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ABSTRACT
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Multivariable regression analysis has been applied to fatigue life prediction of three types
of welded joints based on literature search of S-N data. Joint details include butt joints,
cruciform joints and longitudinal attachments. Variables considered are stress range,
stressed plate thickness and loading mode. Thickness effect regarding stressed plate
thickness is re-established for three types of joints in order to check its relevance to fatigue
life before moving into multivariable regression. Linear fatigue life estimate equations are
derived for al three types of joints considering plate thickness and loading mode. Fatigue
life predictions by equations are compared and discussed with chosen test results from
literature.

Four case studies are chosen from literature search and different fatigue life prediction
methods are used to compute estimated fatigue lives. Results from different methods are
compared and discussed with test results. Case studies include 2mm and 6mm thick
symmetrical longitudinal attachments, 12.7mm unsymmetrical longitudinal attachment,
38mm symmetric longitudinal attachment under bending and 25mm and 38mm load-
carrying cruciform joint under bending. Case studies are modelled as close to test
specimens as possible. Fatigue life prediction methods include hot-spot method where
structural hot-spot stress is obtained through two linear surface extrapolation methods,
quadratic surface extrapolation and through thickness integration at the weld toe. Effective
notch method and fracture mechanics methods are applied for cruciform joint.
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Kolmen eri hitsaudiitoksen vasymisika arvio on analysoitu monimuuttuja regressio
analyysin avulla. Regresson perustana on lagja SN tietokanta joka on kerdity
kirjallisuudesta. Tarkastellut liitokset ovat tasalevy liitos, krusiformi liitos ja pitkittéisripa
levyssd. Muuttujina ovat jannitysvaihtelu, kuormitetun levyn paksuus ja kuormitus tapa.
Paksuus effekti on kasitelty uudelleen kaikkia kolmea liitosta gjatellen. Uudelleen
kasittelyn avulla on varmistettu paksuus effektin olemassa olo ennen monimuuttuja
regressioon siirtymisté. Lineaariset vasymisika yhtal6t on gjettu kolmelle hitsaudliitokselle
verrattu ja keskusteltu testi tulosten valossa, jotka on kerétty kirjallisuudesta.

Nelja tutkimusta on tehty keréttyjen vasymistestien joukosta ja erilaisia vasymisika arvio
metodeja on kéytetty vasymisién arviointiin. Tuloksia on tarkasteltu ja niistd keskusteltu
oikeiden testien valossa. Tutkimuksissa on katsottu 2mm ja 6mm symmetrista
pitkittéisripaa levyssd, 12.7mm epasymmetristd pitkittdisripaa, 38mm symmetrista
pitkittéi sripaa vaantokuormituksessa ja 25mm/38mm kuorman kantavaa krusiformi liitosta
vaantokuormituksessa. Mallinnus on tehty niin ldhelle testi liitosta kuin mahdollista.
Vasymisika arviointi metodit siséltavét hot-spot metodin jossa hot-spot jannitys on laskettu
kahta lineaarista ja epdlineaarista ekstrapolointia kéyttéen seka paksuuden [8pi integrointia
kayttden. Lovijannitys ja murtumismekaniikka metodeja on k&ytetty krusiformi liitosta

| askiessa.
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Nomenclature

Estimated structural hot-spot stress
Fatigue capacity factor

Elastic stress concentration factor
Endurance limit at 2:40° cycles

Fatigue crack growth in mm/cycle

Nominal stress

Stress intensity factor range

Factor for non-linear portion of total notch stress

Geometric factor — relationship between crack length and thickness
Crack length — mm

Number of cyclesto failure

Elastic modulus

Poisson’sratio

8 node plane strain element with reduced integration
8 node plane strain element with full integration

8 node plane stress element with reduced integration
8 node plane stress element with full integration

4 node incompatible mode element

4 node plane strain element with full integration

4 node plane strain element with reduced integration
4 node plane stress element with full integration

4 node plane stress element with reduced integration
Material constant

Material constant — slope of SN curve
Stress range - MPa

Incremental area under dN/davs. a curve

Individual fatigue strength to reference fatigue strength at 2x10° cycles

Ratio of individual thickness to reference thickness



{F}
C3D8
C3D8R
c3Ds|
C3D20R
C3D20
RSD
UKOSRP

Notch stress based on FAT 225
Coefficient of determination
L oading mode parameter

Equivalent structural stress parameter
Equivalent structural stress due to bending mode
Equivalent structural stress due to tensile mode
Stiffness matrix

Displacement vector

Force vector

8 node fully integrated linear hexagonal element

8 node reduced integration linear hexagonal el ement

8 node incompatible linear hexagonal element

20 node reduced integration quadratic hexagonal element
20 node fully integrated quadratic hexagonal element
Residual standard deviation

United Kingdom Offshore Steel Research Program



1 INTRODUCTION

Current fatigue design rules are primarily based on laboratory fatigue testing of various
welded details.[21] Based on fatigue tests, welded details are grouped into several classes
each having a specific fatigue strength. Results are shown on SN curve, also known as
stress — endurance curve. Generally, the lower bound is chosen for each detail to represent
the design curve. However, some peculiarities exists, for example, current fatigue design
rules in BS 7608 include so called “thickness effect” beyond 16mm plate thickness. There
is a penalty for thicker plate thickness as fatigue strength atleast in transverse fillet welded
jointsis reduced.

Main goal of this project is to investigate the possibility of using multivariable regression
in attempt to predict fatigue life of a welded joint. The idea is to derive an equation that
would take into account stress range, thickness and loading mode based on collected data
for three welded details. As a result, estimated fatigue life could be obtained from single
equation given parameters such as stress range, plate thickness and loading mode.
Literature search is carried out for butt joints, cruciform joints, and longitudinal
attachments.

Relevance of these welded details in practical applications could be as follows. For
example, steel sheets in ship structures are butt welded together, reinforcement structure in
ship hull is most likely to contain details which follow load or non-load carrying cruciform
joint. Longitudinal attachment can be found, for example, in gas tanks as attachment for
lifting. Under interna pressure this detail could fit the detail that is investigated in this
work, non-load carrying longitudinal attachment.

Finite element analysis has been carried out in the light of four case studies from Gurney,
Maddox and UKOSRP, United Kingdom Offshore Steel Research Program. Modeling
included thin symmetrical longitudina attachments tested by Gurney, unsymmetrical
longitudinal attachments tested by Maddox and two samples from UKOSRP project,
longitudinal attachment and load and non-load carrying cruciform joint. Results from FEA
are compared to test results using different fatigue life prediction methods. Methods
include linear and quadratic surface extrapolation, through thickness integration, effective
notch method and fracture mechanics method. Predicted fatigue lives from multivariable
regression equations based on collected data are compared to test results.

However, much more verification, testing and variable consideration is required in order to

draw any sound conclusions.



2 MAIN FACTORS AFFECTING FATIGUE LIFE IN WELDED STRUCTURES

Stress range is thought to have the most significance into fatigue life of awelded
structure. In atypical fatigue testing set-up slope of the S-N curve is observed to be about
three. This means that as stress range is doubled, corresponding fatigue life is reduced by
eight times.
C
N = 1

Above equation (1) is often used for fatigue life estimation. C is material constant

determined by corresponding FAT class of ajoint at 2X.0° cycles. Quite significant and
often controversial factor is plate thickness and its significance to fatigue life of ajoint.
Thickness effect may be explained by three main mechanisms [1] statistical size effect,
technological size effect and stress gradient effect. These factors also hold for non-welded
materials. Satistical size effect refersto the physical dimension of the joint. Probability of
finding adefect in alarger joint is greater than in asmaller joint. Asaresult, it islikely
that larger joints would exhibit lower fatigue strength.

