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Abstract—Vehicles are one of the most common objects that
are usually washed away by the water flow during flood events
resulting in several damages and casualties. Regardless of the
vehicle type and flow condition, vehicle orientations in relation
to the incoming flow play a significant role on the vehicles
stability limits. Therefore, studying the hydrodynamic forces on
a vehicle placed at different angles with respect to the incoming
flow can help to understand the most unstable orientation. As
a result, parking lots design may improve by rearranging the
vehicles in a way that the critical vehicle orientation will not face
the expected incoming flow. Herein, 3-dimensional numerical
modelling was conducted to assess the critical orientation of
a parked full-scale passenger vehicle exposed to water flow at
three different angles, namely 0o, 45o, and 90o. The highest
drag force and displacement were observed for the vehicle at
90o orientation making it the critical one. While the highest
torque on the vehicle centre of mass was reported for the vehicle
at 45o orientation, making it more rotatable when compared
with other orientations. Obtained results were compared with
previously published experimental studies and good agreements
were observed.

Index Terms—Floods, vehicles, numerical simulation, orien-
tation, hydrodynamic forces

I. INTRODUCTION

FROM long ago until nowadays, the major human set-
tlements are mainly located along the rivers floodplain

areas [1], [2], [3], [4]. The huge and rapid urbanization and
development in these settlements had significantly increased
the likelihood of flooding [5], [6]. Furthermore, climate
change and greenhouse gas emissions (GHE) lead to many
alterations in the Earth’s hydrological cycle by causing
more frequent floods and natural hazards [7], [8], [9]. In
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2014 alone, a total of 324 natural hazards were reported
around the world which affected nearly 141 million people.
Floods, landslides, and waves action were 47.2% among
these disasters [10]. The economic losses caused by the
water-related disasters altogether in the entire World in the
year 2014 were estimated to be 37.39 US billion out of which
29.42 US billion were to be borne by the continent of Asia
[11]. Between 1975 and 2001, a total of 1,816 floods were
reported resulted in 175,000 human casualties around the
globe [12]. In East Asia, 127 flood events were reported
throughout the 21st century, of which 25 were categorized
as flash floods and accounted for almost 30% of the total
deaths. In Malaysia, the most shattering floods were reported
in December 2014 and January 2015 at which more than
100,000 people were evacuated from their houses during the
event [13]. More recently, the Johor flood event that occurred
in January 2021 led to at least 1 death and the evacuation of
9,000 people according to Malaysia’s disaster agency [14].

During flood events, vehicles are directly affected by the
water flow and they may be dragged away in the flow
direction once the flow velocity and water depth exceed the
critical values [15], [16]. Once the vehicles become unstable,
they may be dragged away causing direct damage to the
properties through colliding or even causing loss of human
life [17], [18]. Furthermore, flooded vehicles consequences
can be made worse due to vehicles being carried out and
blocking flow paths at the downstream end of the rivers. A
clear example of the flooded vehicle danger was observed
in the UK during the Boscastle flash flood that happened on
16 August 2004. The city was projected to an extreme flash
flood caused by a heavy rainfall event up to 200 mm in 5
hours. The UK Environment Agency (2004) [19] reported
that millions of pounds of damages were made and a huge
agricultural land area was lost during that event. About 116
vehicles were swept away and some of them together with
other large size debris were stacked under a local bridge
blocking the water flow, finally causing to collapse of the
bridge. Some of these vehicles were flashed out straight to
the harbour without any obstruction blocks.

The main flow parameters that usually govern vehicle
instability are flow velocity (v) and water depth (h). Once
these parameters reach certain values, vehicles lose their
instability mainly in two forms, sliding or/and floating [20].
Sliding instability mode most probably occurs at high flow
velocity and low water depth (i.e., supercritical flows). On
the other hand, floating instability commonly occurs at low
flow velocity and high-water depth (i.e., subcritical flows)
[20], [21], [22]. Besides the flow parameters, vehicles spec-
ifications and their characteristics play significant roles in
determining the vehicle instability criteria [23]. These spec-
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ifications are i) vehicle dimensions (length, width, height,
and ground clearance) ii) vehicle weight, iii) vehicle external
hydrodynamic design, and iv) tires conditions (old/new),
and v) ground surface conditions [22]. Furthermore, vehicle
orientation with respect to the flow direction has a major
effect on vehicles instability [24], [25], [26].

