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'e investigation of the contact responses is the key for evaluating the local wear of dies in the plastic forming process. 'is paper
investigated the contact load distributions and evolutions of the roller cavities in the compressor blade rolling process by the FEM.
It was the first study to quantify the distributions and evolutions of the contact responses for rolling irregular components. 'e
results indicated that themaximum contact pressure is generally present at the center of the contact interfaces, and the magnitudes
of contact pressure decreased with evolution of the blade rolling process. 'e rolling contact interfaces can be divided into the
backward slip zone, the stick zone, and the forward slip zone based on the shear stress distributions. 'e stick zone was a narrow
belt which separated the forward and the backward slip zone, and the shear stress in the stick zone was nearly zero.'e shear stress
magnitudes in the forward slip zone were smaller than those in the backward slip zone, and the directions of shear stress in
forward and backward slip zones were adverse.'emagnitudes of shear stress over the forward and backward slip zones decreased
with evolution of the blade rolling process. 'e distributions of local sliding were in a V-shape, the local sliding in the stick zone
was nearly zero, and the bigger sliding in backward and forward slip zones was present at the boundaries of rolling entrance and
exit sections. 'e local sliding velocity magnitudes in the backward slip zones were always bigger than those in the forward slip
zones, and the magnitudes of local sliding at the rolling entrance sections were bigger than those at the rolling exit sections. In
general, the local sliding velocity magnitudes increased firstly and decreased sharply at 2T/3. 'e current paper develops the
distributions and evolutions of contact responses in the blade rolling process. 'e contact responses can be used for studying the
wear of roller cavities to avoid the accuracy inconsistency of the shaped blade.

1. Introduction

In the industry of the cold rolling compressor blade, the
cavity surfaces of the roller undergo cyclic resistance of
deformation which induces unknown wear [1]. 'e
manufacturing accuracy is sensitive to the shape of roller
cavity surfaces in compression moulding formation; this
feature is particularly obvious for the net-shaped rolling
compressor blade [2] because good uniformity of the net-
shaped blades required a pair of roller cavities with stable
geometry profiles and persistent mechanical performance.
However, the unknown wear of the cavity surface induced
confusion of the formed blade’s precision and the roller’s
severe life [3]. Hence, understanding of the local contact

responses is the first step to study the wear of the roller cavity
surfaces [4, 5].

'e contact responses depend on many factors such as
the shapes, the material property, and the relative motion of
the contact bodies [6]. In previous studies, three kinds of
methods including analytic, experimental, and numerical
methods have been used for studying the contact responses
of different kinds of dies. Jobin et al. [7] presented pressure
distribution of the interface for arbitrary profile. Due to its
ability to analyze arbitrary-shaped contacts, it can be a
powerful design tool for evaluating contact response due to
different shapes and sizes of the indenter. Chu et al. [8]
proposed a mathematical model to determine the strain and
stress of the tube wall in tube hydroforging and predicted the
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distribution of contact stress at the tube cross section.Weisz-
Patrault et al. [9–11] developed the analytical inverse method
to evaluate the contact stress of the roll bite in the rolling
process, and three-dimensional contact stress was com-
puted. 'ey also used roll-gap sensors to measure contact
pressure with very short computation times and investigated
the effect of parameters on the contact pressure. Lee et al.
[12] examined the influence of geometrical parameters on
the surface stress in the double cup extrusion process.
Walbran et al. [13] developed a generic liquid composite
moulding simulation to predict clamping force and stress
distributions acting on moulds. Sedighi and Mahmoodi
[14, 15] investigated the rolling contact pressure distribution
on the blade, and the results showed that it distributed as a
saddle shape. Yan et al. [16] used FEM to study the wear of
the die radius in sheet metal stamping; the contact pressure
and sliding distance were determined to calculate the wear
based on wear theory. Pereira et al. [17–19] studied the
evolution of contact pressure and sliding distance of the die
radius in sheet metal stamping and the quantified wear of the
radius in the stamping process. Jurkiewicz et al. [20] in-
vestigated the contact between two rollers of a printing using
analytical, numerical, and experimental methods and pro-
posed an analytical-empirical equation of the distance be-
tween loaded and contact zone width.

