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ABSTRACT

Fatigue is typically a governing limit state for maritime structures,
and weld joints are the most critical locations. Various fatigue damage
criteria have been developed involving either an intact or cracked
geometry parameter, incorporating local or global information. In
this thesis, the effective notch stress based total life fatigue damage
criterion has been used in order to improve the accuracy of fatigue
lifetime prediction and reduce the workload of engineers in the early
design stage. First, the Battelle structural stress calculation procedure
is clarified and examined with three models. A hot spot type A, B
and C mesh convergence study are conducted. In order to quantify
the influence of mesh quality, several ugly mesh models are tested
with their good mesh counterparts. For validation purposes of the
total life model, a large scale specimen fatigue test result has been
used and the mesh quality investigations are included. The DNV-
GL based life time estimate is provided for the sake of comparison.
Finally, several conclusions and recommendations are provided for
future applications.

KEYWORDS — Fatigue design, joint resistance curve, steel marine
structures, total life concept, structural stress, welded joints.
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INTRODUCTION

1.1 MOTIVATION

Sustainable maritime structures like wind turbines are subject to
cyclic mechanical loads, not only induced by environments like waves
and wind, but also by internal machinery(Sadananda & Vasudevan,
2003). Fatigue is a significant limit state for the lifetime of the mar-
itime structure, and weld notches are the governing positions. Design
assessment guidelines, recommendations, and codes like NEN2063
and DNV-GL are widely used in the maritime industry. However,
the accuracy of the prediction is not satisfactory. The nominal stress
concept (NSC) and hot spot structural stress concept (HSSSC) are the
most widely used, but results are sensitive to mesh quality and mesh
size, which requires engineering judgment on geometry details to
some extent.

According to Dong (2005), a mesh insensitive Battelle structural
stress approach is developed to determine the structural stress level
at the weld notch location(figure 1.1 and 1.2). The modeling workload
would be largely reduced during the early design stage if the method
is implemented correctly. However, there is hardly any information
available quantifying the mesh insensitivity of Battelle structural
stress, nor clarifying the method procedure.

In addition, fatigue life time prediction accuracy can be improved
by using a total life estimate. A one-parameter two-stage effective
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notch stress based total life estimate seems to have a good balance
between accuracy and simplicity(H. den Besten, 2018).
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Figure 1.1: Mesh-size insensitivity demonstration for an edge detail investi-
gated(Dong, 2005) for hot spot type B and C
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Figure 1.2: Mesh-size insensitivity demonstration for an edge detail investi-
gated(Dong, 2005) for C



1.1.1  Fatigue Damage Criteria

1.1 MOTIVATION

Various criteria are available to analyze fatigue damage of structures

based on different parameters. Generally, the fatigue damage crite-
rion can be sorted into the following classifications in figure 1.3(J. H.

den Besten, 2015):

intact
geometry parameter

crack damaged
geometry parameter

line

area/volume

criterion

3

stress

point

point

52 nominal ‘ structural elfective notch stress
£ stress | hot spot notch stress intensity
i

ERLN I\__ stress

line

area/volume

criterion eriterion eriterion eriterion

line

area/volume
eriterion

global

approach

local
approach

3 _ =
o & 5 o =
E E E; E = /
= S, = LA
T X\_: T T T i T X\_: 2 Vi
log(N) Tog(N) log( N} Tog(N) log( K, J)

Figure 1.3: Fatigue assessment concept overview

In this section, NSC, HSSSC, effective notch stress concept (ENSC),
notch stress intensity factor concept (NSIFC), crack tip strain energy
density concept (CTSEDC) and total stress concept (TSC) would be

discussed.

1.1.1.1 Nominal Stress

Nominal stress concept is a global intact geometry parameter-based
point criterion. For a simple structure under mid cycle fatigue (MCF)
and high cycle fatigue (HCF), the nominal stress concept is often used
to evaluate the fatigue damage. As shown in figure 1.4, nominal
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stress for a cruciform joint o;, is assumed to be constant along the
plate thickness.

T o)

P

)
N nominal weld stress
A
7y !

Figure 1.4: Nominal stress

The nominal stress range S, = Aoy, is either obtained by hand
calculations or output from FEM models. Once the material, geometry
details, loading & response, environment, failure location and weld
quality information are available, further calculation effort is limited.
The stress concentration factor has already been available for different
structural details and load conditions based on small scale specimen
(sss) and large scale specimen (LSS) experiments.

1.1.1.2 Hot Spot Structural Stress

The hot spot structural stress concept is an intact geometry parameter
local point criterion. The hot spot structural stress is defined as the
equilibrium equivalent stress at the hot spot location in the cross-
section of the crack path. Self-equilibrating stress influence induced
by tp, te,lw, hw, etc. are not considered in the calculation, which
illustrated that still infinite number of S-N curve exist. Most widely
used method to calculate hot spot structural stress (HSSS) is linear
surface extrapolation. The structural stress at the notch location is
calculated by extrapolating with two reference points near the hot
spot. Once the hot spot structural stress is developed, it is easy
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to determine the fatigue lifetime through the S-N curve. The load
carrying (LC) and non-load carrying (NLC) details should differentiate
with two fatigue resistance curve, and the identification sometimes
requires engineering judgement.

1.1.1.3  Effective Notch Stress

To overcome the weakness of hot spot structural stress, the ENSC
was developed as an intact geometry parameter based local line
criterion. It came from the Theory of Critical Distances (TCD), which
is proposed by Neuber (1961). As shown in figure 1.5, the notch
stress is the non-linear stress distribution through the plate thickness
at the hot spot, which can be related to structural stress and weld
dimensions(J. H. den Besten, 2015).

Notch stress

Hot spot stress
(extrapolation from stresses at point A and B)

Norminal stress
/

Lo

Figure 1.5: Fatigue structural stress and notch stress

The effective notch stress concept is based on the averaged notch
stress value over a material characteristic length p* below the plate
surface. The p* represents the distance where the majority of the life
time is consumed. The analytical solution of notch stress distribu-
tion has been available(]. H. den Besten, 2015) and the calculation
procedure of p* becomes the key question. It is most likely to be
obtained using regression analysis and an iterative approach. Once
the effective notch stress has been determined, there is no need for
engineering judgment because only one S-N curve is required. More-
over, throughout the approach to effective notch stress, the geometry,
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notch stress gradient, and loading & response contribution are taken
into account, enabling the prediction more accurate than hot spot
structural stress concept.

1.1.1.4 Crack Tip Stress Intensity

The crack tip stress intensity K(c, a) is a cracked geometry criterion.
In this model, fatigue damage of arc-welded marine structures is
supposed to be a process dominated by crack propagation. Hence,
the linear elastic stress and crack size effect determined stress in-
tensity factor is employed to evaluate the life span(Paris, 2014). For
crack at weld toe notch, SIF can be expressed by a weight function
method(Glinka & Shen, 1991):

K=0-Yy(a)-Ys(a)-/ma (1.1)

The cyclic loading K(c, a) becomes a crack driving force AK(Ac, a).
To achieve crack growth, the applied SIF value should either exceed
the maximum threshold value (Kyuxappr > Kiax,m) or the applied
SIF range should be larger than the threshold value AK,p, > AKjy,.
Usually, the AKy, is always small and will be reached first in practical
cases(H. den Besten, 2018).

Paris” equation can express the fatigue crack growth rate with the
two-parameter crack driving force(Noroozi et al., 2005):

;1;\1] =C- [Kfot,maxAKiflo;p ! (1.2)
By integrating eq. 1.2, the fatigue lifetime for the propagation phase
can be identified. The advantage of this method is that it only re-
quires a single fatigue resistance curve, and factors such as size effect
and residual stress component can be incorporated via stress inten-
sity factor (SIF). However, because the model disregards the fatigue
initiation contribution, it is not very accurate for mid-to-high cycle
fatigue.
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1.1.1.5 Total Stress

The total stress concept is a cracked geometry and stress intensity
based area equivalent line criterion proposed by J. H. den Besten
(2015). It aims to improve fatigue strength similarity with respect to
weld notch stress intensity, far-field dominated macro-crack growth,
welded joint fatigue resistance similarity etc. The total stress parame-
ter is introduced by J. H. den Besten (2015) to determine the fatigue
life time:

Aoy

I S s
(1—1n) ANty

St = (1.3)

with the notch integral Iy

ke mere @

For decreasing St, the micro-crack growth behavior is transformed
from elasto-plastic into elastic. A way to solve this problem is using
a random fatigue limit estimate by estimating the MCF n value and
applying an elasto-plasticity induced HCF correction. The generalised
random fatigue limit (GRFL) form non-linear S-N curve can be ex-
pressed as:

log(N) = 0g(C) — - log(51) —pse-log { 1= *27 ] (19

The total stress concept improved the fatigue strength similarity
behavior through the total stress parameter. The gradient induced
size effect is explicitly taken into account. However, the notch integral
In computation requires much more effort than traditional method,
so it is difficult to implement.

1.1.2  Total life Concept

In the past, the total life of the structure was separated into crack
initiation(Ramberg-Osgood relation) and crack growth(through stress
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intensity factor) lifetime(Darcis et al., 2006). Each period is calculated
with different method and finally added up through linear super-
position. However, it is very difficult to identify the transition crack
length between initiation and growth, making the lifetime estimation
rather erroneous. In this instance, a two-stage, one-parameter model
is demonstrated.

1.1.2.1  Effective Notch Stress

According to the effective notch stress concept, p* is defined as a
constant material property-dependent parameter. It is pretty accurate
for mid-to-high cycle fatigue calculation but will underestimate the
MCF load case. However, if p* becomes load level dependent, effective
notch stress concept can be used to predict both initiation and growth
lifetime. p* is small in HCF range, as most of the lifetime is consumed
at material surface. As external load increases, p* would become
larger since crack growth dominates the lifetime, compensating for
the underestimation of original approach.

Theory of Critical Distance Based on SIF

A method based on Theory of Critical Distances can be adopted
to calculate p* as the load level dependent material parameter. It
is assumed that the effective notch stress is equal to the stress at a
fictitious point away from the notch. Moreover, the fatigue limit Aoy
can be related to threshold SIF and crack length(Taylor, 1999):

Aoy = AKHI' (1.6)
(ac)?

