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Abstract

This report studies fatigue in welded steel structures of a conveyor belt using the fi-
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 effective notch stress method. Detailed FEM
models were created where weld geometry and critical stress concentrations were in-
cluded through local mesh refinement in critical regions.

Several load systems were analysed to represent different operating conditions of the
conveyor belt. Parameter studies were also performed to evaluate how variations
in weld size and structural configuration affect the fatigue life. The results show
differences between the evaluated methods. The effective 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 effects.

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

Different 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 effects were also performed, but
these did not lead to any significant differences in fatigue life.

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

Fatigue life parameters

Stress and strain quantities
Jnom

Um

Obp

Os

OHS

OENS

Onlp

-

€hs

Stress cycle parameters
O s,max

O s,min

Ao
Aoy

Umean

Oamp

R

Fatigue and fracture mechanics
Aoc

m

AK;

D;

Number of load cycles
Reference number of cycles
Total fatigue life

Fatigue crack initiation life

Fatigue crack propagation life

Nominal stress

Membrane stress in the plate

Bending stress in the plate

Structural hot-spot stress, o, = 0, + 0y
Hot-spot stress

Effective notch stress

Non-linear stress peak

Shear stress

Hot-spot strain

Maximum structural hot-spot stress in one load cycle

Minimum structural hot-spot stress in one load cycle

Stress range, Ad = Omax — Omin
Structural hot-spot stress range
Mean Stress, Opean = Z2iomin

Stress amplitude, 0y, = Zoag7min

Stress ratio, R = Zwmin

Omax

Reference fatigue strength at No = 2 x 10° cycles
Slope of the S-N curve
Stress intensity factor range

Fatigue damage per cycle (Miner’s rule)



Material properties
E

v

Finite element quantities
K
f

a

VI

Young’s modulus

Poisson’s ratio

Stiffness 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 offers 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 affect the conveyor system.

These complex loading scenarios influence the stress distribution and affect 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 different design choices influence
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. Simplified 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 defined.

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

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

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



e 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.

e How does the introduction of a tension link affect the load distribution within
the conveyor belt structure?

e To what extent do the numerical fatigue life estimations correlate with simplified
fatigue tests performed for both conveyor belts?

e How does the weld throat thickness affect 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 different 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 significantly, 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 differences 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



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].
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Figure 2.2: Illustration showing how a crack occurs between grains when a load is applied
to a structure. The figure 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 N,. These two stages differ 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 first 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 defined direction. Crack propagation begins when the
crack growth becomes stable and directional [4].
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Figure 2.3: Illustration 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 field 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 influenced 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 fine-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 effects strongly influence the fatigue behaviour. As a result,
welded or notched components made from both low- and high-strength steels often
show similar fatigue lives. The benefits of using high tensile steels are most significant
when notch effects are minimised and the mean stress level is sufficiently high.



Geometric Discontinuities

Although geometrical stress concentrations are not the only factors affecting the fatigue
strength of welded structures, they play a significant 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].

Direction of stress

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

These features affect 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 profiles and more favourable joint geometries. Since the geometric
design is largely controllable, careful detailing is one of the most effective ways to
improve fatigue resistance [7].

Material Defects and Weld Imperfections

In addition to geometric effects, 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-

6



dicular to the weld line undercuts can significantly 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.
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Figure 2.5: Illustration 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: Illustration 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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bined effects are taken into account through experimental fatigue testing and included
in fatigue strength classifications used in structural design standards. Weld defects
cannot be completely eliminated, but their impact can be reduced through proper
welding procedures and quality control [11].

Residual Stresses

According to Schijve [12], residual stresses in welds are caused by temperature changes
during the welding process. When the weld cools down, it tries to shrink, but the
surrounding base material prevents this from happening. This often leads to the
development of tensile residual stresses along the weld direction. If the welded joint is
later subjected to loading in the same direction, these stresses may increase the risk
of fatigue crack initiation, especially in regions where surface imperfections exist.

In addition to longitudinal stresses, welding can also introduce residual stresses across
the weld. These stresses are usually tensile at the surface and compressive within the
material, as shown in Figure 2.7.

Tension Tension

/," > =g ,,’/ Compression
o il W B

Compression e

# %‘A
<

<l
b
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o 2 -
Longitudinal Transverse
Residual stress Residual stress

Figure 2.7: Illustration of residual stresses in longitudinal and transverse direction
generated during welding and the associated stress fields [13].

2.2 Fatigue Terms and Explanation of Definitions

Steel structures are often exposed to fatigue loading that changes during their service
life. In real structures the loads change over time [3]. In laboratory testing, a common
method is to use constant-amplitude loading, where the material is repeatedly loaded
between a maximum and a minimum stress level. The difference between the highest
and lowest stress level is called the stress range and is given by Ao = 0yax — Omin-

The mean stress is given by opmean = ““TJ”’"‘“, and the stress amplitude is given by
Oamp = Zm%min [1]1]. Figure 2.8 illustrates the different parameters associated with
constant-amplitude loading.

8
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Figure 2.8: Illustration of how the stress varies over time during a constant amplitude
loading, including minimum, maximum, amplitude and stress range [14].

The stress ratio R describes how the minimum stress relates to the maximum stress

and is defined as R = Z=i= [3]. Figure 2.9 shows how different values of the stress ratio

correspond to different Hf{i)xading conditions.

y 1. Alternating stress (R = -1)

iaera s aeavs
ey

y 2. Pulsating tension (R = 0)

Stress

y 3. Tension to tension (0 < R < 1)

Stress - Omean

Figure 2.9: Illustration of different stress ratios showing how the minimum and maximum
stress levels vary over time during cyclic loading [13].

As shown in Figure 2.9, R = —1 means that the stress varies between tension and
compression [3], while 0 < R <1 means that the stress remains in tension.



2.3 S—N Curves

The number of cycles that a component can withstand depends mainly on the stress
range [3]. When analysing fatigue, the main purpose is to estimate how many load
cycles a component can endure under different stress levels. Fatigue behaviour is
often described using S—N curves, also called Wohler diagrams. S—N curves describe
the relationship between the stress level and the number of cycles the material can
withstand before failure, and they are often presented on a log—log scale.

Once fatigue experiments have been performed on a steel component, the resulting
test data are used to create these S-N curves [3]. Figure 2.10 shows an example of an
S-N curve.

Finite life region
Fatigue damage occurs

N - Infinite life region
N No fatigue damage

Finite life region N
Fatigue damage occurs R

Infinite life region
No fatigue damage

Figure 2.10: Illustration of a S-N curve used in fatigue analysis, showing the relationship
between the stress range and the number of load cycles to failure. The finite
region represent stress levels where fatigue failure occurs after a certain
number of load cycles. The infinite life region corresponds to stress levels
below the fatigue limit [13].

The upper left part of the curve represents high stress levels. In this region, plastic
deformation occurs quickly, often resulting in failure after only a few load cycles. This
is referred to as low-cycle fatigue. The lower right region represents low stress levels in
the steel component. Under these conditions, the material can withstand a very large
number of cycles without failure [3].

Fatigue crack growth behaviour is commonly described using experimental data for
a given material. In experiments, a cracked specimen is subjected to cyclic loading
with a constant stress range defined as Ao = 0pax — Omin- Crack growth behaviour
is typically described using relationships between crack length, load cycles, and stress
intensity factors. The stress intensity factor range is given by AK; = K nax — K7 min.
Where K. represent the maximum stress in one cycle and the K7, represent the
minimum stress in one cycle. The stress intensity factors also depends on the crack
size and an geometry factor [15].

10



The crack growth rate is expressed as j—]‘@, which describes how fast the crack length

increases per load cycle [15]. Experimental studies presented by Paris in 1962 [3] show
that, for a given load ratio, the relationship between crack growth rate and the stress
intensity factor can be represented by a single curve for a specific material. The crack
growth curve is typically divided into three regions, often referred to as A, B, and C

[15].

log-log

State A i State B ' State C

da
dN

:ch

K Imax

AKyy, AK;

Figure 2.11: Fatigue crack growth curve showing the relationship between crack growth
and the stress intensity factor range during different stages of the crack
propagation [15] .

e State A: In this part of the curve, the crack grows very slowly and propagation
occurs below the fatigue threshold. AKj . This threshold represents the stress
intensity factor range below which crack propagation is very limited or does not
occur [15].

e State B: In this region, the crack growth follows the relation da/dN = C(AK)™
where C' and m are material constants determined from experimental tests. In
this part of the curve the slope is constant, which means that the crack grows
in a stable and predictable manner [15].

e State C: In this part, very high stress levels occur and the crack grows rapidly
as K7 max gets close to the fracture toughness Kp.. The fracture toughness rep-
resents the critical stress intensity factor of the material. As a result, this stage
represents only a small portion of the total fatigue life and is of minor importance
in fatigue analysis [15].
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2.3.1 Rainflow

When a steel structure is exposed to variable-amplitude loading, the stress varies over
time and creates a complex stress history that includes peaks and valleys. To perform
fatigue analysis using S-N curves, this stress history must be converted into a set of
stress cycles with corresponding stress ranges [16]. The rainflow counting method is
commonly used for this purpose. The method transforms the irregular stress history
into a series of closed stress cycles. Each cycle is defined by a stress range and a mean
stress. These cycles can then be analysed in the same way as constant-amplitude
loading used in laboratory fatigue tests. The method identifies the load cycles that
contribute to fatigue damage by pairing stress reversal points in a way that reflects
the material response to repeated loading over time. By doing this, the relevant stress
cycles contributing to fatigue damage are extracted from the loading history and used
in the analysis. An illustration of the rainflow method can be seen in Figure 2.12.

(1) Varying load (2) Cycles identified (3) Filtering

Figure 2.12: Illustration of the rainflow method, including varying load histories, cycle
identification and cycle filtering used in fatigue analysis [16].

