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Graphical abstract Abstract

Flood risks concerned to vehicle's instability have become more conspicuous and it is thus
necessary to understand the behaviour of vehicles exposed to floodwaters. Therefore, this
paper aims at investigating the thresholds of vehicle instability in floodwaters at different
orientations. A stationary die-cast model vehicle (1:24) was used with the condition of rear
fires being locked only, positioned at different orientation angles on a flat road surface in
the partially submerged zone. Measurements were taken including the approaching
velocities and water depths, through which the instability was computed. The study
concludes that a partially submerged vehicle becomes instable at high water depths and
low flow velocities and vice versa. Further, the vehicle was observed to be most stable
when positioned at orientation angle of 0°/360°, with the limiting depth x velocity (D*V)
value of 0.0168 m2/s. On the other hand, it was noted to be least stable when positioned
at the orientation angle of 20° and 270°, with the limiting (D*V) value of 0.0144 m2/s. The
outcomes from this study were later franslated into guidelines.

Keywords: Instability threshold, partially submerged vehicle, stationary vehicle, flat surface,
guidelines

Abstrak

Ketidakstabilan kenderaan di dalam banijir didapati telah menjadi perkara yang serious,
maka adalah perlu unfuk mengetahui situasi ini dengan lebih mendalam. Artikel ini
bertujuan untuk mengenal pasti syarat-syarat kedalaman air dan halaju apabila sesuatu
kenderaan menempuh air banjir. Sebuah kenderaan model ‘die-cast’yang tidak
bergerak (1:24) dan separa tenggelam telah digunakan dengan keadaan tayar
belakang sahaja dikunci, dan diletakkan pada orientasi yang berbeza-beza sudut di atas
permukaan jalan yang rata. Ukuran yang diambil termasuklah haloju dan kedalaman
apabila kefidakstabilan terjadi. Kagjian ini menyimpulkan bahawa sesuatu kenderaan
separa tenggelam menjadi tidak stabil pada kedalaman air yang tinggi dan halaju aliran
rendah dan sebaliknya. Di samping itu, kenderaan adalah paling stabil apabila diletakkan
pada sudut orientasi 0°/360°, dengan kedalaman x halaju mengehadkan (D*V) bernilai
0.0168 m?/s. Manakala, kenderaan berada kurang stabil apabila diletakkan pada sudut
orientasi 90° dan 270°, dengan pengehad (D*V) bernilai 0.0144 m2/s. Hasil kajian ini akan
menjadi garis panduan yang akan di cadangkan.

Kata kunci: ambang kefidakstabilan, kenderaan separa tenggelam, kenderaan pegun,
permukaan rata, garis panduan
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1.0 INTRODUCTION

Peninsular Malaysia is an interesting example of rising
flood hazard and disaster potential. Globally, rapid
urbanization and land-use changes are believed fo
be major factors in rising disaster potential, especially
in rapidly expanding nations, of which Malaysia is an
example [1]. Regardless of the risk of periodic flooding,
settlements have always been colonised on flood
plains despite of several risks. These risks have been
neglected mainly due to social and economic
benefits (frading advantage), and environmental
benefits of a riverbank location (fertile agricultural
land). Early riverside settlements were on the local
elevated areas or where the channel abuts higher
ground on edge of flood plain. Later, the extensions of
those towns encroached into the flood plain zones as
shown in Figure 1 [2].

Floodwaters have potential to cause great
damage. When people, vehicles, and even buildings
are in the path of flood waters they can be susceptible
to being lifted, pushed, and rolled along by the flood
flows. In the simplest terms, the damage and danger
that flood waters might cause can be related to the
force of the flood flows as they fravel down a
floodplain. The force of floodwaters can be described
by the flow depth and velocity that the flows are
travelling at. Flood flows in nature always seek to move
in the lowest energy condition, which is slow and deep
rather than fast and shallow [3].

Roads are often the first assets influenced by
inundations  which make rescue operations
challenging and represent a major threat fo lives:
almost half of the sufferers are car passengers frapped
by floods [4]. Flood waters can be abruptly interrupted
and adopt highly critical regimes along the road
crossings which could alter the morphological
conditions of the channel and increase the threats
around these sfructures. This could be due to the
improper drainage or when the amount of water
arriving on the road is higher than the drainage
capacity which usually ends up as a serious hazard to
the traffic [5].