'e localized contact condition and its evaluation are
significant to understand the contact responses and study
the wear of the joined pieces. Due to the irregular shape of
the blade and the corresponding cavity surfaces, the local
contact conditions of the cavity surfaces were time and
location responses. 'e finite element method provided a
practical method for detecting the local contact pressure of
the cavity surfaces in the blade rolling process. 'is paper
investigated the localized contact responses and their-
evolutions over roller cavity surfaces by FEM. 'e distri-
butions of contact pressure, shear stress, and local sliding
were presented, respectively, and their evolutions were also
enumerated, respectively.

2. The Numerical Model of Blade
Rolling Processes

2.1. 0e Setup of the Numerical Model for the Blade Rolling
Process. In the blade rolling process, the roller cavities suffer
cyclic flow stress caused by the plastic deformation resis-
tance of the blank. Figure 1 shows a typical compressor blade
and a schematic of the blade rolling process. In order to
determine the distribution and evolution of the contact
responses in the blade rolling process, a FEM simulation was
implemented in this paper.

'e rolling process was replicated in the numerical
simulation using a nonlinear Explicit FE code (ABAQUS/
Dynamic, Explicit 6.14-1). In order to analyze the contact
between the cavity surface and the blank in detail, the die
mesh and the blank mesh were significantly refined in the
region of the respective interfaces. 'e top and bottom
rollers were propped up by a pair of simplified axles which
were treated as rigid parts, the contact interfaces were tied
together, and the axles drove rollers to rotate. 'e

interactions between the blank and the roller surface were
defined using the default ‘master-slave’ algorithm in
ABAQUS [17]. 'e normal and tangential contact behaves
were introduced between roller and blank. 'e Coulomb
friction model was used between the roller cavities and
blank, and the friction coefficient was set as 0.29. 'e FEM
model of the blade rolling process is shown in Figure 2. 'e
isotropic material properties of the blank and rollers are
summarized in Table 1.'e plastic property of the blank was
tested by the tensile experiment at room temperature, the
INSTRON 3369 material testing machine was used, the
stretching velocity was 0.1mm/s, and the size of the spec-
imen is shown in Figure 3(a). A broken specimen is shown in
Figure 3(b); in order to strengthen the clamping effect, spiral
grooves were sculptured on the holding surfaces. 'e stress-
strain curves of GH4169 are shown in Figure 3(c).

2.2. Validation of the Numerical Model. Due to the irregular
shape of the blade and the corresponding cavity surfaces, it is
difficult to accurately measure or calculate the contact re-
sponses. 'e proportion of the dynamic energy and total
energy is introduced to validate the FEM model; when the
energy proportion is smaller than 5%, the results of the FEM
model are validated. Figure 4(a) shows the variation of
dynamic energy and total energy, and Figure 4(b) shows
variation of the energy proportion between the dynamic
energy and the total energy. 'e figures show that the total
energy exceeds the dynamic energy when the simulation
completed 1%, and the energy proportion exceeds 5% when
the simulation completed 1.5%. Hence, the FEM model is
valid, and the simulated results are credible.

3. The Contact Responses and Evolutions of
Roller Cavity Surfaces

'e load range, number of load cycles, and specimen ge-
ometry are three major variables for fatigue failure [21–23];
hence, studying the load distribution and evolution is sig-
nificant for the moulding process. In the blade rolling
process, the roller cavity surfaces squeeze the work blank
with the rotation of rollers, and the blank occurred plastic
deformation by the squeezing action. 'e rollers undergo
squeezing and friction in the rolling process, and the contact
responses of the roller cavity surfaces comprise three por-
tions: the contact pressure which overcomes resistance from
the blank’s plastic deformation, the shear stress to overcome
the friction resistance between the roller and the blank, and
the local microslip between the roller and the blank. Hence,
contact interfaces are constantly changing with the rotary
mould, and the region and magnitude of the contact re-
sponses on cavity surfaces are changed constantly. An ac-
curate quantitative distribution of the local contact pressure
and local sliding over the rolling bite was determined, and
the results are shown in Figure 5 [24]. According to Figure 5,
the local contact pressure over the rolling bite demonstrates
a hill profile, and the local sliding occurs at the forward slip
and backward slip zones with the two peaks. Due to the
complex shape of the blade, the contact responses in the
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blade rolling process are more intricate than those in the
symmetric rolling process along the rolling direction.

