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Executive Summary  

Every year floods cause enormous damage and loss of life on a global scale.   An analysis of 
global statistics for loss o f life showed that inland floods (river floods, flash floods and drainage 

floods) caused 175,000 fatalities and affected more than 2.2 billion people between 1975 and 
2002  (Jonkman, 2005) .  More recent global analysis not ed that 59,092 flood fatalities occurred 
worldwide between 2005 and 2014 (International Federation of Red Cross and Red Cres cent 

Societies, 2015) . 
 
In a recent detailed analysis  of flood fatalities  in Australia, Haynes et al. (2016) noted that 1,859 

peo ple have died in floods since 1900  and  that 178 of these flooding related deaths have 
occurred since 2000
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reasons, the ad -hoc use of the above tabulated stability criteria by individuals in real flood 
situation s to assess the safety of a road crossing is actively discourag ed.  

 
This report does not account for behaviour of drivers  in flood emergencies, which remains  a 
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1.  I ntroduction  

Every year floods cause enormous damage and loss of life on a global scale.   An analysis of 
global statistics for  loss of life showed that inland floods (river floods, flash floods and drainage 

floods) caused 175,000 fatalities and affected more than 2.2 billion people between 1975 and 
2002  (Jonkman, 2005) .  More recent global an alysis not ed that 59,092 flood fatalities occurred 
worldwide between 2005 and 2014 (International Federation of Red Cross and Red Cres cent 

Societies, 2015) . 
 
In a recent detailed analysis  of flood fatalities  in Australia , Haynes et al. , (2016) noted that 

1,859 people have died in floods since 1900  and  that 178 of these flooding related deaths have 
occurred since 2000 .  The study noted that while flood fatality rates are generally falling per 
capita, th e number of fatalities that occurred in vehicles , partic
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While there is general agreement on the mechanism s for vehicle instability  (Figure 2 -2) , a 
collation of literature on the flow conditions which induce vehicle instability notes a wide range of 

values.  Shand  et al. , (2011 )  highlights that guidelines provided for vehicle stability on floodways 
have generally  been based on the product of depth and velocity, as derived by  scaled 
experimental investigations of stationary vehicle stability .  Shand  et al. , (2011 )  provides a 

comprehensive  summar y of literature published prior to 2010.  T hese studies, highlight ed 
subst antial changes in vehicle design since the original studies  of vehicle stability by Bonham 
and Hattersley (1967) and Gordon and Stone (197 3) which have been used as the basis of flood 

hazard policy in Australia.  There was no significant research published in this field of  vehicle 
stability in the intervening period between Gordon and Stone �¶�V���Z�R�U�N���L�Q�������������D�Q�G���6�K�D�Q�G���H�W���D�O���¶�V��
literature review in 2011.  

 
More recent investigations of vehicle stability are not included in the review by Shand  et al. , 
(2011 ) .  Recent  experimental investigations have been undertaken using scale model die -cast 

vehicles in a horizontal hydraulic flume at the Hydro -environmental Research Centre of Cardiff 
University, United Kingdom (Shu  et al ., 2011 ; Xia  et al ., 2011 ) . These studies evaluated the 
theoretical forces exerted on a fully submerged and static vehicle under flow conditions to derive 

an expres sion for the instability threshold.  The drag and frictional coefficients we re included 
implicitly within the expression and derived by laboratory flume testing using model vehicles.  
This methodology differ ed from previous studies, where reaction forces w ere measured for a 

geometrically scaled vehicle subject to flows and the instability threshold was calculated for 
various coefficients of friction.  
 