In recent years, the probability of flood occurrence
has raised due to the considerable change in the
meteorological system which has increased the risk of
vehicle instability in floodwaters on causeways and
streets [3]. A clear illustration of the similar damages is
the heavy downpour which caused a devastating
flash flood at the low-lying areas near Sungai Pinang
and Sungai Air Itam in Penang, Malaysia on 15th
September 2017 as shown in Figure 2. The department
of Irrigation and Drainage (DID), Malaysia reported
that both rivers, Sungai Pinang and Sungai Air Itam
have reached the highest levels at 3.2 m and 7.3 m,
with rainfall of 198 mm and 120.5 mm, respectively.
Massive traffic gridlock at the roads was witnessed
due to the submergence of the vehicles in
floodwaters as most of the areas were flooded
between 0.1 m to 0.6 m [6].

< FloodPlain »
———

w EARLY TOWNS AND SETTLEMENTS
normally on local elevated areas or
where the channel abuts higher
ground on edge of flood plain

<« FloodPlain » |

LATER EXTENSIONS TO TOWN
on natural flood plain in part of the
natural flood channel of the river

Figure 1 Floodplain encroachment

—_.'._' ————EE
LR T ——— .

Figure 2 Flooded vehicles in the 2017 George Town, Penang
(Malaysia) flood

Although, majority of the flood related deaths have
happened in the developing nations but larger part of
the studies is restricted to the US, with a couple in
Europe and Australia [7]. It has been expressed that
very little past work has been accounted for flood
water flows over urban areas with vehicles [8]. The
past floods experience, especially in Unites States,
demonstrates that a typical danger that causes
genuine harm tfo individuals is because of the
instability of vehicles in floodwaters [9]. In majority of
the events, flood water level is quickly raised and very
less time is given fo the people for their evacuation
[10] thus, drowning is believed to be the substantial
reason of demises during inundations [7]. Aimost 2/3 of
the fatalities that happen in floods occurs due fo it
[T1]. It has been further expressed that human
conduct is one of the element that adds to the flood
casualty rates, as individuals tend to purposefully drive
through the overwhelmed zones by disregarding
dangers, for example, belitting notices and
overlooking warnings [12] and get stuck in the flood
water or swept away due to buoyancy force [13].

Table 1 shows the percentage of fatalities reported
in vehicle during the flood events in different regions
of the World that is Monterrey, Mexico [7], United
States and Texas [14], Languedoc- Roussillon Region
France [15], Europe and United States [11], and
Australia [7].
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Table 1 Vehicle Related Fatalities during Floods

Monterrey, Mexico

Distribution of the causes and circumstances of death for the
13 events from Europe and America

No. of
vear Cause Mortalities
1988 Crossing the flooded river 160/200

Flood-Related Fatalities in United States of America

Percentage of

Year L‘?m' NO- No. of Vehicle Vehicle
- Related Fatalities  Related
Fatalities o
Fatalities
2006 76 32 42%
2005 43 18 42%
2004 82 45 54%
2003 86 39 45%
2002 49 28 57%
2001 48 24 50%
2000 38 24 63%
Avg. 60.3 30.0 49.7%

Cause f Total No
death and the f " Total Deaths Aggreg
surrounding - Percentage ate
- Fatalities
circumstances
As 62 25.1%
pedestrian
Invehicle 81 32.8% Al
drowni
Drow From boat 07 2.8% ngs
ning ) 167/24
During 02 0.8% 7
rescue (67.5%)
attempt
In building 15 6.1%

Flood-Related Fatalities in Texas

Percentage of

Vour L‘?TO' NO- No. of Vehicle Vehicle
- Related Fatalities  Related
Fatalities o
Fatalities
2006 8 4 50%
2005 3 2 67%
2004 14 13 93%
2003 2 2 100%
2002 14 9 4%
2001 9 8 89%
2000 9 8 89%
Avg. 8.4 6.6 78.6%

Flash Floods in Languedoc- Roussillon Region France

Year Cause No. of Mortalities
Last 50  Vehicle related 40%
years fatalities

Flood-Related Fatalities in Australia

Recreational

Year No. of In On Pursuits n

Mortalities Vehicle  Foot - . House
(swimming)

Over

the 17

last 169 31% 15% 12%

%
50
years

Hydrodynamic forces caused by the flowing
water, particularly floodwaters flows can move
vehicles on urban floodplains as shown in Figure 3. An
understanding of the relevant forces involved,
namely, effective vehicle weight (Fg), frictional force
(Fr), buoyancy force (Fg), lift force (F.), normal
reaction force from ground (Fy). and drag force (Fp)
is necessary to attempt to characterize the stability
threshold of vehicles in flood water flows.

