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Approximately 45 fatalities a year were caused as a result of tractors overturning prior to the
requirement for safety cabs/roll bars to be fitted in 1974. Since then there have continued to be a small
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of providing this protection, as the fitting of other restraints such as a three-point harness would involve
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body regions most likely to be injured would be the head and neck due to impact with the cab interior
and, in addition, the lumbar spine for the restrained operator. To ensure that the results were credible,
the model was validated, for both a restrained and unrestrained occupant, by comparison with data
from a 90° tractor overturn test performed at TRL.
The model constructed was based on the dimensions of a Massey Ferguson 4235 tractor supplied by
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EXECUTIVE SUMMARY
Following the requirement for fitting of safety cabs / roll bars to tractors there continues to be
a small number of fatalities caused by the operator being thrown around inside the cab or by
being thrown out of the cab, during overturning. In the last 9 years there have been 25 such
fatalities, which may have been reduced or prevented by wearing seat belts.
The Provision and Use of Work Equipment Regulations 1998 require an employer to fit seat
restraints to tractors where there is a risk to the operator from being crushed between the
machine and the ground. Lap belts are the only logical means of providing this protection, as
the fitting of other restraints such as a three-point harness would involve drilling or welding
fittings to the safety cab, which is illegal, unless approved by the original manufacturer.
The HSE need a better understanding of the effectiveness of lap straps on the injury levels
sustained by an operator in order to guide the level of enforcement or to guide selective
enforcement of wearing of a lap belt according to the risk of the situation. In response to this
requirement the HSE commissioned a work programme at TRL to construct a numerical
model of a tractor overturning and to use this model to provide a comparative analysis of the
likely injuries to a restrained and unrestrained operator for a number of overturning scenarios.
It was thought that the body regions most likely to be injured would be the head and neck due
to impact with the cab interior and, in addition, the lumbar spine for the restrained operator.
To ensure that the results were credible, the model was validated, for both a restrained and
unrestrained occupant, by comparison with data from 90 degree tractor overturn tests
performed at TRL.
The model constructed used the MADYMO propriety software and was based on the
dimensions of a Massey Ferguson 4235 tractor supplied by AGCO. This tractor was also used
for the validation tests.
The following conclusions were drawn from the study:
•

The dummy is thrown around the cab substantially more if unbelted, indicating that an
unbelted operator has a much higher chance of being ejected during the rollover if any of
the doors burst open or windows break.

•

For the head, the modelling results show that the head impacts are less severe for the
belted dummy, which indicates a reduction in head injury for a belted operator.

•

For the neck, the modelling results show that the forces and moments recorded are, in
almost all cases, higher for the unbelted dummy, which indicates a likely reduction in
neck injuries for a belted operator. However, the neck compression values predicted for
an unbelted dummy were particularly high, possibly because the operator’s reaction to
raise his arms to protect his head was not included in the model.

•

For the lumbar spine, the modelling results show that, in general, the forces and moments
measured are higher for the unbelted dummy, with the exception of the axial tensions,
which are substantially higher for the belted dummy in all but one case. This indicates a
possibility of increased lumbar spine injury if the operator is belted. There are no lumbar
spine injury criteria available so the likelihood of this possibility cannot be determined.
However, it should be noted that a high axial tension was also predicted for a case in
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which the dummy was unbelted, showing that these high readings are not unique to the
belted case. This outcome must be considered in the context of the substantially reduced
injury risk to other body regions as a result of wearing a belt.
•

For the belted dummy, the injury criteria values measured for the head and neck were
below the thresholds used to indicate a risk of serious injury for all the overturning cases
modelled. In contrast, for the unbelted dummy the values measured indicated a significant
risk of a serious injury for one overturning scenario. Furthermore, it should be noted that
in real life overturnings an unbelted operator would also be likely to be thrown out
through windows or doors with the additional risk of being crushed between the tractor
and the ground.