3.1.0e Contact Pressure Distribution and Evolution of Roller
Cavity Surfaces. 'e plastic deformation resistance of the
blank produces contact pressure at cavity surfaces. 'e
contact interface and the magnitude of contact pressure are
changed constantly in the blade rolling process. In order to
investigate the time-dependent evolution of contact pres-
sure, the transient magnitude of contact pressure over the
roller cavities was recorded and plotted to present the
contact pressure distribution. Meanwhile, the 6 uniform
transients, contact pressure distribution of the roller cavities
was enumerated to present the evolution of contact pressure.
'e contact pressure distribution and evolution over the
cavity surfaces are shown in Figure 6.

If the total time for a blade rolling process is T, the contact
interface is presented as a half ellipse at the transient of T/6,
shown in Figure 6(a). 'e rotary rollers and blank began to
contact at the arc line and separate at the chord line. 'e
maximum contact pressure over the top and bottom roller

cavities is 1579.3MPa and 1469.7MPa, respectively, the maxi-
mum contact over the top cavity is slightly bigger than that of the
bottom cavity because of the blank bending and extruding
toward the suction surface of the blade. 'e contact interface
presented as trapezium at the transient of 2T/6, shown in
Figure 6(b); because the chord lengths of blade sections are
shrunken, the roller cavities begin to contactwith the blank at the
top baseline and separate at the bottom baseline.'emaximum
contact pressure over the top and bottom roller cavities is
1648.2MPa and 1649.1MPa, respectively, and the higher contact
pressure is present at the center of trapezium because of the tight
twisting of blade sections which induced severe deformation
resistance of the blank. 'e contact interfaces presented as
hourglass-shaped at the transient of 3T/6 and 4T/6, shown in
Figures 6(c) and 6(d). 'e maximum contact pressure over the
top roller cavities is 1627.6MPa and 1648.7MPa, and the
maximum contact pressure over the bottom roller cavities is
1639.2MPa and 1647.2MPa, respectively. 'e higher contact
pressure is presented at glass bulbs of the hourglass because of
the severe bending of blade sections which induced severe re-
sistance of bending deformation. 'e contact interfaces pre-
sented as trapezium at the transient of 5T/6, shown in
Figure 6(e); because the chord lengths of blade sections are
expanded, the roller cavities begin to contact with the blank at
the bottom baseline and separate at the top baseline. 'e
maximum contact pressure over the top and bottom roller
cavities is 1647.1MPa and 1620.8MPa, respectively. 'e contact
interfaces presented as a rectangle at the transient of T, shown in
Figure 6(f). 'e maximum contact pressure over the top and
bottom roller cavities is 1225.7MPa and 1186.9MPa,
respectively.

According to the results of the contact pressure distributions
and evolutions over the cavity surfaces, the contact pressure
distributions and evolutions are complex, and the contact in-
terfaces and pressure distributions varied frequently. 'e
maximum contact pressure is generally present at the center of
the contact interface.
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Figure 1: 'e process of the rolling blade: (a) CADmodel of the blade, (b) the representative cross section, and (c) a schematic of the blade
rolling process.
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Figure 2: 'e FEM model for the blade rolling process.

Advances in Materials Science and Engineering 3



Table 1: Material properties of work blank and roller.

Material definitions Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Yield strength (MPa)
Work blank Elastic-plastic 8160 210 0.29 1200
Roller Elastic 7700 235 0.3 —
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Figure 3: 'e material plasticity testing of GH4169: (a) the size of the specimen, (b) the broken specimen, and (c) the stress-strain curves of
GH4169.
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Figure 4: 'e energy analysis of the FEM model: (a) the variation of dynamic energy and total energy; (b) the variation of the energy
proportion between the dynamic energy and the total energy.
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In order to evaluate the pressure magnitude over roller
cavities accurately, the pressure magnitude was an average
value of the maximum contact pressure and four nearest
nodes’ contact pressure. 'e ratio between the standard
deviation and the mean value is usually smaller than 3.82%;
hence, the tested results were valid. 'e evolution of
contact pressure magnitudes and their standard deviations
are presented in Figure 7. 'e pressure magnitudes and
their evolution over the top and bottom cavities were
similar. 'e pressure magnitudes were a little bit lower at
the beginning of the rolling process, then remained nearly
constant, and reduced obviously at the ending of the rolling
process. 'e maximum thickness of the blank’s section was
uniform; however the maximum thickness of the blade’s tip
section was smaller than the maximum thickness of the
blade’s bottom section, shown in Figure 1(b). Hence, the
thickness reduction of the blank decreased, and the
magnitudes of contact pressure reduced at the ending of the
rolling process.

