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Abstract

This report studies fatigue in welded steel structures of a conveyor belt using the -
nite element method (FEM) together with hand calculations based on nominal stress.
Three methods were used to evaluate stress at critical locations, the nominal stress
method, the hot-spot method, and the e ective notch stress method. Detailed FEM
models were created where weld geometry and critical stress concentrations were in-
cluded through local mesh re nement in critical regions.

Several load systems were analysed to represent di erent operating conditions of the
conveyor belt. Parameter studies were also performed to evaluate how variations
in weld size and structural con guration a ect the fatigue life. The results show
di erences between the evaluated methods. The e ective notch method predicts higher
local stress levels, while the hot-spot method describes structural stress concentrations
and the nominal stress method mainly represents global stress e ects.

The results indicate that local geometric variations and weld design have a strong
in uence on fatigue performance. Increasing the weld size reduces the stress levels
and improves the predicted fatigue life.

Di erent material models were also analysed. A bilinear isotropic hardening model was
performed to capture the plastic deformation of the structure. The resulting deformed
geometry was then used as the basis for a linear stress analysis. These analyses resulted
in a lower predicted fatigue life compared to the analyses using only a linear elastic
material model. Analyses including large rotation e ects were also performed, but
these did not lead to any signi cant di erences in fatigue life.

Overall, the evaluated methods describe di erent stress elds in welded structures. The
predicted stress levels and fatigue life depend on both the modelling approach and the
weld geometry. This a ects the choice of a suitable fatigue assessment method.
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Notations and Symbols

Fatigue life parameters

N Number of load cycles

Nc Reference number of cycles
N¢ Total fatigue life

N;i Fatigue crack initiation life
Np Fatigue crack propagation life

Stress and strain quantities

nom Nominal stress

m Membrane stress in the plate

b Bending stress in the plate

s Structural hot-spot stress, = m+
HS Hot-spot stress

ENS E ective notch stress

nip Non-linear stress peak

Shear stress
"hs Hot-spot strain

Stress cycle parameters

s;max Maximum structural hot-spot stress in one load cycle
s;min Minimum structural hot-spot stress in one load cycle
Stress range, = max min
s Structural hot-spot stress range
mean Mean stress, mean = —m5-min
amp Stress amplitude, mp = —M25—min
R Stress ratio, R = —min

max

Fatigue and fracture mechanics

c Reference fatigue strength at Nc =2  10° cycles
m Slope of the S{N curve
K, Stress intensity factor range
D;j Fatigue damage per cycle (Miner’s rule)



Material properties
E

Finite element quantities
K

f

a

Vi

Young’s modulus
Poisson’s ratio

Sti ness matrix
Force vector
Displacement vector
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1 Introduction

1.1 Background

In the food processing industry, there is an increasing need to improve the durability
and reliability of production equipment. Conveyor systems play a key role in freezing
applications where stable operation over long periods is required to maintain product
quality and safety.

JBT Marel is a global supplier of food processing equipment and o ers the
GYROCOMPACT®freezer. This freezer uses a spiral conveyor belt to transport
products through carefully controlled freezing environments. During operation, the
conveyor belts are exposed to varying loads caused by belt tension, product weight,
and stack load. Temperature variations also a ect the conveyor system.

These complex loading scenarios in uence the stress distribution and a ect the fatigue

behavior of critical components. Welded joints between rods and side links are often
the most critical components of the conveyor belt. Fatigue failure in these welded

connections can reduce the service life of the belt, leading to unplanned downtime and
may compromise product quality.

For this reason, it is important to understand how di erent design choices in uence
the fatigue life of the conveyor belt. To support design decisions and ensure reliable
performance, the fatigue life of the conveyor belt can be evaluated using both estab-
lished theoretical and numerical methods. These analyses should be complemented by
experimental testing to provide realistic data for model validation and to ensure that
the conveyor system can meet both operational and lifetime requirements.