Xia  et al ., (2011 )  tested thr ee types of vehicle using an initial geometric scale of 1:43 with 
verification tests at a larger 1:18 scale.  Shu  et al.  (2011 )  tested the same three vehicle types  
namely  Mitsubishi Pajero, BMW M5, Mini Cooper, undertaking all tests at 1:18 scale.  Both 

testing programs assu med all wheels to be locked and the vehicle orientated parallel to the flow 
direction.  Velocity wa s increased for a given depth until vehicle motion wa s initiated.  
Experimental results we re 
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coefficient (µ = 0.5) g ave  
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Importantly, Shand  et al ., (2011 )  highlighted and Martinez -
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Figure 2 -7 : Youtube footage of flooded cars in the T oowoomba floods of January 2010   
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3.  Research Scope  

The research scope for this project 
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4.  Methodology  

4.1
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Figure 4 -2 :  �1�L�V�V�D�Q���3�D�W�U�R�O���L�Q���:�5�/�¶�V���Z�D�Y�H���E�D�V�L�Q���I�D�F�L�O�L�W�\�����S�U�H�S�D�U�L�Q�J���I�R�U���D���Z�L�Q�F�K���W�H�V�W���I�U�R�P���W�K�H���U�H�D�U��

axle  

 
Forces were considered  separately at the vehicle front and rear axle s.  This allowed 
consideration o f stability of the vehicle as a whole, or stability failure when traction is lost at one 

axle  first and then  rotated  into alignment with the direction of flow .  Specifically, a s ubstantial 
part of the testing focused on the stability of the rear axle  as floating of the rear of the vehicle 
has previously been identifi ed as the most likely initiation point of instability of a vehicle exposed 

to floodwaters.  
 
The choice of the axles as reference points on the vehicle provides a number of advantages.  

Fundamentally it allows consideration of the forces through their point of action (i .e. friction at 
the wheels) and particularly the separation of forces at the front and rear axles allow s the 
measurement of the instant of traction loss at the rear axle.  The axle provides a convenient 

location for vehicle force measurement that does not load or unload the vehicle 
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force (20%), and a further reduction du e to debris that may become caught under the wheels 
(20%).  This resulted in a friction coefficient of µ = 0.3 that was used uniformly across all their 

tests.  This value has been widely adop t
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If the object is in an open channel flow, the surface of the water may not be steady resulting in 
additional drag components:  

3.  Wave Drag:  due to the deformation of the water surface, i.e. the generation of a wake; 
and  

4.  Spray Drag:  the upward jetting of water  in to the air at the object.  

 
Hoerner (1965)  investigated drag forces on bodies in free -surface flows in detail, and provided 
drag coeffi cients for flat plates and cylinders piercing the surface of water flow  in different flow 

regimes  (Figure 4-4 and Figure 4-5) .  The cylinder provide d 
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�x The width versus depth of the vehicle is o
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Figure 4 -5  Drag coefficient of surface �±piercing flat plates (on area b times h), extracted from 

Hoerner (1965)  

 

 

Figure 4 -6 :  �+�R�H�U�Q�H�U�¶�V (1965)  formulation for surfacing piercing drag , extract ed  from  

 Bowen et. al. (2011)  
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Figure 4 -7 : Flood flows over a causeway approaching Froude Fr = 1  

 
Uplift forces  
Vertical forces on the vehicl e due to hydrodynamic effects are referred to here as uplift forces, 

though it has been observed that these may also be negative, pulling the vehicle downwards.  
 
Discussions with the authors of Gordon and Stone (1973) suggest that uplift due to the impact of 

flow into �D���Y�H�K�L�F�O�H�¶�V��wheel would contribute to destabilisation of the vehicle.  But like horizontal 
drag, the processes leading to a vertical uplift force  are  complex.  Flows impacting the upstream 
underbody may force the vehicle upwards.  Alternativel y, a ccelerated flows under the vehicle 

may act to pull the vehicle downwards.  Rocking of the vehicle on its suspension would present 
an angled underbody to the flow.  Differential water levels upstream and downstream of the 
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5.   Full Scale  Vehicle Traction Tests  

5.1  Overview  

The aim of the traction test s was to measure the force required to break traction at varying 

water depths.  
 
The friction of the tyres against the road is directly related to the weigh t at the tyre - road 
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emergency  planning.  Characteristics such as light body weight, watertight body, and relatively 
low floor  pan level make th ese types of  vehicle s mo re  vulnerable  to floodwaters.   

 
Recent research by Haynes et al. , (2016)  note d that vehicle related flood fatalities in 4WDs have 
increased in the last 15 years in Australia.  Testing of the Nissan Patrol 4WD provide d further 

information for vehicles that  may be more likely to be deliberately driven into floodwaters.  This 
test case is also relevant to flood rescue vehicles, which are generally  by  4WD vehicles or larger.   
Photographs of the test vehicles are provided in Figure 5-1 and Figure 5-2. 