2.3.2 Palmgren—Miner Rule

The Palmgren—Miner rule assumes that fatigue damage accumulates linearly [17]. Each
stress cycle therefore contributes a fraction of damage based on its stress amplitude.
The damage for each stress level is calculated according to Equation 2.1.

U%
D, =— 2.1
v (1)
The total accumulated damage is calculated using Equation 2.2.
koo
D= — 2.2
2 -

Where N; is the number of cycles to failure at the stress level corresponding to n;, and
k is the total number of stress levels.

12



2.4 Fatigue Life Assessment Approaches

2.4.1 Nominal Stress Method

The nominal stress method considers the combined stresses resulting from bending
moments and normal forces in a structural detail, as illustrated in Figure 2.13 [3].

Figure 2.13: Illustrating the nominal stress acting in the welded joint, representing the
global stress distribution acting in the welded joint [13].

The nominal stress method is based on the use of an appropriate S—N curve for the
structure. The nominal stress is calculated at the critical location, and the fatigue life
is estimated by combining the S-N curve with a fatigue damage accumulation rule. In
this method, the stress is determined using simplified stress calculations based on the
applied loads and the cross-sectional geometry. Local stress concentrations caused by
the weld geometry are not directly included in the analysis [18].

S—N curves are generally derived from fatigue tests on smooth samples under controlled
laboratory conditions. Because of this, these curves do not account for factors such as
stress concentrations, size effects, surface roughness, and residual stresses, which may
influence the fatigue behaviour of real components. In practical reality, the S—-N curve
therefore needs to be modified to include these effects. This is commonly done by
introducing modification factors, including stress concentration factors, size factors,
and surface factors. By applying these factors, the nominal stress method can provide
a more realistic evaluation of the fatigue life [18].

Finite Element Analysis According to Nominal Stress

When using the nominal stress method, it is often not necessary to use the finite
element models. If the loads, geometry, and boundary conditions are known, simple
analytical calculations are sufficient.

If the finite element method is applied, a relatively simple and rough mesh may be
used. However, care must be taken to ensure that stress concentration effects associ-

13



ated with the local geometry of the welded joint are excluded when determining the
modified nominal stress. For fillet weld analyses using coarse finite element meshes,
nominal stresses should be evaluated based on nodal forces extracted from a cross-
section through the weld. This approach is preferred over using element stresses in
order to avoid underestimation of stress levels [19].

2.4.2 Hot Spot Stress Method

The hot spot stress method for welded joints is used when the principal stress acts
mainly transverse to the weld toe or when fatigue crack initiation is expected to start
at this location. In a welded joint, the weld toe introduces a geometric discontinuity.
This leads to a non-linear stress distribution through the thickness. The stress state
can be described using three components. The membrane stress, bending stress and
a local peak stress [19]. An illustration of this is shown in Figure 2.14.

c)-notchstress = cmembrane + Obending + cnlp

Figure 2.14: Illustration showing the stress distribution through a welded joint. The
total stress distribution consists of the membrane, bending and nonlinear
stress and are used in the hot spot method [19].

The stress components can be obtained by decomposing the stress distribution, o(z)
through the thickness, where x varies from (0) at one surface to (¢) at the opposite
surface. The membrane stress (Omembrane) has the same stress value across the thick-
ness. The shell bending stress (opending) changes linearly through the thickness. The
non-linear stress peak (oy,) is self-equilibrating and depends on the size of the weld
as well as the weld toe geometry. All three stress components can be calculated using
the following equations [20].

1 x=t
Omembrane — ;/ U('I) dz (23)

=0

2 /. o

o =t t
Obending = _/ (O'(-ZC) - Umembrane) <§ — .CI?) dx (24)

2x
O'nlp<x) = O(.’L’) — Omembrane — Obending (1 - 7) (25)
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The local notch effect is usually not evaluated directly. Instead, its effect is included
in the corresponding S-N curves [20]. This is because the exact weld geometry is not
known during the design phase. The structural hot spot stress is therefore defined by
summing only the two linear stress components according to the following equation:

Ohotspot — Omembrane + Obending (26)

Where opotspot 18 the structural hot-spot stress.

The hot spot stress is determined by evaluating stresses at selected reference points,
as shown in Figure 2.15. The method is mainly used for assessing the weld toe. Some
examples are shown in Figure 2.19. However, it can also be extended to other potential
fatigue crack initiation locations. This can be done by using the structural hot-spot
stress on the surface of interest as an indication of the stress state. The S-N curves or
stress concentration factors used for verification depend largely on the geometric and
dimensional parameters and are only valid within the range of these parameters [20].

Total Stress

3 Reference Points

Structural Stress ! /
/ Stress on Surface

Figure 2.15: Hot spot stress definition and the illustration of the reference points used for
extrapolation in calculations of the hot spot stress. The figure also shows
how the stress gradient increases closer to the weld toe along the thick
line [21].

According to the ITW recommendations and the Designers Guide to the structural hot
spot approach, two types of hot spots in welded details can be identified. Type "a”
corresponds to a weld toe located on a plate surface. Type ”"b” corresponds to a weld
toe located at a plate edge. These two configurations are illustrated in Figure 2.16
[19].
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Type "b"
hot spot &

Type "a"
hot spot

Figure 2.16: Type ”a” and type ”b” hot spot weld configurations used for fatigue
evaluation in the hot spot method [20].

Type ”a” Hot Spot

Figure 2.17 illustrates how the stress distribution through the plate thickness changes
near a type "a” hot spot. At a distance of 0.4¢ from the weld toe, the local stress
peak becomes significantly smaller, and the stress distribution is close to linear. This
behaviour is used in the extrapolation procedure for estimating the structural hot-spot
stress.

0.4t

Figure 2.17: Stress distribution through a plate, where the red region represents
non-linear stress and blue linear stress for a type ”a” hot spot weld in the
toe [19].

Type ”a” Hot Spot Using Strain Gauges

During fatigue testing, this structural stress can be determined using strain gauges and
extrapolation. Two strain gauges labeled A and B, are placed at fixed distances from
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the weld toe as seen in Figure 2.18. Based on these measurements, the structural strain
at the hot-spot location is determined by linear extrapolation. The structural hot spot
method assumes that the stress field outside the local region varies approximately
linearly through the chosen reference points, as seen in Figure 2.15.

Strain A Strain B

/ /

1.0t

Figure 2.18: Gauges are placed at locations ”A” and ”B” used for the hot spot strain
evaluation near the weld [20].

The structural hot-spot strain is then calculated according to the following equation
after extrapolation is perfomed:

Ehotspot = 1.67e4 — 0.67¢p (2.7)

Where €4 and ep are the strains measured at distances 0.4¢ and 1.0¢ from the weld
toe.

There are cases where linear extrapolation may lead to an underestimation of the
structural hot-spot stress [19]. This may occur when a loaded plate rests on a relatively
stiff elastic foundation or in stiff structural configurations where the stress field is
influenced by surrounding components. In such situations the stress increases in a
non-linear manner as the weld toe is approached. In these cases it is more appropriate
to apply a quadratic extrapolation method using reference points located at distances
of 0.4¢, 0.9¢, and 1.4t from the weld toe. The structural hot-spot strain is then given
by the following equation below.

Enotspot = 2.5264 — 2.24 e + 0.72¢¢ (2.8)

After the strain values have been extracted at the reference points, the structural
hot-spot stress can be calculated. This approach is valid only for a uniaxial stress
state [20]. A uniaxial stress state means that one stress component dominates and the
other stress components are small enough to be neglected. The relationship is given
by the following equation.

Ohotspot = EEhotspot (29)

Where FE is the elastic modulus and &4 is the structural hot-spot strain.
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Type ”b” Hot Spot

Hot spot type “b” differs from type “a” because for type “b” details the stress field is
mainly governed by the plate edge geometry rather than the local weld profile [19].
Therefore, IIW recommends fixed reference points. These reference points are placed
at the distances 4, 8, and 12 mm. The measured strains are then converted into
stresses and the structural hot-spot stress is calculated using equation 2.10 [19].

Ohotspot — 304mm — 308mm + T12mm (210)

2.4.3 Classification of Welded Joints Using the Hot Spot Method

In the hot-spot stress method, welded joints can be divided into different categories
depending on how the load is transferred through the weld [19]. These categories in-
clude load-carrying, partially load-carrying, and non-load-carrying welds. Figure 2.19
illustrates examples of these different weld categories.

(a) (b) (c) (d)

Figure 2.19: Welds shown in cases (a) and (c) are fully load-carrying. In case (b), the
weld does not primarily carry the applied load. Welds at cover plates or
collar plates, as shown in (d), carry part of the load and are therefore
classified as partially load-carrying [19].

If there is any uncertainty regarding the classification of a weld, it should be assumed
to be load-carrying.

Finite Element Analysis According to Hot Spot

When modeling hot-spot stresses using finite element analysis, the goal is to determine
the structural stress at the weld toe or weld end, since fatigue cracks may initiate at
these locations. The first step is to identify where critical hot-spot points are most
likely to occur. This is done by choosing between the two previously defined hot-spot
types, Type “a” and Type “b” [20].

Finite element analysis is performed under linear-elastic conditions, since plastic de-
formation is not expected under fatigue design loads [22]. Shell or plate elements
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may be used for modelling thin plate structures because these elements can represent
both membrane and bending stresses in the plate. For more complex geometries, solid
elements may also be used [20].

To capture the the stresses near the hot spot, a sufficiently refined mesh is required.
The element size is generally chosen within the range of t/4 to t/10, where ¢ denotes the
plate thickness [19]. This makes it possible to evaluate the structural hot-spot stress.
The detailed weld geometry is not included in the model since it is not considered in
the hot-spot method.

