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Should a Vehicle Always Deviate
to the Tire Blowout Side?—A
New Tire Blowout Model With
Toe Angle Effects
As a severe tire failure, tire blowout during driving can significantly threaten vehicle sta-
bility and road safety. Tire blowout models were developed in the literature to conclude
that a vehicle always deviates to the tire blowout side. However, this conclusion is proved
to be inaccurate in this paper, since one important factor was largely ignored in the exist-
ing tire blowout models. Toe angle, as a basic and widely applied setup on ground
vehicles, can provide preset and symmetric lateral tire forces for normal driving. How-
ever, when tire blowout occurs, different toe angle setups can impact vehicle motions in
different ways. For the first time, the toe angle is explicitly considered and integrated
into a tire blowout model in this paper. For different tire blowout locations, driving
maneuvers, and drivetrain configurations, the impacts of different toe angle setups on the
variations of tire friction forces and vehicle motions are analyzed. The developed tire
blowout model with toe angles is validated through both high-fidelity CARSIM simulation
results and experimental results of a scaled test vehicle. Both simulation and experimen-
tal results show that a vehicle may not deviate to the tire blowout side, depending on the
toe angle setups and driving maneuvers. Moreover, the experimental results also validate
that the proposed tire blowout model can accurately evaluate the tire blowout impacts on
vehicle dynamics. [DOI: 10.1115/1.4051034]

1 Introduction

Tires, as the only vehicle components directly interacting with
the road, affect the dynamics and performance of a ground vehicle
by providing nonlinear and coupled longitudinal and lateral fric-
tion forces. Healthy tires can provide desired vehicle handling
performance, economical fuel consumption, and good riding com-
fort [1,2]. However, as a consumable item usually operating in an
open environment, tire failures often occur. One specific and
severe failure is the tire blowout, which often happens suddenly
and cannot be completely avoided [3,4]. Various reasons can
cause tire blowout, such as improper use (e.g., underinflating,
overinflating, overloading), manufacturing defects, road hazards
[5], inadequate tread depth, extreme climatic conditions (over-
heating) [6], and impact damages [7].

When tire blowout happens, vehicle stability can be suddenly
violated by an additional yaw moment on the vehicle, which is
caused by significant changes of tire friction forces between the
normal tires and the blown-out tire(s). Consequently, the vehicle
could rapidly deviate from the driving lane and collide with
guardrails or other vehicles without appropriate control. Even
worse, improper reactions from panic drivers, e.g., excessive
steering and/or massive braking, can cause tire-rim separations
and make the vehicle at the risk of rollover [6,8]. In 2015, the
National Highway Traffic Safety Administration estimated that
tire blowouts can cause more than 400 deaths and over 78,000
crashes every year [9]. Therefore, a sophisticated model is crucial
and necessary to investigate tire blowout impacts on vehicle
dynamics, which is the preliminary step toward vehicle stability
control design for a tire blowout.

Over the past decades, many research works have been con-
ducted on the modeling of tire blowout [6,10–18]. The general

method to develop a tire blowout model is summarized in two
steps. First, variations of some key tire parameters due to tire
blowout are analyzed. Then, the parameter changes are integrated
into a normal tire model to represent the varied tire forces due to
tire blowout. Since many tire parameters are strongly coupled and
affected by tire blowout simultaneously, different selections and
considerations on the tire parameters were discussed in the litera-
ture. For example, two key tire parameters, lateral stiffness, and
rolling resistance were simply considered in a tire blowout model
with step changes [6,15]. Tire deflection time, tire radius, tire ver-
tical force, lateral stiffness, and rolling resistance were discussed
for a tire burst model [10,11]. The linear changes of lateral stiff-
ness, camber stiffness, radial stiffness, tire effective radius, and
rolling resistance were selected to develop a tire blowout model
for simulation purposes [13,14,16]. With fewer impacts on vehicle
dynamics compared with other parameters, the camber stiffness
was typically neglected [17]. In sum, one common conclusion,
which is that the vehicle would deviate to the tire blowout side,
was drawn based on simulation results of many existing tire blow-
out models in the literature [10–14].

Although many different parameters and their variations were
discussed, one key parameter, namely, toe angle, was not dis-
cussed and explicitly integrated into a tire blowout model in the
literature. As shown in Fig. 1, the steering angles of the left and
right tires are antisymmetric with respect to the vehicle longitudi-
nal axis. In contrast, left and right toe angles are symmetric with
respect to the vehicle longitudinal axis [19]. With the symmetric
feature, the small toe angle on production vehicles can be set by
adjusting the distance between the leading (or tail) edges of a pair
of tires on the same axle. Specifically, the toe-in indicates the two
leading edges are closer to each other, while the toe-out implies
the two tail edges are closer to each other [20].

In the modeling of a tire blowout, the toe angle is necessary and
important to be included for two main reasons. First, toe angle set-
ups are widely applied in production vehicles for vehicle handling
performance and suspension design. To enhance the straight-line
driving stability, front wheel drive (FWD) vehicles usually have a
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front toe-out setup, since the longitudinal forces of front tires will
rotate the wheels to align with the central line during driving. On
the contrary, the front toe-in setup is usually applied for rear
wheel drive (RWD) vehicles, where the rolling resistance forces
of front tires are utilized for centralization [20]. Moreover, the
aforementioned toe angle setups are not unique. For example, to
improve vehicle cornering behaviors, front toe-out can be applied
to RWD vehicles although the straight driving performance may
be sacrificed [21]. In addition to influences on vehicle handling
performance, toe angle setups are also used to balance camber
forces for alleviating tire wear, when camber angles exist. Corre-
spondingly, toe-in (toe-out) is required for a positive (negative)
camber [22]. Based on the aforementioned discussions, different
toe angle setups are widely designed and applied for different
purposes.

Second, toe angles can be modeled as special and preset steer-
ing angles, with a symmetric and balanced feature on the left and
right vehicle sides. Correspondingly, preset lateral friction forces
exist, with the same magnitudes in an opposite direction, when
symmetric toe angles are applied. In a normal straightforward
driving scenario without tire blowout, the preset lateral friction
forces due to toe angles can balance each other and will not influ-
ence vehicle motions. However, in the case of a tire blowout, the
preset lateral forces introduced by toe angles and their (force and
thus moment) variations before and after a tire blowout will sig-
nificantly impact vehicle dynamics. Moreover, different toe angle
setups can have diverse impacts on vehicle dynamics after a tire
blowout.

It is worth noting that camber angle, caster angle, and kingpin
inclination angle are also widely applied in production vehicles
for wheel alignment. However, with fewer impacts on vehicle
dynamics in the tire blowout situation, which are verified and dis-
cussed through simulation results in this paper, these wheel align-
ment parameters are neglected in the tire blowout model.