Figure 3 Forces on the vehicle in floodwater

The friction force is the primary hydrodynamic force
that acts between the floodplain surface and the
vehicle tires. This force is the total resistance acting on
the vehicle tires by the floodplain surface which
prevents the vehicle from sliding. Once the vehicle is
liffed off from the surface the friction force becomes
zero. The friction force can be expressed as:

FR= I.lFG (])

where, p is the friction coefficient, set at 0.3 aofter
Bonham and Hattersley (1967), and Fg is the effective
vehicle weight [8].

The effective vehicle weight can be determined by
deducting the buoyancy and lift forces from the total
weight of the car (in dry condition). If can be
expressed as:

Fg=Fy =Wp — (Fg + F) (2)
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where, Wr is the total weight of the vehicle in dry
condition, Fg is the buoyancy force and Fy, is the lift
force [16]. For high flow velocities, the effect of
buoyancy could be neglected, thereby considering
only the effect of lift force [17]. Herein, the study was
performed under the sub-critical flow conditions thus,
the influence of lift force was disregarded.

The buoyancy force is an upward force exerted by
a fluid that opposes the weight of the immersed
object. In case of stationary model vehicle, when the
buoyancy force is greatfer than the vehicle weight
then the vehicle will be carried away by the flow. The
buoyancy force can be expressed as:

Fg = pgV (3)

where, p is the density of water, g is the acceleration
due to gravity, and V is the submerged volume of the
vehicle [18].

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 area of
changing momentum, fluid velocity and its density.
This force can be expressed as:

Fp = pCpAv? (4)

where, Fp is the drag force, p is water density, Cp is the
coefficient of drag, A is the submerged area
perpendicular fo the flow direction, andv is the flow
velocity [8].

The hydrodynamic mechanisms by which the
vehicle stability is lost can be recognized either by
floating, sliding and toppling instability as shown in
Figure 4. Floating instability occurs when the buoyancy
force exerted by water exceeds the vehicle weight.
This type of instability usually occurs when the flow
depth is high and the velocity is low. On the other
hand, sliding instability takes place when the
horizontal force i.e. drag force applied by water on
one or more vehicle panels exceeds vertical restoring
force which relies on the friction between the road
surface and car tires, vehicle mass and buoyancy. A
further mode of instability which occurs due to
overturning is called toppling instability. However, this
stability appears to be restricted to vehicles which are
already sliding or floating. Therefore, it has been
excluded in the current investigation from further
consideration [19].

Floating

Figure 4 Modes of vehicle instability

The existing design guidelines and recommendations
proposed for the limits of vehicle stability to be based
on the products of flow depth (D) and velocity (V)
derived during the experimental studies conducted in
the late 1960's and early 1970's (Bonham and
Hattersley, 1967; Gordon and Stone, 1973), and
theoretical analysis in the early 1990’s (Keller and
Mitsche, 1993). These guidelines are practicing the
same as there was no significant research published in
the field of vehicle stability in the intervening period
between Keller and Mitsche’s work (1993) and Teo ef
al.’s work (2010). However, today’s vehicle on roads
are more aerodynamic with a higher seadling
capacity. Therefore, during flooding these vehicles
become easily buoyant thus, the results of these earlier
studies may no longer hold for contemporary vehicles
and cannot be adopted permanently [19]. Herein, a
comprehensive explanation of previous studies is
highlighted which is further classified into theoretical
and experimental studies.

Bonham and Hattersley (1967) conducted a
laboratory testing on the stability of a model Ford
Falcon. The concern of the study was to ascertain the
performance of the motor vehicle on the flooded
area. The study suggests that the reaction between
fires and road surface isreduced due to the buoyancy
force, with lateral pressure generated by the flow
against the side of the car. When this lateral pressure
exceeds the maximum frictional  resistance
developed by the car tires, the car begins to proceed.
The study proposed the coefficient of friction (u) of 0.3
using the resultant equation of stability as:

Tn_q (5)

WFy

where, Fy is the force in the horizontal direction and Fy
is the force in the vertical direction [20].

Gordan and Stone (1973) conducted a similar
laboratory testing on the stability of model Morris Mini
using the same resultant equation of stability and
proposed range of coefficients between p=0.3 to
u=1.0. The results attained indicate that the stationary
value of p=0.3 assumed by Bonham and Hattersley
(1967) is likely conservative [21].

