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Abstract

During the operation of the axle, the load acting on the axle housing in the vertical direction has a significant
effect on the fatigue life of the components. Cracks are caused by a constant stress concentration in the axle
housing, resulting in fatigue at the concentration point. If the load exceeds a certain threshold, microscopic
cracks will begin to form at the stress concentration point. Later, the cracks grow due to the cyclic load of
fatigue. Eventually, the cracks reach a critical limit and then the structure suddenly breaks. Axle housing
failures are also affected by factors such as uneven load effect, housing slope, and eccentricity. The paper
presents an analysis of reliability and damage to the rear axle of a truck semi-trailer caused by natural
vibrations. For this purpose, finite element analysis where conducted, preceded by a theoretical introduction.
Several vibration modes were considered in order to determine the most likely point of damage initiation to the
semitrailer axle. Comparing the test results with the observations, it was found that natural vibrations in the
range of 53-533 Hz may be the cause of the limited fatigue life of the main tube. Due to the greatest deformation
of the central part of the axis during vibrations, the greatest stresses in the critical zone will occur for mode 8
at a frequency of about 533 Hz which also means many fatigue load cycles.
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1. INTRODUCTION

Technical issues of road transport safety are widely discussed in the world literature. For example, Rievaj et
al. [1] or Dizo and Blatnicky [2] studied the behavior of articulated vehicles with different loading conditions
under heavy braking conditions. Similar research was also conducted by Sarkan et al. [3]. Vehicle stability
studies were also studied by Dizo [2] and Jilek [4]. In turn, the issues of modeling vehicles in motion were dealt
with by Vdovin et al. [5]. Research on failures of safety systems in buses was presented by Kilikeviiené et al.
[6]. Other studies on the impact of the technical condition of the suspension system were presented in [7]. The
durability of the suspension parts refers to the duration of the onset of fatigue, defined as the number of cycles
up to a certain component cracking length under cyclic loads [4,6].

In order to reduce the costs of transporting goods, the aim is to increase the amount of cargo transported. This
can be achieved, for example, by reducing the curb weight of the vehicle in favor of increasing its payload.
However, regulations regarding the axle load on the road surface enforce design changes resulting in an
increase in the number of axles. Unfortunately, the disadvantage of such a solution is the deterioration of
control and maneuverability of the entire transport set [1,8]. The issue of road transport with a load is presented
in the work [7], where the distribution of the center of gravity on the characteristics of the vehicle is presented.
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It turns out that the braking system and suspension have a significant impact on the level of road transport
safety.

In terms of vehicle stability and traffic safety, the proper technical condition of the chassis assembly of a road
transport vehicle plays an important role [9]. For these reasons, this article analyses, based on a numerical
model, the strength of the semi-trailer axle of a truck that was damaged during a transport task.

FEM analyzes (finite element method) are widely used in engineering research, mainly regarding the safety of
transport by various means of transport [7,10]. Vibrations generated in the suspension of vehicles affect the
amplitude and acceleration of the transported load. According to papers [9, 10], the highest spectral density of
charge vibrations corresponds to frequencies up to about 50 Hz. Higher frequency vibrations can also be
transferred to the load. Source may be road irregularities when the truck is traveling at maximum speed or
vibrations generated during braking [11,12].

After axle load during road traffic test, results were published in papers [1,5,13]. Hence, the aim of work was
to find whether the natural vibrations could be the cause of damage to the axle in the described critical place.

2. MATERIALS AND METHODS

The structure of the non-driven axle of the car semi-trailer was analysed. In the area marked with a red oval
(Figure 1a), this axis is sometimes damaged. Local damage to the paint coating is then also visible. This
happened that the place of damage is not in the immediate vicinity of the wheel and is even located on the
inside of the arm, opposite to the wheel. Damage to the paint coating could have arisen as a result of fatigue
deformation of the material surface. The fracture surface has a fatigue character, which leads to the
assumption that the damage was caused by cyclical load changes.
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Figure 1 Complete axle with surrounded area of fracture a) and model for simulations b). Front in Z direction

In order to verify the thesis on the fatigue nature of the damage, a numerical model of the complete axle was
made along with the nearest kinematic nodes (Figure 1b). The weight of the solid elements shown in the
Figure 1 is 79 kg, including about 1 kg of the weight of the welds. In addition, the weight of the wheels with
brakes (120 kg on one side of the axle) was considered, which was assigned to the RP-1 and RP-2 points.
The portion of the weight of the arm, suspension spring and shock absorber contributing to the axle mass was
estimated at 25 kg and assigned to Larm and Rarm points. In result the total mass of the model m = 369 kg.
The fixed elements of the structure, which had no degrees of freedom, were the points of attachment of the
movable suspension elements to the frame (LongL, LongR). Between the Lhinge and Larm points (Rhinge and
Rarm as well) a non-deformable arm was included as a rigid body element (not visible in Figure 1b), which
could rotate around the Y axis at the Lhinge (Rhinge) point.