In this paper, four main contributions are summarized. First, the
toe angle is explicitly formulated in a tire blowout model to
describe its influences. Second, through MATLAB/SIMULINK and CAR-

SIM cosimulation, the impacts of different toe angle setups on
vehicle dynamics before and after a tire blowout are explored and
analyzed for different tire blowout locations, driving maneuvers,
and drivetrain configurations. Third, different tire blowout experi-
ments are conducted on a scaled test vehicle for the validation of
the proposed tire blowout model and analyses. Consistent obser-
vations from repeated simulation and experiment results reveal
the toe angle influence on vehicle dynamics after tire blowout.
The fact that a vehicle may not deviate to the tire blowout side is
discovered, which will depend on vehicle driving maneuvers and
toe angle setups. Last, the accuracy of the proposed tire blowout
model to describe tire blowout influence on vehicle dynamics is
also experimentally validated.

The rest of this paper is organized as follows. In Sec. 2, a new
tire blowout model is developed by explicitly formulating toe
angle setups. Simulation results and analyses of toe angle influen-
ces after tire blowout are presented in Sec. 3. In Sec. 4, the toe
angle effects on tire blowout and model accuracy are validated
through experiments on a scaled test vehicle. The conclusions are
described in Sec. 5.

2 Tire Blowout Modeling

In this section, a new tire blowout model is developed in three
steps to explicitly incorporate toe angle setups. First, the changes
of the selected key parameters about tire blowout are discussed in
Sec. 2.1. Second, the tire force model integrated with the changed
tire parameters and toe angles is introduced in Sec. 2.2. Third, to
apply the developed tire blowout model, a vehicle dynamic
model, and the simulation framework with the vehicle mathemati-
cal model and the vehicle CARSIM model are described and dis-
cussed in Secs. 2.3 and 2.4, respectively.

2.1 Changes of Tire and Vehicle Parameters Due to Tire
Blowout. With the rapid and explosive process of a tire blowout,
the tire tread, sidewall, and even structure will have abrupt defor-
mation. Correspondingly, the tire longitudinal stiffness Cx, lateral
stiffness Cy, radial stiffness Cr , and tire effective radius Re will
decrease rapidly. Since the tire-ground contact patch will be
enlarged due to tire deflation, the rolling resistance coefficient Kr

will increase.
In this work, a linear variation over the tire blowout duration Dt

is adopted to model the changed key tire parameters before and
after a tire blowout [13,18], as shown in Fig. 2. The reduction of
the tire radial stiffness Cr is indirectly modeled and reflected in
the changes of the contact patch length, tire effective radius Re,
vehicle pitch/roll disturbance, and the tire vertical force redistribu-
tion. Note that Fig. 2 only represents the linear variation trend of
key tire parameters and the exact values are shown in the simula-
tion section.

2.2 Tire Force Modeling. To investigate tire force changes
before and after a tire blowout with the linearly varied tire param-
eters in Sec. 2.1, the well-known Dugoff’s tire model [23] is uti-
lized to calculate the nonlinear and coupled longitudinal and
lateral friction forces, Fx and Fy, as described in the following
equations:

Fx ¼ fx Cx;Cy;Fz; s; a; lð Þ (1)

Fy ¼ fy Cx;Cy;Fz; s; a; lð Þ (2)

where the longitudinal slip ratio and tire slip angle are denoted as
s and a, respectively. Fz is the vertical force of the tire. l is the
tire-road friction coefficient.

For simplicity, indexes, i ¼ 1; 2; 3; 4, denote the subscripts for
the front left, front right, rear left, and rear right tires, respectively.
The wheel dynamics are calculated in the following equation:

Ixi _xi ¼ Ti � Rei Fxi � Frið Þ (3)

Fig. 1 Schematic of the steering angle and toe angle setups
Fig. 2 Linear variations of key tire parameters before and after
a tire blowout
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where Ixi, xi, Ti, and Rei represent the moment of inertia, wheel
rotational speed, actuation torque, the effective radius of each tire,
respectively. Fxi and Fri are the longitudinal force and rolling
resistance force on each tire, respectively. The wheel dynamics
(3) is not only utilized to calculate the wheel rotational speed of
the normal tires but also for the blown-out tire to obtain the wheel
speed change, by applying the linearly varied tire effective radius
Rei of the blown-out tire.

The tire slip ratio si for each tire is defined in the following
equation:

si ¼
Reixi � vx

max Reixi; vxð Þ (4)

where vx is the vehicle longitudinal velocity. Similarly, the tire
slip ratio of the blown-out tire can be obtained with the linearly
varied tire effective radius Rei.

Next, the toe angle setup is considered and integrated into the
tire slip angle calculation for the tire blowout modeling. For a typ-
ical vehicle with a front wheel steering, the front steering angles
are assumed to be the same and rear steering angles are zero, d1 ¼
d2 ¼ df and d3 ¼ d4 ¼ 0. When a toe angle setup is considered,
the actual steering angle for each front tire is a combination of the
steering angle and the front toe angle, and the actual steering
angle for each rear tire is purely determined by the rear toe angle,
as defined in the following equation [24]:

d1 ¼ df � dtoef
d2 ¼ df þ dtoef
d3 ¼ �dtoer
d4 ¼ dtoer

8>><
>>: (5)

where dtoef and dtoer dtoej; j ¼ f ; r
� �

represent the front and rear toe
angle, respectively. Since the positive direction of the angle is
counterclockwise, a positive dtoej represents a toe-in setup, while a
negative dtoej represents a toe-out setup in Eq. (5). Without loss of
generality, the geometric relationship in Eq. (5) about the front
toe-in setup is presented in Fig. 3 as an example. The toe-out case
and toe angle setups on rear tires can be described accordingly.

Therefore, the slip angle ai for each tire with respect to the
actual steering angle is depicted in the following equation:

ai ¼
arctan

vy þ lf r

vx

� �
� di; i ¼ 1; 2

arctan
vy � lrr

vx

� �
� di; i ¼ 3; 4

;

8>>>><
>>>>:

(6)

where lf and lr are the distance from the front axle to the vehicle
center of gravity (CG) and the distance from the rear axle to the
CG, respectively. r is the yaw rate and vy denotes the lateral
velocity.

