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SIMULATION AND EXPERIMENTAL VALIDATION 'OF 

TRACTOR OVERTURNING AND IMPACT BEHAVIOUR 

by 

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

SUMJ."lARY 

Roll over protective structures (RaPS safety cabs or frames) 

are required by law on agr~cultural tractors in the U.K. and many 

other countries to prevent drivers being crushed in overturning 

accidents. The research reported was aimed to help in the develop-

ment of RaPS design and strength test criteria through a better 

understanding of the dynamics of overturning ~d estimation of the 

energy absorbed in the ROPS. 

A survey of overturning accidents showed the types likely tq 

result in the greatest RaPS damage: (i) an overturn down a steep bank 

more than 2m high, and (ii) a multiple roll accident. 

A mathematioal model of sideways overturning was developed. 

Equations describing the relationships between 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 d~:ring impact. A computer 

program based on the model was able to simulate both bank and multiple 

roll overturns. 

Thirty bank overturning experiments in different conditions were 

used to validate the model. An experimental ROPS with controllable 

structural characteristics was instrumented for the recording of 

force and deformation at impact, and :the overturning motion was 
..... " . -.. ' 

analysed from cine film. 
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The simulations sho,led good overall agreement with the experi

mental results, both in dynamic behaviour and'in energy absorbed in 

the ROPS. The relationship between tyre fridion forces and ride

mode oscillation Was found to have an important effect on the points 

at which tyre contact was lost and regained during overturning. This 

strongly influenced the roll angle and velocity at impact, and hence 

the way the energy was absorbed by the ROPS, the side- of the rear 

wheel and the soil. 

Running the simulatio~s in a wide range of conditions established 

which parameters had the greatest" effects during overturning and 

impact. Normally, the ROPS absorbs most of the energy due to impact 

roll velocity but only a small proportion of the major energy component, 

that due to vertical velocity. In an overturn do,m a very high bank, 

however, or in some types of multiple roll accident, the tractor is 

more nearly upside dmm. at impact and needs a high vertical strength 

to prevent collapse. 

,. 
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PREFACE 

.The work reported in this thesis was carried out at the National 

Institute of Agricultural Engineering (NIAE), Silsoe, Bedford, under 

project 02006 (originally 1425), "Design and Test Criteria for Tractor 

Safety Cabs". (22) It has also been described fully in a series of 

NIAE Departmental N~tes(31, 61, 62, 70, 71, 79, 80, 93) to which 

references are made as appropriate; where minor non essential details 

are covered only in the DN's this faot is indicated in the thesis. 

An interim report of progre,ss was presented at the NIAE Tractor 

. 't D ( 102) .. 1 . . Ergonom1cs SubJec ay and severa papers are be1ng submitted 

to the Journal of Agricultural Engineering Research for publication. 

A parallel study, carried O',et under contract to the Commission 

of the European C 't' (17, 21, 82), t t d' th' Ommun1 1es ., , 18 no repor e 1n 1S 

thesis but is relevant in the discussion of results. 

Permission and financial support for Ph.D registration were 

provided by the Agricultural Research 9ouncil, through the D~rector 

and Go~erning Body of the NIAE, to whom I am duely grateful. 

I would also like to thank sincerely the large number of people 

who have contributed to this work: 
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Dave Manby, John Matthews and, particularly, Richard Stayner, NIAE, 

for continued guidance, advice and encouragement; 

John Praties, Diek Potter and Graham Aldridge, Design Department, 

NIAE, fer tr~~slating the experimental safety frame concept intc 

engineering drawings, and Arthur Radwell and the Workshop staff for 

turning these into hardware; 

a.R. Chalmers, Sid Bevis and Pete Ferguson, Engineering Services 

Department, NIAE, for design and construction of the overturning 

platform; 
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1. INTRODUCTION 
, 
The distribution and total number of fatal accidents on farms in 

the U;K. remained substa..l1tially constant in the decade prior to the 
! 

introduction of legislation requiring safety cabs or frames to be 

fitted to all new tractors (Table 1)51,2) 

TABLE 1 

Fatal accidents on U.K. farms 

1960 1967 1968 1969 1970 

Accidents 

with Sideways overturns 24 31 29 32 27 

tractors' Rearward overturns 5 10 10 5 3 

Total oVerturns 29 41 39 37 30 

Total accidents 53 50 54 46 49 

Mean 
67-70 

29.75 

7.00 

36.75 

49.75 

All farm aCGidents 125 135 136 136 130 134.25 

Statistics for 'non-fatal injury accidents are inevitably less 

consistent because of inadequacy in reporting and in the definition of an 

accident. Accident severity, however, may be indicated by the proportion 

of reported injury accidents that are fatal. In overturning accidents 

this is about 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 cabs:-

1. About 37% of all deaths are directly connected with 

tractors. 

2. Of these accidents about 74% are due to overturning. 

The number of deaths resulting from tractor overturns 

is considerably higher than that from any other singLe 

cause. 

3. Of the tractor over~~rning accidents, the distribution 

of sideways and rearwards overturns is about 4:1. 
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4. The annual number of deaths resulting from tractor 

ovarturns is about 37, or about 9 per 100,000 

tractors. 

It has been showrf3) that the distribution of farm accidents in the 

U.S.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 DEVELOPlllENT OF SAFETY CAB STRENGTH CRITERIA 

Al though a theoretical study of tractor oV"erturning was included 

in a 
" (4) 

~ublication as early as 1~27 , the first studies aimed at driver 

protection were carried out between 1954 and 1959. Most of this work 

was devoted to developing simple laboratory strength test techni~ues 

that would reproduce the impact receivad in overturning accidents. The 

work was mainly experimental, with littl~ or no theoretical analysis of 

the overturning behaviour. 

Sweden introduced safety cab legislation in 1959 following a series 

of tests to correlate the effects of a simulated accident with the 

impact of a pendulum weighJ5). The simulation consisted of tipping a 

tractor sideways off a one metre high platform onto a rigid surface. 

The strength of the safety frame and the energy of the pendulum impact 

were adjusted to give acceptable and e~uivalent deformation in the two 

comparative tests, and this impact energy formed the basis of their test 

code. 

To improve the realism of the accident simulation, and in particular 

to introduce horizontal fore and aft forces to the cab "due to forward 

motion, a tractor fitted with an exporimental frame was overturned in a 

number of different field conditions in Norway, shortly after the 

original Swedish wor~6~ The experimental frame was fitted with stiffly 

sprung members supporting the top, forward joint on the side first 

contacting the ground. After an overturning test the maXimum spring 

deflection, and hence" the maXimum force,in "each of three mutually 
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perpendicular directions could be determined from mechanical indicators 

fitted to the springs. It was found that the vertical and longitudinal 

impact forces were typically of the same order as the lateral forces, and 

the energies absorbed by the springs in all three direction were similar 

to the lateral energies measured in the Swedish experiments. The 

Norwegian test code took account of these results, and re~uired a front 

impact blow of e~ual magnitude to the side blow and inclined downwards 

at 45 degrees. 

The results of the Norwegian tests, although valuable as a guide to, 

typical force levels, do not greatly advance the understanding of over-

turning behaviour for the following reasons:-

1. The overturning conditions were not particularly severe, 

or closely controlled, and the results show considerable 

variability. 

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

3. The energy-absorbing characteristics of the springs 

were fundamentally different from those of real cabs. 

4. No theoretical analysis was included to aid understanding 

of the significance of the measurements made. 

Overturning experiments were carried out at the N.I.A.E. between 

1961 ~d 1964 to aSsess how the experience gained 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 Swedish procedure and then by overturning a 'tractor rearward and 

" m 
sideways on a gradient of 1 in 2t to 1 in 3 are reasonably comparable • 

The pendulum test was accordingly adopted in tIns country with the same 

relationship between blow energy and tractor weight as in the Swedish 

code, 'but with a number of detailed modifications. Longitudinal impact 

and crushing tests were applied at both the front"and rear of the'cab. 

The method of lashing the tractor to the ground had been investigated 

'I 
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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 on the permanent deflection of a cab duril\g 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 clearance 

fixed in relation to the tractor was proposed, to allow increased 

deformation in larger cabs while maintaining a uniform standard of driver 

t
' (8) 

protec l.on • 

The overturning tests in U.K. also s~owed 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 published in New Zealand in 19679~ before the establishment of 

a test code. The dynamic analysis was restricted 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 

energy values were generally higher than the Swedish measured values for 

heavier tractors, although no experimental results were given. A number 

of laboratory impact tests on model and full sized frames showed that the 

deformation could be predicted fairly reliably in simple designs, but the 

need for research into more complex behaviour was indicated. The test 

code developed in New Zealand applies the same impact energy as in the 

Swedish tes~since the effects of the higher energies calculated were 

considered to be offset by the satisfactory safety record in use of frames 

tested to:the Swedish formula. 

Tractor overtuning tests 'have been carried out by Deere and Company 

.' (10) 
in th&U.S.A. on tractors fitted with two-post 'roll-bar' frames • The 

! 
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impact forces and resulting frame deformation were measured by transducers 

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

turning tests were made in different conditions, no detailed comparison 

of impact energy levels is reported; however, the maximum frame deformation 

occurring in the overturning tests is recorded as being 30% higher than 

the deformation produced in a pendulum impact test to the Swedish formula. 

Ino,~rturning tests carried out by N.I.A.E. using facilities 

provided by Deere an~ Company the O.E.C.D. pendulum rear impact formula 

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

significantly lower than those measured in rearward overturn tests for 

tractors heavier than 6000 IB11~ In a simplified theoretical study it 

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 lack 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 O.E.C.D. and 

Nordic 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 the unballasted tractor weight 

in kg. In addition a vertical crushing test was included up to a force of 

twice the tractor weight. The criteria for passing the test were that 

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:-

(12) O.E.C.D.. Crushing test at front and rear; front impact 

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

I 

I 
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in relation to tractor instead of maximum deflection limits, 

plus limit on excess of total deflection above permanent 

(11) 
set; rear blow energy based on new formula : (1974). 

2 •. U.K. (BS.4063)~3) As O.E.C.D. 

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

energy formula is unduly severe on both very heavy and 

very light tractors, a new code was developed in 1971 in 

which the side impact blow energy is equal to the O.E.C.D. 

value for tractors in the weigh~ range 2000 kg to 4500 kg, 

but Qf reduced magnitude above and below this range. 

4. New Zealand Maximum allowable deflection in rear blow 

5. 

increased to 10 cm. 
, (14.) 

D.S.A. (A.S.A.E.) The pendulum impact test is similar to 

the O.E.C.D. code but with equal side and rear blow energies 

of 1810 + 0.70 W ft lb, where W is the tractor weight in lb 

(250 + 0.21 W kgfm, W in kg). Direct comparison is not 

possible, since the weight W referred to must not be less 

than 130 lb per maximum p.t.o. horsepower, but A.S.A.E. 

energy values calculated for two wheel drive tractors are 

generally within +5% of the O.E.C.D. values for side blow. 

A static loading test may be used as an alternative. 
! 

A draft international standarda5J and an EEC Directiv~16)have also 

been under development for some years. Both follow the O.E.C.D. procedure 

very closely and 

Also under development are ,draft O.E.C.D., ISO and EEC static 

loading test procedures all of which ar~ closely similar(17~ Although 

static test methods are slightly less realistic than pendulum tests in 

simulating accident conditions, they offer significant advantages of 

I 
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better control and repeatability, and provide more information for safety 

cab development. The European and International procedures have more in 

common with their pendulum test counterparts than with the A.S.A.E. static 

test method, or with an international standard for tests on earthmoving 

equipment cabs08~ 

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 

tractorJ19~ and the fatalities from overturning accidents have declined 

as a result. None of the eight deaths resulting from overturns when 

safety cabs were fitted in the ten years after the introduction of 

legislation were due to failure of the cab, although one fatality has 

occurred in Norway after a failure. The other deaths have been caused by 

partial or complete ejection of the driver. 

In the U.K. reports have been prepared on all known accidents 

involving tractors with safety cabs since July 1968. More than 400 

accidents have been reported and the only fatalities have occurred when 

drivers attempted to leave or were thrown from the cab. Approximately 

14% of the occupants were ejected during the overturn, 'and a further 7% 

jumped clear. About half the drivers were able to hold onto the steering 

wheel, and the number'ejected is roughly one third of those who did not 

retain hold. 

The main object of a safety cab is to prevent the driver being 

crushed by the tractor during an overturn. Injury is still possible, 

however, from impact of the driver against parts of the tractor and cab 

structure, and two thirds of drivers remaining in cabs of overturning 

tractors in the U.K. received minor injuries, mainly cuts and bruising. 

Serious injuries are rare because of the low'accelerations in overturning 

accidents compared for example, with those in road accidents. 

, I 
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The philosophy of driver protection 

The most effective device to protect drivers in road accidents, the 

safety-belt, is estimated .to reduce the likelihood of serious injury by 

one half .(20) The tractor safe ty cab, at a much greater cos t per vehicle, 

has achieved a reduction of fatalities from overturning accidents of the 

order of 95%. A decision must be made on the 'desirable' degree of 

protection to be provided by safety cabs, assuming that 10Q% protection 

can never be achieved. The basis for such a decision must inevitably be 

the relationship between the degree of protection provided and its cost, 

but the information that could form this basis is not available. Research 

is required to evaluate the dynamics of tractor overturns more reliably 

than hitherto, in order to show whether existing test standards maintain 

adequate and equitable protection for the drivers of all types of 

tractors and cabs, and may demonstrate how to design safety cabs most 

efficiently to provide the optimum protection. 

1.2. SCOPE AND AIMS OF THIS STUDY 

Although the U.K. has had legislation since 1970 requiring new 

tractors to be fitted with safety cabs, and most other countries have 

similar laws, the strength tests are based on a rather simple background 

and are continually being revised. One way of assessing the overall 

adequacy of these 

A recent study by 

tests is.to consider the safety record of cabs in use. 

(21) 
the author under contract to the E.E.C. ,showed that 

damage in accidents exceeded that in equivalent standard tests in only 

about 5% of cases; in one accident of the 160 analysed the cab had collapsed 

completely and the driver would probably have died had he not jumped clear. 

This information gives a good indication of the general adequacy of test 

criteria but fails to show which parts of the test, are least satisfactory 

and does not help greatly in understanding the relationrulip between 

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 approach used .in the 
(22) 

investigation reported in this thesis, with the following main objectives. 

1. To obtain a better understanding of the dynamic and 

structural behaviour of tractors and safety cabs in 

overturning accidents. 

2. To improve criteria for the structural design and 

testing of safety cabs and frames. 

3. To establish design theory to assist manufacturers in 
'i 

translating the structural requirements into practical 

designs. 

It was considered essential that thEl" simulation be related as closely 

as possible to real accidents. Because of the high degree of protection 

expected from safety cabs, the relevant accident types were the most serious 

that' are reasonably likely to occur in normal agricultural circumstances. 

The study therefore began with a survey. of overturning accidents. A 

mathematical model was then developed to simUlate the most important 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 SIDElvAYS OVERTURNING ACCIDENTS 

Introduction 

Several analyses of tractor overturning accident3 have been published 

b th ' Ell' d . U S ( 7, 23-30 b) t ha b . t d . 1 o 1n rope an 1n the • .A. ,u they ve een d1rec e maLn y 

to establiShing the causes of accidents rather than the dynamics of tractor 

behaviour during overturning. The main object of this surve}.31), reported in 

section 1, was to develop a classification system that would enable all 

sideVlays overturning accidents to be represented by a small number of 

general types suitable for Simulation, in preparation for'the mathematical 

and experimental study. In thiS way it Was hoped to 

separate the effects of gross differences in the dynamio behaviour, requiring 

different mathematical or physical models ,for simulation, from':lifferences 

of degree that may be studied more simply by changing parameters. 

Tractors overturn rearwards only about a qyarter as frequently as they 

dO sideways, and in a muoh less varied range of circumstances. Rearward 

overturning is not covered in this thesis. 

The likelihood of o~curence of the different types of accidents is 

assessed in 2.2 to enable the results of future research to be applied 

to legislation covering the structural properties of tractor safety oabs. 

If simulation is cap~ble of predicting the behaviour of overturniqg traotors 

then this analysis will assist in determining which kind of simulation should 

be used as a guide to test standards, to ensure the greatest driver proteotion 

at the least cost. 

An analysis of driver injury and behaviour in 38 overturning aooidents 

involving tractors with safety cabs is presented in 2.3. This 

information !dll assitt in the preparat~on of details of the criteria for 

the design and testing of safety cabs. 

• 
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Source s of Data 

The Safety Inspeotorate of the Ministry of Agrioulture, Fisheries and 
. " '* . J • • 

Food (M.A.F.F.) prepares reports on all tractor overturning aocidents of 
. 

which it receives information. Aooidents are olassified into fatal, non-

fatal and those involving tractors v~th safety cabs. The law requires that 

all accidents that are fatal or result in injury to an employee are notified 

to the Ministry. While all fatal accidents are reported, it is likely that 

many accidents are not recorded where no-one, or only a farmer or member of 

his family is i.njured. 

Fatal sideways overturnine aocid.ents in England and Wales from 1969 

t·o 1971 inclusive form the major part of the data for this survey. Fatal 

acoidents in Scotland are reported by the Department of Agriculture and. 

Fisheries for Scotland, and have not been inoluded. In addition analysis 

is presented of 38 accidents in the U.K. (inoluding Sootland) involving . 
tractors ydth safety cabs that occurred or were reported in 1971. Sixty-four 

of these accidents had been reported to April 1972, and this survey 

covers those from M.A.F.F. Serial Numbers 25 to 64 inolusive, except for two 

that related to rearward overturns. These reports also form the basis of 

the driver injury and behaviour analysis.: 

By studying mainly fatal aooident& this survey ooncentrates on those 

oases where a safety cab would have been most benefioial, at the expense 

of biaSing the aocident distribution towards greater severity. Tne effeots 

of this are discussed in seotion 2.4. 

2.1. CLASSIFICATION SYSTEM 

The main parameter that influences the type of overturning is the 

terrain profile, and it is often the terrain that initiates the ~ctual 

overturn although othpr effects may be important in the events leading 

up to the final instability. The classification system also describes 

the ground hardness, state of vehicle control, implements and other 

factors contributing to the overturn. 

* Now the A"cioul tural Branch of the Health and Safety Executive 
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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 

testing(51~~ The tractor tips about its tyres, which remain on the edge 

of the bank until the cab impacts the ground. Since the whole of the 

impact 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 ground much of the energy may be absorbed when 

the side of the rear wheel st.rikes the ground before the cab 9. 

It was thought that aocidents of the type in Fig.2.1 were ,not very 

likely, because overturning would have to be initiated at the edi;e 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 nas confirmed by the survey ~d no' accidents were' reported 

that were analogous to Fig.2.1. Three mutually exclusive classes were 

chosen, however, representing terrain profiles that generate different 

modes of tractor behaviour. With enough evidence it is possible to 

assign a class to every accident. 

The three types of terrain are shovm in Figs.2.2A, Band C respectively. 

Class A:, Overturning on flat ground, 'either-level or with a 

uniform slope 

Class B: Overturning initiated by the tractor mounting a bank , 

or large obstacle from flat ground.,' 

Class C: Overtl1.rriing ir.itiated by the tractor wheels falling 

over the Adge of a bank, or into a ditch. 

Although the assignment of terrain class was subjective it could be 

done with some certainty in most cases. Doubt arose more from insufficient 

reported information than f'rom, imprecise type definition. 

Ground hardness 

When a safety cab impacts the ground 'some of the tractor's kinetio 

enerbY is absorbed by deformation of the : cab and 'the ground.' 'The proportion 

of the initial energy that· is absorbed by the oab can vary from zero to more 
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Fig.2.1 & 2.2 Types of Overturning ~ Ground Profile 

Fig.2.1 

Tractor tips off. bank, 
wheels remaining on edge 

I 

. i 

Fig. 2.2A 
Overturning on flat ground, 
either level or with a ". 
uniform slope 

Fig.:2.2B 

Overturning initiated by' 
tractor mounting bank I 

. or large obstacle . I 

Fi92 •2C 

OverturOlng 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 

possible to assess accurately from the accident reports the hardness of 

th~ ground onto which the tractors overturned, but in most cases a 

distinction can be made between surfaces such as ~onc~ete that probably 

would not deform Visibly, and those where significant soil deformation 

would occur. 

These two conditions are therefore designated respectively:-

H - hard ground; 

S - soft ground. 

This ground condition dO~R not necessarily describe the type of 

surface the tractor was travelling on before it'ov&rturned. For example, 

several tractors travelling along ~oads overturned onto soft g~ound at 

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

Vehicle control 

tfumy accidents result from drivers losing control of their tractors, 

for instance on steep hills, because of inadequate brakes or overloaded 

trailers; One of two classes is assigned to each accident:-. 

L - Loss of control of the speed of the tractor before overturning 

N - Normal operation (No loss of control). 

Implements and trailers 

The presence of an implement at the time of overturning is described 

by one of three classes:-

S - Solo tractor. 

M - llounted implement or equipment supported entirely or 
r' •• ' 

principally by the tractor. 

T - Trailer or implement trailed trom the drawbar. 

The implement condition does not necessarily describe the Bl"rangement 

before the start of tbe event culminating in the overturn; in some cases, 

for example, a trailer broke away during a long, out-of-control run downhill, 

and was not significant in the overturning incident. Such an accident would 

be classed as solo. The presence of an implement does not necessarily imply 

that it was a si~nificant cause of overturning, although it would affect the 

dynamio behaviour. 
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Addi tionrll contributory factors 

Where additional factors are considered important in the cause of 

overturning, although not necessarily in the events leading up to overturning, 

they are classified by a digit:-

1- Side slope 

2 ~ Sudden'change of direction (steering) 

3 ~ Surface~th bumps or'hollows 

4 ~ Implement effect' 

5-;;' Other 

Notation of ciassification 

Each accident is described by a symbol-chafn in the above order. 

For example:-

A - H - L - T - 1, 2 indicates a tractor and trailer overturning on 

uniform, hard ground after the driver had lost control, a side 'slope and 

change of direction contributing to the cause of overturning. 

ifuere a classification is uncertain, either because of ' insufficient 

information or in a borderline case, the mostllkely class'"is given in 

parentheses. 

2.2. RESULTS OF THE SURVEY - TYPE OF OVERTURNING 

The classifications of the fatal overturning accidents in England 

and V/ales, ::'969 to 1971 are "iven 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 'i 

are presented first 1'01' the 76 f.atal accidents and, then for the 38 'accidents 

with cabs. 

Distribution of tyPe 

, The ,distribution by ground hardness, terrain and vehicle control of 

the fatal'accidents is' sho'l'lIl in Table 2.1 and' for the accidents involving 

tractors' with safety'cabs in Table 2. 2 • None of the tractors involved 

in the fatal accidents was fitted with a safety cab. Uncertainties in 

the classification are included, but do not make a Significant difference 

to the totals for each class, al~hough they may affect individual entries. 
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Table 2.1 

. Distribution of fatal'sidewa s overturnin accidents in En land 
and 'Cales, 19 9-1971 by terrain, ground surface and vehicle control 

i 

Soft Surface Hard Surface Total 

Terrain Year Control: Control: Control: 

: 

Class Total Total Total 

Loss Normal Loss Normal Loss Normal 

1969 3 6 9 2 0 2 . 5 6 11 : 

A 1970 6 2 8 1 0 1 7 2 9 
.. 

1971 3 3 6 1 0 1 4- 3 ·7 
. 

. .. 

Total 12 11 23 4-. 0 4- 16 II 27 , 

1969 1 0 1 2 1r 6 3 1r 7 

B 1970 1 0 1 3 1 1r 1r 1 ·5 

1971 1 0 1 3 3 6 1r 3 7 . 
. 

, 

Total 3 0 3 8 8 16 11 8 19 

1969 1 8 9 0 2 :; 1 10 11 

C 1970 1 6 7 0 3 3 " 9 10 ... 
" 

1971 4- 5 9 0 0 0 4- 5 9 , 

, Total 6 19 25 0 5 5 6 24- 30 

1969 5 14 19 4- 6! 10 9 20 29 
.. 

Total 1970 8 8 16 4 4- 8 12 12 24-

1971 8 8 16 4 3 7 12 11 23 

, 
. . 

I 21 33' ! Total 30 51 12 13 25 43 76 I .' ... . I 

." 

~ 

---- - .. ~~-'"-



I 
I 
1 

I 

i 

! 
I 
I 
j 
I 
i 
• 

----------

-' 17 -

Table 2.2 

Distribution of sideways overturning accidents in the U.K. 
involvinl'j tractors with safety cabs, 1971, by terrain, 

ground hardness and vehicle control 

Soft Surface Hard Surface Total r 

Terrain Control: Control: Control: 
Class " Total Total 

Loss Norma) Loss Norma) Loss Normao 

A 3 12 '15 0 3 3 3 15 
, 

B 2 1 3 1 2 3 3 3 

C 2 11 13 0 1 1 2 12 
~ 

, 

, Total 7 24- 31 1 6 7 8 30 
. -" I 

Total 

18 

6 

14 

38 

The distributions of the total number of accidents in each class ' 

~pressed as percentages f·)r both the fatal accidents and those involving 

I 

. 

trac.tors with safety oabs are given in Table 2. 3, for terrain, ground hardness 

and vehicle cOll,trol, and in Table 2.4 for implement condition and effect on 

overturning. 

Table 2.3 

Distribution of sideways overturning accidents by terraill, ground 
hardness and vehicle control - PerCGnt of total number each year 

Terrain Class: Surface: Control: Total 
Accidents Number 

~ B% 0;. Soft% Hard% Losf>% NormaJ% 

Fatal 1969 38 38 66 34 31 69 29 
. 

24-

1970 37 21 42 67 33 50 50 24-

1971 30 30 39 70 .30 52 48 23 

-- Total 36 25 39 67 33 
'. 

4.3 " 57 76 

Tractors with cabs 47 16 37 82 18 21 79 38 

I 
I , 
I 
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Table 2.4 

Distribution of sideways overturning accidents by implement condition 
and implement effect, on overturning- Percent of total numbers 

Impleme:1t effect: Implement condition: on overturning 

Accidents 

Solo Mounted Trailed Possible Probable Total 
tractor % Implement % % % % ~o 

Fatal 1969-71 28 37 36 26 15 4J. 

Tractors with cabs 18 29 53 11 .39 50 

Height and Slope of Bank in "c" - type accidents 

: , 

" , 
i 

Total 
Number c 
Accident 

• 

I 
76 

I 

.38 
I 

r i 

In .35 out of the total of 44- "C"_type acoidents the height of the bank 
.\ i' 

is given in the acoiden': report, but the steepness is clesoribed quantitative~: f I 

in only J3 cases. These data are included in A];>pendices 2.1 and 2.2. 

The distribution of' bank height for the .35 "C"-type accidents is shown 

in Fig. 2.3; for each bank heitiht the percentage of accidents occurring at 

greater height are plotted as ordinates. 

The steepness of the banks varied from 1 in .3 to vertioal.. 

Tractor speed and extent of overturning in accidents involving tractors 
with safety cabs 

These data are tabulated in Appendix 2.2 and shown graphioally in Figs.2.4 

and 2.5. The distributions are plotted as the percentage of accidents in 

each doubling of the independent variable. 

The tractor speeds recorded in the aooident reports and referred to 

in this note unfortunately do not all relate to the instant of overturning, 

but in many oases to the speed before the events lea~ing up to overturning. 

Sometimes, in loss-of-oontrol aocidents, the tractor would be travelling 

~onsiderably faster at overturning than the speed reported, whereas in 

other i~stances braking' or sliding could have'reduced the speed significantly~ 

Deformation of safety cabs 

The deformation recorded is normally the estimated linear distance out 

t I 
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Fig.2.3 Cumulative Distribution of Bank' Height 
in 'C'-Type Accidents " ;" 

(Fatal accidents and those involving tractors with safety cabs 

- total number: 35) 
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Fig. 2 •4 Distribution of Tractor Rotation During Overtur.ning 
. (38 Accidents involving tractors wIth safety cabs) 
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Fig. 2.5 Distribution of Tractor Speed Before Overturning" 
(34 Accidents involving tractors with safety cabs) " , 
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of true of the top cab member although in one case the angular displacement 

of the cab uprights is given. 

Of the 38 accidents, no measurable deformation was reported in 17 and 

only "Slight" in a-further 6. The remaining 15 a.:..~e tabulated below:-

Deformation: Number reported: 

o to 1 inch 4 

1 to 2 inch 4 

2 to 4 inch 2 

10 degrees 1 

"Several inchel''' - -

Fracture end 
severe distortion -

Unspecified 

1 

1 

2 

Thus in all but 4 or 5 of these accidents the cab displacements were 

considerably less than the normal range of deflection after O.E.C.D. tests 

on safety cabs. The accident in which the I~ame was fractured followed a 

downhill run of 300 yards by a driverless traotor at an estimated- final 

speed of 25-30 mile/h. 

2.3. OCCUPANT BEIIAVIOUR AND INJURIES IN ACCIDENTS' INVOLVING TRACTORS 
WITH SAFETY CABS 

Occupant position after overturning 

Number of Drivers Number of Passengers 

Remained in cab throughout 28 o 

Ejected during overturning 3 1 

Jumped out intentionally 2 o 

Unspecified l 
; o 

Total 34 1 

Tractors that ran away driverless 4 

Total accidents 38 

The following analysis covers the 34 drivers who were in their cabs at 

the beginning of overturning. 

--------------------~--------~------------------~~----
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A bili tv to hold on to steering "hee 1 

Not enough is knovm at present about the ~orce8 on thA ddver during 

overturning accidents, or about the maximum forces that can be exerted by 

the hands and arms to assess the ~ikelihood of drivers being able to retain 

hold of the steering wheel, although research in this area is planned. A 

driver is less likely to be injured in an overturning accident in a tractor 

with a safety cab if he is able to hold cnto the wheel throughout, as the 

ohan~e is reduced of being thrown against the cab or the ground; , 

~le 2.5 shows the number of drivers who retained hold of the steering 

wheel in these accidents. The proportion of drivers who did retain hold 

does not directly indicate the probability of being able to do so, since 

several drivers did net attempt to hold on. 

Definitely 

Probably 
. 

Total 

l~ (of 34) 

Table 2.5 

Drivers who retained hold of steering 
wheel throughout overturning accidents 

involving tractors with safety cabs 

Number who humber who did 
retained hold not retain hold 

10 12 

5 3 

15 15 

44- 44-

Not 
kno.m 

4-

12 

Drivers remaining in their seats during overturning 

(12) The O.E.C.D. test of traotor safety cabs and a number of similar national 

tests use a criterion of approval that after impact tests the cab must not 

intrude ona fixed zone of clearance. The size of this zone is such that' 

a driver should be protected from being crushed in an overturning aCCident, 

but 'the definition of the zone in relation to the tractordeperids on the extent 

! 
: 

I 

, , 
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to which drivers are thrown around inside cabs during overturning. 

Table 2.6 shows the number and proportion of driv.ers who remained in 

contact with the seat cushion tllrout;hout the accidents. 

Table 2.6 

Drivers rema~n~nFj seated throughout 
overturnin'l accidents involving 

tractors with safety cabs 

Stayed Thrown out Not 
in seat of seat known 

Definitely 5 18 
, 
I Probably 3 2 

Total 8 20 I 6 
, I 

% (of 34-) 24- 59 18 i , 
• i 

Injuries 

Fifteen drivers were not injured. 

The distribution of injury location and assumed agent for the remaining 

~9 is shown in Table 2.7. Some drivers received more than one injury. 

Location 
of 

injury 

Head 

Body 

Legs 

Arms 

Not stated 

Table 2.7 

Location and assumed aEjent of in,juries to drivers 
of tractors .dth safety cabs in overturnin" accidents 

Assumed agent of· injury 

Cab Tractor Not 
known 

Top*1 
Y/iper Unknown Transmission 

Contr~ls motor part housing 

3 1 6 

1 5 1 

3 2 2 1 

1 1 1 

1 1 
-._- --- -" 

Total 4- 2 15 2 3 
" -. .. .. 4-

Tota.l 21 5 

lii 
. Cab top includes roof and top frame members 

Tota.l 

10 

7 
8 

3 
2 

30 

------ ------ -- -- ---- -------------"-~-



One driver received broken ribs and collar-bone, but apart from this 

case the injuries were bruising or lacerations. 

2.4. DISCUSSION AND CONCLUSIONS 

1. 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) 

where the only significant variation is the relatively low proportion of 

accidents involving loss of control in 1969. It may therefore be assumed 

that these distributions are typical of fatal acci~ents in England and 

Wales. 

. ~ 

The distributions of accidents involving tractors with safety cabs(Taole 2.2) !I 

however, are different in several respects frou those of fatal accidents 

(Table 2.3). In particular, the proportions of fatal overturns onto 

hard surfaces (33%) and involvtng loss of control (4)%) are both about 

twice those of aocidents involving tractors with safety oabs (18% and 

2Ji~ respectively). Although the records for non-fatal accidents are 

probably incomplete, they may be more representative of all overturning 

accidents than the fatal ones. As might be expected, the distribution of 

fatal accidents is biased towards greater severity. 

2. The proportion of accidents in which tractors overturned onto hard surfaces 

- about one-fifth for the tractors with cabs and one-third for fatal ones 

indicates that these types of impaot must be considered "normal" in 

research and test1ng of safety cabs. 

3. Considering the dynamics of the motion after the initial instability 

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

accidents "here the bank is long and shallow. In each of these cases the 

side of the tractor's rear wheel probably impacts the gro~d before the 

cab and absorbs a considerable amount of energy. The only ac~idents that ' 

are likely to result in the frame receiving most of the energy are 'C' 

types on banks steeper than about 45° and with heights between about 8 ft. 

and 12 ft. For greatest energy absorption in the cab the ground surface 

impacted must be hard. 

From Fig. 2.3, bank heights between 8 ft. and 12.5 ft. featured in about 

'I 
! 
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3qfo of the 'c' type accidents where the height was recorded, and in 

about half of these cases the banks trore probably steeper than 45°. 

Since the proportion of all accidents that are 'c' type is just 

under 40;0 the number of overturns that include this combination of 

circumstances is estimated to be about 5~ of the total. Only one-fifth ,of 

the fatal and one in fourteen of the 'c' type accidents with oabs were 

on hard surfaces, so that maximum energy input to the cab is likely in 

less than ~ of all overturning accidents. 

4. In most of the 'q' type accidents the tractors had been travelling 

parallel or at a small angle to the edges of the banks before over

turping but in at least five cases the tractors were driven over the 

banks at large angles. The dynamics of this type of accident are 

somewhat different, in that both front wheels fall over the edge 

before either rear wheel, and the direction of overturning is 

predominantly forwards rather than sideways. 

5. In 8 of the 30 fatal 'c' type accidents the tractors fell into rivers, 

ditches or ponds containing water. These accidents have been included 

in the soft surface class, but may represent a sufficiently large 

~oportion to warrant separate study. The driver was drowned, rather 

than crushed in only about 2 of these cases, but drowning may represent 

a relatively more important hazard with safety cabs. 

6. The total numbers of fatal accidents in each year are not identical 

to the figures published by M.A.F.F. This is due to slightly different 

definitions of sideways overturning and is explained in Appendix 2.3. 

7. Although tractor overturning accidents occur in a wide range of 

circumstances and conditions it has been found possible to oiassifY 

them according to the dynamics of the behaviour into a small number 

of distinct types. Limitations of the classificat!on system occur 

in borderline cases, where the accident reports contain insufficient 

, , 
I 

I 

i I 



information and in ,l"'rt.i,oularly cOl:1plex dynalllic situations. The 

syst,em describes the overturning incident and not the cause of events 

leading up to overturning, which rilllyoeof equal interest in other 

investie;ations. 

8. No examples were found of the type of overturning represented in 

Fig. 2.1 that has been used in some previous research studies, and 

it is concluded that this is not a type of accident frequently 

occurring in the U.K. which it is realistic ;to simulate for tests. 

9. Safety cab legislation is designed to protect drivers from being 

crushed in a very high proportion of accidents, probably approaching 

100;'1 and te st codes are therefore based on the most severe 

"reasonable" acc;idents in terms 'of potential safety cab damage. 

One of -the principal objects of this survey was to highlight these 

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

In looking for such extremes this limited survey can only hope to 

, Point out the important types of aCCident, 'without being too precise 

about their frequency of OCCUl'rence. 

The energy absorbed by a cab in its first impact with the ground 
• 

depends on:-

(a) the initial kinetic energy of the tractor, which is proportional 

to the square of its speed in the absence of significant rotation; 

(b) the ohange in potentiel energy if the centre of mass of the tractor 

falls during overturning; 

(c) energy dissipated in defOrming the ground and parts of the tractor 

suoh as tyres and wheels, and in sliding' friction; 

(d) the ~netic energy remaining after the first cab impact, which will 

eventually be diSSipated as in (c) above or in further cab impacts 

until the tractor comes to rest. Further change in potential energy 

ll1ay occur during this process, which increases the quantity to be 

dissipated. ' 