Keller and Mitsch (1993) conducted a purely
theoretical study on the instability criteria of different
vehicles in floodwater, including, Suzuki Swift, Ford
Laser, Toyota Corolla, and Ford LTD. The study
outcomes presented a procedure for estimating the
relationship between the corresponding crifical
velocity and the water depth. This analysis provided a
fundamental approach for determining the forces
exerted on parked vehicles in flood water and
proposed the incipient velocity formula for the
vehicles in partially submerged condition as given

below:
_ uFy
v= 2 /—pCDA (6)

where, v is the velocity at the threshold of instability of
each vehicle, u is the coefficient of friction assumed
as 0.3, Fy is the force in vertical direction, p is the



29 Syed Muzzamil, Zahiraniza & Khamaruzaman / Jurnal Teknologi (Sciences & Engineering) 80:5 (2016) 25-36

density of water, Cp is the drag coefficient assumed to
be 1.1 on wheels and 1.15 on the vehicle body with no
sensitivity assessment evident, and A is the projected
area normal to the flow [22].

Mens et al., (2008) conducted a theoretical testing
on the instability of Vans, Ambulance, Car, and Fire
Engines shown in Figure 5. The study concluded that
as the water depth increases, the velocity required to
make a vehicle instable decreases. This is because the
downward force of the vehicle is countered by
increased buoyancy. When the flood depth is greatfer
than the chassis height, a large amount of water is
displaced and stationary vehicle will float at a very
shallow depth. The study further illustrate that the
stability of a vehicle is influenced by the vehicle mass,
dimensions, drag force, and buoyancy. The vehicle's
instability at a particular velocity was determined by
using the formula:

Fr
pCDAtyreD

v=2

(7)

where, v is the velocity at the threshold of vehicle
instability, F, is the restoring force at the axle, p is the
density of water, Cp is the drag coefficient which was
assumed to be 1.1 if the water level is below the
chassis and 1.15if the water level is above the chassis,
A'is the area of tires in contact with the ground, and D
is the depth of flood water [23].

Velocity (m/s)
P

05 06 07 08 09 10 11 12 13 14 15
Water Depth (m)

=+ FireEngine =—# Ambulance =a Van =X Car

Figure 5 Vehicle stability curve as a function of velocity and
water depth

Shand ef al., (2010) recommended draft stability
criteria for three vehicle classes, namely, small
passenger, large passenger, and 4WD (four-wheel
drives) vehicles. With the changes in the modern
vehicle designs coupled by the limited nafure of
previous experimental works and lack of calibration in
computational studies, it is unlikely that those previous
results can be implemented directly when translated
to the modern vehicles. Therefore, the draft stability
criteria were proposed with the limiting depth and
velocity (D*V) values. This was incorporated to provide
agreement with human stability criteria presented
within Cox et al., (2010) [24] and to assure that in case
of vehicle instability, safety standards were not
compromised once the people abandoned their
vehicles. The equation of stability recommended for

the small passenger, large passenger, and large 4WD
vehicles can be given by:

DV < 0.3, DV < 0.45, and DV < 0.6 (8)

where, D is depth and V is velocity of the flow [19].

Teo et al, (2010) investigated the hydraulic
behaviours of vehicles on urban floodplains by
conducting laboratory experiments in the hydraulic
flume using rough bed surface. In searching for critical
conditions for vehicle instability thresholds, the effects
of the vehicle at different orientations were
investigated following the conditions of sliding
equiliorium. Two sets of different models, namely Mini
Cooper, BMW M5 and Mitsubishi Pajero, with the
scales of 1:43 (small scale) and 1:18 (large scale) were
adopted. The experimental results obtained from the
small-scale model (1:43) were then scaled up to the
large scaled model using hydraulic similarity
(oredicted). These predicated results were then
compared with the experimental results obtained for
the large-scale model (1:18) to validate the results as
shown in Figure 6. The trends of the predicted values
were in general agreement with the trends of the
observed data ensuring that hydraulic similarity is
capable of estimating the threshold values for the
larger scale vehicles and for the esfimation of
prototype vehicles. The corresponding criterion of
instability threshold is given by:

2puN
pCpAp

v=[—"] ()

where, v is the velocity at the threshold of instability, u
is the coefficient friction, N is the axle load in wet
conditions (also the axle load in dry conditions minus
the buoyancy force on the vehicle, which is
distributed on the front and rear axles according fo
the location of the center of buoyancy), p is water
denisity, Cp is the coefficient of drag which was set at
1.1 if the water level is below the vehicle chassis and
1.15 if it is above the vehicle chassis, and Ap is the
submerged area perpendicular to flow direction [25].