The tire vertical forces Fzi in the Dugoff’s tire model can be uti-
lized to incorporate the variation of tire radial stiffness,

suspension rearrangement, and pitch/roll disturbance. The tire ver-
tical forces for normal driving without tire blowout are defined in
the following equation [25]:

Fz10 ¼
m

2 lf þ lrð Þ
lrg� axhgð Þ �

m

lf þ lrð Þ
lrg� axhgð Þ

hg
ltg

ay

Fz20 ¼
m

2 lf þ lrð Þ
lrg� axhgð Þ þ

m

lf þ lrð Þ
lrg� axhgð Þ

hg
ltg

ay

Fz30 ¼
m

2 lf þ lrð Þ
lf gþ axhgð Þ �

m

lf þ lrð Þ
lf gþ axhgð Þ

hg
ltg

ay

Fz40 ¼
m

2 lf þ lrð Þ
lf gþ axhgð Þ þ

m

lf þ lrð Þ
lf gþ axhgð Þ

hg
ltg

ay

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

(7)

where hg is the height of CG and lt is the wheel track. ax and ay
are the longitudinal and lateral accelerations, respectively. m is
the vehicle mass.

When one tire blows out, an additional load transfer Df due to
tire blowout will be generated. With the reduction of tire radial
stiffness, suspension rearrangement, and pitch/roll disturbance,
the suspensions at the blown-out tire and the corresponding diago-
nal one are stretched, while the other two suspensions are com-
pressed. Consequently, the vertical forces of the blown-out tire
and the diagonal one decrease, while the other two increase, with
the same magnitudes [10,11]. Assuming that the front left i ¼ 1ð Þ
or rear right i ¼ 4ð Þ tire is the blown-out tire without loss of gen-
erality, the above changes of tire vertical forces are determined in
the following equation:

Fz1 ¼ Fz10 � Df
Fz2 ¼ Fz20 þ Df
Fz3 ¼ Fz30 þ Df
Fz4 ¼ Fz40 � Df

8>><
>>: (8)

To obtain the Df in Eq. (8), the geometric relationship between
the suspension height hsi and the tire effective radius Rei is uti-
lized, as shown in the following equation [26]:

Re1 þ Re4 þ hs1 þ hs4 ¼ Re2 þ Re3 þ hs2 þ hs3 (9)

The initial suspension heights are denoted as hs0i and all initial
suspension heights are equal. The relationships between the verti-
cal forces and the suspension heights are given in the following
equation:

hsi ¼ hs0i �
Fzi

Ksk
; i ¼ 1; 2; 3; 4ð Þ (10)

where Ksk k ¼ f ; rð Þ represents the front and rear suspension verti-
cal stiffness, respectively. Therefore, the load transfer Df due to
tire blowout can be obtained based on Eqs. (8)–(10), as given in
the following equation:

Df ¼ Ksf KsrDR� Ksr Fz20 � Fz10ð Þ � Ksf Fz30 � Fz40ð Þ
2 Ksf þ Ksrð Þ

(11)

where DR ¼ Re � Rt. Rt is the effective radius changing linearly
from the original value to the final value over the tire blowout
duration Dt. Therefore, DR varies linearly.

The rolling resistance force Fri is described as

Fri ¼ KrFzi (12)

where Kr is the rolling resistance coefficient.Fig. 3 Geometric relationship about front toe-in setup
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2.3 Vehicle Dynamic Model. To explore the impacts of tire
blowout on vehicle motions, the tire force variations due to tire
blowout, as modeled in Sec. 2.2, need to be applied to a vehicle
dynamic model. The vehicle dynamic model is shown in Eq. (13),
based on Fig. 4.

m _vx � vyrð Þ ¼
X4
i¼1

Fxi � Frið Þcos di � Fyi sin di
� �

m _vy þ vxrð Þ ¼
X4
i¼1

Fyi cos di þ Fxi � Frið Þsin di
� �

Iz _r ¼ Mzx þMzy

8>>>>>>>><
>>>>>>>>:

(13)

where Iz is the moment inertia through CG. Mzx þMzy is the total
yaw moment applied to the CG, which is calculated using the lon-
gitudinal friction force, lateral friction force, and the roll resist-
ance force of each tire. With certain steering angle and toe angle,
the aforementioned tire forces can be decomposed in the local x–y
coordinate. The moment portion from the tire forces in the x-
direction and that from the tire forces in the y-direction are
denoted as Mzx and Mzy, respectively, which are given in the fol-
lowing equation:

Mzx ¼
lt
2

Fx2 � Fr2ð Þcos d2 � Fy2 sin d2

þ Fx4 � Fr4ð Þcos d4 � Fy4 sin d4

" #

� lt
2

Fx1 � Fr1ð Þcos d1 � Fy1 sin d1

þ Fx3 � Fr3ð Þcos d3 � Fy3 sin d3

" #

Mzy ¼ lf
X2
i¼1

Fyi cos di þ Fxi � Frið Þsin di
� �

�lr
X4
i¼3

Fyi cos di þ Fxi � Frið Þsin di
� �

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

(14)

Note that the positive directions of the local x–y coordinate and
the global X–Y coordinate are also defined in Fig. 4. In the local
x–y coordinate, the positive direction of Fx, Fr , and vx is in the
forward. Moreover, the positive direction of Fy and vy is toward
the left. Mzx, Mzy, and r have a counterclockwise positive direc-
tion. In the global X–Y coordinate, the left deviation (lateral off-
set) is positive, while the right deviation is negative. The positive
directions will be utilized in the analysis of simulation and experi-
mental results.

Remark 1. Integrating the proposed tire blowout model with the
vehicle model (13), the tire blowout effects with different toe
angles on vehicle motions can be investigated. Moreover, the

vehicle mathematical model (13) can also be replaced by a high-
fidelity CARSIM model, in which different drivetrains, suspensions,
and other wheel parameters (caster, camber, and kingpin inclina-
tion angles) can also be explored, in addition to the toe angle
setup. In the simulation section, the simulation results with the
vehicle mathematical model (13) and with the CARSIM model are
compared to verify the significance of toe angle setups over other
wheel parameters for the tire blowout modeling.

2.4 The Framework of Tire Blowout Model. Integrating the
(sub)models in Secs. 2.1–2.3, the simulation framework of the
proposed tire blowout model is shown in Fig. 5. The proposed tire
blowout model (in the dashed box) is defined in MATLAB/SIMULINK.
By applying predefined toe angle setups (5) to the slip angle cal-
culation (6), together with the varied friction forces in Eqs. (1),
(2), and (12) using changed tire parameters to the mathematical
model (13), the tire blowout impacts including toe angle setups on
vehicle dynamics can be investigated. When a CARSIM vehicle
model is utilized, the longitudinal and lateral forces should be
replaced by the varied friction forces. Moreover, the additional
load transfer (11) needs to be added.

3 Simulation Results and Analyses

Using the proposed tire blowout model in Sec. 2, the impacts of
different toe angle setups on vehicle dynamics after tire blowout
are investigated comprehensively through different simulations
and detailed analyses.

