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Abstract: Tilt bulldozing generates unbalanced loads on two push arms, which leads to the service
lives of the two push arms being different. Because the push arms rotate in triaxial directions during
tilt bulldozing, it is difficult to accurately analyze the fatigue life of the push arm with one specific
boundary condition and loading history. Therefore, a fatigue analysis of the push arms under tilt
bulldozing conditions is proposed based on co-simulation of RecurDyn-EDEM-AMESim in this paper.
The control of tilt bulldozing conditions is realized automatically according to the tilt angle and
blade depth. The dynamic loads of the push arms are accurately calculated in this virtual model.
Subsequently, the stress–time histories are obtained to investigate the fatigue lives of push arms. Both
the overall damage and the initiation positions of the cracks are predicted herein. It is determined
that the fatigue lives of the right and left push arms are 7,317.84 h and 39,381.89 h, respectively. Thus,
the life of the push arm on the blade’s tilted side is reduced by 81.42% compared to the other side.
Additionally, experimental tests are conducted to verify the accuracy of the virtual model. Analysis
results indicate that the strains of the push arms according to the virtual simulation are close to those
measured in the experiments.

Keywords: dozer; push arm; fatigue analysis; tilt bulldozing; simulation

1. Introduction

Dozers are widely used in building construction, road construction, water conser-
vancy, agriculture, forestry, and other earthworks. Owing to severe and continuous loading
cycles and harsh environment conditions, the working device of a dozer is prone to fatigue
failure [1]. A higher failure rate results in a longer downtime and adversely affects project
efficiency and personal safety. Therefore, the fatigue analysis of the working device compo-
nents is particularly important. To predict the whole life of a component, the service-life
proportion under various working conditions should be integrated. The working condi-
tions of dozers can be divided into straight bulldozing and tilt bulldozing according to the
postures of the blades. Tilt bulldozing is used in ditching and slope construction, which is a
common working condition for dozers. Owing to the unbalanced loading, the dozer push
arms on the tilted side of the blade bear great bending torque. Therefore, tilt bulldozing
conditions cause serious damage to the push arms and lead to the service lives of the left
and right push arms being different. Therefore, fatigue analysis of push arms under tilt
bulldozing conditions is relevant, and studying the effect of tilt bulldozing conditions on
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the lives of the push arms could provide suggestions for the improvement of operation
modes and structural design for dozers.

Many scholars have performed fatigue analysis of dozer components. Based on
ANSYS, Geng Liu et al. [1] analyzed the fatigue life of a dozer blade under two working
conditions—the left corner of the blade suddenly impacting the ground and the middle
of the blade suddenly impacting the ground—and proposed a structural improvement
method. Kyekwang Choi and Jaeung Cho [2] predicted the possible damage area of the
blade during actual construction by applying excavation loads at the front end of the blade.
However, the common feature of the above studies is that they are all based on specific
postures or operating states, and the positions for analysis are generally the parts that are
expected to be more prone to failure. The accuracy largely depends on the experience
of the operator; therefore, the analysis results may differ from the actual damage. To
overcome these defects, Qingxin Ding et al. [3] proposed a method for estimating the
fatigue life of an excavator boom under all working conditions and obtained a fatigue
life closer to the actual value. However, the variable digging forces were replaced by a
constant force calculated theoretically, and the posture of the working device was assumed
to be unchanged. While the push arms of the dozer move in the spatial dimension during
tilt bulldozing, the external forces acting on the push arms change with its posture. The
problem that the applied loads are inconsistent with the actual external forces can be
overcome by associating the load spectrum measured in the experiment with the finite
element model for the fatigue analysis [4]. However, the push arms of the dozer contact
the soil during tilt bulldozing, and the front and rear ends of the push arms are comprised
of spherical pins, which makes it difficult to install sensors for measurement. Therefore, to
obtain more accurate fatigue lives of the push arms, a method that could analyze the entire
motion postures and the external dynamic loads of push arms is needed. The movement
and forces of complex mechanical systems can be analyzed based on excellent simulation
technology. Zi-Yue Wu [5] simulated the straight bulldozing condition of a dozer using
the multibody dynamics method (MBD) and analyzed the kinematic response of the dozer;
in this analysis, the ground was modelled as a rigid surface, and the soil loads acting
on the blade were simplified as constant forces. In addition, the constraint forces were
used to drive the track and oil cylinders of the dozer. However, tilt bulldozing conditions
involve the complicated coupling of machinery systems, hydraulic systems and soil. The
hydraulic pressure changes with the external loads, which affects the traveling speed of
the dozer and the forces acting on the push arms. Soil loads acting on dozer components
will also be affected by the blade depth and the flow and deformation of soil. Therefore, it
is difficult to accurately calculate the dynamic loads acting on the push arms by using a
single MBD simulation. A multi-disciplinary and multi software co-simulation can make
the system simulation more accurate. Due to the need to consider the shape and contact
forces of particles, the discrete element method (DEM) based on EDEM software has been
widely used to model soil [6–8]. The interaction between components and soil under
various working conditions can be well simulated by combining the DEM with MBD
technique [9,10]. Additionally, hydraulic simulation technology based on AMESim has
been widely used to analyze the response characteristics of hydraulic systems [11,12]. The
deficit of hydraulic simulations, which is that the external loads must be known, could be
addressed by combining the MBD with hydraulic simulations [13].