The stress range dependent critical distance may be expressed as:

(1Y [ DK \?
e (2) (25)

ref 18 the reference stress range for each load case.

Theory of Critical Distance Based on Failure Life Time
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According to Susmel and Taylor (2007) study, an alternative critical
distance for MCF range based on failure life time can be rewritten as:

aom(Ny) = AN}E (1.8)

Material constants A and B in eq. 1.8, where A > 0 and B < 0,
are carried out by regression analysis and iterative approach. Stress
concentration factor K; can be introduced due to the size effect
contribution(Yang et al., 2011):

aom = K;n : ANJ? (19)

Material Characteristic Length Based on Structural Stress

Experimental data shows exponential relation between p* and
stress level. If the failure life time in eq. 1.8 is substituted by effective
notch stress range S,, it is possible to using iterative approach and
regression analysis to carry out a equation of p* and stress range
accordingly. Therefore, Palkar(2021) has developed a method to esti-
mate p* with structural stress range, yield strength and load ratio:

(1.10)

* Aos/(1—r11,) o
P =pc p

y
where p. and p, are material fitting constants. According to the

standard deviation of maximum likelihood estimation, the best fit
happens at p. = 2.04 and p, = 1.

1.1.2.2 Total Stress

The total stress concept is a cracked geometry based criterion suitable
for calculating the fatigue lifetime of a crack propagation-dominated
load case. The assumption can be made that one of the parameters
within the total stress St is load level dependent and thus applicable
for the crack initiation stage.

For calculating total stress, the notch crack growth integral I uses
the initial crack length as the lower bound and the final crack length
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as the upper bound. Both parameters are constants for a particular
load condition and structural detail. It is feasible to make the initial
crack length and the final crack length dependant on the load level.
On the other hand, the elasto-plasticity coefficient n was derived
from the well-known Ramberg-Osgood relation, where n = 1 for
linearly elastic material and n=infinity for completely elastic material.
Consequently, the elasto-plasticity coefficient n could also assumed
to be a load-dependent parameter.

1.1.3 Research Objectives

It is vital to perform accurate stress assessments to ensure that the
structure is durable enough to prevent failure throughout its lifetime.
Using the one-parameter two-stage model, this study seeks to build
and investigate a more precise method for predicting the lifetime
of welded structures. Implement and verify a precise and mesh-
insensitive Battelle structural stress method. The load level dependent
total life model would be validated with experimental results to
examine its accuracy.

1.2 THESIS OUTLINE

The thesis will employ an effective notch stress based total life es-
timate method to predict the fatigue lifetime of structures. First, a
weld(fatigue sensitive location) recognition algorithm will be devel-
oped to output necessary data such as nodal forces and geometry
details from a FEM model. Chapter 2 would next apply and test the
Battelle structural stress. As verification, several different mesh size
and mesh quality models will be compared. In the next stage, the
effective notch stress procedure is applied to predict the total life
span of structures. In Chapter 4, a large scale specimen test results
will be presented as validation purpose. Finally, the discussion and
conclusion of the whole project would be given. Recommendations
were provided for future study convenience.



FAR FIELD STRESS CALCULATION

The far field stress is of great importance for estimating the stress at
the weld location. Nowadays, nominal stress and hot spot structural
stress have been widely employed in the industry due to its simplicity.
However, both of the method has its own limitations. Hot spot struc-
tural stress is sensitive to mesh size and nominal stress is difficult
to capture in complex structures. On the other hand, both methods
are more or less dependent on engineering judgement, which causes
inaccurancy in some extent. In this chapter, the Battelle structural
stress method would be clarified.

2.1 INPUT PARAMETERS

Initially, it is necessary to summarize the input parameters that are
necessary for stress computation, which include geometry input and
structural response input. The geometry input can be separated into
two groups: structure dimensions and structure details. To determine
the linear/non-linear through-thickness stress distribution, it is im-
portant to know the parameters of the structure’s plate thickness and
weld geometry. In order to convert structural reaction (nodal forces/-
moments) into stress, it is also necessary to know the dimensions of
other FEM output, such as the node coordinates along the weld. In
addition, normal vectors of the elements are required to establish the
local coordinate system.

11
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FAR FIELD STRESS CALCULATION

Structural details contains information like weld joints types(T
joint or cruciform joint) and hot spot types(hot spot A, B and C). The
through-thickness linearized stress component(structural stress) and
actual non-linear notch stress distribution should be calculated for
each type separately.

To determine Battelle structural stress, nodal forces and moments
are output as structural response. All the parameters are summarized
in the table 2.1:

Table 2.1: Input Parameter

Geometry detail Structural Response

Joint Type Nodal Forces
Hot Spot Type Nodal Moments
Plate Thickness
Weld Height
Weld length

Node Coordinates

Element Center Coordinates

Element Normal Vector

2.2 THROUGH-THICKNESS LINEARIZATION OF BETTELLE STRUC-
TURAL STRESS

For linear shell model static analysis, the following equation must be
satisfied(Dong, 2005):

{F} = [K{u} (2.1)

where [K] is the global stiffness matrix with dimension N x N, [U] is
the vector of displacements and rotations with N elements, [F] is the
vector of nodal forces and nodal moments, and N is the number of
degrees of freedom of the system. Vector [U] contains the displace-
ments and rotations of all nodes in the global coordinate system.
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Therefore, the global stiffness matrix is formed by appropriately as-
sembling the stiffness matrices of each element [K,|. After solving
Eq. 2.1, the vector containing the element nodal forces and nodal
moments acting on each node of the individual element on the weld
line. The element nodal force vector, can be computed as follows:

{E} = [Ke] {uy (2.2)

The element nodal forces in the local coordinate system (x',’,z")
can then be computed as:

{F} = [T {F*} (2:3)

where {F} is the vector carrying the nodal forces and nodal mo-
ments acting in the specific element in the local coordinate system
and [T] is the appropriate rotation matrix made up of sines and
cosines of the angles between the global and local coordinate systems.
For computation simplicity, the rotation matrix for every element
can be computed by the the global coordinate systems and local
coordinate systems:

-1

X x
Rl=1y| “|¥v (2.4)
z z/

The calculation of structural stresses is carried out by a procedure
known as structural stress recovery, in which the local coordinate
system’s nodal forces (F; along the y/-axis and nodal moments (M;
about the x/-axis) are first translated into line forces (f;) and line
moments (11;) acting on the weld path. One may determine the local
equilibrium of forces and moments at a single element from(Alencar
et al., 2021):

I
L Eit [ fy(x)dx =0 (25)

Y Fyixi+ /Olfy/(x)xdx =0 (2.6)

13
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1
ZMer—/O my(x)dx =0

!
ZMx/i/xi + / My (x)xdx = 0
0

(2.7)

(2.8)

For a 4-noded shell element with an edge over the weld line, the

equilibrium line forces Eq. 2.5-2.8 yields to:

2

fi=7 (2R - B)

fr=7(2h—h)

2
my = 7 (2M2 — Ml)

The nodal forces and nodal moments can be rewritten as:

HZé@ﬁ+h>
52é@ﬁ+ﬁ)

l
M; = 8 (27711 + mz)

l
M2 = 8 (27”12 + ml)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)



2.2 THROUGH-THICKNESS LINEARIZATION OF BETTELLE STRUCTURAL STRESS

In order to model the stress vector distribution on the weld line, the
forces and moments should be continuous except on material bound-
aries on the plate surface. It results from the assumed continuity of
the stress solution along the weld geometry. This may not be the case
at end points where weld line geometry is discontinuously differ-
entiable, at jumps in applied surface forces, or at jumps in material
properties. In this project, the discontinuity effect of the weld is not
considered.

The influence of adjacent elements must be considered for equilib-
rium when calculating the structural stresses for a series of elements
on the weld line. Egs. 2.13 to 2.16 change because it is likely that
there is a line force or moment discontinuity across the boundary:

SHORE a1
=L (2ft+ A1) (2.18)
Ff = 2 (2ff 4 o) (2.19)
B=2 (2 fo+ 15) (2.20)

The same equations can be obtained for nodal moments. In order
to overcome the discontinuity, a simple approach(Kim et al., 2010) is
used by assuming f} = fR = £, at the mutual node. Then, the line
forces of the first three node along the weld line becomes:

l l
k= §1f1+glfz (2.21)

E=F+F= h <2f2L+f1) é(zfz +f3)
b R g By

(2.22)

15
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b Iy
F = gfz + §f3 (2.23)

For n-elements in the row, the following formulae are proposed in a
more general form:

I Lo+
F = %fi—l + ( - 1 )f1 + fz+l (2'24)
I +1
Fo= gy (tlale g (225)
’ i1 +1; I
Fiio = %f:’ﬂ + (l+131+2)fi+2 + %zfi+3 (2.26)

Furthermore, for a closed weld path, where the last node coinciding
with the first one, Egs. 2.24 to 2.26 can be expressed in the following
matrix form:

(R L0 o 0 fi

P bonh b | £

L1 . 1;172‘§ln—1 lr\6—1 fnfl

\ Pn ) 0 0 lngl lr‘gl ] fn
(2.27)

The structural stress can be expressed as a superposition of mem-
brane stress and bending stress:
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2.3 GENERALIZED VIRTUAL NODE METHOD

2.3.1  Hot Spot Type A and B

High stress singularities may appear along for a geometry with sharp
weld corners, such as the simplified weld end of a cover plate(figure
2.1).

Figure 2.1: Typical hot spot type B

As shown in figure 2.1, the crack is expected to initiate from the tip
of the weld(at the black dot) and propagate along the red path. If only
eq. 2.27 and eq. 2.28 are applied to determine the structural stress,
the peak value at the exact crack location(weld tip) will perform
numerical instability(figure 2.2).

17
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3.5 T T T T T T T T
—@— 0.5t x 0.5t mesh
—O0—t x tmesh
—@— 2t x 2t mesh

—®— 4t x 4t mesh

Normalized Structural Stress [-]
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Distance along the weld [mm]

Figure 2.2: Numerical instability at the weld tip

A technique known as the GVNM has been proposed to compensate
the stress singularity and smooth out the along-weld structural stress.
It is essential for symmetric weld ends, that is load carrying side, and
for screening using stress evaluation lines cutting across a weld end.

