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This paper elaborates on the production mechanisms of standing waves during high-speed tire rolling and analyzes the relationship between the change of wavelength of sidewall waves and the vehicle velocity, from an oblique wave point of view. A
ﬁnite element model for a 195/65R15 radial tire is established with the nonlinear analysis software ABAQUS, based on the tire
structure and cord parameters. This paper comparatively analyzes the ﬁnite element simulation results and experimental results of
the tire load-sinkage relation and the load vs inﬂatable section width relation and ﬁnds little diﬀerence between the simulation and
experimental results. A similar analysis studies the change in the wavelength of sidewall standing waves at diﬀerent vehicle
velocities during high-speed tire rolling. The calculated value by the oblique wave approach, the value by simulation, and the
experimental results demonstrate high consistency, concluding that during high-speed tire rolling, the wavelength of sidewall
standing waves increases with vehicle velocity. Thus, the accuracy of the ﬁnite element model is veriﬁed under both static and
dynamic conditions. Under a constant tire pressure and load, the impact of velocity change on tire-cord stress during high-speed
tire rolling is studied based on the ﬁnite element model so as to identity the relation between the cord stress and standing waves.

1. Introduction
Traﬃc accidents caused by tire bursts occur frequently, and
studies have found that the standing wave on high-speed
tires is a major cause of tire bursts. The weight of a vehicle
causes a slight deformation of a tire where it contacts the
ground, and the deformed part tends to regain its original
shape after rolling out of ground contact. When a vehicle
moves at a high speed, the tire rolls too fast to regain its
original shape from deformation, thereby forming standing
waves [1], as shown in Figure 1. The speed at which standing
waves are generated is referred to as the critical speed of the
tire. A tire tread on which standing waves are generated
rapidly heats up due to intense friction in this state, which
can strip tread rubber from the inner carcass and cause a tire
burst. The higher the velocity of the tire, the more obvious
the standing wave [2].

High-performance computers, high-speed cameras, and
high-power chassis dynamometers have been increasingly
used to explore the mechanisms that produce standing
waves in tires. Brockman [3] presented a semianalytical
ﬁnite element method to analyze and solve the critical speed
for standing waves in pneumatic tires. Since this method
accounts for tire expansion and vibration-rotation superposition, it has high accuracy. Chatterjee [4, 5] carried out
experiments on small-diameter tires and found that (1)
standing waves occur at a certain critical speed and the tire
radial displacement increases with increasing speed and (2)
the standing wave phenomenon is most obvious when part
of a tire rolls immediately out of ground contact and attenuates rapidly in the circumferential direction of the tire.
Chang et al. [6] utilized PAM-SHOCK ﬁnite element software to simulate the process when the tire velocity increased
from 0 to 300 km/h within 0.6 seconds, obtaining the critical
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Figure 1: Tire standing waves.
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speed for standing wave generation. According to Chang,
both the tire inﬂation pressure and load have a great impact
on the critical speed. In addition, from Chang’s point of
view, standing waves are not resonances; they are caused by
residual stress and deformation of the ground contact part,
which cannot immediately regain its original shape due to
high-speed rolling [7].
This paper analyzes the production mechanisms of
standing waves during high-speed tire rolling and the
changes of wavelength on the sidewall based on the oblique
wave approach. ABAQUS is used to establish a three-dimensional ﬁnite element model of the tire and drum tester,
and both static and dynamic experiments are carried out to
verify the accuracy of the ﬁnite element model. Furthermore,
the paper analyzes how the cord stress changes with the
vehicle velocity during high-speed tire rolling and discusses
the mechanical patterns of tire standing waves, providing a
mechanical basis for tire design so as to improve tire safety
and service life.

0
Horizontal length

Figure 2: Fundamental wave formed by two intersected plane
waves [10].

The darker the color, the larger the peak or trough value. The
Y-axis, X-axis, and b in Figure 2 represent the vertical length,
horizontal length, and tire height, respectively. The ﬁgure
presents a single-period waveform, and more waveforms of
other periods are distributed along the X-axis. It is shown in
the ﬁgure that the displacement reaches a maximum near the
centerline and approaches zero on the tire bead. The
wavefront moves forward at the critical speed C within one
period, with transmission distance OQ. The distance between the two peaks on the centerline represents the
wavelength (λ � OP). The phase velocity vp , which refers to
the transmission velocity of wave peaks along the X-axis, can
be expressed as
OP
C
.
C �
OQ
cos θ

(1)