Parts (a), (b) 'and (c) relate to individual characteristics of an accident 

that can bo considered separately and estimated if enough data is known. 

~~~~----------------------------~---------. 
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Part (d) can only be assessed by dynamic analysis. Attention in section 3 

of the discussion has concentrated on part (c) as this is the most 

Qomplicated and variable. It is possible fortwo accidents to be 

apparently similar and yet result in considerably different cab 

damage because of energy absorbed by tractor wheel impact. While it 

could not be shown that absence of vrheel impact was certain in any or 

the aCCidents, its probability was estimated to be about 5i~. 

There was not sufficient data to enable a correlation to be established 

between these conditions and severe safety cab deformation. The acoident 

whioh resulted in the sreates~ cab damage occurred at very high speed, 

25 to 30 mile/h, and this is thought to be the main reason. In other cases 

the deformation was perhaps surprisingiy small, suggesting that the 

conditions for absorption of the highest proportion of energy in the 

cab were not encountered. In a sample of 38 accidents it is reasonable 

that situations with a probability of only a few percent may not appear. 

On the basis of this survey it ,;as therefore considered that research 

on sideways overturning accidents should be concentrated on two types 

. or conditions:-

(i) a tractor falling over the edoe of a bank ,between 8 ft. and 12.5 ft. 

high with a slope between 50° and 90° to the horizontal, and landing 

on hard or soft ground; 

(ii) accidents at high speed involving multiple rolls. 

10. In half of the accidents involving tractors with safety cabs the angle 

of rotation during overturning was only "bo"t ~OO, but in about a quarter 

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

eight in -two cases (Fig.2.4). When a tractor rolls more than 3600 the 

cab receives further impacts and the probability of the driver being 

ejected and injured is greatly increased. The wider use of proven 

devices to prevent continued rolling should be ~omoted nlore actively. 

.. 

i 
k , 
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11. 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 reported that only 27% of the sideways overturning 

accidents analysed occurred at a speed higher than 5 mile/h, and only 

15% at over 9 mile/h. As has been discussed in section 2.2, data 

relating to speed must be interpreted with caution: it is likely, 

however, that a significant number of tractors overturn at speeds 
! 

above 15 mile/h, or even 20 mile/h. 

12. The effects of implement,s and trailers on overturning are twofold -

they will modify the dynamics of the motion and they may contribute 

to the cause of overturning. In addition a load may induce loss of 
\ 

cQntrol which results in overturning, but this is outside the scope of 

this thesis. 

Implements or trailers were coupled to 82% of the tractors with 

safety cabs and 72% of those in fatal accidents. The equivalent 

figures quoted in references 23, 25 and 26 are 71%, 50% and 87% 

respectively. The proportion of accidents in which the machines were 

partly responsible for cverturning was in the range 15% to 50%. 

13. Fcurty-four percent of drivers in accidents involving tractors with 

safety cabs 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, hm1ever, that 

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

safety cab design and test criteria must take account of this. 

Only a quarter of drivers remained seated throughout overturning, and 

this may similarly be expected to represent the less severe accidents. 

14. Injuries received in accidents involving ,tractors with safety cabs 

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

drivers were not injured. 
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3. MATHEMATICAL MODELS OF OVERTURNING AND IMPACT 

3.1 PREVIOUS WORK 

In discussing mathematical analyses of overturning 

it is useful·to differentiate between studies concerned 

solely with stability and those that go on to treat the 

impacts with the ground. Not only are the approaches 

generally different in the two cases, but the objectives 

are also different. 

The earliest investigations, by MCKibben(4) in 

1927 and worthington(32) in 1949, were directed towards 

finding criteria to prevent the instabilities that 

lead to overturning, and many more recent studies have 

pursued this approach. The value of this in demonstrating 

to designers and operators the conditions most likely 

to lead to accidents 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, roll angle and velocity, have been 

suggested frequently but, apart from,practical problems of cost 'and 

reliability, the stability thresholds would have to be very high for 

corrective action to be able to prevent the majority of overturns. 

This was recognised in the experimental work by MOberg(5) which led 

to the introduction in Sw~den of the first law requiring ROPS to be fitted 

to tractors. National and international legislation followed rapidly,in 

many countries, and the prime need in ove~turning studies became the 

determination of the amount of impad energy absorbed in the ROPS. Studies 

of this kind remained in the minority, however, and wor~ on stability 

continued, particularly in eastern Europe and the U.S.A. The more important 

of these investigations will be mentioned briefly before summarising work 

on impact; 

RearWard overturning initiated by high rear axle torque combined with 

a draught force applied too high on the rear of the tractor, is much less 

common than sideways overturning in Europe. The proportion of rearwards 

overturns in the U.K. was about 15-20% a few years ago and has declined to 

perhaps 5-10% due to better driver education. This type' of accident is 

outside the scope of the N.I.A.E. simulation. In the U.S.A., however, the 

proportion is much higher, figures of 25-60% having been quoted. This, and 

the relatively simple dynamics of rearing, led to a number of mathematical 

analyses, some of considerable sophistication and some validated by 

. (37) 
An Italian study has also been publ1shed ,and in the experiments (33--36) • 

(11 ) U.K. Manby developed a simple analysis to determine the energy immediately 

before impact, supported by experimental measurements. 

Apart from the particular case of rearing, overturning generally arises 

from a combination of three factors: sloping ground, bumps that cause roll or 

pitch motions, and cornering forces generated in tight turns. Most of the 

stability studies hav.e concentrated on one, or perhaps two, of these factors. 

The determination of even the static stability of a tractor on a slope 

is not 'st;a1ghtforward because of the different tipping axes resulting from 
, ' 

I 



i , 

! 
I 

j 
I 
~ 

I 

- 31 -

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

which are used widely in forestry and are becoming more common in agriculture, 

present an additional 
. GB 39) complexl ty , • Daskalov 

( 40) 
is typical of the East' 

European researchers <41 .. 44) in taking static slope stability criteria for 

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

His analysis includes the effect of turns of constant radius starting from i 

any direction in relation to the slope. It can handle tractor-trailer 

combinations in addition to solo vehicles but does not take ground roughness 

or tyre flexibility into account. 

In constrast, recent U.5. research, mainly at Purdue University, has 

concentrated on the development of models treating the tractor as a spring

mass system. From a relatively simple tipping-axis analysis(45~, complex 

models were produced which incorporated tyre flexibilities in v~rtical, 

transverse and longitudinal directions, tyre/soil force relationships and 

.' (46 ) 
the inertias of the front axle, wheels and tractor chassis. '. • Two 

simulations are described: (i) a simple steering manuevre, and (ii) a tractor 

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

o (47) slopes from 0-30 . • The envelope of overturning instabilities was 

determined and reasonable agreement found with results from a number of 

experiments. 

The most sophisticated stability model is probably that developed by 

Davis(4B, 49) from the general models of three-dimensional vehicle motion 

( 50) 
produced at Cornell • Apart from his adapt ion of many moael details to 

tractor overturning conditions, Davis's main contribution lay in the 

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 Euier angles when certain 

o 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 
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sequence of rotations for the transform is adequate wnen only one of 

them is likely to exceed 900
, as is normally the case (see section 5. 2). 

Another significant feature of Davis's work was his choice of a 

bank type of accident. This was found to be important in the N.I.A.E. 
, 

study, as discussed in section 2. 

A novel approach to stability was introdu?ed by Zakharyan( 51) and 

developed by Spencer(52 ). Although their basic models' were e~tremely 

simple, the' introduction of a statistical representation of ground rough-

ness allowed the establishment of overall probabilities of overturning, 

rather than the treatment of isolated cases under specific conditions. 

The first Significant impact models were those of Watson ( 9) •. 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 considered, shown diagrammatically in Figs. 

I 
i 
I 

1 

I 
I 

2 1 d 2 2a ' His slope accident is the normal case but the bank accident j • an • • 1 
'mo'delled the' situation used by Moberg in laboratory studies, 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 plastic impulses, allowing a 

simple mathematical analysis. The significance of this, and of the accident 

types, is discussed later. Watson found that the energy absorbed in the 

RaPS 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 highlighted the importance of the bank accident. The bank 

heights tested, 1-4 ft (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 test codes. 



- 33 -

Schwanghart developed a three dimensional model of overturning on a 

uniform slope using a similar impact analYSis
03

). The main purpose was 

to provide the German authorities with a simulation to replace their test 

to establish whether a tractor would continue to roll after the first 

ROPS impact. Impact energy could, however, be estimated, and both 

Schwanghart (54) and Boyer (55) developed extended models to overcome some 

of the limitations of the impulse analysis by simple considerations of 

ROPS and s.oil deformation. The three dimensional treatment was an 

approximation restricted to the incorporation of non-parallel tipping axes, 

and the analysis of· the 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 

I 
I 
I 
I 

I 

mass in a relationship that could be approximated by a low order POlynomia~6): 
The absolute values for a slope of 1:2.5 were generally lower than those in .1 

: 

current EEC, ISO and OECD static test proposals for tractors of less than" 

about 4000 kg, and higher for heavier tractors. 

A further, two dimensional extension to Watsons uniform.slope model 

was published recently by Cobb(57). The same treatment using plastic. 

impulses was applied to all impacts except those at the ROPS; it is 

probably a better approximation 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 

absorbed in the ROPS, but the overall relationship .with tractor mass. was 

approximately linear over the' range 0-50,000 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 - to fix the level of abstraction so that the performance is 

sufficiently realistic for the intended purpose without requiring 

excessive time and effort in development. The sophisticated model 

of Davis cited above(48) took a great deal of time to adapt from 

other models, which themselves had been developed over many years. 

It was very successful in m~eting its purpose of stu~ing the effects 

of driver behaviour and terrain on stability, although it has not been 

completely validated in full-scale experiments. At the other extreme, 

the simple models of Watson(9), while helping to indicate important 

trends, may not be realistic enough to allow the comparisons that are 

required. 

At the outset of the present stu~ it was considered that the 

largest gap lay in reliable representation of impact behaviour. 

Furthermore, because of the complexity of overturning accident dynamics 

it was felt that models must be based firmly on realistic cases and be 

throughly validated experimentally. This placing of simulation as 

part of a wider programme inoreased the need for economy in model 

development(61). 
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The predominant motions in a sideways roll over occur in two dimensions, 

in the plane perpendicular to the direction of forward motion of the tractor. 

Accordingly, the models were developed initially in this two dimensional 

plane, with the possibility of extending them to three dimensions should the 

need be indicated by comparisons with experimental results. The main effort 

Was directed towards achieving adequate realism in the model details, for 

example of tyre behaviour and ,non-linear structural characteristics. 

3.3. INITIAL DEVELOP~'iENT 

At first two separate models were produced, one for the overturning 

part of the bank accident and the other treating the general impact case. 

The'dyrtamics of the 'initial overturning part of a'multiple roil on a 

uniform slope are relatively simple if initial conditions are assumed, and 

the impact model was designed to cover,both accident types. The impact 

model formed the basis of the final complete simulation and will be described 

later. 

The initial bank overturning model and the computer program UPSET 

derived from it were based on the diagram shown in Fig.~1. Tyre deflection 

in the plane of the diagram was ignored but the relationship between side 

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

The equations of motion were derived directly from Newtons laws; the presence, 

of colomb friction and the need to quantify 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, x ,y and e respectively. Roll angle is defined g g 

as negative clockwise for all the two-dimensional models. The constraint 

introduced at each tyre when in contact with the surface reduces the number 

of degrees of freedom by one and provides a geometrical relationship in its 

place. 
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Fig. 3.1. Forces and coordinates for bank overturning model 
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Thus for most of the overturn, when both tyres are in contact,the 

model has a single 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 complexity the angle 4> of the, bank top surface 

was, treated in this model as a 'variable, and. its differential coefficients 

had to be included. The main purpose was to allow simulation of the 

behaviour when a helicoidal ramp 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 <p was 

considered constant in the later models. 

Comparisons with the experimental results were encouraging but the 

lack of tyre flexibility limited reali~m and resulted in several discrepencies 

in the simulation. In particular, it was not possible to include a 

representation of the chamfer at the edge of the experimental bank because, 

of the invalid behaviour of rigid tyres at surface discontinuities. In 

addition, the exact point of loss of tyre contact was found to affect 

behaviour significantly, and this is influenced in real life by ride-mode 

vibration. 

3.4. A GENl!:RAL MODEL WITH VEHICLE AND GROUND 
FLEXIBILITIES 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 

distribution of energy loss between the two impacting members. 

The collapse force of ROPS are typically between one and 1.5 times 

tractor weight, with occasional higher and lower values; a significant 

i I 
i 
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proportion of the energy is absorbed elastically and recovered after impact. 

The real effects not represented in a plastic impul'se analysis may be 

summarised as: 

(i) Trnnclationnl and rotational dicplnccmcnts during the finite 

impact period (which themselves change the bo'dy's energy 

state. 

(ii) Geometrical changes due to finite defqrmation, which'affect 

the moments of applied forces. 

(iii) Velocities imparted after impact by elastic recovery. 

(iv) The effects of forces at other body points in simultaneous 

contact with the ground. 

A simple analysis under typical conditions indicated likely errors due 

to (i) alone of 15-40%. 
, 

The impact part of the present model therefore includes the forceAeflecti;m', 

characteristics of both body and ground. The deterministic, time-domain 

simulation is based on the solution of four sets of equations: 

(i) Relations of equilibrium between body and ground forces at each 

(ii) 

contact point; 

Compatibility of body position and velocity vectors (x ,y and e), 
g g 

body contact-point deformation and ground deformation; 

(iii) Structural relationships between force, deformations and 

deformation rate; 

(iv) The equations 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 structural characteristics in two directions, 

which are independent of relative displacements of other points. 
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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. 

The method is effectively a generalisation of Cobbs(57) to include 

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

of a two dimensional model. Force-deflection characteristics have also 

been included in a single dimensional model by Emmerson, to study car body 

deformation on impact (58). 

The general solution of the equations is made clearer by considering 

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

integration method, the sets of equations (i) - (iii) above are solved to 

determine the current force matrix and hence the "rigid" body accelerations. 

Double integration of the accelerations generates new body position and 

velocity vectors which apply to the solution of (i) - (iii) in the next 

step. Thus, the various body points under simultaneous ground contact are 

couple'd only through the integrations, and (il - (Hi) may be solved 

independently for each point. This solution is still not tractible in 

closed form in the general case, and further assumptions or iterative 

methods are required. This is described in the following section. 

Although at first this method was developrd 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 

characteristics. 

Finally, the two versions were incorporated into a single program 

TROLL (Tractor roll over) which covered the entire overturn and was 

suitable for multiple rolls as well as for the bank accident. 

i 
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3.4.'. The contact-point equations 

The forces and displacements at a contact point are 'sho'wn in Fig.3.2 

The tractor centre of mass position and roll angle .are defined by 

coordinates x, y, e relative to a fixed frame of reference. The position 

vectors of the contact point relative to the rigid body centre of mass are 

denoted by x" y"and the forces in these directions 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 V are trans-
, 

formations of x and y through ~, 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: 

(i) f' (Fx" Fy" Fv, e, 0(' ) = 0 _(3.1) 

f2 (Fx, , Fy" Fu, e, (x' ) = 0,,, _(3.2) 

(ii) f3 (x, , y" v , x , y , e, 0(') = 0 _(3.3) 
g g . 

f4 (x" e, 0( 
, 

) 0 _(3.4) Y1'u,x,y, = g g 

(iii) f5 (Fx" x" x,) = 0 -(3.5) 

f6 (Fy,,' y" Y1) " 0 _ (3.6) 

f7 (Fv, V 
. 
v ) " 0 -(3.7) 

f8 (Fu, u, u) " 0 _ (3.8) 

Knowing xg ' yg' e and 0(', 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 

(iii) remain in a general, non-linear form. 

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

Fu = -r Fv 

(the negative coefficient indicates that Fu is opposing the 

direction of movement, u) 
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Fig. 3.2. Forces and coordinates at a contact point 
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The "coefficient of friction" t' may be considered not as a constant 

but as a continually varying function. It is assumed that f.varies 

relatively slowly in relation to the integration "step-length, . allowing it 

to be computed with sufficient accuracy from past values of forces, 

displacements· and velocities. For a tyre or structure sliding on concrete 

or soil this is a reasonable assumption. If it were not, it would be 

necessary to perform an iteration on r at each time step, a possible but 

lengthy operation. 

If }. if defined by: 

1"= tan>. 

equations (1) and (2) are obtained in the most convenient form by 

resloving along and perpendicular to the resultant of Fv and Fu: 

Fx1 sin «){'- >. + e) + Fy, cos (0<'''; A.+ e) + Fv sec),. = 0 

and Fx1 cos (0(' - A + e) - Fy 1 sin (0( '- A + e) = 0 

solving (1a) and (2a) for Fx, and FY1 in terms of Fv·gives:-

FX
1 = - Fv (sin( 0(' +6) - cos (0('+ e) ) 

and FY1 = Fv (cos( 0(' +9) + sin (0('+ e) ) 

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

I ., . u = x cos 0( y Sl.no( 

and v = x sino(' + y coso(' 

-(3.10) 

-(3.11 ) 

-(3.12) 

And the transformations between fixed and body coordinates are: 

and 

x = x = g x1 cos e - Y'l sin e 

y = yg .. x, sin 6 + Y1 cos e 

These four equations together yield (3.3) and (3.4) most suitably as: 

V= Xg sino<' + Yg coso<'+ x, sin (0('+ e) + Y1 cos (0('+ 6) .. (3~3a) 

U= Xg cosO(' - "'Ig sin 0('+ x 1 cos (0('+ e) - Y1 sin (cx'+ e) .. {3.4a) 

The set of equations to be solved now consists of (3.3a),(3.11a) and (3.12), 

together with the structural relationships (3.5),(3.6) and (3;7);· ~he velocity 

terms will be ignored temporarily and it will be shown later that· they can 

be incorporated with the displacement terms in a numerical solution. 
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The most general solution, with 0~),(j.6) and (3.7) in the form of arbitrary 

functions, would require iteration. If the force-displacement relationships 

can be represented by low order polynomials a.direct solution may be 

possible in certain cas&s: 

= 

and similarly for Y1 and V • 

I:f: <Xi from (3.11 ) is substituted in (3.13), followed by the resulting 

expression for xi in (3.3a); 

And similarly for FY1, from (3.12), then Y1 in (3.3a); 

And finally for V from (3.13) in terms of F" in (3.3a); 

- the result is a polynomial of the same 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 

elastic to plastic phase would be very gradual, and the gradient in the 

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

a higher order curve. 

A cubic with zero constant and qUadratic coefficients could be solved, 

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· 

use characteristics that are piece-wise linear. 

These then become: 

Xi = xHo + kX1 FX1 -(3.5a) 

Y1 = YHa + k . 
y1 FY1 -(3.6a) 

V = vfo + k Fv -0.7a) v 

where x1fo ' kx1 etc are constants for each straight line part of the 

approximation. In the computer program," the values of these cQIlstants 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 that line the solution is recalculated with constants appropriate 

to the new range. The procedure is described more fully in section 3.5. 

; 
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The parameter k in (3.5a)-(3.7a) represents flexibility, or inverse 

stiffness. This unconventional form is used not only to ease manipulation 

but to allow representation of rigid surfaces by finite values (i.e. k = 0). 

Care is also needed in the form of the final equations for,incorporation in 

the program to avoid sensitivity problems, the most extreme example being 

attempts to divide by zerO. It is therefore most appropriate ~o solve 

first for the forces and then for the deflections. 

The sequence of substitution is that suggested for the polynomial. 

Put sf = sin (0(' + 9) 

and c1 = cos (0(' + 9) 

Then (3.5a) in (3.11) gives: 

x1 = x10 - kx Fv (sI - f'1) 

and (3.6a) in (3.12) gives:' 

Y1 = Y10 - ky Fv (cf + J-< ,,) 

(3.711), (3.15) and (3.16) in (3.3a) give: 

Vo + kv Fv' = Xg sino(' + Yg cos 0<' + (x10 - kx Fv (sr rC~».SI 

+ (Y10 - ky Fv (Cl + r 51»· Cl 

or Fv = x sin 0(' + y cos 0(' + 
g €j 

The denominator of.(3.17) can be Zero only ifk v 

either k is and (9 + ol) 0 zero = "'90 x 

or k is zero and (9 +0(') = 0 y 

-vo 

is Zero ami: 
' -

(excluding the trivial case when all three k are zero) 

-(3.16) 

Any of these conditions amounts to a rigid body meeting a rigid 

surface, when the force would indeed be theoretically infinite. Equation 

(3.1~may therefore be accepted as appropriate for numerical solution. 

F and F are determined from Fv in (3.11) and'(3.t2), whenoe x1'Y1 and 
,~ y1 , 

-iF from (3.5a), (3.6a)and (3.7a). Finally u is given by (3.4a) and Fu by (3.9). 

None of these equations is sensitive. 

I' , 
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3. 4.2. The contact points 

Although the vehicle makes contact with the ground over finite areas, 

there are several points that may be considered as the effective centres 

of these areas, without likelihood of signifiCant inaccuracy. The ten 

points selected around the periphery are shown in Fig. 3.3. 

Points 4-7 are the tops and bottoms of the wheel rims. Points 9 and 

10 are at the bottom of the tyres, either on the inside or'on the Qutside 

edge' according to the slope of the local ground surface. The choice of 

these six points and the manne~ of manipulating them are affected by the 

model constraint that each point must be independent of every other point. 

Had each of 9 and 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 

related to' each other. Instead, the single point is "moved" when the tyre 

becomes perpendicular'to the surface by changing the body-coordinate origin 

of the force-deflection curve in between integration steps. This is valid 

provided that the time derivative of this coordinate is preserved. During 

the greater part of the overturning phase the points are on the inside 

edges, 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 part of an over-

turning accident and contributes significantly to the energy dissipation. 

The simplest way of handling this deformation would have been to treat the 

tyre as the first, elastic stage of a single structural characteristic 

involving tyre and disc, together. This 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 

surface; the smaller this angle" the smaller the tyre deflection, up to 

the case where the wheel is parallel to the ground when the rim and tyre 

make nearly 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 ,continuous updating of the structural characteristics. 

The other reason is that, when the rim is in direct contact, the effective 

point of application of the ground force to the vehicle is not at the tyre 

edge, point 9 or 10, but somewhere between this and the rim. 

A complete modelling of this behaviour would have required moment-

generating contact points, rather than those that simply apply forces to 

the body. This seemed an unnecessary complication. With separate contact 

points at tyre and rim the difficulties are lal'gely overcome, but the base of 

the tyre must be made to move with the rim when this deflects. The same 

technique of shifting the origin of the tyre force-deflection curve was 

used, again with preservation of velocity. 

Points 1 and 2 on the ROPS require similar treatment if they are both 

in contact with the ground together, when the tractor is inverted. The 

lateral deflections are not independent, since the points are normally 

connected by fairly strong members which are rigid in compression. In the 

simulation, the equations for point 2 are calculated first while the roll 

angle is less than 1800 to the surface. The force origin of point 1 is 

then shifted appropriately. When the angle exceeds 1800 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 small amount, probably in its elastic phase, in relation to 

the first. The lateral forces on both points ari 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 alternatively. the 

simplest forms being (Fig. 3.2):,' 

L,n 
(Fv I I ) 

.. 
-(3.18) sin 0( + Fu cos Q( mx = 0 1 g 

L.
n 

I I " , 1 (Fv cos ex Fu sin C( ) mg my = 0 -(3.19) 
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11 

fI e = o. zz 

For contact-point characteristics including velocity dependent terms, 

the total force F is the sum of force F generated by the spring 
x 

displacement and a force F. proportional to the relative velocity of the 
x 

contact point with respect to the rigid body or, in the case of the ground 

characteristics, to the fixed frame of reference. 

Thus: 

F 
x = 

1 
- k 

x 
(x - x

f 
), 

xo 

where (1/k ) is the argument of the spring stiffness, the negative sign . x 

being necessary because Fx is defined as the force on the outside world; 

xfxo is the constant defined by the valu.~ of x when' fx ' is zero. 

And similarly: 

F. = Cx x 

where C is the argument of the damping force coefficient. Since x is a 

relative value contributing to the contact'point equations it cannot be 

calculated directly from the current rigid body velocities, any more than 

x can from the rigid body displacements alone. To a first approximation 

in a numerical solution, however, we may assume that 

x = (x 

where ~ is the 'value of x at the previous st~p and4t the time increment. 

Collecting these equations gives: . 

F = F '+ F. x x 
1 1 = - (..:.) x -(--) x 

10( kx . fxo 
+ (_C) x 

, t 

where Ct = C/At -(3.25) 

Rearranging (3.24) into the form of (3.5a.), (3.6a.), (3. 7a) gives: 

x = x fxo 
1 

+ 
1 

- k x F 

". --., .,._..,-. 

-(3.26) 
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Applying (3.26) in the general variable x to the specific cases 

of x1' Y1 and v allows the oonstants x1fo' kX1 eto to be determined' 

directly. Equation (3.26) applies to each linearised part of the 

non-linear spring charaoteristios with the appropriate values of 

X
f 

and k. The damping coefficient C will normally be constant xo x 

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

characteristic. 
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3.5. THE COMPUTER SIMULATION 

3.5.1 Programming languages 

The programs were all written initially in the IBM simulation language 

CSMP G9• 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) Several alternative integration routines provided' with levels of 

sophistication from recta':lgular to fourth-order Runge-Kutta;very 

simple call statements. 

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

(c) A range of standard input functions provided. 

(d) Simple control of parameter variation in multiple runs. 

(e) Simple, pre-formatted output control, allowing rapid editting of 

variable names for printing. 

(f) Simple-to-use plotting routines, with automatic scaling and labelling. 

(g) Simple control of timing parameters (step length, output intervals, 

finish conditions, etc.). 

Disadvantages 

(a), Excessive storage requirements for program and intermediate files 

(requiring Private Volume disc in the RES implementation). 

(b) Cumbersome translation and composition. 

(c) Risks of the user treating the program as a 'black-box' and getting 

spurious results since he does not need to understand fully the 

solution algorithm. 

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

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

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

large program. 
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The advantages listed as (a) and (d) - (g) proved valuable during 

program development, but, eventually they became heavily outweighed by the 

disadvantages. The final progrram, TROLL, was therefore transcribed into 

FORTRAN IV, a relatively easy task since this possibility had been allowed 

for during the writing and development of the programs (CSMP translates 

the user's program into FORTRAN). Running the FORTRAN version led to a 

considerable improvement in program flexibility, running speed and 

efficiency. The author would advise against the use of CSMP except for 

simple programs where the user-provision of standard input functions and 

integration routines would cause disproportionate effort. 

3.~.2 Integration 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-

istics, however, requires a relatively short step length. This limitation 

prevents a sophisticated integration routine from optimising the step length, 

and results in longer execution time than a simpler method, for the same 

overall accuracy. In addition, a routine which calls the model statements 

more than once each step would require special handling of the damping and 

friction equations that depend on variable values at the previous step. 

Trials with the CSMP routines suggested that the second order Adams 

method was the best compromise. The CSMP version of this is: 

+ At + -(3.30) 

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

as a linear extrapolation of xt _ At, xt • By recast:i,ng the 

equation as 

+ A. t = + + L:>. t t -(3 .30 a) 

&; - 1 

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

! 

, 
" 

, I 
I 

I 

I 
r, 

I 
I 
I 
I 
I 

I, 
I 

I 



'- 52 -

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. 

3.5.3. Overall numerical accuracy 

Numerical errors in this case arise from finite step length and 

finite word length, or rounding. The rounding errors are particularly 

Significant because the contact-point equations contain both the large, 

rigid body displacements and dimensions, and the relatively small 

structural deflection? To meet the aim of obtaining reliable effects of 

parameter changes" the overall 'internal' accuracy of the simulation was 

constrained to the better than ~ 1% in all cases. It was found that this 

could be met only by step lengths of no more than 0.001s and 0.0005s 

before and after'impact respectively, 'and by using 'double precision variables. 

This resulted in a CPU time' for a typical simulation of about 3 minutes. 

Apart from numerical errors, the effect of punching errors in the 
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coding, or even mathematical errors in the equations, may pass unnoticed in 'I 

a complex simulation if they cause only small deviations from the expected 

behaviour. An energy balance check Was installed in the program to aid 

debugging and to give an indication of numerical accuracy., The sum of 

potential 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 

foolproof 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 program. 

3.5.4. The program 

An overall block diagram is given in Fig 3.4 and a flowchart of the 

contact point algorithm in Fig;3.5. The tests for surface contact and ohange 

of structural lines are shown in Figs. '3.6 and 3.7 respectively. Certain 

details are discussed in Appendix 3.1. 
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Start 

Initialise: 

Bank coordinates 
Tractor coordinates 
Structural characteristics 
Dynamic variables 

Integrate variables 
and increment time 

Take tractor points in sequence: 1,3,5,7,2,4,6,8,9,10 

(if sin (a + f3 ) < 0, reverse sequence of 1 & 2) 

Solve contact point equations for one point 

(see 3 •. ..::.5-<.) _____ --' 

? 

No 

No Done all 

Increment corresponding 
tyre ori in 

Increment other ROPS 
point origin 

Set 'past' values for next step 
Calculate energies 
Print variables if at print step 

No 

Final calculations and printout 

F "· 3 4 Block diagram of TROLL ~g. • • -
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No 

Apply appropriate 
yield enhancement N0i-____ ~~====s=~~ 

Calculate 

Calculate effective k 
Changef-__ ~ __ -I and effective xfo for 
lines 

xl' Yt and v from 
eqns (26) 

Contact point equations 
(17), (11), (12), (5a), (6a),(7a),(4a),(9} 

Daflections 
L-__________ ~NEo~ Within range for current 

str~ctural lines? 
(see Fig. 3.7) 

Fxl = FYl = Fv'O 
No 

~~--~ Calculate deflections 

Yes 

Add contributions to accelerations 
calcul~te work done by forces 

under no load 

Fig.3.5 Operations on each contact point 
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/ 
/ 

Calculate fixed coorinates of contact point 
from current rigid body position and vehicle 

coordinates from previous ste 

Position is 
above appropriate 

surface (t~~ing account 
urface deformation) 

? 

Yes 

Point 
. No 

Select appropriate ,v 0 

in con!~~~l 

and friction parameters 

In contact 

Fig.3.6 Tests for surface contact 
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0 n( 1) XL(2) etc def'l. 
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No 
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L 
No 
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No 

Continue 

Fig. 3 0'7 Tests for structural line changes 
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4. EXPERIMENTAL EQUIPMENT 

The experimental validation of the mathematical models called for the 

measurement of tra~tor dynamic behaviour and frame forces and deformations. 

Variation of parameters such as tractor inertia and geometry, frame 

strength and ground profile was dictated by consideration of'the 

mathematical models. Although overturning experiments had been carried 

out previously at the NIpj7~ the scope 0:' the pre'sent work was such that 

an' entirely new set of equipment and instrumentatio!l 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 specially 

designed frame with minimum requirement for replacing deformed members 

was cheaper overall than using a new, comnercially available frame for 

each test. It also justifiod Significant capital expenditure on equip-

ment and instrumentation, althOUgh some of this has wide~ application and 

would continue to be used after the completion of these tests. 

4.1 . TilACTOR AND EXPERIMENTAL SAFETY FRAME 

The tractor used in the tests was a 30 kW (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 overturning experiments and proved 

valuable for initial trials. For the main tests, however, a frame was 

required that would absorb energy in a similar way to a normal, 

commercial safety frame. 

The main design objectives for the experimental safety frame and 

tractor base frame were as follows: 

(1) Size, shape and structural behaviour to be generally 

'similar to those to commercial safety frames, and 

capable of being easily varied from test to test' 

Within reasonable limits. 

(2) Energy absorbing parts damaged after each test to be 

cheap and easy to replace, while maintaining known 

structural behaviour. 
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(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 to 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 ~o alter the mass, the position 

of the centre of mass and the moments of inertia. 

4.1.1. Design concept 

Several potential solutions 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 sensible to separate 

the duties of energy absorption and support for this top frame, 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 enerJ61 and in another, steel strip 

sheared by a cutting toot63: The deflection is entirely elastic in the 

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

a commercial frame. Two separate elements could be combined but when 

this is attempted in the several degrees of freedom (d-of-f) that the 

top frame needs at least 3 - the solution becomes too complex and may 

be ruled out on both cost and space. 

The design that was finally selected looked in general much like a 

commercial frame (Fig. 4.1). Absorbing the ener~ 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 

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 chosen as longitudinal translation, lateral translation and rotation 

about a vertical axis (yaw). For a commercial frame there are three 

further possible d-of-f: vertical translation and rotation about 

longitudinal (roll) and l~teral (pitch) axis. Movement in these three 

modes requires deformation of some frame members vertically and, by their 

construction, frames are normally very stiff in this direction. Most 

frames are fixed to substantial parts of the tractor, such as the rear 

axle housing, either directly under the vertical frame members or through 

strong, rigid subframes. There are a few cases where, for example, the 

front support is provided by short lateral members fixed to the clutch 

housing; bending of these members would result in vertical deformation of 

the front of the cab under forces of the same magnitude as would cause 

horizontal deformation. A study of overturning accident reports shows 

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 framJ21~ This is directly equivalent 

to the failure of the NL~ frame. The distribution of bending among the 

frame· members will not necessarily be the 'same, however; plastic hinges 
! 

may form in the top horizontal members of a comm.ercial frame(64) whereas 

they will not do sO in the NIAE frame. The overall structural behaviour 

is represented by effective external load-deflection characteristics for 

various directions of loading, however, and in this respect the NlAE 

frame is a good model of real life. The internal behaviour is not 

important for the structural dynamics and the frame may be considered as 

a "black box" • 

When the top frame suffers a general displacement, co~bining trans-

lation and rotation, it will not remain perfectly parallel to the base 

frame. This gives rise to slight lack-of-fit and overconstraint, 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 

With the same basic top frame the overall height my be changed by 

choosing suitable upright lengths, and the width by fitting distance 

pieces between the frame and the load cells. It is not,so simple to 

alter the length of the top frame but this was considered relatively 

unimportant. 

The sizes of commercially available frames were considered before 

selecting the range of dimensions for' the experimental frame. A few 

measurements made at NIAE are given in Table 4.1 and those for a much 

wider range of cases are reported by Schwanghart53~ The object of 

variable geometry was to study the effect of changes on the oVerturning 

behaviour; it was not necessary for the experimental frame to have 
.' 

dimensions close to the average, provided they were representative. 

Table .1 and 

Frame top dimensions 

Rear 
Height Width Length Longi tudinal 

Tractor/Frame Tyre 
dia. above distance of 

rear rear corner 
axle behind 

rear axle 
. 

Ford 3000!Ford cab 1.22 1.1J.7 1.07 1.14 0.20 
Ford 4000/Ford cab 1.1J.5 1.55 1.07 1.17 0.23 
David Brown 1200/Stadri 1.50 1.60 1.17 1.25 0.30 
Massey-Ferguson 165/Stadri 1.30 1.63 1.17 1.25 0.30 
Leyland 344/Leyland 1.30 1.63 1.12 1;32 0.30 
IHC 634 1.50 1.60 1.07 1.50 0.30 

Fordson Major/NIAE 
experimental frame in , 
"standard" condition 1.44 1.69 1.37* 0.96 0.12 

*2 x the distance from tractor centre line to impact face to load cell 

with zero width extension. 

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. Since it is the 

difference between frame width across the rear tyres that has most 

influence on impact dynrunics, the minimum frame wicJ.th of 1.37 m was 

representative. 

The base frame was motmted so that it was was not quite parallel to 

the ground plape when the tractor was in its standard condition resting on 

o its tyres but sloped downwards from rear to front at an angle of 2.1 • 

The uprit:},t,s were perpendicular to both top and base frames. The slope 

had no significant effect on the dynamic behaviour but had to be 

considered, for example, when recording measurements that defined the 

dynamic attitude of the vehicle!62) 

4.1.3. Structural characteristics 

Solid, round, mild steel bar was chosen as the upright material. 

Hollow sections are normally used for commercial frames but partial 

collapse of the section occurs under yield in bending. This makes the 

behaviour more difficult to analyse and would have been likely to result 

in failure of the end fixing clamps originally proposed. The circular 

section also simplified analysis since the bending response of each bar. 

was uniform in all directions. Mild steel was the most appropriate 

material, its high ductility allowing large amounts of energy to be 

absorbed by plastic strain; it is universally used for commercial frames. 

·The horizontal load-deflection behaviour depends on the direction 

and point of application of the externally applied load; it is analysed 

in detail in section 6. An overall assessment may be obtained, ho,/ever, 

by considering a representative response. The simplest case is equal 

deflection of the four uprights, which may result from either a sideways. 

load at the mid-point of one side or a 45 0 load at a corner. 
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Assuming an idealised elasto-plastic response, the behaviour 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 only parameter that may be varied to control structural behaviour is 

the bar diameter. If diameter is selected for a given collapse load then 

the elastic stiffness cannot be independently chosen. 

To assess the realism of this predetermined load-stiffness relationship, 

values were derived from NIAE tests on a number of commercial frames. In 

figure 4.2 these collapse loads,are plotted against elastic deflection to 

collapse, a more directly relevant measure of stiffness. Both measured 

and predicted data are only approximate. The measured loads are recorded 

maxima and the deflections the difference between recorded maximum and 

permanent. Asymmetry in the test loading probably gave slightly lower 

forces and larger deflections than in the symmetrical case used for the 

simple prediction. 

In view of this the relationship for the experimental frame was 

considered to be reasonable. It was rather stiffer than a typical commercial 

frame at a given collapse load, but not unrealistically so. 

The ratio of collapse force to tractor weight for the frames tested 

varied from 0.7 to 1.9 for rear impact and from 1.1 to 2.4 for side 

impaot, with an overall mean of 1.44. In the symmetrical loading case the 

predicted ratios for the experiemntal tractor are given in Table 4.2. 

Table 4.2 Predicted collapse force/weight ratios 

Typical Tractor mass, kg, (and weight, kN) 
Bar collapse 

diameter, for-ce, Standard 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 
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4.1.4. Top frame and upright fixings 

The initial design was based on the criteria that deflections in 

the top frame should have negligible effect on overall displacement and 

that replacement of the bars after a test should not involve fabrication. 

This resulted in a fairly massive construction with SUbstantial clamps to 

hold each end of the parted-off bars (Fig. 4.3(a) l.. 

When the complete frame, removed from the tractor, was subjected to 

pendulum impact tests the mass of the top frame resulted in a very high 

peak force at the moment of con~act. 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 displacement. The same 

condition would arise when the tractor was overturned onto a concrete 

surface. 

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

response may be affected, and (ii) the load cells may be damaged. It was 

concluded from the tests that the energy dissipated in deforming 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 cells, on the other 

hand, were not capable of withstanding the peak force and some provision 

was needed to protect them. 

Three parallel solutions were adopted: (i) for the pendulum tests a 

stiff cushioning pad was temporarily fixed to the impact face of the 

pendulum weieht; (ii) as a more permanent measure the load cells were 

fitted with limit stops; and (iii) a lighter (Mark II) top fr~e was 

desiened to improve the overall behaviour. 

To reduce the mass the design criteria of the top frame had to be 

relaxed. Firstly, the requirement of insignificant deflection was replaced 

by one of adequate streneth. Asa result, elastic deflections could be 

expected to be typically 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 to be acceptable since the elastic deflections were a 

relatively small part of the total; in any case, the measured deflections 