3.1 Comparison of Toe Angle Impacts With Other Wheel
Alignment Parameters. In this section, the impacts of toe angles
after tire blowout are compared with other wheel alignment
parameters (caster, camber, and kingpin inclination angles) using
the mathematical model (13) and a CARSIM vehicle model. The
parameters of the adopted CARSIM C-Class hatchback vehicle are
shown in Table 1. The final values of parameters are utilized to
characterize the tire properties after tire blowout. The tire blowout
duration is set as 0.3 s, which is achieved by a similar valve-based
tire blowout device for the experiment, like that in Ref. [10]. At
the fifth second of the total 10 s simulation time, the tire blowout
is triggered. The absolute value of toe angle is set at 0.5 deg for
both toe-in and toe-out setups, which is a reasonable setup consid-
ering that toe angle setup on production vehicles is typically less
than 1 deg [19].

For comparison, the parameters of the CARSIM C-Class vehicle
are also applied in the mathematical model (13). The same pro-
portional–integral–derivative speed controller, providing driving
torques to wheel dynamics in Eq. (3), is adopted for both mathe-
matical and CARSIM models, to exclude the drivetrain difference in
the two models. Therefore, with the suspension and kingpin struc-
tures, simulations using the CARSIM model can reflect the lumped
impacts of toe angle and other wheel alignment parameters, while
the mathematical model can only demonstrate the impacts of toe
angles. Two simulation cases are studied as follows.

Fig. 4 Vehicle dynamic model with a rear toe-in setup Fig. 5 Simulation framework of the tire blowout model
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In the first case, different toe angle setups are applied with the
same other wheel alignment parameters in the CARSIM vehicle
model. The vehicle is driven in a straight line at a constant driving
speed of 100 km/h (62 mph). Front left i ¼ 1ð Þ and rear right
i ¼ 4ð Þ tire blowout are considered.
The simulation results for lateral offsets are compared in Fig. 6.

For simplicity, the legend (0, 0) stands for the zero toe setups of
(front, rear) tires. (in, 0) stands for (front toe-in, rear zero toe) and
other toe angle setups can be represented accordingly. If the tire
blowout does not happen, the vehicle is driven straightly and the
lateral offset is always zero. In Figs. 6(a) and 6(b) about front left
i ¼ 1ð Þ and rear right i ¼ 4ð Þ tire blowout, for each toe angle
setup, other fixed wheel alignment parameters have small impacts
on vehicle dynamics after a tire blowout, since the model differ-
ence (in the percentage of the offset difference at the end) are
small as labeled in the zoom-in plots. Moreover, vehicle motions,
in terms of the magnitude of lateral offset and deviation direction,
are strongly affected by different toe angle setups, given that other
fixed wheel alignment parameters are considered in the CARSIM

model.
In the second case, the toe angle is fixed (0.5 deg, (in, 0)) for

both models. One of other three wheel alignment parameters will
change to solely explore its effects on tire blowout. The original

setups of camber angle, kingpin inclination angle (KPI), and
caster angle in the CARSIM model are 0 deg, 13.5 deg, and 3 deg,
respectively. Common variations of these three parameters,
namely, 0.5 deg/�0.5 deg camber angles, increased (17 deg) and
decreased (10 deg) KPI setups, increased (5 deg) and decreased
(1 deg) caster angle setups, were investigated. The driving maneu-
ver and speed are the same as those in the first case, and the front
left i ¼ 1ð Þ tire blowout is considered.

In Fig. 7, with a fixed toe angle setup, the results of the CARSIM

model with different camber angles, KPI, and caster angles are
very close, which indicates that the changes in other wheel align-
ment parameters have very small impacts on vehicle dynamics
(deviation direction and magnitude) after a tire blowout. The lat-
eral offset magnitude is slightly affected and the deviation direc-
tion is not impacted at all. Moreover, although the mathematical
model does not include the three changed wheel alignment param-
eters, the result still highly agrees with those of the CARSIM model.

Thus, it is crucial and necessary to explicitly consider the toe
angle in the tire blowout model. With fewer impacts, other align-
ment parameters are negligible. In the following simulation, how
different toe angle setups can affect vehicle motions will be
explored and analyzed for different tire blowout locations, drive-
trains, and driving maneuvers. With the flexibility of selecting dif-
ferent drivetrains in CARSIM, MATLAB/SIMULINK and CARSIM

cosimulation are conducted. The adopted CARSIM vehicle, tire
blowout duration, and toe angle setups are the same.

3.2 Straight-Line Driving Maneuver. In this section, the
vehicle is driven in a straight line at a constant driving speed of
100 km/h (62 mph). The vehicle lateral offsets after the front left
i ¼ 1ð Þ tire blowout with different toe angle setups and drivetrains
are shown in Fig. 8.

In Fig. 8, for the front left tire blowout, the vehicle does not
always deviate to the tire blowout side (left side) with different
toe angle setups. Compared with different toe angle setups, only
the toe angle setups on the tire-blowout axle (front axle) can sig-
nificantly affect the lateral offset and deviation direction. For
example, the vehicle deviates to the opposite side (right side)
with a front toe-out setup. However, the toe angle setups on the
non-tire-blowout axle (rear axle) will not have any impact on the
lateral offset and deviation direction. Similar results are observed
for different drivetrains, such as four wheel drive (4WD), FWD,
and RWD.

Since the lateral offset and deviation direction are mainly deter-
mined by the lateral forces Fy and the total moment Mzx þMzy

acting on the vehicle, the force and moment plots for a 4WD vehi-
cle with three different toe setups (e.g., (0, 0), (in, 0), and (out, 0))
are selected to demonstrate the toe angle effects in the tire
blowout.

First, the Fy and Mzx þMzy for the front left i ¼ 1ð Þ tire blow-
out with a front zero-toe setup (0, 0) are shown in Figs. 9(a) and

Table 1 Parameters of the C-class hatchback vehicle

Parameter Symbol Value Final value

Vehicle parameters
Vehicle total mass m 1412 kg —
Moment inertia around CG Iz 1536.7 kg/m2 —
Distance from front axle to CG lf 1.105 m —
Distance from front axle to CG lr 1.895 m —
Wheel track lt 1.675 m —
Height of CG hg 0.54 m —
Front suspension stiffness Ksf 27,000 N/m —
Rear suspension stiffness Ksr 30,000 N/m —

Tire parameters
Tire effective radius Re 0.325 m To 2/3
Longitudinal stiffness Cx 47,000 N/slip To 1/10
Lateral stiffness Cy �55,000 N/rad To 1/10
Wheel moment inertia Iw 0.9 kg/m2 —
Rolling resistance coefficient Kr 0.018 To 30 times

Fig. 6 Comparison of toe angle impacts with other wheel
alignment parameters—case 1: different toe angle setups1 -
other fixed wheel alignment parameters

Fig. 7 Comparison of toe angle impacts with other wheel
alignment parameters—case 2: fixed toe angle setup1other
changed wheel alignment parameters
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9(b), respectively. When the tire blowout happens at the fifth sec-
ond, the rolling resistance force of the blown-out tire increases
sharply with the enlarged rolling resistance coefficient. The total
moment Mzx þMzy mainly consists of the counterclockwise Mzx,
resulting in a counterclockwise yaw rate r, as shown in Fig. 9(c).
Given the emerged yaw rate r together with Eq. (6), the positive
Fy is generated toward the tire blowout (left) side and the vehicle
begins to deviate to the left. Note that the Fy1 has the smallest

magnitude due to the reduction of the lateral stiffness. After Fy is
created, the total moment is balanced by the generated Mzy. The
vehicle keeps deviating to the left driven by the decreasing Fy.

