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A study was conducted to investigate issues surrounding the fitment of Roll-Over Protective Structures (ROPS) to
small (300-600kg operating mass) vehicles currently available on the UK market, primarily for use in amenity, turf
care and estate maintenance applications. Of particular interest was the potentially detrimental effect of ROPS
installation upon small vehicle lateral stability, and the suitability (or otherwise) of ROPS performance test criteria
intended for larger (>800kg) vehicles, for application to smaller vehicles in the 300-600kg mass range.
Computer-based dynamic simulation modelling techniques, validated by practical roll-over trials, were
employed to investigate small vehicle lateral roll-over behaviour, with particular respect to the onset of vehicle
lateral instability and the energy levels likely to be absorbed by the vehicle Roll-Over Protective Structure
(ROPS) during the overturn event.
Vehicle mass was found to have no effect upon lateral stability: primary determining factors being vehicle
wheel track (plus tyre) width and Centre of Gravity height. Consideration of operator mass can significantly
reduce lighter vehicle lateral stability (side-slope angle at onset of instability) by up to 20%, whereas the
addition of an (estimated) ROPS frame was found to reduce lateral stability by only 5.4-8%, depending upon
vehicle configuration. The proportion of total roll-over kinetic energy absorbed by the ROPS frame varied
between 43 and 61%, and was largely independent of vehicle mass. The remaining energy generated during
the roll-over was absorbed by the vehicle wheels/tyres, sliding friction between the vehicle and roll-over/
ground surfaces, and ground surface deformation. Increasing ROPS stiffness reduced the amount of roll-over
energy absorbed by the structure and the resultant structural deflection, but increased peak force levels.
Whilst application of the currently-accepted lateral roll-over ROPS performance test criteria (ROPS-Absorbed
Energy = 1.75 x vehicle mass) may result in a 15-17% energy over-estimate for the lowest-mass vehicles
considered (~300 kg), this criteria appears to become progressively more appropriate as vehicle mass increases
towards 600kg. In conclusion, there is insufficient evidence to recommend the application of an alternative energy
- mass relationship, even at the lower end of the vehicle mass range considered and, on balance, significantly
more evidence to support application of the currently-accepted (larger vehicle) relationship to off-road vehicles in
the 300-600kg mass range. Appropriately-engineered ‘conventional’ ROPS solutions would therefore appear to
be suitable for application to these smaller vehicles, where a roll-over risk is deemed to exist.
This report and the work it describes were co-funded by the Health and Safety Executive (HSE). Its
contents, including any opinions and/or conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy.
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EXECUTIVE SUMMARY
Significant numbers of small (300 – 600 kg operating mass) vehicles are currently available
on the UK market, primarily intended for domestic and semi-professional use in amenity, turf
care and estate maintenance applications. Whilst potentially subject to a risk of lateral roll
over or tip-over during normal operation, very few of these vehicles are fitted with Roll-Over
Protective Structures (ROPS) to protect the operator. Indeed, parts of the industry are
concerned that fitment of a ROPS to certain types of smaller (lower mass) vehicles will
reduce stability sufficiently to increase the risk of vehicle lateral roll-over during normal
operation
The majority of recognised ROPS performance testing standards do not encompass smaller
vehicles, particularly below 600 kg mass. Certain of the industry suspects that the ROPS test
performance criteria intended for larger (> 800 kg) vehicles are inappropriate for smaller /
lighter examples. Consequently, at present, manufacturers of small vehicles who wish to
design and install appropriate ROPS upon their machines, are unable to refer to recognised
performance criteria for these structures.
The overall objective of this investigation was therefore to determine the (mass) range of
small vehicles that can be accommodated within current ROPS performance testing criteria
and the potential (lower mass) extrapolation limit(s) of the current test criteria; thereby
enabling appropriate design criteria and tests procedures to be specified where a ROPS is
required on a small vehicle, and determine where alternatives to current ROPS may have to
be considered.
This investigation primarily utilised computer-based dynamic simulation modelling of small
vehicle lateral roll-over behaviour, validated by selected practical roll-over trials, to predict
the lateral stability characteristics of, and the amount of energy likely to be absorbed by a
ROPS frame when fitted to, a vehicle in the 300 – 600 kg mass range. This technique was
found to be capable of accurate prediction of small-vehicle lateral roll-over behaviour, both in
terms of the onset of vehicle lateral instability and the energy levels likely to be absorbed by
the vehicle Roll-Over Protective Structure (ROPS) during the overturn event.
For lateral stability and roll-over investigation purposes, vehicles of the size range in question
were represented by one of three generic chassis configurations (4-wheel, rigid chassis; 3
wheel, forward-facing; 3-wheel, rearward-facing). Vehicle mass was found to have no effect
upon lateral stability: primary determining factors being vehicle wheel track (plus tyre) width
and height of Centre of Gravity (C of G). For vehicles whose typical operating speed is less
than 2 metres/second, static stability theory was found to be an adequate predictor of the sideslope angle at which lateral roll-over is first initiated. However, for higher-speed vehicles,
and those incorporating suspension, dynamic simulation modelling was considered likely to
be superior. It was considered appropriate to include the operator’s mass as part of the total
vehicle during simulation of lateral roll-over because, in reality, if a ROPS were fitted to an
open-station-type vehicle, the operator would be required to wear a seat restraint, in order to
remain in the protective zone offered by ROPS frame in the event of an overturn. However,
consideration of operator mass (and location) can significantly reduce the (theoretical) lateral
stability of lighter vehicles; percentage reductions in the side-slope angle at the onset of
vehicle instability of over 20% being possible. However, the addition of an (estimated)
ROPS frame to a range of vehicles (211- 692 kg mass including operator) was found to
reduce lateral stability by only 5.4 - 8%, depending upon vehicle configuration;
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In the range of vehicle configurations investigated (4-wheel, rigid chassis; 3-wheel, forwardfacing; 3-wheel, rearward-facing: mass range:- 300 – 600 kg), the proportion of total roll-over
kinetic energy absorbed by the ROPS frame varied between 43 and 61%, and was largely
independent of vehicle mass. The remaining energy generated during the roll-over was
absorbed by the vehicle wheels / tyres, sliding friction between the vehicle and roll-over /
ground surfaces, and ground surface deformation (small in this instance). Increasing ROPS
stiffness reduced the amount of energy likely to be absorbed by the structure, and the resultant
structural deflection, due to a roll-over event. However this reduction was not in direct
proportion. In the circumstances investigated, increasing ROPS stiffness by 20% reduced
absorbed energy by approximately 5% and ROPS lateral deflection by 18%, whereas
increasing ROPS stiffness by 100% reduced absorbed energy by approximately 18% and
ROPS lateral deflection by approximately 50%. These values were found to be independent
of vehicle mass in the (300 – 600 kg) range investigated. Whilst this reduction in ROPS
deflection is beneficial to ROPS designers attempting to provide an adequate protective zone
for the vehicle operator in the event of an overturn, the necessary increase in ROPS stiffness
will result in the transfer of significantly higher peak loads to the vehicle chassis;
In the circumstances investigated, the amount of energy absorbed by the vehicle ROPS was
found to be largely independent of vehicle chassis configuration and primarily dependent
upon vehicle mass. However, vehicle wheel track width and Centre of Gravity height were
effectively kept constant during the investigation, because the values chosen were deemed to
be an appropriate representation of a range of commercially-available machines (see
Appendix 2). In practice, the lateral stability requirements placed upon many machines used
in the amenity sector, tend to limit the extent of the relationships between these parameters.
Whilst application of the currently-accepted lateral roll-over ROPS performance test criteria
(ROPS-Absorbed Energy = 1.75 x vehicle mass) may result in a 15 – 17% energy over
estimate for the lowest mass vehicles considered (~ 300 kg), this criteria appears to become
progressively more appropriate as vehicle mass increases towards 600 kg. In conclusion,
there is insufficient evidence to recommend the application of an alternative energy – mass
relationship, even at the lower end of the vehicle mass range considered by this investigation
and, on balance, significantly more evidence exists to support the application of the currentlyaccepted relationship for larger vehicles to off-road vehicles in the 300 – 600 kg mass range.
Appropriately-engineered ‘conventional’ ROPS solutions would therefore appear to be
suitable for application to these smaller vehicles, where a roll-over risk is deemed to exist.
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1.

INTRODUCTION AND INVESTIGATION OBJECTIVES

Will the fitment of a roll-over protective structure (ROPS) to certain types of smaller (lower
mass) vehicles used in the land-based sectors, reduce stability sufficiently to increase the risk of
vehicle roll-over during normal operation? Historically this has been a source of major debate
between manufacturers and workplace safety bodies. Manufacturers of smaller vehicles have
contested that the addition of ROPS of designs similar to those found on (larger, heavier) offroad vehicles could be counter-productive in relation to roll-over safety. This was primarily
because the additional mass of the ROPS, its magnitude relative to the mass of the vehicle, and
its location on the target vehicle, was potentially sufficient to raise a small vehicle’s Centre of
Gravity (C of G) enough to make it less stable and more prone to overturning.
An increasing range of smaller (< 600 kg mass) self-propelled vehicles is becoming available on
the UK market, particularly for amenity, turf care and estate maintenance applications. Whilst
potentially subject to a risk of lateral roll-over or tip-over during normal operation, many of
these vehicles are not fitted with roll-over protective structures (ROPS). The Provision and Use
of Work Equipment Regulations (PUWER) (HSE, 1998) require work equipment to be fitted
with appropriate devices to protect the operator from envisaged risks during the course of
normal operation. Where a vehicle roll-over risk is envisaged, the fitment of a ROPS is the
conventional solution, but not in every case. However, if a ROPS fitted, it is then considered
necessary to fit some form of operator seat restraint to the vehicle (e.g. a lap belt – HSE (2002)),
to ensure that, in the event of an overturn, the operator remains within the protective zone
provided by the ROPS. Whilst a simple matter to accommodate, this does serve to raise the
vehicle mass during a roll-over event by 75 – 100 kg, because the operator will remain attached
to the machine. For smaller (~ 300 kg) vehicles, such an increase is significant.
Vehicle and protective structure designers are somewhat restrained by the absence of suitable,
recognised performance testing criteria for smaller vehicles (Schmitt, 2002). Previous research
(Stockton et al., 2002) has indicated that a multiplicity of ROPS standards exist and are
frequently targeted to vehicles in specific market sectors and/or applications. Current off-road
vehicle ROPS legislation and associated performance testing standards / procedures primarily
concern agricultural tractors, forestry and earthmoving machines. Without exception, current
ROPS performance testing standards, which specify loading, energy absorption and deflection
criteria which the protective structures have to meet, incorporate formulae relating these
characteristics to vehicle operating mass, and typically were developed for application to
vehicles of significant mass (> 800 kg), but many off-road vehicles used in the amenity sector
fall below this value. A further question therefore requires an answer: Are the lateral test
performance criteria applied to larger vehicle ROPS appropriate for smaller / lighter examples,
or are they excessively stringent and inappropriate?
Consequently there is a requirement to determine the range of small vehicles that can be
accommodated within current ROPS performance testing criteria and the potential (lower mass)
extrapolation limit(s) of the current test standards. This will enable appropriate design criteria
and tests procedures to be specified, where a ROPS is required on a small vehicle, and
determine where alternatives to current ROPS may have to be considered.
The objectives of this investigation were therefore to:x Determine the criteria which need to be satisfied to enable current ROPS test
procedures to be utilised on smaller vehicles;
x Determine the lower (vehicle mass) extrapolation limits of current ROPS test standards
and accordingly the point where alternatives to the conventional ROPS may have to be
considered.
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2.
2.1

SMALL VEHICLE MARKET ANALYSIS

VEHICLE TYPES AVAILABLE

A review of the small vehicles currently available on the UK market was undertaken. As an
initial starting point for small vehicle classification, engineers involved in the investigation
attended trade shows and also obtained product literature from machine manufacturers.
Illustrations of vehicle types, collected during this process and the market analysis described
in Section 2.2, were then scattered on a large table and grouped into appropriate categories in
terms of vehicles type. This initial classification was largely based on the visual appearance
of the vehicle and information which could be assumed from the vehicle layout. The factors
taken into consideration were number / position of wheels, operator seating position,
approximate weight distribution between the axles, type of steering and overall appearance of
the vehicle. This resulted in seven groups of vehicles, as detailed below:-

1
Small tractors / mowers
Typically 4-wheel vehicle with midmounted rotary cutting decks, rearward
seating position, front-wheel steer on a
pivoting axle, & possible rear grass
collection facility

Brush cutters
2
Typically 4 wheel vehicle with midmounted cutting deck, central / rear
seating position and front wheel steer
without pivoting axle

4-wheel triples, forward-mode
3
Typically 4-wheel vehicles with 3
overlapping cutting cylinders, rearward
seating position and front-wheel steer on a
pivoting axle

3

4
4-wheel load carriers
Typically 4-wheel vehicle with rear load
platform, forward seating position, front
wheel steer and independent front
suspension

5
3-wheel triples
Typically 3 wheel vehicle with 3
overlapping cutting cylinders, forward
seating position, front wheel drive and
(single) rear wheel steer. 4-wheel variants
with a pivoting rear axle also common

6
Zero turn mowers
Typically 4-wheel rigid-chassis vehicle,
with mid-mounted cutting deck, and
rearward seating position. Rear-wheel
drive, supported at front by castor wheels.
Steering by speed (and direction) control
of driving wheels, giving extremely tight
turning circle. Generally has low Centre
of Gravity height.

3-wheel load carriers
7
Typically 3-wheel vehicle with rear load
platform or fixed equipment, forward
seating position and (single) front-wheel
steer. Can be a very light machine.

