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EXECUTIVE SUMMARY

The Department of the Environment, Transport and the
Regions has a target of reducing the number of road
casualties by one third, from the levels of the early 1980s,
by the year 2000. Tyre adhesion is a major primary safety
faclor and it is therefore very important that current fevels
of tyre adhesion are maintained (or improved) to help meet
the above target.

The Vehicle Standards and Engineering (VSE) Division of
the DETR contracted the Transport Research Laboratory
(TRL) to look at the adhesion evels of current generation
commercial vehicle tyres and to consider the feasibility of
an adhesion test procedure. A furtheraim of this project was
to compare cusrent levels of tyre adhesion with those from
simnilar tests conducted in the late seventics.

Twenty types of commercial vehicle tyres have been tested,
involving several different makes, models and sizes. The
adhesion levels have been measured using braking tests and
cornering tests. All the tests made use of a specially
modified test vehicle. Ineach test the vehicle’s longitudinal
or lateral acceleration was measured and converted into a
dimensionless Braking or Side Force coefficient (BFC or
SFCy.
There was found to be a large difference between peak and
tocked wheel values on all the surfaces, indicating the
potential for improved braking performance through the
use of systems designed to prevent wheel lock and make
full use of the grip available.

The peak Side Force Coefficients, measured on a wet
asphalt surface and a wet Bridport gravel surface, did not
vary much betweentyres, though the wide trailer tyres gave
slightly better results than the other, narrower tyres on the
asphalt surface.

Where lentative comparisons were possible, there was
some evidence that the adhesion levels of current genera-
tion tyres on a dry surface, as indicated by straight line
braking tests, are significantly better than those from CV
tyres tested previously. This trend was not evident when
comparing results on a wetted surface but it is possible that
other improvements in tyre performance, such as increased
durability and reduction in noise, have been made over the
years without any sacrifice in tyre adhesion,

The results indicate that it would be very difficult to
measure tyre adhesion by using one test procedure. The
tyres generally gave different rank orderings with the
braking tests on the various surfaces tested. Another diffes-
ent rank ordering was produced from the cornering tests. It
would therefore be difficult 10 conclude too much frem any
one test, as a tyre that performs well in that test might

perform badly in another. There were found to be statisti-
cally significant correlatioris between the stopping dis-
tances calculated on the wet concrete and wet motorway,
wet Bridport and wet Mastic, wet Bridport and wet FTA,
dry FTA and wet concrete and dry FTA and wet motorway
surfaces, bul not between any other surface pairs. Although
some patlerns emerged on some surfaces, for exampie
retreaded tyres were found to give significantly shorter
stopping distances (typically 8-13% from 90 km/h) than
new Lyres on the wet motorway, wet concrete and dry FTA
susfaces, there were no consistent variations across all the
surlaces tested, or even across all the high-grip surfaces
typical of normal roads.

When one considers the results of all the studies into truck
tyre performance, it isclear that the factors which influence
tyre and vehicle adhesion levels are many and complex.
The trend to reduce tyre noise levels could possibly lead to
an increase in commercial vehicie emergency stopping
distances, but other trends, such as {itting anti-lock brakes
and electronic braking systems (“*brake by wire'), may well
have the opposite effect. The crucial question is whether
jegisiation (or international standards) should be used to
ensure that tyre adhesion levels are maintained or im-
proved, despite all the other influencing factors. Htisimpor-
tant that any legislative test is simple to perform and
representative of the conditions tyres encounter in normal
use. It is also important that the design of tyres which easily
meet any adhesion requirements are not changed (to give
better noise or tread wear characteristics for example) in
such a way that the adhesion performance is reduced to
nearer the minimum standard required. It is also of vital
importance thatimprovements intyre adhesion levels trans-
Jate into improvements in commercial vehicle braking and
commering performance. This can only be done through
fusther legislation or standards governing all the various
vehicle components and systems (brakes, suspension etc.)
which influence this performance.

In summary there are various factors which influence tyre
adhesion, The substantial international pressure to reduce
tyre noise levels is likely 1o result in legislation in the very
near future. Such legiskation might well adversely affect
tyre adhesion levels. It is therefore the author's opinion that
there is a need to develop a legisiative test for commercial
vehicle tyre adhesion with some urgency. It is likely that
whatever form of test may be proposed or developed, the
main probiem will be in specifying what road surfaces the
adhesion levels are 10 be measured on. The research de-
scribed in this report has found that any given tyre can
perform quite differendy, relative to another tyre, from one
surface 1o another. Any standard test must therefore cover
avariety of surfaces. Further researchinto the effect of road



surface ons tyre adhesion needs to be carried out in prepara-
tien for the development of a standard test. One surface
which ought to be considered is porous asphalt, which is
becoming increasingly common on British and European
roads.

In future, the development of compuler modeis or more
useful and accurate drum rigs may make the testing of real
tyres on real vehicles on real road surfaces unnecessary, At
present, however, it is the author’s opinion that the straight
line front-wheel braking method, as described in this report,
offers the best combination of cost, simplicity, accuracy,
reliability and repeatability.

A standard cornering test would be much more difficuit to
justily, as the ullimate cornering grip of commercial vehi-
cle tyres may be rarely needed in real situations. It is
considered unlikely that the difficulties in developing a
simple, safe and reaiistic comering test for commercial
vehicie tyres will be justified by the improvemenis in
vehicle safety that might result. There was some evidence
from the recent tests that peak BFC can be used to predict
maximum SFC, thus avoiding the need {or any separate test
to measure cornering adhesion,



COMMERCIAL VEHICLE TYRE ADHESION

ABSTRACT

Tyre adhesionis critical o primary safety and it is therefore
very important that current levels of tyre adhesion arc
maintained or improved. The UK Department of the Envi-
ronment, Transpori and the Regions contracted the Trans-
port Research Laboratory (TRL)} to look at the adhesion
levels of current generation commercial vehicle tyres and
1o consider the feasibility of an adhesion test procedure.
The results indicate that it would inappropriate to measure
tyre adhesion by using any one test procedure. The tyres
generally gave different rank orderings with the braking
tests on the various surfaces tested. Another differcni rank
ordering was produced from the cornering tests. There are
various factors which influence tyre adhesion. The substian-
tial international pressure to reduce tyre noise levels is
likely to result in legislation in the very near futurc. Such
legislation might well adversely affect tyre adhesion levels.
It is therefore the author's opinion that there is a need o
develop a legislative test for commercial vehicle tyre adhe-
sion with some urgency.