would still be correct, the error affecting only predicted behaviour. 

Secondly, the bar end fixing method was changed to the arrangement 

sho>m in Fig •. 4.3(b).. Two runs of weld on each side of the plate were 

found necessary·to resist the plastic bending moment of the bar. 

The effective inertial mass of the Mark I top, including collars 

and one-third of the mass of the bars, was 286 kg, . and for the Mark 11, 

124 kg, Load cells complete with cover plates and domes. added a further 

90 kg to these values. 

The Mark 11 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 structural behaviour. This was confirmed 

with the Mark 11 top (section 6) •. 

4.1.5. Other details 

The base frame wa'l made mainly from 6" x 6" xi" (152.4 x 152.4 x 

12.7 mm) reot~gular hollcw section mild steel. It Was fixed to the 

tractor at three points: the rear axle housing, the top of the clutch 
! 

housing and the front of the engine bearers. 

Cylindrical steel ballast weights from the NIAE Single Wheel TesteJ
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 fixed to the base 

frame by clamp brackets. Details of the positions of the weights and the .. 

calculated inertial parameters for the combination used in the overturning 

tests are given in reference 62, and summarised in Table 5.3 (page 80). 

Rear wheel 

In many types of sideways overturn.the tractor rear wheel transmits 

considerable impact force to the tractor. Since the wheel disc is weak it 

may deform plastically and absorb quite a large proportion 0" the total 

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

I 

I 
i, 
I 



hand rear wheel, the overturning side, was therefore replaced Qy 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 mil~ 

steel strip and could be straightened easily in'a press after overturn 

damage. The hole centre distance waS chosen so that the spokes made an 
I, 

angle 9f about 75 0 with the rim to allow for deformation and torque 

transmission. The strength of the spoked wheel was comparable to 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" cable. These were the 

minimum requirements for safe operation; additional control of brakes and 

clutch would have been an advantage particularly for manoeuvring but the 

cost,' complexity and effect on reliability were not considered to be 

worthwhile. 

A double-acting hydraulic ram operated the steering arm. Oil from a 

fan-belt driven pump was metered to the ram by a two-way sclenoid valve. 

The 'driver' used a handset (Fig. 4.5) with two thumb-operated push 

switches, which caused the solenoid valve to admit oil to one or other 

side of the ram piston. There was no feedback or proportional control. 

The amount of movement of the steering depended on the length'of time the 

push switch was kept depressed, and the response of the system was rapid.' 

Driving by continued pressure on the switches led to instability because 
, 

of human reaction delay. An oscillator was therefore incorporated that 

passed the switched current only on the positive part of eac,'! cycle. 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 refinement the system was fairly crude and at higher 

speeds accuracy suffered if stabiii ty was maintained. 'With practice, 

however, a straight course could be followed satisfactorily at speeds up 
f 

, , 
I 
I 
I 
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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 cnly 1.5 m/s (3.4 mile/h). A more 

sophisticated system would have added considerably to the cost and time of 

construction. 

A linkage tc release the clutch and an extension on the gear lever 

allowed the tractor to be started by an assistant while the driver cperated 

the handset. Chocks prevent the tractor rolling back when the clutch is 

disengaged; a mechanical interlock prevented accidental selection of reverse 

gear. 

4.2.' PLATFORM FOR OVERTURNING TESm 

The survey of overturning accidents indicated the type of site 

conditions required: a bank between 2.5 and 4'm high with a slope variable 

between 500 and 900 to the horizontal and provision for landing on hard 

or soft ground. 

The most important criterion in choosing the maximum height was the 

extent of the roll angle reached by the tractor as it slid down the bank. 

For testing in the most severe realistic case this angle must be large 

enough to allow the frame to hit the ground before the side of the rear 

wheel - somewhere between 900 and 135 0 depending on the tractor/frame 

geometry. 

The mathematical model was not available when the equipment was being 

designed. Evidence therefore had to be taken from two sources: accident 

reports and tests in similar conditions. The accident survey indicated 

only the likely range of bank heights, and since the slope is not always 

reliably reported it is not certain that the accidents involving the 

highest banks would be the most severe. 

turn 

The only suitable test data that waS available covered e~ NIAE over

to the U.S. standard ASAE 306.2~14)Although the bank height was only 

1.27 m extrapolation of the analysed'behaviour indicated that a height of 

just over 2 m would result in the required roll angle. Taking this value 
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directly was nct apprcpriate because the ASAE test includes a ramp to lift 

the up-slope wheels, thereby increasing the roll velocitYi in addition, 

the affect of slope was not known, that of the ASAE test being 500
• 

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 cf achieving the objective was the construction of a special platform 

(Fig. 4.6). The overall layout is shown in Fig.4.7. The height rises from 
! 

1.04 m to 2.74 m with a slope o[ 1 in 20. 

The slope for the tractor to slide dOlm was provided by strengthened 

steel plates each one bay (2.45 m) long, hinged at the top edge. The angle , 

could be simply adjusted in 7t
O 

steps using the pinned struts at the bottom. 

Four plates are fitted at the high end and two at th.e low end. Their . . 
positions could be moved together along the platform by'up to two bays 

without a serious gap appearing at the bottom. 

A 250 m x 45 0 chamfer to the overturning edge was necessary to prevent 

it being fouled by the underside of the tractor at the steeper plate angles. 

This was also probably more realistic than a sharp edge for many accident 

condi tions. 

Two reinforced concrete pads each the width of two bays provided hard 

landing surfaces; the remainder of the ground was prepared top-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 trans-

ducers to record on magnetic tape the impact response of the frame. 

Details of the equipment are given in Appendix 4.2 and in referenc~62~ 
Cine film recording 

The most important tractor movement was in the vertical plane 

perpendicular to the edge of the bank. The main camera was therefore 

positioned with its optical axis aligned with this edge (Fig. 4.7). A long 
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focus lens allowed a distant position which reduced the effect of parallax. 

A second camera viewed the overturn from the side, mainly as a check 

on the forward moticn of the tractor. 

Timing equipment ;1 

Three 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 

tape recording, and (iii) a method of determing the forward speed of the 

tractor. The time-base for the tape-recording was derived from the capstan-

speed. 

A large clock in the field of view of the rear camera provided the 

time-base. A one metre diameter face positioned ~t the start of the platform 

gave adequate resolution (Fig. 4.6). A single hand was given by a mains-

powered synchronous motor at one revolution per second, giving a reading 

accuracy of better than 0.01s. Mains frequency Was monitored during tests. 

On analysis, whole seconds are counted from an arbitrary datum. 

The time scales of the two cameras and tape recorder were'related to 

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

on tape. 

Tractor speed was measured by the interruption of a modulated light beam 

across the platform before overturning. The period during which the light 

beam was broken by the tractor was recorded by a timer-counter. 

Another method of measuring speed was used in early tests·before the 

light beam system was available, and later as a check~ On analysis of the 

rear film, the rotation speed of the rear tyres was used to calculate 

forward speed from the known rolling radius. 

Impact force transducers 

Load cells at the front and.rear corners of the impact side of the top 

frame sensed forces in horizontal, vertical and longitudinal directions 

(Fig. 4.8). Each of the two units comprised a pair of cells mounted back-to-

back, each cell giving one compressive and one shear force. One compressive 

channel of each pair was redundant. The design of the cells, originated by 

I 
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Fig.4.8 Transducer measurement directions. The arrol'l at each channel 
number indicates the sense of deflection of, or force on the 

top frame that results in positive amplifier output 
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(10) 
Deere and Company ,was a compromise between performance and size. Non-

linearity and cross sensitivity was taken into account in analysis; and 

the overall accuracy, discussed in App.endix 4.3, was. considered 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 
I 

peaks caused by hard-surface impact. Mechanical limit stops were therefore 'I 
fitted to prevent damage (Appendix 4.2). -

The cells were protected from 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 

2 
contact area of 0.106 m. represented by the two 230 mm squares was, however, 

comparable to the 0.063 m2 of a typical top 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 

relating to the beam strength and overconstraint of the cells'proved, 

however, to be insuperable. 

Frame 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-

structure inside the frame. This was avoided by using pin jointed vertical 

shafts to convert the linear movement to rotation of the pins, which was then 

measured by strain gauges. The shafts incorporated slidirig joints to 

accommodate changes in length (Appendix 4.2). 

Two units were used, each having hooke-joints to give two mutually 

perpendicular directions of rotation, both of "hi6h "ere fitted with 

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

one of these was redundant since the top frame had only three . degrees Of 

freedom (Fig. 4.8). 
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5. OVERTURNING EXPERIMENTS 

5.1. EXP1~IMENTAL CONDITIONS 

A balanced experimental design was not appropriate in view of the 

prime requirement of validatine; the models and the high cost of tests -

about £400 each test in staff time, including preparation. A total of 

about 30 tests was planned to' allow at least some variation of each of 

the important parameters. The number carried out was 31; in one' case 

(number 13) a steering failure invalidated the test, and in several 

others instrumentation or equipment faults made the results, incomplete 

or difficult to analyse although partially useable. In view of the 

ccmplexity of the equipment, however, the proportion of results 

recovered is high. 

The parameters studied were chosen on the basis of the mathematical 

models. They are discussed below in approximate order of their expected 

influence on the dynamic behaviour. The values of the parameters fer 

each test are given in Tables 5.1 and 5.2. One set of parameter values 

was chosen as a 'standard' condition (Tabie 5.1). In some cases a 

single parameter 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 comparison witA the models. 

Angle of bank slope to vertical (0<) 

Because of slight changes in geometry and fixing arrangements the 

true angles differed slightly from nominal. The difference was generally 

limited'to about 10 except in the last four tests when the plates were 

repositioned for overturns onto the concrete surface, giving an inter-

mediate ex of 17.70 (Table 5.2). 

Tests number 1 - 12 and 16'were used to study the effect of ~(Table 5.1). 
" . "10 ~o" 

From the initial results of these, two values of ex, 72 and 222 were 

selected for investigatine the other parameters i~ the remainder of the 

tests. 

I 

I 



Table 5.J Test numbers and sU1lffia!1: of ~ara!lle ters 
, ' 

,Condi tion 
Axle Nominal ex (Bank angle to vertical) , .:iesrees 
stop 0 7, 15 22t 30 37, 

4 
B 

1 5 
S 6 

A 
No 2, 3 

standard 
" 

Yes 16 10,11 8, 9 C 12 7 
. ' i , 

Ballasted 
No 27 24 

, 
(mass = 4015 kg NOTES ! 
+ change in centre of, 

D D mass, and moment ~f Yes 26 ,25 A. The conditions referred, ! inertia) to as standard are: I, - I , 
Low friction No 23 

I. > 

(I" = 0.1 - 0.15) + Tractor mass: 3065 kg :::ll 
cab (1.67 m) Surface dry:<t = 0.8-1.0) 

I i wide 
Yes 21 22 

I _."-- Cab width: 1.37 m 
28 E , On concrete No Track width: 1.55 m , 

D,E ,Bar diameter: 42 mm, i 
\ ,Yes 30 " -1 I 
; On concrete i'" SpeedDZ: 1.5 ms I 

+ low friction D,E 
Approach angle: 4

0 (y) I 
, No 31 I ; , ,-.. 

; , Landing surface: soil I ( , -1) 15 , 
! I , Higher speed :3 ms . ' No ; , , 

B. Front of tractor on I " --

targer approach angle , 'concrete. I , 
No 14 Partial failure of rear Y = 80) C.' i i "' 

wheel. 
, Wide cab (1.67 m) Yes 20 19 , D. 48 mm diameter bar. ,. 
;.- ~,- E~·· 0(= 17.70 due to 

Wide track (1.65 m) Yes 
, : ',reposi tioning of plates. 

17 
, 

_._. 
(I. 67 m) , Wide cab + , 
(1', 65 m)" , " ·y~su , •••••• c , ....... , .: 1 '., . .,.:. . '.-~ ,~.--... 18 ~ f " • ~- ;, ..... , ';.<,~ '~"" ~ :-- "-'; . ' -' ~ ~. 

" - - '0-; :." wide track ' ' 

_.' 
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Table 2.2. 

Test Bank Bank Me~sured 

numbcr angle height forward 
ex, deg at speed, 

roll-off, 
In DZ, m/S 

1 22.9 . 2~ 15 N;R. 
, 

2 7.8 2.16 !f. R. 

3 7.7 2.25 N.R. 

4 15. 1 2.27 1.44 

5 29.3 2.10 1.47 

6 37.9 1.98 1.50 

7 29.3 2.00 1.54 

8 15.1 2.04 1.50 

9 15.1 1.99 1.58 

10 9.2 1.95 1.53 

11 7.7 2.09 1.53 

12 22.9 2.08 1.57 

14 7.4- 2.15 1.58 

15 7.4 2.24 3.16 

16 1.0 2.11 1.55 

17 21.4 2.23 1.61 

18 21.4 2.15 1.50 

19 21.4 2.13 1 .51 

20 7.4 2.13 1.57 

21 7.4 2.02 1.51 

22 21.4 2.00 1.62 

23 21.4 2.09 1.62 
. 

24 21.4 2.19 1.66 

25 21.4 2.06 1.48 

26 7.4 N.R. N.R. 

27 7.4 N.R. N.R. 

28 17.7 2.52 1.60 

29 17.7 N.R. 1.76 

30 17.7 2.39 1. 64 

31 17.7 2.47 1.65 
. . 

I 
, 
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Dataila of 

Measur3d 
yaw ay 

at 
roll-off, 

deg 

-6.3 

-4.'5 

-8.1 

-3.7 

-7.0 

-7.8 

-5.2 

-8.3 

-6.3 

-4.2 

-7.2 
.. 

-7.3 
-15.0 
. -8.3 

-3.5 

-8.9 

-6.0 

-3.4 

-5.5 

-8.8 

-7.1 

-4.5 

-4.0 

-6.3 
N.R. 
N.R. 
-6.9 ) 
N.R. ) 

-7.4 j 
"':4.7 

i , 

earameters 

I . 
I 

Cone penetr 
at 

ationrasistance, kl'f/m2.· 
soil depths of: 

I 0 3 in . 6 in 9 in 
(76 mm) (152 mm) (229 mm) 

------------
-_ .. _---------
------------':"" 

440 ! 

330 

330 
560 

550 
630 

780 

780 
1230 

540 

730 

690 

120 

450 

300 

860 

1140 

820 

280 

850 

610 

710 

800 

Concrete 

, 

10 

13 

9 

80 

60 

60 

70 
80 

40 

90 

90 
20 

50 

20 

50 

20 

00 

50 

50 

90 

10 

70 

40 

40 
60 

30 

9 

7 

7 

9 
9 

12 

'9 
9 

11 

6 

8 

8 

12 

12 

13 

::!1 

17 

15 
16 

19 

. ... ".'." ... -., . 

. 

. ,. .. , '.- ... ----------------
N.R. ----------------
N.R. ----------------

.1200 1150 

1620 1760 

1260 1480 

1250 1290 

1150 1230 

1050 1210 

1120 1260 

1120 1260 

1200 1090 

1030 1070 

990 1320 

1170 1050 

1250 1470 

1210 1230 

990 1140 

900 980 

950 1080 

950 1220 

1940 1300 

1330 1080 

2120 1900 

2180 1440 

2120 1480 



- 79 

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 due to the 

slope. The variaticn is significant, particularly in comparing tests 

onto soil with those onto concrete C28 - 31) because of the change in 

nominal roll-off point. 'This is taken into account in the analysis. 

Coefficient' of friction between tyres and bank (f.) 

The value of f. in the standard, dry conditions was 0.8 - 1.0. 

This was reduced to 0.1 - 0.15, in tests 21, 22, 23, 30 and 31 by 

covering the concrete with industrial plastic flooring and wetting 

this and the metal plates that form the bank slope with a detergent 

solution. 

Soil characteristics .' 

It was originally hoped to conduct many of the tests using the 

concrete impact surface, to avoid variation in soil hardness and to 

cover the most severe conditions. The effect of hieh peak forces on the 

measured structural behaviour and on the integrity of the vehicle were 

underestimated, however, and only four such tests were carried out 

(28 - 31), the last of which broke the main frame away from the tractor 

chassis. 

For the remainder of the tests, the ground hardness was estimated 

from cone penetrometer readings at depths of 9, 3, 6 and 9 inches'CO, 

76, 152 and 229 mm) at ten positions oovering the area where the tractor 

Was expected to fall. Means of the ten values at eaoh depth are given 

in Table 5.2. In tests 23 - 27 the ground was too hard at some of the 

ten stations to allow the penetrometer cone to be forced down by hand 

to the full depth. In a simple attempt to avoid bias by omitting these 

results they were estimated by the procedure given in Appendix 5.1. 

Tractor inertial characteristics 

, "The ballasting'raised the centre of mass (cg) by 37 mm and increased 

.' 
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the moments of inertia, thus influenoing the overturning and impaot 

behaviour; the mass inorease affeoted mainly the impact. Details are 

given in Ta?le 5.3. The ballasted condition was used in tests 24 - 27. 

Table 5.3. Tractor inertial charaoteristics 

Parameter Unballasted Ballasted Inorease 
, 

Mass, 3065 4015 ~ + 31% Weight, l<N 30.06 39·37 

* 0.016 0.019 ' Centre of mass x3g 
, , +0.003 

co-ordinates, Y3g -0.101 -0.064 + 0.037 

m. z -1.422 -1.454 + 0.032 3g 

+Moment of I ,2795 3633 + 30% , .. 
xx 

Inertia, .. r 2500 3425 + 37% 
kgfm2 . 

yy 
14% I 1255-· 1434 + zz 

. 

* Standard co"';ordinate system relative to origin at centre 

of rear base frame - see Appendix II of reference (62). 

+Moments of inertia about standard axes through centre of mass, 

assumed to be principal co-ordinates. Ixx and I zz are measured; 
, 

Iyy is estimated. 

Tractor and frame geometry 

There are two main effects of geometry on behaviour: (i) The 

relationship between track width and cg height influences the over

turning behaviour, and (H) the inclination of a plane touching the 

tops of the frame and rear wheel determines the roll angle at which 

the frame will just contact the ground first. 

The minimum track width was limited to 1.55 m b,y 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'bell faces; was 1.37 m. A single variation to 
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to 1.67 m was 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 preference to height as the varied parameter so that the upright, 

'length, and hence structural charateristics would not be changed. 

The geometrical parameters are compared in Fig. 5.1 with regression 

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

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

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

width and track width reflect"! the rather narrow tyres used on the 

experimental tractor compared with modern practice, particularly outside 

the U.K. 

Frame strenath 

Since the length of the, structuraL-upright bars was chosen to give 

a SUitable overall height, bar diameter was the only parameter available 

to control structural characteristics. The diameter chosen'as standard, 

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

1.6. !, 

One other bar diameter was used: 48 mm, giving a nominal collapse 

force of 1.5 x standard. The tests conoerned were two of the four 

ballasted tests, 25 and 26, and the two low friction tests onto the 

concrete landing surface, 30 and 31. 

Tractor forward speed (DZ) 

The experiments represented a type of accident which normally 

involves fairly low speed. In addition, it was not expected ,that speed 

would have much influence on the overturning dynamios or the sideways 

frame deflection on impact, although it could affect. the longitudinal 

deflection. The nominal standard speed was 1.5 m/s (3.4 mile/h) and a 

single variation, 3 m/s (6.7 mile/h), was used in test 15.' , , 

Angle of approach of tractor to bank edge (Y )' 

The aim of studying the most simple dynamic case would have been 

met Qy an insignificant small approach angle. In practice, however, 

!, 
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I 
! 
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this would have required a much lon&er platfcrm to cope with the variable 

fall off point due to the limited accuracy of steering along the marker 

line. A nominal angle of 40 was found to be a suitable comprcmise, and 

this was the standard value. A single variation to 80 
was used in test 

14. 

Values of yaw angle 9y at roll-off are given in Table 5.2. These 

are generally greater than the nominal Y, probably because the front 

wheels had just moved from the top surface of the platform and onto the 

chamfered edge. Follm-Jing of ,the marker line was generally good and 

before roll-off the values of 9 were closer to .the nominal Y • y 

Articulation of front axle about its lond tudinal pivot 

This last parameter is an artifact introduced after observation of 

the behaviour in the first few tests.' The mathemat,ical models in two 

dimensions could not predict rotations of the tractor in yaw and pitch, 

which were expected to be negligible during the overturning phase before 

impact. In the early tests significant ya,w motions did,however, occur, 

roughly at tI;e time when the rear axle Nas parallel to the sloping side 

of the bank, i.e. as the left-hand, up"lope wheels reached the edge. 

Study of the cine films showed that the roll angle of the front axle 

was lagging that of the rear by the amount allowed by the front axle 

pivot stops. As the left-hand rear Hheel reached the bank edge and 

began to slide' down the slcpe, the front wheel was still on the top of the 

platform and became "hooked" momentrarily on the edge. The significance 

of this effect was checked for comparison Ivith the models by fitting 

rigid stops in some tests to prevent the front axle from ph'otting. 

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 and 

energies. Analysis involved the frame-by-frame measurement of 

co-ordinates in the film plane of the tractor marker points. After 

scaling, this gave, the vertical, lateral and roll motions directly, the 

:1 
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1 

1 
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longitudinal motion being estimated from tractor forward speed and 

impact position. Yaw and pitch angles, and hence oo-ordinates of 

tractor points other than the markers, were fcund from the rotation 

transformation between fixed co-crdinates measured from the cine film 

and the known body co-ordinates of the marker points. 

5.2.1. Analysis of cine films 

The ·conventional co-ordinate system derived from aeronautical 

practice (Fig. 5.2) is appropriate for vehicle handling studies (66) 

where the predominant motions ,and large rotations take place in the 

horizontal, x-y plane. The principal overturning behaviour, however, 

occurs in the vertical plane perpendicular to the bank, and non

conv~ntional co-ordinates (also shown in Fig 5.2) were chosen for this 

study for two reasons relating to the· sequence of rotations from fixed 

to body co-ordinates: 

In the system used, the roll co-ordinate g , the most 
z 

important rotation, may be measured directly from the 

film since it is not distorted by the other rotations 

and maps directly. This led to a relatively simple 

mathematical treatment and increased accuracy. 

(ii) Any system can handle indefinitely large rotations 

in one co-ordinate but rotations in the other two 

Which pass through 90
0 

create sensitivity problems 

and requir? additional sets of equations. The chosen 

sequence of rotations. allowed large values of g , the 
,z . 

only rotation likely to exceed, say 45°. 

The roll, pitch and yaw angles will be different in any particular 

tractor orientation from those defined according to another system. The 

differences will not be great, however, while two of the angles remain 

small; in any case it is possible to calculate rotations according to any 

system once the transformation matrix of direction cosines is known. 
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Sequence of rotation from fixad to bodo, axes:-

(1) roll 8z about OZo to xl' Y1, z1 

(2) yawey about OY1 to x2, Y2, z2 

0) pitch ex about OX2 to x3' Y3' z3 

( 1 ) 

(2) 

(3; 

ya:;7p"bout Ozo to xl, Y1; z1 

pi +,ch e '?bout Oyi to x2, Y2,' z2 

roll. st abo'J.t OX2 to lt3, Y3.' z3 c 

Fig.5.2. Co-ordinate systems 
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The fixed co-ordinates Xo Yo z had as origin the point in the 
o 

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 dua to the sloping surface of the platform. The 

origin for the body co-ordinates ~ Y3 z3 was the centre 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 rigid-body motion 

from a single camera record. It is, 'I}owever, . difficult to overcome 

errors in the co-ordinate along the optical axis 'since the 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 teclmique 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 body 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 g and g. The 
x y 

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 g ,g and g x y z 
may be used to calculate enerGies this would require transformation of 

the inertia matrix. The alternative method described in Appendix 5.2 

is to perform the calculation in the body co-ordinates by deriving a 

velocity transformation. This is more appropriate in giving angular 
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velocities that may be identified directly with the tractor motion, 
, 

although if pitch and yaw angles are both small the two methods give 

velocities with similar values. 

The position of the tractor along the platform, the z co-ordinate, 
o 

is required for a complete description of tractor position and for 

scaling the Xo and Yo co-ordinates from the film. The necessary 

absolute accuracy of z is not high, however, because of the large . 0 

camera-tractor distance. 

It would not have been possible to obtain z from analysis of the 
• 0 

side view film but scaling assumptions would 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 •. determined with sufficient o 

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 direction during overturning and the o 

small movement.s after impact. The soaling errors due to this assumption 

are less than 1%. 

Finally, Appendix 5.2 covers the procedure for scaling the fUm 

measurements. 

Recovery of information from film 

Measurements were not required at every frame since the tractor 

movements between s~ccessiveframes were small during approach and at the 

beginning of roll-off. The step interval was normally reduced from 25 

frames during approach through 10, 5 and 2 to 1 frame near impact. 

For the first fifteen tests the film was projected in the normal 

way onto a vertical screen. Measurement on the vertical surface was 

rather awkward, and for analysing the remainder of the tests, the 

projected beam Was deflected by two surface silvered mirrors onto a 

horizontal table. A third technique was used for a repeat analysis of 

the first six tests, which was found necessary because of inaccuracies 
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resulting from the different positions of the marker points used in the 

original analysis of these tests. The system used was aD-MAC 

digitiser at Cranfield Institute of Technology, adapted for use with a 

cine project or. 

Computer implementation 

A FORTRAN IV program KINEMA takes the digitised co-ordinates as 

input, together with a parameter list, and calculates the time histories 

which are then presented in tabular and graphical forms. The program was 

run on the ICL-4-70 computer ~t Rothamsted Experimental'Station and used 

30-60s of CPU time per run. 

Velocity calculation 

The clock time can be read to an accuracy of O.Ols, which is mcre 

than adeGUate as the time-base. In calculating velocities over a step 

of one or two frames, hO.lever, the small differences in clock time can 

lead to significant errors. Velocities for steps of less than 10 frames 

were therefore 'determined from the frame'interval and the mean frame 

speed. 

The individual velocity values also showed slight random errors due 

to limited resolution, and this WaS magnified by squaring in the energy 

determination. To reduce this fluctuation the velocities were smoothed 

by a simple triangular filter over 3 steps (weighting ccefficients 0.25. 

0.50, 0.25) or 5 steps (coefficients 0.1111, 0.2222, 0.3334, 0.2222,' 

0.1111). 

Checks 

Two checks on the measurements were provided. The first verified 

the z estimation and scaling procedure using the same technique as the o 

Zo determination in the 6 degree-of-freedom method of analysis (67) 

The second check used redundant measurement to verifY the calculated 

posl tion of a point on the top frame. Since this deformed under impact 

the check was 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 

Test.· No.26) 
Test No.27) 

Test No.29 

tractor steering failure caused premature, 

uncontrolled overturn. 

Films missing. No explanation could be 

found in spite of extensive searches. 

Film cut short during outside processing. 

The set·of five time-history graphs and tabulated output from the 

27 tests represents a considerable quanity of information. The time-

histories were needed for comparison with the mathematical models but 

it was also necessary to summarise them in terms of values that could 

be used to compare the effect of parameter changes. This is done in 

section 5.2.3 belm{ but first the results will be described in general 

terms using the sample plots for test 21 given in Figs. 5.3 to 5.6. 

The origin of the time scale is defined as the visually determined· roll-

off point. The arrow on the time scale indicates load-cell impact. 

The gradual change in X and Y up to impact is shown in Fig. 5.3, og og 

together with some bOuncing afterwards and eventually a steady resting 

position. 

The roll angle gz (AZ) increases negatively from zero up to impact 

(Fig. 5.4) and then reduces to a resting value. The pitch g (AX) and 
x 

y~w g (AY) angles start from values corresponding to the platform slope . y 

and edge approach angles respectively. Some fluctuation is present but 

in those tests where pitch and yaw depart significantly from zero, the 

changs is typically fairly gradual, a single positive or negative peak 

being reached at, or shortly before impact. 

Only the three most important velocities are shown in Fig. 5.5: 

x (XG), Y (YG) and roll G (AZ). In all tests the vertical v,\loci ty 
.og . .og .z 

y continues to increase negatively up to· impact; the peak may be 
og 

reached slightly before the arrow due to impact of other parts of the 

tractor before the frame. 
.. 

In some tests the horizontal velocity Xg 
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behaves similarly but in others the rate of increase is lower and a 

peak is reached somewhat before impact. Roll velocity ~ also peaks 
, z 

before impact in many cases, the time of the peak being most clearly 

related to bank slope cxand fricticn. At c( of 00 or 7~o (steepest 

slopes) the peak occurs significantly'before impact, while at greater 

angles and high friction the roll couple provided by tyre forces remains 

important and ~ continues to increase up to impact. With low friction z 

the roll couple is less and the peak ~ is reached early at all ~ • z 

The kinetic and potential energies are plotted cumulatively in 

Fig. 5.6 to allow transfer and dissipation to be readily visualised. In 

most cases the energies due to rotational velocities (KE AX, KE AY,KEAZ) 

are insignificant. Although roll velocity is a major component in the 

linear velocity of the tractor's extremtties, 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 z are fairly similar in all tests og 

except No. 15. (see section 2.8), so the energy plots may be effectively 

reduced to comparisons of kinetic energies (KE X, KE Y) due to lateral 

and vertical velocities x and y ,which are of the same order, og og 

potential energy (PE) and dissipation, which is given by the drop in 

total cumulative energy. The dissipation before impact is due mainly 

to friction losses at the tyres, and after impact to strain energy in 

the soil, frame tyres etc. 

5.2.3. Instantaneous values 

Since all the variables, including velocities and accelerations, 

change continuously with time throughout each test, they must be 

summarised either by overall values, such as meansl or by representative 

single values. Means may not be very sensitive and may obscure 

important effects; if representive values are used they must be 

comparable for each test. 

, 
: ' 
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At first sight, the most appropriate points to 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 

description of overturning behaviour but for the variation in height 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 define~. Small variations in initial conditions 

such as yaw angle and velocity have si~lificant effect on the behaviour 

of overturning but much less so later on. 

Taking values after a specified fall of the centre of mass from its 

highest position was considered to be tl<e best method for comparison. 

The fall chosen (8 y ) was 1.5 m, the greatest value that occured og 

reliably before firot impact in all tests. This gives a constant change 

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-

polation is used to estimate them at the specific y • og 

The results are presented in the same form as used in Table 5.1 

to allow easy cross-referencing of parameters. 

The kinetic energy gains for a centre of mass fall of 1.5 m are 

given in Table 5.4, as the sums o:f energies due to velocities in 

Xo'Yo,ex ' ey and Qz co-ordinates at the selected OYOgi these energies 

. 
are insi~ificant at roll-off, and the longitudinal velOCity z was og 

assumed to remain constant. 

The, lateral and vertical velocities x (DXG) and if (DYG) og og 

contr'ibuting most to the above energies are given in Tables 5.5 and 

5.6• The roll velocity Q , while contributing relatively little to 
z 

the'energy,' is also of interest and is given in Table 5.7.:: 

I 
I , , 
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Table 5.4. Kinetic energy gain, kJ for a centre-of-mass fall (SY
og

) of 1.5 m 

-

i 
1---., 

, 

, Condition 

i.. .. 
standard 

Ballasted 
(mass" 4015 kg 
+ change in centre of 
maS3 and moment of 
inertia) 

Low friction 
("." 0.1 - 0.15) + . ,- -
wide cab (1.67 m) 

On concrete 

On concrete . ' 

+ low friction 

Higher speed (3 me -1) 

targer approach angle. 
'Y - 80) 

Wide cab (1 .67 m) 

Wide track (1.65 m) 

Wide cab + (1.67 m) 
wLie track (1. 65 m) 

Axle 
stop' 0 

No 

Yes 28.4 

No 

Yes 

No 

Yes 

No 

Yes . 

No • 

No 

No 

Yes 

Yes 

Yes 

,Nominal (X (Bank angle to vertical) • des:rees . 

7, 15 22, , 30 37, 

B s 
33.0, 29.5 26.7 29.5 ,29.4 27.7 

24.2, 26.8 26.6, 25.2 C 24.6 22.7 
" 

34.1 NOTES 

D D 
33.3 A. The conditions referred 

to as standard are: 
' ' ,33.1 

Tractor mass: 3065 kg 

30.1 36.6 Surface dry:!.:" 0.8-1.0) 

Cab width: 1.37 m 
25.0 

E 
Track width: 1.55 m 

D,E Bar diameter: 42 mm 
32.9 -1 

Speed DZ: 1.5 me 
D,E 

Approach angle: 4° h') 33.7 

38.8 
Landing surface: 'soil . , 

. B. Front of tractor on 

25.6 
·concrete. 

C. Partial failure of rear 
wheel. , 

' 28.1 ' " 21.5 D. 48 mm diam.:Jter bar. 
E" 0( = 17.70 due to i 

. 
24.0 reposition:i.ng of pl!ltes. 

.. 
21.4 

I " 

\.D~' 
O'i 



Table 5.5. Lateral velocity xog, m/s for a centre-of-mass fall (SYo) of 1.5 m 

Axle nominal 0( (Bank angle to vertical) , desrees 
, 

Condi tion - stop- . 0 T~ 15 227 ,0 372 

A No 2.41, 2.43 2.24 
B S 

2.23 2.80 2.47 

standard 
. Yes 2.11 2.83, 2.76 2.25, 2.56 C .2.28 2.;0 

Ballasted 
Ho 2.48 (mass ~·4015 kg NOTES 

+ change in centre of 
D D maS3 anj moment of Yes 2.41 A. The conditions referred 

inertia) 
I to as standard are: 

Low friction No 2.77 
Tractor mass: 3065 (I" '" 0.1 - 0.15) + kg 

wide cab (1. 67 m) 
Yes 2.82 3.23 Surface dry:<r~ 0.8-1.0) . , 

Cab width: 1.37 m , 
E On concrete No 1.90 Track width: . 1.55 m 

. D,E Bar diameter: 42 mm Yes 2.81 
1.5" me -1 On concrete .•. -

, 
Speed DZ: 

+ low friction " D,E 
40 :(1') No 2.48 Approach angle: , 

Higher speed (3~s-1) 2.69 
Landing surface: soil 

No , 
B. Front of tractor on 

concrete. 
; 

rsrger a~prcach angle 2.65 
'Y ~ 80) No C. Partial failure o'f rear 

1.96 
wheel. I 

Wide cab (1.67 m) Yes 2.65 D. 48 mm diamater bar'.' 
E •. 0( = 17.7° due to 

Wide track (1.65 m) Yes 2.54 reposi tioning oI'pla t~s; 
. 

Wide cab + (1.67 m) 
Yes .. 2.02 wide track .(1.65 m) 



Table 5.6. Ve2'tical veloci ty, m/s, for a centre-of-nL.~ss fall (SYOg) of 1.5 m 

Condition 
Axle Nominal 0( (Bank angle to vertical) , des;reas :. ' ,. 
stop 7± 15 222 30 372 0 

B S 
A No -3.80, -3.88 -3.25 -3.69 -2.90 -3.02 .. .. 

standard 
Yes -3.S9 -2.53, -2.86 -3.33, -2.88C -3.07 . -2.47 

Ballasted 
Ho -3.00 (mass = 4015 kg NOTES 

+ change in centre of 
D D maS3 and moment of Yes -3.15 A. The conditions referred 

inertia) to as standard are: 

Low friction No -3:52 
3065 kg (/,,=.0.1- 0.15) + Tractor mass: 

wide cab (1.67 m) 
Yes -3.13 ~3.43 Surface dry: ty = 0.8-1.0) I . 

" Cab width: 1;37 m , E 
On concrete No -3.2'5 Track width: 1.55 m 

, 
-3.44 D,E Bar diameter: 42 mm 

Yes -1 On concrete ... ., Speed DZ: 1.5 ms 
+ low friction D,E . Approach angle: 4° (-y) No -3.77 

Higher speed (3 ms-1) -4.00 
Landing surface:soil . 

No 
B. Front of tractor on 

i 

targer apprGach angle concrete. , 

y = 80) No . -2.65 C • . Partial failure of rear 
wheel. 

Wide cab (1.67 m) Yes , -3.12 -3.06 D. 48 mm diamater bar. 
E. 0( = 17. 70 due to 

Wide track (1.65 m) Yes -2.61 repositioning of plfl.tes. 
. 

) 

Wide cab + (1.67 m) 
Yes -3.01 wide track. (1.65 m) 

.. 



Table 5.7 Roll velocity 8z ' rad/s, for a centre-oi-mass fall (&YOg) of 1.5 m 

Axle Hominal ex. (Bank angle vertical) , 
, 

Condi tion to ;iesrees . 

, stop 0 72 15 22, 30 372 

B S 
-2.51 A 

No -1 .59, -1.97 . -2.03 -0.97 
· 

. -2.41 . 
standard 

,~ ... 

Yes ,. . -1.25 -1.72, -1.66 -1.51, -1.66 C -1.56 -2.43 

Ballasted 
Ho (mass = 4015 kg -1.95 NOTES 

+ change in centre of-
D 

, 
D mass and moment of Yes -1.47 A. The conditions referred 

inertia) to as standard are: 

Low friction No -1.84 Tractor mass: 3065 kg (r = 0.1 - 0.15) + 
wide cab (1. 67 m) 

Yes -1.96 . -1.97 Surface dry:<r= 0.8-1.0) . 
Cab width: 1.37 m 

I. E 
On concrete No . -1.89 Track width: 1.55 m 

I 
. 

, . 

~ 

, 
-1.83 D,E Bar diameter: 42 mm 

Yes 
1.5 ros 

-1 On concrete ,-.. -,,~. "Speed DZ: 
+ low friction D,E 

Approach angle: 40. ('Y) '. No . -1.88 
l 

Higher speed (3 ms-1) i 
Landing surface:soil 

No '-2.12 
B. Front of tractor on 

concrete. 
l 

rarger approach angle -2.18 i 

'Y - 80) 
No C. Partial failure of rear 

I 
,I 

wheel. I 

Wide cab (1.67 m) Yes , ,'-1.47 ! .-1.33 D. 48 mm di amde r bar: : , E. 0( = 17.70 due to 
· 

repositioning or' plat~s. Wide track (1.65 m) Yes -1.59 

Wide cab + ' (1.67 reI Yes - -1.28 wLle track (1.65 m , · 

,_ - --
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The values of roll angle g (AZ) for a y drop of .1.5 m are 
Z og. 

given in Table 5.8. 

The main interest in pitch (g ) andyaw (g ) is the effect of the 
x y . 

axle stop. It was considered that this would be revealed most clearly 

by the extreme values of these angles during overturning, rather than 

values at a y drop of 1.5 m as for the other variables. The minimum . og 

G (i.e. maximum negative values) are given in Table·.5.9 and maximum 
x 

Gy in Table 5.10. 'The two other extremes, maximum.,x and minimum "y 

showed much less variation rul~ are omitted. 

'Values immediately bef'ore impact are given in Tables ).11 (energy) 

and 5.12 (roll angle). Although the load cell impact was clearly 

identifiable on the films, the first impact was often not, particularly 

where this occured at the front of the tractor. The impact values are 

therefore taken at the point when vertical velocity reached its maximum 

negative value, if .'. This was always on a sharp peak corresponding ogmln 

to the up~lard acceleration of first impact. 

5.2.4. Front axle articulation 

The effects of using axle stops to prevent articulation were 

subjected to statistical analysis. 

The complete set of 27 tests was included; the axle stop was present 

in. 15 of these and absent in the remaining 12. Considering'only those 

parameters affecting overturning behaviour the majority of these tests 

may be paired; of those that are not paired it is reasonable to aSsume 

that the parameters are distributed in a way that allows bias to be 

it;n.ored. The statistical test used Was the Kruskal-Wallis one-way 

analysis of variance by ranks (69) which is equivalent in this case to 

the Mann-Whitney U test. The tests involved ranking the complete sets 

of 27 results and obtaining two sums of ranks, one associated with each 

of the axle stop conditions. The null hypothesis tested was that no 

significant difference in the variables existed between the two conditions. 

I , 

I , 
f 
f 
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Table 5.8 Roll angle 8z , deg., for a centre-of-mass fall (810g) of 1.5 m 

, Condi tion 
Axle Nominal 0<. (Bank ansle to vertical) , desrees 
stop 0 72 15 222 30 371-

B S 
A No -92.8, -91.5 -93.4 -80.3 -106.0 -105.0 

, . -.- -- .. 
Standard , Yes -90.4,-84.5 -84.6 C 

, -89.1 -79.2, -87.9 -93.7 

Ballasted Ho -95.5 (mass'" 4015 kg NOTES 
+ change in centre of 

D D masa ani moment of Yes -84.8 A. The conditions referred 
inertia) to as standard are: 

Low friction No -85.8 
Tractor 'mass: 3065 kg 

(r = 0.1 - 0.15) +. 
wide cab ( 1. 67 m) 

Yes -84.0 -85.1 Surface dry: r.r = 0.8-1. 0 ) .1 

Cab width: 1.37 III , E 
On concrete No -92.3 Track width: 1.55 III 

D,E Bar diameter: 42 mm 
Yes -83.4 -1 On concrete Speed DZ: 1.5 ms 

+ low friction D,E 
Approach angle: 4° h) No -83.8 

., 

i . , 
. -1 

-95.7 
Landing surface: soil ; 

Higher speed (3 ms ) No 
Front of tractor on B. 
concrete. 

, 
rarger app"cach angle No -95.5 C. Partial failure of rear y - 80) 

wheel. , 

Wide cab (1.67 m) Yes -88.5 1 -81.1 D. 48 mID diamater.bar. 
, 

E. 0(= 17.7° due to 
, 

. 
repositioning of pliltes. ,nde track (1.65 m) Yes -83.7 . 

Wide cab + (1.67 m) Yes -80.4 Itide track (1. 65 m) " 



Condi tion 
:-----

A 
--standard 

Ballasted 
(mass = 4015 kg 
+ change in centre of 
maS3 and moment of 
inertia) 

Low friction 
(r= - 0.1 - 0.15) + 
~ride cab (1. 67 m) 

On concrete 

On concrete - .. 

+ low friction 

Higher speed (3 ms -1 ) 

1arger approach angle 
'Y - 80) 

Wide cab (1.67 m) 

Wide track (1.65 m) 

Inde cab + (1.67 m) 
>lide track (1 .65 m) 

---------------------------------------

Table 5.9. Minimum pitch angle, 6xmin ' deg., up to impact 

Axle Nominal ex (Bank angle to vertical) , jesrees 
stop -. 0 72 15 222 

No -10 -15 -13 
-B 

-10 

Yes -2. -4 -2 -1 -1 C 
-3 

No -13 

Yes 
D -2 

D 

No -7 

Yes -4 +1 
" 

No -20 
E 

Yes -3 
D,E 

No -4 
D,E 

No ~ 
, 

No , -9 , 

Yes 0 -3 

Yes +2 

Yes 0 . . 

30 37t 

-20 
S 

-24 

-2 

NOTES 

A. The conditions referred 
to as standard are: 

Tractor mass: 3065 kg 

Surface dry:r,~ 0.8-1.0) 

Cab width: 1.37 m 

Track width: 1.55 m 

Bar diameter: 42 mm 

Speed DZ: 1.5 ms -1 

Approach angle: 4°f"y) 

Landing surface:soil 

B. Front of tractor on 
concrete. 

C. Partial failure of rear 
wheel. 

D. 48 mm diamoter bar. 
E. 0( = 1 7.70 due to 

repositioning or pl'ltes. 

--'" 
o 

'" 
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Table 5. '0. Maximum ya'. angle, eymax' deg., up to impact 

Condi tion 
Axle Nominal (X (Bank angle to vertical) , jes:rees 
stop 0 72 15 222 30 372 

. - +10 +10 
B 

+23 +20 
S 

+25 No +7 
A 

Standard 
Yes +6 0 +11 C +2 +12 +2 +2 

Ballasted No +11 (mass; 4015 kg NOTES 
+ change in centre of . 

D D maS3 and moment of Yes +6 A. The conditions referred 
inertia) to as standard are: 
Low friction No +5 Tractor mass: .3065 kg (y; 0.1 - 0.15) + 
wide cab (1. 67 m) 

Yes +2 , +5 Surface dry:(r; 0.8-1.0) 

1 

. ~ 
I ", 

Cab width: 1.37 m , E On concrete No +19 Track width: 1.55 m 

D,E Bar diameter: 42 mm Yes +8 -1 On concrete Speed DZ: 1.5 ms 
" D,E + low friction 

Approach angle: 40 ('y) No +1 

1 +15 
Landing surface:soil 

Higher speed (3 ms- ) No 
• B. Front of tractor. on 

rarger approach angle +14 
concrete. 

No C. . Partial failure of rear ". y '" 80) , , 
wheel. 

Wide cab (1.67 m) Yes +3 +10 D. 48 mm diame>ter bar. 
E. 0(;17.7° due to 

Wide track (1.65 m) Yes +4 r " repositioning of plate's. 

11.67 m) 
i Wide cab + . Yes +2 wide track' 1. 65 m) 



• Table 5.11. Total energy, kJ, at minimum vertical velocity, Yo in 
at final rest defined as zero 

.,~-

vertical), Condi tion 
Axle Nominal ex (Bank angle to je~rees 

; stop 0 72 15 222 30 372 
-

S 61.4, 60.4 53.9 
B ,58.3 ,52.6 ,44.8 

A 
No 

Standard 
Yes 53.1 37.8, 52.7 37.2, 38.4 C 43.7 54.4 

Ballasted 
No 66.9 (mass = 4015 kg NOTES 

+ change in centre of 
D D masa and moment of Yes 64.5 A. The conditions referred 

inertia) to as standard are: 
Low friction No 54.1 Tractor mass: 3065 kg (r = 0.1 - 0.15) + 
wide cab (1.67 m) 

Yes 54.2 , 52.9 Surface dry:(r= 0.8-1.0) 

Cab width: 1.37 m 
64.1 E On concrete No , Track width: 1.55 m ! 

" 

D,E Bar diameter: 42 mm Yes 65.3 -1 On concrete .--< 
" Speed DZ: 1.5 ms : 

+ low friction D,E 
40 (i') , 

No 79.5 Approach angle: i 
r'~ -

, -1 Landing surface:soil 
Higher speed (3 ms ) No 77.6 

B. Front of tractor on -
concrete. , 

rarger approach angle i -y _ 80) , No ',45.6 C. Partial failure of re~r 
wheel. 

Wide cab (1.67 m) Yes ,55.7 49.9 D. 48 mm diamater bar. , 
, E. 0( = 17.70 due to 

repositioning or' plates. Wide track (1.65 m) Yes 55.5 :, 
(1.67 m) i Wide cab + Yes 47.1 i , wide track ,(1.65 m) , , ._-



. 
Table, 5.12. Roll angle 9z , deg., at minimum vertical velocity, Yogmin 

" Coridi tion 
Axle Nominal 0( (Bank angle to vertical) • degrees 
stop 0 7t 15 222 30 37t 

• -106 
B 

-84 -102 S -101 No -104, -105 A , 

standard 
" ' 

Yes -100 -93, -99 -87, -89 C -94 -107 -

Ballasted 
Ho -101 

(mass = 4015 kg • NOTES 
+ change in centre of 

D D masa ani moment of Yes -95 , A. The conditions referred 
inertia) , 

to as standard are: 

Low friction No -'96 
Tractcir mass: 3065' kg (r = 0.1 ;.. 0.15) + 

wide cab (1. 67 m) 
Yes -95 ' -96 Surface drY:(r= 0.8-1.0) 

Cab width: 1.37 m 
• -105 E 

On concrete No Track width: 1.55 m 

-100 D.E Bar diameter: 42 mm 
Yes -1 On concrete " -,- Speed DZ: 1.5 ms 

+ low friction 
-100 

D,E 
Approach angle: 40 (y) No 

Higher speed (3 ms-I) 
Landing surface:soil 

No -101 
Front of tractor on B. 

.rargerapproach angle i concrete, 
, 110 -97 

, 
C. Partial failure of rear ',' y = 80) , 

' " - wheel. 
Wide cab (1.67 m) Yes -98 -93 D. 48 mm diamater bar. 

0, 

E. 0(= 17.70 due to 

\~ide track (1.65 m) Yes ;"97 repositioning of pl~tes. 

Wide (1.67 m) 
, 

cab + Yes -91 wUe track' (1.65 m) : , 

- -'-'----------------------~----------------------------------------------~ 
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The variable which first drew attention to the effect of the axle 

pivot was the yaw angle G and this was expected to show a significant y 

difference. In addition to its maximum value, G given in Table 
ymax 

5.10, the minimum, G . was also tested. To assess the wider effects . . ymln 

of the axle stop the test was applied to the maximum and minimum pitch 

angles (G ,G. ), and to the variables at a SYOg of 1.5 m given xmax xmln . 

in Tables 5.5' to 5.8. The significance levels associated with 

rejection of the null hypothesis in each Case are given in Table 5.13. 

The rejection region is one-t~iled in the case of Gymax since the 

direction of the expected effect is predictable; in all other cases it 

is t\:lo-tailed. 

Table 5.13. Significant differences due to the axle stops 

See Level of Direction of effeot-
Variable Table signifioance values without stop 

are significantly: 

G 5.10 p 0.005 Higher ' --0 ymax 
Max 
and G . N.S. -
min ymJ.n 

yaw G p 0.02 . LO"ler and xmax . 

pitch 