2.4.4 Effective Notch Stress Method

Fatigue failure is, as mentioned earlier, a common problem in welded steel structures,
especially at locations where geometric discontinuities exist. Features such as holes,
welds, or sudden changes in geometry create stress concentrations that strongly influ-
ence the fatigue strength. These localised stresses are referred to as notch stresses and
are important when predicting fatigue crack initiation.

The effective notch stress method considers the local stress concentrations at either
the weld toe or the weld root. The approach was originally introduced by Heinrich
Neuber and is based on linear-elastic theory [13].

In this method, a fictitious notch radius is introduced to reduce the stress concentra-
tions that appear at sharp notches. The concept is illustrated in Figure 2.20.

Figure 2.20: Illustration of fictitious notch radius used in effective notch method to
reduce the influence of sharp geometric in welded joints [20].

The choice of the S-N curve to calculate the effective notch stress depends on the notch
radius being used. The S-N curves for the effective notch method were established
using fatigue test data obtained from welded specimens [11]. According to IIW [11],
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the following characteristic fatigue strengths should be used for different notch radii.
The fatigue strengths are summarized in Table 2.1.

Table 2.1: Fatigue strength classes for steel welds used in the effective notch stress
method and implemented in the finite element analyses [11].

Notch radii [mm] | Characteristic fatigue strength
1 FAT 225
0,05 FAT 630

From the characteristic fatigue strength, an S-N curve can be derived. Figure 2.21
shows the S—-N curves corresponding to different FAT classes.

4000 4
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10 T T T ]
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Figure 2.21: S-N curves used for different FAT-classes in fatigue evaluation of welded
structures. The blue line represent Fat 225 while the black line represent fat
630, both are for the von Mises stresses [13].

Finite Element Analysis According to Effective Notch Stress Method

As mentioned previously, one of the challenges when performing stress calculations
using the finite element method is that very high stress concentrations may occur at
the weld toe or weld root [11]. In numerical models, this can lead to stress values that
approach infinity and therefore become unsuitable for fatigue assessment.

To address this issue, the recommendations provided by ITW [11] suggest introducing
a fictitious notch radius of 1 mm for steel structures with plate thicknesses greater
than 5 mm. For plates with a thicknesses smaller than 5 mm, a fictitious radius of
0.05 mm may be used. This radius replaces the irregular weld geometry present in
real welded joints. The radius can be introduced either at the weld toe or at the weld
root. Figure 2.22 illustrates how the effective notch radius is implemented in the finite
element model.
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Hexahedral (8-noded) Tetrahedral (4-noded)

'

Figure 2.22: Illustration showing how the radius and refined mesh is implemented into
the finite element model accuretly to capture stress variations in the weld
[22].

When implementing the radius into the finite element model a keyhole or U shaped
geometry is often used, as seen in Figure 2.23. The keyhole geometry is constructed
so that the vertex of the reference circle is located at the weld root while the length
of the non-welded root faces is maintained. This preserves the essential geometric
characteristics of the real joint while still introducing the reference radius required
by the method. In this way, the local stress distribution at the weld root can be
represented without altering the overall joint configuration [11].

A ol o

a) b) c)

Figure 2.23: Illustration of the different notch geometries when using the effective notch
and implemented in the finite element models, including the original sharp
notch, keyhole notch, U-shaped notch [11].

When applying the effective notch stress method, a conservative meshing strategy is
required. The weld and surrounding regions must be finely meshed since the fatigue
stress is evaluated directly at the notch. A refined mesh ensures that the stresses
converge to realistic values instead of increasing towards infinity at sharp geometric
discontinuities.
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The size of the element could be chosen according to Table 2.2. An example of how
the mesh is applied is shown in Figure 2.22.

Table 2.2: ITW recommendations for fictitious notch radii and corresponding mesh sizes
used in effective notch stress analysis [11].

Element formulation Relative mesh size r=1mm r =0.05 mm
(t>5mm) (<5 mm)

Hexahedral, quadratic <r/4 0.25 mm 0.012 mm
Hexahedral, linear <r/6 0.15 mm 0.008 mm
Tetrahedral, quadratic <r/6 0.15 mm 0.008 mm

2.5 Fatigue Behavior of Spot Welds

Although extensive research exists on the fatigue life of resistance spot welds, un-
derstanding fatigue crack initiation and propagation remains challenging. This is
primarily because cracks originate at the sheet interface, which is a critical region
with complex micro-structural changes, making fracture mechanics analysis difficult.
Additionally, cracks are not easily observable until significant damage has occurred,
which requires the use of indirect measurement techniques [23].

Crack initiation is strongly influenced by stress concentrations, particularly around
the spot weld circumference. Studies show that cracks may initiate close to the spot
edge and can occur early in the fatigue life, sometimes after as little as 10% of the
total fatigue life has elapsed. However, visible crack growth is often not observed
until approximately 50% of the total fatigue life has been reached. Experimental
observations also indicate that the stiffness remains largely unaffected until the cracks
reach a considerable size [23].

For spot welds, there are three different failure methods. Either pull out failure, plug
failure or interfacial failure, which could be seen in Figure 2.24.

Z A /

() (b) (0

Figure 2.24: Three different failure modes for spot welds during cyclic loading. a) Pull
out failure b) Plug failure c) Interfacial failure [23].
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A study by Ibrahim T. et al. [24] investigate how fatigue behavior is affected by the
tensile shear of spot welds, in particular, focusing on the influence of geometric para-
meters and loading conditions on fatigue life. Experimental tests were conducted on
tensile shear specimens, subjected to cyclic loading, where different failure modes were
observed depending on the applied load levels. At higher loads, fatigue failure occurred
primarily through shear fracture in the weld nugget, whereas at lower loads, crack initi-
ation and propagation were observed in the surrounding base material. These findings
demonstrate that the fatigue behavior of spot-welded joints is highly dependent on
load magnitude and stress distribution.

The study [24] also highlights the critical role of geometric parameters in fatigue per-
formance. Factors such as sheet thickness, weld nugget diameter and plate width sig-
nificantly influence stress distribution and crack initiation. Increased sheet thickness
and weld size generally increase fatigue resistance by reducing stress concentrations,
while inappropriate geometric configurations can accelerate crack growth. Further-
more, residual stresses generated during welding are shown to play a crucial role in
fatigue behavior, where tensile residual stresses promote crack initiation and reduce
fatigue life, while compressive residual stresses can delay crack propagation.

2.6 Bilinear Isotropic Hardening

Bilinear isotropic hardening is a simple elasto-plastic material model that describes
the mechanical response of metals after yielding [25]. The theory behind it assumes
that the material behaves linear elastic until it reaches the yield stress, after which
plastic deformation occurs, and the yield surface expands in all directions.

When the stress reaches the initial yield strength, plastic deformation begins. After
this stage, bilinear isotropic hardening is used to approximate the plastic region.
The following relation is used to describe the isotropic hardening, as shown in Equa-
tion 2.11 [25].

o(h) = YS + Ey(<?) (2.11)

Y'S describes the initial yield strength, Ej; is the tangent modulus and e? is the accu-
mulated plastic strain.
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3 Method

3.1 Method—selection Rationale

In the thesis, three methods have been used to evaluate the fatigue life of the welds; the
effective notch-, hot spot- and nominal stress methods. These three methods were used
to capture both the local and global stress and fatigue behavior of the conveyor belt.
This was necessary because the research questions involve both load redistribution and
local weld fatigue behavior. Therefore, all three methods were necessary to evaluate
how the loads were distributed within the conveyor belt, how the stress concentrations
developed in the welds, and how the conveyor belt responded under different Load
Systems.

The effective notch method focuses on the local structural stresses using modeled
notch radii. However, this method does not describe the global load distribution and
is sensitive to mesh quality and complex geometry. The hot spot method primarily
focuses on the structural stresses near the weld, where geometric discontinuities cause
stress increases. This method does not fully capture the very local stress concentrations
that develop at the weld root. The nominal stress method, on the other hand, evaluates
the global stress level without considering local weld geometry. Therefore, comparisons
between the results obtained from the different methods must be made with caution.

In the experimental test, the conveyor belt was subjected to a pure tensile load applied
on one side of the belt. The finite element analyses were therefore designed to replicate
these loading conditions as closely as possible.

3.2 Fatigue Life Assessment Approach according to
Eurocode

According to Chapter 5 of Eurocode 3 Part 1-9 [26], fatigue verification shall be
performed for steel structures. Two different verification concepts were defined. The
first was the safe-life concept, which implied that the structure was designed so that
fatigue failure was not expected to occur during the intended service life. The second
concept is the damage-tolerant concept, which was based on the assumption that
fatigue cracks could occur, but that the cracks would be detected and repaired before
they could lead to failure.

Each steel structure consisted of several constructional details where local stress con-
centrations could occur. In Chapter 3.1.1 of Eurocode 3 Part 1-9 [26], different con-
structional details, such as welded joints and similar features, were identified. For each
constructional detail, the most unfavorable potential crack initiation location was then
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identified, for example at the weld root. This location subsequently governed the entire
fatigue design.

The nominal stresses according to Chapter 7 of Eurocode 3 Part 1-9 [26] were cal-
culated using a linear-elastic analysis. The nominal stress was defined as the elastic
stress in the constructional detail while neglecting local stress concentrations. A stress
range was then determined for the considered detail. In the case of constant-amplitude
loading, the same stress range applied to all cycles. However, when variable-amplitude
loading was present, cycle-counting methods such as the rainflow method may be re-
quired according to Eurocode 3 and Annex A [26].

In Chapters 8 and 10 of Eurocode 3 Part 1-9 [26], each constructional detail was
classified and characterised by the characteristic reference stress Aoc. The fatigue life
was then evaluated using the corresponding S-N curves defined by a specified slope
parameter "m”.