1. INTRODUCTION

The Department of the Environment, Transport and the
Regions (DETR) has a target to reduce the number of road
casualties by one third of the levels of the early 1980s, by
the year 2000. Tyre adhesion is critical to primary safety
and it is therefore very important that current levels of tyre
adhesion are maintained {or improved) to help meet the
above target.

Pressures from the environmental lobby to reduce tyre
noise may resultin international legislation to limit the peak
sound pressure produced by car and commercial vehicle
(CV) tyres. The DETR therefore needs to be aware of the
current tyre adhesion coefficients Lo ensure that proposals
to reduce tyre noise do not result in reduced adhesion levels
and a consequent potential increase in vehicle accidents. It
is likely that a standard for tyre adhesion will need to be
legisiated to ensure that this does not happen.

The Vehicle Standards and Enginecring {VSE) division of
the DETR has contracted the Transport Rescarch Labora-
tory (TRL) to measure the adhesion coefficients of current
commercial vehicle tyres and to consider the feasibility of
an adhesion test procedure. TRL were also requested to
compare current vajues of tyre adhesion with those ob-
tained from similar tests in the late seventies. In a scparate
project, TRL. were commissioned by VSE to study the
relationship between tyre noise and tyre safety; reference |

gives the results of the noise and safety measurements and
describes the relationship between the two.

This report describes the method and the results of measur-
ing the adhesion coefficients of arange of CV tyres includ-
ing those used-in the tyre noise and safety project. The
adhesion was assessed by determining braking force and
comering {orce on different surfaces with the tyres fitted to
a vehicle specially designed for this purpose. The tyres
tested are described in section 2 below and the vehicle,
instrumentation, test surfaces and test methods are de-
scribed in sections 3 to 6. The results are presented and
discussed in section 7 and this is followed by a comparison
of these results with those obtained from similar tests inthe
late seventies (1977/78) and reported by Wilkins and Riley
(ref 2). The final part of the report summarises the findings
and discusses the need for, and feasibility of, a legislative
test procedure.

2. TYRES TESTED

The size, typical usage and type of the twenty commercial
vehicle tyres tested are shown in Table 1. The tyres were
selected to be representative of those in use in the UK.

The type of each tyre refers to the process ased in its
manufacture. New tyres are first use, newly manufactured
tyres. Retread (hot) coverstwo forms of retreading; the first
is a bead to bead retreading process where the casing is’
buffed afl the way across the section, including the sidewalls.
A thick layer of uncured rubber is applied to the tread area
with a thin sheet to the sidewalls. The tyre is then placed in
2 mould which {orms the tread pattern and heats up to cure
the rubber. The sccond hot retreading process is known as
re-capping, where new rubber covers the shoulder of the '
tyre and the tread is again formed in a mould. Retread (cold)
is a pre-cure process, also known as top-capping, where
only the tread area is buffed. A thick strip of pre-cured
rubber, compiete with tread pattemn, is bonded round the
circumference, at a much lower temperature than that
required {or bead to bead or re-cap retreading.

Photographs of all the tyres, showing the tread patterns, are
presented in Figure 1. All the tyres were obtained in as new
condition with maximum tread depths. Prior to testing, ali
the tyres were run in by being driven gently (without harsh
comering or braking) for approximately 200 miles. The
tyres were inflated to pressures appropriate to the load
being carried (see next section), typically about 65 psi (4.5
bar) for the wide trailer tyres and 80-90 psi (5.5 - 6.2 bar)
for the other, smaller sizes.




3. TEST VEHICLE

The vehicle used for the tests was a two axle Daimler bus
chassis specially modified for the purpose of tyre adhesion
testing. The front brakes can be applied separately from the
rears and are sufficiently powerlu! to obtain quick wheel
locking, even on dry surfaces. This is the same vehicie as
was used for the tests conducted in the late scventies, as
referred to elsewhere in this report.

The static axle weights were:

Front axle 4,320 kg
Rear axle 6,670 kg
10,990 kg

The test tyres were fitted to the front axle, the loading of
which was chosen Lo be typical for the range of tyres to be
tested (Reference 3). This reference relates to some work
on HGV tyre debris left on the M4 motorway and involved
asurvey of vehicles using the motorway. That survey found
that, on average, HGV axles were loaded to about 71 per
cent of their plated values. Though not reported in Refer-
ence 3, the survey also found that, on average, tyres fitled
te 22.5 inch diameter wheels had individual wheel loads of
approximately 2000 kg, implying an axle load on the test
vehicie of 4000 kg. The joad was positicned such that each
tyre was loaded, as near as possible, to the same value. The
wheelbase was 5.65m. The centre ol gravity was 2.22m in

front of the rear axle and 1.00m. above the ground, as
measured for, and quoted in, Reference 2.

The single formation Load Indices of the tyres ranged from
146 (for one of the 11 X 22.5 tyres) to 160 {for one of the
385/65 X 22.5 tyres). These equate to maximum possible
axle foads of between 6,000 kg and 9,000 kg, sothe constant
axic load used of 4,320 kg represents between 48% and
72% of the tyres’ maximum permissibie static loading.

In order to fully repeal the late seventies tests described in
Reference 2, a small series of braking tests was also
conducted with different front axle weights. The lightly
laden tests were carried out with an axie weight of 3150 kg
and the heavily laden tests with an axle weight of 4920 kg.

4. INSTRUMENTATION

The vehicle was fitted with a contactless optical speed and
distance measuring device. This was connected to data
logging equipment within the vehicle, set to store test data
on magnetic disk. An accelerometer, with a2 measuring
range from -3g to+3g, was also connected to the datalogger
and its signal wzs stored on disk. The test files were then
transferred to a PC for analysis using a dedicated software
package.

TABLE 1.