G xmin 5.9 p 0.001 Higher 

x 5.5 N.S. -og 
Values 

at Yog 5.6 N.S. -
Yog 

drop G 5.8 p 0.01 Higher 
of z 

1.5 m G 5.7 p 0.02 Higher z 
'. 

5.;3. IMPACT BEHAVIOUR 

The object of the analysis Was to determine time histories of the 

forces acting on the frame, the resulting displaceme~ts and 'hence 't'he 

energies absorbed. 

5.3.1. Method of analysis 

The top frame has th!'ee degrees of freedom of deformation if axial 

. 

',I ., 
" 1 

;' 
:1 
'I 
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deformation of the members is ignored; henoe three external foroes and 

three deflections completely describe the behaviour. The vertical forces 

(channels 2 and 5) are of interest but they may impart energy only to 

the ground, not to the frame. The three degrees of freedom chosen for 

analysis were lateral (x
3

) at each load cell and longitudinal (z3) at 

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 5.3. 

Digitising of recordings 

The recordings were digitised on the Institute's PDp8e computer. 

Inspection of the recordings showed that the duration of the first impact 

was always less than 0.5s and that a digitising interval of about 0.001s 

would be adequate in relation to the impact force rise-time (typically 

0.025s) and the resonant frequency of the top frame (about 10 Hz). 

Subsequent impacts after rebound were entirely elastic and all required 

information may therefore be obtained from the first. The resolution 

provided was approaching the minimum acceptable of about 1% of typical 

maximum:signal excursion (0.2% of calibration offset level). 

There were unfortunately a number of tests when faults 'in one or 

more channels of the tape recorder resulted in incomplete recordings. 

One of the purposes of simulataneous recordings on ultra-violet (UV) 

sensitive charts was to oover this eventuality 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 and accuracy were 

therefore limited, and manual analysis data was used in the r.esu1ts only 

for the channel(s) missing from the tape recordings. Manual analysis of 

other channels ,was used as a check on ,the accuracy of this procedure, 

which was found' to be satisfactory. The smallest digitising 'interval 

that could easily be differentiated was 0.005s. The'resolution was 

approximately 0.5% of calibration offset level. 

;1 

',I 

:1 
, 
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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 mis sing. 

Computer implementation 

Two FORTRAN IV programs were run in a Job Sequence on the ICL 4-70 

computer to analyse the punohed tape data. The first, CAL, determined 

the mean zero level and mean offset level of the calibration data for 

each channel and wrote them t9 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 rtUlS in which signals were missing from the tape recording, the 

mrulually analysed data had to be merged with the other.channels. Since 

the time increments were different, direct substitution was not possible. 

The program preceded step by step through the PDP8e data searched for a 

time in the manual data either side of the time in the main data at each 

step. A new value Was then found for each missing or duplicated channel 

by linear interpolation based on the time differences. 

The data were smoothed to eliminate the effect of instrumentation 

noise. An 11-term quadratic-tapered sinc function (70) was used for its 

combination·of attenuation· at high frequencies and good 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 smoothin~ AN14PL data 

Step 
.n n + 1 n + 2 n + 3 n + 4 n + 5 

n - 1 n - 2 n - 3 n - 4 n - 5 

Coefficient 0.332 0.267 0.122 0.0 -0.038 -0.017 .. 
> , 

I 
I 
t 
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After smoothing and calibration, the forces and deflections in the 

three chosen co-ordinate directions are calculated according to the 

equations of Appendix 5.3. These variables are plotted against time 

and the forces are also plotted against the rel'1vant deflections as the 

most direct representation of structural behaviour. Rectangular 

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. 3 

Test no. 5 

Test no. 13 

Test no. 31 

Tape recorder failed to start. 

A trailing umbilic~l cable snagged, 

disconnecting all six load-cell channels 

at the break-aw~ joint. 

Tractor steering failure caus~d premature, 

uncontrolled overturn. 

Severe damage to the tractor caused breakage 

of the connecting plug for channel 7, the 

most important displacement (lateral). 

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

transient force peaks, and in some Cases there were also spikes on the 

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

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

small defects and unreasonable force-deflection results. 

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

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

forces depeml mainly on frame strength, and although'directions of 

loading are also important the overall· behaviour m~ be summarised most 

suitably' by energy values. . Two values are relevant for eaoh. of the three 

(I 
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chosen co-ordinated directions x3L1,x3L2' and z3L2: the maximum instantaneous 

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. 

These summarised data are illustrated by sample time histories 

described belo". 

The fcur main plots from a typical test (again, no. 21) are shown 

in 5.7 to 5.10. In this case the longitudinal force FZ32 is small 

(Fig. 5.7) but both lateral forqes rise rapidly tc peaks, drop sli'ghtly to 

plateaux during plastic deformation, thEn fall to zero during eladic 

recovery. The same p~s are evident in the deflection time-histories 

Fig. 5.8; The t"o are combined in the force deflection diagram, Fig. 5.9, 

"here the three stages are quite close to the straight-line approximations 

of the idealised form described in secticn 6. 

The elastic behaviour is clear during recovery, the apparent elastic 

stiffness of about 0.6 kN/mm agreeing well with that found in laboratory 

tests (section 6); a strict comparison would require laboratory 

reproduction of the loading directions, but there is no reason to suspect 

that the agreement would not be confirmed. During loading, the recorded 

elastic behaviour is not so satisfactory.' The rate of change of force 

is much greater here, and the explanation probably lies in a slight 

phase difference between force and deflection signals. The effect on 

energy is not likely to be significant. The longitudinal force deflection 

curve does not 'loop because'the deformation is nearly elastic and the 

force remains small. 

The final plot, Fig. 5.10, is an integration of the force-deflection 

diagrams. The curves are shown as time-histories to allow maximum and 

final values to be read off. 

5.3.3. Energy absorbed in the frame 

The'maximum instantaneous ~ideways energy - the sum of the integrated 

FX3/x31 and FX3/x32 curves up to maximum deflection - are given in 

, 
, , 



90.0 

80.0 

70.0 

FORCE, KN 

"".' 60.0 

50.0 

1rQ.0 

30.0 

20.0 

, 10.0 

-10.0 

-20.0 

- 111 - RUI~ 21 

• 

" Longitudinal front X 

Lateral front * 

Lateral rear + 

, 
I 

:1 
• , I 

I , 
I . , , 

I 
I • 

I 

• 

.1130, .150 .200 .250 .300 
TIME (SECS) I 

Fig.5.7. Sample plot of impaot foroes-on frame 
------------.-------- '--,-"::-"'''', ,,-----,--------0: 

'.~ . -," ",- - -,-..... - ..... ~.- ·-·r--.·"-,-



• 800 

-
.700 

• 600 

.500 

. \ DEFLECTION. 
; M 

. : 
I · , · • , 

.!rOO 

.300 

.200 

.100 

·-.100 • 

-.200 

-.300 

_ .. _--_._---
..... 

. -', . r-' I I'. I ........ __ ....... 1< U+\l 

' . 

• 

. Longitudinal front X 

Lateral front * . 
Lateral rear + 

• 
. . 

• 

.050 .11ID .150 .200 .250 .300 
TIME (SECS) 

. Fig. 5.S. Sample plot of frame deflectiollB '<I 
, 1 ...... _----:-

--------------.......... 1 

.- .. _-_. __ ... , .... -.. -.. -. "' .. -_ .. ----



, 
, ! 

I 

I 
1. 
'. 

I 
I 
I' I, :. ,. , 
" '. , .. ,. 
I' 
:. 

• , 

,I 
I , 

., 

i' 
" 

1 

i' 
1 

( 

-.100 

. 90.0 

30.0 

20.0 

10.0 
);!li. 

!/, 
~;~ . :IlK 
~/'I_'~------------------~~~------------------~I' 

-20.0 

I 
i 1 

I1 

11 
I 
I 
I 

;. I 
I 
! , 
I 

i 

_30.Q+---..---..,..--....---..,..---,.----r---o"'--r---o----r---o---r----,r---, 
-~050 . • 000 .050 .100' .150 .200 .~50 .300 .s: 

I. 
, , .. 

. OEFLECTIO N; m 

Fig. 5.9. Sample impact force/deflection plot' 
.. _----_. __ .. __ .. _----_. --'" .. " ....... ; 

. I' _·-t 



---- .-----------------------------------------------------------
. RUN· 21· 

1.0 ~ i 

• . Fig. 5.10. Sample energy..;time p.lot -------_._-_ .. _ .... - .. -... _ ........ _......... -' --_ .. - .• _-------
.. 



Table 5.15. M'iximwn sideways ener:{'f absorbed. by frame, k.r 

. Coridi tion 
Axle ... Nominal 0( (Bank angle to vertical) , jes'rees 
stop 0 72 15 2q 30 372 

i 
12.7. . N.R. 15.9 

B 
1.4 N.R • 

S 
. 4.5 

A 
lIo 

" 

Standard 
:.. 

Yes 15.5 10.3, 10.5 5.9, 7.3 C 8.6 11.8 

Ballasted " 

(mass = 4015 kg No 16.8 13.4 lli2TI2§. 
+ change in centre of 

D D masa and moment of Yes 15.7 11.9 A. The conditions referred 
inertia) , 

to as standard are: 

Low friction No 13.5 Tractor mass: 3065 kg (I" = . 0.1 ..; 0.15) + 
wide cab (1.67 m) 

Yes 13.0 14.6 Surface drY:ft= 0,8-1.0) I . 

Cab width: 1.37 m 
No 14.5 E 

On concrete Track width: 1.55 m 

I D,E Bar diameter: 42 mm 
Yes 22.2 -1 On concrete .~-.. - Speed DZ: 1.5 ms 

.+ low friction D,E 
Approach angle: 40 ('Y) No : .N,R. 

.. 

; 
,.-~ 

, Landing surface:soil 
Higher speed (3 ms-I) No 11.1 Front of tractor on B. 
rarger a~proa6h angle concrete. 

y ~ 80)· No ... 11.3 C. Partial failure of rear 

Wide cab (1.67 m) Yes 6.2 
wheel. 

3.5 D. 48 mm diam3ter bar. 
i E. 0(= 17.7° due to ... 

Wide track (1.65 m)! Yes 1.8 repositioning of plates. 
-+-, 

IHde cab + (1. 67 m~ Yes 7.8 wiJ.e track (1. 65 m 



Table 5.16. M'lximum longitudinal energy absorbed b-, fra:no, kJ. 

", .... , 
Axle nominal ex (Bank angle to vertical) , jefrees 

, 
, . Condi tion stop '. . 

72 15 22t 30 372 . 0 
"-

No 0.6, 1.8 
,B 

0.1 N.R. 
S 

1.4 A N.R. 

standard 
Yes 0.1 0.2, 0.1 0.5, 0.9 C 1.0 0.2 

. 

Ballested 
Uo 4.0 3.4 (mass ~ 4015 kg NOTES 

+ change in centre of 
D D masa ani moment of Yes 0.3 0.9 A. The conditions referred 

inerti al to as standard are: 
Low friction No 0.3 Tractor mass: 3065 kg (r= 0.1 - 0.15) + .' .. 
wide cab (1.67 m) 

Yes 0.1 0.4 Surface dry:(r'" 0.8-1.0) 

Cab width: 1.37 m: 
t E On concrete No 1.9 Track width: 1.55m 

.-10,.-

I " 

D,E Bar diameter: 42 mm Yes 3.8 -1 On concrete 'SPf!.:'d DZ: 1.5ms 
+'low friction D,E 

Approach angle: 40 ('y) UO N.'R.. 

( . -\) 1 • 1 
Landing surface: soil 

Higher speed 3 ms No 
. B. Front of tractor on 

rarger approach angle : concrete. 
No 1.6 C. Partial failure of rear . 'Y~' 80) . , 

wheel. 
Wide oab (\,67 m) Yes 1.0 0.6 D. 48 mm diamater bar. 

I 
~- . 

E • oc.~ 17.70 due to 
. 

Wide track (1.65 m) Yes 0.0 repositioning of plates. 

Wide cab + (1.67 m) Yes 0.3 wBe track (1.65 m) 
-.' 

........ ~~~~~~-----------------------------



Table 5.17. 

Condition 
Axle 
stop 

1.. No , 
standard , Yes 

Ballasted 
No (mass = 4015 kg 

+ change in centre of 
maS3 and moment of Yes' 
inertia) 

Low fric tion : No 
(r=· 0.1 - 0.15) + 
wide cab (1.67 m) 

Yes 

On concrete No 

. 

Yes 
On concrete ~-

+ low fric ti on 
. 

No 

Higher speed (3 ms-1) No 

1arger allyrcach angle 
'Y ~ 80 . Ho 

Wide cab (1. 67 m) Yes 

Wide track (1. 65 m) Yes 

Wide cab + . (1;67 m) 
Yes wide track (1.65 m) 

Ratio:. (maximn side + maxi;UlllU lo:1.ci tudin"l ener) 01 

( 
.., 10 

energ;f at minimllJu vertical velocity, YO!!lllj n 

Nominal ex (Bank angle to vertical), de~re'.3s 

0 7t 15 222 '50 '572 
B S 

22, N.R •. 33 3 , N.R. 13 

29 28, 20 17, 22 C 22 22 

N.R. 25 . NOTES 
D D 

N.R. 20 A. The conditions referred 
to as standard are: 

25 , Tractor mass: ,3065 kg 

24 28 Surface dry:i.r= 0.8-1.0) 

Cab width: 1.37 m : .. E 
26 Track width: 1.55 m 

D,E Bar diameter: 42 mm 
40 -1 

" 
Speed DZ: 1.5 ms 

D,E 
Approach angle: 4° ('Y) N.R. 

16 
Landing surface:soil 

B •. Front of tractor on 

28 C. 
concrete. 
Partial failure .of rear 
wheel. 

13 8 D. 48 mm diameter bar. 
E. ex. = 1 7.70 due to 

:5 repositioning 01 plates. 

17 
I 

I ,-
I; 
-.i 
4---~ ..., 
I' 
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. 
Table 5.15. The two maxima are reached in all cases at sufficiently 

close times to make this addition valid. 

The corresponding loneitudinal energies are given in Table 'ji.16. 

There is often a slight delay between the maximum sideways and 

longitudinal deflections but the error introduced in summing all the 

maximum energies is not significant, as the longitudinal values are 

almost all small proportions of the totals. The totals are expressed 

in Table 5.17 as percentages of the energies before impact from Table 

, 'To give an indication of the relative magnitudes of the various 

dissipated energies, mean values over the set of 24 complete results 

are given below: 

(i) Mean total energy differenc,e 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 to 

the height difference and 4.6 kJ to the initial 

velocity. 

(ii) Mean difference between energy just before impact 

and at final rest: 53.5 kJ (SD 9.9 kJ). Of this, 

10.2 kJ (SD 5.8 kJ) is due to the height difference. 

(iii) Mean energy absorbed by the frame: 11.3 kJ (SD 5.5 kJ). 

The mean 'energy changes are summarised in Table 5.18. 
, 

Table 5.18. 

.. , . 

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

During overturning During impact Total 

Potential Energy, -58 (-80) -10 (-14) -68 (.:..94) 
( +53) . (-60) -5 ( -6) Kinetic Energy +39 -43 

Dissipation . ".' 

Sliding friction, ,,,tc +19 (+26) +19 (+26) 
Absorbed in frame +1/1 (+16) +11 (+16) 
Other (soil, tyres, wheels etc) +42 (+58) +42 (+58) 

Total 19 (26) 53 (74) 73 (100) 

Note: Row and column totals not alwaYs 100% due to rounding. 

I , , 
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Energy applied in standard tests 

To provide a basis for comparison, the energies applied to frames 

in present pendulum impact test standards (12, 13, 15, 16) and in 

proposed static test standards (17) are given below. The static test 

energies are at present approximately 50% of the pendulum energies on 

the basis that this is the average proportion absorbed by the frame; 

these figures are still under discussion but are likely to remain within 

the range 50 ± 10%. As a means of comparison with energies absorbed in 

the overturning experiemnts the statio test energies are therefore more 

appropriate. 

(i) Pendulum test 

E "d Sl e = 2 x 9.8067 

for m = 3065 kg 
( unballasted) 

for m = 4015 kg 
( ballasted) 

(ii) Statio test 

for m = 3065 kg 

for m = 4015 kg 

(125 + 0.15m) 

E side 

E "d Sl e 

E "d Sl e 

E "d s~ e 

= 

= 

= 

= 

11.47 kJ 

14.26 kJ 

5.74 kJ 

7.13 kJ 

For the 26 overturning tests in which reliable measurements are 

available the maximum sideways energy is greater than the oorresponding 

static test energy in 22 cases and greater than the pendulum energy in 

11 cases. The highest value (22.2 kJ in test 30, low friotion onto 

concrete) is nearly four times the static energy or twice the pendulum 

energy. 

It was expected that these experim~nts, chosen for their severity, 

would yield high absorbed energies but these results are a little 

surprising in view of the fact that the rear wheel absorbed'significant 

energy in all tests, and the soil in most. Overall,' however', the findings 

~e not inconsistant with estimates of the energy abscrbed in real 

accidents in relation to that applied in standard tests (21). 

, , 
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5.4. DISCUSSION 
! 

A preliminary discussion 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 

were available. S'ome trends with parameter variation were noted but 

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

more 'appropriate in this thesis to treat these aspects in relation to 

the simulation results, in section 7 and 8. Several conclusions are 

relevant here, however, and t~ese are given below: 

(i) These experiments have, overall been successful in 

providing data for validating the mathe~atical models. 

A considerable amount of time and effort has been 

expended in getting these results, due partly to the 

complex equipment and instrUmentation involved. It is 

inevitable that breakdowns and partial failures occur 

but the need for complete sets of data and the cost of 

tests has placed a high premium on reliability. A 

significant proportion of analysis time has been spent 

in overcoming experimental inadequacies. It is arguable 

that the overall time could have been reduced by repeating 

some of the tests. Hm"ever, the damage resulting from the 

final tests onto the concrete surface was much greater 

than expected, and extensive repairs would have been 

required after the last test. 

An alternative way of increasing the proportion of 

directly useable data would have been the adoption of 

greater measurement redundancy. One example is the spare 

frame displacement channal and'an other is the use of 

accelerometers. A third film camera and automatic control 

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 suocessfully recovered is, 

however, reasonably high; 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, 

however, 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 importance, and the models should help to 

explain some of the variations. A more appropriate 

design could probably have been adopted if the models 

had been available at the outset. 

(ii) In the oondition studied, with a,maximum bank height of 

about 2.5 m, the frame does not hit the ground 

signifioantly before other parts of the traotor. The 

mean proportion of impact energy absorbed by the frame 

was 21% and the maximum 40%. The mean proportion of 

total energy absorbed by the frame was 16%. 

(iii) Despite the foregoing, the absolute amount of energy 

absorbed was signifioantly higher than in equivalent 

Standard Tests. The sideways energy absorbed was 

greater than the energy applied aooording to draft statio 

test standards in 22 out of the 26 experiments for which 

reliable measurements were available. The highest 
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absorbed energy was near~ four times the static 

test energy. High values were expected from the 

severe conditions, and the results are reasonably 

consistent with estimates cf energy absorbed in 

the most severe, real accidents. 

(iv) The statistical tests confirm that the tractor falls 

significantly more rear-dmm (greater gymax) when 

the front axle is allowed to pivot normally than 

when it is fixed ?y the axle stop. "The effect on 

pi tch angle g is also significant' but probably less 
x 

important, since the tractor strikes the ground at a 

o roll angle g of around 90. There are also weakly 
z 

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. 
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6. STRUCTURAL ANALYSIS OF THE EXPERIMENTAL SAFETY FRAME 

6.1. INTRODUC1'ION 

Atypical force-deflection curve is shown in Fig. 6.1. The gradual 

transition from elastic to plastic regions is typical of non-annealed 

mild steel in bending; annealed material or axial loading usually 

results in a more olearlydefined yield point , perhaps with some 

reQuction of stress immediately after yield as disoussed in section 6.3 

below. The slcpe of the curve during recovery is similar to that in the 

elastio region during loading; when expressed as foroe per unit 

defleotion it is the elastio stiffness. If the stress continues to 

increase gradually after yield, as is the case in Fig. 6.1, this is due 

to increased strength from cold working, known as strain-hardening. 

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

under the ourve up to that point. 

Force 

Oef le ction 

Fig. 6.1. Typioal foroe-defleotion behaviour of 
a simple mild steel struoture, 
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As 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 results in higher yield strength with 

. increased strain-rate, the elastic stiffness and general shape of the 

curve remaining unaltered. This is relevant to safety cab impacts, 

, 
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where the yield strength may be up to 30% higher than. in static conditions, i 1 

and is diacussed more fully below. The inertia effect where shock waves 

in the material change the strain distribution and deformed shape,is 

important only at nmch higher rates of loading, such as in the impact of 

shells and bullets. It can be ignored for safety cab impacts i for 

example,the frame impact velocities measured in the overturning experiments 

were only about 6 m/so 

6.2. PREVIOUS WORK 

Yield enhancement in tension 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 fundamental results 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 strain 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 where the strain rate varies 

significantly during elastio loading it is not clear whether the mean 

value is the most 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 important than the mean rate. 
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Other workers have extended Manjoine's findings to cases of simple 

bending such as cantilevers (75 - 77). Parkes made the important 

distinction between 10\~ velocity impacts and those in which the inertia 

of the beam affected the behaviour (75). While high velocity impacts 

resulted in plastic strain throughout the length of the beam, 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 sensitive to strain rate, while the lower showed a very 

similar 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 by several experimenters. 

Research on frames at NCAE 

Ashburner's work on the behaviour of simple model portal frames and 

cubes made from t in square bar' (73) was the starting point for the 

present study. The four models of the deformation process'he investigated 

are described by the force deflection relationships 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 negligible and the ,behaviour of Fig. 6.5c represented 

adequately the experimental results. The elastic and plastic phases of 

this behaviour were then treated separately. 

The elastic stiffness was predicted with fair agreement by analysis 

based on the slope-deflection equations and taking into account the 

torsional rigidi ty- of the members. The time-to-yield in model pendulum 

impact tests was calculated by ,several methods of , varying sophistication. 
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Stress 

Unlondilll: 

Sl.,.,1!n' 
Strain 
Il4te 

Fig.-6.2: Effect of increasing strain rate on upper (OU> and lower COl) 
yield stress investigated by Rawlings 
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Fig.6.3 Effect of strain rate 0 Lower yield stress (Raw:lings) 1', 

-- Axial tests (Manjoine) 
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Fig,6.4 Effect of strain rate expressed in terms of time-to-yield. 
Logarithmic relationship assumed by Goldsmith and others 
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Fig.6.5 Force-deflection relationships assumed by Ashburner 
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Fig.6.6 Deflection of NIAE frame in plan view, 
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Fig. 6.7 Portal frame 
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The simplest, assuming constant velocity to yield, was found to give 

reasonable estimates of yield enhancement assumin6 the relationship 

given in Fig. 6.4. The 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 tests on portals 

and cantilevers: the static plastic moment is the bending moment at 

which the elastic limit is just reached by all fibres across the 

yielding section; the strain ~ardening coefficient is the increase in 

this moment 'for unit angular rotation of the pl'1stic hinge. D,ynamic , 

plastic 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 collapse mode 

defined by the positions of the plastic hinges. Elastic and plastic 

deflections follow from consideration of the input energy and the 

linearised form of the force deflection curve. 

In this way Ashburner obtained quite good agreement between predioted 

and measured values in a wide range of conditions on annealed and non-

annealed material. Although three-dimensional cubic frames were included 

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

treated in the plastic phase as effectively a combination of two-dimensional 

portals. Asymmetrical loading analysis was ,~ased on superposi tion, which 

was admitted 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 behaviour of the NIAE experimental frame 

follows Ashburner's general technique described above. The elastic 
, 

stiffness is calculated by classical methods and used'in conjunction with 

the impact velocity to predict the time-to-yield. Yield enhancement is 

then found from the relationship in Fig. 6.4 and'allows calcuiation of 

the dynamic plastic moment Mp. 
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There are important detail differences which affect the complexity 

of the approach'and the reliability of the results:-

(a)' Because of the size of the members and lack of facilities 

at NlAE 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 deflect~on to be restricted to the four 

uprights, the rest of the frame being rigid. Offset of 

the point of application of load provided additional 

ccmplexity. 

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

combination of collapse of plane frames. The reduction 

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. 

(b) The inertia of the top frame and uprights can be ignored. 

(c) There is a known, precise yield point which is reaohed by 

all fibres across the section of all plastic hinges at 

the same time. 

(d) Deflections are small compared with frame dimensions, 

resulting in no change of geometry or loading direction 

during deformation. 

(e) The impact velocity remains constant up to yield. 

(f) Yield enhancement follows the simple relationship to 

time-to-yield given in Fig. 6.4. 
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(g) The dynamic plastic moment remains constant after yield 

i.e. strain hardening coefficient is zero. 

(h) The'rubber pad described in Section 6.4. has no effeot 

on the behaviour. 

(i) The energy determined from the pendulum lift height is 

totally absorbed by the frame. 

6.3.1. Elastic phase 

Corner d1splacements 

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 XE. YB and YD' * 
Then: (jJ = YD - YB for small ~ -( 6.1) 

b 

xD = ~ - (6.2) xG = ,~ b~ =- ~ +Ya- YD -(6.5) 

Ya = YB - (6.3) x
J = xG = ~ + YB YD -(6.6) 

YJ = 'YD - (6.4) 

The displacement of point L in the direction of F is given by 

°L = ~coso( + yBsin ex + er/> 

~coso( yBsino< 
e 

( YD = + + b - YB) -(6.7) 

* Co-ordinate system given in ,Fig. 6.6 and notation are specific to this 

• • I section: see Notatlon. 

'Forces and moments 

In the, elastic phase the forces can be obtained by superposi tion 

from the forces acting on the four portals separately. If the top'and 

base frames are infinitely stiff and axial forces on the uprights are 

neglected each portal can be considered as a pair of double encastre 

beams. 
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The deflecticn of one beam is Fh3 . 
12EI 

for one portal E = 24EI 
X h3 

so that 

-(6.8) 

Taking the displacements of the four portals from equations (6.2) to 

(6.5) the four forcesbecpme:-

-(6.10) 

The moment resulting from the twist in each bar is given by G~CP, so that 

the total torque is 

TQ = 4GJ. (YD - YB) 

hb 

Equations vf equilibrium 

-(6.13) 

Resolving in x direction: Fcos eX = F xB + F xG = 24EI (2~ + YB - YD) -(6.14) 
'. h3 . . 

Resolving in y direction: Fsino< 

."" '1l + YB - 2YD + 4GJh3 

24Elb
2
h 

3 Put Q1 = h F, 
24EI 

2 
Q2 = Q.~ in (6.14), (6.15) and (6.16)1:-

6b2EI 

YB - YD = Q1 

+ YD = Q1 

~ +(Q2 + 1) YE - (Q2 + 2) YD = -Ql 
~ 

! 

-(6.15) 

-(6.16) 

cos 0( ) 

) 
sine>( )-(6.17) 

e ~ 
b 

1I 
11 

, 
r 
I , 
I 
I 
i 
I , 
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Solving for ~, YB' YD :-

, (-2~ - (2Q2 + 3)cos 0( + sine( 
}Q1 

b . -(6.18) ~= - 4. ( 1 + Q2) . 

( 2~ + cosO( -(2Q2 + 3)sino< 
, }Q1 

Y = b 
-(6.19) B 

- 4.(1 + Q2) 

(' e - cosl)( -(2Q2 + 1 )sin 0< 

}Q1 
YD = 

-2i) 
-(6.20) 

- 4.(1 + Q2) 

Substituting for ~, YB and YD from (6.18), (6.19) and (6.20) in (6.7):

- 4 (1 + Q2) • 6 L = -2~ cos 0( - (2Q2 + 3)cos
2

0( + sin cC case( 
Q1 . 

+~ sine( + sin O(,cosO(. -(2Q2 + 3). sin2e( 

+( -2~ - cos c< -(2Q2 + 1) sine( -2~ - cosO( +(2Q2 + 3)sino< )~ 

giving the elastic stiffness:-

k = ;:;F = 2h4~I (-",,,...-_____ 1,--,O+_Q""2:.-! _____ _ 

"'L ~ +i+~(coso<-sino(+~) ) 
-(6.21) 

- is in 0< cos I)( 

where Q2 = GJh2 

6Elb2 -(6.22) 

-(6.23) 

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 

Without 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 point during plastic deformation, can be found 

most easily by equating the energy it generates in displacing the frame 



· - ., 

133 

to the strain energy absorbed in deflecting the plastic hinges. Thus 

in general:-

= LM 6 p 
-(6.24) 

Under plastic collapse the structure is eqUivalent to a mechanism 

and the number of plastic hinges is therefore one greater than the number 

of redundant reactions. The location of hinges m~ be found by considering 

the 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 fcur plastic hinges needed for collapse. 

Their positions are clearly at the point of maximum bending moment at the 

corners and fixings. Here all angles e are the same and there is a 

simple relationship between 8p and 6 in equation (6.24) allowing Fc to 

be found direct~:-

= he 

F c = 4Mp 
h -(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:-

= he 

= 8101 
-P 

h 

= 

-(6.26) 

Equation (6.26) would also describe the behaviour of the NIAE 

experimental frame in the two particular loading conditions shown in 

Fig. 6.9. In general, ho,lever, the directions of deformation of the four 

corners is different, the individual values of e are different and there 

--------------



Fig.6.8 Collapse mechanism 
of Ashburner's ~rames 
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Plastic hinge • 

Fig. 6. 9 Collapse mechanism of frSJ,lle with 
rigid top under two alternative 
symmetrical loading condi,tions, ! 

Fl and F2 

Fig.6.10 Effective position of hinges displace d from root 

D E 
~----------------------, 

A 

Fig. 6" 11 Relationship of area, energy force and displacement 
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is no simple relationship between them and bp. 

Since all the uprights are of equal length and section the linear 

deflections of the corners are related to the rotations in the hinges 

(Fig. 6.10). 

e. 
"1. = Oi 

h' -(6.27) 

It is necessary to use h', the effective length of uprights in the 

NIAE frame in place of h because the ratio of length to diameter is 

only about 20 compared with about 40 for Ashburner's frames. the 
effective position of the hinge is therefore significantly displaced 

from the root. 

There are eight hinges so the sllmjation in (6.24) is from 1 to 8, 
; 

but the two values of 6i at each end of an upright are both equal to 

the value of O./h' . 1. 
for that 

8 

l)i = 

i =1 

corner, thus 
4-

2 Lo' . 1 
1= 1 -(6.28) h' 

Equation (6.24) then becomes, with Mp constant for all members:-

= 

8M 
---..l? , 
h. 

Equation (6.30) defines a "Skew factor" Q which depends on the 
s 

-(6."~9) 

-(6.30) 

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). s 

Skew factor 

Since the plastic moment is assumed to be constant the force on the 

top frame due to each upright will be constant and its line of action 

will be opposite to the direction of deflection of that upright. For any 

deflected form the directions f3 of deflections of the corners can be 

expressed in terms of three co~ordinates ~, YB and Y
D

' as in the elastic 

phase (Section 6.3.1, Fig. 7):-

~--------------------------------------------------- --" --



tanf B " (6.31) -(6.33) 

tan (3 D = 
YJ;! 

= (6.32) tan /-' J 

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 co-ordinates and resolving:-

x -direction:- FxB = Poos/-'B + Pcos(3G + P'cosf->J + Pcosf-'D 

y - direction:- FYB + FYD = Psin(3B + Psin(3 G + Psin(3 J + PSinf3D -(6.36) 

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

new force FYD1 at D to maintain equilibrium. T~ese are obtained by further 

resolution:-

= F 1.b + 
Y 

b + 

In a given impact at L the values that are known are the ratio FyL/F
xL

, 

which is tan IX , and FyD1 ' which is zero. It is not possible to solve 

equations (6.31 - 6.41) directly for these conditions but for a given 

deflection at B a value of Yd that makes FyD1 = 0 can be found by 

iteration. 

A computer program, STAF6, to carry out thos procedure i3 desc~ibed 

in Appendix 6.1. For a given angle~B and unit deflection at B the 

program determines the deflection YD which defines the collapse mode and 

the forces FxL and FYL in terms of P. Frcm these are obtained 0( and the 

resultant force FL• The skew factor is then given by 

Qs = FL 

4P -(6.42) 
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,The values off B' YD and Qs are plotted against 0( in Fig.6.12 for 

the Mk I frame in range - 90
0 < 0( < 90

0
• The behavi our in the other two 

quadrants is. similar but of only academic interest. When 0( is between 

o 0 6 -70 and -20 no solution is found by STAF because in this ra.nge the 

collapse mode is such that the frame rotates about J. The force at J 

is lOl1er than the collapse force P and hence the plastic deflection at 

J is zero. In this mode (3 B is -45
0 

and YD is zero, and the collapse 

load FL can be found directly by taking moments about J:-

FL coso(,(b + b2) - FL sinoc(b + b3) ~ P (b + b + b J 2) 

givingQ ~FL= b(2+ J2) 
s 4P 4(b + b2)cos C( -4(b + b3)sino< 

Confirmation that F
J 

< P can be obtained by resolving:-

x - direction: F - 1 - 112 ~ - FL cos ()( ..,(6.44) 
xJ 

Y -direction: FyJ + 1 + 16-2 ~ - FL sin.tI. -(6.45) 

That the discontinuity in the change of mode' shape with 0( does not 

result in a discontinuity in the change of Q can be seen in Fig. 6.12. s 

Yield enhancement 

On the basis of Ashburner's findings the assumption of constant 

velocity up to yield appeared to be appropriate (73). The impact 

velocity is found from the lift height of the pendulum: 

VI' ~ 

giving the time to yield 

where 8 e ~ Fc 
k 

thus ~~ Fc 
k "'-2"-g--:"1 

The static plastic moment M is plastic modulus multiplied by the ps 

static yield stress and for solid circular bar· is given by:-· 

M ~ -6
1 

d3 
0- 0 ps -(6.50) 
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This static mo~ent is multiplied by the ratio of elevated/static 

yield stress to give dynamic plastic moment Mp' This step is assumed 

to be valid if the yield enhancement ratio is less than 1.5, even 

though the strain rate varies across the section (73). Yield enhance-

ment behaviour shol-m in Fig. 6.4 can be expressed as:-

where T and A are material constants. Ashburner calculated A to be -0.1 

and T 0.17 from data presented by Goldsmith (78). The value of A 

calculated from Fig. 6.4 agrees with this while T becomes 0.13. The 

accuracy with which these values represent the behaviour in a particular 

experiment should not be overestimated, however, as they are derived 

from averages of individual test results which themselves vary a fair 

amoWlt. 

Substituting for Fc in (6.49) from (6.29) and then for"} in (6.51):

i.e. 

Mp = Mps ( ~P ,Qs ) A 

Mp - (Mp') :~~( 8,~ ) 
. h k VpT 

from which Fe can be found by (6.29). 

Deflections 

A 
1-A 

-(6.52) 

Assuming the idealised force-deflection curve of Fig. 6.5c, the 

deflections are simply found from the collapse load and input energy. 

Referring to the labelled diagram in Fig. 6.11:-

Input energy Ew = Area ODEC = OAD + ADEC 

E =iF ., +F" =iF Fc +F'" w cOe cop c cop 

Hence final deflection 8 
. p 

; ;, 

elastic deflection o = F e c 
k 

and maximum deflection Om = Ew 

Fc 

+ i F 
....£ 
k 

k 

-(6.53) 

-(6.54) 

-(6.55) 

I 

i I 

. , 

, I 
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6.4. EXPERIMENTAL ME~~OD 

Mounting of experimental frame for impact tests 

The'base frame with uprights and top frame (Fig. 4.1) was removed 

from the tractor and fixed securely to the floor. Although pendulum 

impact tests to British and International Standards are carried out 

with the frame mounted on the tractor this results in some energy being 

dissipated in the tyres and lashing ropes. Fixing the frame directly 

to the floor ensures that a high proportion of the input energy is absorbed 

in the frame. To reduce the impact load on the floor rails the long axis 

of the base frame was fixed roughly parallel to the impact direction and 

the top frame rotated to receive impact from what would be the front. 

Since the mounting centres of the uprights form a square this change in 

relative position had no effect on the structural behaviour. The tests 

were carried out at an impact direction ~ 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 3 are load cells sensing the impact force in three 

perpendicular directions; 7 to 9 are linear displacement transducers (LDT) 

measuring deflections corresponding to the three degrees of freedom of the 

top frame; 11 is an accelerometer fixed to the frame near the load cell 

with sensitive axis in the impact direotion and 12 another accelerometer 

with similar alignment fixed to the pendulum weight. The accelerometers 

were duplicating information from the load oells but also indioated 

differenoes in the movements of the weight and frame during impact due 

to bouncing. 

Permanent deformation was also recorded manually. Before and 

after each test the vertical projections of the four corners of the top 

frame on the base frame were measured using a plumb line. Scale drawings 

f 

, 

I 
, 

... ~ 
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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 the initial impact of the pendulum 

weight gave rise to a large force pulse due not to the resistance of the 

uprights but to the inertia 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, these tests 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 permanent 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 double

integrating the difference between the two accelerometer signals to give 

the pad deflection, plotting this against 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 effort involved, however, and the energy loss was assllmed to be 

negligible. 
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6.5. TESTS ON THE MK I FRAME 

The Mk II frame, with its lighter top, different end fixings and 

different geometry, was used in all the overturning experiments. 

Most of the laboratory impact tests were carried out before the change 

from Mk II, hOl'lever, to validate the structural analysis (79). The 

results of these tests are therefore reported first, followed by 

confirmation of the behaviour of the Mk 11 on the basis of a further, 

single test. 

The results analysed here are from impact test series L4, carried 

cut on 16th and 17th April 1973, and L5 on 2nd August 1973. An 

additional test, L6, was made to investigate the mode of collapse on 

24th September 1973. 

Series L4 consisted of five impacts at successively greater 

pendulum lift heights using the same frame without straightening the 

uprights between tests. The lift heights were 1, 1, 4, 12 and 12 inch 

(25, 25, 102, 305, 305 mm) from which the 4 inch and first 12 inch blow 

were selected for analysis. A single 18 inch (457 mm) blow was used in 

both L5 and L6. 

6.5.1. Results 

Displacement measurements 

The permanent displacements measured by plumb-line for all three 

tests are given in Table 6.1 and a comparison of the thre'e methods for 

one test in Table 6.2. 

Table 6.1 

Permanent displacements measured by plumb-line , 

Permanent deflecti~ns , mm 

Test B G J D L 

x y 8 x y 8 x y <3 x y 8 OP 

L4/3 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 69 61 98 115 145 104 178 177 
L6 165 -42 170 26 -56 62 13 79 80 150 93 177 196 
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Table 6.2 

Displacements in test L5 measured by three methods 

, 

Method of 
Disple.cement at LDT in dircetion of force, mm 

measurement Plastic Maximum 
, 

Plumb line 150 -
uv trace 146 200 
Cine film 160 218 

Load deflection CUrves 

From the DV recordings the values of force and displacement were 

measured at small time increments for each test using the calibrations 

given in Appendix 6.2. The bounoing and frame vibration in the initial 

elastic phase of the impact reduoes the aocuracy of the readings up to 

yield.' Attempts were made to average visually the peaks'that are present; 

an automatic measuring tecP~ique might have been an advantage, although 

the problem has al~o been found by other workers. (73) 

The measured deflections were those at the LDT at the centre of 

member BD in the direction of the force. Since deflections in the 

directions of the other two degrees of freedom were relatively small it 

was assumed for simplicity that the measured deflection was proportional 

to the deflection at the impact point. The ratio of these deflections 

after the test was found from the plumb-line measurements and this ratio 

taken to apply throughout the impact. This assumption is likely to be 

valid in the plastic phase but will only be true in the elastic phase if 

the mode of deformation is the same in both. 

The load-deflection curves are shown in Figs.6.13-6.15. In the 4 in. 

lift impact the permanent deflection is small compared with the total, 

and although yield has occurred the full plastic moment had probably not 

been developed at all the hinges. The other two tests show a more 

clearly defined plastic region. 'In all cases the elastic Unloading 

curve is better behaved than the loading one but both show'the evidence 
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of vibration and a gradual transition between elastic and plastic phases. 

The general form of the c~rves, particularly t~at for the 18 in. impact,' 

validates the assumed behaviour shown in Fig. 6.5c. 

Collapse mode 

The final deflected forms in the four tests are shown in plan view 

in Fig. 6.16. The collapse mode in test L5 is somewhat different to that 

in tests L4/3 and L4/4. The repeat 18 in. blow (L6) shol.s behaviour 

similar to L4/3 and L4/4. and the mode of L5 may therefore be considered 

to be unrepresentative. 

A simple 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, whcse position will change slightly 

dur~ng the deformation, but the point about which the top frame could be 

rotated from its initial position to reach the final position. 

The centres of rotation for the four tests are shown with the 

predicted positions in Fig. 6.17. The effect of finite deflections can 

be seen in the difference between two predicted paints, and within this 

ran&e the predicted position and measured position for L4/3, L4/4 and 

16 are grouped quite. closely. The point for L5 is however significantly 

removed frem this group. Further evidence of the difference is given by 

the values of skew factor in Table 6.3. 

No explanation can be found for this but it is possible that the 

pendulum weight could have been oscillating sideways during its swing, 

giving a slightly different impact direction. Alternatively, there 

could have been an error in the displacement measurement. 
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Ta:bl~'6.3 

Collapse mode 

Skew factor, Angle of movement 
Qs of B, (3B' deg 

0.65 - 16 

0.64 - 29 
0.66 - 22 
0.73 + 7 
0.62 - 14 

Relative defl. 
yr/C B , 

0.52 ... 

0; 16 
' 0.33 
0;68 
0;55 

The forces and deflections obtained by scaling the load deflection 

of D 

. curves of Figs. 6.13-6.15 are given in Table 6.4, together with values 

Test 
No. 

L4/3 
L4/4 
L5 
L6 

predicted by the methods given in Section 6.3. The static yield stress 0'0 

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 6.2. 

In addition the predicted elastic stiffness is compared with an 

experimental value determined from 

k = (Om -Or ) 
Fc measured 

Table 6.4 

Measured and Predicted Force, Deflection and Stiffness 

Deflection, mm 
Collapse Force F Stiffness 

kN c Permanent Maximum kN/mm 

Measured Predicted Measured Predicted Measured Predicted Measured Predicted 

36 38 34 35 78 70 0.82 1.09 
41 40 118 132 189 169 0.57 1.09 
42 41 175 203 242 240 0.63 1.09 
- 41 192 203 - 240 - 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 but they are given for completeness in Table 6.5. 
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Table 6.5 

Energy 

Impact Energy, J 
Test 
no. Measured from Calculated from 

graph pendulum lift height 

L4/3 2258 1993 
L4/4 6425 5978 
L5 8450 8967 

6.5.2. Discussion 

Elastic stiffness 

The predicted value of 1.09 kN/mm is signifioantly higher than the 

measured values given in Table 6.4. Stiffness cannot be measured very 

reliably in dyUamic tests of this kind however, mainly because of the 

scatter of points in the 'elastic phases due to vibration. Ashburner (73) 

found similar difficulties although his values based on the unloading 

elastic phase showed better ,agreement than'those in Table 6.4. Two 

mai~ explanations are suggested to account for the discrepancy:

(a) The mass of the top frame is significant compared with 

that of the pendulum weight, 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 resistanoe of the uprights, 

so that it will inolude a mass acceleration term. 

(b) The assumed relationship between deflections at the 

loading point and at the LDT may result in significant 

errors in the elastic phase. 

Collapse force 

The measured and predicted values of F in Table 6.4 agree to c 

within the accuracy of the experimental techniques. 
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The accurate prediction of skew factor given in Table 6.3 validates 

the simple method used to determine the effect of as,ymmetry of loading. 

While this is a satisfactory technique for analysing the behaviour of ' 

the'present frame it may not be suitable for handling more complex 

structures. The assumptions' of idealised elasto-plastic behaviour without 
i 

strain-hardening may also be restrictive in some circumstances. 

Ashburner's conclusion that yield enhancement can generally be 

calculated. assuming constant pendulum velocity up to yield has been 

shown to apply in most of these tests. This assumption may, however, 

the cause of the slightly higher ratio of predicted/measured force in 

L4/3 than in the others. In this test little plastic deformation took 

place and the predicted amount of energy absorbed elastically was 33% 

the total, compared with only 12% in L4/4 and 8% in L5 and L6. The 

be 

test 

of 

pendulum velocity would therefore be significantly 'lower at yield than at 

impact in test L4/3. The average velocity, governing the time-to-yield, 

would be less different, but the change in either final or average 

velocity would probably be enough to account for the small error in F • c 

Tfe calculated yield elevations of 1.2 to 1.3 are in general agree

ment with expectations. 

Deflections and energy 

The predicted permanent deflections are higher than the measured 

values Qy 3%, 12%, 16% and 6% respectively 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. Measurements in very similar 

conditions in Sweden (63), however, indicate that '95% of the energy 

calculated from the pendulum lift height' is likely to be absorbed in the 

frame. Permenent deflections predicted on this basis are given in Table 6.6 

,I: 
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and show excellent agreement with measured values, bearing in mind the 

unrepresentative collapse mode in test L5. Maximum deflections agree less 

well because of the problems of the elastic measurements. 

Test 
no. 

L4/3 
L4/4 
L5 
L6 

6.6. 

Table 6.6 

Deflections calculated assuming_ input eneI'gy is 
95% of pendulum potential enerl'Y 

Delfection, mm 
Energy, 

J Permanent Maximum 

1893 
5679 
8519 
8519 

Measured 

34 
118 
175 
192 

Predicted 

33 
125 
192 
192 

TESTS ON THE MK II FRAME 

Difference Measured Pre 

- 3% 78 
+ 6% 189 1 
+ 9% 242 2 

0% - 2 

dicted 

68 
61 
29 
29 

The main. effect on the analysis of the change from Mk I to Mk II was 

