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ABSTRACT 
At the University of Ljubljana, we explored the problem of the occurrence of traffic accidents 
in the sharper bends on roads. To improve the safety on roads by improving the design tools 
we developed in 1991 a new model for plotting the speed profile along the road.  Later, in 
2007 a computer program for it was prepared as well. 

As opposed to the previously known models, this model considers also the distance between 
two adjacent arcs, which greatly affects the shape of the V85% speed profile line. Listed here 
are the base for determination of the model, description of model, input data and calculation 
results, which serve to assess the driving-dynamic adequacy of designed or existing 
successive geometric elements of the road axis.  

In this model a new notion called DDC was introduced, which shows the relationship 
between the required and permissible value of the coefficient of friction on the road. Chart of 
the DDC line shows the points along the road where accidents in the form of slips of the 
carriageway may be reasonably expected. The measures for the rehabilitation of these points 
are also presented. 
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INTRODUCTION 
It 1977 in Tokyo on the 8th PIARC Congress Mr. D.M.Baldwin (HA USA) called for the 
elimination of hazardous locations on roads “without waiting for accidents to happen”.  We 
followed his call.  

The most dangerous places on the road are the places, where quick changes of dynamic 
forces arise when travelling in the free-flow – that means at the speed V85% – and a driver 
needs to use the brakes. This happens mainly on the entry part of an arc (Fig. 1) with a 
smaller radius when driving in this bow from a straight-line or from an extended arc. Due to 
the severe consequences this trouble is the most problematic on the two-lane bi-directional 
roads. 

 
Figure 1: Traffic accidents at the entry part of arcs and the toll for detection of black spots (source: Maršič, 2011) 
 
In order to determine when and where such forces will arise, it is necessary to have an 
appropriate tool, based on the speed-profile. At that time the existing model, which defined 
the speed profile on the transition length between two arcs simply linear (Fig. 2) was not 
useful. How really runs the speed profile line in this area in 1981 tested professor 
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Damnjanović (Niš, Serbia) with more experimental drivings. The results showed (Fig. 3), that 
the course of this line is non-linear and that the intensity of braking depends primarily on the 
differences of driving speeds V85% in the adjacent arcs. Nobody later (Lamm, Fitzgerald) 
followed this insight. 

                                        
Figure 2: Model of speed profile in the late 1970-ies (source: Andjus, 1983) 
 

-                           
Figure 3: Results of experiment carried out by Damnjanović in 1982 (source: Damnjanović, 1982) 
 
Following the findings in that time, we decided to research the impact of the length of the 
transition curve on the stability of the vehicle when driving in a circular arc with a smaller 
radius and developed a method by which it can be possible the dangerous places locate 
already on the basis of the data of the road-axis geometric elements. The research was 
completed in 1991 by defining a model. This model, called by name (model JUVANC) or by 
purpose (model VDK = DDC - Driving-Dynamic Characteristic) was first presented at the 
PIARC Congress in Madrid in 1993. 

After developing the explained speed-profile model a longer pause of almost 15 years 
appeared. In the meanwhile, two models were published on the same topic: Lamm (1996) 
and IHSDM (Fitzgerald, 2001). We found out that both of them considered the transition 
curve, but none of them considered the impact of its length on the form of speed-profile line. 
From our point of knowledge this was assessed as a weakness and we decided to continue 
our research.  

Mr. Uroš Maršič, a new younger joint-researcher, in 2007 prepared a computerization of DDC 
model. This program facilitates fast plotting of the speed-profile and DDC value. 
 

BASIS FOR INITIATING THE RESEARCH 
Besides the research of Damnjanović two further researches, Damianoff (1981) and Köppel 
(1984), enabled to start our research. Before the start we carried out some minor pre-
research works wherein we found  
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 that the majority of drivers very often brake (stop-light lights up) before entering a 
significantly smaller circular arc, 

 a noticeable frequency of slips from the road which happen at the initial part of the 
arcs and 

 at the gateway from mild to sharper curves before this curves appear shorter road 
sections in which the value of coefficient of friction (CF) is substantially lower than 
those measured elsewhere on the same road.  