3.2. 0e Shear Stress Distribution and Evolution of Roller
Cavity Surfaces. In the rolling process, a gradually shrunken
zone was shaped between a pair of conjugated rotary rollers,
and the blank was screwed into the deformation zone by
shear stress; hence, obtaining the distribution and evolution
of the shear stress between the roller cavities and the blank is
essential for investigating the wear of rollers. In order to
investigate the time-dependent evolution of the shear stress,
the transient magnitude of the shear stress over the roller
cavities was recorded and plotted to present the shear stress
distribution. Meanwhile, the 6 uniform transients’ shear
stress distribution of the roller cavities was enumerated to
present the evolution of shear stress. 'e shear stress dis-
tribution and evolution over the cavity surfaces are shown in
Figure 8.

'e distribution of shear stress is shown in Figure 8(a) at
the transient of T/6. 'e contact interface was divided into
two zones by a transition area which is perpendicular to the
rolling direction. According to the previous research [24],
the rolling contact interface can be divided into three parts
along the rolling direction, namely, the backward slip zone,
the stick zone, and the forward slip zone.'e direction of the
shear stress is the same to the rolling direction in the
backward slip zone, and it is shown as blue zones in Figure 8.
'e shear stress is almost zero in the transition area. 'e
direction of the shear stress is adverse to the rolling direction
in the forward slip zone, and it is shown as red zones in
Figure 8. When the blade rolling process evolves at the
transient of T/6, the maximum shear stress in the forward
and backward slip zones of the top roller cavity is 310.4MPa
and 428.3MPa, respectively, and the maximum shear stress
in the forward and backward slip zones of the bottom roller
cavity is 301.9MPa and 413.8MPa, respectively, shown in
Figure 8(a). 'e maximum shear stress in the forward slip
zone is smaller than that in the backward slip zone because
the backward slip zone suffers severe friction which screwed
the blank into the deformation zone by shear stress. When
the blade rolling process evolves at the transient of 2T/6, the
maximum shear stress in the forward and backward slip
zones of the top roller cavity is 300.8MPa and 414.1MPa,
respectively, and the maximum shear stress in the forward
and backward slip zones of the bottom roller cavity is
292.1MPa and 405.8MPa, respectively, shown in
Figure 8(b). When the blade rolling process evolves at the
transient of 3T/6, the maximum shear stress in the forward
and backward slip zones of the top roller cavity is 291.8MPa
and 406.9MPa, respectively, and the maximum shear stress
in the forward and backward slip zones of the bottom roller
cavity is 289.4MPa and 406.1MPa, respectively, shown in
Figure 8(c). When the blade rolling process evolves at the
transient of 4T/6, the maximum shear stress in the forward
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Figure 5: Distribution of local contact pressure (a) and local sliding (b) over the rolling bite [24].
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and backward slip zones of the top roller cavity is
279.5MPa and 365.9MPa, respectively, and the maximum
shear stress in the forward and backward slip zones of the
bottom roller cavity is 276.3MPa and 364.1MPa, respec-
tively, shown in Figure 8(d). When the blade rolling process
evolves at the transient of 5T/6, the maximum shear stress
in the forward and backward slip zones of the top roller
cavity is 241.9MPa and 307.8MPa, respectively, and the
maximum shear stress in the forward and backward slip

zones of the bottom roller cavity is 244.1MPa and
296.1MPa, respectively, shown in Figure 8(e). When the
blade rolling process evolves at the transient of T, the
maximum shear stress in the forward and backward slip
zones of the top roller cavity is 192.3MPa and 255.0MPa,
respectively, and the maximum shear stress in the forward
and backward slip zones of the bottom roller cavity is
169.2MPa and 214.2MPa, respectively, shown in
Figure 8(f ).
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Figure 6:'e transient contact pressure distribution at six different instances during the simulation: (a) T/6, (b) 2T/6, (c) 3T/6, (d) 4T/6, (e)
5T/6, and (f) T.
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According to the results of the shear stress distribution
and evolution over the cavity surfaces, the rolling contact
interface can be divided into the backward slip zone, the
stick zone, and the forward slip zone. 'e stick zone was a
narrow and invert belt perpendicular to the rolling direction,
the stick zone was the boundary of the forward and back-
ward slip zones, and the shear stress in the stick zone was
nearly zero. 'e shear stress magnitudes in the forward slip
zone were smaller than those in the backward slip zone at
every transient. 'e directions of the shear stress were the
same to the rolling direction in the backward slip zone, and
the directions of the shear stress were adverse to the rolling
direction in the forward slip zone. Because the blank was
screwed into the deformation zone by friction, hence, the
integral force of the shear stress in the backward slip zone
not only surmounts the shear stress in the forward slip zone
but also overcomes the resistance to plastic flow of the blank.