the different load cell mountings. Referring to Fig. 6.6, b2 , the 

lateral offset is reduced from 204 mm to zero. The change in extension 

b
3 

from 147 mm to 326 mm has less effect. 

The manual analysis of one force and one displacement signal with 

scaling' assumptions, used in section 6.5, was replaced by a complete 

digital analysis 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 
(80) 

of the top frame in the laboratory and overturning tests • 

Test L7, carried out on 25th March 1974 was nominally identical to 

L5 and L6, with a pendulum lift height of 18 in (457 mm). The horizontal 

angle 0< between frame axis and impact direction was 70 instead of the 

, 60 • previous The frame upright height was 1137 mm and the effective height 

between plastic hinges h
1 

assumed to be 1081 mm. 

There were two shortcomings in the deflection measurements partly due 

to the lapse in time before analysis: 

t I 

I 
,! 

I! 
;1 
tl 

11 

I , 
: 
I! 
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(i) The initial frame position was not verified before 

impact and the datum for the physical measurements 

of final position had therefore to be assumed. 'In 

addition there was some ambiguity in the precise 

position of the measurement points. 

(ii) The position of the mechanical zero of the displacement 

transducers was intermediate between two positions for 

which calibrations were subsequently carried out, and 

was not accurately recorded. The calibration 
(80) 

coefficients were interpolated. 

Since all three displacement transducers were fitted the final 

position and mode shape could be determined independently from the 

physical measurements. The limitations above should not account for more 

than 5% error in the transducer results; this is consistent with results 

from photographic records (Table 6.7). 

Table 6 •• of the to frame 
transducer mountin in the x 

direction 

From physical measurement after test 

From displacement transducer recording 

From photographs 

6.6.1. Results and discussion 

Collapse morle 

181 mm 

166 mm 

175 mm 

The values of skew factor, Q direction of movement of the upright 
s 

nearest impact,f3B and the deflection YD for the new frame geometry are 

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 aboutJ (_69° ( 0( (20.7°) are accompamied by others (43.5 0 <0( < 

68.30
) due to rotation about n; These second discontinuities may h&ve been 

present in the previous configUration but if so they were too small to be 

recognised. Modes of pure rotation about the 9ther two uprights, B and 
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G are also theoretically possible in general but do not occur in the 

present loading configuration. The equations describing pure rotation 

modes are given in Appendix 6.3. 

Therelavant values of mode parameters are given with the test 

results in Table'6.8. 

Table 6.8. Collapse Mode 

Skew factor Angle of movement Relativ'e de n. of D 
Qs of B, (3B' deg yr/8 B 

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 agreement of predicted and 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 benefit of reducing the 

variation of Qs with 0( in the region around 0(= O. Since 0( is poorly 

defined in the overturning experiments this reduces unknown sources of 

variations in structural behaviour. 

The measured and predicted deflected forms agree quite well (Fig.6.19). 

The effective centres of rotation, however, ar7 not so close as in the 

previous tests, reflecting the smaller measured than 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 and, 

particularly, the inability of the technique to cope with'movements in 

near pure translation, however, produced results which did not help to 

clarify the pattern of movement. Even so, it was apparent that maximum 

I' , 
i 
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deflections in different directions were not reached at the same times 

and transitions between pure elastic and plastic regions were complex. 

Forces and deflections 

The force-deflection curves in the direction of, and perpendicular 

to the impact are given in Fig. 6.20. The normal smoothing (Section 

5.3.1.) was used with a nominal cut-off frequency of 148 Hz. Bouncing 

at initial impact is evident. The force calculated from the pendulum 
, 

accelerometer showed good agreement and is omitted for clarity. The 

force perpendicular to the impact direction remains fairly small and 

there is negligible absorption of energy in the frame in this direction, 

although an unknown amount is dissipated in sliding friction at the 

pendulum contact face. 

To see how far the general elastic behaviour during loading differed 

from that during recovery the analysis program was run with a nominal 

cut-off frequency (70). of 20 Hz (Fig. 6.:21). This smooths the bouncing 

during initial impact giving a load-deflection shape not dissimilar to that 

expected in a static loading test. This is encouraging, although the 

ef fect of bouncing. on, particularly, the yield enhnncement, is quite 

unknown. 

The close approximation of Fig. 6.21 to the idealised elasto plastic 

behaviour (Fig. 6.5c) is also encouraging. The theoretical analysis 

ignores rounding of the curve due to gradual development of yield, both 

across the upright sections and among the four different uprights. This 

is apparently justifiable for the overall force deflection behaviour in 

spite of the complex mode shape pattern. 

The predicted and measured values are given in Table 6.9. 
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Table 6.9. Forces, stiffness, delfection and ener,'Q" 

Collapse El&stic Deflection in direction Energy, 
fOl'ce Fc' stiffness, of force, nun 

. 

kN kN/nun Permanent . Maximum kJ 

* 0.85 Predicted 39.5 192 239 8.52 
. + 

Measured 38 0.65 162 235 7.1'05 
(Total 
instan-
tanecus) 

* . d Assumlng input energy is 951" of pendulum potential energy; static 

yield stress 410 MN/m
2; strain rate sensitivity constants as in 

section 6.5: 

+From transducer recordings. 

As in the previous results, collapse load is predicted well. Elastic 

stiffness, measured as the gradient of the straight part of the unloading 

curve, is again significantly lower than the predioted value. The agree

men~ is slightly better than fcr tests L5 and L6 with the heavier top frame, 

reinforcing the conclusion that inertia forces may be the main Cause cf 

the difference. The effect of the finite elastic stiffness of the top 

frame (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 to the inaccuracies in the displacement measure-

ments; if these are scaled according to the photographic measurements, 

assuming the mode shape is correct, the permanent deflection becomes 

171 nun - still 11% less than predicted. It appears that less than 95% 

of the pendulum potential energy is being absorbed in the frame, although 

it is difficult to account for the remainder. In the previous tests the 

value of 95% was found to be appropriate and· although there were 

differences in the mode of deformation these were not expected to be 

great enough to cause significant changes in the proportions of energy 
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dissipated. 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 pendulum velocity. 

The initial bouncing is an area of poorly defined behaviour which 

will be altered by the top frame mass but no explanation of how this 

affects the energy absorbed is.forthcoming. 

6.7. CONCLUSIONS 

(a) Simple techniques have been developed to predict collapse 

forces and deflections of the NIAE experimental safety 

frame under impact. The accuracy obtained is high enough 

to allow the structural behaviour to be defined for the 

simulation studies of tractor overturning. 

(b) Predicted stiffness showed poor agreement with experi-

mental measurements. Some difficulty is expected in 

dynamic measurements of this kind but the main cause is 

probably the high mass of the frame, which was not included 

in the analysis and does not allow true elastic forces to 

be measured directly. 

The measured elastic stiffness was still significantly 

lower than the predicted value for the lighter, MK 11 frame 

but the discrepancy was slightly smaller than in the tests 

on the Mk I. 

(c) The collapse mode under assymetrical loading was successfully 

predicted by a simple iterative method. 

(d) The techniques used to predict collapse forces and deflections 

of the Mk I experimental frame under impact have been applied 

with similar success to the Mk 11 frame. The skew factor, 

the main parameter describing both force and deflection 

behaviour, was predicted to change from 0.65 to 0.83 due to 

the chan~e in frame geometry. The measured change was from 
-. 
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0.64 to 0.82 (discounting one of the four earlier tests 

which gave unrepresentative behaviour). 

The predicted permanent deflection, on the other hand, 

was more in error than before. It appeared that only about 

85% of the pendulum potential energy was absorbed in the 

frame compared with 95% in the earlier test. No clear 

reason can be found, but energy dissipated in lateral 

motion due to the different mode of deformation may be the 

main cause. 
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7. VALIDATION OF THE OVERTURl!ING AND IMPACT MODEL 

The resuHs of the 30 overturning experiments Vlere usei to 'Talidate 

the models. At the outset of the study it had been intended that the 

individual variable. time histol'ies should form the m,~in basi::; for comparison. 

Tnis proved to be a satisfactory method of interpreting the general 

behaviour and typical cases presented in 7.2. beloVl shoVl good agreement 

betVleen exporlmental ~~d simulated results. The time histories are of 

fairly complex for~, however, ~~d the effects of parameter variation are 

small in many, cases and may be masked by subtle effects of the tyre friction 

relationships discussed in 7.1. The overall comparisons betVleen simulation 

and experiment are therefore' presented in section 7 .3. VIi thout direct 

consideration of any but the most important parameters. A parameter 

sensitivity analysis based on the simulation is presented in'section 8. 

7.1. TRIAL SIlllULATIONS 

Before running the simul~tions with the parameters appropriate to each 

of the experiments, several trials were run to in'lestiga te the 'effects of 

those tyre and structural characteristics which were less precisely known. 

In addi tion, it was necesflary to consider the effects of the two

dimensional na~ure of the model. The main limitation is the inability to 

predict pitch and ya;~ motions but the experimeilts had shown that these 

Vlere generally small, particularly ;Then rigid front axle stops were fitted 

to prevent the axle from rotating about its longitudinal pivot • The 

tractor centre of mass is towards the rear, about two-thirds of the weight 

being carried by the rear tyres. The most appropriate method of ensuring 

consistency betVleentyre for~es and wei.,nt was therefore to treat the two 

dimensional model as a simulation of the part of the tractor weight supported 

by the rear tyres. In resistinff roll motion, however, the front tyres 

contribute relatively little, particularly Vlhen the front axle is free to 

pivot. For the moinmt of inertia in roll, the value for the l~hole tractor 

was therefore considered to be most sui table (AppendiX: 7.1). 

f 



The effects of these inertial parameters were studied in the initial 

trials and the relationshipa assumed above were found to ,;i-re the best 

agreement with the exparimental results. 

7.1.1. Tyre behe-fiour 

The tyre aide force model dep3nds on three parameters, limiting 

coefficient of friction, cornering stiffness and' relaxatio~ length,together 

Four parameters, vertical and lateral stiffness and dampin~, describe the 
, 

tyre vibrationai behaviour. All the parameters.' and the relationship were 

estimated from indirect measurements as described in Appendix 7.2. The 

effects of errors in these estimates was also investigated during the trial 

simulations. The effects of variation are quantified in the sensitivity 

analysis in section 8 but a discussion of the main findings is given below. 

To underat.'J.l1d the C,'lUaes of Gom;;: of the hi.:;hly senai ti ve, discontinuous 

effects it is necessary to consider the behaviour in detail. 

The moment of the resultant force on the"upslope" tyre - (point 9, Fig.3.3) 

acts in the negative G direction for the whole time 'i t is in contact with 

the surface (Fig.3.1) and its effect is to increase Iroll veloci ty~ For the 

"do;ffislop,," tyre' (point 10), however, the ~ense of the resultant'moment 

depends on the coefficient of friction ~~d the camber angle of the tyre to 

the ~urface. The, position when, the rasultant force passes through the centre 

of mass is analogous to an unstable eqUilibrium, and further increase in 

lroll anglel will produce incraasing !angular accelerationl. In the absence of 
" 

oscillation of the tractor on its tyres this relationship is straightforward 

and the motion is relatively simple and well behaved, as was found in the 

early version of the model. Os~illation perpendic1l1~r to the' surface affects 

the magnitude of the forces b~t,lateral oscillation has the more complex 

effect of altering the friction angle and coefficient. 

The big,~st changes occur, however, when the perpendicular oscillation 

causes momentary loss of contact. In these circumstances the dynamic 
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coeffici'ont of friction b reset to zero in the model, as this was thought 

to represent the real behaviour. If contact is then ~emade the 

coefficient of friction increases gradually according to the rell<xation 

length and slip angle relationships. This is a stick-slip phenomenon, but 

it is likely to occur only a small number of times during an overturn, if 

at all. A temporary loss of contact at a time when the roll moment is high 

therefore has a considerable effect on the roll accelerati'Jn in the period 

immediately following, a.l'ld hence on roll velocity and angle throughout the 

rest of the overturn. The effect on vertical acceleration is generally 

the reverse of that on roll acceleration; increased side force on the down-

slope tyre increases /roll acceleratiorj and reduces /vertical accelerationj. 

In addition to this transfer of energy between coordinate motions, more is 

dissipated under higher side forces. 

,Thus small changes in tyre, or other parameters may alter the inter-

action between oscillation and the development of frictional forces, 

causing moderate changes in the behaviour; or they may result in temporary 

loss of contact when previously it had been continuous, causing large 

changes in the behaviour. 

Normally, the upslope tyre remains in contact until it meets the 

cha.'1lfered edge of the bank (surface 2, Fig.3.6). It may loose contact at 

any point on surf"ce 2 but at the latest it will do so at the junction 

with the bank slope, surface 3. The motion is generally well behaved during 

the initial p~rt of the overturn when the upslope tyre is in surface contact 

bu;; bounce/slip interaction has some affect on the' rotatio~al ';'eloci ty at 

loss of contact, and hence o~ the ensuing dyn~mics. From that point, the 

forces at the do,mslope wheel d,etermine the behaviour and it is here that 

the bounce/slip/roll angle rel~tionships become critical, particularly under 

temporary loss of contact. 

The' bank angle 0< has' a considerable ef eec t on this sensi ti vi ty. Wi th 

a steep bank (small 0( ) the iroll velocitylis fairly high when the upslope 

wheel loses contact. The point of zero roll moment 1.spassed qUickly, the 
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forces on the downslope tyre are relatively small and there is little likli

hood of contact here beinG regained once it is lost. At larger 0< (shallower 

ban .. 1<) the Iroll: veloci tyl is smaller ini tially and the tractor may hover around 

the point of unstable dynamic eCJ.uilibrium for longer. 'And the path that the 

d01IDslope tyre would take in free flight is closer to the line of the bank 

slope, so the chance of intermittent'contact at the'critical'time is much 

higher. The trial simulations confirmed that the behaviour became much more 

sensi ti ye to many parameters as ex was increased. ' Eventually; of course, a 

'value of 0( is reached (> 450
) when the tractor does not: overtUrn at all 

but bounces back onto its wheels. 

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 naturally reduced the sensitivity in 

some cases but the agreement with the experimental results was worse in 

almost all instances where intermittent contact was'critical. It may be 

concluded not only that the reset to zero is correct, but that in general 

the intermittent co~tacts 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. 

Relaxation length proved to be the most sensitive of the parameters 

and was unfortunately the least clearly defined. It was, however, 

encouraging to find that the conventionallyassumad value eCJ.ual to the 

rolling radius gave the best prediction, and this was used in all subseCJ.uent 

simulations. 

The form of the sids force/Slip angle relationship had a much smaller 

effect, although there was' some interaction with'relaxation length. Again, 

tlie conventional relationship, (Appendix 7.2), was found to be the most 

sui table in cases where there was significant difference, at 'large' 0{ 
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The other tyre parameters had little effect within the range of likely 

error of their estimated values, and these were therefore accepted. It had 

been expected that small changes in tyre stiffness, for example, would have 

significant effects on behaviour by changing the positions of normal force 

minima in relation to roll angle, and perhaps by altering the phase 

rehtionship bet1<een roll ani linear oscillations.' These changes were 

noted in the results but no large effects on overall behaviour were found. 

'7 ;,1.2. Impact parameters 

The force/deflection characteristics of the ROPSare oovered in section 

6. Measurement and modelling of rear wheel and soil charaoteristics are 

described in Appendices 7.3 ani7.4- The least well defined impact parameters 

were the effective areas of tyre and rim, the damping coefficient and the 

soil friction. 

The reasonable minimum effective areas of tyre and rim are sufficiently 
, ' 

large to cause only sm:lll soil deform3tion under' the rim' collapse force. 

,The majority of the energy in these impacts is therefore absorbed in the rim, 

so ch3nges in the areas have only sm'lll efl:'ects on the overall energy 

distribution and hardly any on the ROpS energy. 

The ROPS WaS kno1<n from the laboratory impact tests to oe very lightly 

damped. The true damping coefficient would be too small to have any signifi
.' 

cant effect, so a value of zero was as'Jumed. In the case of the rim, however, 

deflection causes a considerable amount of movement in bolted joints in 

addition to the deformation of the material. The model had provision for 

velocity dependent damping only, which probably does not describe accuratelY 

that at the rim. Furthermore, the recovery curve after loading was dissimilar 

to the elastic loading curve, and could be represented only approximately by 

the single recovery line of the model. 

The damping coefficient and recovery stiffness could be estim,~ted only 

'intui tively and by comparison of the imp3ct motion with that found in the 

experiments. The' same applies to a large extent to the soil friction. The 

coefficient of friction due to pure sliding on the soil surface is probably 

, I 
I 

I 
f 
r 
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about 0.1~ _'0.15(81) but the effect 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 and after impact, and have some'effect on the 

energy absorbed in the ROPS. Even with the most extreme values of thcse 

parameters that seemed inui tively reasonable, the amount of bouncing, 

assessed by peak reversals of vertical and roll velocities, was generally 

rather greater in the simulations than in the experiments.' 
i 

Three explanations are suggested to account. for this. Firstly, the 

front of the tractor is very rigid and little energy is recovered from its 

impact wi th the soil. This has only a small effeciton the vertical recovery :1 

veloci ty at the rear, as could be' seen on the film; but the' s:Lmulated 

vertioal 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 impact points are fairly close to the vertical plane 'through the centre 

of masS. Secondly, the soil deformation is not reset'to zero after the 

first impact in the bank overturn model, although it is in the multiple roll 

version. In the bank case, subsequent impacts occur in approximately the 

same places, on already deformed soil. Some shift :Ln position does occur, 

however, and energy dissipated ih compressing undeformed soil results in 

greater reduction of rebound velocity. And finally, a coulomb friction ~:' 

representation of the rim damping would probably be more appropriate and 

could be expected to reduce the amount of bouncing. 

were: 

The values selected from the trialsimulations for these parameters 

2 Tyre and. rim areas: each 0.2 m at top and bottom. 

Rim damping coefficient: '20 kNs/m, which is equivalent to 

38 % critical damping for support of the rear mass on 

one side of the rim, or 53 % for'support on both sides. 

Soil coefficient of friction: 0.5. 

1.;6; GENERAL COMPARISON OF DYNAMIC BEHAVIOUR 

A complete set of time-histories Sllol1ing linear and angular displace-

ments, velocities and energies for one' experiment and i tssimulation is 
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given in Fig. 7.4. The kinetic and potential enGrgies are plotted 

cumulatively to show the changing distribution; the gradual fall in the 

top line indicates dissipation in sliding friction and impact. 

Tha most important variables are the velocities, and these are shown 

for different bank slopes, ex , in Figs. 7.2 - 7.1 representing experiments 

in"standard" conditions. The effect of bank friction fa can be seen 

by comparing Fig.7.5 (limiting fa = 1.0)lnth Fig.7.1(liniitingf& '" 0.14). 
, . I' ' :. . 

The overall comparison of simulated and experimental results is good,' 

both in shape and in absolute levels. The comparisons are generally better 

for low fs than for high, which is to be expected in view of the relative' 

effects of gravity, which is well defined, and tyre friction, which is much 

i 
:j 

t 
[i 
i 
i 

I' 

:1 

less so. I 
7.2.1. Initial behaviour 

The first part of the overturns When the downs lope wheel is still on 

the chamfered edge of the bank is the least well predicted. (Figs. 7.2-7.7) 

The chamfer was necessary to prevent fouling of the tractor '~nderside on 

the edge and represents a slope of 45°, on which the tractor is fairly 

stable. The reaso~s for the discrepancies are: 

'(i) The nominal start of the overturn, 'when the do-.nslope 

tyre leaves the flat surface of the platform, was' 

difficult to define from the films of the experiments. 

The effect of this error is an overall shift'on the 
time scale. 

(ii) The laterai (x) velocity at time = 0 was incorporated 

as an ini tial condition in the model but no reliable 

method was found of simulating in two dimensions the 

effect of the initial'yaw angle. The initiai 

behaviour in the simulation is controlledby'the 

build-up of tyre friction in response to'this'l~teral 

r, 

, i. 
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ve loci ty and to the downward path of the tyre. In the 

experiments, hOl"ever, the small yaw angle re suI ting 

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 (r) relationship as y = r: 
instead of ~ = O. This Was not satisfactory because 

the experimental effect appears to cease when the tyre 

leaves the chamfer for the slope proper, or in some 

cases, earlier, due to the effect of the front wheels. 

It might be possible to improve the simulation by setting 

the origin to r = Y initially but forcing a gradual 

change to 1f ='0 as the downslope tyre moves down the 

chamfer, but this was not tested. 

(iii) The real tyre envelopes the edges between surfaces and 

gives a gradual transition of supporting forces. The 

model does not include this effect and the transients 

cauze ringing, evident in the vertical and toll 

velocities in all simulations. 

(iv) The films of the experimants were analysed before the 

simulation predicti~ns were available. The digitising 

interval was varied throughout each run using a criterion 

of roughly equal movement of tractor marker points at each 

step, to minimise analysis time. Overturning :10vement 

was slow at the beginning and the course steps selected 

could have missed the effects of tyre oscillation 

particularly after ap~lication of smoothing. There was 

some variation of digitising interval between runs. 
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Apart from the differences in oscillation and initial rate of change 

of velocities, all the simulations ShO~l an early: peak in lateral (x) 

velocity which was absent from most of the experimental results but could 

just be detected in a few. 
'0 

If the tractor slides down a uniform 45 

slope it does not overturn, in most cases. The peak in lateral velocity 

is due to the oscillation on the tyres caused by the transition from the 

level surface, 'combined with the effect of friction build-up. That it 

does not generally occur in practice can be explained only 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 downs lope tyre has 

moved from the chamfer onto the slope proper, oscillation is present in 

both predicted and experimental results (Figs.7.1-7.7). The amplitudes 

and frequencies of the oscillations do not change much bet;teen simulations 

but the experiments show considerable variation in both. In most cases 

the amplitudes of measured roll and vertical velocity oscillations are 

,similar to those predicted. The frequency of the predominant oscillations 

in these directions generally agree with the expected value of about 3 Hz 

determined from the combined vertical tyre stiffness, although the wave 

form is often much less clearly defined in the experimental results than 

in the simulations (e.g. Fig.7.6b). In the lateral direction a low 

frequency oscillation (1.5 - 2 Hz), corr&s;..onding to the combined latera+ 

stiffness, is generally evident in both simulations and experimental results, 

but the latter often have superimposed a waveform similar in amplitude and' ", 

frequency to the vertical and roll oscillations (Fig. 7.2b). 

These ride vibration modes are clearly excited by tran'sien ts, where 
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the limitations of the model have been e:'plained. Further complications I, 
arise from tyre non-linearity and from the coupling of' osc'illations on the I 

.1 , 
front tyres. Also, the expected frequencies quoted are those of the rear 

mass supported by th() blO rear tyres, but in the later stages of oV'er-
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turning only one tyre is in contact and the expected frequencies would be 

lower by a factor of /2. Spectral analysis of the results has not been I, 
carried out and would be of doubtful validi ty because of· the short record 

length; it might, however, provide qualitative evidence of the contribution 

of vibration in the expected modes. 

, Before the predictions were available it had been imagined that much 

of the experimental oscillation was due to stick-slip. This phenomenon 

was indeed found in the simulations but its effects were very clear and 

quite different from the continuous oscillation. The delay associated with 

tyre relaxation also interacts with lateral oscillation, but this is not 

thought to be a significant factor. It is possible that partial stick-slip 

occurred in the experiments without being predicted by the relatively simple 

tyre model, but the good general agreement indicates that the main cause of 

oscillation is simple ride-mode vibration. 

Finally, there is a nice distinction in the definition of slip angle 

that could have some bearing on the behaviour. The slip angle is defined 

in the model as the arc tangent of the transverse velocity across the surface 

divided by the for'"ard velocity. The transverse velOllity is calculated from 

the instantaneous velocity of the point in the wheel ~lane corresponding to 

the undeformed tyre contact point. As an alternative, the transverse 

velocity of the contact point itself may be used, the difference between the 

two being the velocity of tyre deformation. At first si6ht, the true contact 

point velocity might seem more appropriate but it is the effective angle of 

the wheGl phne that is quoted in published tyre data. In the steady state 

the two are identical; under changing conditions, the difference j.s presumabl~; 

reflected in the relaxation behaviour. 

The two al t8rnatives ;/ere t8sted in the trial simulations. The differences , 

in overall behaviour and oscillation were generally small, although where .los~ 

of contact Was affected at large 01 they were sometimes significant. The use 

of the contact point veloei ty '"i thout tte relaxation reV,tionship caused 

irretrievable instabilities in the solution of contact point equations. 
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7.2.3. The effect of intermittent contact 

The biggest discrepency caused by erroneous prediction of 10s8- of contact 

occurred in run 12 (Fig.7 .8). The parameters aff3cting overturning were very: 

similar to those of run 19 (Fig. 7.5) and the overall behaviour shown hy the 

experimental results is also s'cmilar. The simulation, however, predicted 

temporary loss of contact twice in run 19 but only once' 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. Thre~ 

types of behaviour may be differentiated in the latter 'part of the overturn 

when the ups lope tyre has lost contact: 

(i) The downs lope tyre remains: in contact up to ground impact. 

Roll m?ment remains negative (i.e. clockwise in Fig. 3.1), 

and roll velocity continues to increase up to"impact ~ 

(Figs. 7.6-7.8). 

(ii) The downslope tyre loses contact completely. ~oll moment 

is zero and roll velocity 'is constant up to impact (Figs • 

.7.2 and 7.3, simulation only). 

(iii) 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 veloci tyL 

from the peak when contact was lost (Figs. 7.2,7.3 and 7.8 

(experimental); Figs. 7.4 and 7.5 (both) ). 

Earlier in the overturn the upslope tyre is still in contact and provides 

a negative roll moment. Temporary loss of contact at the downslope tyre 

then has much l,ess effect. 

The experimental behavio-lr at ()( = 0 (Rul') 16, Fig. 7.2b) is influenced 

by the tractor underside fouling the edge of the pJ.atform, despite the 

chamfer. This provides a tr~~sient that increases the oscillation on the 

tyres leading to behaviour of type (iii) above, which conflicts with the 

prediction. The final oscillation between 2.5s and impact is an analysis 

I 
1' 
I 

i 



,.0> 

I." 

,. 
·1 

..... 

..... 

.... 
I." 

_1.00 

... " 
_1.00 

... " 

- 178 
SIMULATION EXPERIMENT 

Fig. 7 .8 

Fig. 7.9 

'. , 
• I 
\' 
~ 

............ Lateral,'m/s 
______ Vertical', m/s 

Roll, rad/s 

... 

• 
_1.00 

• z.oo 

.... 
~.OO 

f"\ 
,.'\) \ 

./ \ 
!, ( \ 

~ 'jl(" . .. / ':'\. .... / 'v I 

• I . , 
\ ' '.': .1. 
} 

Velocities for Run 12. Bank angle 22.9 deg. 

• .. . , . , 
, I 
I' .' , 

." 

.1.00 

... ", 

...., 

...", 

•• M 

\ 
• 
\ , 

I 
, . , , , 

' . 
V 

Velocities for Run 1. Bank angle 22.9 deg. 

......... 
, I 

T1HE. 

i 



.... 
179 

error, probabl~ due to inaccurate measurement of roll angle; there is no 

contact in this period and the roll veloci t~ must be constant. t, 

1.2.4. Initial imuact point 

In most of the overturns the top side of the t~e/rim and the ROPS 

(points 2, 4, 8, Fig.~.3 impact the ground at about the same time! causing 

a rapid decrease in vertical and roll relocities! (Figs.7.1-7.3, 7.6 and 7.7) 

In some cases, however; the 'roll angle; at impact is less'and' the 'wlleel hits .. 

the ground before the ROPS, particularl~:at the intermediate bank slopes of. 

150 and 22t°, If the bottom,of the ·;rheel impacts first (points 6, 10, 

Fig. 3,'3), the high negative roll moment re suI ts in a pe8Jc"!r0llveloci tyl 

immediately 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 

negaiive roll moment, but of lower magnitude (Figs,7.4a,'7.S). 

7.2.5. Behaviour during imo~ct 

The velocities are not predicted as well during impact as oefcl'e i,t 

(Figs. 7.2-7.9). In general, the simulations show high~r peaks of shorter 

dar9.tion than the e~periment .. l results;' The displacements,ho~lcver, are in 

bettet' agreement (e.g. Fig. 7.1). 

These effects have been discussed in general in 7.1.2. In addition, 

the fo11IDwing asp.Jcts are re le Va!l t: 

(i) The rim damp':'ng coefficient effects not only the vertical 

force at the rim bu. also the lateral force due to soil 

friction. This influences the roll. moment a..--:id ~ sUbSe'l.U9n t 

,roll motion. Altho~gh coulomb friction c~~not easily be 

,incorporated into the mod'31,moreaccurate simul3.tion 

mibht have reslll ted from a' steeper elastic recovery, ' 

stiffness for the rim, together with 10;ler ViSCOllS damping. 

(ii) Tho elastic stiffness of the ROPS was aS3umed to be the value 

predicted by structural analysis.' 

in the labor!! to:t"J impact tes t~ 

The ;'value measured 

was significa..~tlY 

lower; had this been used instead, the elastic"ROPS energy 

, ! 
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would have been higher al"ld the impapt time longer. Roll 

oscillation aft"r imp:.ct wo'"ld probably thon have been 

of lower fre~uency, as in the experimental results, 

because of the greater effect of wheel forces during 

this longer ROPS impact. 

(iii) The mass of the top frame supported by the structural 

uprights was included in the measurement of tractor 

roll moment of inertia; it is therefore assumed in the 

simulation to contribute to the inertia of the "rigid" 

part of the tractor. Daring impact, however, this mass 

io di3placed laterally relative to the tractor and appears 

between the stiffness of the uprights 8...'ld that of the 

ground. Most of the kinetic energy due to lateral velocity 

(in tractor coordinates) of this mass is dissipated in 

soil deformation. Tnis probably results in a longer impact 

and lower roll oscillation. 

7.2.6. Tae effect of ba~~ an~le, c< 

Tae differences in genel'al behaviour evident in .Figs. 7.2 - 7.7 are 

surprisingly small. The dur!l.tion of the m"in overturning phase, bet'Neen the 

point where the dowl1s10pe tyrt! leaves the cham.fer and impact, increases 

steadily with increasing~. Tae only other noticeable effect is a reduction 

i,. I 0 ,0 of pea.~ loll velocity be"bNeen 0<= 0 and 15 - 222 , followed by an increase 

at larger Q( This is ca:.lsed by the ,,(,stable dynamic e~uilibriu:n being 

reached at a lower roll 8.."lgle with ir,·neas·cng 0( , as discussed in 7.1.1, 

together with the effect of int"rmitter,t contact, discussed in 7.1.1. ana. 

A variation not evident from the .figures is the final resting posi tio:!. 

of the tractol". The simll1ation" predicted that the downslope tyre (point 10) 

woald remain on the bank slope in runs 6 (0( = 30) and 7 (0(';' 37t); in run 5 

( Q( = 30) it was found to "rattle" in the corner between the slope and the 
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ground (Appendix '3~1); in all other cases, the wheel lay flat on the ground 

after impact. All these predictions were confirmed by the experimental 

resul ts. 

Tne experimental results have been summarised' in terms of 

instantaneo'.ls values of the dynamic variables after a fall in the height 

of the centre of mass (y ) of 1.5m fro~ its initial value. The reasons 
g 

for the choioe of this measure and its limitations are described in 

These re sults are given in Fig. 7.10,. together with the 

predictions, for those tests in which "stand3.rd" condi tion-s apply to the 

parameters affecting overturning. The effects on roll velocity noted abOVe 

are apparant in both predicted and exp9rimental values, and these are 

reflected in the roll angles. Lateral ~1d vertical veiocities show neither 

such clear effects !).or su:>h good agreement. although the trends of predicted 

and experimental ,results are similar but displaced with resp3ct· toO( • 

The causes of the discrepencies in run 16 ( ex = 0) and run 12 ( 0( = 22t) 

have already been explained in 7.2.3. 

7.2.7. The effects of other p~ra~eters 

Bank friction (Figs. 7.1 wd 7.5) hss the expected effects of reducing 

overturning time, particularly in the initial phase, ~~d increasing all the 

velocities. It is perhaps surprising that such a large change in limiting 

friction (0.14 to 1.0) changes the velocities by only' 20 - 3Q%. This 

further demonstrates the importance of ride motions, tyre relaxation and 

intermittent loss of contact in influencing the overall behaviour. 

The effect of a wider track is shOlm in Fig.7.11(run 18) and'of changes 

in the inertial parameters due to ballasting 
'.. o· . 

Behaviour in sta..~dard con:ii tions at the bank slope of 2~ applying to both 

these cases is shown in Fig.7.5. 

Increased track width has a similar effect to increased bank slope, and 

for the same reasons given above (Figs.7.6 and 7.7~ The relatively small 

changes in centre of mass position and moment of inertia had little effect 

on the overall behavio:lr, but the increased mass caused 'some change in tyre 
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oscillation and impact behavio~r. 

7.2.8. EXperimental variation 

Two further examples of behavio~r in standard conditions are included • 
to help put the above comparisons in perspective. The nominal overturning 

condi tions in Fig.7 .13 are the same as those in Fig.7.3 (oC = 7tO
) and in 

Fig.7 .14 the same as those in Fig.7.4 (IX = 15°) except for the front axle 

stop. Differences are evident, p~rticularly in the amount of oscillation. 

Considerable care was taken in the control of the experiments, and 

repe'itabili ty is tho:.tght to be better t.~an in any similar tests. Even so, 

it is apparant that for.ard speed and steering movements were not 

controlled as precisely as they should have been to provide the most 

reliable results. In addition, the film analysis techni~ue was only just 

capablo of giving resolution in time and displacement ade~uate for the 

determination of velocity. 

7.3. QUANTITATIVE COMPARISONS 

The instantaneo:.ts variable values have already been presented for the 

"standard" conditions as a fu."lctbn of bank slope in Fig.7.10. It is not 

practicable to do this for other parameters because of the verJ 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, 
. 

the bank height, w!1ich was measured but not closely controlled. Instead, 

instantaneous pr·adicted values are plotted against their experimental 

equivalents for all runs in Figs.7 .15-7.22. Values at a centre-of-mass fall 

of ,1.5 m are shown in Figs.7.15 (rOll angle),7.1t(roll velocity), 7.1ilateral 

velocity),7.18 (vertical veiocity) and 7. 19(kinetic energy). Values at 

impact are shown in Figs.7.20 (roll angle) and 721 (total energy above that 

in final resting position). The maximum instantaneous energy absorbed in 

sideways deformation of the ROPS is shown in Fig. 7.22. 

The causes of the disagreemants in runs 12, 16, 17 and 18 have already 

been explained; some other cases deserve special mention: 
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(i) Differences in temporary loss of contact between test 

and simulation are also responsible for disagreGment 

in roll angle in r~s 4 and 24, and for disagreement 

in vertical and roll velocities in runs 20 and 21. 

In these cases, the energy absorbed is affected by 

these differences in overturning behaviour. 

(ii) Instantaneous values compare well in general but there 

are cases when they happen to fall on the peak of 'an 

oscillation in the simUlation and not in the experi

ment, or vice versa. This is the cause of disagree

ment in lateral velocity in runs 10, 11, 19 and 23, in 

vertical velocity in runs 10 and 22, and in roll angle 

and velocity in run 28. 

(iii) In some experiments, particularly!the first few, the 

yaw angle at impact was relativeiy high; Impact 

occurred slightly earlier than would otherwise'have been 

the case, and thG ensuing behaviour was more influenced 

by the forces at the front of the tractor. This is the 

cause of low angles at impact in ru.~s 5 and 6, and may 

be responsible for disagreement in absorbed energy in 

these cases and in r~ 1 (energy was not recorded in run 

5 because of an equipment fault) 

(iv) In the one experiment ut tldce the standard forward speed, 

r..t!l 15, the measured vertical and lateral'lvelocitie~ are 

significantly higher than the predicted values (Figs. 7.17 

7.18).It appears from the film of the experiment anu 

from the measured yaw velocity that the driver applied a 

late steering correction while the downslop'3 wheels were 

on the chamfer. Normally, small steering adjustments made 

whilG the tractor approached the edge were sufficient to 
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ens'~re an appropriate path, and no further challoooes were 

made once the overturn hud begun. In this case, 

however, it had become apparant that the tractor wO"J.ld 

overshoot the overturning area, because of the higher 

speed, unless late action was taken. 

The large yaw angle combined with higher forward 

speed gave a high initial lateral velocity. 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.7.15~2 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: 

(i) The effect of parameter variation was much smaller 

than had been expected, giving a small range of values 

about the mean for most variables. 

(ii) Neither the set of experimental 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 to 

errors in parameters, which have been seen to result 

in effects of similar magnitude to errors in measure-

ment or initial conditions in the experiments. 

• 

Without these limitations, a linear regression would be the obvious 

method of obtaining a measure of correlation. To illustrate the problem, 

consider a set of experiments and simulations ~Ti th nominally identical 

conditions but in the presence of parameter and 'measurement errors. This 

would result in a cluster of points randomly distributed about a "true" 

value, of which both the simulated and experimental values were estimates. 



Linear regressions would not be significant and yet, if the errors were 

small, the agreement must be good. 

The ooefficient of variation is a measure which overcomes this 

difficulty but interpretation of the value obtained is only intuitive. 

An ,al ternative in this case is to fit a linear regression which ,is 

forced through the origin. This could be expected to provide an 

appropriate solution to the above example but caution is needed in 

interpreting the level of significance. Normally, a fit through the 

origin is aocepted 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 erFors in both variables x and y is available in 

classical statistics but a technique sometimes used is to" take; a 

geometric mean of the slopes found by regressing y onx and' x on y. 

Results of these three types of analysis for the most important 

variables are given in Table 7.1. 

These results confirm that the correlations are significant. The 

mean slopes are similar for the two types of regression, except'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 

is rather large, but this is expected because it is additionally subject 

to 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 or'''rogue'' data, where 

disagreement was known to have been caused by shortcomings in the experi-

ments or analysis. 
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TABLE 7.1 

statistical tests of the CO"-1 arison between redicted 
x and experimental values for all tests 

Roll Roll Lateral Vertical ROPS 
Angle Velocity Velocity Velocity Side 

-9-, deg -9 rad/s xS' m/s Y9' m/s energy, kJ 

1 • Natural RegreseJions 
I 

Mean x (simulation) 82.1 1.916 2.404 3.110 11.68 

Mean y (experiment) 88.8 1.786 2.496 3; 182 10.82 

0.655 0.365 0.391 0.627 r 00 x See 
Slop~~) x on y 1.675 2.285 1.935 Note 1.420 

(ii) 
Mean 1 ;048 0.914 0.870 0;944 

Significance P<:O.OOl P<0.05 P<O.Ol P 0;001 

2. Regressions forced through the origin 

(i) !"O< 1 .080 0.907 1 .025 1.006 0.877 

Slopes x on y 1.085 0.956 1.045 1.033 0.985 

l1ean 1.082 0.931 1.035 1.019 0.929 

Significance P.(O.OOl P.(O.OOl P<O.OOl P.<::O.OOl P.(.O.OOl 

. 

3. Coefficient of variation(~~~) 

I 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 < 0.05) for all var::'ables except vertical velocity; 
in this case the. results for the natural regressions:are 
ami tted. 

; 

(iii) Coefficient of variation is defined as ll.(y-x) 2 = 2n JT.(y-x) 2 

LCX+y)/2 L:x -tL:y 

! 
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7,3.2. Energv absorbed in impact 

The energy absorbed in side~lays deformation of the ROPS is the most 

important result of this study, and it was the only part of the absorbed 

energy that could be measured in the experiments. 

Soil deformation was not measured directly but may be estimated in 

some cases from photographs;. In hindsight it is unfortunate 

that an attempt was not made to overcome the problems of irregular soil 

surfaces to obtain estimates on site. 

Soil de forma tions predicted by the simu1a tions are in general 

significantly less than the estimates from photographs, This may be due 

partly to inadequate measurement 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 to the top frame's late.ral velocity, in tractor 

coordinates, is assumed to be absorbed in the' sOil, the additional 

deformation calcUlated from soil strength largely accounts for the 

difference in typical estimated and predicted values; 

The addition to the predicted soil deformation energy must be 

accompanied by a reduction in other energies, If the top' frame lateral 

inertia is considered separately in this way, the effective mass and roll 

moment of inertia of the tractor must be reduced by the appropriate 

amounts, and energy absorbed by the wheel, and particularly by the ROPS, 

would be expected to be smaller.' Ener~J absorbed insiiding friction may 

also 'be affected. 

It is not valid to run the simulations directly with the smaller 

tractor inertial parameters, because these apply only in impact and not 

during overturning, In ~~y'case, other impact parameters were adjusted 

empirically, as described in 7.1 ;2. and 7.2.5. A lowerval.ue of rim 

damping coefficient, as &~ggested, . would probably have 'increased the ROPS 

energy in most cases, In addition, the proportion of total mass ascribed 

to the rear of the tractor in the simulations (see7.1) was appropriate to 

the vertical plane containing the rear' axle, This is' clearly sui table in 
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impact as well as in overturning as far as forces on the tyre and rim are 

concerned. The mid point of the two ROPS impact pOints, however, is 

further forward by about 17% of the wheelbase, and this must affect the 

.proportion of kinetic energy due to linear velocities that is absorbed in 

the ROPS. 

The slopes of the regressions in table 7.1 indicate that, on average, 

the measured ROPS sideways energy was 93% of the predicted value. It is 

not certain what combined effect the above limitations would have on this 

value but it is likely that the predicted energy would turn out to be 

slightly lower, rather than slightly higher than the measured one, if 

they could be taken into account. For the simulations to be valid it is 

necessary th~t the absolute level of predicted energy is reasonably 

accurate, but it is more important that the effect of parameter changes 

is correct. The limitations have a broadly similar effect in all cases, 

and may therefore be accepted without seriously weakening the power of the 

modeL 

7.4. GENERAL DISCUSSION 

There are no generally accepted standards for judging the ade~uacy 

of simulations of this type. Clearl~ less close agreement can be expected 

in this case, where the dynamic behavior is very complicated and the 