During the past years, few numerical studies have been
conducted to investigate the vehicles instabilities during flood
events. In most cases, using numerical approaches gives more
detailed results when compared with the experimental runs.
However, the previous numerical studies were not conducted
under six degrees of freedom which makes them not exactly
represent the real experiments. Xia et al., (2011) [27] carried
out a numerical study to assess flood hazard risk to both
vehicles and people during flood events using an existing 2D
hydrodynamic model. A hazard degree (HD) expression was
introduced and used to quantify the corresponding degree
of hazard. Based on HD, vehicles were considered to be
safe if HD = 0, namely, U << Uc, while vehicles were
considered to be unsafe if HD approached 1.0, namely,
U ≥ Uc, where U and Uc are the flow and critical flow
velocities respectively. Later in 2015, Arrighi et al., (2015)
[28] investigated the vehicle instability modes numerically
using the computational fluid dynamics (CFD) toolbox in
OpenFOAM. A mobility parameter (θv) was introduced to
describe vehicles instability modes as a function of Froude’s
number.

In this study, a 3-dimensional numerical modelling was
conducted to assess the critical orientation of a full-scale
passenger vehicle during flood events. The numerical runs
considered six degrees of freedom and coupled motion to
represent the real conditions. First, in this paper a detailed
description of the methodology is presented, including ge-
ometries creation, selected boundary and initial conditions,
mesh development, and general numerical setup. Second,
results are presented and discussed in terms of water flow
condition, hydrodynamic forces, torque, and flow patterns.
Later, a comparison between the presented results and previ-
ously published experimental investigations are introduced.
Finally, some conclusions are presented and summarized at
the end of the paper.

II. METHODOLOGY

In this study, the science of computational fluid dynamics
(CFD) was used to investigate the critical vehicle orientation
in flooding. Among available commercial CFD software,
FLOW-3D that uses finite volume method (FVM) and tur-
bulence models to solve the Reynolds-Averaged Navier-
Stokes (RANS) equations [29], [30], [31] was selected to
conduct the numerical runs. FLOW-3D was used because
it has the advantage of built-in six degrees of freedom and
coupled motion simulation tools [32]. A total of three vehicle
orientations were tested namely (i) 0o, at which the vehicle
front side was facing the incoming flow, (ii) 45o, at which the
vehicle was rotated (45o) with the direction of the incoming
flow, and (iii) 90o, at which the vehicle longitudinal side
was facing incoming flow as shown in Figs. 1a, 1b, and 1c,
respectively.

Fig. 1. Vehicle orientations against the incoming flow (a) 0o, (b) 45o, and
(c) 90o, (owned by authors)

A. Meshing and geometry

Herein, a full-scale medium-size Malaysian passenger ve-
hicle called Perodua Viva was used to conduct the numerical
runs. The 3D geometry model of the vehicle was developed
using Solidworks then converted to STL format to be inserted
into FLOW-3D software. The vehicle model was placed on
a rectangular plate with dimensions of 12 m length, 10 m
width, and 0.2 m height. The plate was considered as the
road and its surface roughness was defined with a static
friction coefficient of 0.3. Two mesh blocks (containing and
nested) were developed to contain both the fluid and solid
domains as shown in Figs. 2a-2c. The nested mesh block was
developed with a cell size of 0.025 m to accurately capture
the vehicle geometry model, while the containing mesh block
cell size was 0.05 m. Table 1 shows a detailed description of
the mesh arrangement used in this study. Before conducting
numerical runs, the mesh quality was checked by running the
FAVOR solver, and it was noticed that the selected mesh cell
sizes were accurately captured both fluid and solid domains
as shown in Fig. 3. One history probe was placed 3 m
ahead of the vehicle location (Fig. 2) to measure the flow
variables such as velocity, depth, and Froude’s number. The
boundary conditions for all the cases were the same (Fig.
2) for the purpose of conducting a comparison between the
cases in terms of forces and stability conditions. The inlet
boundary was defined with flow velocity and water depth,
while the outlet boundary was defined as a free-fall with
atmospheric pressure and 0 fluid fractions. The top faces
of both containing and nested mesh blocks were defined
as free surface flow with atmospheric pressure and 0 fluid
fractions. The rest of the sides were defined as walls for the
containing mesh block and symmetry for the nested mesh
block as shown in Fig. 2.

B. Governing equations

Fluid flow governing equations including mass continuity
and momentum equations were solved numerically to simu-
late the flow in a 3D form. These equations can be written
in a general form as in Equations 1-4 respectively.