As could be expected, within each group there were a number of vehicle variants and there
were some vehicles which lay on the borderline between groupings. This encouraged
consideration of a more formulaic system by which to define the important vehicle
characteristics, for subsequent incorporation into the dynamic simulation model of vehicle
lateral roll-over. This approach is discussed further in Section 3.1.
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2.2

STAKEHOLDER SURVEY

The objectives of this part of the investigation were to determine:x the current usage patterns of the small vehicle types identified in Section 2.1;
x the requirement for Roll-Over Protective Structures (ROPS) on smaller (below 600 –
800 kg mass) vehicles;
x what, if any, ROPS solutions are currently being implemented in the marketplace.
A questionnaire was compiled (see Appendix 1), utilising commercial survey design and
analysis software and dispatched to a total of 75 contacts, comprising machine manufacturers,
suppliers, owners, operators and local authorities. A visit to The Institute of Groundsmanship
Exhibition (IOG “Saltex”) was also utilised to distribute more copies of the questionnaire to a
number of the industry stakeholders exhibiting there. The questionnaire was also sent to
members of the ISO TC 23/SC 13 (Tractors & Machinery for Agriculture and Forestry –
Powered lawn & garden equipment) Working Group 15, who were known to be investigating
ROPS requirements and test procedures for powered ride-on equipment for turf maintenance
applications.
Impressions derived from the exercise were:9Although the overall response rate was only 25% it was considered high for an
unsolicited questionnaire;
9The response rate across the recipients was skewed, with the majority of the
responses coming from machine manufacturers or suppliers (see Figure 2.1).
Nonetheless it was felt that this indicates the relative importance with which the
various target recipients currently view this area;
9Discussion with exhibitors at IOG Saltex, revealed ROPS for small vehicles to be a
topic of which most exhibitors were aware. Many also were aware of requests for
ROPS on smaller vehicles which were considered outside the scope of current ROPS
performance test standards;
9ISO TC 23/SC 13/WG15 did not respond directly to the questionnaire, but recent
meetings with the leaders of that group have opened up a constructive on-going
dialogue. Their timely work appears centred around the drawing together of elements
of existing ROPS testing standards and determining appropriate performance criteria
for structures fitted to vehicles of less than 800kg test mass.
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Health and safety / legislation / regulation
5.3%
Vehicle fleet management
5.3%

No reply
10.5%

Vehicle operation
15.8%
Engineering / design
21.1%

Marketing
15.8%

Technical support
26.3%

Figure 2.1 Main occupation of respondents to small vehicle survey

Formal analysis of the responses received, again using commercial survey / analysis software,
gave the following results:-

General impressions:
9The ride-on mower industry has indicated that it needs a specific ROPS performance
test standard for smaller vehicles, as the current standards, designed for agricultural
tractors, include allowances for the mass of attached implements. The industry
believes that ride-on mowers are not generally fitted with attached implements and
therefore the (mass-related) ROPS energy absorption criteria for these machines
should be lower. This will result in a lighter, less expensive and more attractive
ROPS structure, whilst still being strong enough for this type of machine.
9Some users (golf courses) have carried out a full (hole-by-hole) vehicle roll-over risk
assessment of their sites, measuring slopes and drop heights, in order to determine
the best method of machine operation.
9Some respondents found current roll-over protection guidelines regarding “sit-in allterrain vehicles to be “vague and confusing” and would welcome additional
information and clarification.
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9The addition of ROPS to small garden tractors and/or ride-on mowers would add cost
to a very cost-sensitive market sector, and possibly make the machines more difficult
to operate in confined areas, such as when mowing under trees.
9In certain situations the addition of a ROPS to a small vehicle could increase the risk
of a roll-over due the addition (and location) of the extra mass.
9The most common roll-over incident mentioned was where a small vehicle was
traversing a steep embankment (in the region of 30 degrees slope). However,
overturn events frequently resulted, not from initial loss of lateral stability, but from
loss of traction and subsequent vehicle control whilst operating on side-slopes. The
vehicle then slips down the slope until abruptly contacting a solid object (which may
instigate roll-over), or falling off the edge of a bank or bunker, again resulting in
potential roll-over.

Responses to specific questions, having direct implications on the investigation:
9Question 6:- “Under what circumstances do you think a ROPS should be fitted to a
small vehicle?” The responses obtained are illustrated in Figure 2.2. Over 50% of
respondents believed ROPS should be fitted either when a vehicle was likely to work
on slopes or when a risk assessment had indicated a risk of vehicle roll-over. Over
15% of respondents believed a ROPS should be fitted as standard equipment.
9Question 17:- “Do your customers ever request the fitment of a ROPS where the
base vehicle appears to be outside the scope of the current ROPS standards?” The
responses obtained are illustrated in Figure 2.3. Less than 20% of the respondents
indicated that such requests had been received, whereas over 60% had not
encountered this requirement.
9Question 10:- “…what is the maximum slope upon which you expect each type of
vehicle?” Figure 2.4 shows the relative distribution of replies received; according to
generic vehicle type and magnitude of side slope upon which machines are expected
to operate

To summarise, it appears that smaller vehicles are used in conditions were a there is a risk of
roll-over, of which lateral overturning is the most widely recognised. Whilst manufacturers
recognise the market demand for ROPS, they are hampered by the lack of availability of
suitable ROPS performance testing criteria. There is also suspicion that the criteria currently
utilised for larger (higher mass) vehicles, may not be appropriate for smaller, lighter
machines. However, an international standards working group appears to be actively trying to
provide an appropriate solution to this problem.
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No reply None
3.1% 6.3%
Only when a specific risk assessment has indicated it to be necessary
21.9%
If the vehicle may be used off-road
9.4%

As standard
15.6%

If the vehicle may be used on slopes
31.3%

If the vehicle is used with heavy / cumbersome attachments
6.3%
If the vehicle is used with trailed equipment
6.3%

Figure 2.2 Breakdown of replies received to Question 6 (“Under what circumstances
do you think ROPS should be fitted to a small vehicle?”)

ROPS request outside scope of standards (Q17)
70

60

50

40

30

20

10

0

No reply

Yes

No

Figure 2.3 Breakdown of replies received to Question 17 (“Do your customers ever
request fitment of a ROPS where the base vehicle appears to be outside
the scope of current ROPS standards?”)
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<15 deg

15-30 deg

>30 deg

Figure 2.4 Breakdown of replies received to Question 10 (“…what is the maximum
slope on which you expect to operate each type of vehicle?”)
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3.
3.1

SMALL VEHICLE LATERAL STABILITY

VEHICLE CATEGORISATION IN RELATION TO LATERAL ROLL-OVER

Following consideration and classification of the small vehicle types available on the market
(see Section 2.1), it was found that, as would be expected, within each group there were a
number of vehicle variants and there were some vehicles types which lay on the borderline
between groupings. This led us to consider if we could define the important vehicle
characteristics in a more formulaic system, in order to help identify the main characteristics
that could form the basis of subsequent dynamic vehicle stability and roll-over simulation
modelling.
Consideration was given to the basic vehicle physical characteristics: namely the number and
position of the wheels; which axle was steered (front or rear); the possible incorporation and
location of an axle lateral pivot; the approximate weight distribution between axles (often
indicated by the operator seating position); and whether the mass and mass distribution of the
vehicle changed during operation (e.g. by collection of cuttings). Upon placing these factors
into a matrix, it became evident that, in relation to lateral roll-over, the range of vehicle
configurations could be defined by one of three generic models (see Table 3.1 & Figure 3.1):-

Table 3.1 Generic vehicle configurations
Vehicle
Configuration

Vehicle Physical Characteristics

A

4-wheel, rigid chassis (non-pivoting axle or independent suspension)

B

3-wheel forward-facing (single front wheel or 4-wheel with pivoting
front axle)

C

3-wheel rearward-facing (single rear wheel or 4-wheel with
pivoting rear axle)

Configuration
A

Configuration
B

Direction
of
Travel

Figure 3.1 Generic vehicle configurations
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Configuration
C

Having defined generic vehicle configurations, the other main factors requiring consideration
are the mass and the position of the Centre of Gravity (C of G) of the vehicle. Assuming that
the vast majority of small vehicles have an effectively symmetrical mass distribution about
the longitudinal axis (see Section 2.1), then it is only necessary to consider the variation of the
centre of gravity in the vertical and longitudinal plane (i.e. the height of C of G and if the
vehicle is front or rear axle heavy). It was deemed likely that vehicle configurations B and C
would behave in a similar fashion during lateral roll-over (given the same mass distribution),
but this required further investigation.
As a reference base for the investigation, a vehicle classification matrix was constructed,
relating the vehicle parameters (as deemed to be of primary influence to vehicle lateral roll
over) and chassis configurations, which were to form the basis of the study. This is depicted,
together with selected examples of commercially-available machines identified in Section 2.1,
in Table 3.2 below.

Table 3.2 Small vehicle lateral roll-over classification matrix, including example
commercially-available machines
Vehicle Configuration
Vehicle
Mass
Range
(incl. 75 kg
operator)

Light
(~300 kg)
(225 kg
less
operator)
Medium
(~450 kg)
(375 kg
less
operator)
Heavy
(~600 kg)
(525 kg
less
operator)

A

B

C
Front

Front

Front

Domestic ‘Zero-Turn’
mower (e.g. Toro)

National Triplex 68” rideon mower (224 kg)
John Deere LTR 180 lawn
tractor (216 kg

-

Agria ‘Sitting Bull’ ride-on
brush cutter (410 kg)
Club Car Turf II XRT
utility vehicle (400kg)

.John Deere GX355 lawn
tractor (337 kg)
Jacobsen Super Star bunker
rake (400 kg)

Walker Model C rotary
mower / collector (400 kg)

Professional ‘Zero-Turn’
mower (e.g. Toro,
Ransomes-Jacobsen)

John Deere X595 lawn
tractor (600 kg)

Ransomes G-PlexII frontdrive triple mower (575 kg)
National 70”Hydro Triplex
mower (500 kg)
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3.2

STATIC STABILITY THEORY

The static lateral stability criteria for the three vehicle configurations defined in Section 3.1
were determined using classic rollover theory, developed by Coombes (1968) and other
workers in the late 1960's. The limit of stability is reached when the resultant force of all the
forces acting on a vehicle reaches the boundary of the stability plane, providing that the
wheels have not started to slide along the contact surface. The stability plane for a vehicle
with a pivoting axle is described by an inclined triangle: the apex of the triangle is the (front)
axle pivot point; the triangle base being a line connecting the ground contact points of the
wheels on the non-pivoting axle (rear wheels). The sides of the triangle join the ends of the
base line to the (front) axle pivot point. A typical inclined triangular plane is shown in the
schematic Figures 3.2 and 3.3, joining points B, E and D.
Figures 3.2 and 3.3 show the front and side views of a vehicle which is about to roll-over
laterally. The vehicle body will rotate about points of support at the rear wheel contact E and
front axle pivot pin B. At instability the support force at the third corner of the stability plane,
i.e. the rear wheel contact D, will be reduced to zero. The resultant force, Gt (due to the
vehicle weight) is about to pass outside the stability plane intersecting the boundary line EB at
point S. Considering rotation about line EB for equilibrium at the point of instability and
taking moments about S, the following equation may be derived:-

Gt cos ȕ (½t - y) - Gt sin ȕ (h - z) = 0
y
½t

by geometry

Therefore

tan E

c
lp

z
hp

½t  ½tc / lp
h  chp / lp

(1)

(2)

½t (lp  c)
h(lp  chp / h)

(3)

Referring to Equation (3):To increase vehicle lateral stability:-

increase t
decrease h
increase hp

i.e. widen vehicle wheel track;
i.e. lower vehicle centre of gravity;
i.e. raise front axle pivot point

The major factors influencing stability are also shown diagrammatically in Figure 3.4.
The slope angle (ȕ), at which lateral roll-over of a pivoted-axle vehicle commences, defines
the first of two stages of instability. At this angle all weight comes off the upper wheel on the
non-pivoting axle. However, as the vehicle body continues to roll around line EB, a point
will occur, on most vehicles, when the travel limit of the pivoting axle is reached. At this
point roll will occur about a line joining the base of the lower front and rear tyres (points E
and C in Figures 3.2 & 3.3). This is the point or angle Ȗ, that depicts the second stage of
stability. For simple 4-wheel rigid frame vehicles, only the second stage instability angle
applies, due to the absence of a front axle pivot. Referring to Figures 3.2 & 3.3, it can be
deduced that the second stage instability slope angle Ȗ (not shown) is given by Equation (4):
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tan Ȗ = ½ t/h

(4)

t/2
y
h
Gt Sinȕ

Gt Cosȕ

hp

B
S

z

D

A

Gt

E

C

ȕ

Figure 3.2 Vehicle lateral stability – front view

C of G
B
S

hp

E

z

C

c
w
lp

Figure 3.3 Vehicle lateral stability – side view

14

w § lp

MORE STABLE

Increase

VEHICLE WHEEL TRACK

Reduce

CENTRE OF
GRAVITY HEIGHT

Increase

AXLE PIVOT HEIGHT

Reduce

Reduce
Increase

LESS STABLE

Figure 3.4 Vehicle parameters affecting lateral stability

3.3

DYNAMIC STABILITY MODELLING

During the investigation, stability modelling was primarily carried out using a spiral roll-over
ramp model (see Section 4.3 and Figure 4.2). The ramp geometry incorporated in the vehicle
dynamic stability model, matched that of the actual ramp used in the subsequent small vehicle
roll-over experiments performed to validate the simulation model (see Section 5).
A variety of dynamic computer-based simulation models were developed to investigate
vehicle stability (see Table 3.3 and Section 4.2). These simulation models were based on 3
dimensional (3D) CAD models of a National Triplex 68" mowing vehicle (see Figure 3.6),
plus a median operator (see Section 4.2) and a theoretical, lightweight 2-post ROPS (roll-bar)
in certain cases (see Table 3.3). A Massey Ferguson 420FC front-drive, rear steer, ride-on
rotary mowing vehicle (see Figure 3.7) was also modelled, but less operator. The dynamic
simulations of lateral stability were performed for the machines with their mowing units in
transport position and (for the National Triplex machine) in operating position
(Table 3.3, Case 4). In the latter case, as the mass of the mowing units is supported entirely
by the ground and they are free to pivot independently in the vertical plane without influence
upon the base vehicle, in terms of vehicle lateral stability, the mower units have no influence.
Vehicle models, created within computer-based dynamic simulation modelling software (as
described in Section 4.1), were positioned at the low-slope end of the roll-over ramp. The
vehicles were then propelled along the ramp (within the simulation model) by imparting an
angular velocity profile to one of the lower wheels. The first stage lateral instability in the
vehicle model was defined as the slope angle at which the weight on the upper wheel of the
vehicle main (non-pivoting) axle reduced to zero (see Section 3.2). The position on the ramp
where this occurred was determined by inspecting the tyre force and vehicle axle position
output from the computer simulation model.
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Figure 3.5 National Triplex 68” mowing vehicle

Figure 3.6 CAD 3D models of National Triplex 68” vehicle: base vehicle (left) and
with median operator (right)

Figure 3.7 Massey Ferguson 420FC front-drive, rear steer mowing vehicle
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The results for a typical simulation model run are shown in Figure 3.8. Once the vehicle
longitudinal (Z-axis) position along the roll-over ramp was known, (in Figure 3.8 = 4.007 m),
the angle of ramp at that position was obtained by taking a section of the model at that point.
By sectioning the model it was also possible to determine the roll angle of the axle in the
same plane.

