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SIMULATION AND EXPERIMINTAL VALIDATICN OF

TRACTOR OVERTURNING AND IMPACT BEHAVICUR

by

CHRISTOPEER JOHN CHISHOLM, B.Sc., C.Eng., M.I.Mech.E.

SUMMARY
Roll over prﬁtective structures (ROPS — safety cabs or frames)
" are required bj law on agricultural tractors in the U.K. and many
other countfies to prevent drivers being crushed in overturning
accidents. The research reporfted was aimed to help in the develop;
m;nt of ROPS design and strength test criteria through a better
understanding of the dynamics of dverturning'and estimation of the
energy absorbed in the ROPS.

A survey of overturning accidents showed the types 1ike1y to
result in the greatest ROPS damage: (i) an overturn down a steep bank
more than 2m high, and (ii) a multiple roll accident.

A mathematical model of gideways overturning was developed.
Equations describing the relationships bhetween the forces and
deflections at each point of contact between the tractor and the
ground allowed the same model to cover tyre behaviour during overturn—
ing, and ROPS, wheel and soil behaviour during impact. A computer
program based on the model was able to simulate both ﬁank and multiple
roll overturns.

Thirty bank oﬁerfufhing experiments in different conditions were
used to validate fhé-mddel.f An'experiﬁental ROPS with controllable
structural charactérisfics'was instfumented for the recording of
forcé and deformation at impactlmg@di?he overturning motion was

analysed from cine film.
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The simulations showed gocd overall agreement with the experi-
mental rgsults, voth in dynamic behaviour andr in energy absorbed iﬂ
the ROPS.l The relationship between tyre friction forces and ride-
mode oscillation was found to have an important effeot cn the points
at which tyré contact was lost and regaiﬁed during overiurning. This
gtrongly influenced the rell angle and velocitiy at impact, and heﬁce
the way the energy was absorbed by the ROPS, the side-of the rear
wheel and the soil. |

Running the simulations in a wide range of conditions established
which parameters had the greatest effects during overturning and
impact. Nérmally, the ROPS absorbs most of the eﬂergy‘due to impact
roll velocity tut only a smell proportion of the méjor energy component,
that due to vertical velocity. In an overturn down a very high bank,
however, or in scme types of multiple roll accident, the tractor is
more nearly upside_down at impact and needs a high vertical strength

to prevent collapse.
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Dynamic coefficient of fricfion.‘
Limiting coefficient of frictioﬁ.
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“Angle of top surface of bank (Flg. 3. 1)
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The notation and co-ordinate systems are congistent within each

gsection., They are also consistent throughout the thesis with the

following exceptions:

(1)

(ii)

In the two—dimensional model (Sectgon 3), 8 is used.for

‘roll angle and X4 31 for the body coqordina{es. In

the three—dimensional kinematic analysis of cine film
data (Section 5, Appendix '5.2), 6, is used for roll
angle and Xq1 Yq1 2y for the first rotational trans—

formations xg, yj, for the body co-ordinates.

z
3
(See Figs. 3.1, 3.2, 5.2).

A different co-ordinate system is used in section 6,

and the variables u,fs and § have different meanings.

(See Figs. 6.6 and 6.7).




(1v) The conventional 'dot' notation is used to symbolise:

differentiation with respect to time,.e.g:
. _ 5
1"

X = % y X = d x
a 22
(c) To avoid the repeated use in the text of lengtny phrases or

algebralc symbols, some variables and parameters are referred to
in shortened forms which are not strlctly correct hut should
convey the intended meaning.
Lateral velocity ;
- : oo Velocities of the centre of mass.
Vertical velocity) - : | :
ROPS - Roll over protection itructure.
ROPS energy, wheel gnergy etc Energy abgorbed in deformation'(lateral
unless otherwise stated) of the ROPS,:

wheel etc.

Maxinum ROPS energy: Energy abéorbed at maximum deformation-

of the ROPS (lateral unless otherwise
stated).
Moment of inertia Polar moment of inertia‘ab?ut the roll

axis through the centre of mass.




1. INTRODUCTION
fhe distribution and tétal number of fatal accidents on farms in
 the UK. remained substantiallj constant in the Q§cade prior to the
introduction of legislation requiring safety cabs or frames to be

fitted to all new tractors (Table 1)!1’2)

TABLE 1

Fatal accidents on U.K. farmg

Mean
1960 1967 1968 | 1969 {1970 67-70
Accidents
with Sideways overturns 24 31 29 32 27 | 29.75
“tractors - Rearward overiurns 5 10 10 5 3 7.00
Total overturns 29 41 39 3T 20 | 36.75
Total accidents 53 50 54 46 49 | 49.75
A1l farm accidents 125 135 136 136 |13C 134,25

Statistics for non-fatal injury accidents are inevitably less
consistent because of inadequacy in reporting and in the definition of an
sccident, Accident severity, however, may be indicated by the proportion
of reported injury accidents that are fatzl. In bverturning accidents
this is abouf one third, compared with one per cent for other farm
accidents,
The following conclusions may be drawn from the figuresof fatal
accidents.on U.K. farms before the widespread™use of safety cébs:-'
1. About 3 of all deaths are directly comected with
tractors. |

2. Of these accidents about 74% are due to overturning.
The number of deaths fesulting from tractor overturns
ig considerably higher.than that from any other single
cause, '

3. 0Of thé tractor overturning accidents, the distributiﬁn

of sideways and rearwards overturns is about 4:1.



4, The annual number of deaths resulting fraom tractor
overturns is about 37, or about 9 per 100,000

tractors.

(3)

It has been showi” that the distribution of farm accidents in the
U.8.A, is similar in the above respects to that in the U.K., and that
tractor overturn accidents similarly occur in all types of terrain,
1.1, THE DEVELOPMENT OF SAFETY CAB STRENGTH CRITERIA

" Although a theoretical study of tractor overturning was included
in a gublication as early as 1?2%42 the first studiesraimed at driver
protection were carried out between 1954 and 1959, Most of this work
was devoted to developing simple laboratory sirenigth test techniques
that would repréduce the impact received in overturning accidents. The
work was mainly experiméntal, with little or no theoretical analysis of
the 6verturning behaviour.

Sweden infroduced safety cab legislation in 1959 following a series
of tests to correlate the effects of a simﬁlated accident with the
impact of a pendulum weighé5l The simulation consisted of fipping a
tractor sideways off a one metre high platform onto a rigid éurface.

The strength of the safety frame and the energy of the pendulum impset
were adjusted to give acceptable and equivalent deformation in the two
comparative tests, and this‘impact energy formed the basis of their test
code,

‘To improve the realism of the accident siﬁulation, and in particular
to introduce horizontal fore and aft forces to the cab'due to forward
motion, a tractor fitted with an experimental frame was overturned in a
number of different field conditions in Norway, shortly after the
original Swedish waré62 The experimental frame was fitted with stiffly
sprung members supportgng the top, forward joint on the side first
contacting the gTound.' After an overéurning test the maiimum.spring

deflection, and hence the maximum force, in each of taree mutually

ot e
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perpendicular directiqns could be determined from mechanical indicators
fitted to thé springs. It was found that the vertical and.longitudinal
impéct forces were iypically of the same order as the lateral forces, and
the éhergies absorbed by the springs in all three direction were éimilar
to the lateral energies measured in the Swedish experiments. The
Norwegian test code took account of these results, and required a front
impact blow of egual magnitude to the side blow and inciined downwérds

at 45‘degrees.

The results of the Norwegian tests, although valuable as a guide to
typical force levéls, do no% gheatly advance the understanding of over-
turning behavihur for the following reasons:-

l1. The hverturning conditions were not particularly severse,

or clogely ctntholled, and the results show considerable
variability. i |

2. Only one.weight and type of tractor was used.

3. The energy-absorbing’characteriétiés of the springs

were fundamentally different from those of réal.cabs.

4, No-theoretical analysig was includéd to aid understanding

éf the significance of the measurehents made.

'Overturning‘experiments were carried out at the N,I.A,BE. between
1961 and 1964 to assess how the experience galned in Scandinavia could
best be used in the formulation of a safety cab test code for the U.K.
It was established that the final distortion 6f frame designs tested by
the Sﬁediéh procedure and then by oterturning a tractor réarward and
s1deways on a gradlent of 1in 2F to 1 in 3 are reasonably comparablé72
The pendulum test was accordlngly adopted in this country w1th the same
IEIatlonShlp between blow energy and tractor we1ght as in the Swedlsh
éode,:but'ﬁith a numbér of detailed modifications. Longitudlnal 1mpact
and crushlng tests were applled at both the front and rear of the cab

The method of ‘lashing the tractor to the ‘ground had been investigated
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by measurement of the static and dynamic restraining forces, and improved
standardisation in this and other aspects of the test was recommended.

The limit oﬁ the permanent deflection of a cab during an impact test
which was used in Sweden as the criterion for approving a safety cab was
felt to impose unnecessary restrictions on design, particularly of larger
cabs.' The criterion that the cab must not enter a zone of clearaﬁce
_fi;ed iﬁ_relation to the tractor was proposed, to allow increased -
deformation in larger cabs while maintaining a uniform standard of driver
protectioﬁsi

The overturning tests in U.K. also showed the value of preventing
continued rolling of a tractor after overturning on a steep hillside, and
it was demonstrated that extensions fitted to the top of the cab could
limit the roll to about 90 degrees.

A theoretical study of overturning dynamics and plastic deformation in
frames was pubiished in New Zealand in 196492 before the'éstablishmeﬁt of
a test code, The dynamic analysis was reatricted totwo dimensions
(i.e., excluding forward motion), but covered two idealised types of
overturn. The results demonstrated that a considerable proportion of the
available energy can be absorbed in impact of the rear wheel on the ground,
if this occurs before the impact of the frame. The calculated impact
ensrgy values were generaliy higher than the Swedish measured values for
heavier tractors, although no experimental results were given. A number
of 1éboratory impact tests on model and full é&zed frames showed that the
deformation could be predicted fairly reliably in simple desigms, but the
need for research into more complex behaviour was indicated. The test
code de#eloped in New Zealand applies the same impact energy as in the
Swedish test,sihce the effects of the higher energies calculated were
congidered to be offset By the satisfactory safetyrrecord in use of frames
festéd to ‘the Swedish formula. | |

' Tréctor o#ertuning fesfs'have‘been carriéd out by Deere and Company

in the U.S.A. on tractors fitted with two-post 'roll-bar' frameé1o{ The
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impact forces and resulting frame deformation were measured by transducers

desigﬁed and built by the company. Although a number of sideways over- |

furning tests were made in different conditions, no detziled comparison

of impact'energy levels is reported; hdwever, the maximum frame deformétion

oécurring in-fhe overturning tests is recorded as being 30% higher than

the deformation produced in a pendulum impact test to fhe Sweaish formula,
In overturning tests carried out by N.I.A.BE. using facilities |

provided by Deere and Company the 0,E.C.D. pendulum rear impact formula

{equivalent to the Swedish code) is shown to give energy values

significantly lower than those measursd in rearward overtﬁrn tests for

tractors heavier than 6000 lé11{

In a simplified theoretical.study if
was proposed that the pendulum impact energy be related to the tractor's
wheelbase and weight, by a formula which fitted the experimental data
available;

Other studies on this subject have been published, and some will be
referred to later, but there is a 1ack of detailed, theoretical.investi-

gation with supporting experimental data which may be applied to side-

ways overturns in a realistic range of accident conditions,

Safety cab regulations

| The original test code, now superseded in Sweden by the 0.E.C.D. and
Nordie countries codes, required the tractor to be subjected to pendulum
impacts from the rear of energy equal to 250 + 0.04 W kgfm and from the
side of energy 250 + 0,30 W kgfm, where W is ;he unballasted tractor weight
in ke, In addition a vertical crushing tes% was included up to a force of
twicé the tractor weight. The criteria for passing the fest were thaf
the maximum frame deformations should not exceed about 25 cm (side blow)
or about 4 cm (rear blow).

) The following test codes differ significantly from the original code

\

only in the features indicated:-

1. ‘O.E.C.D£12) Crushing test at front and rear; front impact

of equal magnitude to o0ld rear impact; fixed zone of clearance




in relation to tractor instead of maximum deflcction limits,
plus limit on excess of total deflection above permanent

1

set; rear blow energy based on new formula - (1974).

2. - U.K. (55.4063)%7 45 0.E.C.D,

3 Nordic countries Because it was felt fhat the O.E.C.D.

ehergy formula is unduly severe on both very heav& énd
very light tractors, a new code was developed in 1971.in
which the side.impact blow energy is equal to the 0.E.C.D.
valuelfor tractors in the weight range 2000 kg to 4500 kg,
but of reduced magnitude above andlbelow this range. o

4, New Zealand Maximum allowable deflection in rear biow
increased to 10 cm.

5. U.S5.A. (A.S.A.E.§14} The pendulum impact test is similar to

the 0,E.C.D. code buﬁ with equal side and rear blow energies
of 1810 + 0.70 W £t 1b, where W is the tractor weight in 1b
(250 + 0.21 W kgfm, W‘in kg). Direct compariéon is not
possible, since the weight W referred to must not be less
than 130 ib per maximum p.t.o, horsepower, ﬁut A.S.ALE,
energy values calculated for two whéel drive tractors ére
generally within +5% of the 0.E.C.D. values for side blow,

A static loading test may be used as an alternative,

s
+

A draft international standardﬂ5jand an BEC Directivé16?have also

been under development for some years. Both follow the 0.E.C.D. procedure
very closely and
Also under development are draft 0.E.C.D., ISO and EEC static

a7

loading test procedures gll of which are closely similar . Although

static- test methods are slightly less realistic than pendulum tests in

simulating accident conditions, they offer significant advantages of




better control and repeatability, and provide more information for safety

cab development., The European and fnternational procedures have more in

common with thgir pendulun test counterparts than with the A.S,A.B. static

test method, or with an international standard for fests on earthmoving
(18)

equipment cabs ,

Experience with safety cabs

The numBer of tractors with safety cabs in'Sweden increased from
16,000 in 1960 to 133,000 in 1969, out of a total of about 270,000
tractoré19{ and the fatalities from overturning accidents have declined
as a reéult. Noﬁe of the eight deaths résulting from oﬁerturns when
safety cabg were fitted in the ten years after the introduction 6f
legislation were due to failure of the cab, although one‘fatality has
occurred in Norway after a‘failure. The‘othér deaths have been caused by
partial.br complete ejection 6f the driver.

‘In the U.K. reports have been preparéd onn all known accidents
involving tractérs with safety cabs since July 1968. More than 400
accidents have been reported and the only fatalities have occurredlwhen
drivers attempted to leave or were thrown from thé daB. Approximately
14% of the occupants were ejected during the overturn, and e further 7%
jumped clear, About half the drivers were able to holdlonto fhe steering
wheel, and the number'ejecfed is roughly one third of those who did not
retain hold.

The main object of a safety cab is to prévent the driver being
crushed by fhe.tfactor during an overturn, Injﬁrj is stiil possible,
however, from impact of the driver against parts of the tractor\an& cab
structure, and‘two thirds of drivers rémaining in cabs of overturning
tractors in the U.K. received minor injurieé, mainly cuts and'bruising.
Sériéus iﬁjuries are rare because df.the low'accelefations in 6#95tﬁrning

accidents COﬁpgred for example, with those in road éccidents.'




The philosophy of driver protection

The most effectlve device to protect drlvers in road 3001dents, the
sefety—belt, 1s estlmated to reduce the likelihood of serious 1n3ury by
one halff O? The tractor safety cab, at a much greater cost per vehicle,
has achieved a reduction of fatelities from overturning-aocidents of the
order of 95%. A decision must be made on the 'desirable'ldegree of
protection to be provided by safety cabs, essuming that ioq% protection
can never be achieved. The baels for such a dec151on must 1nev1tably be
the relatlonshlp between the degree of protection pr0v1ded and 1te cost,
but the information that could form this basis is not available. Research
ig required to evaluate the dynamics of tractor overturns more reliably
than hltherto 1n order to show whether ex1st1ng test standards maintain
adequate and equltable protectlon for the drlvers of all types of
tractors and cabs, and may demonstrate how to de51gn safety cabs most

efflclently to provide the optimum protection.

1.2, SCOPE AND ATMS OF THIS STUDY

| Although the UK. has had legislation since 1970 requiring new
tractors to be fitted with safety cabs, and most otherrcountries have
similar laws; the strength tests are besed on a rather simple background
and are-continually being revised. One way of assess;ng fhe overall
adequacy of fhese tests is.to oonsider the'safety record of cabs in use.

A recent study by the author under contract to the E E. Cf 1)el'xowed that
damage in ac01dents exceeded that in equlvalent standard tests 1n only
about 5% of cases, in one acc::.den‘t of the 160 analysed the cab had collapsed
completely and the drlver would probably have died had he not jumped clear.
This rnformatlon gives a good 1ndlcat10n of the general adequacy of test
criteria but fails to show which parts of the test are least satisfactory
end does not heip.greatly in understaodiﬁg the relationshrp between |

I
.

accident type and cab damage.
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To do this it is necessary to study the dynamic behaviour, and since

accidents cannot be observed they must be simulated; by mathematical
models, by experiments or by both. This is the approachlused inlrhe
1nvest1gatlon reported in this thes1s, Wlth the followrng malnobaectlvesfzz)

1. To obtaln a better understandlng of the dynamlc and

| structural behav1our of tractors and safety cabs in

ouerrurning accidents. |

2. Tc rmprove criteria for the structural design andrl

| testlng of safety cabs and frames. '_ ' i

3. To establlsh de51gn theory to as31st manufacturers in

translatlng the structural requlrements 1nto practlcal
deslgns.

Tt was considered essential that the, simulation be related as closely
as possible fo real accidents. Because of the hlgh degree of protectlon
expscted from safety cabs, the relevant accident types were the most serious
that are reasonably 11kely.to occur in normal agrlcultural 01rcumstances.

The study therefore began with e. survey. of orfertllrning l.e..cciderlts. A
mathenatical model was then developed to simulate the mostlimpcrtant types..
The model was validated by a series of overturning experiments, which also
provided useful results in their own right. Finally the model was used to

predict the behaviour in a wide range of conditions, and recommendations

concerning test criteria were based on these results.

-
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2, A SURVEY OF SIDEWAYS OVERTURNING ACCIDENTS

Introduction

Several anelyses of tractor overturnlng accidents have been published
both in Europe and in the U. S A£7’ = 3b)ut they have bsen dlrected rmainly
to establlshing the causes of acoldents rather than the dynamics of tractor
beheV1our durlng overturnlng. The marn object of this survey(3 ), reported in
sectlon 1, was to develop a ola551ficatlon system that would enable ell _
sldeweys overturning acoldents to be represented by a small number of
generel types suitable for s1mulat10n, in preperatlon for the mathematlcal
and experlmental study. In this way it was heped to .
separate the effects of gross dlfferences 1n the dynamlo behav1our requiring
dlfferent mathematlcal or phy51cal models for szmuletlon, from ilfferences .
of degree that may be studled more simply by changing parameters.
- Tractors overturn rearwards only about & qgarter as frequently as they
do sideways, and in a much less varied range of circumstances. Rearward

overturning is not covered in this thesis,

The llkellhood of occurence of the dlfferent types of accldents is
assessed in 2.2 o enable the results of futurc research to be applled
to legislation covering the structural propertles of treotor safety cabs.
Ir slmulatlon ig capable of predlctlng the behav1our of overturning traotors
then this analysis will assist in determlnlng whlch klnd of simulatlon should
be used as 2 gulde to test standards, to ensure the greatest drlver protection
at the least cost.

An analys*s of driver injury and behaviour in 38 overturning accidents
1nVOIV1ng tractors w1th safety cabs is presented in 2 3e This
1nformatlon w111 assic t in the preparat;on of detells of the crlterla for

the desxgn and testlng of sefety cabs.
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N ' Sources of Data

The Safety Inspeotorete of the Ministry of Agriculture, Fisheries and
Food (M.A.F F.) Frepares reports on all tractor overturning eccldents of .
whlch 1t recelves 1nformetlon. Acoidents are c1e331f1ed 1nto fatal, non-
fatal end those iavolving tractors with safety cabs. ?he 1aw requires that '
al} accidents that are fatal or result in injury to an emplo&ee arernotifieo
to'the Ministry. While all fatal accidents ars reported, it is likely that
eanj aocidents;ere not recorded where no;one, or obly'e farmer or member of
his fanily is injured. | | o |

| Patal sideways overturning accidents in Englend and ¥ales from 1969

to ;971 ioclusire form the major part of' the data r'or thissurtey. .Fatel
eccidents in Sootlerd are reporteé by the Depertment‘of Agriculture and
Flsherles for Scotland end heve not been 1ncluded. In addition'analysis
is presented of 38 eccldente in the U X. (1nclud1ng Scotland) 1nvolv1ng
»Atractors with safety cabs that occurred or were reported in 1971.‘ Slxtyhfour
of these acoldente had been reported %o Apr11 1972, and thls eurvey
covers those from MeA. F F. Serlel Numbers 25 to 6# 1nc1u51ve, except for two
~ that related to rearward overturns. These reports elso form ‘the ba51s £

the driver injury and behaviour analysis.

By studying mainly fatal accldente thls survey conoentrates on those
cases where a safety cab would have been most beneflclal at the expense
of b1a51ng the accident dlstrlbutlon towards greater severlty. The effects
of this are dlscuseed in section 254. | |

2.1, CLASSIFICATION SYSTEM

The main parameter that influences the type of overturnlng is the
terreln profile, and it 1s often the terraln that 1n1tietee the ectual
overturn although other effects may be 1mportant in the events 1eadlng
up to the flnal 1neteb111ty. The c1a531f1catlon system elso descr1bes
the ground hardness, state of vehlcle control, 1mplements end other |

factors contrlbuting to the overturn.
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Terrain

A type of sideways overturn shown diagrammatically in Fig. 2.1 has been

used in several research studies on overturning accidents and safety cab

(ma{

testing The tractor tips about its tyres, which remain on the edge

of the Eank uhtil the cab impacts the ground. Sinece the whole of the
imﬁact force is received by the cab this type of overturn can result in
considerable energy absorption by the cab., In an accident where the
tractor overturns on flat gfougd much of the energy mﬁy be absorbed when
the side of the réar wheel stfikes the ground before the cab 9;'

It was thought that accidents of the type in Fig.2.1 were not very
likely, because overturning would have-fo be initiated at the edge of the
bank without the wheels falling'over'the edge. The only case that could
be envisaged was a ridge or low wall at the top of -the bank.

- This was COnfi?med by the’survéy and no accidents were ‘reported
éhat were analogous to Fig.2.1. Three mutuslly exclusive. classes were
chosen, however, representing terrain profiles that generate different
modes of tractor behaviour. Yith enough evidence it‘is possible to

assign a class to every accident.

~ The three types of terrain are shown in Figs.2.24, B and ¢ respectively.

Class A:- Overturning on flat ground, either-level or with a
uniform élope-
Class B: Overturning initiated by the tractor mounting a bank
or large obstacle from flat ground.:
Class C: Overtirning iritiated by the tractor wheels falling
over the aedge of a bank, or into a ditch.
Although the assignment of terraiﬁ class was subjective it could be
done with some certainty in most cases. Doubt aroSe:ﬁore from?insufficient

reported information than from imprecise type definition. - -

Ground hardness

When a safety cab impacts the ground some of the tractor's kinetio
energy is absorbed by deformation of the cab and the ground. 'The propértion

of the initial energy that is absorbed by the cab ocan vary from zero to more

o e b g e i T et - i e
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'Fig.z.we.zTypes of Overturning— Ground Profile
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Fig.o.4
Tractor tips off bank,
wheels remaining onedge

Fig. oo -

Overturning on flat ground,

either levelor with @ . ..
. uniform slope . -

Fig-2.28 .
Overturhiﬁg initiated by’

tractor mounting bank '
" or large cbstacle '

T T 2600

Figo.oc

Overturning initiated by
tractor falling over edge
of bank or into ditch
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than one, depending on the ground hardness and other factors. It is not
p0331ble to assess eccurately from the accident reports the hardness of
the éround onto which the tractors overturned but in most cases a
dlstlnctlon can be made between surfaces such as voncrete thet probably
would not deform vismbly, and those where SLgnlflcant 5011 deformatlon
would occur. | | |

h These two condltlons are therefors designated respectlve1y~—

IR e H N hard ground‘ L P
-~ | S - soft ground.
This ground condition does not neoessarily describe the type of

surfece'the traotor was travelling on befeore itfoverturhed; For exemple,
several tractors travelllng along roade overturned onto soft ground et

the side, and in some cases ‘the converse happened.

' Vehicle control

Many accidents result from drivers }osing control of their tractors,
for instance on steep hills, beceuse o: inadequete brekes or‘orerioadee '
traiiers;l Cne of two clesses‘is assigned‘to each ecoident-—i.‘ h |

L - Loss of control of the speed of the trector befbre overturning

N -~ Normal operetxon (No loss of control)

I@plemente and trailers

| The presence of an ;mplement at the tine of overturning is eescrited

by one of three classes;- ” | o
..S ; Solo trector.r.u

M~ hounted 1mplement or equlpment supported entlrely or

) ST

pr1nclpally by the treotor. o

T - Iraller or implement tralled from the drawbar.
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The 1mp1ement condltion does not necessarily desorlbe the exrangement
before the start of the event oulmlnatlng in the overturn' in sone cases,
for example, a treller broke away durlng a long, out-of—control run downhlll,
and was not szvniflcent in the overturnlng 1no1dent. Such an accldent would
be classed a5 solo. The presence of an 1mplement does not neoessarlly 1mply
that 1t was & 51gnif1cent cause of overturnlng, elthough 1t would affect the

dynamio behevzour.
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Additional contributory factors ‘

Where additional factoré are considered important in the cause of
overturning, aithough not necessarily in the events leading up to overturning,
they are classified by a digit:-~ R

1. Side slope '
. 2 = Suddenchange of direction (steering)

3 = Surface with bumps or hollows

L, = Implement effect '

5=~ Other

-~

Notation of classification

Each accident is deseribed by e symbol-chain in the above order.
For examples~ | o R

A-H-L-T- 1, 2 indicates a tractor and trailer overturning on
unifornm, herd ground aftér the driver Kad lost control, a side slope and
change of direction contributing to the causg of overturning;‘

Where a classification is uncertain, either because of'insﬁfficient
information or in & borderline cass, the:mosthlikély'classris given in

parentheses.
2.2, RESULTS OF THE SURVEY — TYPE OF OVERTURNING

The classifications of the fatal overturning accidents in England
and Vales, 1969 to 1971 ere ziven in Appendix 2,1, and classifications and
other data for the accidents involving traotors with safety cabs in

Appendix 2.2,

These data are analysed in various ways below; in each case results
are presented first for the 76 fatal accidents and then for the 38 accidents
with cabs.

Distribution of type

_ Thq_distribution by ground hardness, terrain and vehicle control of
the fatel accidents is' shown in Table 2.1 and for the sccidents involving
_ tractors with safety cebs in Table2.2, Nohe of the tractors involved
in the fatal accidents was fitted with o safety cab. Uncertainties in
the classification are included, but do not make a significant difference

to ‘the totals for each élass,'al@hough they may'affeét individual entries,

[
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_ Table 2.1 -
"+ Distribution of fatal sideways overturning accidents in England
and ales, 1969-1971 by terrain, eround surface and vehicle control
Soft Surface Hard Surface |  Total
fgg:is.n Year Control: Control: - " Control:
o L Total : Total o Total
Loss {Normal | Loss |Normal Loss |Normal
" 1963 3 6 .| 9 2 0 2 5 6 | 11 :
; A |wol s 2 8 | 1| o 1| 7 2 | 9|
| wii| 33 |6 | 1| o 1ol s |
I ' ' q
Total| 12 | 11 . 23 L.l o 4 16 11 27
1969 10 0 1 2 | & 6 3 4 7 ‘
Bofwof 1oy 1 s [ afoaf 1|5
1971 1| o 1 3 3 6 L 3 7 .
‘Total{ 3 0 3 8 8 6 | 11 8 19
969 | 1|8 | el o] 2 | 2| 1] 1w |n
c Jwo 1| 6|7 ol |31 s |
1971 | 4 | 5 9 | o | o o | & | 5 | 9:
~ | Total| 6 | 19 25 0| 5 5 | 6 | 2 | 30
1969 | 5 )W 129 | ok} 60 |20 | 9| 20 |2
Totel | 2970 | 8 | 8 [ | 4 | & 8 |12 | 12 |2
o fwn| s ¥ |4l 7|12 1 |3
‘ Totall 21 | 30 |51 |12 [ 13 |25 | 33> 43 | 76
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Table 2.2

Distribution of sideways overturning accidents in the U.K.
involving tractors with safety cabs, 1571, by terrain,
ground hardness and vehicle control

Soft Surface Hard Surface Total

Terrain | Control: o Gontrol: ' Controls :
CGlass- Total ' ‘ Total - Total g
Loss | Normall Loss 'Normal Loss | Normal : g
A 53 1 1221151 o 31 3| 3 1B 18 :
B |2 11 3| 1 2| 3 | 3 30 6]

c 2 1| 13 o 1|1 2 12 | W
Total 7 2 | 3| 1 6| 7 8 | 30| 38 f. !

The distributions of the total number of accidents in each class
expressed as percentages for both the fatal accidents and those involving

traotors w1th safety cabs are gnven 1n Table 2.3, for terraln, ground hardness

and vehicle control and in TableZL4-for implement condltlon and effect on ¥

43

overturnlng. o ' ) ) - o
| Table 205

Distribution of sideways overturning aceidents by terrain, ground
hardness and vehicle control - Percent of total number each year

e e e e ————

rooident Ter?ain Class: Surface? Control: ’ Total
ciden § Number

X | Bh | Ch |Softh |{Hard% | Losshk | Normal

Fata;f 1969 38 2 18 66 5# 3 69 - 29
1970 | 37 |22 [s2 | 67 | 33 | s0 | 50 2 |
1972 | 30 {30 {39 | 70 | 30 | 52 | 48 23

Tractors'with‘cabs 47 16 37 82 18 21 79 B
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Tabla 2.4

Distribution of sidewavs overturning accidents by implement condition
- and implement effect on overturning. - Percent of total numbers

Nies Implement effect: ' f
Implemene coééltlonf on overturning Total
Accidents _ Number ¢
| Solo _Mounted | Trailed {Possible |Probable | Total | A°030ent
tractor % {Implezent %| % % % S0
Fatal 1969-71 - 37 36 26 15 451 76
Tractors with cabs| 18 29. 53 11 39 50 38

Height and Slope of Bank in "C¢" - type accidents
In 35 out of the total of AA "G"-type aocldents the helght of the bank
is glven in the acclden* report, but the steepness is described quantitatlvelx
g

in only 33 cases. These data are included in Appendices 2.1 and 2.2,

The dlstrlbutlon of bank helght for the 35 “C“ type accidents is shown .

e ey b - a8

in Fig.2.3; for each bank helght the percentage of accldents occurring at

e ‘

greater helght are plotted as ordinates.

The steepness of the banks varied from 1 in 3 to verticsal. ; !

Tractor speed and extent of overturnlng in accidents involving tractors
with safety c=abs -

These data are tabulated in Appendix 2,2 and shown graphically in Figs.z.cl;j_: K
and 2,5, The distributions are plotted as the percentage'of eceidents in -
each doubling ef the independenf eariable. | | .

The fractor speeds recorded in the accident reports and referrsd to
in this note unfortunately do net all relate‘to the insteﬁf.of overturning,
but in many cases te the speed before the eventslleading.up te overterning.
Sometlmes, in loss—of-control accldents the tractor would be travelllng

con51derably faster at overturning than the speed reported whereas in .

other 1nstances braklng or sllding coula have reduced the speed s1gnif1cantly;

Deformat1on of safety cabs

The defermatiOn recorded is normally the estimated linear distance out
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F1923Cumulatlve Dlstrlbutlon of Bank Helght
in ‘C'~Type Accidents =~ .

(Fm‘.ul accldents and those involving tractors with safety cabs
— total number: 35)
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(38 Accidents involving tractors with sufety cabs)
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of true of the top cab member although in one case the angular displacement

_ 6f the cab uprights is given.

.Of the 38 acocidents, no peasurable deformation was reported in 17 and

only Vslight" in a further 6. The remaining 15 are tabulated below:-

Deformation:

0 to 1 inch -
i to 2 incﬁ ;
2 to 4 inch : ;
10'dégrees -

Number reported:

"Several inchesa"

Fracture snd
severe distortion

Unspecified -

Thus in all but L or 5 of these

considerably less than the normal range of deflection after 0.E.C.D. tests
on safety cabs. The accldent in which the frame was fractured followed a

downhkill run of 300 yards by a driverless tractor at an estimated-final

speed of 25-30 mile/h.

2.3. QCCUPANT BEWAVIQUR AND INJURIES IN ACCIDENTS: INVOLVING TRACTORS

éccidents the cab displacements were
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WITH SAFETLY CABS

Occupaht position after overturning

Nunmber 6f Drivers

Remained in cab throughout
Ejected during overturning
Jumped out intentionally

Unspecifie@

Total

Tractors that ran away driverless

Total accidents

The following analysis covers the 3k dfivers who were in their cabs at

the beginning of overturning.

28
3
2
1

34

A
38

Number of Passengers ;
. .

1
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Ability to hold onto steering wheel

rth enough is known at present about the forces on the dAriver during
'overturning accidents, or about the maximum forces that can be exerted by
the hands and arms to assess the likelinood of drivers being able to retain
hold of the steering wheel, although research in this area is planned. A :
driﬁer is less likely to be injured in an overfurning accidént in a tractor
with e Saféty cab if he is able to hold onto the wheel'throughout, as the
6ﬁéﬁge is‘réduced of being thrown against the éab'or fha'grduhd;" ‘

5 %ﬁi6215 shows the number of drivers who retéined hold of the steering
wheel in theée accidents. The proportion of drivers who 4id retain hold
does nbt directly indicate the probability of being able to do so, since
Sevéral drivers did net attenpt to hold on. | -

‘ Table 2,5

Drivers who retained hold of steering
wheel throughout overturning accidents
invelving tractors with safety cabs

Nunber who Number whe did Not

retained hold- not retain hold | knom
Definitely 10 - 12
?robably 5 .3 f
Total 15 15 L : %
% (of 34) Moo Lk | 12

Drivers remaining in their seats during overturning

The 0.E.C.D. test of tractor safety cabg2gnd a nupber of similar natioﬁal

tests use a criterion of approval that after impact tests the cab‘must not
intrude on a fixed zone of cleerance. The size of this zone is such thet
& driver should be protected from being crushed in an OVérturﬁing'aécident,

~ but the definition of the zone in reiatioﬁ to fhe trécfor'deﬁendé 6h:the‘éXtent



b

- to which drivers are thrown around ingide cabs during overturning.

Table 2.6 shows the number and proportion of drivers whorremained in

contact with the seat cushion throughout the accidents.-
Table 2.6

Drivers remaining seated throughout

overturnineg accidents involving
tractors with saf'ety cabs

Stayed | Thrown out Not
in seat of seat [known
Definitely | 5 18
i Probably 3 2
Total 8 .20 6
% (of 34} 24 59 18

Injuries

Fifteen drivers were not injured.

The distribution of injury location and assumed agent for the remaining

- R9 is shown in Teble 2.7. Some drivers received more than one injury.

Table 2.7

location and assumed agent of injuries to drivers
of tractors with sarsty cabs in overturning accidents

 Location Assumed agent of injury
of _
Cinjury Cadb Tractor knF:: Total
‘ g # | Yiper | Unknown Transmission °
Top \ Controls
motor | part housing -
Head - - | 3 1 6 10
Body 1 5 . 1 7
Legs ' - 3 2 . 2 1 8
Arms 1 ' 1 1 3
Not stated 1 1 2
Total L 2 15 - 2 3 R R
R, ‘ _ . 30
Total - 21 5 |

?Cab top includes roof and top frame mecbers
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One driver received broken ribs and collar-bone, but apart from this

case the injuries were bruising or lacerations.

2.4,

1.

2.

DISCUSSION AND CONCIIUSIONS

The distributions of fatal accidents are similar in each of the three
years considered (Table 2,1),particularly in the class totals (Table 2,3)
nhere the only significant tarietion_is the relatively low proportion of
accidents involving loss of control in 19569. -It may therefore be assumed
that these dlstrxbutlons are typical of fatal accidents in England and |

.Wa-le Se

The dlstrlbutions of accldents involving traotors with safety oabs(T@ﬂe 2. 2);

however, are different in several respects frou those of fatal acc1dents
(Teble 2. 3). In particular, the proportions of fatal overturns onto .
hard surfaces (53p) and involving 1oss of control (43%) are both about
tw1ce those of aocldents invelving tractors with safety cabs (18% and

2% respectively). Although the records for non—fatal sccidents are
probably.incomplete, they may be more representative of all overturning
ecoidents than the fatal ones. As might be expected, the distribution of
fatal accidents is biased towards greater severity.

The pr0portion of accidents in which tractors overturned onto hard surfeces
- ebout cne-fif'th for the tractors w1th cabs and one-third for fatal ones |
1nd1cates that these types of impact must be con51dered,"normal" in |
resea:oh and testing of safety cabs. |

Considering the dynamics of the motion after the initial instability

type 'BY may be treated as a special case of type 'A', as may type 'C*

acoidents vhere the bark is long and shallow. In each of these cases the
side of the.tractor's rear‘wheel probably impacts the groﬁnd before the
cab and absorbs a con51dereble amount of energy. The only acoldents that 5
are llkely to result in the frame receiving rost of the energy are 'C!
types on banks steeper than about 45° and with helghts between about 8 ft._:
and 12 f't. Fbr greatest energy absorptlon in the ceb the ground surfece

1mpacted must be hard.

‘From Fig.23,bank heights betwesn 8 ft. and 12.5 ft. featured in about

A e e e T =t e e o -
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30% of the 'CY type accidents where the height was recorded, and in
about half of these cases the banks were probably steeper then h5°
Since the proportlon of all eccldents that are 'C' type 1s Just

under 4Qb the number of overturns that 1nclude th;s comblnat;on of

circumstances is estimated to be about 5% of the total. Only one-fii%h‘o:

the fatal and one in fourteen of the 'C* type accidents with cabs were
on hard surfaces, so that maximum energy inout to the cab is likely in
iess than 1% of all overturning accidents.

;n most of the"q' type accidents the tractors had been travelling
para;ie;-or at a small angle to the edges of the banks before over-
terning but in at least five cases the tractors were driven over the
banks at large angles. The dynamics of this type of acoident are
eomewhaf different, in that both front wheels fall ever the edée
before eltner rear wheel and the direction of overturnlng is N
predominantly forwards rather than 51deways. |

In 8 of the 30 fatal 'C' type accidents the traorors fel} into rivers,
ditohes or ponds containing water. These.aocidents have been inoluded
in'the soft surface class, but may represent a sufficiently large
proportlon to warrant separete study. The drlver was drowned rather
than crushed 1n only about 2 of these cases, but drowning may represent
a relat:vely nore 1mportant nazard w1th safety cabs.

ihe tota; numbers of fatal accldents in each year are not identica;

%o the figures published by M.i.F.F. This is dus to slightly different

definitions of sideways overturning and is explained in Appendix 2.3,

Although tractor overturning accidents occur‘in a wioe range of
oiroumstances and conditions it has been found.possible.to oleSSify ‘
them according to the dynamlos of the behav1our 1nto & small number
of dlstlnct types.. leltatlons of the o13331f1oat~on system occur

in borderllne cases, where the accldent reports contain insufflclent

i et

)
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.information and in partiocularly complex dynamic situations. The ' g
system describeé the overturning incident and not the cause of event; _ ' i
leading uﬁ to overturning, which nay be of equal interest in other i
inveStigations; | |
8.'_ﬁo éxéﬁpies vere found of the type of overturning represented in
Fig.21 that has been ﬁsed‘ih some‘preﬁious réséarch studieé, aﬂd
;t is concluaed that this is not a type of aocident frequently
occﬁrring in the U.K. which it is realistic to simulate for tests.
9. Safétj-cab 1egislﬁtion ié designed to protéet drivers from-beihg
crushed ih a very high prdportion of accidents,'ﬁ;obably approaching
1&$$, and te st codesare therefore based on the most severe |
“reasonable" accidents in terms of potential safety cab damage.
One of the principal objects of fhis survey was to highlight these

severe types of accident so that they may be sinulated in research.

- In looking for such.extremés this limited survey can only hops to

- point out the important types of aqcident,'ﬁithout being too precise

about their frequency of OCCUITENnce. S

The enérgy absorbed by é cab in its first impact with the ground
depends on:- ’
(a) the initial kinetic energy of the tractor, which isproportional
| to the square of its speed in the absence of significant rotation;
(b) the change in potentizl energy if the centre of zass of‘the:tractor
falls during overturning;
(¢) energy dissipated in deforming the ground and parts of the tractor ' |
such as tyrés and wheels, and in sliding friction;
(d) the kinetic energy reméining after the first cab impact, which will
| éventually be dissipated as in {c¢) above or in further cab impacts
. until thé tractor comes to rest. .Further'dhénge in poténtiél energy
ﬁay oceur dﬁring this proceﬁs,'whiéh increaéeS'the quanfify'£o'be
diésipated. a .
Parfsl(a); (b)"and (o) relate to individuel characteristics of an accident

that can be considered separately and estimuted if enéugh‘daté is known.
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Part (d) can only be assesssd by dynamic analysis, Attention in section 3
of the dlscu551on has concentrated on pert (e) as thls is the most
eompllceted and verlable. It is poss;ble fortwo accidents to be
apparently s*mllar end yet result in con31derably dlfferent cab

damage because of energy abscrbed by trazetor wheel 1mpact. Whlle it
could not be shown that absence of whael 1mpact was certazn in any of

the accidents, its probebility was estimated to be about 5.

There was not sufflclent date to esnable & correlation to be estebllshed
between these condltlcns and severe safety cab deformetlon. The accldent

whlch resultea in the greatest. cab damage occurred et very hlgh speed

25 to 30 mlle/h, and thls is thought to be the maln reason. In other cases

" the deformatlon was perhaps surprlslngly small, suggestlng that the

condltlons for ebsorption of the hi hest proportlon of enerby in the
cab were not encountered. In a sample of 38 accldents it is reasonable
that 31tuat10ns with a probability of only a few percent may oot appear.
On the ba51s of thls survey it was therefore considered that research

on sideways overturning accidents should bte concentrated on two types

.or conditionsz:-

(i) & tractor falling over the edze of a bank between 8 ft. and 12.5 ft.
hizh with a slope between 50° and 90° to the horizontal, and landing

on hard or soft ground;

(1i) accidents at high speed involving multiple rolls,

In half of the accidents involving tractors with safety cabs ths angle
of rotation during overturning was only ebout Y0°, but in about a quarter

the tractors rolled more than one complete revolution up to a maximum of

'eisht in twocases (Fi812-4)0 When & tractor rolls more than 360° the

cab receives further 1mpacts and the probablllty of the drlver he1ng
eJected and 1nJured is greetly inereased. The w1der use of proven

devzces to prevent contlnued rolllng should be promoted nore actlvelz
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Tractor speed before overturning (Fig.2.5) was higher than 8 mile/h
in 35% of accidents involving tractors with safety cabs. In |
reference 23 it. is réported that only 27% of the sideways éverturning
accidénts aﬁa1ysed occurred at a épeed_higher than 5 mile/h, and only
15% at oﬁer'9 mile/h. As has been discussed.in séc£i6ﬁ22.2, data

\rela{inguto épeed mst be interpreted with caﬁtioﬁ; it is'likely;

| hoﬁeﬁéf, that a éignificant number of trac?brsi6veftﬁrn:ét:sﬁeedé
above 15 mile/h, §r even 20 mile/h. .

.,The effects of implements and ﬁraiiers on overturning are twofold -
they will modif& the dynamics of the motion and they may oontributé
“to thé ;éuse éf'ovérturning. In additicn a idad may iﬁduée\loss of
centrol which results in overtﬁrning, but this‘is.outéide fhe'scope of
this thesis. |
Implements or trailers were coupled to 82%»of the tractors with
safety cabs and 72% of those'iﬁ fatal acoideﬂts.r The equivalentl
figﬁfes quoted in references 23, 25 and 26 are 71%,’50% and 87%
fespectively.‘ The propor%ion of accidents in which the machings_were
partly responsible for overturning was in the range 15% to 50%.
Fqurty—four percent of drivers in accidents involving tractors with
safetylcabs were able to hold onto the steering wheel throughout
overturning, and if all drivers had tried to hold on the proportion

would probably have been slightly higher. It is likely, however, that

in the most severe accidents the driver is not able to retain hold and .

safety cab design and test criteria muét take account of this,

Only a quafter of drivers remained seated throughout overturning,'and.
this may‘similarly be expected to represenf the less severe accidents.
Injuries received in éccidents involving tractors with safety cabs

were generally minor - bruising and laceration — and about half the

drivers were not injured.




3. MATHEMATICAL MCODELS OF OVERTURNING AND TMPACT

3.7 FREVIQOUS WORK

In discussing mathematical znalyses of overturning
it is uséfuljto differentiate 5efﬁéen studies'concerned
solely_with_ stability and those that go on to treat the
impacts with the.gfound. Not only are the approaches
generally different in the two cases, but the objectives
aré also‘different.

4y .

The earliest investigations, by McKibben( in
1927 and Worthington(Bz) in 1949, were directed towards
finding criteria to prevent the instabilitiés that |

léad to overturning, and many more recent studies have
pursued this apprcach. The value of thislin demonstrating
to designers and operators the conditions most likely

to lead to sccidents is not doubted, but despite more stable

equipment and better education, tractors will continue

to overturn.
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Automatic devices sensing, for example, £011 angle and velocity, have been
suggested frequeﬁtly but, apaft from. practical problems of cost and
reliabillty;”the stabillﬁy thresholds would have to be'very'high‘fof

- correctlve acfion to be eble to prevent the majority of overtorns.

(5?'which led

Thls was recognlsed in the experlmental work by Moberg
to the 1ntroduct10n in Sweden of the first law requiring ROPS to be fitted
to tractors. Natlonal and international leglslatlon followed rapldly in
many counﬁries; and the priﬁe need in ovegturning studies became the
aeferﬁiﬂafion“of.fhe.amount of impact eneréy absorbed in tﬁe RO?S. Studies
of this kind‘remained'in the minority, however, and wo?k oﬁ sfability
confinued particularly in eastern Eur0pe‘and the U.S.A. The moreﬂimpcrtantl
of these 1nvest1gatlons will be mentioned briefly before summarising work
on 1mpact.

ﬂ Rearward overturning initiated by high rear axle torgue combined with
a draught force applled too hlgh on the rear of the tractor, 15 much less
common than szdeways overturnlng in Europe. The proportlon of rearWards
overturns in the U.K. wae.about 15-20% a few years ago and has declined to
pefheps'é-lb%‘auélto'befter driver edﬁcation.‘ This type of accident ie
outside the scope of the N.I.A.E. similation. In the U.S.A., however, the
proportion is much higher; figures of 25-60% having beeq quoted. This, and
the relatively simple dynamics of rearing, led to a number of mathematical
analyses,.some of considerable sophistication and some validated by

experiments(l}as). An Ttalian study has also been published(37)

(11

, and in the
U.K. Manby ) developed a simple analysis-to determine the energy immediately
before impaot, supported by experimental measurements. |

| Apart from the particular case of rearing, overturning generally arises
from a coﬁbination of three factors: sloping ground, bumps that cause roll or
oitch motions; and oornerlng'fofces generated in tight turns. Most of the
stablllty studies have concentrated on one, or perhaps two, of these factors.

' The determlnatlon of even the static stability of a tractor on a slope

is not stra1ghtforward btecause of the different tlpplng axes resultlng from

o
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the front axle rotation about its longitudinal pivot. Articulated tractors,

which are used w1dely in forestry and are becoming more common in agriculture,‘

G68,39)

present an addltional complexity . Daskalov

(a1 -44)

( 40)

BEuropean researchers in taking static slope stability criteria for

different tractor'heading angles as the starting point for a dynamic analysis.j

HlS analy51s 1ncludes the effect of turns of constant radius starting from
any direction in relation to the slope., It can handle tractor—trailer
conbinations.in addition to solo vehicles but does not take ground roughness
or'tyre flekibility into account.. | |

In constrast, recent U.S. research, mainly at Purdue Univer51ty, has
concentrated on the development of models treating the tractor as a spring- :

(45)

mass system. From a relatively 51mple tipping—axis analysis .y complex

models were'produced which incorporated tyre flexibilitiés in vertical

transverse and longitudlnal dlrections, tyre/501l force relationships and

46)

the inertias of the front axle wheels and tractor cha551s ;.‘ Two
51mulations are described: (i) a simple steering manuevre, and (11) a tractor

mounting a sinusoidal bump of various heights at different speeds, on side

o° (47}

slopes from 0-3 « The envelope of overturning instabilities was

determined and reasonable agreement found with results from a number of

»

ekneriments.
The most sophisticated stability model is probably that developed by
(48, 49) '

Davis from the general models of three-dimensional vehicle motion

0
produced at Cornell(5 ). Apart from his adaption of many model details to
tractor overturning conditions, Davis's main contribution lay in the i

replacement of the three Euler angles by four variables he termed Euler

parameters. These are defined as non-linear combinations of elements of

the transformation matrix of direction cosines, and their purpose is to

avoid the instability in equations based on Euler angles when certain
rotations pass through 90°. This is of value when the most general motions

are‘to be considered, but the'simpler technique of choosing a suitable

is typical of the East ?

o e e i —
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~ developed by Spencer(52). Although their basic models were extremely

232 -

sequence of rotations for the'transform is adequate when only one of
them is llkely to exeeed 90°, as is normally the case(sce section 5.2).

| Another 81gn1f10ant feature of Dav1s s work was hlS ch01ce of a
bank type of accident. This was found to be 1mportant in the N.I.A.E.
study, as dlscussed in section 2,

A novel approach to stability was introduced by Zakharyan(51) and

simple, the introduction of a statistical representatien ef ground rough=
ness allowed the esfablishment of overall probabilities of‘overturning,‘

rather than the treatment of 1solated cases under sPec1f1c conditions.