VF
∂ρ

∂t
+

∂

∂x
(ρuAx) +R

∂

∂y
(ρvAy)

+
∂

∂z
(ρwAz) + ξ

ρuAx

x
= RDIF +RSOR (1)
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Fig. 2. Boundary conditions and mesh blocks arrangement (a) 0o, (b) 45o, and (c) 90o

Fig. 3. Geometries visualization after running FAVOR solver (a) 0o, (b) 45o, and (c) 90o

TABLE I
DETAILS OF THE GENERATED MESH BLOCKS

Vehicle orientation 0o 45o 90o

Mesh block Containing Nested Containing Nested Containing Nested

Cells size (m) 0.05 0.025 0.05 0.025 0.05 0.025

Cells number 1,576,080 967,680 1,576,080 3,618,000 1,576,080 1,267,200

Domain Fluid and vehicle Vehicle Fluid and vehicle Vehicle Fluid and vehicle Vehicle
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+

1
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∂w

∂t
+

1

VF

{
uAx

∂w

∂x
+ vAyR

∂w

∂y
+ wAz

∂w

∂z

}
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ρ

∂p
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RSOR

ρVF
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where, VF is the fractional volume open to flow, ρ is the
fluid density, (u, v, w) are the velocity components in the
coordinate directions (x, y, z) or (r, θ, z), (Ax, Ay, Az) are
the fractional area open to flow in the (x, y, z) directions,
respectively, RSOR is the density source term, RDIF is the
turbulence diffusion term, R and ξ are the coefficients depend
on the coordinate system. When cylindrical coordinates are
used, y derivatives must be converted to azimuthal deriva-
tives, and ξ set to be 1. When Cartesian coordinates are to be
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used, R is set to unity and ξ is set to zero, (Gx, Gy, Gz) are
the body accelerations, (fx, fy, fz) are viscous accelerations,
(bx, by, bz) are flow losses in porous media or across porous
baffle plates, the final terms account for the injection of mass
at a source represented by a geometry, and p is the pressure.

The turbulence flow was solved by enabling the two-
equation K−ε model (turbulent kinetic energy kT (Equation
5), and its dissipation εT (Equation 6)) which is commonly
considered as a sophisticated and more widely used model
that provides a stable numerical simulation.

∂kT
∂t

+
1

VF

{
uAx

∂kT
∂x

+ vAy
∂kT
∂y

+ wAz
∂kT
∂z

}
= PT +GT + DiffkT

− εT (5)

∂εT
∂t

+
1

VF

{
uAx

∂εT
∂x

+ vAyR
∂εT
∂y

+ wAz
∂εT
∂z

}
=

CDIS1 · εT
kT

(PT + CDIS3 ·GT ) +

Diffε − CDIS2
ε2T
kT

(6)

Where VF , Ax, Ay, and Az are FLOW-3Ds FAVOR solver
functions, PT is the turbulent kinetic energy production,
CDIS1, CDIS2, and CDIS3 are dimensionless user-
adjustable parameters, and have defaults of 1.44, 1.92 and
0.2, respectively, and Diffε is the diffusion of dissipation.

As mentioned previously that this study was conducted
under the six degrees of freedom condition, thus the rigid-
body equations of motion, as well as the rigid-body dynamic
equations (collision model), were enabled and solved. Tran-
sitional and rotational governing equations of motion can
be written as in Equations 7 and 8. On the other hand, the
collision model was simulated by solving equations 9-11.

F = m
dVG
dt

(7)

TG = [J ] · dω
dt

+ ω × ([J ] · ω) (8)

√
(dp1)

2
+ (dp2)

2
< µdp if v1

2 + v2
2 = 0 (9)

dpi = − µ vi√
v12 + v22

dp i = 1,2, if v1
2 + v2

2 = 0

(10)

e =

√
−W3(pf )−W3(pc)

W3(pc)
(11)

where, F is the total force, m is rigid body mass, TG
is the total torque about G, and [J ] is moment of inertia
tensor in the body system, W3 is work done by normal
impulse, pc is the normal impulse when collision reaches
maximum compression, and pf is the total impulse of
collision. Restitution coefficient ranged between 0 and 1,
where 0 represents perfect inelastic collision, 1 represents
perfect elastic collision. Values between 0 and 1 represent
partially elastic collision.