Technological size effect refers to difference in manufacturing process. For example,
welding residual stresses might be higher in larger and thicker structures.[5]

Stress gradient effect is best illustrated in Figure.1.
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Figure.1. Stress gradient in a thin plate is shallower than in a thick plate. Fatigue crack
grows faster in thick plate as crack propagation reaches deeper.[1]

Stress gradients are caused by welds and other geometrical discontinuities. Stress gradient
in thin plate is shallower than in thick plate.[5] Asaresult, if same depth crack is present
in thin and thick plate, it will grow faster in thick plate because stress gradient reaches
deeper. This causes reduction in fatigue strength. Assumption would be that nominal

stress is the same in both cases.



Numerous standards describe the thickness effect in welded structures in relation to
fatigue strength. In Eurocode 3 the relationship is expressed as follows. [24]
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where S is the fatigue strength for 25mm thickness. Reduction in fatigue strength is

(2)

taken into account when plate thickness exceeds 25mm. This applies mainly to cases
where principal stress acts perpendicular to the weld toe. In BS 7608 thickness effect is
expressed as follows.
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According to British standard reduction in fatigue strength should be considered beyond
16mm. Another standard for steel structures, BSK used in Sweden uses expression as

follows.
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Here, S= S for t 3 25mm. Interestingly, Swedish standard is the only one that takes

into account thinness effect.
In the W recommendations reduced fatigue strength due to increase in plate thickness is
taken into account as follows [22]

S - ?—5? ©
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where exponent n takes on different values between 0.1 to 0.3. However, exponent is
related to weld profile, weld type and loading mode.
It should be noted that thickness effect based on current standards holds true for fillet
welds which are loaded in transverse direction. Gurney [6] found quite different results
for complicated longitudinal attachment. Quite well established parameter is loading
mode.
In general, bending mode is not as severe as tensile mode as far as fatigue strength of the
component is concerned. Thisis due to linear distribution of bending stress across the
thickness being maximum at the surface. Hence, fatigue crack grows toward the region of



lower stress and as aresult higher fatigue strength would be expected under bending
mode.

Significant parameter for fatigue life is the presence of residual stressesin awelded joint.
Weldsin real structures are often assumed to exhibit tensile residual stresses up to yield
strength. As aresult, fatigue life is thought to be independent of the mean stress and
depend only on applied stress range.[22] All mgjor fatigue design standards accept this
principle. In general, higher residua stress leads to decrease to fatigue life. This brings
about a problem of laboratory tested small scale specimens which exhibit lower residual
stresses. Currently, no agreed correction factor exists which would bridge the gap
between laboratory specimen and real structures which can be ten times as large.
Certainly, factors such as environment, loading frequency, welding process, joint specific
local and global geometry, amount of weld penetration and material type have effect on
fatigue life. However, certain type of joint can be more sensitive to one parameter than
other joint or even exhibit opposite behaviour as Gurney [6] found in testing longitudinal
attachments under tensile mode. Fatigue strength may not decrease with increasing
stressed plate thickness.

3 METHODS FOR FATIGUE LIFE PREDICTION IN WELDED
STRUCTURES

3.1 NOMINAL STRESS APPROACH

Generally common method for fatigue life assessment is nominal stress method, which is
based on the average stress over the section of interest. Most fatigue design curves are
based on nominal stress. Definition of nomina stressin real structural details may not be
so simple. Due to stress raising details along with complex loading conditions in real
structures, definition of nominal stress may be difficult if not impossible to define.[25] In
the light of fatigue life assessment for ssmple geometry, nominal stress method can give
useful information. As for more complicated geometry and increased accuracy, more
advanced methods have to be considered. Nominal stress method do not take into account
stress raising effects due to welded attachments and other structural discontinuities.
Hobbacher [24] defines nominal stress as an average stress in area under consideration,
calculated by ssimple and agreed formula, considering global notch effects in the vicinity
of the welded joint, but excluding the notch effects of the welded joint geometry itself.
Commonly, nominal stress is calculated by basic equations
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membrane and linearly distributed bending stress, respectively.

3.2 HOT-SPOT STRESS APPROACH

Structural hot-spot stress method estimates stress raising effects in the structure.
Structural hot-spot stress consists of membrane stress and shell bending stress caused by
the detail, but excludes the non-linear stress peak caused by the local notch at the weld
toe. Non-linear portion of the stressisincluded in the hot-spot SN curve.[5][25] If
nominal SN curve is used, nomina stress has to multiplied by arelevant stress
concentration factor which is calculated from the ratio of hot-spot stress to nominal stress.

Figure.2 shows separated stress components.

Figure.2. Total stress at the notch consists of membrane stress, bending stress and non-
linear stress peak in the vicinity of the notch. Sructural stress excludes non-linear portion
of the stress.

Hot-spot stress is only applicaple to weld toe failure where fatigue cracking might be
expected. Weld root failures cannot be assessed with hot-spot method [27]. This rises
from the following. Membrane and bending stress after the weld toe collapsesin
magnitude, due to stiffening in the weld and attachment region. As aresult, stress will be
lower dueto linear elastic material. See Figure.3 for surface extrapolation method and
reason for hot-spot failure from weld root.

Monlinear stress peak

Total stress

Structural stress

Figure.3. Hot-spot stress is estimated from extrapolation points on surface in front of the
weld toe.



3.2.1 Linear extrapolation based on thickness — Method 1

Linear extrapolation method is based on principal stresses from two nodes on the surface

at 0.4t and t from weld toe, where t is the thickness of stressed plate [4]. Estimated

structural hot-spot stress based on linear extrapolation is calculated according to equation
S s =1.67s (0.4t) - 0.67s (t) @)

Method does not take into account global geometry of the joint. It does take into account
for the thickness of the plate.

3.2.2 Linear extrapolation based on thickness — Method 2

Two extrapolation points at distances 0.5t and 1.5t in front of the weld toe are considered
in this method based on thickness [8]. Thickness effect is counted in this method as well.
Estimated structural hot-spot stress is cal culated according to equation

S =1.55 (0.5t) - 0.5s (1.5t) (8)

Method is generally recommended in coarser meshes where element length at the weld
toe region is equal to the plate thickness. Generally, this method is used in ship building
industry.

3.2.3 Quadratic extrapolation based on thickness — Method 3

Three extrapolation points based on stressed plate thicknessat 0.4t,09tand 1.4t are
considered in estimation of structural hot-spot stress at the weld toe [4]. Hot-spot stressis
computed according to relationship

S, = 2525 (0.4t)- 2.24s (0.9t) +0.72(L4t)  (9)

Quadratic extrapolation is preferred over linear extrapolation in cases where principal
stress increases non-linearly in front of the weld toe. It is assumed that non-linear portion
of the stress disappears 0.4t from the weld toe. In case of thicker plates non-linear portion
of the stress may extend further than 0.4t from the weld toe. In such cases, linear
extrapolation might underestimate actual hot-spot stress, thus quadratic extrapolation
could be used [5]. Other global geometry can a so influence the extent of non-linear
portion of the stress at the vicinity of the weld toe. Cover plates on beamsis one example,
where quadratic extrapolation is found to yield better fatigue life estimates over linear
extrapolation.