Commercial vehicle tyres used for adhesion tests

12X225
12 X225

©O3B5/65 X 195

385/65 X 22.5
385/65 X 22.5

General purpose
Trailer
Trailer
Trailer
Traiter

New
Retread (cold)
New
New
Retread (cold)

Tyre Size Typical usage Type

A 11 X225 Drive axle New

B 11 X225 Steer axle New

C 11 X225 On/off highway New

9] 11 X225 General purpose New

E 11 X225 Trailer New

F 11 X225 Drive axie Retread (hot)
G 295/80 X 22.5 Drive axle New

H 295/80 X 22.5 Steer axle New

I 295/80 X 22.5 Drive axle New

I 295/80 X 22.5 General purpose Retread (hot)
K 295/80 X 22.5 Steer axle New

1. 315/80 X 22.5 Drive axle New

M 315/80 X 22.5 Stcer axle New

N 315/80 X 22.5 Orvolf highway New

0 315/80 X 22.5 Drive axle Retread (hot)
P

Q

R

S

T

Ry




Steer Steer Steer Steer

Drive Drive Drive Drive

o

Trailer Trailer Traller

Trailer

Figure 1. Tyres used for adhesion tests



5. TEST SURFACES

Five wet surfaces and one dry surface were used for braking
tests and two (both wet) were used for comering tests (see
below). The surfaces and their macro and micro textures are
shown in Table 2, together with the SCRIM coefficients as
measured in Aprl 1993, When wet, the surfaces were
wetled to a depth of 1-2 mm of water {measured using an
electronic probe), which represents typical heavy rainfall
conditions.

6. TEST METHODS
6.1 BRAKING TESTS

The test procedure used broadly conformed to ASTM
standard F403 - 86 (Reference 4). The vehicle was driven
in a straight line onto the test surface and the front brakes
were applied as hard and as fast as possible. The initial
speeds ranged from approximately 20 km/h to 100 km/h
and in roughly 20 kmv/h increments. During each test the
vehicle speed and deceleration were recorded by the instru-
mentation described above.

From each test run the data was analysed {o give peak
vehicle deceleration and a locked wheel value at the appro-
priate vehicle speed. Using the centre of gravity position as
quoted in Reference 2, the peak and locked wheel
decelerations were then converted into Brake Force Coef-
ficients {BFCs), using the procedure described in the Ap-
pendix.

The pitch of the vehicle during braking was very small and
insufficient to necessitate correction of the accelerometer
measurcments.

To minimise tyre damage, the front brakes were released
within about a second of wheel locking. Tyres were tested
two to four times at each lest speed and on each surface, to

produce a regression line of peak and locked wheel BFC
against vehicle velocity.

6.2 CORNERING TESTS

The vehicle was driven at a constant speed (40 km/h on the
cold rolled asphalt and 30 kin/h on the Bridport) and the
steering wheel was turned at a steady rate to gradually
reduce the radius of the tum while maintaining the vehicle's
speed. The lateral acceleration was measured using the
accelerometer described above and the maximum value, at
which the front tyres lost adhesion, was recorded. The test
was repeated approximately six times and an average peak
lateral acceleration derived. When corrected for vehicle
roil angle, the peak acceleration (in units of g) is equivalent
1o the peak Side Force Coefficient (SFC). The front (test)
tyres always lost adhesion before the rears with this proce-
dure. The test speeds were chosen to ensure the limit of
adhesion was reached before the limit of turning radius
tmposed by the vehicle’s steering geometry.

7. RESULTS
7.1 BRAKING TESTS

7.11 Peak and locked wheel BFCs

The locked wheeland peak BFC results are given in Figures
2 -7, together with the “best fit” locked whee! regression
lines. The strength of the linearrelationship between locked
wheel BFC and vehicle speed over the range tested is
indicated by the values of R? shown on the graphs. The
nearer the values to 1.0, the greater the evidence for a strong
linear relationship.

The peak BFCs on the wet FTA surface (Figures 2(a) and
2(b)) show a slight reduction as speed increases. The tyres
generally gave values ranging from around 0.7 to 0.8 at 20
km/h down to approximately 0.6 at 100 kmv/h. The locked

TABLE 2.

Test surfaces used

Macro- Micro- SCRIM
Surface texture texture Test value
Wet Motorway (hot rolled) asphalt  Rough Harsh Braking 0.5%
Wet concrete Smooth Harsh Braking 0.43
Wet fine cold rolled asphali Smooth Harsh Comering N/K
Wet Fine Textured Asphalt (FTA)  Smooth Harsh Braking 0.61
Wet Bridport Gravel Rough Polished Braking & Cornering 0.22
Wet Mastic asphalt Smaooth Polished Braking 0.12
Dry Fine Textured Asphalt (FTA)  Smooth Harsh Braking n/a




wheel BFCs are all highly linearly related to vehicle specd.
Values 0of 0.55 - 0.6 at 20 km/h down 10 0.25 at S0 km/h are
typical. The graphs show very litlle difference in BFC
performance (peak or locked wheel) on the wet FTA
surface between any of the tyres tested.

The peak BFCs on the wet motorway surface {(Figures 3(a)
and 3(b)) are only slightly speed dependent. The lyrcs
generally gave values of around 0.75 at low speed (20-30
kmv/h) reducing to 0.65 at 100 km/h. The locked wheel
BFCsare allhighly linearly refated to vehicle speed. Values
of 0.5 - 0.6 at 20 km/h down to 0.2 - .25 at 90 km/h are
typical. The graphs show little difference in BFC behaviour
(peak or locked wheel) on the wel motorway surface
hetween the tyres tested.

The peak BFCs on the wet concrete surface (Figures 4{a)
and 4(b)) do generally show a slight reduction as speed
increases, typicaily from around 0.65 - 0.7 at 20 or 30 km/
hdown to0.5 - 0.6 at 100 km/h, There is again a clear linear
speed dependence apparent with the locked wheel BFCs.
Valuesof 0.4 - 0.5at 20 km/h and 0.15 - 0.25 at 90 km/h are
typical. As was the case on the motorway and wet FTA
surfaces, there was found to be Hitle difference between any
of the tyres tested on the wet smooth concrete surface.