C
.
vp

(2)

vp � 

2. Diagonal Wave Theory
Diagonal waves can be considered as waves transmitted in
pipes or plane waves transmitted in the waveguide with a
certain angle, frequency, and width [8]. When waves are
transmitted on a uniformly stretched ﬂexible ﬁlm, the ﬁlm
has rigid boundaries in the longitudinal (X) and transverse
(Y) directions. Thetransmission
velocity of the plane waves
���
on the ﬁlm is C � T/ρ, where T is the force per unit length
and ρ is the mass per unit area. If the two plane waves are
transmitted to the X-axis at the same angle θ, a series of
symmetric peaks and troughs will be transmitted along the
centerline of the ﬁlm [9]. Figure 1 demonstrates a fundamental wave, in which the entire tire section alternately
moves outward or inward relative to the equilibrium position. Figure 2 exhibits the fundamental wave formed by
two intersected plane waves, where red and blue, respectively, represent peaks and troughs of the plane waves.
The forward direction of the wavefront is perpendicular to
the wavefront (from point O to point Q or from point S to
point P).
On the tire bead, which cannot be displaced, troughs can
be reﬂected as peaks and vice versa. The peaks intersect on
the centerline OP, which means that peaks exist on this line.
Similarly, the troughs intersect to produce frontal troughs.

λ

Therefore,
cos θ �

The wave-group velocity vg is the energy-ﬂow velocity
along the X-axis, and it can be expressed as
OR
C � C cos θ.
OQ

vg � 

(3)

The wavelength can be expressed as
λ � OP � 2b tan θ,
(4)
���������������
tan θ � λ/2b, and
where
tan θ � (1 − cos2 θ)cos2 θ,
OD � λ/4.
Substituting cos θ � C/vp into formula (4), we obtain
2bvp
λ � �����������.
(5)
C 1 −C2 /v2p 
When the tire velocity vt and wave velocity vp are equal
in value and opposite in direction, the waves are static with
regard to the tire axis, i.e., the waves are transmitted within
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the tire along the direction of ground-contact points. Figure 3 demonstrates the curve of the tire centerline when the
tire rotates on the drum tester at a velocity vt that is higher
than the critical speed C. Waves transmit at the velocity vp ;
vp and vt are equal in value and opposite in direction. The Yand X-axes, respectively, represent the vertical and horizontal distance from the ground-contact center.
The velocity of energy ﬂow from the ground-contact part
can be expressed as
vt − vg � vt − vt cos2 θ � vt 1 −

C2
.
v2t

(6)

The energy per unit length of oblique waves can be
expressed as
1
2
(7)
bρ ϕvt  .
4
The tire is subjected to a vertical load and sinks so that an
angle ϕ is formed between the center and the edge of the
ground plane, where ϕ is the sinkage angle, vt is the linear
velocity of the tire, and the component of the vertical velocity of the tire is vt sin ϕ. Since ϕ is relatively small, it is
reasonable to use ϕ instead of sin ϕ, and the component of
the vertical velocity of the tire is ϕvt . The energy loss of a pair
of waves can be expressed as
1
1
2
(8)
2vt − vg  · bρ ϕvt  � ϕ2 ρbvt v2t − C2 .
4
2
Energy consumption caused by standing waves will not
occur until the tire velocity vt exceeds the critical speed C.

The vertical distance from the center of
ground contact
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Figure 3: Curve of the tire centerline when vt > C [10].
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3. Finite Element Modeling of a Radial Tire
When building a ﬁnite element model of a tire, the geometric, material, and contact nonlinearities during tire
rolling may complicate the calculation process, which greatly
increases computing time and convergence diﬃculties [10].
Therefore, under reasonable conditions, it is sensible to
simplify the tire structure so that the ﬁnite element model
can faithfully reﬂect tire deformation characteristics under
various working conditions, as follows: (1) Only consider
longitudinal tread grooves and ignore shallow transverse
patterns, kerbing ribs, and marking lines. (2) To obtain the
interactions of all parts between the tire and the road surface
when analyzing the contact process, the analysis focuses on
the tire crown, belt layer, and carcass layer. Therefore, there
is no need to model the tire rim, which should be set as an
analytical rigid body. (3) Set the road surface (test bed) as a
rigid object and ignore its deformation impact on tire
performance. (4) Thermal eﬀects of air inside the tire can be
ignored under static loading. The tire pressure is uniformly
loaded, with evenly distributed pressure perpendicular to the
inner liner [11]. The sectional structure of the tire is shown in
Figure 4.
Orthogonal anisotropic materials and embedded rebar
elements are used to simulate the belt and carcass layers. For
stiﬀener ribs deﬁned in this way, the behavior of the rubber
matrix and rebar elements can be considered independent.
The stiﬀener rib model used to deﬁne the rebar elements can