For hot spot type B, the stress calculated at the weld line’s tip is
only relevant to weld initiation, and the average stress distribution
across the anticipated crack depth(l;) is more appropriate to represent
structural stress level.
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Figure 2.3: Hot spot type B virtual node

For hot spot type A, the crack will happen at the weld end perpen-
dicular to the weld seam, meaning in practice only weld toe notches
are involved. The mesh is usually coarse in that region and the high
stress gradients around the weld tip location are not effectively cap-
tured along the stress evaluation line. The GVNM provides a globally
accurate representation of average stresses at the crack region and
outside of it.

Figure 2.4: Hot spot type A virtual node
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With the virtual node approach, the work equilibrium system and
conservation is solved first in the same way for all nodal values of
the line forces(eq. 2.28). Along a potential crack path, assumed crack
length /1 and reference length | are defined. For all types of hot
spot, the structure fails when the length of the fracture reaches the
plate’s thickness. Therefore, it is determined that the assumed crack
length is equal to the plate thickness. Reference length I defines the
influence region of the hot spot. For the case of virtual node at hot
spot type B, the situation is depicted as figure 2.5.

[
|f1 e

=
/
-
|
|
—
- —
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1 (@) . )
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Figure 2.5: virtual node effect on assumed line force distribution, (a) origi-
nal, (b) linearized, (c) enforced, (d) final distribution

The initial line force distribution is shown in figure 2.5(a) and
an equivalent assumed linear line force distribution is assumed in
tigure 2.5(b). This is further converted to the equivalent assumed
distribution in figure 2.5(c) and then reconstructed as presented in
figure 2.5(d). At last the effective line force at crack initiation point
is taken as f] instead of f; based on eq. 2.28, and that line forces
are redistributed to preserve global virtual work equilibrium on the
nodes outside of the crack region /5.

From figure 2.5(a) to (b), the virtual displacements compatible with
the linear distribution are:

o = (1—1n)oUy + nél, for i € [0,1] (2.29)
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corresponding to the curvilinear abscissa s = #l, and the equivalence
of figure 2.5(a) and (b) is:

/Ol Siif(s)ds = /Ol Sif(s)ds (2.30)

Where f(s) is the line force distribution as in figure 2.5(a) obtained
by eq. 2.27. From the virtual work principle, this should be true
for all compatible virtual displacements in eq. 2.29. By substituting
equation eq. 2.29 into eq. 2.30 and expressing the identities for all
possible end displacements 5U;, two equations can be obtained to
define the representation f(s) = (1 — 7)1 + 1 f2 from figure 2.5(b) :

[ Lfy(=n)2dy 1 [y (1 —n)dy ] fi ]
Uy n(=mdy 1 [y nPdy f
_ [ Jo (1 =s/1)f(s)ds ]

Jo(s/D)f(s)ds

The average line force of kth segment f,, is calculated by the local
abscissa along the curve with origin at node 1:

fm}k _ f(xk+1)2+f(xk) (2‘32)

(2.31)

Based on trapz relation, the membrane component of the line force
over [ is expressed as:

N — .
= Y e =30 39)

k=1 L

The line force/moment indicator f(s) is linearly distributed over each
segment along the stress evaluation line. Hence, f(s) is assumed to
be:

f(s) = axs + by (2.34)

where a; and by are the slope and intercept of the line force/moment
distribution of the kth segment. s is the local coordinates within kth
segment.

f (k1) = f (%)

R —, (2:35)
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be = f(x) — ! (xgiz :j;k(xk) - X (2.36)

The bending component of the linearized line force over /; is:
N X,
for =Y (ax/3- 5%+ b /2 5%) [ (2.37)
k=1

f1 and f, are calculated by:
fmt + for

il
fo fmt — fwi

With this line force distribution we may calculate the equivalent nodal
forces at each end of the reference length I using the equivalence:

F|_l|21]|h 5
BN

It can be noticed that the right hand side of eq. 2.29 is identical to the
left of eq. 2.39, which indicates that the equivalent nodal forces F|
and Fj can just be calculated implicitly by the right of eq. 2.29. The
reformed equation becomes:

[ K ] _ [ Jo(l=s/D)f(s)ds ]
K Ja(s/1)f(s)ds

Therefore, eq.2.40 becomes:

[ F ] __ f()l(l_s/l)‘(aks+bk)d5 ]
F, fOI(S/Z) - (ags + by) ds

Yy [ak/2 - 8%+ by s— (2.41)
- (ax/3-8° +bx/2-8%) / 1|3}

| Tl (4 /3-8 + b /2 8%) /1]

(2.38)

(2.40)
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The line force representation in figure 2.5(c) can then be solved for
by building static equilibrium at both ends of the segment:

., F i+ +F(h -1

fl lll (2'42)
, B —L)-FhL

Yielding the system of equations:

1 h@—h) (1-nh)? ] [f{ ] _
2w oe-i|g

The above system is not symmetrical since the virtual displacements
and the assumed line forces are not in duality. However, the virtual
work equilibrium is preserved for the assumed virtual displacements
when changing from the scheme in figure 2.5(a) to the discontinuous
representation figure 2.5(c). The corresponding line moment redis-
tribution at the same location can be calculated based on the same
method. The new line force and moment along the weld considering
the weld end effect can be obtained by resolving eq. 2.2y, with the
line forces and moment at the weld tip as constraints. The Python
command "Isq_linear" with "buls" method is used to optimize the
stress distribution.

F
[ B ] (2.44)

To examine the mesh sensitivity, six drastically different mesh
sizes from 0.125¢ x 0.125¢ to 4t x 4t are used in the mesh designs.
The distance /1 is set equal to the plate thickness 10mm, which is
the same as Dong (2005). The reference length has a requirement of
[ 2 2112

h = (2.45)

The normalized structural stress distribution along the weld is plotted
in figure 2.6. The peak value at the crack location converged for

23
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different mesh sizes, varying from 1.58 to 1.62. However, If there are
multiple nodes located within the reference length [;(0.125¢ x 0.125¢
to 0.5t x 0.5t), non-monotonic behavior still appears within the /4
distance. Therefore, simply limiting the weld tip nodal results is
insufficient to help fine mesh results converge.

3.5 T T T T
3k —O0—0.125t x 0.125t mesh
—O0—0.25t x 0.25t mesh
25 —@— 0.5t x 0.5t mesh
—O0—1t x t mesh
2 —@— 2t x 2t mesh
15 —&— 4t x 4t mesh

Normalized Structural Stress [-]

|

35 I . 1 I 1 1 . .
0 15 30 45 60 75 90 105 120 135 150

Distance along the weld [mm]

Figure 2.6: Comparison of structural stress distribution along weld toe on
the attachment plate

2.3.2 I Linearization

In order to further smooth the stress distribution with multiple
elements located within [;, there is a case globally re-equilibrating the
virtual work equilibrium for the complete set of virtual displacements

constrained by the stress distribution along the assumed crack length
l.

A monotonic linear line force distribution can be applied to gen-
erate the equivalent line forces at nodes within the interval defined
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by /1. The gradient of equivalent line force over [; is the same to the
gradient of figure 2.5(b) over . The slope 77 can be written as:

__h—f

m = X =1 (2.46)
where f; and f; are the linearized line forces at the weld tip and
reference length I location. Hence, the line forces over I; distribution
can be determined by f and slope 17, except that line forces at the
nodes past the distance /; also depend on the unknown solution
beyond. This will be taken care of naturally by the remainder of
the equations in the system eq. 2.28. More precisely, partitioning the
equilibrium eq. 2.28in the form:

!
[ F. ] _ [ Qec Qu ] [ £ ] (2

Fu Qac Qaa f;
Where index c refers to the set of nodes 1 to n — 1 within the crack
length I, and the transformation matrix Q is the same as eq. 2.28.
The k™" node is excluded from index ¢ when it is just at the I; lo-
cation. The line force f. is the linearized results over I; and f} is
the optimized results with index c constrained. F. and F, are the
nodal forces along the weld corresponding to nodes in index ¢ and a.
Finally, when conditions such as virtual node are specified at both
ends of the stress evaluation line, it is an easy matter to adapt the
above procedures by appropriate partitioning and reordering of the
equilibrium equations.The stress distribution will then look as shown

in figure 2.7.

It can be noted that the peak stress shows at the end of the weld
converged from 0.125t to 4t mesh sizes, with all results below 2.5%
deviation. The stress distribution illustrated a monotonic behavior
with linearized stress results within [; distance from 0.125¢ x 0.125¢
to t x t model. For 4t mesh size, the stress distribution line is no
more falling on the data clouds, because there are only 4 elements
along the weld. However, the peak stress is still converging at the
same results.
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Figure 2.7: Comparison of structural stress distribution along weld toe on
the attachment plate with constraints within /; using lineariza-
tion over I

2.3.3 Savitzky-Golay Filter

As illustrated in figure 2.2 and 2.6, it can be highlighted that only the
tirst three nodes indicate the most non-monotonic behavior. There-
fore, a Savitzky-Golay Filter can be used to re-establish the virtual
work equilibrium for the entire collection of virtual displacements
confined by the assumed linear stress distribution for the first three
nodes at the weld end. In this case, only at maximum of three nodes
would be constrained.

The stress results of the first three nodes can be solved by a linear
distribution mentioned in 2.3.2. Then the line force along the weld is
re-equilibrated by eq.2.47. In this stage, the numerical instability is
stablized into a lower level to avoid over-filtering of Savitzky-Golay
filter. Finally, the Savitzky—Golay filter is applied over the whole
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weld. A polynomial order of 3 is applied and the frame length is
determined to be 7. The stress distribution along weld with different
mesh size is shown below:

T T T T T T T T T
—O0—0.125t x 0.125t mesh
—O0—0.25t x 0.25t mesh
—@— 0.5t x 0.5t mesh
—O0—t x tmesh

—@— 2t x 2t mesh
—@— 4t x 4t mesh

Normalized Structural Stress [-]
o

151

2 L 1 1 1 1 1 1 1 1
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Distance along the weld [mm]

Figure 2.8: Comparison of structural stress distribution along weld toe
on the attachment plate with constraints within /; with Sav-
itzky-Golay filter

It can be noticed that Savitzky—Golay filter gives a more smooth
transition at /; location than the linearization over /1 approach. How-
ever, Savitzky—Golay filter results are sensitive to pre-determined
frame length. If frame length is too small, the line force results can
be easily over filtered, which may influence the weld tip results. If
the frame length is too large, the numerical instability will not be
fully smoothed.