( 9)

The first significant impact models were those of Watson ~To

underline the distinction between the two approaches, the starting point
for his simulations was the unstable equilibrium where the stability analyses

+

ended. Two types of overturn were con51dered, shown dlagrammatzcally 1n.F1gs.

2. 1 and 2 2a. His slope ac01dent is the normal case but the bank accident

"modelled the'51tuat10n used by Moberg in laboratory studles, where one wheel

remains on the top of the bank. The impacts at the sides of the wheels and
ROPS were treated in two dimensions as pure plasbic impulses, allowing a ‘
simple mathematicel'analysis. The significanee.bf this,.and of the accident
types, is discussed later. Watson found that the energy absorbed in the

ROPS impulse was much higher in the bank accident than in the overturn on a
uniform slope, because of the different amounts of energy absorbed in impacts:
at the side of the wheel. .This difference had been suggested by other
workers and hlghlighted the importance of the bank accident. The bank

heights tested, 1-L £t (0.3-1.2 m) were necessarily rather arbitrary but the

results led Watson to suggest inconsistencies in the energy/tractor weight

relationships used in the Swedish ftest codes.
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Schwanghart developed é-three dimensional model of overturning on a
uniform slope using a similar impact analysis(53). ‘The main purpose was
to provide the German authorities with a simulation to réplace'their test
to establish whether a tractor would continue to roll after the first |
ROPS impact. Impacé energy could, however, be estimated,.and both

(54) (55)

Schwanghart and Boyer developed extended models to overcome some
of the limitations of the impulse analysis by simple considerations of
ROPS and soil deformation. The three dimensional treatment was an
approximation restricted to the incorporation of non-parallel tipping axes,
and the analysis‘offthe impulses that instantaneously changed the |

directions of these axes was not clearly described.

Schwanghart ran his simulations with data from individual tractor and

ROPS, and with mean values taken from regressions of the vehicle parameters

against mass. The energy absorbed in the ROPS was found to increase with

!
;
|
!
i
'
1
!
|
'

. 56 i
mass in a relationship that could be approximated by a low order polynomia& !

The absolute values for a slope of 1:2.5 were generally lower than those in

current EEC, ISO and OECD static test proposals for tractors of less than-
about 4000 kg, an§ higher for heavier tractors.

A further, two dimensional extension to Watsons uniform.slsfe model
was published recently by Cobb(57). The same treatment using piastic.
impulses was applied to all impacts except those at‘the ROPS; it is
probably a better apéroximation in the case studied of a crawler tractor,
where the tracks are more rigid than wheels and tyres. An analysis of the
forces and deflections at the ROPS impact allowed this to be handled more
realistically, although only one direction of ROPS deformation was included
and supporting forces at other contact points were ignored. Soil -and ROPS
strengths were found to influence significantly the amounts of energy
abgorbed in the ROPS, but the overall relationship with tractor mass was

approximately linear over the“ranquo-Bo;OOO‘kg.-

|
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3.2. MODELLING APPROACH

Mathematical models are, inevitably, an idealised abstraction
~of reality.. The art of model building lies in deciding what to leave
out - fo fix the level of abstracéion so that tﬁe performance is
sufficiently realistic for the intended purpose wi%hout requiring
excessgive time and effort in development. The sophisticated model

of Davis cited above(48) took a great deal of time to adapt froﬁ
other models, which themselves had been developed over many years.

I+ was very successfﬁl in mgeting its purpose of sfﬁdjing the effects
of driver behaviour and terrain on stability, although it.has not been
completely validated in full-scale experiments. A%t the other extreme,

(9)

the simple models of Watson , while helping fo indicate important
trends, may not be realistic eﬁough to allow thé compérisons‘that are
fequiréd; | | R

| At %he.outset of the present study it was considered that the
largeét gaﬁ lay in reliable representation of impact béhaviour.
Furthermore, because of the complexity of overturning accident dynamics
it was felt thai‘models mwst be based firmly on realistic cases and be
throughly validated experimentally. This placing of simlaticn as

part of a ﬁider programme increased the need for eccnomy in mpdel

(61)

development
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The predomiﬁant motions in a §ideways roll over occur in two dimensions,
in the'plane pefpehdicular to the direction of forward motion of the tractor.
Accéfdihgly, the modéls were developed initially in this two dimensional
plané; with the possibility of extending them to three dimensions should the
need be in&ibated by comparisons with experimental results. The main effort
was directed towards achieving adequate realism in the modéel details, for
éxamplé of tyre beﬁaviour and non-linear structufal‘chafadteristics.

3.3, INITIAL DEVELOFMENT

Af first two separate mpdels were produced, one for the overturning

part of the bank accident and the other treating the generél impact case.
The ‘dynamics of the initial overturning part of a multiple roll on &
ﬁniform‘siope'are'reiatively simple if initial condition; are.assumed, and
the impact model was designed to cover both accident types. The impact
mcdel formed the basis of the final completeAsimulation and will be‘deséribed
later.

. The initial bank overturning model and the computer ?rogram UPSET
~ derived ffom‘it were based on the diagram shown in Fig.3 1. Tyre deflection
in the plane of ;he-diagram was ignored but the relationship between side

force and slip angle, described later, were developed as part of this model.

The egquations of motion were derived directly from Newtons laws; the presence .

of colomb friction and the need to guantify forces made a Langrangian
solution inappropriate.

The model has a maximum of three degrees of freedom, conventionally
represented as lateral and vertical linear displacement of the centre of
mass and rotation in roll, xg; yg andle respectively. Roil angle is defined
as negative c¢lockwise for all the two-dimensional models. The constraint
introduced at each tyre when in contact with the surface reduces the number
of degrees of freédom by ore and provideé.a gécmetrical relationship in its

place.f

-

[




Fig- 3-10

Forces and coordinates for bank overturning model
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Thus for most of the overturn, when both tyres are 1n contact,the
model has a 51ng1e degree of- freedom and a single equation of motion.
Although the.development of this equation was reasonably straightforward,
considerable algebraic manipulation was required and lengthy expressions
resulted. As a further complex1ty the angle <ﬁ of the bank top surface
was treated in thls model as a varlable, and. 1ts differential coefficients
had to be 1nc1uded. The main purpose was to allow simulation of the
behaviour whern a helicoidal ranmp was used to assist the overturn in the
experiments, but the added generality would also have some value in relation
to real accidents. The helicoidal ramp was not used, however, and ¢> was
conaidered.constant in the later models,

Comparisone with the experimental results were encouraging but the

1ack of tyre flexibility limited realism and resulted in several d15crepenc1es

'1n the 51mu1at10n. In particular, it was not posslble to lnclude a

representation of the chamfer at the edge of the experimental bank because .
of the 1nva11d behaV1our of rigld tyres at surface dlscontlnuities. In |
addition, the exact p01nt of loss of tyre contact was found to affect
behaViour significantly, and this is 1nfluenced in real 11fe by ride-mode
v1bration. ' |

3.4. A GENERAL MODEL WITH VEHICLE AND GROUND
FLEXTBILITIES AT CONTACT POINTS

Previous overturning models have treated each ground impact as a pure,
plastic impulse., After impact the body was assumed to rotate about the
impact point with a velocity determined from conservation of angular
momentum. While this technique helps to give a broad indication of behavior
and energy loss, it is strictly applicable only where impact forces are
infinitely high compared with body weight and where the "coefficient of
restitution” is zero. It also does not allow determination of the
dlstrlbution of energy loss betWeen the two 1mpact1ng members.,

The eollapse force of ROPS are typically between one and 1 <5 times

tractor weight with occa51onal higher and lower values- a smgnificant
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proportlon of the energy is absorbed elastlcally and recovered after 1mpact.
.The real effects not represented in a plastlc 1mpulse analy51s may be
Summerlsed as: | R
C (ij .Trneulatlondl and rotatlonal displacements durlng the flnlte
1mpact perlod (whlch themselves change the body 5 energy |
state. |
C(44) Geometrical changes due to f1n1te defqrmatlon, whlch affect
| the moments of applled forces. | o
(111) Ve1001t1es lmparted.after impact by elastic recovery.
(1v) The effects‘of forces at other body points‘ie simultaneous
coﬁtact with the ground. |
A 51mple analysis under typlcal conditions 1nd1cated likely errors due

to (i) alone of 15-40%.

B LT T TO IR

The impact part of the present model therefore includes the forceﬁeflectign;

characteristics of both body and‘ground The deterministic, time-domain
simul atlon is basged on the solutlon of four sets of equatlons-
r(i) Relatlons of equilibrium between body and ground forces at each
contact point; - |
(ii) Compatibility of body position and velocity vectors (xg, yg and €),
body contact-point deformation and ground deformation:
(iii) Structural relationships between force, deformations and
deformation rate;
(iv) The equationé of motion relating position vectors to applied
_forces. | |
The method as used involves two assumptions:
(a) All mass and inertia is concentrated in the "rigid" part of
the body, which has three degrees of freedom;
(b) Each body contact point is directly connected to this "rigid"
part By defined structurel characteristics iﬁ two directiene,

which are independent of relative displacemehts of.ofher peiﬂts.
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The method could doubtless be extended to include deforming members

of finite mass. Ways round the second assumption for treating parallel

~

structural elements are described later.
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The method is effectively a generalisation of Cobbs to include

all possible contact points and directions of deformation, within the scope

of a two dimensional model Force-deflection characteristics have also

been 1ncluded 1n a single dimensicnal model by Emmerson, to study car bhody

deformatlon on :Lm_petct(5 2
The general solution ot the equations is made clearer by considering

the effects of numerical integration. ‘At each time step in a central

1ntegrat10n method, the sets of equatlons (i) - (111) ‘above are solved to

determlne the current force matrix and hence the ”rlgld” body acceleratlons.

Doubie 1ntegrat10n of the acceleratlons generates new body p051t10n and
ve1001ty vectors which apply to the solution of (1) - (111) in the next
step. Thus, the varlous body poznte under 31mu1taneous ground contact are
coupled only through the integrations, and (1) - (111) may be solved |
1ndependent1y for each p01nt This solutlon is stlll not tractlble in
closed form in the general case, and further assumptlons or iterative
methods are requlred, This is described in the following Section.

" Although at first this method was developed to handle impact, the
equations are equally suitable for describing tyre flexibility. When the
limitations of UPSET became apparent, a new program ROVER (Roll over) was
adapted from the IMPACT program to model the overturning phase of the bank
accident. Assumptions of rigid ground and linear tyre stiffness in this
phase allowed the use of simplified forms of the contact point equations
and .eased the development of velocity terms (damping) in the structural
charecteristics.

| Flnally, the two versions were 1ncorporated 1nto a szngle program
TROLL (Tractor roll over) whlch covered the entlre overturn and was

sultable for multlple rolls as well as for the bank acc1dent.

e d
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3ed4.%. The contact-point equations

ihe forces and displacements at a contact point are shown in Fig.3.2
The tractor centre.of mass position and roll angle are defined by |
eoordinates x; ¥y 6 relative to a fixed frame of reference. Thelposition
vectors of the contact.point relative to the rigid Body centre of‘mass afe
denoted by x1, y1,and the forces in these dlrectlons are those of the body
. acting on the ground The local slope of the ground contact surface to
the reference frame is «'and the ground coordinates u and Vv are trans;
formations of x and y thfough o(, with the same origin. The forces Fu and
Fv are those of the ground on the body.

The three sets of equations may then be written as:

(@) £1 (Pxyy By B, 0, ) = 0 o ~(3.1)
£2 (Fx,, Fy,, Fu, 9, <) 0. -(3.2)

(ii) £3 (X9 Y90 vV X1 Yoo G,lg') = 0 -(3-3)
| £ (x40 Y90 W xg{yg, 6, ) = 0 _(3.4)
(ii1) £5 (Fx,, %, %) =0 -(3.5)
f6-(fy1,'y1, &1) = 0 | | =(3.6)

£ (Fvy, V ,V) =0 - _(3.7)

£8 (Fu, u, ) =0 : -(3.8)

Knowing xg, yg, ® and ', this gives eight equations in eight unknowns.

The relationship of (i) and (ii) are obtained directly by resolution and
transformation, and may be rearranged in a number of ways to yield
different combinations of variables. No amount of manipulation has been
found, however!‘to permit a direct solution of the eight equations while
(1ii) remain in a general, non-linear form.

The first‘step towards a solution is to re-cast (3.8) as

Fu =-p Fv ' -(3.9)
(the negative coefficient indicates that Fu isIOpposing the o

direction of movement, u)

T e T e

i
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/

Fig., 3.2. Forces and coordinates at a contact point
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The "c.oefi‘icient of friction"/u may be considered not as a constant
but as a 6ontiﬁﬁaily varying function. It is assumed that ri_'varies
relatively slowly in relation to the integration fstep—length‘, ‘ailowing it
to be computed with sufficient accuracy from past valués of"forc':es,
disPlacements'lland velocities. For a tyre or structgi'e sliding on concfete
or soil this is a reasonable assumption. If it were not, it would be
necessary to perform an iteration on P at each time step, a possible but
lengthy operation.

If X if defined by: ‘
| p= tanmh -(3.10)
equations (1) and (2) are obtained in the most convenient form by
resloving along and perpendiculaf to the resultant of Fv and Fu: _

Fx, sin ('-X+ 8) + Fy, cos ('« M.+ ©) + Fy seé;\ = 0 -(341a)
and Fx, cos (= At 8) - Fy,] sin (X- X +©) = 0 ~(3.2a)

solving (1a) and (2a) for Fx, and Fy, in terms of Fv.gives:- .

Fx 1

- Fv (sin( o' 48) «  cos (x'+ 6) ) : ' ~(3.11)

and Fy - Fv (cos(' +8) + sin (¢4 ©) ) -(3212)

1

The geometrical transformations between u, v and x, y are:

- u

= X coSX - y sin'
and v = X sinet + ¥ cose(
- And the transformations between fixed and body coordinates are:
X = xg = X cos @ -ly-,‘ sin ©
y:yg-l-x,]Slne-‘rY,]COSB

These four equations together yield (3.3) and (3.4) most éuitably ast

V= X, sino’ + Ve cos' + x, sin (o+ B) + ¥y, cos (o!";{. 8y {3.3a)
and U= xg coset - 'yg sin o+ X, cos (£'+ 8) - ¥4 sin («'+ 8) {3.4a)

The set of equations to be éolved now consists of (3.3a),(3.112) and (3.12),
together with the structural relationships (3.5),(3.6)} and (3:7): The velocity
terms will be ignored temporarily and it will be shown later that they can

be incorporated with the displacement terms in a numerical soluticn.
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The most general‘solution, with Gfﬁ(3.6) and (3.7) in the form of arbitrary
functions, would require iteration. If the force-displacement relationships
can be represented by'low crder polynomials a.direct solution may be

. possible in certain cases:

= + a

2 3
X, = 3, A T - A =(313)

3
and similarly for ¥q and v .

If: Fx,l from (3.11)is substituted in (3.13), followed by the resulting :

expression for x1'in (3.32); |

And similarly for Fy, from (3.12), then ¥, in (3.2a);

And finaily for v from (3.13) in terms of F,, in (3.3a);

- the result is a polynomial of the samé order as {3,13) in Fv.

The lowest order polYnomial"that could adequately represent elasto=- ' ;
plastic structural behaviour is a cubic. The effective transition from
élastic to plastic phase‘w0u1d be very gradual, and the gradient in the

‘plastic range too steep; performance in both aspects would be improved by

a higher order curve. o

A cubic with zero constant and quadratic coefficients could be solved, ‘ q
as could some higher order functions, but the resulting equations would be
rather combersome. In view of the numerical solution used it is easier,
more accurate and probably not much less efficient in computing time to- ' |
uge cheracteristics that are piece-wise linear.

These then become:

x1 = x1fo + kx1 Fx1 _ _(3.53)
Vo= Vage ¥ Kyt Y ~(3.6a)
v = va + kV Fv -(3-73)
where X707 kx1etc are constants for each straight line part of the é

approximation. In the computer program, the values of these canstants are
initially assumed at each step to be the same as for the previous step.

If, after solution, the force (or deflection) is found to lie outside the
bounds of thétrline the solution is recalculated with constants appropriate

to the hew fahgé; The procedure is describéd more'fully in section 3.5
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The parameter k in (3.5a)-(3.7a) represents flexibility, or inverse
-stiffhesé; This ﬁndonventional form is used not only'to ease manipﬁlation
but to allow. representatlon of rigid surfaces by finite values (1.e. k = o).
Care‘ls also needed in the form of the final equatlons for. 1ncorporat10n in
the program to aVOld sens:Lt:Lv:.ty problems, the most extreme example being

attempts to d1v1de by zero. It 1s therefore most approprlate to solve

T

f:.rst for the forces and then for the deflections.,

‘I‘he sequence of subst:.tut:.on is that suggested for the polynom:.al

Put 8 = sin (o( + 9} ' ' | . T ' ’
Co o , ‘ ~(3.14)
and ¢ = cos (o +8) - A |
Then (3.5&)‘5:31 (3.11:) gives: ) .
X, = x‘lO - k Fv (s - }uc{) . - =(3.15) |
-and (3.6&) in' (3. 12) gives:' - : o - .‘}
y,] - Y10 - ky Fv (g + p §) ) -(3.16) |

(3 Ta) (3 15) and (3. 16) in (3.3a) give:
T’,o + k Fv : xg 51no( + yg cos + (x - k Fv (s’ﬂc” 8,

+ (ym-k Fv (e, + IJS)) -01'j

. N ! ] ) .
or Fv = xg sinx + yg COS of + x1054 + y,lo ¢, —Vo_ .

—(3.17) -

k, . sikx (81'1‘“34) + c_'ky (c1+rts‘)

-The denominator of(3.17) can be zero only if k, is zero and: !

either - kx is zero and (8 +«') =¢90o
or _ ky is zero and (6 +«') = O

(excluding the trivial case when all three k are zero) ‘ ,
. : {
Any of these conditions amounts to a rigid body meeting a rigid '
surface, when the force would indeed be theoretically infinite. Equation
(3.19may therefore be accepted as appropriate for numerical solution.
F o and F are determined from Fv in (3.11) and..(3..12), whenge %49y, and
v from (3. 5a) (3.'6a,) and (B-Ta)‘. Finally u is given by (3;21a) and Fu by (3.9).

None of these equatlons is sens:.t:Lve. 4
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%4.2. The contact points

' Although'fhe vehicle makes contact with the ground over finite areas, {
there‘aré severél‘points that may'be considered as the effeétive centres
of these areés, Qithéut likelihood of significant innccuracy. The ten
pointé selected‘éround.the periﬁhery are shown in Fig.3-3.

| Points 4-7 are the tops and bottoms of the wheel rims. Points 9 and
- 10 aré at the Bottom of the tyres, either dn‘the insidéjOr'on tﬁe outside
edge according to the slope of thé local ground snrfnée;fﬁThé choice of
'fneée“sikupoints and tne mannén of manipulating them aré affécféd‘by tne
mpdel constraint that.each point nust‘ﬁe independent bf éveny nther point. | t;
Had éach of 9‘énd 10 been replaced by two points, one outside and one inside,

the lateral deflections and forces of the two points on each tyre would be

ieiated tofénch other. Instead, the single poinf is “moved" when the tyre L
becomes perpendzcular to the surface by changing the body—coordlnate orlgln
of the force-deflectlon curve in between 1ntegrat10n steps. Thls is valld :
provided that the fime derivative of this coordinate is preserved. During
the greater parf of the ofértu;ning phase the points are on the inside :
J edggs, as shown in Fig, 3.}, and a single change for each tyre is made at the
appropriate moment. ‘ |

Contact at the wheel rims during impact raises another problem.
Deformation of the wheel centre, or disc, is an important paft of an over-
turning accident and contributes significantly‘to the enrergy dissipation.
The simplest way of handling thisxdeformation would nave been to treat the
tyre as the first, elastic stage of a single structural characteristic ;
involving tyre nnd disc. together. lThis would not have been entirely
satisfactory for two reasons. Firstly, the limiting tyre force or deflection
at which the rim makes contact depends on the angle of the wheel to the
snrface; fhe smaller this angle, the smaller the tyre deflection, up to
the case wneré the wheel is parallel to the ground when the rim and tyre

make neanly simultaneous impact. To incorporate this into the simulation
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Fig. 3.3. The ten tractor contact points
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would have required |oontinuous updating of the structural characteristics.
The other reasonlie that, when the rim is in direct cootact the effective
point of appllcatlon of the ground force to the vehlcle is not at the tyre
edge, p01nt 9 or 10, but somewhere between this and the rlm.r

A complete modelllng of this behav1our would have requlred moment-
generatlng contact points, rather than those that 51mply apply forces to

the body This seemed an unnecessary complication. W1th separate contact

pomnts at tyre and rim the dlfflcultles are 1a1ge1y overcome, but the base of

the tyre must be made to move w1th the rim when this deflects.' The same
technlque of shlftxng the origin of the'tyre force-deflection curve was
used, again with preservation of velocity. '

Poipte 1 and 2 on the ROP3 require similar treatment if they are both
in contact with the ground together, when the tractor ie interted. The
1ateral deflectlons are not independent, since the‘p01nts are normally
connected by falrly strong members which are rigid in compre551on. In the .
simulation, the equations for point 2 are calculateo first while the roll
angle is less than 180% to the surface. The force origin of potnt 1 is
then shifteo appropriately. When the anglelexceeds 180° this process is
reversed, and the force origin of point 2 derived from the deflection of
point 1.’ This is not strictly accurate because it allows the second point
to deflect a email amount, probably in its elastic phaee; in relation to
the first. The lateral forces on both points are likely to be very small
in the conditions when both are in contact, however, and the lack of

realism is not significant.

3.4¢3. The equations of motion
These follow directly from the forces at the n contact points given
above. Ground forces or body forces could be used alternatlvely, the

slmplest forms belng (Fig. 3.2): .

n Lo ‘ "
21 (Fv sinoc’ + Fucosa’') - mk = 0 ~(348)

Zz&

% (Fv cos‘otj - ?u sinocll ) - mg = my = O —(3.19)
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Z: (x,. Fy, - y5. Fx,) +Iﬂ"é =0 L =(3:20).

-3.4,&. Damping
For contact-point characteristics including velocity dependent terms,
the total force F is the sum ofiforce Fx generated hy the spring

. displacement and a force‘FJ.c proportional to the relative'velocity of the
contact point with respecf to the rigid bedy or, in the case of the.ground
chafacteriétics, to the fixed frame of reference._' |
Thus: | |

: T
Fe = - K (% = Xtxo

x .k
- . Tx

) - o =(3:21)
1 . | :

where (‘/kx) is the argument of the spring stiffness, the negative sign

beiﬁg neCéssary because Fx is defined as the force on the outside wbrid;

*fxo

is the constant defined by the value of x when'fx‘is zero.
R Andléimilarly:' | ' |
x

where C is thé argument of the damping force coefficient. ‘Since X is a
félétive‘ﬁalué contfibuting to the contact'point-eéuations it cannot be
calculated directly from the current rigid body velocities, any more éhan
x can from the rigid body displacements alone. To a first apprdximation
in a numerical solution, however, we may assume that

£ = (x - x)/ At -(3.23)
where‘:xb is theivalue of x at the previcus step and At the time inéremént.

Collecting these equations gives::

Fo= R, +F o=-(Dx-(aDix, o+ () x - (€x ~(3:28)

where Ct = G/At _ ' | : ~(3.25)

Rearranging (3.24) into the form of (3.5a),{3.6a),(3.7a) gives:

X = Xeeo TG kx + - kx F =(3.26)
o T 1w 6k TiC K

F. = C% ' ~-(3.22)




Applying (3.26) in the general variable x to the specific cases
of X410 ¥y and v a}lows the constants X1po kx1 etc to be determined’
directly. FEquation (3.26) applies to each lineariséd part of the
non-linear spring characteristics with the appropriate values of

X

ovo 204 ko The damping coefficient C will normally be constant

but it also-could be different for the different parts of the spring

characteristic.
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THE COMPUTER STMULATTION

3,5.1 Programming languages

coup

'The programs were all written initially in the IBM simulation language

(59, 60)

This is intended to provide solutions to differential equations

without requiring the user to pay detailed attention to the means of solution.

Its main characteristics may be summarised as follows:

Advantages

{(a) .Seﬁeral alternative integration routines provided with levels of
sophistication from rectangular to fourth-order Runge-Kutta; very
;impie cdll statements.

(b) Automatic statement-order sorting, allowing .parallel programaing.

(¢) A range'df standard input functions provided.

(dj Siﬁple control of parameter variation in multiple runs.

(ej Simple,'pre-formatted oufput eontrbl, allowing rapid editting of
variable names for printing.

(£) Simplé—to-use piotting routines, with automatic scaling and labelling.

(g) Simple control of timing parameters {step length, oﬁtput intervals,
finish conditions, etc.).

Disadvantages

(a). Excessive‘storage requirements for program and intermediate files
(requiring Private Volume disc in the RES iﬁplementation).

(b} Cumbersome translation and composition. .

(c) Risks of the user treating the program as a 'black-box' and gettiﬁg
spurious results since he does not need to underst;nd.fully the -
solution algorithm,

(d) Inflexibility of input, output and plotting formats.

(e) Difficulty of handling arrayé, sub-routines, double precision variables.

(f) Constraints on numbers of, e.g. integer variables, restricting in a

large program.




51—

The advantages listed as (a) and (d) - (g) prcved valuable during
program development, but eventually they became heavily>outweighed by tﬁe
disedvantages. The.final progrram, TROLL, ﬁas therefore transcribec iﬁtc
FORTRAN iV, a relatively-easy task since this pcssibility-had been allowed
for during the writing and development of the prograﬁs (CSMP'tracslates
the user's program into FORTRAN). Running the FORTRAN version led to a
con51derable 1mprovement in program flexibility, running speed and
efficiency. The authOr would advise against the use of CSMP except for
simple prbgrams'whefe the user-provision of standard input.functicns aﬁd

integration routines would cause disproportionate effort.

3»5.2 Intecration methods
A Runge—Kutta method is generally considered to be the most efficient

for simulations of this type. The existance of frequent discontinuities

" in the present model at changes in surface contact and structural character-

ietics Hcﬁever, requires a relatively short Step 1ehéth;- Thie iimitation'
prevents a sophisticated integration routine from 0pt1m151ng the step length,
and results in longer execution time than a 51mp1er method, for the same
overall accuracy. In additioﬁ, a routine which calls the model statements
more than once each step wocld require.special hahdling of the damping and
friction equations that depend on variable values at the previous step.

Trials with the CSNP routines suggested that the second order Adams
method was the best compromise. The CSMP version of this is:

t) At/2 ' -;3.30)

t-a

N N T (3’_‘1; - X

The second order contribution amounts to the estimate of the value of

as a linear extrapolation of %

3 By recasting the

X, .
v +at t-at,lt

equation as

Hyopoar T % v Rpan v G-k L) At AL ‘(3'30"")
. - ‘ - oz A,

it is possible to change the step length during the simulation. This was

-
H
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done at impact, since the accelerations and frequency of discontinuities
following impact are much higher than those before, and require a
shorter step to acheive consistent accuracy.

35%3. Overall numerical accuracy

Numerical errors in this case arise from finite step length and
finite word length, or rounding. The rounding errors are particulerly
siénificaht because the contact-point equations confain ooth‘the large,
rigio body disolacements and dimensions, and the relatively small
scructural deflections. To meet the aim of cbteining‘feiiable effects of
parameter changes the overall '1nternal' accuracy of the 51mulat10n was
constralned to the better than :_1% in all cases. It was found that thls
coolc be met.only by step lengths of no more than 0.0015 and 0.00055
before and'efter'impacf respectively,cénd by using double precieioh'variables.
This resulted io a CPU time for a typilcal simulatioo of about 3 mioutes.
| Apart from numerical errore, the effect of punchlng errors in the
codlng, or even mathematlcal errors in the equatlons, may pass unnotlced in
a complex 51mu1atlon 1f they cause only small dev1atlons from the expected
behaviour. An energy balance check was 1nstalled in the program to ald |
debugglng and to give an indication of numerlcal accuracy.k The_sum of
potentlal energy change, kinetic energy change and work dissipated by
relative displacements of the contact forces was calculated at each step.
Although the deviation of this sum from zero is not an absolute or completely
foolpfoof error_indicator, it proved invaluable during program development.
Once the presence of a mistake was established, however, considerable effort
was often needed to find its source, particularly as a result of the
extensive logical branching used in the pfogram.
3:5.4. The program

An overall block dlagram is given in Flg 3. 4 and a flowchart of the
contact p01nt dgorlthm in Flg.3 De The tests fop surface contact and change
of structural 11nes are shown in Flgs 13, 6 and 3. 7 respectlvely. Certaln

detells are dlscussed in Appendlx 3. 1.

’
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(~ .
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(if sin(® +p8) < 0, reverse sequence of 1 & 2)

'

@i

Solve contact point equations for one point
(see Fig. 3.5)
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Fig,3.4. Block diagram of TROLL
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Fig.3.6 Tests for surface contact
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4, EXPERIMENTAL EQUIPMENT

The experimental validation of the mathematical models called for the
reasurement of tractor dynamic behaviour and frame forces and deformations,
Variation of parameters such as tractor inertia and geometry, frame
stfength'and ground profile was dictated by consideration of ' the
- mathematical models., Although overturning experimenis had been carried
out previously at the NIAéTB the scope of the prééent work was such that
an entirely new set of equipment and instrumentation WaS'required}62)
About 30 overturns were planned, This called for a high dgree of
robustness and reliability of the equipment and meant that a sPeéially
designed frame with minimum requiremeht for replacing deformed members
was cheaper overall than using a new, comiercially available frame for
each test, It also justified significant capital expenditure on equip-
ment and instrumentation, although some of this has wider application and

. would confinuerto be ﬁsed after the completion of these tests.

4.1. TRACTOR AND EXPERIMENTAL SAFETY FRAME

The tractor used in the tests was a 30 XW (40 h,p.) Fordson Major.
The basic tractor weight of 2330 kg, was increased to 3065 kg. by the
frame and transducers described here. A rigid, braced safety
‘frame had been fitted for previous overturaning experiments and proved
valuable for initial trials. For the main tests, however, a frame was
required that would absorb energy in a similer way to & normal, |
commercigl safety frame. )
The main design objectives for the experimental safety frame and
tractor base frame werse as follows: |
(1) sSize, shape and structural behaviour to be generally
similar to those to commercial safety frames, and
capable of being easily wvaried from test to test:
within reasonable limits,
(2) Energy absorbing parts damaged after each test o be
cheap and easy to replace, while maintaining kmown -

atructural behaviour.




(3) Impact forces and energy-absorbing deflections to‘be
capable of measurement using the transducers which
were available at the time the frame was being
designed.

(4) Some protection to be given %o vulnerable parts of

| the tractor without significant effect on the likely
overturning dynamics.

(5) Provision to be made for mounting ballast weights in
different positions to alter the mass, the position
of the centre of mass and the moments of inertia,

1

4,1,1. Design concept

Several potential solﬁtions were considered. Since the load cells
 were designed to receive the impact forces directly from ground contact,
some form of rigid top frame was required to transmit these forces to
the energy-absorbing members. At first it seemed sensidle o separate
the duties of energy absorption and support for this tbp fréme, as this
would lend greatest flexibility to the design of the energy absorbers.
Some safety frames for research have been made in this way, in one case
using coil springs to absorb the enerng)and in another, steecl strip
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sheared by a cutting too The deflection is entirely elastic in the

first of these, entirely plastic in the second and neither behaves like

a commercial frame., Two separate'elemegts could be cbmbined but when
this is attempted in the seversl degrees of f;eedom (d-of-f) that the
top frame needs - at least 3 -~ the solutioq becomes too complex and may
be ruled out on both cost and space.

The design that was finally selected looked in general much 1like a
commercial frame (Fig. 4.1). Absorbing the enersy by elasto-plastic
bending of steel bars is both realistic and simple. The immediate

disadvantages are that-the structural responses in-the three d-of-f are

A e TG e e v S

not independent and the frame has redundancy and apparent over-constraint.

The analysis of the behaviour is, however, fairly straightforward and can-

be verified by experiment (Section 6). ' .
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The mode of failure after yield is for plastic hinges to form at each
end of each of.the.four bars. The three d-of-f of the top frame may then
be chésen as iongitudinal translation, lateral translation and rotation
about a vertical axis (yaw). For a commercial frame‘there are three
further possible d-of-f: veftical translation and rotation about
loﬁgitudinél (roll) and lateral (pitch) axis. Movement in these three
mode s requireg deformation of some frame memﬁers vertically.and, by their
construction, frames are normally very stiff in this direction; Most
frameé‘are fixed to substantial parts of the tractor, such as the rear
axle housing, either directly under the vértical frame members.or through
strong, rigid subframes. There ére a few cases where, for exémple, the
front support is provided by short iateral members fixed to the clutch
housing;‘bending 6f these mémbérs would resuly in vertiéal deformation of
the front of ?he céb un&er forceé of the same magnitﬁde.aé w&u}d cause |
horiéontal deformétion. A étudy of overtﬁrning accideﬁt repoffs éhows
these to be the exception, however, the deformations generally being
restricted to "parallelogramming" of some or all of the four rectangles
forming the vertical faces of the framé212 Thisg is directly equivalent
to thé failure of the NIAE frame. The distribution of bending among the
frame members will not necessarily be the ‘same, h9wever; plastic hinges

é64)whereas

ngy form in the top horizontal members of a commercial fram
they will not do so in the NIAE frame. The overali structural behaviour
is represented by effective external load-deflesction characteristics for
various directions of loading, however, and in this respéet the NIAE
frame is a good model of real life, The internai behaviour is not
important for the structural dynamies and the frame may be considered as
a fblack boxf.

When the‘top frame suffers a general displacement, combining trans-
latioﬁ and rotation, it will not remain perfectly.parailel to #he base ”
fraﬁe. This gives fise to slight lack-of-fif and overéonstraint, which

is discussed in Appendix 4.1, The lack-of-fit is compensated by small
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displacements of the plastic hinges and the overall effect on‘the
structural behaviour is not significant. |
4.,1.2, Geometry | |
W?th the same basic top frame the overgll height my be changed by

choosing suitable upright lengths, and the width by fitting distanée |
piecés betﬁeén the frame and the 1oad.cells. It is not so simﬁle to
alter thellength of‘fhe top frame buf thisVWas'coﬁsidered relatively ‘
unimportant.. . |

| The sizes of ccmmercially‘aﬁailable frames were considered before
selecting'the range of dimensions for the expérimental frame. A few
measurementé méde at NIAE are given in Table 4.7 and those for a much

wider range of cases are reported by Schwangharé53l The object of

- variable geometry was to study the effect of changes on the ovérturning

behaviour;'it was nbﬁ necessary for the experimental frame +to have

diméﬁsioné cioéé to the average, provided they were representative.

Table 4.1 Dimensions(m) of some tractors and ;
- safety frames (1971)

Lo

Frame top dimensions
Rear ‘ '
Height | Width | Length | Longitudinal
Tractor/Frame ggre aboié .gt disfance of
‘ 13 rear rear corner
axle behind
rear axle
Ford 3000/Ford cab 1.22 | 1.47 | 1.07 .14 | 0.20
Ford 4000/Ford cab 1445 1.55 | 1.07 1.17 0.23
David Brown 1200/Stadri 1.50 1.%0 1.17 1.25 0.30
Massey-Ferguson 165/Stadri 1.30 1.63 1,17 ' 1.25 0.30
Leyland 344/Leyland 1130 1,63 | 1,12 1:32 0.30
THC 634 1.50 1.60 1.07 1.50 0.30
Fordson Major/NIAE
experimental frame in P
"standard" condition 1.44 1.69 1.37* 0.96 0.12

2 x the distance from tractor cenire line to impact face to load cell
‘with zero width eitension.
The NIAE frame was wider than typical commercial frames, partly

because of structural considerations in the design of the modified top
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frame (see 4.1.4 below). In addition, however, the size of the base frame

imposed a limit of 1.54 m on th minimum track width, compared with a

typical value of 1.32 m for a medium size tractor. ASince it is the
aifference between frame width across the rear tyres that has most
influence on impact dynamics, the minimum frame widih of 1;37 m was
representative.

The base frame was mounted so that it was was not quite parallel to
the ground plane when the tractor was in its standard condition.resting on
itg tyres but sloped downwards from rear to front at an angle of 2.1°.

The uprights were perpendicular to both top and Base frames. The slope

" had no significani effect on the dynamic behaviour but had to be
considered, for example, when recording measurements thét defined the
dynamic at%i{ude of the.vehiclefég) | |

4.1.3. Strﬁctural characteristics

Solid, round, mild steel bar was chosen as the upright material.
Hollow sectiéns are normally used for commercial frameé but partial
collapse of the section occurs under yield in bending. This makes the
behaviocur more diffiéult to analyse and weould have been likely to result
in failure of the end.fixing clamps originally proposed. The circular
section also simplified analysis since the bhending response of each bar.
was uniform in all directions, Mild steel was the most appropriate
material, its high ductility allowing large amocunis of energy to be
absorbed by plastic straing it is universally used for commercial frames.

vThé horizontal load-deflection behaviour.depends on the direction
and point of application of the externally applied load; it is analyéed
~ in detail in section 6. An overall assesshent may be obtained, however,
by considering a representative response, The simp}est case is equal
defiection of the four uprights, which méy result from either a éidéwaysA

load at the mid-point of cne side pf a 450 load at a corner.
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Assuming an idealised elasto—plastic response, the behavicur is
chararacterised by two values: the collapse load and the elastic stiffness.
Since the length of the bars is determined by the required overall height,
the oniy pafamefer that may be varied to control structural behaviour is
the bar dismeter. If diameter is selected for a given collapse load then
the elastic stiffness cannot be independenfly chosen. |

To aésess the realism of this predetermined load-stiffness relationship,
values were derived froﬁ NIAE tests on a number of commercial frames. In |
figuré 4.? these céllapse loads,afe plotted against elastic deflection to
collapse, a more directly relevant measure of stiffness. Both meaéured
and predicted data are only approximate. The measﬁred loads are reéorded
maxima and the deflections the difference between recdrded maximum and
permanent. Asymmetryi in the test lcading probablj gave slightly lower
forces and lérger deflections than in the symmetrical case used fof'the
simple predicfion.

In view of this the relationship for the experimental frame was

considered to be reasonable. It was rather stiffer thaﬁ a tjbicai cbmmercial_‘

frame at a given collapse'ldad, but not unrealistidally 80.

| The ratio of collapse force to tractor weight for the frames tested
varied from 0.7 to0 1.9 for rear impact and from 1.1 to 2.4 for side
impact, with.an overa%l mean of 1.44. In the symmetricél leading case the

predicted ratios for the experiemntal itractor are given in Table 4.2,

Table 4.2 Predicted collapse force/weight ratios

, Typical | Tractor mass, kg, (and weight, KN)
Bar collapse
diameter, force, Stendard Ballasted .
mm KN 3065 (30.06) 4015 (39.37)
36 30,5 1.01 . 0.77 .
42 48.4 1.61 1.23
48 72,2 2.40 1.83

U
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de1.4. Top frame and upright fixings

' The initiai design was based on the criteria that deflections in
the top framelshould have negligible effect on overall displaéément and .
that replacemenf of the bars afterla test should not involve fabrication.
This restilted in a féirly massive construction ﬁith substantial clamps 6
" hold eacﬂ end of thé parted-off bars (Fig. 4.3(a)).

When the complete frame, reﬁoved from the tractor, was subjected to
pendulum impact tests the mass.of the top frame resulied in a very high
peak force at the moment of conﬁéct. The effect was inevitable because
the only flexibility between the inertias of the frame and pendulum are
those of local surface deformation and load—cell displgcement.' The same
condition would arise when the tractor was overturned onto a concrete

surface.

There are two main consequences of this behaviour: (i) the structural

response may be affected, and (ii) the load cells may be damaged, It was
concluded from the teéts that the energy dissipated in deformiﬁg the bars
was not significantly affected, i.e. the energy dissipated by local
deformation was small. The time-history of loading may be modified
slightly but this is of less importance. The load celis, on the other
hand, were not capable of withstanding the peak fofce and some provision
was needed to protect them,

Three parallel soluticns were adopted: (j) .for the pendulum tests a
gtiff cushicning pad was temporarily fixed to th;'impaét face of the
pendulum weight; (ii) as a more permanent measure the load cells were
fitted with limit stops; and (iii) a lighter (Mark II) top frame was'
designed to improve the overall behaviour. | '

To reduce the mass the design criteria of the top frame had 4o be
relaxed. Firstly, the requirement of insignificant'deflectioh was replaced

by one of adequate strength. As a result, elastic defléctionslcould be -

expected to be fypically 2.5 % higher than those calculated assuming a
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rigid top, or nearly 5% in the worst case (see reference 62), This was
considered to1be acceptable since the elastic deflections were a’
relatively small part of the total;.in any case, the measured deflections
would still be éorrect, the errorfaffecting only predicted behaviour.

Secondly, the bar end fixing method was changed to the arrangement
shown‘in Fig.‘4}3(b).‘ Two runs of weld on each side of the plate were
found hecessarj:fo feéist the plastic bending moment of the bar.

The effective inertial mass of the Mark I top, including collarsl
and one~third of the mass of the bars, was 286 kg, and for the Mark II,
124 kg, Load cells complete witﬁ cover plates and domes added a further
90 kg to these values. |

The Mark II top was used for all the overturning tests but the Mark
I was used for'some of the laboratory impact tests, including those used
as a basis for predicting the strﬁctural‘behaviour. This was confirmed‘
with the Mark II top (section 6).. |

4.1.5. Other details

The base-frame was made mainly from 6" x 6" x 3" (152.4 x 152.4 x
12,7 mm) rectangular hollew section mild steel, It was fixed to the
tractor at three points: the rear axle housing, the fop of the clutch
housing and the front of the engine bearers.

Cylihdriéal steel ballast weights from the NIAE Single Wheel Teste§65)

were used to increase the mass of the tractor by up to 60%. The six 250 kg

and four 100 kg weights had spiggotted ends which were fiied to the base
frame Ly clamp brackets. Details of the positions of the weights and the
calculated inertial parameters for the combination‘uéed in the overturning
tests are given in reference 62, and summarised in Table 5.3 (page 80).
Rear wheei '

In mény types of sideways ovérturn%th? tractor rear wheel transmits
considerable impact force to the tractor. Since the wheel disc is weak i%

" hay deform plastically and absorb quite & large proportion of the total

energy. A deformed disc is difficult to repair. The disc on the right—

i = > st AT g+ n s e s ¢
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hand rear wheel, the overturning side, was therefore replaced by a system
of 8 spokes fitted between the usual lugs on the rim and a ring fixed to
the hub (see Fig. 4.4). The spokes were normally'made‘of 80 x 12 mm mild
steel strip and could be straightened easily in‘a press after overturn
damage. 'The ho%? centre distance was chosen so that the spokes made an
angle of about 750 with the rim to alloew for deformation and'torque
transmission. The strength of the spoked wheel was comparable tq that of

the original disc wheel.

Remote control

A simple system allowed the tractor to be steered and the engine stopped
from controls connected to it by a 50 m electric;cgble. These were the
minimum requirements for safe operation; additional control of brakes and -
clutch would have been an advantage particularly for manoceuvring but the
cost;'cbmplexity and effect on reliability were not considered to be
worthwhile, '

A'double-acting hydraulic ram operated thg steering arm. 0il from a
fan~belt dfiven.pump was metered to the ram by a two-way solenoid valve.

The 'driver' used a handsét (Fiz. 4.5) with two thumb—operated push
switches, which caused the solenoid valve to admit oil to one or other
gide of the ram piston. There was no feedback or prbportional control,
The amount of movement of the steering depended on the length of time the
pﬁsh switgh'was kept depressed, and the response of the system‘was rapid.’
Driving by continued pressure on the switches 1ed.to instability because
of human reaction delay. An oscillator was therefore incorporated %hat'
passed the switched current only on the positive part of each qycle.‘ The
driver used a potentiometer to alter the mark-space ratio and thus set
the overall sensitivity to the highest value compatible with his own
reaction time,

‘Even with this refinemerit the system was fairly crude and at higher
speeds aceuracy suffered if stabiiity was maintained. With practice,

however, a straight course could be followed satisféCtofily at spéeds up

B U —
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Fig. 4.4

Spoked rear wheel

Fig. 4.5

Remote control

Fig. 4.6
Overturning platform,
Equipment positioned
for start of test
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to about 4 m/s (9 mile/h). This was considered to be an adequate limit and

most tests required a speed of only 1.5 m/s (3.4 mile/h). A more
sophisticéted system would have édded considerably to the cost and time of
construction.

A linkage to release the clutch and an extension on the gear lever
allowed the traéfof 4o be started By‘an asgistant while the driver.operated
the haﬁdset.: Chocks prevent the'tfactor rolling.back when thélclutch is
disengaged% a mechénical inteflock prevented accidental selectioﬁ of reverse
gear,

4.2, PLATFORM FOR OVERTURNING TESTS

The survey of overturning accidents indicated the typé‘of site
conditions required: a bank between 2.5 and 4 m high with a élope variable
betweeé 50° and-90? to the horizontal and provisién fof landing on hard
or soff ground,

The most important criterion in choosing the maximum height was the
extent of the roll angle reached by the tractor as it slid déWn the bank.
For testing in the most gevere realistic case this anglelmust be large'
enough 0 allow the frame to bit the ground before the side of the rear
wheel — somewhere between 90°.and 135° depending on fhe tracfdr/ffame '
geometry. |

The mathematical.model was not available when the equipment was being
designed.' Evidence therefore had %o be taken from tﬁo sources: accident
reports and tésts in similar conditions. The accident survey indicated‘
only the likely range of bénk heights, and si;ce the slope is not always
reliably reported it is not certain that the accidenis involving the
highest banké would be the most severe,

The only suitable test data that was available covered en NIAE.over-
turn to the U.S. standard ASAE 306L2ﬂ14)'A1th5ugh $he bank height was only
1.27 m extrapolation of the analyséd'behaviCur indicatéd fhat.a height of

just over 2 m would result in the required roll angle. Taking this value
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directly was not appropriate because the ASAE test includes a ramp to 1ift
the up-slope wheels, thereby increasing the roll velodity; in addition,
the affect of slope was not known, that of the ASAE test being‘50°.
Combining this evidence with practical considerations resulted in a choice
of 2.5 m as the maximum height.

A search for a natural local site was unrewarding and the most suitable
way of achieving the objective was the constrﬁction of a épecial platform
(Fig. 4.6). The overall layout is shown in I_Fi‘g..&.'r{ The height risés from
1,04 m to 2.74 m with a slope of 1 in 20. |
| The slope for the tractor to slide down was provided by strengthened
steel plates each one bay (2.45 m) 1long, hinged at the top edge. The angle
could be simply adjusted in T%p steps using the pinned struts at the beitom.
Four plates are‘fitfed at the high end and two at thp low end.' Their
positiﬁns could be moved together aiong the platform b&*up‘fo'twb bays
without a serious gap appea,.ring a;t the bottem. |

A 250.m X 450 chamfer to the overturning edge was necessary to prévent
it being fouléd by the underside of the tractor at the steéper pléfe angles.
This was also probably more realistic than a sharp eﬁge for mény‘accident
conditions. | - |

Two reinforced concrete pads each the width of two bays provided hérd
landiﬁg surfaces; the remainder Qf the ground was preﬁared fop—soil to give
the soft surface;‘ - ’

4.3. RECORDING THE DYNAMIC BEHAVIOUR

Two systems were used: (i) cine cameras to record the kinematics of
overturning and impact, and (ii) strain-gauge force and displacement transe—
ducers to reéord on magnetic tape the impact response of thé frame,

(62}

Details of the equipment are given in Appendix 4.2 and in reference ~,

Cine film recording

‘The most important tractor movement was in the vertical plane
perpendicular to the edge of the bank. The main caméré was therefore

positioned with its optical axis aligned with this edge (Fig. 4.7). A long

P
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focus lens allowed a distant position which reduced the effect of parallax.
A second camera viewed the overturn from the 31de, malnly as a check
on the forwa.rd motlon of the tractor.

Timine equipment

Phree forms of timing were needed: (i) a time—-base for the cine film
recording; (ii) a means of relating this time-base to that of the magnetic
faﬁe recording, and (iii) a method of deterhing the fofWard épeed bf the
tractor. IThe time-base for the tape-recording was derived.ffoh thé.capstan—
speed. | |
A\large clock in the field of view of the rear camera provided the
timeubase; A cne metre diameter . face pos1t10ned at the start of the platform
gave‘adeqﬁate resolutlon.(Flg. 4.6). A single hand was glven by a mains—
powered synchronous motor at one'revolutlon per second, giving a reading
accuracy of better than 0.01s. Mains frequency was monitored during tests.
On analysis, wholé geconds ére counted from an arbitrary datum. |

The time séales of the two cameras and tape récordér'wefe'related to

each other by firing two photographic flash guns, the firing being recorded

on tape.