validation involved full scale experiments, than in simpler, laboratory 

studies. The comparisons described above, however, show that the model 

is capable of predicting both qualitative and quantitative effects found 

in the experiments. 

The final criterion for acceptance must relate to the model's 

intended purpose. The main ~equirement was the prediction of the effects 

of parameter changes in a particular kind of overturn, and the results 

give confidence in the model's ability to do this. The effects of, for 

example, yaw angle can~ot be predicted but equally it would be an 

enormous task to attempt to simulate every possible type of overturn. 

The two-dimensional nature of the model certainly restricts its scope 
• 

and .does have some limitations in describing the behaviour in the present 
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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 least an equal effect, and, that a three

dimensional model would have corrected only some of the discrepencies. 
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experiments, even though this was itself predominately two-dimensional. 

It is considered, ho'.ever, that the limited knowledge of tyre and 

impact parameters has at least an equal effect, and that a· three-

dimensional model would have corrected only some of the discrepencies. 
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8. PARANETER SENSITIVITY ANALYSIS 

After development and validation, the 'model was put to two main uses: 

an investigation of the effect of parameter variation, described here, and 

simulations using data for individual raal tractors, described in the next 

section. The sensitivity analysis was needed to enhance the understanding 

of the behaviour given by the study of individual simulations; it was also 

important, however, because of the limited accuracy to 'which some parameters 

were known, particularly in the case of real tractors. 

8.1. OUTPUT VARIABLES 

The most important variable was the energy absorbed in deformation of 

the ROPS. This gave only a limited description of the complex overturning 

and impact process, however, and a more informative picture was obtained 

from the, distribution of energy dissipation. 

The kinetic energy (KE) at thd start of a simulation was generally very 

* small « 0.1 kJ) • The simulations 1~ere not hal ted until 2s' after impact 

to allOW bouncing motion to cease, and the final KE 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 difference between the height above ground of the centre of mass at 

the beginning, when the tractor was upright, and at the end, when it was on 

its side and supported by the deformed wheel and ROPS. These heights 

varied slightly according to the simulation conditions, but the differences 

were generally small. 

* Initial KE was that'due to lateral velocity as tractor approaches bank 

edge; KE due to tractor forward speed was not included in' the two 

dimensiOnal simulation,' but was typically about 2 kJ in thli explinments. 
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The distribution of energy was classified as follows (the shorthand 

notation used in the figures is given in parentheses: 

(i) Energy dissipated in sliding friction between tyres and 

bank surfaces (JAB)' 
,I 

(H) Energy dissipated in tyre damping + energy stored in 

elastic tyre deformation (up to impact) (TYRE).' 

(iii) Energy dissipated in sliding friction between tractor 

points (ROPS, wheel, tyre) and soil (rs)' 

(iv) Total energy disstpated in soU vertical deformation at 

all imp!Lct points (SOIL). 

(v) Energy dissipated during impact in t~e and wheel deformation 

a~d damping + difference in energy stored in elastio 

deformation between final value and value at impaot (WHEEL). 

(vi) Energy dissipated in ROPS defor~ation (ROPS). ' 

Tho sum of these ener-gies was less than the PE loss calculated fro:n the 

total tractor 1;eight, because the simulations applied to the rear part of 

the tractor, as explained in section 7; the difference was the implied 

total energy dissipation at the front p~rt (figure notai;ion: FRO:lT). (The 

internal energy balance for the simulated inertia was automatically checked 

as descibed in 3.5.3). 

Energy (ii) above was small but it was excluded from (v) to allow olear 

distinotion between the energies dissipated before and after impact. 

To acheive an overall energy balance, the dissipations'(iv), '(v) and 

(vi) due to deformation were the net final ~'llues, taki~gaccount of 

elastic reoovery. The most importa."'lt ROPS enargy was that at maximl.l1ll 

deflection, bu. since tha en~rgy recovered elastically was fairly constant 

between simulations, the final energy was a satisfactory measure for 

comparisons in most cases. 

8.2. PARAMEl'ERS 

Tnere were about fourty para:neters that could influence the behaviour. 

Some, s'l.1ch as bank slope and height and parameters governing tha tyre side 
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forces, were effective only during the overtQrning phase; others such as 

ROPS, wheel and soil structural characteristics affected on~ the impact 

behaviour; and a third class, the tractor inertias and geo~etrJ, were 

important in both. 

Even with the economy of simulation, it was not practicable to study 

the effect of many parameters in combination. The basis of the sensitivity 

analysis was a small nu~ber of "standard" conditions typical of those 

studied experimentally. Each pa.t'a~eter was then varied in turn for several 

values on either sille of its standard value. 

For the parameters which influenced the o'lerturning phase, six standard 

condi tions were chosen, representing baak 8..'1g1es (ex)' of 0 - 37t in 7tO 

steps. It was hoped that this would help to a'lerags the effects of 

discontinui tics due to loss of' tyre contact and provide an overall indicator 

of parameter sensitivity, in addition to showing the variation with 0<. 

A single standard set of conditions (designated by' "A") was adequate 

for most parameters which affected only the impact dynamics, since these 

were generally well beha'led. In these cases, the simulations were started 

with the tractor in free flight just above the soil, with position and 

11 

i, 
I 

r 

I 

veloci ty veotors approximately equal to those at the end of the overturning : 1 

phase with a 7tO bank angle. 

The roll angle of the tractor at impact had an important bearing on the 

effect of some paraneters, however, 8..~d in these cases two standard sets 

of impact conditions were used (designated by "c" and "D"), identi.cal except 

for impact roll angla. If si!!lulati,~ns with different initial roll angles 

had been started immediately before impact, the initial centre of mass 

heights, and hence potential energies,' would not have been 'the same. This 

applied eqQally to simrllations with 1ifferent ROPS width, for example. The 
, .' .' 

input energies were therefore equated by starting these simulations wi. th' a 
uniform cen tre of mass poei tion, high enough to be signific'8..'l tly before 

impact in all cases; resultinJ variation of impact velocity was acoepted 

as of less import8..~ce than variation of'input energy. 
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TABLE 8.1 

. Stand!lrd p!:.ramater values ,md initial 
condi Hons for sensitivity study 

(a) Values CO'lllnon to all sta."ldard conditions 

Ba."lk height 

Centre of mass height 

Track width 

Tyre height (dia) 

Tyre width 

Rim height {dia) 

ROPS height 

ROPS width 

Rim deflection limit 

Trac tor mass 

Effective rear mass 

Polar moment of inertia 

Vertical tyre stiffness 

Lateral tyre stiffness 

Vertical damping coefficient 

Lateral da~ping coefficient 

Rim collapse force 

Rim elastic stiffness 

Rim damping coefficient 

Cone i~dices: at surface 

at 76 mm 

at 152 mm 

at 229 :n.'D 

Effective impact areas: ROPS 

Tyre point 

Rim point 

: 

. . 

: 

: 

· · 

· • 

Limiting coefficient of soil friction: 

2.25m 

0.894m 

1.54m 

1.44m 

0.29m 

0.91m 

2.26m 

1.372m 

0.2m 

30p5 kg 

1960 kg 

1255 kg m~ 

400 kN/m 

120 kN/m 

3 kNs/m 

1 kNs/m 

26 ki.1' 

179 kN/m 

20 kNs/m 

632 kN/m2 

1186 kN/m~ 

1309 kN/m2 

1400 kN/m~ 

0.1 m2 

2 0.2 m 

2 0.2 m 

0.5 

I 
1 
l , , 
! 
i: , 
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TABLE 8.1 continued 

(b) Initial conditions in imp3.ct study 

" , 
A 'B C D 

Height of centre initial -1.222 -0.971 -0.606 

of mass, y , m g at impact -1.236 -0.985 -1.246 I -0.951 

Vertical veloci ty, ini tial -4.50 -3.0 
. 

m/s at impact -4.53 -4.64 I -3.66 yg' 

Roll angle, ini tial -104.0 -119.0 - 83.0 -108.0 

e, deg at impact -104.3 -119.3 -102.2 -121 .6 
. . 

. 
rad/s Roll velocity, e, - 2.0 

Lateral velocity, xg' m/s 2.25 2.35 

Notes: (i) Values at impact are close to initial values for A and B 

simulations, but vary with conditions for,C and D. 

(ii) Standard ROPS lateral collapse force and elastic stiffness 

in A and B, and in overturning phase simulations were 

41.24 kN and 1.329 x 10
6 

N/m respectively, determined 

from the standard ROPS upright bar 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 respecti~elY so that 

they could be varied independantly without reference to 

bar diameter. Vertical collapse force and stiffness were 

effectively infinite in all standard conditions. 

f 
~ 
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TABLE 8.1 continued 

(c) Parameters and conditions relating to overturning phase 

Bank slope, angle to vertical: 0, 7t, 15, 22t, 30, 

Limiting coefficient of tyre/bank friction 1. ° 

, 
I , 

. i 
37H , 

Tyre relaxation length 

Normalised cornering stiffness 

0.72 m (~ rolling radius 

-1 4.4 rad . 

Forward speed 1.5 m/s 

Approach.angle to bank edge 6 deg 

The standard parameter values and sets ot initial conditions are given 

in Table8.1. Most relate to the the tractor used in the experiments and 

are generally typical of a medium size, 3000 kg tractor. The tyre/bank 

friction behaviour and soil strength are also taken from the experiments; ., 

these may be less typical but this is not important, and the effects of 

their variation are included. 

The standard ROPS pqrameters allow flexibility only in sideways 

deformation, the vertical stiffness being effectively infinite. This is a 

close representation of the behaviour of the experimental structure and is 

fairly realistic in describing normal ROPS, except under very large 

deformations. The experimental ROPS is typical in forming plastic hinges 

at the tops and bottoms of the upright members. Sideways deformation then 

approximates to that of a parallelogram mechanism, and the high initial 

resistance to vertical forces becomes smaller as the angle of deformation 

increases. The present model does not include this relationship between 

effective vertical and lateral stiffness, which are assumed independant, 

but it would not be difficult to incorporate a relationship in an 

enhancement to the program. 

8.3. THE EFFEQ.T OF IMPACT VELQQITIES AND INERTIAS 

Variation of the initial conditions at impact provides the greatest 

insight into the impact behaviour, and this will be covered before the 

effects of parameter variation. 



I. 

The standard conditions used were A and B (Table 8.1). The two sets 

were used to demonstrate the effect of impact roll angle,'but since the 

re~uirement in this case was for control ~f velocity at the moment of 

impact, the initial centre of 'mass heights in the two sets were different. 

8.3.1. Energy distributions 

The effects on final energy distribution of variation in initial 

lateral velocity, x , vertical velocity y and roll velocity e are shownin o 0 0 

Figs.8.1.,8.2. and 2.3 respectively.' The variable ranges were chosen to 

oover the extremes found in the experiments, although for Xo and eo the' 

'results at velocities down to zero are also given (dashed lines). 

These figures and the later ones of the same formst are presented as 

cumulative energy distributions: the curves are the boundaries between each 

contribution. In most cases, the uppermost-boundary is a line of nearly 

constant energy, equal to the loss of PE and deviating only 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 boundary is not constant: 

ref19cting the variation in input energy.' The energy contributions are 

denoted in the shorthand form listed :i.n section 8.1. The' standard parameter 

or variable values are ShOlffi by short arrows on the axis. 

The overall effects apparent in Figs. 8.1-8.3 oonfirm expeotations: 

(i) Wheel and tyre deformation absorbs a oonsiderable amount of 

energy when the tyre and ROPS make nearly simulations impacts 

(condition A). In most of the condition B simulations, the 

ROPS reaohed maximum deflection before the wheel touched the 

ground and the energy absorbed by the wheel and:tyre was 

much less. The ROPS energy'was slightly higher in these 

cases, but most of the difference was accounted for by 

increased energy in' soil' deformation and friction. 

(ii), The main effect of initial lateral velocity is on' the energy 

absorbed in sliding, friction (Fig. 8.1). 
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(iii) Energy due to variation in initial vertical velocity is 

shared about equally bet\;een wheel and ROPS in condition 

A, but is absorbed minly by the ROPS in B (Fig;8~2); 

(iv) Increase in impact roll velocity causes an increase in 

ROPS energy but a decrease in energy absorbed in friction 

(Fig. 8.3). At low roll velocity, the sliding velocity 

of the contact points is positive throughout impact, with 

the standard initial lateral velocity of the ceritre of 

mass. When the roll velocity is high the sliding "veloci ty 

is negative; during a" simulation with high initial roll 

velocity, the sliding velocity is negative at the start, but 

increases and becomes positive as the roll velocity drops 

during impact. The lower mean sliding veloci ty""results" in 

the reduction of energy absorbed in friction, 

The energy distribution for variation of roll moment of inertia is 

given in Fig.8.L).. The scale is the same as that for impact:"rollvelocity 

(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 scales 'in initial 

angular momentum about the centre of inass. 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 ICE due to the linear velocities, as will be 

explained later. 

8.3.2. Energy absorbed as a function of kinetic energy at impact 

The quantitative effects of variation of parameters which do not alter 

the initial ICE will be apparant'from the energy distributions. In cases 

such as Figs.8.1-8.4, however, the interpretation is made more difficult by 

variation'of input energy, especially as the amount of this"variation is 

different for each of the four variables. To provide a' contnonbasisfor 

comparison, the results are repeated in Figs. 8.5 and 8.6 u.sihg a totaT 

initial "kinetic energy as the independent variable, and energy absorbed in 

, J: 
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the ROPS at maximum sideways deflection as the dependent variable. The 

curve for moment of inertia in condition A is almost identical to that for 

roll veloci ty when plotted in this way, and has been omitted; a carve for 

mass is included in this case but not for B, to preserve cl9.ri ty. 

The effects of combinations of the most important variables; roll and 

vertical velocity, are presented as carpClt plots in Figs.8;7 and '8;8. 'The 

,genClral similarity of the shapes of these curves provides 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 about 

2.75 rad/s for all values of initial vertical velocity (Fig.8.8). An' 

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 constaiLt, and show no' signs of 

approaching zero over the ranges covered. With friction, the reduction in 

. 
ROPS energy beyond a ~ 2.75 is accompaniCld by an increase in energy 

, . 
absorbed in soil deformation (Fig. 8.3). The presence of friction increases 

tl:!e angle between the resultant' soil force and the ROPS collapse force 

(Fig.B.10) when the sliding friction velocity is positive; this is the case 

after the first moments of impact, even at high roll velocity, as explained 

in (iv) above. The larger'angle between these forces requires a larger 

vertical soil force than when friotion is absent. In the conditions chosen, 
. ' 

this force becomes high enough at a = 2.75 to fall into the range of the o 

noxt line in the soil force/deformation characteristic. This line has s 

lower's tiffness than the previous one, 'so the soil deformation energy 

increases much more rapidly with'S' than would otherwise be the case. o 

Clearly, this type of behaviour depends strongly on the chosen < 

conditions of soil friction and strength. 

The relationships be tween the curves for impact roll velocity and 

moment of inertia also deserve comment, because there are important 

differences even though the 'general shapes are similar. " 
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Fig. 8.10 

- Without----_ 
/ friction 

;I. Resultant soil force 

The effect of friction on the nozmal soil force, 

The equivalence of .the angular momentum scales in Figs.8.3 and 84 is 

oonvenient but takes no account of the component of angular momentum due to 

the movement of the centre of mass around the instantaneous centre of 

rotation. Also, the energy due to initial angular velocity is proportional 

to the product of velocity and momentum. 

The effect of moment of inertia may be considered as having two 

components: the part of the initial rotational energy absorbed, and the 

part of the linear energy absorbed. For a gi'ren ini tial energy, the 

duration of impact is longer VIi th a high inertia and . low velocity than with 

a high veloci ty and low inertia. Hence increasing inerti" has more effect 

on the amount of linear kinetic energy absorbed than increasing velocity. 

In the extreme, reducing the roll velocity to zero allows some of the 

linear kinetic energy to be absorbed in the ROPS because of the inertial 

resistance, whereas zero inertia 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 moment of inertia curves is smaller over most of their range (Figs.~.5 

and 8.9). 

8.3.3. SenDitivity coef(icients 

The sensitivities may b3 quantified in terms of the change in the 

dependent variable for unit change in the independent variable. The 

simplest measure is the slope of the curve, and where the units for both 

ax,es are the same, as in FigS.8.5-.8, the resulting non-dimensional 

sensitivity coefficient is easy to interpret. A non-dimensional coefficient 

may be obtained whether or not, the units'are the same if the changes are 

expressed as ratios of the absolute values, thus: 

Relative sensitivity coefficient = ~ / t:.: .! • slope 
y 

This is more appropriate in many cases and may also be more powerful in 

revealing the effect of proportionate changes. The relationships between 

the sensi tivi ty coefficients for tlte different curves in Fig,s.5 are unchanged' i 

by expressing them as proportions if all the slopes are multiplied by the 

same ratio of coorJinatesof the CQW10n point. The same applies to the curves 

of Fig. 8.6, but the comparisons between the two sets would be altered beca~se " 

of the different y values of the two common points. More importantly, is the 

total initial kinetic ener~f the appropriate independent variable? If the 

component of kinetic energy due to the relevant variable is selected instead, 
• 

stlch as rotational kinetic energ-f for the rotational velocity curve, the 

shape and s l'Jpe remain the same but the removal of a constant from the 

abscEsae has a major effect on'the relatlve sensitivity coefficient (Table 
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TABIB 8.2 

Sensi tivi tv coefficients Q for the eft'ect of l'lteral, 
vertical and roll velocities at impa£t, and moment of 

inertia on maxiIU'~Gl endrgv absorbed in ROPS, 
in standard conditions 

' .. ~-~- .. QA QRT 
Absolute Relative 

coefficient coeffici en t 
= slope based on 

total kinetic 
energy 

Condition A {Fig. 8.~) 

Lateral velocity, 
. 

0.24 0.47 x o. 
Vertic'al veloci ty, yo 0.33 0.65 

. 
Roll velocity, 6

0 
1.25 2.44 

Moment of inertia, I 1.28 2.49 z 

.. 
{Fig. 8. 9) Condition A, with fJs = 0 , 

e Roll,velocity, 1.59 , 3.85 
0 

Moment of inertia, l z 2.23 , 5.39 

Condition B {Fill" 8.6) , . 
Lateral velocity, x 0.20 0.32 

0 

Vertical velocity, • 0.60 yo 0.95 

Roll veloci ty, e 1.15 1.81 
0 

Moment of inertia, I z 1.88 2.98 

Condition B, with ps - 0 {Fig. 8. 9) , 
Roll velocity, .Go 2.09 3.11 

Moment of inertia, I z 4.11 6.12 

QRC 
Rehtive 

coefficient 
based on 

component of 
kinetic energy 

0.09 , 

0.47 

0.22 
'. i 

0.23 

-
f: ! 
,. : 

I 

0.35 " , 
· " 

0.50 · 

0.06 • 

0.69 

0.17 

0.27 
',' 

','. 

! 

0.29 , 

· 0.56 

i: 
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Expressing the sensitivity coefficients in these three ways gives 

insight into an apparant paradox that is central to the performance of ROPS; 

Because the ROPS impact point is fairly high above the tractor centre of 

mass, it offers a high resistance to rotational inertia but little to 

vertical inertia at impact, when the roll angle is' around 900
: Thus a .' 

large part of the energy due to ohange of roll velocity is absorbed'by'the 

ROPS (Qi = 1.25, condition A) but only a small part of that due to vertioal " 
, \ .. 
~eloci ty change (QA = 0.33, C9!ldition A). ,The roll velocity contributes to. 

only a small part of the total initial kinetic energy, however, so when 

expressed as sensitivities relative to a change in the component ene~gies, 

vertical = 0.47) appears to be more important than roll 

velocity 

velocity (QRC 

(QRC = 0.22). The same phenomenon may be appreCiated by studying 
.. 

the absolute ranges of ROPS energy in Figs.8.2, 8.3 and 8.5 •. A]~hough the 
it. 

proportion of rotational energy absorbed is clearly higher, the absolute 

changes are less than those when vertical velocity is varied. 

The severity of the bank type of overturn is due to the high vertical 

impact veloci ty. The simulations sho''; that even when the ROPS reaches its 

maximum deflection before significant energy has been absorbed in the wheel 

(condition B), only a limited amount of the energy due to vertical velocity 

is absorbed in the ROPS. The height of the ROPS above the centre of mass 

and the relatively low moment of inertia and rotational velocities prevent 
, .' 

the,collapse of structures that are capable of absorbing only a small 
• I 
" 

amount of the total energy. This applies only to ROPS wi th. high vertical' 
-;. s 

stiffness; the importance of this parameter wil,l be covered later. 

The relationships noted bett~een the sensitivity coefficients for 

condition A apply also in conditicn B (Table8.2). Comparing B with A, 

the roll velocity coefficients are slightly lower, presumably because of 

the larger angle between the ROPS collapse force and. the vertical (Fig. 8.10). 

The vertical velocity and moment o~ ine~tia coefficients are considerably 

hi~her because 'of the absence of the effect of the wheel during ROPS impact. 

All the lateral velocity sensitivity coeffiCients are small. 

! 
• 
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Finally, the curve for mass variation (Fig.8.5) is very close to a 

straight line through the origin. Radius of ~Jration was held constant for 

these simulations, so the moment of inertia increased with the mass and the 

linoar bohaviour Was expected. 

8.4. PARAMEl'ERS THAT AFFECT ONLY HIPACT 

Moving in the direction from the particular to the general, ~hose para-, 

meters affectintl' only impact will be covored next, before' those' re'l.uiring 

simulations of complete overturns. 

These parameters fall into three classes:

(i) Geometrical parameters 

(ii) Structural parameters describing the wheel and tyre 

'(iii) Struotural parameters describing the ROPS and soil 

The standa;d impact conditions C and D were used for (i) and (iii) to 
, ' 

show the effect of impact roll angle (Table 8.1). Since the wheel/ROPS 

ene;gy relationship is most important under simultaneous' impact, '(Hi) were 

studied only in condition A, which is very similar in effect to' C. 

Final energy distributions only are presented because the total input 

energy is substantially constant in each case and both 'l.ualitative and' 

'l.uantitative effects are apparant from these figures. The small number of 

data points in most cases leads to some uncertainty, so they are connected 

diagrammatically by 'straight lines rather than the smooth curves of Figs. 

Impact roll angle 
" 

Ini tial roll angle is the only difference between conditions C and D; 

• the effect of variation within the range of these values is shown in Fig. 8.11 
. . . .. , . . , ' ',,' .".... ", 'i ''i 

Because of the need to start simulations at the' same'centre-of-mass height, 
'. , ' 

as e~plained in8.2, the variation of impact roll angle is accompa~ied by 

someirariation or' velocities and centre of mass height at illlpact'but t~' 

effects are small (Table 8.1). 
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Less energy is absorbed by the wheel as impact roll angle increases, 

as expected. At impact roll angles up to about 110
0

'the energy in ROPS 

sideways deformation and sliding friction both increase but beyond this .. ' 
the ROPS energy reaches a maximum because of the angle between the forces 

(Fig. 8.10). This is consistent ;li th the findings in conditions A and B 

reported aboye. The ROPS sideways energy would continue to decrease with 

further increase in impact roll angle up' to 180
0

, accompanied by increase 

in 'soil deformation energy, just evident in Fig 8.11, for the reasons already' 

given. ' 

ROPS width 

.Increasing the width of the ROPS (Fig.8.12)has a simil,,:r effec.t on the 

relationship between ROPS and wheel impact to increasing the impact roll 

angle, but the angles between the forces remains 'unchanged. ' .'Thusin' condi tion. 

C, the ROPS energy continues to increase at the expense of-wheel energy with-, 

out 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 to the relationship between centre-

of-mass height and the'impact point at the ROPS. 

Increase of track width' (not presented) has the opposite effect in 

impact to increase of ROPS width in condition Cand negligible effect in D. 

ROPS 'height 

A higher ROPS offers more resistance to angular momentum and less to 

vertical momentum. The nett effect on ROPS energ-j" of increased height is a 

slight increase under condition C and negligible change under D (Fig. 8.13). 

This is' consistant with the relationship between thesensi tivi ty: 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" 

. 1:': 
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Wheel height 

,Tyre and rim height are varied together in Fig.8.14 maintaing a constant 

tyre depth, the tyre forces are relatively low, and the main effect shown is 

due to the variation of rim height. As this increases the upper rim contact 

point offers more resistance to angular momentum and, in condition C, impacts 

the ground successively more in advance of the RapS. The two effects both 

increase wheel energy at the expense of Raps energy. 

The only significant effect in condition D is a slight reduction of 

total energy due to the change in final resting postion. 

Wheel structurhl parameters 

." . 
,,~ 

The wheel rim collapse force (Fig.8.15) and elastic stiffness (Fig.8.16) , 

have negligible effects within the ranges covered. 

Increasing the rim damping coefficient from zero to the standard value 

has the expected effect of increasing the energy absorbed by the wheel (Fig. 

8.17' Further increase to twice the standard value causes sufficient increase 

in vertical force at the rim contact point to shift the soil structural 

characteristic to its next line. S~il deformation energy then increases 

while the wheel energy shows little change. The RapS energy decreases 

gradually with increase in rim damping. 

Changing the eHective rim area has little effect (Fig.8.18)and is 

directly comparable to changing the rim collapse force (F:l.g:8.15). Effective 

tyre area has no effect (not presented) because cf the low tyre stiffness. 

Some discussion of the effects of these par~eters has already been 

presented in 7.1.2. and 7.2.5. 

ROPS elastic stiffness 

The effect of reducing elastic stiffness to one fifth of its standard 

value is shown in'Fig.8,.19. The,energy absorbed at maximum RapS deformation 

is also given because it varies in relation to final energy absorbed when 

elastic stiffness is changed. 

Maximum RapS energy is unaffected in condition D. It increases slightly 

with increasing stiffness in C because the more rapid rise of RapS force 
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results in less energy absorption by the wheel during the first part of the 

impact. 

ROPS lateral collapse force. 

The main effect of incraasing ROPS strength (Fig.8.20)is to force greater 

deformation of the soil; more energy is absorbed in the soil and less in the 

ROPS with little effect on other energies. In condition C, however, there 

is a small effect on the relationship between wh.eel and ROPS impact similar 

to that when elastic stiffness is changed (Fig.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· 

final position. The bank slope was not removed from these simulations by 

an oversight but the effect is not important; the absence of the slope would 

have allowed the friction energy to remain fairly constant with collapse 

force and other energies would be close to those shown. 

Soil strength 

Soil strength was changed by multiplying the force limits of all four 

structural lines 00ne resistance in T~ble 8.1) by the· same ratio of thei;;' 

standard values (Fig. 8.21-). The effects are similar to those obtained by 

varying ROPS strength (Fig. 8.20) and rim strength (Fig.8.1S)but are shown 

over a wider raqge. 

If the structural characteristics had been idealised rigid-plastic 

forms, with zero plastic stiffness, and the roll angle had remained constant 

during impact, these sensitiVity curves would have been expected to contain 

step changes. Below a certain soil strength, for example, no ROPS 

deformation would occur, while.above it, the soil would appear rigid to the 

ROPS. The gradual transition from zero ROPS energy to zero soil energy 

evident in Fig8.21 is due mainly to the shape of the structural curves. In 

addition, however, the angles between the· component forces at impact affect 

both the sliding friction and the rehtionships between the force limits at 

structural line-changes for the two impacting members, such as ROPS and 

soil. 

~-. 
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ROPS vertical collapse force and bank height 

These parameters, are presented together to show the relationship 

between them. Instead of energy distributions, the maximum ROPS energy 

in lateral and vertical directions are'plotted against bank height in 

Fig. 8.22 for three values of vertical stren"th. 

The structural behaviour of typical ROPS under vertical loading has 

not been measured. Standard strength test procedures require only thst a 

ROPS can su~port a force of twice the tractor weight, uniformly ,distributed 

across first_ the front, then the rear of the ROPS, after deformation due to 

horizontal impacts or loadings. The mounting arrangements of ROPS on 

tractors are generally strong and stiff; the main deflection under vertical 

loading normally occurs at the plastiC hinges thst have developed under 

horizontal loading., continuing the "parallelogram" mode of failure referred 

to in 8 .2. above. 

To a first approximation, a vertical strength of twice the weight at 

the front or rear is roughly equivalent to the same vertical strength at one 

side, for a symetrical, four-post ROPS, In ~ach case, the force is reacted 

mainly by plastic hinges in two upright ~mbers, with some support from 

those in the other two. This is a c0nsiderable simplification because of the 

dependance of vertical strength on lateral deformation and on ,the strength 
" 

of the horizontal members connecting the tops of the four uprights. After 

horizontal loadings in a typicaJ laboratory strength test, the lateral 

deformations of all the upright me~bers ~i~l be different. In addition, 

the simUlation model does not include ~ne interdependance of the vertical 

and horizvntal characteristics., Despi ~e these limitations, the results 

shown in FigB.22 do give a strong indication of the importance of vertical 

strength. 

Increasing bank height increases +he roll angle and vertical velocity 

at impact (Fig.8.23). The kinetic en9~gy has a direct influence on energy 

absorbed, while the impact roll angle alters the relationship between the 

energies absorbed in the lateral and vertical ROPS directions (Fig. 8.22). 

I 

I 

• • 



30 

• 

~ 20 
.0 ... 
o 
'" .0 
C 

~ 10 ... 
I» 
c: 

UJ 

c 

i - 231 -· .... ......,-:-r-:--" 

30 

• 
"Cl 20 
I» 
.0 ... 
o 
", . 

.0 
C 

Vertical collapse force 

--

o 

00 

2 mg 
mg 

/' '--
.......... , 

------- " , , , , , , , , 
\ 

o~ ____ ~ ______ ~ o~~ __ ~ ______ ~ 
2 3 4 2 3 4 

Bank height, m 

(a) Maximum ener.gyabsorbed in Rops lateral deflection 

40 

-, 30 
~ 

• 
. "CI 

61 
.0 .... 
o 
~ 20 
c 
~ 
g> ... 
C\I 
c: 

..... 10 

c 

" ,-
,-

~ ,-

I 
I 

/ 
I 

I 
I 

I 

I 
I 
I 

I 
I 

I 

, 
/ 

I 
I / 

/ 
/ 

/ 

I 
I 

I 

/ ., "... 
O~'~~_-__ --__ ~ ________ -L __ 

2 4 

40 

-, 30 
~ 

• 
"Cl 
61 
.0 ... 
~ 20 
.0 
C 

~ 

~ 
61 
c: 

l1J 10 

o 

I 
I 

/ 

/ 

I 
I 

/ 

I 

/ 

I 
I 

I 

I 

I 
I 

I 
I 

I 
I 

/ 
/ 

I 
/ 

I 
I 

I 

/ 
/ 

/ 
I 

I 
I 

O~~ __ ~ ______ ~ 
2 3 4 

Bank height, m 

(b) Maximum energy absorbed in Rops vertical deflection 
1------ .. -..... - ..... -.... .... .......... . ...... -- .................... -._-.. -. ~--.. , 

• 
Fig. 8.22 Sensitivity of ROPS sideways energy (top) 

and vertical energy to bank height for different 

vertical collapse forces. ·---1 --_._.-_ .. -. __ ........... _ ....... _ .. _ .. _-..... _ ... _ .... _-----.---



r: 232 - J 

160 .90 

150 80 

.., 

.:11: 

• c::7t ... 1\1 140 u 70 "0 a 
• Q,. 

e 1\1 .0_ 

Q 
C ... 
a a 

130 >. 60 
0 c::7t .... .... 1\1 ... C 
U 1\1 
a 
Q,. u 
e 120 ... 50 1\1 

C 

~ 

110 40 

100 L....,.;J;:....-_....1.-__ --l-_ 

234 
30~~_J_ __ _L_ 

2 3 4 
. Bank height, m 

~-.-.---... - .. -... "" .• "--' .----.-..•. -.---....... --- .... -.-.. ---_._-
Fig. 8.23 Roll anele and kinetic energy at impact as 

a'function of bank height for conditions C and D. 
'I.\G 



", 

At impact roll angles beyond about 1450
, depending on vertical strength and 

impact energy, ,the tractor does not fall back after impact but continues to 

roll ; part of' the energy is then not absorbed but retained as kinetic 

energy. 

The approximately linear relationship between maximum deflection and 

energy absorbed gives an indication of the 'effects on driver protection. 

An energy of 30 kJ is absorbed at about 400 mm vertical deflection 
, 

when the collapse force is twice the weight or at about 700 mm when the 

force is equal to the weight. ' This occurs at bank heights of about 3.5 or 

3.0 m respectively in condition D. Overturns down banks as high as this 

are certainly not common but do have a significant ~ikelihood, particularly 

since the high roll angles of condition D are associated with shallower bank 

angles (higher ex : see Fig.7 .10). The magnitude of the deformations suggests 

a serious risk of a driver being crushed in such an accident. 

8.5. PERAMETERS THAT AFFECT OVERTURNING 

Apart from the bank angle, 0(, these parameters may be grouped in three 

classes: 

(i) Tractor dimensions 

(ii) Inerti~s and tyre structural parameters 

'(iii) Parameters governing tyre friction,relationships and initial 

condi tions 

The effect of variation of each parameter was studied at six bank angles 

(see B.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 abs?rbed in 'the ROPS at maximum deformation. In an attempt 

to show overall trends, the distributions of final energy are given as mean 

values of the results at the six hank angles. Again, the data points are 

connected diagrammatically by straight lines but the')resence of 

discontinuities makes interpolati"n unreliable.' 
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Track width 

"The results in Fig.8.24are typical of many of those that follow, in 

showing considerable. variation of trends at different bank .angles, due to 

the complex effects on loss of tyre contact. The curves representing 

results at individual ~ are shown with different types 

of line to help interpretation; in many cases, overall trends are not 

apparant except from the mean energy distributions and the curves for each 

bank angle must be studied individually. 
.. . 0 . 

The steeper banks (0( = 0, 7t ) 
generally result in the most consistent loss-of-contact behaviour. 

Increasing.track width increases the roll angle at which dynamic 

unstable equilibrium is reached and reduces the roll moment of the weight 

o about the downslope tyre at roll angles up to gO. These are stabilising 

influenoes that would be expected to 'reduce all the velocities. In addition, 

however, the vertical velocity should be higher for a given roll velocity 

when the track is wider, because they are related kinematic ally when both 

tyres are in contact; 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 (no·t presented); this is reflected in increased energy 

dissipation in tyre/bank friction (Fig.8.24). The roll and vertical 

veloci ties show slight 07erall down,;ard trends, noticeable at low bank angles· 

but masked by loss-of contact effects at higher ones. 

The relationships be~Jeen maxioum ROPS energy and the impact variables 

are typical, and support the findings of the previous section. Where the 

shapes of the .impact roll angle and roll velocity curves are the same, as: 

they are in this case except at a bank angle of 37tO, these shapes will be 

approximately reproduced in the energy curves, modified slightly by the 

effects of vertical impact velocity. They are further transformed here by 

a slight downward trend due to the effect of track width during impact (the 

reverse of that due to ROPS width: see. 8.4 

energy distributions. 

). This is evident from the 
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Centre of mass height 

Many of the effects of centre of mass height would be expacted to be 

the reverse of those of track width and broadly, this is so (Fig. 8;25). 

Impact time and roll velocity show less variation, particularly at lower 

bank angles but the general trends of increased centre of mass height are 

the opposite to those of increased track width. The effects on energy 

distribution between wheel and ROPS during impact are consistent'with those 

obtained by superimposing Figs8.13 & 8.14 (ROPS height and wheel height). 

The slope of the uppermost (total) energy line is due to the chenge in 

initial potential energy. 

Roll moment of inertia 

It might ne imagined that moment of inertia would have an important 

effect on the oyerall behaviour but consideration of the :tela ti ve magni tudes 

of the parameters shows this not to be so. Forces at the tyres due to the 

product of roll acceleration and moment of inertia are generally of a lower 

order than those arising from the w~~ght and linear accelerations. The 

main· effects of changing moment of inertia therefore arise from the influence 

on loss-of-contact due to the change in roll oscillation frequency and 

ampli tude. 

At'low inertia (Fig. 8.26)the oscillation amplitudes are generally small 

and· contact is maintained under the control of the general overturning motion. 

Increase in inertia causes greater oscillation, which leads to contact being 

lost earlier and then renewed in some cases. The effect is greatest at large 

bank angles and leads to a reduction in Iroll velocit~ and an increase in 

~ertical velocit~ (see 7.2.3.). At the highest inertia studied, loss of 

contact very early in the overturn modifies the ensuing behaviour to the 

extent that late loss-of-contact is often suppressed, giving a reversal of 

the above trend. 

The relationships between maximum ROPS energy and the impact variables 

follow the typical case· noted above,. modified by the effect of moment 

of inertia during impact (see 8.3.) ~ The overall effect on mean ROPS energy 

is small. 
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Mass, tyre stiffness and damping 

These p'trameters are tteated together because their effects are related. 

The mass changes were made at consta.;1.t radius of gyration, giving a cO:1stant 

ra tio of mas<J to mo;nen t of inertL~, in contrast to the changes discussed 

a'oove. If mass, tyro stiffness a'1d damping 'coefficients are all chlUlged by 

thes~me ratio, 'all the forces are chang8d by this ratio and the dynamic 

behaviour remains unaltered. The parameters therefore influence the 

behaviour only 'by their effects on ride mode oscillatiou, and hence on loss-

of-contact. The following effects would be elcpe::t8d b:r analogy with the 

effects of change in lUo:nent of inertia no te<i above:-

(i) Increase of damping coefficient has little effect on 

resona:1. t frequency but should :t'8duce oscillation 

aopli tude. The re~,ulting chan;es in loss of contact 

should increase impac t ~oll veloci t~ arA red'.lce 

/vertical veloci tyj. The' general trends in ~'ig.8.27 

support this nypo,thesis. 

(1i) Increase of mass reduces both resonant frequency and 

damping ratio. The effects should be sioilar to those 

of increasing moment of inertia and opposite to those 

of increasine damping. This is not evident in Fig.8.28 

(Hi) Increase of stiffness increases resonan't frequency but 

reduces damping ratio. The effects are not prediutable, 

and no general trends can be sgen'in Fig.8.29. 

The enel'E\"i.ec in the three fig'lres sho", the expGcted corr,311ations Id th 

the variable values at impact.. The distribution boundaries for mass 

Variation (Fig.828b) are close to straig:lt lines through the origin, 

although the bD,nk fric tion e.1ergy increa3es less than in direct proportion 

to ffi,9.SS, and soH deform:! a·,m e.nHrgy more t!1an in direct pl'oportion. 

timi ting coefficient of, frict-ion betwe~n tyre and' bank 

,The effects Shown in l!'i,,,,B.30'al'e almost e!1tirel.v due to expected ' 

varations in overall kinematic behaviour with little influence o~ ride 
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, mode oscillation and variations in loss of contact. 

At bank angles up to 22tO the accelerations are limited mainly by 

friction at the downs lope tyre (point 10) in the first part of the overtLlrn. 

As'the roll angle increases the sliding velocity or' tyre 10 decreases and 

'friction at the upslope type (point 9) increasingly dominates the behaviour. 

Hii,her friction simply'increases these retarding forces and resLll ts in 

lower roll and 'vertical impact velocities. In some cases the predominant 

reduction is in lateral velocity (not sh~dTI). 

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 

dynamic e~uilibrium, increased friction exerts a higher roll moment, 

resulting in a higher impact roll velocity but a lower vertical velocity. 

Loss of contact reverses this trend only at a bank angle of 37tO, 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 11 ttle o .. erall' 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 impa~t velocity. 

Cornering stitfness, relaxation length, forward speed and 
approach angle' , 

Cornering stiffness, the initial slope of the side force/slip angle 

rela~ionship, and relaxation length, the measure of delay in side force 

develqpment, both have direct effects on tyre friction. Forward speed 

influences friction by affecting bo,h the slip angle through its relation 

to sliding velocity 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 

onlyini tiallateral velocity. 

, . 



Increase in cornerin~ 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 generally evident in Figso8J1 and 8.32, 

mainly because of the effects on loss·of tyre contact, particularly at 

larger bank angles. 

Clear trends 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 li tUe affect at low bank angles; at high 

ones,changes in loss of contact lead to rather erratic behaviour. 

The expected relationships between impact variables and ROPS energy 

are confirmed for all four parameters. Mean energy distributions are 

generally little affected but energy dissipated in. tyre friction decreases 

with' increasing relaxation length; which is consistent with the effect of 

limiting friction (Fig.8.30b 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, DISCUSSION 

The relationships 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 of· ROPS energy with impact roll angle, ROPS width and 

track width do n.ot show rapid changes according to whet)ler the ROPS or the 

wneel hits the ground first; rather, 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 wheel 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 • 

. The ratio of ROPS-soil strength has a less continuous effect, with 

highsensitivity'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. 

Damping coefficient is the only parameter describing the wneel 

structural behaviour that had a noticeabl,. effect, and then mainly on the 

distribution of energy between wheel deformation and sliding friction. 

The overturning phase is much less well behaved because of changes in 

loss of tyre contact. The causes are diffic~lt to predict in many cases 

and the effects can be large. The e.xperimental validation suggested that 

the effects predicted by the simulations were genuine, under the equivalent 

standard parameters. The reasons are understood in general terms of ride 

mode oscillation, which is affected by the continuous variation of tyre 

side force, but the explanation of why a particular loss of contact occurs 

in one simulation and not another, or occurs at a different time, would 

require much greater detail in the computer output. Values would be needed 

at fairly small time increments of all four component forces at each tyre 

(Fi~.3.2), the corresponding deflections and their rates of change, the 

slip angles and nominal an,:i instantaneous coefficients of friction, in 

addition to the variables describing the rigid body motion. There is little 

doubt that causes would become apparant, and investigation of the relation-

slup between ride oscillation and dynamic friction would be of interest. 

Little benefit would result, 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 param"ters have much influence in the overturning ph3.se on either 

the mean energy distributions or the individual values at low bank an"les 

(the steepest banks). Track width, tyre damping coefficients and tyre 

friction parameters have some effect on both the energy dis3ipated in 

sliding friction and the variables at impact. At higher bank angles, the 

critical dependence of roll moment on roll angle at late loss of contact 

causes erratic behaviour in many cases but the overall effects on mean 

ROPS energy are generally small. 
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9. SIWJLATlONS BASED ON DATA FROM REAL TRACTORS 

The simulations reported in this section u,sed data based on measurements 

of real tractors tO'find the relationship between ROPS sideways energy and 

tractor mass, for use in th,~ development of standard strength test criteria. 

Standards committees have shown an understandable reluctance to base 

ROPS strength test criteria on complicated formulae involving many para-

meters. The simplest analysiS shows that several parameters 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 

account the pitch moment of inertia or an estimate of it based on the wheel-

base. The lack of reliable evidence of the qualitative effects of different 

parameters largely justifies the simplicity of the formulae. Proposals 

have been made that simulations of the type described in this report could 

form the basis for energy determination for an individual tractor/ROPS 

combination, using the appropriate parameters. Any simulation, however, 

represents only a Hmi ted 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 implement in routine tests. 

One standard test method does use a simulation requiring many parameters, 

but it is related not to strength tests but to the determination of whether 
.' 

a tractor will continue to roll when overturned On a uniform slope. Using 

Scwanghart's analysis and computer program, (54) 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 recommended as a 