2.3.4 Peak Stress At The Other Side of The Bracket End

For the model shown in figure 2.1, there will be a sharp increase of
stress results at the other side of the bracket end.
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Figure 2.9: The other side of the bracket end

Based on eq. 2.28, the Battelle structural stress for models with
different mesh sizes are plotted in the figure below:
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Figure 2.10: The other side of the bracket end Battelle structural stress with
different mesh sizes

A similar non-convergent phenomenon appears at the peak stress
location. Therefore, the virtual node method could also be applied
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to redistribute the stress distribution around the other side of the
bracket end. The 3-point generalized virtual node method for this
specific example is calculated as depicted in figure 2.11.

f2 f2 ]
_ I fz
e h | |
I T I I | T | I
— b by ¢ e ¢ e by
Lk : T ;
! 1 l 1
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f2' '
717771 i {z
fi ! | L__J3 I
1 | | al o i I I ,
| | " U
ll ll s 11 ll N

Figure 2.11: 3 point generalized virtual node method

I and /; follow the relation in eq. 2.45. Figure 2.13(a) is the initial
line force results calculated by eq. 2.28. Figure 2.13(b) shows the
equivalent linearized line force over I. The right hand side linearized
line force f} and left hand side linearized line force fr(figure 2.12)
are both calculated by eq. 2.32 to eq. 2.38. f, used for linearization
on both sides is the results calculated by eq. 2.28.

Figure 2.12: GVNM left hand side and right hand side f»

f2 is the linear superposition of fX and fr.

h=R+f (2.48)
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f1, f and f3 are further converted to figure 2.11(c) by static equilib-
rium:

A+E+B=fi-(I-L)+f-Q-D)+f3-(1-h) (2.49)

(U =h)-(+h) f3-0=h)-(+h)

F{-Z—Fé-l:fl 5 5 (2.50)

FZ’-Z+F§-2-l:f2/-2~lz+f§~(l—ll)-(l—l—a—zll)) (2.51)

Therefore, the effective line force f} is solved as:
f _ BRI’ —4Flh + R} + K>+ 2Fl
2 21 (12 4211 + I2)
FjIf — FiI* 4 8Fjly + FI3
21 (2 421L +13)
The Battelle structural stress distribution of element size 0.25¢ x 0.25¢
to 4t x 4t are all plotted in figure 2.13 to clarify their difference.

(2.52)
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Figure 2.13: The other side of the bracket end Battelle structural stress with
GVNM
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The peak stress is converged for models with mesh sizes from
0.25¢ x 0.25¢ to 2t x 2t. Compared with hot spot structural stress, the
overall stress distribution is very similar. However, the peak stress of
4t x 4t is lower than other models. There are only 3 elements on one
side of the bracket end location (figure 2.14) and hence too coarse to
accurately capture the peak values.

Figure 2.14: The other side of the bracket end 4t x 4t element size model

It should be highlighted that the /; linearization should also be
applied for models with mesh sizes smaller than I;. f,/2 (instead
of f2) and f3 are used to calculate the gradient of stress distribution

on the right hand side of the peak stress shown in figure 2.11(b).

Furthermore, [; linearization is only applied in the region of 125mm
to 135mm and 265mm to 275mm. No additional constraint is added
in 115mm to 125mm and 275mm to 285mm. Currently, there is no
applicable method found for calculating the gradient of structural
stress within /; on the side where stress increases sharply. According
to figure 2.13, the spiky behavior becomes pretty obvious for mesh
sizes larger than 0.5¢ x 0.5¢ in the region of 125mm to 135mm and
265mm to 275mm. This is because the mesh is insufficiently fine to
capture the gradient of the abrupt stress increase over a very short
distance.
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2.4 VERIFICATION

2.4.1  Hot Spot Type B

To verify the structural stress results along the weld, the DNV-GL
hot spot type B verification model was established and compared.
The geometry dimensions are shown in the figure 2.15:
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Figure 2.15: Geometries of DNV-GL hot spot type B verification model

The model was set up to produce a 1tMPa nominal stress at the hot
spot location when 123N force was applied on the top square plate
with 250mm width. The extra stiffened panels will not affect the FEM
results. Hence, the FEM model was simplified into the model shown
in figure below:
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Figure 2.16: FEM DNV-GL hot spot type B verification model

The results of Battelle structural stress and hot spot structural
stress are shown in one plot as comparisons.
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Figure 2.17: Battelle structural stress and hot spot structural stress results
comparisons
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The hot spot structural stress is captured with a ¢ x t mesh model
through surface extrapolation. The mesh is all made up of 4-node
quad elements. Linear surface extrapolation method was based on
principal stresses from two nodes on the surface at 0.5t and 1.5t from
the weld toe. For the t x t mesh model, the elemental stress is the
stress value at the center of the element, which is an average value
of stresses at the four corners. Hence, the stress value that 0.5t and
1.5t away from the notch is taken at the center of the first and second
layer of elements near the weld.

It can be seen that the Battelle structural stress and the hot spot
structural stress along the weld coincide extremely well. However, the
peak value of the hot spot structural stress is slightly higher at the hot
spot type B location, differing by 4% from the Battelle structural stress
(1.69 for hot spot structural stress and 1.62 for Battelle structural
stress).

To visualize the stress distribution along the weld, the structural
stress was plotted with different mesh sizes. From figure 2.18 to figure
2.25, the contour plot of structural stress and perpendicular to the
weld elemental stress are displayed. The structural stress distribution
is uniform among all mesh sizes. In comparison to the elemental
stress, the Battelle structural stress exhibits a fairly comparable color
contour along the weld, indicating its good precision.

H i
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Figure 2.18: Structural stress 0.5t x Figure 2.19: Elemental stress 0.5t X
0.5t 0.5t



2.4 VERIFICATION 35

1630000, LR - 1630000,
1358333, | ] 1358333,
1086667, | Ny RENNE 1086667,

815000, -1 B 815000,

543333, J 543333,

1630000, - i 1630000,
1358333, P ~ ] 1358333,
1086667, e L 1086667,
815000, | T el 815000,

R L 543333,

1630000, | I 1630000,

1358333, ) 1358333,

1086667, | ~—— 1086667,
815000,

Figure 2.24: Structural stress 4t x 4t Figure 2.25: Elemental stress 4t x 4t

2.4.2  Hot Spot Type C

Regarding Lee et al. (2010)’s research, a separate stiffened panel
model was created in order to better test the results of the hot spot
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type C structural stress. The geometric details are displayed in figure
2.26

Figure 2.26: Hot spot type C and A verification model(Lee et al., 2010)

The hot spot type C model is evaluated using two distinct load
cases and four different mesh sizes, ranging from o.25t to 2t. The
first load case is pure tensile with a 29.4kN force applied on the
specimen(figure 2.27). The second load case is 3-point bending with
a 68.6kN force added at the center of the specimen(figure 2.28).

1
1

ors<

1

Z vy
L'
X
Output Set: Simcenter NASTRAN Case 1
Freebody: 1

Figure 2.27: Hot spot C tensile load and constraints
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Output Set: Simcenter NASTRAN Case 1
Freebody: 1

Figure 2.28: Hot spot C bending load and constraints

The Battelle structural stress was calculated by eq. 2.28 without
GVNM, and hot spot structural stress comparison were obtained
through linear surface extrapolation.

50 T T T T T T

Structural Stress [MPa]

—0—0.25t x 0.25t mesh
30 - —>— 0.5t x 0.5t mesh 4
—*—1t x t mesh

—&— 2t x 2t mesh

—®—t x t surface extrapolation

25 . . .
0 10 20 30 40 50 60 70

Distance along the weld [mm]

Figure 2.29: Hot spot C Battelle and hot spot structural stress comparison
with tensile load
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Figure 2.30: Hot spot C Battelle and hot spot structural stress comparison
with bending load

According to figure 2.29, the Battelle structural stresses for all
mesh sizes are extremely close to the linear surface extrapolation
hot spot structural stress of mesh size t x t. For the 3-point bending
specimen, the results of the two models along the weld are also fairly
similar(figure 2.30). Still convergent along the hot spot type C notch,
the Battelle stress results are 14% less than the hot spot structural
stress values.

2.4.3 Hot Spot Type A

Based on Dong (2005)’s finding, the Battelle structural stress of hot
spot type A is supposed to be calculated by the generalized virtual
node method due to the weld tip influence. Therefore, a separate
stiffened panel model is needed to verify the type A hot spot results.
The specimen was tested under a horizontal tensile load of 29.4kN,
making the weld tip of the gusset a hot spot type A. According to
chapter 2.3, eq. 2.42 is employed for the redistribution of the line
force, and eq. 2.28 was used to calculate the Battelle the structural
stress at the weld tip.
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Based on the assumption of generalized virtual node method, the
mesh size should be larger than [; = 0.5t, + I, = 10mm. According
to the experimental detail, the average leg length of the base plate
and the gusset side are 5.0 mm, respectively. Hence, the element
size was determined to be 17.5mm, 26mm and 35mm in the FEM
model(figure 2.31, 2.32 and 2.33):

zzzzzz

Output Set. Simcantar NASTRAN Casa |
rrrrrrr 1 Fresbody. 1

Figure 2.31: Hot spot A 17.5mm  Figure 2.32: Hot spot A 26mm mesh

29400,

ors

29400,

Output Set: Simcenter NASTRAN Case 1
Freebody: 1

Figure 2.33: Hot spot A 35mm mesh

The Battelle structural stress and hot spot structural stress compar-
ison is shown in table below:

Table 2.2: Hot spot A structural stress comparisons

Mesh size[mm] | Battelle[MPa] | Surface Extrapolation[MPa]

10 - 49.98
17.5 53-48 -
26 53.11 -

35 51.02 -
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It is clear that the mesh sizes 17.5mm and 26mm generate fairly
similar results. Nonetheless, the disparity becomes greater in the

35mm mesh model, which may be due to the definition of the ref-
erence length. The I distance is a local geometry parameter and is
therefore not intended to exceed half the plate’s width(figure 2.33).
For the 35mm mesh model, the single element in the plate width

direction cannot capture the bending component, since the nodal

moments of the two nodes we employ are always exactly opposite.