3.3 The Finite Element Model

In this thesis, finite element models were developed in ANSYS to analyse the fatigue
life of the conveyor belts. The finite element models can be constructed using either
shell or solid elements. In this study, only solid elements were used. The advantage
of using solid elements was that they captured complex stress states more accurately.
However, the main disadvantage was the increased computational cost.

3.3.1 Material Parameters

All components, including the welds, were made of steel and were assumed to behave
in a linear-elastic manner. The standard material properties from ANSYS used in the
finite element models are summarised in Table 3.1.

Table 3.1: Material Properties used in the finite element analysis for the conveyor belt
components and welds.

Property of steel | Value | Unit
Density 7850 kg/m?
Young’s modulus 210 x 10° | Pa
Poisson’s ratio 0.3 -
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3.3.2 Geometry

Below in Figure 3.1 the conveyor belt and its individual components are shown. The
figure also includes the tension link. As will be mentioned later the analyses will be
performed both with and without the tension link installed. The mesh net on which the
products are transported on can also be seen. To simplify the finite element models,
this component has not been included in the analyses.

Side Link

Mesh

Figure 3.1: Overview of the conveyor belt, including tension link, side link, rods and
mesh. In this case the tension link is included in the conveyor belt.

The thesis included two different conveyor belt designs, the Nova Belt and the En-
hanced Nova Belt. The geometries of these two belts differed, as the enhanced version
included an additional tension link. To reduce the computational cost, symmetry was
utilised when constructing the finite element model, which allowed the model to be
halved and later reduced to a even smaller number of side links. The finite element
model is shown in Figure 3.2.
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Figure 3.2: An overview of the geometry of the enhanced conveyor belt model including
the side links, rods, tension link and welds used for the finite element analysis.

Nova Conveyor Belt

The Nova conveyor belt was made of two components, side links and rods, as shown in
Figure 3.3. As mentioned previously, both the rods and the side links were modelled
using solid elements.

Figure 3.3: An overview of the geometry of the enhanced conveyor belt model including
the side links, rods and welds used for the finite element analysis.

Enhanced Nova Conveyor Belt

The enhanced conveyor belt model was composed of three different parts, side links,
rods, and an additional tension link. The tension links were positioned between two
rods, as illustrated in Figure 3.4.
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Figure 3.4: Geometry of the enhanced conveyor belt configuration where an tension link
were introduced between the rods.

Geometry of Welds

The rods and side links were connected by four different welds. Two were located on
the outer side of the vertical link (top welds), and the other two were located near
the edge of the rod and connected to the side link foot. These welds were the only
connections between these components, making them responsible for transmitting all
applied loads between the rod and the side link. The welds, as well as the other
components, were modeled using solid elements. In this thesis, only the upper left
weld was analysed, as previous tests and investigations had shown that this was the
most vulnerable weld. The different welds are shown in Figure 3.5.

o

Figure 3.5: The figure shows the geometry of the different welds in the finite element
model. Where the weld highlighted in green represents the weld investigated
in this study.
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The weld geometry was modeled to resemble the real weld geometry as closely as
possible. Therefore, the top weld in the FEM model was rounded, as shown in Fig-
ure 3.5. The belt foot weld was constructed in such a way that it reflected the real belt.
However, since this weld was not included in the analysis, its geometry was defined
arbitrarily.

As shown in Figure 3.6, a 0,05 mm radius was introduced at the root of the weld. This
was done according to the effective notch method [13].

Figure 3.6: Illustration of how the notch radius is applied in the root of the weld in the
finite element model. The figure shows the connection between the rod and
weld and is seen without the side link included.

By introducing the notch radius in the finite element model the stress concentrations
in the root converge towards a stable value. A notch radii of 1 mm is often used when
calculating the effective notch stress. However, if this radii is inserted into the present
model, too much material of the weld, side link, and rod is removed. Therefore, it is
more suitable with a radii of 0,05 mm.

3.3.3 Mesh

According to ITW [11], the different parts of the model were meshed separately in
order to obtain a finite element model that balanced accuracy and computational ef-
ficiency. A finer mesh was applied in the weld regions and at critical stress locations,
while coarser meshes were used in areas away from the welds to reduce the computa-
tional cost. The coarse mesh consisted of high-order elements, for example 20-node
isoparametric elements.

When using the effective notch stress method, the mesh size was chosen according to
Table 2.2. In this case, the radii was set to 0.05 mm, and the element size for the
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mesh around the radius was set to 0.008 mm. Further away from the notch radii, the
mesh was coarser. This was done to reduce computation time, since this area was not
of primary interest.

According to Table 2.2, the different meshing approaches that could be used to analyse
welds using the effective notch method were presented. The weld being analysed was
located on top of a rod. Therefore, tetrahedral elements with a quadratic formulation
were used to obtain an appropriate representation of the weld regions. A mesh con-
vergence study was performed to determine when the results for the welds of interest
had converged.

To reduce the stress concentrations caused by meshing irregularities, the front weld,
link, and rods were modelled as a single combined part. This approach ensured a
smoother stress distribution. The applied mesh configurations for the combined geo-
metry are illustrated in Figures 3.7 and 3.8.

Figure 3.7: Mesh configuration used in the analysis. The rod, side link, and welds were
meshed and modelled as one continuous part in order to achieve a smoother
stress distribution.

Figure 3.8: Fine mesh applied around critical weld regions in order to reduce stress
concentrations caused by meshing irregularities.
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A mesh convergence study was performed to ensure that reliable results were obtained.
The study was conducted for Load System C, since it was the least computationally de-
manding load system. The convergence procedure was performed for both the effective
notch method and the hot-spot method.

For the effective notch method, the maximum stress value at the notch was used to
evaluate how the stress changed as the mesh was refined. A convergence study was
performed by gradually reducing the surrounding element size and investigating how
the stress varied, as seen in Figure 3.9. The element size at the notch radius was kept
unchanged, since the selected element size already followed recommendations proved
by ITW. Additional mesh refinements were not performed to keep the calculation time
down. The mesh size was reduced down to 2mm for the effective notch.

Effective Notch
1,4

1,2 .——‘—_./‘_/
1

0,8

0,6

Normalized stress

0,4
0,2
0
2 2,5 3 3,5 4
Element size (mm)

Figure 3.9: Mesh convergence study for the effective notch method. The normalized
stress values are slowly decreased and approach a stable result, indicating
that the selected mesh size provides a stable accuracy for the result.

For the hot-spot method, a reference point located at a distance of 1,0t from the weld
root was used to evaluate how the stress varied with mesh refinement. Since the side
link, rod and welds was modelled as one part. The element size of the entire component
was gradually reduced until the stress variation became smaller and more stable. The
stress value converged when the mesh was 1 mm, as seen in Figure 3.10.

32



Hot Spot
1,6
1,4
1,2

0,8
0,6

Normalized stress

0,4
0,2

1 1,5 2 2,5 3 3,5 4
Element size (mm)

Figure 3.10: Mesh convergence study for the hot-spot method. The stresses extracted at
the reference point become more stable as the mesh is refined, indicating
convergence of system.

3.4 Load Systems

As the belt moved through the freezer, it was subjected to varying loading condi-
tions. These loading conditions could be broadly categorized into two main load
types: belt tension and vertical loading. The forces acting on the bottom layer of the
belt are shown in Figure 3.11, which also illustrates the regions in the freezer where
the products were located on the belt. Within the stack, the combined weight of the
products and the belt induced bending in the rods, which were constrained by the side
links on the tier above.

Product load

!

Wrapping force from second tier

Stack load, from product, belt
and air pressure on tiers above

® = | =

Traction force from the conveyor
belt being pulled forward

® ®

Figure 3.11: Illustration of how the different loads acted on the conveyor belt. The
product load acted vertically on the rods. The stack and wrapping forces
acted on the top of the side link, while the tension force acted on the belt
foot.
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In this study, only the vertical load from stacking, the belt tension, and the product
load acting on the rods were considered. The wrapping force was neglected. The
vertical load and the stacking load vary over time due to the operating conditions
of the conveyor system, whereas the product load was assumed to remain constant
throughout the analysis.

3.4.1 Load System A — Belt tension Without a Tension Link

In Load System A, the conveyor belt was subjected only to the tension force arising
from the drive system and the friction forces between the belt and the supporting
structure as the belt was pulled through the freezer. To reduce computational cost,
the model was limited to three side links in this Load System.

Figure 3.12: Finite element model of Load System A, where the conveyor belt is
subjected to tensile loading without tension link.

In the finite element model, this force was applied to the surface area of the rod where
the next side link was intended to be placed. In this way, a model was obtained that
corresponded to the real-life situation. The tensile force was then scaled linearly using
step cycles. In Figure 3.13, illustrates how the force was applied.
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Figure 3.13: Illustration of the applied tensile loading used for Load System A in the
finite element analysis.

The tensile force acting on the conveyor belt varied. To represent different operating
conditions, seven load steps were defined. The maximum force for each load step was
increased according to the normalised force shown in Figure 3.14. Each load step
represents a different force range used in the fatigue analysis.

Normalised Force-Load

1.2

0.8
0.6

0.4

Nomalised Force

0.2

1 2 3 4 5 6 7
Load step

Figure 3.14: Seven different normalised force levels used in the finite element analysis of
Load System A and B, scaled linearly with a 20% increase between each
load step.

Boundary Conditions — Load System A

Load System A was subjected only to a tensile force, which required appropriate
boundary conditions to represent the real-life structure. In reality, the belt consisted
of a large number of side links arranged in series, but in this case the model was limited
to three links. Therefore, the model was restrained against displacement at the last
side link in the same direction as the applied force, as shown in Figure 3.13.
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An additional boundary condition was applied at the belt foot, where translation in the
y-direction was constrained, as shown in Figure 3.15a. Finally, a symmetry boundary
condition was applied at the ends of the rods since the model was halved, as shown in
Figure 3.15.