 
 

 

Figure 5 -1 �����7�R�\�R�W�D���<�D�U�L�V���L�Q���:�5�/�¶�V���W�H�V�W���I�D�F�L�O�L�W�\�����S�U�H�S�D�U�L�Q�J���I�R�U���D���Z�L�Q�F�K���W�H�V�W���I�U�R�P���E�R�W�K���D�[�O�H�V 

 
 

 

Figure 5 -2 :  Nissa �Q���3�D�W�U�R�O���L�Q���:�5�/�¶�V���Z�D�Y�H���I�D�F�L�O�L�W�\�����S�U�H�S�D�U�L�Q�J���I�R�U���D���Z�L�Q�F�K���W�H�V�W���I�U�R�P���W�K�H���U�H�D�U���D�[�O�H 
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Figure 5 -3 : Winch assembly in WRL Lab#2, including (a) framework, winch and dynamometer, 

(b) pulley and wheel attachment  

 

5.3  Tyr e coefficient of friction  

The coefficient of friction between the concrete floor of the test facility and the vehicle tyre was 

tested.  Testing was performed  on a tyre set to specified pressure, with the vehicle winched 
sideways (perpendicular to the direc tion of motion), and wheels locked (handbrake on and 
automatic �W�U�D�Q�V�P�L�V�V�L�R�Q���V�H�W���W�R���³�S�D�U�N�´���������7�K�H���U�H�V�X�O�W�V���L�Q�F�O�X�G�H���W�K�H���H�I�I�H�F�W���R�I���W�\�U�H���G�H�I�R�U�P�D�W�L�R�Q�����V�R��are 

somewhat different to the coefficient of friction between surfaces provided by Wong (1993), and 
the c oef ficient of friction under br aking more generally tested (both discussed in Section 4.2.1 ).  
 

The �7�R�\�R�W�D�� �<�D�U�L�V�� �Z�D�V�� �W�H�V�W�H�G�� �L�Q�� �:�5�/�¶�V��tow tank .  The vehicle weight was estimated using the 
specified vehicle wet weight (1045  kg) plus the driver load of 60  kg  (chosen for a small to 
medium sized adult) .  The tow force is the average of two tests conducted on the vehicle  towed 

from both axles  on a wet concrete floor.  
 
The Nissan Patrol 4WD coefficient of friction was tested twice,  on  both  a wet floor and dry floor.   

Tests of the coefficient of friction were conducted by towing the vehicle from the rear axle only.  
The weight of the 4WD vehicle at the rear axle was measured directly by using the dynamometer 
to lift the rear wheel vertically .  The wheel was lifted only enough for the tyre to clear the 

ground, to minimise unloading of the other tyres.  This approach may overestimate the vehicle 
weight, resulting in an underestimate of the coefficient of friction . 
 

The results of these tests ar e provided in Table 5
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Appropr iate corrections to the traction force due to the difference between the coefficient of 
friction in the ideal laboratory conditions provided here and a suitably conservative coefficient of 

friction to be used in estimating the stability of vehicles in floo d waters is discussed in detail in 
Section 4.2.1 . 

Table 5 -2 : Coefficient of friction results *  

 Nissan Patrol  Nissan Patrol  

Method  
Wet Floor,  
Rear Axle  

Dry Floor,  
Rear Axle  

Vehicl e Weight  (1290kg)  (1290kg)  
Tow Force  (964kg)  (1011kg)  

Coefficient of Friction  �� 0.75  0.78  
   

Conservative Coefficient of Friction  
�� 

0.3  0.3  

*Unfortunately direct measurements for coefficient of friction were not completed for the Toyota Yaris  

 

5.4  Overview of traction tests  

Tractions tests were conducted on the tw147.03 Tm
[( )] TJ
2
/F8o
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Figure 5 -4 �����5�D�S�L�G���I�L�O�O�L�Q�J���R�I���:�5�/�¶�V���W�H�V�W���W�D�Q�N (wave basin) .  The winch assembly is also shown.  