If legislation is changed to require manufacturers to fit lap belts to all tractors, it is advised
that they should be fitted with correct belt angles to ensure that the operator will not slip out
of them and that the seat mounting can withstand the additional load imposed.
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THE EFFECTIVENESS OF LAP STRAPS AS SEAT
RESTRAINTS ON TRACTORS IN THE EVENT OF
OVERTURNING

1. INTRODUCTION
Approximately 45 fatalities a year were caused as a result of tractors overturning prior to the
requirement for safety cabs / roll bars to be fitted in 1974. Since then there have continued to
be a small number of fatalities caused by the operator being thrown around inside the cab or
by being thrown out of the cab, during overturning. In the last 9 years there have been 25 such
fatalities (HSE Internal Document). The number of these fatalities may have been reduced or
prevented by fitting and wearing seat belts.
The Provision and USE of Work Equipment Regulations 1998 requires an employer to fit seat
restraints to tractors where there is a risk to the operator from being crushed between the
machine and the ground. These regulations came into force on the 5th of December 1998 for
machines sold from that date and will come into force for existing machines from the 5th of
December 2002. Lap belts are the only logical means of providing this protection, as the
fitting of other restraints such as a three-point harness would involve drilling or welding
fittings to the safety cab, which is illegal, unless approved by the original manufacturer.
The HSE need a better understanding of the effectiveness of lap straps on the injury levels
sustained by an operator in order to guide the level of enforcement or to guide selective
enforcement of wearing of a lap belt according to the risk of the situation. In order to address
a reasonable number of overturning scenarios a numerical modelling approach was taken as
the cost of performing a large number of tests would be prohibitive. In response to this
requirement the HSE commissioned a work programme at TRL. The objective of this work
programme was to construct a numerical model of a tractor overturning and to use this model
to provide a comparative analysis of the likely injuries to a restrained and unrestrained
operator for a number of overturning scenarios. It was thought that the body regions most
likely to be injured would be the head and neck due to impact with the cab interior and, in
addition, the lumbar spine for the restrained operator. To ensure that the results were credible,
the model was validated, for both a restrained and unrestrained occupant, by comparison with
data from a 90 degree tractor overturn test performed at TRL.
The model constructed was based on the dimensions of a Massey Ferguson 4235 tractor
supplied by AGCO, which was fitted with a new safety cab. This tractor was also used for the
validation tests.
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2. MODEL DESCRIPTION
All of the models were developed using MADYMO version 5.4.1. MADYMO is a proprietary
software package, which analyses the dynamic response of systems undergoing large
displacements by idealising the structure into a number of rigid and / or flexible bodies
connected by joints. Surfaces can be attached to these bodies and these are used to simulate
contact interactions. The programme generates the equations of motion which are solved by
numerical techniques enabling interaction forces to be calculated by reference to user supplied
force / deflection characteristics. MADYMO is recognised internationally as ‘state of the art’
and is widely used in the automotive industry to simulate occupant kinematics.
Generic computer models of the tractor and operator were developed for a belted and unbelted
operator. The models were based on the Massey Ferguson 4235 and provide a detailed
physical representation of the tractor and cab, which includes items such as the steering
wheel, and the pivoting action of the front axle (Figure 1).

Figure 1: Generic tractor model.
The dimensions of the tractor and cab were taken from the Massey Ferguson 4235 tractor
supplied to TRL by AGCO (Figure 2).
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Figure 2: Tractor supplied by AGCO.
General data such as the mass and centre of gravity position of the tractor and its major
components were also supplied by AGCO (Table 1).
Table 1: Tractor mass and centre of gravity data.
Component
Front Wheel
Rear Wheel
Cab
Main tractor body
Total Mass