In order to evaluate the shear stress magnitude over
roller cavities accurately, the shear stress magnitude was an
average value of the maximum shear stress and four nearest
nodes’ shear stress. 'e ratio between the standard deviation
and the mean value is usually smaller than 10.66%; the errors
were acceptable, and the tested results were valid. 'e
evolution of shear stress magnitudes and their standard
deviations are presented in Figure 9. 'e magnitudes of
shear stress over the forward and backward slip zones de-
creased with evolution of the blade rolling process. 'e
maximum thickness of the blade’s tip section was smaller
than the maximum thickness of the blade’s bottom section,
shown in Figure 1(b), the rolling direction was directed from
the tip section of the blade to the root section, and the
deformation and reduction rate of the blank decreased in the
blade rolling process.

3.3. 0e Local Sliding Distribution and Evolution of Roller
Cavity Surfaces. Local sliding occurs between the roller
cavities and the blank, and the local sliding induces wear.

Hence, obtaining the distribution and evolution of the local
sliding between the roller cavities and blank is essential for
investigating the wear of rollers. In order to investigate the
time-dependent evolution of the local sliding, the transient
magnitude of the local sliding velocity over the roller cavities
was recorded and plotted to present the local sliding dis-
tribution. Meanwhile, the 6 uniform transients’ local sliding
velocity distribution of the roller cavities was enumerated to
present the evolution of local sliding. 'e local sliding
distribution and evolution over the cavity surfaces are shown
in Figure 10.

'e distribution of local sliding velocity is shown in
Figure 10(a) at the transient of T/6. It is the same as the
distribution of the shear stress, and the distribution was
divided into two zones by a transition area which is per-
pendicular to the rolling direction. 'e direction of the local
sliding is the same to the rolling direction in the backward
slip zone, and it is shown as blue zones in Figure 7. 'e local
sliding is almost zero in the transition area. 'e direction of
the local sliding is adverse to the rolling direction in the
forward slip zone, and it is shown as red zones in Figure 10.
When the blade rolling process evolves at the transient of T/
6, the magnitude of local sliding velocity in the forward and
backward slip zones of the top roller cavity is 2.99mm/s and
7.52mm/s, respectively, and the magnitude of local sliding
velocity in the forward and backward slip zones of the
bottom roller cavity is 2.77mm/s and 7.96mm/s, respec-
tively, shown in Figure 10(a). 'e magnitude of local sliding
velocity in the forward slip zone is smaller than that in the
backward slip zone, and the proportion of the backward slip
zone is normally bigger than that of the forward slip zone
[24]. When the blade rolling process evolves at the transient
of 2T/6, the magnitude of local sliding velocity in the for-
ward and backward slip zones of the top roller cavity is
4.24mm/s and 6.45mm/s, respectively, and the magnitude
of local sliding velocity in the forward and backward slip
zones of the bottom roller cavity is 4.70mm/s and 9.06mm/
s, respectively, shown in Figure 10(b). When the blade
rolling process evolves at the transient of 3T/6, the mag-
nitude of local sliding velocity in the forward and backward
slip zones of the top roller cavity is 5.06mm/s and 6.30mm/
s, respectively, and the magnitude of local sliding velocity in
the forward and backward slip zones of the bottom roller
cavity is 3.36mm/s and 9.75mm/s, respectively, shown in
Figure 10(c). When the blade rolling process evolves at the
transient of 4T/6, the magnitude of local sliding velocity in
the forward and backward slip zones of the top roller cavity
is 6.55mm/s and 7.26mm/s, respectively, and themagnitude
of local sliding velocity in the forward and backward slip
zones of the bottom roller cavity is 6.40mm/s and 9.57mm/
s, respectively, shown in Figure 10(d). When the blade
rolling process evolves at the transient of 5T/6, the mag-
nitude of local sliding velocity in the forward and backward
slip zones of the top roller cavity is 2.73mm/s and 3.30mm/
s, respectively, and the magnitude of local sliding velocity in
the forward and backward slip zones of the bottom roller
cavity is 2.74mm/s and 3.50mm/s, respectively, shown in
Figure 10(e). When the blade rolling process evolves at the
transient of T, the magnitude of local sliding velocity in the
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forward and backward slip zones of the top roller cavity is
1.08mm/s and 1.47mm/s, respectively, and the magnitude
of local sliding velocity in the forward and backward slip
zones of the bottom roller cavity is 0.71mm/s and 1.41mm/
s, respectively, shown in Figure 10(f ).

