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Influence of geometry and safety factor on fatigue damage predictions
of a cantilever beam
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Abstract. The influence of two parameters on fatigue damage predictions of a variably loaded cantilever beam has been
examined. The first parameter is the geometry of the cantilever beam and the weld connecting it to a rear panel. Variables of the
geometry examined here include the cantilever length, the weld width on the critical cross-section and the angle of the critical
cross-section. The second parameter is the safety factor, as set out by the Eurocode 3 standard. An analytical approach has been
used to calculate the stresses at the critical cross-section and standard rainflow counting has been used for the extraction of the
load cycles from the load history. The results here suggest that a change in the width and angle of the critical cross-section has a
non-linear impact on the fatigue damage. The results also show that the angle of the critical cross-section has the biggest
influence on the fatigue damage and can cause the weld to withstand fatigue better. The second parameter, the safety factor, is
shown to have a significant effect on the fatigue damage calculation, whereby a slight increase in the endurance safety factor

can cause the calculated fatigue damage to increase considerably.
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1. Introduction

Mechanical structures on both a large and small scale
often include cantilever beams (Altunisik et al. 2016, Ingole
and Chatterjee 2015). They can be used in large structures
such as arch bridges (Granata et al. 2013), highway bridges
(Altunisik et al. 2010), guardrail terminal systems, or for
modelling wind turbine blades (Gonzalez-Cruz 2016). At
the opposite end of the scale they are used in medicine for
total hip arthroplasty (Griza et al. 2013, Fokter et al. 2017)
or even on a micro scale as cantilever probe tips in atomic
force microscopy (Korayem 2017). During operation
cantilever beams are subjected to variable loading which
can lead to fatigue failure (Saranik et al. 2013, Paulus and
Dasgupta 2012, Schijve 2009), especially those beams used
in automotive or agricultural industries where they usually
operate in extremely dynamic conditions (Savkovi¢ et al.
2011). Fatigue analyses are therefore mandatory in the
development stage of mechanical structures to reduce the
occurrence of fatigue failure (Seruga et al. 2011, Anwar et
al. 2017, Seruga et al. 2014, Akrache and Lu 2011), which
can originate from any form of crack (Zeng et al. 2017, Shi
and Nakano 2001, Liu et al. 2016).

For welded cantilever beams, standards such as
Eurocode 3 (Eurocode 2005) describe the procedure for the
fatigue analyses, durability curves and safety factors
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involved in these analyses. The use of this safety concept is
considered during the design of structures (Sedlacek and
Kraus 2007).

In this study a cantilever beam used for the transport of
a large mechanical device has been examined (Fig. 1(a)).
The cantilever beam is made of two steel C-profiles (Fig.
2), welded facing each other with a butt weld.

Both profiles are then welded to a rear panel with a fillet
weld. The load is applied on the free end with a force vector
as shown in Fig. 1(a).

The variable load on the free end of the cantilever beam
was measured and is now given as a factor f by which the
nominal value of the force vector is multiplied during the
measurement. This measurement (see Fig. 1(b)) has then
been used as a block of load history for which the
accumulated fatigue damage was calculated.

2. Methods
N(x)  I,M,(x)-1,M,(x)
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The procedure is divided into two parts: a structural
analysis and a fatigue analysis. The purpose of the structural
analysis is to calculate the stress in the critical cross-section
which occurs due to the nominal force. Assuming the stress
is less than the yield strength of the material, the fluctuation
of the stress at any given point in the beam resembles the
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(a) Welded cantilever beam
Fig. 1 Cantilever beam welded onto plate and loaded on the free end
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Rear panel position
with a fillet weld

Fig. 2 Two steel C-profiles prepared for cantilever beam

fluctuation of the load signal. An analytical approach has
been chosen for the structural analysis to calculate the
nominal stress although a numerical analysis such as finite
element analysis could be applied instead (Wang et al.
1995, Zaletelj et al. 2011, Iwicki et al. 2015, Sondej et al.
2016, Akrache and Lu 2011).