(a) Boundary condition used in the finite element model where the belt foot
was prevented from moving in the Y-direction.

(b) The final side link was constrained in the loading direction in order to
prevent rigid body motion of the model.

(c) Symmetry boundary conditions were applied in the YZ-plane to represent
half of the conveyor belt model in the analysis.

001
1

Figure 3.15: Boundary conditions used for Load System A.

Connections — Load System A

For Load System A, different connections were defined. A rigid contact was applied
between the weld, side link and rod, causing them to share topology and behave as a
single component. Between the rod and the oval hole, a frictional contact was defined.
This type of contact allowed the two components to remain in contact until the friction
limit was reached, after which sliding could occur, as illustrated in Figure 3.16.
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(a) Rigid contact between rod and link — back.

[l Frictional - 190817AAR@100 (10) Diameter Hole1 To Weld_01.2\Fillet1 (Contact Bodies)
[l Frictional - 190817AAR@10.0 (10) Diameter Hole1 To Weld_01.2\Fillet1 (Target Bodies)

(b) Frictional contact between side link and the rod at the
oval hole.

(c) Rigid contact between weld and link — back.

Figure 3.16: Connections used for Load System A in the finite element model.
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3.4.2 Load System B — Belt Tension with Tension Link

For Load System B, the model was reduced to only three side links, since the enhanced
Nova belt with tension links was considered. The finite element model used in the
analysis is illustrated in Figure 3.17.

Figure 3.17: Finite element model used for Load System B, including the tension link in
the conveyor belt system.

Since tension links were included, the force was applied at the last rod where the
tension link would normally have been located. The tensile force was then scaled
linearly using step cycles. Figure 3.18 illustrates how the force was applied. The
evaluated stress was the von Mises stress, which was used for fatigue life evaluation.

Force

Force
Step 1/10

Figure 3.18: Illustration of applied tensile loading used for Load System B in the finite
element analysis.

The load was applied in the same manner as in Load System A, see Figure 3.14.
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Boundary Conditions — Load System B

Load System B used the same boundary conditions as Load System A. However,
instead of restraining the first side link against displacement in the z-direction, the
first tension link was restrained, as shown in Figure 3.19.

Figure 3.19: The model restrained from movement in the loading direction (Z-direction)
by fixing the last tension link.

Connections — Load System B

The connections for Load System B were the same as those used Load System A.
The only difference was that the frictional contact at the oval hole was replaced by
a frictional contact at the tension link. This meant that no frictional connection
existed between the rod and the side link. The new frictional contact is illustrated in
Figure 3.20. This contact was defined between all tension links and the corresponding
rods.

Figure 3.20: Frictional contact defined between tension link and the rod in the finite
element model.
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3.4.3 Load System C — Vertical Load without Tension Link

In Load System C, the vertical force was applied to a model without a tension link.
The model was reduced to an analysis of a single side link, as illustrated in Figure 3.21.

Step 1/10

N

Figure 3.21: Finite element model used for Load System C, where the conveyor belt was
subjected to vertical loading.

The force was applied on top of the side link, representing the stack load as seen in
Figure 3.22. The product load is applied as a line load along the upper part of the
rods to represent the weight of the product, as seen in Figure 3.23

Force
Step 1/5

|

v
43
X

Figure 3.22: The vertical force applied on top of the side link to represent the stack load
on the conveyor belt.
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Figure 3.23: Illustration of the distributed loading condition used to represent the
product weight acting on the rods at Points A and B used in Load System
C. This force maintained at the same magnitude throughout all load steps.

In this load system, five different cyclic forces were applied at the top of the side
link, as seen in Figure 3.22. In Figure 3.24 the maximum normalised force for each
force range is illustrated. These five forces were selected according to the information
provided by JBT Marel.

Normalised Force-Load
1.2

0.8
0.6

0.4

Normalised force

0.2

1 2 3 4 3
Load step

Figure 3.24: Five different loads applied in the finite element analysis of Load System C,
with increasing load magnitude for each step.

In addition to the vertical load applied to the side link, the product load acting on the
rods was also included, as shown in Figure 3.23. This force was constant for all load
steps and corresponds to the heaviest product transported on the conveyor belt. The
resulting stress contribution from this load was almost negligible, therefore no lower
loads were analysed.
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Boundary Conditions — Load System C

Several boundary conditions were applied in Load System C. Similar to the other
models, symmetry boundary conditions were used at the center of the belt, in order
to reduce the computational cost. In addition, the belt foot was constrained against
translation in the y-direction, as illustrated in Figure 3.25.

Displacement 2
Displacement
Step 1/5

Figure 3.25: The belt foot is constrained from translation in y-direction beneath the side
link foot in the finite element model.

Furthermore, a small section on the side of the side link was constrained in the z-
direction. The upper edge of the side link was also partially constrained, where a
small line at the top was fixed in the x-direction. See Figure 3.26.

Displacement 3
Displacement
Step 1/5

Figure 3.26: Illustrating of the boundary conditions used to constrain the model in the
x-direction at Point A and in the z-direction at Point B.

42



Connections - Load System C

The connections for Load System C are made in the same manner as presented in 3.4.1
for Load System A. The connections for Load System C are illustrated in Figure 3.27.

(a) Connection between the weld and link in the back.

v

<

(b) Connection between rod to weld in the back.

Figure 3.27: Connections used in the finite element model for Load System C.
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3.5 Calculation of Fatigue Life

The fatigue life was calculated according to Eurocode 3 Part 1-9: Fatigue [26]. The
following relation was used. See Equation 3.1.

Ao,
N;=N,- (AO") (3.1)

Where Ao, represented the characteristic fatigue strength at 2 x 10® cycles, m was the
slope of the resistance curve, Ao denoted the stress range and N, was the reference
number of cycles. The value of Ao, was selected according to the relevant detail
category, as presented in Table 4.1. The stress range was then determined using either
analytical or computational methods. The slope parameter m was obtained from the
S-N curves corresponding to the chosen detail categories. By using this expression,
the fatigue life NV; for each stress cycle could be calculated.

3.6 Calculation of Nominal Stress

In this thesis, the nominal stress was determined using analytical calculations accord-
ing to Eurocode part 1-9 [26].

The stress state in the weld was evaluated for a tension-loaded connection both with
and without a tension link. Both direct loading and the effect of load eccentricity were
considered. The following parameters were selected to represent those used in the
finite element model allowing a comparison between the different calculation methods.

Throat thickness
Weld length
Applied force

o ™~ o

Eccentricity
The effective weld area is given:
A=a-L (3.2)
The direct shear stress acting on the weld due to the applied force is calculated as:
F
= — 3.3
= (33)

An eccentric load introduces an additional bending moment, defined as:
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M=F-e (3.4)

The weld is treated as a line element with throat thickness a. The bending stress is
calculated based on the second moment of area of the weld group:

M -
oy = Ty (3.5)

where y is the distance from the neutral axis to the point of interest, and [ is the
moment of inertia of the weld.

The nominal stress is obtained by superimposing the direct and bending stress contri-
butions:

nom — 3.6
o Y, (3.6)

3.7 Factor for Reduction of Loads Applied to Load
System C

After the vertical load system without a tension link had been evaluated, Miner’s rule
was used to derive a reduction factor. According to [26], Miner’s rule was described as
a method for calculating cumulative fatigue damage. It was used to estimate fatigue
damage under variable amplitude loading. The method assumed that each stress level
contributed to the total fatigue damage and that these contributions could be added
linearly.

For different load steps divided into k stress levels, the accumulated damage was
defined as

P (3.7)

1 7

S

D=

=

k
i=

where n; was the number of cycles applied at stress level ¢, and N; was the number of
cycles to failure at the same stress level according to the selected S—-N curve.

Failure was assumed to occur when the accumulated damage reached

D> 1. (3.8)

From the finite element method analysis of the Load Systems A and B with horisontal
loading, a reduction factor was obtained by scaling the stresses until the predicted
fatigue life matched the experimental data from the conveyor belt tests performed by
JBT. This reduction factor was then applied to Load System C, which represented the
vertical load system.
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By applying this factor, a more representative estimate of the actual fatigue life of the
conveyor belt was obtained.

3.8 Parameter study — Load System A

A parameter study was carried out using the effective notch method by varying the
weld throat dimension, as illustrated in Figure 3.28. The parameter study was per-
formed for Load System A as this load system produced the highest stresses in the weld
from previous analyses in this study. First a reference model was created. The weld
throat was then reduced by 0.5 mm and increased by 0.5 mm in separate analyses.
After each modification the simulation was run again to evaluate how the stresses
changed.

t (throat) S

Figure 3.28: Illustration showing the weld throat. The throat represent the shortest
distance between the weld root and the weld face [20]. The weld throat
dimension was varied in the parameter study by increasing and decreasing
the size.

3.9 Bilinear Isotropic Hardening — Load System B

For Load System B, a plastic analysis using bilinear isotropic hardening material was
performed. The procedure consisted of first loading the model using the nonlinear
material properties until the desired load level was reached. The structure was then
unloaded and the displacements from the unloading step were extracted. These dis-
placements were mapped onto a second model with purely elastic material properties,
which was solved again. The results from the elastic and plastic analyses were then
compared. This procedure was carried out for three load steps. The material proper-
ties used in the bilinear isotropic hardening model are summarised in Table 3.2.
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Table 3.2: Material data used for bilinear isotropic hardening model in the finite element
analysis. The material model includes the yield strength and tangent modulus
used to represent the plastic behavior of the steel after yielding.

Parameter Value
Tangent Modulus Type Plastic
Yield Strength 2.5-10%Pa
Tangent Modulus 2-10° Pa

3.10 Analysis of Large Deflection — Load System B

An investigation of whether large deflection affected the result was also carried out
using the effective notch stress method for Load System B.