1.2 Aim and Objectives

The main objective of this thesis is to estimate the fatigue strength of both the NOVA
conveyor belt and its enhanced version. Simpli ed fatigue tests provided by JBT Marel
on both belts are used to validate and compare the theoretical models. To achieve the
overall objective, the following sub-goals are de ned.

"~ To identify and describe the dominant load systems acting on the conveyor belt,
including belt tension, product load, and stack load.

" To analyse the stress distribution in critical components, with particular focus
on welded joints between rods and side links.

" To estimate the fatigue life of the conveyor belt using established fatigue assess-
ment methods.



" To compare theoretical fatigue life estimations with available experimental test
data provided by JBT Marel.

Based on these objectives, the study aims to answer the following research questions.

" How does the introduction of a tension link a ect the load distribution within
the conveyor belt structure?

~ To what extent do the numerical fatigue life estimations correlate with simpli ed
fatigue tests performed for both conveyor belts?

" How does the weld throat thickness a ect the fatigue life predictions?

1.3 Limitations

No experimental data were available for the vertical load systems. Therefore, reduction
factors were only calculated for load systems with belt tension forces. The analyses
still captured stress variations between the di erent methods, which mainly originated
from the welding geometry.

Linear Elastic Fracture Mechanics could provide additional insight into crack propaga-
tion behaviour. However, this method requires detailed fracture models and fracture
data that were not available within the scope of the project.



2 Theory

2.1 Fatigue

Fatigue is a type of damage that develops when a material is exposed to repeated
loading. Even if the stress levels are low, fatigue failure can still occur after many load
cycles [1]. The number of cycles to failure can vary signi cantly, from a few hundred to
several million, and may occur without any noticeable plastic deformation. Repeated
loading and unloading gradually reduces the strength of a structure or component over
time. An example of fatigue damage is shown in Figure 2.1.

Figure 2.1. An example of severe fatigue damage in a ship hull caused by cyclic loading.
Repeated stress variations can cause cracks to form and grow over time,
which may eventually lead to structural failure [2].

Fatigue is not limited to metallic materials like steel. It can also occur in other
engineering materials. For example, polymers and concrete can also experience fatigue
damage. The way fatigue develops can vary between materials due to di erences in
their structure and mechanical properties [1].

2.1.1 Fatigue in Microstructure

Fatigue damage typically begins with small localised plastic deformations that cannot
be recovered. When the load is repeated, these deformations can cause micro-cracks
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to form, as shown in Figure 2.2. As the number of load cycles increases, the micro-
cracks join together into a single dominant crack that propagates until fatigue failure
occurs [3].

Figure 2.2: lllustration showing how a crack occurs between grains when a load is applied
to a structure. The gure shows how a crack develop between material grains
and how dislocation movement within the crystal contributes to fatigue
damage and crack growth [3].

The fatigue life N; can be divided into two main parts, the fatigue crack initiation life

N; and the fatigue crack propagation life . These two stages di er because crack
initiation depends on the material and its properties, whereas crack propagation is
less independent of them. In some cases, most of the fatigue life is consumed before a
crack forms. In other cases, cracks can appear early if defects are already present in
the structure or component [4].

A crack nucleus is the formation of the rst very small crack. This typically occurs
early in the fatigue process when repeated loading begins, provided that the stress
level exceeds the fatigue limit. Cracks often arise due to small internal movements in
the material, known as slip bands. These are localised permanent shear deformations
in the crystalline structure caused by movement within the material, as shown in
Figure 2.3. The formation of slip bands can occupy a large part of the fatigue life.
Initially, the crack grows slowly and irregularly. Later, the growth becomes more
stable and continues in a more de ned direction. Crack propagation begins when the
crack growth becomes stable and directional [4].



Figure 2.3: lllustration of slip bands from a shear driven process in the material
microstructure during cyclic loading [3].

As micro-cracks grow across several grains, they change the local stress eld and
increase the stress concentration at the crack tip. Continued cyclic loading causes
the micro-cracks to join together into a dominant crack. Over time, the crack growth
direction gradually aligns perpendicular to the maximum principal stress. During
propagation, crack growth remains in uenced by the crystal structure and typically
follows a zigzag pattern. In metals, fatigue cracks generally grow through the grains
rather than along the grain boundaries [3].