The peak BFCs on the Bridport surface (Figures 5(z) and
5(b)) are only slightly speed dependent. The tyres generaliy
gave values of around 0.5 at low speed (20-30 km/h)
reducing 10 0.4 at 80 kin/h (the size of the available area of
Bridport gravel limited the maximum test speeds to around
80 km/h, rather than 100 km/h on the other surfaces), The
lacked wheel BFCs are all linearly dependent on vehicle
speed, but the dependency is not as great as was found on
the wet FT A, motorway and concrete surfaces, as indicated
by the values of R? and the gradient of the regression lines.
Values of 0.3 - 0.4 at 20 kmvh down to 0.2 at 80 km/h are
typical. The graphs show very little difference in peak or
locked wheet performance on the wet Bridport surface
between any of the tyres tested,

The peak BFCs on the wet Mastic asphalt surface (Figures
6(a) and 6(b}) do generally show a reduction as speed
increases, typically from around 0.2 - 0.3 at 20 km/h down
to 0.1 at 100 km/h. There is evidence for a linear speed
dependence with the locked wheel BFCs, but the slopes of
the regression lines and values of R? are much lowerthanon
any of the other surfaces tested. BFC values of 0.1- 0,15 at
26 km/h and 0.05 at 90 kivh are typical. There was found
to be liile difference in locked wheel BFC behaviour
between any of the tyres tested on the wet Mastic surface,
though there were quite wide variations in peak BFCs. This
is probably atiributable lo the fact that this surface has a
very high ratio of peak BFC to locked wheel BFC, making -
it particularly difficult to ensure that both test tyres reach
their peak adhesion at the same time. I the tyres do not peak
at the same time, then the accelerometer will inevitably
give a falsely low reading of peak deceleration. The vana-
tions in peak BFC on the Mastic may therefore be attribut-
able to limitations in the test procedure rather than differ-
ences amongst the tyres under test. There is no such
problem with the locked wheel readings, once both wheels
have locked. '

The peak BFCs on the dry FTA surface (Figures 7(a) and
7(b)) remain fairly constant as speed increases, The tyres
generally gave values ranging from around 0.7 to 0.9 at all
speeds. The locked wheel BFCs are all linearly related to
vehicle speed, but the strength of the relationship is Jower
than was found on the wet FT A surface. Values of 0.6 at 20
krr/h down to 0.4 at 90 ki/h are typical. The graphs show
little difference in BFC performance (peak or locked wheel)
on the dry FTA surface between any of the tyres tested.

All the graphs show large differences between locked
wheel BFCs and peak BFCs, which generally increase with
vehicle speed. This indicates the potential forimprovement
in braking performance if greater use was made of the
adhesion available at peak by means of systems designed to
prevent wheel lock.
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on wet Motorway Asphait :
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Figure 4(a) - Peak and locked wheel braking force coeflicients {BFCs)

on wet Concrete
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Figure 5(a) - Peak and locked wheel braking force coefficients (BFCs)

on wet Bridport Gravel
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Figure 6(z) - Peak and locked wheel braking force coefficients (BFCs)

on wet Mastic Asphalt
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Figure 7{a) - Peak and locked wheel braking force coefficients (BFCs)

on dry Fine Textured Asphalt
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Figure 7{b) - Peak and locked wheel braking force coefficients (BFCs)
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7.1.2  Stopping distances

Any differences in tocked wheel performance of the vari-
ous tyres would not necessarily be apparent from the graphs
of BFC against speed, as low BFCs at high speed are
potentially of much grealer significance to vehicle safety
than low BFCs at low speed. This is because a vehicle's
overall stopping distance is determined mainiy by the
deceleration when the brake is first applied, ie. when the
vehicle speed is greatest. To aid comparison between tyres,
Figures 8 and 9 show the calculated Jocked wheel stopping
distances from 90 km/h or 80 kmv/h for each tyre on each
surface.

The stopping distances have been calcutaled from the
locked wheel regression lines shown in Figures 2-7. By
taking account of the change of BFC with speed, they are
representative of the distance it would take a vehicle to
travel, with all wheels locked, from a given speed to rest.

Table 3 summarises the stopping distance calculations,
showing the minimum, maximum and average distances on
each surface. The jast column in the Tabie shows the
percentage variation from the average for 95% of the data,
assuming a normal population distribution, that is 95% of
the results would be expected lo be within #x% of the
sample average.

The vartation of stopping distance is quite large on all the
wet surfaces, especially the concrete and mastic, but smaller
on the dry surface. This means that on any given surface, it
is likely that some tyres will give substantially shorter
stopping distances than others. Since normal roads can be
constructed with a variety of different surfaces, this fact
will only be significant if any tyres give consistently short
or long stopping distances on a wide varietly of surfaces. To
establish if this is the case, it is sensible to combine the
calculated stopping distances described above into a single
measure of overall braking performance. The most impor-
tant consideration is that this measure should be representa-
tive of the likely performance of the tyres on real-world
road suifaces. Bridport Gravel and Mastic Asphalt are not

found on normal roads and have therefore been excluded
fromthe foliowing anatysis of the stopping distance resulis:

To be properly representative of real road surfaces, the
measure of stopping distance performance should take into
account the relative proportions of each of the road surfaces
in common use, including what proportion of their use is
when the road surface is wet, This information is not readily
available and hence it is necessary to adopt a slightly
subjective measure. For simplicity the following analysis
assumes that all of the common road surfaces tested (wet
FTA, wel motorway asphalt, wet smooth concrete and dry
FTA) are equally prevalent on normal roads. By dividing
alj the calculaled stopping distances on any given surface
by the average distance on that surface, a series of stopping
distance index rankings can be obtained for each tyre. If a
tyre has a ranking of more than 1.0 on all the surfaces, then
it consistently produces longer than average stopping dis-
tances, whereas a tyre with an index consistently less than
1.0 produces shorter than average stopping distances. Ta-
ble 4 shows the indices for all the tyres studied. The
variation of average stopping distance index between tyres
is a littie lower than was found on individual wetted
surfaces (95 percentile range is & 11%). Itis noticeable that
very few tyres have indices consistently less than or greater
than 1.0 (for clarity, all indices < 1.0 are shown with a
shaded background in Table 4). Tyres A, Q and T all gave
consistently better than average stopping distances, whereas
only tyre M gave longer than average distances on all the
surfaces, It is interesting to nole that the three best tyras, in
terms of low average stopping distance indices, are all
retreads of one form or another.

Further analyses of the stopping distance results are pre-
sented in the section of this report discussing the feasibility
of a standard test procedure,

Effect of axle foad and inflation
pressure

7.1.3

A short series of tests were carried out to assess the effects
of varying the axle load and inflation pressure on braking

TABLE 3.

Summary of locked wheel stopping distances

Stopping distances (metres)

95 percentile

Surface Minimum Maximum Average variation from average
Wet FT'A {90 km/h}) 76.3 100.0 86.9 +14%
Motorway asphalt (90 km/h) 79.6 106.3 95.6 +15%
Concrete (90 km/h} | 94.4 146.5 113.6 22%
Dry FTA (S0 kiv/h) 55.7 69.6 63.0 +11%
Bridport (80 kmv/h) 83.0 109.9 100.4 +14%
Mastic asphalt (80 km/h) 233 398 315 +30%
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TABLE 4.