Large deflection means that the stiffness matrix of the system is updated as the struc-
ture deforms. This enables accurate simulation of large displacements, significant
rotations, stress stiffening, and buckling. These effects cannot be captured using lin-
ear analysis which assumes small deformations and linear behavior. The equation used
in the finite element method is given by [27]:

Ka=f (3.9)

where

K = the stiffness matrix, a = the nodal displacements, f = the applied load.

3.11 Generative Al

Artificial intelligence (AI) was used as a support tool to improve the language and
structure of the text. With the aim of enhancing clarity and readability. All suggested
improvements were carefully reviewed to ensure that the intended meaning of the text
was preserved. Al was also used to help identify relevant theoretical topics for the
study. All material suggested by ai was carefully reviewed and verified. The use of Al
provided an additional perspective on which theoretical aspects were relevant, both
for the study that was conducted and for providing a sufficient theoretical foundation
for the proposed future studies.

Al was also used to generate figures based on specified requirements, which were
subsequently reviewed to ensure accuracy and quality.
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4 Fatigue Life Assessment

In the following chapter, fatigue life assessments were performed for the different Load
Systems. The corresponding FAT classes for the different evaluation methods are
presented in Table 4.1.

Table 4.1: Different FAT - classes used for the evaluated fatigue assessment methods in
the study. The selected FAT classes were chosen based on weld geometry and
recommendations from ITW and Eurocode [11], [26].

Effective notch | Hot spot | Nominal stress
FAT class [MPa] 630 100 80

All presented stress values, as well as comparisons between stress values, were based
on the von Mises stresses. This was because the applied loading conditions satisfied
the requirements for using the von Mises stress criterion rather than the maximum
principal stress criterion, which could only be applied if specific conditions were ful-

filled.

4.1 Fatigue Life — Load System A

Fatigue life calculations were performed for Load System A, which concerns a conveyor
belt without a tension link. In this case, seven different load levels were used.

4.1.1 Real-life Testings and Theoretical Fatigue Results

Experimental testing was conducted by JBT Marel. During the experimental testing,
seven different load steps were applied. At each load step, a specified number of cycles
was performed. Failure of the conveyor belt occurred during the seventh load step.

The experimental results are compared with the analytical results obtained using the
effective notch, hot spot, and nominal stress methods. A summary of the performance
of the different methods is presented in Table 4.2.

A value below 100% indicates that the predicted stresses are lower than those observed
in the experimental testing, implying an overestimation of fatigue life. Meanwhile, a
value above 100% indicates that the predicted stresses are higher, corresponding to a
more conservative estimation of the fatigue life.

The table was created by scaling the stresses for each method by a constant factor
so that all methods reached failure during the same final load step as observed in the
experimental test. Miners rule was then used to calculate the number of stress cycles
for each load step, to determine the number of cycles required for each method to
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reach failure. The calculated value for each method was then compared to the original
result for each method. This made it possible to evaluate how closely each method
predicted the fatigue life observed in the experimental test data. Since the result was
scaled linearly but the load also varied linearly, there is very little variation in the
result between the different load steps.

Table 4.2: Comparison between the aim value and the evaluated fatigue life results for
the different stress assessment methods at each load step. The table shows
how the effective notch, hot-spot, and nominal stress methods differ in their
predicted fatigue response relative to the aim value of 100%.

Load step | Aim value | Effective notch | Hot spot | Nominal stress
1 100% 344.86% 74,11% 60,23%
2 100% 348,56% 74,21% 60,23%
3 100% 351,26% 74,28% 60,23%
4 100% 353,10% 74,28% 60,23%
5 100% 354,23% 74,18% 60,23%
6 100% 354,85% 74,07% 60,23%
7 100% 355,06% 74,65% 60,23%

4.1.2 Fatigue Life Evaluation

The fatigue life calculations were based on three different stress evaluation methods,
the effective notch-, hot spot-, and nominal-stress method. For the hot spot and
effective notch stress methods, stresses are evaluated using the finite element method
in ANSYS, whereas nominal stress calculations were calculated analytically.

For the different methods, the S-N curves were plotted separately using logarithmic
axes. Both the stress and life cycle values were normalized by dividing the evaluated
values by a constant. All results are presented in Figure 4.1a, 4.1b and 4.1c for the
different evaluation methods. In these plots, load step one is located on the far right,
with subsequent load steps positioned progressively to the left, while the values of the
stress increase as the stress levels increase
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(a) Calculated S-N curve for the effective notch method.
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(b) Calculated S-N curve for the hot spot method.
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(c) Calculated S-N curve for the nominal method.

Figure 4.1: Normalized S-N curves for the different fatigue evaluation methods used in
the study for Load System A. The curves are based on the selected FAT
classes and describes the relationship between stress and number of cycles to
failure. The calculated values were then normalized using a constant.
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4.2 Fatigue life — Load System B

The same procedure as that used for Load System A was applied to Load System B.
In this case, a tension link was included. The same FAT-classes are used as those
presented in Table 4.1

4.2.1 Real-life Testings and Theoretical Fatigue Results

A summary of the performance of the different methods i presented in Table 4.3. The
table shows how far from 100% the different methods are. The comparison presented
in Table 4.3 follows the same approach as Table 4.2.

Table 4.3: Comparison between the aim value and the evaluated fatigue life results for
the different stress assessment methods at each load step. The table shows
how the effective notch, hot-spot, and nominal stress methods differ in their
predicted fatigue life relative to the aim value of 100%.

Load step | Aim value | Effective notch | Hot spot | Nominal
1 100% 337,09% 61,29% | 122,98%
2 100% 341,42% 61,15% | 122,98%
3 100% 345,02% 60,89% | 122,98%
4 100% 348,02% 60,81% | 122,98%
5 100% 350,52% 60,82% | 122,98%
6 100% 352,60% 60,79% | 122,98%
7 100% 351,24% 61,12% | 122,98%

4.2.2 Fatigue Life Evaluation

The S-N curves were constructed in the same way as in Load System A. The values
were normalized by dividing them by a constant and different methods were then
plotted separately using logarithmic axes. The results are presented in Figures 4.2a,
4.2b and 4.2c, showing the relationship between stress and the corresponding number
of life cycles.
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(a) Calculated S-N curve for the effective notch method.
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(b) Calculated S-N curve for the hot spot method.
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(c) Calculated S-N curve for the nominal method.

Figure 4.2: Normalized S—N curves for the different fatigue evaluation methods used in
the study for Load System B. The curves are based on the selected FAT
classes and describes the relationship between stress and number of cycles to
failure. The calculated values were then normalized using a constant.
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4.3 Fatigue Life — Load System C

In Load System C, a vertical force was applied to the side link. The conveyor belt
consists only of one side link and two rods. For this Load System, no experimental
data were available. The analysis is therefore based on the effective notch and nominal
stress methods. The nominal stresses were calculated analytically, whereas the effective
notch stresses are evaluated using the finite element method in ANSYS. The evaluated
stress and corresponding life cycle values are normalized and plotted on logarithmic
axes. Figures 4.3a and 4.3b present the stress-life curves for the two different methods.
Five different load steps were used.
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(a) Calculated S-N curve for the effective notch method.
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(b) Calculated S-N curve for the nominal method.

Figure 4.3: Normalized S—N curves for the different fatigue evaluation methods used in
the study for Load System C. The curves are based on the selected FAT
classes and describes the relationship between the stress and number of cycles
to failure. The calculated values were then normalized using a constant.
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4.4 Comparison of Load System A and B

Seven different load levels were used in the comparison between Load System A and B.
The main differences between these Load Systems were the introduction of the tension
link in Load System B. Nominal-, hot spot- and effective notch-stress methods were
utilised in the evaluation.

For the effective notch stress method the comparison could be seen in Figure 4.4.

S-N Effective Notch Stress Comparison
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—@— Effective Notch Link
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Figure 4.4: Comparison of normalised stress-life curves for Load Systems A and B using
the effective notch method. Seven different load levels were evaluated to
compare how the fatigue life changes between the two cases.

Figure 4.5 presents how the number of life cycles mostly increases when a tension link
is introduced at the different load levels compared to without a tension link.

Differnce in Life Cycles between no link and link -
Effective Notch

%

Load step

Figure 4.5: Increase in predicted life cycles for each load step after the introduction of
the tension link in the conveyor system.
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Then a comparison of the life cycles is made for the hot spot method, which could be
seen in Figure 4.6.
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Figure 4.6: Comparison of normalised stress-life curves for Load Systems A and B using
the hot spot method. Seven different load levels were evaluated to compare
how the fatigue life changes between the two cases.

Once again, the percentage increase in the number of life cycles due to the tension link
is analysed for each load step, this time using the hot spot method.
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Figure 4.7: Increase in predicted life cycles for each load step after the introduction of
the tension link in the conveyor system using the hot spot method.
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A comparison of the life cycles for the nominal stress method is made and is seen in
Figure 4.8
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Figure 4.8: Comparison of normalised stress-life curves for Load Systems A and B using
the nominal method. Seven different load levels were evaluated to compare
how the fatigue life changes between the two cases.

Once again, it is analysed how many percent a tension link changes the number of life
cycles at each load step. This time for the nominal stress method.
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Figure 4.9: Reduction in predicted life cycles for each load step after the introduction of
the tension link in the conveyor system using the nominal method.

4.5 Reduction Factor for Load System C

The reduction factor was then applied to Load System C and the figure below shows
the reduction in fatigue life for each load step. The reduction factor was calculated
using the effective notch stress method.
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Figure 4.10: Reduction in predicted fatigue life for each load step after applying the
reduction factor. The factor was implemented to Load System C to include
stress variations from Load Systems A and B

4.6 Large Deflection — Load System B

When evaluating the stresses using the finite element program such as ANSYS, a com-
parison between analyses with large deflection activated and deactivated are presented
in Figure 4.11. The results correspond to the stresses obtained at each load step for
the respective analyses using the effective notch stress method.