Tractor speed was measured by the 1nterrupt10n of a modulated llght beam

across the platform before overturning. The period during whlch the light
beém was broken by the tractor was recordéd by a timer-counter.

Aﬁothér method of measuring speed was used in‘eériy tests'before the
li@ht beam gystem waslavailable, and later és a che¢k  On ana1y31s of the
rear fllm, the rotatlon speed of the rear tyres was used to calculate
forWard speed from the known rolling radlus. | | -

Impact force transducers

Load cells at the front and rear corners of the 1mpact gide of the top
frame sensed forces in norizontal, vertical and longltudlnal dlreotlons

(Flg. 4. 8) Each of the two units comprised ga palr of cells mounted back—to—
back each cell giving one compressive and one shear force. One compressive

channel of each pair was ;r-edundant° The design of the cells, originated by
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Fig.4.8 Transducer measurement directions, The arrow at each channel :
pumber indicates the sense of deflection of, or force on the
%op frame that results in positive amplifier output
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Deere and Compwm§102 was a compromise between performance and size. Non-—
linearity and cross sensitivity was taken into account in analysis; and
the o&erall accuracy, discussed in Appendix 4.3, was consideréd'adequate
for the purpose.

Maximum force capability was 225 kN. This was well above the highest ‘
likely frame collapse load of 70 kN but inadequate for transient inertial _ ;
peaks caused by hard-surface impact. Mechénical 1limit stops were therefore 7 !
fitted to prevent damage (Appendix 4.2).

The cells were protected froﬁ.incidental damage by covers of 10 mm
mild steel plate boxed in by 5 mm plate. The domed ground contact faces

were not similar in shape to those of a normal cab or frame., The maximum .

‘contact area of 0.106 m? represented by the two 230 mm squares was, however, i

comparable to the 0.063 m2 of a typical tbp frame member of 1.25 m long x

50 mm rectangular section. .

An alternative solution (to more nearly approach convention) involved

fitting a ground contact beam across the front and rear cells. Problems w
relating to the beam strength and overconstraint of the cells:proved,
however, to be insuperable.

Prame displacement transducers

These transducers were also adapted from Deere and Company designs.
Because of the height of the top frame above the base, conventional
linear displacement transducers could not be used without a rigid super— ' 7 ‘
structure inside the frame, This was avoided by using pin jointed vertical
shafts to convert the linear m;vement to rotation of the pins, which was then .
measured by strain gauges. The shafts incorporated sliding joints to ﬂ
accommedate changes in length (Appendix 4.2). ‘ ‘ T ‘ |
Two units were used, each having hocke=joints to givé two mutually )
perpendicular directions of rotation, both of which were fitted with W

sensors. The two units thus gave a total of four displacement -measurements;

one of these was redundant since the top frame had only thrée degrees of

" freedom (Fig. 4.8).

B
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5. QVERTURNING EXPSRIMENTS

5.1. EXPERIMENTAL CONDITIONS

A balanced experimenial design was not appropriate in view of the
primo.requirement of validating the models and the high cost of tests -
about £400 cach tes£ in staff time, including preparation; A total of
about 30 tests was planned to allow at 1east gsome varlatlon of each of
the important parameters. The number carried out was 31; 1nlone case
(number 13) a sfeering failure invalidated the test, andlin'several
others 1nstrumentat10n or equlpment faults nade the results 1ncomplete
or dlfflcult to analyse although partially useable. In V1ew of the
complexity of the equipment, however, the proporfion of resnlfs B

recovered‘is high.

The parameters studied were chosen on the basms of the mathematlcal

models. They are dlscussed below in approx1mate order of thelr expected

influence on the dynamlc behaviour. The values of the parameters fcr
each test are glven in Tables 5. 1 and 5.2. One set of parameter values
was chosen as a 'standard' conditicn (Table Se 1) In some cases a

single psrameter was varied from its standard value in each test but in

other cases it was appropriate to vary two simultaneously, one affecting

the overturning phase and one the impact phase. This further reduced
the number of tests while still allowing comparlson wuth the models.

Angle of bank slope to vertical (oX)

-

Because of slight changes in geometry and fixing arrangements the

true angles dlffered glightly from nomlnal. The dlfference was generally

limited to about 1° except in the last four tests when the plates were
‘reposltloned for overturns onto the ooncrete surface, g1v1ng an 1nter-

‘mediate X of 17 7 (Table 5.2).

Tests number 1 - 12 and 16 were used to study the effect of N(Table Se 1)

From the 1n1t1a1 reeults of these, two wvalues of (X 7 and 22—-‘were
selected for 1nvest1gat1ng the other parameters in the remalnder of the

tests.

~
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Table 5,1 Test numbers and sunmmary of parameters

st

~ s b4 Axle _Nominal & (Bank angle to vertical), degress
. Condition 2
stop ) A 15 22% - 30 37z
Standard ” ' :
Yes | - 16 10,11 8,9 © 12. T
Ballasted . :
{mass = 4015 kg No 27 24 NOTES
+ change in centre of D ; D
mass and moment of . .| yeg : . 26 S .25 A, ' The conditions referred.
inertia to as standard are:
Low friction N : | _ :
(p= 0.1 - 0.15) + © 23 Tractor mass: 3065 kg
wide cab (1.67 m) Yes 2 l ' | 25 | Surface dry:Q;: Q.8~1.0)
Cab width: T3 m
. : E
On concrete : No . j 8 Track width: = 1,55 m
o | Yes : ! B DB . .Bar diameter: 42 ?92;1
Onlcongreti oo . o © Speed DZ: 1.5 ms
+ low friction : ; : L - ‘
1 Yo - 31 f ..~ Approach angle: 4°.PY)

5 ; ; ~ “Landing surfaceisoil
a | ; ;

s
Higher speed (3 ms ') - No: .
&n P . B, Front of tractor on

‘ . : L , : . econcrete,
I(a;;'gir gg?* cach angle No- : 14 ' : -} ¢, Partial failure of rear
‘ ‘ . wheel, .
Wide cab (1.67 m) | Yes : . 20 __ | o 19 : D.. 48 mm diameter bar. . -
‘ ’ . — — Br = 17.7° due to |
Wide track (1.65 m) - Yes ' ; 17 ¢ -repositioning of plates.

Wide cab + .(1.67"111)- o : , ; oo : : :
‘wide track (1,: 6‘5 m)»‘ . Yes tafl e - S e fars s Tt 1:.“. ] R BF s rj\',—n 18 ?er'r Ll e K B T I T ‘-:vw'—‘_r:-‘

mlL=




Tahle 5.,2. Detailc of parameters

Test “ Bank |  Bank Measured | Measurad- Cone penetration‘resisfanceg kN/ma“J
number | angle height | forward yaw 8y at soil depths of: '
x, deg at spead, at , :
roll-off, rollwoff, 0 3in | .6 in 9in =
m DZ, n/s dez (76 mm) | (152 mm) [(229 mm)
1 22.9 | 2.5 N.R. " 5,3 - N.Ry ==
2 "f:S 2,16 N.R. -4,5 e ————— N.R, =—e—emwre————- —
3 7.7 2,25 N.R. -8.1 - ee—e—weeeemm=~  N.R.,
4 15.1 2.27 1.44 =3.7 4407 | 1080 1200 1150 -
5 29.3 2,10 1.47 -7.0 330 1360 1620 1760
6 37.9 1.98 1.50 -7.8 330 960 1260 1480
7 29.3 2.00 1.54 5,2 560 970 1250 1290
8 15,1 2,04 1.50 -8.3 550 780 1150 1230
9 15.1 1.99 1.58 -6.3 630 740 1050 1210
10 9.2 1.95 1,53 -4.2 780 990 1120 1260
11 7.7 2.09 1.53 -7.2 °© 780 930 1120 1260
12 22.9 2,08 1.57 ~7.3 1230 1220 1200 1090
14 7.4 2.15 '1.58 -15.0 540 950 1030 1070
15 7.4 2.24 3.16 -8.3 730 920 ‘990 1320
16 1.0 2.11 1.55 ~3.5 690 1150 1170 1050
17 21.4 2.23 1,61 -8.9 120 1620 1250 1470
18 21.4 2.15 1.50 -6,0 450 800 1210 1230
19 21.4 2,13 1.51 -3.4 300 850 990 1140
20 7.4 2.1% 1,67 <5.5 860 1250 900 980
21 7.4 2.02 | 1.5 -8.8 1140 | 1290 950 1080
22 21.4 2.00 1,62 -7.1 820 1310 950 1220
23 21.4 2.09 1,62 «4.5 280 2170 1940 1300
20 | 21.4 2.19 | 1.65 4.0 850 | 1740 1330 1080
25 21.4 2,06 1,48 | -6.3 610 1540 2120 1900
26 7.4 N.R. N.R, N.R. 710 1660 2180 1440 -
27 7.4 N.R. N.R. E.R. 800 - 1930 2120 1480
28 17.7 2,52 1.60 -6.9 f o
29 17.7 N.R, 1,76 ¥R, ) ;
: Concrete
30 1.1 | 239 [ tes | -T.a
31 17.7 2,47 1.65 =4,7
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Height of bank

| All the tests were carried out at the higher end of the platform
but the true height at roll-off varied between 2.0 m and 2.5 m dﬁe to the
91opé. The ﬁariatiCn is significant, particularly in comparing tests
onto soil with those onto concrete (28 - 31) because of the chanée in
nominal roil-off‘point. 'This is taken intoAaccount"in“the aﬁalyéis.

Coefficient of friction between tyres and bank ( Ms )

" The value of fﬁ in the standard, d:y‘conditions was 0.8 - 1,0.
This was reduced to 0.1 — 0.15 in tests 21, 22, 23, 30 and 31 by
ébﬁering_the concrete with industrial plastic flooring and wé%ting
this and the metal plates that form the bank slope'with a defergent
solution. ' | S |

So0il characteristics -

It was originally hoped to conduct many of the tests using the
concrete impact surface, to avoi& variaticn iﬁrsoil hardhess.and-to
cover the mogst severe cdﬁditions. The efféct of higﬁ peak forces on the
measured structural behaviour and on the integrity of fhe véhicle were
underestimated, however, and only four such tests were:carried out
(28 - 31), the last of which broke:the main frame éway ffbmifﬁe tractor
chassis. A B

For the remainder of the tests, the ground hardness was estimated
from éoneipenetrometer féadings af depths of 9, 3, é and 9 inéhes'(o;
76, 152 and 229 mm) at ten positions covering the area where the tréétor
ﬁas éxpected to fall. Means of the ten values at éach dépth are éiven
in Table 5.2. 1In tests 23 — 27 the ground.was to0 hafd at some of the
ten stations to allow the penefrometer cone to be fbrded doﬁnrby'ﬂand
to the fﬁll depth; In a simple attempt to avoid bias by omitting these
resultsrthey were estimated by the pro@edure given.in Appenaix 5.7

Tractor inertial characteristics

"'Z-fThe-baiiastiﬁg “raised the centre of mass (cg) by 37 mm and increased

o 2 e T gy e A e e e e

e o
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the moments of inertia, thus influencing the overturning and impact
behaviour;'thé mass increase aff'ected mainly the impact, ‘Details are

given in Table 5.3. The ballasted condition was used in tests 24 = 27,

Table 5.3. Tractor inertial characteristics

Parameter Unballasted | Ballasted | Increase
 Mass, 3065 _ 4015
Weight, KN . 30.06 39.37 + 3%
‘*Centre of mass'-  X3g 0.016 - -t - 05019- - +§0.003~
co~ordinates, Vig -0, 101 -0,064 + 0,037
+
Moment of - - - I 2795 o 3633 |-+ 302
Inertia, Iyy 2500 3425 + 37%
kg/n® L, | 125 - 4|+ 108

Standard ce=ordinate system relative to origin at centre

df rear base frame — see Appendix II of reference (62).
Hioments of inertia about standard axes through centre of mass,

assumed to be principal co-ordinates. Ixx and Izz'ére'measured;

o

I is estimated.
A

Tractor and frame geometry

lThefe are two main effects of geometry on behaviour: (i) The
‘relationshib bétWeen track width and cg héighﬁ inflﬁgnées thé ovVers=
furning behaviour, and (ii) the inclination of a plene tdﬁching the
tops of the frame and rear wheel determines the roll angle ab which
the frame will just contact the ground first. |

The minimum track width was limited 4o 1.55 m by interference of
the base frame. A single variation of this parameter to 1.65 m was
used in tests 17 and 18, ‘ |

The:standard frame'width, defined as twice the distance from

centreline to load cell faces, was 1.37 m. A‘éingle'variafioﬁ'ts
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to 1.67 m wag used in tests 18 - 23, i.e, in combination with the wide  - :
- track in 18, and with low friction in 21 - 23. Frame width was chosen
“in preferenée to heigh£ as the vgried parameter so that the upright . | I
'1ength; and hence structural charateristics would not. be changed. g

The geometrical paramefers‘are compared in Fig. 5.1 with regression

lines of dimensions against tractor mass fitted by Schwanghart (53) to

data covering a wide range of iractors. The standard values are all

appropriate for the mass of 3065 kg; the difference between overall

width and track width reflects the rather narrow tyres used on the

experimental tractor compared with mdodern practice, particularly outside
'the UcKo '

Frame gstrength

-y e v ——— -

Since the length of the structural.upright bars was chosen io give
a suitable overall height, bar diameter was the only parameter available
to contrel structural characteristics., The diameter chogen as standard,

42 mm, gave a nominal collapse-force/ﬁnballasted tractor weight ratio of

1.6.

One other bar diameter was used: 48 mﬁ, giving a nominal collapse
force of ‘1.5 x standard, The tests concerned were two of the four.
ballasted tests, 25 and 26, and the two low friction tests onto the
concrete landing surface, 30 and 31. C _ . ;

*

Tractor forward speed (DZ)

\
- "

The experiments represenfed a type of accident which normally
involveg fairly loﬁ speed. - In addition, it was not expeéted.that-speed
would have much influence on-the overturning dynamics or the sideways
frame deflection on impact, although it could affect the longitudinal
deflection. The nominal standard speed wasr1.5 m/s (3.4 miie/h)‘and a
single variation, 3 m/s (6.7 mile/h), was used inltest,15;;J.. |

Angle of approach of tractor to bank edge (Y )

© The aim Qf studying the most simple dynamic case would have been

- met by an insiznificani small approach angle. In practice, however,

44_________;_____;21----lllllllllllllll
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this would have required a much longer platform to cope with the variable
fall.off poinf due to the limited accuracy of steering along the marker
iine. A nominal angle of 40 was found to be a suifable comprcmise, and
this'Waé the standard value. A.single variation to 8° was used in test
4. |

‘ Values of.yaw angle Gy at roll-off gre given in Téble 5.2. These
are generailj‘greater than_the nominal Y, probably'bedause the front
wheels had jﬁst moved from‘the top surface of the platfbrﬁ éhd onto the
chamfered edge. Following of the marker line was ggneréllyxgood and
before roll-off the values of gy were closér to the nominal Y.

Articulation of front axle about its ldngitudinal pivot

This last parameter is an artifact introduced after observation of
the behéﬁibuf in the first few tests. The.mathemaiical'models iﬁitwo.
dimensions céuld not predict rotations of the‘tractéf in yaw and pifch,
which were expécted'tb be negligible during the overfufniﬁgfphaée.ﬁéfore
impact. 1In the early tests significant.yaw mbtions‘di&,ihowéver; décur,

roughly at the time ﬁhen The rear axle wag parallel to the sloping side

of the bank, i.e. as the left-hand, upslecpe wheels reached theledge.
Sfudy of the cine films showed that the roll angle of fhe.ffont axle

was iaggiﬁg that of the rear by the amountlélloﬁed by the front axle
pivof stb@s. As the left—-hand rear wheel reachedlthe bankwédge and
began to slide down tﬁe slope, the front wheel was étill.oﬁ fﬁe topﬁof the
platform and became "hocked" moﬁehtrérily bn %he edgé;l The.éignificanoe
of this effect was checked for comparisen with the.modelé Ey fitfiﬁg

- rigid stops in some'tests to prevent the frént axle from pivotting.‘

5.2, KINEMATICS OF THE OVERTURNING BEHAVIOUR

" The films were analysed to determine the time-histories of displace-~

ments in the six co-ordinate directions, and hence velocities andl‘
énergies, Analysis‘involved the frameﬂby-frame'measuremén% of
co-ordinates in the film plane of the tractor marker points.f'After

scaling, this gave the vertical, lateral and roll motions directly, the
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longitudinal motion being estimated from tractor forward speed and
impadt positibn. Yaw and pitch angles, and.hence co—ordinafes of
tfacfor}poinfs other than the mafkers, were found frém the rotation
trahsformatioh be{ween fixed co-ordinates measured.from the cinelfilm
and the known bédy co—ordinates:of the marker points.

5.2+17« Analysis of cine films :

The ‘conventional co—ordinate gsystem derived from asronauntical
practice (Fig. 5;2) is appropriate for vehicle handling studies (66)
where:the predominanf motions .and large rotations take place in the’
horizontél, x=y plane. The principal overturning hehaviour, howéver,
occurs in the vertical plane perpendicular to the bank, and nonQ.r
conventlonal co-ordinates (also shown in Fig 5 2) were chosen for thls
study for two reasons relatlng t0 the sequence of rotatlons from flxed
to bogdy co—ordlnates: |

(i) In the sysfem used, the roll co—-ordinate Gz, the most

important rotation, may be measured direcfly frdm the
£ilm since it is not distorted by the other rotations
and maps directly. Thisz lead to a relatlvely 51mple
mathematical treatment and 1ncreased accuraqy.

(i1) Any system can handle 1ndef1n1te1y large rotations
in one co;ordinate'but rotations in the other twb‘
which pass through 90O create sensitivity frdblems
énd requirg additional éets of equations. The chosen
sequence of rotations allowed large values of QZ,.the,
only rotaticn likely to exceed, éay 45é;

The rbll, pitch and yaw angles will be different in any particular
tractor orientatién from those defined acéording to anéther gystem. The
dlfferences will not be great, however, while two of the angles remain
small; in any case 1t is poss1ble to calculate rotatlons accordlng to any

system once the transformaxlon matrix of dlrectlon cosines is known.

e ——— o ———



THIS SYSTEM o CONVENTIONAT, SYSTEL
Lateral, +ve to right X Longitudinal, +ve to front
Vertical, +ve up Yy Lateral, +ve to right -
Longitudinal, +ve rear z Vertizal, +ve dows

Sequence of rotation from fixed to body axes:-

(1) roll Qz ebout 0zo to x1, ¥1, 2 (1) yaw ¥ ebout 0z to xi, ¥is 21
(2) yaw Qy about Oy1 to x2, ¥y2, 22 (2} piten 9 about Oy to x2, ¥y2, Z2

(3) pf_i..télil 64 about o:;z to %3; Y31 %3 (3, roll 56 abc—m'?'()i-g‘f:o ?3’- ¥3yi25-

! . .

Fig. 5.2. Co-ordinate systems

*&————.—.—L e, o I , o . .4___/..._-..1-..-—J
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The fixed co-ordinates X, ¥, 32, had as origin t%e point in the
film plane which was a projection of the bank edge at roll—-off. This
point was chosen because it was relatively easy to define and overcame
some of the problems due to the sloping surface of the platform. The
origin for the body co-ordinates To ys Zg Was the ceﬁtre'marker on

the rear base frame of the tractor.

Method of analysis

The main analysis was based on the film from the rear camera, -
which was positioned over 100 m behind the overturning area with its
optical axis aligned with the edge of the bank giving a view
equivalent to Fig. 3.1. Techniques are available (67) for determing
all six co-ordinates:of general three—dimensional rigia—body'motibn
from a single camera record. It is, however, difficult to overcome
errors in the co-ordinate along theloptical axis since fhe measurements
depend on the separation of two points on the body in a plane only

approximately parallel to the film plane, In addition, the mathematical

development is more complex than the alternative procedure'used_for these

experiments, described below., The other established teclnique using
measurements from two cameras (68) is also more complex, more time

consuming and suffers from synchronisation problems.

" The mathemaical development of the analysis is described in Appendix-

5.2. The rotation transform from fixed to bpdy co—ordinates-is first
derived. Elements of this matrix are then used in conjunction with the
measured co-ordinates to find the pitch and yaw angles-@x and Gy; - The
matrix is thus completely determined and may be used to find the
-co~ordinates of other points on the tractor, such as the centre of mass.
Although the time derivates of the angular co~ordinates Ox, Qy and 8,
may be used to calculate energies this would requiire transformation of
the inertia matrix. The alternative method described in Appendix 5.2
is t6 pefform the calculation in the body co—ordinates by de:iving‘a'

velocity transformation. This is more appropriate in giving angular
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velocities that may be identified directly with the tractor motlon,
although 1f pltch and, yaw angles are both small the two methods glve
velocltles w1th gimilar values.

The pos;tlon of the tractor along the platform, tbe 2 co—ofdinate,
ig requiredhfor a complete description of tractor position and fof
scaiing the X and Y, co—ordinstes from the film., The necessary |
absolute accuracy of Z, ig not high, however, because of the large
camera—frector disfance.
| It would not haﬁe Been pqssible to obtain z, from analysis of the
gide view film but scaling assumptions weuld have been needed to take
account of the movement of the tractor towards the film plane during'
overturning. This procedure was followed for a number of tests, from
which it was concluded that z_ could be.debermined with sufficient
accuracy using the assumption that the forward speed remains constant
up to impact, after which it is zero. This is reasonable in view of the
small components of force in the Z directioﬁ during overtufning and the
small movements after impact. The scaling errors due ﬁo this agssumption
are less than 1%. |

Finally, Appendix 5.2 covers the procedure for scaling the film

measuremenis,

Recovery of information from film

Measurements were not required at every frame since the tractor

movements beiween sqpcessive'frames were smzll during approach and at the

lbeginning ef roll-offs The step interval was normally reduced from 25
:frames duriﬁg'approach through 50, 5 and 2“to 1 frame”near impact;

For the first fifteen tests the film was projected iﬁ $he normal
way onte a ﬁertical screen, Measurement on the verticsl surface was
rather aw#ward, and for anslysing the remainder of the tests; the
srojected beam'was deflected by'two surface silvered mirrors onto a
hofizontalltsble. 4 third technique was used for s‘repest snalysis of

the first six tests, which was found necessary because of inaccuracies
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resulting from the different pdsitions of the marker.points used in the
original analysis of these tests, The system used was a D-MAC
digitiser at Cranfield Institute of Technology, adapted for use with a
- eine projector.

Computer implementation

A FORTRAN IV program KINEMA takes the digitised co-ordinates as
input, together with a parameter'list, and calculates the time hist§ries
which are then presented in tabular and graphicai forms. The program was
run on the ICL-4-T70 computer at Rethamsted Experimental -Station and used
30-60s of CPU time per run.

Velocity calculation

The clock time can be read tolan accuracy of 0.01s, which is more

" than adequéte'as-the'time-base. "In calculating velocities over a step
of one or two frames, however, the small differences in clock time can
léad to significant errors. Velocities for steps of less than 10 frames
' were thereforé1determined from the frame interval and the mean frame
Nspeed.

The individual vglocity values also showed slight random errors due
to limited resolution, and this was magnified by squaring in the energy
determination. To reduce this fluctuation tﬁe velocities weré smoothed
by a simple triangular filter over 3 steps (weighting coefficients 0.25,
0,50, 0.25) or 5 steps (coefficients 0.1111, 0.2222, 0,3334, 0.2222, -
0.1111). o e |
Checks

Two checks on the measurements were provided, The first verified 7”
the 20 estimation and scaling procedure using the s;me tedhnique as the
Z,, determination in the 6 degree—of-freedom method of analysis (67)

The second check used redundant measurement to verify the calculated
position of a point on the top frame. Since this deformed under impact
the check waé invalid after this point but provided instead an estimate

of frame deflection.
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5.2+.2, Time histories

" Films were available for 27 of the 31 tests. The other four were:
Test No.13 - tractor steering failure caused premature,

wncontreolled overturn.

Test No.26 Films missing. No explanation could be
Test No.27T; ‘

‘ ' found in spite of extensive searches.
Test No.29 Film cut shorf during outside processing.

The.set'bf five time—histofy graphs and tabulated output from the
27 tests represents a oonside;able quanity of information. The $ime=
historiés‘were needed for comparison with the mathematical models but
if was alsb'necessary to summarise them in terms 6f values that could
bé used to compare the effect of parameter changes. This‘isldone in
section 5.2{3 below but first the results will be deséribed in general
terms using thé sample plots for test 21 given in Figs. 5.3 to 5.6.
The origin ofxthe time scale is defined as the visually determined roll-
off poinf; The arrow on t@e time scale indicates load—cell impact.

The‘gradual chahge in xog and Yog up to impacf is shown in Fig. 5.3,
together with some bouncing afterwards and eventually a steady resting
posifioﬂf

The roll angle 6_ (AZ) increases negatively from zero up to impact
(Fig. 5.4) and then reduces fo a resting value. The pitch Qx (AX) and
_yéw Qy(Af) angles start from values corresponding to the platform slope
énd edgé approach ahgles respectively. Some fluctuatién‘is bresent but
in those tests where pitch and yaw depart éignificantly from zero,:the
change is typically fairly gradual, a single posifive or negative peak
being réached ét; or shortly before impact.

Only thé {hree nest important velocities are shown in Pig. 5.5:
%, (10), T, (Y6) and voll §, (42). In all tests the vertioal vélocity
&og confinues fé increase:negatively up to:impact; the peak may be
reached slightiy 5efore the arrow due to impacf of ofher ﬁar{s of'the

tractor before the frame. In some tests the hbriiontalwvelbéity.ké
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behaves similarly but in others the rate of iqcrease ié lower and a
peak is reached somewhat before impact. Roll velocity éz also peaks
before impact in many cases, the time of the peak being.most clearLy
related to bank slope & and friction. At & of O0 or 7%9 (steepest
slopes) the peak occurs significantly before impact, while at greater
angles and high friction the roll couple provided by tyre forces reméins
important and éz continues to increase up to impact. With low friction
~ the roll couplé is less and the peak éz is reached early at all & .

The kinetic and potential energiés are plotted cumulatively in
Fig. 5.5 to allow transfer and dissipation to be readily visualised., In
most cases the energies due %o rotational velocities (KB AX, KE AY, KEAZ)
. are insignificanf. Although roll velccity is a major compénént in the
.linear velocity of the tractor's extremities, its contribution to energy
(KE AZ) is small because of the relatively low moment of inertia. The
other two moments of inertia are greater but, except in one or two cases,
the pitch and yaw velocities are very small.

The longitudinal velocities éog are fairly similar in all tests
except Ko, 15. (seec section é.8), g0 the energy plots may be effectively
reduced to comparisons of kinetic energies (KE X, ¥E Y) due +to lat;ral-
and vertical velocities iog and &og’ which are of the same order,
potential energy (PE) and_dissipétion, which is given by the drop in
total'cumulative,enefgy. The digsipaticon before impacf is due mainly
to friction losses at the tyres, and aftef'iéﬁact 1o strain'energy in
" the soil, frame tyres etc.

4

5.2.3., Instantaneous values

Since all the variables, including velocities and‘accelerations,
change continuousgly with time throughout each test, they mst be
summarised either by overall vaiues, such as means; or by representative
gingle values, Means mgy not be very sensitive and may obscure '
important effecté; if representive values are used:they mast be

comparable for each test.
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At first sight, the most apﬁropriate points fo select values appear
to be either immediately before impact or at a constant time after
roll-off. Values before impact are required for analysis-of‘the impact
behaviour and are presented later, They would also be suitable for the
descripfion of overturning behaviour but for the variation in hkeight of

fall due to the platform slope.

Taking values at a constant time after roll-off presents another
difficulty. Values are changing slowly at the beginning of overturning
" and roll-off is poorly defined, Small variations in initial conditions
such as yaw angle and velocity have significant effect on the behaviour
Iof overturning but much less so later on. S ' , o
Taking values after a specified fall of the centre of mass from its
highest position was considered to be the best method for comparison.

The fall chosen (Syog) was 1.5 m, the greatest value that occured

reliably before first impact in all tests. Thigs gives a constant'changé
of potential energy of 45.1 kJ for the majority of tests, when the
tractor was unballasted, allowing direct comparison of kinetic energy
changes, Since values are calculated at discrete steps a linear inter—
polaﬁion is used to estimate them at the specific &og'.
The results are presented in the same form as used in Table 5.1
to allow easy cross—feferencing of parameters.
The kinetic energy gains for a centre of mass fall of 1.5 m are
‘ givenlin Table 5.4, as the sums of energies due to velocities in
X 2V 510, Qy and 6, co-ordinates at the selected Syog; these energies
are-insignificant at roll-off, and the longitudinéi‘veIOGity éog'was

assumed to remain constant.

The lateral and vertical velocities iog (DXG) and'§0g (DYG)

contributing most to the above energies are given 'in Tables 5.5 -and
5.6, The roll velocity éz, while contributing relatively little to

_%he-energy, is also of interest and is given in Table 5.7..




A.Table 5.4. Kinetic energy gain, kI for a centre-of-mass fall (Sybg) of 1.5 m

4

. Condition Atle__ Hominal & (Bank angle to vertical}, decrees : |
stop ) s 15 22 .30 3z
‘ - B
s No 33.0, 29,5 26,7 29.5 - 29,4 27.7
Standard
Yes 28.4 24,2, 26,8 26,6, 25,2 © 24,6 22,7
Ballasted N
(mass = 4015 kg ° 34.1 HOTES
+ change in centre of > —_—
?izitggi moment of Yes 33.3 ' A, The conditions referred
i - to as standard are:
Low friction’ No 33,1 . '
(p= 0.1 - 0.15) +.... Tractor mass: 3065 kg
wide cab' (1.67 n) Yes 30, 1 36,6 Surface dry;(}a.—_ 0.8-1,0)
; B .Cab width: 1.37T n
On concrete No - 25.0 » Track width: 1,55 m
Yes 32.9 D,E Bar diameter: 42 mm »
On concrete Speed DZ: 1.5 ms
+ low friction D,E 0
Yo 33,7 ] Approach angle: 4 .PY}
C = . ’ Landi :501l .
Higher speed (3 ns h No - .38.8 ding surface:sol
B. Front of tractor on
lerger approach angle | . ' -goncrete, f
(v = 80c) No 25.6 €. Partial failure of rea
) wheel, ,
Wide cab. (1 .67 m) Yes 28,1 i 21.5 D. 48 mm diamater bar. |
' B, &=17.7° due to |
Vide track (1.65 m)} Yes 24.0 . repositioning of plates,
Wide cab + (1.67 m) N i
wide track {1.65 m) es 21.4

96 -



T Table 5.5.

Lateral velocity Xqgs n/s for a centre-of-mass fall (Syon_) of 1.5 n

wide track . (4.65 m)

- Conditiocn Ail.e.,, I-Iominal:o(. (Bank angle to vertical), de,:;rees ’ .
Stop 0 1z E 227 30 312
: Yo 2,41, 2.4 o248 © 2 S
R ! 41, 2.43 24 2.23 2.80 2.47
Standard 5
N Yes 2011 2083, 2-76 B . 2025, 2'56 2028 2.50
Ballasted ‘
lmass = 4015 kg No 2,48 NOTES
+ change in centre of _ ' LY .
?izit?zi moment of ‘Yes 2.41 | A, " The conditions referred
Y . - to as standard are:
Low friction No 2.71 . . .
(p= 0.1 - 0.15) + Tractor mass: 3005 kg
wide cab (1.67 m) Yes 5.8 3,23 Surface dry:(}z-—- 0.8-1,0)
) Cab width: 13T m
On concrete Ko 1,90 Track width:  1.55 m
) Yes 5. 81 . Bar diameter: 42 mm
On concrete Speed DZ: 1.5 ms™"
'+ low frietion ‘ (',\ \
1 No - 2,48 Approach angle: 4°.(%)}
Higher speed (3“ms_1) %o 2.69 Landing surface:soil
- B, Front of tractor on
Larger apprcach angle .1 2.6 concrete, :
{Y = 80} No o5 ¢. Partial failure of rear
. wheel, {
Wide cab (1.67 m) Yes . 2,65 1.96 D. 4B mm diameter bar.
- B, O= 17.79 due to
Wide track (1,65 m)A Yes 2.54 - repositioning of plates.
Wide cab +  {1.67 m) Yes 502




o Mables,6,

Vergical velocity, m/s, for a centre-of-mass fall (gyog)'of 1.5 m

wide track. (1.65 m)

< s Axle Hominal X (Bank angle to vertical), degrees
Condition 3 s 8
stop o 7T 15 227 30 317
\ , B
Lk No | =3.80, ~3,88 - =325 ~3,69 ~2,90 . 3,02,
Standard ] C
’ Yes “3-b9 "2-53, “2086 '"3033, _2n88 -3.07 : "'2. 47
Ballasted | |
(mass = 4015 kg Ho -3.00 NOTES
+ change in centre of = A
mass §n§ woment of Yes - =3.15 A, The conditions referred
inertia to as standard are:
Low friction | Neo -3.52 ,
o= 0.4 - 0.15) + .. Tractor mass:. 2065 kg
vwide cab {1.67 m) Yes 313 3,43 Surface-dry:gx= 0.8-1.0)
. : = Cab width: 1.37 m -
On concrete No "3.25 Track width: 1'55 o
Yes 3,44 D,E Bar diameter: 42 mm »
On concrete Speed DZ: 1.5 ns
+ low friction ‘ D,E] | O fuy
No =377 Approach angle: 4° (%)
- i Landing surface:scil !
‘Higher speed (3 ms j) No -4,00 & ceno
B. Front of tractor on
larger apprcach angle - concrete. :
(¥ = 80) | Ho T =2465 C. . Partial failure of rear
. wheel, ;
Wide cab (1.67 m) Yes ~3.12 -3.06 D. 48 mn diameter bar.
. B, o= 17.7° due to ‘
Wide track (1.65 m) Yes 2,61 . repogitioning of plates.
Wide cab +. (1.67 m) Yes 3.0

-ig6 ~



~ . Pable 5.7 Roll velocity éz, rad/s, for a centre—olf-mass fall (sYog) of 1.5 n

wide track {(1.65 m

. Condition A’éle I‘Tominallo( (Bank angle %o vertical), desreas ]
: stop 0 T 15 22% 30 31z
: & No -1.59, -1.97 . =2,03 ~0.,97 . =2. 41 ~-2.51
Standard : - , c
. YES S -1025 _1'72, —1o66 -1.51’ -1.66 ""1.56 "2043
Ballasted 5 .
(mass = 4015 kg . 0 -1.95 | NoTES
+ change in centre of - D
r.nasstgm)l monent of | Yes =1.47 A, The conditions referred
inertia _ to as standard are:
Low frlctlon ' ’ Yo - 4 , '
(/A 0.1 = 0.15) + ' 1.84 Tractor mass: 3065 kg
wide cab (1.67 m) Yes - -1.96 - -1,97 Surface dry:(}s-—- 0.8-1,0)
, " Cab width: 1.37 m
On concrete No =189 | Track width: - 1.55 m
Yos -1.68 D,E Bar diameter: 42 _mm‘ »
On concrete .Speed DZ: 1.5 ns
+ low friction . D,E O 1.,
No . -1.88 | Approach angle: 4°. ('Y}
- Landing surface:soil
Higher speed (3 ms 1) No =212 5 ne Nl
: ‘ B. Front of tractor on .
larger apprcach angle Yo _2.18 concrete. i
(Y = 80) ' * C. Partial failure of rear
. ' wheel,
Wide cab {1.67 m) Tes cel AT ' =1.33 D. 48 mm diameter bar.
: ' ‘ E. ©(=17.7° due to
Wide track (1.65 m) Yes : -1.59 repositioning of plates.
. -~ |
Wide cab + . (1.67 mg Yes 1,283

g
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The values of roll angle 6, (AZ) for a Y og drop of.j.S m are

given in Table 5.8,
 The main interest in pitch (e ) and yaw (9 ) is the effect of the
axle stop. It was considered that this would be revealed most clearly
by the extreme values of 'bhese angles during overturnmg, rather than
values at a y drop of 1.5 m as for the other varlables. The minimum
Q (1.6. maximamn negatlve values) are given in Table’5. 9 and maxinmum
.G 1n Table 5e 10. ‘The ﬁwo other extremes, max1mum Qx and m{namum Gy
showed muoh less ‘variation and‘are omitted.l

| Values 1mmed1atexy beiore impact are given in Tables 5.11 (energy)
and 5. 12 (roll angle) Although the load cell 1mpact was clearly
1dent1f1able on the films, the first impact was often not, partlcularky
where this occured at the front of the tractor._ The impact values are
thefefore taken at the point when vertical velocity reached its maximum
negative value, j .« This was always on a sharp peak correspondlng

gmin

to the upward scceleration of first 1mpact.

5.2.4. Front axle articulation
-The effects of using axle stops te prevent articulation were
subjected to statistical analysis.

' The complete set of 27 tests was 1ncluded, the axle stop was present
in 15 of these and absent in the remalnlng 12. Consmderlng only those
parameters affecting overturning behav1our tae majority‘ef these tests
may be‘pairéd; of tﬂoee that are not paired it isg reasonable to aesume
fhat fhe'paraaetere.are diétribﬁted in a way thaf allowe 5ias to be
ignered; 'The stafistieal test used eas the Kruskalewallie‘one-Way‘
analyéié of variance by-ranks (69) which ie equivalent in thie ease to
the Maﬁn«Whifney U test. .The tests involved ranking'the complete sets
of'27 réée1£é ahdlobtaihing two sumslof fanks, oae assboiated‘with-each
of’ the axle stop COndltanS.. The null hypothesis tested was that no

51gn1f10ant dlfference in the varlables exlsted between the two COndltlons.

A et i ey Y T P ey e e v v e L



Table 5,8 Roll angle ez, deg,, for a centre-of-mass fall (Syo&) of 1.5 m

o Py Axle Hominal ¢X {Bank anzle to vertical), decrees
.Condition Sto-p-- . 5 717 15 221? 30 - . 3'7%
g No =92,8, -91,56 -93.,4 -80,3 -106,0 -105,0 -
Standard C
YeS _89.1 —90,4—, -84r6 -79-2, "‘84-6 —8709 -9307
Ballasted :
{mass = 4015 kg Ho -95.5 NOTES
+ change in centre of - >
mass and moment of Yes - -84.8 A. The conditions referred
inertia) - %o as standard are:
Low friction - S No . . 55,8 _
(;f= 8.1__ 0.15) +_ . o Tractor mass: 3065 kg
wide cab (1.67 m) Yes 84.0 —85.1 Surface dry:91= 0.8-1.0)
" - Cab width: 1.37Tn
On concrete No ~02,3 Track width: 1.55 n
Yes 83.4 D,E Bar dlameter: 42 mm »
On conerete Speed DZ: 1.5 ms |
2 . D E
+ low friction Yo -83.8 Y Approach angle: 49 PY)
_ 1 (31 _1) N 95.7 ‘Landing surface:soil?
H.' ms 0 - . ;
igher spee _ B, Front ¢f tractor on
Larger apprcach angle N _ concrete, E
('Ygi BB? § No =95.5 C. Partial failure of rear
~ wheel, _ 5
Wide cab (1.67 m) . Yes -88.5 -81.1 D. 48 mm diameter bar,
; . E, &=17.7° due to f
Wide track (1.65 m) Yes -83.7 - repositioning or plates,
Wide cab + (1.67 m) Yes -80,4

wide track ({1.65 m)

- 0L ‘-_.



. Table 5.9, Minimum pitch angle, €

xmin?

deg., up to impact

‘ : Axle Nominal ¢ (Bank angle to vertical), degrees
.. Condition o 5 s 3
oniLE stop 0 G 5 E 30 5%
. 'B
g No ~10 . ~15 =13 -10 -20 5
Standard ‘
Yes -2 -4 -2 -1 =1 € -3 -2
Ballasted _
(mass = 4015 kg Yo =13 HOTES
+ change in centre of D ,
mass and moment of Yes -2 " | A, The conditions referred
inertia) to as standard are:
Low friction . . -7. -
(;r= 0.1 = 0.15) + No 7 Tractor mass: 3065 kg
vide cab. (1.67 m) Yes " o Surface dryzgt= 0.8-1,0)
. Z Cab width: 1.37 m
On concrete No ~20 - Track width: . 1,55 m
Yes 3 - D,E Bar diameter: 42 mm 1
On concrete Speed DZ: 1.5 ms”
+ low friction . D,B .0
. No -4 - Approach angle: 4.,PY)
-1 ‘ Landing surface:soil
Higher speed {3 ms™ ) No -8 .
B. Front of tractor on
Larger apprcach angle H6 _9 : concrete, :
Sy = 80) ' €, Partial failure of rear
wheel,
| Wide cab (1.67 m) Yes 0 =3 D. 48 mm diamcter bar.
; E, &=17.7° due to |
Wide track (1,65 m) Yes +2 repositioning of plates,
* Wide cab + (1.67 m) Yes o

wide track {1.65 m)

- 20l -




Table 5,70. Maximum yaw angle, 6

P dég., up to impac{:

wide track (1.65 m)

ymax
‘s Axle Nominal ¢X (Bank angle to vertical), decrees
dition . g , [
Conditio stop 0 s 5 2T 30 313
o B s
K No +7  +10 +10 423 +20 +25
' $tandard e - T
Tes +6 +12 0 42 +11 +2 +2
Ballasted .
(mass = 4015 kg © 1 NOTES
+ change in centre of - D AR
mass and moment of Yes - +6 A, The conditions referred
inertia) - to as standard are:
Low friction No + ‘ .
(f‘= 0.1 - O. 15) + ? Tractor mass; 3065 kg
wide cab (1,67 m) Yes +2 45 Surface dry:(r= 0.8-1.0)
. Cab width: 1.37T m
On concrete No +19 Track width: . 1,55 m -
Yes 8 D,E Bar diameter: 42 mm »
On concrete e Speed DZ: 1.5 ms
+ low friction - .
. No. 1 ? Approach angle: 4° {7y}
BERR : Landing surface:soil
Higher speed (3 ms 1) No +15 &
: B. Front of tractor.on
Larger appreoach angle CMe . j - concrete,
(:Ygi 86) Ho. +14 ¢ 1 ¢, . Partial failure of rear
] wheel,
Wide cab (1.67 m) Yes +3 +10 D. . 48 mm diamoter bar,
' B, of{=17.79 due *to :
Wide track (1.65 m) Yes +4 r. repositioning of plates.
: {
Wide cab + 21.67 m) Yes +2 .

- €0l -~ -




Table 5.11.

. (energy at final rest defined as =ero)

Total energy, kJ, at minimum vertical velocity, l.fogmin

wide track . (1.65 m)

. Condition 23‘&9 Nominal ¢X {Bank angle to vertical), ec.:rees '
i P 0 A 15 227 30 317
. - No 61.4, 60.4 | 539 | 583 52,6 5 4.3
Standard G
Yes - 53.1 37.8, 52.7 37.2, 38.4 - 43.7 -54.4
Ballasted :
(mass = 4015 kg Mo 66.9 NOTES
+ change in.centre of ‘D' -
?igit?2§ moment of Yes 64.5 A, The conditions referred
- to as standard are:
Low friction No 54,1
(’A 0.1 - 0.15) + . ‘ Tractor mass: 3065 kg
wide cab (1.67 m) Yes 54, 5.9 Surface dry:(p= 0.8-1.,0)
. - - ~Cab width: 1.37 m
On conerete No : 64,1 : . Track width: .55 m
. - Yes 65.5 " D,E Bar diameter: 42 mm
On concrete — - Speed DZ: 1.5 mg™ !
+ low friction D,BE - .o
No 79.5 , Approach angle: 4 ('Y)
Higher speed (3 ms_1) No 77.6 Landing surface:soil
’ B, Front of tractor on
larger approach angle - Yo 6 . concrete,
(¥ = 80) . ' ‘ . 45, C.  Partial failure of rear
. wheel,
Wide cab (1.67 m) Yes . 55.7 49.9 D. 48 mm diameter bar.
B, &= 17.7° due to
Wide track (1.65 m)‘ Yes 55.5 - repositioning of plates,
Wide cab + . {1.67 m) Yes A7.1 !

P
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L'uTable.5.12.‘_‘Roll angle 8,, deg., at minimum vertical velocity, iogmin

Axle

v ors Fominel ¢¢ {Bank angle to vertical), degress
o dit . 5 3
Condition stop 5 s 15 22 30 377
. ‘B .
i Mo 104, -105 ~106 ._ -84 -102 S 101
t d
Standar Yes ~100 -93,- -99 -87, -89 © . =94 ~107 o
Ballasted
(mass = 4015 kg o 101 NOTES
+ change in centre of > D —
mass ani moment of Yes - =95 I A, The conditions referred
inertia to as standard are:
Low friction Co N -96
p= 0.1 = 0.15) + 0 Tractor mass: 3065 kg
wide cab (1,67 n) Yes -95 ~96 Surface dry:Qiz 0.8-1.0)
) E Cab width: 1.37 m
On concrete No -105 . Track widths 1.55 o
N . - —~Yes 100 D.E Bar diameter: .42 mm y
On concrete = . = - 5 Speed DZ: 1.5 mg
+ low friction : E '
~ No- =100 ’ Approach angle: 40.PY)
-1 ‘ Landing surface:soil
Higher speed (3 ms ') No ~101
B, TFront of tractor on
| Larger approach angle |- i concrete, :
‘('Ygi 80) : No. =97 i . C. Partial failure of rear
_ ' wheel,
Wide cab (1.67 m) Yes -98 -9 D, 48 mm diamster bar,
. ©{=17.7° due to
Wide track (1.65 m) Yes =97 repositioning or plates.
Wide cab + (1.67 m) ‘
wide track (1.65 m) Yes -9

— %ol -
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The variable which first drew attention %o the effect of the axle
pivot Was the yaw angle 9 and this was expected to show a significant
difference. In addition to its maximum value, Oymax given in Table

5.10, the minimum, g&min was also tested. To assess the wider effects

of the axle stop the test was applied to the maximum and minimum ﬁitch ‘

angles (8

e’ xmln)’ and %o the varizbles at a Sy‘g of 1.5 m g%ven

in Tables 5.5 to 5.8. The significance 1evels associsted with

réjection of the null hypothesis in each case arergiven in Table 5.13.

- The rejection regicn is one-tailed'in the‘case of gymax since the

dlrectlon of the expected effect is predlctable, in all other cases it
is two—talled.

Table 5.13. Significant differences due to the axle stops

¥

M

543, INPACT BEHAVIOUR

' The object of the analysis was to determine time histories of the
forces acting on the frame, the resuliing displacemeﬁts and hence the
énebgies absorbed. |

5.3.1."Method‘of'analysis

" The top frame has three degrees of freedom of deformation if axial

S . Seé Level of Direction of effect— .
Variable .o - | values without stop -
Table significance ‘ [ :
S are gignificantly:
Qymax 5.10 P 0.005 o Higher . _.
Max
and ] min . .. N.S. T
min J
yaw ' : '
ond kaax ‘ P 0.02 1 .Lower
pitch
mein 5,9 b 0.001 o -Higher._“
Values . ; ]
- at ‘ yog : 5.6 N.§. R
Yog — ~
drop GZ : 5.8 . P 0.01 | . . Higher
of
15 m . .
GZ 5.7 D 0.02 . .. . Higher
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deformation of the members is ignored; hence three external forces and
three deflections completely describe the behavicur. The vertical forces
_ (channéls'Z and 5) are of interest but they mey impart energy only to
the groﬁnd, not to the frame. The three degrees of freedem chogen for

analysis were lateral (x,) at each load cell and longitudinal (ZS) at

3)
the front load cell. The contact points were assumed to be in the centre
of the load cell faces, The transformations of the impact forces and

deflections are given in Appendix 5.2.

‘ Digitising of‘recérdings

The recordings were digitised oh the Institute's PDP8e computer.
Inspection of fhe recordings showed that the duraiién of the first impact
was always less than 0.5s and thatla digitiSing interval of about 0.001s
wQuld be adequate in.relation to the impact force rise~time (typiqalky'
0.&253) end the resonant frequency of the top frame (aboﬁt'10 Hz).
Subseqﬁéht impacts after rehound were entirely elastic and all réquired
information may therefore be obtained from the first. The resolution |
provided was approaching the minimum acceptable.of about 1% of typical
maximum3signa1 excursion (0.2% of calibration offset level).’

There were unfortunaiely a number of fests'when faulté'in one or
more channels of the ftape recorder resulted in incomplete recordings.

One of the purposes of simulataneous recordings on ultra-violet (UV)
sensitive charts was to cover this even{uali?y and the relevant traces
were therefore analysed by hand.

The gain and spacing of the traces on the 150 mm wide paper were a
compromise between resolution and overlap. Readability'dnd accuracy were
fherefore limited, and manual analysis data was used in the pesults'only
for the channel(s) missing from the tape recordings. Manual analﬁsis of
other channels was used as a check on the accuracy of this procedure,
which was found to be gatisfactory. The smallest digitising interval
that could easily be differentiated was 0.005s. The resolution was

approximately 0.5% of calibration offset level. .

—;4




In five of the eight tests concerned (8 — 12), the only missing

channel was number. 8, the least important and generally smallest
displacement. - In the other three (14 — 16) all odd numbered channels
were missing.

Computer implementétion

qu_FORTRAN IV p?ograms were run in a Job Sequence on the ICL 4-70
computer to analyse the punched tape data. The first, CAL, determined
.the mean zero level and mean offset level of the calibrétion'daté for
each channel and wrote them to a file for reading into the main program.
The main program, AN14PL, calibrated the data, calculated the required
forces, deflections and energies and produced graphical and printed |
output.