Figure 4: Diagram of the tire’s sectional structure.

better demonstrate the stress-strain status of cords when
processing the structure of the belt and the carcass layers
[12]. Fine meshes are deﬁned for cords in the ﬁrst and
second belt layers, as well as the carcass layer, for detailed
analysis. The various rubber materials in the three-dimensional model are represented by isotropic incompressible C3D8RH elements, and the stress-strain
relations of rubber materials are described with hyperelastic
models [13]. The ﬁnite element model has 10,721 elements of
carcass rubber and 10,102 elements in the belt and the
carcass layers. Figure 5 demonstrates the ﬁnite element
model of a 195/65R15 radial tire and the drum tester.

4. Experiment and Simulation of Mechanical
Properties of the Tire
4.1. Experiment and Simulation of Static Mechanical
Properties. A UP-2092 comprehensive test bench (Figure 6)
was employed to measure the tire load-sinkage relation
under standard inﬂation pressure (200 kPa). The tire inﬂatable section widths under diﬀerent vertical loads were
measured and compared with simulation results. The results
are shown in Figure 7 and Table 1.
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width of the ground-contact section increases with the load.
The maximum error between simulation and experimental
results is less than 2.5%; thus, the finite element model is
characterized by only small errors that are within the allowable range of engineering design.
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Figure 5: FEA modeling for the tire and the test rig.
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Figure 6: Bench test for mechanical properties of the tire.
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4.2. Experiment and Simulation of Dynamic Mechanical
Properties. A tire high-speed uniformity testing machine
was used to perform high-speed experiments on a 195/
65R15 radial tire, with a tire pressure of 0.2 MPa and a load
of 5,018 N. The tire linear velocity was gradually adjusted
from 180 km/h to 230 km/h while the tire pressure and load
remained unchanged. Measurements were taken at an interval of 10 km/h; images were captured by high-speed
cameras and imported into CAD software to analyze
standing waves on the tire surface. Since standing waves
were concentrated at the rear of the ground-contact area,
only the images in the concerned semicircle of the tire were
selected, and the wavelengths were measured by CAD
software. In addition, ABAQUS software was used for highspeed simulation of the tire with the same velocity range and
boundary conditions, generating cloud images of tire deformation [14].
Figure 8 displays the comparison of experimental and
simulation results on tread standing waves within the π-arc
(images on the left are from experiments and on the right
from simulation) [15]. In the simulation graph, the closer the
color is to red, the greater the distortion is, and the closer the
color is to blue, the smaller the distortion is. The three
sidewall standing wave peaks were identified with lines
coming from the tire center. The angle in the figure indicates
the angle between two adjacent peaks in a period. As the
rolling speed was gradually increased, the values of the two
angles also increased, which means that the speed became
greater, the energy consumption increased sharply, the
deformation of the tire increased, and the wavelength of the
sidewall gradually increased.
Figure 9 compares the wavelength curves obtained from
calculations based on the oblique wave approach, experiment results, and simulation. It can be seen that the three
methods show roughly the same trends, i.e., the wavelength
of sidewall standing waves gradually increases with velocity.
To sum up, the simulation results are highly consistent
with those from experiments under both static and dynamic
conditions. In other words, the finite element model
established in this paper is accurate and suitable for further
simulation analysis.
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Figure 7: Curves of load vs sinkage by experiment and simulation.

Figure 7 shows that the simulation and experimental
results are basically consistent, both indicating a linear relationship between load and sinkage. Table 1 shows that the

5. Cord Stress Analysis during High-Speed
Tire Rolling
High-speed tire rolling tends to damage the internal cords,
causing tire bursts [8]. Stress in a radial tire is concentrated
at both the turn-up point of the carcass layer and endpoints
of the belt layers. When a vehicle moves, the tire sidewall is
deflected from stress. Since the load is transmitted to the
bead through the sidewall, the joint between the sidewall and
bead is subjected to concentrated stress that may cause
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5
Table 1: Section width by simulation and experiment.