Triplex 33, tyre forces, rear axle position and rear axle velocity
7000

Triplex rear axle-1 CM Position(mm) Z
Triplex rear axle-1 CM Velocity(mm/sec) Z

Force, Z position and Z velocity, N, mm, mm/s

6000
Spiral bank set up 2-1_TYRE 16 x 6.5-8in-1
Force(newton) Magnitude
Spiral bank set up 2-1_TYRE 16 x 6.5-8in-2
Force(newton) Magnitude
Upper front tyre load N

5000

4000

Frame 619
Time 3.76s
Position 4.007m
Velocity 1.55m/s
Lower rear wheel load 2325 N
Slope 35.4 deg

3000

2000
Frame 888
Time 4.740 s
Position 5.514 m
Slope 42.2 deg

1000

0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

Time, s

Figure 3.8 Output of vehicle lateral stability dynamic simulation model: typical (rear,
upper) tyre load and vehicle position data output used to determine
vehicle roll-over initiation.
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6.0

3.4

STABILITY PREDICTIONS: STATIC THEORY & DYNAMIC MODELLING

Referring to Table 3.3, the predicted points of first and second stage lateral instability, as
derived from static theory and from the dynamic model, are compared for the variety of small
vehicle configurations described in Section 3.3. For clarity the references to vehicle-related
dimensions (as defined in Figures 3.2 and 3.3) are also used in Table 3.3. In order to compare
the dynamic model with static stability theory it was necessary to set an artificially high tyre
to surface coefficient of friction (µ = 2), to avoid lateral slipping. Subsequent dynamic roll
over simulations used a more realistic tyre-surface friction coefficient of µ = 0.6. As in the
case of the experimental roll-over trials with the test vehicle (see Section 5), these later
simulation models had to incorporate a longitudinal running strip to prevent the modelled
vehicle from sliding down the slope, rather than overturning.

Figure 3.9 Example simulated small vehicle (Table 3.3, Case 4,) at point of second
stage of lateral instability.

Referring to the results presented in Table 3.3, in all but Case 1 the first-stage-instability bank
angles predicted by the dynamic model were within 1 degree of those derived from static
stability theory. If the predicted axle angle was used rather the slope angle, i.e. taking into
account the lower (down-slope) tyre contact deflection, the correlation with static theory was
within 1 degree in all cases.
In Case 1 (National Triplex Mower – mower units in transport position – no operator present), the
dynamic simulation model predicted that the front wheels of the vehicle would run off the end
of the ramp (55 degrees slope) before reaching the 2nd stage of instability. In Case 2, adding
an operator to the base vehicle of Case 1, increased the Centre of Gravity (C of G) height by
138 mm or nearly 40%.
The predicted slope angle at the first instability stage
correspondingly reduced from 45 degrees to 35 degrees, a reduction of some 22%.
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Case 3 was a development of Case 2, with the addition of a theoretical, lightweight (14 kg) 2
post operator roll-over protective structure (ROPS), which was found to have little effect
upon the lateral stability of the vehicle. However, the effect of the addition of a ROPS upon
small vehicle lateral stability is considered further in Section 6.1.
Case 4 was a repeat of Case 3, but with the mower units removed. As discussed in
Section 3.3, with this particular vehicle, when in work the mass of the mowing units is
supported entirely by the ground and they are free to pivot independently in the vertical plane
without influence upon the base vehicle: in terms of vehicle lateral stability, the mower units
have no influence and are in essence removed. This reduces the overall vehicle weight, but
raises the C of G by some 10%. Consequently this configuration understandably produced
the most unstable model of all, with a predicted first stage instability occurring at
approximately 30 degrees slope.
Case 5 was in effect, identical to Case 3, but of greater mass (288 kg heavier): however, the
location of the C of G intentionally maintained as Case 3. It is interesting to note that, as
indicated in Section 3.2, actual vehicle mass (as opposed to location of the centre of mass) has
no effect upon vehicle stability.
Case 6 considers a vehicle physically similar to Case 5, but of reversed direction of travel (i.e.
front-drive, rear-steer as opposed to rear-drive, front-steer). Whilst static theory suggests the
lateral stability of these two vehicle configurations to be identical (35.2 degrees), it will be
noted that the dynamic roll-over model suggests the ‘rearwards’ travelling vehicle
(Configuration C, Figure 3.1) to be marginally less stable.
Case 7 considers a vehicle of similar properties to Case 2, but of rigid chassis (non-pivoting
axle) (Configuration A, Figure 3.1). Interestingly, such a vehicle configuration appears to
have greater lateral stability, but this is because the 1st and 2nd stages of instability are (in
effect) one and the same. Finally Case 8 considers a larger commercially-available vehicle
(Massey Ferguson 420FC: see Figure 3.8), albeit without an operator present. If the mass and
location of the operator was taken into consideration, it is likely that the Centre of Gravity
height of the vehicle would increase slightly, thereby marginally reducing the stability angle.
However, for a vehicle of this mass, the C of G location would not be affected significantly.
Correlation of the 2nd stage of instability between the dynamic simulation model and static
stability theory was not so good. However, the basic theory does not take into account all the
changes in geometry that occur on the spiral ramp as the vehicle rolls. For example, the
model simulates all the changes in loading and geometry as the front axle reaches its pivot
stop. For 2nd stage instability the dynamic model will therefore be a much better predictor of
vehicle lateral stability than basic theory. The vehicle modelled in Case 4 is shown in
Figure 3.9, just as it has reached its 2nd stage of instability angle. This was defined as the
slope angle where the load on the upper front wheel reduced to zero. The theoretical and
model-predicted 2nd stage instability angle for a rigid axle vehicle (Case 7) correlated to
within 1 degree
Given the close correlation between the static theory and the simulation model with respect to
the 1st instability stage, a decision was made to model a tilting platform to compare vehicle
roll-over in the absence of forward motion (see Section 4.3). In all cases the predicted roll
over initiation angle was within 1 degree of the values predicted both by the dynamic
simulation model and static theory. The conclusion from these findings was that, for vehicle
velocities in the region of 1.5 m/s i.e. working speed for the vehicle tested, static theory is
sufficient as a design predictor of the slope angle at which roll-over is first initiated.
However, for vehicles incorporating suspension, dynamic modelling may be the best predictor
due to geometry changes during roll-over.
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Table 3.3 Vehicle lateral stability prediction: comparison of outputs of static theory and dynamic simulation model
Static
theory
Case No.
&
Model ref.

1
Triplex 20
2
Triplex 19
3
Triplex 33
4
Triplex 34

5
Triplex 36

Vehicle description

Configuration

Pivot longitudinal
distance from
main axle

Pivot
height

C of G longitudinal Slope angle
C of G
distance from main at 1st stage
height
axle
of instability

Dynamic
model

Static
theory

Slope angle at 1st Slope angle at 2nd
stage of instability stage of instability

Dynamic model
Slope angle at
2nd stage of
instability

Mass

Wheel track

t
mm

lp

hp

kg

mm

mm

h
mm

c
mm

ȕ
deg

ȕ
deg

Ȗ
deg

Ȗ
deg

Triplex type mower (68").
Mower units in transport position.
No operator.

Front

223.4

790

960

295

350

302

46.5

45.2

48.5

Vehicle ran off
ramp

Triplex type mower (68").
Mower units in transport position.
With operator.

Front

297.4

790

960

295

488.3

257

35.2

35.1

39.0

41.7

Triplex type mower (68").
Mower units in transport position.
With operator.
With lightweight roll bar

Front

311.8

790

960

295

492.9

245.2

35.2

35.4

38.7

42.2

Triplex type mower (68").
No mower units
With operator.
With lightweight roll bar

Front

225.2

790

960

295

544.1

331.6

30.3

30.5

36.0

37.5

Triplex type mower (68").
Mower units in transport position.
With operator.
With lightweight roll bar
(As case 3 but with 288.2 Kg added at the C of G)

Front

600

790

960

295

492.9

245.2

35.2

35.6

38.7

42.0

600

790

960

295

492.9

245.2

35.2

34.9

38.7

41.7

297.4

790

0

0

488.3

257

39.0

38.0

39.0

38.0

617

920

915

275

469.9

296

39.2

N/A

44.4

N/A

6
As case 5 but reversed
Triplex 37

7
Triplex 19a

As case 2 but with fixed pivot

8

MF 420FC
No operator

Front

Front

Front
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4.
4.1

DYNAMIC SIMULATION MODELLING OF SMALL
VEHICLE LATERAL ROLL-OVER

INTRODUCTION

The unprecedented increase in PC computing power over the last decade has been paralleled
by the development of advanced engineering software, particularly in the areas of solid
modelling and computer-aided design (CAD). SolidWorks is a market leader in the field of
three-dimensional (3D) mechanical design software. The simulation model developed for this
investigation was produced using SolidWorks 3D modeller in combination with
CosmosMotion dynamic simulation software: a fully integrated virtual prototyping tool that is
powered by the ADAMS simulation solution engine. CosmosMotion is a rigid body analysis
tool; it interprets each mechanical part or sub-assembly produced in the SolidWorks modeller
as a rigid body. Each of these rigid bodies may be assigned as a moving or grounded part.
Initially each moving part has 6 degrees of freedom. The mechanism or model is built up by
specifying constraints between parts that describe how they can move relative to each other.
Forces, motions or gravity can then be introduced to drive the model. The analysis is timedriven in steps that progressively reduce until all constraints are satisfied. Information on
almost any dynamic aspect of any moving part is available from the solution model.
A variety of dynamic models were developed for this project.
Initial models were
constructed mainly to investigate vehicle stability (see Section 3.3). As previously described,
these simulations were based on CAD models of a National Triplex 68" mowing vehicle and
median operator (see Section 4.2), being either propelled along a spiral ramp or tipped
laterally by a tilting platform (see Section 4.3). The same vehicle - operator models were then
used in the first simulation models of full vehicle roll over.
In practice a National Triplex 68" mowing vehicle (see Figure 3.5) was used as the base
vehicle for the practical roll-over trials, undertaken to validate the dynamic simulation model
output (see Section 5). The base vehicle was extensively modified prior to the roll-over trials,
which were conducted upon a spiral ramp identical to that modelled in the simulation. The
reason for the vehicle modification was twofold. Firstly, the vehicle required a protective
base frame, both to provide attachment points for the 2-post roll-over protective
structure (ROPS) added for the trials, and to avoid damage to the machine chassis during
repeated roll-over tests, thereby permitting its re-use. Secondly, the base vehicle was required
mimic a range of vehicle masses (approx. 300 – 600 kg) during the trials. The base frame
therefore acted as a structure for attachment of additional masses when required
(see Section 5.2.1).
The initial dynamic vehicle simulation model (as used for lateral stability prediction –
Section 3.3) was modified in a similar manner, to reflect the physical changes made to the
base vehicle (see Sections 4.4.1 & 5.2.1). The same CAD model that was used in the
manufacture of the vehicle protective frame was therefore incorporated into the vehicle CAD
model within the roll-over simulation. With the test vehicle and CAD model essentially the
same, it was then possible to use the CAD model to determine the locations at which to add
masses upon the real vehicle, in order to achieve the desired weights and C of G locations for
the different load cases investigated in the roll-over experiments (see Table 4.2).
Rigid body dynamic analyses are normally poor predictors of impact forces. Therefore, in
order to properly estimate forces and energies absorbed during a roll-over event, it was found
necessary to add a (theoretical) spring-plunger mechanism in place of the top lateral member
of the ROPS, and use this as an (simulated) impact force transducer. The development of this
technique, which proved to be extremely successful, is described in Section 4.4.1.
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4.2

BASE VEHICLE AND OPERATOR CAD MODELS

A basic 3D CAD model was produced of the National Triplex 68" mowing vehicle, chosen as
the base vehicle for this investigation. The overall dimensions and layout of the main
components of the vehicle were modelled using a combination of actual measurements and
some scaling from orthogonal photographic views of the vehicle. Initial estimates of the
major component masses were made using appropriate material densities. Small adjustments
to the density of various components, such as the mower units, were then made once the
actual component masses had been measured. Finally, a small compensation mass (16.6 kg)
was added to the CAD model in such a position that the model and real vehicle masses and
Centres of Gravity (determined following the procedure described in Appendix 3), matched.
The base vehicle CAD model used for initial dynamic modelling is shown in Figure 4.1 (left)
and is the vehicle model used in simulation Case 1 in Table 3.3.

Figure 4.1 CAD 3D models of National Triplex 68” vehicle: base vehicle (left) and
with median operator (right)

As an addition to the vehicle model, a simple human model was produced to represent a
potential median operator (75kg). This model was based on geometrical information from BS
EN ISO 3411 and body part mass information from various internet sources. The resulting
representative mass model could be manipulated into any desired position. The model was
adjusted to a sitting position to fit the space available on the base vehicle model, as shown in
Figure 4.1 (right). The resulting CAD model assembly was used in simulation Case 2 in
Table 3.3.
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4.3

SPIRAL RAMP AND TILTING PLATFORM CAD (LATERAL STABILITY)
MODELS

A spiral ramp was selected as the most appropriate method of achieving repeatable smallvehicle roll-over during the investigation. A suitable spiral ramp already existed at Silsoe
Research Institute as a result of earlier off-road vehicle roll-over investigations (see
Figure 5.7). It was 8.5 m in length, with an initial slope of 18 degrees and a final slope of
55 degrees. A CAD model of this ramp was produced for vehicle lateral stability
simulations (see Figure 4.2). The vehicle shown in this Figure is fitted with a (theoretical)
lightweight roll bar and represents the configuration explored in the lateral stability
simulation Case 3 in Table 3.3.

Figure 4.2 Spiral roll-over ramp, as used for vehicle lateral stability modelling
The tilting platform model referred to in Section 3.4, is shown in Figure 4.3. The angled
platform was given a splined motion, accelerating from 0 degrees/second to
5 degrees/seconds in 1 second: then rotating at a constant rate of 5 degrees/second for the
remaining 5 seconds of the simulation. The vehicle shown on the platform incorporates a
single spring-loaded plunger in place of the ROPS shown on the spiral ramp model
vehicle (see Figure 4.2). The purpose of the spring-plunger arrangement was to provide a
reliable method of simulating the ROPS – ground impact characteristics after a full roll-over
event. The development and advantages of using this type of arrangement are discussed fully
in Section 4.4.1.

Figure 4.3 Tilting platform model, as used for vehicle lateral stability determination
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4.4

ROLL-OVER IMPACT SIMULATION MODEL

The National Triplex 68" vehicle CAD model, as used in the dynamic stability
simulations (see Sections 3.3 & 3.4) was modified to form the basis of the vehicle (full) roll
over impact simulation model. As discussed in Section 4.1, this involved removal of the seat
and mower units, and the addition of a protective base frame and a 2-post ROPS identical to
those fitted to the real test vehicle (see Figures 4.4 and 4.5).
On the test vehicle used in the roll-over trials, the roll bar (ROPS) uprights were designed to
plastically deform, permitting the structure to serve as a roll impact energy transducer (see
Section 5.2.2). In the simulation model, the elastic-plastic deformation behaviour of the
ROPS structure was represented by a two-stage spring-plunger arrangement, installed in line
with the roll-bar top lateral member: this was used to measure impact forces and energies
imparted to the vehicle ROPS during the roll-over event. As described previously (see
Section 4.1), both the real test vehicle and those used in the roll-over impact simulation
models, had masses added to them to represent appropriate vehicle weights and C of G
locations resulting from the presence of an operator.