Next, the front left i ¼ 1ð Þ tire blowout with a front toe-in setup
(in, 0) is discussed. In Fig. 10(a), the toe angle setups can provide
symmetric lateral forces for two front tires, with the same magni-
tude but opposite directions (Fy1 toward right while Fy2 toward
left). The similar trends as that in Fig. 9(b) for the Mzx, Mzy, and
Mzx þMzy are observed in Fig. 10(b). When the tire blowout hap-
pens, the dominated Mzx initially introduces a counterclockwise
yaw rate r. The Fy of the normal tires i ¼ 2; 3; 4ð Þ are all toward
the tire blowout (left) side, while the Fy of the blown-out tire
i ¼ 1ð Þ begins to decrease due to the reduction of the tire lateral
stiffness. When the Mzx and Mzy begin to balance, the Fy of four
tires begin to reduce. Comparing the front right Fy2 in Fig. 9(a)
with that in Fig. 10(a), the total lateral force introduced by the
front toe-in setup is directed to the left in a larger magnitude
(mainly on the front right tire), resulting in an increased lateral
offset, as shown in the first plot of Fig. 8.

Last, the front left i ¼ 1ð Þ tire blowout with a front toe-out
setup (out, 0) is discussed in Fig. 11. Figure 11(a) shows the lat-
eral forces Fy of four tires. When the Mzx and Mzy starts to bal-
ance, the total lateral force introduced by the front toe-out setup is
toward the right in a larger magnitude (mainly on the front right
tire), resulting in a deviation direction change, as shown in Fig. 8.
By comparing Fig. 10(a) with Fig. 11(a), it is concluded that the
lateral offset and deviation direction is mainly determined by the
total lateral force, which is dominated by the front right tire with
certain initial toe setups. Generally, due to certain toe angle set-
ups, the lateral forces of normal tires on the tire-blowout axle can
significantly affect the vehicle lateral offset and deviation direc-
tion after a tire blowout.

For the front left tire blowout, the rear toe angle setups do not
influence the lateral offset and deviation direction, as shown in
Fig. 8. To demonstrate the effect of toe angle setups on the non-
tire-blowout axle, the rear toe-in case (0, in) is analyzed. In
Fig. 12(a), similar analyses can be conducted for the lateral forces
on the front tires. However, the lateral forces of the non-tire-
blowout rear axle always compensate each other before and after
the tire blowout, even with certain toe angle setups. Therefore, the
toe angle effect is counteracted for the left and right rear tires,
resulting in the same lateral offset and deviation direction as those
of the front zero-toe case.

Fig. 8 Lateral offsets of the front left tire blowout with different
toe angle setups and drivetrains

Fig. 9 Lateral forces, moments, and yaw rate of the front left tire blowout with the front
zero-toe setup (0, 0)
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In addition to the front left i ¼ 1ð Þ tire blowout case, the rear
right tire blowout i ¼ 4ð Þ is also simulated with different toe angle
setups and drivetrains. Figure 13 shows the simulation results of
lateral offsets. Compared with the studies without toe angle set-
ups, the vehicle would deviate to the tire blowout side. However,
the vehicle does not always deviate to the tire blowout side (right)
when a certain toe angle setup is applied. The same conclusion,
which the toe angle setup on the tire-blowout axle (rear axle in
this case) can affect the deviation direction and offset, can still be
obtained. For example, the rear toe-in setup can cause the devia-
tion direction change and the rear toe-out can increase the lateral
offset for the rear right tire blowout case. The toe angle setups on
the other (front) axle and different drivetrains will not influence
the lateral offset and deviation direction. Similar force and
moment responses could be analyzed, which are not repeated here
for simplicity.

3.3 Cornering Maneuver. In this section, the vehicle is
driven to make a cornering with a constant 3-deg ground steering
angle (to the left) at a low constant driving speed of 40 km/h (25
mph). Front left i ¼ 1ð Þ and rear right i ¼ 4ð Þ tire blowout with
different toe angle setups and drivetrains are investigated.

The global coordinates of a 4WD vehicle with different toe
angle setups are shown in Fig. 14. The baseline denotes the vehi-
cle trajectory without the tire blowout. Note that the baselines for
different toe angle setups are different due to the combination of
steering angle and toe angle as described in (5). It is observed that
different toe angle setups do not affect the understeering and over-
steering trends for the front left i ¼ 1ð Þ tire blowout and rear right
i ¼ 4ð Þ tire blowout, respectively. Simulations about FWD and
RWD vehicles with different toe angle setups are also analyzed.
The same conclusion as that of the 4WD vehicle can be obtained
from the simulation results, which are not repeated.

For the front left tire blowout, the front left blown-out tire (a
steering tire) cannot provide a sufficient lateral force to maintain
the original cornering maneuver. As shown in Fig. 15, the Fy1 of
the blown-out tire reduces largely due to the reduction of the lat-
eral stiffness and vertical force. The Fy2 of the normal tire on the
tire-blowout axle increases with the increase of the vertical force.
The Fy of rear two tires have small changes after a tire blowout.
Due to the large reduction in Fy1 (dominated) and the increase in
Fy2, the total lateral force Fy�total acted on the vehicle becomes
less after the tire blowout, leading to the understeering
phenomenon.

Fig. 10 Lateral forces and moments of the front left tire blowout with the front toe-in setup
(in, 0)

Fig. 11 Lateral forces and moments of the front left tire blowout with the front toe-out setup
(out, 0)

Fig. 12 Lateral forces and moments of the front left tire blowout with the rear toe-in setup
(0, in)
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For the rear right tire blowout, the front normal tires can pro-
vide sufficient lateral forces for cornering. As shown in Fig. 16,
the Fy of the front tires have relatively small variations compared
with those of the rear tires. The Fy4 of the blown-out tire decrease
sharply with a decrease in its lateral stiffness and vertical force.
The Fy3 of the normal tire on the tire-blowout axle increases with
the increase of its vertical force. For the non-steering rear tires,

Fig. 13 Lateral offsets of the rear right tire blowout with differ-
ent toe angle setups and drivetrains

Fig. 14 The trajectories of a 4WD vehicle with different toe angle setups

Fig. 15 Lateral forces of the front left tire blowout with the
front toe-out setup (out, 0) during cornering maneuver

Fig. 16 Lateral forces of the rear right tire blowout with the
rear toe-in setup (0, in) during cornering maneuver
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the increase in Fy3 is larger than the decrease in Fy4 and the total
lateral force Fy�total on the vehicle increases after a tire blowout,
resulting in the oversteering phenomenon.