For rung in whiﬁh signals were missing from the tape recording, the
manually analysed data hdd to be merged with the other channels, - Since
the time increments were different, direct substitution was not possible.
The progréﬁ proceded step by step through the PDP8e data searched for a
time in the manual data either éide of the time in the main data at each
step. A new value was then f§ﬁnd for each missing or duplicated channel
by linear interpolation based on the time differences, |

The data ﬁere émoothed to eliminate the effect of instrumentati9n
noise. An 11-term quadratic-tapered sinc function (70) was used for its
combination  of a£tenuation‘at high frequencigs and gocd performance below
cut-off, with minimum overshoot on impact pulses. The weighting
coefficients are shown in Table 5.14 and give a nominal cut~off frequency

of 148 Hz at the time increment used.

Table 5.14, Weighting coefficients for smoothing AN14APL data

n n+ 1 n+ 2 n+3 n+ 4 n+5
Step n-17) n-2 n-3 n-4 |n-=5.
Coefficient| 0.332 | 0.267 | 0.122 | 0.0 | -0.038 | -0.017

e

[
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After smoothing and calibration, the forces and deflecticens in the

three chosen co-ordinate directions are calculated according to the

equations of Appendix 5.3. These varizbles are plotted against time

and the ferces are also plotted against the relevant deflections as the

most direct representation of structural behaviour. Rectanguler

integration of these functions gives the energy components, which are

also plotted against time to allow permanent and maximum instantaneous

values to be extracted.

'5.3,2. Time histories-

- Tape recordings were available for 27 of the 31 tests. The other

four were:

. Test 'no.

Test no.

Test no.

Test no.

3
5

13

31

Tape recorder failed to start.

A trailing umbiliqgl cable snagged,
disconnecting all six load—cell channels

at the bfeak—away joint.

Tractorlsteering failure causgd premature,
uncontrolled overturn.

Severe damage to the tractor caused breakage
of the connecting_plﬁg for channel 7, the

most important displacement (lateral).

All four tests onto the concrete surface (nos. 28 ='31) gave high

transient force pezks, and in some cases there were also spikes on' the

displacement channels. The analysis of teété no. 28 and 30 was

considered to be acceptable but no. 29 was rejected because of several

small defects and unreasonable force~deflection resultis.

~ Although the force and deflection time-histories are of interest,

they are inevitably of similar form for all tests. Frame collapse

forces depend mainly on frame strength, and although directions of

loading are also important the overall behaviour may be summarised most

/

suitably by energy values. Two values are relevant for each.of the three
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.chosen cq—ordinated directions Xy qr X o1 and Z3L2: the maximum instantaneous

3L
energy and the final energy corresponding to permanent deformation after
elastic recovery. The maxima are the more relevant in relation to both
energy absorbed and.driver protection. o

Theée summarised data are illustrated by sample time histories
described beiow. \

The four main plots from a typical test (again, no. 21) are shown
in 5.7 to 5.10. In this cése the longitudinal force F 732 is small
@1g. 5 T)but both lateral forces rise rapidly tc peaks, drop. sllghtly to
plateaux durlng plastic deformatlon,tha1fall to zero durlng elastic
fecovery. The‘same pﬁxﬁs are evident in the deflection time—histéries
Fig. 5. 8. The two are combined in the force deflection dlagram, Fig. 5.9,
where the three stages are quite close to the stralght-llne approxlmatlons
of the idealised form described in section 6. |

The elazstic behaviour is c¢lear during recovery, the apparent elastic
stiffness of about 0.6 kN/mm agreeing well with that found-in laboratory
tests (section.G)g a gtrict comparison would require laboratbry
reproduction of the loading directions, bui the:e is no reason to suspect
that the agreement would not be confirmed. During ioadihg, the recorded
elastic behaviour is not so satisfactory. The rate of change of férce‘
is mﬁch greater Here, and the explanation probablylliés in a slight
phaée differende'betWeen force a#d deflection signais. The effect on
‘energy is not likely to be significant. The longitudinal forée deflection
curve dées not loop becaqse'the deformation is nearly elastic and the.
force remains small. |

The final plot Fig. 5.10, is an integration of the force-deflection
dlagrams. The curves are shown as time-histories to allow maximum and
final vaiues to be read off.

5 3 3. Energy absorbed in the frame

' The maximum instantaneous 31deways energy — the sum of the 1ntegrated

Fx31/x31 and Fx32/x32 curves up to maximum deflectlon - are glven in

B e e,
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Table 5,15, Maximum sidsways enerry absorbed by frame, kT

- . vs b : Axle : " .. Hominal X {Bank anzle to vertical), decress
} L dit ; : . & [l >
: Condition ¥ stop RN s BT ’ By 30 A
- L] 1o ] 1207, MR 159 P 8 S
f i | standard A ' .
| | | Yes | . 15,5 10,3, 10.5 5.9, 7.3 © 8.5 1.8
Ballasted Mo ' ‘ : . ‘ ,
(mass = 4015 kg - : 16,8 - : 13,4 NOTES
+ change in cenire of ‘ D . D .
mass3 and moment of . Yes : 48,7 ‘ 11,9 | 4, The conditions referred
inertia) 7 ' to as standard are:
fricti . 3.5
Low= .ré?ﬁgno' 15) + No ' 13.5 Tractor mass: 3005 kg
wide cab (1.67 m) Yes : 13.0 | 4.6 Surface dry.-(}.-= 0.8-1.0)
: Cab width: 1.37 .
- 14.5 B
On concrete No . . ' Track widih: 1.55 n
. Yes 1 - 0.2 D,E Bar diameter: 42 mm g
On conerete - 3 Speed DZ: 1.5 ms
+ low fricti ~ _ ‘ : E -
* oW trietion : No : : NJE. : : ’ Approach angle: 4%{v)
High od (3 _.1) N: - . landing surface:soil
igher spee ms o S o
P AL B, Front of tractor on
Larger approach angle ' concrete. .
Ygt: go) No 11,3 C. Partial failure of rear
vwheel, . '
Wide cab (1.67 m) _ Yes . . 6,2 : 3.5 D, 48 mm diamoter bar,
' : : : - B, (= 17.7° due to
Wide track (1.65 m) Yes . : ' 1.8 repositioning of plates.
Wide cab + (1.57 'm% - '
wide track (1.65 m Yes , : 1.8

~ Gl =




© . Mable 5,16,  Maximum longitudinal energy absorbed by frase, kJ,

; SRR -A Axle . Hominal ¢¢ {Bank angle to vertical), degress ! '
| | Jo:. Condidion | stop 5 : I 7% - 7 50 57T
. ; : - B f S
A‘ ) NO , 0063 N‘Ru . ' 1.8 .. ‘ 0.1 ’ N.Rl : s 1!4‘
| Standar Yes 0.1 0.2, 0.1 0,5, 0.9 © 1.0 . 0.2
r Ballasted - . ‘ ‘
(mass = 4015 kg ° | 40 3.4 HOTES
+ change in centre of 5 3
mass and woment of Yes ,5 0.3 ; 0.9 A. The conditions referred
inertia) ' to as standard are:
ictio NE : ‘ . . Tz g ‘
I(’;w___f_réal_no.ﬁ) . No : 0.3 Tractor mass: 2065 kg
w;de cab (1.67 m) Yes 0.4 | : 0.4 Surface dry:(}w 0.8-1,0)

“Cab width: = 1.37 m-

sE U Ruit

On concrete NQ 1.9 Track width: 1.55 m
_ Bar diameter: - 42 mn
Yes 3.8 |
0n conerete ‘. . : E -Speed DZ: 1.5 ms
+ low friction : : . ‘ ‘
oW Trente No : - N.R, o7 Approach angle: 40 ('Y)
= T Landing surface:soil
; Higher speed (3 ws ') No ' 1.1

- - : f 5 -t B, TPront of tracter on

. . | Larger avproach angle concrete,

[ ('Yg: 80) : No 1.6 : C.. Partial failure of rear
' wheel,

| Wide cab (1.67 m) . Yes 1.0 ' - 0,6 D. 48 mm diameter bar.

e ‘ ‘ B, ©(=17.7° due to |
Wide track (1.65 m) Yes . : T 0.0 . . repositioning of plates,

;| Wide cab + (1.67 m) . ; |
! wide track (1.65 m) Tes : f : 03




S Table 5,17—.

Ratio:

(maximan side + maximom loagitudinal enerazy) .

(energy at minimun vertical velocity, Joemin)

> %

s Axle Hominal &% {Bank angle to vertical), decress
dition . =) ) =
Conditi stop 5 I 15 255 30 377
B , g
A.. No . 22, NORI : 33 3 1 : NoRo 13
Standard ‘ c -
Yes 29 28, 20 AT, 22 22 22
Ballasted '
fmass = 4015 ke lo N.R. 25 HOTES
+ change in centre of- Nk
mass gn? moment of Yes® N.R. 20 . .1 A, The conditions referred
inertia : to as standard are:
L I tion '
" rgc1 -~ 0.15) + o 25 © Tractor massg: - 3005 kg
w1de cab (1,67 n) fes o4 28 Surface dry:91= 0,8-1.0)
- % Cab width: 1,37 m
On concrete NQ 26 Track width: 1.55
| i | Yes 40 D,E Bar diameter: 42 mm »
On concrete . - Speed DZ: 1.5 ns
+ low friction D,E .o
o N.R. . Approach angle: 4° {%Y)
S - . Landing surface:soil
Higher speed (3 ms 1) Ko 16 &
: B. . Front of tractor on
i .. | Larger anpprcach angle ' concrete,
Ly = ? Wo 28 C.. Partial failure of rear
] wheel, '
Wide cab (1.67 m) Yes 13 8 D. 48 mm diameter var.
‘ . E, X=17.7° due %o
Wide track (1.65 ) Yes 3 . repogitioning of plates,
Wide cab + . (1.67 m) |
wide track (1.65 m) Yes 17
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Table 5.15. The two maxima are reached in all cases a% sufficiently
close times to make this addition vaiid.
The corresponding longitudinal energies are given in Table 5.16.
" There is often a slight delay between the maximum sideways and
longitudinal deflections but thé error introduced in summing all the
maximuim energies is not significant, as the longitudinal values are
almost all small proportions of the totals. The totals are expresséd
i
in TaBle 5.17 as peréentages of the energies before impact from Table
5411 |
'To give an indication of the relative magnitudes of the various
dissipated ehérgiés, mean values over the set of 24 complete results
_aré giveh‘below::
(i) Mean total energy difference between roll-off and
 final rest position: 72.5 kJ (Standard Deviation
10,1 kJ). Of this, 67.9 kJ (SD 9.1 kj) is due %o
the height difference and 4.6 kJ to the initial |
velocity. .
(ii) Mean difference hetween energy just before-impact.
' and at finel rest: 53.5 kJ (SD 9.9 kJ). Of this, |
10.2 kxJ (SD 5.8 kJ) is due to the height'aifference.
(iii) Mean énergy absorbed by the frame: 11.3 kJ (SD 5.5 kJ).
b The mean energy changes are summarised in Tab1e75.18.

Table 5.18. ‘Mean energy changes, kJ. Values in brackets
are percentages of total change, 72.5 kJ

During overturning‘ During impact Total

Potential Fnergy 58 - (=80) ~10  (~14) | -68 (=94)
Kinetic Energy +39 (+53) -43  (-60) =5 ( -6)
. Dissipation S . e

Sliding friction, etc +19 (+26) +19 (+26)
Absorbed in frame - : , +11 (+16) +11 (+16)
Other (soil, tyres, wheels etc) . +42  (458) +42 (+58)
Total 19 (26) | 53 (74) | 73 (100)

Note: Row and column totals not always 100% due 1o rounding.'-‘~ -

Rt e AR g i e e T s ¢ i h T b o e

g S Y
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Fnersy applied in standard tests

" To provide a basis for comparison, the energies applied fto frames
in present pendulum impact test standards (121 13, 15, 16) and in
ﬁropbsed static test standards (17) are givén below. The static test
energies are ét ﬁresent approximately 50% of the pendulum energies on
the'bésis thaf this is-the average proportion absorbed by the.frame;
these flgures are st1ill under dlSCHSSlOﬂ but are likely to remain within
the range 50 + 107 As a means of comparison with energles.absorbed in
the overturning experiemts the static test energies are therefore more
apprepriate. | )

(i). Pendulum test

:Egide = 2 % 9.8067 (125 + 0.15m)

for m = 3065 kg i 11.47 kJ

(uwnballasted) side |
for m = 4015 kg E . = 14.26 kJ
(ballasted) side R

(11) Static test

 for mw = 3065 kg B a6 5.74 kJ
for m = 4015 kg Eside = T.13 kJ

For the 26 overturning tests in which reliable measurements are
available the maximum sideways enefgy ig greater-thaﬁ thé COrrespbnding'
static test energy in 22 cases and greater than the pendulum energy in
11 cases. The hlghest value (22.2 kJ in test 30, low frlctlon onto
concrete) 1s.neafly four times the static-eﬁergy or twiée the pendulum
enefgy;'i | N

T4 was expecoted that these experiments, chosen for their severity,

" would yleld hlgh absorbed energies but these results are a 11tt1e

surpr1smng in view of the fact that the rear wheel absorbed significant

energy in all testq, and the soil in most, Overall, howcver, the flndlngs

are not ‘incons 1stant with estlmates of the energy absorbed in real

accidents in relation %o that applied in standard tests (21).

o I
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5.4. DISCUSSION

I

A preliminary discussiocn of the experimental results in isolation

was included in the NIAE Departmental Note (71) covering this part of

the work, which was written before the full computer simulation results

e T Ty

were available. Some trends with parameter variation were noted but

few could be fully explained without the mathematical models, and it is

mofe'apﬁropriate in this thesis to treat these aspects in relation to

the simulation results, in section T and 8. Several conclusions are

relevant here, however, and these are given below:

(i) These experiments have, overall been successful in

providing data for validating the mathematical.models.
A considerable amount of time and effort has been , ﬂ

expended in gefting {these results, due partly to the

complex equipmeﬁt and instrumentation invelved., It is ?
inevitable that breakdowns and partial‘féilufes occur 3
but the need for complete sets of data and the cost of w
feéts hasg placed a high premium on reliability. A |

gignificant proportion of analjsis time has been spent =
in overcoming experimental inadequacies:: It is arguable _ w
that the overall time could have been reduced by repeating g
some of the tests, Howaver,lthe damage resuiting from the S | w
final tests onto the-concrete‘sufface was much greater 7
than eipected, and extensive repairs would have been
réquired after the last test. o ‘
An alternative way of increasing the proportion of :
directly useable data would héve been the adoption of
gfeafer measurement redundancy. One‘exémple isg the_épare :
frame displacement channel and am other is the use of ‘ |
acaelerémeters. A third film camera and‘aufomatic coptrol

of the tractor would also have helped. All these would ‘

| ?-
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have needed extra effort in preparation, calibration
and during the tests but, in hindsight, some of them
might have been worthwhile,

The proportion of data successfully recovered is,
however, reasonably highj; this also applies to the
repeatability of_tests. Overturning experiemnts are
notoriously difficult to reproduce and it is considered
that these tests are significantly better in this
respect than any others previously carried out in
realistic conditions. " The initial expectations,
howevef, proved to be rather optimistic, and a more
balanced experimental design concentrating on fewer
parameters might have yielded more significant trends.
Since the results do not need to stand alone, this is
of less ﬁmportance, and the models should he;p Yo
explain some of the variations. A more appropriate
design could probably have been adopted if the models
had been available at the outset.

In the cendition studied, with a maximum bank height of

about 2,5 m, the frame does not hit the ground .

significantly before other parts of the tractor. The '

mean preoportion of impact energy‘gbsorbed by the frame
was 21% and the maximum 40%. The mean proportion of
total energy absorbed by the frame was 16%.

Despite the foregoing, the absolute amount of ensrgy
absorbed was significantly higher {than in equivalent

Standard Tests, The sideways energy absorbed was

greater than the energy applied according to draft static

test standards in 22 out of the 26 experiments for which

reliable measurements were available, The highest
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ﬁbsorbed energy was nearly four times the static _ ' o :
test energy. High values were expected from the : o
severe conditions, and the results are reasonably _ o
6onsistent with estimates of energy absorbed in .
the most severe, real accidents.

(iv) The statistical tests confirm that the tractor falls

significantly more rear-down (greater 8 when -

the front axle is allowed to pivot normally than

|
when it is fixed hy the axle stop. ‘The effect on ' 1
pitch angle 8, is also Significant but probably. less ‘

important, since the tractor strikes the ground at. a

roll angle OZ of around 900. There are also weakly , ?

significant effects on roll.angle and velocity, but
not on horizontal or vertical linear velocities.

These results add some confidence in the treatment of

overturning behaviour by a two-dimensional mathematical : ;

model, - : ' : : | ;




6. STRUCTURAL ANALYSIS OF THE EXPERIMENTAL SAFETY FRAME

6.1. INTRODUCTICN

- A typical force~deflection curve is shown in Fig. 6.1. The gradual
traﬁsition from'elastic to plaétic regions is typical of non-~annealed
mild stéel in bending; anneale& material or axial loading usually
results in a more oleérly‘defined yield point, perhaps.with some
féduéfioﬂ of stfésé.immediately after yield as discussed in section 6.3
beiow.:.The.slope'of the ourve'&uring rec&vefy ié similar to that in the
élastic region during ioading; when expressed as force per unit |
deflection it is the elastic stiffness. If the stress continues to
increésé gréduélly after yield, as is the case in Fig. 6.1, this ié due
fo-ihcreased.strength from cold working, Inown as strain-hardening.

The energy absorbed at any stage iﬁ the loading is given by the area

undef thé cﬁrve'up to that point.

Force

hDeHecﬂon”Mwwmm

Fig. 6.1. Typical force-deflection behaviour of
- : a simple mild steel structure .
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Az the speed of loading is increased beyond a rate equivalent to
"static" conditions two effects may appear: (i) change in yield strength
and (ii) change in dynamic behaviour due to inertia of the material
elements. The yield effect resulis in higher yield strength with
'inoreased'strain—rate,'the elastic stiffness and general shape of the
curve remagining unaltered, This is relevant to safety cab impacts,
where the yield strength may be up to 30% higher than in static conditions,
and is discussed more fully below. The inertia effect where shock waves
in the material change the st;ain digtribution and deformed shape, is
important only at much higher rates of loading, such as in the impact of
shells and bullets. It can be ignored for safety cab impacts; for
example,the frame impact velocities measufed in the overiturning experiments
were only about 6 m/s. -

6.2, PREVIOUS WORK .

Yield enhancement in fension and bending

-

~ The plastic behaviour of simple structural elements under axial and
bending impact has been studied extensively and ;comprehensive reviews are
available (72, 73). - For the purpose of this thesis a general outline of
the fundamentasl résults will be adequate.

The enhancement of yield at high strain-rates was first quantified
by Manjoine (74) from results of tensile tests on axial specimens. The
independent variable he chose was mean straip rate in the elastic. phase,
and this or its effective inverse, the time-to-yield, have been used by
investigators ever since. The mechanism by which yield enhancement takes
place is not fully understood and in cases whereithe.strain rate ﬁaries
significantly-during elastic loading it is not clear whether the mean
value.is the meost relevant, No studies are known in which other values
have been compared, such as the strain rate at the point of yielding

which. may be more imporiant than. the mean rate.

5 s T Pt = Wy e,
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Other workers have extended Manjoine's findings 4o cases of simple
bending such as cantilevers (75 = 77). Parkes made the important
distinction between low velocity impacts and those in which the inertia
of the beém affected the behaviour (75). While high velocity impacts
resulted in plastic strain throughoﬁt the length of the heam, giving it
a curved final form, the permanent deformation after low velocity
impacts was restricted to a discrete bend at the root, the rest of the
beam remaining straight as in static tests. This pattern is referred
to as a plastic hinge.

The reduction in'stress immediately following yield was studied by
Rawlings {77) who used the terms upper and lower yield stress (Fig. 6.2).
The upper value, which is generally of less practical significance, was
found to be more sengitive to strain rate, while the lower showed a very
gimilar logarithmic relationship to strain rate to that found by previous
workers (Fig. 6.3). Rawlings also presented this relationship in a way'
which is easier to.use in subsequent analysis (Fig. 6.4), based on values

measured Ly several experimenters.

Research on frames at NCAE

. Ashburner's work on the behaviour of simple model portal.frames and
cubes made from % in square baf'k73) was the starting point. for the
presént study. The four models of the deformation process he investigated
‘are'described-by‘the force deflection relatignships shown in Fig. 6.5.
Ignoring the elastic phase and yield enhancement (Figs. 6.5a and b)
proved unrealistic, but the effect of strain~hardening (Fig., 6.5d) was
found to be neégligible and the behaviour of Fig., 6.5¢ represented’
adequately the experimental results. The elastic and plastic phases of
this behaviour were then treated separately.

The  elagtic stiffness was predicted with fair agreement by analysis

based on the ¢lope-deflection equations and taking into account the |
torsional rigidity-of the members. The time-to—yield in model pendulum

impact tests was calculated by several methods of varying sophistication.
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-
Strain

Figs6.2 Effect of :anreasmg strain rate on upper (O' } ana lower (CJ‘ )
yzeld stress 1nvestlgated by Rawllngs

[-r}
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Fig.6,3 Effect of strain rate o Lower yield stress (Rawlmgs)
—=— Axial tests (Manjoine)

«— Relation assumed by other 1nvestiga‘l:ors

on results of axial tests
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Fig,6.4 Effect of strain rate expressed in f:erms‘ of-il:ime-to-yield.
Logarithmie relationship assumed by Goldsmith and others
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i
! |

Fi:gfé‘.S Force-—deflectio'n‘rélationships agsumed by Ashburner

FTT % sz,?

Fig.6.7 Portal frame | |
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The simplest, assuming constant velocity to yield, was found to give
réasoﬁable estimates of rield enhancemént assuming the relationship
given in Fig. 6.4. Thé more complex methods based on the equation of
motion were therefore not needed, although a comparison of the results
of these methods in isolation is not given.

' Two material constants were measured:in static testé on portals
and‘caﬁtiieferé:'the static plastic moment is the bending moﬁent at
which the elastic limit is just reached Yy all fibres across the
yiel&ing'séction; the strain hardening coefficient is the increase in
fhié moment for unit angular rotation of ¥he plastic hinge, ﬁypamic
ﬁléstic moments were calculated by applying the yield enhancement ratio
found from the elastic analysis to the static moment. A simple analysis
allows the collapse load to be determined by assuming a collépse mode
defined by the positions of.the plagtic hinges. ZElastic and plastic
defiections follow from consideration of the input energy and the
liheariéed form of the force deflection curve.

In this way‘Ashburner obtained quite good agreement between predicted
and measured values in a wide range of conditions on annealed and nen-—
énﬁealed ma{efial. A}thcugh three-dimengional cubic frames were included

in his investigations, the collapse modes assumed allowed then to be

{reated in the plastic phase as effectively a combination of two—dimensional

poftgls.: Asymmetrical loading analysis was Pased on superposition, which

was admitied to be not strictly applicable but did lead to excellent
| agreement with experimental results in the cases studied.
© 6.3, ANALYSIS

- The prediction of the hehaviour of the NIAE experimenial frame

follows Ashburner's general‘technique described above. The elastic
stiffnesé is calcﬁiated by classical methodé and'uéed'in‘cdnjﬁnctidn with
the‘impact veiocity to predict the time—to—yield. TYield enhancement is
then found from the relationshib in Fig. 6.4 and allows calculation of

fhe dynamic plastic moment Mp.
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There are important detail differences which affect the complexity Co
of the approach and the reliability of the results:-

o (a) Because of the sizé of the members aﬁd lack of facilities
éi NIAE no static tests were carried out. The static
plastic moment was therefore calculated from the material
yield strength, measured in tensile tests on small |
specimens, ' _ ;

(b) The determination of the elastic stiffness was simplified
by assuming deflection to be restricted to the four
uprights, the rest of the frame being rigid. Offset of
the point of‘applicafion of load provided additional {

complexity.

(c) The collapse mode could no longer be considered as a

combination of collapse of plane frames. ‘Tpe reduction

v —— ——

in collapse load due to asymmetrical loading was described

by a "skew factor", which was found by an iterative

technique,
Assumptions ‘ : ?
"' The analysis rests on the following assumptions whose validity will

be examined later:—

(a) No elastic or plastic deformation takes place other than

in the four uprights.

{v) The inertia of the top frame and uprights can be ignored.

(¢c) There is a known, precise yield point which is ;eééhed oy
all fibres across the section of all plastic hinges at
the same {ime,

(a) Deflections are small compared with frame dimensions,

resulting in no change of geometry or loading direction

during deformation. : : ' B IR | i

|
[W
|

(e) The impact velocity remains constant up to yield.
(f) Yield enhancement follows the simple relaticnship to

time=to—=yield given in Fig. 6.4.

) o . Lo . , , )
L . . . . L.
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(g) The dynamic pléstic moment remains constant after yield
' i,e. strain hardening coefficient is zero.
(h) The rubber péd described in Section 6.4. has no effect
on the behaviour,
(i) The éﬁergy determined from the ﬁendulum 1lift height is
totally'absorbed by thé frame.

6.3.9. FElastic phase

Corner displacements

The top rigid frame BDJG. (Fig. 6.6.) has three degrees of freedom
all within its plane: two of translation and one of rotation. The three

independent co-ordinates are chosen as XB, Yp and Ip *

Then: - ¢ = ¥p - ¥y - for small ¢ -(6.1)
= ) |
o m s (62 e m oo e Y B s
.&G - yg — (6.3) X; = Xy = X + Yp -.yID‘ ~(6.6)
&J =\;v']') ~ (6.4)

The:displacemént of point L in the direction of F is given by

SL X08K  + ypsin  + eg

‘ N e .
Xp008®  + ypsink 4+ ¥ (yD - ¥p) ~(6.7)

" ‘
Co-ordinate system given in Fig. 6.6 and notation are specific to this

-~

L} -
section: see Notation!

'Forces.and moﬁents

| In. the.elastic phase the forces can be obtained by superposition
from the forces acting on the four portals‘separately;' If:the top ‘and
base frames are infinitely stiff and axial forces on the‘ﬁprights are
neglected each portal can be considered as a pair of double encastré

beams,

L Y\ T T ] b o TR S3n YW < i mom,

A pm e e e - R i a7, T et e, e
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The deflection of one beam is Fhs' so that é
12ET ;

for one portal ¥ = 24EI l
X h ~(6.8)

Taking the displacements of the four portals from equations (6.2) 1o ;

(6.5) the four forces becpme:— |

'FxB = 24?31 s Xy oo™ (6.9) FyB = ?.QEE_I.yB _ ~(6.10) '

n | h® :

7 : ‘ X

P, = 2g_§1 Axg + y5 = ¥p) - (6.11) Fp= 2_41;1 yp =(6.12) J
n h

The moment resulting from the twist in each bar is given by GJ@ , so that
the total torque is

™ = 467, (v, - ¥g)
hb : ~(6.13)

Bouations of equilibrium : R ,

Resolving in x direction: Fcoset = FxB + Fx(} = 2487 (2x.B +¥p - yD) ~(6.14)

w3 - o i
Resolving in y direction: Fsina = FyB f-FyD = 24?1; (:YB + YD) -(6.15) ‘
. I ] ,' N i

Poking moments about B: ~F_..b + FyD'b + -_d,_th (yD - yB) = F.e

o 2450 (g =y +yp +7p) + 463 (yp - vyg) = Fee

N hb

oxg +yg - 2yt 4GS (g - yp) = - 0 Fe ,i

T . 24ETb%n 24EI b -(6.16) :

Put @ =1 __F, @=0h  in (6.14), (6.15) and (6.16):- {

24E1 cler *

then 2% * 4 : __yD‘ = Q1 coser) . ;
Vg + ¥y = Q1 sinx )-(6.17)

a1

x, +(@2 + 1) | g = (@ + 2)

-
o

]

ole




Solving for Xgy Yy ¥p i

| _2% - (2Q2 + 3)coso{ + sing(
= \T 7.0+ @) a ~(6.19 )
i o cosX =(2Q2 + 3)sinw
yg = ( b —]. 01 ~(6.19)
- ! - 4.(1+ @) A
. (=22 - cosx—(2@2 + 1)sin

- 4.(1 + q2)

Substituting for xp, yg and y; from (6.18), (6.19) and (6.20) in (6.7):=

-4 (1 + @) . ‘éL = -2% cos & = (282 + 3)cosoX + sin . CoS
a - - - |
+2% sinel + sin &x.coset ~(2G2 + 3), sinao(

+( -2-% - cos X ~(2Q2 + 1) sin —2% -~ cosx +(2Q2 + 3)sinx )%

giving the elastic stiffness:—

k= _F = 24E1 1+ Q2 _(6.21) ;
SL 3 Q2 3.8 . e 1. ‘ ;

h +E+3 (cos of =sin o + b) - ssin cos ™! i

i

2
' 2
where Q2 = GJh
6ETv” ~(6.22)

and e’ = 'b2 cos o -~ b3 2in "'(6-23) 1!
f . . 1

i

|

Equation (6.21) expresses the elastic behaviour of the structure
in terms of the stiffness of a spring at L acting in the direction of F
that could replace the frame.

6.3.2, Plastic phase

Collapse load

Witheut strain~hardening or geometry changes the forces and moments
are constant throughout the plastic phase. The collapse load, which is
the force at the loading poini during plastic deformation, can be found

most easily by equating the energy it generates in displacing the frame :
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L
to the girain energy absorbed in deflecting the plastic hinges. Thus

in general:-

F, . 5p = ZMpe ~(6.24)

Under plastic collapse thé gtructure is eqﬁivalent to a mechanism
and the number of plastic hinges is therefore one greater than the number
of redundant reactions., The location of hinges may be found by considering
thé most-highly stressed point in an elastic analysis, limiting the stress
there to the yield stress and finding the next point to reach yield., This
process is repeated until all hinges are found.

In the case of the simple portal shown in Fig. 6,7, for example,
there are six reactions and three equations of equilibrium. Hence there
are three redundant reactions and four plastic hinges needed for collapse.
Their positions are clearly at the point of maximum bending moment at the
corners and fixings. Here all angles @ are the same and there is a
simple relationship between ‘SP and 8 in equation (6;24)'allowing F, to

be fcund.direotly:-

8, = hé - 2.Mb= ap

~(6.25)
Equally, in the cubic frames analysed by Ashburner (73) the position

of the hinges and the geometry of the frame result in a similar relation—

ship (Fig. 6.8), the plastic behaviour being equivalent to that of two

portals:i—-

5, = ho .ZM6=8M8

F, = 8 | ~(6.26)
. h

Equation (6‘.'26) would also describe the behaviour of the NIAE
experimental frams in the two particular loading conditions shown in
¥ig. 6.9, In general, however, the directions of deformation of the four

corners is different, the individual values of § are different and there
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iz no simple relationship between them and Bp.
Since all the ﬁprights are of equal length and section the linear
‘deflections of the corners are related to the rotations in the hinges

(Fig. 6.10).

ht -(6.27)

It is necessary to use hf, the effective length of uprights in the
NIAE ffaéé iﬁ pléce'bf h because the ratio of length to diameter is
only aﬁout éO éomparéd with about 40 for Ashﬁurnerfs frames. ?he
efféctivé position.of.the.hinge is theréfore significantly éisbléced‘
from the‘root. - o | | : .

There aré eizht hinges so the sumnation in (6.24) is from 1 to 8,
“but ﬁh; tﬁo values of ei at each end of an upright are both equal to

the value of 5i/h' for that corner, thus
. ) 8

4.
AZ}% -2 . Qi:E&
h! i=1 °

i =1 ~(6.28)

Equation (6.24) then becomes, with Mh constant for all members:—

4
E - 2Mpi,z,:5i= 8. Q

B U Wl —£ B
. NS h. —~(6.29)
Whgrg QS # jzz;&l |
451} ' -(6.30)7

‘Equation (6.30) defines a fSkew factor" Qs which depends on the
asymmetry of the loading condition. Thus in the two cases in Fig. 6.9,
Q. is unity and equation (6.29) becomes identical to (6.26).
Skew factor

Since the plastic moment is assumed to be constant the force on the
top framé due to each‘upright will be constant and its line of action
ﬁill‘ﬁe oppogsite to the direction of deflection of that upriéht. For any
défleﬁfed'form fhe directions [3 of deflections of the corners can be
expressed in ferms of three co-ordinates xB, yﬁ and yD, as in the elastic

phase (Section 6.3.1, Fig. 7):=

o AT = A v e




=136 -

an ] — an = ol .
Doy | oy Iy
U T S T Ul eI e s

The resistance forces P of the four uprights are assumed to be in
equilibrium with an externally applied force system which in general will
be two forces and a moment. Replacing these by three forces in the three

deflection cowordindtes and resolving:—

% - direction:.— FxB = PcosF,B + Pcos[SG + PcospJ + Pcos[iD —(6.35)

¥ ~ direction:— FyB + FyD Psln/SB + Ps:.n[S e ¥ Ps:.n[SJ + P31n[3D (6. 36)

 Moments about B:e y .b = -PcosFG.h - Pcos PJ S+ PsmﬁJ.b + Psm{_?,D.'b (6. 37)

from (36) and (37) F s:anB mnF,G + cosFJ ‘ —(6 38)

~

The forces required, however, are those at L together with a

new force FyD‘l at D to maintain equilibrium. These are obtained by further

resolution:—
Fq = Fop (6.39) F&L = §y1.b + F_,eb,
Fopr = Fyp ¥ Fyqeby= Frgeby .
b
i ~(6.41)

In a given impact at L the values that are known are the ratio FyL/F L
which is tan , and FyD‘l’ which is zero. It is not possible to zolve
equations {6.31 — 6.41) directly for these conditions but for a given

deflection at B a value of T that makes F = 0 can be found hy

Aty
| iteration.

A computer program, STAF6, to carry out thos procedure is descpibed
in Appendix 6.1. TFor a given angle F)B and unit deflection at B 'the‘
program' determines the deflection Ip which defines the collapse mode and

xL
resultant force FL. The skew factor is then given Ly

the forces F and FyL in terms of P. F‘rom these are obtained c( and the

4P , ~(6.42)
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'\The values of B 11 ¥y and Q  are plotted against o in Fig.6.12 for
the Mk I frame in range ~ 90°<% < 90°. The behaviour in the other two
quadrants is. similar bu“h of only academic intleres’u. When & is between
~70° and —20° no solution is found by STAPG beéause in this renge the
collapse mode is such that the _frame rotates about J. The force at J
is lower than the collapse force P and hence the plastic deflecti‘on at
J is zero., In this mode ﬁB lis -450 and Ip is zero, and the cqllapse

load F, can be found directly by taking moments about J:=-

L
Fy cos ot (b + b2) - F sino( (b + b3) =P (b+Db+1bJ2)
giving @ = F. = b (2 + J2) '
s L 4{b + b,)cos x ~4(b + b, )sine ~(6.43)
4P 2 3 .
Confirmation that FJ < P can be cbtained by resolving:-
x - direction: FxJ -1 - 142 = = FLcosu. | ~-(6.44)
y = direction: FyJ + 1 + 14‘2 = o FLsin_oﬁ —(6.45)

That the discontinuity in the change of mode  shape with & does hot
result in a discontinuity in the change c>f'Qs can be seen in Fig. 6.12.

Yield enhancement

On the basis of Ashburner's findings the assumption of constant
iveloc:".‘ty up to yileld appeared to be appropriate (73). The-  impact

veiocity is found from the 1lift height of the pendulum:

VP = J2z1 —(6.46)

Se

giving the time o yield ty= <~ ~(6.47)
P .
where &8_ = Fgo
k -(6.48)
thus 't]= 'Fl:_ - S -
x4 2g 1 | -(6.49)

The static plastic moment 'Mps is plastic modulus multiplied by the

static yield stress and for solid circular bar is given by:—

103 | o R
Mg =5 & %0 . =(6.50)
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This static moment is multiplied by the ratio of elevated/static
yield stfess'tolgive dynamic plastic moment Mp + This step ;s agsumed
to be valid if the yield enhancement fatio is less than 1.5,‘éven
théugh the strain rafe varies across the section (73). Yieldleﬁhance—

ment ﬁehaviour shown in Fig. 6.4 can be expressed as:—

el e

where T and A are material constants. Ashburner calculated 4 to be ;0.1

Etdz

Ps

and T 0.17 from data presented by Goldsmith (78). The value of A
calcula{ed from Fig. 6.4 égrees with this while T becomes 6;13. The
accuracy‘with'which‘these values represent the behaviour inla particular
experiménf shoﬁld not be overestimated, however, as they are derived
from averages of individual test resulfs which themselves #éry a fair
amount., |

Substituting for Fe in (6.49) from (6.29) and then for % in (6.51):=

Moo= (em Q) 4
b bs _D- E)

h'k VT
' A A
iees M = (M ) 4 (gq -4
P DS B ST
S h'k VT | -(6.52)

from which F_ can be found by (6.29).
Deflections

Assuming the idealised force-deflection curve of Fig. 6.5¢, the
deflections are simply found from the coliapse load énd input ehergy.
Referfing to the labelled diagram in Fig. 6.11:- . :

Input energy Ew = Area ODEC = OAD + ADEC

-1 _ 1
. Ew-_chae-z-Fc&p EFC'E +FC_5P
. ” .
Hence final deflection Sp =E - %-\Fc
Py k ~(6.53)
elastic defleoction Se = Fc |
. . _ 1 -
and maximum deflection 8§ = Eﬁ + % EE
- ' " F k

—(6.55)
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6.4, EXPERIMENTAL METHOD

Mounting of experimental frame for impact tests

The'bese frame with uprights and top frame {Fig. 4.1) was removed
from the tractor and fixed securely to‘the floor. Aithough”pendulum
impact fests toIBrifish and International Standafds are carried out
with the frame mounted on the tractor this results in some eneréy being
dissipafedrin the tyres and lashing ropes. Fixiné fhe frame directly
to the floor ensures that a hlgh proportlon of the 1nput energy is absorbed
in the frame. To reduce the 1mpact load on the floor ralls the long axis
of the base frame was fixed roughly parallel to the 1mpact dlrectlon and
the top frame rotaied to receive 1mpact from what would be the front.
Since the mounting centres of the uprlghts form a square thls change in
relatlve p051t10n had no effect on the struotural behav1our. The tests
were carrled out at an 1mpact dlrectlon o of 6 degrees to the frame for
convenience of mounting.

‘Measurements and recording

The instrumentation system designed for overturning experiments was
used in these tests, although not all of the twelve channels were needed.
Channels 1 to‘s are load cells sensing the impact force in fhree
| perpendicular direotions; T to 9 are linear displacemeht transducers (LDT)
measuring defleotions corresponding to the three degrees of freedom of the
top frame; 11 is an accelerometer fixed tc the frame near the load cell
with sensitive axis in the impact direction and 12 another accelerometer
with similar alignment fixed to the pendulum weight. The accelerometers
wefe duplicating informatioo from the load cells but also indicated
differences in the movements of the weight and frame during impact due
tobmmdn&_' |
| Permanent deformaticn was also recorded manually. Before and
after eaoh test the vertical proaectlons of the four corners of the top

frame on the base frame were measured using a plumb llne. Scale draw1ngs

ke . o s




- 141 =
i
in the two positions constructed from these measurements enabled
deflections of any point to be determined.
In addition a cine film at 64 frames/second recorded the displace-
ments in the direction of the impact.

Protecting the load—-cells from inertial peaks

Earlier experiments had shown that tke initial impact of the pendulum
weight gave rise 1o a large force pulse due not to the resistance of the
uprights but‘to the inértia of the top frame. The load cells are designed
to withstand forces of 220 KN, which is higher than the collapse load of
any frame likely to be used in the experiments but not as high as the
initial peak force in typical pendulum impacts.

For-thesé'testé the impact face of the weight'was‘covered with a
rubber pad to reduce the peak force. The pad was in the form of a
sandwich of 12 mm hard rubber sheet between two pieces of 12 mm plywood,
the overall size being 300 x 300 mm. The pad makes contact on impact
with a convex dome of spherical radius 250 mm fixed to the load cell.
This and the ply distribute the load through the rubber. The aim was to
reduce the peak force without allowing a significant amount of energy to

"be lost in hysteresis and.pernﬂnent deformation. The force pulse was
certainly lower using the pad and there was no danger of overloading the
cells in these tests. It was still present, however, and was followed
by bouncing and loss of contact, indicated by the zero‘force'immediately ‘
following the pulse, This created some problems in analysis.

It was originally intended to estimate the energy loss by dcublef
intégrating the difference between the two accelerometer signals to give
the pad deflebtion, plotting this agaiﬁst the force and measuring the
area under the curve. The likely reliability of the result obtained
from such a procedure was considered not to be high enough to justify
the‘effqrt‘involved, however, and the energy loss was assumed t6 be

negligible.
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- 6,5, TESTS ON THE MK I FRAME

 The Mk I frame, with its lighter top, different end fixings and
different gecmetry, was used in all the ovérturning experimenfs.
Most of the laboratory impact ftests were carried out before the'change

from Mk II, however; to validate the structural analysis (79). The

- results of these tests are therefore reported first, followed'by

confirmation of the behaviour of the Mk II on the basis of a further,
sinéle test. o |

| Thé results analysed here are from impact test series L4, carried
out on 16fh and 17th April 1973, and L5 on 2nd August 1973. 'Anﬂ |
additioﬁal teéf,‘LG; was made to investigate the mode 6ficéllé§se on
24th September 1973.

Series L4 consisted of five impacts at successively greater
pendglum 1lift heights using the same frame without straightening the
ﬁpfighfé between tests., The 1ift heighté were 1, 1,l4, 12 and 12 inch
(25, 25, iOE; 305; 305 mm) from which the 4‘inch and first 12 inch blow
weré séiected for analysis. 4 single 18 inch (457 mm) blow was‘used in
both L5 and L6,

6.5;1. Results

Displacement measurements

The permanent displacemenfs measured by plumb-line for zll three
tests are given in Table 6.1 and a comparison of the three methods for

one test in Table 6.2,
' Table 6.1

~ Permanent displacements measured by nlumb-line

Permanent deflections, mm

Test B a J D L
&p

x| ¥ |& | x yiI8 [ x|y 8| x| v | &

L4/3. 1 27 |-15 {31 5 |-15{16) 4| 5| 6| 25| 5 | 26| 31
L4/4 100 |-40 108 |24 |~45 |51 {18 {30 | 35| 96 35 [102 [112
L5 151 19 (152 |67 15 169 |61 |98 1151145 [104 [178 | 177
L& 165 {-42 |170 |26 {-56 | 62 |13 {79 | 801150 93 {177 {196




' curve is better behaved than the loading ome but both show the evidence

1 -

Table 6,2

Displacements in test L5 measured by three methods

" Hethod of Displzcement at LDT in dircetion of force, mm
| measurement Plastic Maximum

Plumb line - 150 =

UV trace 146 : 200

Cine film 160 218

Load deflection curves

Ffom the UV recordings thé values of force and displacement were
measuredrafrsmall time increments for each fest using the calibrations
given in Appendix 6.2. The bouncing and frame vibration in the initial
elastic”phase of the impzct reduces the accuracy of the readings up to
yield."-Attempts were made to average visually ;he‘peaks'that are present;
an automatic measuring technique might have been an advanfégé, although
the problem has also been found by other workers. (73) |

‘ The measured.deflections were those at the LIT at the centre of
memberlBD in the direction of the force. Since defleétioﬁs'in the
directions of the other two degrees of freedom were relatively small it
was asgsumed for simplicity that the meaéured deflection was broportioﬁal
to the deflection at the impact point. The ratio of these deflections
after the tést'was found from the plumb-line measurements and this ratio
gtaken to apply throughout thg impact. -This assumption is likely to be
valid in the plastic phase bui will only be true in the elasfic phase if
the mode of defcrmation is the same in beth. |

. The load-deflection curves are shown in Figs.6.13-6.15. In the 4 in.

1ift impact the‘permanent deflection is small éompared ﬁith the total,
andialthough yield has occurred the full plastic moment had probably not

been déveloped at all the hinges., The other two tests show a more'

clearly‘defined plastic region. 'In all cases the elastic ﬁnioédiﬁg
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of vibration and a gradual tpansition between elastic and plastic phases.
The general form of the curves, particularly_th@t for the 18 in. impact,

validates the assumed behaviour shown in Fig. 6.5c.

Collapse mode

“ Théjfinal deflected forms in the four tests are shown in plan view
lin Fig. 6.&6. The collapse mode in test L5 is SOmewhaf differeﬁt tb‘that
in tesis 14/3 and L4/4. The repeat 18 in. blow (L6) shous behaviour
similar to L4/3 and L4/4, and the mode of L5 may therefore bekconsidered
to he unrepreséntative.

A-simp'le way' of visualising the collapse mode independent of the
amount of deflection is to plot the position of the.centre of rotation.
This is not an instantaneous centre, whese positioﬁ will change slightly
dﬁring the_deformation, but the point about which the top frame céﬁld be
rofétedﬂfrom'ifs initial position to reach the final positién.

Theicentfes of rotation for the four iests are shown with the
prediétéd positions in Fig. 6.17. The effeqt of finite deflectibns can
be seeﬁ in the difference beiween two pfedicted points, and within this
range the prédictéd position and measured position for L4/3, L4/4 and
L6 are groupedrqﬁite_closgly. The pcint for L5 is However significantly
removed from this group. Further evidence of-fhe difference'is given by
$he values of skew factor in Table 6.3. |

Né‘explanation'can be found for this but it is possible that the
pendulum weight éould have been oscillating sideways during its éwing,
giving a slightly different impact direction. Alternétively, theré

could have been an error in the displacement measurement.




== == initial position of frame
= {ingl position qf frame

'Fig.6.16 Collapse mode




i

\

1

4

:

T

v :
} !
: |
, 4
' %
i :
.|

i S
; 4

Fig.6.17 Centres of rotation

O Predicted A — infinitessimal deflections
B - realistic deflections - |

- + Test data



aso

Collapse mode

Skew factor, | Angle of movement Rélative defl. of D
Qs of B,35, deg | = y/8g
Predicted by STAPG 0.65 -6 0.2
L4/3 0.64 29 | 0.6
Measured . L4/4 0.66 -~ 22 "0.33
in tests L5 0.73 + 7 _ ‘ 0.68
- L6 0.62 - 14 0.55

Férces and deflections

The forces and deflections obtained by scaling the load deflecticn
. curves of Figs. 6.13~6,75 are given in Table 6.4, toge%her with values
predicted by thé methods given in Section 6.3. The stétié yieldIStress o,
of 410 MN/m2 was found by tensile tests carried out by Materials Testing -
Section on specimens cut from the bars as described in Appendix'G.z.

In addition the predicted elastic stiffness is compared with an

experimental value determined from

- sl

Fo ) measured

Table 6.4

Measured and Predicted Force, Deflecticn and Stiffness

Deflection,-mm .
Test|Collapse Force Fc - " Stiffness
No. KN Permanent Maximum ki /mm

. | Measured|Predicted{Measured! Predicted|{Measured| Predicted| Measured|Predicted

L4/3] 36 38 | 34 35 78 70 0.82 1.09
L4/4) 4 40 118 132 189 169 0.57 1.09
15 42 41 175 203 242 240 0.63 |- 1.09
L6 ~ 41 192 . 203 - 240 e 1.09

The total energy absorbed up to the point of maximum deflection was
calculated from the area under the force-deflection curves. These values
are based on the deflection ratio assumption and are therefore only

approximate buwt they are given for completeness in Table 6;5.
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Table 6.5 :

Enerzy 2

Impact Energy, J f

" Test :

no, | Measured from Calculated from :

: graph pendulum 1ift height :

w3l eess | 1993

L4/4 6425 5978 |
L5 8450 8967

6.5.2. Discussion

Elastic gtiffness

The predicted value of 1.09 kN/mm is significantly highér 4than the
measured values given in Téble 6.4.' Stiffness cannot be measured very
'reliébly in'.d,y'raxamic tests of this kind however, mainly because of the | E |
SCaiter of ﬁoints in the ‘elastic phases due to ﬁibfation. Ashburner (73)

_ found gimiler difficulties although his values based on fhe‘unlqading
elastic phase showed better agreement than those in Table 6.4. Two
main explanations are suggested to account for the disérepancy:— 

(a)' The mass of the top frame is significant compared with

. » +hat of the pendulum Weigh't; about 14%. This will

affect the equation of motion of the impact and hence
alter the time—to-yield. In addition, however, the
measured force is that between the pendulum and the
frame rather than the nett resistance of the uprights,
so that it will include a mass acceleration ferm.

(b) The assumed relationship between deflections at the

loading point and ait the LIT may result in’significant
 errors in the elastic phase.

Collapse force

The measured and predicted values of Fc in Table 6.4 agree to
i .

within the accuracy of the experimental techniques. =
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The.accuraxe prediction of skew factor given in Tab}e 6.3 validates
the simple method used to determine the éffect of ésymmetry of loading.
While this is a satisfactory feéhnique for:aﬁélyéiﬁg“fhe behaviour of °
4he present frame it may not Be suitable for handling'mére‘complex |
. structures. The assumptions of idealised elaéto—plastic behaviour without
strainmhardening may also be festrictive in sdée circumstances.