Figure 4.4 National Triplex 68” mowing vehicle, as modified for roll-over trials
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Figure 4.5 CAD model of National Triplex vehicle, as used in roll-over impact
simulation model

4.4.1

Roll-over simulation model setup

It was found necessary, both in the practical roll-over trials and in the simulation model, to fit
a running strip along the length of the spiral ramp, to prevent the vehicle from sliding laterally
down the slope, rather continuing its travel to such a slope angle that overturn occurred (see
Figures 4.6 & 5.8). Three vehicle masses were modelled (316 kg, 442.8 kg and 595 kg), to
encompass the vehicle operating mass range between that defined by current narrow vehicle
(tractor) ROPS test procedures (600 kg) and the likely lightest ride-on self-propelled vehicle
for practical use (300 kg including operator). Combining these three (test) vehicle mass
values with the generic vehicle configurations defined in Section 3.1, effectively produced
9 vehicle formats requiring investigation (see Table 5.3). Of these, simulations were
performed at each target mass, for vehicles equipped with one fixed and one pivoting axle,
both when travelling in forward and reverse modes (Generic Configurations B and C). In
addition a 4-wheel rigid chassis vehicle (Configuration A) of medium mass (442.8 kg) was
simulated (see Table 5.3).
The primary objective of the simulations was to predict the impact energy and forces likely to
be experienced during a real vehicle roll-over event. Experience with previous simulations
during the development of the final models revealed that the initial contact impact forces
predicted from rigid-body analyses are frequently unrealistic. In order to properly estimate
these forces, particularly those applied to the ROPS frame when it first contacts the ground
during the roll-over, a spring-loaded plunger was introduced in place of the rigid roll-bar
upper beam. Analysis of the results from the simulations predicted that the roll-over impact
energy varied with stiffness of the spring (representing the lateral stiffness of the roll-bar
structure). Whilst this was an unexpected finding, it can be explained. In the case of a stiff
roll bar, the impact forces are higher but deflections are lower, than with a more flexible
ROPS. First thoughts would suggest that the energy absorbed by the ROPS might be the
same in both cases.
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Figure 4.6 Test vehicle setup for dynamic simulation of roll-over
However, the higher forces encountered during impact with a stiff structure produce larger
vehicle righting moments, assuming the ground surface is also stiff and unyielding, as would
be the case with concrete or other types of hard standing (i.e. worst case scenario). These
larger moments create a quicker impact event and change the nature of the event. As roll-bar
stiffness was increased, the predicted impact energy absorbed by the ROPS decreased. This
characteristic is discussed in greater detail in Section 4.4.3.
Given this predicted linkage between roll-bar lateral stiffness and energy absorbed during
lateral roll-over, it was concluded that a single spring-plunger model would not adequately
represent the ROPS system. A double spring-plunger arrangement was therefore conceived
that would model the lateral stiffness characteristics of the real roll-bar. The model
arrangement is shown in Figure 4.7. The stiffness (applied force – deflection) characteristics
of the actual roll-bar (ROPS) used upon the test vehicles in the practical roll-over trials (see
Section 5) is depicted in Figure 4.8. Superimposed upon this graph are traces representing the
spring stiffnesses used to represent the ROPS in the dynamic simulation model. The solid
black line represents the slightly stiffer ROPS frame used on the lightest vehicle. The dashed
line represents the roll-bar stiffness characteristic modelled for the medium and heavy weight
vehicles (443 & 595 kg).
The double spring arrangement uses a mechanism consisting of 3 concentric components: a
plunger, a sleeve and a tube (see Figure 4.7). The plunger slides within the sleeve and the
sleeve slides in the tube. The tube is attached to the top horizontal member of the vehicle
roll-bar. The plunger actuates a small, high-stiffness spring fitted between the plunger and
sleeve. This spring essentially represents the elastic phase of the real ROPS lateral deflection
(i.e. the initial steep slope depicted in Figure 4.8). The plunger movement in the sleeve is
limited to the spring deflection required to reach the appropriate elastic force limit, i.e.
2.75 kN or 3 kN, for the two ROPS frames used in the roll-over trials.
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Figure 4.7 Double spring-plunger ROPS simulation model
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Figure 4.8 Experimental and simulated roll-bar lateral stiffness characteristics
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A second, longer, spring is fitted between the sleeve and the tube. This spring has a low
stiffness, but a high preload. The preload is set to equal the same force produced by the small
spring at its deflection limit. The second spring is actuated by the sleeve acting against the
tube via the plunger, once the first spring has reached its deflection limit. The second spring
essentially represents the plastic deflection (lower stiffness) phase of the experimental rollbar.
In the dynamic stability models (see Section 3.3), the vehicles were propelled along the spiral
ramp by imparting an angular velocity to one of the lower wheels. For the lateral roll-over
impact simulation models, a method of propelling the vehicle to the point of roll was required,
which could be removed as the vehicle overturned. This was achieved by using a force
function within the modelling software, applied to the base frame of the vehicle, in the
longitudinal (Z-axis) direction (i.e. along the spiral ramp). The force function applied a
reducing force as the vehicle approached the 1.5 m/s target velocity selected for the
experiments (see Section 5.2). The force was removed when the centre of the roll-bar came
within 1m of ground level.
For this investigation, the objective of roll-over simulation modelling was to estimate the
amount of energy absorbed by the roll-bar (ROPS) due to the initial impact with the ground,
resulting from a lateral overturn. The spring-plunger technique described above is only valid
up to the point of maximum applied force during initial impact with ‘mother earth’. The
model differs from reality after this point, due to the release of the all or most of spring
energy after impact. In the real roll bar only the elastic part of the energy is released back
into the system. In reality, most of the impact energy resulting from vehicle roll-over is
absorbed by plastic deformation of the ROPS frame, and is therefore not released. However,
this apparent difference between vehicle roll-over simulation model and reality does not
reduce the ability of the model to predict the amount of energy likely to be absorbed by the
ROPS during a roll-over event.

4.4.2

Roll-over simulation model results

The energy absorbed by the test vehicle ROPS during lateral roll-over, was calculated within
the simulation model by adding the energy absorbed by the two springs of the spring-plunger
assembly, mounted upon the upper lateral member of the vehicle’s roll-bar (see Figure 4.7).
Impact energy and associated spring deflections for 9 vehicle roll-over simulations performed
are given in Table 4.1.
With reference to Tables 3.1, 4.1 & 5.1, vehicles travelling in forward mode i.e. main axle at
the rear and pivoting axle at the front (Generic Vehicle Configuration B), generated higher
ROPS lateral impact energies than those travelling in reverse mode (Generic Vehicle
Configuration C). Two reasons could account for this. Firstly, as the vehicle moves along the
spiral ramp (selected as a means of achieving repeatable vehicle overturns within the
investigation), it also rises vertically relative to ground level, due to the guide on the ramp
being fixed an equal distance from the ground line at both ends of the ramp (see Figure 5.7).
Vehicles travelling in forward mode have their C of G ahead of the main axle. Therefore,
even if the roll-over initiates in the same longitudinal point (lateral angle) upon the ramp with
respect to the main axle, there will be slightly more potential energy present in the case of the
forward-mode vehicle configuration (Type B).
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Secondly, during an overturn event, the wheel to pivot line (about which the vehicle overturns
laterally (see Figures 3.2 & 3.3)), effectively tilts the roll-bar forwards in the direction of
travel, for a vehicle in forward mode (Configuration B), and rearwards relative to the
direction of travel in reverse mode (Configuration C). The lateral impact force seen by the
roll-bar (ROPS) in the forward mode will therefore have a larger component due to the
vehicle’s forward momentum than would be the case in reverse mode.
For the ‘heavy’ (595 kg) vehicle it was noted that in both forward and reverse modes, the
spring-plunger assembly (roll-bar lateral) deflection was so great that the vehicle base frame
came into contact with the ground. A further simulation was therefore carried out with the
main frame-to-ground contact inhibited, thereby effectively allowing it to pass through the
ground surface and permitting the ROPS to continue to absorb roll-over energy.
Understandably, the ROPS absorbed impact energy predicted for this case was highest of all
the simulations (see Table 4.1).
One ‘medium’ weight (442.8 kg) forward-mode simulation was performed with the front
pivoting-axle locked, to create a 4-wheel rigid-axle vehicle (Generic Vehicle
Configuration A). Figure 4.9 depicts the total kinetic energy, angular kinetic energy, vehicle
forward speed and roll-bar spring force for this simulation run. The graph shows vehicle
kinetic energy steadily increasing, as the vehicle accelerates from rest up to target forward
speed of 1.5 m/s. Then, as the vehicle begins to overturn laterally (at approx. t = 2 seconds),
the kinetic energy starts to increase, as the vehicle C of G begins to fall towards ground. As
could be expected, the maximum kinetic energy (1351 Joules at t = 2.873 seconds), occurs
just prior to ROPS impact. As the impact progresses, the spring (ROPS) force increases and
the vehicle system kinetic energy decreases. Maximum spring force (3148 N) occurs at
t = 3 seconds, indicating an impact event time (from initial ground contact to maximum force)
of 127 milliseconds. It is interesting to note that the angular kinetic energy is small compared
to translational kinetic energy. At initial ground contact, the angular kinetic energy was only
82 Joules or 6% of the total. In this simulation run the predicted energy absorbed by the
spring (ROPS) was 828 Joules or effectively 61% of the total kinetic energy of the vehicle
system just prior to impact (see Table 4.2).

Kinetic energy, Force and Velocity (J, N, mm/s)
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Figure 4.9 Energy and force characteristics for a forward-running, 4-wheel, rigidchassis, ‘medium’ weight vehicle (Configuration A) during simulated rollover.
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Table 4.1 Spring-plunger (ROPS) impact energies predicted by vehicle lateral roll-over simulation

Spring 1
Vehicle Configuration / Mass

Spring
Vehicle
force from
mass
simulation

Spring
rate

Spring 2

Spring
Max
Energy
force from
deflection absorbed
simulation

Spring
rate

Spring
Max
Energy
preload deflection absorbed

Total impact
energy
absorbed by
ROPS

kg

N

N/mm

mm

J

N

N/mm

N

mm

J

J

316
316

3000
3000

75
75

40.0
40.0

60
60

3252
3287

2.14
2.14

3000
3000

117.8
133.9

368
421

428
481

Medium weight, reverse mode, stiff roll-bar
Medium weight, reverse mode
Medium weight, forward mode

442.8
442.8
442.8

3000
2750
2750

75
68.75
68.75

40.0
40.0
40.0

60
55
55

3372
3054
3104

2.14
1.52
1.52

3000
2750
2750

173.8
199.7
232.7

554
580
681

614
635
736

Medium weight, forward mode, rigid-chassis

442.8

2750

68.75

40.0

55

3148

1.52

2750

262.1

773

828

595
595
595

2750
2750
2750

68.75
68.75
68.75

40.0
40.0
40.0

55
55
55

3214
3241
3285

1.52
1.52
1.52

2750
2750
2750

305.1
323.1
352.0

910
968
1062

965
1023
1117

Light weight, reverse mode, stiff roll-bar
Light weight, forward mode, stiff roll-bar

Heavy weight, reverse mode
Heavy weight, forward mode
Heavy weight, forward mode, frame contact inhibited
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Table 4.2 Vehicle lateral roll-over energy ratios, roll initiation slope angles and inertial properties produced by vehicle roll-over
simulation

Vehicle Configuration

Total
impact
energy
absorbed
by ROPS

Total
kinetic
energy

Ratio of
ROPSabsorbed
KE to total
KE

1st stage
instability
slope angle

Mass

C of G
(+ve right from
centre of main
axle looking
from rear)

C of G
(+ve up
from
ground
level)

C of G
(+ve from
main axle
away from
pivoting axle)

x

y

z

Lxx

Lyy

Lzz

Ixx

Iyy

Izz

Moment of inertia about
vehicle C of G

Moment of inertia about
origin (ground level
below centre of main
axle)

degrees

kg

mm

mm

mm

kg m2

kg m2

kg m2

kg m2

kg m2

kg m2

43.2%
47.8%

37.7
37.6

316

-0.3

491

-240

114.7

101.3

66.2

209.1

119.5

142.4

1290
1340

49.2%
54.9%

37.5
36.4

442.8

3

493.4

-263

120.8

114.5

79.6

259.2

145.1

187.4

828

1351

61.3%

36.9

965
1023

1781
1788

54.2%
57.2%

36.2
36.4

595

-3.8

507.6

-262.8

130.3

139.9

95.3

324.7

181.03 248.61

J

J

Light weight, reverse mode, stiff roll-bar
Light weight, forward mode, stiff roll-bar

428
481

990
1007

Medium weight, reverse mode
Medium weight, forward mode

635
736

Medium weight, forward mode, rigid-chassis

Heavy weight, reverse mode
Heavy weight, forward mode
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It was decided to further investigate the predicted proportion of total kinetic energy absorbed
by the spring system. The results from this study are presented in Table 4.2. For the pivoting
axle vehicles (Generic Configurations B & C), the ratio of energy absorbed by the roll-over
protective structure (ROPS) to total kinetic energy varied from approximately 43% (for the
light (316 kg) vehicle in reverse mode), to 57% (for the heavy (595 kg) vehicle in forward
mode). The highest ratio of ROPS absorbed: total Kinetic energy was 61.3%, which occurred
in the case of the 4-wheel, rigid-chassis vehicle (Generic Configuration A) depicted in
Figure 4.9.

Figure 4.10 Point of maximum impact for medium weight vehicle in reverse mode
(Generic Configuration C)

The predicted vehicle configuration at the point of maximum spring deflection for the
medium weight (442.8 kg) vehicle in reverse mode is shown in Figure 4.10. In the
simulation, contact between the roll bar structure and the ground was inhibited. The top of
the roll-bar has therefore disappeared below the ground surface in the model. Contact
between the spring-plunger system is enabled, so its deflection due to the impact can be seen.
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4.4.3

Additional roll-over simulation considerations

The results from the simulation model suggested that, in the case of the heavy (595 kg)
vehicle, the deflection of the roll-bar chosen for the experimental trials (see Section 5.2.1)
would be significant. To further explore the previously postulated linkage between energy
absorbed by the ROPS and ROPS stiffness (see Section 4.4.1), further simulations of vehicle
lateral roll-over were performed, but utilising significantly stiffer roll-bars. The predicted
effect of increasing roll-bar stiffness by 20% and 100%, compared with the original
installation used on the experimental test vehicle (see Figure 4.4), is depicted in Figure 4.11
and Table 4.3.