Vertical load (kN)
Ground-contact section
Simulation
Width (mm)
Experiment
Error (%)

0
195.7
194.5
0.61

1
201.4
198.5
1.46

2
206.2
201.5
2.33

(a)

(b)

(c)

(d)

(e)

(f )

3
209.6
210.5
0.43

4
216.2
213.0
1.5

5
222.8
218.5
2.0

Figure 8: Comparison between experimental and simulated results on wavelength of standing waves within the π-arc at the rear of the
ground-contact area at diﬀerent velocities. (a) 180 km/h. (b) 190 km/h. (c) 200 km/h. (d) 210 km/h. (e) 220 km/h. (f ) 230 km/h.

damage. Therefore, we selected point A on the turn-up point
of the carcass layer, point B on the sidewall of the carcass
layer, and points C and D, which are the cord ends of the ﬁrst
and second belt layers, to study the cord stress during highspeed tire rolling [16], as shown in Figure 10. The tire

pressure, load, and velocity range were set to 0.2 MPa, 5 kN,
and 180–230 km/h, respectively (stress values were taken at
intervals of 10 km/h). By analyzing the stress on the four
points in a single rolling cycle, we can understand the stress
on the tire in a free rolling cycle. During a circumferential
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Figure 9: Comparison between theoretical calculation, simulation,
and experiment results on wavelength of sidewall standing waves.
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curves of circumferential stress on points A and B, respectively, at diﬀerent velocities.
As can be seen from Figure 11(a), the ﬂuctuation amplitude of the cord stress on point A increases with velocity,
and the stress reaches its maximum (about 10 N) around the
ground-contact point (circumferential 180 degrees).
According to previous analysis, standing waves occur during
high-speed tire rolling. The wavy deformation of the tire
starts at the ground-contact point (circumferential 180
degrees), moves circumferentially along the tire rotation
direction, and gradually attenuates. The wavy deformation
also occurs on the sidewall under the inﬂuence of standing
waves, and the stress on point A changes accordingly with
the standing waves. Therefore, both the wavelength of
standing waves and the cord stress increase with tire velocity
[19].
As can be seen from Figure 11(b), circumferential stress
on point B changes wavily. Both the ﬂuctuation amplitude
and cord stress increase with velocity. The cord stress on
point B reaches the minimum (about 0 N), which is insensitive to vehicle velocity, around the ground-contact
point (circumferential 180 degrees). Point B is on the
sidewall of the carcass layer. When standing waves are
generated, there is signiﬁcant deformation on the sidewall.
When the maximum deformation occurs, the stress ﬂuctuation on the sidewall reaches the peak value. The most
obvious standing waves can be observed at the rear of the
ground-contact point, along with bulges on the tire sidewall.

C

B
A

Figure 10: Points of circumferential analysis on cords.

cycle, the stress on the same point must have reached both
the maximum and the minimum values, and the diﬀerence
between the two extremes is of signiﬁcance for the analysis of
tire deformation and standing waves [17]. Therefore, we
deﬁned the vertex position of the tire as 0 degree, and the
ground-contact center as 180 degrees [18], and we analyzed
the circumferential counterclockwise cord stress on diﬀerent
layers during high-speed tire rolling.
5.1. Circumferential Distribution of Carcass Cord Stress at
Diﬀerent Velocities. Point A is the turn-up point of the
carcass layer. The cord at this point is wrapped around the
bead wire; hence, the tire sidewall deformation is constrained by the bead wire. Figures 11(a) and 11(b) show

5.2. Circumferential Stress on Belt Cord Ends at Diﬀerent
Velocities. Figures 12(a) and 12(b) present circumferential
stress on the cord ends C and D, respectively, at diﬀerent
velocities.
As shown in Figures 12(a) and 12(b), the trends of stress
variation on points C and D are roughly the same: the cord
stress increases with vehicle velocity and reaches its maximum around the ground-contact point. In other words,
apparent asymmetric deformation occurs under the impact
of ground contact. Comparing the stress on points C and D,
we see that point D (the cord end of the second belt layer) is
subjected to greater extreme stress (about 75 N). In addition,
the cord stress ﬂuctuates signiﬁcantly at the rear of the
ground-contact part, and the ﬂuctuation amplitude increases with velocity, which is mainly attributed to the stress
imbalance caused by standing waves. Therefore, in tire
design, it is important to enhance the rigidity of the tire
shoulder, suppress the deformation on the edge of the belt
layer, and reduce the heat generated by deformation so as to
prevent fatigue damage and thermal breakdown.
Through the analysis of the above four points, the
regularity of the cord stress when the tire is rolling at high
speed can be inferred, revealing the relationship between the
stress of the cord and the standing wave, providing the
research basis for the tire test mechanics. From the above
four ﬁgures, it can be seen that the standing wave phenomenon will occur when the tire is rolling at a high speed.
As the rolling speed increases, the amount of deformation of
the tire sidewall increases, and the wavelength of the