In his research work (Diss.thesis) Damianoff showed (Fig. 4) 
 that the form of lines of speed deceleration depends on size of difference of speed 

V85% between two successive arcs, 
 that by a large speed differentials between two successive arcs, the speed decreases 

at first slowly but then intensively and 
 that the length of braking with an engine-deceleration is given by the equation   

aM(t) = dv/(t)/dt = vo.c.e-ct = - c.v(t) [ms-2], where c = 2,96.10-2 [s-1] 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Characteristic forms of speed-changing lines when driving in smaller arc (source: Damianoff, 1981) 
 
The most important assistance for us were the results of the research works of Professor 
Köppel (1984) in which the author had found a theoretical links between geometric elements 
and their curvature, sight distance and operational speed V85%. According to his formulae we 
were able to calculate the velocity V85% in the circles as the basic calculation for defining a 
speed-profile. 
 
FORMATION OF SPEED-PROFIL MODEL DDC 
Starting points 
Following the results, given by Damianoff (and other authors as well), the difference of the 
speed-change by engine-deceleration is around 9.5 km/h. Using the equation for aM this 
means that by this maneuver the vehicle passes approximately 90m.  

When with engine breaking the speed is not reduced enough, the driver applies the brakes. 
The determination of the position of this point is of a crucial importance for the presented 
speed profile model, in which also the length of the transition curve is taken into account. 

When driving into the circle a driver gets only 2 pieces of information (Fig. 5): 
 first visual, getting a view to the road ahead and / or with a traffic sign,  

and later, if driving too fast,  
 still a radial acceleration, when its size exceeds that of the driver’s acceptable on 

those ride, which occurs somewhere in the final zone of the transition curve 

Observing driver’s field of view and his reaction time the point, where a driver gets a view 
over the road-course ahead, was placed into the median point of the outgoing transition 
curve. The accuracy of that position has no significant influence on the events in the model. 
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Figure 5: Information to the driver when driving through the S-curve  

 
What is going on when driving from the arc to arc? 
On the base of starting points 4 steps of the driver's response were defined (Fig. 6): 

 
Figure 6:  Steps in the model of driving trough the S-curve (source: Juvanc, 1991) 

 1st step:   obtaining an impression on the road course ahead 
 2nd step:  the use of the engine deceleration 
 3rd step:  the use of the brakes, if necessary 
 4th step:  driving through the next circular arc 

 

Scheme of driving-dynamic values in the model  
For the formation of the speed-profile model the following parameters were used: 

 driver’s abilities: 
 

o reaction time 
o field of view 
o acceptable radial acceleration (pR) 

 characteristics of the vehicles: o engine acceleration (depends on V) 
o intensity of braking (depends on V)  

 technical parameters of 
carriageway: 

 

o limited values of the clothoide (Amin, Amax) 
o standardized value of max radial 

acceleration in curves (pR) 
o standardized design value of coefficient of 

friction (CFs) for asphalt layer 

In the model the velocity between 70 and 100 km/h (driving in the direct gear) was taken 
into account. The velocity V85% through the arcs was not the subject of this research-work. 
The values according to Köppel were assumed. In a different way established values, like 
those given by Lamm or Krammes, can be used as well. 

In this model, we defined the key points "o" and "m" as the basic points for the calculation. 
Point "o" represents the beginning of braking with the engine. The position of this point 
depends on the distance between neighboring two circles. Only by chance it can be located 
in the inflection point of the clothoid. It was defined following the results of Damianoff and 
its position varies depending on different combinations of elements in every respective 
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transitional path. The speed at this point was designated as "vo".  This procedure is quite 
complicated and it is no place here to explain the detailed presentation. 
Point "m" represents the beginning of decelerating with the brakes when needed. The 
position of this point depends on the speed "vo" and on the radial acceleration in the 
following arc that defines the size of the cross-slope in that arc and along of the clothoid as 
well.  
The scheme of driving-dynamic parameters is given in the Figure 7.  

 
Figure 7:  Apearance of driving-dynamic values in the model DDC (source: Juvanc, 1991) 
         
Formulae for calculation  
For the calculations a flowchart was prepared and the formulae, dated in the Table 1, used. 
The equations for Lm, ft req and DDC were developed in the frame of the research work.  
 
Table 1: Formulae, used for the calculations in the model DDC 
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The calculated value of DDC (%) shows utilization of the standardized design value of the 
coefficient of sliding friction. The limit value for a carbonate agregate in the wearing layer is 
100%. When a silicate stone agregate is used the limit value varies depending on 
differencies between standardized values of CFs as shown in Figure 8. The exceeded DDC 
value shows the locations on the road where a high probability of slips can occur due to the 
worn carriageway when the value of CF will be decreased below the standard design value. 
These locations can be named as very hazardous. 