1000
900

Energy absorbed (Joules)

800
700
600
500
400
300
200
100
0

0.5

1

1.5

2

2.5

Ratio of simulation roll-bar stiffness to experimental roll-bar stiffness

Light vehicle 316 Kg

Medium vehicle 442.8 Kg

Heavy vehicle 595 Kg

Figure 4.11 Predicted effect of increasing ROPS lateral stiffness upon ROPS rollover energy absorption

The simulation model predicted that the energy absorbed by the ROPS frame during a vehicle
lateral overturn will reduce as roll-bar stiffness increases, but not to an equally proportionate
degree. A doubling of ROPS stiffness appears to reduce energy absorbed during an overturn
event by approximately 18% (see Table 4.3). Interestingly, the degree of reduction in ROPS
energy absorption is also independent of vehicle mass and, therefore, the amount of energy
generated during the roll-over.
These issues are primarily of interest to vehicle ROPS designers, who are required to
configure roll-over protective structures not only to absorb energy during an overturn event
without failing catastrophically, but also to limit the resulting degree of structural deflection
in order to provide a suitable safety ‘clearance zone’ in the vicinity of the vehicle operator. It
is desirable that a ROPS should deflect plastically under load, absorbing energy in the process
and reducing the impact loadings transferred to the vehicle chassis, but a delicate balance
must be maintained between deflection and peak loadings, which are liable to predispose to
failures in a stiff structure.
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The energy absorption – deflection characteristics of these theoretical ROPS frames (together
with the original test vehicle ROPS) is depicted in Figure 4.12. Whilst increasing ROPS
frame stiffness will reduce the amount of energy absorbed by it (although not in direct
proportion (see Table 4.3)), the subsequent reduction in the energy absorbed by a stiffer rollbar, coupled with its steeper energy – deflection slope (see Figure 4.12), combine to produce
a significant reduction in ROPS deflection. Consequently, a 20% increase in ROPS lateral
stiffness, whilst reducing roll-over energy absorbed by approx. 5%, would result in an 18%
reduction in lateral deflection. A 100% increase in ROPS stiffness, whilst reducing absorbed
energy by approx. 18%, would result in approximately 50% less deflection due to roll-over: in
all instances, independent of vehicle mass in the (300 – 600 kg) range investigated. As
discussed previously, this may be of benefit to the machine designer, but greater peak loads
are likely to be transferred to the vehicle chassis during an overturn event.

Table 4.3 Predicted percentage reduction in ROPS roll-over energy absorption due
to increasing roll-frame stiffness

Test Vehicle Mass

Percentage reduction in ROPS energy absorption during vehicle roll-over
(relative to standard experimental ROPS frame)
Standard ROPS

20% stiffer ROPS

100% stiffer ROPS

Light
(316 kg)

0

-4.4%

-17.8%

Medium
(442.8 kg)

0

-3.5%

-18.7%

Heavy
(595 kg)

0

-6.3%

-18.2%

3000

Energy absorbed (Joules)

2500

2000

1500

1000

500

0
0

50

100

150

200

250

300

350

400

ROPS Deflection (mm)
Standard ROPS

20% Stiffer

100% Stiffer

Figure 4.12 ROPS energy absorption – deflection characteristics of ‘standard’ and
20% and 100% stiffer ROPS frames
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5.
5.1

VALIDATION OF ROLL-OVER DYNAMIC SIMULATION
MODEL
INTRODUCTION

It was always envisaged that this investigation of small vehicle roll-over would rely primarily
upon the output of computer-based dynamic simulation modelling (see Section 4). Far from
following a trend to employ modern technology wherever possible, as opposed to practical
experimentation, this generic methodology has been proven in the area of vehicle overturn
studies, by a number of previous workers (e.g. Chisholm, 1979a).
In essence a simulation model of the vehicle system is developed; this is subsequently
validated by a small number of experimental trials; the simulation model is then used to
investigate wider range of vehicle parameters (Chisholm, 1979b & c). There are numerous
reasons for selecting this approach, but the dominant issues are those of resource availability,
repeatability and experimental accuracy. Practical vehicle roll-over investigations are
extremely resource-hungry, if they are performed with the required degree of experimental
thoroughness. However, even with careful attention to detail, the behaviour of such a
complex physical system can, on occasion, be less repeatable than desired (Chisholm, 1979b).
Additionally, in order to determine roll-over parameter values with accuracy, both before,
during and after the vehicle overturn, extreme care is required. Progress can therefore be
slow.
To overcome these problems, it was decided to primarily rely upon the output of the dynamic
simulation model, but validate this by investigating the lateral roll-over of a range of small
vehicles, encompassing certain of the configurations defined in Section 3.1 and reproduced in
Tables 3.2 & 5.1. Those configuration not tested experimentally, were evaluated by means of
the dynamic simulation model (see Section 4.4 & Table 5.2)). The investigation only
considered lateral roll-over because, as discussed in Section 2 and 3, this was considered to be
of greater likelihood for small-vehicles of the operating mass range under consideration (300
– 600 kg, including operator), than rearwards overturn, due to their typical wheel track vs.
wheelbase dimensions, their environments and modes of use.

5.2

EXPERIMENTAL EQUIPMENT AND PROCEDURES

5.2.1

Test vehicle

The sponsors of this work had, to an extent, outlined vehicle groups that were deemed to
require investigation. As discussed in Section 1, current off-road vehicle ROPS legislation
and associated performance testing standards / procedures primarily concern agricultural
tractors, forestry and earthmoving machines. Without exception, current ROPS performance
testing standards, which specify loading and energy absorption criteria which the protective
structures have to meet, incorporate formulae relating these characteristics to vehicle
operating mass. The majority of these vehicles are of significant mass (> 1000 kg), but many
off-road vehicles used in the amenity sector fall below this value. ROPS test standards do
exist for lighter vehicles (e.g. OECD Code 6 & 7 for narrow agricultural tractors), but
frequently these are not applicable for vehicles of below 600 kg mass. As shown in
Section 2.1 and Table 3.2, many off-road vehicles are available in the mass range 300 –
600 kg and typically are not fitted with roll-over protective structures. Even if they were, no
independent practical research has been performed to determine if the test performance
criteria applied to larger vehicles is appropriate for smaller / lighter examples.
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Figure 5.1 National Triplex 68” mowing vehicle, as modified for roll-over trials

Table 5.1 Vehicle configuration / mass combinations subjected to practical roll-over
trials
Vehicle Configuration
Vehicle
Mass

A

B

C
Front

Front
Light
(316 kg)

*

Front

*

Medium
(~443 kg)

*

Heavy
(~595 kg)

*
* = practical roll-over testing performed

Behaviour of off-road vehicles in use can depend upon the physical configuration of the
vehicle and their operating environment. Therefore some simplification and generic
representation of the combined effects of those factors was seen to be more important than to
select a certain model of machine on which to undertake experimental roll-over trials. Having
defined the vehicle operating mass and configuration range of interest to the investigation
(see Tables 3.2 &5.1), a hybrid test vehicle was constructed (see Figure 5.1), with the
intention of being able to represent any vehicle mass-configuration combination deemed
necessary.
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The test vehicle was based upon a commercially-available lightweight self-propelled, ride-on
mower (National Triplex 68”), which the market survey had identified as being typical of
vehicles at the lower end of the target mass range (~ 300 – 350 kg) (see Section 2.1 &
Table 3.2). Additionally, its wheel track width and wheelbase dimensions were such as not to
be unrepresentative of vehicles at the upper end of the target mass range (~ 600 kg) (see
Appendix 2).
As full vehicle roll-over was to be the central component the experiments, an external
skeleton framework was attached to the base vehicle, in order to protect it during the several
roll-overs it was required to endure. A deformable portal frame ROPS was designed and to
be fitted to the skeleton frame, with the intention that act as a roll-over energy transducer and
be replaced after each experimental roll-over (see Section 5.2.2). In order to effectively cover
the vehicle target mass range deemed to be of interest to the investigation (~ 300 – 600 kg),
the roll-over trials concentrated upon testing three different weights of vehicle, namely a
nominal 300kg, 450kg and 600kg (all including a median 75 kg operator).
The (National Triplex) base vehicle was reconstructed as a CAD drawing and the effects of
removing the original mowing units (removed for testing) and adding a 75 kg median
operator (obviously not to be present during the practical rollover tests), were reproduced by
strategic placement of additional masses. The weights that were arrived at in this way were
then added to the test vehicle chassis. Distribution of masses was achieved by the same
method for all three vehicle test masses.
Apart from basic mass, two other vehicle attributes were considered during the practical
investigation, namely direction of travel and the kind of chassis - axle configuration
employed. These have been discussed and defined (in relation to vehicle lateral stability) in
Section 3.1 and are reproduced in Table 5.1, but in essence are:-

Configuration A:Configuration B:Configuration C:-

4-wheel, rigid chassis
(non-pivoting axle or independent
suspension);
3-wheel forward-facing (single front wheel or 4-wheel with
pivoting front axle);
3-wheel rearward-facing (single rear wheel or 4-wheel with
pivoting rear axle);

The test vehicle featured a pivoting axle: by propelling it either forwards or rearwards, it was
able to represent the generic vehicle configurations B & C, which encompass the majority of
vehicles on the market.
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5.2.2

Deformable ROPS frame for roll-over energy determination

The roll-over simulation model was used for two main purposes: firstly to predict the way in
which a particular vehicle configuration might overturn laterally; and secondly, to predict the
amount of energy that is likely to be absorbed by the roll-over protective structure (ROPS)
during the course of, and eventual arrest of, the roll-over. Having produced what appeared to
be a realistic dynamic simulation model (see Section 4), it was necessary to undertake a
limited number of practical overturning experiments, to obtain data to validate the model
output.
Determining the amount of energy absorbed during a vehicle overturn has always been
difficult. For instance, when a typical agricultural tractor overturns laterally, energy is
absorbed by many parts of the vehicle, including the ROPS frame, the tyres, wheel rims and
any other part of the body that happens to make ground contact (see Section 6.2). In the past,
complicated methods have been used ‘measure, and ‘guess-timate’ the roll-over energy
absorption ‘contributions’ made parts other than the vehicle ROPS. Chisholm (1979b)
determined the energy absorbed by ROPS itself, during larger vehicle overturns, by a
combination of strain-gauge force and deflection transducers, supplemented by photographic
and other measurement techniques.
However, the primary purpose of this part of the investigation was to determine the amount of
energy likely to be absorbed by a small-vehicle ROPS during a controlled lateral roll-over,
and determine how this may relate to vehicle operating mass. It was therefore possible to
streamline the measurement techniques employed.
A two-post portal frame ROPS was designed and constructed for attachment to the test
vehicle base frame (see Figure 5.1), with the intention that it should serve to absorb as greater
proportion as possible of the energy resulting from the overturn. This was achieved by
ensuring that, in a typical lateral roll-over, the ROPS would contact the ground before any
other part of the vehicle. Consequently, the frame was made sufficiently tall and with an
outrigger upon the upper, lateral member, to achieve that goal. Despite this apparent bespoke
ROPS design, in order to avoid any untoward influence of the roll-bar upon the way the
vehicle overturned, the size and weight of the test vehicle ROPS was chosen to be similar to
that of a ROPS safety device that could have been fitted to a commercial machine.
Having defined the general parameters for the size and shape of the frame, the ways in which
it could be used to gather the information about absorbed energy were explored. Certain
previous workers (Chisholm, 1979b) had successfully had utilised tri-axial force transducers
mounted upon a simplified, deformable ROPS frame (which was replaced after every roll
over event), to determine the forces applied and energy absorbed by the ROPS during
agricultural tractor lateral overturns. However, given the vehicle masses being targeted by the
investigation, and following the findings and personal advice of Dr Chisholm, it was decided
that, in this instance, the portal frame ROPS itself could act as an effective displacement
transducer, from which absorbed energy values could be derived.
This approach required the ROPS frame to be made of a material that would deform
predictably, and for its force – deflection characteristics to be determined in a calibration
exercise. The SRI ROPS static testing rig was used to apply a controlled sequence of loading
to a number of example test vehicle portal frame ROPS, and to record the resulting lateral
displacement (see Figures 5.2, 5.3 & 5.4). The energy absorbed was calculated from the
relationship between force applied to, and deflection of, the structure (see Figure 5.6).
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Figure 5.2 Test vehicle ROPS frame about to undergo calibration loading in SRI
ROPS testing laboratory

Figure 5.3 Test vehicle ROPS frame following calibration loading

The typical force – deflection characteristics of a steel portal frame structure consists of an
initial period of elastic (recoverable) deflection, followed by a significant region of plastic
(permanent) deflection, prior to eventual failure (see Figure 5.4). The material will return to
its original form if not pushed beyond the elastic (force-deflection) limit, but any loading
beyond this level creates permanent deflection, as shown in Figure 5.3. For the test vehicle
ROPS frame to act as a roll-over energy transducer, it was important that the frame was so
designed to ensure plastic deformation of the vertical ‘posts’ as a result of each vehicle
overturn, irrespective of its relative severity, to aid subsequent measurement of lateral
deflection of the structure.
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Figure 5.4 Typical test vehicle ROPS frame lateral deflection characteristics

To achieve this end, the test vehicle ROPS frame was constructed of three components: a
stiff, but light rectangular hollow section steel upper cross-member, which was designed not
to deflect during overturns; and two identical upright posts, made of mild steel bar, with steel
plate flanges at each end to permit ready attachment to the upper cross-member and vehicle
base frame respectively. Whilst adequately resilient to withstand any vertically-applied
loading, the portal frame ROPS was designed to deflect sideways in a controlled manner
when subjected to lateral loading (as would result during an overturn event) (see Figures 5.3
and 5.4). It will be noted that, during lateral deflection, the test ROPS uprights developed and
bent about ‘plastic hinges’ at their upper and lower ends, close to their mounting flanges (see
Figure 5.5), the remainder of the upright bar remaining straight

Figure 5.5 Typical test vehicle ROPS bending at lower ‘plastic hinge’
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Figure 5.6 Test vehicle ROPS energy absorption characteristics
In order to determine the amount of energy absorbed by the ROPS during an experimental
roll-over, the intention was simply to measure the permanent lateral deflection of the ROPS
frame. Whilst this would account for the plastic deformation experienced, the elastic
component could simply be accommodated by the addition of a further 50 mm (the ROPS
frame elastic deflection value – see Figure 5.4) to the measured ROPS deflection. The
resulting total deflection value could then be correlated to absorbed energy by reference to the
ROPS frame calibration trial results obtained from the ROPS static loading rig (see
Figure 5.6). Whilst this approach initially appeared to be dangerously simplistic, the resulting
degree of repeatability between different ROPS frames and the also between ROPS roll-over
trial replicates, vindicated the methodology.