Since the small toe angle (0.5 deg) is dominated by the large
steering angle (3 deg) in cornering maneuvers, the toe angle set-
ups do not influence the vehicle deviation directions after tire
blowout.

To the authors’ best knowledge, the toe angle effect on the tire
blowout is studied for the first time in this work. The general con-
clusions from the above simulation results are summarized as
follows:

(1) In straight-line driving, the toe angle setups on the tire-
blowout axle can affect the vehicle lateral offset and devia-
tion direction. Specifically, the front toe-out will cause the
right deviation for the front left tire blowout, while the rear
toe-in will result in the left deviation for the rear right tire
blowout.

(2) Toe angle setups do not influence the understeering (for the
front left tire blowout) and the oversteering (for the rear
right tire blowout) trends during cornering maneuvers.

(3) The above two conclusions are valid for vehicles with dif-
ferent drivetrains, such as 4WD, FWD, and RWD.

Remark 2. Theoretically, from the Dugoff’s tire model in Eqs.
(1) and (2), different road surface conditions (different tire-road
friction coefficients l) and tire types (can give different lateral
stiffness Cy) will mainly influence the magnitudes of lateral forces
and their variations before and after a tire blowout. However, the
force variation trend and direction will not be affected, which
should be similar to those shown in Figs. 11–13, 15, and 16. The
simulations with different road surface conditions (different l)
and different tire types (different Cy) are also conducted. The
same conclusions can be drawn from the simulation results, which
will not be repeated. Therefore, the aforementioned results and
conclusions are still valid for different road surface conditions and
tire types.

4 Experimental Results and Discussions

Tire blowout modeling and analyses were mainly investigated
via simulation results in the literature. Considering the complex

dynamic process, experimental validations on modeling (and con-
trol design) of tire blowout will introduce more insights and val-
ues. In this paper, to validate the proposed tire blowout model and
the conclusions from simulation results in a more convincible and
practical manner, multiple tire blowout experiments are conducted
on a scaled test vehicle.

4.1 Experimental Platform. The experimental platform is
shown in Fig. 17. All the hardware is built on a four-wheel-
independently actuated scaled test vehicle, which has four driving
motors for the wheels. In the experiment, two front driving
motors, two rear driving motors, or all four driving motors can be
utilized for FWD, RWD, or 4WD drivetrain. Two steering motors
are also installed on the front and rear axles, where the rear steer-
ing is locked in experiments. The parameters of the scaled test
vehicle are shown in Table 2. The test vehicle has relatively large
dimensions (1/4–1/3 dimensions of a real vehicle) with air-filled
tires and can reach a maximum speed of around 50 km/h. In the
development of the test vehicle, weights were successively added
(20 pounds each and 3–4 weights were combined differently) on
the test vehicle to investigate if the results of different tire blowout

Fig. 17 The experimental platform and tire blowout experiments in the field

Table 2 Parameters of the scaled test vehicle

Parameter Symbol Value Final value

Vehicle parameters
Vehicle total mass m 63.2 kg —
Moment inertia around CG Iz 7.98 kg/m2 —
Distance from front axle to CG lf 0.388 m —
Distance from front axle to CG lr 0.388 m —
Wheel track lt 0.622 m —
Height of CG hg 0.13 m —
Front suspension stiffness Ksf 2000 N/m —
Rear suspension stiffness Ksr 2000 N/m —

Tire parameters
Tire effective radius Re 0.127 m To 2/3
Longitudinal stiffness Cx 600 N/slip To 1/10
Lateral stiffness Cy 700 N/rad To 1/10
Wheel moment inertia Iw 0.012 kg/m2 —
Rolling resistance coefficient Kr 0.018 To 30 times

Journal of Dynamic Systems, Measurement, and Control OCTOBER 2021, Vol. 143 / 101008-9

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/dynam

icsystem
s/article-pdf/143/10/101008/6713744/ds_143_10_101008.pdf by Arizona State U

niversity, Yan C
hen on 18 June 2021



experiments would change with different CG and weight distribu-
tions. The experimental results about the deviation direction were
consistent with those obtained from simulation results by using a
real full-size vehicle in CARSIM. Therefore, the experimental plat-
form can effectively represent real vehicle dynamics. In this work,
the dynamical similarity of the scaled test vehicle to a full-size C-
class vehicle in CARSIM is also mathematically proved through the
Buckingham p theory, which is described as follows.

The Buckingham p theory is a convenient tool to justify if two
systems of different size scales are dynamically similar without
explicitly knowing the accurate dynamic equations of both sys-
tems [27–29]. If the dimensionless p groups of variables and
parameters are maintained, both systems have a dynamic similar-
ity [27]. With the full-size and scaled vehicle parameters in
Tables 1 and 2, some calculations using the p theory are as
follows.

The (fixed) wheel tracks of the scaled test vehicle and the full-
size vehicle are utilized for non-dimensionalization. The sub-
scripts s and f denote the scaled vehicle and full-size vehicle,
respectively. Other parameters can be referred to Tables 1 and 2.
Assuming that the vehicle densities are the same, e.g., qs ¼ qf ,
the dimensionless mass p1 group is described in the following
equation:

qslts
3

ms

� �
scaled

¼
qf ltf

3

mf

 !
full�size

; ms ¼ 72:3 kg (15)

Similarly, the dimensionless tire effective radius p2 and yaw
moment of inertial p3 groups are calculated in Eqs. (16) and (17),
respectively,

Res

lts

� �
scaled

¼ Ref

ltf

� �
full�size

; Res ¼ 0:121m (16)

Izs
3

msl2ts

 !
scaled

¼ Izf
3

mf l2tf

 !
full�size

; Izs ¼ 9:48 kg �m2 (17)

Compared with the calculations, the mass of the scaled vehicle is
12% lighter. Tire effective radius is 5% larger and the yaw
moment of inertial is 15% smaller. Other vehicle parameters can
be calculated similarly, which are not repeated. Given that the
parameters of the scaled test vehicle are close to the expected val-
ues from the dynamical similarity calculations, the scaled test
vehicle in the experiments is dynamically similar to the full-size
C-class vehicle and the real vehicle dynamics can be effectively
represented.

