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Roads are often the first assets affected by inundations which usually ends 
up as a serious hazard to the traffic. A vehicle, when submerged in 
floodwaters, is affected by several hydrodynamic forces, namely frictional, 
buoyancy, lift and drag forces. An understanding of the relevant forces 
involved is necessary to attempt to characterize the stability thresholds of 
vehicles in floodwaters. With that regards, a series of flume experiments 
were conducted on a static scaled model vehicle, Volkswagen Scirocco (1:24) 
which ensured the similarity laws. To assess the limiting thresholds that 
could lead to the stability failure modes, the vehicle was controlled to be 
partially submerged under the subcritical flow conditions. The vehicle was 
placed at the same domain with different orientations, namely 0°, 45°, 90°, 
135°, 180°, 225°, 270°, 315° and 360° for each run to reduce inconsistencies 
in the test data. Based on the varying hydraulic variables assessed from the 
experimental runs, the hydrodynamic forces were theoretically estimated. 
Later, the relation between the hydrodynamic forces at varying Froude 
numbers was determined. From the study outcomes, an inverse relation of 
Froude number with respect to buoyancy force was noticed. On the other 
hand, an increment in the lift force slightly increased the Froude number. 
Similarly, a positive trend between the drag and frictional forces with respect 
to the Froude number was witnessed. 
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1. Introduction 

*Flood related deaths are increasingly associated 
with people perishing in vehicles that become 
unstable while driving through floodwaters (Smith 
et al., 2019). Today, most of the major settlements of 
townships in many parts of the world are located 
along floodplains. With the continuing increase in 
urbanisation coupled with associated land 
development and encroachment activities, the 
natural form of the floodplains has significantly 
altered which often leads to the excessive flooding. 
Moreover, due to inadequate storm drainage system 
and the low-lying nature of these areas, the 
developed floodplains have been flooded frequently 
by many disastrous flooding events which have 
resulted in potential hazard risks to human life and 
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much damage has often occurred to the property and 
infrastructure (Teo et al., 2012a).  

Floodwater is essentially a powerful component, 
strong enough to even move vehicles at the lowest 
hydraulic parameters (Martínez‐Gomariz et al., 
2018). A vehicle’s stability would be compromised 
when the hydraulic variables exceed a certain limit, 
similar to the instability of pedestrians. However, in 
case of vehicles, characteristics like weight, 
aerodynamic shape, ground clearance and sealing 
capacity determines the level of stability in 
floodwaters (Shah et al., 2019). In the simplest 
terms, the damage and danger that floodwaters 
might cause to a vehicle could be related to the force 
of the flood flows as it travels down a floodplain. 
This force is generally described in terms of flow 
velocity and water depth (v×y) (Smith, 2015). 

To investigate the hydraulic variables, namely 
flow velocity (v) and water depth (y) that could lead 
to the stability failure of a static vehicle in 
floodwaters, laboratory physical experiments were 
conducted in the hydraulic flume located at 
University Technology PETRONAS (UTP), Malaysia. 
The vehicle was placed at the same domain with 
different orientations, namely 0°, 45°, 90°, 135°, 
180°, 225°, 270°, 315° and 360° for each run to 
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reduce inconsistencies in the test data. The data 
points measured from the experimental 
investigation were then used to theoretically assess 
the hydrodynamic forces namely frictional, 
buoyancy, lift and drag forces. Later, the relation of 
these forces with respect to the Froude number has 
been conversed. 

2. Background theory 

Moving water, particularly floodwaters, create 
hydrodynamic forces. To assess the stability 
thresholds of vehicles in floodwaters, an 
understanding of the relevant forces, namely 
buoyancy, lift, drag and frictional forces is necessary 
to characterize the stability failure modes. 

2.1. Buoyancy force (𝑭𝑩) 

Buoyancy force is an upward force exerted by a 
fluid that opposes the weight of the immersed object. 
In case of vehicles, when the buoyancy force exceeds 
vehicle weight, the vehicle starts to float and is 
carried away by the flow. This force can be 
expressed as: 

 
𝐹𝐵  =  𝜌𝑔𝑉                                                                                       (1) 

 
where, ρ is the density of water, g is the acceleration 
due to gravity and V is the submerged volume of the 
vehicle (Shu et al., 2011). 

2.2. Lift force (𝑭𝑳) 

The lift force is a component of a force which is 
flowing past the surface of a body and acts 
perpendicular to the incoming flow direction. It 
contrasts with the drag force, which is the 
component of the surface force parallel to the flow 
direction (Chien and Wan, 1999). The lift force can 
be expressed as: 

 

𝐹𝐿 =
1

2
𝜌𝐶𝐿𝐴𝐿𝑣2                                                                              (2) 

 

where, CL is the lift coefficient, AL is the acting area 
by the lift force which is given by AL= (lc × bc) as 
shown in Fig. 1, where lc and bc are the length and 
width of the vehicle, respectively, and v is the flow 
velocity (Xia et al., 2011). 