5.2.3

Experimental test procedure

Vehicle lateral roll-over often occurs due to a sudden increase in the effective slope of the
terrain, for example an upslope wheel going over a bump or by the ground surface suddenly
dropping away on the down-slope side, whilst crossing a side slope that is already quite steep.
Lateral overturns can also result, not simply due to the magnitude of a side slope, but rather
due to loss of traction and consequent loss of vehicle control on a slope. This scenario, which
is prevalent on grass surfaces, tends to result side-slip of the vehicle until it either falls over
the edge of a bank, or stops abruptly against a solid object. Either of these instances can then
precipitate conventional, lateral roll-over. Any of these scenarios can be exacerbated by the
continuation of vehicle roll through more than 180 degrees. Additionally, falling down a
bank will tend to introduce a vertical component into the deformation of any vehicle ROPS.
It is also possible for a vehicle to turn over backwards, rotating around the rear driving
wheels: however, the types of machine (low mass, relatively low Centre of Gravity)
considered by this investigation are not particularly prone to overturns of this type.
Consequently this study concentrated solely upon vehicle lateral roll-over behaviour.
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Figure 5.7 Test vehicle upon spiral roll-over ramp

Figure 5.8 Spiral roll-over ramp and steel angle ‘running strip’
A number of previous researchers, who have investigated the lateral overturning behaviour of
agricultural tractors, have tipped vehicles off banks or performed simple sideways overturns
without forward motion: the former method is fraught with problems of obtaining and
analysing adequate data, whereas it can be argued that the latter is too simplistic to represent
real-life vehicle behaviour.
This investigation attempted to achieve a compromise between these two extremes and
combine controlled repeatable roll-over conditions with as greater degree of practical realism
as possible, for the vehicle sizes concerned. A pre-fabricated steel spiral ramp was used to
instigate vehicle lateral roll-over (see Figures 5.7, 5.8 & 5.9). As described in Section 4.3, the
8.5 m long ramp had an initial side-slope of 18 degrees and a final slope of 55 degrees, the
side angle progressively increasing along its length.
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Figure 5.8 View along spiral roll-over ramp in direction of test vehicle travel
The roll-over test procedure involved the test vehicle being towed along the spiral ramp at a
forward speed representative of the typical working speed for this type of vehicle (1.5 m/s),
until lateral roll-over occurred. A separate towing vehicle was chosen rather than the option
of the test vehicle propelling itself, for simplicity, ease of speed control and for overall safety
(see Figure 5.7). The towing rope was attached to the towing tractor by a quick release
mechanism, released at the initiation of roll-over in order not to restrict test vehicle
movement. A concrete roll-over surface was chosen for reasons of repeatability, and because
the resilience of the surface would prevent deformation and resultant energy absorption (see
Figure 6.4). A greater proportion of roll-over energy would therefore be absorbed by the
vehicle components: effectively a worst-case scenario. Whilst this could be deemed
unrepresentative of small off-road vehicle operating conditions, these machines undoubtedly
do spend a proportion of their life operating either close to or upon hard surfaces. It was
therefore appropriate to be considered within the investigation.
As previously discussed (see Section 5.2.2), no transducers other than the calibrated ROPS
frame were fitted to the test vehicle. However, each roll-over event was videoed, by highspeed (125 frames/sec) digital equipment from the rear (as per Figure 5.8) and by normalspeed digital equipment from a front three-quarter view point (see also Figure 5.8). These
records permitted the identification of any idiosyncrasies regarding each experimental trial:
the high-speed record permitting further detailed analysis of test vehicle motion and ROPS
deflection, if required.
Preliminary positioning and movement of the test vehicle along the spiral ramp, up to a point
of near instability, indicated that insufficient friction could be generated between the vehicle
tyres and ramp surface to prevent the vehicle from sliding laterally down the slope, rather
than continuing along the ramp to such a slope angle that overturn occurred. This variable
and unpredictable behaviour was highly undesirable, serving to vary the height of roll-over
initiation and the resulting roll-over energy level. To overcome this problem, a small
(50 mm) steel-angle running strip was installed along the length of the spiral ramp (see
Figures 5.7, 5.8 & 5.9), to prevent test vehicle lateral movement until overturn occurred.
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Figure 5.9 Roll-over ramp ‘running strip’ detail
This approach, albeit somewhat artificial, ensured that each roll-over (at a given slope angle)
was initiated from the same height above ground level. It also ensured that the ROPS frame
was the first part of the vehicle structure to make ground contact, permitting it to absorb a
significant, repeatable proportion of the energy present due to roll-over; this effectively being
a worst-case roll-over scenario. To enhance directional control of the test vehicles along the
roll-over ramp, two small vertical steel strips were attached to the test vehicle base frame.
During each roll-over trial, these members contacted the running strip and prevented vehicle
side-slip, or the vehicle tyres mounting the strip (see Figure 5.9). Upon initiation of lateral
overturn, the vehicle simply rolled over the top of the running strip: this marginally increased
the effective height of roll-over initiation, but was accommodated in the roll-over simulation
model (see Section 4.4.1).

5.2.4

Collection and analysis of data

Measurement of the ROPS frame deflection was achieved by constructing a ‘docking station’
in which the test vehicle was positioned for measurement of reference datum points on the
frame, both before and after each roll-over trial. In each instance, the lateral and longitudinal
position of a datum point on the down-slope end of the ROPS upper cross-member was
determined relative to the substantial steel upright members of the docking station. To
minimise errors, measurements were performed and the vehicle then removed, re-positioned
and re-measured three times, to obtain a reliable mean deflection value. A simple subtraction
of the distance to the datum point before and after an overturn trial provided the lateral and
longitudinal deflection of the ROPS frame. The former (lateral deflection) value was then
compared with the ROPS frame energy – deflection calibration data (see Section 5.2.2) to
permit determination of the energy absorbed by the ROPS.
High-speed video footage, taken from the rear as the vehicle travelled along the ramp and
overturned (see Figure 5.8), was stored digitally. A digital picture analysis package was used
to map the movements of certain reference points on the body of the test vehicle, designated
by small black and white targets (see Figure 5.7). By knowing the separation and relative
positions of these targets, it was possible to determine how components of the test vehicle
moved during a roll-over. However, although the potential information contained in the video
recordings was considerable, it was regrettably beyond the resources of this investigation to
fully-exploit this data source. Effort was therefore concentrated on determining the levels of
energy absorbed by the ROPS fitted to the different vehicle configurations tested. These are
shown in Table 5.2.
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5.3

LATERAL ROLL-OVER EXPERIMENTAL RESULTS

The information derived from the small-vehicle roll-over trials is presented in Table 5.2. In
addition to descriptive information regarding the test vehicle configuration / direction of
travel, mass, and location of Centre of Gravity, the lateral deflection of the ROPS frame is
specified (in both elastic and plastic modes), together with the subsequent ROPS energy
absorption value derived from the deflection data. The resulting distribution of ROPSabsorbed energy in relation to vehicle mass is depicted graphically in Figure 5.11.
The result of a typical roll-over trial is shown in Figure 5.10 (medium mass (443 kg),
rearward (Generic Configuration C)). It will noted that, whilst the ROPS frame has made first
contact with the ground surface, deflecting and absorbing energy from the overturning vehicle
in the process, the base frame of the vehicle has also come into ground contact. Whilst the
latter has suffered no obvious deflection, it will have contributed to the absorption of roll-over
energy. In normal circumstances, tyre-soil friction would also absorb roll-over energy, as
would any other mechanical contact between any part of the vehicle and ‘mother earth’ (see
Figure 6.4). Whilst production vehicles would not be fitted with such a base frame, other
vehicle features such the wheel rims and other components mounted on the vehicle
extremities, would fulfil such a role.

Figure 5.10 Aftermath of test vehicle roll-over trial – Medium mass, Configuration C
Due to the similarity in the results arising from the light (316 kg) vehicle when propelled
forwards (Configuration B) and rearwards (Configuration C) along the spiral ramp, all
subsequent trials undertaken using medium (443 kg) and heavy (595 kg) vehicles were only
performed in rearward mode (Configuration C - pivoting axle at rear). All other vehicle
configuration – mass combinations were investigated by means of the roll-over simulation
model (see Table 5.3 and Section 4.4.2).
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Table 5.2 Results of practical small-vehicle roll-over trials

Vehicle mass

Light (B)

Vehicle Configuration /
Direction of Travel

Front

Mass
(kg)

Centre of Gravity
Position
Height
Longitudinal
above
from drive
ground
axle (mm)
(mm)

ROPS Lateral
Deflection
Elastic
(mm)

Plastic
(mm)

Energy
Absorbed
by ROPS
(Joules)

316

491

240

50

105

463.5

316

491

240

50

91.5

423.6

316

491

240

50

95

435.1

316

491

240

50

106

466.8

316

491

240

50

108

473.5

442.8

493

263

50

142

510.6

442.8

493

263

50

182.5

630.8

442.8

493

263

50

167.5

586.1

594.8

508

263

50

321

1044.2

594.8

508

263

50

255
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Figure 5.11 Relationship between ROPS-absorbed energy and vehicle mass, as
derived from experimental roll-over trials
Whilst on occasions the test ROPS frame did deflect in the longitudinal direction (i.e. parallel
to direction of vehicle travel), this was minor compared with the lateral deflection of the
frame, and highly dependent upon vehicle forward velocity and attitude at the point of impact.
Typical post-overturn lateral deflection behaviour of the test vehicle ROPS is shown in
Figure 5.12, for the range of vehicle masses investigated.
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Figure 5.12 Typical post-roll-over lateral deflections of ROPS frame upon
‘light’ (above, left), ‘medium’ (above, right) and ‘heavy’ (below) versions
of test vehicle. Note additional ballast weights attached to vehicle base
frame to achieve desired target operating mass
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5.4

COMPARISON OF EXPERIMENTAL ROLL-OVER DATA AND DYNAMIC
SIMULATION MODEL OUTPUT

As discussed in Section 5.1, it was always envisaged that this investigation of small vehicle
roll-over would rely primarily upon the output of computer-based dynamic simulation
modelling. However, to confirm the validity of the simulation model output, a small number
of experimental roll-over trials would be performed. The simulation model would then used
to investigate wider range of vehicle parameters. The specific vehicle mass / chassis
configurations investigated by either practical roll-over testing or computer simulation are
depicted in Table 5.3.

Table 5.3 Vehicle configuration / mass combinations investigated
Vehicle Configuration
Vehicle
Mass

A

B
Front

Front
Light
(316 kg)
Medium
(~443 kg)

C

*
X

Heavy
(~595 kg)

Front

*

X

X

*

X

X

*

X

X

* = practical roll-over testing performed
X = roll-over behaviour simulated

The main purpose of this part of the investigation was to determine the main vehicle
parameters which affect the energy levels absorbed by the ROPS structure in a roll-over
event, and identify whether current knowledge as applied to larger vehicles, is appropriate for
their smaller counterparts. Previous workers have developed relationships between ROPSabsorbed energy and vehicle mass: derivations of these relationships have subsequently
formed the basis of current ROPS performance test standards (see Section 6.3). Whilst other
vehicle parameters, such as Moment of Inertia and C of G height also affect ROPS energy
levels (Chisholm, 1979c), for many vehicles designed for practical use in the land-based
sectors, these parameters may be related (albeit empirically) to vehicle mass. The underlying
ROPS-absorbed energy – vehicle mass relationship has therefore proved to be an enduring
one, at least with respect to lateral roll-over.
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With this in mind, Figure 5.13 depicts the values of ROPS-absorbed energy, plotted against
test vehicle mass, for the vehicle chassis / mass configurations investigated in the practical
roll-over trials. In addition, the dynamic roll-over simulation model output for these
particular vehicle configurations (as presented in Table 4.2) is also depicted graphically. It
will be noted that there is very close agreement between the experimental results and
simulation model output across the vehicle mass range investigated. The simulation model
output for the ‘medium’ (443 kg) mass vehicle tends towards the upper end of the
experimental data range, but is nonetheless still within it (virtually coincident with an
experimental trial result).
Figure 5.14 depicts the same data (in the same format) as Figure 5.13, but includes output of
the simulation model for the wider range of vehicle chassis / mass configurations which were
modelled, but not subject to validation by practical roll-over testing (see Table 5.3). As
discussed previously in Section 4.4.2, this simulation model data suggests that pivoting frontaxle vehicles (Configuration B) generate slightly higher levels of ROPS energy than rear
pivot-axle variants (Configuration C), but as discussed, this may be a result of the particular
experimental roll-over setup (ramp + vehicle) which was employed (and modelled) in this
investigation. However, it is of interest to note that rigid chassis (Configuration A) vehicles
are considered likely to generate the highest levels of ROPS-absorbed roll-over energy for a
given vehicle mass (see Table 4.2).
The overall conclusion that can be drawn from the experimental roll-over trials is that a
computer-based dynamic simulation model, as employed in this investigation, can accurately
predict both the dynamic behaviour and subsequent levels of energy present in, and absorbed
by, elements of the modelled vehicle system.
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Figure 5.13 Correlation between dynamic roll-over simulation model output and
experimental roll-over results:- ROPS-absorbed energy vs. vehicle
mass
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Figure 5.14 Correlation between ROPS-absorbed energy and vehicle mass: data as
displayed in Fig. 5.13, plus results of other vehicle configurations
investigated by simulation modelling
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6.
6.1

