frequent or even necessary 
when the sizes of the radii of two successive curves are exceedingly different (Ri:Ri+1 > 
1,5:1). The knowledge of a real course of driving speed on these sections is necessary for 
analyzing this problem. Using a speed profile model, developed by Juvanc in 1991, it was 
found that also by inconvenient adjoining circles (Ri:Ri+1 >1,5:1), a parameter of clothoide 
(A) exists, which enables a safe driving. A distinction to the convenient use of parameter 
(⅓R≤A≤R) was found in its limit values. The range between upper and lower limit is 
essentially smaller than by the convenient used parameters, determined by technical 
regulation. Limit values of minimal and maximum parameter of transition curve converge 
with higher value of adjoining curve radii ratio (Ri:Ri+1 > 1,5:1). 

INTRODUCTION 
Ensuring safety and reliability of traffic infrastructure is one of the key tasks of state’s 
highway administration. To achieve this goal policymakers rely on statistical methods, which 
are based on the analysis of the individual traffic crashes (Andrejašič Mušič, 2009). In this 
manner it is possible to detect black spots on road where traffic accidents occur more 
frequently. Rehabilitation of black spots is really a very important factor to reduce the 
number of traffic accidents and injuries. Unfortunately, much less attention is paid to the 
driving-dynamic conditions on the road, which can be used to foresee dangerous places 
without analyzing accidents.  

A commonly known cybernetic system which incorporates a driver, vehicle and environment 
defines the constraint parameters for safe driving. Statistical analyses conducted by state 
authorities showed that excessive speed is one of the main factors which cause traffic 
accidents on two-way rural highways (Lamm, 1999). Reducing speed with speed limits and 
traffic signs can often be insufficient as the drivers tend to adjust their speed in accordance 
to the received visual and dynamic impulse from the road’s surroundings. The free flow 
speed is generally governed by the radial acceleration in curve and sight distance (Juvanc, 
1991). Both parameters are in connection with the elements of road axis, since these 
parameters hugely affect the speed changes. 

Real driving speeds are statistically scattered along the average speed and normally 
distributed. Real driving speed, or V85% denotes a speed which can be achieved by 85% of 
vehicles under the conditions of free flow. It is the most important parameter to assess 
traffic safety from the designer point of view. V85% depends on the sizes of horizontal curve 
radius, length of transition curve, cross slope, vertical grade, radius of vertical curve, 
roadway width and sight distance. All speed prediction equations (Köppel, 1984, Lamm, 
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1991, Fitzgerald, Krammes, 2003) showed that the V85% is significantly different from the 
design speed which is used for defining road axis parameters.  

Researchers conducted by Lamm (1999), IHSDM (Wooldridge, 2003) and Juvanc (1991) 
showed that changeable operating speed leads towards changeable dynamic effects on the 
paved surface which has to be capable to provide an adequate value of friction. Sudden 
driver’s reactions, especially sudden deceleration before entering the smaller circle can cause 
vehicle instability, since the maximum permissible friction, used by designing, will be sooner 
or later exceeded due to undesirable high dynamic effect on the paved surface (Juvanc, 
1991). 

Geometric consistency of road axis elements 

The model developed in Slovenia by Juvanc (1991) and revised and computerized by Maršič 
(2007) was based on the assumption that there exists an adequate length of transition curve 
to accommodate the speed changes between successive curves or tangents without strong 
braking. It is a tool by which it is possible to identify hazardous spots along the road from 
driving dynamic point of view; earlier and not waiting for accidents to happen. It is useful in 
both the design phase as well as for verification of elements harmonization on the existing 

road. 

This model is capable to define the operating speed profile along the transition curve as well 
as to calculate the effects of driving dynamic forces on the paved surface. Operating speed 
V85% is (in our case) calculated by Köpell method (Koeppell, 1984). One of the key elements 
of this model is its ability to model a deceleration before entering a circle and to determine 
the intensity of braking with the brakes when necessary. This maneuver can cause very high 
forces on the road surface. The maneuver of deceleration is divided into two steps. In the 
first step the driver tends to utilize the breaking force of engine without using active 
breaking. This maneuver lasts until lateral force exceeds the physically acceptable value. 
After receiving this impulse, a driver suddenly begins to use the brakes. Then occurs the 
second step of braking.  