Mass
(kg)
103 x2
187 x2
500
2620
3700

Centre of Gravity

946 mm forward of rear axle
945 mm above ground

The operator was represented using an anthropomorphic dummy model. Human body models
do exist but as yet they have undergone limited validation and it would be unwise to use them
at this stage. In addition, using a human body model would make it difficult to make a direct
comparison between model results and test results for validation purposes. In the automotive
industry cars are tested for side impact and frontal impact separately, which in Europe has
resulted in the use of two anthropomorphic dummies; one for side impact, the EuroSID; and
one for frontal impact, the HYBRIDIII. The problem is that neither of these dummies is ideal
for representing the omni-directional impacts seen in a tractor overturn. The HYBRIDIII
dummy model was chosen as the best compromise because the overturning scenarios of most
interest were the forward overturns.
To characterise the dummy to tractor cab contacts, the force / deflection data needed was
obtained by performing quasi-static tests on the relevant component. For example, the head to
roof contact characteristic was derived from data obtained by pushing a dummy’s head into
the roof and measuring the resulting force and displacement.
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The model assumed that the tractor and the cab main structure did not deform during the
overturns. The tractor seat suspension was modelled using a translational sliding joint and a
spring / damper to allow the correct motion in the vertical direction. The belt was modelled
using the Finite Element method, which can simulate slippage of the belt over the dummy.
The model does not allow for window breakage or cab doors bursting open when impacted by
the dummy.
For all the models the dummy and tractor were positioned under gravity loading before each
simulation to ensure that friction was modelled correctly.
To represent the operator bracing himself as the tractor overturns the dummy was locked in
position until the angle of the cab to the horizontal was approximately 70 degrees when the
dummy was released. The effect of the operator holding on to the steering wheel was
represented by restraints between the dummy hands and steering wheel, which were released
150 milliseconds after the dummy was unlocked.
For the forward overturn simulations a 2000 kg roller was attached to the tractor to represent a
typical overturning case with a towed load.
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3. MODEL VALIDATION
The model was validated by comparing the predicted results to the test results for a 90 degree
overturn on flat ground for a belted and unbelted dummy. The validation test conditions are
described below.
3.1

DESCRIPTION OF TESTS

The tractor used for the validation tests was a Massey Ferguson 4235 fitted with a new cab,
which was supplied by AGCO. Two 90 degree overturn tests were performed on flat ground
with a belted and unbelted dummy, respectively. The same tractor was used for both tests, as
there was little damage to the tractor during the tests.
As explained previously there is no anthropomorphic dummy available which is ideally
suitable for the omni-directional impacts seen in a tractor overturn. However, for these tests
the principle direction of the impact was to the occupant’s side and so the EuroSID dummy
was used, as it is the most appropriate dummy for side impacts.
The tractor was turned over using a front-end loader and winches (
Figure 3). A steel girder (mass 70 kg) was fitted between the front and rear wheels so that the
loader could lift the side of the tractor. The tractor side was lifted just past its point of stability
and then held by a wire attached to a winch. At the appropriate time the overturn was
completed by releasing the wire with a triggered bomb release. This event was also used to
trigger the recording equipment.

Figure 3: Tractor and front-end loader positioned ready for overturn test.

As the tractor was lifted the EuroSID dummy was held in place by ropes attached to a bomb
release (Figure 4). This bomb release was triggered by a contact switch when the tractor

5

reached a prescribed angle, which was chosen so that the dummy would not impact the side of
the cab before the cab hit the ground.

Figure 4: Ropes holding dummy in place as tractor is tilted.

Three 400 frame per second cameras were used to film the test, positioned to give a front
view, a rear view and a cab interior view. The cab view camera was mounted on the rear of
the tractor. Data collected for the EuroSID dummy included head, torso and pelvis
accelerations, rib deflections and the upper lumbar load cell forces.