SUITABILITY OF CONVENTIONAL ROPS FOR SMALL
VEHICLES
VEHICLE STABILITY

Will the fitment of a roll-over protective structure (ROPS) to certain types of smaller (lower
mass) vehicle reduce stability sufficiently to increase the risk of vehicle roll-over during
normal operation? Historically this has been a source of major debate between manufacturers
and workplace safety bodies. Manufacturers of smaller vehicles have contested that the
addition of ROPS of designs similar to those found on (larger, heavier) agricultural tractors
could be counter-productive in relation to roll-over safety. This was primarily because the
additional mass of the ROPS, its magnitude relative to the mass of the vehicle, and its
location on the target vehicle, was deemed to be sufficient to raise a small vehicle’s Centre of
Gravity (C of G) sufficiently to make it less stable and more prone to overturning.
Additionally, many small vehicles, particularly those used in the amenity sector, are likely to
be used in conditions of restricted headroom (low buildings, under trees, etc), where the
presence of a ROPS frame (momentarily forgotten by the operator) could result in external
contact with a solid object, possibly leading to overturn. However, the latter instances, rare as
they are, would typically result in a rearwards overturn, whereas this investigation has
intentionally concentrated solely upon the risk of, and factors influencing, vehicle lateral
overturn.
A benefit of vehicle roll-over behaviour modelling is that it can readily permit the machine
designer to adjust vehicle parameters (mass, C of G location, moment of inertia), to represent
variations which would results from the addition of a ROPS, and thereby predict how
machine stability would be affected. However, as discussed earlier in Section 3.4, for
vehicles whose typical operating speeds are in the region of 1.5 – 2 m/s, as is the case of
many of those considered in this investigation, static theory can provide sufficiently accurate
predictions of the onset of vehicle lateral instability.
The result of applying this approach to a range of commercially-available vehicles is depicted
in Table 6.1. The effect upon lateral stability of the addition of a theoretical two-post ROPS
(roll-bar) to three amenity mowing machines, a National Triplex 68”, Ransomes Triple 18,
and Massey Ferguson 420FC (see Figures 6.1, 6.2 and 6.3 respectively and Appendix 2), was
considered. These vehicles were selected to broadly represent the ‘light’, ‘medium’ and
‘heavy’ vehicle weight categories considered elsewhere in the investigation: (Additional
dimensional data is presented in Appendix 2). The mass of an appropriate hollow-section
steel roll-bar was deemed, by SRI design engineers, to be approximately 25 kg. The effect of
adding such a structure in an appropriate location upon each of the vehicles considered, in
terms of change of C of G location and reduction in lateral stability, is shown in Table 6.1. In
each instance the vehicle was deemed to be operated by a 75 kg median operator (see
Section 4.2). In the case of the National Triplex machine, the mower units were assumed to
be in operating position; their weight thereby being supported by the ground, reducing vehicle
mass, raising the C of G and reducing initial lateral stability (see Section 3.4 & Table 3.3).
The addition of the ‘theoretical’ ROPS reduced the lateral stability of each vehicle (as
indicated by the slope angle at the 1st stage of instability), by between 5.4 and 8%. As would
be expected, the degree of stability reduction increased as vehicle mass reduced. However, as
discussed in Section 3.2, this is more a result of the change in C of G location which results
from the addition of a ROPS, the location of the latter being constrained in relation to the
operator’s position on the machine. Hence a light vehicle with a lower initial C of G would
not be affected to the same degree as the National Triplex example considered here.
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In the majority of these instances, the lateral stability of these machines fitted with such a
ROPS, would still be considered adequate for operational purposes (greater than 30 degrees
lateral stability is considered to be desirable and is a standard requirement for certain types of
smaller vehicle).
A further consequence of installing roll-over protective structures on small vehicles is the
need for an adequate vehicle chassis / base structure to actually attach the ROPS to. Whilst
this is unlikely to be a problem for vehicles towards the upper end of the mass range
considered by the study (e.g. 500 – 600 kg), it may be an issue for lighter vehicles (e.g.
Figure 6.1). A practical solution would be the installation of (or design of subsequent variants
incorporating) a strengthened lower chassis. Whilst a costly solution and a source of
additional mass, such an approach would in fact improve the lateral stability of such a vehicle,
due to the addition of mass below the C of G, substantially offsetting the reduction in stability
resulting from the addition of the ROPS frame.

Figure 6.1 National Triplex 68” front steer, rear-drive mowing vehicle

Figure 6.2 Ransomes Triple 18 front-drive, rear steer mowing vehicle

54

Figure 6.3 Massey Ferguson 420FC front-drive, rear steer mowing vehicle
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Table 6.1 Predicted reduction in example small vehicle lateral stability due to addition of ‘theoretical’ ROPS (roll-bar)

Mass
kg

Wheel
track
mm

Pivot
longitudinal
distance from
main axle
mm

Axle
pivot
height
mm

C of G
height
mm

C of G
longitudinal
distance from
main axle
mm

National Triplex
With driver; no roll-bar

211

790

960

295

541

354

National Triplex
With driver and roll-bar

236

790

960

295

605

317

27.6

- 8.0

Ransomes Triple 18
With driver; no roll-bar

523

1100

1290

0

577

281

36.7

-

Ransomes Triple 18
With driver and roll-bar

548

1100

1290

0

616

313

34.1

- 7.1

MF 420FC
With driver; no roll-bar

692

920

915

275

533

301

34.9

-

MF 420FC
With driver and roll-bar

717

920

915

275

569

295

33.0

- 5.4

Vehicle description

56

Slope angle at
1st stage of
instability
deg
30.0

Percentage reduction
in lateral stability
(slope angle)
%

-

6.2

ENERGY ABSORBED DURING VEHICLE ROLL-OVER

As previously discussed, the role of a vehicle roll-over protective structure (ROPS) is
relatively complex, for what appears to be a simple structure. It must absorb kinetic energy
during the roll-over event, by virtue of its own deformation, whilst maintaining sufficient
structural integrity to provide a ‘protective zone’ within which the machine operator can
expect to survive. The ROPS structure should also be so designed as to reduce the likelihood
of, or even prevent, further (continuous) roll-over (i.e. more than 90 degrees roll). This is a
particular requirement for vehicles of narrow wheel track (typically less than ~ 1.2 m);
effectively all the small vehicles considered in this investigation (see Appendix 2 for typical
vehicle data).
It is incorrect to assume that a vehicle’s ROPS absorbs the entire kinetic energy resulting
from lateral roll-over. In fact, in the case of a typical agricultural / amenity vehicle, roll-over
energy would be absorbed by a combination of physical systems including the ROPS, the
wheels (rims) and tyres, sliding friction between the roll-over surface and the vehicle tyres
and/or chassis, and deformation of the soil surface. Equipment attached to the vehicle (e.g.
mower decks) could also deform during the roll-over event and serve to absorb energy. Much
depends upon the particular circumstances of a given overturn event, and particularly the
angle of initial vehicle-ground contact (Chisholm, 1979c), but a typical scenario is depicted in
Figure 6.4.

ROPS-absorbed
Energy

Total
Roll-Over
Kinetic Energy
Soil deformation
Wheels

Sliding Friction

Figure 6.4 Distribution of kinetic energy absorption during roll-over
If the ROPS were to contact the ground before the other components of the vehicle (as was
the case in the roll-over scenario simulated and investigated practically in this study), it could
be expected to absorb a greater proportion of the total energy available. However, if the
vehicle’s tyres or other components made contact with the ground at a similar point in time to
the ROPS, the former would play a more significant role in energy absorption.

57

ROPS structural stiffness does influence the energy absorbed by this component (see
Section 4.4.3), but not by a directly proportionate amount: increasing structural stiffness by
20% reducing the amount of energy absorbed by the ROPS by approx. 5%. In such
circumstances this displaced energy would be absorbed by other potential sinks (see
Figure 6.4).
Results obtained from the dynamic simulation modelling of small vehicle roll-over (see Table
4.2), which were subsequently validated by practical roll-over trials (see Figure 5.14), predict
that between 43 and 61% of vehicle roll-over energy would be absorbed by the ROPS during
a small vehicle overturn. This value was slightly dependent upon vehicle configuration,
ROPS fitted to forward-mode machines (rigid rear & pivoting front axle) absorbing slightly
greater proportion of total energy than their rearward mode (rigid front & pivoting rear axle)
counterparts. However, as discussed previously (see Section 4.4.2), this is probably due to
the particular roll-over circumstances modelled. Consequently it is fair to conclude, in
general terms, that between 50 and 60% of small vehicle roll-over energy is likely to be
absorbed by the ROPS, irrespective of vehicle mass (for the 300 – 600 kg range investigated).

6.3

APPROPRIATE ROPS TEST CRITERIA FOR SMALLER VEHICLES

As discussed in Section 1, current off-road vehicle ROPS legislation and associated
performance testing standards / procedures primarily concern agricultural tractors, forestry
and earthmoving machines. Essentially the objective of any test procedure is to determine the
ability of the ROPS (when fitted to a designated vehicle make / model) to absorb a given
quantity of strain energy (applied force x deflection of structure) and maintain structural
integrity, whilst not permitting itself or the ground surface to enter a ‘clearance zone’ or
‘deflection limiting volume’ potentially occupied by the operator. Without exception, current
ROPS performance testing standards specify loading and energy absorption criteria which the
protective structures have to meet. These criteria incorporate formulae relating to vehicle
operating mass, given that the kinetic energy generated in an overturn will increase in
proportion to this quantity, and that other influential vehicle parameters (e.g. C of G height
and moment of inertia) can often be related to vehicle mass (see Section 5.4).
In most cases testing procedures involve the application of slow-rate (‘static’) loading to an
example ROPS, fitted to a physically-restrained vehicle chassis: the loading rate normally
does not exceed 5 mm/second (OECD Codes 4 & 7, plus others). For loadings applied in the
horizontal plane (lateral and longitudinal axes), the applied force and the resulting
displacement of the protective structure (in the direction of loading) is recorded, permitting
derivation of the strain energy absorbed by the structure (OECD, 2005).
Roll-Over Protective Structure (ROPS) test criteria usually incorporate the requirement for
sequential loading of the structure in the longitudinal, vertical and lateral axes, the vertical
loading sometimes being applied on two separate occasions during the course of the test
(procedure-dependent). For certain vehicle types and/or specific applications, Tip-Over
Protective Structures (TOPS) are deemed to provide adequate operator protection during an
overturn. Whilst appearing largely identical to a conventional ROPS, TOPS testing
procedures (e.g. ANSI/ASAE S547) typically do not include a vertical test loading
requirement for the protective structure. However, to compensate for this, an additional
requirement is usually included, namely that of a non-continuous roll test. This assesses the
ability of the protective structure to prevent the vehicle from rolling further than simply onto
its side, should a roll (or tip) over occur upon a slope of up to 34 degrees: the justification
being that, if the vehicle is unlikely to roll beyond this position (i.e. onto the roll-bar crossmember), there is not requirement for test loading the structure in the vertical plane.
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A non-continuous roll-over test requirement is also included as an addition in some ROPS test
procedures, particularly for vehicles of narrow wheel track, e.g. OECD Codes 6 & 7 for
narrow and vineyard agricultural tractors.
Whilst a multiplicity of roll or tip-over protective structure testing standards exist for different
vehicle configurations and/or potential applications, the performance criteria for resilience to
lateral (horizontal) loading are remarkably similar. With few (if any) exceptions, they relate
the level of energy needed to be absorbed by a ROPS frame to the vehicle mass by the
following equation (Stockton et al.,2002):-

E = 1.75 x M
Where:-

(5)
E = ROPS-absorbed energy (Joules)
M = vehicle mass (kg)

However, the derivation (and validation) of this relationship, by practical experimentation,
simulation modelling and almost 30 years of commercial application, has only considered its
application to agricultural or other land-based sector vehicles of medium or larger operating
mass (typically heavier than 800 kg). Many off-road vehicles used in the amenity sector fall
below this value. ROPS test standards do exist for lighter vehicles (e.g. OECD Code 6 & 7
for narrow agricultural tractors), but these have not been verified as suitable for application to
vehicles of mass below 600 kg, mainly through lack of demand. Because of their
construction and engine power, narrow and vineyard tractors typically do not fall below the
600 kg lower limit.
As discussed in Section 2.1, many off-road vehicles are available in the mass range 300 –
600 kg and typically are not fitted with roll-over protective structures. A lateral roll-over or
tip-over risk undoubtedly exists in the course of their normal operation, but the question
remains: Is the lateral test performance criteria applied to larger vehicles appropriate for
smaller / lighter examples or are they excessively stringent and inappropriate?
This study has only attempted to consider the ROPS-energy absorption criteria for such
vehicles, in the event of a lateral overturn. Other performance criteria also apply, for instance
the provision of a ‘clearance zone’ for the operator, thereby limiting allowable deformation of
the protective structure. However, the latter is dependent upon operator size and likely
protective clothing worn, rather than the size or mass of the vehicle concerned. Also, as
previously discussed, the likelihood of overturn in the lateral direction is much greater than in
the longitudinal plane. Consequently, it is the “Absorbed Energy = 1.75 x vehicle mass”
relationship which remains under scrutiny in this instance.
The suitability of this ROPS lateral performance criteria for vehicles of less than 600 kg mass
(without operator) and less than 1.15 m wheel track width, was investigated by Harral (1992).
A computer-based dynamic simulation model, developed by Chisholm (1979a), was used to
predict the energy levels likely to be absorbed by a simplistic ROPS fitted to four example
small vehicles (mass range = 205 – 790 kg without operator). The predicted energy levels
were found to be highly variable and dependent upon subtle variations in vehicle dynamics
and ground contact behaviour (details of which were inputs to the simulation model). For
lateral roll-over, the relationship between absorbed energy and vehicle mass (for driverless
operation) was found to be E (Joules) = 1.6 x mass (kg), i.e. approx. 90% of the value used
for larger vehicles.
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Figure 6.5 Relationship between ROP-absorbed energy and vehicle mass

However, Harral (1992) concluded that the mass of the operator (assumed 75 kg) was capable
of having a considerable effect upon the results, particularly for the lighter vehicles
considered. A further 10% allowance in energy level was therefore recommended as an
allowance for operator mass, returning to the Energy = 1.75 x mass relationship, and avoiding
a stepped transition at vehicle masses of 600 kg.
The results obtained, both from the experimental roll-over trials and the simulation modelling
exercise performed during this investigation, are presented in Figure 6.5, together with a
linear best-fit regression line. Although there is good justification for forcing such a
regression through the origin, it is considered that in this case such an action would only serve
to obscure the information presented. Figure 6.5 also depicts the currently-accepted lateral
roll-over ROPS energy relationship (Energy = 1.75 x mass) for comparison purposes.
On average, the investigation results sit slightly below the Energy = 1.75 x mass line,
suggesting that implementation of the latter would be somewhat excessive for vehicles in the
mass range in question (300 – 600 kg). In fact this is not necessarily the case. The range of
results obtained for the 443 kg and 595 kg vehicles encompass the y = 1.75x regression.
Whilst those of the 316 kg vehicle all fall below the line, implementation of this roll-over
energy criteria would only result in a 15 – 17% over-estimate in the majority of cases.
Consequently, there is insufficient evidence to recommend the application of an alternative
energy – mass relationship, even at the lower end of the vehicle mass range considered by this
investigation. On balance, significantly more evidence exists to support the application of the
current relationship for larger vehicles to smaller off-road vehicles of 300 – 600 kg mass.
This approach is, incidentally, currently being proposed in the development of ROPS
performance test criteria for smaller machines (front-drive lawn and turf care machines) by
ASAE and ISO standards sub-committees. On balance there appears to be much to
recommend it.
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7.