3.2.4 Through thickness integration at the weld toe — Method 4

Through thickness integration at the weld toe takes better into account global and local
geometry of the joint. Estimated hot-spot stress is composed of membrane and bending
stress.

S,.=S +S

hs mem ben

(10)

s = % xgp ()X (1)

x=0

S T2 X8 00X 0k (12)
| 2
Structural stress is calculated using (10) that consist of membrane and bending stress, (11)
and (12), respectively. [4, 11] Structural stress is obtained through thickness at the weld
toe. For finite element applications, results must be processed carefully. Weld toe
elements as well as elements directly under the weld toe are deselected in the post-
processing phase in order to avoid averaging error due to surrounding elements. Structural
stress is obtained through stress linearization in the post-processing phase that separates
membrane and bending portions of the total stress which includes the non-linear portion.

3.3 EFFECTIVE NOTCH APPROACH

One of the current procedures for predicting fatigue life of awelded joint is effective
notch approach. [24] Considering scatter in actual weld shape and potential non-linear
material behavior at the notch, real weld toe is replaced by effective notch. This method is
suitable for weld toe and weld root failure investigation where fatigue crack initiation is
expected. Method takes better into account the local weld toe geometry. Method is not
suitable where significant stress components act parallel to the weld. In these cases
nominal stress method would work. This applies to weld toe and weld root side.
Currently, method is restricted to wall thickness greater than 5mm.[24]

In general, fatigue strength tends to increase as weld toe radius is increased as shown in
Figure4. Thisis due to less severe stress concentration at the notch. Other geometry as
well as loading mode has to be considered.

Applying effective notch method reduction in fatigue strength due to plate thickness over
25mm is not taken into account as recommended in Eurocode 3. Generally, maximum



principal stress at the weld toe region transverse to the weld is chosen for fatigue life
assessment. Stress concentration factor is computed from maximum principal stress at the
notch and nominal stress. Fatigue life estimate is obtained from

N=_C (13)

m
notch

where C and m are material constants and s

is notch stress, maximum principal stress

notch
occurring at the notch. Materia constant C is calculated based on FAT 225. [17]

This method has been applied to one of the case studies. Cruciform joint under four point
bending from UKOSRP project was studied by using this method. Plate thickness was
38mm with same attachment thickness. Effective notch was modelled with 1mm radius at

the weld toe. Effective notch at the weld toe was modelled by smooth transition.

Hadleia = 1 mn
!

: L INe o
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i

Figure.4. General effect of weld toe radius to fatigue life and general modeling
procedure.

34 FRACTURE MECHANICSAPPROACH

Stress intensity factor describes the severity of the crack that depends on applied stress,
geometry, and crack length. ABAQUS calculates stress intensity factors based on contour
integral method, J-integral. Relationship between Mode 1 stress intensity factor and Jis
given asfollows [3][13],

K, = (14)

Stress analysis is used to determine stress intensity factor range as crack propagates
through the plate thickness. This method has been applied to one of the case studies.
First, smple plate with edge crack with analytical stress intensity factor solution available
was analyzed using ABAQUS before moving into modeling one of the case studies. Plate
was 40mm wide and 70mm long with 4mm edge crack in the center. Crack tip in the plate

under pure tensile loading was modeled using two different approaches. First, 8-node



plane strain elements were used. Crack tip was located at the corner of the elements.[7]
Refer to Figure.5 for two proposed modeling techniques. [13]

Crack tip

| Crack tip

Figure.5. Crack tip modeled using 8-node plane strain quadratic elements,
tip located at corner point of elements. Nodes surrounding crack tip are at
mid-points and quarter points. Tip element size is 0.01mm in both
techniques.

Second, 8-node plane strain collapsed quadratic elements were used with quarter point
nodes to introduce 1/vr singularity as proposed for linear elastic analysis.[3] Elements

were created by modifying input file such that nodes on one side of circumferential
elements were assigned crack tip coordinates. Inner nodes were moved to quarter points
by assigning cylindrical coordinate system at the crack tip and modifying radial
coordinate. Crack tip nodes were constrained together using TIE - command. Stress
intensity factor results based on these two modeling techniques are compared with
analytical solution.

4 DATA PROCESSING

Literature search was made for three types of welded details under tensile and bending mode.
Collected data was S-N data. In all cases, nominal stress versus life was recorded in the
database. M easured hot-spot stresses were recorded in cases where they were reported. Welded
details included buitt joints, cruciform joints and longitudinal attachments. Collected joint types
included various global and local geometry. Collected data was broken down in terms of
stressed plate thickness and loading mode. L east-squares regression was performed for al joint
details based on stressed plate thickness. Various curve fitting techniques were performed to
establish relationship between fatigue strength and main plate thickness under tensile and
bending mode. Established relationships regarding thickness and fatigue strength based on
collected data are compared and discussed with current standards. Multivariable regression was



performed for the three joint types considering stress range, plate thickness and loading mode.
Multivariable regression results for fatigue life prediction are compared and discussed with
samples from tests and with four finite element case studies.

Goal of first part of the work was to establish relationship between fatigue strength and plate
thickness as well as loading mode. General observations from literature search were, fatigue
strength under tensile mode was lower than under bending mode. Fatigue test results for
bending mode are more limited than for tensile mode. One logical reason might be that based
on tensile test results it was concluded that same component under bending mode will be safe.
Most data was collected for butt joints. Data set consists of 1556 test results from 50 references.
Cruciform joints contain 1189 test results from 29 references. Least amount of data was
collected for longitudinal attachment. Data set consists of 456 test results from 11 references.

4.1  Least-sguaresregression

All fatigue data was analyzed using least-squares regression. Each joint type was treated
separately. Each joint type was divided into groups based on stressed plate thickness and
loading mode. Coefficients of linear equation were computed as follows. [10]
. ng logDs, logN, - § logDs ., § logN.
ng logDs 2 - (g logDs )2

(15)

3 log N A logDs .
alogN, ~ Qa logDs,
n

logC =

(16)

where n is the number of data points, logDs ; isthe stressrange andlog N, is number cyclesto

failure. Linear equation from S-N curve can be expressed as follows

C=NDs" 17)
S-N relationship (17) was linearized by taking logarithm from both sides which leads to

logC =logN + mlogDs (18)
and by rearranging

logN =mlogDs - logC (29

Stress range and number of cycles to failure were modified by taking logarithm of the
variables. Standard deviation based on individual observations was computed as follows

10



S =4 (IogN; - 10gN,,)? (20)
and standard deviation based on coefficients was expressed by
S =4 (logN, - logC - mlogDs, (21)
Coefficient of determination or percent fit was computed based on standard deviation of the

individual observations and standard deviation based on mean regression line representing data

point as

PercentFit = - 'sz (22)

Based on each regression line fatigue strength at 2 X10° cycles was computed for each thickness
and loading mode. As aresult, a series of curves were obtained representing thickness effect as
well as loading effect. Relevant plate thickness and loading curves for each joint type were
graphed on logDs versuslog N curve.

Based on regression lines, reasonabl e reference thickness was chosen from available plate
thicknesses. Based on reference thickness, ratio of actual plate thickness to reference thickness
was calculated. Fatigue strength at 2 X10° cycles was compared with reference fatigue strength
that corresponded reference thickness.