III. RESULTS AND DISCUSSION

The different hydrodynamic forces and the responses of
a passenger vehicle at three different orientations (0o, 45o,
and 90o) are presented here. Figs. 4a to 4c show the variation
of flow depth, flow velocity, and Froude number with time,
respectively. All these variables were extracted from the
history probe that was placed 3 m ahead of the vehicle
location. In general, the same pattern of flow behaviour was
noticed for all vehicle orientations, which provides a good
indication of the numerical setup and the selected boundary
conditions. From Figs. 4a to 4c, it can be noticed that the
simulation reached the steady-state after 16 seconds at which
there were no major changes in the flow parameters values.
A minor variation in the flow velocity in the case of 90o

orientation was observed. This could be due to the back-
flow effects that was generated after the flow hit the vehicle’s
longitudinal side.

Fig. 4. Flow variables change with time at 3 m ahead of the vehicle

Figs. 5a to 5c illustrate the variation of the pressure forces
with time in the x, y, and z directions, respectively. It was
observed that the x-pressure force that acts in parallel with
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the flow direction was the highest for vehicle orientation
of 90o with an average value of 1,242 N. For 0o vehicle
orientation, the x-pressure force was the lowest with an
average value of 447 N. The x-pressure force for 45o vehicle
orientation was between both previously mentioned values
with an average magnitude of 961 N as shown in Fig. 5a. It
can be clearly noticed that magnitude of the pressure forces
was proportionally changed with the affected vehicle area.
On the other hand, the y-pressure force was the highest at
45o vehicle orientation as shown in Fig. 5b with an average
value of 456 N. However, the y-pressure force was almost
equal to 0 for other vehicle orientations (0o and 90o). This
was because the normal projected area to the y-direction was
in parallel with the flow direction for both orientations.

The resultant horizontal force that causes the sliding
instability mode was calculated for 45o vehicle orientation.
The resultant force calculated from both x and y-pressure
forces for 45o vehicle orientation was found to be 1,063 N.
When comparing the resultant horizontal force on the vehicle
at 45o orientation (R= 1,063 N) with the other horizontal
forces (FH= 1,242 for 90o, and FH= 447 N for 0o) it can
be noticed that highest horizontal drag force was recorded at
90o vehicle orientation. It can be concluded that the critical
vehicle orientation was when the vehicle’s longitudinal side
was facing the incoming flow. Fig. 5c shows the vertical
pressure forces variation with time for all simulated vehicle
orientations. The vertical pressure forces were almost the
same for all cases, however, the highest value was observed
for the vehicle at 0o vehicle orientation. This was due to
the effects of the size of the projected area of the tiers with
respect to the incoming flow. For 0o vehicle orientation, the
projected tires area is less when compared with other vehicle
orientations.

As previously mentioned, all numerical runs were con-
ducted under six degrees of freedom and coupled motion.
Thus, the difference between the initial and final of the
vehicle centre of mass was calculated. In general, the vehicle
was observed to be stable under the selected flow velocity
and water depth at the inlet boundary. However, a very minor
difference was observed, this can also confirm or provide
an indication regarding the critical vehicle orientation. From
Table 3, it can be noticed that the highest displacement was
observed at 90o vehicle orientation with a total displacement
of 0.015 m in the x-direction. On the other hand, the
displacement for other vehicle orientations (0o and 45o)
were 0 and 0.008, respectively. It can also be noticed that
the displacements in the z-direction were 0 for all vehicle
orientations due to the low water depth at the vehicle vicinity.

TABLE II
DISPLACEMENTS OF THE VEHICLE CENTRE OF MASS

Vehicle orientation Displacement (m)
x y z

0o 0.005 0.000 0.000

45o 0.008 0.001 0.000

90o 0.015 0.000 0.000

Fig. 6 shows the variation of the torque about the vehicle
centre of mass variation with time. Unexpectedly, it was
observed that the magnitude of the torque for the vehicle
at 0o orientation was more than the torque magnitude for

Fig. 5. Pressure forces variation with time (a) x direction, (b) y direction,
(c) z direction

the vehicle at 90o orientation. On the other side, the highest
torque magnitude was observed for vehicle orientations of
45o as shown in Fig. 6. This indicated that the vehicle parked
at 45o with respect to the incoming flow tended to be more
rotated due to the flow velocity.

For a better understanding of the flow behaviour at the
vehicle vicinity, 2D renderings of the flow velocity, stream-
lines, Froude number, and water depth were extracted for all
studied cases and are presented in Figs. 7a, 7b, 8a, and 8b,
respectively. The lowest flow velocities and the highest water
depths were observed at the vehicles sides that were facing
the incoming flow as well as behind the tires. Furthermore,
it was observed that the flow velocity was low ahead of the
vehicle locations, however, the flow velocity was higher after
the vehicle locations for all simulated orientations. On the
other hand, the vice versa was observed for the flow depth
before and after the vehicle location. In terms of Froude
number, it can be seen that once the flow hit the vehicle body
it reached to the lowest value, while its magnitude increased
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Fig. 6. Torque about the vehicle centre of mass variation with time

once the flow passed the vehicle body. Besides, it can be
noticed that the vehicle’s tires minimize the Froude number
to its lowest especially at vehicle orientations of 90o and 45o

(Fig. 8a).