This model (Figure 1b) contains some simplifications in relation to the real structure, among others: the
possibility of deformation of the suspension arms, which were modeled with rigid body elements, has been
omitted, and it does not consider the stiffness and damping of the road wheels. The wheel was not included in
the model because the stiffness of the tire is usually at least 10 times greater than the stiffness of the



JE. w -
ME IAL

2023 May 17 - 19, 2023, Brno, Czech Republic, EU

suspension springs [14,15], and the centre of mass of the wheel normally is in the axis of its rotation (RP-1
and RP-2).

It was assumed that the spring elements of the suspension have a stiffness of K = 4.5 kN-mm™ and the
damping coefficient of each shock absorber is C = 10 N-s-mm™ [5,16]. For the axle parts the mesh was created
using linear elements of the C3D8R type with reduced integration. As for the number of mesh elements in the
simulation (Figure 1b), 11,496 elements and 17,943 nodes were assumed for the bushings, and 10,120
elements and 20,424 nodes for the main axle tube. The material properties of all parts made of steel had the
following values: Young’s modulus 2.04E+11 Pa, Poisson’s number 0.3 and density 7.8 Mg-m~3.

The results obtained during the simulations were evaluated in terms of possible errors by comparing some of
them with the results of analytical calculations of vibration frequency for mode 1. There was discussed the
probability of occurrence of various types of axle damage, including possibility of cracking of the tube which is
the axle main part. The results and conclusions obtained during the discussion were also compared with the
existing literature reports considering similar problems.

For the first few vibration modes, the possibility of forcing natural vibrations by road unevenness was assessed.
It was assumed that the dynamic radius of the wheel rqg = 498 mm [7]. For the limiting velocities of 5 km- ht
and 100 km- h™1[12], it was estimated what part of the rotation (or the number of revolutions) the wheel should
make between successive road irregularities for vibrations of the calculated frequency were able to occur.

3. RESULTS AND DISCUSSION

Table 1 contains the results of the FEM natural vibration simulations in order of increasing stiffness of the
suspension springs for different vibration modes. Only the frequencies corresponding to mode 1 change
significantly depending on the stiffness. For the other modes, especially 3 and next, the results vary minimally,
if at all. There is practically no difference in natural frequencies for modes 3, 4, 7 and 8.

Table 1 Frequency of the axle natural vibrations

Vibration mode
2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 8

Left, right or
both spring 1 ‘
stiffness (N/mm)

Frequency (Hz)

1* 0.364 52.58 148.82 211.20 275.04 471.71 532.67
1000 11.493 53.47 148.82 211.67 275.73 471.72 532.84
1*, 4500 16.419 54.73 148.82 212.23 276.61 471.72 533.05
4400 23.899 56.33 148.83 14915 213.26 278.05 471.72 533.42
4500 24.163 56.41 148.83 213.31 278.12 471.72 533.43
4600 24.424 56.49 148.83 213.36 278.19 471.72 533.45

1* - minimal stiffness, but not requiring model changes

If the stiffness of the suspension springs were not taken into account (1*), the natural frequency for mode 1
would be 0.364 Hz (Table 1). This means that even when driving at a speed of 5 km/h, it would be enough for
the excitations to be placed on the road every 3.82 m for mode 1 resonance vibrations to occur. Such vibrations
consist in equal deflection of both suspension springs simultaneously. For the dynamic radius of the wheel ry
=498 mm, its dynamic circumference is Lq = 3129 mm. The excitations could therefore be placed in the path
every 1.22 revolutions of the wheel of this axle to generate mode 1 vibrations when the vehicle is moving at a
speed of only 5 km/h. It does not matter that the tires would not be pressed against the road surface. Although
there is no clear information that the simultaneous failure of the suspension springs (resulting in a decrease in
stiffness to 0.0 N/mm) took place, this possibility cannot be completely ruled out either.
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The analysis was also carried out for the case when the stiffness of each of the suspension springs is reduced
(in relation to the nominal one) to K = 1.0 kN-mm~1. The first natural frequency was then 11,493 Hz. Both
suspension springs are evenly deflected, therefore the equivalent stiffness of the system is twice as high as
the stiffness of one spring. Vibration frequency which is calculated from the formula:

f=m = ®

where:
f - the frequency of vibrations (Hz)

K - the stiffness of one suspension spring (N-m™1)
m - the mass of the vibrating axle assembly (kg)

was f = 11.717 Hz. This means that the difference between the simulation result and the calculation was less
than 2 %. For stiffness K = 4.5 kN-mm™, the frequency calculated from the formula (1) f = 24.856 Hz, which
means less than 3 % difference compared to the value of 24.163 Hz given in Table 1. Both these differences
are acceptable because whole axle during simulation additionally rotates (makes rotational vibrations) round
points described Lhinge and Rhinge (Figure 1).