ready-made test criterion, and would be unlikely to be accepted as such. It 

was considered that the most directly useful information for standards 

committees would be the results of a large number of simulations based on 

data from real tractors. ThGse simulations were run over a range of bank angles 

as before, to average out the eft'ect of discontinui ties and provide an 

indication of the variability. 
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Data on real tractors are not readIly available. Some dimensional 

pn.r.'lIIlctera (md an estim'ltc of ROPS stt'ensth could haVE! been ob tained from test 

reports but moment of inerti.a :ooasurem,mts and full tyre data are more scarce. 

Schwanghart has collated m';asurem",nts of the basic para:net.ers for a large 

·number of tractors and the regression linos he fitted against mass were suitable 

for use in this study~53) The averaging of relationships between parameters 

lOSes some precision in the simlllations but is considered justifiable in view 

of the forgoi.ng discussion, and of the only approxim'ite estim'ites of other 
! 

parameters. 

9.1 Data. 

Regressions were taken directly from Sch wanghart for (Table 9.1) track 

width, centre of mass coordinates, rear tyre height and width, ROPS height 

and width, and roll moment of inertia. Too track width is quoted as a 

minimum, but does not appear Unduly small and is compensated by the larger 

tyre width common in Continental Europe. LDngitudinal centre of mass position 

was used to calculate the effective rear mass. Rim height was determined 

from tyre height and width assuming a constant tyre depth/width ratio of 

0.75. 

ROPS sideways collapse force was assumed equal to tractor weight and 

the elastic :,tiffness was calculated to give a deflection of 100 mm at the 

elastic limit. Tentative evidenoe for these values was provided by an 

analysis of strength test report data. The ROPS was assumed to be 

vertically rigid for the simlllations reported here, becausa of the lack 

of infor:Mtion on vertical strength. 

All the structural characteristLcs for the rear tyres and wheels (elastic 

stiffnesses, da;;ping coefficients and, for the wheel, collapse force) were 

assumed to be directly p:coportlona1. to effective rear mass. The constants 

were selected to give the me~sured par~m~ter values for the experimental 

tractor at a nominal rear mass of 2000 kg. The tyre stiffness relationships 

are probably reasonable in general (8~but the contribution of carcase 'stiff-

ness for a particular tyre clearly depends on the size and type and will not be 

linearly related to nominal load. Wheel collapse force has been shown not 
; , 
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TABIE 9.1 

Parameters based on real tractor data 
I 

, 
.*Relation to tractor Parameter values for tractor mass, kg , ' 

Paramoter mass, m, 
kg 

1000 2000 3000 4000 5000 6000 7000 '8000 
, 

Track width, m 1. 202 x 10-4 'm + 1.140 , 1.260 1.380 1.500 1.621 . 1.741 1.861 1.981 2.101 

Centre of mnss height, m 7.519 x 10-5 m +,0.588 . 0.663 0.738 0.813 0.889 0.964 1.039 1. 114 1.189 

- forward of rear axle, Z ,m 8.453 x -5 10 m + 0.577 - - - - - - - -.. gr 

- behind front axle, zgf' m 1.254 x 10-4 m + 1.044 - - - - - .. - - -
Effective rear mass, mr' kg Zgr!(Zgf + Zgr) 639 1268 1893 2512 3128 3741 4352 4962 

Rear tyre height, m 1.113 x 10-4 m + 1.107 1.218 1.329 1.440 1.552 1.663 1.774 1.886 1.997 

Rear tyre width, m 4.334 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 10-4 m+ 2.061 2.185 2.308 2.431 2.555 2.679 .2.802 2.926 3.049 

. ROPS width, m -4 2.0 x 10 + 0.7 ,0.900 1.100 1.300 1.500 1.700 1.900 2.100 .2.300 
2 -4 

Rol1 moment of inertia, kgm 215.857e4.494 x 10 m 338 530 831 1303 2042 3200 5016 7862 

Rim. diaine te r, m Tyre height - 1.5 x 
tyre width 

Effective tyre area, 2 Annulus area/4 0.176 0.217 0.263 0.313 0.366 0.424 0.485 0.550 m 

*From ref. (53), updated by Schwanghart (Private corrununication) 
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Parameter 

Effective ROPS area, m2 

ROPS side collapse force, kN 

ROPS elastic stiffness, kN/m 

RIl1 collapse force, kN 

. Rim elastic s tifness, kN/m 

Rim damping coefficient, kNs/m 

Tyre vertical stiffness, kN/m 

I 
- damping coefficient, kNs/m 

I" 

Tyre lateral stiffness, kN/m 

- damping coefficient. kNs/m 

I' 

I . 

--------~-~~~~~~~-------------------------~-

TABLE 9.1 Continued 

Relation to tractor : '. Parameter values for trac tor mass, kg 
mass, m, 

kg 1000 2000 3000 4000 5000 6000 7000 

0.1 (m/3000)0.3333 . 0.0693 .0.0873 0.100 0.110 0.118 0.126 0.132 

9.8067 x 10-3 m 9.807 19.61 29.42 39.2 49.0 58.8 68.6 

9.8067 x 10-2 m 98.07 196.13 294.20 392.27 490.33 588.40 686.47 

0.018 m . r 11.50 22.84 34.07 45.22 56.31 67.35 78.35 

0.24828 mr 

0.01 m r 6.387 12.69 18.93 25.12 31.28 37.41 43.52 

0.2 mr 127.7 253.7 378.5 502.5 625.7 748.3 870.6 

1.5 x 10-3 m 0.958 1.903 2.839 ' 3.768 4.692 5.612 6.529 r 

0.075 IDr 47.9. 95.1 141. 9 183.4 234.6 280.6 326.5 

0.5 x 10-3 m 
r 0.319 0.634 0.946 1.256 1.564 1.870 2.176 

8000 

0.138 

78.4 

784.54 

89.32 

49.62 

992.4 

7.443 

372.2 

2.481 

, I 
T\}' 
VI . 
VI 



to be a sensitive purameter. Limitations of the usa of wheel damping 

have'been discussed-(7.1.2, 7.2.5) but a 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 assumed to be the same, as in previous simulations. The 

effective area of 'the ROPS was assumed to be related to the standard value 

for the 3000 kg tractor according to the cube root of the mass, i.e. assumed 

proportional to ROPS length. 

All other paranaters, including bank height, soil strength ruld those 

describing'the tyre friction relationships retained their values from the ,; 

standard. simllations. 

The sim'llatio!ls based on fitted data were run for tractor mass between 

1000and 8000 kg in 250 kg steps. This represents ~~ extrapolation of 

Schwanghart's regressions, Which were obtained from data on tractors up to 

about 5000 kg. 

9-2 Results 

Energy absorbed in the ROPS at maximum sideways deformation is plotted 

against tractor mass for each b~~ angle in figs.9.~9.6, and for all combined '. 

in fig. 9'~'7. The method used to fit the CUr'les was influenced by two 

observations: ener5~ increases less than in dire~t proportion to mass and 

appears to be Hmi ted, particularly at low bank' angles (figs.9.1 &9.2); and 

the points are not uniformly or normally distributed within the scatter band 

but lie predominantly in two groups (most noticeable at bank angles of 22t° 

and above, and in the combined plot - figs. 9.3-9.7). 

The falling slope of the ener5~-mass characteristic is due mainly to the 

fixed dimension in the terrain description - the bank height. SimCllations 

of overturns on non-dimenc,ion,~l terrain, such as a uniform slope, give the 

opposite result of energy increasing more rapidly than in direct proportion 

to mass/ 56) , The linear dimensions of the tractor and ROPS increase roughly 

according to the cube root of the m'lss, for vehicles of the same shape and 

density (although they'may be approximated 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 do;m 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 

tractor whose dimensions were very large compared with the bank would not 

overturn at all. The importance of impact roll an~le velocity have been 

demonstrated in the sensitivity analysis. 

The ratio of ROPS strength to soil strength is a secondary influence in 

both types of overturn. The effective ratio here inoreases to the 2/3 power 

of mass because of the effect of ROPS impact area; the influence on energy 

distribution is significant at masses over about 5000 kg, but is less important 

than the effect of impact roll angle. 

The division of.energy points into two groups appears to be caused by 

differences 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 tc each of the 

two sets at each bank angle, since this appeared from the shape of the figures 

to be the most appropri;,te non-linear function. Curves were also fi tted to 

the combined data of Fig.9.7. In all cases the regressions were forced through 

the origin on physical grounds. The polynomial coefficients obtained are given 

in Table 9.2. 

This. is entirely an ad-hoc approach and does not have the benefit of 

statistical 'rigor. 

9.3. Discussion 

T.his study has concentrated on the most severe types of overturn because 

these: form, the. basis for strength test criteria designed to provide protection 

in a very'high proportion of accidents. It may therefore be appropriate to 



TABLE 9 • .? 

Coefficients of 01 omials fitted throu~h the 
for ener in ROPS kJ at mnximum.sidewa s 
deformation vs tractor mass t FieB. 67-ry 

Low energy points High energy points 

Bank angle, 
: c( , deg Coefficien t Coefficient Coefficient Coefficient 

of m of m 2 of m of m' 

0 4.746 -0.4197 5.052 -0.4564 

, 7t \ 5.147 -0.5004 4.669 -0.3054 

15 0.477 0.1780 3.237 -0.0307 

22t -0.576 0.2687 4.281 -0.2625 
. 

·30 0.575 0.0808 4.159 -0.2012 

37t 0.267 0.1502 3.630 -0.2308 

All 0( combined 2.129 -0.0987 4.602 -0.3542 

Both sets of data combined 

Polynomial Coefficient Coefficient 
of degree: of m of m • 

All 0( cClmbined 1 1.799 -

2 3.001 -0.1972 

to ienore those re suI ts in which loss of contact leads to low ROPS energy. 

The curves fitted the remninder, hOlfever, depend strongly on thegeneral para-

meters that were constant for all tractors - particularly on bank height and 

tyre friction and to a lesser extent on soil strength and friction. Increase 

i 

J 
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in bank· height would have greatest effect on larger, heavier tractors because 

of the relationship with impact roll angle discussed in 8.4; i the fitted 

curves are therefore illustrative and not of absolute significance. 

If a statistically reliable distribution of ac'0ident bank height existed 

it would· be· possible to choose a value to assure any· given level of 

protection; the. same applies to other parameters. Accidents of the severity 

for which protection is required are so rare, however, that the parameters in 

this study are based on rather crude estimates. In addition,· input energy 

in strength tests is related to protection only through the criteria of 

acceptable deformation, 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 

through all the data points (Fig.9.7) as the basis fora sideways energy 

criterion in'strength tests. The energy/mass relationship of 1.80 J/kg is 

surprisingiy close to the value of 1.75 J/kg recommended by the EEC study 

group,(82) partly on the basis of simulations of overturns on a uniform slope. 

Since.the· two· types produce characteristics with opposing curves, their 

combination in'a single linear function appears to be logical, and the choice 

of a mean line rather than a maximum i·s justified by the zone of clearance 

considera tions. 

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 would be valuable. 

: 



10. SIMULATION OF MULTIPLE ROLLS 

In a gentle roll on a uniform slope the axis of rotation changes direction 

continuously as the ground is impacted successively by the side of the front 

and rear wheels, the bonnet and the ROPS. The tractor rolls as a truncated 

pyramid, not continuing down the slope but turning about a point several metres 

in front of it. This ,simple type of overturn presents little danger to the 

driver. 

There are conditions in which higher roll momentum or gravitational 

moment prevent such a large change in the direction of the axis of rotation: a 

steeper slope, higher roll velocity or inertia or different tractor geometry. 

If the energy is sclfficient the tractor will continue to roll dOlm the slope 

at increasing speed, probably without the bonnet touching the ground and with

out much deviation of the roll axis. The danger of the driver being crushed ... ', 

in the ROPS; or'being thrown out and crushed by the tractor, is then much 

higher. 

A'three-dimensional model is needed to cover the most general behaviOur, 

and Schwanghart's(53, 54) approximates to this by making assumptions about 

the changes in direction of the roll axis (see section 3.1). The present study 

is concerned with the more severe cases, however, when high speed multiple 

rolling occurs, and a two-dimensional model shoulwgive an'ade~uate description 

of this behaviour. A two-dimensional model can determine whether a tractor 

will remain stable or continue to roll after the first ROPS impact, only if the 

longitudinal position of the centre of mass is behind the front of the ROPS. 

Schwanghart's results include such cases, which provide a basis for comparison 

with those obtained from the present model. 

The bank overturning simUlation program was modified to cover multiple 

rolls on a slope by simple changes to the terrain descriptors and initial 

conditions,' tosether'with some coding alterations to improve efficiency 

(Appendix '3j). The program coped well with the continuing roil and successive 

impacts; and followed many complete rotations without numerical errors becoming 
, , 



'-::268 -

significant. Execution time increased with simulation time but did not become 

excessi ve if the simulation was halted after 2-3' rolls, because of the small 

number'of points in ground contact at any time. 

The initial conditions were te~en at the unstable equilibrium in which 

the centre of mass' is vertically above the ground contact point at the dmm

sl~pe tyr:~, with velocities chosen to give initial rotation about this contact 

point. 
.. , 

Preliminary trials at zero ini tial velocity on a 1: 2.5 slope (21. SO), the 

conditions used by Schwanghart, showed that parameters affecting soil'friction 

forces and wheGI recovery had a considerable influence on behaviour. A full 

investigation 'Of these effects has not yet been carried out, but simulations 

using it reasonable set of parameter values gave results for non-continuous 

rclling 6riteria that compared well with Schwanghart's. 
'. . 

# ~. 

The NlAE study did not include multiple roll experiments, mainly because 
.,' . 

of the dif'ficul ty of conducting controllable and repeatable tests. Evidence 

from several films of overturning tests on long slopes carried out elsewhere, 

hQl,ever, indicates conditions in which a tractor may become airborne after 

ita first roll and then impact heavily on the ROPS without energy being 

absorb~d'i~ rear wheel deformation. Schwanghart report that the first impact 

on the ROPS in his 

second, i.e. after 

side-slope overturning experiments was less 

a further roll-over of the tractor.(S4) 

severe than the 

Conditions leading to this type of behaviour were found in the 

simulations; More work is needed to establish these conditions more preCisely, 

but the general explanations are similar to those covering ROPS with moderate 

vertical strength in overturns dOl'm fairly high banks (S.4). There is little 

doubt'that these two situations are the most critical for ROPS tested to 

present' :strength criteria • 

. ',. 'v'. 
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11. CONCLUSIONS 

A'mathematical model of sideways overturning and impact has been develop,sd 

which overcomes the limitations of previous treatments of impacts as pure 

impulses, by incorporating non-linear structural behaviour for each member at 

each impact pOint. The model is equallY capable of handling general overturning 

motion through its ability to include tyre properties, and it could also be used 
.. ' 

in deterministic solutions to ride and other problems. 

The model 

The model is centred around the solution of the equations relating the 

forces and deflections at each contact point. In its present form it is written 

in two dimensions and depends on three aS3umptions; (1) all mass and inertia 

is co~c€mtrated in a "rigid" part of the body; (ii) each body point th9.t makes 

contact with the ground is directly connected to this rigid part by defined 
. -: '-, ~', •.... ~. ..:."' : 

structural characteristics in two directions, which are independent of 

relativ~' di~placeme~ts of other points; (iii) the instantaneous normal and 
! 

tangential' ground forces at each point are related by a coefficient of friction, 

which may vary continuously but only slowly with respect to the step interval 

in a numerical solution, 'l;hese restrictions had little effect in limiting the 

model's ability to describe the behaviour studied here, and could be removed 

by fUrther development. 

The model was implemented as a computer simulation program in FORTRAN IV. 

This proved to be considerably more efficient than the use of CS~!P, a langUage 

designed 'for' the direct coding of simulation problems. The program contained 

extensive'logical branching to cope with discontinuities in surface contact 

and structural characteristics; and was quite difficult to debug. A 

continuous energy balance check provided:an indication of numerical' accuracy, 

which was invaluable durins development; The fin9.l version of the program was 

robust; and' capable of simulatin" overturn;') do,m a bank and multiple rolls on 

a uniform sl~pe, the' two most important cases found in 'a survey of, overturning 

acciden ts. 



- 270 -

Overturning experiments 

'An experimental safetc' frame with variable structural 

characteristios was developed,and fitted to a medium size 
! 

tractor. Impact force in three directions at both front 

and rear, and deformation of the frame, were sensed by 

special 'purpose transducers, and recorded on magnetic tape 

in an instrument van, via umbilical cables. A ramp was 

built to represent an overturning bank so that experiments 

'could be carried out at different bank angles and surface 

friction, under closely controlled conditions. The tractor 

was 'driven using a simple remote steering system. Cine 

film was used to record the overturning motion, and analysed 

to give' position and velocity coordinates in all six degrees 

of freedom. 

Thirty overturning tests were carried out, with variation 

of tractor geometry and inertia, frame strength. bank angle, 

friction, 'and hardness of the ground impaot surface. Th'~ 

effects of parameter variation On overturning and impact 

behaviour were generally less than expected from simple 

considerations, but some trends were evident and the results 

provided a sound basis for comparison \Vi th the simula1;ions. 

In spite of some equipment problems, the overall reliability 

and repeatability were good considering the complex nature 

of the experiments. 

StrUctural anal~~~ 

' .. ,:A"sim:ple method was developed to predict the elastic 

and plastic deformations of the frame under assymetric 

lo~ding. Collapse force, deflections and mode shape showed 

good ag'reement with laboratory impact tests results, but 

elastic stiffness was less accurately predicted, possibly 

because of limitations in the measurement method. 
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Validation 

The bank overturning simulation was validated by the results of thirty 

experiments; The simulations gave considerable insight into the behaviour 

during overturning and impact. In particuhr, complex rel'ltionships between 

ride-mode oscillation and the development of tyre friction forces had 

important effects on the behaviour. In some circumstances this led to 

temporary loss of contact at the downslope tyre. If contact was rem~de, the 

fric tion force had to build up again from zero as the tyre rolled forward, 

according'to defined relationships between side force, slip angle and 

relaxation length. The tyre camber angle at loss of contact, which depended 

on roll angle and bank angle, had a critical effect on the ensuing behaviour; 

a rapid increase in either roll acceleration or vertical accel~ration could 

re sill t; depending on the conditions and parameter values. This sensitivi ty 

was generally confirmed by the experime~tal results and the overall agreement 

was good. Most major discrepancies were explained by loss-of-contact effects 

or recognised experimental shortcomings. Measured ride mode oscillation was 

qualitatively similqr to that predicted but of smaller initial magnitude 

because of the effect tyre envelopment of surface edges,'which was, not included 

in the model. 

Qu~~titative pl~diction of impact behavio~r was satisfacto~f but not as 

good as tne prediction of overtllrning behaviollr. Energy'absorbed in the ROPS 

show<ld 'qui te good agreement b'.l t the simlllll tions indicated les3 soil defor:na tion 

and morebollI1cing motion than >las obsened. The limitations impos'3d by two

dimenoional modelling were partly responoible but poorly defined parameters 

may be equally to blame. Soil strength ~~d friction had not been measured 

adequately, and the structllral characteristics of the wheel had been :neasured 

only under' sta tic condi tions. Tile, inertia of the top frame was thought to be 

the main cause of differences in soil d~formati~n. Despite these limi tations, 

the validation sholrod the model to be capable of predicting the effect of 

~rameterc~~ges, and generally established confidence in the simulation 

results. ' 

I 
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;parameter sensitivit,y anal,ysis 

The model was used to investigate the sensitivity to parameter chan~~s 

of the behaviour, and in partic1lhr of the energy absorbed in the ROPS; and 

to predict the res~lts of overturns using data based on measurements from 

real tractors. 

The 'effects of para~eters that influenced overturning behaviour w~re 

obscured in many cases by the complex effects o'f loss of tyre conta~t. The 

effects, of:bank slope, Hmi ting tyre/bank coefficients of friction, and 

tra~k:width'were fairly clear and interrelated. A steep, bank and low 

coefficient of friction resulted ,in the highest vertical velocities, 'as 

. 0 
expected,bu t a bank slope of 30-37t to the vertical, with a higher coefficient 

of friction, 'was more likely to lead to high impact roll a~gle and roll velOCity, 

the combination giving the highest absorp~ion of energy in the ROPS. Most 

other param~ters had li tUe consistent overall eft'ect 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 reported confidently~ The energy 

absorbed in: the ROPS was sholm to be much more sensitive in general to impact 

energy in':rotation than in translation, because the impact force at the ROPS 

typically has a large mo~ent arm about the centre of'mass. The component of 

impact'imergy due to rotational velocity is quite small, however, and the 

absolute' effect of the component due to vertical velocity is just as important. 

In 'general, most of the rotational energy is absorbed in, the ROPS. and 

most of the translational energy in the wheel and soil, but it is the precise 

distribution'of the large component due to vertical velOCity that determines 

the severity of the ROPS impact; As expected, reduced track width, increased 

ROPS width 'or increased impad roll, a.~gleall red.uce the amount :of ,energy 

absorbed in' the wheel and increase' that absorbed in the ROPS. An upper bound 

to this:variation generally occurs when the ROPS reaches maximum defl~ction 

before the, wheel has hit the ground., If' , however, the ROPS is relatively weak 

in its 1tertical direction, its abili ty, to absorb impact energy due to vertical 

! 
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velocity increases dramatically at high impact roll angles. Instead of 

needing' rotational inertia to transmit the forces of deformation, the ROPS 

becomeS vulnerable to all' the tractor's kinetic energy, and the likelihood 

of catastropno.c collapse becomes significant. The simulations have shown 

that a RQPS which is very strong vertically and only just strong enough 

laterally to pass present standard tests, is unlikely to collapse far enough 

to crush'the driver in any raasonable accident. One which only just meets 

prese'rit'v~rtical strength standards, however, would be 'l.ui te likely to do so 

in anov~rturn down a bank more than about 3m high. A multiple roll accident 

could also'lead to these results, and although the simulations have tentatively 

confirmed this, they have not yet been ~~n in enough multiple roll co~ditions 

to determine which are most Severe. 

Th~ o~~rall probability of a ROPS collapsing is too small to be established 

with :my~ertainty, but the e';idence is consisterit with that obtained from the 

measureme;;t'of ROPS deformation in acddents(21). 

'Implications for standard strength test criteria' 

The data for simulations of tractors between 1000 kg and 8000 kg were taken 

from regressions of measured parameters against mass, since complete sets of 

individual data were not available. The simulation re suI ts again shoHed 

evidence of rather erratic, intermittent tyre contact, but their clarity was 
! 

improved after subjective, visual separation into one 'class containing cases 

in which contact was fairly continuous, and another in which it was not. 

The envelope of highest values of ROPS sideways energy, and the curves 

fi ttedthrough the higher energy class of data, both indicated a levelling 
, 

off of energy as tractor mass was ,increased. This is opposite to the findings 

" 
of studies of overturning on a uniform slope, where ROPS energy rises at a 

continually' increasing rate with tractor mass. The tractor dimensions 

I. ' 
increase to a low power of mass and cause energy to increase more rapidly than 

in direct 'proportion to mass if the terrain is non-dimensional. In the bank 

overturn, the increase in tractor size must also be related,to'the fixed bank 

height, and the effect of larger track width, particularly, is to reduce the 

energy'absorbed in the ROPS. 

.. ' , " . 
; 
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In a recommendation to standards co~nittees combining the two sets of 

results i,t would 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 presemt standard zone of cl,~arance, however, the mean line fitted through 

all the.results of these simulations is probably more appropriate •. The slope 

of thi~ ~ine,1.80, is.close to the value of 1.75 recommended by the EEC study 

group;,.partly on the basis of the simulation of overturning on a uniform slope. 

The units .are absorbed energy at maximum· sideways RepS deflection, J, per .. 

tractor,mass, kg. 

The simulations based on real tractor data did not include vertically 

fle~ble RepS because of the lack of structural information and the moderate 

bank h~igl1t used. While the adequacy of present lateraL strength test 

standards>has been confirmed by the results of these. and other silll1flations 
. . ," .. . . .' '. - ' .. 

reported here, this is not so for vertical strength standards., The potential 

has bee~ demonstrated for present RepS to,collapse verticallY,in very sever", 

accidents (8.4 I'md 10). A vertical loading test procedure including an 

absorbed .energy requirement in addition to a force.'limit would provide added 

aSGurance, .but the best solution might be to repl,~ce the horizontal and vertical 

loadingsby a single test in which the line of application of ,the force passes 

through ,the longitudinal axis. containing the tractor centre-of-mass. This 
.' '. 

sugt>estionhas already been made by the New Zealand au thori ties, and has the 

merito'fcsimulating not the typical but the most severe accident conditions • 

. ," 
'.'., 
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.APPm'DIX 2 • 1 

Classifioation of fRta_~?ideways ~verturning aooidents 

in England and Wales, 1969-1971 

The olassifioation of eaoh of the 76 acoidents are tabulated, together 

with the heights and slopes of banks in those 'Cl_type aooidents for whioh 

these data were reoorded. 

The olassifioation system, described in seotion 2.1, is 

summarised below:-

(1) Terrain profile: A = Overturning of flat ground, either level 
or with a uniform slope (Fig.2.2a). 

B = C,erturning initiated by the traotor 
mount~ng a bank or large obstaole from 
fl~t ground (Fig.2.2b) • 

.' 

C = O·,orturning ir.itiated by the traotor 
wheels falling over' the edge of a bank, 
or into a ditch (Fig.2.2c). 

(ii) Ground hardMo9: H;: iI:u-d g.t·,~und. 

(iii) Vehiole o0'!E21: 

(iv) Implements and 
trailers: 

(v) Additional 
contributory 
factors: 

S '" Soft gl'ound. 

L = L038 of oontrol of the speed of the 
traotor before overturning. 

N = Normal operation (No loss of oontrol). 

S = Solo tractor. 

~ = Mounted implement or equipment supported 
entirely or prinoipally by the tractor. 

T = Trailer or implement trailed from the drawbar. 

1 = Side slope 

2 = Sudden change of direction (Steering) • 

.3 = Surface with bumps or hollows. 

4 = Implement effect. 

5 = Other. 

Where a classifioation is uncertain, either because of insuffiCient 

informa':;ion or in a borderline caso, the most likely class is given in 

parentheses. 
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Classifioation o~~8:} .. ~~~~!'~1.s ,O~~~\l!!!;il\g.!1-ocidents! 1962-1911 
, 
i 

, 

M.A.F.F. Bank in 'c' type aooident 
Fatal 

Aocident Cla.ss 
Referenoe Height, Slope 
Number (i) (ii) (iii) (iv) (v) 

ft 

; 

2/69 B - H - (N) - S - (1), (2) 

~0/69 C - (H) - N - (S) 3 

IJ/69 A - (S) - N - (S) - 1, 2 . 
17/69 (B) - H - (N) - M (~)J (l~) 

, . 
e , . 

18/69 ("' (l;.) C - S'- N .. M •. :5 i, 2.5 
i" 

! 
19/69 C - (s) - N - CL') 5 . Vertioal, , 

I 
~ 

20/69 A - S - N - (s) - 2 ; 

22/69 C - H - " - 11 .' (4-) 10 Steep 

25/69 & 26/69 A - S - (N) ..: M .• 1, 2, 4 
: 

.42/69 - (li) - :s) B - H i 
, 

43/69 A - S - L . '~ .. 1, (2) , :; 4 I 
.; 

I 

45/69 A - (H) - L - (T) - 1, 2 
I , , 

46/69 C - (s) - N - (ti) 10 

47/69 B - H - L - T - (2) (4) .-

58/69 (A) - S N M - (2) 
. ' - -

59/69 A - S - (L) - (M) - 1, (2) 

.62/69 C - S - N - T 3 to 6 Steep 

69/69 A - s - (L) :- T - 1, 2, 4 

71/69 A - H - L - T ..; (1) (2) 4· 

73/69 B - H - L - S re) 
~d _. ,.J. , , . 

74/69 A - s - N - (:J) .. J, (2) 

81/69 I A s N ." (ill) - (:1.), (4) I - -
I 

82/69 
, 

C s r; J.l 'I' 20 45° I - - - ., ~ I 

89/69 I C - (s) - N - M 12. " Near 

I Vertioal 
94/69 B - (s) ..; L M - (1), (2),(4) 

,. -
96/69 (C) - (s) - (L) - (M) - 5 

105/69 I c _ (S) - (N) - (T) I 3 
I I , -• 
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.' . 
Classifioation of fatal sidewazs overturni;1ei aocidents l 1969-1211 (Cont.) 

M.A.F.F. Bank in 'Cl type aooident, 

Fatal 
Acoident· Class 
Referenoe Height, 

, 
, 

Number (i) (ii) (iii) (iv) (v) f't 
Slope 

i 

11.3/69 C - (s) - N - (M) - 4- .3 lin3 i 

1ll/69 B H N M '1, (2) .3 (4-) 
. , 

- - - - I 
, . 

, 

1/70 A - S - L - S - .1, 2 
I .. 

6/70 A - S - L - T - 1, 2, 4-
' , 

: • I 
'i.., 

19/70 (A) - S - L - S - 1, 2, 5 
.~ I 

Z1/70 A - S - N - T - 1 , 2, (4-) 
I 

26/70 A - s - L - M - 1, 2, (3), (4-) 
I 

27/70 A - (H) - L T - (1),(2),(4-) - " 

28/70 B - H - N - (s) - (2) 1 

32/70 C - (s) -, N - M .:. (4-) 10 . 45° I , 
33/70 C - S -' L - T - (1),(2}': 15. " :1 

I, 

34/70 c - s - N - T - 4- 10 Vertioal .:1 

35/70 A - S - L - T - 1, 2, 3,(4) I 

36/70 B - H c- L - (s) - (1) (2) 
I 

42/70 c - H - N - T 15 Near 
I Vertioal 

4-3/70 C - S - N - !.I " 6.5 
1 

4-8/70 C - S - N - (T) 12 
.1 

51/70 B H L - (s) - 2 . 
I 

- -
55/70 A - s - L - M - 1, 2, 4- l 

1 

1 

• 

61/70 B - S - L - M '- (1),(2) (4-) i 

I 

68/70 - (2) (4) 
'I 

c - s - N - T ,I 

I 
72/70 C H N T 5 I 8 Vertice,l - - - - \1 

1 

87/70 s' :.. (5) 
, 

B - H - L - 2, 
! 

, I 

90/70 C - S - N - S - 1, (3) 1 in 2to 

I 
1in3 

96/70 A - S - N - T - 1, 3, 4- I 
I 

100/70 (C) - (4) I I H - N - M - 1, 2, 5 
I -, r , 

.. J. 
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Classification of fatal sideways overturning accidents, 1969-1971 (Cont.) 

-M.A.F.F. .1 Bank in 'Cl type acciden1, 
Fatal 

Accident Class 
Reference Height, Slope 

Number (i) (ii) (iii) (iv) (v) ft 

4/71 C - S - N - T - (1) 5 
, 

6/71 B - H - N - 11 - 2 

7/7i (A) - S - N - S - 1, ,2, 3 , 

'9/71 A - (S) - 1 - S - I, 2 
, 

13/71 B H- 1 S 1, 2 
, - - -

18/71 (C) - S 
\ 

- (1) - 11 

32/71 A S 1 T 1, 2, 4- ! - - - -
38/71 A - H - (L) - T - 1, (2) 4-

43/71 A - S - N - 11 - (1),(2),(4-) 

4-5/71 A - S - N - T - I, (2), (4-) 

50/71 C - S - (N) - M 30 

51/71 B - H - L - T - I, (2),(3),(4-) 

57/71 C - S - L - T - I, (4) 8-10 Near " 

Vertical 
63/71 B - H - N - S 

74/71 B - H - N - T 

82/71 . A S 1 M 1, 2 , - - - - , 
, 

90/71 C - S - L - S - 1 2 i 

! 

94/71 C - S - N - S - 2 t 4- 4-5° , 
I , 

98/71 (C) - S - (N) - M - 3 
! 
! 

102/71 B - S - (L) - s ' - 1 

108/71 (C) -
• " 

S - L - T - 1, 2, 4- , , 
110/71 B - H - (L) - S 

115/71 C - S - N - M - (2) 
, 
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Classification of 38 sideways overturning accidents 

involving tractors with safety cabs 

APPENDIX 2.2 

The table includes classifications, defined in Appendix 41,and the 

heights and slopes of banks in those 'C'-type accidents for which these 

data were recorded. 

Also given are tractor speeds before overturning, angles of tractor 

rotation and details of driver behaviour using the following notation:-

1. Position during overturning: R = Remained in cab throughout. 

E = Ejected. 

J = Jumped out intentionally. 

? = Unspecified 

N = Tractors that ran away driverless 

2. Driver retained hold of ) 
Y = Yes ) steering wheel throuShout ) 

~ 
in parentheses if 

overturning. ) 
N = No not cer'i;ain 

) 
.3. Driver sta;zed in seat ~ ? = Not known throt.:Shout overturnin,S. 

• 

• 
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Classification of overturning accidents involving tractors ~ath safety cabs 

-
! • 

M.A.F.l. , Bank in C-type accidents ! Tractor Tractor Occupant behaviour during overturr.::.,. 
Class speed 

Serial No. i Height, ft. Slope ! mile/h rotation Position' l Held onto ; Sta:t"'~ -
• steering wheel I in s~;;._ '": 
• ; , 

S N M 1, 4- I 1 90° ! R 
-r y : l~ 2.5 I A - - - - ! • 

I I 1 i 
I 

26 (C) S 1 S 1, (2) 2.5 Vertical j "high" l800 I J N I N I - - - - I • 
I • i I 

N 1, 4- 6-8 
, 

0-1 I 180° I R Y N 27 , C - S - - T - I ! , 
28 C - S - 1 - S - 1, 2 30 3 in 1 15 I 2 + rev I R I N ! N 

I 
29 A - H - N - T - 1, 2 (4) 10-12 270° , R N I I. 

f 

I s N 11 3, (4) 3 5-10 90° ! R (N) I N 30 c - - - - ! 

I I 

31 C S - N - (T) - 5 5 2 90° R (N) ; h - ; 

32 I (C) - S - N - T .. 0-1 2.5 rev I J N I h 
I i ; 

3.3 A s N T 1, 3, 4- .3.5 90° E N ; F - - - - i ! • 
34- A - S - 1 - T - 1, 2, 4- 10-15 1350 R I y. I y , 

I I I 'I\) 

.35 
, (A) - CS) - (L) - T - (1),(4) 90° I N - - - (X) 

• I 'D 

'" 36 I A s N T 1, 3. 4. 5 180° R I y i ' (y) I 
I - - - - , 

! 
37 (C) s N T - (1), 4 I 4. 3+ 180° R I y I y - - - , I 

I i 
, 
I 

38 C - S - N - T - 1, 2, 4. I 1 in 1 to 2.5 rev R i Y I N 
'. 

I 
1 in 2 ! I 

39 i c - s - (N) - It! - 5 30 1 in 2 20 2 rev R Y I 1-< , 
I 

I 
i I 4-0 I B - H - N - S 10 90° R Y Y 
I 

U I (Rearward overturning) i 
, 
I ; 

.. . j I 42 i (C) - S - N - M. - 1, 4, 5 I 1 I 5 1.25 rev , ? 

! 
.? ? , 

f I 
4.3 A - S - N - T - 1, 3 .. 1 8 rev E N , N 

I 
, 

44- A - H - N - T - 4, 5 10 90° I R I N I N , , 
! - 1 ! 

45 l (B) - H - L - s I 90° , N - i -
! I • 

I , 
46 I (A) - S - N - T - 4, (5) • 0-1 900 

I R N ! N 
i ! , 

! , ; , , 



_M.A.F.F. 
3erial No. 

47 
48 
49 
.50 
.51 

.52 

.53 

.54 

.5.5 

.56 

.57 

.58 

.59 
60 

61 

62 

63 
64 

o· , 

.C .classification of overturning accidents involVing tractors Vii th safety cabs (Cont.) 

Class 

B;- H - N - S , 
C ' - (3) - N - M 

(BY - 3 - L - (T) - 1, 2 

A i _ 3 - 1'1 - (M) - 1, 2 

(A)' - 3 - L - T - 1, (2), (3) (4-) 

(A~ - S - N - ·T - 1, 3, 4-

C '- (l!) - N - 3 - 1, .5 
C,-S-N-M 

(Rearward overturning) 

B· - (S) -. N - (T) - 1, 3 
A,- 3 - N - M-I 

A : - 3 - N - T - 1, 4 

C : - (3) - N - S 

A!- 3 - N - T - 1 

A: - 3 - N -' M-I, 4 

Bl - 3 - L - M-I, 3 

A' - H - N - M - 2, 4, . 5 , 
A: - 3 - N - T --1, 4 

Bank in C-type acoidents 'Tractor Tr t Occupant behavieur during cverturr.ir. 
.. '-----.--r--.--~ ac or ,. ,-- speed Ir, t t' ' H ld o· "t .. 

Height, ft. 310pe mile/h 0 a l.on Position1 e . onto i ~ aye,,' I 
steerl.ng wheel l.n se~t 

10 

9 
10 

15 

10-15 
1 

.5 
3 

6-8 

4-
o 

10 

4--5 
2 

1.5 
5 
5 

25-30 

10 

.5 

1800 

180° 
2 rev 

90° 
8 or 9 

rev 
3600 

90° 
800 

1350 I 
90° 

1800 

180° 

90° I 
90° , 

3 or' 41 
rev ,I 

900 

900 

R 

R 

E 

R 

N 

R 

R 

R 

R 

R 

R 

R 

R 

R 

N 

R 

R 

? 

N 

N 

(I':) 

(y) 

(y) 
y 

'I 

Y 

(y) 

(y) 

li 

N 

(y) 

? 

? 

'I 

? 

Y 

'I 

Y 

(N) 

? 

N 

·N 

(y) 

(y) 
] 

; ~ .,,, L--__ --L---:i..-___________ -L ___ -1..---'-__ ...L. __ .L-_-L ___ L-____ ...L. __ 1 
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Total Numbers of Fatal Sideways Overturning Accidents . : 

• 

• 

• 

• 

• 

The numbers of fatal sideways overturning accidents in 1969-71 published 

by M.A.~'.F are 27, 23,' and 22 respectively, compared with 29, 24 and 23 

,quoted in this thesis. The main reason for this lies in a slightly different 

defini tion of the term '·sideways". 

1. N.A.F.F. definitions: Overturning accidents are assigned a class number 

ending in 00 if the principal direction of overturning is sideways, 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 

Vias to provide information for research in the dynamios of, overturning 

the most usefUl distinction was thought to be between acoidents where 

the tractor rears up while trying to two out a bObge~ vehiole, for 

example, and those oaused by the tractor's gravitational and inertial 

f'orces. Since the latter include most "sideways" overturns, the 

f'ollovdng defintions were ohosen:-

Rearwards: Accidents initiated solely or principally by torque in 

the tractor rear axle. 

Sideways: All other overturning accidents. 

Comparison: As a result o~ the different definitions, one accident in 

which the principal direction was sideways (M.A.F.F. olass 00) was 

initiated by torque in the rear axle, and 5i7 endways accidents were 

not so caused - in most of these cases the direction of overturninP, 

was f':lrwards. In additien one accident claimed two !iVIes • 

i 

I 
! 

I 
I 
1 
! 

I 
, I 

I 

I 

I 
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Total Numbers of Fatal Sideways Overturning Aooidents 

Total M.A.F.F. olass 00 - Number of 
fatalities 

- Number of 
aocidents* 

Subtract olass 00 accidents considered 
as rearward by the definition in this 
note:-

Add olass 01 accidents considered as 
sideways by the definition in this 
note:-

1969 

27 

26 
,. 

.' 

26 

(89/69) 

(96/ 69) 

(105/69) 

29 

·One accident olaimed two lives - 25/69 and 26/69 

1~70 

23 

23 

23 

(42/70) 

24-

1971 

22 

22 

I 

(8l/7l) 

21 

(9/71) 

(18/71) 

23 

. 
i 

: 
1 

. i 
I . ; 
i. 

• 
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APPENDIX '3 .1 

Simulation Program Details 

(a) The test for surface contact is carried out before the deflections in 

the current step are available. Instantaneous loss of contact must 

therefore be prevented at this stage, and is only allowed if the 

subsequently calculated ground reaction Fv is ~ zero. No contact 

oscillation instability occurred with the program in this form. 

(b) The slip angle f is calculated from the nominal forward velocity and 

lateral velocity along the surface of the point in the wheel plane 

corresponding to zero tyre spring force. The true velocity of the 

tyre contact point in the previou~ step may be used instead, but this 

was found to give rise to oscillation that was probably spurious. It 

is in any case the wheel plane tr~t is normally used to define ]V • 

(c) An effective "slip angle" for ROPS/soil is calculated using a very 

large value Of~). 
\d" 1/"0 from an instantaneous 

at changes of sign U. 

Tha purpose is to avoid instabili ty a6sing 

change in side force from + lA F to - lA F 
f max' v f max' v 

T~le efL;~t ~s probably a fair representation of 

reality and has no significance in the dynamic behaviour. 

(d) The structural line ch~~ges are determined on the basis of deflection 

from the initial position. To avoid the need to consider both positive 

and negative deflections in eac~ direction at each point, a sign of 

the direction of non-linear behaviour is as~ociated with each. Thus, 

for example, the deflection limits Xl, in Fig.3.7 are applied to 

positive x1 deflections for odd-numbered vehicle points, and to 

negative x1 deflections for even numbered points. Any deflections that 

occur in the opposite directions are assumed to be linear elastic. 

These are likely to be small except in the case of the tyres, which are 

entirely linear. 

(e)' 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 deflection, is 
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affected by yield enhancement, but for points 3 and 4 at the tops of 

the rims, the lateral deflection in the plastic phase is limited by 

contact with the tractor base frame. 

(f) Each structural line is assigned a value 'elastic' or 'plastic'. If 

the line is elastic it is retained during unloading; otherwise the 

recovery line is selected (shown dotted in Fig. 3.7). If the force 

subsequently increases, on renewed ground contact, for example, the 

recovery line (or appropriate elastic line) is used until the previous 

maximum deflection is reached, when the ori"ginal loading line is resumed. 

The first line of each characteristic is always elastic; subsequent 

lines may be either elastic or plastic. The present model is limited 

to a single recovery line, but multiple lines with elastic/plastic 

options would improve the simulation of anti-vi"oration mount behaviour, 

for example. In this case the chano~ tests during recovery would 

become rather complex. 

All the kx etc values and the x1fo etc values for the loading lines 

are fixed parameters. The x1fo etc for the unloading lines are 

determined from the previous maximum force and deflection, which are 

{I 
"I 

I 
I 
I , 

updated whenever a 'plastic' line is in use. I 
i 

The requirement" for positive finite kx precludes the use of a zero i 
plastic stiffness. A very l!.rge k , however, achieves substantially 

x 

the same effect. This results in high sensitivity of deflection to 

force variation, and forms an additional requirement for double 

precision variables. 

(g)" When a particular structural line change is encountered for the first 

time, the contact point equations are recalculated with the new line, 

as shown in Fig.3.5 & 3.7. The line is th&n rechecked according to 

Fig.3.7. The tolerance on deflection change between calculations from 

the two lines is necessary to avoid oscillation. The tolerance is 

automatically exceeded at the first change by setting the previous 
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deflection to a large nominal value outside the loop. If the tolerance 

is not met after ten iterations the simulation is aborted. One 

iteration is normally sufficient except ~Ihen tlfO coordinates, such as 

Xl and v change lines at the same -time step. 

(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 

increment -in displacement. At surface ch~~ges, the ground coordinates 

u and v may undergo large step changes because they are defined from 

the surface slope. To avoid spurious work calculation in these cases, 

the effective values of u and v in the previous step are calculated 

from the previous xl' Yl' xg ' yg and e, 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. T~1 structural line test is omitted before 

impact, when the only points in contact are the elastic tyres. At the 

first impact with the ground, surface 4, the program reverts to the 

end of the previous step with the new, smaller value of step length. 

In the multiplo roll version, the test for regions (1)-(4) in FigJ.6 

is omitted, and the surface test reduces tb 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 point. To avoid the slow initial movement when this 

velocity is small, the actual initial conditions for the program refer 

to the time Ifhen e reachcs-90u under rotation about the contact point 10. 

The velocities are determined from those in the nominal conditions 

assuming equivalence between potential and kinetic energy changes 

between the two po si tions._ 



APPENDIX 4.1 

OVERCONSTRAINT OF THE TOP FRAME 

The effect of constraint can be considered by treating the eight 

plastic hinges at the ends of the vertical bars as ball joints. 

Relative movement of the top frame in pure translation, as any com-

bination of longitudinal and lateral motions, results in equal 

angular deflections of all the ball joints. For significant rulgular 

deflections G. there will be a small vertical deflections S of the 
1 Yi 

top of each bar 

S = h 1 (1 - cos G.) 
Yi 1 

(where h1 is the effective height 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 same holds for 

relative movement in pure rotation about the centre of the top frame. 

If rotation and translation are combined, however, the four angular 

deflections, and hence the vertical deflections will be different • 

. Furthermore, the vertical defleotion will not in general be proportional 

to the horizontal dist~1ce to the effective centre of rotation and this 

gives rise to overconstraint. The kinematics of this type of movement 

are quite complicated but as the vertical deflections will always be 

small compared with the horizontal, a simple estimate of the degree of 

overconstraint can be made. 

Three uprights are just sufficient to provide constraint; the lack 

of fit e... in any deflected position can be defined as the vertical 

difference between the position of the top of the fourth upright predicted 

from the other three and its position derived from rotation about its own 

bottom hinge. The lack of fit increases with increasing slope of the top 

frame to the horizontal, although the relationship is not linear. For a 

given horizontal deflection at one upright this slope will be greatest 

when the deflection of an adjacent upright is zero. Thus the case giving 



I 

I 

I 
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maximum e .. is rotation of the top frame about one upright, i.e. one 

corner. 

As an example (Fig. 4.9) consider a horizontal deflection of 

0.2h1 at the two uprights (2 and 4) adjacent to the fixed one (1), 

giving approximately 0.2 ,{2h1 at the fourth (3), diagonally opposite the 

fixed one. This is as large a deflection in this mode as is likely in 

practice; 

Then the vertical deflecticn S are 
Yi 

B = 0 
Y1 

h1 (Sin-1O.2) B = By = (1 - cos ) 
Y2, 4 

h1 (Sin -10 •2.[2) B = (1 - cos 
Y3 

= 0.0202 h1 

)= 0.0408 h 1 

But in this case the deflection S predicted frcm the other three 
Y3 

deflections is approximately 

.'. e"" _ (S ) = (0.0408 - 0.0286) h 1 
= 0.0122 h 1 

Y3 p 

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 

tWisting of the stiff, top frame. In the case above, the adjustment 

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 frame the hinges are not at the ends of the bars but 

displaced a distance d"pemding 6n'th", bar diameter. This distance is 

not known very accurately, and the likely maximum error of about 1% due 

to overconstraint is therefore not important. 'I 

I 
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Fig.4.10 Load cell showing positions of strain gauges X and Y 
and bridge wiring diagrams 
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APPENDIX 4.2 

TRANSDUCERS AND INSTRUMENTATION SYSTEM 

Load cells 

The form of the ce+ls is the wide~ used flattened octagonal proving 

ring with strain gauges positioned to give greatest independence of force 

measurement in the two directions (85) (Fig. 4.10). 

The design ill a compromise between performance and size. In other 

situations where the maximum loads are small in relation to the space 

available, performance is optimised by making the mounting faces much 

thicker than the gauged sections. Applied to this case, hOl<leVer, 

optimisation would have resulted in an unmanageable overall size. The 

relative thickness and small radius of the gauged parts give rise to 

some non linearity, hysteresis and cross sensitivity in the compressive 

direction (Fig. 4.11), although behaviour in shear is good. 

Each cell is effectively two octagonal rings 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 are 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 load. Each assembly is fixed to one face of the 

cell by a grub screw passing through an insert in one of the main cell 

mounting holes. The surface of the inside gap faces had not been 

finished with this application in mind but it was hoped that mating 

would be improved by plastic surface deformation of the mild steel stops 

under overloading after assembly. 