Stopping Distance Indices on high-grip surfaces

Stopping Distance Indices {SDI, values < 1.00 indicate shorter than average stopping distances)

Tyre A B C D E F G t
Surface

1 K L M N O P Q R 3 T

Wet FTA

Wet motorway
Wet concrate
Dry FTA

096 0.99°0.88° 103 1.15 093 098 0.99 092 110 L.i4 098 106 104 1.02 1.67 093709970937 0.92
B 102 092 0.94 0.99 111 1.04°0,83 1.00 (9L 110 1.03.0.90
70507 1.09 1.00.0.8770930.9171.08 1.08 100 £0f 0.97 101 1.09 0961093 1.03 0.83° 129 119034
0.967099 1.02 1.03 1.05 101 1.00 089 097 093 1.04 1.00 LI0 1.05:0.98 0.99:0.88 1.07 1.03 0,90

‘098 1.1t 1050955095 1.00 106 1.1l

Average

095105 0.99-097 102 097 1,03 1.04 098 0.99 102 100 1.09 102 094 102 0.89 1.1) 1.05

adhesion. Two tyre types were used to assess the effect of
axle load. The load was varied between 4320 kg and 3150
kg on the wet motorway surface and between 4920kg and
3150kg on the wet concrete surface. For cach test the
inflation pressure was setto a value appropriate for the load
being carried. The results, in the form of locked wheel
BFCs, are shown in Figure 10 (wet motorway surface} and
Figure 11 (wet concrete).

Neither tyre gave any consistent difference in locked wheel
BEC between different loading conditions. It is therefore

reasonable to conclude that the effect of axle Joad on locked
wheel BFC is negligible.

One tyre type, Tyre T, was used to examine the effect of
varying the inflation pressure. With a fixed axle load of
3150kg, the inflation pressure was varied from 65 psi (4.5
bar)to 120 psi (8.3 bar). The results are shown in Figure 12.
The results indicate that on the wet motorway surface, the
over-inflated tyre gives skightly lower BFCs across the
tested speed range. On the concrete, however, there is very
little difference between the two pressures.
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Figure 9 - Calculated locked wheel stopping distances from 80 km/h
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7.2 CORNERING TESTS

The average peak Side Force Ceefficient results {rom the
wet cold rolled asphait and wet Bridport sur{aces are shown
in Table 5. Time and track availability constraints meamt
that testing on the asphalt surface was limited to the twelve
tyres used as part of the Tyre Noise and Safety project.

The resuits on the cold rolled asphalt vary between 0.56 and
0.67, with the two wide trailer tyres (R and §) giving the
highest SFCs. In general, however, there was very liltle
variation across the range of tyres, with iwo-thirds of the
tyres giving values in the range 0.58 10 0.61. There was a
similar amount of variation on the Bridport surface, with
values ranging from 0.42 lo .53, half being in the range
0.48 to 0.51.

8. COMPARISON WITH 1970s
TEST DATA

Reference 2 reports that in the late seventies, seven radial
ply commercial vehicle tyres were tested using broadly the
same procedures as described in Section 6 of this report.
Many of these braking tests were conducted on similar
surfaces to those used for the recent (1993/94) tests. The
sur{aces now are not exactly the same as were in place inthe
late seventies so direct comparison of the two sets of results
is very difficult. SCRIM readings are now routinely taken
on many parts of the TRL track each year, but this was not
the case in the late seventies. The only surface where
SCRIM data is available for both sets of tests is the
motorway asphalt surface. In the Jate seventies this surface
gave a SCRIM coefficient (measured at 50 km/h) of 0.51.
The surface was replaced during the eighties and in 1993
the value was 0.59. With some correctiens to allow for the
change in SCRIM value, the BFC results should be compa-
rable.

To correct for the change in SCRIM, the peak and locked
wheel BFCs from the late seventies have been multiplied by
the ratio of SCRIM values {0.59/0.51 = 1.16). The resulting

corrected BFCs should all be similar if there was no

difference in tyre performance between the two sets of
tests. Because of the unceriainties in comparing data from

lests on twe different, if similar, surfaces, a detailed analy-
sis would not be appropriate. It has been found, however,
that when the locked wheel BFCs obtained in the late
sevenlies are multiplied by the SCRIM ratio of 1.16, the |
calculated stopping distances on the motorway asphalt
surface become very similar to those obtained with the
1993/94 tyres.

There was found to be a significant difference in the results
obtained on the dry FTA surface. The modern tyres pro-
duced calculated stopping distances thal were approxi-
mately 10% shorier than those obtained from their late
seventies counterparts. It is believed that the surface is the
same now as was in place then, but this cannot be estab-
lished conclusively. There is some evidence, therefore, that
modemn commercial vehicle tyres have better dry surface
adhesion levels than their late seventies equivalents.

Another difference between the two sets of tests is that all
the late seventies tyres were the same size, 10.00 x 20. Itis
known from previous TRL research that the difference
between tyres on 2 wet harsh micro-textured surface is
usualiy attributable to the difference in tyre compound
whereas the difference between tyres on a wet smooth
surface is a function of tread pattern. Tyre size does not
appear to affect the results significantly. This is confirmed
by the recent tests, in which tyres of several different sizes
were tested (see Table 1). Tyre size was found to have no
significant effect on BFC on any surface. Tread pattem,
however, was found o be a significant factor on the two
smooth micro-textured surfaces (Bridport and Mastic), but
not on the other, harsh micro-texture surfaces, On both
Bridport and Mastic, a statistical analysis of the stopping
distance resulis reveals that tyres with a predominanily
circumferential tread pattern (typically used on steer axles
and trailers) give significantly longer stopping distances
than tyres with a lateral pattern (drive axles and on/foff
highway use). There was no significant variation in stop-
ping distances between lhese two tyre groups on the wet
FTA, dry FTA, motorway and concrete surfaces.

The only other difference between the Jate seventies and
1993/94 tests is the instrumentation used. In 1977 the
vehicle deceleration was recorded onto paper using a UV
recorder and vehicie speed was measured using a fifth
wheel. The accuracy of the measurements are comparable,
but the modern instrumentation allows the raw datato be
analysed far more quickly.

TABLE 5.