Although mode 1 vibrations are most likely to occur, they do not deform the axis in the damage zone
(Figure 1a). Similarly, the deformation for modes 3 and 4 is only deflection of the outer zone of the axle. The
deformation of the part of the axle that cracks occur for mode 2 (Table 2, Figure 2) and then modes 5-8.

Table 2 contains a summary of the greatest displacement of the axle during natural vibrations for various
stiffness of the suspension springs and various modes of deformation. The deformation is mainly in the x
direction (U1), but for mode 7 it is in the z direction (U3). For modes 3 and 4, the deformation occurs primarily
in the y-z plane, but the magnitude (U) is included in the table. The stiffness (stiffness distribution) of the
suspension springs only slightly affects the largest deformation value during vibration.

Table 2 Characteristic displacement values of axle during few first vibration modes

Vibration mode and (Figure number)

Left, 1 2 (2a) ‘ 3 ‘ 4 ‘ 5 (2b) 6 (2c) 7 (2d) 8 (2e)
right or

both Displacement in direction (mm)

spring
stiffness Ul Ul U U Ul Ul U3 U1
(N/mm) |min|, min max max max min max min max min max min max

max
1* 1.90 -1.97 1.97 2.16 2.16 -3.88 1.34 -3.21 3.21 -7.07 2.22

1000 1.89 -1.97 1.97 2.16 2.16 -3.90 1.34 -3.21 3.21 -7.06 | 2.22

1*, 4500 2.04 -1.79 2.14 2.17 2.17 -3.91 1.37 -3.27 3.16 -7.06 2.24
-7.78 | 0.02

4400

4500 1.87 -1.98 1.98 2.16 2.16 -3.94 1.32 -3.23 3.23 -7.05 2.23

4600

1* - minimal stiffness, but not requiring model changes

For the higher frequency of natural vibrations, the larger deflections there were also calculated. For mode 2,
the deflections are small and symmetrical about the x-axis (Figure 2a), except in the case of unequal spring
stiffness (row 1* 4500 in Table 2). However, for the fifth and subsequent vibration frequencies, the
deformations are much larger and asymmetric (except for the sixth). The theory of elasticity shows that in
nodes where the deformation during vibrations is small, the stresses are correspondingly higher [4,17]. In
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addition, the higher the vibration frequency, the greater the number of fatigue cycles stressing the material.
This means that there may be a large effect of natural vibrations according to mode 5-8 and mode 2 on limiting
the fatigue life of the critical area of the axle structure (Figure 1a).
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Figure 2 Displacement (mm) in main direction in relation to undeformed (black) axle for spring stiffness 4.5
kN-mm~ and vibration modes: a) 2; b) 5; c) 6; d) 7; e) 8. Deformation scale factor 150x. Front in Z direction.

Comparing the test results with the observations, it was found that natural vibrations in the range of 53-533 Hz
may be the cause of the limited fatigue life of the main tube in the critical zone. Due to the greatest deformation
of the central part of the axis during vibrations, the greatest stresses in the critical zone will occur for mode 8
at a frequency of about 533 Hz (Figure 2e). It should be noted that many material fatigue load cycles are
generated even in a short time of vibration occurrence. Slightly less deformation of the axis and lower stresses
from the middle of its part will occur for mode 7 (Figure 2d) and even less for mode 6 (Figure 2c). For modes
2 (Figure 2a) and 5 (Figure 2b), the stress values at the critical point (Figure 1a) should be lower, due to
smaller deformations, and at the same time, the number of fatigue cycles during vibrations is also lower. As in

the publication [5] it can be concluded the considered part of the axle may be characterized by a lower fatigue
life than its other parts.

4. CONCLUSION

It has been proved that the construction of the tested axle is such that its cracking may occur as a result of
stresses caused by natural vibrations of the system with a frequency in the range of (53-533) Hz. Modes of
natural vibration causing the greatest fatigue load on the axle are mode 5-8 and mode 2. Mode 1 causes only
uniform deformation of the suspension springs, and modes 3 and 4 consist in bending only the outer parts of
the axle from the side of the wheels. So, out of the first 8 modes of natural vibrations, only three do not cause
the fatigue load of the part of the axle for which cracking was observed. For this reason alone, it can be
concluded that the considered part of the axle may be characterized by a lower fatigue life than its other parts.
The probability of damage to the axle at the indicated location is increased due to two-thirds more modes of
natural vibrations causing local strain of the material here compared to the outer part of the axle.
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