Fatigue strength ratio versus thickness ratio were graphed in attempt to establish relationship

between fatigue strength and thickness under tensile and bending modes as follows.

V)= W=r @

Based on observations, linear and non-linear curve fitting techniques were applied in attempt to
derive a function that describes relationship between thickness and fatigue strength under
tensile and bending mode for all three joint types. Based on limited amount of available data
for bending, relationship was not clear in all cases.

Based on fatigue data collection in this study, several curve fits were examined to see which

one best represents the data. Power law fit can be represented as follows
s (t)=a xf (1) (24)
After linearization coefficients become easy to solve as follows

logs (t) = loga, +a,log f (t) (25)
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Other non-linear curve fitting techniques included exponential fit, saturation fit, and natural
logarithm fit.

s (t) =a, 2" (26)
which after linearization leads to, however, In e becomes 1 that simplifies expression.
Ins (t)=Ina, +a,f(t)ine (27)

Other modd is saturation fit as follows

ft)
t)=ax—"~ 28
S () a + f(t) ( )
Linearization is applied as follows

1
+

1
NORERI0 (29)

o |
D |

Natural logarithm fit is aready in correct form for linear regression as

st)=amn(f{t)+a, (30

Asvariousfits, that in general represented the data, were graphed corresponding coefficient of
determination or percent fit was computed. Coefficient of determination (r?) of 1 represents
perfect fit. Coefficient of determination (r?) represents how many percent of the original

scatter has been explained by the curve.
4.2  Multivariable regression

Multivariable regression was considered for al three joints. First, two variables were
considered, stress range and plate thickness. It was assumed that power relationship exists
between these variables according to general expression. This was done partly because
standards suggest power model in thickness and also results from thickness relationship to
fatigue strength based on data collection are the same.
As aresult, thickness variation in relation to fatigue life in all joints followed closest to power
or exponential curves, however, power relationship was assumed in all cases.
N = f(Ds )™ f(t)™c (31)

By taking logarithm of both sides of the equation leads to linear relationship

logN = mlog f (Ds )+ m,log f (t)+logc (32)
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where f(Ds ) correspondsto stressrange, f (t) to thickness of the main plate and c is the

constant. By taking partial derivatives with respect to each one of the variables and rearranging
equations into matrix form, coefficients can be solved. This leads to solving 3x 3 matrix with 3
unknown coefficients as follows. [28]

é n Q logDs, a logt L Uilogci 1 glogN, U
& & logDs, A logDs’ 4 logDs, logt, L EXE m i _18 logN »Ds |
g a logt Q logDs logt a logt’ L 3, mY i &logN % ¥
8 M M M 0 gt mp { M b

This can be extended to n variables and solving n+1 x n+1 matrix, where n is the number of
variables. Number of solved coefficientsis therefore n+1.[29]
L oading mode parameter in this work is defined as [31]
S

r= S 45 - Fs - (33
Asaresult, for pure bending r isone. For pure tension r is then zero.
Dong [30] has used same parameter in the context for calculating equivalent structural stress
for fatigue life estimation. Dong’ s parameter was defined as follows

S

R = ﬁ (34)

k,m k,b
However, loading mode parameter used in multivariable regression analysisisin different
context than in Dong’ s work.

5 FINITE ELEMENT ANALYSIS—FOUR CASE STUDIES
51 Finite e ements

In the context of welded joint modeling element types explored were reduced and fully
integrated elements. The term “full / reduced integration” refers to the number of Gauss points
required to integrate the element stiffness matrix.

Legimate question is when to use full integration and reduced integration element. As bending
mode is simulated in quite afew cases, reduced versus full integration element plays an
important part.

Linear fully integrated elements under predict displacements under bending mode, they tend to
be too stiff. Asaresult, dueto linear elastic material, stress will be reduced by same amount as
displacement. This can give non-conservative results for fatigue life estimation.
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Two dimensional modeling in cruciform joint was done with various plane stress and plane
strain elements. Of course, none of the results from FEA cannot be compared to any true value.
On the basis of element behavior from FEA theory choice was made which element results
were used in fatigue life calculations. Linear fully integrated elements tend to be too stiff under
bending because edges are unable to curve and as aresult strain energy flows into axial shear
deformation versus intended bending. Thisisreferred to as shear locking in FEA terminology.
In contrast, linear reduced integration elements tend to be too flexible in bending. Element is
unable resist bending deformation due to a single Gauss point in the center of the element. In
FEA termsthisis caled as hour glassing.

Longitudinal attachment was modeled with 3 types of shell elements. Modeling was also done
in 3D due to double stress gradient that is present in the longitudinal attachment, through
thickness and transverse to the loading direction. Two dimensional model does not accurately
represent double stress gradient. Solid modeling was investigated with 5 different elements,
linear and quadratic.

5.2 Overview — Four case studies

Four case studies were carried out for symmetrical and unsymmetrical longitudinal attachment
and load- and non-load carrying cruciform joint primarily under bending mode. Hot-spot stress
method was applied in longitudinal attachments. Hot-spot stress was obtained through linear
surface extrapolation and through thickness integration at the weld toe. In addition, effective
notch method and fracture mechanics method were applied to cruciform joint. Steel is assumed
in al case studies. Material property islinear elastic. See Table.1 for materia properties.
Table.1. Material property used in FE - modeling.

MATERIAL E (MPa) n
STEEL 210 000 0.30

6 CASE STUDY | —THIN LONGITUDINAL ATTACHMENT BY GURNEY

Gurney [14] carried out experiments for symmetrical longitudina attachmentsin thin steel
plates. These experiments investigated fatigue strength of joint detail as thickness of main plate
decreased to and below 6mm. Results were similar to those found by earlier investigators
Castiglioni & Bremen and Castiglioni & Gianola[15] and [16], respectively. Major findings
were asfollows 1) fatigue strength in longitudinal attachments tends to decrease as plate
thickness decreases given other geometry stays constant 2) as main plate width decreases
fatigue strength increases but becomes small as width is less than 130mm 3) fatigue strength
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increases with decreasing attachment length. Based on Gurney’s experiments FAT 67 was
established for 6mm plates and FAT 75 for 2mm plates. These were the fatigue strengths of the
jointsat 2x0°cycles.

One of the reasons for the experimental work was to establish fatigue strength for thisjoint
type as thickness of stressed plate falls below cut-off thickness ranging from 16mm to 25mm
depending on standard. Part of the project was to investigate whether fatigue strength increases
as plate thickness decreases in longitudinal attachment. Thisis important because, for example,
automotive industry has to rely on fatigue tests based on 16mm to 25mm thickness range for
the lack of better data even though plate thickness used could be five to six times as thin[14].
As more fatigue data for thin plates become available this trend is due to change.

In the light of structural hot-spot stress approach afinite element study was carried out in
longitudinal attachments having thin stressed plate thickness. Gurney experiments were used to
validate finite element results. All specimens were tested under tensile mode. All failuresin the
test program occurred at the weld toe, so structural hot-spot stress should be feasible.

Geometry was taken from [14]. Reference contained specimen geometry along with actual
fatigue lives. Finite element study was done to investigate applicability of hot-spot stress
approach to predict fatigue life in thin longitudinal attachments.

6.1 TESTING PROCEDURE

Specimen were subjected to tensile load under constant amplitude conditions. Stressratio, R
was zero. Testing frequency range was from 5 to 10 Hz. Only as welded specimens are
considered to limit the influence of additional variables such as, post weld treatment
procedures. Specimen were tested in air conditions.

