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INTRODUCTION

The knowledge of the effects which the vertical alignment of a road produces 
on traffic is necessary for preparation of appropriate standards and 
recommendations relating to gradients and to vehicle-climbing lanes*
Furthermore this knowledge constitutes an indispensable element of the 
information which is required for economic calculations in traffic engineering. 
In fact, very extensive information is needed in order that the above- 
mentioned effects may be determined in a satisfactory manner. Among other 
things, it is necessary to know the geometric road design features, the 
traffic volume, and the classification of traffic according to type of 
vehicle. Moreover, it is required to know the effects of the vertical 
alignment on free-moving*^ vehicles of various types, and the influence of 
sight conditions and opposite-direction traffic on the frequency of over
taking and passing. A complete treatment of this problem will be carried 
out with the help of simulation by means of automatic data processing 
equipment. A model for simulation of traffic on two-lane roads is at 
present in preparation at the National Swedish Road Research Institute.

As has been pointed out in the above, the necessary basis for the simula
tion comprises, among other things, the knowledge of the effects produced 
on free-moving vehicles by the vertical alignment of the road. Studies 
of the variations in the speeds of free-moving vehicles with the distance 
on upgrades have therefore been made for this purpose and the results are 
presented in this report.

1) The term fffree-moving” is used to designate the motor vehicles whose 
drivers can be considered to be unhampered by other traffic, and are 
free to choose their own way of driving.



2. DESCRIPTION OF THE MODEL

In order to describe the speed-distance relation on upgrades, use was made 
of an assumed model which was based on physical considerations* This 
model had to comply with two requirements. First, it should be simple 
to use. Second, in should adequate!}*- represent the variation in the 
speed with the distance for each individual vehicle. In other words, 
this model should make it possible to describe the whole vehicle popula
tion, and not only a single typal vehicle, as has been usual in previous 
studies of this problem.

The model assumed for the present study was based on the forces which act
on a motor vehicle on an upgrade, see fig. 1.

pi ^  1, Vehicle on an upgrade
F ~ Tractive force, in N
F = Air resistance, in N
F1 ~ Rolling resistance, in N
m == Mass of the vehicle, in kg 2
g ~ Acceleration of gravity, in m per sec 
x = Angle of slope



The equation of forces gives

F - F- - F - mg • sin i = m •   (1)1 r dt

where
v = the speed of the vehicle, in m per sec 
t = the time, in sec

The tractive force, F, which is developed at the wheels by the engine can 
be written

F = —  v

where
P = the power output, in W, developed by the tractive force

The resistances are dependent on several factors, as may be seen from the 
following equations.

The air resistance, F^, is

F = C • A • v 2 1 1  r

where
3C- = a shape f a c t o r o f  tne vehicle, in kg per m ,

2A = the front surface area of the vehicle, in m
v^ = the relative velocity of the vehicle with reference to the surrounding 

air, in m per 6ec, which is approximately equal to the speed of the 
vehicle, v, in m per sec

The rolling resistance, F^, is

F = C • m • cosi &  G • m r r r

wnere
= a constant which is dependent on the road surfacing and on the 

type of tyre

This equation disregards that component of the rolling resistance, F^,
which is dependent on the speed.



If the expressions for F, F^, and F are substituted in Eq (1), then we 
obtain

p n a 2 r. dv Ck • A • v - C • m - mg s m  i = m-r-v 1 r ° dt

This equation can be written

a i Ci . A 0dv _ P 1 1 . ,0vjT  - —  • —  -  ------ * v - C - g • sxn i ..........  (2)dt m v m r

Eq (2) is the equation of motion of a vehicle.

The first hypothesis made for the present investigation was that the power 
output, P, in Eq (2) might be regarded as approximately constant. Further
more, it was supposed that an appropriate classification of vehicles in 
groups would make it possible to assume a constant value of the ”coefficient 

C1 ' Aof air friction” --- ~—  , for each group of vehicles. The classification
of vehicles adopted for this purpose is given in what follows.