03 7
=+ MINI - Predicted

4 MINI-Observed
~*= BMW - Predicted
©  BMW -Observed

LJ
‘/ !/
=+ PAJERO - Predicted
= . ©  PAJERO - Observed
L)
[+
L)
hishv o 9 A
-]
& hi <hv
.
9 °
°
c L)

0.0 0.5 1.0 15 2.0 25
Velocity (m/s)

0.2

Water Depth (m)

0.1

0.0

Figure 6 Validation of predicted results with observed data
for 1:18 scaled models



30 Syed Muzzamil, Zahiraniza & Khamaruzaman / Jurnal Teknologi (Sciences & Engineering) 80:5 (2016) 25-36

Xiaetal., (2010) proposed a mechanism o predict the
incipient velocity of flooded vehicles according to the
mechanical condition of sliding equilibrium. The
formula was proven based on the experimental
investigations of Teo et al., (2010) for the three-tested
small-scale vehicles models (1:43). The formula used o
determine the incipient velocity is given by:

Ue= ax (1) [22(22)n, (10)

where, U, is the incipient velocity for the flooded
vehicles, a and B are the empirical parameters for
each vehicle, h is the water depth, h, is the vehicle
height, p. is the vehicle density and ps is water density
[26].

Shu et al.,, (2011) investigated the stability measures
for the vehicles in partially submerged condition by
deriving a mechanics based formula of incipient
velocity for only two orientation angles that is 0° and
180°. The flume experiments were conducted on the
wet carpet using three types of die-cast vehicles
(1:18), namely Ford Focus, Ford Transit, and Volvo
XC90, closely following the criteria of geometric,
kinematic, and dynamic similarity. The predicted
velocities using the formula agreed well with the
corresponding measured values with the correlation
coefficient R2 of 0.97, ensuring that if the incoming flow
depth is less than the vehicle height, then the
threshold velocity increased for a decrease in the
depth of flow as shown in Figure 7. The formula used
to estimate the incipient velocity is given by:

U= a(:—:)ﬁ /zglc (‘}‘;fz; ~R) (11)

where, U. is the incipient velocity for partially
submerged vehicles in flood waters, «« and B are the
empirical parameters for each vehicle, h¢ is the water
depth, h. is the vehicle height, 1.is the carlength, p. is
the vehicle density, p,, is the density of water and Rg is
the rafio of vehicle height and density fo the
buoyancy depth and water density [18].

3
E 08
S 06

04

02

0.0

0.00 0.01 0.02 0.03 0.04
ht(m)

1.6

14 v A,

12 _"BT‘G"
2 10 v L
E vg—0°
g 0.8

(b) Ford Transit

Uc(m/s)
PS
®
)

¢ (9 Volvo XC90

0.01 0.02 ht(m)  0.03 0.04

Figure 7 Depth-incipient velocity relationships for partially
submerged model vehicles (a) ford Focus, (b) Ford Transit
and (c) Volvo Xc90

Xia et al., (2013) conducted the flume experiments
tfo obtain the conditions of water depth and
corresponding velocity at the threshold of vehicle
instability for three orientation angles, namely 0°, 180,
and 90° as shown Figure 8 at two ground slopes of 1:50
and 1:100, using two types of die-cast vehicles (Honda
and Audi) at model scales of 1:14 and 1:24. The
experimental runs were conducted on a thin cement
layer. Results indicated that there was no substantial
difference in the condition of incipient motion for the
orientation angles of 0° and 180° because the
submerged area projected normal to the incoming
flow for the former was almost equivalent to that for
the latter for a partially submerged vehicle. However,
it was observed that at 90°, the incipient velocity
required to make the vehicles instable was low for
both the car models. The study further suggested that
the incipient velocity required to make a car instable
at different slopes is reduced as compared to the flat
surface. When the ground slope is at angle 6 then the
driving force causing the vehicle to slip is increased
and the value of normal force is reduced. Xia ef al.,
(2013) modified the same equation as proposed by
Shu et al., (2011) (applicable to vehicles positioned
parallel to the flow direction) for the vehicles
positioned perpendicular to the flow direction.
Therefore, the proposed resultant equation of stability
based on the mode of sliding stability can be given as:

U, = a(:—:)B 2gbe (%—Rf) (12)

where, U, is the incipient velocity for partially
submerged vehicles in flood waters, « and B are the
empirical parameters for each vehicle, h¢ is the water
depth, h is the vehicle height, b.is the vehicle width,
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p¢ is the vehicle density, p¢ is the density of water and
R¢ is the ratio of vehicle height and density fo the
buoyancy depth and water density [9].
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Figure 8 Depth-incipient velocity relationships for large-scale
model vehicles for different orientation angles