The purpose of fatigue analysis is to calculate the
durability of material when it is subjected to repeated
loading. The calculation uses normal stress, shear stress
transverse to the axis of the weld and shear stress
longitudinal to the axis of the weld. The system examined
here is a cantilever beam of variable cross-section carrying
a force F on the free end and being fixed to the rear panel at
the other end (Fig. 1(a)).

2.1 Structural analysis

The procedure for the structural analysis is summarised
in Fig. 3. It starts with a simplification of the cantilever
beam. A Cartesian coordinate system must be defined and
positioned at the centre of gravity of the critical cross
section. The highest stress in the cantilever beam is located
in the cross-section furthest away from the position of the
load (force vector) applied on the beam (Fig. 4(a)). For this
cantilever beam, this cross-section is located at the same
position as the fillet weld between the beam and the rear
plate.

Following the simplification of the structure by
transforming a whole cantilever beam to a welded cross-
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(b) Random load measurement

section and force vector form, analytical local stress
calculations were carried out for 8 locations at the end of
each side of the weld and labelled P1 to P8 (see Fig. 5).

Because the beam is under combined load, connection
between it and local normal stress was established taking
into account cross section’s characteristics using Navier’s
equation (Eq. (1)).

Only the critical cross-section (Fig. 5) has been
considered for the structural analysis. The cross-sectional
area is defined by an angle a and width a (see Fig. 5).

After defining the combined centre, moments of inertia
have been calculated for the cross-section. Components of
the force vector have been reduced into respective moments
around the centre of a Cartesian coordinate system (see Fig.
4(b)). By inserting the values of locations, moments and
moments of inertia in Navier’s equation (Eq. (1)), the
normal stress is calculated for each of the eight locations.

The shear stress for longitudinal and transversal
direction for each of the eight locations is calculated using
Eqg. (2) and Eq. (3), respectively, where Ay represents the
area of the weld.

The shear stress due to torsion is calculated according to
the equation for closed thin-wall sections (Eq. (4)). It is
assumed that the section is closed, where Ay is the area
enclosed within the median line of the weld thickness,
represented by the dashed line in Fig. 5.

Ty, :i i=1..8 (2)
II,i AN! ERRE]
F
T, zﬁ,izl,...,S 3)
MX
T”:zpha “4)

All that is needed then is to recalculate the stress for
each weld separately using the Eurocode 3 comparison-
equation for relevant stresses, which also makes it ready for
application.



Influence of geometry and safety factor on fatigue damage predictions of a cantilever heam 35

PROBLEM
DEFINITION

LOAD DEFINITION

L
SIMPLIFICATION

OF THE PROBLEM

CROSS-SECTION
DEFINITION

(]
_—____—_—_’ Tl
TJ.J
A
GENERAL STRESS STATE
STRESS EVALUATION
A 4

DEFINITION OF

LOCATIONS ON EUROCODE
CALCULATED VALIDATION

CROSS-SECTION

Fig. 3 Procedure of the structural analysis

r(ry ry 1)

F(xe, yr, zp)

(a) Coordinate system and force vector

P Ty Py
Py L e e e

-

Fig. 5 Local stress locations on weld ends

A(,\’(/v Wz
Lixo y 2
[\ (Xp. ¥,z

(b) Reduced load
Fig. 4 Position of the force vector-load and the reduction of the load for easier calculation

2.2 Fatigue analysis

By defining specific relevant normal stress owr and
relevant shear stress twr for the chosen locations as a
function of the applied load, we proceed with the
assumption that varying the amplitude of this load affects
the local stress-state linearly. This means that the local
stress range varies proportionally to the block of loading

history (Fig. 1).
O =+J0, +1T, (5)

The relevant normal stress is calculated by considering
the normal stress and the shear stress transverse to the axis
of the weld (Eg. (5)) whilst the relevant shear stress is equal
to the longitudinal shear stress.

The block of load history has been analysed using the
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rainflow method (Marsh et al. 2016), where an algorithm
counts closed cycles that accumulate damage. The entire
block of loading history is analysed and all closed cycles
are counted. The counted ranked cycles are collected and
used to define a stress range histogram. Each cycle also
contributes to fatigue crack propagation (Totten 2008) and
was inserted into Eq. (6) for calculation of the accumulated
fatigue damage.