On the scaled test vehicle, other hardware is equipped for the
tire blowout test. The Swift Navigation

VR

Piksi Multi (San Fran-
cisco, CA) global positioning system (GPS) is applied to provide
precise global positions, including an onboard GPS and a GPS
base station. The control algorithms are programmed in the New
Eagle

VR

BCM48 controller to select different drivetrains (FWD,
RWD, or 4WD) and achieve the speed and steering controls. The
Adafruit

VR

nine degrees-of-freedom Inertial measurement unit is
also installed. All the data from the aforementioned sensors
together with vehicle controller area network bus signals are col-
lected by the Raspberry Pi and stored in a USB drive. A tire blow-
out device was designed and installed to remotely trigger a tire
blowout during experiments, which includes an air release valve,
an air hose, and a radio remote controller. The air inside the tire
can be released rapidly in 0.3 s, based on an experimental test.
Considering that a real tire blowout typically completes less than
1 s [12,18], the device can sufficiently mimic the explosive and
rapid process of a real tire blowout.

To guarantee safety during experiments, a manual remote con-
troller for the scaled test vehicle is utilized, which has a control
mode switch. In the automatic control mode, the test vehicle is

driven by the control algorithm programmed in the BCM48 con-
troller. Therefore, a tire blowout can be triggered in the straight-
line driving maneuver with a constant driving speed and triggered
for the cornering maneuver with both a constant driving speed and
a constant steering angle. When switching to the manual control
mode, a human can quickly take over control of the test vehicle
using the remote controller.

4.2 Straight-Line Driving Maneuver. In the straight-line
driving maneuver, the tire blowout is triggered when the test vehi-
cle is accelerated to a constant driving speed of 5 m/s. The toe
angle is set as 0.5 deg by measuring and adjusting the leading and
tail edges of the tire with respect to the vehicle longitudinal axis,
as shown in Fig. 1. Other wheel alignment parameters are not
changed.

In the following experimental results, tire blowout trigger time
and location for each experiment will be labeled in vehicle states
plots (time in second in the x-axis) and trajectory plots (X distance
in meter in the x-axis), respectively. The baselines in the trajectory
plots represent the non-tire-blowout vehicle trajectories with dif-
ferent toe angle setups. Note that the baseline trajectory plots for
the straight-line driving maneuver are relatively straight consider-
ing the small (Y) deviation along with the long (X) traveling dis-
tance. The comparison between the baseline and tire blowout
trajectory is the main focus.

The front left tire blowout in 4WD with a front toe-out setup is
explored first. The experimental results are shown in Figs. 18 and
19. When the vehicle is accelerated to a constant driving speed of
5 m/s around 7 s in Fig. 18 and travels 10 m in Fig. 19, the tire
blowout is triggered. Then, the negative lateral acceleration ay
and lateral speed vy (toward the right), and the clockwise yaw rate
r indicate the vehicle deviates to the right side with a front toe-out
setup, as shown in Fig. 19. Driving torques are applied to four
wheels. With the decreased tire effective radius of the blown-out
front left tire, the wheel rotational speed increases. Note that the
x-axis (time) of the vehicle states and control signals are limited
to a certain range since the test vehicle is controlled manually for
safety purposes after 10 s.

The vehicle trajectories of the front left tire blowout with a
front toe-in setup are shown in Fig. 20. For the test vehicle in
FWD and RWD with a front toe-out setup, the front left tire blow-
out experimental results are shown in Figs. 21 and 22, respec-
tively. Considering the trajectories in Figs. 20–22 are consistent
with the results of those in the simulation, the vehicle states and
control signals are ignored.

From the four different experimental cases, a front toe-out setup is
verified to deviate the vehicle to the (opposite) right direction for the
front left tire blowout, which is valid for different drivetrains.

Next, the rear right tire blowout in 4WD with a rear toe-in setup
is investigated. The test conditions are the same as those for the
front left tire blowout. The experimental results are shown in
Figs. 23 and 24. When the tire blowout happens around 22 s in
Fig. 23 and at 10 m in Fig. 24, the positive lateral acceleration ay
and lateral speed vy (toward the left), and the counterclockwise
yaw rate r indicate the vehicle deviates to the right side with a
rear toe-in setup, as shown in Fig. 24. Due to the reduction of the
tire effective radius of the blown-out rear right tire, the wheel rota-
tional speed increases. The x-axis (time) in Fig. 23 are also limited
since manual control is activated for safety purpose after 25 s.

Moreover, the rear right tire blowout in 4WD with a rear toe-
out setup, FWD with a rear toe-in setup, RWD with a rear toe-in
setup are also explored. The experimental trajectories are shown
in Figs. 25–27, respectively.

From the four different experimental cases, a rear toe-in setup
is verified to deviate the vehicle to the (opposite) left direction for
the rear right tire blowout, which is valid for different drivetrains.

4.3 Cornering Maneuver. In this section, the tire blowout
experiments for cornering maneuvers are conducted. The test
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vehicle is accelerated to a constant driving speed of 3 m/s, then a
left steering angle of 11 deg on the ground is applied. Considering
that the vehicle speed in experiments (3 m/s) is much less than
that (40 km/h, 11 m/s) in simulation for safety reasons, the steer-
ing angle is increased to emphasize the cornering behaviors. The
toe angle is still set at 0.5 deg. The tire blowout is triggered at a
fixed point during the cornering.

The front left tire blowout in 4WD with a front toe-in setup is
explored first. The experimental results are shown in Fig. 28. The
reduced lateral acceleration ay and yaw rate r indicate that the
front left tire blowout causes an understeering phenomenon.

The trajectory of a front toe-out setup is presented in Fig. 29.
The front left tire blowout with front toe-in and front toe-out set-
ups in FWD and RWD were also tested in experiments. Since

Fig. 18 Vehicle states and control signals of the 4WD vehicle with a front toe-out setup (out,
0) for the front left tire blowout

Fig. 19 Trajectories of the 4WD vehicle with a front toe-out
(out, 0) setup for the front left tire blowout

Fig. 20 Trajectories of the 4WD vehicle with a front toe-in
setup (in, 0) for the front left tire blowout

Fig. 21 Trajectories of the FWD vehicle with a front toe-out
setup (out, 0) for the front left tire blowout

Fig. 22 Trajectories of the RWD vehicle with a front toe-out
setup (out, 0) for the front left tire blowout
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similar vehicle states and trajectories were observed, the experi-
mental results are not repeated in this paper.