Martinez-Gomariz et al., (2017) proposed a new
approach by defining the stability thresholds for
vehicles exposed to inundations by considering the
analysis of both buoyancy and friction effects. The
experiments were conducted in the flume of hydraulic
laboratory of the Technical University of Catalonia
(Spain) as shown in Figure 9. The resultant equation of
stability proposed can be given as:

(v.y) = 0.0158.5Cy0q + 0.32 (13)
where, (v.y) is the stability threshold for each vehicle

and SCmeq is the modified stability coefficient which
can be given as:

Gc.M
SCimod = (;,AC-IJ (14)

where, G¢ is the ground clearance, M¢ is the kerb
weight, PA is the plan area, and p is the friction
coefficient [17].

L 2,00m | 1,50 m |

- Q

0,60 m

Test Area

031m
0,15m
0,10m |5

Figure 9 Experimental setup

From the available analyfical and experimental
data, it appeared that almost all studies were solely
dedicated to static vehicles. For the partially
submerged vehicles, it was noticed that at high water
depths, low flow velocities were needed to cause the

floating instability mode, whereas at low water
depths, high flow velocities were needed for sliding
instability to occur. It has been further idenftified that
the surface roughness which is an important
parameter fo determine the vehicle instability in the
flooding conditions has not been critically studied in
the previous studies, thus, assuming either wetted
carpeft, rough bed surface, thin cement layer, etc.
However, for this study the runs were conducted on a
surface which nearly meets the Manning'’s surface
roughness of a road pavement to ensure proper
friction between the fires and the ground. Further, it
was noficed that vehicle instability has been
investigated at limited orientations in previous studies.
Herein, the experimental investigations on the mode
of instability at all orientations that is 0°, 45°, 90°, 135°,
180°, 225°, 270°, 315° and 360° were carried and
guidelines, defining the limiting (D*V) values have
been proposed.

2.0 METHODOLOGY

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 purpose of the study was to observe the response
of vehicle size, design shape, and weight on the
thresholds of vehicle instability in the parfially
submerged flooding situation. The study was
conducted under the conditions that (i) rear ftires
being locked and (i) vehicle behaviours being tested
for all orientation angles. Moreover, to prevent water
from seeping intfo the inside space of a vehicle, its
interior space was filled with light foam. In making the
model vehicle to be water tight, its side door windows
were covered with plastic.

The experimental runs were conducted in
hydraulic flume located at Universiti Teknologi
PETRONAS, Malaysia. The flume is 10 m long, 0.45 m
deep, and 0.3 m wide as shown in Figure 10. The
vehicle was placed on a platform. The water depth
upstream of the vehicle was measured using a point
gauge [27], while Nixon streamflo 430 was used for the
velocity.  Similarity principles were followed 1o
determine the crifical conditions for the model vehicle
[25]. A monitoring laser was used fo observe the
movement of the vehicle in water at any
displacements taken placed in the-x or -y directions.

Thresholds of vehicle instability of the model
vehicle was observed in different orientatfions. The
discharge in the flume was adjusted gradually and the
corresponding averaged velocity and the incoming
water depth was measured when either the floating
or sliding instability was observed.
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Figure 10 Schematic diagram of hydraulic flume

3.0 RESULTS AND DISCUSSION

Investigations on the hydrodynamics of floodplains
with stationary scaled model vehicle was undertaken
by conducting a series of experimental studies in the
hydraulic flume. The purpose of the study was to
observe the behaviour of partially submerged vehicles
at all the orientations that is 0°, 45°, 90°, 135°, 180°,
225°, 270°, 315° and 360° in floodwater flows with the
condition of rear fires locked as shown in Figure 11.

Orientation angle- 270

Figure 11 Model vehicle in different orientations

Several studies have been conducted using scaled
model vehicle to determine the vehicle stability on
floodplains and guidelines have been developed with
regards to the hydrodynamic impacts of vehicles in
floodplains. However, it has been noticed that the
important parameter of surface roughness has been
lightly considered. Studies carried on the wefted
carpet [18] and thin cement layer [9] have different
surface roughness when compared to the real road
conditions. Therefore, prior to conducting the
experiments it was necessary to determine the surface
roughness of the platform where the experiments
were conducted to assure proper friction between
the vehicle fires and road surface. Therefore, for this
study the surface roughness of the designed platform
was first determined ensuring that it nearly matches
with the normal road conditions. The results attained
from the experimental runs states that the average
Manning roughness for the designed platform was
found to be 0.017 which nearly maftches with the
Manning's coefficient for asphalt pavements (rough
texture — 0.016) [28]. This assured that the surface
being used for the experimental runs provided nearly

the same surface roughness as observed over the
asphalt pavements as shown in Figure 12.