However, for the calculation of fatigue damage a
constructional detail category has to be defined. The
constructional detail category is dependent on the element’s
geometry and loading according to Eurocode 3. This
specific constructional detail can be represented by a bi-
linear Wohler curve (which relates the relevant stress range
and total number of cycles to failure) and its fatigue
strength. For failure to occur, fatigue damage would be
100% or D=1 (Eq. (6)).

The procedure is shown in Fig. 6. By choosing the
category of constructional detail according to Eurocode 3,
the appropriate Wohler curves for normal and shear stresses
are chosen, respectively, and the fatigue damage is
calculated (Fig. 7). For the damage calculation we have
used the Palmgren-Miner linear damage accumulation rule
(Nussbaumer et al. 2011, see Eq. (6))

n, (Aawn n; (Arwf,i)

_Z N;(Ao,;) 21: Ni (A7)

(6)

The number of cycles to failure is calculated according
to the slope of the Wdhler curve (Egs. (7)-(9)).

m
Aoy,

N(Ay) =| 2 | 5x10m=3,2% <Aq,  (7)

Outi v
Ao, \"
D
N (Ao )=| 2 | 5x10% m=5 2 <Ac <A°'D (®)
i wf,i
Aoy Y mit Vvt

m

Aty

Ni (A7) = Ay““ 5x10°m=52"L <Az, (9)

Tt Vo

All relevant stress ranges below cut off stresses of Ao
and At_ are considered to not cause any damage (Egs. (10)
and (11))

Ao

N, =0, L> Aoy, (10)
Y4V
A

N, =00, it > AT, (11)
v

The Eurocode 3 standard uses a partial endurance safety
factor ymr, Which decreases all values of the Wohler curve

Table 1 Recommended values for ymr

Consequence of failure

Assessment method
Low consequence

Damage tolerant 1.00 1.15
Safe life 1.15 1.35

High consequence

Table 2 Nominal load and position of load vector
Position of the

Force-vector

mm N
force-load components
rx 928 Fx -1349
Iy -1121 Fy 0
r; 448 F: -8898
CONSTRUCTIONAL GEOMETRICAL DETAIL
DETAIL AND LOAD DEFINITION

I I
LOAD HISTORY
ANALYSIS

!

STRESS RANGE
HISTOGRAM

\ 4

WOEHLER CURVE

DAMAGE
CALCULATION

Fig. 6 Fatigue damage calculation procedure
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Fig. 7 Wohler curve for normal stress with different safety
factors

in Fig. 6. These values are carefully defined in Eurocode 3
and should be considered in the process of the fatigue life
calculation (Table 1).
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Fig. 9 The influence of angle of cross-section, weld thickness, length and safety factor on the fatigue damage for the given

block of loading history

Table 3 Initial values defining the geometry of the cross-
section

Parameter Value
a 3.5 mm
I 211
a 76.5°
h 218 mm

3. Results and discussion

In our example, the nominal value of the applied load F
is 9000 N and is positioned according to the Cartesian
coordinate system (see Fig. 4(a)) and Table 2.

Initially, the shape of the cross-section where the beam
is welded onto the fixed plate is defined as a parallelogram
(Table 3). All sides are the same length, which defines the
position of the welds in a rhombus shape, where each of the
welds is slightly shorter than the length of the side of the
rhombus (see Fig. 5).

Table 4 Stresses in critical locations

) Normal stress Transversal Longitudinal
Location shear stress shear stress
number O, [MPq] 7, [MPa] 7, [MPa]
P1 -35.75 -0.26 -1.88
P2 -39.59 -0.26 -1.88
P3 -38.46 -0.64 -1.93
P4 -33.58 -0.64 -1.93
P5 -34.84 0.64 1.88
P6 38.68 0.64 1.88
pP7 37.54 0.27 1.84
P8 -34.49 0.27 1.84