The needed intensity of breaking is influenced by air resistance, vertical grade, cross slope 
and lateral acceleration and is calculated according to the length of the second step, which 
has to be completed at the entry point of the arc. Breaking force has to be in equilibrium by 
the sufficient force of friction to prevent slippery condition. Demanded friction coefficient 
(ft,dem) is a result of actual dynamics effects and depends on operating speed (vR), 
acceleration of gravity (g), radius of horizontal curve (R), cross slope (q), vertical slope (s) 
and longitudinal acceleration or deceleration (az). On the other hand, the actual maximum 
permissible coefficient of sliding-friction of wet paved surface or skid resistance (ft,perm) is a 
material parameter based and depended only on operating speed (V) (equation by PIARC). 

 

 

Consistency of road axis elements is showed as a measureless parameter (%), named 
driving dynamic characteristic (abbr. DDC). It is denoted as a ratio between a demanded 
coefficient of friction and an actual skid resistance. Schematic presentation of the model is 
depicted on Figure 1. 

 (%) 
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Figure 1 Model for determination of hazardous spots on roads. Schematic presentation. 

Assessment of geometric consistency can be determined by calculated value of DDC along 
the road course. If roadway paved structure is made by silicate stone aggregate the value of 
actual skid resistance is much greater, which is denoted by DDCM. Based on the value of 
DDC, there exist three types of geometric consistency: 

1. If DDC is lower than 100%, geometric consistency of road elements is well balanced, 
since demanded coefficient of friction is lower than actual skid resistance. 

2. If DDC is between 100% and DDCM, geometric consistency can be achieved by 
rehabilitation of paved surface using a silicate stone aggregate or by more frequent 
renovations using a carbonate one.  

3. If DDC is greater than DDCM, geometric inconsistency, major change in road axis 
parameters is essential. 

Similar to the speed profile, DDC is plotted along the station of road axis. This can help to 
determine the hazardous spot(s) on the road and to find an adequate revision of geometric 
inconsistency. 

PROBLEM 
When designing road axis parameters, a designer has to follow the directions from the 
national road design rule. One of the key input parameter is the design speed or Vdes. Based 
on the revised Slovenian design code, consistency of horizontal curves is defined by the ratio 
of two successive curve radiuses which should not exceed the value of 1,5 (Ri:Ri+1<1:1,5). 
Furthermore, adjoining transition curve’s parameter should not exceed the range between 
R/3 and R (where R denotes joined radius).  

Why are these limitations potentially problematic? It is already known that due to spatial 
conditions these constraints could not be always met and higher values of curves ratio has to 
be utilized. Furthermore, according to design rule, calculation of transition curve is linked 
exclusively to adjoining radius. Such limitations lead towards unbalanced road axis elements 
and pose a threat to traffic safety. 

How to achieve geometric consistency of road axis? Well-connected transition curves and 
horizontal radii enable safe transition of speed differentials along the road axis and diminish 
the effect of sudden dynamic impulses on pave surface. Transition curve and its length plays 
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an important role when achieving such conditions. Therefore, it is important to balance the 
road axis elements according to operational speed, V85%.  

EXAMPLE OF DRIVING DYNAMIC ANALYSIS 
Driving dynamic analysis was based on the speed profile model (Juvanc, 1991). It was used 
to check the geometric consistency of two successive curve radii R1 and R2, which formed an 
S-shaped curve (figure 2). R1 was equal or higher than R2 (R1≥R2). This type of curves 
combination lead towards stronger deceleration before entering the R2 curve.  

In this example, the minimum values of R1 and R2 were defined according to the design 
speed Vdes=60km/h and did not exceed 125 m (based on Slovenian design rule). The 
maximum value of R1 was theoretically unlimited, on the other hand, maximum value of R2 
was limited to 400 m. Intermediate transition curves were equal, forming an uniform clothoid 
(A1=A2). Limit values of transition curve’s parameter were defined according to the radius R2. 
Lower value was set at the R2/3 and upper value was set at the R2. Parameter’s constraints 
allowed to form numerous combinations of S-shaped curves. Consistency of each 
combination (figure 3) was checked by the Juvanc’s speed profile model. If calculated value 
of DDC did not exceed the permissible value (100%) anywhere along the road axis, the 
combination was approved as safe. All other combinations were defined as unsafe and 
therefore excluded from further evaluation. To emphasize the benefits of driving dynamic 
analysis, figure 2 shows new limit values of transition curve’s parameter for given sequence 
of curves. It is important to highlight that new limit values significantly differ from those 
defined by the design code. 