Fatigue fracture surfaces reveal characteristic features that distinguish them from
static failures. Near the crack origin, the surface is typically very smooth due to
repeated rubbing of the crack faces during slow propagation. At the microscopic level,
small lines called striations may be observed. These lines represent how a crack pro-
gresses per load cycle. At the macroscopic scale parallel growth bands, also known as
beach marks may appear and provide information about crack origin and variations
in loading conditions [3].

2.1.2 Fatigue in Welds

According to Radaj [5], fatigue performance is a critical aspect in the design of welded
structures subjected to cyclic loading. In high tensile steels, welded joints often de-
termine the overall fatigue strength due to the stress concentrations and local material
variations introduced during the welding process. High strength steels, such as case-
hardened and ne-grained structural steels, are commonly used to reduce structural
weight and material consumption. Although these materials generally have higher en-
durance limits in smooth and unnotched specimens, this advantage becomes smaller in
welded joints where notch e ects strongly in uence the fatigue behaviour. As a result,
welded or notched components made from both low- and high-strength steels often
show similar fatigue lives. The bene ts of using high tensile steels are most signi cant
when notch e ects are minimised and the mean stress level is su ciently high.



Geometric Discontinuities

Although geometrical stress concentrations are not the only factors a ecting the fatigue
strength of welded structures, they play a signi cant role in fatigue crack initiation.
Typical geometric discontinuities in welded joints include abrupt changes in cross-
section, weld reinforcement, sharp weld toes and weld roots as shown in Figure 2.4 [3].

Figure 2.4. Example of a weld discontinuity causing local stress concentrations that may
contribute to fatigue crack initiation [3].

These features a ect the stress distribution and locally amplify the stresses, which can
create regions where fatigue cracks can initiate. In particular, the weld toe represents a
critical geometric notch where fatigue cracks frequently originate. This may especially
occur when the applied load is perpendicular to the weld direction [6].

Geometric discontinuities can be reduced through improved detailing. For example by

using smoother weld pro les and more favourable joint geometries. Since the geometric
design is largely controllable, careful detailing is one of the most e ective ways to

improve fatigue resistance [7].

Material Defects and Weld Imperfections

In addition to geometric e ects, the welding process introduces material defects. These
defects can consist of microstructural discontinuities that act as local stress raisers
and crack initiation zones. Although these imperfections are typically small, they can
behave as crack-like defects from which fatigue cracks can grow under cyclic loading.
Common weld defects include undercuts, porosity, inclusions, incomplete penetration,
root defects and lack of fusion [7].

An undercut at the weld toe is one of the most common weld imperfections and is
present to varying degrees in most welded joints. When the load is applied perpen-
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dicular to the weld line undercuts can signi cantly reduce the fatigue strength due
to their sharp notch-like geometry. Similar crack-like defects may also occur at the
weld root in butt welds [8]. An example of an undercut weld and the associated stress
distribution is shown in Figure 2.5.

Figure 2.5: lllustration of a undercut weld and the stress distribution through a steel
plate. The total stress distribution consist of membrane stress, bending stress
and nonlinear stress [9].

Another common weld defect is porosity, which occurs when gas becomes trapped in
the weld during cooling. These pores can act as initiation points for fatigue cracks, as
shown in Figure 2.6. Inclusions can form when slag is not properly removed between
weld passes. Root defects and incomplete penetration may arise from improper joint
preparation or unsuitable welding parameters which may result in internal defects in
the weld. Lack of fusion can happen when the heat is too low or when the welding
is done too fast. This prevents proper bonding between the weld metal and the base
material and is particularly harmful under cyclic loading [3].

Figure 2.6: lllustration of porosity defects in a butt weld and how these defects may
initiate fatigue cracks in both the weld and the base plate [10].

It is not practical to include all weld defects in fatigue analyses. Instead, their com-
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