Fig. 7. 2D rendering (a) flow velocity, and (b) streamlines

Fig. 9 shows a 3D rendering for the flow velocity at which

Fig. 8. 2D rendering (a) Froude number, and (b) water depth

the vehicle longitudinal side was facing the incoming flow
(90o). The 3D rendering provides a better visualization on
the flow pattern and describes the flow velocity magnitudes
at each point around the vehicle body. It can be noticed
that the flow velocity is the lowest behind the vehicle’s tires
(locations 1 and 2) at which the flow was blocked. While the
velocity was the highest at location 3 where the flow passed
underneath the vehicle.

IV. VALIDATION

The obtained results from this study were compared with
the previously published experimental works. Herein, two
different experimental studies were considered including (i)
Shah et. al. (2018) [33], and (ii) Al-Qadami et. al. (2021)
[20].

A. Shah et. al. (2018) [33]

Shah et. al. (2018) [33] conducted a series of experimental
runs to investigate the stability limits of a passenger vehicle
called Volkswagen Scirocco R at a scale of 1:24. Different
vehicle orientations with respect to the incoming flow were
considered, including 0o, 45o, 90o, 135o, 180o, 225o, 270o,
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Fig. 9. 3D rendering of flow velocity for vehicle orientation of (90o)

315o, and 360o. The depth × velocity (d*v) function was
obtained for all orientations. It was noticed that for the
vehicle at 0o (front end facing flow direction) and 360o

(rear end facing flow direction) orientations, the d*v was
0.0168 m2/s, while it was 0.0156 m2/s for the vehicle
at 45o orientation. On the other hand, at 90o orientation
(side part facing flow direction), the d*v was 0.0144 m2/s.
Based on the outcomes it was concluded that the vehicle
at 90o was critical when compared with other orientations.
These outcomes are in agreement with the findings obtained
numerically in this study.

B. Al-Qadami et. al. (2021) [20]

Al-Qadami et. al. (2021) [20] investigated the stability
of a full-scale medium size Malaysian passenger vehicle
inside floodwaters experimentally. Experimental runs were
conducted in a 10 m wide laboratory tank under various
flow depths, velocities, and orientations (0o, and 90o). Sliding
instability mode was proposed to occur when the drag force
is equal to or greater than the friction force (FD ≥ FR). It
was reported that the hydrodynamic forces on the vehicle at
90o orientation were higher when compared with 0o under
same flow condition. Therefore, according to Al-Qadami et.
al. (2021) [20] the critical vehicle orientation is 90o at which
the vehicle longitudinal side is facing the incoming flows.
These observations were found to be in agreement with the
numerical results presented in this study.

V. CONCLUSION

In this study, a 3-dimensional numerical modelling inte-
grated with six degrees of freedom and coupled motion tools
was conducted to assess the critical orientation of a full-
scale passenger vehicle parked on a flooding plain. Three
different vehicle orientations were simulated, namely 0o, 45o,
and 90o. The vertical and horizontal hydrodynamic forces
that acted on the vehicle sides were recorded at each time
step. Results showed that the highest horizontal force was
on the vehicle at 90o orientation with an average value of
1,242 N. On the other hand, the horizontal forces that acted
on the 0o and 45o vehicle orientations were 447 N and
1,063 N, respectively. Furthermore, the highest horizontal
displacement of the vehicle center of mass was 0.015 m
which was reported for the vehicle at 90o orientation. In
terms of torque measurements, it was noticed that the highest

torque value was recorded for the vehicle at 45o orientation.
According to these observations, it can be concluded that
the critical vehicle orientation in terms of sliding instability
mode is 90o at which the vehicle longitudinal side was facing
the incoming flow. On the other hand, the vehicle tends to
be more rotatable at the orientation of 45o. Therefore, it is
recommended that the arrangement of the vehicle in parking
lots should be in a way that the vehicle’s longitudinal side
will not face the incoming flow, and ensure that the incoming
flow only face the vehicle front or rear sides. For the future
studies, it is recommended to conduct the numerical runs
using different vehicle models especially those once used for
evacuation during flood events such as ambulance, police, fire
vehicles.
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