2.4.4 Weld Separation Influence

The structural stress requires all the nodal forces and moments to
form the matrix calculation in eq.2.28. However, the weld will be
separated to simplify the recognition procedure. As shown in figure
below, the highlighted weld were separated due to T joint/cruciform

joint recognition. Therefore, it is necessary to estimate the influence
caused by weld separation effect.
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Figure 2.34: Weld center part separa- Figure 2.35: Weld side
tion

part separa-
tion

The data used to verify the results is from the ¢ x t mesh model.
The structural stress of the continuous weld was first calculated. Then
the structural stress of the three separated weld part were also plotted

as comparison. As shown in figure 2.36 and 2.37, the structural stress
is very comparable to each other.
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Figure 2.36: Continuous structural Figure 2.37: Separated  structural
stress stress

In order to clearly identify the difference between the continuous
and separated calculation, the structural stress distribution of contin-
uous weld, separated weld and hot spot structural stress is shown
below:
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Figure 2.38: Comparisons of structural stress with continuous weld and
separated weld

It can be noticed that the Battelle structural stress calculated by
continuous weld is comparable to the separated counterpart along
most part of the weld. However, the peak stress value along the
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weld is not the same for the two approach. The continuous weld
results(0.877MPa) is 7.8% higher than the separated weld structural
stress results(o.796MPa). It likely results from the discrepancy in
nodal forces and nodal moments. For the Battelle structural stress
calculation, the nodal forces and moments are summed at node
I from the adjacent weld toe components located on the positive
side of the weld direction. Therefore, at the site of the hot spot, the
nodal forces and moments of the continuous weld are greater than
those of the separated weld, which accounted for the contribution
of only one element. Due to separation, the transformation matrix
for separated/continuous weld is also different, which may result
in deviations. The structural stress predicted by the separated weld
model is more comparable to the hot spot structural stress based on
linear surface extrapolation than its continuous counterpart.

The continuous and separated weld comparison from o.5t to 4t
mesh size is plotted in one figure below:

—%— Structural Stress Continuous Weld 0.25t x 0.25t
—@— Structural Stress Conl u:

o
>

Structural Stress [MPa]
o

0.6

0 40 80 120 160 200 240 280 320 360 400
Distance along the weld [mm]

Figure 2.39: Comparisons of continuous weld Battelle structural stress with
different mesh sizes
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Figure 2.40: Comparisons of separated weld Battelle structural stress with
different mesh sizes

Overall, the structural stress at the break point of separated weld
is not converged for all mesh sizes. The difference of omm to 125mm
weld and 125mm to 275mm weld is pretty low for ¢ x t model and
increases significantly for others. Compared with the continuous
weld structural stress for 2t x 2t and 4t x 4t, the separated results
shows a even higher spikes at around 120mm and 27omm point. It
might be caused by the smaller element number per weld compared
with the continuous models. On the other hand, the stress results will
be more stable if the element number is large enough. For smaller
mesh sizes like t x t and 0.5t x 0.5¢, the spikes are as small as the
continuous counterpart.

If the average value of the structural stress at the break point is
taken for omm to 125mm weld and 125mm to 275mm weld(figure
2.41), the results will be more converged than figure 2.40. However,
the maximum stress location will shift to the nearby node for element
sizes equal and smaller than ¢ x t. In conclusion, the Battelle struc-
tural stress calculated by separated weld approach is not accurate.
Redistributing the nodal forces for omm to 125mm weld and 125mm
to 275smm weld may help solve the problem. However, there is no
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information regarding the redistribution of nodal force in the middle
of a weld.

~—%— Structural Stress Separated Weld 0.25t x 0.25t

—@— Structural Stress Separated Weld 0.5t x 0.5t
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Figure 2.41: Comparisons of separated weld Battelle structural stress with
different mesh sizes average on the break point

2.5 MESH QUALITY STUDY
2.5.1  Hot Spot Type C

The 3-point bending model and pure tensile model are first chosen
to apply a mesh quality study. All the elements along the weld
are randomly modified to examine the influence of ugly mesh. The
average Jocobian value is 0.74 and the internal angle is 60.46.
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Figure 2.42: Hot spot type C mesh quality study

The comparison of t x t fine mesh and hot spot structural stress is
plotted in the figure below:
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Figure 2.43: Hot spot type C mesh quality study 3-point bending
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Figure 2.44: Hot spot type C mesh quality study pure tensile

It can be observed that there is hardly an influence on the Battelle
structural stress. The difference between coarse mesh and fine mesh
is below 1%.

2.5.2  Hot Spot Type A

In order to check the mesh quality influence of hot spot A generalized
virtual node method, 5 different coarse mesh at hot spot A are
modified(figure 2.46 to 2.50). The "top shrink" model was made
to test the influence of element aspect ratio influence. "Corner 1
shrink" and "Corner 2 shrink" were reducing the element area by
moving the top corner with regard to the weld tip location. The edge
at the exact hot spot type A location was extended to a random
location in "Corner 3 stretch” model to examine the influence of edge
misalignment influence. Finally, the edge parallel to the weld seam
was modified in "mesh misalign" model.
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Figure 2.45: 17.5mm fine mesh Figure 2.46: 17.5mm top shrink

Figure 2.49: 17.5mm corner 3 stretch Figure 2.50: 17.5mm mesh misalign

The mesh quality of the modified elements was measured by
Jocobian standard and internal angle. In the "misalign” model, the
reference length / is no longer 17.5mm due to the extension of corner,
and the distance between the corner and weld line | = I =
24.05mm is used instead. The results of the corresponding mesh
quality are shown below:
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Table 2.3: Hot spot A structural stress comparisons

Jocobian | Internal Angles | Structural stress[MPa]
Fine mesh o} 0 53.48
Top shrink 0 0 53.23
Corner 1 shrink | 0.747 61.57 59.75
Corner 2 shrink | 0.54 30.665 53.2
Corner 3 Strech | 0.4568 33.45 61.43
misalign 0.5102 30.2 85.1

Overall, the structural stress did not deviate much from the fine
mesh results of models shown in figures 2.46 to 2.49. According to
"top shrink" and "Corner 2 shrink," the along-weld modification of
the top two corners parallel to the hot spot type A has no impact
on structural stress. However, a random modification like figure 2.47
and 2.49 can easily cause a 10% difference. This results from the
changes in nodal forces. Regarding the model shown in figure 2.47,
the nodal force F, (which is F} in figure 2.4) is much smaller because
of the modified corner. However, F, can easily be compensated by
taking the average of one more element parallel to hot spot type
A location(figure 2.51). The structural stress after compensation is

05 = 54.09MPa.

Figure 2.51: Compensation corner 1 Figure 2.52: Compensation corner 3
stretch

shrink

Nodal force F; is much bigger in figure 2.49, which increases the
Battelle structural stress in some extent. The absolute average of one
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more element along the weld seam can be taken to compensate the
influence, which makes the structural stress 0; = 51.8 M Pa. Due to
the recognition difficulty, the compensation procedures for the ugly
mesh cases are not implemented in the tool.

2.6 CONCLUDING REMARKS

In this chapter, the Battelle approach to structural stress was inves-
tigated. It demonstrates great precision for various mesh sizes and
mesh qualities. However, the approach does have certain restrictions.
First, there is a compensation effect when there is a dramatic change
in nodal forces/moments inside a very short distance. If the situation
occurs in the middle of a weld, spikes will merge and the peak stress
is not converged for different mesh sizes. Coarser mesh is not able
to capture the gradient on the side where stress changes sharply. In
addition, for hot spot type A, the ugly element with misalignment
on the weld extension line causes the biggest inaccuracy. It is highly
recommended to make the element edge of hot spot A be parallel to
the weld extension line.
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EFFECTIVE NOTCH STRESS BASED TOTAL LIFE
ESTIMATE

The initial phase of crack formation makes up the the initiation fa-
tigue lifetime of a notched structural element, followed by a period
of fracture growth until eventual failure. As long as the crack growth
process depends on the surface state, the first micro-crack should still
be in the initiation phase. When the propagation predominantly de-
pends on the material’s resistance to crack growth, the crack growth
period begins. The stress intensity factor and fracture mechanics have
a larger role in the crack growth phase. However, there is a clear
issue even though the transition between the two periods seems to
be physically sound. How to identify the point at which the crack
initiation period changes into the growth period remains mystery.
The transformation would occur gradually rather than abruptly. In
this case, the one-parameter effective notch stress based total life
estimate is able to provide a smooth transition from crack initiation
to growth(H. den Besten, 2018).

Outline The structural stress discussed in Chapter 2 is the linear
stress distribution along the plate thickness direction. The notch
stress is the non-linear distribution along the same direction due to
the geometry changes at the surface notch, which is made up of a
far-field component and a non-linear self-equilibrating part. However,
a linear stress analysis of a sharp corner implies a singularity with
an infinite stress concentration, which is meaningless.
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Figure 3.1: Fatigue structural stress and notch stress

The effective notch stress is based on the averaged notch stress
value within p*. It is representative enough for the stress level in
which most of the life time is consumed. In this Chapter, the ap-
proach towards effective notch stress and total life estimate will be
introduced.

3.1 WELD NOTCH STRESS DISTRIBUTION

In order to calculate the effective notch stress, a non-linear notch
stress distribution is necessary to specify. The analytical notch stress
distribution through the plate thickness ¢;, for symmetry and non-
symmetry with regard to half of the base plate thickness for both
weld toe and weld root failure has already been available in J. H.
den Besten (2015). The distribution will change with regard to the
local geometry of the notch. The weld height 1, and weld leg length
I, are necessary to obtain an accurate notch stress through the plate
thickness. Based on the geometry relation, the weld notch angle and
stress angle can be expressed as:

1 " ha
n = 2{7T+arc an (lw>} (3.1)

p=a—-~ (3-2)
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Usually in the early design stage, the dimensions of the weld are
not given. It requires some engineering judgement to make some
reasonable assumptions, such as I, = t, and hy = tp.