To overcome the defects of the existing fatigue analysis, a method to analyze the
fatigue lives of the push arms under tilt bulldozing conditions is proposed in this paper. A
complete dozer system, including the mechanical model, hydraulic control system model,
and soil model, is established by integrating the advantages of MBD, DEM, and hydraulic
simulations, and comprehensive tilt bulldozing conditions are simulated. The external
loads acting on the push arms in tilt bulldozing conditions are accurately calculated.
Additionally, the fatigue damage and lives of the overall push arms are analyzed based on
rigid-flexible coupling technology [14,15] and Miner criterion. Additionally, experimental
tests are conducted to verify the accuracy of the virtual model. The strains of push arms
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during tilt bulldozing are measured, and they match well with those obtained from the
virtual simulation. According to the differences in the lives and damages between the left
and right push arms, suggestions for the structural improvement and operation method of
the dozer are provided.

The presentation of this paper is organized as follows: first, the modelling details
of the dozer dynamic model, soil model and control system model are presented. Then,
the dynamic tilt bulldozing conditions are simulated, and the fatigue damage and lives
of the push arms are analyzed. Next, the accuracy of the simulation model is verified
experimentally. Finally, the conclusions of this paper are provided.

2. Simulation Model
2.1. Dozer Dynamic Model

The response of components under actual working conditions can be predicted based
on a high-fidelity MBD model [16]. The integrated dynamic model of the dozer, including
the working device, track system, and frame, is created in this study using the RecurDyn
software [17,18].

The working device model of the dozer is shown in Figure 1. The majority of the
components in the working device model are constrained by spherical joints such that the
blade can make three-dimensional movements, as is the case in reality. The push arms
are connected to the pitch arm (tilt cylinder) and is braced through cylindrical pins with
clearance fits in a real dozer. Spring forces with six degrees of freedom (DOFs) in [19] are
used to model this clearance connection.

Figure 1. Working device of the dozer.

The finite element method (FEM) is a powerful numerical analysis technique for
solving complex engineering problems [20]. Fatigue failure is caused by cumulative
damage on the component surface under alternating external loads. Therefore, the push
arms should be modelled as flexible bodies using FEM to analyze the damage on the
element surfaces. In addition, soil loads act on the linkages of the working device through
the blade during bulldozing, and the rigid blade model cannot deform as it does in reality.
Thus, the blade is also required to be modelled as a flexible body to realize the accurate
transfer of soil loads. Similarly, the pitch arm also must be modelled as a flexible body.
Tetrahedron elements are used to mesh the components. Force-distributing rigid elements
(FDR) [19] are used to connect the rigid and flexible components of the working device.
The flexible blade, right push arm, left push arm, and pitch arm created contain 131,258,
12,007, 11,973, and 14,319 nodes, respectively.

The finite element components obtained are transformed into modal flexible bodies
using modal reduction technology [21]. The modal flexible body method makes use of the
modal vectors and coordinates of the deformed body to describe the elastic deformation,
and the modes that contribute slightly to the deformation can be ignored. Therefore, the
dynamic characteristics of the components can be described accurately using fewer modal
DOFs, which greatly improves the calculation speed. On the premise of ensuring the
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accuracy of analysis, the first 47 modes of the push arms are considered in this paper.
Figure 2 presents the first two mode shapes of the right push arm.

Figure 2. Mode shapes of the right push arm: (a) the first mode shape; (b) the second mode shape.