The angle « of the cross-section (Table 3) can range
from 45 to 90°. For 90° the welds lie along the edges of a
square. The highest normal stresses from structural analysis
on the critical cross-section occur at locations P4, P5, P6
and P7 (Fig. 5 and Table 4). Therefore, the highest fatigue
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Fig. 10 Calculated fatigue damage for the combination of variables at location P6. Each combination of the variables is
represented by a circle in 3D diagrams. The colour of the circle indicates the value of the computed fatigue damage. The size
of the circle represents the calculated fatigue damage relative to the minimal calculated fatigue damage shown in the diagram.
2D diagrams are given for the chosen (a) weld widths and (b) lengths. Logarithmic scale of damage is used in 2D diagrams

for a clearer presentation of the results

Table 5 Parameter and variable ranges

Variable Range

Lx[mm] 400 500 600 700 800 900 1000 / [/ [/
a [mm] 2 25 3 35 4 45 5 [ | |
a9 45 50 55 60 65 70 75 80 85 90
yMf 1.0 115 125 135 / / / I

damage is calculated for these locations regardless of the
variation of the parameters.

For each location number the calculated stress (Table 4)
is multiplied by the measured load history, which equals the
stress history.

Because the measured block of load history is always
above zero (see Fig. 1(b)), every stress at the chosen
locations has the same sign as stress in the structural
analysis. The damage calculated with these principles
represents the damage accumulated by one block of loading
history (Fig. 1) in the location with the highest positive
normal stress (Table 4), whereby negative normal stress is
not so critical for crack propagation (Eurocode 3).

For the cantilever beam the constructional detail
category is taken to be Acc with a normal stress range of 36
MPa, which defines the entire Wohler curve (Fig. 7) and
Atc with a shear stress range of 80 MPa (Eurocode 3). This
detail is based on the type of load, the position of the work
piece and the joint between the cantilever and the back plate
which in this case is considered to be a fillet welded tee
joint.

It can also be observed that the studied cantilever is not
ideally welded perpendicular to the back plate. It should

also be mentioned that the proposed construction detail that
represents the endurance curves has the lowest normal and
shear stress range possibility covered by the Eurocode 3.

Initial values of the variables of the geometry (cantilever
length, weld width on the critical cross-section, angle of
critical cross-section) and the safety factor have been
chosen as given in Table 3. To illustrate, the relevant
normal stress range Aocwfa=20.74 MPa is obtained at
location P6 using the rainflow method (see Fig. 8(a)), which
was applied for the block of load history multiplied by the
stresses calculated using Egs. (1)-(5). All relevant normal
stress ranges have been collected to form a relevant normal
stress range histogram (see Fig. 8(b)). The value in this
example can be found in the relevant normal stress range
histogram with ranked stresses slightly above 20 MPa (Fig.
8(b)). This relevant normal stress range repeats 7 times in
the stress history, which defines n,=7. After the application
of the safety factor ywm=1.25, an adjusted constant
amplitude fatigue limit (Acp) of 21.2 MPa is obtained.
Therefore, the cycles to failure have been calculated using
the following equations (Egs. (12)-(14)).

5

Aoy,
N, =5x10°| Jur 12
a=0X oo (12)
s(21.22Y
N, =5x10°| = (13)
N, = 5606001 (14)
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Fig. 11 Impact of geometry and safety factor on fatigue damage

Using the Palmgren-Miner rule (Eq. (6)) and calculated
cycles to failure (Eg. (14)), the damage caused by this
particular relevant normal stress range can be calculated as

(Eq. (15))
n 7

D="e_ T _195410°
* =N, 5606001 8 (13

a

For the calculation of fatigue damage due to relevant
shear stresses, Eq. (11) is used. As all the values of relevant
shear stresses lie beneath the cut-off stress, the damage
equals zero.

The calculated damage with the initial values of the
parameters for the entire block of load history results in
Do=1.65x10. This value is considered as the initial fatigue
damage value for the purpose of comparison. The damage
calculated in Eq. (15) uses a safety factor ymr of 1.25. The
safety factor was then varied from 1.0 to 1.35 (Table 3) and
the resulting damage compared (see Fig. 9(d)).

The study has compared the following parameters:
geometry of the cantilever and critical cross-section and
partial endurance safety factor “yms”. For the geometry, the
following variables were looked at: weld width “a”,
cantilever beam length “1”, and angle of cross-section “a”.
The influence of parameters or variables was studied in the
range of values shown in Table 5.