For a weld toe notch of a T joint, the notch stress distribution can
be written as:

o (1) :as{ (:)A$1ys/\s(/\s +1)[cos{(As +1)B}—

tP P
Xscos(As — 1))+
7\ A1
(tp) Hara(Ag +1)[sin{ (Aq +1)B}— (3:3)

Xasin(A, —1)] + Cpy - {2(

(1))

Coefficients us and i, are obtained using force and moment equilib-
rium:

£yl

tp

_ wa(/\a+1)+3()\a_1)
He = 0 — As)[cos{(As + 1)BY — xs cos{(As — 1)B}]

(3-4)

B Crw(As +1) +3(As — 1) (3.5)
e e = A cos{(Aa + 1)B} — xacos{(Aa —1)BY] =7

and

_cos{(As +1)a}
Xs = cos{(As —1)a}

(3.6)

_sin{(Ag +1)a}

Xa = m (3-7)

The eigen value A, and A are the non-trivial system solutions, which
can be found solving notch angle dependent equations respectively:

Asin(2a) + sin(A2a) =0

VIA>0A#1 8
Asin(Za)—sin(AZoc):O} (A>0A#1) (3.8)
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In case of symmetry(J. H. den Besten, 2015)
() (=)
s {Zf <trp - ;> - 1} (3.9)
{21 =)

£ () = o { ()% s (As + 1) feos {(As +1) B) -
xscos {(As — 1) B}] +

(£)7 pare e+ 1) [sin{(A+1) g} = (3.10)
Kosin{(Aa —1) 3] +

Gl (1) -1} =27 (1))

f(r 1) (Aa(—As)l(AaAs—zcbw)

o 2) A(ra—1)—A (A1)

+ wa (3-11)

Plane strain conditions have been assumed, meaning 3D effects
can be neglected. For HS’s type C and A at the base plate t, = t;
and at the cover plate t, = t.. An artificial plate thickness t, = t,/
is introduced for HS’s type B, which is assumed to be 2omm for all
cases. 1 is the structural bending stress ratio s = (03,/0%) based on
structural stress results.

The weld geometry causes a local change in stiffness; a shift in
neutral axis, meaning the weld becomes load carrying up to some
extent. Considering a weld toe notch as typically encountered in a
welded joint without symmetry with respect to (tp/ 2), a counter-
clockwise bending moment is introduced for a normal line force
fun pointing to the right and a clockwise bending line moment ;.
The corresponding weld load carrying (bending) stress distribution
particularly affects the zone 2 stress gradient (Eq. 18). For a weld toe
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notch of a welded joint showing symmetry with respect to (t,/2)
the same principle applies to the related half plate thickness.

The weld load carrying stress component is geometry (fy, tc, Ly, hw, an)
and loading (f,, m;,) dependent, meaning coefficient Cp,, contains
the notch stress distribution specific information. With respect to
loading, 05Cpy, is assumed to be linear superposition of a normal
force and bending moment induced structural field membrane stress
and bending stress component:

05Chiw = T Cpm + 0Cpyp (3.12)
with
_ M [ 6
Cbm — o (1 — rs) (t%) (313)
and
_mw (6
Cop = o ( B > (3.14)

Bending moments m;,, and m;, are estimated using a FE beam model
in order to obtain weld load carrying stress information. However,
building a beam model will increase the workload in some extent
in the early design stage. Alternative to a beam model-based weld
load carrying stress estimate involving a physical and fitting part, a
parametric fitting function has been obtained as well. For the double
sided T joint:

Cp = 0.117 — 0.192 - ¢ 0494 W

0.793 - P3 +1.113- P2+ 0.957 - P+ 0.9 (3.15)
P4 +4721-P3+13-P2+9.669 - P+ 9.079

Cpp = 0.123 — 0.261 - ¢ 0712W

0.143 - P*+1.007 - P> +1.438 - P2 +1.674- P + 1.578
P44+3.892-P3+941-P2+757-P+8.118

(3.16)
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and for the double sided cruciform joint:

Cpy =0.015 — 0.026 - ¢~ 0388 W
0.297 - P4+ 0.22 (3.17)
P2 +3.144 - P+ 4.478

Cpp =0.028 — 0.039 - ¢~ 0340W

0.044 - P2 +0.141- P+ 0.116 (3.18)
P2 4+2881-P+2505

with
w= (1) (319)
L
P =log (W’) (3.20)
b

3.2 EFFECTIVE NOTCH STRESS

Based on the notch stress distribution along the crack path, the
effective notch stress can easily obtained by integrating over the
material characteristic length. By assuming a v-shaped notch at the
weld location, the effective notch stress analytical solution can be
calculated as:

1 [
Te :p*/o oy (r)dr
=0 - I . Poya cos —
=0 () { B s+ ) eos {1+ 1 )
Xscos {(As — 1) )] +

*

<P>A“ o (Mg +1) [sin {(A; +1) B} —

ty
Xosin{(A, —1) B}] +

{0} ()

(3.21)
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and in case of symmetry:
p*
O, :l* / oy (r)dr
p* Jo

() s (=)

(("*)Asusms 1) [cos {(As +1) B} -

tp
xscos{(As —1) B} +
* )\ﬂ
(f;p) to (Mg +1) [sin { (A, + 1) B} — (3.22)

) 0)-
S
G- ()]}

The material characteristic length p* is set to be a load level depen-
dent parameter(Palkar,2021).

. (Do (1 =)\
= C<0'y> (3-23)

where p. and p;, are material fitting constants. The best fit happens
at pc = 2.04 and pj, = 1. 0y is the yield strength of the material.

The effective notch stress range based on Walker’s mean stress
effect is calculated with:

Ao,

(1- Tzr)l_7 B2

Se,eff = Aa'e,eff =
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7 is found to be v = 0.67 as the best fit. For a pure compression
load case, the mean stress effect should be involved to calculate the
loading & response ratio:

Omin + Ores Tyl, test Ao + Ores (1 - rrl,test)

Ia ey g 2
! Omax + Ores A‘T + Ores (1 - rrl, test ) (3 5)
where
Omi Omax — AT
Tyl test = — = 7= (326)

Umax Umax

When the maximum stress is zero, eq. 3.25 becomes:

) . r Ao + ¢, 1—r
lim (rrl) _ lim 71, test res ( rl, test )
Tyl test—> — 00 Tyl test—> — 00 AO— + Ores (1 - rrl, test ) (3 27)
_ Ores — A0
Ores

The definition of 0es, Oyin and oy, are plotted in the figure below:

Y

Figure 3.2: Mean stress correction for loading & response ratio

To improve the fatigue lifetime prediction accuracy, a transition
curvature parameter ps. is introduced. Moreover, a 6-parameter
{log(C), m, 0N, Seous Seocs Ps., } generalised random fatigue limit
(GRFL) model can be obtained:

log(N) =log(C) —m -log(S) — ps,, - log {1 - SOO(S%U)} (3.28)



3.3 FATIGUE DAMAGE ACCUMULATION

For psec — m the GRFL model turns into the ordinary random fatigue
limit (ORFL) one. If the data does not contain fatigue limit behaviour,
the linaer Basquin (LB) model appears: pse — 0.

3.3 FATIGUE DAMAGE ACCUMULATION

For variable amplitude load case, it is important on how to accu-
mulate the damage. It can be separated into linear damage accu-
mulation and non-linear damage accumulation. The linear damage
model (LDM) is based on the hypothesis that the fatigue damage is
equal to the accumulated cycle ratio:

D=Z% (3-29)

No damage is accumulated if the load is below the fatigue limit. How-
ever, linear damage model prediction shows significant discrepancies
when compared with experimental data under variable amplitude
load. In addition, the results are too conservative for low-to-high
loading sequence fatigue while non-conservative for high-to-low
loading sequence(Schiitz, 1996). To overcome the disadvantages of
linear damage model, non-linear accumulation models have been
developed in recent years. They can be roughly divided into curve
approach and continuum damage mechanics models.

3.4 CONCLUDING REMARKS

The effective notch stress is the averaged notch stress over the mate-
rial characteristic length. The calculation approach of effective notch
stress based total life concept are clarified in this chapter. First, far-
field mechanical loading induced through-thickness weld toe notch
stress calculation approach is summarized for both T-joint and cruci-
form joint. The obtained semi-analytical formulations of . are related
to the welded joint far-field stress and weld geometries. Finally, a
load level dependent material characteristic length rho* is selected
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and a GRFL S-N curvce would be used to predict the lifetime of the
critical hot spot.



LARGE SCALE SPECIMEN TOTAL LIFE
ASSESSMENT

In Chapter 2, the Battelle structural stress is evaluated, and in Chapter
3, the effective notch stress-based total life estimate is presented. The
constant amplitude test results of a large-scale specimen will be
introduced to validate the fatigue total life estimate. As a comparison,
the hot spot structural stress life time forecast based on the DNV-GL
standard will also be established. To explore the influence of mesh
quality, another hot spot type B Battelle structural stress will be
evaluated.

4.1 STIFFENED PANEL STRUCTURAL DETAILS

This section aims to present the geometry detail, experimental detail
and experimental results of the large scale specimen. Still missing
the geometry description of the model.

The validation model is based on the experiments done by
Polezhayeva et al. (2013). Fatigue tests were conducted on small
specimens with longitudinal attachments and welded steel panels,
representing a typical longitudinal stiffener to transverse web connec-
tion in a ship’s hull. All specimens and panels were manufactured
from Lloyd’s Grade A steel plates with a specified minimum yield
strength of 235MPa. Mechanical properties of the four thicknesses
used are given in table 4.1.
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Plate thickness, mm | Yield strength, MPa | Ultimate strength, MPa

6 338 471

8 347 468

Table 4.1: Mechanical properties of the specimens

Six reduced scale specimens were fatigue tested under different
stress ratios. This design had six of the fillet welded joints between
the buckling vertical stiffener and longitudinal flange. Fatigue failure
was expected to initiate at the toes of fillet welded joints between the
buckling vertical stiffener and longitudinal flange, with the fatigue
crack propagating to failure through the flange thickness. The speci-
mens were tested under axial loads, and panels were tested in three
point bending to induce failure at the connection of the attachment
of vertical stiffener to the longitudinal flange.