The track system model, which is comprised of track shoes, the track roller frame, the
carrier roller, the sprocket, the idler, etc. [22], is created based on the parameters provided
by the manufacturer. The constraint relationships among the components in the track
system are established based on the RecurDyn_ LM module in RecurDyn [23,24].

Because the external loads acting on the push arms are not affected by the frame,
the frame is modelled with simplification. The simplified frame features the same mass
and centroid position as the actual frame. The complete dynamic model of the dozer is
established by fixing the working device system and track system with the frame.

The overall space motion range of the created working device is consistent with reality.
Figure 3 shows the rotation angle of the left and right push arms as the the blade tilts right
to its maximum inclination. The included angles between the push arm and the ground are
shown in Figure 3. Therefore, it is necessary to create a complete simulation model of the
dozer and make a fatigue analysis of push arms under complete tilt bulldozing conditions.

Figure 3. Rotation angles of the push arms.

2.2. Soil Model

An accurate soil model is a prerequisite for simulating the actual external loads. There
are currently several methods for creating soil models, such as the particle FEM [25,26],
material point method (MPM) [27,28], and DEM. The DEM considers the soil as a collection
of discrete particles with certain shapes and masses and takes into consideration the
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interaction forces between the soil particles. Therefore, the DEM is used to model cohesive
soil in this study.

The cohesive soil that exists in nature consists of particles with varying volumes,
shapes, stiffness, moisture contents, and adhesion forces. Creating a soil model that exactly
reflects the size, shape, and properties of the actual soil is impossible. However, soil
particles can be created by scaling the size, approximating the shape, and calibrating the
modelling parameters based on physical experiments. The reliability of this method has
been confirmed in [29].

In reality, the majority of the soil particles comprise irregular clusters, which can be
approximated by multiple spheres in a simulation. The greater the number of spheres used,
the closer the simulated particle shape will be to that of real soil; however, the required
amount of calculations increases. However, a small number of spheres would be insufficient
to accurately simulate the geometric contact between the soil particles. Accordingly, a
cluster sphere comprised of three spheres is used to model the soil particles. The maximum
size of the established soil particles is 53 mm. The intrinsic parameters, contact parameters,
and surface energy for the soil are then preliminarily set based on the soil properties of the
dozer test site and the parameters calibrated in the literature [30]. Furthermore, the surface
energy and contact parameters are calibrated based on the volume and shape of the soil
when the blade contains a shovelful of soil in the experiment.

Finally, a soil bed comprising 1,100,000 particles is created based on the message of
a single soil particle, which is a box with the length, width, and height of 20 m, 6 m, and
0.6 m, respectively.

2.3. Control System Model

The control system is the key for dozers to work normally. The control system model,
shown in Figure 4, is created based on the schematic of the actual hydraulic system and the
control method of the working conditions for the dozer.

Figure 4. Control system model.

Because the dozer bears a large resistance torque during tilt bulldozing, the first gear
is generally adopted to provide the maximum driving force. Under the first gear condition,
the motors are maintained at the maximum displacements to ensure the maximum torque
output, while the displacements of the walking pumps vary according to the external loads.
Therefore, in this study, the travel control system of the dozer is simplified as a variable
displacement pump and constant displacement motor system.
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The travel control system is based on the dozer travel hydraulic system with the
addition of engine speed and pump displacement control. The engine speed is adjusted
by a constant power method, and the displacements of the variable pumps are varied by
controlling their input currents. The details of the control logic are as follows. At the initial
time, the engine speed is maintained at 0 to complete the blade tilt in the dozer stationary
state. Then, the engine speed increases to the maximum value, and the displacements
of the pumps also reach maximum values for the first gear condition. With increasing
bulldozing resistance, the actual power of the system calculated using Equation (1) increases.
When it exceeds the rated power of the engine, the engine speed is adjusted according to
Equation (2), and the displacements of the pumps remain at the maximum values. Then,
the engine speed remains unchanged as the engine speed is reduced by 100 rpm, and the
displacements of the pumps are adjusted according to Equation (3). In this way, the actual
power of the system changes near the rated power of the engine.

The power provided by the engine is converted into the output torque of the motor
through the hydraulic system. Then, the torque is amplified by the deceleration system
with a certain ratio and inputted into the sprockets of the dynamic model by the functional
mock-up interface (FMI) [31], wherein the deceleration system is composed of a pair of
spur gears and a planetary gear train.