 

 
Fig. 1: Acting area by the lift force (AL) 

 

2.3. Drag force (𝑭𝑫) 

Drag force can be defined as resistance to moving 
through a fluid (Poirot, 2012). In fluid dynamics, 
drag acts opposite to the relative motion of any 
object moving with respect to a surrounding fluid. 
The drag force relies on the fluid density, drag 
coefficient, area of changing momentum and fluid 
velocity. It can be expressed as: 

 

𝐹𝐷 =
1

2
𝜌𝐶𝐷𝐴𝐷𝑣2                                                                             (3) 

 
where, CD is the drag coefficient, AD is the submerged 
area projected normal to the flow and v is the flow 
velocity (Teo et al., 2012b). 

2.4. Frictional force (𝑭𝑹) 

Frictional force varies depending on the state of 
brakes being applied. However, once the vehicle is 
lifted off from the surface, the frictional force 
becomes zero. The general formula for the friction 
force can be expressed as: 

 
𝐹𝑅 =µ𝐹𝐺                                                                                            (4) 
 

where, μ is the friction coefficient and FG is the net 
weight of the vehicle (Teo et al., 2012b). The friction 
coefficient is simply a material property that relates 
to the two bodies involved and can be best estimated 
experimentally (Teo et al., 2012a). 

3. Laboratory experimental setup  

Laboratory physical experiments were conducted 
in the hydraulic flume of UTP. The flume is 10 m 
long, 0.45 m deep and 0.3 m wide, provided with a 
bed that can be adjusted to the desired slopes. Since 
the study was performed on a flat surface, the bed 
slope was kept at 0°. Today’s vehicle on roads are 
different in design from the past, where new 
improvements in these vehicle design have taken 
into consideration. Therefore, in the current study a 
modern vehicle, Volkswagen Scirocco R with the 
geometric scale ratio of 1:24 was selected. The 
specifications of the prototype and model are shown 
in Fig. 2. Experiments were conducted to observe the 
limiting thresholds that would lead to the possibility 
of stability failure. With that regards, the discharge 
in the flume was adjusted gradually by means of 
valve, whereas the water depth was controlled 
through the vertical movement of wooden plank 
served as a sluice gate downstream of the flooded 
vehicle. As the flow approached the flooded vehicle, 
the velocity and water depth varied along the 
channel, therefore a certain section located at one 
vehicle length upstream of the flooded vehicle was 
assumed where the velocity and water depth were 
measured. This section was specified as 
representative of flow parameters acting on the 
vehicle (Xia et al., 2011). The model vehicle was 
placed at the same domain with different 
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orientations for each run to reduce inconsistencies 
in the test data. A point gauge attached to a roller 
(located at the top of the flume) was used to 
determine the water depths, whereas the 
approaching velocity was measured by using a 
portable velocity meter. A compact multi line laser 

was also used to profoundly observe the instability 
of vehicle as it was uncertain to observe the vehicle 
movement in the water through naked eyes. Further, 
the instability points were visually recorded by 
means of a camcorder. The detailed schematic 
diagram of the experimental setup is shown in Fig. 3. 

 

 
Fig. 2: Exterior dimensions (a) Prototype and (b) Model (1: 24) 

 

 
Fig. 3: Laboratory experimental setup 

 

4. Theoretical assessment of hydrodynamic 
forces  

Recall that for the estimation of buoyancy force 
(FB), the submerged volume of the vehicle at 
different water depths (V), water density (ρ) and 
acceleration due to gravity (g) are required. Since ρ 
and g remains constant, therefore to estimate the 
buoyancy force, the submerged volume of the vehicle 
at different water depths was needed. Within that 
context, the chassis of the vehicle was precisely 
designed on scale (1:24) using AutoCAD. A two-
dimensional design was initially prepared. The file 
was then saved as ‘*.dwg’ format. It was then 
transferred to SolidWorks for further modification 
where the model was enhanced and extruded to 
prepare a complete three-dimensional chassis of the 
car. In contrast to the complex design of the chassis, 
the ring-shaped tire was simple to design as the 
diameter and width of the tire were known. Thus, 
the submerged volume of the tires at different water 
depths was separately determined. Herein the study 
was performed on a flat roadway condition under 
the subcritical flow conditions. Therefore, it was 
straight forward to estimate the submerged volume 

of the car at the required water depths as it equally 
covered the vehicle chassis. Prior to crop the chassis 
at the desired depth, the ground clearance of the 
vehicle was also taken into consideration and it was 
ensured that the water depth was estimated exactly 
from the point where the tires were in contact to the 
ground. This file was then saved as ‘*.igs’ format. 
Lastly, the saved file was then transferred to ANSYS 
(Static Structural) and the submerged volume of the 
vehicle at different water depths was obtained. Once 
the submerged volume of the chassis was known, it 
was then accumulated with the submerged volume 
of the tires for the estimation of buoyancy force. 