 

Figure 2 Limit values of A for radii sequence 350m-180m-270m utilizing carbonate stone aggregate or silicate 
stone aggregate for paved surface. 
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Figure 3 Combination of road axis elements (upper figure), calculated speed profile (middle figure) and the value 
of DDC (lower figure) for each S-shaped curve. 

Transition curve parameter as a function of the ratio of two successive 
curve radii 

To find out, how the ratio of two successive curve radii affects the transition curve 
parameter limits, a set of S-shaped curves were tested for their geometric consistency. All 
combinations, where the value of DDC did not exceed 100%, were decomposed by 
extracting transition curve parameter and ratio of two successive curve radii.  
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Input value of transition curve’s parameter A1=A2 ranged between the maximum Amax(R2) 
and lowest permissible value Amin(R2) as defined by the design rule. Outbound curve radius, 
R1, ranged from 160 m to 400 m, while inbound radius R2 remained constant at 160 m. 
Table 2 shows the compositions of road axis elements according to the mentioned 
limitations. 

Table 2 Input compositions of road axis elements, where the value of transition curve parameter ranged from 
Amin and Amax. 

ratio R2:R1 R1 [m] A1=A2 [m] A2=A2,min(R2) – A2,max(R2) [m] R2 [m] 

1:1 160 84,85 – 160 84,85 - 160 160 

1:1,25 200 84,85 – 160 84,85 – 160 160 

1:1,5 240 84,85 – 160 84,85 – 160 160 

1:1,75 280 84,85 – 160 84,85 – 160 160 

1:2 320 84,85 – 160 84,85 – 160 160 

1:2,25 360 84,85 – 160 84,85 – 160 160 

1:2,5 400 84,85 – 160 84,85 – 160 160 

As shown on figure 4, limit values of the transition curve parameter converge with higher 
ratio of curve radii. It is notable that only ratios of radii between 1:1 and 1:1,75 can provide 
safe transition of speed differentials by using an adequate transition curve parameter. 
Results were predicted, as smaller transition curves cannot provide adequate length to 
accommodate speed differentials. On the other hand, longer transition curves (radii ratios 
between 1:1 and 1:1,75) mislead driver to accelerate before entering the inbound curve 
radius.  

Therefore, new limits of the transition curve’s parameter can be defined based on the driving 
dynamic analysis and the ratio of two successive curve radii. These new limit values can be 
denoted as Amin,DD and Amax,DD. Suffix DD is added to emphasize that the values derived from 
driving dynamic analysis. Results are presented in table 3. It is notable that computed 
intervals of transition curve’s parameter differ from those defined in the design code. 
Therefore, it is possible to conclude that the transition curve parameter should be calculated 
for every composition of road axis elements.  
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Figure 4 Limit values of transition curve’s parameter in S shaped curve in accordance with curve’s ratio, where R2 
remained constant at 160m.  

Table 1 New limit values of the transition curve’s parameter based on the driving dynamic analysis and the ratio 
of radii. Limited values were calculated for each S-shaped curve, where smaller radius did not exceed 160m.. 

ratio R2:R1 R1 (m) A1,min,DD= 
Amin,DD  

A2,max,DD=
Amax,VD 

R2 (m) 

1:1 160 85 140 160 
1:1,25 200 85 150 160 
1:1,5 240 130 155 160 
1,75 280 150 160 160 

Transition curve parameter as a function of the ratio of two successive 
curve radii and the adjoining radius 

As shown in previous chapter, the adequate limits of transition curve parameter were 
calculated based on the constant value of adjoining radius R2. To widen the analysis, it is 
crucial to include all possible combinations of two successive curve radii. Therefore, all input 
axis elements were varied between boundary values defined in the design code. Input matrix 
is presented in table 4. Combination of road axis elements formed a cluster of S-shaped 
curves. 