3.2

COMPARISON OF TEST AND MODEL RESULTS

The parameters chosen to compare for validation purposes were the dummy kinematics, the
head acceleration, the Head Injury Criterion (HIC) and the upper lumbar load cell forces.
These were chosen because it was thought that the body regions most likely to be injured
were the head, neck and lumbar spine. The EuroSID dummy does not have any neck
transducers, so the predicted neck forces could not be validated. Furthermore, the lumbar
spine force transducer does not record the axial force, so this parameter could not be validated
either.
Simulations were made with both an EuroSID and a HYBRIDIII dummy in the cab. The
reason for this approach was to enable a direct comparison without ambiguity between the
model and test results for the EuroSID dummy to validate the tractor model and the tractor
cab interior to dummy model contacts. Following this, the HYBRIDIII and EuroSID model
results were compared to ensure that using a different dummy did not significantly alter the
predicted results, as a HYBRIDIII was used in the predictive simulations.
When comparing the test and model results below, two points should be borne in mind. The
first of these is that because of the chaotic nature of the dummy motion, the accuracy of the
predicted results will diminish with the period of the simulation. This is especially true for the
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unbelted dummy. The second point is that the absolute values of the accelerations and forces
recorded are very small compared to those measured in car crash tests. Therefore, tolerances
that would be insignificant for car crash tests may result in significant errors in the rollover
predictions, because of the low absolute values.
3.2.1

Belted Case

For these simulations the dummy was locked in position until the tractor cab was titled 57
degrees to the horizontal. This was at approximately 1.5 sec into the simulation. This
represents the rope restraint system, which was shown to release at this angle from film
analysis.
Kinematics
Comparison of the film data1 with the EuroSID dummy model results shows good agreement
for the dummy motion (Figure 5). The HYBRIDIII dummy motion was very similar to that of
the EuroSID.

Figure 5: Predicted EuroSID dummy motion showing head contact with side pillar.

Head
Figure 6 shows a comparison of the test and predicted resultant head accelerations. If the
absolute difference between the results is considered then agreement can be considered to be
reasonable for the first head to cab contact. Head acceleration caused by later contacts does
not agree so well but this is expected because of the chaotic nature of the dummy motion.

1

AVI files of the film data can be found on CD ‘Tractor Rollover Tests 11LS1-2 1/8/2000’.
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Figure 6: Comparison of resultant head acceleration for belted case.
Reasonable agreement was also found for the Head Injury Criterion (HIC) given that the
values are all extremely low compared with the serious injury threshold of 1000. (Table 2).
Table 2: Comparison of HIC values for belted case.

Head Injury Criterion (HIC)

Test
11

EuroSID dummy
16

HYBRIDIII dummy
13

Lumbar Spine
Agreement between test data predicted data for the Fy shear force is good. The positive y
direction is from the left side to the right side of the dummy (Figure 7).
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Figure 7: Comparison of lumbar spine Fy shear force for belted case.
Agreement between test data predicted data for the Mx bending moment is reasonable given
that the values are low compared to those seen in car crash tests. The positive x direction is
from the back to front of the dummy (Figure 8).

Figure 8: Comparison of lumbar spine Mx bending moment for belted case.

9

3.2.2

Unbelted Case

For these simulations the dummy was locked in position until the tractor cab was titled 90
degrees to the horizontal. This was at approximately 2 sec of simulation. This represents the
rope restraint system, which was shown to release at this angle from film analysis.
Kinematics
Comparison of the film data2 with the EuroSID dummy model results shows reasonable
agreement for the dummy motion. This is illustrated by the model correctly predicting that the
dummy falls onto the door at the end of the impact (Figure 9). However, the first head to cab
contact is slightly different. In the test the dummy head strikes the corner of the roof and top
of the side pillar. In the model the dummy strikes the side pillar a few centimetres below the
roof and immediately afterwards strikes the roof. Even so, the predicted trajectory of the
dummy is within the expected tolerances. Comparison of the HYBRIDIII and EuroSID model
results showed that the dummy trajectories were slightly different towards the end of the
impact but again were within expected tolerances.

Figure 9: Comparison of test and model result showing accurate prediction of EuroSID
final position.
Head
Figure 10 shows a comparison of the test and predicted resultant head accelerations. If the
absolute difference between the results is considered then agreement can be considered to be
reasonable for the first head to cab contact. However, for both models a second head impact
occurs immediately following the first which does not occur in the test. The explanation for
this is the difference in the predicted dummy trajectory, which has been explained above.