 
The Nissan Patrol 4WD, was tested in two (2) WRL facilities.  I nitial tests in the first facility 
(wave basin) provided water depths up to 660  mm .  Subsequent modell ing in the second facility  
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Figure 5 -5 �����7�R�\�R�W�D���<�D�U�L�V���L�Q���:�5�/�¶�V���Z�D�Y�H���E�D�V�L�Q���I�D�F�L�O�L�W�\�����L�Q�������� m water depth with rear wheel s clear 

of the floor  

 

Figure 5 -6   The lead author demonstrating zero traction at the rear wheels for the Nissan Patrol 

4WD �L�Q���:�5�/�¶�V���/�D�E�������W�H�V�W�L�Q�J���W�D�Q�N������Water depth is approximately 1.0 m . 

 

5.5  Test results  

Time  series of traction force for each test is provided in Figure 5-7 to Figure 5-9 for the Toyota 
Yaris, and Figure 5-10  for the Nissan Patrol  4WD .  Note that the forces have been converted to 
kN for these figure s, while the data recorded by  the dynamometer  is in metric tonne s. 

 
Results of the peak measured traction force (the maximum force measured) f or tests on the 
three (3) cases for the Toyota Yaris are provided in Table 5-3.  Results of the peak measured 

tractio n force for tests on the Nissan Patrol 4WD are provided in Table 5-4. 
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6.2  Subcritical flows ( tailwater controlled )  

Subcritical flows are commonly found in flood conditions.  They are typically deeper, slower 

moving waters  as demonstrated in Figure 6-2.  For the ex perimental test under subcritical flow 
conditions, the Froude number range was 0.3 0 < Fr < 0. 76 . 
 

 

 

Figure 6 -2 : Testing of the model in subcritical flows : Fr = 0.3 ,  d= 0. 71m , v = 0. 80m /s  

(prototype)  

 

6.3  Critic al flows ( broad crested weir )  
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Figure 6 -3  Testing of the model on a broad crested weir  

 

6.4  Supercritical flow ( undershot gate )  

Supercritical flows (shallow fast flows) occur less commonly in natural systems however they 
may be encountered at bridges or road embankments where the water transition s through 
critical flow depth.  Supercritical flow may also be found in urban environments  where steep 

slopes could exist .  Under flash flood conditions, steeper roadways in the upper parts of a 
catchme nt are often the predominant pathway for overland flows moving down the catchment 
towards pit and pipe stormwater systems and creek channels.  During smaller storms, these 

kerb and gutter type flows would typically be well below the floor pan level of most  vehicles and 
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Figure 6 -4 : Testing of the model in supercritical flows d = 0.22 5m, v=4.0m/s  (prototype) ,  

CD  = 1.86 , Fr = 2.66  

 

6.5  Horizontal force testing  results  

Horizontal force  test re sults  are summarised  in Table 6-1.  The drag coefficient results are 
plotted against Froude number Fr in Figure 6-5. 
 

Coefficient of Drag  
Testing showed a range in the coefficient of drag across all flow regimes from 1.0 to 1.8.  Values 
in the subcritical range were quite scattered, but showed a slight trend upwards over the range 

of Froude number from  0.3 0 to 0.76.  
 
Critical flows through the tested range of supercritical flows (up to Fr= 4.2), showed a smaller 

range of coefficient of drag of 1.1 to 1.6.  However, the lower values were measured in tests 
where the flow depths were lower than the body of  the vehicle, so impact is predominantly with 
the wheels alone. Flows which impacted the body of the vehicle typically ranged from CD of 1.4 

to 1.6.  