Peak Side Force Coefficients

Tyre A B C D E F G i

J K L. M N Q P Q R 8§ T

Average peak SFC

Coid rolled asphalt 0.5 0.60 0.58
Bridport

0.56 .58 0.6 063
0.47 043 043 050 048 050 043 044 042 051 053 050 051 051 048 045 0.51 044 045 0352

.60 (.58 061 0.64 0.67
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9. FEASIBILITY OF STANDARD
TEST METHOD

The resuils indicate that it would be very difficult to
measure tyre adhesion by using one test procedure. The
tyres generally gave different rank orderings with the
braking tests on the various surfaces tesied, Another differ-
ent rank ordering was produced from the comering tests. It
would therefore be difficult to conclude too much from any
one lest, as a tyre that performs well in that test might
perform badly in another. There were found 1o be statisti-
cally significant correlations between the stopping dis-
tances calculated on the wet concrete and wel motorway,
wet Bridport and wet Mastic, wet Bridport and wet FTA,
dry FTA and wet concrete and dry FTA and wet motorway
surfaces, but not between any other surface pairs. Although

some patterns emerged on some surfaces, for example

retreaded tyres were found to give significantly shorter

stopping distances (typically 8-13% from 90 km/h} than.

new tyres on the wet motorway, wet concrete and dry FTA
surfaces, there were no consistent variations across all the
surfaces tested, or even across al! the high-grip surfaces
typical of normal roads. :

The locked wheel braking tests are likely to be most
representative of the emergency conditions which current
CV tyres are required to encounter. The increasing trend to
fit anti-lock brakes to heavy commercial vehicles, how-
ever, may mean that locked wheel performance is becom-
ing less important. Reference 5, which describes tests
conducted by Cambridge University at TRL, reports that
stopping distances with an air-suspended semitrailer and
anti-lock brakes were much (up to 50%}) shorter than with
an ABS equipped, steel spring suspended semitrailer. The
increased use of air suspension, in combination with ABS,
would thus further tend to reduce the importance of locked
wheel tyre performance.

Comering adhesion is not usually very important for com-
mercial vehicle tyres, as the vehicles tend to overturn
before the limiting adhesion of the tyres is reached. It can
be important in some situations, for example on a very
slippery road surface or with an unladen vehicle with a low
centre of gravity, and thus cannot be ignored altogether.

The tyre noise and safety study (Reference 1) found a
significant negative correlation between truck tyre braking
distances (measured on two high-grip, welted surfaces) and
noise levels (measured on two high-grip dry surfaces). The
correlation is broadly equivalent to a one metre increase in
stopping distance from 80 km/h for every 1dB reduction in
coast-by noise level at 80 km/h. The potential effect of
reducing truck tyre noise is thus quite small, but might be
sufficient to warrant concern if large reductions in tyre
noise limits were proposed. The tyre noise and safety study
also concluded that since some tyres were found not to
comply with the general trend, that is they gave both low
noise levels and good braking characleristics, there was

scope for tyre designers to maintain adhesion levels despite
reductions in permitted noise levels,

Wiien one considers the results of all the studies into truck
tyre performance, it 1s ciear that the factors which influence
tyre and vehicle adhesion levels are many and complex.
The trend to reduce tyre noise levels could possibly lead to
an increase in commercial vehicle emergency stopping
distances, but other trends, such as fitting anti-lock brakes
and electronic braking systems (“brake by wire”), may well
have the opposite effecl. The crucial question is whether
legistation {or international standards) should be used to
ensure that tyre adhesion levels are maintained or im-
proved, despite all the other influencing factors. It is impor-
tant that any legislative test is simple to perform and
representative of the conditions tyres encounter in normal
use. Itis also important that the design of tyres which easily
meet any adhesion level requirements are not changed (to
give better noise or tread wear characteristics for example)
in such a way that the adhesion performance is reduced to
nearer the minimum standard required. It is. aiso of vital
importance thatimprovements in tyre adhesionlevelstrans-
late into improvemerits it commercial vehicle braking and
cornering performance. This can only be done through
further legistation or standards governing all the various

~vehicle components and systems (brakes, suspension eic.)

which influence this performance.,

In summary there are various factors which influence tyre
adhesion. The substantial international pressure to reduce
tyre noise levels is likely to result in legislation in the very
near future. Such legislation might well adversely affect

‘tyre adhesion levels. It is therefore the author's opinion that

there is a need to develop a legislative test for commerciat
vehicle tyre adhesion with some urgency. It is likely that
whatever form of test may be proposed or developed, the
main problem will be in specifying what road surfaces the
adhesion levels are to be measured on. The research de-
scribed in this report has found that any given tyre can
perform quite differently, relative to another tyre, from one
surface to another. Any standard test must therefore cover
a variety of surfaces. Further research into the effect of road
surface on tyre adhesion needs to be carried out in prepara-
tion for the development of a standard test. One surface
which ought o be considered is porous asphalt, which is
becoming increasingly common on British and European
roads.
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9.1 THE CHOICE OF TEST
PROCEDURE

The choice of which test procedure(s) to use will doubtless
be another topic of considerable international debate. This
research has found that the front wheel straight-line braking
test along the lines of that prescribed in ASTM F403 - 86
offers a simple and effective means of measuring peak and
lacked wheel tyre adhesion levels on a wide variety of
surfaces.

There are other methods of measuring tyre braking force
coefficients. The {irst uses a drum rig and is a method
employedextensively by tyre manufacturers, Thedrumcan
usually be rotated at speeds up to the maximum rating for
high speed tyres. A test tyre is placed on the drum at a
required load and the wheel is braked as the drum is rotated
at a required speed. The method is good for comparing
performance of tyres but is not so good at producing
accurate values of BFC - the curvature of the drum pro-
duces a different pressure distribution within the tyre con-
tact patch compared with that produced on a flat road
surface. Another objection with drum rigs is that, with rare
exceptions, they cannot be used wet. Onthe other hand they
are usually under cover and can be used continuously in
comfortable working conditions.

The second methiod can be used on any road surface and
probably gives the most accurate and repeatable results but
uses a facility which is expensive to build. Aninstrumented
wheel is fitted between the axles of a test-bed vehicle, ora
large multi-wheeled trailer (as used by TNO, Delft for
example). Wheel vertical load can usually be varied and the
peak and locked wheel braking forces, produced by normal
braking means or by some other method of slowing the
wheel, are measured by a force transducer. The vehicle is
driven over a test surface at a required speed and where wet
surface measurements are needed, a metered quantity of
water is deposited in front of the wheel, or the surface may
be wetted by other means. Because of the cost of such
equipment, there are very few of this type of test ng
throughout the world. A similar type of instrumented wheel
can be mountedin a small, single wheel trailerand be towed
by a separate vehicle but the system is not as versatile inuse
as the test-bed type of rig.