According to the results of the local sliding velocity
distribution and evolution over the cavity surfaces, the local
sliding distribution was similar to the shear stress distri-
bution, namely, the rolling contact interface was divided into

the backward slip zone, the stick zone, and the forward slip
zone. 'e stick zone was a narrow and invert belt per-
pendicular to the rolling direction, and the stick zone was the
boundary of the forward and backward slip zones. 'e
direction of the local sliding was the same to the rolling
direction in the backward slip zone, and the direction of the
local sliding was adverse to the rolling direction in the
forward slip zone. 'e amplitude distributions of local
sliding were in a V-shape, the local sliding in the stick zone
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Figure 8:'e transient shear stress distribution at six different instances during the simulation: (a) T/6, (b) 2T/6, (c) 3T/6, (d) 4T/6, (e) 5T/6,
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was nearly zero, the bigger sliding in backward and forward
slip zones was present at the boundaries of rolling entrance
and exit sections. 'e magnitudes of local sliding at the
rolling entrance sections were bigger than those at the rolling
exit sections in every transient.

In order to evaluate the local slip magnitude over
roller cavities accurately, the local slip magnitude was an
average value of the maximum local slip and four nearest
nodes’ local slip. 'e ratio between the standard deviation
and the mean value is usually smaller than 16.05%; the
errors were acceptable, and the tested results were valid.
'e evolution of local sliding magnitudes and their
standard deviations are presented in Figure 11. In general,
the local sliding velocity magnitudes increased firstly and
decreased sharply at 2T/3. 'e local sliding velocity
magnitudes at the backward slip zones were always bigger
than those at the forward slip zones. 'e maximum
thickness of the blade’s tip section was smaller than the
maximum thickness of the blade’s bottom section, shown
in Figure 1(b), the rolling direction was directed from the
tip section of the blade to the root section, the reduction
rate of the blank decreased in the blade rolling process,
and the rolling bites shrank.

4. Conclusions

'is paper investigated the contact response distributions
and evolutions of the roller cavities in the compressor blade
rolling process based on the FEM. It was the first study to
quantify the distributions and evolutions of contact re-
sponses for rolling irregular components. It was the essential
step for studying the wear of rollers. 'e major findings are
summarized as follows:

(1) 'e contact between the roller and the blade was
time-location-dependent evolution in the blade
rolling process. 'e contact interface was constantly
updated and replaced with the rotation of the roller.
'e quantized contact pressure distribution was
obtained, and the evolution of pressure distribution
varied frequently. 'e maximum contact pressure is

generally present at the center of the contact in-
terface at every transient.

(2) 'e rolling contact interface can be divided into the
backward slip zone, the stick zone, and the forward
slip zone based on the shear stress distribution. 'e
shear stress magnitudes in the forward slip zone were
smaller than those in the backward slip zone at every
transient. 'e directions of the shear stress were the
same to the rolling direction in the backward slip
zone, and the directions of the shear stress were
adverse to the rolling direction in the forward slip
zone.

(3) 'e amplitude distributions of local sliding were in a
V-shape, the local sliding in the stick zone was nearly
zero, and the bigger sliding in backward and forward
slip zones was present at the boundaries of rolling
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Figure 10:'e transient local sliding at six different instances during the simulation: (a) T/6, (b) 2T/6, (c) 3T/6, (d) 4T/6, (e) 5T/6, and (f) T.
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entrance and exit sections. 'e magnitudes of local
sliding at the rolling entrance sections were bigger
than those at the rolling exit sections in every
transient. 'e directions of the local sliding were the
same to the rolling direction in the backward slip
zone, and the directions of the local sliding were
adverse to the rolling direction in the forward slip
zone.
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