The lift force (FL) is a component of a vertical 
force which is flowing past the surface of a body that 
acts perpendicular to the direction of incoming flow. 
This contrasts with the drag force which is the 
component of the horizontal force that acts parallel 
to the direction of incoming flow. Recall that for the 
estimation of lift force, water density (ρ), lift 
coefficient (CL), vertically projected area of the 
vehicle which is equivalent to the cross-sectional 
area of the car base (AL) and the flow velocity are 
required. The lift coefficient can be determined if the 
distribution of the dynamic pressure and shear force 
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on the entire body are known. Pressure and shear 
forces are difficult to obtain along a surface for a 
non-geometry body either theoretically or 
experimentally and thus can only be obtained 
numerically (Salleh, 2009). Since ρ remains constant, 
therefore the value of CL was obtained from the 
numerical simulations conducted on a similar car-
type to observe the contribution of lift force to the 
incipient motion of a partly submerged flooded 
vehicle (Arrighi et al., 2015). In the current study, the 
proposed CL value was considered as a reference 
value due to two main reasons: (i) both the studies 
were carried under partial submergence and (ii) the 
geometry of the city car considered for numerical 
simulations tallied well to the model vehicle tested in 
this study. Thus, the lift coefficient used to determine 
the lift force was selected as 0.45. Lastly, the plan 
area of the vehicle, AL was considered when the 
water depth approaching the vehicle chassis 
exceeded the ground clearance. Once the water 
depth reached the bottom of the chassis, the 
vertically projected area of the vehicle remained 
constant and further increment in the water depth 
did not affect the cross-sectional area. 

The drag force (FD) on the vehicle is usually 
caused by the incoming flow which if exceeds the 
frictional force between the tires and the ground 
surface causes sliding instability failure. Unlike 
buoyancy force, which mainly relies on the 
submerged volume of the vehicle (V), the drag force 
depends on the submerged area projected normal to 
the flow (AD), drag coefficient (CD) and the 
approaching flow velocity (v). Therefore, the 
influence of drag force varies with vehicle position 
and the varying combination of hydraulic variables, 
i.e., (v·y) values. Herein ρ was taken as 1000 kg/m3, 
CD was set to 1.1 or 1.15 depending on the depth of 
the floodwater level with respect to vehicle chassis 
(Xia et al., 2011) and v was experimentally 
determined at different water depths using the 
velocity meter. However, to estimate AD, the 

submerged volume of vehicle (V) was fractionated 
by the chassis width (bc) at different water depths. 

The friction force (FR) concerns to the net weight 
of the vehicle (FN) and the friction coefficient (μ). FN 
is equivalent to vehicle weight in dry condition 
minus the vertical pushing force, namely buoyancy 
and lift forces, whereas μ depends on the tires 
condition and the roughness of the ground. For every 
increment in the water depth, the net weight of the 
vehicle was obtained once the buoyancy and lift 
forces were known. Moreover, for this study (static 
condition), the friction coefficient was assumed to be 
0.3, which was confirmed almost adequate for the all 
the surface types as proposed by Bonham and 
Hattersley (1967). 

5. Results and discussions  

Flows in the flumes can be categorized as free 
surface flow which are generally driven both by 
gravity and inertia. Therefore, Froude number is the 
best correlation required to analyse the flow. On the 
other hand, Reynolds number deals with the 
relationship between frictional and inertial forces. 
For various reasons, the requirements posed by the 
Froude and Reynolds numbers cannot be satisfied 
simultaneously. It is then necessary to decide which 
the dominant forces are. Typically, free surface flows 
are governed by gravity forces, whereas Reynolds 
number effects (viscous drag) are most likely to 
become more significant at low Reynolds number 
(Mustaffa, 2004). However, under this section, an 
attempt has been made to study the relation of 
varying hydrodynamic forces with respect to the 
Froude number. At first, the relation of buoyancy 
force at varying Froude numbers has been discussed 
as shown in Fig. 4. The relationship of buoyancy 
force and Froude number is very straight forward. 
From the graph, it can be inferred that with the 
increasing Froude number, a decrease in the 
buoyancy force was noticed. 

 

 
Fig. 4: Buoyancy force computed at varying Froude numbers 

 

The buoyancy force solely relies on the 
submerged volume which varies with the water 
depth, whereas Froude number is inversely 
proportional to it. For instance, at the lowest Froude 

number, the impact of buoyancy force was found 
maximum, whereas when the Froude number 
reached the maximum value, the buoyancy impact 
was found nominal. Based on these findings, it can be 
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concluded that Froude number is inversely 
proportional to the buoyancy force.  