Computer simulation is another possible method of meas-
uring tyre adhesion. Though a great deal of work has gone
into developing usable tyre models in recent years, much of
this work has concentrated on car tyres. It is likely that a
great deal more modelling and validation work will be
needed before a truck tyre computer simulation model can
be used confidently to replace the more traditional test
methods.

In fuiure, the development of computer models or more

useful and accurate drum rigs may make the testing of real
tyres on real vehicles on real road surfaces unnecessary. AL
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present, however, it is the author’s opinion that the straight
line front-wheel braking method, as described in this re-
port, offers the best combination of cost, simplicity, accu-
racy, reliability and repeatability.

A standard cornering test would be difficult 1o justify, asthe
ultimate cornering grip of commercial vehicle tyres may be
rarely needed in real situations. It is considered unlikely
that the difficulties in developing a simple, safe and realis-
tic cornering test for commercial vehicle tyres will be
justified by the improvements in vehicle safety that might
resull. Other test methods, such as use of a drum rig or
computer simulation, may allow the safe study of comering
adhesion of commercial vehicle tyres on high grip surfaces,
but a legislative test using even these methods may be
difficult 1o justify. It has been established for many years
(Reference 6, For example) that for car tyres, peak BFCs are
very similar in magnitude to maximum SFCs. This was
found to be the case for the truck tyres tested during 1993/
94, where the maximum SFCs at-30 kimv/h on the Bridport
were very similar to the peak BFCs at the same speed. The
average SFC for all the tyres tested was 0.476, exactly the
same value as the average peak BFC. There was also found
10 be a strong correlation between the two measurements
over the range of tyres tested, indicating that peak BFC can
be used to predict maximum SFC, thus avoiding the need
for any separate test to measure cornering adhesion. It
should be stressed, however, that only one surface was used
to compare BFC and SFC measurements. Itis not known if
there is such a cormrelation on other types of surface.

10. CONCLUSIONS

1.The commercial vehicle tyres tested recently generally
gave similar Braking Force Coefficients (BFCs, peak and
locked wheel) on any onc surface. The most consistent
surface was found to be the wel FTA, where, for example,
the Jowest peak BFC at 60 kmv/h was only 11% less than the
highest (both readings found from plotting a best-fit regres-
sion line through the measured data points) and the equiva-
Jent figure for the locked-wheel BECs at 60 km/h was 22%
tess. The Mastic surface gave the greatest variability, with
the lowest peak BFC at 60 km/h being about 50% lower
than the highest and the lowest locked-wheel BFC being
about 40% lower than the highest.

2. The peak BECs on the wet Fine Textured Asphalt surface
showed a slight reduction as speed increased. The tyres
generally gave values ranging from around 0.7 to 0.8 at 20
km/h down to roughly 0.6 at 100 km/h. The locked wheel
BFCs were all highly linearly related to vehicle speed.
Valuesof 0.55-0.6at 20km/hdown to 0.25 a1 90 km/h were
typical.

3. The peak BFCs on the wet motorway asphalt surface
were only slightly speed dependent. The tyres generally



gave values of around 0.75 at low specd (20-30 km/h)
reducing to 0.65 at 100 km/h. The locked wheel BFCs were
all highly linearly related to vehicle speed. Values of 0.5 -
0.6 at 20 knvh down to 0.2 - 0.25 at 90 kim/h were typical.

. 4. The peak BFCs on the wet concrete surface showed a
slight reduction as speed increased, lypicaily from around
0.65 - 0.7 at 20 or 30 km/h down to 0.5 - 0.6 at 100 km/h.
Once again, there was a clear lincar speed dependence
apparent with the Jocked wheel BFCs. Values of 0.40-0.5
at 20 kmv/h and 9.15 - 0.25 at 90 kiv/h were typical.

5. The peak BFCs on the Bridport surface were only sli ghtly
speed dependent. The tyres generally gave values of around
0.5 at low speed (20-30 kn/h) reducing to 0.4 at 80 km/h.
The locked wheel BECs were all linearly related to speed,
but the relationship was not as strong as on the wet FTA,
motorway and concrete surfaces. Values 0f 0.3 - 0.4 at 20
km/h down to 0.2 at 80 kmv/h were typical.

6. The peak BFCs on the wet Mastic asphalt surface
generally showed a reduction as speed increased, typically
from around 0.2 - 0.3 at 20 kin/h down to Q.1 at 100 km/h.
There was evidence for a linear speed dependence with the
tocked wheel BFCs, but the dependence was much lower
than on any of the other surfaces tested. Valuesof 0.1- 0. 15
at 20 km/h and 0.05 at 90 kin/h were typical.

7. The peak BFCs on the dry FTA surface remained fairly
constant as speed increased. The tyres generally gave
values ranging from around 0.7 1o 0.9 at all speeds. The
locked wheel BFCs are all linearly related to vehicle speed,
but the strength of the relationship is fower than was found
on the wel FTA surface. Values of 0.6 at 20 km/h down to
0.4 at 90 km/h are typical.

8. There was found to be a large difference between peak
and locked wheel BFCs on all the surfaces, indicating the
potential forimprovementinbraking performanceif greater
use was made of the peak adhesion by means of systems
designed to prevent wheel lock.

9. On both Bridport and Mastic, a statistical analysis of the
stopping distance results reveals that tyres with a predomi-
nantly circurnferential tread pattern {typicaily uscd on steer
axles and trailers) give significantly longer stopping dis-
tances than tyres with a lateral pattern (drive axles and on/
off highway use). There was no significant variation in
stopping distances between these two tyre groups on the
wet FTA, dry FTA, wet motorway and wet concrete sur-
faces.

10. The peak Side Force Coefficients, measured on a wet
asphalt surface and a wet Bridport gravel surface, did not
vary much between tyres, though the wide trailertyres gave
slightly better results than the other, narrower tyres on the
asphalt surface.

{1. Changes in test surface characteristics made compari-
sons between the recent series of tests and a similar series
conducted in the lale seventies very difficult. Where tenta-
tive comparisons were possible, there was some evidence
that the acdhesion levels of current generation tyres on adry
surface, as indicated by straight line braking tests, are
significantly better than those from CV tyres tested previ-
ously, but this trend was not evident: when comparing
resuits on a wetted surface.