2

AVI files of the film data can be found on CD ‘Tractor Rollover Tests 11LS1-2 1/8/2000’.
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Figure 10: Comparison of resultant head acceleration for unbelted case.
Reasonable agreement is found for the Head Injury Criterion (HIC) predictions given that the
values are all extremely low compared with the serious injury threshold of 1000(Table 3).
Table 3: Comparison of HIC values for unbelted case.

Head Injury Criterion (HIC)

Test
67

EuroSID dummy
92

HYBRIDIII dummy
114

Lumbar Spine
Agreement between the test data and model data for the Fy shear force is reasonable (Figure
11).
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Figure 11: Comparison of lumbar spine Fy shear force for unbelted case.
Agreement between test and model data for the Mx bending moment is not particularly good
but is acceptable when the fact that the absolute values are small is taken into consideration
(Figure 12).

Figure 12: Comparison of lumbar spine Mx bending moment for unbelted case.
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3.2.3

Discussion and Conclusions

The validation exercise described above has demonstrated that the model is capable of
predicting the gross motion and initial impacts of the dummy with reasonable accuracy. But,
at later times the prediction is not as accurate, especially for the unbelted case. However, this
is expected as the trajectory of the dummy is somewhat chaotic, especially for the unbelted
case, i.e. small changes in the initial motion of the dummy may be amplified into large
differences later on. More importantly, the validation shows that the model can predict the
difference in the results between a belted and unbelted dummy. For example, the predicted
HIC value for the belted case is 16 compared to the test value of 11. For the unbelted case the
predicted HIC is 92 compared to the test value of 67. In addition, the validation shows that
using a HYBRIDIII dummy instead of an EuroSID does not significantly alter the results.
In summary, the validation has demonstrated that the model is suitable for use in the proposed
study to evaluate and compare the levels of injury for a belted and unbelted dummy in a
number of tractor overturning scenarios.
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4. INJURY CRITERIA
The following injury criteria are currently used in the automobile industry to assess the risk of
head and neck injury in a frontal impact for a HYBRIDIII dummy:
Head
A Head Injury Criterion (HIC) value above 1000 is used to indicate a 20% risk of a serious
injury (Prasad and Mertz 1985, Mertz et al. 1996).
The resultant head acceleration should not exceed 80g for more than 3 milliseconds.
Neck
For neck injury the following injury criteria are used to assess the risk of a serious injury from
the measurements taken from the upper neck load cell (Mertz 1993). The duration of the
loading is also taken into account for shear and tension. Interpolation should be used for
durations in-between the points given.
Shear
3.1 kN @ 0 msec
1.5 kN @ 25 – 35 msec 1.1 kN @ 45 msec
Tension3.3 kN @ 0 msec
2.9kN @ 35 msec
1.1 kN @ 60 msec
Extension
57 Nm
Currently, there is no criterion to estimate the risk of lumbar spinal injury, although research
work is being conducted in this area.
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5. RESULTS
The following overturning scenarios were modelled for both a belted and unbelted
HYBRIDIII dummy:
1. Forward Overturns.
• The tractor has an initial forward speed of 10 mph down a 25 degree slope. The tractor
starts to turn across the slope and overturns due to the jackknifing forces from a 2000 kg
roller behind it. The front top corner of the tractor cab impacts the ground followed by a
360 degree overturn. The roller is released as the tractor overturns to simulate the
coupling breaking.
• The tractor has an initial forward speed of 10 mph down a 10 degree slope. The tractor
starts to turn across the slope and overturns due to the jackknifing forces from a 2000 kg
roller behind it. The front top corner of the tractor cab impacts the ground followed by a
90 degree overturn. As above the roller is released as the tractor overturns.
2. Sideways Overturns
• The tractor has an initial forward speed of 10 mph across a 25 degree slope. The front
uphill wheel strikes a bump, which is represented by a ramp, causing the tractor to
overturn through 360 degrees.
•
The tractor has an initial forward speed of 10 mph across a 10 degree slope. The front
uphill wheel strikes a bump causing the tractor to overturn through 90 degrees.