Ashburner‘s conclusion that yield enhancémentlcan generally be
calculéted assuming constant pendulum velocity up'to yield ﬁas been
shown to apply intmost of these tests. This assumption may; howevér, be
‘the cause of the slightly higher ratio of predicted/measured force in test
L4/3 %han in the others. In this test lit4le plastic deformation ook
place and the predicted amount of enérg&.absorbéd eiasticaliy was 33% of
the total, compared with only 12% in L4/4 and 8% in L5 and L6, The
peﬁdnlum velocity would therefore be significantly\l6wer étlyield than at
impact in test L4/3. The average velocity, governiﬁg the fime—to—yield,
would bé less different, but the change.in either final or‘average
velocity would probably be enough to account for the small error in Fc'

%he calculated yield elevations of 1.2 to 1.3_are in general agree-—
ment with expectaticns.

Defl=zctions and energy

The predicied permanent deflections are higher than the measured
values by 3%, 12%, 16% and 6% resﬁectively for the four tests. Although
this agreement is not so close as that for the forces, part of the differ—
ence can be explained by dissipation of input energy in other ways, such |
as movement of pendulum suspension, noise, pendulum rotation etc. Energy
measurements given in Table 6.5 do not help to assess.the proportion
absorbed by the frame, probably because of the inadequate measurements of
force and deflection in the elastic phase. Measureménts in very similar
conditions in Sweden (63), however, indicate that 95% of the energy

calculated ffomhthe pendulum 1lift height'is likely to be absorbed in the

frame. Permenent deflections predicted on this basis are given in Table 6.6
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and show excellent agreement with measured values, bearing in mind the
unrepresentative collapse mede in test L5. Maximam deflections agree less
well because of the problems of the elastic measurements.

Table 6.6

Deflzctions calculated assuming input energy is
95% of pendulum potential energy

Delfection, mm

Test | Energy,
no. J o Permanent ' Maximum

Measured | Predicted | Difference | Measured | Predicted

L4/3 | 1893 34 33 - 3% 18 68
L4/4 | 5679 118 125 + 6% 189 161
5 8519 175 192 . + 9% 242 229
L6 8519 192 192 0% - 229

6.6. TESTS ON THE MK II FRANE

The main.effect on the analysis of the change from Mk I to Mk II was
the different lozd cell mountings. Referring to Fig. 6.6, by, the
"lateral offset is reduced from 204 mm to zero. The change in extension

b, from 147 mm to 326 mm has less effect.

3

The manual analysis of one force and one displacement signal with
scaling assumptions, used in secticn 6.5, was replaced by a complete
digital analysig of both horizontal forces at impact and all three
displacement signals., Recordings from an accelerometer on the pendulum
weight were also analysed to verify the impact force. A version of the
program AN14PL was modified to take account of the different orientation
of the top frame in the laboratory and overturning tests(SO)

Test L7, carried ouwt on 25th March 1974 was nominally identical to

L5 and L6, with a pendulum 1ift height of 18 in (457 mm}., The horizontal

‘éngle o between frame axis and impact direction was TO.instead of the

previous 6°. The frame upright height was 1137 mm and the efféctive height

between plastic hinges h1 assumed to be 1081 mm.
There were two shortcomings in the deflection measurements partly due

to the lapse in time before analyéis:‘

s




(i) The initial frame position was not verified before

impact and the datum for the physical measurements
of finél position had therefore to be assumed. In
addition there wag some ambiguity in the precise
pdsition of the measurement peoints.

(i1) The position of the mechenical zerd of the displacement

i transducers was intermediafe between {two positions for

which calibrations were.subsequéhtly carried out, and
waé not accurately recorded. The calibrdfion .

. , (80)
coefficients were interpolated.

Since all three displacement transducers were fitted the final
ﬁositién and mode shape could be determined indepen&éﬁtlj ffomlfhe:‘
physical measurements. The limitations above should'not account for more
than S%Zerror in the transducer resultsy this is coﬁsisfeht with fesults
from photographic records (Table 6.7).

| Table 6.7. Permanent displacement of the top frame

transducer mounting {Channel §) in the x
direction {7° to impact)

From physical measurement after test 181 mm
From displacement transducer recording 166 mm
From photographs 175 mm

6.6.7. Results and discussion

Collapse mode

The values of skew factor, Qs direction of movement of the upright
nearest impact,fBB and the def;ection Ip for the new framé:geometry ére
shown in Fig. 6.18. ‘These were calculated as before using the program |
STAF6. In this case the discontinuities caused by a mode of pure
rotation’abouf'J'(-69°{ u-<20.7°) are accompamied by others (43.5% « <
68;30)‘&ue to rotation about D. These second diséonfinuitiés‘may have been
pré;ent‘in the previous configurafion but if so they were fbo sméli'fo be

recognised., Modes of pure rotation about fhe'gthef‘two upfighté,'B and

e e ryapt? e = 1 -
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Fig.6.18 Predicted variation of skew factor’ QS’ angle of displacement at .3,
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G are also theoretically possible in genersl but do not occcur in the

present loading configuration.

modes are given in Appendix 6.3.

The equationg describing pure rotation

The relavant values of mode parameters are given with the test

results in Table 6.8.

Table 6.8.

Collapse Mode

Skew factor

Angle of movemsnt

Relative defl. of D

Q of B, (35, deg ¥/ &5
Predicted by STAF6 0.83 -13 0.43
Measured by transducers 0,82 -6 0.37
Physical measurements 0.82 =12 0.26

The close égreement of'pfedicted aﬁd measured skew factor, as found

before, is particularly gratifying in view of the importance of this para—

* meter in describing the structural behaviour.

The .reduced: load cell off-

set in the new frame has the additional practical benéfit of reducing the

variation of Qs with & in the region around o= 0.

Since A is poorly

defined in the overturning experiments this reduces unknown sources of

variations in structural

~

behavicur.

The measured and predicted deflected forms agree quite well (Fig.6.19).

The effective centres of rotation, however, are not so close as in the

previcus tests, reflecting the smaller measured thazn predicted frame

rotation.

In addition to the prediction of plastic mode shape, the behaviour in

the elastic mode was calculated from equations (6.18 — 6,20), and the

equivalent centre of rotation is also shown in Fig. 6.19.  An attempt was

made to anlyse the test mode shape in the form of a continuous plot of

instantaneous centre. The erratic behaviour during elastic¢ loading znd,

particularly, the: inability of the téchnique +0 ‘cope with movemenits in

near pure translation, however, produced results which did-not help to

clarify the pattern of movement. ZEven so, it was apparent that maximum
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o Plastic- predicted

+ “Permanent - measured

. % Elastic- predicted

Fig.6.19 Final deflected forms: measured
Lo : predicted ~ = = =

and equivalent centres of rotation, = ~
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deflectlcns in different directions were not reeched at the same times

and tran51tlons between pure elastic and plastlc reglons were complex.

Forces and deflections

The force-~deflection curves in the direction of, and perpendicular
%o the impacf are given in Fig; 6.20. The normal emoothing (Section
5.3;1.)twas used‘wiﬁh a nominel cut~off frequency of 148 Hz. Bouncing
at initiel impact is evident. The force calculated from the pendulum
accelerometer showed good agreement and 1s'om1tted for ¢larity. The
force perpendicular to the impact direotion remains fairly small and
there is negligible absorption of energy in the fram° in this dlrectlon,
although an unknown amount is d1551pated in Slldlng friction at the
pendu].um con‘l:act face, |

To see how far the general elastlc behaviour durlng loading differed
from 'bha”c durlng recovery the a.na,lys:.s program was ruh wWith a nominal
cut—off frequency (70) of 20 Hz (Pig. 6. 21) This smooths the boun01ng-
during 1n1tlal :t.mpac‘t giving a load—deflec‘tlon shape not dlss:Lmlla:r' to that
expected in a statlc loading test. This is encouraging, although the
effect of 'bounc:mn- on, pa.rtlcularly, the yield enha.ncement, is qulte
unknown. |
‘- The close approximation of Fig. 6.21 to the idealised ‘elasto plastic
behaviour (Fig.‘6.50) is also encouraging. The theoretical analysis
ignores rounding of the curve due to gradual developnent of yield, both
across the upright secfions and among the four different uprights. This
is apparently justifisble for the overall force deflection behaviour in
spite of the complex mode ehape pattern. |

The predicted and measured values are given in Table 6.9.
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‘Table 6.9, Forces, stiffness, delfection and energy
Collapse Elzstic Deflection in direction | Energy,
force Fc' stiffness, of force, mm. .
kN kN/mm Permanent | Maximum kJ
*
Predicted - 39.5 0.85 162 239 8.52
Measured’ 38 0.65 162 235 7.65
: : (Total
instan—
tanecus )

* ; A
Assuming input energy is 95%‘of pendulum potential energy; static
. . 2 . . o
yield stress 410 MN/m $ strain rate sensitivity constants as in

. >
section 6.5.

+ ' ' .
From transducer recordings.

As'in +the previous results, collapsé'load is predicted well, ZElastic
stiffnéss, measured as the gradient of the-straight“paft;of the unloading
curve, is agaiu slgnificantly lower than the predicted value. The agree—
ment is slightly better than for tests L5 and L6 w1th the heavier top frame,
re1nforc1ng the conclu31on that inertisa forces mey be the main cause of
the dlfference. The effect of the finite elastic stlffness of the top
ffame (section 6.3) is too small to contribute significantly to the
error {see 4.1.4 and ref. 62). |
The measured deformation is 15% less than predicted. Part of the
difference may be due tc¢ the inaccuracies in the displacement measure—
mentsy if these are scaled according to the photographic measurements,
assuming the mode shape is correct, the permanent deflection becomes
171 mm — s%i11 117 less than predicted. It appears that less thah 95%
of the pendulum potential energy ig being absorbed in the frame, although
1t is dlfflcult to account for the remalnder. In the previous tests the
value of 95% was found to be approprlate and although there were

dlfferences in the mode of deformation these were not expected to be

great‘euough'to cause significant éhanges in the proportions of energy




162 -

disgipated. The most important difference may be movement of the loading

face in the direction perpendicular to impact. This implies loss of

. energy either in friction or in sideways pendﬁlum velocity.l

" The initial bouncing is an area of poorly defiﬁed behaviour which

wiil be altered by the top frame mass but no expianaiion'of how this

affects the energy absorbed is forthcoming.

6.7. CONCLUSIONS

(=)

()

(a)

Simple techniques have heen developed to pfedict collapse
forces and deflectioné of the NIAE experimental safety
frame under impact. Thé accuracy obtained is high enough
to allow the structural behaviour o be defined for the
simulation gtudies of tractor overturning. |
Predicted stiffneés éhowedlpbof agreeheht with experi-—
mental measurements.‘ Some difficﬁlty ig expected in
dynamic measurements of this kind but the main cause is
proﬁably the high mass of the frame, which was not included
in the aralysis and does not allow true elastic forces to
be measured direqtly.

The measured elastic stiffness was gtill significantly
lower than the predicted valué for the lighter, MK II frame
but the discrepancy was slightly smaller than in the tests
on the Mk T, | |
The éollapse mode under assymetrical loading was successfully
predicted by a simple iterative method. |
The technigues used 1o predict collapse forces and deflections
of the Mk I experimental frame under impact have been applied
with similar success to the Mk II frame. The ékew factor,
fhe main parametér describiné bo%h forcé and defiéctioﬁ
behaviour, was predicted to change from 0.65'to 0.83 due to

the change in frame geometry. The measured chéngé was from
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0.64 to 0.82 (discounting one of the four earlier tests
wﬁidh gave unrepresentative behaviourj.

" The predicted permanent deflection, on the other hand,
Waé more in error than ﬁefore. I+ appeared fhai oﬁlj ahout
85% of fhe pendulum potential energj Was‘absorbed in the
frame compared with 957 in the earlier test. No clear
reason can be found, but energy dissipated in 1ateral
motion due to the different mode of deformation may be the

mzain cause.

[ —
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7. VALIDATION OF THE OVERTURNING AND IMPACT MODEL

The results of the 30 overturning experiments were used to validate
the models, A4t the outse?t of tne study it had been 1ntended that the
'1nd1v1dual varlable Jtime histories ahould form the main b331u for conparlson.
This proved to‘be a aatlafactory method of 1nterpret1ng th= general
behaviour and tjplcal cases preseated in 7.2 below show good agreemﬁnt
between experrmental and simulated results. The time histories are of
fairly cdmpléx forn, hoﬁever; aﬁd the effects of faraméter vériatian are
sm;ll iﬁ‘many_cases and méy'Be‘mﬁsked b#lsubtlé effécts of the tyre'friction
relationships diécﬁséed in ?.f.: The overall coméariééns 5etﬁeen.simulation
ana experiment are therefore'présented in sectioh;f.ﬁ.'without diréct |
consideration of‘any but the most important paramétéré. A‘parameter‘

sen31t1v1ty analyszs based on the 31mu1at10n is present=d in sectlon 8

‘7.1. TRIAL SIMULATIONS

| Before running the simulations with the parameters appropriate to each
of the exparlments, sevaral trlals w2re run io 1nvest10ate the effects of
those tyre and structural characterlstlcs which were less pracléely known,

In addition, it was neces: sary to conSLdpr the effects of the two-

dimensiohal nature of the model, The main 11m1tat10n is the inability to
predict ﬁitch and yad motibné but the experiments had shown that these
were genérally sﬁall, particularly when rigid front éxle stops were fitted
tolprevent the ﬁxlé from rotating ahout its longitudinal ﬁivot « The
tractor centre of mass is towards the rear; about tro-thirds.of the weight
belng carrled by the rear tyrea. The most approﬁriate méthod of ensuring
conSLStﬁncy betweeq tyre forces and weight was therefore t§ treat the two
dlmen31onal model as a simalation of the part of the tractor weight supported
by the rear tyres. In re51st1ng roll motlon, however, the front tyres
contribute relati{mly lilttle,. nafticﬁlé.riy when thé front a;ie is free to
;uvot For the mom=nt of rn=rt1a in roll the value for the rhole tractor

-

was therefore conszdered to ba most sultable (Appendlx 7 1)

e e e -
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The effects of these inertial parameters were studied in the initial
trials and the relationships assumed above were found to give the best

aareement with the expzrimental results.

7 1 1. Tvre beharro;r

The tyre slde force modsl depends on three parameters, 11m1t1ng
coefflclent of frlctlon, cornerlng stlffhess and’ relaratlon lencth together
w1th a Sllp angle relationship of the type glven in. ‘Appendlx T 2.

Four parameters, vertlcal and.- 1ateral stiffness and dampln describe the
tyre V1bratlonal behav10ur. All the parameters and the relatlonshlp were
estlmated from 1nd1rect measurements as described 1n”Append1x T 2, The |
effects of errors in these estlmates was also 1nvest1vated durmng the trial
51mulat10ns. Tne effects of varlatlon are quantlfled in the sensitivity
analy51s in sectlon 8 but a discussion of the nain flndlngs is glven below.
To undcrstand thc causes of somerl the hl*hly sens 1t1ve, dlscontlnuous
effects 1t is necessary to."on31der the behevmour in detall

. The moment of the resultant force on the“upslope“ tyre (point 9, Fig.3. 3)
acts in the negatlve 5 dlrcctlou for the whole time 1t is in contact Wlth
the surface (Flg 3 1)and 1ts effect is to 1ncrease|roll velocltyL For the
"downslop"“ tyre (polnt 10) however, the sense of the resultant moment
depznds on the coefficient of frlotlon and the camber angle of the tyre to
the surface. The position when. the resultant force pdnses through the centre
of mass is analogous to an unstable equilibriun, and further inereass in
Fﬁllangld will produce 1ncreaszng jpngular aoceleratlon | In the absence of
osc1llatlon of the tractor on its tyres thls relatlonshlp 1s stralghtforward
and the motlon is relatlvely slmple and well behaved as Was found in the |
aarly version of the model | Osclllatlon perpendlcular to the'surface affects
the macnltudc of the forces bJu 1ateral oscmllatlon has thc more‘complex |
efxect of alterlng the frlctlon anvle and coefflclent.. o |

| The blguest changes occur; however, when the perpendlcular osclllatlon

causes momentary loss of coutact In thes° clrcumstances the dynamlc
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coefflclent of frlctlon is reset to zero in the model, as thls was thought
to represent the real behaviour, If contact is then remade the o
coefficient of friction increases gradually according to the relaxation
length and sllp angle relationships. Thls is a sticheslip'phenomenon, but
‘1t is 11kely to occur only a small number of tlmes durlng an overturn, if
at all A temporary loss of contact at a time when the roll moment is hlgh
therefore has a con51derab1e effect on the roll acceleratlan in the perlod
1mmed1ate1y followrng, and hence on roll veloclty and snrle throughout the
' rest of‘the overturn., The effect on vertlcal acceleratlon is generally
the reverse of that on roll aceeleratlon' 1ncreased szde force on the down-~
s10pﬂ tyre increases holl accelcratlod and reduces hertlcal acveleratloq
In addltlon to thls tra nsfer of ener; Eng between coordrnate motlons, ‘more is
dlsslp&t°d under higher slie forces. | | |

| - Thus small changes in tyre, or other parameters may alter the 1nter-
action between oscillation and the development of frlctlonal forces,
causing moderate changes in the behev1our° or they may resalt in temporary
loss of contact when p1ev1ously it had been contlnuous, causrng larve
changes in the behavmolr. | 5 | } R

Normally, the uoSlOpe tyre remains in contact until it meets the
chanfered edge of the bank (surface 2, Flg.36) t mey 1oose contact at
any p01nt on surface 2 bat at the latest 1t will do so at the Junctlon
Wlth the bank slope, surface 3. The motion is generally well behaved durlnb
.the initial part of the overturn when the upslope tyre iz in surface contact
hut bounce/slip interaction has'some'affect.on thejrctationalrrelocity at .
loss of contact, .and henoe on the'ensuing‘dynamics.: From.thst.point the
forces at the do:nslope wheel determlne the behav1our and 1t is here that
the bounce/sllp/roll angle relatlcdshlps become crltlcal, partlcularly under
temporary loss of contaot | | | | | o |
The bank anvleo< has a considerable eftect on this sensmt1v1ty. With

a steep bank (small X ) the koll ve1001ty|15 falrly hlgh when the upslope

wheel loses contact. The polnt of zero roll moment is passed qulcaly, the




"L 167 -

forées on the downslope tyre are relatively small and there is little likli=
hood of contact here being regainsd once it is lost., At larger o (shallower
bank) the]roll’velocitylis sméller-initially and the tractor may hover around
the point of unstable dynamic equilibrium for longer. And thé path that the
downslope_fyre would take in free flight is closer to the line of the bank
"slope, so the chance of intermittent contact at the critical timé is much
higher. The tfial'simulations confirmed that the behaviour became much more
sensitive to many paramekers as X was increased., Eventually, of course,.a 3
‘value of o is resched ( > 45°) when the tractor does not overturn at all
but bounces back onto its whesls, . i
To ensure that the modelling of loss of surface contact was realistic,
the simulation was run with suppression of the statements that reset the
coefficient of friction to zero. This-nafurélly;réduced'thé Sensitifity in
some cases but the agreement with the experimental résults was worse in
almost all instances where intermittent contact was eritical. It may be
concluded not only that the reset to zero is correct, but that in general
‘the intermittent contacts predicted by the model also occurred in the
experiments. The detail shown in the films of the experiments was not
sufficiently fine to confirm this independently, However, because inter-
‘mittent contact can be very.sensitive to parameters and its effects are so
large, there are inevitably cases when the prediction and experiment do not
agree.. This is discussed in relation to the individual experiments in 7.3.
ﬁelaxation ength proved to be the most sensitive of the parameters
and was unfortunately the lesast clearly defined, It.was, however,
encouraging to find that the conventionally assumed valie equal to the
rolling radius gave the best prediction, and this was used in all subsequent
simulations,
The form oflthe sida force/slip angle relationship had a much smaller.
effect, élﬁhougﬁ there was some interaction with relaxation length, Again,
the conventional rélationship,(Appendix 7.2); Was-fdund'té'be the most

suitable in cases where there was significent difference, at large o .
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The other tyre parameters had little effect w1th1n the range of likely
error of thelr estlmated values, and these were therefo re accepted It had
been expscted that small changes in tyre stlfxness, for example, would have
slgnlfloant effects on behav1our by changlng the p031t10ns of ‘normal force
minima in relation to roll angle, and perhaps by alterlng the phase
relationship betmeen roll ani linear oscillatlons.” These ohanges were

noted in the results but no large effects on overall behaviour were found.,

17:1‘2 Inpact parameters
| " The force/deflectlon characterlstlos of the ROPS:are covéred in section
6. Measurement and modelllng of rear wheel and 5011 characterletlcs are
described in Appendices T.3 ani? 4-The leaet well deflned 1mpact parameters
were the effectlve areas of tyre and rlm, the damplng coefflclent and the
3011 frlctlon. | | |

The reasonable minimum effective areas of tyre and rim are sufficiently
large to cause only small 5011 deformatlon under the rim collapse force.

.The magor:ty of the energy in these 1mpacts is therefo e absorbed in the rlm,
S0 changes in the areas have only smal1 efrects‘on the overall energy
dlstrlbutlon and hardly any on the ROPS energy. ) o

| ‘The ROPS was known from the laborat ory 1mpact tests to be very lightly
damped. The true damplng coefflclent wo;ld be too small to have any signifi-
cant eftect so a value of Zero was aseumed In the case of the rim, however,
deflection causes a conslderable amount of movement in bolted 301nts in |
addition to the deformaticn of the material, The model had prov151on for
velocity dependent damping only, which probably does not descrlbe accurately
that at the rim. Furthermore, the recovery curve after loadiné was dissimilar

.to the elaetlo 1oad1nv curve, and could be represented only approx1mately by
the srngle recovery 11ne of the model. T

The damplnd coeff1c1ent and recovery stlffness could be estimated only

‘1ntu1t1vely and by comparlson of the 1mpact motlon W1th that found in the

experlments. The same anplles to a large extent to the 5011 frlctlon.l The

coefflclent of frlctlon due to pure slldang on the SOll surfaoe is probably
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about 0.16 —.0.15(81) but the éffect of penetration was assumed to raise it
to between 0.5 and 1.0. Soil friction and rim damping and recovery all
affect the motion during aﬁd after impact, and have some effect on the
energy absorbed in the ROPS. Eﬁen with the most extreme valueés of these
parameters that seemed inuitively reasonsble, the amount of bouncing,
QSS;ssed'by peak reversals of vertical and roll veloeities, was generally
rathef greater in the simulafions than in the experiments.-

Three explénations are sﬁggested to account. for this. Firstly, the
front of the tractof is very rigid and little energy is recovered from its
impact with the soil. This hds only a small effect on the vertical recovery
velocity at the reer, as could be séen on the film, but the similated
vertical velocity applies to the centre of mass, which is not at-the rear. In
roll, the front impact may have more effect in resisting bouncing, although
the imﬁact poihté are fairly close to the vertical plaﬁe'through the cenire
of mass. Secondly, the soil deformation is hot reset to zero after the
first impact in the bank overturn model, although it is in the mltiple roll
version, In the bank case, subsequent impacts oceur in approximately the
same places, on already deformed soil. ‘Some shift in position does occur,
however, and ehergy dissipated ih compressing undeformed soil results in -
greater reduction of rebound velocity. 4nd finally, a coulomb friction w
representation of the rim damping would probably be more appropriate and
could-be expectedrto reduce the amount of bouncing.

The values selected from the trial simulations for tﬂese parameters
were: |

Tyre and rim areas: each 0,2 m2 at top and bottom,

Rim damping coefficient: ‘20 kiNs/m, which is-equivalent,to

.28 % critical damping for support of the rear mass on

one sidé of the rim, or 53 % for support on both sides.

Soil coefficient of friction: 0.5.

4.6; CENERAL GOMPARISON OF DYNAMIC BENAVIOUR

A complete set of time-histories showing linear and angular displace-

ments, velocities and energies for one'experimént‘and"its:simulétibn-iS'

e . = e e e R e
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given in Fig. 7.4+ The kinefic and potential energies are plotted
cﬁmulatively'to show the changing distribution; the graduai fail-in the
top line 1ni1cates d1831patlon in sliding frlctlon and 1mpact

Ths most important varlables aré the ve1001t1es, and these are shown
for different bank slopes, 0( , in Figs_.'7.2 - "{.'T representing experiments
in"standard" condi tions. The effeét of bank friction }1;Icanbeseeﬁ.
by comparlng Flg 7.5 (llmltlng‘f% = 1.0) w1th FigJ. 1 (llmltlng f% =0, 14)

( The overall comparison of 31mu1éted and experimental results is good
both in shape and in absolute 1evels.. The comparigons are generally better
for 1ow fs than for high, which is to be expected in view of the relative =
effects of gravity, which is well defined, and tyre friction, waich is much

'leSS so.

7 2.1, Initial behaviour
| The first part of the overturns when the downslope Wheel ig still on
the chamfered edge of the bank is the least well predlcted “(Pigs. 7.2-7. 7)
The chamfer was necessary to prevent foullng of the trautor under31de on
the edge and represents a slope of 45_, on which the tractor is fairly
sfable. The reasons for the diécrepancies'are:
(1) The.nominal start of the overturn, when the downslope
| tyre'leaveé the flat surface of the platform; was’
difficult to”define‘frdm.tﬁe films Ofnthé'experiments.
The effect of this error is an overall shift on the
time scale, | . | |
(ii) The lateral (%) velocity at time = O was incorporated
‘ as an initial condition in the model but ﬁélréiiébiél
method was found of éimuiating in two dimensions the
effect of the imitial yaw angle. The initial '
behaviour in the‘simulation.is'bontroliEdjﬁy;the

build-up of tyre friction in response to this lateral

T T T
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velocity and to the downward path of the tyre. In the
experiments, however, the small yaw angle resulting
from the approach angle Y of the tractor to the bank

edge allowed the tyre to move gradually down the

‘slope even under infinite friction. An attempt was

made to model this effect by defining the origin of

the side force /slip angle (Y/) reiationship as ‘Y' =Y
instead'of H# = Q, This was not satisfactory begaﬁ;e ’
the experimental effect appears to cease Whéﬁ the tyfe
leaves thé chanfer for.the siope proper, or in some |
cases, earlier, due to the effect of the front wheels.

It might bé poésible to improve the simulation by setting
the origin to lf= Y initially but forcing a gradual |
change fo'%k =0 as the downslope tyre moves down the
chamfer, but this was not tested. . -

The real tyre envelopes the edgeé between surfaces and
gives a gradual transition of supporting £6rces. ?he
model does not include this effect and the ﬁfahéients
cause ringing, evident in the vertical and roll
velocities in all simulations.

The films of the experiments were analysed before the
simulation predictions were available. The digitising
interval was varisd throughout each run using a criterion
of roughly equal movemant of tractor marker poinfs at each
step, %o minimise analysis time. Overtuming‘ :.iovement |
wag slow at the beginning and tﬁe course steps seiected
could have miésed the effects of‘tyre oscillafi@n‘A
particularly aftér application of smoothing. There was

some variation of digitising interval between rums,
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Apart from the differences in oscillation and initial rate of éhange
of velocities, all the simulations shoﬁ an éarly peak'iﬁ latefal (i)
velocity which was absent from most of the experimentai résults but could
just be detected in a few., If the tractor slides down a uniform 450
'slope it ddes not overturn, in most cases. The peak in latéral‘velocity
is due to the qscillation on the tyres caused by the transition from the
level surface, combined with the effect of friction build-up., Thet it
does not generally cccur in practice can be.exPlained oniy By the effects

of approach angle and tyre envelopment described in (ii) and (iii) above.

7.2.2. Tyre oscillation

During the main part of the overturn, after the downslope tyre has
moved from the chamfer oﬁto'the Slope‘proper,'oécillafion is present in
both predicted and experimental results (Figs.7.1_7.7); . The amplitudes
and frequencies of the oscillations do ﬁof change much betveen simulationé
but the experimsnts show considerable variation in bofh.' In'mosf cases
the gmplitudes of measured roil and vertical velocity bseillafions are
.simélar to those predicted. The frequency of the predominant oscillations
iﬁ these directions generally agree with the expected value of about % Hz
determined from the combined vertical‘tyre stiffness, alfhough the wave
form is often much less clearly defined in the expefimental résults than
in the simulations (e.g. Fig.7.6b), In the lateral direction a low

frequency oscillation (1.5 - 2 Hz), corres.onding to the combined lateral

stiffness, is generzlly evident in both simulations and'eiperimental reéults,

but the latter often heve superimposed a waveform similer in ampiitude and =

frequency to the vertical and roll oscillations (Fig. 7.2b).

' These ride vibrétion modes are clearly excited by transients, where
the 1imitéticns of the model have been'e?plained. Further céﬁpiidations
arise from tyre non-linearity and from the coupling of oscillations on the

front tyres. Also, the expected freguencies quoted are those of the rear

masas supported by the two rear tyres, but in the . later sfageé of over-
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turning only one tyre is in coantact and the expected frequencles would be
lower by s factor of yr2 Spectral analysis of the results has not been
carried outrand would be of doubtful validity because of.fhe‘short'record
length; it might, however; provide qualitatiee evidence of the eohtrihution
of vibration in the expscted modes. )
. Before the predictions were available it had been imagined that much .
of the experimental‘OScilletion was due to sti?k-slip. This phehomenon
was indeed found in the simulations but its ef%eets were very‘cleer and
quite different from the continuous oscillation. The eeley eseociated with
tyre relaxatien also interacts with lateral oscillation, but thls 13 not
thought to be a significant factor; It 1s possible that partial stlck—sllp
occurred in the experiments Witheut belng predicted by the relatlvely simple
tyre model, but the good general agreemenf indicates thet the main cause of
oscillation is simple ride-mode vibration.' | |
Finally, there is a nicze dl;tlnctlon in the deflnltlon of sllp angle
that could have some bearlng on the behav1our. The Sllp angle 13 deflned
in the model as the arctangent of the transverse velocity scross the surface
divided by the forward velocity. The fransverse helocit& is calculated from
the instantaneous velocity of the point in the wheel plane'corresponding to
the undeformed tyre contact point. AsHah alternative, hhe transﬁerse |
valocity of the contact point itself may be used, the'diffehence:between the
two being the velocity of fyre deformation., At first sight; the trﬁe contact
point wvelocity might seem more appropriate but it is the effeetive angle of |

the wheel plane that is quoted in published tyre data.. In the steady state

the two are identical; under changing conditions, the difference is presumably

reflected in the relaxation behaviour.

The two alternatives were tested in the trial simulations. The differences

in overall behaviocur and OSClll&tlan were generally small, although where lose

of contact was ditected at large ot they were sometlmes 51gn1flcant The use

of the contact point velocity Nl*hout the relaxatlon relatlonshlp caused

irretrievable instebilities in the solution of contact point equations,
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T.2,3, The effect of intermittent contact

The biggest discrepency caused by erroneous prediction of loss of contact
occurred in run 12 (Figg.8). The parameters affacping overturning were verfs
similar to those of run 12 (Fig. 7.5) and the overall behaviour shown'by.thé“
experimental results is also similar. ' The simulation, however,'prediéted
temporary loss of contact twice in run 19 but Only'onée'in run-12, resulting’
in considerable differences in vertical and roll velocities after a time of
about 2,5s.

‘These differences help in interpreting the results of other runs. Threg
types of behaviour may be differentiated in the latter part of the overtﬁrn':;
when the upslope tyre has lost contact:

(i) ‘The downslope tyre remains’'in contact up to éround impact.
Roll moment remains negative (i.e. clockwise in Fig. 3.1),
and roll velocity continues to increase_up $o impact o
(Figs., T.6=7.8). |

(ii) The downslope tyre loses contact completely. Roll moment
is zero and roll velocity is constant'up to impact (Figs.

Te2 and 7.3, sizmlation oﬂLY);
(1ii) The downslope tyre loses contact temporarily. On renewed
contact the angle of friction remains small and the roll
.moment is positive, causing a reduction in.#oli velocity
from the peek when contact was lost (Figé.%.2,17.3‘and'7.8
(experimental); Figs. 7.4 and 7.5 (both) )Qwi".
Earlier in the overturn the upélope tyre is still in contact and provides
a negative roll moment. Temporary loss of contact at the downslope tyre
then has much less effect. T

The experimental behaviour at o« = 0 (Run 16, Fig. 7.2b) is influenced
by the tractor underside fouling the ‘edge of ‘the platfofﬁ,'despite the
chanfer., This provides a transient that increases the oscillation on the
fyres leading to behaviour of type {iii) above, which conflicts with the

prediction. The final oscillation between 2.5s and impact is &n snalysis
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error, probably due to Iinaccurate measurement of roll angle; there is no
contact in this period and the roll velodity must be constant.' '

Y¥.2.4., Initial inpact point

© In most of the overiurns the top side of the tyre/rim and the ROPS

(points 2, 4, 8, Fig.3.3 impect the ground st about the same time, causing

a raﬁid decrease in vertical and roll Felocities[(Figs.7.1~7.3,-7.6 and 7-7)
In some cases, however, the ‘roll angle gt impact‘is less' and the wheel hits.
the ground before the ROPS, particularly’at the intermediate bank slopes of .

15° and :225°, If the bottom of the whe2l iwpacts first {points'6, 10,

Fig. 3,3), the high negative roll moment results in a peékikdll'Velocity
imnedistely before ROPS impact (Fig.7.9). If the top of the wheel hits
first; the friction force generated by the ground impact also gives a

negative roll moment, but of lower magnitude (Figs.T.da; T.5). -

7.2.5. Behaviour during imnszct I

The velocities are not predicted as well during impact as before it

(Figs.7.2~T.9). In general, the simulations show higher psaks of shorter

duration than the experimental results.’ The displacements, however, are in

better agreement (e.g. Fig. To1)e

, These effects have been discussed in general in 7,1.2, In addition,
the folleowing aspacts ars relevant:
(i) The rim damping coefficient effects not only the vertical
force at the rim but also the lateral force due to soil -
! frictioa, This influences the roll moment and subsequent
‘ _roll.motion. Although coulomb friction cannot easily be
' incorporated into the modal, ‘more-accurate simulation -
might have resulted from a steeper elastic recovery. -
stiffness for the rim, together with lower viscous damping,
(i) 'The elastic stiffness of the ROPS wes assumed to be the value
predicted by structural analysis.: The "value measured
in the laboratory impact tests - = was significantly

lower; had this been usad instead, the elastic ROPS enérgy




would have been higher and the impaﬂt tine longer. Roll

ogclllatlon after impact would probably then have been
of lower frequency, as in the experimental results,
because of the greater effect of wheel fbfceé &uriﬁg
this'longer ROPS impact, |
(iii) The mass of the top frame supported by the structural
| | uprights was ineluded in the measurement of tractor
r0ll moment of inertia: it is therefore assumgd in the
“simulation to contribute torthe inertia of thefrigidf“
'part of the tractor. During impact, however, this mass
is displaced laterally reiafive to the‘tréctbr aﬁd apbea;s
between the stiffness‘of the uprights and that of.the. -
ground, Most of the kinetic energy due to 1atera1 v31001ty
(in tractor coordinates) of this mass is dnglpdted 1n
s0il defcrmation. This probably resultis in a ;qnger ;mpact
and lower roll oscillation, | | o

7.2.6, Thne effect of bank anzle, o<

The differences in gensral behaviour evident in Figs. 7.2 — 7.7 are
surprisingly swmzll, The duration of the main overturﬁing’phase, bétween tbe
point where the downslope tyre leaves the chamfur and 1mpact 1ncreases |
steadily with increasing «. Tne only otner noulceable effect is a reduutlon
of peak Foll velocity] between o( 0 and 15 - 222 s followed bj an increase |
at larger & ., This is caised by the unstadle dynamlc equ;l;br;um being
reached at% a lower roll aangle with increasing of, as diséuéééd_inJT.j.?,
together wiéh the effect of intérﬁitten Vcontact; disé;sséd in ?;1.%. aﬁd
12,5, : . . ool S

A varlatlon not =v1dent from tha flgures is the flnal restlng position
of the tractor, Tnv 31mulatlona pred1bted that the downslope tyre (p01nt 10)
would remain on the bank slope in runs 6 (0( 30) and 7 (0( 372), in run 5

(tx 30) it was found to "rattle“ in the corner betweeq the slope and the
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ground (Appendix 3;1); in all other cases, the wheel lay flat on the ground
ﬁfter impagt. Ali these predictions were confirmed b& the expérimental o
results, | o

The experimental‘results have been summarised*  in terms of

ingtantaneous values of the dynamic‘variables after a féli in the height

of the ceﬁfre of mass (y ) of 1.5n from its initial faiue. iThé.reasons"-
for the choice of this measure and its llmltatlons are deocrlbed in
5.2,3, These results are given in Flg. 7.10, N together W1th the
predictions, for those ‘tests in which "standard® condltlons | apply to the
parameters affecfing overturning, The effects on roil.velacity nb%ed abova
are apparant in bqth pradicted and exparimental valuéé,.and'these are
reflected in the roll angles., lateral ead vertical véioéi%iés show neither

such clear effects nor such good aareeﬁent although fhe trénds éf-prediétéd
and experimental results are similar but displaced w1th respﬁct to o« . |
The causes of the discrepencies in run 16 (o = O) and run 12 ( 6(: 221)
have already besn explalned in7.2.3, ‘:

7.2.7. The effects of other paraneters

Bank friction (Figs.T.1axd 7.5) has the expected effects of reducing
overturning time, particularly in the initial phase, and iﬁcreasing all the
velocities., It is perhaps surprising that such a 1arge change in llmltlng
friction (0.14 to 1.0) changss the velocities by only 20 - 3q%. This
further demonstrates the importance of ride motlons, tyre relaxatidh and
intermittent loss of contact in influencing the overall behav1our.

The effect of a wider track is shown in Flg.T 11( 18) and of changes
in the inertial parameters due to bzllasting . 1n Flg 7 12(run 25) |
Behaviour in standard coniitions at the bank slope of 22; applylng to both
these cases 13 shown in Fig.7. 5.

Increased track width has a similar effect to increased bank slope, and
for the seme reasons given abdve (Figs. f 6 and 7'7} Tﬁé feiafivély smalll
chanves in centre of mass position and moment of 1nert1a had llttle effect

on the overall behaviour, but the incressed mass caused some change in tyre
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. oscillation and impact behaviour,

T.2.8., Experimental variation

Twg further examples of bshaviour in standard conditions are inciuded
to help put the aboye'compdrisons in persbpsctive. The nominal dverturning
conditions in EFig.Tl.B are the _s.ame as those in FigJ.3 (of = H°) and in
Figu7;14fhe‘same as those in Fiz.T.4 (CK==15°) except for the front axle
stop. Differences are evident, particularly in the amount of oscillation,

Congsiderable care was taken in the control of the experiments, and
repeatability is thought tq be batfer than in any gimilar tests. Even so,
it is apparant that forward speed and steering movements were not
controlled as precisely as they should have been to provide the most
reliable results, Ip addition, the film analysis fechnique was only just
capable of giving resolution in time and displacement adeqﬁate for the
qétermination of velocity.

Te3., GUANTITATIVE CCMPARISCNS

The instantaneous variable values have already been presented for the -
"gtandard" conditions as a functinn of bank slope in Fig.7.70, It is not

practicable to do this for ofher parameters bascause of the very small number

of experiments in which each was varied from its standard value., In addition,

many parameters had only small effects in relation to that of, for example,
tha bank height, which was measursd but not closely controlled. Instead,
instantaneous predicted values are plotted against theif exparimental

equivalents for all runs in Figs.7,15-7.22,Values at a centre-of-mass fall

of 1.5 m are shown in Figeg.15 (roll angle), 7.14roll velocity), 7,1{lateral
- 715 7 7.4

velocity),7.18{vertical velocity) and 7.79{kinetic energy). Values at%
impact are shown in Figs.7.20 (roll angle) and 721 (total energy above that
in final restivg position). The maximunm instantaneous energy absorbed in
sideways deformation of the ROPS is shown in Fig. 7,22,

The causss of the disagreemsnts in runs 12, 16, 17 and 18 have already

been explained; some other cases deserve special mention:

e 4 4 = e = - eps e e :
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Differences in temporary loss of contact'between test
and simulation are also responsible for disagreement.
in 7oll angle in runs 4 and 24, and for disagreemens
in vertical and roll velocities in runs 20 and 2le

In thess cases, the energy absorbed is affected Ey
these dlfferences ln overturnlng behav1our.
Instantaneous values compare well in general but there

are cases when they happen to fall on the peak of an

. oseillation in the simulation and not in the experi-

(iii)

(1v)

ment, or vice versa, This is the cause of disagree-
ment in lateral veiocity in runs 16, 11,jf9 and 23,"in
vertical velocity in runs 10 and 22, and in roll.angle
and velocity in nun 28, | |

In some experimenfs, particularlyfthe_first few, the

yaw angle at impact was reletiveiy‘high;J t Impact
oceurrad slightly earlier than would otherwise'have been
the case, and the ensuing behaviour was more influenced
by the forces at the front of the tractor;.;This isrthe
cause of low angles at impact ln runs 5 and 6 and nay

be respon51ble for disagreement in absorbed energy in

these cases and in Tun 1 (energy was not recorded in run

5 because of an equipment'fault)
In the one experlment at twice the standard forward speed

ran 15, the moasured vertlcal and leteral k81001t194 are

" significantly higher than the predioted values (Fmgs. 7.17

7.18). It appears from the film of the experlment and
from the measured yaw ve1001ty that the drlver applled a
late steering correotlon ‘while the downslope wheels were
on the chamfer; Normally, smali steering adjuStments nade

while the tracfor'epproached the edge were sufficient to



ensure an appropriate path, and no further changes were
made once the overturn had begun. In this cass,
however, it had become apparant that the tractor would
overshoot the overturaing area, because of the higher
speed, unloss laté action was taken,

The large yaw angle'combined with higher forﬁard
speed gave a high initial lateral wvelocity, This
caused premature loss of contact, which largely
explains-the difference in predicted and measured

velocities.

7.3.1. Statistical tests

Visual inspection of Figs.7.15-22 indicates that the comparisons are

sufficiently good to justify being tested statistically. The choice of

a suitable test, however, is complicated by two features of the results:

(1)

(i1)

The effect of paramster variation was much smaller
than had been expected, giving a small range of values
about the mean for most variables.

Neither the set of expsrimental values nor the set

~of simulated values can be considered as a truly

independent variable. The predicted set is chosen
conventionally, but in this case it is subject %o
errors in parameters, which have been seen to result

in effects of similar magnitude to errors in measure-

- ment or initia) conditions in the experiments,

Without these limitations, a linear regression would be the obvious

method of obtaining a measure of correlation. To illustrate the ﬁroblem,

consider a set of experiments and simulations with nominally identical

conditions but in the presence of paramcter and measurement errors. This

would result in a cluster of points randomly distributed about a "true"

value, of which both the sizulated and exparimental values were estimates.
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Linéar regressions would not be éignificant and yet, if the errors were
small, the égreement mist be good,

: The coefficient of variation is a measure which overcomes this
difficulty but interpretation of the value obtained is only intuitive.
An élternative in this case ié to fit a lineaf regression which is
forced through the origin. This could be expected to provide an’
appropriate solution to the sbove example but caution is needed in
interpreting the level of significance, Normally,'a‘fit through  the
origin is sccepted only if ‘the intercept found in a natural regression
is not significantly different from zero, |

Finally, because the real case is not so extreme as the hypothetical
example, it is possible to fit natural regressions, No method of giving
equal weight to errors in 50th variables x and ¥y is available in
classical statistics but a technique sometimes used ié”t6~fakefé
geometric mean of the slopes found by regressing y on'x and x on ¥o

Results of these thrse types of analysis for the most important
variables sre given 4in Table T.1. {

These results confirm that the correlations are significant, The
mean slopes are similar for the iwo types of regressioh, éigépt'for |
lateral velocity, and the values are close to unity, Not' surprisingly,
the regressions forced through the origin pass very close to the centroid
of the points, X, y. The coefficient of variation for ROPS side energy:E
' is rather large, but this is expected because it is additionally subject
tﬁ.errors in impact, whereas the other variables include only errors

during overturning,

- All the data were used to calculate these statistics. The correlations

would, of course, have been better after the removal of "rogue" data, where

disagreement was Xnown to have been caused by shortcomings in the experi-

‘ments or analysis.




TABIE 7.1

Statistical ftests of the compzrison beitween

predicted

{(x) and experimental (y) values for all tests
Roll Roll Lateral |(Vertical ROPS
Angle Velocity .| Velocity | Velocity Side
-&, deg -8 rad/s ks, n/s Yy n/s |energy, kJ
1. Natural Regressiong
Mean x (simulation) 8241 1.916 2. 404 3.110 11,68
Mean y (experiment) - 88,8 1.786 2.496 3,182 10.82
2 yonx 0.655 0.365 0.391 See '0.627
Slopés xony 1.675 2.285 1.935 Note 1.420
Mean 1.048 0.914 0.870 (;l) 0.944
‘Significance | P£0.001 P£0.05 P<0,01 - P 0.001
2. Regressions forced through the origin
L {yonx 1.080 0.907 1,025 | 1,006 0.877
Slopés’ (x ony 1.085 0.956 1,045 1,033 0.985
Mean 1,082 0.931 1,035 1.019 0.929
Significance P£0O., O P£0. 001 P<0.001 220,001 P£0.001
3. QCoefficient of variation(iii)
10% 24% 16% 16% 37%
Notes (i) The slopes quoted are y/x in all cases
(ii) The intercepts from natural regressions were significant
; (P<©0.03) for all variables except vertical velocity;
in this case the results for the natural regressions.are
- omitted, A : - S
~ (4iii) Coefficient of variation is defined as ¥ 2| z-x}z _ 2n ¥ 2 x-xla

2(EF)/2 Zx 2y




7.3.2. Energy absorbed in impact
The energy absorbed in sideways deformation of the ROPS is the most
important result of fhis study, and it was the only part of the absorbed
energy that could be measured in the'experiments. .
Scil deformation was not measured directly but may be estimated in
some cases from photographs;_- B . In hindsight it is unfortunate
that an attempt was not made to overcome the problemsléf1irregulér sbil
éurfaces to obtain estimates on site.
Soil deformations predicted by the simulations sre in genersal
significantly less than the estimates from photographs., 'This may be due
‘ pé;}ly to inadequatq‘maasurement of soil strength, but: the inertia of the
top frame, mentioned in 7.2.5, is thought to be the main cause. If all

" the kinetic energy due torthe-top frame's lateral velocity, in tractor
coordinates, is assumed to be absorbed in the soil, the additional
deformation calculated from soil strength largely sccounts for the
difference in typical estimafed and predicted values. =

The addition to the predicted soil deformation energy must be
accompanied by a reduction in o%her energies. If the top frame lateral
inertia is considered separétely in this way, the effective mass and roll
moment of inertia of the tractor mugt be reduced by the appropriate
amourts, and energy absorbed by the whesl, snd particﬁlarly by the ROPS,
woﬁld be exﬁected to be smaller,- Energy'absorbed in'siiﬂing friction may
also ‘be affected. |

It is not valid to run the simulations directly with the smaller
trector inertial parameters, because these apply'only‘in iﬁpact and not
during overturning. In any case, other impact parsmeters were adjusted
eml;irically, as described in7.1:2, end 7.2.5. A lower value of rim

damping coefficiént, as suggested, would probably have increased the ROPS

energy in most cases. In addifion, the proportion of totsl mass ascribed

to the rear of the tractor in the simulations (see7.1)'WaS‘apprdpriate'to

the vertical plane containing the rear'axle, This is‘'clearly suitablé in

i v e ey
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impact as well as in ovefturning as far as forces on the tyre and rim are
- concerned, The mid point of the two ROPS impact poinfs; however, is
further fo¥ward by about 17% of the wheelbase, and this.must affect the
.proportion of kinetic energy due to linear vélocities thaf is absorbed in
the ROPS. | |
The siopes of the regressions in table 7.1 indicate ﬁhat, on average,
th; measured ROPS sideways energy waé 93% of the prediéteq valué. It is
ﬁot certain what combined effect the abové limitations would have on this
value buf it is likely that the‘prediéted energy wou;d furn ouf to be
slightly lewer, rather than s}ightly higher than thexmeééured one, if
they could be taken into accoﬁnt. For the simulafioné ?of?e.vélid it ié
necessar& thet the absolu#e Leve; of fredicted energy ié.réasonably
accurate, but it is more impﬁrtant thaﬁ.the effect of ﬁérémétef cﬁanges
is correct, The limitations héve a broadly similar effecf in ail caées,
and may therefore be acdepted without seriously weakening the powér of thé
model, -

T.4. GENERAL DISCUSSICN

There are no generally accepted standards for jud_gj.ng the adequacy
of simulations of this type. Clearly, less close agreemént can be expected
in this case, where the dynamic.behavibr is very complicated and the |
validation involved full écale expériments, than in siméier, laboratory
studies, The‘comparisons.déscribed aboﬁe,‘however, éhowrtbat the model
is capable of predicting both qualitatiﬁe and quantitafivé'effécfs found
in the experimenté. | o |

The final criterion fbr acceptance must relate to thé model's
intended purpose. The ﬁain';equiremenf ﬁas thé prediction bf the effects
of parameter changes in a particular kind of overturn; énd the.results
givé confidence in the modelfs ability fé do this, iﬁe‘éffects of, for
example, yaw angle cannotAbe predictéa but.equally if wo;id be an
énormoﬁs task to attempt té simulate évéfy possible fype-éf overturn,

| The two-dimensional natﬁre of the model certainly'restricté its scope

and does have some limitations in describing the behaviour in the present

e —————————r————
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experiments, even though this was itself predominately two-dimensional.
" It is considered, however, that the limited knowledge of tyre and
impact parameters has at lsast an equal effect, and that a three-

. dimensional model would have corrected only some of the discrepencies.
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8. PARAMETER SENSITIVITY ANALYSIS

After developmznt and validation, the model was‘put to two main uses:
an investigation of the effect of paraméter'variation, describgd héfe, and
simulations uéing data fpr individual real tractors, described'in‘the next
section, The sensitivity aﬁalysis was needed to enhance the understanding
of the behaviour given by the study of indiwvidual simulations; it‘wés also
impoitant, however, because of the limited accuracy.to:which sone parameters
were known, particularly in the case of real tractors.