Figure 4.11 shows marginally lower stress values when large deflection is activated. The
difference increased slightly with increasing load step, although the overall variation
remained small.

Large deflection on vs off
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Figure 4.11: Percentage difference between the analyses performed with large deflection
on and off. The comparison illustrates the influence of when large deflection
is activated and the stiffness matrix is updated during the solution process
to include geometric nonlinearity.
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4.7 Parameter Study - Load System A

The parameter study was evaluated based on Load System A, where the maximum
stress values were compared using the effective notch method. Load System A is the
model without a tension link.

Figure 4.12 shows that the stress results differ depending on whether the weld size is
reduced or increased. The weld throat dimension was increased and reduced by 0.5
mm relative to the original model.

Parameter study - Weld throat, t

3 @ O o o —C— ° —e
2
A 1
<=3
7] 0 e e e O < 0
1 2 3 4 5 6 7
-1
o— o o o o o °
2 —
-3
Load step

—@—-0,5mm —@—+0,5mm —@=—0 mm (Original model)

Figure 4.12: Percentage difference in the predicted stress levels between three different
weld throat values. Illustrating how variations in weld size influence the
local stress distribution

Figure 4.12 shows that an increased weld throat thickness reduced the stress by ap-
proximately 1,66%, whereas a decreased weld throat thickness increased the stress by
about 3%.
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4.8 Comparison between Large Deflection and Bi-
linear isotropic hardening — Load System B

In Figure 4.13 and 4.14 a difference was observed between the result when large de-
flection is turned on or off compared to the Bilinear isotropic hardening results. The
compared results are the stresses at three load steps. For both cases, the bilinear
isotropic hardening model resulted in higher stresses in the weld compared to the two
other models, regardless of whether large deflection is enabled or not.

Large deflection off vs Bilinear Isotropic
Hardening
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Figure 4.13: Percentage difference between linear elastic analysis with large deflection
turned off and the Bi-linear isotropic hardening analysis for Load System B.
The comparison show how material nonlinearity influences the predicted
stress at three load levels.
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Figure 4.14: Percentage difference between linear-elastic analysis with large deflection
turned on and the bilinear isotropic hardening analysis for Load System B.
The comparison shows how material nonlinearity influenced the predicted
stress at three load levels.

The difference between the bilinear elastic hardening model and the large deflection
analysis, both on and of was approximately 18% at the fist load step. For load step two
and three, small variations in the predicted stresses were observed when comparing
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the two analyses., also as can be seen, the stresses are higher when large deflection is
on.
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5 Discussion

In this chapter, the results of the fatigue life assessment are discussed and evaluated.
The differences between the evaluation methods are analysed, together with the in-
fluence of different load systems, modeling assumptions, and structural modifications
such as the introduction of the tension link.

In reality, there are several factors that cannot be considered in finite element models.
In the finite element analysis, a perfect weld geometry is assumed. However, in reality,
perfect geometry does not exist, and welds produced during manufacturing cannot be
guaranteed to be flawless or identical. Residual stresses are also present in real welded
structures but were not included in the finite element models. Therefore, complete
agreement between the numerical results and the real behaviour of the structure is
difficult to achieve because fatigue performance in welded joints is influenced by several
uncertainties.

5.1 Load System A & B

Load System A considers the belt without the tension link, while Load System B
includes it. Both systems consider horizontal loading.

When comparing how close the different methods, effective notch, hot spot and nominal
stress are to the actual test data, a certain spread in the results presented in the
Tables 4.2 and 4.3 can be observed. These differences in results are not unexpected.
The different methods are based on different theoretical assumptions and capture
different parts of the stress field for the weld. The results from the different methods
should therefore be seen as complementary approaches to the same load system for the
two different Load Systems A and B. The different methods assess fatigue from different
perspectives such as local peak stresses, structural stresses, and global nominal stresses.

The effective-notch was developed to capture local peak stresses and therefore requires
a very fine mesh in order to provide reliable results. Since the method represents
a local assessment of fatigue risk, small variations in the mesh may generate large
differences in the results. In tables 4.2 and 4.3 it can be seen that this method is
significantly further away from the aim value, compared with the other two evaluation
methods. When comparing Figure 4.1a with 4.1b and 4.2¢, it can be seen that the
effective notch method has a significantly shorter lifetime than the other two evaluation
methods. The method generates very high local stress peaks at the radius, which can
cause the predicted fatigue life to be shorter, compared to the other two methods. For
loading scenarios dominated by shear stresses, as in Load Systems A and B, no explicit
assessment approach is provided in [20]. Existing methods are primarily developed for
loading conditions where the stress component acts perpendicular to the weld. In
cases where the loading is mainly parallel to the weld, it increases the sensitivity of
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the evaluation and may lead to greater uncertainty in the results. Therefore, the use
of these methods with dominant shear stresses remains limited, and a consistent and
well-established procedure for such loading conditions is not clearly defined in the
literature.

At high shear stresses, the effective notch method can become sensitive. This is relev-
ant for the investigated load systems in question, since the stress states in these two
cases are strongly dominated by shear stress acting parallel to the weld. The effect-
ive notch method is often expected to predict higher local stress levels than both the
hot-spot and nominal stress methods, especially when shear stresses are dominant. A
contributing reason is that the method is based on a linear elastic assumption and does
not allow plastic redistribution of stresses. As a result, local shear stress peaks are not
being reduced and may instead be overestimated. For this reason, the effective notch
method may therefore be questionable for load systems with large shear dominated
stresses parallel to the weld according to [20].

The hot spot method is primarily intended to describe the structural stress increase
close to the weld. The method is based on extrapolation of stresses obtained from the
finite element analysis at specified distances from the weld. As a result, the hot spot
captures the global and local effects of load variations, plate thickness and stiffness
variations. Therefore, the hot spot method does not generate the same extreme local
stress peak that the effective notch method generates. As can be seen in Table 4.2
and 4.3, the hot spot method results are located between the effective notch and
nominal stress results.

A possible reason is that the hot spot method is based on extrapolation of stresses
evaluated at specified distances near the weld. Because of this, the method becomes
less sensitive to local stress peaks in the weld compared to the effective notch method.
This results in a lower stress gradient and lower stress values, which in this case show
better agreement with the test results.

In [20] it is explained that the hot spot method is defined for stresses acting per-
pendicular to the weld. Other stress directions, such as loading parallel to the weld,
need to be treated differently and are not directly included in the method. Unfor-
tunately, there are limited data and guidance for such loading cases. As observed in
this study, this can reduce the reliability of the results when the load is dominated by
shear stresses.

The nominal stress method is the most simplified evaluation approach. Since it as-
sumes only a global load distribution, it does not capture local stress concentrations
that influence the fatigue behaviour. As shown in Table 4.2 and 4.3 this method pre-
dicts the lowest values. Local geometric variations are therefore not included in the
analysis, causing the nominal stress to remain constant and potentially lower than the
actual stress state.

In Load System B, the nominal stress method shows the closest agreement with the
experimental test data. In reality, the load is distributed between both the side link
and the tension link. However, in the nominal stress method, the tension link is
assumed to carry the entire load. If load redistribution was considered, the stress
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in the weld would decrease, resulting in an increased fatigue life. As a result, the
percentage for the nominal stress method in Table 4.3 would likely be reduced more.
However, no analysis of the nominal stress method including load redistribution was
performed. The magnitude of this effect is therefore unknown.

In summary, the results of the three different methods show that they capture different
parts of the stress field. As a result, identical results from all methods should not be
expected. The effective notch captures the local peak stresses, hot spot the structural
stress increase and the nominal stress describes the global stress distribution. The dif-
ference in the results is therefore reasonable and reflects the purpose of each evaluation
method.

5.2 Load System C

For Load System C, no experimental data were available for validation. Therefore, the
fatigue assessment is based on the nominal stress method and the effective notch stress
method. In this load system, the belt is subjected to vertical loading, which produces a
different stress distribution compared to the other load systems and thereby influences
the predicted fatigue life differently.

As shown in Figure 4.3b, the nominal stress approach predicts a lower fatigue life
during the first two load steps. This indicates that, at relatively high load levels, the
nominal stress method provides a more conservative estimate of fatigue life than the
effective notch stress method. Omne possible explanation is that the nominal stress
method does not explicitly account for local stress redistribution at the notch in the
same way as the effective notch stress method does. Instead, it evaluates the fatigue
strength based on a structural stress level, which may lead to a lower predicted fatigue
life.

Since no experimental data are available for Load System C, it is not possible to
determine which method predicts the most accurate prediction. Although no exper-
imental data are available, the comparison is still useful because it highlights the
methodological differences between the two approaches. The results indicate that
the predicted fatigue performance depends strongly on the selected fatigue assess-
ment method. The nominal stress and effective notch stress methods evaluate the
stress state differently, which may lead to different fatigue life predictions for vertic-
ally loaded belt conditions. The results should therefore be reviewed with caution
when comparing methods.
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5.3 Comparison Between Load Systems A & B

Figures 4.4 and 4.5 show only minor differences in both stress levels and the fatigue
life for the effective notch method. Load System A and Load System B produce almost
identical results. The introduction of the tension link increases the fatigue life by a
couple of percent and then decreases until load step 6 before increasing again in load
step 7. This may be due to the load being redistributed during the different load steps.
Since the difference is so small it does not necessarily indicate an error in the model.
Instead, the behaviour may reflect variations in how the load is transferred through
the conveyor belt during different loading stages.