Preliminary tests established the gap width variations in the 

region of the stops, and the likely thickness required. The deflection 

of each cell at the rated load of 225 kN was about 0.3 mm. The predicted 

! 
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shim combinations were then fitted and modified so that each of the fcur 

stops began to make contact at approximately the same load. Further 

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 furiher increase under over

load (Fig. 4.12). In practice the effect of the stops increased 

gradually and compromised criteria had to be adopted. 

Accidental overload in previous impact tests had shown no physical 

damage under forces estimated to be several times the rated load. 

Permanent set was recorded, as a change in output at zero load, but 

sensitivity remained unaltered. An overload of It times rated load was 

judged 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 1t 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 

given in Fig. 4.12. 

In their modified form the cells are suitable for measurement of 

forces up to 75 kN. At higher compressive loads the action of the stops 

interferes with shear measurement, although the extent of this could not 

be determined in the absence of equipment to apply forces simultaneously 

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. 

Displacement transducers 

Rotation measurement is effected by strain-gauged spring leaves 
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riding on cams that form the cross of the bottom hooke-joint (Fig. 4.13). 

The fixed cnd of ench leaf is mounted on a block which cnn be moved 

nearer or farther frcm the cam to alter the range of angles that can be 

. measured. The total range is about 40°; with the block at one end it 

extends from _40 0 to 00 (vertical), and at the other end, from 00 to +40°. 

Intermediate positions may be chosen. 

The leaves are made frcm beryllium-copper strip for high sensitivity 

and freedom from corrosion. They are tapered to ensure more uniform 

bending stress. 

Instrumentation system 

The two 50m umbilicals are each 25-way cables, one carrying the 

bridge pm;er supplies and the other the signals. The greatest hazard 

would be for the cables to get caught round a rear 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 is fixed to the tractor by shear-bolts to minimise 

damage if the cables did become fouled. Cable drag and inertia forces 

are transmitted to the tractor by a spring. 

At the tractor end cf the umbilicals they are connected through 

further distribution boxes and light, fcur-way leads to the individual 

transducers. At the van end they pass directly to a twelve-channel pOl;er 

supply and signal conditioning unit designed and built by Instrumentation 

Services Department. (Fig. 4.14) 

Potentiometers at the amplifier inputs are used to balance the trans-

ducer bridges and alter the overall gain. Output is monitored on a 

digital voltmeter (DVM); on each channel the required gain setting is 

indicated by the offset produced when a calibration resistor is switched 

across a bridge arm. J;n the replay mode the tape recorder replaces the 
{ 

transducer connections as input to the amplifiers. 
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A remote oontrol unit allows the operator to start and stop the 

tape recorder from a position outside the van. A switch is included 

to simultaneously put a onE-volt pulse on the thirteenth channel, fire 

the flash units and start the oscillograph. 

Cine film equipment: 

Cameras: Bolex H 16, 16 mm 

Lenses: 

Film: 

Nominal speed: 64 frames/s 

16-100 mm zoom on 100 mm (rear camera) 

11-68 mm zoom on 17 mm (side camera) 

Ilford Mk V or FP4 (monochrome) 

Kodak Ektachrome Commercial (colour) 

'Tractor speed measurement: 

Synatel SSP.l 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/so 

Tape: Pye TVT 8990/211/28020 Instrumentaticn tape. 

DV Oscillograph: 

SE Laboratories Type 3000/B/L.T 

Chart speed used for tests: 250 mm/s 

Galvanometers: Type M1000 

, Paper: Agfa Gevaert Oscilloscript D, width 152.4 mm. 

..~ 
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APPENDIX 4.3 

CALIBRATION 

mechanical units very straightforward. It is assumed that all 

operations on the original transducer signal are linear, including those 

both before and after recording. The validity of this assumption was 

tested by calibration of the individual instrumentation units. There is 

nO,requirement for the mechanical-input/signa17output relaticnship of the 

transducer to be linear but it must be capable of definition by a 

mathematical function, such as a polynominal. 

The overall procedure is as follows: 

(i) The relation between mechanical units u' (force, 

displacement, etc.) and electrical amplifier 

output v'is obtained using suitable testing 

equipment. The transducer is connected to the 

instrumentation system and the voltage that would 

normally be recorded on tape is read from the DVM. 

The normal zero and gain setting-up procedure is 

follo,led and the voltage offset Vo produced by the 

calibration resistor is noted. 

(ii) A mathematical function is fitted to this relation-

ship in the form: 

u'= f (~J 

The function most appropriate for the present data 

is a cubic: 

, u' u = 1 

where the fitted constants U1' U2 and U
3 

have the same 

I 

I 

I 
:1 

I 
! 

:1 
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units as the mechanical variable u: 

The curve must pass through the origin Qy 

definition from the zeroing procedure. 

(iii) On analysis the new variable w (e.g. digitised values) 

with its associated offset Wo is converted back to 

mechanical units by the same function. 

u' = U 1 \;. : ) + U 2 (w:) 2 + U 3 (;.:) 3 

In this way the individual gains of the recording and analysis 

processes need not be knOl-lll,' providing they are applied identically to 

the data and the calibraticn offset. The same function and fitted 

constants may be used regardless of the form of the analysed variable. 

Load cells 

A Mayes servo-hydraulic universal testing machine aPf,lies compressive 

forces to the cells. To provide mounting arrangements equivalent to those 

of the top frame and domed plates, and to allow testing in the shear 

directions, the cells are fitted into a special jig. The two parts each 

comprise three mutually perpendicular welded faces, one of which is 

bolted to the cell. 'The complete assembly resembles a cube and compressive 

loading across each of the three pairs of faces correspond respectively 

to'the compression and two shear directions. 

Force was normally incremented in 25 kN steps up to 225 kN on the 

250 kN range of the Mayes machine. In some cases additional tests were 

,carried out in smaller steps and on lower ranges. The agreement between 

tests on different, ranges was better than 1%. 

Although the width of the 0-225 kN-O compressive hysteresis loop is 

significant (typically 4 to 7% of indicated load in the 0-75 kN range), 

this is rather artificial. When loaded to a lower m~imum more comparable 

to overturning test forces the absolute hysteresis is greatly reduced 

'(e.g. 1.5% at 10 kN after loading to 25 kN). For this reason, load-

increasing values only are used in calculating calibration coefficients. 

r 

I 
i 
I 

I 
l 
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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 oorrect 

any zero error so that the curve waS forced through the origin. 

Cross-axis sensitivity 

For each pair of·cells, the calibration included measurements of 

the output of eaoh ohannel in resvonse to forces in the other two 

directions. 

The sensitiv:i.~y of the shear channels to foroes in compressive 

and transverse directions was negligible. 

The sensitivity of the compres8ive channels to force in the shear 

direction was up to 10% of the compresBive sensitivity, and to force in 

the transverse direction up to 6% at loads up to 50 kN. For full scale 

loads the cross sensitivities increase to up to 18% in the worst case. 

Because of the relative unimportance of high shear and transverse loads a 

simple linear approximation to the cress sensitivity of the compressivs 

channels is derived f"r the range 0-50 kN. 

Assuming the linearity is sufficiently good·to allow the prinoipal 

of superposition to hold, the voltage output from a compressive channel 

due to a known shear force may be estimated and subtracted from the 

measured compressive voltage. The nett compressive force is then 

obtained from the compressive calibration function. This method is only 

possible because of the 19.ck of cross sensitivity of the shear channels. 

Consider one pair of cells subjected to a combined loading: 

Compressive component FC 

Vertical component 

Horizontal component FH 

• • Then the voltages Vxv and vXH in the compressive channel due to FV 

and FH will be given by: 

• (Vxv) = 

(vac) 

1 

r 
I 
I 

! 



where Uxv and UXH define the linear cross sensitivities from the cross

axis calibration and vac is the calibraticn offset of the compressive 

channel. 

The voltage 
, 

measured at the compressive channel is then the vCM sum 

of • v~and the output 
, 

due to the compressive component FC' vxv ' Vc 

v' I , I or 
....Q 

vCM Vxv vXH , = -,- vac -,-
VOC vOC voc -(4.7) 

, 
Fv FH = 

vCM -,-
Uxv UXH voc -(4.8) 

FV and FH are calculated from the measured relative shear volt ages 

and 

and the shear coefficients. The value of V~V~C may then be used with the 

compressive coefficients to determine FC. 

Since the shear relationships are linear,.the calculation may be 

further simplified to allow FC to be obtained directly from the voltages 

and coefficients without intermediate determination of FV and FH: 

= 

, FH = UH ( V~) 
(VOH? 

where Uv and UH are the relevant U1 coefficient's 

, 
V~M ( Vi) ( V') then Vc Uv UH 

Vac = Vac ( V~ (V,H) 
Uxv (V~V UXH OH 

Displacement transducers 

A simple calibration jig is used to allow linear movement of the top 

of the transducers. The top frame mcunting 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 as the top 

joint is moved progressively alcng the bar. 

Although the linear movement during calibration is similar to the 

movement of the top frame it is not identical due to the'height 

changes constrained by the deformation of the bars. ro allow this to 

be taken into account the linear movements are converted to angular 

displacements of the pivots in degrees, and the calibration coefficients 

are expressed in these units. 

The horizontal deformation B of the top frame in a test are 

derived from the calibrated angular displacements Qt of the trans

ducers by: 

This is an approximate relationship depending on the assumption that 

the effective distance h' between plastic hinges is the same as that 

between the transducer pivots. The error introduced by this assumption 

is less than 1%. 

Calibration results 

Details of individual calibrations and tables of coefficient values 

obtained are given in reference 62. 
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APPENDIX 5. 1 

ESTIMATION OF UNOBTAINABLE PENEl'ROMETER READINGS 

At the first depth (0, 3, 6, 9 in) for which the reading could 

not be obtained a value of 300 (corresponding to a cone resistance of 

2730 kN/m2) was assigned. This is slightly greater than the maximum 

that could be reached manually. Means were than calculated at each 

'depth, in some cases cf less than the ten values where the obtained 

readings stopped before the previous depth. These new means were 

corrected as appropriate by multiplying by the ratio of the new/old 

mean fer the previous depth to take some account 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. 



. 

Depth, 

in 

0 150 90 

3 225 220 

6 * 215 300 

9 200 

Table 5.19. Penetrometer readings for Test No. 25 

(To obtain cone resistance in kN/m2, IlRlltiply 
reading by 9.0891) 

Individual readings at ten . Of 
stations actual 

* 
readings 

Estimated 
Mean No. 

90 25 40 90 20 40 50 10 61 10 

* 180 110 90 140 300 100 130 130 154 9 

240 220 190 230 190 nO 160 202 8 
. 

300* 14{) 90 230 260 50 160 164 1 
, 

Of actual Cor-

+ estimated rec-
tion 

readings 
fac-

Mean No. tor 

1 

169 10 1 

.1.§.2 213 9 154 

181 8 233 
202 

. Calculating 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. 

Cor-
rec-
ted 

mean 

61 

169 

233 

209 

I> 

"" ~ 
I\) 
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APPENDIX5.2 " 

Method of analysis of film measurements' 

(i) Derivation of rotation eguations 

starting from the fixed co-ordinates x Y z, the body co-ordinates 
are obtained by the three successive rotati8ns ghowa fig. 5.2. 

For the first rotation through 9z about Oz. to xl Yl z1: 
0 

xl cos 9 sin e 0 x 
Z z 0 

Yl = -sin 9 cos ez 
0 Yo z 

201 . 
0 0 1 20

0 

For the second rotation 9y about Qyl to x2 Y2 z2: 

x2 
cos 9y .0 -sin El y xl 

Y2 = 0 0 Yj - (5.2) 

z2 sin Ely 6 cos Ely Zj 

" For'the thi'rd rotation e about ox2 to ~ Y3 z3: x 

x3 1 0 0 x2 

Y3 = 0 cos e x sin e Y2 - (.5,3) 
x 

20 
3 

0 -sin e cos El x x z2 

(5.1) x (5,.2) gives: 

x2 
cos'S cos e cos ey sin e -sin ey x 

y )/i 20 0 

Y2 = -sin ez 
cos 6z 

0 Yo -(5.4) I 

z2 s:;'n e cos e sin e sin e cos e 20 
y Z Y z y 0 

, 
~.3) x (5.4l gives: 

cose cose cose sine -sine x 
y z Y z Y ".'0 

= 
-sinS cose cosSxcosez cosS sine 

" SZ "ex e +sin9 sine sine 
y x jr 

+S~n s~n COs 0 
xy z x y z 

sinexsinez -sinexcos9z cose cosS z 
+cosS sinS cose +cos9xsin9ysin9z 

x y "0 
x y 20 

-(5.5i 
E'l.uat~on5.5) is the rotation transform from fixed to body co-ordinates' 

and may be expressed in the form 
-(5.6'" .. 
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The transformation of the roll angle G may be followed by considering 
z 

the behaviour of a line parallel to the axis Ox. The film plane is 
o 

parallel to the x y plane so that a line will map to its projection on o 0 

this plane. The first rotation about Oz is in this plane so the projected o 

angle remains the true angle. The second rotation is about OX
1 

which is 

still in the x y plane, so that the projection of OX2 onto the plane is 
o 0 

identical to Ox
1

• The final rotation leaves OX
3 

coincident with OX
2 

and 

hence the projection of OX
3 

onto the xoyo plane provides the true angle Gz' 

Measurement of the rotation of any line parallel to Ox
3

, may be used. The 

other variables measured from film are the x and y co-ordinates of marked o 0 

points on the tractor. A complete description of the tractor's position 

may be o~tained from two such points, P and Q, assuming that the z 
o 

co-ordinate is determined separately, and the differences between the x 
o 

and y oo-ordinates of P and Q may be used to determine the pitch and yaw 
o . 

angles G and G from the transformation equation (5.5). The derivation 
x y . 

is most simple if P and Q are chosen to lie on the traotor centreline 

giving x3P = x3Q = O. The matrix is most easily handled as its transpose 

to exclude zo co-ordinates from the equations. 

Put S = sinG and C = cosG z z 

and define the differences in the co-ordinates of P and Q by the suffix B: 

. < ~B = h )p - (X3) Q 

xoB = (xo) P - i, (xo) Q and similarly for Y3B and YoB 

Expanding the inverse of (5.5) using (5.7)1 and (5.8) gives: 

and Y oB 

= (Y3BsinGx + Z3BC~SGx)'C SinGy + (-Y3BcosGx + z3BsinG ).S 
x -(5.5a) 

= (Y3BsinGx + z3BCOSGx)'S sinGy - (-Y3BcosGx + z3BsinGx)'C 

= 

............ ----------------
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solving for the quadratic in t,gives 

-(5.10). 

For the case where point Q is forward of point P, giving z3B <.0, the . 
positive root gives the required solution. 

In the case where 

xoBS - YoBC - Y3B = 0 

the solution is ·obtained from 

in place of(5.10). 

Equations (5.10). contain known values and may be used directly 
with, (5.9)to determine the pitch rotation ex. 

The yawey may be. then obtained from (5.5a) 

sin ey = xOB + (Y3BcOS ex - z3B sin ex)s 

(Y3B sin ex + z3B cos ex) c 
or if e = Z 

. 900 and C = 0 

-(5.11 a) 
sin ey = YOB (Y~B cos ex - Z3B sin e ) C x 

(Y3B sin ex + z3B cos ex) s 

The value. of (y B sin e+ Z B cos e ) becomes zero only if the pitch 
rotation brings Q and P intoXthe sa~e Xo YoXplane, i.e. zoB = Zo This is 

unlikely for a reasonable choice of P and Q • 

. Angll.lar velocities in thl~ body co-ordinates 

Consider two successive positions of the tractor defined by the rotation 
angles [9]i and [9+ ~ e J i, where i is used to denote the sequence x, y, z. 
The incremental angles in the .body co-ordinates may then be defined in terms 
of a rotation transform matrix ~T, where: 

and x are the co-ordinates in the body system of a stationary point in the 
fixed3system. 



If ~T can be found from known values, the required incremental angles 
[663]. are given by manipulation of its_elements. By analobC1 with the 

l.. equivalent rotation transform Te (equation 5.5).' . 

tan S63x = AT (2, 3)/ AT (3,3) 

sin se3 = -AT (1,3) 
. y 

tan 8e3z = AT (1,2) I AT 

now' 

and = T 
e + Se 

where Xo are the co-ordinates of the point in the fixed system. 

From (5.12) and (5.14): 

x x 
.. 0 = AT x r~] . 

e 

= AT x - -Ta x x ,0 

- -1 -, multiplying by Te .... ' the inverse of Te: 

- - -1 
Te + Se x Te . x Xo = AT x Te 

or AT = 

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 z position of the 
tra()tor (Fig. 5.11). 0 

Zo = [zo] impact + DZ (\mpact - t) -(5. 16) 

Thus the apparant x co-ordinate of P, the tractor point is given by o 

-D P o 

, 

SCALE 

where SCALE = mean length on analysis of 1 metre at pole. 

Then true x co-ordinate of P is 
. 0 

= (-DoP') .. 
SCALE x 

, , 

-zoP 
-zoD 

but DoP = DP - Dlx) =' ~f - :l];f 
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(1') 
TRACTOR 

P' 

DATUM LINE. 

( 'HORIZONTAL' 
THROUGH TOP OF 
PLATFORl~ AT 
ROLL OFF) 

(DATUM POINT 
FOR MEASUREi1ENT) 

Fig.5.l1 Scaling diagram (plan view) 

where xpf and xEf are the measured x co-ordinates of P and the edge of 
the bank respectively on analysis 

(Note: for convenience, the x co-ordinates on analysis were measured 
in the - ve x direction) i 

Then xoP '= (~f - ~f) zaP 
SCALE x zoD 

similarly YaP '= (Ypf - YEf) zaP 
SCALE x Z D o . 

The measured co-ordinates of Q are obtained in the same way. 
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APPENDIX 5.3 

Transformation of impact forces and deflections 

The transformations from the top frame co-ordinates ,x4' z4' to the 
tractor co-ordinates x3 ' z3 (fig'5.12)are: 

~ = x30 + x4 cos 6
3 + z4 sin 63y .,.(5.19) , Y 

, z3 = z30 x4 
sin 63y + z4 cos 63y -(5.20) 

The value of x3 is given by the· calibrated lateral displacement of 
transducer Dl (CH7): ! 

and z3 by the calibrated longitudinal displacements of Dl (CH9) and 
D2 (CH8): . 

z3Dl = CH9 +b4 

Z3D2 = CH8 + b4 

Then the deflections SX30 

from (5.19): SX30 = CH7 + b1 

&. SZ30 = c;re' + . b4 

from (5.23) and (5.24): 

a.'lc1 SZ30 are: 

- b1 cos 63y - b
4 

sin 63y 

z30 = t (CH9 + c;re) + b4 (I-cos 63y) 

:rhe deflections at the load cells L 1 and L2 are then: 

Ei~Ll = S~o + ~ cos 6
3 + b6 . sin 6

3 - b
5 Y . Y 

SX3L2 = bX + b cos 93y - b sin 63y hs 30 5 6 -
SZ3L2 = Sz b sin 63y b cos 63y + b 30 5 6 6 

-(5.28) 

, 
, 

. , 

I 
f 
i 
I 
! 
: 

i 
.! 
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Fig. 5.12 Imnact force and deflection diagram, as a 
pl~~ view of the tau frame 

,/ 

Note: Relat.ionships d"fining load cell co-ordinates b
5 

and b6 

in Fig. 5.12, and b2 and b
3 

in Fig. 6.6; are: 

b
1 

c b/2 

b
5 

= b1 + b
3 

b
6 

c b1 + b
2 

, . 

i 

I 
I 

I1 , 
!I 
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Ti"lG measllred forces are in the x~ and z4 direction~. Taking, account of 
the signs of the transducer signals ( ig.4. 8) the forces on the 
frame in the x3 and z3 directions are: 

FX3L1 
,. -CH3 cos e3y - CR6 sin 93y -(5.30) 

FZ3Ll = CR4 sin e3y CR6 cos 93y -(5.31 ) 

FX3L2 ,. -CHl cos e3y + CH3 sin e3y -(532) 

FZ3L2 
,. C!I1 sin e3y + C!I3 cos 93y -(533) -

This system of four forces is then replaced by an equivalent system of 
three forces corresponding to the three chosen characteristic deflections 
(fig. 5.13). 

Fx)2 + FX31 = FX3L2 + FX3Ll 

FZ32 = FZ3L2 + FZ3Ll 

Fx31 ,2b6 co,s 93y 
,. FX3Ll·2b6 cos 93y - FZ3Ll .2be; sin S3Y 

or .Fx31 = FX3Ll - FZ3Ll tan 93y 

(5.34) in (5-36) gives: 

FX32 = FX?L2 + FZ3L1 tan e3y 

Hence the three deflections are found from equations (5,27)-(5.29), 

using (5.26) to determine "y and (5.23) and (5.25) for 8x3o and 8z3o ' 

The'three forces are found from (5.35)-(5.37); using .. y in (5.30)-(5.33) 

to find the intermediate farces. 

f 
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APPErmrx 6. 1 

THE COMPUTER PROGRAM STAF6 

The program is written in FORTRAN for use on the ICt 4-10 at 

Rothamsted Experimental Staticn. 

For a set of input deflections the resultant external·forces are 

calculated from equations (6.31)-(6.41). It had been found that YD 

varied between about -1 and +1 for unit deflection at Bj also the 

force FyD or FYD1 increased monotonically with increasing YD for a 

particular value cff3B' 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 would be fairly complicated. To 

overcome these problems a search based on a modified Newton technique 

was used following a simple search from below the solution. 

From an initial value of sey, -2, YD was increased in small steps 

unfil FYD1 changed sign. At this point the modified Newton technique 

took over, the steps of YD being determined by! finite differences using 

previous values instead of the differential coefficient. 

Thus in Newton x 1 = x - f(x ) n + n n 
.f'GC) 

n 
, 

replacing f (xn) by f(xn ) - f(xn_1) gives: 

x - x 
n n-1 

x -
n 

x - x 
n n-1 

1 - f (x 1 )/1' (x ) 
n- n 

or in terms of the present variables 

(YD)n+1 = (YD)n + (OYD)n 

where (& YD)n = _ (y) _ (y ) 
. D n D n-1 

1 - (F yD1 )n_/(F yd1 )n 

To avoid the instability resulting from the highly non-linear 

parts of the curve the value of YD is constrained to lie between the 



, 
i . , 

Fig.6.22 

-z 

- 323 -

z 

o 

-I 

Range of 
solutions for 
different Q( 

z 3 

Yo 

Variation of force and deflection at D for oonstant 
deflection at B ~ = 320°, b2 = b

3 
= 0) 



_ ... ----------------,--:-~-----------,---, 

.' . . ""-. 

- 324 

, 'i 

the two previously found values that are'closest to the solution. At 

each step the maximum value of YD is the lowest previous value fcr 

which FyD1 was positive, and the minimum is the highest value for which 

FYD1 was negative. This results in use of the efficient Newton 

technique wherever possible. The method works well and gives a fast 

iteration fcr this type of functicn. 

il 

I 
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APPENDIX 6.2 

DETERMINATION OF YIELD STRESS 

Hounsfield No.14 tensile test speoimens were out 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 '(1<0. 1 - Fig. 6.23). The other three were taken from 

parts of the bar that had not been deformed plastically, approximately 

250 mm from the hinge, No. 2 being parallel to the axis and 3 and 4 

transverse to form an'orthogonal triad. 

The specimens were tested to failure in a Mayes servo-hydraulic 

universal testing machine at a constant deflection rate of 5 mm/minute. 

Taking account of deflections in mounting fixtures and load cell this 

gave a strain rate in the elastic range of about 2 x 10-4 per second. 

Load deflection curves were produced automatically on an X~Y plotter 

from a 25 kN load cell and a displacement transducer in the machine. A 

typical set ,of stress strain curves calculated from these values is 

given in Fig.6.23. The strain was estimated by subtracting the machine 

deflection from the overall measured deflection. As the machine 

deflection was a large proportion of the total in the elastic range of 

the specimen, the estimated strains in this region are only approximate. 

Stress~strain curves for specimens from the same part and 

orientation in different bars almost identical. The specimens that had 

not been plastically deformed (Nos. 2, 3 and 4)shO\~ed a gradual trans

ition from elastic to plastic behaviour. The axial specimens (No. 2) 

had a higher elastic limit and strain hardening rate than the transverse 

specimens (3 and 4). This difference is due to the cold drawing process 

used to form the bar, in which grain structure and' inclusions are 

elongated along the axis. Values of reduction in area at fracture show 

that the ductility is also higher in the axia~ direction. 
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Fig. 6.23 Stress-strain curves and (inset) position of specimens. 
Tests on bar L4-B. 
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The specimens from the plastically deformed part (No. 1) had the 

highest elastic limits and showed yield point phenomena, a just

distinguishable upper and lower yield stress. The strain hardening 

rate after the yield point was lower than for the other specimens. 

Throughout this thesis the term yield stress has been used to 

denote the constant stress in the plastic region of elastic-ideally 

plastic behaviour. 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 material. For ourves of the type 

shown by No. 2, 3 and 4 there is, strictly speaking, no yield point. 
\ 

For practical purposes the stress at which the original tensile load/ 

deflection curves depart significantly from linearity has been called 

the yield stress. This is more nearly equivalent to a 0.1% proof 

stress than a true elastic limit because of the relatively insignificant 

specimen elastic deflections described above. 

The results are summarised in Table 6.9. The yield stress used 

for the caloulations of oollapse force is the mean value for the No.2 

specimens. The stress-strain curve is very nearly elastiC-ideally 

plastic up to the small strains occurring in the impact tests. 

TAllLE 6.9 

Means and Standard Deviations (S.D.) for tests on six bars 

Yield stress, Max stress,* Elongation at Reduction in 
Speoimen MN/m2 MN/m2 break, % area % 
position 

Mean S-.D. Mean S.D. Mean S.D. ' Mean S.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 

* Engineer's stress i.e. maximum load/original. area 
.! 
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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. 

where the LHS is the moment of FL and the RHS is the moment of the 

individual upright collapse forces. 

This gives: 

= FL 
4P cos 0( -

-(6.43a) 

For the rotation about other uprights, the moment of the upright 

collapse forces remains the same and the RHS of (6.43a) and the numerator 

of (6.4.3b)are changed. The denominator of (6.43b), the moment arm of 

F·L, becomes:-

b2 cos C( - Cb + b3) sin <X for rotation about D 

or Cb + b2) cos 0<. -b
3 

sine( for rotation about G 

or b2 cos 0<. - b
3 sin 0<.. for rotation about B 

li 
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APPENDIX 7. 1 

MEASUREMENT OF INERTIAL PARAMEl'ERS 

.'. 

The inertial 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 orthogonal datum 

axes in the body. 

(iii) The directicns of the three principal axes of 

inertia in relation to the datum axes. 

(iv) The tr~ee 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 jigs. 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 parameters. 

The most sophisticated method is probably that developed by NASA 

for aircraft (87), based on oombinatic·ns of pendulum and coil-spring 

suspensions. Great care was taken in the design and ccnduot of these 

experiments to ensure accuracy; for example, rig suspensions were 

designed to compensate for non-linearity at large amplitudes and to 

minimise unwanted modes in single point suspensions. As a result of 

this and the complete determination of parameters, the equipment, 

'procedure and analysis of results are complex. The report contains a 

bibliography of methods 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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suspension; and Winkler (90), who used a pendulum suspension for pitch 

and roll and a combined spring and pendulum method for yaw. In some 

of these ani3;"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 position. 

The only published' descriptions of methods used for agricultural 

tractors appear tc relate only to pitch inertia. Matthews and Talamo 

reported on the NIAE suspended platform (91) and Goering et al (92) 

used a beam spring method with a relatively hieh natural frequency 

( :::: 10 Hz) and a simple technique to separate pitch and bounce modes. 

Measurements required 

The inertial parameters of the tractor fitted with the experimental 

frame were needed for simulation and analysis of experimental results. 

Values for several other tractors were also required for comparison. 

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 adapt the suspension system for roll 

measurement using brackets fixed to the tractor, the method is 

cumbersome, and accuracy is difficult to achieve if the rig is frequently 

changed. The prime requirement was therefore the development of a 

simple technique for roll inertia measurement. 

It would have been of some benefit to develop also methods of,yaw 

and product measurement. The effort was 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 measure~ pitch and roll values are 

close tb the principal inertias) 'and 

(ii) that the yaw inertia may be estimated from the 

pitch inertia, since it is required only'toalow 

accuracy. 

11 
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A spring method for roll inertia 

The main theoretical attraction of pendulum suspension methods 

is that the stiffness, provided by eravity, may be accurately 

determined and remains constant. This applies to practical measurement 

only if the support and suspension are extremely rigid, however, and 

this requirement imposes the main limitation on real systems. A 

secondary practical problem is the need to provide means of attaching 

the suspension to the vehicle, especially if oomplicated braokets have 

to be made for each test. This is overcome in pitoh measurement using 

a suspended platform but the inertia of the platform itself reduces 

overall aoouraoy and the method is difficult to apply in roll. 

To overoome these limitations, in view of the laok of a ready-

made rigid suspension support at the NIAE, an alternative method was 

developed for roll inertia measurement (93). In this technique, the 

traotor is supported from belo,! on a longitudinal knife edge, the 

stiffness being provided by vertioal coil-springs attached to extensions 

of the rear hubs (Fig. 7.23). This has the added advantage that the 

oscillation axis is closer to the centre of mass, increasing the 

relative contribution cf moment of inertia about the point, and henoe 

accuracy. 

The overall roll stiffness has two components: 
! 

(i) the spring couple which tends to restore the system 

frem a defl~cted position back to equilibrium and 

(ii) the inverted pendulum effect cf the tractor mass, 

directed away from equilibrium. 

The derivation of the system equations is given in referenoe~3), 

together with details of experimental equipment and accuracy; it is 

shown that the stiffness is uniform, under the stated assumptions, and 

the resulting motion is simple harmonic. 
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Fig. 7.23. Roll inertia measurement method 

In the most general application of the method, the force-deflection 

characteristics of the springs must be found. This allows the height of 

the centre of mass and its lateral offset frcm the pivot axis to be 
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dertimined by measuring the overall roll stiffness of the assembly. If, : I 

however, the height of the centre of mass is know in advance and the 

tractor is balanced on the knife edge sufficiently aocuratelY to allow 

the lateral offset to be ignored, the inertia may be obtained either 

from the spring characteristics or from the roll stiffness, but both 

are not required. 

Results 

The results of measurements are given in Table 7.2 for the Fordson 

tractor with experimental frame used in the overturning studies and for 

several other tracto~s with and without cabs. 

Two different pairs of springs were used for the measurements on 

the overturning tractor, one pair being about twice the stiffness of 

the other. The two sets of results agree closely. 
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Table 7.2 Results of measurements on roll ri,,! and s'-lspended phtfoI".ll 

Roll 
Measurem'OJIl t Pitch m~asUr9rlH''lt 

Spring Stiffness Suspended platform pivot heig~lt ,m 

; 10.r High 1.435 1.588 1.740 1.892 

( 1 ) FORDSON MAJOR WITH NIAE EXPER1MEN'rAL FRAME {Mk 11 TOP1(mass = 2065 k~l 

Centre of mass ht(YG),m 0.882 0.891 0.895 0.893 

Radius of gyration, m' 0.618 0.624 0.960 0.950 
, , 

(2) FORDSON MAJOR WITHOUT FRAME (mass = 2:2:20 k/::l 
., o •• ___ 

Centre of mt<ss ht(YG),m 0.759 0.723 

Radius of gyration,m 0.409 0.953 0.936 0.898 0.903 

( 3) FORDSON MAJOR WITH DUllG A.N CAB (masS = 2488 kg) 
... . '" ... 

Centre of mass ht(YG),m 0.764 0.745 

Radius of gyration,m 0.500. 0.960 0.926 0.930 0.908 
, 

( 4) }1ASSEY FERGUSON 178 WITHOUT CAB (mass = 2226 kg)'" -- _ ... .. 

Centre of mass ht(YG),m 0.778 
.. 

0.780 0.776 

Radius of gyration,m 0.505 0;935 0.949 

(5) MASSE'[ FERG'JSON 178 WITH STA-DRI CAB (mass = 2514 k,'il-' 

Centre of mass ht(YG);m 
I 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 BROim 225 WITHOUT CAB (mass = 2218 k''il 
... ,., .. ", .. -. , 

Centre of mass ht(YG),m 0.791 

Radius of' gyration,m 0.491 
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(7) DAVID BRO'tIN 292 WITHOUT CAB BAL1ASTED (227 kg each rear wheel, 21 kr, each· 

,I 

1 

. front wheel - total mass- 2122 k/:: 
.. . 

Centre of maSs ht(YG),m 0.741 0;742 0.748 

Radius of gyration,m 0.704 0;863 0;869 
, , . 
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For the suspended platform tests, inertias were generally 

calculated for each of several pivot heights, rather than plotting a 

curve of periodic time against height as previously (91). "In most 

cases, agreement of the centre of mass heights is good between the 

two methods, and for different pivot height of the suspended platform. 

The most serious error is for the Massey-Ferguson 178 with cab:at a 

pivot height of 1.588 "m; no explanation can be found for this 

discrepancy. Th? agreement of pitch radius of gyration 'at different 

pivot heights is only fair. 
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Side force 

APPENDIX 7.2 

TYRE CHARACTERISTICS 

comPl::e w::e::y:s:::e s:::b::

r

:: :::::::::s ~y t:r:o:~::g a::r:;::e:::a:n :d-----I 

sidewall construction; tread pattern and state of wear; material and texture 

of ground surface; inflation pressure; normal load; tangential load; slip 

angle; camber angle; speed. When some parameters, such as slip angle, are 

continually varying, the side force does not directly assume its correspondin~ 

steady-state value at each change but develops the new force gradually as 

it rolls. 

In a number of analytical studies the tyre and contact patch have 

been treated as various -combinations of spring elements in order to gain an 

undeIlstanding of the mechanism of force generation (6{, 94).' Most invest i-

gations of tyre behaviour have been empirical, however, and many relation-

ships between side force and kinematic variables have been published for 
.·C· 

particular types of tyre (see, for example, refs.95-97., and the review 
. 

given in 94). There is unfortunately little useful data available on tractor 

tyres, where the large diameter and lug patter~ influence behaviour. Most 

measurements relate to car tyres at small slip and camber angles for use 

in handling studies. A further problem is the wide diversity of measure-

ment techniques and methods of presenting .results. No definitive reference 

or review paper giving quantitative data in an adequate range of conditions 
.'. !" 

could be found in the literature. 

It was not possible to measure side force directly in the conditions 

of the overturning experiments. Some measurements of front tyre' side 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 adjacent to the over-

turning platform. These added to the information gained from the 

literature, but the rig would not accept large rear tyres and could not 

be operated on the platform itself. 

Discussion with experts and a'review of the literature resulted in 

the following compromise solution: 

(i) The limiting coefficient of sideways resistance (corresponding 

to t.) at large slip angles for rubber tyres on the' concrete 

and steel plates of the platform,iri wet and dry c()nditions, 

was estimated from tests using a'Portable Skid Res:i.stance 

Tester 
(98) . 

(ii) The cornering stiffness, the slope of .the side force/slip 

angle curve at low slip angle, was kindly measured by 

Michelin Ltd on a tyre of similar size, construction and 

lug pattern, at a number of normal loads for the inflation 

pressures used in the overturning experiments. 

(iii) The shape of the side force/slip angle curve :was assumed to 

" '(66) (96)·.·· .... 
be a'limited cubic. Ellis 'and NASA recommend a 

1 . '. • 
function with y and r terms only, in which case the two 

coefficients are defined uniquely from the cornering , 

stiffness and limiting side force coefficient.. In non~ 

dimensional form this relationship may be expressed as 

3 ,,' 

L = 'f' n 
4 

'fin 
t'max 

27 

(for - 1.5 < Yn < 1.5) 

and fA 
.. 

1 (for 
Irn I > 1.5) = 

{-"max 

where J4max is the limiting value of ~ at large slip angles 
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and ~n is a normalised slip angle defined in relation to the 

actual slip angle ~ and the cornering stiffness t~,~, ~t= 0 by: 

= lti:.~ ~r - 0 
d 1f r- -(7.3) 

A theoretical 2 justification for excluding the "If, term 

from (7.1) is the symmetry of the curve about the origin. Radt 

and Milliken(99), however, found that adding a term in V n"!'lfn'l 

improved the 'fit of the curve; this preserves symmetry, 

although it creates a discontinuity'in 

at the origin. 

is: 

( 50) 
Their equation, which was later used by McHenry, 

fmax 
= 'tn 1 

+ 27 
3 

lI'n 
In this cas~ the bounds for the cubic form are 

(iv) The build up of side force under a step change of slip angle was 

assumed to follow an exponential relationship with the distance 

11 d
(66) 

ro e • The distance at which 1/e of the steady state force 

is developed, the relaxation length, is generally considered to 

be approximately equal to the rolling radius, although little 

support for this appears in the literature. 

Bergman measured side force under conditions in which the 

slip angle oscillated as a 
" (100) 

truncated triangular function • An 

attempt by Chisholm to verify the relaxation length hypothesis 

using Bergman's data was only partially successful. The shape 

of the experimental loop was matched better if the input was 

assumed to be sinusoidal rather than triangular, but prediction 

of the loop width was only fair. The tyre data given'in the paper 

were incomplete, however, and incorrect assumed values may explain 

the difference, 

(v) All other parameters were assumed to have second-order effects 

and were ignored. 
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Tyre side force/slip ~~gle measurements 

Details of the rear.tyres fitted to the overturning tractor, and of the 

tyre tested by Michelin Tyres Limited, are gi-.ren in Table 7.3. 

TABLE 7.3 

Tyre details 

,., 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 46 
Lug angle 45

0 
45

0 

Lug length, mm 230 225 
Lug width, mm- inside 27 27 , 

- outside 32 27 ,-

Wear Part worn New 

The normal inflation pressure in the overturning tests was 103 kPa and 

the static load 9.61 kN. In the test in which the tractor wasballasted, the 

presGure was 152 kPa and the static load 12.30 kN. The 'dynamic' load during 

overturning probably varied between zero and about twice the static load. 

Three combinations of pressure and load were used',in the slip .. angle tests to 

take some account of this 'variation. (Table 7.4)., 

The rolling speed in the' slip angle tests was 3 km/h (0.889 m/s) compared 

with typical overturninztest speeds of about5.4km/h (1.5:m/s).The test 

surfaces were similar but no measurement of limiting friction 'on, the slip 

angle test surface was available. 

Normalised cornering stiffness in each condition given in Ta~le 7.4, were 

calculated according to: ' 
-1 Normalised cornering stiffness, rad ( side force. = mean slip ande. 

normal.·force, kN 
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Forces ware maasured at low slip angle only. because of limitations of 

the equipment. In this range, the behaviour is neariy linear. 

TABLE 7.4 

Results of side force/slip angle measurements 

Side force, kN, . NormSlUsed . 

Pressure 
Normal at slip angle: cornering 

kPa force, stiffness; 
kN -1 2° 3° 4° rad 

170 17.55 2.80 4.02 5.12 4.36 .. _--- ... 

1'70 21.60 3.24 4.51 5.80 4.07 
220 21.60 3.43 4.85 6.10 4.29 

. 

Measurement of limiting coefficient· of friction 

The County Surveyor's Department of Bedfordshire County Council carried 

out the measurements with the Portable Skid Resistance Tester. The apparatus 

is normally used to assess the skid resistance of road pavements prior 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 pendulum is fitted with a rubber 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 calibrated scale. Measurments at TRRL of the sideways resistance of a 

rolling wheel using a vehicle based machine (SCRIM) have allo~led correlation 

of the pendulum scale with a coefficient of sideways reSistance, which may 

be interpretted in this case as coefficient of friction. 

Tests were made on the dry concrete surface near the overturning part, 

on the wetted plastic floering material, and on a small· sample of painted 

metal sheet representing the plates, both dry and wet. Repeat tests on the 

plastic flooring and metai plates gave identical values to within the reading 

accuracy; tests on the concrete at different points and in different 



directions sho>led changes due to variation in the micro-surface. Results , 

are sununarised in Table 7.5. 

TABLE 7.5 

Coefficients of friction 

." Coefficient of sideways Surface Test (and resistance 
oondition directicn) Individual Overall 

* means mean 

.. 
Concrete 0.895 
(-along 0.78 080 
platform) 0.715 

, 

Dry 
. Concrete 0.79 

(-across 0.77 0.80 
platform) 0.83 

. 

Metal plate 1.00 1.00 

Wetted Plastic floor 0.095 0.10 
wi th 1 :500 covering 0.105 

detergent 
t in water Metal plate 0.14 0.14 , 

. :~ 

* Each individual mean is the mean of five repeat readings of the 

inst~~ent. at one point on the surface. The three indiviual 

means for each direction on the concrete represent readings at 

three different point in the overturning area. 
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Stiffness and I damping 

Values of dynamic tyre stiffness and damping in vertioal, lateral 

and longitudinal directions for a variety of tractor tyres 'under 

different, conditions of load, pressure and wear were reported by 
! 

Stayner and BOldero(83). The parameters were,estimated from 'measure-

ments of transient response in a laboratory rig, assuming a linear, 

second-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 close~'repeatable, some 

inconsistent variations of stiffness with load were reported and the 

effect of wear was significant. In addition, temperature variation 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). 

, 
'I 
I 
'I 

I 



~ .. -.---~ .... , .-... ~, "., 

- 342 

APPENDIX 7 .3 

structural characteristics of wheel discs 

Forces were applied slowly to the wheel rim by hydraulic ram, while the 

tractor was supported with the rear tyres raised above the ground. 

Tests were carried out on the disc centres fitted as standard to the 11.36 

rear wheels of the Fordson 11ajor tractor, and on the N.I.A.E. "strap" centre 

used in the overturning tests. 

The results (Fig.7.24) show typical elasto-plastic bending behaviour that 

is described quite well by a model with only two piece-wise linear loading 

portions. The shape of the plastic part for the strap centre. is due to 

geometric effects. The test repeatability was good overall but some 

variati'1n was shown in the local curve shapes because of the complex failure 

modes and the effects of slip at the fixing bolts. 

The present model has some shortcomings in describing the ,rim 

characteristics: (i) the top and bottom of the rim are not entirely 

independent, though c~upling is less than might be imagined; (ii) a signifi

cant amount cf colomb friction is probably present, particularly in the 

case of the experimental spoke centre; and (iii) the experimental unload-

ing curve is significantly non-linear. To minimise the effects of these 

limitations, the model damping and unloading stiffness were adjusted 

empirically. 

Yield enhancement for the ROPS and rims were determined from the 

relative x1 velocity at impact. This had been found satisfactory in the 

prediction of the ROPS laboratory test results. 
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Fig. 7.24 Force-deflection curves for sideways loading 

at wheel rim. 
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APPENDIX 7.4 

SOIL CHARACTERISTICS 

Plate sinkage·measurements depend mainly on compressive strength, 

whereas ccne penetrometer readings are additionally influenced 'by 

shear'strength, and this 

content increases(101). 

becomes the predominant factor as water 

For cone penetrometer measurements to be a 

reliable indicator of the relevant ,strength it would have been necessary 

to record also the water content and bulk density of the soil. More 

confidence may be placed in the measurements for those -tests when the 

soil 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 measurements, 

perhaps modified subjectively according to the perceived wetness of the 

soil. In view of the limitations described above and the relatively 

large standard deviations of simultaneous penetrometer measurements at 

different positions in the impact area, the agreement between simUlation 

and experiment at impact cannot be expected to be good. The comparison 

may, however, be interpreted to add information about the soil behaviour. 

From limited relevant studies on impact(9, 54) it was concluded that 

the soil behaviour may be represented adequately by an idealised elasto-

plastiC characteristic, assuming the strength is known. Rate effects 

appear to be small and so badly defined that they are better omitted. 

The area of the load cells, taken together, in a plane perpendicular 

The direction of impact is at an angle to this 

axis, when the shape becomes more like a wedge than a flat plate and the 

effective area 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 or 0.1 m
2

'as a first approximation. 

When the tractor 'is upright the tyre contact area depends on the 

normal load and tyre pressure. During impact, ~ is around'-900, and the 

tyre sidewalls transmit a considerable proportion of the normal load 
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directly to the rim. When the wheel lies flat on the ground with a normal 

force high enough to cause significant penetration, the area is probably 

close to the projected area of the tyre sidewall annulus, in this case 
2· 

m • 0.89 The effective area of the rim itself is negligible, and si:ie-

wall deflection al1o~.s this to sink slightly further than the tyre. In the 

present model, the area of a tyre is shared between 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 G varies 

o from-90 , the nominal areas for each point were adjusted empirically with 

2 
the range 0.1 and 0.2 m • 

The surface frictional force resisting sliding motion is also poorly 

defined. Forces generated by pure sliding movement have been shown to 

approximate closely to a coulomb-type relationship with normal fcrce(81), 

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 the total force than 

pure sliding friction· in the present conditions. Resistance due to 
f 

penetration rises with increasing sinkage, and hence also with normal 

force, but the effective area also increases. In the absence of 

quantitative evidence it seems 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 

simulated and experimental results more difficult. But since the behaviour 

is fairly well defined qualitatively, the power of the model to predict 

the effect of parameter variation is not diminished. 