8.1« QUTPUT VARIABLES

The most important variable was the energy absorbed in deformation of

?
f
t
f.

the ROPS. This gave only a limited description of the complex overturning

and impact process, however, and a more informative picfure.was obtained

€

from the. distribution of energy dissipation.
The kinetic energy (KE) at the start of a simulation was generally very

small (< 0.1 kJ)*. The similations were not halted until 2s after impact

to allow bouncing motion to cease, and the final KB was also generally - :

negligible, Thus the energy input was the loss of potential energy (PE) in

falling down the bank, which depended not only on the bank height but also

on the gifference between the height above ground of the centre‘df méss'at 7;

the beginning, when the tracior was upright, and at the end, when it was on

its side and supported by the deformed wheel and ROPS. These heights %

varied siightly according to the simulation conditions, but the differences

were generally small,

*

* . R . : . - .. .
Initial XE was that due to laterzl velocity as tractor approaches bank l
edges KB due to tractor forward speed was not included in the two

dimensional similation, but was typically about 2 kJ in' the expériments.



The distribution of energy was clessified as follows (the shorthand
notetioﬁ ﬁsed.in the figures is given inAparentheses; | | |

(1) Energy dissipated in sliding:fricfioﬁ between tyres and

bank surfaces (/JB | S

(1i) Energy dlsolpated 1n tyre damping + energy stored in

elastice tyre deformatlon (up to 1mpact) (TYRE).
(1ii) Energy dissipated in sliding friction between tractor
‘points (ROPS, wheel, tyre) and soil ()AS). o

(iv) Total ererzy dissiéated in seil verticei-deformation at

‘ all impsct pointsi (so1L). - = - |

{v) Energy dissipated during impast in tyre and wheel deformatlon

J and damping + difference in energy atored in elastlc
deformation between final value and value at impeeﬁ (WHEZL).

(vi) Energy dissipated in ROPS deformation (ROPS).. - -

The sum of these energiee ﬁas lese fhan the FE loss caleculated from the
total tractor weight, because‘the simuia%icns applied td fhé‘rear paft of
the tractor, as explained in sectlon 7, the dlfference was the lmplled
total enexgy &1531patlon at the front part (flgure notatlon: FRONT). (The
intefnal eﬁergy balance for the simulate&linertia was au%ometically‘checked
ag descibed in 3,5.3). | . . |

Energy (ii) above was small but it was excluded from (v) to allow clear
dlstlnctlon between the energies dlss1pated befors and after impact.

To acheive an overall energy balance the dlSSlpatlons (1v) (v) and
(vi) due to deformation were the net'final salues, taklng ‘account of
elastic recovery. The most imporfant ROPS energy was that at maximnm
deflection, but since ths enefgy recovered elasticallylﬁae feirly.coﬁstant
between simulations, the final energy‘wes a satisfac%or&rﬁeeeefe for |
comparisons in most cases." | | ~ e

8.2, PARAMETERS

There were about fourty parameters that could influeance the behavloir. .

Some, sach as bank slope and helvht and parameters govnrnlng ths tyre side

R S g AP A b i g S o = A A
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forces, were effective only during the overturning phase° others such as
ROPS, wheel and so0il structural characterlstlcs afxected only the 1mpact
'bchav10ur- and a third class, the tractor inertias and geometry, were"
1mportant in bcth. | | ) | h

Even with the economy of simulation, it was not practicable to study
the effect of nany parametero in combination, The basis of the sen51t1v1ty
analy51s wag & small number of "standard" conditions typlcal of those
studled experlmentally. Each parameter was then varied in turn for several
.values on either'side of 1ts standard value. - -

For the parameters wﬁich influenced the overturning phase, six standard
conditions ware chosen, repreeenting baak angles (0().of Oaé 373 iﬁ 7%9
steps., It was hoped that thls would help to average the effects of |
.dlscontxnultlcs due to loss of tyre contact and prov1d= an overall 1nd1cator
of parameter sen31t1v1tj, in addition to showing the variation Wlth .

A single standard set of condi tions (designated by "A") was adequate
for most parameters which affected only the impact dynamlcs, since these
were generally well behaved. In these cases, the szmulatlons were started
with the tractor in fres flight just above the soil, with.pcsiticn and
velocity vectors approximately equal tc those at the ead‘of the orerturning
phase with a 7%0 bank angle. | : |

The roll angle of the tractor at 1mpact had an 1mportant bearing on the
effect of some parasueters, however, and in these cases | two standard sets
‘of impact conditions were ueed {designated by "C" and "D"j, identicel except
for impact roll angle. If 31mu1at13ns wlth different 1n1t1a1 roll angles .
had been started 1mmed1ately before 1mpa~t the 1nit1al centre of mass
heights, and hence potent1a1 energies, would not have been the same.- This
applied equally to simalations with different ROPS width fcr example. The
input energles wersa therefore equated by starting these 31mulat10ns Wlth a
uniform cenire oI mass pOoltlon, high enough to be 31gn1f1cantly before

1mpact in all cases; resultlnr varlatlon of 1mpact veIOC1ty was’ accepted

as of less 1mportance than varlatlon of input energy,

. A T T R s
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TABIE 8,1

* 8tandard parameter values snd initial
conditions for sernsitivity study

(a) Values common to all standard conditions

Bank height : 2.25m
. Centre of mass height : 0.8%4m
Track width- - : 1.50m
Pyre height (dia) : 1.44m
- Tyre width : 0.29ﬁ
| Rim height (dia) : 0.91m
ROPS height : 2,26
ROPS width : 1.5720
L Rim deflection limit : 0.2m
Tractor mass“ - ; 3065 kg
| : - Effective rear mass ; 1950 ké
} Polar moment.of inertia é 1255 ké m%
1 Vertical tyre stiffnesé ? 400 kN/ﬁ:
‘ Lateral tyre stiffness ; 120 kN/ﬁ
‘ Vertical demping coefficient " : 3 st/m
Laterél damping.coefficiénf ; 1 st[ﬁ
Rim collapse force | é 26 kN a
Rim elastic stiffness ; 179 XN/m
Rim damping coefficiént ; 20 kNs/m
Cone indices: at surface . 632 kN/m?
b 76:mm s 1186 Xi/n?
at 152 m ;1309 ki/o’
at 223 : 1400 Jv/u’
Effective impact areési ROP3 ; 0.1 m2 h
“ | Tyﬁe point ; O;é ﬁz
2

Rim'point- : 0.2m

Limiting coefficient of soil friction: 0.5
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TABLE 8,9 continued

(b) Initial conditions in impact study

R

A B e D
Height of centre initiel | -1.222 | -0.971 -0.606
of mass, yg, m at impaet | -1.236 | =0.98% { -1.246 | -0,951
Vertical velocity, initial -4.50 -3.Q
ig, n/s at impact -4,53 -4.64 -3.66
Roll angle, initial | -104.0 | -119.0 | -83.0{ -108,0
8, deg at impact | -104.3 -119.3 -102.2 | -121.6
Roll velocity, 6, rad/s -2.0
Lateral velocity, :’cg, m/s 2,25 2.35

Notes: (i) Values at impact are close to initial values for 4 and B
simulations,'but vary with conditions for ¢ and D.
(ii) Standard ROPS lateral collapse force and elastic stiffness
N in 4 ahd B, and in overturning phase simulations were

41,24 XN and 1.329 x 106 N/m respectively, determined

from the standard ROPS upright Yar diameter of 0.042 m and

length of 1.045m, In‘C and D, they were set‘at 30.06 kN

(tractor weight)‘and 1.0 x 106 N/m respectively so that

they could belvériéd iﬁdeﬁendantly withouf feference to

bar diasmeter, Verticél collapse force and sfiffness were

effectively infinite in all standard conditions,
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TABLE 8,1 continued

(c) Parsmeters and condltlons relatlng to overturnlno phase.

S P,

Bank slope, angle to vertlcal ' : 0, TE, 15, 22%, 30, 37% d

Limiting coefficient of tyre/bank friction

1-0

Tyre relaxation length

-1

Normalised cornering stiffness : 4. 4 rad
Forward speed : .5 m/s
Approech_angle to bank edge : 6 deg

The standard parameter values and sets of initial conditions are given
in Tablef,1. Mozt relate to the the iractor used in the experiments and |
are generally typicallof a medium size, 3000 kg tractor; 'The tyre/bank
friction behaviour and soil stfength efe also taken fron the experiments;
these may be less typical but thls is not important, snd the effects of
their variation are 1ncluded

The standard ROPS parameters allow flexibility only ;n'sideways
deformation, the wvertical stiffness‘being effectively infinite ' This is a
close representatlon of the behav1our of the experlmental structure and is
fairly reelistic in descrlblng normal ROPS, except under very large
deformations, The experlmental ROPS 1s typlcal in formlng plastlc hinges
at the tops and bottoms of the uprlght members, Sldeways deformat1on then
approximates to that of e'parallelogram nechanism, and theihigh initial
resistance to vertical forces becomes smaller ss the ang}e ef deformetion
increases. The present‘model eoes not include this relationship-betweenl
effective vertical and lateral st:l.ffness, which are assumed 1ndependant
but it would not be difficult to 1ncorporate a relatlonshlp in an |

enhancement to the program,

8.3. THE FFFECT OF IMPACT VELOCITIES AND INERTIAS
Variation of the initial conditions at impact provides the greatest
insight inté the impact behaviour, and this will be covered before the

effects of parameter variation.

0.72 m { = rolling radius

'
I
y
|
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The standard conditions used were A and B (TablefiT). The two sets
were used to demonstrate‘the gffect of impaet roll angle, but since the
requirement in this éase was for control of velocity at the moment of
impact, the initial centre of mass heights in the two sets were different.

8.3.1. Epergy distributions

. The effects on final energy distridbution of variation in initiai
lateral velocity, io, vertical velocity jo and roll velocity éo ére shownin
‘?igs.8.1.,8.2. and 83 respecti?ely.i The variable ranges were chosen to-
cove: the extremes found in the experiménts, although for ib and éo the -
‘results at velocities down ‘to zerc are also given (dashed iines).:‘

These figures and the later ones of the same format are presented as
cumilative energy distributions: the curves are the boundaries between each
contribution, In most caseé,'the uppermost-boundary is a line of nearly
constgnt energy, equal to the loss of PE and deviating ohl&‘because of
variation in the final rest'poSition; ‘Where the initial velocities or
inertias are varied, as in Figs, 8.1-8.3., the upper boundéry is not constant.
refizcting the variation in input energy. The energy contributions are
denoted in the shorthand form listed in section 8,1, Thé standard parameter
or variable values are shown by short arrows on the axis,

~ The overall effects apperent in Figs. 8,1-8.3 confirm expectations:

(1) .Wheel and tyre deformation absorbs a considerable amount of
energy when the tyre and ROPS make nearly‘simulétioﬁs impacts
(condition A). In most of the condition B simulations, the
ROPS reached maximum deflasction before the wheel touched the
ground and the energy absorbed by the wheel and-tyre was
mich less. The ROPS energy was slightly higher in these
cases, but‘most of the difference was accounted for by
increased energy"in‘soil'defbrmatibn and friction,

(ii). The main effect of'inifial.iateral velocity is-on'the energy

absorbed in sliding friction (Fig. 8.1).

e e
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(1i1) Energy due to variation in initial vertical velocity is

shared about equally'betﬁeen wheel and ROPS in condition
A, but is absorbed mainly by the ROPS in B (Fig. 8.2). -
(iv) Increase in impact roll velocity causes an increase in
ROPS energy but a'décféase'in‘énergy ebsorbed in friction
(Fig. 8.3). At low roll velocity, the sliding velocity
6f the contact points -is posifive throughout impact, with
"the stand;rd‘initial lateral velocity of the certre of
_maés. Whén the roll velocity is high the sliding;veloeity
is negative; éuring'a”simulatibn with high initisl roll ‘-
| velocity, the sliding velocit&'is negative at'thé‘sta:t, but
increases and becomes positive as the roll velocity drops
during impact. The lower mean sliding veloeity results in
the reduction of energy absorbed in friction. |
| The energy distribution for variation of roll moment of inertia is
given in Fig.8,4. The scale is the same as that for impact roll veloeity
(Fig. 8.3) when each variable is expressed as a ratio of its standard value;
the scales in the two figures then transform to identical"Scéles'in:initiai
angular momentum about the centre: of mass. The effects of Variation would’
be expected to be fairly similar, and the figures show that this is so.
The differences between them are due ‘to differences in impact time available
‘for absorption of PE and of XKE due to the linear velocities, as will ﬁe
explained later,

8 .3.2, Energy absorbed ss a function of kinetic energy at impact

The quantitative effects of variation of parameters which do not alter
the initial KE will be apparant from the energy distributions. In cases
such as FigsB.1—8}4,however, fﬁé interpretation is made more difficult by
variation' of input energy, éspecially as the amount of this variation is -
different for esch of the four variables,  To provide'a‘¢6mﬁ6n"baSis7f6r

comparison, the Tesults are répeated’in Figs. 8,5 and 8.6 using a total

"initial kinetic energy as the independent variable, and energy absorbed in

e e ———— = _app
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the ROPS at maximum sideways deflsction as the'dependent variable, The

éurve for moment of inertia in.conditixxkis almost identical to that for
roll velocity wﬁen plotted in this‘ﬁay,'and has beeﬁ omitied; a curve fdf
pass is included in this case but not for B, to preserve clarity.

The effects of combinationsiof the mest importani variaﬁles; roli and

vertical velocity, are presented es carpet plots in Figs.8.7 and 8.8, “The

- general similarity of the shapes of these curves ﬁrovides further evidence

of the lack of discontinuities in the impact behaviour. In condition B,

absorbed energy reaches a maximum at an impact roll velocity of asbout -

2.75 rad/s for all values of initial vertical velocity (Fng8.8). A

indication that sliding friction is responsible for this effect is given by,

Fig. 8,9, When friction is absent the slopes of the roll velocity and

moment of inertia curves remain more constant, and show no signs of

' approaching zero over the ranges covered. With friction, the reduction in

RQPS energy beyond Q.z 2,75 is accompanied by an increase in energyr
absorbed in s0il deformation (Fig.8,3), The presence of friction increases
the engle between the resultanf:soil force and the ROPS cﬁliépse force
(Fig.8_1o)when the sliding friction velocity is positive;‘tﬁis is the case
after the first moments of impact, even at high roll veldeity, as explained

in (iv) above. The larger angle between these forces re@ﬁifés a larger

vertical soil force than when friction is absent, In the conditions chosen,

this force becomes high enough“af éo = 2.75 to %all into the rénge of fhe
next line in the soil forée/defofmation”éhara&teristic. This line hés a
lower stiffness than the préﬁiﬁus oné,‘so'the soil déforméfion energy
increases much more rapidly'with‘éd than would otherwise'bé'the case.
Clearly, this type of behaviéur'depends strongly on the chosen -
conditions of soil frictioniand'strength. |
' The relationships vetween the curves for impact roll velocity and

moment of inertis also deserve comment, because there are important -

differences even though the general shapes are similar,”
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The equivalence of the angular momentum scales in Pigs.8,3 and 84 is
convenient but takes no account.of the cemponent of anguier momentﬁm due to
the movement of the centre of mass arouﬁd the instantaneeﬁe centre of
fotation. Also, the energy due to 1n1tlal angular veloczty is proportlonal
to the product of velocity and momentum | |
| The effect of moment of inertia may be considered as having two
compoﬁents: the part of therieitial rotational energy absorﬁed and the
ﬁart of the linear energy absorbed. TFor a given initial energy, the.
duratlon of impact is longer Wlth a hxch inertia and low veloclty than with
a high veloecity and low 1nertla. Hence increasging lnertla has more effect
on the amount of linear klnetlc energy absorhed than 1ncrea51ng veloc1ty

In the extreme, reducing the roll veloc:.ty to zero alloWS some of the
11near kinetic energy to bo absorbed in the ROPS because of the 1nert1al

resistance, whereas zero 1nert1a results in zero energy.
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The foregoing applies to condition B, but in A the wheel absorbs much

of the linear kinetic energy and the difference between the roll velocity

and momerit of inertia curves is smaller over most of their range (Figs. 8.5

a'nd 8’9) L]

8.3.3. Sensitivity coeflicients

The sensitivities may be quantified in terms of the change in the
.deﬁendent variable for unlt change in tbe 1ndependent varlable. The
simplest measure is the slope of the curve, and where the units for both
ases are the same, as in Figs.§,5.,8, the resuliing non-dimensional |

ensitivity cosfficient is easy to interpret A non—dimensional eoefficient

nay be obtained whether or not the units are the same if the changes are |
expressed as ratios of the absolute values, thus. |

‘Relative sensitivity coeff‘:.c:.ent = _x/__if- o - x ., slope

_ : - ‘ ¥

This is more appropriete in many cases and may also be more'powerful in

revealing the effect of proportionate chahges. The reletionships between

the sensitivity coefficients for the different curves in Figg,5 are unchanged

. by expressing them asg pro?ortions if all the slopes ars maltiplied by the
sanme ratio of cooriinafes'of the‘coﬁmos'point. The sase appiies to the curves
lof Fig. 8,6, but the comparisons betwsen the fwo sets would be eltered beca&sei
of the different y wvalues of tﬁe two comﬁon points.v ﬁere iﬁporsantlj, is tﬂé:
total initial kinetic eherg& the appropriate‘independesf veriable? If the

component of kinetic energy due to the relevant varlable is selected 1nstead

Al P
i

guch as rotational kinetic energy for the rotational veloc1ty curve, the
shape and slope remain the same but the ramoval of a constant from the j
sbscissae has a major effect on the relative sensitivity coefficient (Table

8.2 )

‘1l

e m et e

U
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TABLE 8,2

Sensitivitv coefficiesnts § for the effect of lateral,
vertical and roll velocitics at impact, and moment of
' inertia on maximum enzrgy absorbed in ROPS,

. in standard conditions

Q Qg e
Absolute | Relative Relative
coefficient | coefficient coefficient
= slope based on based on
total kinetic component of
energy kinstic energy
gondition A (Fie, 8.5)

' Lateral velocity, io 0.24 0.47 0.09 ,
Vertical velocity, §, 0.33 0.55 0.47 f
Roll velocity, & 1.25 2.44 0.22
Moment of inertia, Iz 1.28 2.49 0.23 |

"Condition A, with Ms =0 (Fig,8,9) ' E
 Roll velocity, éo 1.59 , 3.85 0.35 i
Moment of inertia, I_ 2.23 5.39 0.50 *

"Condition B (Pig.8.6)

' Lateral velocity, io 0,20 0.32 0.06
Vertical velocity, &0 .60 0.95 0.69
Roll velocity, éo 1.15 1.81 0.17
Moment of inertia, I ‘1;88 é.98 0.27

" Condition B, with Ms= 0 (Fie. 8.9)
Roll velocity, & 2,09 3,11 0.29 ¢
Moment of inertia, I_ 4,11 6,12 0.56




A b g s b

L 220 -

0 S , s

Expre551ng the senslt1V1ty coeff1c1ents 1n these three ways glves -

1nsrght 1nto an apparant paradox that is central to the performance of ROPS

Because the ROPS 1mpact p01nt is falrly hlgh above the tractor centre of '..

mass, 1t offers a hlgh res;stance to rotatlonal 1nert1a but llttle to fl
vertlcal 1nert1a at 1mpact when the roll angle is: around 90 Thus a 3'

large part of the encrgy due to change of roll veloclty is absorbed by the~

ROPS (QA = 1 25, condltlon A) but only & small part of that due to vertlcalr,,g

,V@1001ty change (QA = 0, 33, condition A) ‘The roll velocrty contrlbuues to i?';

only a small part of the total initial klnetlc energy, however, 50 when

expressed as sen51t1v1t1es relative to a change 1n the component energles, I

vertlcal velocrty ( = 0 47) appears to be nore 1mportant than roll

QRC
veloclty (QRC = O 22) The same phenomenon may be eppre01ated by studylng

the absolute ranges of ROPS energy in Flgs 8, 2 8 3 and 8. 5. Although the'” o

proportlon of rotatlonal ener*y absorbed is clearly hlgher the absolutei

i

changes are less than those when vertlcel ve1001ty is varled

The severlty of the bank type oT overturn is due to the hlgh vertlcal

o .

impact ve1001ty. Thea srmulatlons show that even when the ROPS reaches 1ts

max1mum deflectlon before s1gn1flcant ener y has been absorbed 1n the wheel
(condltlon B), only a llmlted amount of tbe energy due to vertlcal ve1001ty
ls absorbed 1n the ROPS The helght of the ROPS above the centre of mass "
and the relatlvely low moment of 1nert1a and rotat10na1 velocltles plevent

q‘,_-

the collapse of structures that are oapable 01 absorblng only a small

i

amount of the total energy. This aoplles only to ROPS with hlgh vertlcal
stlffness, the 1mportance of thls parameter w1ll be covered later.
The relatlonshlps noted between the sen31t1V1ty coef11c1ents for

: condltlon A apply also in condltlon B (TableB 2). | Commarlng B w1th A,

the roll veloclty coefflclents are sl*ghtly lcwer, presumably because of

the 1arger angle betWeen the ROPS col’apse force and the vertlcal (Flg.8 10) B

The vertlcal velocltv end moment of inertia coefflclents are con31derably

hlgher because of the absenoe of the effect of the wheel durlng ROPS 1mpact

H

§

A1l the lateral veloc'ty sen51t1v1ty coefflclents are small b ti'f
, . ‘ Lo |




-2 "y

Finally, the curve for mass variation (Fig 85) fs very close‘to a
straisht iine through the origin, Radius of gyratlon was held constant for.
these s1mulat10ns, so the moment of inertia 1ncreased wlth the mass and the"“-
llnoar behaviour was expccted.- | | | o

8.4. PARAMETERS THAT AFFECT ONLY THPACT '

s Movlng in the direction from the particular fo the general tnose para-’”.

meters affectlnv only impact w1ll be covered next, befo e those requarlng
sxmulatlons of complete overturns.

‘.3

These parameters fall into three classes:-

(1) Geometrlcal parameters ' S
(11) Structural parameters descrlblng the wheel and tyre

(111) Structural parameters descrlblng the ROPS and s011

' The standard 1mpact conditions ¢ and D were used for (1) and (111) to
show the effect of impact roll. angle (Table8 1) Slnce the wheel/ROPS
energy relatlonshlp is most 1mportant under s1multanecus 1mpact (111) were
studled only 1n condltlon A which is very samllar in effect to C. o

| Flnal energy dlstrlbutlons only &are presented beoause the total lnput
' energy is substantlally constant in each case and both qualltatlve and N
quantltatlve efrects are apparant from these flgures. The small number of
data p01nts in most cases leads to some uncertalnty, S0 they are connected
dlagrammatlcally by stralght llnes rather than the smooth curves of Flgs.1
8 1“8 4' ‘ ‘ e .

Impnct rol] anple

Inltlal roll angle is the only dlfference between ccndltlons C and D,
the ef:ect of varlatlon W1th1n the range of these values is shown in Flg.8 1152_
Because of the need to start 51mulatlons at the same centre—of—mass helght "
as explalned 1n.8 2, the varlatlon of 1mpactlroll angle is accompanled by )

some variation of velocltles and centre of mass helght at 1mpact but the

effects are small (Table 8. 1)
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Less enetgy is zbzsorbed by the wheel as impact roll angle inereases,
a8 expected., At impact roll angles up to about 110°'the energy in ROPS .
sideways deformation and sliding friction both increase but beyond thls
the ROPS energy reaches a max1mum because of the angle between the forces
(Fig.g.jo). This is consistent with the findings in conditions A and B
reported above. The ROPS sideﬁays energy would continue to decrease with
further increase ie'impact roll angle up to 18005 accompanied'ty-increase
insoil deformation energy, Jjust evident in Figf&ﬂ, for the reasons already
given, - . '
ROPS width |

' Increasing the width of the ROPS (Fig.8.12)has a similar effect on the

relatlonshlp between ROPS and wheel impact to increasing the impact roll

angle, bBut the angles beiween the forces remains unchanged *Thus in’ condltlon: .

¢, the ROPS energy continues to increase at the expense of -wheel energy with—*_'
dut reaching a maximum. In condition D, where the wheel absorbs little
energy, the effect of ROPS width is small. The slope of the uppermost line
in D is due to change in PE corresponding tc the rélationship between centre- -
of—iass height and the impact point at the ROPS. .

* Increase of track width' (not presented) has the opposite effect in
impsct to increase of ROPS width in condition C and negligibieteffect'in D.
ROPS_height E

A higher ROPS offers more resistance to angular momentum end'less to

vertical momentum. The nett effect on ROPS energy of inéréased height is a

slight increase under condition C and negligible change under D (Fig. 8.13).
This isiconsistant with the relationship betweeén the sensitivity coefficients
in-the two conditions in Table 8,2, .

. The change in the proportions of energy in soil deformation and sliding
friction under D are due-to the effects of change in sliding velocity of the

contact point,
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' Wheel heigzht

Tyre and rln helght are varied together in Fig. 8. 14 malntalng a‘constant
tyre depth the tyre forees are relatlvely low, and the maln effect shown is
due to the varlatlon of rim height, As this increases the upper rlm contact
pornt offers more re51stance to angular momentum and, in condltlon C, 1mpacts
the ground success1ve1y more in advance of the ROPS.‘ The two effects both o
1ncrease wheel energy at the expense of ROPS energy. |

- The only s1gn1f1cant effect 1n condition D 1s a sllght reductlon of

total energy due to the change 1n flnal restlng postlon. |

Wheel structurﬁl parameters

‘The wheel rim collapse force (Pig.8, ﬂﬂ and elastlc StlffneSS (Flgx316)
have negllglble effects within the ranges covered, -
Increas1ng the rim damplng coefflclent from zero to the standard value

has the expected effect of 1ncreasrng the energy absorbed by the wheel (Flg.

817. Further 1ncrease to tw1ce the standard value causes sufflclent 1ncrease

_in vert1ca1 force at the rim conuact p01nt 1o shlft the s011 structural

characterlstlc to 1ts next 11ne. 3011 deformatlon energy then 1ncreases
whlle the wheel energy shows llttle change. The ROPS energy decreases
gradually with increase ln rim damplng. - ‘ . S
Changlng the effectlve rim area has little effect (Flg 8.18)and is
dlrectly comparable to changlng the rim collapse force (Flg 8. 15) Effectlve
tyre area has no effect (not presented) because of the low tyre stlffness.
Some d1souss1on of the effects of these parameters has already been

presented in 7,1 2 and 7 2, 5

ROPS elastic shiffness
The effect of redu01ng elastlc stiffness to one flfth cf 1ts standard
value 1s shown in Flg 849 The energy absorbed at max1mum ROPS deformatlon
is also.glven because it varies in relatlon to flnal energy absorbed when )
elastlc stlffness is changed°
| .‘Maxlmum ROPS'energy is unaffected in condltlon D. It 1ncreases sllghtly

w1th 1ncrea31ng stlffness in C because the more rapld rlse of ROPS force
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results in less energy absorption by the wheel during the first part of the

impact.

ROPS laterel-collapse force .

The'nain‘effect of increasing ROPS strength (Fig.8 eo)is to'force greater

'deformatlon of the 3011- more energy is absorbed in the sozl and lesg in the
.ROPS w1th llttle effect on other energies. In condltron C, however, ‘there
is a small effect on the relationship between wheel and ROPS.impect similar
to that when elastic stiffness is changed (Pig.8.19). | |

The reduction-in total energy in condition D is due to tyre 10 making

contact with the bank slope towards the end of impact, giving an unrealistic'

finai'ooeition. The bank'slope was not removed from theselsimuiations bj
an over31ght but the effect is not important; the abeence of the slope would
have allowed the frlctlon energy to remain falrly constant W1th ccllapse
force and other energles would be close to those shown.

Soll strength

Soil strength wag changed by multlplylng the force 11m1ts of all four
structural lines Gone res;stance in Table 8.1) by the same ratlo of their
standard values (Flg.8,219, The effects are similer to thoee obtalned by
rerying.ROPS strength (Fig. g z0)and rim strength (Fig.8.j5)but ere shown
over a-wider range. |

o If thelstructnral'characteristics had been idealised rigid-plastic
forms, with zero plastic stiffness, and the roll angle had remained constant
durfng impact; these sensitiVity.curves would have been expected.to contain.
step changee. Below a certain soil strength, for example, no ROPS |
deformation would occur, while .above it, the soil Wcu1d appeer rigid to the
" ROPS. The gradual traneition from zero ROPS energy.to zero.soil energy .
evidént in Fig8.211is due painly to the shéj:e of the structural curires. n
addltlon, however the aneles between the- component forces at 1mpact aerct
both the slldlng frlctlcn and the relatlonshlps betWeen the force llmlts at
structural llne-chanﬂes for the two 1mpact1ng members, such as ROPS and :

soil

+
~
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ROPS wvertical collapse foroe and bank height

" These parameters. are presented together to show the relationship
between ther. Instead. of energy-distribﬁtione, the maximum ROPS energy
in lateral and vertical directions are'plotted'against bank height in
Flg 8 ggfor three values of vertlcal strength _

; The struotural behav1our of typloal ROPS ‘under vertical loadlng has
not been measured. Standard strength test procedures require only that a
ROPS can suoport a force of twice the tractor WE1ght uniformly distributed
across flrst the front then the rear of the ROPS, after deformation due to
horlzontal impacts or loadings. The mounting arrangements of ROPS on
tractorsiare generally strong and stiff; the main deflection under vertical
loading normally occcurs at the plastic hinges that have developed under
hormzontal loadlng, contlnulng the "parallelogram" mode of fallure referred
to :|.n8 2, above, |

- To a flrst approximation,'a ver*ical strength of twice the weight at
the front or Tear 1s roughly equvvalent to the same vertlcal strength at one
srde for a symetrlcal four—post ROPS. In eaoh case, the force is reacted
maihly by plastic hinges in two upright members, w1th sonme support from
those in the other two. This is a considerable simpliftcation because of the
dependance of vertical strength on 1eteral.deformation and on the strength
of the horizontal members connecting the {ops o% the four uprights. After
horlzontal loadings in a typical lahoxatory strength fest, the lateral
deformatlons of all the upright members will be different, In addition,
the simulation model does not include *ne interdependanee of the vertical
and horizontal characteristics.. Despi‘e these llmltatlons, ‘the results
shown in F1g8 22 do give a strong 1nd1catlon of the 1mportance of vertical
strength | |

Inorea51ng banx helght increases *he roll angle and vertlcal VelOClty
at impact (Flg g, 23) The kinetic energy has a direct 1nfluence on energy
absorbed whlle the 1mpact roll angle a’ters the relatlonshlp between the

energles absorbed in the lateral and vertlcal ROPS dlrectlons (Flg. 8. 22)




mmmmm et Vertical collapse force
oo
— - 2mg
30 30F ------ mg
< 2 | D
E 20 T 20r A‘
' L
o | .
W o 7~ N —
-g . -§ __..__....-""\\
> : N
g = 10
4] » \
= . = .
al Ll RN
0 p 1 L 0 A \ !

I 4 2 3 . 4
: Bank height , m

(a) Maximum energy absorbed in Rops lateral deflection =

400 4s0F : -
] 7 / | |
c | D -/ - |

30 | /

Energy absorbed , kJ
~N
o
|
_ ™~
Energy absorbed, kJ
TN Lal
(=] =)
| I
N
——

N
S
!
N

oL-——" | 1 | o? | |
A 4 2 3 4
Ban height , m

(b) Maximum energy absorbed in Rops vertical deflection

Fig. 8.22 Sensitivity of ROPS sideways energy (top)
and vertical energy to bank height for different

vertical collapse forces.

L.“ %m— . — - _ ' -




Impact roll angle , deg

-
o
{

130

~o
S
T

Kinetic energy at "impqc't'. kJ

100

. (1 I . 1
4 2 34

- Bank height ,m

Figes 8.23 Roll angle and kinetic energy at impact as

e function of benk height for conditions C and D.




At impact roll angles beyoﬁd about 1450, depending on vertical strength and
iﬁpact eﬁergy,'the tractor does not fall back after impact but continues to
roll; part of ‘the energy is theﬂ not absorbed bﬁt retéiqed as;kinetic
energy. b | |

The approximately linear relationship between maximum deflection and
energy absorbed gives an indication of the‘effécts—on driver protection,

" An energy of 30 kJ is ébéorbed at about 400 mm vertical deflection
- when the collapse force is twice the weight orsat about 700 mm when the
force is egﬁal to the weight. - This occurs ét.bank heights of about 3.5 or
3.0 m respectively in condikiqn D. Overturns down banks a&s high as this
are certainly not common but do have a significant 1ikelihood, “pafticularly
since the higﬁ roll angles of condition D are associated with shallower bank
angles (higher(ﬁ : see Fig.7,10), The magnitude of the deformations suggests «

a serious risk of a driver being crushed in such an accident.

8.5, PARAMETERS THAT AFFECT OVERTURNING

Apart from the bank éngle, ™ , these parameters may be grouped in three
classes:

(i) Tractor dimensions

(i1} Inertias and tyre structural parameters

:(iii) Paraméters governing tyre friction-relatioﬁships and initial
conditioﬁs |

The effect of variationof each parameter was studied at six bank angles
(see é.2.). The results are presented as values at impact of the three most
important variables, roll angle, roll velocity and vertical velocity, together
with the energy absorbed in the ROPS at maximum deformation. In an attenpt
to show overall trends, the distributions of final energy are given as mean
values of the results at the six bank angles. Again, the data points are

connected diagrammatically by straight lines but the‘pfesence of

discontinuities makes interpolation unreliable. .,
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Track wi&th

The results in Flg 8.24are typical of many of thOSe that follow, in

: sHOW1ng c0n31derab1e varlatlon of ftrends at dlfferent bank angles, due to

the complex effects on loss of tyre contact. The curves representing
resultslat individual O are shown with different types
of line ...A to‘help interpretation- in many cases, overall trends are not
spparant except from the mean energy distributions and the curves for each
bank angle must be studied individually. The steeper banks (0< o, Tx )
generally result in the most consistent loss-of-contact behaviour. |

Increaslng track width increases the roll angle at which dynamlc
unstable equlllbrlum is reached and reduces the roll moment of the weight
ebout the downslope tyre at roll angles up to 900. These are stabilising
influences that would be expected towreduce all the velocities.. In addition,
uowerer, the vertical velocity should be higher for e given roll velocity
uheu the track is wider, because they are reiated ﬁineuaticaily when both
tyres.are-in-contaet; and the track width will have effects on bounce motion
and friction which would be difficult to predict,

.The time to reach impact does increase with increasing track width for
all bank angles (not presented); this is reflected in increased energy |

dissipation in tyre/bank friction (Fig.g,24), The roll and vertical

velocities show slight overall dovmward trends, noticeable at low bank angles

but masked by loss-of contact effects at higher ones,

The relationships between maximum ROPS energy and the impact wvariables

. are typlcal and support the findings of the previous section. Where the

shapes of the 1mpact roll angle and roll velocity curves are the 3ane, ss;
they are in this case except at a bank angle of 373 s these shapes will be
spprox1mate1y reproduced in the energy curves, modlfled slightly by the

effects of vertlcal 1mpact veloclty They are further transformed here by
a sllght downWard trend due to the effect of track wzdth durlng impact (the

reverse of that due to ROPS width ; see 8,4 ). This is evident from the

energy distributions.
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Centre of mass height ' : |

Many of the effects of centre of mass height would be expacted %o be
fhe ré%efsé.of those of track width and broadly, this is so (Fig.8.25).
Impact.time and roll velocity show less variation, particularly at lower
Eahk'énéies but the.general trends of increased centre of masé height are
the 0pposife to those of incregsed traqk width, The effects on energy
distribution between ﬁheel and‘ROPS during impact are consistent with those
obtained by superimposing Figs8.13 & 8.14 (ROPS height and wheei height).

 The sloﬁelbf:the:uppermost (total) energy line is dﬁé to the change in
initiallQofénfial energy. - |

Rbll moment of inertia

H'L'It'might’ﬁe imagined that moment of inertia would have an important
effect on the overall beﬁaviour‘but consideration of the relatiQe magnitudes
bf‘thé pérameters'éhOWS this not to be so, Forces at fhe tyres due to the
product of roll acveleration and moment of iﬁertia are generally of‘a lower
bfdéf:thaﬁ those arising from the weight and linear accelerations. The
main effects of changing moment of inertia therefore arise from the influence
on iosé?of-éoﬁfact due to the change in roll oscillation fregquency and
amplitude, | |

At 'low inertia (Fig. 8.26)the oscillation amplitudes are generally small
and'céntacf is maintained under the control of the general 6verturning motion.
Incréase in inertia causes greater oscillati&n, which leads to contact being
logt earlier and then renewed in some cases. "The effect is greatest at large
bank angles and leads to a reduction in |roll velocity] and an increase in
bertical velocity] (see 7.2.3.). At the highest inertia studied, loss of
éohtéct:verf eafly'in the overturn modifies the ensuing behaviour to the
exteﬁt that laté ioss—bf-contact is often suppressea, giving a reversal of
fhé above trénd;

The réiaﬁiénships between maximum ROPS energy and the impact variables
folloﬁ:fhé éyjicéi é&ée‘noted ébove, . modified by the effect of momenf
ﬁfLiﬁérfig &uring.impact (see 8}3.);' The overéll effect on mean ROPS energy

1
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Mass, tyre stiffness and damping

" Mhese parameters are itreated together because their effects are related.
Tne mass changes were made at constant radius of gyration, giving a coanstant
‘ ratlo of masi to moment of 1nert1a, in coantrast to the changes discussed
abovo...If mass, tyrq StlffﬂQSb and dampiag coafficients are all changed by
the same ratlo, ‘all the forces are chaqved by this ratio and the dynamic
behaviour remains unaltered The parameters therefors influence the
behav1our only by thelr nfxects on rids mode cscillation, and hence on loss—
o;-contact ‘The foll ow1ng effects would bhe expacted by anelogy with the
effects of change in moment of inertia noted above:-

- (i)"' Increase of dawping coefficient has little effect on

reéonant frequency but should raduce osoillation
émpfifude ‘The resulting chanzes in loss of contact
‘nould increase 1mpact froll va1001+ﬂ ard reduce .
_kcrtloal v°loc1tﬂ The gzeneral trends in Fig.8,27
suppo*t thls hypothes1%.

(ii) Increase of mass reduces boih resonant frequency‘and
| damping ratio. The effects should be gimilar to those
of increasing.moment of inertia and opposite to those
of increasing damping. This is not evident in Fig.8,28

(iii) Increase of stiffness inereases resonart frequency but

- reduces.damping retio, The effects are not predicfable,

and no general trends ¢an be ssen’ in Fig.8.29,

The energiesc in the threo figures show the expected corrzlilations with
the varlable values at impact.. The dlstrlbutlon boundaries for mass
variation (Flg.828b) are close to straight lines through the origin,
although the benk frlctlon energy increases less than in direct p“oportlon
to mas . and 5011 deiormatluu eneroy nora than in derCt proportlon.

leltlnchoefflclent of frlotlon between tyre and bank

The ffeots Shown in F 28,30 are almost entirely due to expected

varatlons in overall klnematlo bﬂhav10hr with llttle 1nfluence o ride
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" mode oscillation and variations in loss of contact.

" At bank angles up to 224° the accelerations;are linited mainly by
friction at the downslops tyre (poiﬁt 10),iﬁ the first part of the overturn.
Aéithe roll angle increases the sliding velocity of tyre 10 decreases and
‘friction at the upslope type (point 9) increasingly dominates the behaviour.
Higher friction simply increases these retarding forces and results in
lower roll and'verticél impacf velocities, In §oﬁe cases the predoxinant
reduction is in lateral velocity (not shown),

" At the two higher bank angles, friction at tyre 10 continues to exert
a major influence late in the overturn. Beyond the point of unstable
dymamie équilibrigm, increased friction exerts a higher roll moment,
.resulting in a higher impact roll veloclty but a lower vertical velocity.
Loss of contact reverses this trend only at a bank angle of 37%0, and
sufficiently late in the overturn to have little effect on the trend of
impact roll angle,

The ROPS energies relate to the impact variables as expected. There
is little overall change because of the different.effects at high and low
bank angles. The largest influences are on energy dissipated in tyre/bank
friction and energy absorbed in wheel deformation due to the effect of
vertical impant velocity.

Cornéring ghtiffness, relaxation length, forward speed and
approach angle '

Cornering stiffnéss, the initial slope of the éide force/slip angle
relationship, and relaxation length, the measure of delay in side force
development, both have direct effects on tyre friction., Forward speed
influences friction by affecéing both the =slip angle through its relation
ﬁo Sliding %élocity and the development of side force through rolling
distance. Forward speed also has a direct effect on initial lateral
velocity: The angle of‘approach of the tractor to the bank edge affects
only-initial lateral velocity,

r
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Increase in cornering stiffness or reduction in relaxation length lead
to more rapid changes in side force., This might be expected to have
similar but less pronounced effects to those of changing the limiting
coefficient of friction. This is not generélly evident in Figsg31 and 8,32,
mainly because of the effects on loss .of tyre contact, particularly at
lafgef bank angles.

' Clear‘trénds‘with forward speed (Fig.8,33) cannot be expected in the
absence of any with cornering stiffness or relaxation length,

_.Approach angle (Fig.8,34) has little affect at low bank aﬁgles; et high
ones, -changes in loss of contact lead to rather erratic behaviour.

. The expected relaticnships between lmpact variables snd ROPS energy
are confirmed for all four ﬁaraﬁeters.- Mean energy distributions are
generally little affected but energy dissipated in tyre friction decresases
: with“ihcreasing relaxation length, which is consistent with the effect of -
limiting friction (Fig.8.30) and increases at the highest forward speed.

In both cases the change in energy at impact is absorbed mainly.in wheel
deformation because of the effect of vertical velocity.
8.6, DISCUSSICN

: The.relgtionships between energy absorbed in ROPS deformation and the
parameters and conditions at impact have proved to be well behaved and
amenable to explanation, at least qualitatively.

The variations oI  ROPS energy with impact roll angle, ROPS width and
track width do not show rapid changes according to whether the ROPS or the
wneel hits the ground firsfé razther, the effects are continuous because of
the duration of impact. Similarly, the variations with vertical impact
velocity and with the heights above the centre of mass of the ROPS and the
top of the wheél are affected by interaction between the wheel and ROPS
during impact., Of the variables at impact, only the lateral velocity has
little effect on ROPS energy. l

" The ratio of ROES-soil strength has a less continuous effect, with

high sensitivity over a fairly narrow range. ROPS vertical strength has a
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major effect in simulations representing more severe accidents, with large
impact roll angles and a high bank.

| Daﬁping coeffieienf is the only paramefer describing the wneel
structurai behavioﬁr thet.had a noticeable effect,.end then mainly on the
distribution of enefgy between whes1 deformation and sliding friction.

| .The‘o#erturning phase is much less well behaved because of changes in
‘loss éf tyre contacf. 'The causes are difficult to predict in many cases
: ane‘the effects can be large. The e;perimenfai validation suggested that
the effeets prediétea by the simulations were geﬁﬁine, under the equivalent
etandafdJéeremetersqr The reasons are understood in.general.terms of ride
mode 050111at10n, whlch is affected by the contlnuous variation of tyre
51de fo“ce, but the explanatlon of why a p;rtlcular loss of contact occurs
in one simulation and not another, or occurs at a dlfferent time, would
reqﬁire ﬁueh gfeatef deteil in the computer oufput; .Values would be needed
at falrly small time 1ncrements of all four component forces at each tyre
(Flg 3,2)l the correspondlne deflections and thnlr rates of change, the

Sllp angles and nomlnal 2nd instantaneous coefficients of frietion, in
addition to the variables describing the rigid body motion. There is little
doubt that causes would become apparant, and investigation of the relation-
shiprbetweeﬁ ride oscillation and dynamic friction ﬁould be of interest,
Liftle benefit would fesult, however, in rationalising the effects on ROPS
energy, which are fortunately fairly small overall, and the considerable
effort that would be required is not justified in the present study.

| Few_parameters have'mech influence in the overtﬁrning phase on either

the mean energy distributions or the individual vaiues at low bank angles
(the.steepest.banks). Track width, tyre damping coefficients and tyre
frictien éarameters'have some effectlon both the energy dissipated in
slldlng frlctlon and the variables at lmpact. At hlnher bank angles, the
crltlcal dependence of roll moment on roll angle at late loss of contact |
causes erratlc behav1our in many cases but the overall eftects on mean

ROPS energy are generally small,
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9. SIMULATIONS BASED ON DATA FROM_REAL TRACTORS
The simulatidns reported in this section used data based on measurements
of real tractors to'find the relationship between ROPS s;deways energy and
tractor mass- for uge in ths development of standard strength test eriteria.
Standards commlttees have shown an understandable reluctance to base

'ROPS strength test criteria on complicated formulae involving many.para-
meters. The 51mp1est analys1s shows that several paremeters are likely to
influence overturning behaviour and the amount of energy absorbed in the
ROPS, but only the tractor mass is included in present test formulae, The
only exception is the formulae for rear impact or loading, which takes into
acceunt the pitch moment of inertia or an estimate of it based on.the wheel-
base.‘.Tue.leck of reliable evidence of the qualitative effects of different
peremeters largely justifies the simpliecity of the formulase. Proposals

have beenumade that simulations of the type described in this report could
form the basis for‘energyldetermination for an individual tractor/ROPS
comblnatlon, u51ng the approprlate parameters. Any 31mulat10n s however,
represents only a llmlted number of accident. types, and it may be argued
that such complex methods imply an overall realism that cannot be justified.
In addition, they would be more difficult to 1mp1emeut in routine tests.

One standard test methoe does use a simulation requiring many parameters,
.but it is'related not to strength tests but to the}determination'of whetherl
a tractor will continue to roll when overturned on a uniform slope. Using

)

Sewanghart's analysis and ccmputer progrem,(s4 it is applied at present
only in West Germany, although it has been proposed for inclusion in an
EEC Directive.

The simulation described here‘is not therefore being recemmended as a
ready-made test criterion, and would be unlikely to be accepted as such, It
was eensi&ered that the mest directly ugeful information for stanaards
committees WOuld be the results of a large nuitber of 31mulat10ns-based on
data from real tracters.. These similations were ruu over a range_of bank angles

as before, to average out the effect of discontinuities and provide an

indication of the variability.
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Data on real tractors are not readily avallable. ~ Some dimensional
parumoteru and an estlmqte of ROPS strength could hlVP been Obtllnbd from test

reports baﬁ moment of 1nert1a veasurem»nts and full tyre data are more scarce.