6.2 GEOMETRY

Geometry isfrom Gurney’s experiments. Thin longitudinal attachment is just one of the
geometry used. Tested specimen consisted of 2mm and 6mm thick plates. Attachment
thickness in al cases was same as main plate thickness. Weld profile in 6mm plate was as
follows. On average, weld leg length along main plate was 8mm and along attachment 6mm. In
2mm plate weld leg lengths were as follows. Leg length along main plate was 6mm and along
the attachment 4mm. These were reported by Gurney. See the Figure.6. for geometry.
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Figure.6. Geometry for Gurney’s tested specimens. Dimensions given as mm. [ 14]

6.3 FINITEELEMENT MODELING

Modeling was made with 4 and 8-node shell elements, also 8 and 20-node solid elements. Shell
modeling was made in two ways. Fricke [8] suggests using shell elements without weld
modeling with inclined shell elements. Another, approach included weld modeling by using
inclined shell elements. Attachment tip was modeled by sweeping shell elements 180°.
Obvioudly, weld toe modeling with shell elementsis an approximation as to how represent the
stiffness caused by welds as close to real as possible. General guidelines from Fricke [8] were
followed.

Shell elements were created in the mid-planes of loaded plate and attachment. Thisis not atrue
representation of the joint as shell property definitions overlap in main-plate and attachment
intersection. More approximation is created by adding inclined shell elements to represent the
welds. Shell element properties overlap even more. Another issue is how to represent weld
stiffness using shell elements. For all practical purposes, shell property for welds was defined
as weld throat thickness. Welds represented by inclined shell elementsin shell model were
modeled at 45°.

In addition, same specimens 6mm and 2mm were subjected to four point bending. No test data
was available to validate these results, however, results were used and compared to
multivariable regression analysis made for longitudinal attachments. Principal stress
distributions approaching the weld toe were compared to specimens loaded in tension. This
was done for two reasons: 1) to see the effect of element choice and 2) to see how principal
stress distribution changes in the vicinity of the weld toe. Are there any correlation between
multivariable results and actual test results?

Failure criteria under tensile tests was taken when specimen broke into two pieces. Under
bending mode failure criteria was defined as loss of load carrying capacity, it is reported by
Gurney that this was about half of the width of the specimen. Clearly, definition of failure

criteria adds approximation into the analysis.
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6.4 BOUNDARY CONDITIONS AND LOADS

One quarter of the model was built with shell elements. Symmetry boundary conditions were
applied to two symmetry planes. One trandational and two rotational degrees of freedom were
constrained in each symmetry plane. In addition, transverse rigid body motion was constrained
in one corner of the joint. Joint detail was given a shell edge load such that nominal stress
away from the weld toe was 10 MPa. In 6mm plate this shell edge load was 30 N/mm, this
corresponds 10 MPa nominal stress away from the attachment. Load was computed as follows.

s = % ® F =s %A =10MPax150mm)(3mm) = 4500N

so load per unit length for 6mm thickness becomes
4500N
FIN/_|= =30N

In 2 mm plate thickness equivalent shell edge load was calculated as 10 %m'
Shell model without welds was partitioned at 0.4t and t in front of attachment and main

plate intersection to enable linear surface extrapolation. Same partitioning was made to
shell model with welds. Extrapolation points 0.4t and t were chosen from intersection of
main plate and inclined shell element. Refer to Figures.7 and 8.

SYMMETRY
BC'S

SHELL EDGE
LOAD

Figure.7. Shell modeling without weld Figure.8. Shell model with inclined shell
representation. elements.

Solid modeling of the same detail was made with welds represented. Solid model was
subjected to same tensile loading. Evenly distributed pressure load of 10 MPawas applied to
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the edge of the attachment. Boundary conditions are same as in shell model with exception of
rotational degrees of freedom which do not exist in solid elements. Refer to Figures.9 and 10.

FRICTIONLESS

—— / ROLLER
e — Z /-'

Figure.9. Solid model under tensile mode. Figure.10. Solid model under bending mode.

Both, 6mm and 2mm joints in solid modeling were also subjected to four point bending. One
half of the joint was modeled with solid elements. Symmetry boundary condition was applied
to the middle of the joint. One trandational degree of freedom was constrained in the
symmetry plane. Rigid body motion in transverse direction was constrained in one corner of
the symmetry plane. Due to the nature of four point bending test the other end of the joint
detail was idealized as resting on frictionless roller. Two trandational degrees of freedom were
constrained at this location. Obvioudly, thisis a contact problem with friction for elastic
support and loading point. This was one of the assumptions.
Pressure load was applied along the width of the plate for 2mm area strip. Loading center lied
50mm from the end of the detail. Pressure was adjusted such as to cause extreme fiber stress
caused by bending to be 10 MPa. Applied loading was far enough from the attachment end to
cause evenly distributed fiber stress as approaching the weld toe. No membrane stress was
developed due to axial trandation being free. Transverse pressure for 6mm thick plate was
calculated as follows

6FL 6F (50mm)

S =7 T (150mm)(6mm)’?

where s ., =10MPaand F becomes 180 N. Force is distributed over 2mm strip of areaand

therefore
B E B 180N

= = 0.6MP
Swas =4 (2mm)(150mm) 2

For 2mm thick plate transverse pressure load was computed as 0.0666 M Pa.
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7 CASE STUDY II: UNSYMMETRICAL LONGITUDINAL ATTACHMENT UNDER
TENSILE MODE BY MADDOX

Maddox tested unsymmetrical longitudinal stiffeners under tensile mode. Analysis has been

carried out to predict fatigue lives of corresponding geometry using linear surface extrapolation

and through thickness integration at the weld toe. Fatigue life prediction methods are compared

to test results by Maddox. Results from multivariable regression are compared and discussed

with test results.

7.1  TESTING PROCEDURE

Fatigue testing were carried under different stress ratios and various type of stress-relief
methods. Tested specimens were subjected to tensile loading. However, comparison from FEA
results have been made to tested specimens with R = 0 and “as-welded” condition. Maddox
reported cycles to through plate cracking and cycles to failure. Failure criteria here is chosen as
complete failure of the specimen.

7.2 GEOMETRY

Unsymmetrical longitudinal attachment used in fatigue testing is shown in Figure.11.[18]

| = ||

I Hoan |

Figure.11. Geometry for Maddox' s experi ments.

7.3  FINITEELEMENT MODELING

Longitudinal stiffener was investigated with finite elements using shell and solid modeling
techniques. One half of the shell model was built in similar fashion asin case study |. Stressed
plate shell property was given as full thickness of the main plate. Attachment property was
given as full plate thickness. Element type was varied in shell and solid model. Results were
obtained with coarse and fine mesh. Element size in coarse shell mesh was ~5mm and in fine
mesh ~2.5mm, in the solid model ~2.5mm and ~1.5mm, respectively. Solid modeling enabled
additional through thickness integration at the weld toe to estimate structural hot-spot stress.
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7.4  BOUNDARY CONDITIONS AND LOADS

Care is needed to apply boundary conditions correctly in the case of unsymmetrical
longitudinal attachment. Boundary conditions were set up asin testing conditions. Due to one
sided attachment, a secondary bending stress is introduced in the attachment region because
attachment side is stiffer. This causes welded detail to curve in the attachment region such that
attachment side forms into concave shape. Relevant boundary conditions are shown in Figures.
12 and 13.

| ™
: 1 FREE 3o ity
: T i 1&% ¥
SHELL EDGE : 7
LOAD : 10MPa e
PRESSURE | : )
\ LOAD i
: ) 3 = ¢ FIXED . \4
Figure.12. Shell model of unsymmetrical Figure.13. Solid model of unsymmetrical
longitudinal attachment. longitudinal attachment.