Likewise, the impact of buoyancy force, the 
impact of lift force relative to the Froude numbers 
has also been computed as shown in Fig. 5. 

 

 
Fig. 5: Lift force computation at varying Froude numbers 

 

The vertically projected area of the car, AL 
remains constant as the floodwater depth reaches 
the vehicle chassis. Therefore, further increment in 
the water depth does not affect the plan area (AL). On 
the other hand, the flow velocity is proportional to 
both lift force and the Froude number. Therefore, 
from the graph, it can be inferred that an increment 
in the lift force slightly increased the Froude number. 
Thus, a positive relation between the lift force and 
Froude number has been witnessed. 

Drag force relies on the submerged area 
projected normal to the flow (AD), which varies 
based on the level of submergence, position of 
vehicle towards the direction of incoming flow and 
the intensity of the flow at which it travels (v). A 

pattern of gradual fluctuations in the drag force was 
noticed with an increase in the water depth. This 
highlights that drag force does not necessarily raise 
with the increasing water depth. However, referring 
to vehicle orientations, it can be seen that the 
influence of drag force was comparatively lower at 
the following orientations, namely 0°, 360° and 180°, 
as at these positions, the front and the rear ends of 
the vehicle were facing the incoming flow which 
provided smaller region to the drag force to take 
effect. However, the impact of drag force on the 
vehicle positioned at different angles, relative to 
Froude numbers has been further illustrated in Fig. 
6. 

 

 
Fig. 6: Drag force computation at varying Froude numbers 

 
From the above graph, it can be inferred that 

below the critical water depth, the influence of 
velocity was more dominant in contrast to shallow 
depths. For instance, at majority of the orientations, 
it was noticed that the increasing Froude number 
increased the impact of drag force on the vehicle. 
Though, it relies both on the varying combinations of 

(v·y) values, but the graph concludes that at shallow 
depths, the flow velocity was more dominant to 
generate drag. Further, as highlighted earlier that 
drag varies with the vehicle orientation, thus, it can 
be seen that the influence of drag force differed 
nearly at the same Froude number for the vehicle at 
different orientations. For instance, at 0°, the impact 
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of drag force was noticed to be 0.23 N, when the 
value of Froude number reached 0.82. On the other 
hand, at 180°, the impact of drag force was noticed to 
be 0.15 N, for the same Froude number.  

The buoyancy force takes effect immediately 
when a body is immersed in water and its impact 
becomes more intense as the water level goes up. 
This is suggested to be the major reason for the 
reduction in the frictional force under the given 

circumstances. For instance, the maximum friction 
force between the vehicle tires and ground surface 
was found at the lowest water depth, i.e., 0.030 m, 
whereas at the maximum level (below critical water 
depth), i.e., 0.042 m, its influence was effectively 
reduced. Fig. 7 shows the relevance of friction force 
with respect to the Froude numbers so that the 
significance between the two can be studied. 

 

 
Fig. 7: Friction force computation at varying Froude numbers 

 

The graph displays that the friction force is in 
proportion to the Froude number. It is 
straightforward because Froude number is inversely 
proportional to the water depth. So, for each 
increment in the water depth, the friction force is 
decreased and so does the Froude number. For 
instance, the impact of frictional force was found 
negligible at low Froude numbers, whereas it 
successively increased with the increasing Froude 
numbers.  

6. Conclusion 

The main findings of the study have highlighted 
that: (i) buoyancy force solely relies on the 
submerged volume which varies with the water 
depth, whereas the Froude number is inversely 
proportional to it. Thus, an inverse relation between 
the two was noticed, (ii) the lift force is concerned 
with the vehicle’s vertical area of projection which is 
equivalent to the cross-sectional area of the car base 
(AL) and the flow velocity (v). Notably, the affected 
area (AL) does not vary once the water level reaches 
the chassis of the car. Thus, a positive relation 
between the lift force and Froude number has been 
witnessed, (iii) below the critical water depth, the 
influence of velocity was more dominant in contrast 
to shallow depths. For instance, at majority of the 
orientations, it was noticed that the increasing 
Froude number increased the impact of drag force 
on the vehicle. Though, it relies both on the varying 
combinations of (v·y) values, but the outcomes 
conclude that at shallow depths, the flow velocity 
was more dominant to generate the drag. Thus, a 
positive trend between the two was noticed and (iv) 

lastly, as the water depth goes up, the contact of the 
tires with the ground reduces. Since Froude number 
is inversely proportional to the water depth, 
therefore, a positive relation between the Froude 
number and friction force was noticed.  
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