The weld width “a” was varied from the maximum
allowable value for the selected thickness of the sheet metal
(5§ mm) to 40 % of this value. The length “I” of the
cantilever beam was varied only in the longitudinal
direction while the other two dimensions remained the
same. This way, only My changes, while My and M, remain
the same.

In Fig. 9(a), it can be seen that by increasing the angle «,
the calculated damage of locations P6 and P7 decreases,

whilst that at locations P4 and P5 it increases. This suggests
that there exists an optimal angle for which the fatigue
damage is minimal. Of course, this assumption is only true
for the given block of load history, the shape of the cross-
section and the load. In Fig. 9(b), a decrease in the fatigue
damage is observed with increasing weld width. Similarly,
fatigue damage increase is observed with an increase of
length of the cantilever beam.

The impact of safety factors was examined more closely
and independently of the geometry. The values of the
Wohler curve are decreased due to the safety factor (Fig. 7).
The higher the safety factor, the lower the values of the
relevant stress range. However, the calculation has taken
into account the block of loading history (Fig. 1).

Fig. 9(d) can be constructed independently of the
geometry of cantilever beam, only the observed geometrical
detail and load with the categories of construction details
Acc=36 MPa and Atc=80 MPa are considered as a
condition. This graph can be made for any block of loading
history and constructional detail category and afterwards
used with structural analysis to find the suitable stress
inducing lower fatigue damage. It is observed that the
greater impact on fatigue damage comes from the safety
factor and the angle of cross-section. Figs. 10(a) and 10(b)
show the variation of the damage accumulation depending
on the chosen parameter and variable ranges at location P6.
Similar diagrams are observed for other locations.

The fatigue damage range is defined as the absolute
difference between the minimum and maximum fatigue
damage of one parameter. By dividing the fatigue damage
range by the initial fatigue damage (see Eq. (16)), an
influence factor (Fatigue damage influence factor-FDIF) is
then defined, that can be assigned to each parameter.

FoiF =[Ol

(16)

0
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A higher factor means that a parameter in its defined
range (Table 5) has a higher influence on the calculated
fatigue damage for the block of the load history (Figs. 10
and 11(a)).

With taking into consideration the calculated critical
stress, fatigue damage was calculated with each one of the
safety factors (ymr) and divided by fatigue damage
calculated with ym~=1.25 and initial values of the parameter
(Table 3). For this parameter, the influence factor was
defined differently by Eq. (17)

D
FDIF :—D””f (17)

0

Note that this factor applies only for this stress and
measured load specific. If the stress were higher, the
difference would increase (see Fig. 9(d)).

At a normal stress of 80 MPa the difference in damage
between the lowest and highest safety factors is more than
double (Fig. 9(d)). If the calculated damage is compared
when the variable is the safety factor only, fatigue damage
rises with the increase of safety factor. A higher overall
stress increases the impact of the higher safety factor (Figs.
10(a)-(b) and Fig. 11(b).

This difference can mean that choosing an inappropriate
safety factor can lead to large deviations in endurance
prediction.

4. Conclusions

In this paper, fatigue damage evaluations have been
performed to investigate the influence of the geometry of a
welded cantilever beam. In addition the influence of the
safety factor, as defined by Eurocode 3, was examined.

The following conclusions can be made:

o It is observed that the calculated fatigue damage
deviates considerably with the choice of the endurance
safety factor. With a safety factor of 1.35, there is more than
4 times the fatigue damage computed than with a safety
factor of 1.0.

*  When considering the angle of the critical cross-
section, the length of the cantilever beam and the weld
thickness, the study has shown that the angle of cross-
section has the biggest influence on fatigue damage
calculation.

* When considering the weld width of the critical cross-
section, changes in fatigue damage are nonlinear and the
fatigue damage approaches a lower limit as greater weld
widths are considered. Similarly, an increase of cantilever
beam length causes the fatigue damage to increase with a
non-linear trend.

* As the geometry influences fatigue damage predictions
in a similar way as the endurance safety factor, a geometry
factor could be established between different geometries of
the cantilever beam, assessment method and consequence of
failure to substitute repetitions of structural analyses for
potential changes of the geometry.
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