Evenly distributed shell edge load was applied to the end to cause nominal stress of 10 MPa.
Equivalent shell edge load was calculated as127 %m . In the case of solid model, 10 MPa

pressure load was applied to the end surface. Resulting deformation plots are shown in

Figure.14.

Figure.14. Deformation plots for shell and solid model in the case unsymmetrical longitudinal
attachment.
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Fatigue strength for the detail was chosen as FAT 90 based on UKOSRP project where
symmetrical 25mm thick longitudinal attachments were tested under tensile mode. Material
constant C was calculated based on FAT 90 at 2X10° cyclesand m = 3.

C =1.458x10%cycles{MPa)" m=3
Fatigue strength of unsymmetrical detail might be higher due to secondary bending stress in
the toe region. However, as reported by Gurney, fatigue strength tends to decrease with
decreasing plate thicknessin longitudinal attachment. As aresult, secondary bending stress
may have increasing effect in fatigue strength and tendency of fatigue strength to decrease with
decreasing plate thickness might counteract each other, so no adjustment for fatigue class was
made in this case study.
Tested shell elements included S8R, so called thick shell element. Thisis 8-node shell element
with reduced integration. It has six degrees of freedom per node. These elements allow
transverse shear deformation. Two other types of shell elements included 4R and $4, linear
reduced and full integration shell elements.
Elastic stress concentration factor was computed from finite element models as follows.

K= Shs (35)

S
nom

Hot-spot stress at the weld toe was obtained through linear surface extrapolation in shell
models and through thickness integration at the weld toe in solid models as well as linear
surface extrapolation.

Clearly, value of stress concentration factor depends on element type used as well as method.
Element type chosen in shell model was 8-node shell element with reduced integration. It
should work well under tensile load. Element type in solid model was 20-node brick element
with reduced integration. Stress concentration factors were cal culated based on these elements.

8 CASE STUDY |1l = UKOSRP 38mm SYMMETRIC LONGITUDINAL
ATTACHMENT UNDER FOUR POINT BENDING

Thick 38mm plate from UKOSRP project was studied under four point bending. Fatigue life

prediction methods are linear and quadratic extrapolation and through thickness integration at

the weld toe. Modeling was carried out in two different ways, idealized and 3D contact.

Contact modeling was made due to true nature of the actual test.
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81  TESTING PROCEDURE

Only “as-welded” specimenstested in air are considered in this case study. Testing was carried
out with frequency of about 3 Hz. Stress ratio was zero. In practice, test was carried out with
dlight positive stress ratio to prevent movement of the joint in between the support points.

82 GEOMETRY

Attachment thickness was 13mm and weld leg length 10mm with full penetration. Width of the
stressed plate is 125mm. Test specimen is shown in Figure.15.

(] —
R
g

r

Fig.15. Longitudinal attachment from UKOSRP project loaded in four point bending.
Dimensions given in (mm).

8.3 FINITEELEMENT MODELING —CONTACT ANALYSIS

In the modeling procedure a series of assumptions are often made. Often, these assumptions
are reasonable as far as structural integrity of the component is concerned. In the light of
assumptions, more rigorous approach was taken to analyze longitudinal attachment under four
point bending. Joint was modelled with 3D contact and more idealized evenly distributed
pressure load over an area. Aim of the contact modeling was to simulate the relative motion
between the loading point and joint detail. In the real world, four point fatigue bending test is a
contact problem with friction. Bending test was simulated with frictionless contact. FEA stress
results were used to calculate estimated fatigue life and are compared to test results along with

preliminary multivariable regression results.

8.3.1 OVERVIEW - CONTACT

A contact problem is a non-linear problem even if linear elastic material behavior is assumed.
Search algorithm must be present as contact is the driving force for deformation.[19]

As in numerous engineering problems, linear approximation cannot be used in contact
problem.

[K{ub={F}  (9)

where
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[K] isthe stiffness matrix, {u} is the displacement vector and {F} is the force vector. In linear

problems, as shown in (12), displacements are directly proportional to the load. If load doubles
so does displacement. Also, stiffness of the structure is independent of the load in linear
problem. However, in contact problem stiffness of the structure is dependent of the load.
Non-linear problem uses incremental and iterative solution procedure. Main points are as

follows. Refer to Fig.16 for outline of the procedure and main points that follow.

-
ik df iy d® Dizplacement id)

Fig.16. Sandard Newton's method for solving a non-linear problem.

First, direct sparse solver, in ABAQUS direct linear equation solver is used which uses Gauss
elimination procedure. A set of linear equations is solved at each iteration.
ABAQUS uses Newton’ s method for solving non-linear problems. Total load, F , is divided

into load increments, F,. ABAQUS uses structure’s tangential stiffness matrix which is based

on displacement where non-linearity starts and load increment to cal culate displacement
correction for the structure. Using displacement correction, structure’ s internal forces are
calculated. Same process is repeated, for new tangential stiffness matrix is calculated from
remaining load in the increment. Iterations within time increment are repeated until tolerance
value is reached. Thiswas 0.5%. ABAQUS also checks displacement correction from previous
iteration. This tolerance was 1%. These were default values. Automatic incrementation control
was used.

Stiffness of the assembly is dependent of the contact state, that is, how much bodies are
touching each other. In addition, on contact surface friction will be present which is dependent
on the normal force across the interface. Material and geometric non-linearity will add
complexity into the analysis.

Structural stress obtained through contact analysis and more simplified analysis are compared.
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8.3.2 FINITEELEMENT MODELS- APPLICATION TO WELDED DETAIL

One quarter of the joint detail was modeled in both cases. Four point bending was simulated
through two rigid cylindrical surfaces and uniform pressure load over an area. Refer to
Figure.17 for two FE - modeling techniques.

SYMMETRY

PLANES —

CONTACT
POINTS

Fig.17. Four point bending modeled with contact and uniform pressure over an area.

First, contact was modeled as a surface based contact between arigid and deformable body. A
contact pair was defined between arigid surface and surface of the deformable body. Rigid
surface was defined as a master surface and deformable body surface was the slave surface.
Normal behavior at the contact surface was defined as hard contact. This means that rigid
surface does not penetrate slave surface as the load is applied. Tangential behavior was defined
as frictionless. This means that no shear stresses develop between the rigid surface and
deformable body as load is applied. ABAQUS has two options for dliding formulation - finite
dliding and small sliding. As arule of thumb, if the relative motion in between surfacesisless
than an element length at the contact point then small dliding is valid. However, relative
motion between contact points in actual test can be significant depending on stress range. As a
result, finite diding was applied.[20]

Second, uniformly distributed pressure load was applied over the strip of areato simulate four
point bending. Thisis clearly an approximation.