Next, the rear right tire blowout in 4WD with a rear toe-in setup
is explored. The experimental results are shown in Fig. 30. The

increased lateral acceleration ay indicates that the overall lateral
force applied on the vehicle after the tire blowout increases, which
causes an oversteering phenomenon. The trajectory for a rear toe-
out setup is presented in Fig. 31 and an oversteering phenomenon

Fig. 23 Vehicle states and signals of the 4WD vehicle with rear toe-in (0, in) setup for rear
right tire blowout

Fig. 25 Trajectories of the 4WD vehicle with a rear toe-out
(0, out) setup for the rear right tire blowout

Fig. 27 Trajectories of the RWD vehicle with a rear toe-out
(0, in) setup for the rear right tire blowout

Fig. 26 Trajectories of the FWD vehicle with a rear toe-in (0, in)
setup for the rear right tire blowout

Fig. 24 Trajectories of the 4WD vehicle with a rear toe-in setup
(0, in) for the rear right tire blowout
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is still observed. Due to the similar vehicle states and trajectories,
other experimental results for different toe-angle setups and drive-
trains are not presented for simplicity.

From the tire blowout experimental results for the cornering
maneuver, it is validated that different toe angle setups will not
affect the understeering (for the front tire blowout) or the over-
steering (for the rear tire blowout) results.

Based on the simulation results of a full-size vehicle and exper-
imental results of the scaled test vehicle, the conclusions are vali-
dated by evaluating and comparing the deviation directions.
Moreover, the effectiveness of the proposed tire blowout model in
describing tire blowout impacts on vehicle dynamics with differ-
ent toe angle setups is also verified. Although only a scaled vehi-
cle was implemented for experimental validations considering
safety, the dynamical similarity of the scaled test vehicle to the
full-size vehicle indicates that a full-size vehicle in reality can
achieve the same deviation trends with certain toe angle setups as

those observed in simulation using a CARSIM vehicle, which was
based on a full-size vehicle.

4.4 Evaluations on Model Accuracy. In this section, the
accuracy of the proposed tire blowout model with toe angles is
experimentally validated. By applying the parameters of the
scaled test vehicle (in Table 2) to the proposed tire blowout model
together with the vehicle mathematical model (13), simulation
results under the same experimental conditions (i.e., same drive-
train, tire blowout scenario, and speed profile) can be obtained.
The simulation results will be compared with the experimental
results to evaluate the model accuracy in describing tire blowout
impacts on vehicle dynamics. Two experiments from Sec. 4.2 are
selected for comparison.

In Fig. 32, the baseline of the proposed model is the straight
black dash line. In Fig. 32(a), for front left tire blowout with front
toe-out setup, the final lateral offset compared with the baseline in

Fig. 28 Experimental results of the 4WD vehicle with a front toe-in (in, 0) setup for the front
left tire blowout

Fig. 29 Experimental results of the 4WD vehicle with a front toe-out
(out, 0) setup for the front left tire blowout
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the experiment is 0.72m and the predicted deviation from the pro-
posed tire blowout model is 0.64m. The difference is small
(0.08m, 11%) along with the 23 m traveling distance. In Fig.
32(b), for rear right tire blowout with rear toe-in setup, the final
lateral offset of the test vehicle compared with the baseline is
0.61m in the experiment, while the predicted deviation using the
proposed model is 0.51m. The difference is still small (0.1m,
16%) along with the 26 m traveling distance. The good agree-
ments indicate that the proposed tire blowout model can effec-
tively reflect the tire blowout impacts on vehicle dynamics.

5 Conclusions

In this work, the widely applied toe angle setup was explicitly
considered and integrated into a tire blowout model. Using the

proposed tire blowout model, the simulation results of different
case studies indicate that the vehicle will not always deviate to the
tire blowout side with certain toe angle setups in a straight-line
driving maneuver, since a toe angle setup could provide certain
initial lateral forces to the normal tire. With the steering angle
dominated in the cornering maneuver, toe angle setups cannot
affect understeering (for the front tire blowout) and the oversteer-
ing (for the rear tire blowout) phenomena. New findings from sim-
ulation results and the accuracy of the proposed tire blowout
model were further validated through different tire blowout
experiments using a scaled test vehicle. The proposed tire blowout
model can serve as a high-fidelity physical model to study differ-
ent tire blowout impacts and evaluate control performance. Vehi-
cle safety control design for tire blowout will be studied in the
future work.

Fig. 31 Experimental results of the 4WD vehicle with a rear toe-out (0,
out) setup for the rear right tire blowout

Fig. 30 Experimental results of the 4WD vehicle with a rear toe-in (0, in) setup for the rear
right tire blowout

101008-14 / Vol. 143, OCTOBER 2021 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/dynam

icsystem
s/article-pdf/143/10/101008/6713744/ds_143_10_101008.pdf by Arizona State U

niversity, Yan C
hen on 18 June 2021



Funding Data

� General Motors Global R&D. National Science Foundation
(Grant No. CMMI-2043286; Funder ID: 10.13039/100000001).

Nomenclature

ax ¼ vehicle longitudinal acceleration (m/s2)
ay ¼ vehicle lateral acceleration (m/s2)
Cx ¼ tire longitudinal stiffness (N/slip)
Cy ¼ tire lateral stiffness (N/rad)
Fri ¼ rolling resistance force of the ith tire (N)
Fxi ¼ longitudinal friction force of the ith tire (N)
Fyi ¼ lateral friction force of the ith tire (N)
Fzi ¼ vertical force of the ith tire (N)
hg ¼ height of the vehicle center of gravity (m)
hsi ¼ suspension height at the ith tire (m)
hs0i ¼ initial suspension height at the ith tire (m)

i ¼ subscripts (i ¼ 1; 2; 3; 4) for the front left, front
right, rear left, and rear right tires, respectively

Iz ¼ vehicle moment inertia through center of gravity
(kg/m2)

Ixi ¼ moment of inertia of the ith tire (kg/m2)
Kr ¼ rolling resistance coefficient

Ksk k ¼ f ; rð Þ ¼ front/rear suspension vertical stiffness (N/m)
lf ¼ distance from the front axle to the vehicle center

of gravity (m)
lr ¼ distance from the rear axle to the vehicle center of

gravity (m)
lt ¼ vehicle wheel track (m)
m ¼ vehicle mass (kg)

Mzx ¼ moment portion from tire forces in the x-direction
(N�m)

Mzx þMzy ¼ total yaw moment applied on the vehicle (N�m)
Mzy ¼ moment portion from tire forces in the y-direction

(N�m)
r ¼ vehicle yaw rate (rad/s)

Rei ¼ tire effective radius of the ith tire (m)
si ¼ slip ratio of the ith tire (%)
vx ¼ vehicle longitudinal velocity (m/s)
Ti ¼ actuation torque of the ith tire (Nm)
ai ¼ slip angle of the ith tire (rad)
di ¼ actual steering angle of ith tire (rad)
df ¼ front steering angle (rad)

dtoej; j ¼ f ; r ¼ front/rear toe angle (rad)

Df ¼ load transfer due to tire blowout (N)
Dt ¼ tire blowout duration (s)
vy ¼ vehicle lateral velocity (m/s)
xi ¼ wheel rotational speed of the ith tire (rad/s)
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