The endurance limit of the experiment is indicated by the data in
table 4.2.

Table 4.2: Fatigue test results obtained from welded panels under constant
amplitude loading

Hot-spot

Panel | Limits [kKN] | Range [KN] stress | Endurance Fe.ulu.re

range [cycles] | Criterion
[MPa]

1 3.6 to 36 32.4 99 8300000 Run out
1A to 0 1 1775000 Through
51055 5 33 775 thickness
Through
2 8 to 8o 72 196 736000 thickness
o to -72 2 22 6773000 Through
3 7 7 3 773 thickness
Through
4 -36 to 36 72 200 784000 thickness




4.2 DNV-GL REFERENCE ASSESSMENT

In some cases, sufficient strain gauges were used to enable the
hot-spot stress to be determined by extrapolation. In other cases, a
single gauge was attached 3.2 mm from the toe. However, it was
possible to deduce the corresponding hot-spot stress on the basis that
the more detailed strain measurements showed that it was reasonable
to assume that the hot-spot stress was 1.16 times the stress 3.2 mm
from the toe. The location of final failure and crack geometry detail
can be found in table A.1.

R =
Distance from g
weld toe

strain
gauges

Figure 4.1: Instrumentation of welded panel: Typical strain gauge arrange-
ment for full-scale panel

4.2 DNV-GL REFERENCE ASSESSMENT

This section aims to clarify the calculation procedure from hot spot
structural stress to effective stress and total life time.

For modelling with shell elements without any weld included in
the model, the hot spot stress is taken as the stress at the read out
point 0.5t away from the intersection line(DNV-GL, 2016).
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For modelling with three-dimensional elements with the weld
included in the model, the hot spot stress is taken as the stress at the
read out point 0.5t away from the weld toe. The effective hot spot
stress range is derived as:

112,/ (A0, )? +081A73,
Opff = max§ 1.12a|Ac | (4.1)
1.120| Ay |

where The first principal stress is calculated as:

Ao, + Ao 1
doy = S22 4 2\ (80 ) - 8oy ) 440 (4.2)
and
B AU'J_—f—AO'// 1 ) 5
Aoy = f—i\/(mﬂ—mﬁ) +4A72, (4.3)

The geometry coefficient « value is defined as: & = 0.90 if the detail is
classified as C, with stress parallel to the weld at the hot spot in Table
A-3. « = 0.80 if the detail is classified as C1 with stress parallel to the
weld at the hot spot, ref. Table A-3. a = 0.72 if the detail is classified
as C with stress parallel to the weld at the hot spot(DNV-GL, 2016).

4.3 RESULTS DISCUSSION

As mentioned in the literature(Polezhayeva et al., 2013), the large
scale specimen was cracked at the hot spot type A of the vertical
bracket(figure 4.3) through the thickness. A FEM shell model is set
up to calculate the hot spot type A structural stress, effective notch
stress and finally predict the total fatigue life time.



4.3 RESULTS DISCUSSION

(a) Battelle structural stress range (b) Hot spot location

Figure 4.2: Validation model hot spot

In order to calculate the total life time of the large scale specimen,
the Battelle structural stress and effective notch stress are necessary.
Since the mesh size should be larger than t./2 + I, = 11mm for hot

spot type A, the element size is set to be 17.5mm to perform the
GVNM.

Table 4.3: 5kN to 55kIN constant amplitude load results

Load Stress Endurance | Endurance
Range[MPa] Ros Rs0
Experiments SN 133 1775000 1775000
to 55kN
Hot Spot Stress t055k51f<N 119 812830 2818383
Effective Notch 5kN
Stress to 55kN 120 742276 2336498
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Table 4.4: 8kN to 8okN constant amplitude load results

Load Stress Endurance | Endurance
Range[MPa] Ros Rs0
Experiments BN 196 736000 736000
to 80kN
Hot Spot Stress toS; (T(N 171 212686 695599
Effective Notch 8kN
Stress to 80kN 172.64 212591 846767

Table 4.5: okN to -72kN constant amplitude load results

Load Stress Endurance | Endurance
Range[MPa] Ros Rs0
Experiment: OkN 196 6773000 6773000
periments to —72kN 9 773 773
OkN
Hot Spot Stress to —72kN 171 - -
Effective Notch OkN
Stress to —72kN 172.64 2190716 6895823
Table 4.6: 36kIN to -36kN constant amplitude load results
Stress Endurance | Endurance
Load
Range[MPa] Ros Rs50
. 35kN
Experiments to —36kN 200 784000 784000
36kN
Hot Spot Stress to —36KN 172.34 212686 695599
Effective Notch 36kN L 12501 856021
Stress to —36kN 7377 29 559

It can be observed that for all cases, the Battelle structural stress
and hot spot structural stress range is very comparable to each




4.3 RESULTS DISCUSSION

other. Based on the Battelle structural stress results and R50 S-N
curve, the effective notch stress based total life estimate provides a
satisfying accuracy. With the Rg5 S-N curve, the total life endurance
limit prediction is still comparable to the hot spot structural stress
prediction. In table 4.4 and 4.6, effective notch stress was giving
slightly different results because of the mean stress correction, while
the hot spot structural stress provided the same lifetime.

There is always tensile load remaining at the weld joint because of
the weld residual stress. DNV tested many specimens and concluded
that the local stress around the weld joint is still tension even for
fully compression load case. Hence, they regarded fully compres-
sion as always safe. However, according to experiments done by
Polezhayeva et al. (2013), fully compression still have damage on the
structure, however, the life time is much larger than tensile load. For
the total life estimate, it is still able to predict the life time for fully
compression with a good matching with the experimental results.

As shown in figure 4.3a, the Battelle structural stress range is also
high at the hot spot type B location, at the weld tip of the vertical
bracket. Although the life time and stress results are not tested in
the experiment, the effective notch stress based total life estimate can
still be verified by the hot spot structural stress.

L=l
=i

(a) Battelle structural stress range (b) Hot spot location

Figure 4.3: Validation model hot spot

According to eq.3.21 and eq. 3.22, the effective notch stress results
are based on structural stress, structural stress affected p* and weld
geometry affected component. If the Battelle structural stress is ac-
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curate, the effective notch stress will also be accurate. Therefore, the
0, is also tested with two different mesh sizes. The weld shows in

figure 4.4 appears to be the peak stress location. Hence, the visualized
Battelle structural stress range and weld perpendicular stress results

are plotted in that region:

Figure 4.5: 50kN ¢ X t elemental

Figure 4.4: 50kN t x t Battelle

Figure 4.7: 50kN 2t x 2t elemental

Figure 4.6: 50kN 2t x 2t Battelle

Figure 4.9: 72kN ¢ x t elemental

72kN ¢t x t Battelle

Figure 4.8:



4.3 RESULTS DISCUSSION

Figure 4.10: 72kN 2t x 2t Battelle  Figure 4.11: 72kN 2f X 2t elemental

It can be observed that the elemental peak stress is changing
significantly from t x t to 2t x 2f(figure 4.5 and 4.7). On the other
hand, figure 4.4 and 4.6 shares a very similar peak c;. However,
there is still some differences at the middle of the weld. Therefore,
the stress along the weld is plotted in one figure to quantify the
difference:

Structural Stress [MPa]

Structural Stress [MPa]

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Distance along the weld [mm] Distance along the weld [mm]

Figure 4.12: 50kN mesh convergence Figure 4.13: 72kN mesh convergence

From figure 4.12 and 4.13, the t x t Battelle structural stress has a
very good matching with the hot spot structural stress. The 2t x 2t
model is matching for most of the nodes along the weld. However,
the 55mm location is too low for the stress distribution line. It is
because the nodal force has a very sharp increase within 1 element.
The 55mm nodal results is compensating the influence of the end
node and hence become lower than the hot spot structural stress.

The life time of the hot spot type B location is shown in the table
below:

69



70 LARGE SCALE SPECIMEN TOTAL LIFE ASSESSMENT

Table 4.7: Hot spot type B life time comparisons

load[kN] Endurance Rg5 | Endurance R50
[cycles] [cycles]
Hot spot to o -
structural stress | ° 22 447 5395
Effective notch
stress 51055 249445 785188
Hot spot
structural stress 8 to 8o 55081 180717
Effective notch
stress 8 to 8o 89921 283049
Hot spot
structural stress | > 6to-36 | 55081 180717
Effective notch
stress 36 t0-36 | 98296 300412

From table 4.7, the difference between effective structural stress
and hot spot structural stress is larger than hot spot type A. Since
DNV-GL is adopting the principle stress(eq.4.2), the parallel to the
weld contribution and shear component is considered in some extent.
For the effective notch stress based total life prediction, only mode-
I crack is discussed in this project. Therefore, the difference will
increase for this type B hot spot.

4.4 MESH QUALITY STUDY

In order to check the mesh quality influence on the large scale
specimen, the Battelle structural stress results is also plotted on
a coarse mesh model under 5 to 55kN load:
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(b) 5kN to 55kN fine mesh results

Figure 4.14: Validation model hot spot

The contour plot shows a very similar Battelle stress distribution.
To quantify the difference with the fine mesh model, the Battelle
structural stress was plotted in one graph:

200

T T
—@—t x tfine mesh
180 | —p— 2t x 2t fine mesh

| |—0—2t x 2tbad quality mesh
160 —#—t x t surface extrapolation
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60 -
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40t
20
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20 . \ \ . n .
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Figure 4.15: Large scale specimen mesh quality study

The peak stress of the coarse mesh model is very close to t x t and
2t x 2t fine mesh. Therefore, the lifetime of the coarse mesh model
will still be reliable. Because the element size is slightly larger than
2t x 2t, the compensation region is also extended.
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4.5 CONCLUDING REMARKS

The effective notch stress based total life estimate has been used to
predict the life time of a large scale specimen in this chapter. By
comparing with the hot spot A experimental data and DNV-GL hot
spot structural stress(DNV-GL, 2016) prediction, it can be concluded
that the total life estimate of effective notch stress concept maintains
good accuracy. In order to further examine the criterion, another
critical crack location(hot spot B) is also verified. In this case, the
life time deviation of effective notch stress based total life prediction
and DNV-GL prediction trends to rise. It probably originates from
the complex stress distribution at the hot spot type B location. DNV-
GL considered the shear component and stress parallel to the weld
contribution in some extent, but the total life evaluation for this
project only accounts for mode-I crack. Finally, an ugly mesh model
is created to evaluate the influence of mesh quality. The peak stress
continues to converge for both the good mesh and poor mesh models,
indicating that the later total life projection is accurate. However, the
compensation effect is more pronounced in the ugly mesh model
than its fine mesh counterpart. This is due to the growing mesh size
of the ugly element.