Ps
e = P ·Q (1)

where Ps
e is the actual power of hydraulic system and P and Q are the total pressure and

total output flow of the hydraulic system, respectively.

n =
9550 · Pe · 2 · π

P ·V (2)

where n and Pe are the speed and rated power of the engine, respectively. V is the total
displacement of all pumps.

Vp =
Pe − ∆Pe

Pp · n (3)

where Vp is the displacement of travel pump. ∆Pe is the actual power of hydraulic system
other than travel system. Pp is the total pressure of two travel pumps.

The working device control system is used to control the lift cylinders and tilt cylinder.
The telescopic movements of the lift and tilt cylinders are controlled by calculating the
differences between the target displacements and the actual displacements fed back from
the dynamic model and then converting the deviations into control signals for reversing
valves through the proportional–integral–derivative (PID) controller.

The target displacements of the cylinders are calculated according to the blade depth,
slip rate, height of the blade right tip, lift cylinder stroke, and tilt cylinder stroke of
the dynamic model extracted by the FMI. The slip rate of the dozer is calculated using
Equation (4). The control details of the lift and tilt cylinders under the tilt bulldozing
condition can be divided into the following five stages:

(1) Initial stage. All the oil cylinders remain stationary to ensure the stability of the system
within the first 0.5 s;

(2) Blade lifting and tilting stage. The lift cylinders retract at the speed of 0.2 m/s to lift
the blade. Then, the lift cylinders remain stationary as the blade is 0.3 m above the
ground. Subsequently, the tilt cylinder retracts at a speed of 0.2 m/s to make the blade
tilt right to its maximum inclination;

(3) Soil cutting stage. The lift cylinders extend at a speed of 0.25 m/s to lower the blade
for cutting soil. Then the lift cylinders remain stationary to collect the soil as the
blade depth (distance from the ground to the middle of the blade lower edge) reaches
0.13 m;

(4) Soil collection stage. The movement of the lift cylinders is controlled according to the
real-time detected blade depth and the slip rate, such that the soil can be collected
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within the target depth range, i.e., 0.08 m to 0.16 m, and within the specified slip rate
range, i.e., less than 0.3. The speed of the lift cylinders is 0.13 m/s;

(5) Soil unloading stage. The lift cylinders retract at a speed of 0.5 m/s for unloading the
soil, as the simulation time is greater than 20 s. When the blade is lifted, the right tip
is 0.03 m above the ground and the tilt cylinder retracts at the speed of 0.3 m/s to
rotate the blade back.

s =
w · r− v

w · r (4)

where s represents slip rate of the dozer track, w and v are angular velocity of sprocket
and forward speed of the dozer, respectively, and r is pitch radius of the sprocket.

3. Fatigue Analysis

The push arm of the dozer is made of a square steel pipe welded with supporting
plates. The material of the push arms is HF50_10 steel, which is defined according to the
SAE J1099 standard [32]. The material parameters are illustrated in Table 1.

Table 1. Parameters of HF50_10 steel.

Yield Stress
(MPa)

Ultimate
Stress (MPa)

Fatigue
Strength

Coefficient

Fatigue
Strength
Exponent

Fatigue
Ductility

Coefficient

Fatigue
Ductility
Exponent

Cyclic
Strength

Coefficient

Cyclic
Strength

Hardening
Exponent

357 490 536 −0.047 4.118 −0.883 481 0.049

The push arms of the dozer are subjected to complex alternating and random loads
during bulldozing. The load-time histories of the push arms should first be obtained
to calculate the fatigue damage. There are two types of load-time histories in a fatigue
analysis: stress-based and strain-based. Since the fatigue of the dozer components is a low-
stress and long-life problem, i.e., high-cycle fatigue, stress-based fatigue analysis methods
are required.

A complete cycle of the tilt bulldozing conditions is simulated by RecurDyn–EDEM–
AMESim co-simulation, which includes blade lifting, blade tilting, soil cutting, soil collec-
tion with a fixed blade depth, and soil unloading. The stress–time histories of the push
arms under the action of soil loads and the mechanism system are obtained based on the
rigid–flexible coupling technique. Then, the damage and fatigue lives of the push arms are
calculated using fatigue theory.