Schwanghart has collated mzasurements of the basic pa“amnters for a large

-namber of trantors and the regression lines he fltted against mass were suitable

for use in thls study(53) The avarag*nv of relatlonshlps between parameters.
loSes ‘Some preclsloq in the SLmulatlons but is considered Jastlflable in view
of the forgolng dlSCUSSlon, and of the oaly approximate estimates of other
. parémétefé;L E o ’ | | d
9.1 Data |
o Regfessions weré taken direétly from Sch wanghart for (Table 9,1) track
width centre of mass "oordlnaues, rear tyre height and width, ROPS helght
and w1dth and roll moment of inertia, Th2 track width 1s quoted as a
mlnlmum, but does not apnoar unduly small and 1is compensated by the larger
tyre width common in Contlnental Burope, ILongitudinal centre of mass p031t10n
was used to calculate the- effectlve I'ear mass, Rim helght was determlned
from tyre helght and width assuming a constant tyre‘depth/width‘ratio of
0.75, - | o | |
ROPS sideways collapse force was assumsd equai to tractor weight and
the elastic stiffness was calculaied to give a defléction of 100 mm at the
elastic limif. Tentative evidence for these valués was provided by an
analysis of sfrength test report data, The ROPS was assumed to be
vertically rigid fof the simalations reported here, becausz of the lack
of information on vertical strength.
All the structural characteristics for the rear tyres and wheels (elastic
stiffnessesg, dauping coefficiénts and, for the wheel, collapss force) were
assumed to be directly proportional to effective remr mass, The constants
ware selected to give the measursd paramoter values for the experimental
tractor at a nomlnal rear mass of 2000 kg, The tyre stlffhess relationships
are probably reasonable | in veneral <83)b¢t the contribution of carcase stiff-
ness for 8 part;cu}ar tyre c;early depends on the size and type and will not be

linear}y re}ated to nominal load. Wheel collapse force has been éhown not

i




TABIE 9.1

Parameters based on real tracior data

FRelation to tractor ?arémeter values for tractor mass, kg
.- Paramcter o mass, M, : . - - :
| ke - | 1000 | 2000 | 3000 | 4000 | 5000 | 6000 | 7000 | -8000
" Prack width, m ‘ I 1.202 x 10"4‘m + 1.1401 .1,260 | 1.380 | 1,500 | 1.621 § 1.741 { 1.861 | 1,981 | 2.101
Centre of mass height, m 7.519 x 10"5 n+.0,588) 0,663 | 0,738 | 0.813 | 0.889 | 0.964 { 1.039 | 1,114 | 1.189
~ forward of rear axls, égr’ mi.B8.453% x 10'5 n+ 0.577] - - - . - e oo o
- = behind front axle, z_,., m 1.254 x ‘IO“4 m+ 1.044 - - - - - o - - - o
Effective rear mass, m, kg zgf/(zgf + zgr) 639 1268 1893 2512 | 3128 | 3741 4352 | 4962 I
Rear tyre height, m 1.113 x 1074 o+ 107 1,218 ) 1,329 | 1.440 | 1.552 | 1,663 | 1.774 | 1.886 | 1.997
Rear tyre width, m 4.534 x 10_5 m+.0,259] 0.302 | 0.345 { 0.389 | 0.432 | 0.475 | 0.519 | 0.562 | 0.605
"ROPS height, m 1.236 x 1b—4 m+. 2,061 2.185 | 2.308 2.431 2,555 | 2.679 }. 2.802 | 2.926 |.3,049
'ROPS width; m 1l 20x107v w07 - 0,900 1.100 | 1.300 | 1.500 | 1.700 | 1.900 12,100 |.2.300
: 2 4.49¢ x 1074 n
Roll moment of inertia, kgm 215.857¢ "° 338 530- 831 1303 2042 3200 5016 7862 -
Rim diameter, m | tyre neight - 1.5 x '
' tyre width
Effective tyre area, m2 Annulus area/4 L0.176 | 0,217 1 0.263 | 0.313 [0.366 0,424 0.485 0.550

* .
“From ref.(53), updated by Schwanghart (Private communication)
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 TABLE 9,9 Continued

Relation to tractor Parame.te;' values for tractor mass, kg
Paramster .mass, m, —
kg 1000 | 2000 | 3000 | 4000 | 5000 {6000 ‘{7000 | 8000
| Effective ROPS area, m° 0.1 (n/3000)0+ 3333 - 0.0693]. 0,087 | 0.100 | 0.110 | 0,118 {o0.126 |0.132 | 0,138
| ROPS side collapse force, KN | 9.8067 x 107 n 9.807 | 19.61 | 20.42 | 39,2 | 49.0 |58.8 |68.6 |78.4
ROPS elastic Stiffness, kW/m | 9.8067 x 1072 m 95.07 | 196.13 | 294.20 | 392,271 490.33 | 588.40 | 686,47 | 784.54
RIK collapse force, KN 0.018 n_ 11,50 | 22,84 |34.07 | 45.22 | 56.31 |67.35 | 78.35 |89.32
. Rim eiastic stifness, kN/m 0.24828 m. ‘
Rim damping coefficient, kNs/m| Q.01 m 6,387 | 12.69 118.93 | 25.12 | 31.28 |{37.41 | 43.52 | 49.62
Tyre vertical stiffness, kN/m | 0.2 m, S 127.7 | 253.7 {378.5 | 502.5 | 625.7 {748.3 |870.6 | 992.4
- damping coefficient, Wis/m | 1.5 x 107 m_ 0.958 | 1.905 |2.839 | 3.768 | 4.692 |5.612 |6.529 |7.443
Tyre lateral stiffness, k/m | 0.075 m, 47.9 | 95.1 141,9 | 183,4 | 234,6 |280.6 | 326.5 |372.2
- damping coefficient, WNs/m | 0.5 x 107 m_ 0.319 | 0.634 |0.946 | 1.256 | 1.564 {1.870 | 2.176 | 2.481

TS -
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to be a senéitive parﬁmeter. Limitations of the use of wheel damping
have been discussed (7.1.25 7.2.5) but é coefficient proportional to mass should
affect all'tractors to about the same extent,

“‘Tyre effective impact areas were calculated from the dimensions and those
for the rim sssumed to be the same, as in previous simulations. The
effective area of 'the ROPS was assumed to be related to the standard value
.forrthe*BOOO kg tractor according to the cube root of the mass, i.e, assumed
proportional to ROPS length, |

- A1l other paranzters, including bank height, so0il strength and those
describing the tyre friction relationships retained their values from the -
standard similations.

fhe similations based on fitted data wers run for tractor mass bhetwesen
1000and 8000 kg in 250 kg steps. fhis represents an extrapolation of
Schwanghart's regressions, which were obtained from data on tractors up to
about 5000 kg. ' |
9.2 - Results -

. Ensrgy absorbed in the ROPS at maximum sideways deformation is plotted
against tractor mass for each bank angle in figs.9.+.9,6, and for all combined
in fig. §.%, The method used to fit the curves was influenced by two

observations: energy increases less than in direet proportion to mass and
appears to -be limited, particularly at low bank angles (figs9.1 &9,2); and
the points are not uniformly or normally distributed within the scatter band
but lie predominantly in two groups (moat noticeable at bank angles of 22%O
and gbove, and in the combined plot - figs, 9.3-9.7).

-The falling slope of the energy-mass characteristic is due mainly to the
fixed dimension in the terrain description - the bank height, Simulatioﬁé
of overturns on non-dimensionallterrain. such as a uniform slope, give the
opposite résult‘of energy increasing more rapidly than in direct proportion
to mass;(ss)“The linesr dimensions of the tractor and ROPS increazse roughly
according to the cube root of tﬁe mass, for vehicles of the sawe shape and

density (although they may be épproximated over a limited range by straight
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lines). Where the terrain is non-dimensional, the height of fall of the
centre.of mass depends on the tractor size and the potential energy increases
approximately to the 4/3 power of mass. For an overturn down a bank of
fixed height, however, the height of fall varies less with mass and the roll
angle at impact decreases as the track width increases.’ In the extreme, a
tractorfwhose dimensions were very large compared with the bank would not
overturn at all. The importance 6f impact roll angle velocity have been
demonstrated in the sensitivity analysis.,

The ratio of ﬁOPS strength to soil strength is a secondary inflpénce in
both t&pas ofloverturn. The effective ratic here increasés to the 2/3 power
of mass because of the effeet of ROPS impact area; the influence on'energy
distribution is significant at masses over abcut 5000 kg, but is less importﬁnt
than the effect of impact roll angle.

The division of .energy points.into two groups appears to be caused by
differenceés in tyre loss of contact, consistent with the difference between
the simulations of experiments 12 and 19 (see 7.2.3.).

On. the basis that these two sets are genuinely distinct, each data point
was allocated to one or the other by inspection of the figures. Where the
sets appeared to intersect, as in Fig.9.2 below a mass of 2500 kg, the points
were allocated to both; A Second order polynomial was fitted to eaéh of the
two sets at each bank angle, since this appeared from the shape of the figures
to be the most appropriate non-linear function. OCurves were also fitted to
the combined data of Pig.9.7. In all cases the regressions were forced through
the origin on physical grounds., The polynomial coefficients obtained are given
in Tablf 9,2.

. This is entirely an ad-hoc approach and does not have the benefit of
statistical rigor,
9.3. Discussion .

This study hes concentrated on the most severe types of overturn because

theseiformwfhe;basis“for strength test criteria designed to provide protection

in a very high proporiion of accidents, It may therefore be appropriate to

- -
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TABLEG,2
Coefficients of velynomials fitted through the origxin

 for energy in ROPS {(kJ) at maximum.sideways
deformation vs tractor mass(t)(Figs, 67=73)

Low energy points High energy points
Bank angls, -
1o, deg Coefficient Coefficient Coefficient | Coefficient

' o of m: of m* of m of m*
o 4.746 -0,4197 5.052 -0.4564
T 5.147 -0.5004 4.669 -0,3054
SRR 0.477 0.1780 3.237 -0.0307
S22 -0.576 0.2687 4.281 -0.2625
30 ' C.575 0.0808 4,159 -0.2012
37 | 0.267 0.1502 3,630 -0,2308

411 o combined | 2.129 ‘ =0.,0587 4,602 -0,3542

Both sets of data combined
" Polynomial Coefficient Coefficient
of degree: of m of m*
A1l of combined 1 ' 1.799 . : -

2 . 3.001 - =0.1972

to ignore those results in which loss of contact leads to low ROPS energy.
The cufﬁes\fitted‘the reﬁainder, however, depend sirongly on'thegeneral pﬁra-
meters that were constant for all tractors - particularly on bank height and

tyre.friéfioh and to a lesser extent on soil strength and friction. Increase




in bankﬁheight would have greatest effect on larger, heavier tractors because
of the relationship with impact roll angle discussed in 8.4.; ~ the fitted
éurves are therefore illustrative and not of absolute'significanCe.

If 4 statistically reliable distribution of actident bénk'height existed
it would be possible to choose a value to assure any given lével of
protection; the same applies to other parameters. Accidents of the severity
for whiéh*pfotection is required are so rare, however, that the p;rameters in
this study are based on rather crude estimates. In addition, input enérgy
in strength tests is related to protection only through the criteria of
accéptable'deform;tion, and it is unlikely that standards committees would
allow'a significant reduction in the generous zones of clearance adopted at
present. = -

- With these limitations it seems reasonable to take the linear regression
fhrough-all'the défg points (Fig.9.7) as the basis for a éideways energy
criterion in:strength tests. The energy/mass relationship of 1.80 J/kg is
surprisingly close to the value of 1,75 J/kg recomeended by thé‘EEC=$tudy

group,(az)Tparﬁly on the basis of simulations of overturns on a uniform slope.

Since:%he;two'types'produée characteristics with opposing curves, their
combination in's single linear function appears to be logical, and the choice
of & mean line rather than a maximum is justified by the zone of clearance
considerations.,

The analysis of this section has been restricted to sideways energy
because of the assumption of vertically rigid ROPS, Vertical strength

requirements must be concluded from the sensitivity analysis, although further

simulations‘wouid be valuable,
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10, SIMULATION OF MULTIPLE ROLLS

In a gentle roll on a uniforn slope the axis.of rotation changes direction
contipuoﬁslf as the groﬁnd is impacted successivelyrby the side of the front
and reaf ﬁhéeié, the bonnet end the ROPS.--The trector rolls as a truncated
pyraﬁid, hef'eehtinsing down the siope but turning abeut a point several metres
in frept 6fiit. This simple type of overturn presents little danger to the
driver.ﬂ B |

There are conditicns in which higher roll momentum or gravitational
moment preveﬁf such‘a large change in the direction ef the axis'of rotation: a
steeper elope higher roll velocity or inertia or different tractor geometry.
If the energy is SAfflCIEHt the tractor will continue to roll down the slope
at increasing speed, probably w1thout the bonnet touching the ground and with-
out much dev1at10n of the roll axis. The danger of the driver hbeing crushed
in the ROPS or being thrown out and crushed by the tractor, is then much
higher.:. | | | o |

A three-dimensional model is needed to cover the most general behaviour,

and Sehpapghartls(53s 54)

approximates to this by making assumptions about
the ehanges in direcfion of the roll axis (see section 3.7). The present study
is concerned with the more severe cases, however, when high speed meltiple
rolling.occﬁrs, and = twe—dimensional model shouli!give'an'adequate description
of this behaviour, A two-dimensional model can determine whether a tractor
will remain sfable or continue t¢ roll after the first ROPS impact, only if the
longitﬁ&inal pesition of.the centre of mass is behind tﬁe front of the ROPS.
Schwanghart's results include such cases, which provide a basis for compariscn
with those obtained from the present model.

The bank overturning simulation program was modified to cover multiple
rolls on a siope by Simple changes %o the terrain descriptors and 1n1t1al
conditions, together with some coding alterations to 1mprove effic1ency |

(Appendix .34). The program copad Well with the continuing roll and successive

impacts;'and.féllowed many complete rotations without numerical errors becoming

R i
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significant. Execution time increased with simulation time but did not become
exceééiﬁe if fﬁe simﬁlétion was halted after 2—5 roils, ﬁecause of the small
)number‘of pdinfs in ground contact at any time. |
The”iﬁitial conditions were taken at the unstable equilibrium in which

fhe cén%réléf maSS'is'vertically above the ground céntact point at the down-
siépé:f&ié,{ﬁiih velocities chosen to give initial rotation abbut this contact
poinf.sﬁut’ o

" Preliminary trials at zero initial velocity oﬁ a 152.5 slope (21.80), the
conditiéﬁénﬁse& by Schwahghart, showed‘that paramétefs.éffecting s0il’ friction
foréeéjand ﬁhéél recovery had a considerable influence on behaviour. A full
invés%iéatibﬁvof these effects has not yet been carried'out, but simulationé
using!é'reésOnaﬁle set of parameter .values gave results for non-continuous .

rolling triteria that compared well with Schwanghart's.
ke ST :

1.TheJﬁIAE étudy did not include muiltiple rollnexperiments, mainly hecause
of thé‘difficulty of‘oondncting controllable and repeatable tests. Bvidence
fromléeﬁeféi £ilms éf ovértufniﬁg tests on long slopes carried out elsewhere,
howévér; inaicafes conditions in which a tractor may becomelairborne after
itas first‘ro1l and then impact‘heaﬁily on the ROPS without energy being
abéorﬁédﬂiﬁ'rear wheel défofmation. Schwanghart report that the first impact
on the ﬁOPS in his side-slope overturning experiments was less se#ere than the
second,.i;é.:affer a further roll-over of the tractor.(84)

Conditions leading %o this type of behaviour weré found in the
simuléiiéﬁs: IMgre work is néeded'to establish these cohditions-mbre precisely,
but fhé1générai explanations are similar to those covering ROPS with moderate -
vertical é%fénéth in overturns down fairly high banks (8;4). There is little
douﬁflfﬁaflthéée two situations are the hbsf‘cfitical f&r ROPS-fesfed to' |
preéénfgs{réﬁgth criteria. | o o |

PRI
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11.  CONCLUSIONS

A° mathematlcal model of sideways overturning and 1mpact has been developzd
whlch overcomes the llmltetlons of previous treatments of 1mpacts as pure
1mpulses by 1ncorporatlng non—llnear structural behaviour for each member at
each 1mpact p01nt The model is equally capable of handling general overturning
motlon through its ability to include {yre properties, and it could alsoc be used
in determlnlstlc solutions to ride and other probleoms.

Thé;ncdéih'{"

* The model is centred arcund the solution of the equations relatlng the
forces and deflectlons at each contact p01nt In its present form.lt is written
in two dlmenSLOns and depends on three aseumptidnsQ (1) all mass and inertia‘
is concentreted in a "rigid" part.of the body; (ii) each body point that makes
contact elth'the ground is directly cormected to this rigidzpert by defined
strﬁctﬁfél;cheracteristics in two directions, which are independent of
relative'éienlacements of other poeints; (iii) the }nstentaneous.normal and
tangential ground forces at each pointkare related by a coefficient of friction,
whichhney!vary‘oontinuously but only sloely with respect to the step interval
in a numerical solution. These restrictions had little'effect'in limiting the
model's ablllty to describe the behaviour studied here, and could be removed
by further development | | |

The model was 1mp1emented as a computer simulation program in FORTRAN IV.
This proved to be con31derably more efficient than the use of CSMP, a language
de31gned for the direct codlng of s1mulatlon problems. The program contained
exten31ve loglcal branchlng to cope with dlscontlnultles in surface contact
and structural cheracterlstlcs, and was quite difficult to debug. AA |
contlnuous energy balance check provided an 1nd1catlon cf numerlcal accuracy,
which was invaluable during development. The final version of the program was
robuetﬂaene&caﬁablerf slnulntine overtnrne dovn a bonk.end multiple rolls on
a unlform slope, the two moet 1mportant cases found in a survey of overturning

ecc1dents.
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Cverturning experiments

“An experimental safetr frame with variable structural
characteristics was developed,and fitted to & medium size
traéfdr;”llmpact force in three direction; at both front
and rear, and deformati;n of the freme, were sensed by
Specia;'purposg transducers, and recorded on magnetic tape
in an iﬁStrument van, via umbilical cables. A ramp was
built fo‘fepresent an overturning bank so that experiments
could be carried out at different bank angles and surface
friction, under closely controlled conditions. The tractor
waé”dri#en using a simple remote steering system. Cine

'filmeés‘USed to record the overturning motion, and énalysed

to give position and velocity coordinates in all six degrees

[

bf:ffeeébm.
' Thirty overturning tests were carried out, with ﬁariation
of tractor geometry and inertis, frame strength, bank sngle,
friction,'and hardness of the ground impact surface. The 
effects of perameter variation on overturning and'impacf
behaviour were generally less than expected from simple’
cohsiderations, but some trends were evident and the results
provided a sound basis for comparison with the simulations.
In sﬁite of some equipment problems, the overall reliability
and repeatability were good considering the complex nature

of the experiments.

Structural analysis

fﬁiAhéiﬁple method was déveloped to predict the elastic
end plastic deformations of the frame under assymetrie
loédiﬁg.fjcollapse force, aeflections and mode shsape showed
good agreement with laboratory impact tests results, but

elastic stiffness was less accufately predicted, possibly

bécaﬁéé of limitations in the measurement method,
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Validation

. The “bank overturning simlation was validated by the results of thirty
experiments;t The simlations gave considerable insight into the beﬁaviour
duriné otefturning and impact.' In particular, complex relatienships'between
ride-modé oscillation and the development of tyre friction forces had
important effects on the behaviour. - In some circumstances this led to
tempefar&-iess of contact at the downslope tyre. If contact was remade, the
friction’ force had to build up again from zero as the tyre rolled forward,
‘accordlng to defined relatlonshlps betWeen side force, slip angle and
relaxatlon length. The tyre camber angle at loss of contact, which depended
on roli.aﬁgie and bank engle, had a critical effect on the ensuing behaviour;
a rapld increase in either roll acceleration or vertical aeceleratlon could '
result dependlng on the conditions and parameter values. This'sensitivity
was géﬂeraliy confirmed by the experimental results and the overall egfeement
was goed; :Most major discrepancies were'explained by loss~of—-contact effects
or recoghised exﬁerimental shortcomings, Measured ride mode oscillation was
‘qualitatively similar to that predicted but of smaller initial magnitude |
because of ‘the effect tyre envelopment of surface edges, whlch was. no% included
in the model | | 7

Quaatltatlve p;edlctlon of impact behaviour was satisfactory but not as

good as the predlct101 of overturming behaviour, Energy'absorbed in the ROPS
showed”quite good agreement but the simulations indicated ieSsSSOii deformation
and mere‘beuncing motion than was observed. The limitations impos2d by two-
dimensidnel wodelling were parily responsible but poorly defined pafameters
may be1eQﬁaliy to blame., Soil strength and friction had not been neasured
adequateiy;'ahd the structural characteristics of the wheel had been measured
only uﬁdef”static conditions. The;inertia of the top frame wae thought to Ye
the main eaiise of differences in soil dsforms=tion. Despite these limitations,
the validation showed the model to be capable of predicting the effect of
parameter changes, and generally establlshed eonfldence in the 51mulatlon

results. e
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Parameter sensitivity analysis

?hQQPQdel was uged to in&astigate the sensitivity to parameter changes
of the. behaviour, and in particular of the energy absorbed in the ROPS; and
to predict the results of overturns using data based on measurements from
real tractors,

The effects of pafameters that influenced overturning behaviour were
obscuted in many cases by the complex effects of logs of tyre contazt.  The
effectsidfﬂbank slopa, limitiﬁg tyre/bank coefficients of friction, and
traczk widthiwsre fairly clear and interrelated. A steep bank and low:
coefficient of friction resulted in the highest vertical wvelocities, ‘as
expected,.but 2 bank slope of 30—3?%0 to the ve?tical, with a higher coefficient
of frictioh,‘was more likely to lead to high impact roll angle and roll velocity,

the comb;pation giving the highest absorption of ehergy in the ROPS. DMost
other parapmeters had little consistent overall effect on.the overtunring motion.

.The 'impact motion did not suffer from discontinuities and was much better
behaved, 'The effects of parameter variation were clearer and more consistent,
and even fairly small effects have been reporied confidently. :The energy
absorbed in the ROPS was shown to be much more sensitive in genéral to impact
energy in‘rotation tbaﬁ in translation, because the impact force at the ROPS
typically has a large moment arm about the centre of mass. The component of
impact energy due to rotaticnal velocity is quite small, however, and the
absolute effect of the‘component due to vertical velocity is jusf as important.

In genersl, most of the rotational energy is absorbed in the ROPS, and
maost of the translational energy in the wheel and soill, but it is the prscize
distrib;tion‘of the larze coumponent due to vertical velocity. that determines
the severity of the ROPS impact. As expszcted, reduced track width, increased
ROPS width'or increaszad impact roll. angle -all reduce the amount:of.energy
absorbed inthe wheel and increase;that absorbed in the ROPS. An upper boundl
to this variation generally occurs when the ROPS reaches maximum deflection
before 'the.wheel has hit the ground,. If, however, the ROPS is relatively weak

in its vertical direction, ity ability. tc absordb impact energy due to vertical

-
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velocity increases dramatically at high impact roll angles., Instead of
needinéerfétional inertia to transmit the forces of défofmation; the ROPS
becomes vulnerable to all the tractor's kinetic enefgy,“and the likelihood
of cétés%fdﬁhic collapse Eecomes éignificant. The simulations have shown
that a RQ?S‘which is very stroﬁg vertically and only jdst strong enough
lateréliy to pass present standard tests, is unlikeiy‘to'cbllapse far enough
to cfuéﬁvtﬁe driver in any reasonable accident, ‘Oné‘which only Jjust meets
ﬁreééﬂf“véfticai'stréngth‘sfandards, howe#er, ﬁouid be éﬁite iikely'to do so
in an’dvérfurn down a bank more than about 3m high. A multiple roll accident
could also lead to these results, and élthough the simulations have tentatively
confirméd'this, they have not y2t been run in enough multiple roll‘conditions
to determine which are most severe, |

Ths overall probability of a ROPS collapsing is too small to be established
with éh?iééftainty, but the evidence is cbnsisteﬁt with that obtained from the |
measurement of ROPS defofmation in acéidents(21);. -

'Implicéfidﬂs for standard sfrength test oriteria

'Thé“data for simulations of tractors befween 1000 kg and 8000 kg were taken
from fégréééions of measured parameters zgainst maés,-éiﬂce complété‘séts of
individual data were not available. The simulation results again showed
evidende of rather erratic, intermittent tyre contsct, but their clarity was
improvéd after subjectivé, visual separation into gné'ciass‘coﬁfaining cases
in which contact was fairly continuous, and another in which it was not.

Thé énﬁelope of highest values of ROPS sidewaysjenergy, éﬁd the curves
fitted through the higher ensrgy class of data, both indicated a levelling
off of énéfgy as traCtor‘mass‘was,increased. This is 0p§osité to the findings
of stﬁdiéé?df overturniﬁg on a uniform slope, wherelROPS'énergy riszs at a
continﬁéiiy‘increasing rate with tractor mass., The fractor dimensions
increéseLfb a low power of mass and causs energy to increase more rapidly than
in direét:proportion to mass if the terréin is non-dimensional. In thé hank
overfﬁrh; the increase in tfactorlsize‘must also be related.to the fixed bank
heighf;ﬁana the effect of larger track width, particﬁlariy; is to reduce the

energj'abébrbed in the ROPS.

P
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In & reeommendation to standards committees cdmbining the two sets of
results §t1w0uld be possible to take whichever was the larger at any tractor
mass, : In;view of the restricted types of overturn covered, the limited
knowledge of some parameters and the generous factor of safety inherent in
the preggnt standard zone of cleaiance, however, the mean ling fitted_through
all the results of these simulations is probably more appropriéte.~ The slope
of this line, 1.80, is close to the value of 1.75‘recommendéd:by the EEC study
group; .partly on the basis ofjthe.simulatiqn of overturning‘on_a uniform slope.
The units are absorbed ené?gy at maximum.sideways RCPS deflection, J, per -

tractor.mass, kg.

TQe simulations based on real tractor data did not include vertically

flexible ROPS because of the_lack.of structural information and the moderate
* bank height used. While the adequgqy_of.present3latera13strengthitest:

étandardghhas been confirmed by the ;esul#smdf”thgse‘anq ché:jsimulations
reported here, this is not so: for vertical strength standards, The potential
has been demonstrated for present ROPS-to;collapse-verfically‘in very severe
Iacciden#s;&3.4 and 10). A vertical loading test;procedure iﬁcluding an
absorbed energy requirement in addition to-a_force{limit would provide added
assurance, -but ths best solution might be to replace the horizontal and vertical
loadings by a single test in which the line or' application of the force passes
through  the longitudinal axis,containing-the tractor centre-of-mass. . This
sugsestion has already been made by the New Zealand suthorities, and has. the

merit of simulating not the typical but the most severe accident conditions.
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Classification of fatal sideways overturning accidents
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in Fneland and Wales, 1969-1971

The classification of each of the 76 accidents are tabulated, together

with the heights and slopes df banks in those 'C'-type accidents for which

these data were recorded.

‘The classificaticn system, described in section 2,1, is

summarlsed below:~

(1) Terrain proflle-

L

(ii) Ground hardusss:

(4ii) Vehicle control:

(iv) Implements and
trailers:

(v) Additional
contributory
factors:

Fhere a ¢lassification is uncertain, either because of insufficient

Q
u

-
]

4 =
5=

or into a ditch (Fig.2, 20)

d hard g:l.uund.

Overturning of flat ground, either level
or with a uniform slope (Pig.2,2a).

Cverturning initiated by the traetor
mounting a bank or large obstacle from
flut ground (Fig.2.2n).

Overturning iritiated by the tractor
wheels falling over the edge of a bank,

- Sof't gm'cund.

Loss of contrcl of the speed of the
tractor before overturning.

Normal operation (No loss of control).

30lo tractor.

g L

Younted implement or equipment suppcorted
entirely c¢r prineipally by the tractor.

= Trailer or implement trailed from the drawbar.

Side slope ' -

Sudden change of direction (Steering).

= Surfacs with bumps or hollows.

Implerent effeot.

Other. . é

information or in a borderline ¢aso, the most likely class is given in -

parantheses.
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Classification of fatal .§ih§g__§g.ys overturning acecidents, 1969-1971

MeAoFoF. - ' - Bank in 'C' type accident?
Fatal
postaert o
Naber | 3y (1) (1) (39) (¥) £ T
2/69 4 B - H - -8 =(1), (2 ?
10/69 C -(B) - N - (8) ' 3
11/69 A-(8)-N-(8)-1, 2 | '
17/69 (B) - B - (@) - ¥ - (2, &)
18/69 1 6 - 8 =N -« ¥ - (35 (&) 2.5
19/69 | ¢c -(S) = N - (i‘-) - 5 ,Verticall ;
20/69 A -8 -XN-(8)- 2 |
22/69 , C = H = 8 ~ ¥ - &) 10 Steep
25/69 & 26/69] A -5 -(M - ¥ -1, 2 & ' 5
4,2/69 Vs -H @~
43/69 A -8 -~ L -7 -1, (2,3 &
"1,5/69 A - - L -(D) =1, 2
45/69 c -(5) - N - (M) | 10
47/69 B o H -1 -1 -(2) (& |
58/69 (AY- 8 = N - ¥ =-(2)
59/69 A -8 -(Ly-() -1, (2)
_62/69 Cm- S = N - T . 3to 6 Steep
69/69 A -8 =(Ly- 17 - 1, é, L "
' 71/69 A-H L -1T<=() (2 &
73/69 B - H-L - 8 - (1), 224
74/69 A - 8 =N (- 1, (2
81/69 A - s - N ()~ (0), (&)
82/69 { € - 8 -« N - u - oy 20 L5°
89/69 ¢ -(S8)- N - 12. 5 Near
9,/69 B ()= L - % - (D), (2,0 vorion,
96/69 (6) - (8) - (L) - (W) = 5

105/69 ¢ - (8) - @) - (D - | 3

o o N B R . T
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Classification of fatal sideways ofe\rfﬁrnizmg accidents, 1969-1971 (Cont.)

- 1,

M AFOF. Bank in 'C' type accident

Afggint ~ Class )

mber (1) (1) @Ei1) (@GEv) () Haﬁht’ Slope:
123/69 ¢ -(s)=- N - () - & 3 lin3
114/69 B - H-N-¥-1,(2) 3% " -
/70 A-8=~-1-8=-1 2 ]
6/70 A -8 -L -17+1, 2 & E
19/70 (-5 -1 -5-125 l
21/70 A -8 =N -7 -1, 2 (&)
26/70 A= S - L -4 =1, 2 (3),®
27/10 A-@m-1 -1 -0 -
28/70 B - H - N =(s)<(2) |
32/10 C -(8) - N - UL () 10 - 45° ;i
33/70 G - 8§ — L - T = (1),(2) 15, s
34,/70 G - 8 - N - T = 4 10 Verticsl .
35/70 A -8 L - T<1, 2 3, | |
36/70 B~ H L -(s)-(1)( " :
L2/70 C - H-N-T ' 15 Near
43/70 G - S - N - M 6.5 Vertiosl
48/70 C - 8 =N -(1) 12
51/70 B - H - L -(8)- 2 \ _:-\
55/70 A - S - L =M -1, 2 k
61/70 B - S - L - i =(1),(2 @& |
68/70 C -85 =N - T -(2) (& |
72/70 C - H=-N-1T 5 8 Vertice;i
87/70 Bo-H -1L -5 = 2 (5 | | |
90/70 C = 8 ~ N = § = 1, (3) lin2€,to%
| 96/70 A -S =N-1T-1, 3 4 tin sl
100/70 ()~ H ~ N - M 2, (&) 5
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Classification of fatal sideways ovefturning accidents, 1969-1971 {Cont.)

- N -

MeAF.Fe Bank in 'C' type acciden
Fatal _
Accident Class C
ke (1) (11) (1) (iv) (v) e Slope
L/71 C -8 - N -7 -(1) 5
6/71 B~ H-N-¥«2 '
'7/71 C(A)- S - N -8 - 1, .2 3
‘9/71 A '-('s)-L-s-i;z ) ‘_,
13/71 B -H=1L -5 -1, 2
18/71 ()-8 -(L)y - ¥ :
32/71 A - 8 =L - T -1, 2, 4
38/71 A-H-(L)-T-i,(Z)h.
43/71 A - 8 =N - K -(1),(2),%)
45/71 A« 8 =N -1 - 1, (2,
50/71 C - 8§ -{N) - ¥ ' 30
51/71 B - K - 1L - T - 1, (2),(3),&)
57/71 C - 8 - L =7 - 1, (& 8-10 Near
63/71 B oo H - N - s : . Vertica.l% |
7L/73 B-H-N -1 :
82/71 A - 8§ - L - ¥ -1, 2
90/71 C - 8§ - L -8 -1 2 s
} o C-S-N-38-2 " 45°
98/71 )-S5 ~(N) - M - 3 |
102/71 B-S-(L)-S-i |
108/71 (-8 = L - T - i, 2, 4
110/71 B -« § ~-(L)~ 8 |
115/71 C -~ 5 - (2)
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APPENDIX 2.2

Classification of 38 sideways overturnins acecidents

involving tractors with safety cabs

The table includes classifications, defined in Appendix 21, and the

heights and slopes of banks in those 'C'-type accidents for which these

dats were recorded.

Also given are tractor speeds before overturning, angles of tractor

rotation and detailé of driver béhaviour using the following notation:—

1.

2.

3

Position during overturning: R = Remained in cab throughout.

a BE = Ejected.

J = Jumped out intentionally.

? = Unspecified

N = Tractors that ran away driverless
Driver retained hold of ) Y = Yos )
steering wheel throughout ) = 18 in parentheses if
overturning. % N = No ; not certain
Driver stayed in seat
throtghout overturning. ; T = Nét known
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- Classification of overturning accidents involving tractors with safety cabs

M.%.F.F. % Class Bank in C-type acoidents | Tz;gzgr Tracth Qccupant behaviour durinf overturni;i
Serial Na. | Height, £t.| ~Slope | mile/h rotation | p,sition® stg:ign:”fvgeeli Stayes
25 A -8 - N =N -1 & _ ! 9° | R | Y i K
26 Y- 8§ = L - 8 - 1, (2) 2.5 Vertical *high" | 180° 1 J l N LN
7 b G -8 N ~T -1, & 6-8 0-1 180° R Py ¥
8 ¢ -8 ~L -8 -1, 2 30 3in1 15 |2+ rev R ‘ N .! N
29 A -~ H =N~ T - 1, 2({4) 10-12 270° R N t I
30 C - 8 ~ N - ¥ - 3, (&) 3 5-10 90° | R () .
3) C = 8§ =N -(TY~- 5 ' 5 2 90° R (x) B
32 (6)- 8 = N = T ' 0-1 | 2.5 rev | 5 N Ok
3 | A~ 8 -N-T-1 34 3.5 90° B N o
% | A-8-L -17~1 2 %k 10-15 155° R T S O3
- 35 (8) - (8) - () - T - (1), 50° N - .
36 A -5 N -7 «1, 3 & 5 180° 2 Y () !
57 (C)- 8 - N = T - (1), & S 34 180° R | Y Y
38 ¢ -8 -N -T -1, 2 & 1in1 to 2.5 rev R i Y N
' 1 in 2 !
39 C -5 -(M)- ¥ -5 30 14n 2 20 2 rev R Y N
Lo B -H-N ~8 AR | L 10 90° ! R Y Y
31 | (Rearward overturning) _ E |
2 cl(e)y- s - N - M- &4 5 ¢ 1 T 1 .5 1l25Tev i 7 -2 ?
k3 A -8 -N-2 -1, 3 ‘ 2 8rov ' . E X LN
e ] A - H-N -1 -4 5 10 90° | R ¥ N
¥ (B - H - L -8 90° | N - -
46 i(A)-—SI-N-'-T—A,U) | 0-1 90“! R N { N
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Classification of overturning accidents involving tractors with safety cabs (Conttl

,M.%-F.F.L i | Class g Bank .in- C-type accidents -Tzzzzgr Tractgr_ Occupant behavieur du:iig.cv?rturn%n
Serial No. @ - . Height, £t. | Slope |mile/h [OP3HOR| position! Sts:i‘iin‘;“:,ﬁeelﬁzai:t
L7 Bi- H - N - 8 R | | | 10-15 | 180° R ? R
48 C--(8) - N - ¥ - 10 _ 1 180° R N N
49 (Y- 8 - L -(T)- 1, 2 o 51 2rev B N N
50 Al s - - (M)~ 1, 2 | S 3 90° | =R () )
51 (B - 8 =« L = T - 1, (2), (3) &) : | 68 | 8or9| N - -

52 (4y - 8 - N - T -1 3 & | 4 322‘3 R (v}

5% Cre(H) - N=. 8 = 1, 5 9" L o . 9°] R (1)

5 | c.- s - N - ¥ 10 750 10 80° R Y

55 | (Rearward overturning) : ' ' ,

% | B-()-n-(@®- 1 3 ‘. w5 | 15| R i ?
57 Aie 8 - No= M - 1 L : 2 90° R Y Y
8 | Ai- 8 - N - T -1, & | - 180° R (¥) ()
59 Ci-(S)- N - 8 15 : 15 | 180° R (Y) ?
60 | Al- s - N - T -1 o : | s 9° | R N N
61 Ale 8 = N =M - 1, L ; 5 90° R N N
62 | Bl-8S -L-H" -1, 3 A o I | 25-30 | 3orsl N - -
. : : . : ; : | rev |

63 A= H -~ N'= M - .2, 4, 5 , : 10 90° R ¥) .(\_f)
6L, Ale s - N -0 =71, & ’ 5 9° | R ? ()
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APPENDIX 2,3

Total Numbers of Fatal Sideways Overturning Accldants -

| The numbers of fatal sideways overturning accidents in 196971 published
by M.AF.F are 27, 23, and 22 respectively, compared with 29, 24 and 23
.qQuoted in this thesis. The main reason for this lles in a slightly different
definition of the term 51deways".

1. Yu.A.F.F. definitions: Overturning accidents ars assigned a class number

ending in 00 if the prinecipal direction of overturning is éi&eways, and’
01 if it is endways {forwards or rearwards) regardless of the cause of
‘the accident.

2. Definitions used in this thesis Because the main object of this survey

was to provide information for research in the dynamics of. overturnlng
the most useful distinction was thought to be between accidents where
the tractor rears up while trying to two out a bogged vehicle, for
éi&mple, and those caused by the tractor's gravitational and inertial
forces. Since the latter igclude most "sideways" ovarturns; the
following defintions were chosen:-

ﬁearwards: Accidents initiated solely or prineipally by torqus in

| the tractor rear axle.

Sideways: All other overturhing accidents.

‘3« Comparison: As a result of the different definitions, one accident in
wﬁich the principal direction was sideways (M.A.F.F. class 00) was
initiated by torque in the rear axle, and si; endways accidents were
not so caused ~ in most of these cases the direction of overturning

was forwards. In additicn one accident claimed two livies.
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‘Total Numbers of Fatal Sideways Overturning Accidents

1969 1970 1971 |
ii:
Total M.A.F.F. class 00 - Number of |
fatalities 27 .23 22
-~ Number of ‘
accidents™ 26 - 23 22
Subtract class 00 accidents considered | - o
as rearward by the definition in this 5
note:- | (81/71) :
B f |
_ - |
26 23 21 i
" Add class Ol accidents considered as !
" sideways by the definition in this '
note:~ _ (89/69) (B2/70) | (8/71)
(96/69) | (18/71)
(105/69)
29 2 25 5

®one accident claimed two lives - 25/69 and 26/69
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APPENDIX 3.1 '

Simulation Program Details

The test for gurface contact is carried out before the deflections in
the current step are available. Instantancous loss of contact must
therefore be prevenied at this stage, and is only allowed if the }
subsequently calculated ground reaction Fv iz € zero.. ﬁo contact
oscillation instability occurred with the program in this form.
The slip angle yris calculated from the nominal forward velocity and !
lateral velocity along the surface of the poiht in the wheel plane f
corresponding to zero tyre spring force. The true velocity of the l
tyre contact point in thé previougs step may be used instead, but this g
wag found to give rise to oscillation that was probably spurious. It #
is in any case the wheel plane that is normally used to define W .
An effective "slip angle" for ROPS/soil is calculated using a very
large value of {d p\. The purfose is to avoid'instability arising

:0
from an instantgﬁgats change in side force from +f‘max"Fv to -’Amax'Fv
at changes of sign . The eff::t is probably a fair representation of
reality and has no significance in the dynamic behaviour,
The structural line changes are determined on the basis of deflection
frow the initial position. To avoid the need to consider both positive
and negative &eflections in each direction at each point, a sign of
the direction of non-linear behaviour is asyociated with each. Thus,
for example, the deflection limits XU in Fig.3.7 are applied to

positive x, deflections for odd-numbered vehicle points, and to

1
negative x deflections for even numbered points., Any deflections that
occur in the opposite direciions are assumed to be linear elastiec.

These are likely to be small except in the case of the tyres, which are

envirely linear,

Deflection is tested rather than force to avoid the need to subtract

damping forces, and because some limits apply strictly to deflection:

In the normal case, the limiting force, and hence deflectidn, is :



- 204 -

the rims, the lateral deflection in the plastic phase is limited by

contact with the tractor base frame,

(£) Each structural line is assigned a value 'elastic'! or 'plastic’'. If

the 1line is eiastic it is retained during unloading; ofherwise the

recovery line is selected (shown dotted in Fig.3-7); If fhe force

subsequently increases, on renewed ground contéct, for exaﬁple, the

recovery line (or appropriate elastic line) is used until the previous

maximum deflection is reached, when the original loading.line is resured.
The first line of each characteristic is élways elastic; subsequen£

lines may be either elastic or-plastic. The presenf nodel is limited

to a single recovery line, but multiple lines with elastic/plastic

options would improve the simulation of enti-vibration mount behaviour,
for example. In this case the change tesis during recovery would
become rather complex,

All the kx etc values and the x ete values for the loading lines g

1fo

are fixed parameters. The X, £ etc for the unloading lines are

determined from the previous maximum force and deflection, which are

"updated whenever a 'plastic'! line is in use.

The ‘requirement’for positive finite k  precludes the use of a zero
plestic stiffness, A very large kx’ however, achieves substantially
the same effect. This results in high sensitivity of deflsction %o

force variation, and forms an additional requirement for double

affected by yield enhancement, but for points 3 and 4 at the tops of
precision variables,
(g) - When a particular structural line change is encountered for the first w
time, the contact point‘equations are recalculated‘with the new line, }
as shown in Fig.3.5 & 3.7. The line is then rechecked sccording to i
Fig;3,7. The tolerance on deflection change be tween caiculations from f
the two lines is necessary to avoid dscillation; Thé tolerance is

automatically exceeded at the first change by seiting the previéus

-~
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deflection to a large nominal value outside the loop, If the tolerance
iz not met after ten iterations the simulation is aborted. One
iteration is normally sufficient except when two coordinates, such as

x, and v change lines at the same time step. ;

1
(h) The increment in work done by the forces is calculated as the mean of
the forces in the current and previous steps multiplied by the |
incfement'in displacement. At surface changes, the ground coordinates
u and v may undergo large step chaﬂges because they zre defined from
the surface slops, To‘avcid spurious work calculation in these cases,

the effective values of u and v in the previous étep are calculated
.from the previocus Xyis y1, xg, yg and 8, using the current surface
slope in equations (3.3a} and (3.4a).

(i) Several shortcuts are taken to reduce execution time:

In the bank overturn version of the program, the vehicle points

1 3, 5 and 7 are omitted. The structural line test is omitted before
impact, when the only points in contéct are the elasfic tyres. At the
first impact with the ground, surface 4, the program reverts tolthe |
.end of the previous step with the new, smaller value of step length.
In the multiple roll version, the test for regions (1)-(4) in Figd.6

is omitted, and the surface test reduces to a check for contact with
surface 4, The nominal initial conditions are the unstable equilibium
with the centre of mass vertically above point 10 (outside of tyre)

which is in contact with the surface, and an initial angular velocity
about this contact peint. To avoid the slow initial movement when this
velocity is small, the actual initial conditions for the program refer

to the time when 6 reachcs-90o under rotation about the contact peint 10.
The velocities are deternmined from those in the nominal conditions
assuming equivalence between potential-and‘kinéticAenergy changes *

between the two positions.
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APPENDIX 4.1

OVERCONSTRAINT CF THE TOP FRAME

The effect of constraint can be considered by treating the eight
plazstic h}nges at the ends of the vertical bars as ball joinits.
- Relative movement of the top frame in pure translation, as any com—
bingtion of longitudinal end lateral motions, resulis in equal
angular deflections of all the ball joints. For significant angular
deflections Gi_there'will be a small vertical defleciions Syi of the

top of each bar

Sy. = h1 (1 = cos Gi) -(4.1)

i

| (where n! ie the effective heighf between hinges)
but in this case these four vertical deflections will be equal and the
top frame will ramain parallel to the base frame. The zame holds for
relative movement in pure rotation about.{he centre of the top frame.
If rotation and translatibn areloombined; however, the four angular
deflections, and hence the vertical deflections will be different.
TFurthermore, the vertical deflection will not in general be proportional
to the horizontal distance to the effective centre of rotation and this
gives rise to overponstraint. The kinematics ef this type of movement
~are quite compiicated ut as the vertical deflections will always be
small compared with the horizontal, a simple estiméte of the degree of
overconstraint can be made.

Three uprights are just sufficient to provide constraint; the lack
of fit €, in any deflected position can be defined as the veritical
' difference between the position of the top of the fourth upright predicted
from the other three and ité posgition derived from rotation about its own
boﬁtom hinge. The lack of fiﬁ increases with increasing slope of the top
frame to the-horizontal, althouzh the relationship is not linear. For a
given horizontal deflection at one upright this slope will be zreatest

when the deflection of an adjacent upright is zero. Thus the case giving




maximum e, is rotation of the top frame about one upright, i.e. cne
corner,

 As an example (Fig. 4.9) consider a horizontal deflection of
0..2h1 at the two‘uprights (2 and 4) adjaceﬁt to thé fixed one (1),
'giving approximately 0.2 Jéh1hat the fourth (3), diagonally opposite the

fixed one. This is ag large a deflection in this mode as is likely in

&+

practice.

Then the vertical deflecticn Sy are

i
8 = 0
I
sy =8, = B! (1 = cos (Sin“1o.2) ) = 0.0202 n'!
2. 4
sy = 1 (1 - cos (Sin“1o.242) )= 0,0408 nt
3 ' ‘
But in this case the deflection Sy predicted frem the other three
_ 3 o
deflections is approximately
1
8 =J2 8, = 0.0286 h
(:}’3 )p yZ
@ =8 = (s ) = (0.0408 - 0.0286) h' = 0.0122 h'
- y3 y3 P e

The lack of fit is therefore only about 1% of the effective

distance between hinges.

The lack of fit is compensated by change in the effective distance
between hinges, together with a relatively small contribution from
twigting of the stiff, top frame., 1In fhe case above, the adjusiment

would take place by the two hinges in each of uprights 2 and 4 moving

closer together by about 1%, since the hinges in uprights 3 cannot move

further apart.

In a real fréme the hinges are not at the ends of the bars but
displaced a distance depending on” the bar diameter. This distance is
not known very’aééuraiely, anﬁ the likely meximam érror of.about 1% due

to overconstraint is therefore not importans.,



Fig. 4.9
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APPENDIX 4.2

TRANSDUCERS AND INSTRUMENTATION SYSTEM

Load cells

The form of the cells is the widely used flattened octagonal proving
ring with strain géuges positioned to give greatest independence of force
measurement in the twe directions (85) (Pig. 4.10).

The design is a compromise between performancé and size, In other
gituations where the maximum loads are small in relation to the gpace
available, performance is optimised by making the mounting faces much
thicker than the gauged sections. Applied to this case, however,
optimisation wéuid have resulted in an unmanageable overall size; The
relative thickness and small radius of the gauged parts give rise to
gome non linearity, hysteresis and oross gsensitivity in the compressive
‘direction (Fig. 4.11), although behaviour in shear is good.

Fach cell is effectively two octagonal rirngs placed side by side
and connected by the mounting faces. The sideways separation and added
‘mounting face width (125 mm) give force measurement independent of point
of'application; i.e. moment insensitivty, and help to offset the'effect
of the other dimensional compromises, |
Limit stops .

The stops afe four 40 mm square pads fitted into the central cell
gap (Fig. 4.10). The effective thickness is controlled by shims to give
contact at the required lcad. Each assembly is fixed to one face of the
cell by a grub SCrew'passing through an insert in one of the mzin cell
mounting holes, The surfacé of the inside gap faces had not been

- finished with this application in mind but it was hoped that mating
woula‘be improved by plastic surface deformation of the mild steel stops
under overloading after assembly. |

Preliminary tests establishéd the gap width variations in the
region of the sfops, and the likely thickness required. The deflection

of each cell at the rated load of 225 kN was about 0.3 mm. The predicted

o+
+
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ghim combinations were then fitted and modified so that each of the fcur

stops began to make contact at approximately the same load. PFurther f

. uniform shim changes were made to all stops to optimise the total load-

deflection behaviour. Ideally this would have resulted in unchanged
deflection up to rated load followed by no further increase under over-—
load (Fig. 4.f2). In practice the effect of the étops increased
gradually and compromised c¢riteéria had tb be adopted. |

Accidental overload in_érevious impact tests had shown no physical
damage uﬁder forces estimated to be severazl times the rated load.
Permanent set was recorded, as a change in oufput at zero load, but _ ;
sensitivity remained unaltered. 4in overload of 1% times rated load was é
jﬁdged to be the greatest that could be accepted without significant
permanent set.

The criteria used in finalising shims were therefore set:

(i) no significant change in behaviour up to 75 kN and

(ii) a force of 1000 kN to be withstood without gauge output

(corresponding to deflection) exceeding 1% x that of
the cell without stops at rated load, and without

significant permanent set,

These criteria were met by all four cells, a typical response being
givén in fig. 4,12,

In their modified form the cells are suitable for measurement of
forces up to 75 kll. At higher compressive loads the action of the stops
interferes with shearrmeasurement, although the exten; of this could not
be determined in the absence of equipment to apply forces simultanedusly
in the two directions. The accuracy of measurement of high compressive
forces themselves is degraded but calibrations including the effect of
the stops showed that the high-force behaviour is moderately repeatable,
allowing estimates of impact peaks to be obtained.- | |

Digplacement transducers

Rotation measurement is effected by strain-gauged sprihg leaves
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riding on cams that form the cross of the bottom hoocke-joint (Fig. 4.13).

The fixed end of each leaf is mounted on a block which can be moved

nearer or farther frcm the cam té alter the range of angles that can be
.-measured. The total range is about 400; with the block at‘one end it

extends from ~40° to 0° (vertical), and at the other emd, from 0° to +40°.
.Intermediate positions may be chosen.

Thé leaves are made frem beryllium—-copper strip for high sensitivity
and freedom from corrosion. They are tapered 10 ensure more uniform
bending stress.

Instrumentation system

The two 50m umbilicals are each 25-way cables, one carrying the
bridge power supplies and the other the signals. The greatest hazard
would be for the cables to get caught rouwnd a.réar wheel or on part of

& the platform. To help‘avoid this they hang behind the tractor from a
support-arm reaching nearly to the height of the top frame, are dragged
along the platform and pass over a 4.2m high guide. The junction box

' receiving the Cables.isvfixed to the tractor by shear-bolts to minimise

damzge if the cables did become fouled. Cable drag anﬁ inertia forces o

are transmitted 1o the tractor by a spring.
At the tractor end of the umbilicals they are connected through

further distribution boxes and light, fcour-way leads to the individual
transducers. At the van end they pass directly to a twelve-channel power
supply and signal coenditioning unit designed and ﬁuilt by Instrumentation
Services Department. (Fig. 4.14)

Potentiometers at the‘amplifier inputs are used to balance the irans—
ducer bridges and alter the ovefall gain. ’Output is monitored on a

digital voltmeter (DVM); on each channel the required gain setting is

| indficated by the offse‘l;.produced when a calibration resister is switched 7

across a bridge arm. In the replay mode the tape recorder replaces the

transducer connections as input to the amplifiers.
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A remote control unit allows the operator to start and stop the
tépe recorder from a position outside the van. A switch is included
to simultanecusly put a one-~velt pulse on the thirteenth chénnel, fire

the flash units and start the oscillograph.