  
 
 
 
 
 
 
 
 
 
Figure 8:  Possible measures by exceeded value of DDC (%) (source: Juvanc 1991) 

 
CONSIDERING THE LENGTHS OF THE TRANSITION CURVES 
 
Comparison of speed-profile models  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9:  Speed-profile drawn by methods of Lamm, IHSDM and DDC-Juvanc (source: Maršič, 2007)  

In Figure 9 one can see the differences in the speed-profile, prepared according to 3 
different methods. In method DDC the speed-profile is defined in the transition area as well. 
When considering the length of transition curve the speed V85% is not constant through the 
entire length of circles.  

 
Impact of the length of the transition curve  
The comparison of the results calculated by method DDC, which considers the length of 
transition curve, shows the differences in the form of speed-profile graph and in the DDC 
value.  
In the example in Figure 10 it can be seen that the inclusion of a shorter clothoid results in 
the exceeding of limit DDC value on the entry part to the incoming circle. On the other hand 
by the inclusion of a greater clothoid the “hazardous point” is not to be expected. 
the calculation of the DDC value already in the phase of tracing (preliminary design) allows 
to judge if the composition of geometric elements of the road axis is safe or not. 
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Figure 10:  Speed-profile and DDC calculation by model DDC (source: Maršič, 2007)  

 
Impact of carriageway elements on the speed-profile course  
In the preceding text it was shown and proven that the distance between two adjacent arcs 
importantly and even decisive influences the formation of V85% on that road section. As the 
line of the speed profile depends on the size of the V85% in the curves, its shape is 
impacted by the road axis elements and also with the lane width, longitudinal grade and 
cross-fall in the arcs. 

The intensity of the impacts differences in the course of the speed profile can be clearly seen 
in the graphs shown in Figures 11, 12 and 13.  
It must be pointed out a particularly large impact of the gradient (nivelete). 

 
Figure 11:  Effects of lane-width on the shape of speed-profile  (source: Maršič, 2007)  
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Figure 12:  Effects of gradient on the shape of speed-profile  (source: Maršič, 2007)  

  
Figure 13:  Effects of cross-fall on the shape of speed-profile  (source: Maršič, 2007)  

 
SAMPLE CALCULATIONS 
For a clearer imagination of the effectiveness of the DDC model, two examples of 
calculations are presented. The first one (Fig. 14) was carried out for a newly designed road:  

 
Figure 14:  Speed-profile and DDC calculated for a newly designed road - slight gradient (source: Maršič, 2007) 

Very short curves
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The calculation for a reconstructed road, where very short arcs enable to achieve very high 
speeds, is shown in Figure 14. After a while the road will become extremely hazardous. The 
image of traffic safety on this road could be improved by the use of the silicate stone 
material in the wearing course and more corrections of geometric elements of the road axis.  

The second one (Fig. 15) was carried out for the existing road with very steep gradient of 
nivelete. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15:  Speed-profile and DDC calculated for an existing road with gradient 7% (source: Maršič, 2007) 

The graph in the lower part of Figure 15 shows that when driving upwards, the carriageway 
can be rehabilitated by using  the silicate stone agregate in the wearing course (the DDC line 
lies under the green line). Except at the beginning (at 0,2km), where it is necessary to 
change the size of the geometric elements (DDC > admissible DDCM). 

On the other hand, when driving downwards, the excceeding of the skid resistance (DDC > 
100% - red line) is present in most parts of the road, especially when entering the smaller 
curves. The admissible value of DDCM is exceeded on six sites along the road. For this 
direction of driving the road may be restored only with the surfacing made up of silicate 
stone material and with the correction of geometric elements in all 6 sites, exposed in the 
Fig.15 by the DDC drawing. 
 

 driving  
upwards 

 driving  
downwards 

Road with  
gradient 7% 
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CONCLUSIONS 
 
1. This or a similar computer program should be an integral part of the designer and 

controller tools to achieve a higher level of traffic safety on the designed road.  
2. This method, presented as a model DDC, enables: 

 the designer to harmonize geometrical elements 
 to define dangerous sites on the existing road 
 the maintainer to identify locations to control slipperiness more frequently 
 to choose an appropriate measure for the surface rehabilitation  
 the use as a base for the operation of the devices in the frame of ADAS (Advanced 

Driver Assistant System) 
3. This model was prepared by using few approximations. Therefore authors will be grateful 

to receive comments and suggestions for improving the procedure and calculations. 
4. In the moment the model is in the process of testing (comparison of the calculated and 

measured values).  
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