5.1

FORWARDS OVERTURN

The dummy motion is shown for the 360 degree forward overturn on a 25 degree slope for the
belted and unbelted case (
Figure 13 and Figure 14, respectively). The first frame shows the tractor turning on the slope,
the second frame shows the tractor tipping over, the third frame shows the first impact of the
cab with the ground and the remaining frames show the continuation of the roll over.
Examination of these Figures shows how much more the unbelted dummy is thrown around
the cab compared to the belted dummy.
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0 sec

1.5 sec

2.0 sec

2.5 sec

3.0 sec

3.5 sec

Figure 13: 360 degree forward overturn, 25 degree slope, belted dummy.
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0 sec

1.5 sec

2.0 sec

2.5 sec

3.0 sec

3.5 sec

Figure 14: 360 degree forward overturn, 25 degree slope, unbelted dummy.

The dummy motion for the 90 degree overturn on a 10 degree slope is shown for the belted
and unbelted case (Figure 15 and Figure 16, respectively). For these overturns the initial
impact with the ground is not as violent compared to that for the overturn on a 25 degree
slope. This results in a different trajectory for the initial motion of the unbelted dummy,
towards the side door rather than into the roof.
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0 sec

1.8 sec

2.3 sec
3.3 sec
Figure 15: 90 degree forward overturn, 10 degree slope, belted dummy.

0 sec

1.8 sec

2.3 sec
3.3 sec
Figure 16: 90 degree forward overturn, 10 degree slope, unbelted dummy.
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The predicted peak accelerations, forces and moments and associated injury criteria are
compared for belted and unbelted cases (Table 4). Attention is focused on the head, neck and
lumbar spine as it is thought that these are the body regions most likely to be injured. It is
seen that for the head the HIC and resultant acceleration is higher for the unbelted cases,
indicating that the head impacts are more severe for the unbelted case. For one unbelted case
the HIC is above 1000 and resultant acceleration above 80g, which indicates a risk of serious
injury. Similarly, for the neck, the forces and moments are higher for the unbelted case. In
particular, the neck compression is substantially higher. For the lumbar spine, in general, the
forces and moments are higher for the unbelted case, with the exception of the tension, which
is higher for the belted case.
Table 4: Comparison of predicted dummy injury measurements for belted and unbelted
cases in forward overturns.
Overturning Scenario

Belted / Unbelted

25 degree slope, 360 10 degree slope, 90
degree
forward degree overturn
overturn
Belted
Unbelted
Belted
Unbelted

HEAD
HIC
Resultant Acceleration - peak (g)

130
40

1383
106

28
17

399
118

NECK
Axial force (kN)
Tension +, Compression Shear fore /aft direction (kN)
+ forward, - rearward
Bending (Nm)
Flexion +, Extension -

1.3
-1.5
0.5
-0.3
33
-35

2.5
-5.0
0.2
-1.3
118
-91

0.7
-0.4
0.2
-0.3
15
-20

0.0
-5.8
0.3
-1.0
38
-24

0.9
-0.6
1.2
-0.5
7.0
-1.6
161
-211

3.3
-4.5
0.7
-3.6
6.0
-8.3
423
-184

0.3
-0.4
0.4
-0.1
3.6
-0.1
73
-100

0.4
-0.4
0.3
-1.4
0.7
-3.1
161
-136

UPPER LUMBAR SPINE
Shear fore /aft direction Fx (kN)
+ forward, - rearward
Shear side to side direction Fy (kN)
+ right, - left
Axial force (kN)
Tension +, Compression Moment about fore / aft x axis (Nm)
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5.2

SIDEWAYS OVERTURN

The dummy motion is shown for the 360 degree sideways overturn on a 25 degree slope for
the belted and unbelted case (Figure 17 and Figure 18, respectively).