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions may be drawn from this investigation.
x Significant numbers of small (300 – 600 kg operating mass) vehicles are currently
available on the UK market, primarily intended for domestic and semi-professional
use in the amenity (lawn, turf care and estate maintenance) sectors. Very few of these
vehicles are fitted with Roll-Over Protective Structures (ROPS);
x The majority of recognised ROPS performance testing standards do not encompass
smaller vehicles, particularly below 600 kg mass. Certain of the industry suspects
that the ROPS test performance criteria intended for larger (> 800 kg) vehicles are
inappropriate for smaller / lighter examples. Consequently, at present, manufacturers
of small vehicles who wish to design and install appropriate ROPS upon their
machines, are unable to refer to recognised performance criteria for these structures;
x Practical concerns exist within the industry regarding the installation of conventional
ROPS upon smaller, lighter vehicles and the potential adverse affect such actions may
have upon vehicle lateral stability;
x For lateral stability and roll-over investigation purposes, vehicles of the size range in
question can be represented by one of three generic chassis configurations (4-wheel,
rigid chassis; 3-wheel, forward-facing; 3-wheel, rearward-facing);
x Vehicle mass has no effect upon lateral stability: primary determining factors are
vehicle wheel track (plus tyre) width and height of Centre of Gravity (C of G);
x For turfcare-type vehicles, whose typical operating speed is less than
2 metres/second, static stability theory is an adequate predictor of the side-slope angle
at which lateral roll-over is first initiated. However, for higher-speed vehicles, and
those incorporating suspension, dynamic simulation modelling is likely to be the best
predictor, due to changes in vehicle geometry during roll-over;
x Consideration of operator mass (and location) can significantly reduce the
(theoretical) lateral stability of lighter vehicles. When considered in terms of the
side-slope angle at the onset of lateral instability, reductions of over 20% are possible.
However, the addition of an (estimated) ROPS frame to a range of vehicles (211
692 kg mass including operator) was found to reduce lateral stability by only 5.4 8%, depending upon vehicle configuration;
x Computer-based dynamic simulation modelling is capable of accurate prediction of
small-vehicle lateral roll-over behaviour, both in terms of the onset of vehicle lateral
instability and the energy levels likely to be absorbed by the vehicle Roll-Over
Protective Structure (ROPS) during the overturn event;
x It is appropriate to consider operator mass as part of the total vehicle during
simulation of lateral roll-over because, in reality, if a ROPS were fitted to an openstation-type vehicle, the operator would be required to wear a seat restraint, in order
to remain in the protective zone offered by ROPS frame in the event of an overturn;
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x In the range of vehicle configurations investigated (4-wheel, rigid chassis; 3-wheel,
forward-facing; 3-wheel, rearward-facing: mass range:- 300 – 600 kg), the proportion
of total roll-over kinetic energy absorbed by the ROPS frame varied between 43 and
61%, and was largely independent of vehicle mass. The remaining energy generated
during the roll-over was absorbed by the vehicle wheels / tyres, sliding friction
between the vehicle and roll-over / ground surfaces, and ground surface
deformation (small in this instance).
x Increasing ROPS stiffness reduces the amount of energy likely to be absorbed by the
structure, and the resultant structural deflection, due to a roll-over event. However
this reduction is not in direct proportion. In the circumstances investigated,
increasing ROPS stiffness by 20% reduced absorbed energy by approximately 5%
and ROPS lateral deflection by 18%, whereas increasing ROPS stiffness by 100%
reduced absorbed energy by approximately 18% and ROPS lateral deflection by
approximately 50%. These values were found to be independent of vehicle mass in
the (300 – 600 kg) range investigated. Whilst this reduction in ROPS deflection is
beneficial to ROPS designers attempting to provide an adequate protective zone for
the vehicle operator in the event of an overturn, the necessary increase in ROPS
stiffness will result in the transfer of significantly higher peak loads to the vehicle
chassis;
x In the circumstances investigated, the amount of energy absorbed by the vehicle
ROPS was found to be largely independent of vehicle chassis configuration and
primarily dependent upon vehicle mass. However, vehicle wheel track width and
Centre of Gravity height were effectively kept constant during the investigation,
because the values chosen were deemed to be an appropriate representation of a range
of commercially-available machines (see Appendix 2). In practice, the lateral
stability requirements placed upon many machines used in the amenity sector, tend to
limit the extent of the relationships between these parameters.
x Whilst application of the currently-accepted lateral roll-over ROPS performance test
criteria (ROPS Absorbed Energy = 1.75 x vehicle mass) may result in a 15 – 17%
energy over-estimate for the lowest mass vehicles considered (~ 300 kg), this criteria
appears to become progressively more appropriate as vehicle mass increases. In
conclusion, there is insufficient evidence to recommend the application of an
alternative energy – mass relationship, even at the lower end of the vehicle mass
range considered by this investigation and, on balance, significantly more evidence
exists to support the application of the currently-accepted relationship for larger
vehicles to smaller off-road vehicles in the 300 – 600 kg mass range. Appropriatelyengineered ‘conventional’ ROPS solutions would therefore appear to be suitable for
application to these vehicles, where a roll-over risk is deemed to exist.
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APPENDICES
APPENDIX 1:

STAKEHOLDER SURVEY QUESTIONNAIRE

Operator Protection on Small Vehicle Survey
For the purpose of this questionnaire small vehicles are taken to be below 1000kg in mass (e.g.
ride-on mowers, golf buggies, compact tractors)

In each question where multiple options are given please tick all that apply and feel free to add
any further comments in the box provided
SECTION A
1

Respondent

Is your job mainly based in:
Engineering /
Technical
Marketing
Design
support
Manufacturing.................................. ..................... ......................
Supply ........................................... ..................... ......................
Importer ........................................ ..................... ......................
Vehicle operator..................................................................................
Vehicle fleet manager ...........................................................................
Vehicle specification / procurement..........................................................
Health & safety ...................................................................................
Risk management / regulator ..................................................................
Other (please state)_____________________________________________ .............
Comments

2
(a) How many types of small vehicles do you deal with (either in terms of number of product variants
produced / sold or in terms of small vehicles that are operated regularly)
0–3
4–6
7 -10
11 – 20
Over 20
...................................... .............. ............... ................ .............
(b) How many of the small vehicles that you are involved with are fitted with some form of ROPS
None
25%
50%
75%
All
...................................... .............. ............... ................ .............
3 Do any of your small vehicles have folding / removable ROPS fitted Yes

.................... No

If yes what safeguards / procedures are in place to ensure redeployment after folding / removal
Operator training.................................................................................
Warning label on machine ......................................................................
Warning light / buzzer on machine............................................................
Warning in handbook ............................................................................
......................................................................................................
Other (please state)_____________________________________________ .............
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4

In what circumstance do you think there is a need for ROPS to be fitted to small vehicles:
None ................................................................................................
If the vehicle is potentially used off-road....................................................
If the vehicle is potentially used on slopes ..................................................
If the vehicle is used with trailed equipment ...............................................
If the vehicle is used with cumbersome / heavy attachments............................
Only where a specific risk assessment deems it necessary ................................
As standard ........................................................................................
Other (please state) .............................................................................
Comments

SECTION B Manufacturers & Suppliers:
5

Which market sector(s) does your company supply vehicles to, and where supplied, what type of
ROPS structure(s), are utilised on your vehicle range:
None
2-post frame 4-post frame
Cab
.............
Agriculture ................................. .............. ...............
.............
Forestry ..................................... .............. ...............
.............
Amenity ..................................... .............. ...............
.............
Domestic /recreation ..................... .............. ...............
.............
Industrial / construction ................. .............. ...............
.............
Other (please state)________________ .............. ...............
.............
___________________.................... .............. ...............
.............
___________________.................... .............. ...............

6

If ROPS is not a standard feature does your company supply vehicle(s) which may be used in
situations where it could require roll-over protection and / or ROPS fitment is requested by the
purchaser but the vehicle(s) is out-with the current scope of the ROPS standards
Yes ................................ No
if yes:
do you already have suitable ROPS mounting points on the vehicle

Yes

.......... No

would the addition of ROPS affect the vehicles functionality

Yes

.......... No

would the addition of ROPS require significant alteration to the vehicles design
Yes .......... No

Comments
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Can you please arrange for you marketing department to forward sales brochures of all current small
vehicles to David Semple @SRI

SECTION C
7

Vehicle usage

Please indicate which type of small vehicle(s) you operate along with typical operating
conditions for each vehicle
......................................................................................................
3 wheeled pivot steered (castor) .............................................................
4 wheeled steered ...............................................................................
4 wheeled pivot steered (castor) .............................................................
tracked.............................................................................................
Other (please state) .............................................................................
None
2-post frame 4-post frame
Cab
.............
3 wheeled steered ........................ .............. ...............
.............
Forestry ..................................... .............. ...............
.............
Amenity ..................................... .............. ...............
.............
Domestic /recreation ..................... .............. ...............
.............
Industrial / construction ................. .............. ...............
.............
Other (please state)________________ .............. ...............
.............
___________________ .................... .............. ...............
.............
___________________ .................... .............. ...............

Comments

8

Do you operate any of your small vehicles on slopes: Yes

................................... No

If yes which type(s) of sloping surface do you operate on (please tick all that apply:
Slope angle
150 - 300
>300
<150
Hard surface (tarmac, concrete etc)....... ..................... ......................
Non-consolidated surface (earth banks) .. ..................... ......................
Dry grassland ................................... ..................... ......................
Wet grassland .................................. ..................... ......................
................................................... ..................... ......................
................................................... ..................... ......................
................................................... ..................... ......................
Other (please state)_________________ .. ..................... ......................
Comments
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9

Have you be involved, or are you aware of, any overturning accident involving small vehicles:
Yes ..................................................................... No
If yes was a ROPS fitted to the vehicle Yes

.................... No

And can you please give brief details
Accident details

And
where fitted is there a ROPS approval plate attached): Yes
If yes what standard is the ROPS tested to
ISO 3463
SAE J168
OECD Code 1
ISO 3471
SAE J320
OECD Code 2
ISO 8082
SAE J333
OECD Code 3
ISO 5700
SAE J394
OECD Code 4
SAE J396
OECD Code 5
SAE J1040
OECD Code 6
SAE J1194
OECD Code 7
SAE J2194
OECD Code 8

................................. No

Other (please state)
_________________
_________________
_________________
_________________
_________________
_________________
_________________

10 Please add any further comments on the potential benefits, or pit falls, of the fitment of ROPS to
small vehicles:
Comments
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APPENDIX 2:
A2.1

TEST VEHICLE SPECIFICATIONS

National Triplex 68”

Wheel track width
Overall width
Wheelbase
Front-axle pivot height
Front axle pivot distance from main axle
Front Tyre width
Front Tyre height
Rear Tyre width
Rear Tyre height

790 mm
960 mm
955 mm
295 mm
960 mm
100 mm
300 mm
170 mm
400 mm

Mass

(less operator)

136 kg (without cutting units)
223 kg (with cutting units)

A2.2

Ransomes Triple 18

Wheel track width
Overall width
Wheelbase
Rear axle pivot height
Rear axle pivot distance from main axle
Front Tyre width
Front Tyre height
Rear Tyre width
Rear Tyre height

1100 mm
1310 mm
1290 mm
0 mm (three-wheeler)
1250 mm
210 mm
450 mm
140 mm
380 mm

Mass

(less operator)

448 kg

A2.3

Massey Ferguson 420FC

Wheel track width
Overall width
Wheelbase
Rear axle pivot height
Rear axle pivot distance from main axle
Front Tyre width
Front Tyre height
Rear Tyre width
Rear Tyre height

840 mm
1060 mm
955 mm
275 mm
915 mm
220 mm
480 mm
140 mm
390 mm

Mass

617 kg

(less operator)
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A2.4

Roll-Over Test Vehicle

Wheel track width
Overall width
Wheelbase
Front-axle pivot height
Front axle pivot distance from main axle
Front Tyre width
Front Tyre height
Rear Tyre width
Rear Tyre height
Mass

(including 75 kg operator):-

790 mm
960 mm
955 mm
295 mm
960 mm
100 mm
300 mm
170 mm
400 mm
Light
Medium
Heavy
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316 kg
442.8 kg
594.8 kg

APPENDIX 3: DETERMINATION OF VEHICLE CENTRE OF GRAVITY POSITION
Introduction
For a 2-axle vehicle, one axle having centre pivot permitting oscillation in the vertical plane,
lateral stability on an inclined plane surface is dependent on a combination of the width of the
fixed axle, the height of the axle oscillation pivot and the vertical, longitudinal and lateral
location of the vehicle mass centre or “Centre of Gravity” (C of G).

Overall Method
Portion of Centre of Gravity is determined by the method by ISO 789/6 – 1989.
Ground reactions are measured sequentially with the vehicle:(a)
(b)
(c)

in a horizontal place;
tilted with one end lifted;
tilted with the other end lifted.

The calculated horizontal distance of the C of G from a ground contact point, is measured in
each case and verticals are drawn on a scribing board fixed to the vehicle. The intersection of
the verticals indicates the position of the Centre of Gravity.

Determination of Horizontal Fore and Aft Coordinate x
Vehicle axle loads are measured and x is calculated from the mass and wheelbase of the
vehicle using Equation (1).

x =

d  F2
m

(1)

m

F1

x

F2

d
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Determination of Vertical Coordinate h
The vehicle is suspended at one end at an angle of 15 – 20 degrees to the horizontal, with the
lower axle on a weighbridge. The axle must be un-braked and care taken to ensure that the
suspension cable is vertical when axle mass is recorded. Using a plumb bob, the suspension
line is extended to ground level and the position marked.
The horizontal distance from vehicle ground contact to line of suspension d 1 is measured.
The horizontal distance c from the centre of Gravity to the line of suspension is calculated
from Equation (2)

c

F3  d
m

(2)

Suspension
line
m

C of G

h

c
F3

d

A vertical line is drawn on a scribing board, suitably attached to the vehicle. This line is at
distance c from the line of suspension.
The procedure can be repeated with the other end of the vehicle suspended and in the same
way a line is drawn on the scribing board.
The intersection of these lines gives the position of the C of G in longitudinal and vertical
planes and, with the vehicle returned to the horizontal position on a level, uniform surface, the
height of the C of G above ground level h is obtained by measurement.
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Determination of the Lateral Coordinate in the Horizontal Plane Y
Left and right hand wheel loadings are measured. The offset of the C of G from the vehicle
longitudinal centre line is calculated from Equation (3):-

b

F5  dt
m

(3)

C/L
M

F4

y

b

F5

dt

The lateral coordinate in the horizontal place is given by Equation (4)

y

dt
b
2

(4)

The position of Centre of Gravity is reported in three coordinates:(a)
(b)
(c)

The horizontal fore and aft coordinate x :- the distance from the vertical
reference plane usually from one axle.
Vertical coordinate h :- height above horizontal ground level.
The lateral coordinate in the horizontal plane Y :- the displacement from the
median longitudinal plane through the major fore and aft axis.
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