3.1. Co-Simulation Results

Figure 5 presents the cylinder strokes, blade depth, and height of the right tip of the
blade in the simulation. The purple numbers in the figure represent the corresponding
stages in Section 2.3. It can be observed that the oil cylinders in the simulation move
completely in accordance with the control strategy of the control system. The blade depth
is successfully controlled within the target range of 0.08 m to 0.16 m. Figure 6 presents
the soil load borne by the blade and the front joint forces of the push arms in the forward
direction. It can be observed that, with increasing soil volume in front of the blade, the
soil load increases continuously, and the soil load reaches a maximum value of 78,888 N at
19.75 s. Furthermore, the trend in the variation of the front joint force of the right push arm
is similar to the soil load, and the magnitude of this variation is also close to the soil load.
Therefore, the soil loads in the forward direction under the tilt bulldozing conditions are
mainly borne by the push arm on the blade tilted side.
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Figure 5. Cylinder strokes and blade heights.

Figure 6. Soil load and joint forces.

The stress contours of the push arms under the maximum stress state occur at the
beginning of the soil unloading and are presented in Figure 7. It can be observed that
the maximum stress on the right push arm is 52.47 MPa, which appears at the rear of the
supporting plate connected with the tilt cylinder. The maximum stress on the left push arm
occurs at the rear of the supporting plate connected to the left brace. The stresses acting on
the upper surface of the right push arm behind the tilt cylinder are also greater than those in
other areas. Since the maximum stresses do not coincide with welded joints, the influence
caused by the change of material properties can be neglected in the later analysis [33]. The
maximum stresses of the push arms are due to the large bending moment caused by the
instantaneous acceleration of the blade lifting. However, the maximum stresses are far less
than the yield stress of the push arms.

The initiation and propagation of cracks occur on the structure surface. Thus, the
structural stresses obtained by finite element analysis need to be transformed into the
stresses on the element surface by the tensor transformation method. The stress–time
histories of the most damaged surfaces of the push arms are presented in Figure 8. As the
initial 0.5 s of the simulation is for the system to reach stability, the stress data for the initial
0.5 s is neglected. It can be observed that, in the soil cutting stage, owing to the small soil
loads, the push arms bend significantly under the thrust of the cylinder, and the stresses
are thus large. As the soil loads increase, the push arms bend downward less until they
start to bend upward under the effect of the soil. Therefore, the compressive stress of the
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left push arm changes to tensile stress, and the tensile stress of the right push arm changes
to compressive stress. With the increase in the soil loads, the stresses gradually increase
until they reach their maximum value during unloading. Finally, with the decrease in the
soil volume in front of the blade, the stresses decrease rapidly to close to 0.

Figure 7. Stress contours: (a) left push arm; (b) right push arm.

Figure 8. Stress-time histories of push arms: (a) left push arm; (b) right push arm.

3.2. Rain Flow Counting

It can be concluded from the stresses in Figure 8 that the push arms of the dozer
are subjected to random loads during tilt bulldozing. The life prediction based on the
S–N curve requires the external loads to be cyclic. Thus, the random loads should be
converted into cyclic loads with variable amplitudes using the counting method. The rain
flow counting [34] method is most commonly used in fatigue analysis because it is practical
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and follows the stress–strain hysteresis loop. The rain flow counting method assumes
that the random load spectrum is a repeated load–time history based on typical load
spectrum blocks. The random load spectrum can be converted into a variable-amplitude
load spectrum comprising a series of load cycles by identifying all the load cycles contained
in typical load spectrum blocks. Figure 9 presents the cycle graph of the stress amplitude
and mean stress obtained after the rain flow counting for the stress–time history in Figure 8.
As the variation range of the stress amplitude in the stress–time history of the push arms is
small, the cycles in Figure 9 do not change significantly with the stress amplitudes.

Figure 9. Rain flowing counting results: (a) left push arm; (b) right push arm.

3.3. S-N Curve

The fatigue analysis of the components should be based on the S–N curve. The S–
N curve reflects the relationship between the applied stress and the fatigue life of the
component. As the push arms are subject to high-cycle fatigue, the S–N curve is drawn
based on the Masson–Coffin life criterion. The Masson–Coffin life equation is expressed
as shown in Equation (5). The S–N curves of the push arms in double logarithmic form
are presented in Figure 10. The blue curve in the figure represents the standard S–N curve
without considering the influence of fatigue factors, including the notch factor, surface
factor, size factor, load factor, etc. The green curve represents the curve considering fatigue
factors. Since for the push arms, the stress concentration caused by welding and the surface
quality have a greater impact on the fatigue analysis, the green S–N curve is calculated by
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defining the notch factor as 1.2, the surface factor as 0.9, and the other factors as 1 in the
RecurDyn software.