Cine film equipment:
| Cameras: ~ Bolex H 16, 16 mm
Nominal speed: 64 frames/s
Lenses: 16-100 mm zoom on 100 mm (rear camera)
17-68 mm zoom on 17 mm (side camera)
Film: . Iiford Mk V or FP4 (monochromei
| Kodak Ektachrome Commercial (colour)

‘Tractor speed measurement:

Synatel SSP.1 photoelectric system

Magnetic tape recorder
Philips Analog 14 Instrumentation recorder/reproducer.
14 channels + edge track on 1 inch wide tape.
Tape speed used for tests: 30 inch/s.
Tape: Pye TVT 8990/211/28020 Instrumentaticn tape.

UV Oscillograph:

SE Laboratories Type 3000/B/L.T
Chert speed used for tests: 250 mm/s
Galvanometers: Type M1000

~ Paper: Agfa Cevaert Oscilloscript D, width 152.4 mm.
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APPENDIX 4.3

CALTBRATICN
For final analysis the recorded signals may appear in several forms,
guch as lines Bn paper charts or sequences of numbers produced by analogue-
digital (A~D) conversion. The ftechnique of recording calibraticn voltage
offsets before each test makes the reconversion of the final data into '
‘méchanical_units very straightforward. It is assumed that all
cperations on the original transducer signal ére linear, including those
both before and after recording. The validity of this assump‘tioﬁ was
tes;ed by calibrafion‘of the_individual‘instrumentation units. There is
no requirement for the'mechanical—input/signal7output ?elaticnship of the
transducer to be linear but it must be capable of definitien by a
mathematicél fuﬁction, such as a polynominal.
The overall procedure is as follows:
(i) The relation between mechanical units u' (force,
disﬁlacement, etc.) and electrical amplifier
~output v'is obtained using suitable testing
equipment. The transducer is connected to the
instrumentaticn system and the voltage that would
normally be recorded on tape is read from the IVM,
The normal zero and gain seiting—up procedure is
followed and the voltage offset v, preoduced by the
calibration resistor is noted.
(1i) A mathematical function is fitted to this relation—

ship in the form:
i V‘ .
u=71 (‘T)
- Vo ~(4.2)
The function most appropriate for the present data

is a cubic:

, 2 v\ 3
vy (T, (2] o (2) :
o o 0 -(4.3)

wherse thelfitted constants U1, U2 and U3 khave the same

e s 3 S S 2




e = 3071;,m“

. . . ]
units as the mechanical variable u.

The curve must pass through the qrigin by i

_ definition from the zeroing procedure. | .
(iii) On analysis the new variahle w (e.g. digitised values) ;
‘ wifh ite associated offset Wy is converted back to

mechanical units by the same function.
2 : P
W= U, %fﬁ) * 0 (EE) + Uyl ] P
' Vo 0 W, —(4.4) i
In this way the individual gains of the recording and analysis

processes need not be known, providing they are applied identically to

U

the data and the calibraticn offset. The same function and fitted
constants may be used regardless of the form pf the analysed variable.
Load cells | |

A Mayes servo-hydraulic universal testing machine applies compressive
forcegs to the cells. To provide mounting arrangements equivalent to those
of the top frame and domed plates, and to allow testing in the shear E
directions, the cells are fitted into a special jig., The two parts each
comprise three mutuall& perpen&icular welded faces, one of which is
bolted to the cell. The complete assembly resembles a cube and comprgssive :
loading across each of the three pairs of faces correspond respectivély
to0 the compression and two shear directions.

Force was normally incremented in 25 kN steps up to 225 kN on the '
250 kXN range of the Mayes machine. In some cases additiomal tests were :
.carried out ih smaller steps and on lower ranges. The agreément between
tests on different ranges was better then 1%.

Although the width of the 0-225 kKN-0 compressive hysteresis loop is |

significant (typically 4 to 7% of indicated load in the O-=75 kN range),
this is rather artificial. When loaded to a lower meximum more comparable
to overturning test forces the absolute hysterésis is greatly reduced -
(e.gn 1.5%.5{ 10 XY after loading to 25 kN). For this reason, load—

increasing values only are used in calculating calibration coefficients, '
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A polynominal-fitting FORTRAN program based on the least-squares
method (86) was made available by A.K. Dale. Ergonomics Department.
This was modified by an iteration that adjusted the data to correct

any zero error so that the curve was forced through the origin.

Cross—axis sensitivity

For eazch pair of:cells, the calibraticn inecluded measurements of
the output of each chahnel in response o forces in the other two
directions.

The sensitivity of the shear channels to forces in compressive
and transverse directicns was negligible.

The gensitivity of the compressive channels to force in the shear
direction was up to 10% of the compressive sensitivify, and to force in
the transverserdirecfion up to 6%.at lecads up tp 50 kll. For full scale
loads the cross sensifivities increase to up to 18%‘in the worst case.
Becéuse of the relative unimportance of high shear and transverse loads a
‘gimple linear approximation to the cress sensitiﬁi%y of the compressive
channels is derived fﬁr the ranze 0-5C kN.

Assuming the 1iﬁearity ig sufficiently good to allow the principal
of superposition to hold, the vo;fage output from a compfeSSive channel
due to a known shear force may be estimated aﬁd subtracted frbm the
‘measured compressive volfagE. The nett compreésive force is then
obtained from the compressive calibration funciion. .This méthod is only
possible because of the lack of cross sensitivity of the shear channels.

Consider one pair of cells subjected to a cembined loading:

Compressive component @ FC
Vertical component : FV
Horizontal component : Fﬁ

1 l. ." .
Then the voltages vxv_and Vg i the compress?ve cyanne} due to Fv
and FH will be given by:

Veoy
Py = Uy, (3X0)

(o) | | ~(4.5)

e ——— s




I
- : CF

and P, =

H

g, (')
(Voc)
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—(4.6)

where UXV and UXH def'ine the linear cross sensitivities from the cross—

axis calibration and v!

channel.

The voltage v

of v, v. . and

0C

CM

is the calibration offset of the compressive

mezsured at the compressive channel is then the sum

the output vé due to the compressive component FC’

]
Y v | Txn
Yoc oc Voo -(4.7)
= Vo - f - Ty . .
I
Yoo Xv Vsa ' | —(4.8)

X' XH
' or ié
Vbc
Fy
vl
ov

and

and F. are calculated from the measured relative shear voltages

i

v
H

?

OH

and the shear coefficients. The value of Vé/VéC may then be used with the

compressive coefficients to determine FC.

Since the shear relaiticnships are 1inear,.the‘calcu1ation may he

further simplified +to allow F

Fy = Uy
Fpo= Uy

H

to be obtained directly from the voltages

C
and coefficients without intermediate determination of EV and FH:
()
1
(i{.%
(Vo) -(4.9)
where UV and U.. are the relevant U1 coefficients
| 1
(W% ()
Yy (Vovg Usu  Vom ~(4.11)

Displacement transducers

A simple calibration jig is used to allow linear mcvement of +the top

of the transducers.

The top frame mounting bracket is removed and a long

bar, marked in 10 mm steps, is fitted through the top pivot pin hole in
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the cross piece. The bar is anchored to the timber frame and the

calibration is performed by recording electrical output asz the top

'joint is moved progressively along the bar.

Although the linear movement during calibration is similar to the
movement of the top frame it is not identical due t$o0 the height
changes constrained by the deformation of the bars. To allow this to
be taken into account the linear movements are converted to angular
disilacements of the pivots in degrees, and the calibration coefficients
are expressed in these units;' ;

The horizontal deformation & of the top frame in a test are
derived from the calibrated angular displacements Ot of the trans-
ducers by:

& = hO g2in Qt

This is an approximaté‘rélationship depending on the assumptioﬁ that
the effective distance h' between plastic hinges is the same as that
between the transducer pivots. The error introduéed'by this assumption

is less than 1%.

Calibraticn results

Details of individual calibrations and tables of coefficient values

obtained are given in reference 62,

e i - h—————p, T



APPENDIX 5.1

ESTIMATION OF UNOBTAINABLE PENETROMETER READINGS

At fhe first depth (0, 3, 6, 9 in) for which the reading could
not be obtained a vaiue of 300 {corresponding to a cone resisténcé of
2730 kN/m2) was assigned, This is slightly greater than the maximm
that could be réached maﬁually. Means were then calculated at each
‘depth, in some cases of less than %he ten wvalues ﬁhére the obtained
readings stopped befcre the previous depth. These new means were
corrected as appropriate by multiplying by the ratio of the new/old
mean for the previous depth to take some accounf of the missing
values., This was particularly important where the mean value
- reduced with depth, as occurred in some cases from 6 in to 9 in due
to the hard crust formed over softer ground. | |

The procedure is illustrated in Table 5.19 by an example.




~ Tabhle 5.19. Penetrometer readings for Tesgt No, 25

(To obtain cone resistance in kN/ng mltiply
‘reading by 9.0897)

Depth,

Individual readings at ten

Of actual | Cor- | Cor=
. ‘stations actual + estimated | TS0~ [TeC~
in tion | ted
* readings readings
- Egtimated fac— | mean
Mean | No. Mean No. tor '
0 150 90 90 25 407 90 20 40 50 T0 67 10 1 67
3 225 220 170 90 140 300* 100 130 130 180 154 9 169 10 1 169
6 215 300* 240 1220 | 190 230 160 170 160 | 202 8 213 9 %g% 233
* 1 ' ‘ 233
9 200 300 140 S0 230 260 50 180 164 T 181 8 00 209

. .Calenlating back from the corrected means, the missing value at 6 in is found to be estimated

".as 413, and the two missing values at 9 in each to be 321.

-

-2l -
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APPENDIX 5.2 °

(i) Derivation of rotation equations

Starting from the fixed co-ordinates x_ ¥ éo,
are obtained by the three successive rotations showm fig. 5,2,

For the first rotation through ez about Oz to x, Yy 24
) .

For the second rotation ey about Oy1 to Xy

Method of analysis of film measurements

cos 9 sin ©
z z
=83 ..‘ (
in ez - cos ez
.'O' e 0

SRS

cos 8y

o ;
Jn ) 6
S J

1 0

0 cos ©
X

0 =sin 6.
X

(5.1) x (5s 2); éives:

éoéle cos B
) ¥y z
~gin €

Z

sin'®_ cos ©
_ ¥ z

6.3)x(5,@Lgives:

X

3

Y3

2

3

coseycosez
~3inB cosh

. D,
+8in® sind cosb
‘ X ¥y Z

8inbysind,

+e0s8 sind cosd
SUUX v 2

e} iz
0
0 yo
1 Z
‘ ! o |

b

-sin 6 x
¥ 1

o ¥y

cog & Z,
Vg t

For the third rotation Qx about X, to x3 y3

0 b4
sin Gx y2

cos Gx zé

cos ey sin ez

cos &
Z

sin ey sin ez

cos@ys:l,neZ

c0sBgc 088,

+5in® =ind_sing
x Ng z

~5inBycoss,

+c0s89_sing si
osd, ys:.nez

-gin © b4

cos B Z

the body co-ordinates

--(501) ; ]
i
|
-
- {5.2) ‘
|
|
o
- (5!3) l
|
|
N Q |
0 vo| —(5.4)
y o] }
1
.--sina‘Y fo
coseysinex ﬁb
cosexcose qo
~(5.5

Equation§.5) is the rotation transform from fixed to body co-ordinates
and may be. expressed in the form :

(5.6}
1

!
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The transformation of the roll angle QZ may be followed by considefing
the behaviour of a 1iné parallel to the axis Oxo. The film plane is
pérallel‘tp the X, ¥, plane so that a line will map to its projection on
this plane. The fifst:rofation about Ozo is in this plane éc the pfojected
angle remains the true angle. The secbnd rotation is about Ox1 which is
still in.the x, ¥, plane, so that the projection of Ox2 onto the plane is
identical @o Ox1. The final rotation leaves Ox3 coincident with Ox2 and
hence the projection of Ox3 cnto the nyo plane provides the true angle GZ.
VMeasurement of the rotation of any line parallel to Ox3, mzy be used., The
Aothef.variab1es measure@ from film are the x, and yo co-ordinates of marked
points on the tractor.. A complete description of the tractof'é fosition
may be qhtained from fwo‘such points, P and @, ﬁssuming that the Z
co—ordinate is detefmiﬁed separately, and the differences between the x,

~and Yo co—crdinates of p and Q may be used to determine the pitch and yaw
angles 9 and Qy from the transformatlon equation (5. 5) The derivation
is most simple if P and Q are chosen to lie on the tractor centreline
giving x3P = x3Q = 0, ‘The matrix is most easily handled as iltstranspose
0

to0 exclude z_ co-ordinates from the equations.

Put § = siné_ and ¢ = cose, -(5.7)

and define the differences in the co-ordinates of P and Q by the suffix B:

wy = bl _ .(x3) ¢

xoB = (x0)<P f '(xo) Q and similarly for y3B and YoB

N

-(5.8)

Expanding the inverse of (5.5) using (5.?)’and (5.8) gives:

sin®, + z,,c050 ).C sin@ + (

X = (yBB 3B _yBBCOSG + 23,8in6 ). S—(5.5a)
and Yop = (y3B51n9 + 2330059 ).s 81n9y - (_YBBCOSG + 33351n9 ).C
ices x 8 ~ Y, C k i .
oB" | (fy3Bcosz f Z}B31ngx)

put tx = tan-g Gx | . ~(5.9)

A At A b A i Bk e 48 s 3 W Ao e i = Tea” e Swe 6L e



S =

2y _ -
then_(xoBs - yoBc) (1 + t_ ) = - Y35 (1-t°) + 2 t Zap

solving for the quadratic in t, gives

)2 ~{5.10).

. 2 2
tx R /Z3B v Yzp ~ (XoBS = Tt
X3S = YopC = JY=p

For the case where p01nt Q is forward of point P, giving Zzp < 0, the
positive foot gilves the requlred solutlon._

In the case Where

S = Yol = Vs = ©

the solution is .obtained from

by = Vap/Zzp - S ' ~(5.10s,)

in place of (5,10).

Equations (5,10). contain known values and may be used directly
w1ﬂh(5.9)to determine the pitch rotation 6,

The yaw ey nay be . then obtained from (5.5a)

sin ey = X + .(y3Bcos 6, = Zzp sin ex)s ]
~(5.11)
(y3B sin 6, + 32z coS ex).. ¢
or if , = %% adc =0
sin ey = Yo " (yzB oS B - Zzy sin ex)c
Y3p sln x Zgp COS 6
The value of (y B ‘sin ex cos Gx) becomes zero only if the pitch
rotation brings Q ané P into"the sage X, ¥, plane, i,e. 2.8 = %o This is

unlikely for a reasonable choice of P and Q.

. Ansular velocities in the body co—ordinates

Consider two successive positions of the tractor defined by the rotation
angles [9]1 and [6+ 58 ]JJ where i1 is used to denote the sequence x, y, 2.
. The incremental angles in the body co-ordinates may then be defined in terms
of 2 rotation transform matrix AT where:

[%LHSG = AT x [H] o o -(5.13)

and E% are the co-ordinates in the body system of a statiorary point in the’
fixed”“system,

-~




If AT can be found from known velues, the reqﬁired incremental angles
[563]_ are given by manipulation of its_elements. By analogy with the

1. equivalent rotation transform Ty (equation 5,5).

tan 865 = AT (2, 3)/ &T (3,3)

(1,3) - ‘ ~(5.13)

sin 893y' = - AT
tan 865, = AT (1,2) / a7 (1,1)
nOW“[}'fs]e = _.Te x x°, ,
— ‘ . — -\ n1
and [i3] = T x X _(5 4)
o+80 . ©+286 '
wherelio are the co-ordinates of the point in the fixed systen,
From (5.12) and (5.14):
% r 88 * % - AT x [XS]G
= AT x Te x Fo
. multiplying by 66-1’ the inverse of Té:
» 5l .y cAm 25 x5l x 3
Torse * Tg X KR T AT X Ty ox Ty X% '
_ T B " o ~(5.15)
Scaling

Scaling is based on the mean length of one metre on the fixed vertical
pole as measured during analysis in the same units as the tractor
co-ordinates, This is then corrected for the estimated zo-position of the
tractor (Fig. 5.11). : : '

o T [zo]impaét + D2 (timpact -

t) - ~(5.16)

Thus the apparant ER co-ordinate of P, the tractor point is given by
%op = Do”

SCALE
where SCALE = msan length on analysis of 1 metre at pole.

Then true x co~ordinate of P is

x . = (=Do?) . _
oP SCATE p:4 ZoP
~Zop

but Dp’ = DP'- DO = xp. - X
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FOR MEASUREMENT)

Fig.5.11 Scaling diagram (plan view)

where xpe and Xp, are the measured x co~ordinates of P and the edge of
the bank respectlvely on analysis

(¥ote; for convenlence, the x co-ordinates on analyszs were measured
in the - ve x direction) ‘ . .

Then x , = (fo - pe) Zgp

SCALE x 26D -(5.17;
similarly yop = (¥p, = Jge) 2p | :
SCALE Xz~ : ~(5.18}

The measured co-ordinates of Q are obtained in the same waye
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APPENDIX 5.3

Pransformation of impsct forces and deflactions

The transformations from the top frame co-ordinates Ix4; 245 %o the
- tractor co-ordinates x3, 23 (fig.5,12)are:

x3 = x30 + x43. cos 83y L+ :24 sin 63y : _'(5.19)

\23 = Oz, - X &in 63y + 3, cos 93y ' ' _(5'.20')

, The value of X3 is given by the calibrated lateral displacement of
trensducer D1 (CHT7)? o

= CHT +b -(5.21)

%311 1

 and %3 by the calibrated longitudinal displacements of Di (CH9) and
D2 (CH8): '

CHO + b

3Dt 4 | —(5.22)
Zspp = CHB + By -
Then the deflectibns 5x3° and 823 o &Te:
from(5-19):8x3° = CH7 + -‘1?1 - -’r::1 co;‘eﬁ - b4 sin Gjy =(5,23)
frmn(5.2o):5g3o = CHY + by + by sin @z = Dby cos by ~(5.24)
& 5230 = Cd8 "+~ b4 - b1 sin 63;; - b4 coa 93:{
from (5.23) and (5.24): " . - oo o a0
— "1 - - .
z5, = ¥ (CH9 + ©3) + b, (1-cos 65 ) | (5.25)
and sin 0, = _1_ - (ca8 - cH9) - —(5.26)
y b ' .
1
The deflections at"fhe load cells L1 and 12 are then:
S%IJ = 8330 + h,:o C?S 93y_ + b6 ‘gin 9331' —.: b5 - 7 _(527)
SI3L2 = - Sx30 + bs cos 93Y - b6 sin 63y - b5 —(5.28)
SZBLZ = 8z30 - bS sin 93‘? - b6 cos O5y + b-6 ~(5.29)




‘Note:

Fig, 5 12 Impact force and deflection dlcgram, as a

plan view of the toov frame

Relationships dsfining leoad cell ceo-ardinates b. and b6

5

in Fig., 5.12, and b, and b, in Fig. 6.6, are:

3
By = Y,
b5 = b1 + b3
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The measured forces are in the x% and 24 d:.rect:.ons. Taking‘account of

the signs of the transducer signals (
frame in the X3 and Z3 directions are:

Tz = CH4 sin 05 - CH6 cos
Pxs120 = —gHI cos 65, + O sin
FZ3L2 ¢ .sin e3Y + 033 cos

This system of four forces is then
three forces correspondlnb t0o the three

(fig. 5.13).
Frzp + ?x31 -=, e + Pz
Fage = Tazro o+ Fazny |
Fygy.2bg cOS 633; - Prspq-2bg cOS
oF ;F131 - A “FZEIIA‘ tan %5y
(5.39) in (5.36)" gives: |

F

x52 = Frgpp t+ TFogpy tan ®

3y

1g.

Oz

%y

®zy

ejy

the forces on the

~(530)

~(531)

~{532)

~(533)

replaced by an equivalent system of
chosen characteristic deflections -

O3y

Fazpy -2

~(534)
2b6 sin e3y -

~(5+36)

-(5;37)

Hence the three deflections are found from equations (5.27)=(5.29),

using (5;26) to determine ey and {5.23) and (5.25) for 8}:30 and SZéO._

The three forces are found from (5.35)~(5.37), using Oy in (5.30)=(5.33) -

to find the intermediate forces.




APPENDIX 6,1

THE COMPUTER PROGRAM STAF6

The program is written in FORTRAN for use on the ICL 4=70 at
Rothamsted Experimental Staticn. |
| For a set éf input deflections the resultant external forces are
calculated from equafions (6.31)-(6.41). It had been found that y
varied between about -1 and +1.for ﬁnit'defleotion"at B;‘also'the
force EyD or FyD1 increased monotonically with ingreasing Yp for a
particular value of/SB, as shown in Fig. 6.22. This curve is not well
-conditioned for a Newton-Raphson iteration, however, because of the
large changes in slope in the range of possible solutions. In addition
the differential coefficient of FyD1‘wou1d be fairly complicated. To
overcome these problems a search based on a modified Newtoﬁ technique
was used following a simple search from below the golution,

From an initial wvalue of say, -2, Ip wés incréased iﬁ small steps
until FyD1 changed sign. At this point the modified Newton technique
took over, the steps of,yD being determined by finite differences using

K

previous values instead of the differential coefficient.

Thus in Newton % _ , = X - f(xh) : |
| 1) ~(6.56)
1
replatnnglf (xn) by f(xn) - f(xn__,l) gives:
X - X
n 11
el T H T " et
1 - f (Xn__])/i (Xn) l _(6.57)

or in terms of the present variables

(yD)n-i-’i - (yD)n + ayD).n ~(6.58)
were (8 ), § - p)y = Gy |
1= Fypydny/ gy ~(6.59)

To avoid the instability resulting from the highly non-linear

parts of the curve the value of ¥p is constrained to lie between the
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each step the maximum value of Ip is the lowest previbuslvalue for

which ?yD1
F was negative., This resulis in use of the efficient Newton

¥D1
technique wherever possible. The method works well and gives a fast

iteration for this type of function.

the two prévicusly found values that are closest to the solution. At

was positive, and the minimum is the highest value for which

. s
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APPENDIX 6.2

DETERMINATION OF YIELD STRESS

Hounsfield No,14 tensile test specimens were cut from four positions

in each of six of the'42 mm bars used in the tests. The specimens have a

diameter of 6.44 mm and.a gauge length of 22.7 mm.' One specimen from each

bar was taken papallel to the axis on'the tensile side at the position of
the plastic hinge'(No; 1 - Fig. 6.23). The other three were taken from
parts of the bar that had not been deformed pléétically,'approximately |
‘250 mm from the hiﬂge, No. 2 being paraliel t0 the axis'and 3 and 4
transverse to form an orthogenal triad. |

The specimené were tested to failure in a Mayes servo-hydraulic 7
univeréal testiﬁg machine at a constant deflection rate of 5 mm/minute.
‘Taking account of deflections in mountiné fixtures and load cell this
gave a strain rate in the elastic range of about 2 x 10_4 per second.
" Load deflection curﬁes'were produced automatically on:an!XAY piotter
from a 25 kN 16aﬂ cell and a displacement transducer in the machine. A
typicgl set of siress strain curves calculated from these wvalues is
given in Pig.6,23, . The strain was estimated by subtracting the machine
deflection from the overall measured deflection. As the machine
deflection ﬁas a large proportion of the total in the elastic range of .
‘the specimen, the estimated strains in this regicn are oniy approximate.

Stress—strain curves for specimens from the same part and
orientation in different bars almost identical. The specimens that had
not been plastically déformed (Kos. 2, 3 and 4) showed a gradual trans—
ition from elastic to plas¥ic behaviour, The axial specimens (No, 2)
had a higher elastic limit and strain hardening rafe than the transverse
specimens (3 and 4). ‘This difference is due %o the cold dr;wing process
us?d to fofm the bér, in which grain structure and'inblusions are

elongated along the axis. Values of réduction in area at fracture show

$hat the ductility is also higher in the axia} direction.

e ——— g < 4 A8 o i pm £ T
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The specimens from the plastically deformed part (No., 1) had the
hiéhest eiastic limits énd showed yield point phen&mena, aljustm
distinguishable upper and i;wer yield stress. ;The strainlhérde#iﬁg
"rate after the yield point was lower than fop‘the other specimens.

Throughout $his thesis the term ¥ield stress has been used to
denote the constant étress in the plastic region of elastic—ideally
plastic behéviour. This is the value most relevant to the present
study but it'may not be quite the same as the stress that metallurgists
would term yield stress in a real materizl. For éufvés of the type
shown by No. 2, 3 and 4 there is, strlctly speaklng, no yield point.

For practlcal purposes the stress at which the orlglnal tengile load/
deflection curves depérf significantly from linearify has heen called

_ the yield stress. This.is more nearly equivalent to a 0.1% proof

gtress than a true elastic limit because of the relati#ely insignificant
specimen elasfic deflections described above. |

The resultslare summarised in Table 6.9. The ylela sﬁress used
for the calculatlons of collapse force is the mean Value for the No.2
specimens. The stress-strain curve is very nearly elastlcwldeally

plastic up to the small stralns occurring in the 1mpact tests.

TASLE 6.9
Means and Standard Deviations (S.D.) for tests on six bars

Yield stress, Max stress,* | Elongation at | Reduction in
Specimen MY /m?2 MN/m? break, % area %
position

Mean S.D. | Mean S.D. { Mean 3.D.] Mean 5.D.
No. 1 |513 27 | 519 21 | 19.8 2,8 | 62,5 | 1.8
No, 2 410 5 481 8 24.7 1.8 64.8 0.8
No. 3 ' ‘ '
and 4 302 ‘ 10 440 12 22.1 1.2 54.7 2.2

« e coet N S
Engineer's siress i.e. maximum load/original area

At e £ § it e S s L L e o e
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APPENDIX 6.3

Collapse mode in pure rotation about one upright

The case for rotation about J is covered in section 6.3.2.

F coso((b + by) = Fp sinx (b + b3) = P(b+b+1bd4d2) ~(6.43a)

where the LHS is the moment of F_ and the RHS is the moment of the

individual upright collapse forces.

This gives:

Q = F, =2 (2 + J2)

L 4
{;p (v + 'b2) cos — (b + b3)51n°< ~(6.43b)

For the rotation a_\.bout other uprights, the mdmen’u of the upright

collapse forces remains the same and the RHS of (6.43a) and the numerator

of (6.43D) are changed. The denominater of (6.43b), ‘the moment arm of

EL, becomes: -

b2 cos X ~ (b + b3) sin & for rotation aboul D

or (v + b2) cos ok — by sin for rotation about @
. !
or b, cosk - b_i,’ sin o for rotaticn about B



APPENDIX 7.1
MEASUREMENT OF INERTIAL PARAMEITERS

The inértial‘ characteristics of a rigid body are completly
described by the following parameters: ‘
(i) Mass.
‘.(ii) Three independent coordinates of centre of mass
in relation to three, normally crthogonal datum
" axes in the body}

(iii) The directicns of the three principal axes of
inertia in relation fo the datum axes. . .

(iv) The three principal moments of inertia.

While {i) and (ii) may be found using simple, static methods, a
complete determination of (iii) and (iv) requires more complex, dynamic
measurement using special jigé. In the dynamic methods, the vehicle or
element is made the inertial part of an oscillating system, the stiffness
being provided by a pendulum suspension, a mechanical spring system or a.
combination of both. The techniques generally provide one moment or
product of inertia from each oscillating system, a number of measurements
in different configurations being required for a complete determination
of parameteré.

The most soﬁhisticated method is prohably that developeq by NASA
for aircrafi (87), based on combinaticns of pendulum and céil-spring
suspensiong. OGreat care was taken in the design and qonduct of these.
experiments to ensure accuracy; for example, rig suspensions were
degigned to compensate for'non-lineafity at large amplitudes and to
minimizse unwanted modes in single point suspensions. As a result of
this and the comple’ce determinaticn of parameters, the equipment,
‘procedure and analysis of results are complex. The report contains a
5ibliography of methﬁds.used in aeronautics,

Inertia measurements of automotive vehicles include those of

Goran and Hurlong (88), (pendulum), Bartos =~ (89), using a spring
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'suspeﬁsion; and Winkler (90), who used a pendulum suspénsion for pitch
| and roll and a combiﬁéd spring and pendulum method for yaw. In gome
.of:these and:other cases, the principal axes of inertia are assumed to
coincide with the chosen datum axes of symmetry of near-symmetry.
Goran and Hurlong include a determination of the roll-yaw product of
inertia by suspending the vehicle in a tilted positibn;

The only bublished'desc?iptions of methods used for agricultural
tractors appear to reiate only to pitch inertia. Matthews and Talamo
reported on.the NIAE suspended platform (91} and Goering ef al (92)
uged a beam spring method with a relzatively high natural frequency
{ = 10 Hz) and a simple technique té separate pitch and bounce modes.

Measurements required

The inerfial-paréheters of the tractor fitied with the experimental
frame were needed for simulation and analysis of eXpefimeﬁtal results.
Values for.several other tractors were also required for cbmparison.

The centre of mass position and pitch inertia were found using the -
suspended platform, essentially as described (91). ‘The most important
moment of inertia for sideways overturning studies, however, is that in
roll. Although it is possible to adaﬁt the suspensibn system for roll
measurement using brackets fixed to the fractor, the method is
cﬁmbersome, and acouracy is difficult te achieve if the'rig is frequently
changed. The prime requirement was therefore the development of a

simple technique fof roll inertia measurement.,

It would have been of some benefit to develop also methods of yaw
and product measurement. fhe effort wés not considered justifiable,
however, because the shape of the tractor supports the assumptions:

(i) that the principal axes coincide with the coordinate
| axes (i.e. the measured pitch and roll values are
~ close to the principal inertias):and 1
(ii) that the yaw inertia may be estimated from the
pitch inertia, since it is required only to a low

acouracy.
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A spring method for roll inertis

The main theoretlcal attraction of pendulum suspen51on methods

is that the stlffness, prov1ded by gravity, may be accurately

determined and remains constant. This applies to practical measurement

only if the suppoft and suspension are extremely rigid,‘hOWever, and
this requirement imposes the main limitation on real éystems. A
secondary practical prohlem is the need to provide means of attéching
the suspens1on to the wvehicle, espe01a11y if complicated brackets have
to be made for each test. This is overcome in pitch measurement using
a suspended platform'but the inertia of the platform itself-reduces
overall accuracy and the method is difficult to appiy iﬁ‘roll.

To overcome theée limitations, in view of the lack of arready—
made rigid suspensioh gsupport at the NIAE, an alternative ﬁefhéd was
developed for roll inertia measurement (93). In fhis technique, the

tractor is supported from below on a longitudinal knife edge, the

stiffness being provided by vertical coil-springs attached to extensions -

of the rear hubs (Fig. 7 23) This has the added advan‘bage tha‘t the
oscillation axis is closer %0 the centre of mass, 1ncreas1ng the
relatlve contrlbutlon of moment of 1nertla about the point, and hence
accuracy.
The overall rell stiffness has two components:
{i) the spring couple which tends to ;estore the system
frem a deflected position back to equilibrium and
(ii) the inverted pendulum effect of the tracfor-mass,
directed away from equilibrium, )
The derivation of the s&stem equations ig given in reference(93),
together with details of experlmental equipment and accuraqy; it is

~shown that the stlffness is unlform, under the stated assumptlons, and

the resulting mot1on is 51mp1e harmonlc.

[ —
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Fig. 7.23. Roll ;nertia measurement méthod 3

In the most general application of the method, the force~deflection ' {

characteristics of the springs must be found. This alloﬁs the height of

the centre of mass and its laferal offget frem the pivot axis to be i

dertimined by measuring the overall roll stiffness of:tﬁe.aséembly. If! :‘

however, the height of the centre of mass is know in advanée and the

fractor is balanced on the knife edge sufficiently aocurately.to allow f‘

the lateral offset to be ignored, the inertia may be cbtained éither
~ from the spring chafacteristics or from the rolil stiffnéss, buf both

are not required.

Regulis
The results of measurements are given in Table 7.2 for the Fordson

tractor with experimental frame used in the overturnihg sfuaies and for

several other tractb:s with and without cabs.
Two different pairs of springs were usged for the measurements on 5}

the overturning tractor, one pair being ahbout twice the stiffness of - l

the other, The two sets of results agree closely.
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Table 72 Results of measurements on roll rig and suspended platfora

Roll

Meagsuremant
Spring Stiffness

Piten measursnsak

Suspended platform pivot height,m

Low | High 1.435 | 1.588 | 1.740 | 1.892
(1) FORDSON MAJOR WITH NIAE EXPERIMENTAL FRAME (Mx IT TOP)(mass = 3065 kz) |
Centre of mass ht(yg),n| 0.882 [ 0.891 0.895 1 ' {0.895 |
Radiug of gyration, m- 0.618 | 0.624 0,960 0.950
1 4
(2) FORDSON MAJOR WITHOUT FRAME (mass = 2330 kg) g
Centre of mass ht(yg),m| 0.759 0.723 E
Radius of gyration,m | 0,409 0.953 | 0,936 | 0,898 | 0,903 !
(3) FORDSCN MAJOR WITH DUNCAN CAB (mass = 2488 kg) i
Centre of mass ht{yg),n 0.764 0.745 g
Radius of gyration,nm 0.500. 0.960 | 0.926 | 0.930 [ 0,908 - ¢
(4) MASSEY FERGUSON 178 WITHOUT CAB (mass = 2396 kg) =~~~ 7 "~ g
Ceatre of mass ht(yg),u| 0.778 e 0.780 | 0.776 |
Radius of gyration,m 0,505 0,935 | 0.949
(5) MASSEY FERGUSON 178 WITH STA-DRT CAB (mass = 2574 kg)
Centre of mass htlyg),m| 0.842 0.831 | 0.776 | 0.835 | 0.865
Radius of gyration,m - 0.585 0.941 | 1.025 | 0,975 | 0.998
(6) DAVID BROWN 995 WITHOUT CAB (mass = 2218 ke)
Centre of mass ht{yg),m 0,791
Radiug of gyration,mrv 0.4N
(7) DAVID BROWN 995_WIT?OUT CAB BALLASTED (227 kg each rear wheel, 31 kg each|
front wheel - total mass: = 2733 Kg
Centre of mass ht(yg),z| 0.74 0,742 0.748
Radius of gyration,m -~{ 0.704 0.863 0.869




For the suspended platform tests, inertias were generally
éalculated for each of several pivot heights, rather than plotting a
curve of pericdic time against height as previdusly‘(91); "In most ‘
cases, agreement of the centre of mass heights is good betﬁeen*the ' !
two methods, and for different pivot height‘of the suspended platform. I
The most serious érror‘is for the Massey—Fe;gusoﬁ 178 with c¢ab'at a
pivot height of 1.588 m; no explanation can'be-found for‘this
discrepancy. The agreement of pitch radius of gyraiidn‘at*différent

pivot heights is only fair,
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- B APPENDIX 7.2

TYRE CHARACTERISTICS

Side force

The steady-state side force generated by a rolling tyre depends in a
complex uay on a large“number-of parameters: tyre size:and:type; tread and
sidewall constructlon' tread pattern and state of wear':materlal and texture
of ground surface; 1nflat10n pressure, normal load; tangentlal load° slip
angle; camber angle; speed. When some parameters, such as Sllp angle, are
continually varyingi the slde force.doesnot‘dlrectly assume its.correspondin@
steady-state value at.each change but develops the new force gradually as l
it rolls. - | o |

In a number of analytical studies the tyre and contact patch have
been treated as varlous comblnatlons of spr1ng elements in order to galn an

(66 94)

undenstanding of the mechanlsm of force generat1on Most 1nvest1-

gations of tyre behav1our have been emp1r1ca1 however, and many relatlon-

L.‘ : L i

ships between side force and k1nemat1c varlables have been publlshed for |
partlcular types of tpre (see, for example, refs 95—97';7and:the review

given in 94). There 1s unfortunately llttle useful data avallable on tractor
tyres, where the large dlameter and lug pattern 1nf1uence behavzour. Most.
measurements relate to car tyres at small Sllp and camber angles for use'

in handling studles.. A further problem is the W1de d1vers1ty of measure-
ment techniques and methods of presentlng_results. No deflnltlve reference )
or review paper giving quantitatlve data in an adequate range of cond;tlons
could be found in the literature. | S o

It was not pOSSIble to measure s1de force dlrectly 1n the condltlons

of the overturning experlments. Some measurements of front tyre s1de force
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in various combinations of normal load and slip angle were made using the

NIAE Rolling Resistance Rig and a concrete surface adjécent'to the over-

turning platform. These added to the informatioﬁ”gained from the

literature, but the rig would not accept large rear tyré_s and could not

bé operated on the platform itself.

4

Discussion with expéfts and a review of the literature resulted in

the following compromise solution:

(i) The limiting coefficient of sideways resistance (corresponding

(ii)

(1ii)

to f%) at lérge'élip.angles for rubber tyres on the concrete

and steel plates of the platform, in wet and dry conditions,

was estimated ffomftests'usiﬁg a 'Portable Skid”ReSiStéﬁéé
Tester(ga) o |
The cornering stiffness, the slope of the side force/slip
angle curve at low slip angle, was kindly méésured‘Bj“
Michelin Ltdldnzé tyre of similar size,jéonéfruct{oh”and
lug‘pattern; at a number of normal loads fof'the:inflation
pressures usediih the'overfurning experimenfs;i°

The shape oflthé side forcé/élip angle'éurve:was assumed to
be a limited cubic. Eilis‘®®) ang nasa(98) recommend a’
function wiﬁh:i}taﬁd 3p1£erms only,”in:which‘éasé the two
coefficients'a;e‘defined uniquely from the cornerihé s

stiffness and limiting side force coefficient.’ In'ﬁonf

dimensional form this relationship may'bé'expresséd‘és"

li__ _ }};:: oy yyn?... o et ~(7.1)

Fmax 27

(for - 1.5 é'\)bn‘ < 1.5)

and ’/\ C =1 (foi‘ I\!{n ‘ >1.5) _(7.2)
. o . E :,i S L
where f{méxqis the limiting value of fx at large slip angles

Y g A e e R e S Py o £



 from (7.1)is the symmetry of the curve about‘the origin. Radt ' .

(iv)

(v) A1l other parameters were assumed to have second-order effects

o T - . f
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and xﬁn is a normalised slip angle defined in relation to the f

actual slip angle Hb and the cornering stiffness {d B 5 -0 by:
Yo - Y fy |
n - { = 0
Paax Y 4 -(7.3)
A theoretical justification for excluding the y&? term

and Mllllken‘99?, however, found that addlng a term in an

an[ . ’
1mproved the fit of the curve, thzs preserves symmetry,

although it creates a dlscontlnulty in d M 7 i

dyb-..?

v . 50

at the origin, Their equation, which was later used by McHenry(5 ) !

o : R . ' 1
is: .
—L = - + . —(7»4)
f"max Y/ L 2’? Hun : .

i

In this case the bounds for the cubic form are - 3 < y&n <3

The build up of 51de force under a steu.ehange of Sllp angle was ' g
assumed to follow an exponent1al relat10nsh1p w1th the dlstance
rolled(66). The dlstance at Wthh 1/e of the steady state force
is developed, the relaxatlon length, is generally con51dered to
be approxlmately equal ‘to the rolllng radxus, although llttle
support for thls appears in the llterature. B

Bergman measured 51de force under.condltlons in which the
slip angle oscillated as a truncated trlangular functlon‘1ool An
attempt by Chisholm to verlfy the relaxatlon length hypothe51s
using Bergman s data was only partlally successfull The shape
of the experlmental loop was matched better 1f the 1nput was
assumed to be sinusoidal rather than trlangular, but predlctlon
of the loop w1dth was only falr. The tyre data glven in the paper

were 1ncomp1ete, however, and 1ncorrect assumed values may explaln

the dlfference.

and were ignored.




Tyre side force/slip angle measurements

Details of the rear tyres fitted to the overturning tractor, and of the

tyre tested by Michelin Tyres Limited, are given in Table 7.3, .

TABIE 7.3
Tyre detsils

Overturning | Slip angle
tests tests
Make . ) Firestone Michelin
_ Type Cross ply Cross ply
Ply rating . 4-ply 4-ply )
Size 11-36 12.4-36(11-36)
Number of lugs 46 .L46 ;__
Iug angle = 450‘ - §5°l. |
Lug length, mm 230 225
Ing width, mm - inside é?\ é7,
.AH: outside 32 27
Wear | - ‘ , , Part worn ﬁéw

The normal inflation pressure in the overturning tests was 103 kPa and

the static‘load 9.61 XN, In the test in which the tractor was ballasted, the

pressure was 152 kPa and the static load 12.30 kN, The dynamic load during
overfurning probably varied between zero and abouf twice  the static load.
fhree combinations of pressure and load were used'in the slip:angie tests to
take some account of this variation (Table 7.4).: i

The rolling speed in thefélip,angle tests was 3 km/h (0.889 ﬁ/s) compared
with typical overturning test speeds of about 5.4 kw/'h (1.57m/s).' The test
surfaces were similar bui no measurement of limiting fri¢tion ‘on. the slip
angle test surface was available,

Normalised cornering stiffness in each condition given in Table 7.4 were
caleculated according to: - . . S i o .

. . . -1 gide force, XN
Normalised cormering stiffness, rad = mean (SliD ele. rad)

pormalfforce,.kN .

N
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Porces were measured at low glip angle only, because of limitations of

the equipment, In this range, the behaviour is nearly linsar.

TABLE 7.4

Results of side force/slip angle msasurements

S Side force, XN, -Normalised -
Normali at slip angle: cornering
Pressure force, stiffness,
kPa : -2
' K o o 0 -1
' 2 3 4 rad
170 17465} 2.80 | 4,02 -7 5.12 | - 4,36 e
1’70 21,580 | 3.24 | 4,51 | 5.80 4,07
220 21.60 | 3.43 | 4.85 | 6,10 4,29

)

Measuremeﬂt of limitiné éééffi;iéﬁf'of fricfiéﬁ

The.County‘Surveyqr‘s Debartment-of Bedfordshire County Council carried
out the measurements witﬁ the Portable Skid Resistance Tesfer:. The apparatus
is normally used to assess the skid resistance of road paveméntsTprior.to a
decision to resurface. It consists of a small pendulum mounted in a frame
that stands on the surface, and functions in the manner of an Izod impact
testing machine., The pendu;um is fitted with a‘rubher foot that makes passing
contact with the surface as the'pendulum swings; the height reached by the
pendulum after contact is a measure of the energy absorbed, and is recorded
on a cglibrated scale, Measurments at TRRL of the sideways reéisfance of a
reolling wheel ﬁéiﬁg a vehicle based mzchine (SCRIM) have allowed correlation
of the penduium scale ﬁith a coefficient of sideWa&s-resistance, which may
he interpretted in this case as coefficient of friction. |

Tests were made on the dry concreté surface neér the overturning part,
on the wetted p}astic flocring material, and on a small sample of painted
metal sheet representing thé'plates, both dry and webt. Repeat tests on the
plastic fleoring and metal plafes gave identical values to within the reading

accuracy; tests on the concrete at different points and in different




directions showed changes due to variation in the micro—-surface. Results
4 . - .

are summarised in Table T7.5.

TABLE 7.5

Coefficients of fricticn

_ Surface Coefficient of sideways
Test '(and resistance
eondition direction)
Individual - Overall
means ‘mean
Concrete 0.895
(~along 0.78 080
platform) 0.715 ;
Dry o
" Concrete 0.79 .
{-across 0.77 0.80
platform) 0.83 .
Metal plate 1.00 1.00
Wetted Eiﬁ:ﬁg floor 8'?82 0.10
with 1:500 g .
detergent -
in water Metal plate 0.14 . 0.14

* . .
Each individuzl mean is the mean of five repeat readings of the

insteument at one point on the surface. The three indiviual

meang for each direction on the concrete represent readings at

three different point in the overturning area..
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Stiffness and*démping

Values of dynamic tyre stiffness and damping in vertioal; lateral
andhlongitudinal directions for a variety of tracfor tyres under
different: conditions pf load,rpressure and wear were reported by
Staymer and Boldero(83). The parameters were estimated from measure-
ments of transient response in a 1aboratoﬁy rig, assuming a linear,
gsecond—order system. Some of‘the response curves showed evidence of
_ non-linear behaviour but no attempt was made to fit higher order.models.
Although all response curves were found to be closely repeatable, some
inconsistent vafiations of stiffness with load were reported and the
effect of wear was significant. In additionm, témperaiufe Variafion is -
" thought to cause unpredictable parameter changes.

In view of all these uncertainities and the lack of other data,
there seemed to be no justification for including non—linear tyre
charateristics in the overturning model, and values appropriate to
inflation pressure, nominal load and estimated wear taken directly

from reference (83}, - -

v
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APPENDIX 7.3

Structural echaracteristics of wheel disges
- Forces were applied siowly to the wheel rim by hydﬁaui;c ram, while the
tractor was supported with the rear tyres raized above the ground |
Tests were carried out on the disc centres f1t+ed as standard to the 11.36
rear wheels of the Fordson MaJOr tractor, and on the N, I A, E ﬁstrap" centre
‘used in the overturnlng testa
The results (Fig.i24) shbw typical elasto-plastic bending behaviour that
is described qulte well by a model with only two p1ece-w1se llnear loading
portions, The shape of the plastic part for the strap centre 13 due Yo
geometric effects., The test repeatability was good overall but some
variation was shown in-the ;ocal curve shapes because of fhe complex failure
modes and the effects oflélip at the fixing boits... |
| The presént model.bas some sﬁortcomings in déscribing the rim
characteristics: (i) thé £o§ and bottom of the rim‘érelﬁ§£ éﬁtirely
independent, though cguﬁliné is less than might be imagiﬁed;r(ii) a signifi-
cant amount of colomb fricfion is probably present, particuiarly in the
case of the experimental spoke centre; and (iii):the experiﬁental unload-
ing curve is significantlj non-linear, To minim;se the effects of these
limitations, the model Qamping and unloading stiffness.were‘adjusted
empirically, |
Yield enhancement‘for the ROPS and rims were determined from the
relative x, velocity at impact. This had been fouﬁd satisfacﬁory in the

prediction of the ROPS lébbratory test results,

S
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APPENDIX 7.4

S0IL CHARACTERISTICS

Plate sinkage ‘measurements depend mainly on compressive strength,
whereas cone penetrometer readings are additionally influénced'by
ghear strength, and this becomQS the predominant factor as watef
content increases( 01).' For cone penetrometer measurements to be a
relizble indicator of the relevant.strength it would have been necessary
to record also the water content and bulk density of the soil. More - .
confidénce-may be placed in the measureménts for those tests when the
goil had been very dry for some time,

The best attempt that may be made to model the soil behaviour in
the overturning experiments is to take the penetrometer meééurements;
perhaps medified subjébtively according to the perceived wetness of the‘
g0il. In view of the limitations described above and the relatively
J large standard deviations of simultaneous penetrometér meaSurements at
different positions in the impact area, the agreement between simulation
and experiment at imﬁact cannot be expected to be good. The comparison
may, however, be interpreted to add information about the soil behaviour.

(9, 54)

From limited relevant studies on impact it was concluded that
ﬁhe soil behaviour mzy be represented aaequately by an idealised elasto~-
plastic characteristic, assuming the strength is knowi. Rate effects
appear to be small and so badly deflned that they are better omitted.

The area of the load cells, taken together, in a plane perpendlcular
1o the Xy
axis, when the shape.b'ecomeis nore like g wedge than a flat plate and the
effective aréa depends on the sinkage. The impressions left in the soil,
however, generally had reasonably horizontal, square bases, and support
the assumption of an constant area of 0,1 m2'as a first approximation.

When the tractpr“is upright the tyre contact area depends on‘the

normal load and tyre'pféssure.' During'impact,;g is aroundi900; and the

tyre sidewalls tranémit a considerable proportion of the normal load

axis is 0.1‘m2. The direction of impact is at an angle to this

[P —
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et
directly to the rim, When ‘the wheel lies flat on the ground with a normal
force high enough to ciuse significant penetration, the area is probabkf
close to the projected area of the tyre sidewall annulus, in this case
0.89 m2; The eff'ective area of the rim itself is negligible, and side-
wall deflection allows this to sink slightly further than the tyre. In the
present ﬁodel, the area of a tyre is shared befween upper and lower halves,
and each half between tyre point and rim point. To take account of the
sidewall flexibility and if the reduction in effective area as & varies
from-90°, the nominal areas for each point were adjusted empiripaliy'with
the range 0.1 and 0.2 m2. |
The surface frictional force resisting sliding motion is also poorlj
defined, Forces generated by pure sliding movement have been shown to

(81)

approximéte closely to a coulomb—type relationship with normal force

although the coefficient of friction is influenced by density and moisture

content. The effect of'penetration on sliding resistance is not'clearly
~ understood, however, and’ probably contibutes more to thé total force than
pure sliding friction in the present conditions. Resisténce due +o
penetration rises with increasing sinkage, and;hence also with normal
force, but the effective area also increases.‘ In the absence of
quantitative evidence it seemg reasonable to assume that the total side
force is proportional to the normal force, giving a constant of friction
for any particular condition.

This description of soil behaviour has emphasised the uncertainties.

The lack of reliable quantitative data does make the comparison of

simalated and experimental results more difficult. Buil since the hehaviour

ig fairly well defined qualitatively, the power of +the model to predict

the effect of parameter variation is not diminished.