84 BOUNDARY CONDITIONS AND LOADS

In contact problem, two rigid surfaces were defined a reference point at the center of the
cylinder. Boundary conditions and load were applied to this reference point. All surfaces were
initially in contact. All translational and rotational degrees of freedom were initially

constrained for the support and loading point. Symmetry boundary conditions were applied on
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two planes in the model. In addition, vertical rigid body mode of the joint was constrained
initially from one corner. At the second time step, initia displacement of 0.5mm was given to
the loading point to establish contact. Only vertical translation was free. Vertical boundary
condition for the joint was held at this time step. Now, joint detail has deformed and contact
has been established. During third time step vertical translation was made inactive and vertical
boundary condition for the joint was free. Load was determined such that extreme fiber stress
at the surface away from the weld toe due to bending was 10 MPa. No membrane stress was
devel oped because frictionless surfaces had been defined. Load was determined as follows.

ben

= % where M = FL and L is the distance between support and loading point. Due to

symmetry load was divided by two. As aresult required concentrated force for the cylinder
wasequal toF = 791.6N .

Same symmetry boundary conditions were given for the simplified joint. Support was model ed
by constraining transverse and vertical trandational degrees of freedom at the same location as
in contact model. Pressure load was determined such as to cause extreme fiber stressto be
equal to 10 MPa away from the weld toe. No membrane stress was devel oped because axial
tranglation was free. Pressure |oad to cause 10 MPa bending stress was determined as follows.
Same load was distributed over a strip of area of 10mm wide. As aresult, applied transverse
pressure load was 1.26 MPa.

9 CASE STUDY IV: LOAD- AND NON-LOAD CARRYING CRUCIFORM JOINTS
UNDER FOUR POINT BENDING

9.1 TESTING PROCEDURE

Analyzed joints were tested in four point bending. This caused constant bending moment in the
attachment region. Testing frequency was approximately 3 Hz. In all cases failure criteriawas
defined when fatigue crack had propagated half way through the thickness of stressed plate.

All specimen were subjected to constant amplitude loading. In practice, zero stress ratios were
dlightly on the positive side to prevent movement of the joint.[1]

9.2 GEOMETRY

Four point bending specimens tested in UKOSRP project are shown in Figure.18 along
with relevant dimensions. Only as-welded specimenstested in air are considered in this

study to limit the influence of other variables. Ends of the beam were tightened enough to
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prevent backslash in the case where R = -1, but slack enough to maintain ssmply

supported beam situation.[1]

25mm/ 38mm 10mm/ 14mm 38mm 18mm

..(..Aﬂ*%ju i *{F‘/ )3

Fig.18. Tested specimens [1]

Stressed plates were 25mm and 38mm thick. Weld leg lengths were 10mm and 14mm in
25mm thick plates. Weld leg length was 18mm in 38mm specimen.

9.3 FINITEELEMENT MODELING

FEA was carried out with ABAQUS v.6.5 as linear elastic analysis. Models were built
using ABAQUS CAE. Joint detail in all cases was modeled in 2D. First part of the study
included exploratory work using various 2D-element types under plane strain and plane
stress conditions. Elements were specified unit thickness property. Effort was made to see
how much does element selection and mesh size affect the results. Fillet welded and full
penetration cruciform joints were analyzed using several different 2D-element types.
Typical global view of symmetrical cruciform joint is shown in Figure.19. Element sizein
the weld region varied from 5mm in the coarse mesh model to 2mm in the fine mesh
model.

Figure.19. Global FE —model of the cruciformjoint used in surface extrapolation methods and
through thickness integration.

In addition, effective notch method was used in estimation of fatigue life. 38mm plate was

modeled with coarse and fine mesh in the vicinity of the weld toe. Local geometry at the weld

toe is shown in Figure.20. [23] Element size at the notch in the coarse model was about 0.4mm

and in the fine mesh model about 0.13mm.
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Figure.20. Effective notch modeled with 1mm radius for full penetration cruciformjoint.
Fine mesh model. Element size at the notch ~0.13mm.

Lastly, fracture mechanics method has been considered in fatigue life estimation for
cruciform joint under four point bending. Overall joint was modeled with 8-node plane
strain elements. Crack geometry was created by using partitioning and crack itself was
created using SEAM-command in ABAQUS. Command allows nodes that are initialy in
same geometrical location to move apart as load is applied. Elements used in the crack tip
were 8-node, not collapsed plane strain elements.
Detail used in fracture mechanics calcul ations was 38mm thick main plate with fillet
welds having leg length of 14mm. Six different crack lengths were modeled at the weld
toe in the tensile side of the joint. Crack lengths were 0.05mm, 0.5mm, 3mm, 7mm,
15mm and 22mm. Mode | stress intensity factors were obtained from ABAQUS and are
listed in Table.2.
Table.2. Crack lengths with Mode | stress intensity factors and calculated dN/da.

Crack length (mm) Mode | SIF MPay/mm dN / da(cycles/ mm)
0.05 289.5 224972.2
0.5 461 55714.9
3 684 17057.1
7 930 6786.2
15 1555 1451.7
22 2680 283.5

Element size at the crack tip for the sample mesh shown in Figure.21 is about 0.1mm.
Mesh size at the crack tip for all crack lengths ranged from 0.05mm to 0.1mm. Figure.22
shows procedure for determining the estimated fatigue life of ajoint by fracture

mechanics.
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Figure.21. Sample mesh for 0.5mm crack modeled at the weld toe.

f
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Figure.22. K, stressintensity factor history for cruciform under four point bending and
inverted Paris law relationship.
Fracture mechanics calculations were based on Paris law that relates fatigue crack growth
and stress intensity factor range as follows.

da _ m
N C(DK) (37)

where
DK =M, FDs+pa  (38)

inwhich M, is the factor taking into account globa geometry, F is factor relating crack
depth into thickness of the plate, Ds isthe stress range and a is the crack length.

Three loading cases were considered that corresponded testing conditions. Stress intensity
factor solution was obtained from ABAQUS for six different crack lengths. Material
constants C and m were taken from experiments by Gurney [7].

mm/cycle

C =1.8340" and m=3

MPa+y mm
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As a comparison, fatigue life was estimated having DK as constant. Geometry was 38mm
thick plate with 14mm leg full penetration welds. Nominal stress was 200 MPa. It was
assumed that when crack length was 3mm crack growth was stable, thus Paris law could
be applied. This resulted fatigue life of 341 500 cycles as compared to test result of

171 520 cycles.

Of courseg, thisisidealization. In the light of idealization, more rigorous approach was
taken and more crack lengths were considered.

If Parislaw is reversed, result can be used to generate a graph that represents number of
cyclesto grow acrack a unit distance.[10] Estimate of fatigue life is found by curve
fitting technique and this function is integrated numerically from initial crack size to final
crack size. As aresult, area under the curve represents the number of cyclesto failure
according to

“ldN
N, = %da (39)
L east-squares regression was performed to all three loading cases that produced dN/da
(cyclessfmm) versus a (mm) graphs. Power fit, exponentia fit and natural logarithmic fit
were examined and coefficient of determination was calculated to see which curve best
represents the data. In all cases exponentia fit showed best correlation. Selection of “best
fit” to continue with numerical integration was based on coefficient of determination.

Numerical integration was performed using trapezoidal rule according to relationship.[11]

A=(a,- a)éaewg (40)
e (%]

where

f(a;) isafunction value at initial crack size
f(a.,) isafunction value a next increment crack size

Increment size was 0.025mm. During integration it was assumed that geometry function

F(a/b) and M, factor caused by global geometry stay constant.