0 sec

1.5 sec

2.0 sec

2.5 sec

3.0 sec
3.5 sec
Figure 17: 360 degree sideways overturn, 25 degree slope, belted dummy.
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0 sec

1.5 sec

2.0 sec

2.5 sec

3.0 sec
3.5 sec
Figure 18: 360 degree sideways overturn, 25 degree slope, unbelted dummy.
The first frame shows the tractor on the slope, the second frame shows the tractor just about to
hit the ground, the third frame shows the first impact with the ground and the remaining
frames show the continuation of the roll over. As previously, examination of these figures
shows how much more the unbelted dummy is thrown around the cab compared to the belted
dummy.
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The dummy motion for the 90 degree overturn on a 10 degree slope is shown for the belted
and unbelted case (Figure 19 and Figure 20, respectively). For these overturns the initial
impact with the ground is not as violent compared to that for the overturn on a 25 degree
slope. This results in a different trajectory for the dummy, more towards the door rather than
the roof, although it is not as pronounced as in the forward overturn case.
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0 sec

1.2 sec

1.7 sec
2.2 sec
Figure 19: 90 degree sideways overturn, 10 degree slope, belted dummy.

0 sec

1.2 sec

1.7 sec
2.2 sec
Figure 20: 90 degree sideways overturn, 10 degree slope, unbelted dummy.
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The predicted peak accelerations, forces and moments and associated injury criteria are
compared for belted and unbelted cases (Table 5). As above, attention is focused on the head,
neck and lumbar spine as it is thought that these are the body regions most likely to be
injured. It is seen that for the head the HIC and resultant acceleration are higher for the
unbelted cases, indicating that the head impacts are more severe for the unbelted case.
Similarly, for the neck, in general, the forces and moments are higher for the unbelted case. In
particular, the neck compression is substantially higher. For the lumbar spine, in general, the
forces and moments are higher for the unbelted case, with the exception of the tension, which
is higher for the belted case.

Table 5: Comparison of predicted dummy injury measurements for belted and unbelted
cases in sideways overturns.
Overturning Scenario

Belted / Unbelted

25 degree slope, 360 10 degree slope, 90
degree
forward degree overturn
overturn
Belted
Unbelted
Belted
Unbelted

HEAD
HIC
Resultant Acceleration - peak (g)
NECK
Axial force (kN)
Tension +, Compression Shear fore /aft direction (kN)
+ forward, - rearward
Bending (Nm)
Flexion +, Extension UPPER LUMBAR SPINE
Shear fore /aft direction Fx (kN)
+ forward, - rearward
Shear side to side direction Fy (kN)
+ right, - left
Axial force (kN)
Tension +, Compression Moment about fore / aft x axis (Nm)