Shock and Vibration

7

10

6

Rebarforce (N)

Rebarforce (N)

8

4
2
0
–2

0

45

90

135
180
225
Circle angle (°)

180 km/h
190 km/h
200 km/h

270

315

360

20
18
16
14
12
10
8
6
4
2
0
–2

0

210 km/h
220 km/h
230 km/h

45

90

135 180 225
Circle angle (°)

180 km/h
190 km/h
200 km/h

(a)

270

315

360

210 km/h
220 km/h
230 km/h
(b)

Figure 11: Circumferential distribution of carcass cord stress at different velocities. (a) Circumferential stress on the turn-up point of the
carcass layer (point A). (b) Circumferential stress on the sidewall point of the carcass layer (point B).
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Figure 12: Circumferential stress on belt cord ends at different velocities. (a) Circumferential stress on the cord end of the first belt layer
(point C). (b) Circumferential stress on the cord end of the second belt layer (point D).

standing wave also increases. The area where the standing
wave occurs is mainly concentrated behind the grounding
point, and the tire is easily damaged in this area. The higher
the speed, the greater the stress of the cord and the greater
the fluctuation of the curve. At this time, the tire sidewall
deformation reaches the maximum, and it may bulge. Thus,
when designing the structure of the tire, it is necessary to
improve its shoulder rigidity and prevent the tire from
damage due to deformation.
Comparing the above four figures, it can be seen that the
stress of the belt cord is significantly greater than that of the
ply cord, i.e., the belt cord is the main force-receiving part.
Therefore, the design of the tire should aim mainly to
strengthen the belt cord. Compared with the circumferential

forces of the other three points, the force fluctuation of the
ply cord carcass turn-up point (point A) near the ground is
less because the ply cords on the sidewall (point B) have
already taken most of the force from the tire, so the force
transmitted to the turn-up point A will be significantly
reduced, the circumferential force at point A will be relatively even and flat, and the force at the three points of BCD
will be at the grounding point, which shows greater
fluctuations.

6. Conclusions
Using the oblique wave approach, this paper analyzes the
production mechanisms of standing waves during high-
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speed tire rolling, studies the relations between sidewall
standing waves and vehicle velocity, and calculates the
theoretical wavelengths of sidewall standing waves of a 195/
65R15 radial tire. Based on the tire structure and parameters of the carcass layer and belt layers and accounting for
longitudinal tire patterns, a three-dimensional ﬁnite element model of the tire was established with ABAQUS
software. We compared the experimental and simulation
results on the tire load-sinkage relation and load vs inﬂatable section width relation, and the diﬀerence between
the two was found to be insigniﬁcant. High-speed experiments and simulations were carried out, with the tire load,
pressure, and velocity range set to 5 kN, 0.2 Mpa, and
180–230 km/h, respectively. Images were captured at an
interval of 10 km/h by CAD software. By comparing the
simulation, experiment, and theoretical wavelength of
standing waves, it was found that the wavelength increased
with vehicle velocity. Static and dynamic simulation results
from the ﬁnite element model were in good agreement with
those of the experiment, which veriﬁed the accuracy of the
model.
Based on this ﬁnite element model, the pattern of cord
stress during high-speed tire rolling was studied by simulating the cord stress at diﬀerent positions. The conclusions
are as follows:
(1) The tire rotation velocity has a signiﬁcant impact on
the stress at point A (the turn-up point of the carcass
layer). The range of stress ﬂuctuation increases with
velocity, and the stress reaches a maximum value
around the ground-contact point (circumferential
180 degrees) of the tire.
(2) With the impact from standing waves, the cord stress
on the sidewall point of the carcass layer ﬂuctuates
wavily at the rear of the ground-contact part. The
higher the velocity, the greater the ﬂuctuation amplitude and extreme cord stress. Cord stress at point
B reached a minimum (0 N) around the groundcontact point.
(3) The cord ends C and D of the ﬁrst and second belt
layers are subjected to similar stress conditions. As
the tire velocity increases, the extreme cord stress
increases accordingly, and the circumferential stress
at points C and D ﬂuctuates more signiﬁcantly,
particularly at the rear of the ground-contact part.
(4) For each layer of cords inside a tire, it is generally the
case that the higher the tire-rotating velocity, the
greater the cord stress.
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