In the hot spot method, shown in Figure 4.6 and 4.7, a similar behaviour can again
be observed. However, a greater variation in the result is obtained when the tension
link is introduced. When comparing the fatigue life in Figure 4.7, a more noticeable
difference between the two load systems can be observed. The fatigue life increases by
over 70% when the tension link is introduced. A small reduction in fatigue life is again
observed at load step 5 but then increases again at load step 6 and 7. This trend is
similar to the one observed for the effective notch stress evaluation method.

When comparing the results of nominal stress in Figure 4.8 and 4.9 the largest vari-
ations in the results can be seen. This is particularly seen in Figure 4.9 where the
introduction of the tension link appears to reduce the fatigue life, rather than improve
it. One possible explanation is that the nominal stress only captures the global effects.
Many local effects that are important in fatigue analysis are therefore not captured.
As a result, the predicted behaviour may not fully reflect reality, since large stress
variations are not included.

5.4 Reduction Factor for Load System C

The reduction factor calculated for Load System A using the effective notch stress
approach is relatively large, as seen in Figure 4.10. However, the primary purpose of
the reduction factor is to account for any imperfections or stress levels in the weld that
are not captured in Load System C. Despite the substantial reduction, the resulting
life cycles remain high. The reduced fatigue life is therefore considered a more rep-
resentative estimate than the fatigue life calculated using the finite element method
alone for Load System C without a reduction factor.

5.5 Large Deflection Comparison - Load System B

As shown in Figure 4.11, activation of large deflection results in a small difference in
the stress levels. A reduction of 1% means that no large rotations, deformations or
load path change when the stiffness matrix is being updated.

The stresses in the model are mainly dominated by local geometries and stress con-
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centrations instead of large global deformations or rotations. Therefore, the results
are only marginally affected when activating large deflection.

5.6 Parameter Study - Load System A

In the parameter study, two different weld sizes were investigated and compared with
the original weld size. As shown in Figure 4.12, an increase of 0.5 mm in the weld throat
resulted in approximately 1.7-1.8% reduction of the stress. These results indicate that
a larger weld size improves the fatigue life of the conveyor belt. In contrast, reducing
the weld throat by 0.5 mm led to an increase in stress of approximately 3 %. This
result is consistent with the theory that a smaller cross-sectional area results in higher
stress in the weld, which in turn reduces the number of load cycles the whole belt can
withstand.

5.7 Comparison between Large Deflection and Bi-
linear Isotropic Hardening — Load System B

In figures 4.13 and 4.14 show that the stresses based on the deformations obtained
from the bilinear isotropic hardening analysis are higher than those from a completely
linear elastic analysis. The bilinear model is first performed to capture the structural
deformation and these deformations are then used as the basis for a new linear stress
analysis.

This result is expected because when the material is modeled with bilinear isotropic
hardening plastic deformations occur. These plastic displacements and rotations mean
that the structure is already in a more unfavourable deformed state when the linear
calculation is carried out. The changed geometry affects the load paths and therefore
increase the stress levels in the weld.

The stress increase is approximately 18% for both comparisons with the completely
linear elastic analysis. Since the difference between the cases with and without large
deflection is so small, the result shows that the dominant cause of the stress increase is
the plastic deformation introduced by the bilinear isotropic hardening model, as seen
in 4.13 and 4.14. Large deflection therefore only affects the results very little when
the comparison is made between theses two figures.
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6 Conclusions and Future Studies

6.1 Conclusions

6.1.1 Overall Conclusions

Based on the comparison between experimental tests and the stress distributions of the
finite element analysis, the hot spot stress method is recommended for practical fatigue
assessment of the conveyor belt welds. The effective notch method is more suitable
for detailed investigations of local weld geometry together with stress concentrations.
The nominal stress method can provide a fast and simplified overview of the global
stress beheaviour and quickly generate the fatigue performance of the weld.

By increasing the weld throat thickness it improves the fatigue life of the conveyor belt
by reducing the stresses in the weld. However, larger welds also increase material cost
and manufacturing time. In return, this may lead to stricter inspection requirements.
A larger weld contains more material and therefore has a higher risk of weld defects.
The increased heat input and longer welding time can also affect the stresses in the
weld.

6.1.2 Case study Findings

For Load Systems A and B, the investigated weld was identified as one of the critical
regions due to the high stresses observed in the finite element analysis. The stresses
were mainly dominated by shear stresses, although tensile stresses were also present,
since the conveyor belt was loaded parallel to the weld. The introduction of the
tension link redistributed the load within the structure and reduced the stress level in
the investigated weld. The results indicate that the tension link influenced the overall
stress distribution in the conveyor belt structure.

6.1.3 Findings Related to FEM and Modeling Approaches

When modelling the effective notch method, which is one of the more demanding
evaluation methods, it was difficult to achieve a smooth stress distribution between the
weld and the side link. Small radii and semi-circular geometries over thin cross-sections
were challenging to model accurately and sometimes introduced stress peaks caused
by modeling imperfections. These stress concentrations were reduced by refining the
geometry and adding suitable radii in critical regions. Compared with the effective
notch the hot spot method was less demanding from a modeling perspective since fixed
evaluation points were defined for stress extraction.

The large deflection analysis had only a minor impact on the results. This indicates
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that the local weld geometry and stress concentrations have a greater impact on fatigue
life than the global deformation and rotations.

The bilinear isotropic hardening model was first performed to capture the plastic
deformations and was then used as the starting point for a linear analysis. This resulted
in higher stresses than the fully linear elastic model without plastic deformations
as a starting point. This means that material nonlinearity can influence the stress
distribution and fatigue life estimations of welded structures.

6.1.4 Findings Related to different Fatigue Analysis methods

It was observed that the welds loaded parallel to the weld direction created a more
complex stress field that made the fatigue evaluation more difficult. As a result,
the different fatigue evaluation methods produced significantly different results. For
hot spot and nominal stress methods, it was also necessary to identify a suitable
weld category for the calculations. In this study, there was no weld category that
perfectly matched the evaluated weld geometry, so the closest suitable category had
to be selected for the calculations.

For load systems where the welds were loaded perpendicular to the weld direction, the
evaluation methods produced more consistent results. This indicates that limitations
exist in the Eurocode and other fatigue evaluation methods when assessing welds sub-
jected to loading parallel to the weld direction, which may be attributed to substantial
uncertainties.

6.1.5 Industrial Relevance

The findings of this study will provide a better understanding of how different weld
evaluation methods describe the fatigue behaviour of the conveyor belt welds. The
results can support JBT Marel in future work with design improvements, weld op-
timisation and selection of suitable assessment methods for fatigue in conveyor belt
applications.

6.1.6 Conclusion Based on the Research Objectives

e How does the introduction of a tension link affect the load distribution within
the conveyor belt structure?

The introduction of a tension link affects the load distribution within the conveyor belt.
The magnitude of this effect depends on the stress assessment applied. Both the hot
spot and effective notch stress methods show a reduction in the stress concentrations.
In contrast, the nominal stress method predicts an increase in stress. However, the
nominal stress method only captures the global load distribution and does not account
for local effects. In comparison, the effective notch method captures the local stress
and hot spot stress methods capture both global and local effects of the load variations.
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The nominal stress method has assumed that the entire load is transferred through
the tension link but in reality there will be a distribution between tension link and side
link. This means that the results obtained using this method do not correspond to
the same tendencies as the effective notch and hot spot method. However the nominal
stress method still provides a reasonable indication of the global load distribution
within the structure.

e To what extent do numerical fatigue life estimations correlate with simplified
fatigue tests performed on the conveyor belts?

The numerical fatigue life estimations show a certain degree of correlation with the
experimental tests performed on the conveyor system. However, the level of agree-
ment is strongly dependent on the numerical method applied, as different approaches
capture the stress distribution and fatigue behaviour with varying levels of accuracy.
In this case, the nominal- and hot spot stress methods show closer agreement with the
experimental results, indicating that they provide a more representative description of
the structural behaviour under the given loading conditions.

e How does the thickness of the weld affect the fatigue life estimations?

The results indicate that the thickness of the weld has a influence on the fatigue life
estimations. An increase in weld thickness leads to a more favourable stress distribu-
tion and reduced stress concentrations, which contribute to an extended fatigue life.
This has been observed using the effective notch stress method.

6.2 Future Studies

e Perform fatigue testing for other load systems. Testing additional load systems
could provide a broader understanding of the stress concentrations and the fa-
tigue behaviour. It could also help validate the results presented in this study.

e Validate load sharing between side link and the tension link using strain gauges.
Such tests would provide a better understanding of how the load is distributed
between the side link and the tension link.

e Including residual stresses, weld imperfections and temperature variations in the
analysis. Including these effects could make the study more realistic. Residual
stresses near the weld could increase the local stress concentrations. Introducing
weld imperfections would also provide a more realistic representation of the weld
geometry, since a perfectly manufactured weld cannot always be guaranteed in
practice. Temperature variations could influence the material behaviour because
the conveyor belt is exposed to changing temperatures while passing through the
machine. These effects may in turn influence the fatigue life of the welded joints.
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e Investigate how increasing the diameter of the rod affects the weld. A larger

rod diameter could change the stiffness of the connection and change the stress
distribution around the weld. This could either reduce or increase the local
stress concentrations depending on how the load is transferred between the rod,
weld and side link. A study like this could provide a better understanding of
whether an increased rod diameter would improve the fatigue life of the welded
joint. It could also provide useful guidance for future design improvements of
the conveyor belt.

Analyse how the stress in the weld changes if the weld is moved slightly away from
the eccentric position on the rod. Changing the weld position could affect how
the load is transferred between rod, weld and side link. This could either reduce
or increase the local stress concentrations in the weld. Such an investigation
could improve the understanding of how small deviations in the weld position
affect the stress distribution and fatigue results, since a exact weld location
cannot always be guaranteed during manufacturing.
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