Table 6 -1 : Summary of Horizontal Force Testing  (prototype)  

 Test  
Force  
Rear 
(kN)  

Force  
All  

(kN)  

Depth  
(m)  

Velocity  
(m/s)  

CD Fr  

Subcritical  1 0.315  0.589  0.378  1.01  1.08  0.53  

 2 0.251  0.461  0.468  0.82  0.98  0.38  

 3 0.490  0.927  0.630  0.90  1.14  0.36  

 4 0.437  0.781  0.711  0.80  1.06  
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Figure 6 -5  Coefficient of Drag for a Toyota Yaris based on  t he horizontal hydrodynamic force tests  
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Similarly for th e Nissan Patrol 4WD, 
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Figure 7 -2 : Comparison of the Force vs Depth relationship for the Hydrodynamic Tests and the 

Winch Tests ; Toyota Yaris  

The hydrodynamic testing also provided interesting results and observations on flow dynamics as 
the flood depth rises relative to the vehicle.   It was observed that the hydrodynamic force on a 
vehicle rapidly rises when the flow depth meets the vehicle floor  as drag is felt not only at the 

four wheels but across the whole side and undercarriage of the vehicle.  At the same time as the 
flow depth interacts with the floor of the car, the stabilising weight of the vehicle begins to 
reduce the downward force on t he tyres, and subsequently the traction available at the wheels, 

as the vehicle becomes buoyant.  Additionally, it is likely that some hydrodynamic uplift may be 
felt on the upstream side of the vehicle due to the impact of water against the lower parts of  the 
car body.   All these hydrodynamic phenomena confirm the significant reduction in vehicle 

stability as flow depths meet the vehicle floor pan.  
 

7.2  Comparison of test ed  vehicles to other vehicles  

This study was conducted on two vehicles, representing a sma ller, lightweight vehicle and a 
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7.3  Testing uncertain ties  

The following uncertainties in the model testing are noted :  

 
�x Measurement uncertainty at both prototype and model scale.  This is a minor and 

quantifiable uncert ainty, but nevertheless present.  

�x Scaling effects.  While the scale adopted for the modellin g (1:18) was suitable for the 
major forces  of gravity and inertia , minor forces acting on the vehicle may not be well 
represented at this scale;  

o The impact of very turbulent, pulsating or varying flows has not been considered 
but is important in initially destabilising a vehicle;  

o 
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requires the adoption of values for the coefficient of drag (C D) for the partially submerged 
veh icle and the coefficient of friction ( µ) for the vehicles tyres.  

 
A conservative  effective coefficient of friction of 0.3 was adopted on the basis of the discussion in 
Section 4.2.1  and the ratios summarised  in Table 5-2.  This value was adopted using  similar 

reasoning to the findings of Bonham and Hattersly (1967) who considered a braking force 
�F�R�H�I�I�L�F�L�H�Q�W�� �R�I�� �������� �R�Q�� �D�� �Z�R�U�V�W�� �F�D�V�H�� �V�F�H�Q�D�U�L�R�� �R�I�� �³�D�� �V�P�R�R�W�K�� �F�D�X�V�H�Z�D�\ surface on a wet country 
�U�R�D�G�´ with  adjustm ents made for a reduced sideways force compared with breaking force (10%), 

the reduced slipping force compared with peak breaking force (20%), and a further reduction 
due to debris that may become caught under the wheels (20%).  This results in a n adopted  
coefficient of friction of 0.3 . 

 
An adopted  coefficient of drag of 2.0  provides a conservative value based on the range of 
measured values provided in Section 6 as summarised in  Table 6-1.  Uplift is a ssumed to be 

zero
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hazard threshold for a small passenger vehicle from ARR p10 is v.D = 0.3 whereas the data from 
the testing of the Toyota Yaris results in a v.D threshold of approximately 0.5.  
 
Similarly, the test results presented in Figure 7-4 indicate that the Nissan Patrol 4WD is 
significantly more stable than the interim  �Y�X�O�Q�H�U�D�E�L�O�L�W�\�� �W�K�U�H�V�K�R�O�G�� �I�R�U�� �D�� �µ�O�D�U�J�H�� ���:�'�� �Y�H�K�L�F�O�H�¶�� �I�U�R�P��
ARR P10  of 0.5 .  The hazard threshold estimated from the test results for the Nissan Patrol  has a 

factor of safety of more than two (2) times the ARR P10 interim hazard guidelines.  
 

 
 

Figure 7 -4 : Stability Curve for a Nissan Patrol  based on full scale traction tests, upper limits for 

the Coefficient of D rag CD = 2.0 based on scale testing, and 
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3.  
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