Figure 12 Surface roughness (a) cutting plywood, (b) sieve
analysis and (c) designed platform

3.1 Threshold of Vehicle Instability

The thresholds of vehicle instability when the flooded
vehicle starfed to move were found to be governed
by the incoming flow velocity, water depth and
discharges. The outcomes of the study agreed well
with the previous studies [8], [18]. [26]. [29], and [30]
with the indications that at high water depths, low flow
velocity was needed, whereas at low water depths,
high flow velocity was required to make a vehicle
instable in the partially submerged condition. Since
the scope of this paper is limited to partially
submerged vehicles only, therefore, only points below
0.05825 m (height of the model vehicle) were studied.
The results captured for all vehicle orientations are
shown in Figure 13.
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Figure 13 Threshold of vehicle instability

It was observed when the approaching water
depths of the vehicle exceeded 0.042 m, mode of
floating instability had taken place. This happened as
the vertical up-thrust force imposed by the fluid was
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greater than the vehicle weight. However, below this
point, the stability of the model vehicle was
completely relying on the dominancy of the friction or
the drag force. At several combinations of flow
velocity and water depth, the vehicle was found
stable which happened as the drag force caused by
the fluid was lower than the frictional force between
the tires and the ground. Conversely, sliding instability
occurred when the frictional force whichrelates to the
friction coefficient and the net weight of the vehicle
was lower than drag force caused by the flowing
water.

Flood flows in nature always seek fo move in the
lowest energy condition, which is slow and deep
rather than fast and shallow. In that context, it can be
said that when the water depth approaching the
vehicle exceeded 0.042 m, flow velocity had nominal
influence on the floating instability. On the other hand,
below 0.042 m, flow velocity was found dominant to
cause the sliding instability. Since this study was
observed with the condition of rear tires locked only,
therefore, once the kinetic friction governed, sliding
friction at the rear tires of the vehicle and rolling friction
at the front tires of the vehicle were observed.

It has been stated that there is no substantial
difference in the condition of incipient motion for the
orientation angles of 0° and 180° because the
submerged area projected normal to the incoming
flow was almost equivalent in both the orientation for
the partially submerged conditions [?]. However, while
studying the effects of orientation on the threshold of
vehicle instability, it was noticed that there was a
considerable difference in the condition of incipient
motion for both the orientations. The reason for which
is suggested that when it comes to the drag force, it is
always concerned fo the submerged area projected
normal to the flow. Therefore, at both the orientations,
the submerged area at the same water depth differs.
For example, at the orientation angle of 0°, when the
incoming flow was above the front bonnet, the
impact of drag was low due to the aerodynamic front
shape and the smooth curve of the front bonnet car.
Therefore, this orientation was found to be the most
stable as the affected area of the vehicle by the
influence of drag force was minimum. On the
contrary, when the vehicle was at the orientation
angle of 180°, it presented larger surface area thus,
causing the larger impact of pressure drag on the
vehicle. Therefore, the resultant force induced on the
vehicle at 180° when compared to 0° was high as
illustrated in in Figure 14.
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Figure 14 Observations for the orientation angle of 0° and
180°

The model vehicle was observed to be least stable
and the impact of drag was found maximum when it
was placed perpendicular to the flow directioni.e. 90°
and 270° as shown in Figure 15. The reason for the least
stability is suggested fo be the large bluff area
projected normal fo the flow when compared to the
rear and front ends of the vehicle. This raised the
blockage area and reduced the cross-sectional area
of the flow through vehicle and subsequently
increased the drag force which influenced the
resistance of the vehicle through the water channel.
Therefore, at this orientation smaller threshold velocity
was sufficient to overcome the frictional force and
thus, allowing sliding instability fo govern.
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Figure 15 Observations for the orientation angle of ?0° and
270°
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3.2 Guidelines