Group 1. Private cars
Group 2. Two-axle lorries
Group 3. Three-axle and four-axle lorries
Group 4. Five-axle or multi-axle lorries

The model described in the above complied with the requirement that it
should enable each individual vehicle to be characterised in a sufficiently

Psimple manner, namely, by a value of the ratio —  and by the number of heavy
1) m axles of the vehicle, which give the value of the coefficient of air

C1 • A
friction” -— — —  . In addition, it is necessary to know the speed of the 
vehicle at the entrance into the upgrade.

1) Axles carrying axle loads which are equal to, or greater than, 2 metric
tons



TEST OF THE MODEL

In order to test this model, the variation in the speed with the distance 
was studied on 18 upgrades, which differed in slope and in length. All 
these sites of observation are located on Europe Roads (E Roads), and the 
total data covered about 1000 passenger cars and 2500 heavy vehicles.
The measurements were made in the spring and in the summer of 1968. The 
variation in the speed with the distance was recorded by means of a 
special travel time measuring equipment. This equipment comprised a 
number of time recorders, which were connected to detectors placed, on the 
carriageway. The detectors consisted of thin iron wires, which were 
scarcely perceptible to road users. Fig. 2 shows an example of the 
location of the detectors on a vertical profile.

9

Fig. 2. Example of location of vehicle detectors on an 
upgrade

Thus, the time recorders furnished data on the travel times over 
consecutive road sections. The entrance and exit speeds, as well as the 
total travel time over the upgrade, were used to calculate the mean value 
of the power output developed per unit mass of vehicle, and averaged, 
over this total travel time. This mean value was then used as a supposed 
constant in the assumed model.



After that, at the points where the time and the speed had been measured, 
their observed values were compared with the corresponding values 
calculated with the help of the model. The agreement between the 
respective values was found in all cases to be very close. An example 
of this comparison is shown in fig. 3. These graphs represent the 25-, 
50- and /5-percentiles in tne distributions of the percentual differen
ces in speed and in time at those points of the upgrade at which the 
speed and the time have been measured. This example refers to the same 
location of the detectors on the upgrade that is shown, in fig. 2.
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Fig. 3, Example of graphical comparison of calculated and
observed values of the speed and the travel time at points
defined by different road co-ordinates
A B C  
f   — )

A ä 25-percentile 
B = 50-percentile 
0 ~ 75-percentile
Vm= ^Pe€ĉ calculated from the model
v - Observed speed
t s Time calculated from the model
t ~ Observed time u

Average gradient of the upgrade 54 per mil 
Number of vehicles 57

This example relates to five-axle or multi-axle lorries.



APPLICATION OF THE MODEL

Some results which can be obtained from the model are exemplified. The 
first examples show speed-distance curves computed from the theory on 
various grades (see fig 4-7). These examples are related to the 
median vehicle in each group.

In the diagrams the speeds at the entrance into the upgrade are 100 km/l  
for passenger cars and 75 krn/h for heavy vehicles. The curves can also 
be used for entrance-speeds lower than the values mentioned.
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Fig. 4 . Speed-distance curves for the median vehicle of 
passenger cars
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Fig. 5 . Speed-distance curves for the median vehicle of 
two-axle lorries
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Fig. 6. Speed-distance curves for the median vehicle of 
three-axle and four-axle lorries

Speed
[km/h'



Speed
[km/h]

60

40

20

Gradient 
Ö o/oo - 
5 o/oo

20 o/oo

30 o/oo

40 o/oo
50 o/oo 
60 o/oo 
70 o/oo
80 o/oo

1000

g,« 7. Speed~distance curves for median vehicle of five-axle 
and multi-axle lorries

Another example relates to a whole population of free-moving heavy lorries 
which is typical of traffic on Europe Roads in Sweden. The upgrade in 
question has a gradient of 60 per mil, and is I 200 m in length. Further
more, this example is based on the simplified assumption that all vehicles 
travel at the same speed, 75 km/h, at the entrance into the upgrade. On 
the basis of these data, fig. 8 represents the 10-, 25-, 50-, 75-, and
90-percentiles in the speed distribution for any arbitrary points on the 
upgrade.
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Fig, 8, Speed-distance graph for an upgrade. Population of 
heavy lorries.

Breakdown of lorries by number of axles:
Two-axle 39 per cent
Three-axle or four-axle 32 per cent
Five-axle or multi-axle 29 per cent
Gradient of the upgrade 60 per mil.