50
24

360
65

62
23

461
63

1.0
0.0
0.1
-0.2
16
-31

0.9
-6.0
1.1
-0.5
30
-51

1.0
-0.3
0.3
-0.3
20
-27

0.8
-5.7
0.3
-0.7
30
-30

0.2
-0.8
0.7
-0.4
5.1
-0.3
105
-169

0.4
-0.6
0.7
-0.9
1.6
-1.7
285
-97

0.3
-0.5
0.6
-0.4
5.0
-0.6
137
-187

0.7
-0.5
1.4
-0.4
0.7
-1.9
112
-171
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6. DISCUSSION
For the dummy motion, a comparison of the modelling results shows that the dummy is
thrown around the cab substantially more if unbelted. An obvious outcome of this is that the
unbelted dummy has a much higher chance of being ejected during the rollover if any of the
doors burst open or windows break.
For the head, the modelling results show that the head impacts are less severe for the belted
dummy. In only one case was a HIC value greater than 1000 recorded indicating a risk of a
serious injury and this was for an unbelted dummy.
For the neck, the modelling results show that the forces and moments recorded are, in almost
all cases, higher for the unbelted dummy. It is seen that the only cases in which injury criteria
limits for shear, tension or extension were exceeded, which indicates a risk of serious injury,
were for the unbelted dummy. It should be noted that for the unbelted dummy the neck
compression values were particularly high. The most likely reason for this is that the neck is
taking the full load caused by the dummy’s inertia, as there are no other load paths. In reality,
the time-scales of the overturning event are long enough to allow a human operator the time
to raise his arms and reduce the load on his neck by taking a proportion of the load through
his arms. This effect has been seen in the modelling of rail accidents where the modelling
predicted a substantial likelihood of neck injury whereas little or no neck injury was seen in
the actual accident (Hobbs 2000). This highlights one of the shortcomings of using dummies
to represent humans for long time-scale events.
For the lumbar spine, the modelling results show that, in general, the forces and moments
measured are higher for the unbelted dummy, with the exception of the axial tension, which is
substantially higher for the belted dummy in all but one case. To judge whether these high
values indicate a likelihood of lumbar spinal injury is difficult because there is no injury
criterion available for the lumbar spine and the HYBRIDIII dummy spine is not a good
biofidelic representation of the human spine. For example, the thoracic spine is rigid in the
HYBRIDIII and this will most likely lead to the prediction of higher axial loads. However, it
should be noted that in the 360 degree forward overturn on a 25 degree slope case, a high
lumbar tension of 6.0 kN was recorded for the unbelted dummy showing that these high loads
are not unique to the belted case.
In considering the results of this study, it should be noted that the HYBRIDIII dummy was
designed for use in frontal impact automotive crash tests of about 100 milli-second duration
and not for use in rollover tests in the order of seconds. However, although it is not ideal for
this type of work, it is the best tool that is currently available. If further studies are conducted
in the future, a better approach might be to use a human body model, provided that it is
sufficiently validated to give confidence in the results. Such a model is not currently
available.
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7. CONCLUSIONS
A generic model of a tractor and operator based on a Massey Ferguson 4235 has been
constructed. This model was validated against a 90 degree overturning test. A study was
conducted to evaluate and compare the levels of injury for a belted and unbelted dummy in a
number of forward and sideways overturning scenarios. The following conclusions were
made from this study:
•

The dummy is thrown around the cab substantially more if unbelted, indicating that an
unbelted operator has a much higher chance of being ejected during the rollover if any of
the doors burst open or windows break. In particular, the dummy is thrown towards the
door in the 90 degree overturns.

•

For the head, the modelling results show that the head impacts are less severe for the
belted dummy, which indicates a reduction in head injury for a belted operator.

•

For the neck, the modelling results show that the forces and moments recorded are, in
almost all cases, higher for the unbelted dummy, which indicates a likely reduction in
neck injuries for a belted operator. However, the neck compression values predicted for
an unbelted dummy were particularly high, possibly because the operator’s reaction to
raise his arms to protect his head was not included in the model.

•

For the lumbar spine, the modelling results show that, in general, the forces and moments
measured are higher for the unbelted dummy, with the exception of the axial tensions,
which are substantially higher for the belted dummy in all but one case. This indicates a
possibility of increased lumbar spine injury if the operator is belted. There are no lumbar
spine injury criteria available so the likelihood of this possibility cannot be determined.
However, it should be noted that a high axial tension was also predicted for a case in
which the dummy was unbelted, showing that these high readings are not unique to the
belted case. This outcome must be considered in the context of the substantially reduced
injury risk to other body regions as a result of wearing a belt.

•

For the belted dummy, the injury criteria values measured for the head and neck were
below the thresholds used to indicate a risk of serious injury for all the overturning cases
modelled. In contrast, for the unbelted dummy the values measured indicated a significant
risk of a serious injury for one overturning scenario. Furthermore, it should also be noted
that in real life overturnings an unbelted operator would also be likely to be thrown out
through windows or doors with the additional risk of being crushed between the tractor
and the ground.

If legislation is changed to require manufacturers to fit lap belts to all tractors, it is advised
that they should be fitted with correct belt angles to ensure that the operator will not slip out
of them and that the seat mounting can withstand the additional load imposed.
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