12. The resuits indicate that it would be very difficult to
measure tyre adhesion by using one test procedure. The
lyres tested generally gave different rank orderings with the
braking tests on the various surfaces tested. Another differ-
ent rank ordering was produced from the comering tests. It
would therefore be difficeltto conclude too much from any
one test, as atyre that performs well in that test might
perform badly in another.

13. Although some patterns emerged on some surfaces, for
example retreaded tyres were calculated to give signifi-
cantly shorter stopping distances than new tyres on the wet
motorway, wet concrete and dry FTA surfaces, there were
a0 consistent variations across ail the surfaces tested, or
even across all the high-grip surfaces typical of normal
roads, -

14. There are various factors which influence tyre adhe-
sion. The substantial international pressure to reduce tyre
noise levels is likely to result in legislation in the very near
future. Such legislation might well adversely affect tyre
adhesion levels. It is therefore the author's opinion that
there is a need to develop a legislative test for commercial
vehicle tyre adhesion with some urgency.

15. In {uture, the development of computer models or more
useful and accurate drum rigs may make the testing of real
tyres on real vehicles onreal road surfaces unnecessary. At
present, however, it is the author’s opinion thal the straight
line front-wheel braking method, as described in this re-
port, offers the best combination of cost, simplicity, accu-
racy, reliability and repeatability.

16. A standard cornering test would be difficult to justify,
as the ultimate cornering grip of commercial vehicle tyres
may be rarely needed in real situations. It is considered
likely that the difficulties in developing a simple, safe and
realistic cornering test for commercial vehicie tyres will not
be justified by the improvements in vehicle safety that
might result. There was some evidence from the recent tests
that peak BFC can be used to predict maximum SFC, thus
avoiding the need for any separate testlo measure cornering
adhesion.
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APPENDIX - CALCULATION OF BRAKE FORCE COEFFICIENT,
SIDE FORCE COEFFICIENT AND STOPPING DISTANCE

A.1 BRAKE FORCE COEFFICIENT (BFC)

CG = Centre of total mass of vehicle

L. = Vehicle wheel base (metres)
b = Distance from CQ to rear axle {metres)
h = Distance of height of CG above ground (metres)

W = Total vehicle weight (N)

m = Vehicle braking deceleration {metres/sec?)
divided by 9.81 (gravitational acceleration). “m”

01y

has non-dimensional units of *'g”.

R, = Front axle dynamic vertical load (N)
R, = Rear axle dynamic vertical load (N)

B, = Braking force at front axle (N)

Figure A1. Calculation of BFC

From Figure Al,

, " Equating longitudinal
Peak deceleration (ap ) at velocily vo forces gives .oovcinineree B.=mW
Taking moments about
Deceteration point 2 gives ... RL = Wb + mWh
: Locked wheel deceleration .
(2} atvefocity vy Braking Force ’
. Coefficient (BFC) 1s
vy defined s ... BEC= B, /R,
Therefore .vvvvvvvrveenn.. BFC = mW / {{Wb + mWh)/L.}
and thus: “mlL
Decelgration dueto drag la,} " ) BFC =
M ecoleratio 9 @ Time —» (b+ mh)
From Figure A2, Peak BFC occurs when m = a, - a, at
Figure A2.Typical vehicle deceleration/velocity velocity v, and locked wheel BFC occurs whenm=a, - a,
traces at velocity v, .
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A.2  SIDE FORCE COEFFICIENT (SFO)

Figure A3. Calculation of SFC

In Figure A3,

CG = Centre of total mass of vehicle

I.. = Vehicle wheel base (metres)

b = Distance from CG (o rear axle {metres)

W = Total vehicle weight (N}

n = Vehicle comering acceleration {metres/sec? )

divided by 9.81 (gravitational acceleration).
“n’* has non-dimensional units of “g”.

R, = Front axle average vertical load (N)
R, = Rearaxle average vertical load (N)
§. = Front axle average sideways lorce {N)
S, = Rearaxle average sideways force (N)

When the vehicle is in steady state cornering, the
following applies,

30

Rear axle vertical load ..........coooeooe. R_ = bW/L
Taking moments about rear axle ....noWb =S§.L

Cornering acceleration is : .
BIVER DY n=8§1/Wb=S§_ /R,

Side Force Coefficient (SFC)
isdefined as ..o SFC= SF ! RF
Therefore:

SFC=n

An accelerometer which is fixed on the body of the
vehicle so that it is in a horizontal plane when the
vehicle is stationary will record a component of gravita-
tional acceleration equal to {sin @] when the vehicle is at
aroll angle @ . To correct for this it is necessary to use
the expression n = SFC = (a_ - sin ®), where a_ is the
measured comering acceleration.
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A3  STOPPING DISTANCE

Consider the graph of deceleration, d (BFC x g) against velocity, v. The aim is to calculate the distance travelled between
the point 1 (velocity v, deceleration d, )} to point 2 (velocity v,, deccleration &), assuming that the deceleration varies linearly

witlh velocity between the two points.

(d2 - d)(vz - v,): (d2 -d, )(v2 - v)

'_.(a,z“d)“(d1”d2)+(d2—dl)"2

B (”2”"’1) (V:“"l)

e 27 l)+d (dz'"dl)"z

("2“’“"1) ’ (Vz_"i)

od=kv+ A, where k= (dy ~d) and A
"2“”1)

2
dx
butd=m&m§~ and v ==

t dt
2
X By
dr dt

Acceleration, d (-ve}

Velocity, v (+ve)

_ (dwy -~ dyv)

- (va=w)

This is a second order differential equation with complementary function of the

formx = A + A,e" where A and A, are constants.

The particular integral is found by solution of the equation (D2 - k_D]x =A:

5o B ) Bl

By binomial expansion,

—A [-«1 D )A
Sxsm e [ |
k k k k
and x = fﬁ——fl—
k k
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The complete solution is therefore:

. A
x= A -i-/{zce"“w~/1‘r———2
ko k
dx w A
\ e
di ot k
d'x .
and —= =k '
dr’ &

Substituting end conditions :

when t=0,x=0 and dx/ dt = v,

/ k
A, :(m}fi’#}

A (v, ATkY v
aon- (22

The time taken to reach deceleration d, from d,is given by :
dy = (kv + A)ek'

therefore, the braking time, f, is given by !

{, = 1 log, d:
k kv, + A

and hence the distance travelled between the two conditions is:

—v v+ ATRY g (ayrimany AL A
i G LR
(A
k 3
where
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