To ensure the stability of vehicles in the longitudinal
and lateral flows and to prevent pedestrians from
being swept away during major storm events,
guidelines are usually recommended based on the
limiting values of depth times velocity (D*V) [19].
Herein, the D*V values obtained for the model vehicle
below critical water depth have been discussed as
shown in Table 2. The D*V values in the table indicates
that the vehicle was found to be most stable at the
orientation of 0°/360°. Therefore, higher (D*V) values
were needed fo cause the mode of sliding instability.
The lower threshold critical value obtained at this
orientation was found to be 0.0168 m2/s. Thus, it can
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be said that the proposed criteria of vehicle stability
at 0°/360° can be attained when DV < 0.0168 m?/s. On
the other hand, the least stable orientation was
noficed at 90° and 270° as the mode of sliding
instability was witnessed at very low (D*V) values. The
lower threshold critical value obtained at this
orientation was found to be 0.0144 m2/s. Thus, for this
orientation, the proposed criteria of vehicle stability
can be suggested when DV < 0.0144 m?/s. However,
when the vehicle was at angles other than 0°/360°, ?0°
and 270°, the lower threshold critical D*V values were
found to be 0.0152 m2?/s, 0.0151 mZ2/s, 0.0147 m?2/s,
0.0166 m?/s and 0.0148 m?2/s for 45°, 135°, 180°, 225°
and 315°, respectively. These values were lower than
the critical threshold value observed for the
orientation of 0°/360° but higher than the values
observed at 90° and 270°. The lower threshold critical
values obtained for all orientations are shown in Figure
16.

Table 2 D*V values below crifical water depth

Vehicle Water Flow .
Orientation Depth Velocity D(eDaw)x(r\‘/,If/Iso:é?’
() (m) ("M/s)
0° 0.035 0.48 0.0168
0° 0.033 0.52 0.0172
0° 0.038 0.45 0.0171
0° 0.040 0.43 0.0172
45° 0.040 0.39 0.0156
45° 0.041 0.37 0.0152
90° 0.038 0.38 0.0144
90° 0.042 0.36 0.0151
135° 0.040 0.40 0.0160
135° 0.038 0.41 0.0156
135° 0.035 0.43 0.0151
180° 0.042 0.37 0.0155
180° 0.035 0.42 0.0147
180° 0.032 0.46 0.0147
180° 0.031 0.48 0.0149
225° 0.040 0.42 0.0168
225° 0.038 0.44 0.0167
225° 0.036 0.46 0.0166
270° 0.038 0.38 0.0144
270° 0.042 0.36 0.0151
315° 0.042 0.38 0.0160
315° 0.037 0.40 0.0148
315° 0.033 0.48 0.0158
315° 0.035 0.45 0.0158
360° 0.035 0.48 0.0168
360° 0.033 0.52 0.0172
360° 0.038 0.45 0.0171
360° 0.040 0.43 0.0172
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Figure 16 Least crifical conditions (a) Orientations and (b)
Lowest threshold values

4.0 CONCLUSIONS

In the course of this investigation, modes of vehicle
instability, namely floating and sliding instability were
studied. The literafure suggests that mode of floating
instability governs in high water depths when the
vertical pushing forces i.e. the up-thrust and lift forces
exceeds vehicle weight. Herein, the study was
performed under sub-critical flow conditions thus, the
influence of lift force was disregarded. (1) Therefore, it
can be proposed that the mode of floating instability
occurred when the water depth exceeded 0.042 m.
Above critical water depth, the influence of
buoyancy force on the submerged volume of the car
exceeded vehicle weight. (2) Conversely, mode of
sliding instability was witnessed below the crifical
water depth at the limiting values of depth x velocity
(D*V). This mode of instability was found dominant
when the flow velocity was high and the water depth
was low. (3) Prior to conducting the experiments,
proper surface roughness of the platfform was
determined so that influence of friction force between
the fires and road surface can be ensured. (4) It was
further noticed that the vehicle was most stable when
positioned at the orientation of 0°/360° because of the
low drag impact at the frontal area of the vehicle. (5)
On the other hand, the vehicle was found to be least
stable when positioned at 920° and 270° as the
threshold of sliding instability occurred at small D*V
values. At this orientation, the projected area
available to the flow direction was greater thus, the
impact of drag was found maximum. (6) Based on
study outcomes some safety guidelines have been
proposed by highlighting the least threshold D*V
values for the vehicles at different orientafions.
However, it is believed that further research,
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preferably at prototype scale is required as there are

still

numerous issues to be considered while

conducting such studies. Among the main issues, it
includes, proper estimation of friction, lift and drag
coefficients. Moreover, the assessment of the flooded
vehicles under more complex and real situations need
to be carried.
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