∆σ

2
= σ′f (2N f )

b (5)

where ∆σ
2 is normal stress amplitude for a cycle, σ′f is the fatigue strength coefficient, 2N f is

the reversals to failure, and b is the fatigue strength exponent.

Figure 10. S–N curve of push arms.

As the S–N curve only reflects the fatigue life of the components subjected to sym-
metrical cyclic stresses, it is difficult for it to work well if the mean stress value is non-zero
and the stress amplitude is not large. Thus, the S–N curve is modified using the Goodman
method to transform the non-zero mean stress into an equivalent symmetric stress, as
shown in Equation (6).

σa

Se
+

σm

Su
= 1 (6)

where σa is the stress amplitude, Se is the effective alternating stress at failure for a lifetime,
Su is the ultimate strength, and σm is the mean normal stress for a cycle.

3.4. Fatigue Life Calculation

Fatigue failure is caused by the accumulation of fatigue damage generated by a series
of alternating loads. Components are damaged under any stress, and such damage is
permanent and cumulative. Fatigue failure occurs as the accumulated damage causes
the component to approach its fatigue life limit [35]. The linear damage accumulation
theory proposes that the damage caused by each stress is independent and can be linearly
accumulated. The linear cumulative damage theory significantly simplifies the fatigue
mechanism, and its calculation is simple and accurate. Therefore, the linear fatigue damage
theory (Palmgren–Miner damage criterion) [36] is used to calculate the total damage and
fatigue life of the push arms. The Palmgren–Miner criterion defines the total damage of the
material as D; similarly, the damage caused by a certain load cycle is Di =

1
Ni

, and the total
damage caused by n cycles is calculated using Equation (7).

D =
n

∑
i=1

ni
Ni

(7)

where Ni is the fatigue life of components under σi and ni is the number of cycles under σi.
It can be identified from Equation (8) that the left and right push arms will suffer

fatigue failure after 4,670,992 and 53,768 cycles, respectively. Accordingly, the fatigue
lives of the left and right push arms are 39,381.89 h and 7,317.84 h, respectively, under
the continuous tilt bulldozing condition with a maximum soil resistance of 78,888 N. The
service life of the right push arm is about 18.58% that of the left arm. Therefore, the tilt
bulldozing conditions cause great damage to the push arm on the blade tilted side and
reduce its service life by 81.42% compared with the other side. Therefore, in tilt bulldozing
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conditions, it is necessary to make the blade tilt left and right alternately for bulldozing.
The greater the inclination of the blade, the greater the bending moment borne by the push
arms. Thus, to reduce the occurrence of cracks, working conditions that cause the blade to
tilt to the maximum inclination should be minimized.

λ =
1
D

(8)

where λ represents the fatigue life.
Figure 11 presents the life contours and damage distributions of the push arms. The

parts with the shortest service lives are indicated in red, and the parts with the longest
service lives are indicated in blue. It can be concluded that the rear parts of the sup-
porting plates connected with the pitch arm and tilt cylinder on the push arms are most
prone to generate cracks. Therefore, these positions should be optimized to reduce stress
concentration [33].

Figure 11. Life contour and damage distribution: (a) left push arm; (b) right push arm.

4. Experimental Verification

A tilt bulldozing experiment is developed to verify the accuracy of the simulation
model. The strains on the upper surface of the push arms at a distance of about 515 mm
from the rear joints are measured using strain gauges, as shown in Figure 12. The reason
is that these positions are far away from the tilt cylinder; therefore, the strains will not
be affected by the oil pressure. Additionally, there are no welding parts around, so the
effects of stress concentrations can be disregarded. Figure 13 shows the complete dozer
after installing the strain gauges.

Figure 12. Strain gauges in experiment: (a) left push arm; (b) right push arm.
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Figure 13. The complete dozer after installing the strain gauges.

At the beginning of the experiment, the dozer lifts and tilts the blade in situ and then
moves to the bulldozing area for bulldozing. The bulldozing process includes continuous
soil cutting, soil collection with a fixed blade depth, and soil unloading without the blade
rotating backwards. Each bulldozing cycle lasts approximately 12 s. The target blade depth
range is 0.08 m to 0.16 m. When the dozer slips significantly, the blade is lifted until the
dozer moves forward normally. Then, the blade is lowered again for soil collection. As the
blade depth and slip rate are controlled by the driver based on their operational experience,
it is difficult for the operation to be completely consistent with that of the simulation.
Figure 14a,b present the side view of the soil in front of the blade in the simulation and
experiment, respectively. It can be observed that the soil shape and volume at the front of
the blade in the simulation are almost identical to those in the experiment.