The outcome of driving dynamic analysis is presented on figure 5. Figure 5 shows a graph of 
limit values of transition curve’s parameter as a function of the adjoining radius R2 and ratio 
of radii R2:R1. For every ratio of radii it is possible to define a graph presenting lower and 
upper boundaries of transition curve parameter. Dashed lines in the graph represent 
conventional limit values of the transition curve parameter.  

Based on the driving dynamic analysis, it can be concluded that the conventional bounded 
values of the transition curve parameter differ from those calculated with the driving 
dynamic analysis. Lowering the value of inbound curve radius R2, limit values of the 
transition curve parameter tend to converge. This means that higher curves radii ratio and 
higher value of inbound curve radius R2 enable wider range of appropriate transition curves. 



8 
 

As predicted, lower values of R2 and higher value of curve’s ratio diminish the interval of the 
appropriate transition curve’s parameter. In the range of radiuses smaller than 250m neither 
maximum nor minimum permissible value of transition curves defined by design rules are 
allowable, meaning that new limit values should be used according to the driving dynamic 
analysis. 

Table 2 Input composition of road axis elements where all parameters were varied between posed limited values. 

Ratio R2:R1 
R1 (m) 
interval 

A1 (m) 
interval 

A2 (m) interval R2 (m) interval 

 R1,min R2,max A1,min A1,max A2,min(R2) A2,max(R2) R2,min R2,max 
1:1 125 400 75 400 75 400 125 400 

1:1,25 156,25 500 75 400 75 400 125 400 
1:1,5 187,5 600 75 400 75 400 125 400 
1:1,75 218,75 700 75 400 75 400 125 400 
1:2,00 250 800 75 400 75 400 125 400 
1:2,25 281,25 900 75 400 75 400 125 400 
1:2,50 312,5 1000 75 400 75 400 125 400 

Amin at R1:R2=1:1

Amax at R1:R2=1:1

Amin at R1:R2=1:1.25

Amax at R1:R2=1:1.25

Amin at R1:R2=1:1.5

Amax at R1:R2=1:1.5

Amin at R1:R2=1:1.75

Amax at R1:R2=1:1.75

Amin at R1:R2=1:2

Amax at R1:R2=1:2

Amin at R1:R2=1:2.25

Amax at R1:R2=1:2.25

Amin at R1:R2=1:2.5

Amax at R1:R2=1:2.5

Amin (according to design code)

Amax (according to design code)

Arec (according to design code)

 

Figure 5 Limited values of transition curve’s parameter (A1=A2) as a function of the adjoining radius R2 and ratio 
of successive radii. The graph also shows how to define an appropriate value of Amin at R2=200m for different 
values of curve ratio. 

Conclusions 
It was clearly shown that the driving dynamic consistency of road axis elements is 
fundamentally based on operational speed V85%. A conventional use of the design speed, 
defined in design rule-book, can lead to unsafe composition of road axis elements. 
Furthermore, it is crucial that all road axis elements must provide a safe transition of speed 

Amin at R1:R2=1:1,5 

Amin at R1:R2=1:2 
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differentials. By composition of two circles with very different sizes of radii, the 
conventionally used limit values of transition curve parameters can lead to an adverse effect 
on road safety. The minimum permissible values (Amin) result in a short length to 
accommodate speed differentials. On the other hand, the maximum permissible value (Amax) 
result in an increased length of the distance, which allows an increase in running speed 
before braking maneuver starts. 

Presented research shows that the driving dynamic analysis of road axis elements can be a 
convenient way to define the appropriate value of transition curve parameter. Findings 
suggest that the parameter of transition curve should be chosen on the basis of the radii 
ratio of two successive arcs. 

Minimum and maximum permissible values of transition curve parameter should be based on 
driving dynamic analysis for each combination of road axis elements. Limit values of 
transition curve are therefore significantly different as those defined in design code manuals.  

Furthermore, proposed analysis suggests an interactive way for defining geometric 
properties of road axis elements. Consistency of road axis elements can be achieved even in 
cases where limitations proposed by design code cannot be met.  

The work on the research of this method (factors calibration and field comparative 
measurements) is still ongoing in order to ensure reliability of the results.  

Nonetheless, it was clearly shown that the conventional limitations based on design speed 
should be revised and updated by using operational speed profile model.  
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