EVALUATION

In this chapter, the solutions to the research questions are stated
and the research’s conclusions are presented. Several outcomes will
then be briefly addressed, followed by a review of the previously
indicated recommendations.

5.1 DISCUSSIONS

In general, the effective notch stress-based total life estimate accu-
rately predicts the lifetime of structures subject to mode-I crack. The
comparison between the large-scale specimen test findings and the
small-scale specimen test results demonstrates satisfactory accuracy.
However, Battelle structural stress has some limitations that may
affect the accuracy of total life prediction.

Hot Spot Type A

First of all, the generalized virtual node method for hot spot type
A calculation requires the element size to be larger than t./2 + ty.
Therefore, a value equal or larger than 2t x 2t is recommended for
meshing a model. In addition, there should be at least two element
in between of the edge and hot spot location to capture the bend-
ing component, which indicates the element size cannot go beyond
half the plate width. By comparing the results of different ugly ele-

73



74

EVALUATION

ment examples, the center edge of the elements at the weld end is
recommended to always align with the weld extension line.

Hot Spot Type B and C

The first thing should be highlighted is that there must be at least
4 elements along the weld to capture the structural stress accurately
(hot spot B and C). For hot spot type B, generalized virtual node
method should be applied to redistribute the stress near the weld tip
location. The [y linearization can be adopted on element size smaller
than t X t to smooth the stress distribution line. For hot spot type C,
the generalized virtual node method can also be applied to obtain a
slightly more converged value at the end of the weld.

Compensation Effect

When the sharp increase is happening at the end of a weld, the
compensation effect would not affect the peak structural stress re-
sults(figure 4.12 and 4.13) due to the application of generalized
virtual node method. However, it will still have impact on the adja-
cent area and result in spiky behavior for mesh sizes above a specific
threshold. More research can be conducted on this issue in the future.

5.2 CONCLUSIONS

In this thesis, at first all the input parameters are collected from a FEM
model. The Battelle structural stress model is implemented to capture
the through-thickness linearized stress values. In this stage, three
specimens are used to verify the stress value for the three types of hot
spot. Mesh quality study is conducted and quantified with Jocobian
and internal angles. Separated weld influence is also presented with
different element sizes. Then the effective notch stress based total
life estimate is clarified and validated by a large scale specimen test
results. Four constant amplitude load cases are modeled and the
critical hot spot type A life time prediction is compared with the test
record. For all load cases, the effective notch stress shows satisfactory
accuracy. Moreover, the hot spot type B structural stress results are



5.3 RECOMMENDATIONS

also measured in order to verify the total life estimate. By comparing
the coarse mesh and fine mesh results, it can be concluded that the
total life estimate is also able to proceed the calculation even for
coarse mesh.

5.3 RECOMMENDATIONS

Based on section 5.1, some further study can be formed to improve
the project results. First of all, it is possible to ameliorate the weld
recognition. As shown in figure 4.14b, the hot spot is not recognized
as Type A because it is also part of hot spot type C on the joint
of stiffener flange and web. It could be captured as both hot spot
type C and A to present all possible hot spot. Secondly, the effective
notch stress results is sensitive to the weld dimensions. In this project,
ly = hy =ty is assumed for convenience. This geometry parameter
can be quantified in the future to improve the lifetime accuracy.

At the validation stage, only constant amplitude load data for
large-scale specimens are compared. The results of variable ampli-
tude loading can also be evaluated using the state-of-the-art dam-
age accumulation model. In addition, the compression load case of
curved weld can be finalized in the later stage. In this project, the
key parameter that could determine the positive perpendicular to
the weld direction is missing. Geometry input such as element center
coordinates should help determine the local abscissa and compres-
sion load case could be estimated accurately. Finally, the method is
only able to predict the life time for mode-I crack. Researchers in the
future can adopt multi-axial load criterion to better determine the
lifetime of complicated structure, such as the hot spot B prediction
in figure 4.3b.
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EXPERIMENTAL DETAIL

Panel 1A: Constant Amplitude, R = 0.1, 50kN load range

This panel was tested with a fully tensile load range of 50kN and
a stress ratio 0.1. A 2 mm long crack was first detected after 75,000
cycles at weld toe W1B, but it did not propagate further during the
test. At Weld W3A, a 5 mm crack was detected on the surface after
175,000 cycles, which propagated through-thickness cracking after
1,775,000 cycles. With a final surface crack length of 31 mm, the
aspect ratio of the crack at final failure was therefore around 4.

Panel 2: Constant Amplitude, R = 0.1, 72kN load range

Panel 2 was tested under a fully tensile load cycling between 8
and 80kN, which resulted in a load range of 72kN and a stress ratio
R = 0.1. An ACPD unit was used to measure the crack depth. First
fatigue cracking was simultaneously detected at the top and bottom
weld toes (ie that on the flange and that on the stiffener) in Welds
Wi1A, W2A, W3A after 292,000 fatigue cycles. These cracks were
removed using a pencil grinder and then repaired following the
repair procedure. Further cracking occurred at Welds W1A and W3A
and both cracks propagated to through-thickness after 736,000 cycles
had been applied. No cracking was detected at Weld W1B. At weld
W2B, a fatigue crack was detected at the upper toe after 361,000
cycles. After removing the crack and repairing the weld, the test
was continued. Another crack was detected at the same weld after
433,000 cycles and propagated until the test stopped. At Weld W3B,

77



78

EXPERIMENTAL DETAIL

a fatigue crack was detected after 331,000 cycles and propagated
without repair until the test was stopped. The order of appearance
of fatigue cracks in Panel 2 can be seen from Table 9.1

Panel 3: Constant amplitude, zero-compression, 72kN load range

Panel 3 was tested under fully compressive loading between o and
72kN, resulting in a range of 72kN. First cracking of 2 mm surface
length was detected at weld W3B after 4,748,000 cycles. Through-
thickness cracking occurred at weld W3A after 6,773,000 cycles, with
a surface crack length of 27.5 mm.

Panel 4: Constant Amplitude, R = —1,72kN load range

In Panel 4 the applied loading alternated between —36kN and
+36kN; giving a load range of 72kN and a stress ratio of -1. ACPD
was used to monitor crack growth through the thickness. First crack-
ing was simultaneously detected after 171,000 cycles at weld toes
W2A (1omm long crack), W3A (3mm long crack), W2B (9mm long
crack) and W3B (2mm long crack). Repair was not attempted and
cracks were monitored until through-thickness at weld toes W2A
and W2B after 784,000 cycles when the test was stopped. At the
end of the test, the depth of the crack measured using a probe was
1.2 mm at weld W1A, 2.3 mm at W3 A and 2 mm at W3B. No crack
was observed at weld toe W1B. The order of appearance of fatigue
cracks in Panel 4 can be seen from Table 9.2. Before testing, the stress
range measured at 3.2 mm from the weld toes was between 155 and
175MPa for the six joints but decreased during the fatigue test as
cracks developed at the weld toes.
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Figure A.1: Dimensions of the large scale specimen
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Output Set: Model Data to Contour

Transformed to Coordinate System: 0, X

Elemental Contour: Plane Element Thickness

Figure A.2: Plate thickness of the large scale specimen
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Surface

Hot-spot stress Cycles at first | Fatigue life at crack Final
. . . . length at | Length | Cycles at
Specimens Stress Ratio | range (linear), | Weld crack first crack first p tost st Remarks
[MPa] detection detection,% HS. surtace est stop
detection, | crack mm
mm
76.8 WiA
88.7 W2A
Panel 1
69.6 Ws3A No crack at weld
32.4 kN load range 0.1 P WiB 83000000 . .
. 1 oe - run ou
Constant Amplitude 2
80.9 W2B
99-4 W3B
CrackFirst Wi1A 325000 18 2 13
W2A 400000 23 2 16
Panel 1A - -
LN load o1 CrackFirst Ws3A 175000 10 5 31 1775000 Through thickness
0 oad range -
> 'g WiB 75000 4 2 2 No crack propagation
Constant Amplitude
128.8 W2B 900000 51 6 6 No crack propagation
136.5 W3B 875000 49 6 11
205.2 Wi1A 292000 40 30 Through thickness
197.1 W2A 292000 40 24
Panel 2 -
72KN load range o1 187.2 Ws3A 292000 40 29 736000 Through thickness
.g 185.4 WiB No crack
Constant Amplitude
207 W2B 433000 59 14
216.9 W3B 311000 45 7 7

Table A.1: Summary of fatigue test conditions and results for all welded panels.
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Surface
Hot-spot stress Cycles at first | Fatigue life at crack Final
Specimens Stress Ratio | range (linear), | Weld crack first crack length at | Length | Cycles at Remarks
. . first surface | test stop
[MPa] detection detection,% .
detection, | crack mm
mm
Wi1A | 5223000 77 2 4 No crack propagation
Panel W2A | 5423000 8o 2 2 No crack propagation
anel 3
Zero- W3A | 4848000 2 o. 27. Through thickness
72kN load range . 3 454 7 2 73 6773000 &
. compression WiB No crack

Constant Amplitude -
W2B | 5248000 77 2 4 No crack propagation
W3B | 4748000 70 2 2 No crack propagation

CrackFirst W1A | 245000 Through thickness

Panel 4 W2A | 171000 Through thickness

72kN » W3A | 171000 784000
load range WiB No crack
Constant Amplitude W2B | 171000 Through thickness
W3B | 171000

Table A.2: Summary of fatigue test conditions and results for all welded panels.
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