Figure 14. Comparison of the soil views in front of the blade: (a) in the simulation; (b) in the experiment.

Figures 15 and 16 present the push-arm strains obtained from the simulation and
experiment. Because the ground is not even in the experiment, the time cost of the tilt
bulldozing condition, which includes the soil cutting, soil collection, soil transfer and
unloading stages, is not easy for the driver to control. Thus, the time scale of the figures
in simulation does not match well with the experiment. Since the soil in the experiment
is compacted under the action of rain and external forces, the soil blocks are generated
as the blade cuts the soil. Thus, the soil loads acting on the blade are discontinuous and
uneven. Although the bond method [37] can model the compacted soil, the number of
soil particles are about 1,100,000 herein, and thus, too much calculation time is needed.
Therefore, the soil model in the simulation is modeled as a discrete particle group with
adhesion, which means that the soil loads acting on the blade are relatively uniform and
continuous. Additionally, the ground on which the dozer travels in the experiment is not
as flat as that in simulation, resulting in a little tremor of the push arms. Therefore, the
strains in the experiment have larger oscillations than those in the simulation.
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Figure 15. Strains of the left push arm: (a) simulation results; (b) experiment results.

Figure 16. Strains of the right push arm: (a) simulation results; (b) experiment results.

Additionally, as it is difficult for the speed of cutting soil in the experiment to be
identical to the simulation, there are some differences between the strains during the
soil cutting stages in the simulation and the experiment. In the stability stage of the soil
collection, the strain of the left push arm in the experiment is approximately −0.00001, and
in the simulation, this value is approximately −0.000013. In the same stage, the measured
strain of the right push arm is approximately −0.00003; the simulated strain increases
with the soil load, and the maximum compressive strain is −0.00008. The strains of the
push arms in the simulation and experiment can be considered as approximately identical
ignoring the influence of the cylinder speed, shovel depth, and slip rate. It can be concluded
that the simulation model used in this study is consistent with the actual dozer system.
Accordingly, the fatigue analysis results based on the co-simulation model are reliable.

5. Conclusions

Due to unbalanced loading, tilt bulldozing is one of the most damaging working
conditions for dozer push arms. Traditional fatigue analysis methods with specific postures
and known loads are unable to fully reflect the fatigue lives of push arms featuring multiple
postures, and fatigue analysis based on tests is cumbersome and difficult to realize. With
the use of virtual simulation technology, this paper presents a fatigue analysis method
for dozer push arms under tilt bulldozing conditions. The contributions of this paper are
as follows:

(1) The soil loads acting on the dozer components are calculated based on the established
dozer dynamic model and soil model. The soil loads acting on the blade are accurately
transferred to the push arms;

(2) Considering the influence of the hydraulic pressure on the forces of push arms, a
control system model of the dozer is established, which can accomplish the working-
mode control actually realized by driver in combination with the electronic and
hydraulic systems;

(3) The push arms are analyzed in an integrated dozer system, which circumvents the
inaccuracy involved in imposing simplified constraint forces;
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(4) The stress–time histories of the push arms are obtained under the complete tilt bulldoz-
ing conditions based on RecurDyn–EDEM–AMESim co-simulation, which effectively
circumvents the deficiency of static fatigue analysis methods with specific boundary
conditions and loading histories;

(5) The overall damage of the push arms is analyzed by using Palmgren–Miner criterion,
and the fatigue lives of the most damaged positions are predicted instead of predicting
the lives of specified positions according to experience in traditional methods;

(6) The stresses and fatigue lives of the left and right push arms under tilt bulldozing
conditions are compared. It is concluded that the service lives of the left and right
push arms are 39381.89 h and 7317.84 h, respectively, with a maximum bulldozing
resistance of 78888 N. The service life of the right push arm is 81.42% shorter than that
of the left push arm.

Furthermore, the proposed fatigue analysis method visualizes the fatigue life field,
which provides a more accurate model for the discovery of dangerous areas in dynamic
machinery and is conducive to the reliability design and optimization of the push arms. In
addition, the proposed method is efficient and simple and provides an important reference
for the fatigue analysis of other components.
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