94 BOUNDARY CONDITIONS AND LOADS

Half model was built due to symmetry. Four point bending was simulated by applying
symmetry boundary conditions to the mid-plane of the joint. Attachment end of the
structure was rigidly supported. Rotation and axial trandlation at the end were free.
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Concentrated force, 100 N, was applied in the mid-span of the joint, 250mm from
supported end. Any reasonable load will work that causes bending stress that is less than
yield strength of typical steel, because stress concentration factors were computed.

Nominal stressin the region of the weld was calculated using beam equation.

S =Mk (1)
S .., Or nominal bending stress was equal to 103.88 MPain the surface of the plate at

weld region. Concentrated force was adjusted in 25 mm thick plate to cause same bending
stress in the weld region. Membrane stress was not introduced under these conditions,
because joint end was supported on rollers thus causing pure bending stress in the weld
region. This was assumption in FE - modeling. Real situation is something in between

fixed and roller support.

10 RESULTS

Thickness effect was re-established, mainly due to multivariable regression. No assumptions
were made regarding thickness effect. Results of multivariable regression considering three

joint types and case studies are presented here.

10.1 Multivariable regression

For al three joints under bending mode it was found that correlation coefficients were poor.
Therefore, any reasonable curve fitting technique investigated does not adequately represent the
data. Due to lack of datain bending mode, especially for longitudinal attachment, it would
seem reasonable to treat derived functions as an approximation. It is clear that results act only
as a guide to specific kind of fatigue behavior of the joint. Thisis due to the fact that, for
example, looking at thickness effect under tensile and bending mode all different local
geometry was included. Thisincluded different attachment thickness, attachment length, weld
leg length and weld toe angle. Toe angle, however, in most cases was at 45°. In severa tests,
toe angle was not recorded. Table.3 and table.4 lists correlation coefficients for butt and
cruciform joints. Longitudinal attachment was not considered due to limited data.

Table.3. Best fit curve criteriafor butt joints.

MODEL Exponential Saturation Power Logarithmic
r2-tensile 0.42 0.13 0.29 0.22
r’-bending | 04 0.01 0.63 Linear | 0.47
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Table.4. Best fit curve criteriafor cruciform joints.

MODEL Exponential Saturation Power Logarithmic
r2-tensile ~0 0.12 0.058 0.103
r?- bending 0.51 - 0.82 0.505

10.1.1 Butt joint

All collected butt joint data were graphed on S-N curve. Tensile test results included

1 531 fatigue test results. However, factors such as axial and angular misalignment, weld

cap width, welding process, amount of weld penetration and stress ratio are not

considered. Certainly, these factors have an effect in fatigue life of ajoint, however, as a
starting point for multivariable regression only thicknessis considered.

Linear regression was performed for tensile and bending mode data. Exponential fit produced
highest r?, coefficient of determination under tensile mode. Most scatter was observed at
thickness ~20mm. As expected, fatigue strength decreased with increasing thickness.

Under bending mode power law fit produced highest r?. Same observation was made as with
tensile specimens, fatigue strength in general decreases with increasing thickness. For same
thickness, fatigue strength under bending was higher than under tensile loading. Corresponding
fitted equations are as follows. Under tensile mode reference thickness was chosen as 20mm
and reference fatigue strength was calculated as 171.3 MPa. Under bending, 10mm and 162.6
MPa, respectively. For tensile loading

. el
= _=077e " (42)
S ref

Bending data resulted following power law relationship.

.- 174

2t O
S 0956 % (43)

S ref tref g
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log S (MPa)

Thirteen different plate thicknesses were recorded ranging from 2mm to 50mm. S-N curves
based on data collection that show al butt joint data are shown in Figure.23.
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Figure.23. Collected butt joint data under tensile mode.

As aresult linear regression was performed to each thickness data set and clear thickness
effect was established as shown in Figure.24. Slope was forced to m = -3.
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Figure.24. Butt joints under tensile mode by thickness.

Linear regression was performed for tensile results not considering different plate
thickness. Line representative of the data was also graphed with forced slope of 3.
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Thickness order starting from the top is as follows along with fatigue strength
representing each thickness based on collected data. Fatigue strength at 2x10° cyclesis
calculated based on m = -3.

Table.5. Descending order of plate thickness for butt joints under tensile
mode.

Thickness from thetop | Fatigue strength at 24.0° cycles
20 mm 171 MPa
2mm 136 MPa
22 mm 124 MPa
6.5 mm 124 MPa
16 mm 117 MPa
19 mm 114 MPa
14 mm 91 MPa
8 mm 90 MPa
12.5mm 82 MPa
9 mm 67 MPa
50 mm 58 MPa
32 mm 57 MPa
44 mm 38 MPa

Having established a thickness effect, it is of interest how does thickness relate to fatigue
strength. Following relationships were established. Refer to Figures.25 and 26, tensile and
bending modes, respectively.
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Figure.25. Butt joint data points under tensile mode relating thickness to the fatigue
strength at 2x10° cycles.
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Figure.26. Butt joint data points under bending mode relating thickness to the fatigue
strength at 2x10° cycles.

Much scatter is observed under tensile and bending mode. Due to lack of datafor the
bending mode, relationship is hard to define. Based on four test results, fatigue strength
might decrease with increasing plate thickness. It appears that same istrue for tensile
loading. No clear relationship is observed under 20mm, however, sudden drop in fatigue
strength is observed beyond 20mm. Applying multivariable regression the results are as
follows.

First, two variables were considered that affect fatigue life in butt joints, stress range and plate
thickness. As least-sguares regression line was calculated solely based on data points results
was m = -1.4807. Moving into multivariable regression resulted nearly same coefficient for
stress range, however, coefficient in thickness was small enough to cause no variation for
thickness effect. Estimate of this relationship could be expressed as

logN =-1.478+0gs - 0.03317 Hogt +8.929 (44)

There is an darming issue to be noticed here. Coefficient in thickness term is quite small
although negative as suggested in earlier results. This suggests that stress range and thickness
are not well correlated in butt joints even though both exhibit a clear relationship to fatigue life.
At this point it seems meaningless to move on to add additional variables as thickness effect in



butt joints do not work using multivariable regression. Next, additional variable is added,
namely bending mode. Solving for coefficients leads to

logN =-1.4809%40gs - 0.07011540gt + 0.3315X0gr +8.9763 (45)
As aresult, aseries of curves are obtained that should describe the fatigue strength as a
function of stress range, thickness and loading mode. Interestingly, bending mode exhibits
higher fatigue strength and decreases as a function of plate thickness. Still, all bending mode
data according to (45) with relevant thickness are well above tensile curves. Figure.27 shows
multivariable regression results for the butt joint.
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Figure.27. Multivariable regression results taking into account plate thickness and loading
mode.

Similar procedure has been carried out for the cruciform joints. Due to more data, tensile
and bending mode were separated. First, linear regression was carried out for tensile and
bending data sets that were further separated by stressed plate thickness.

10.1.2 Cruciform joint

Scatter in tensile tests was significant. Power fit provided best, yet poor coefficient of
determination with r? .06. For tensile loading the relationship was established as follows

.- -0525

2t O
S o083kt 3 (46)

S ref tref ﬂ
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In bending mode relationship most closely obeyed power law as follows with r? equal to 0.82.

2 d .249
S -ossiEt? 47)
S ref ref g

More data was available for tensile mode than bending mode. Refer to Figures.28 and 29 for
the data.
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Figure.28. Cruciform joints under tensile mode separated by stressed plate thickness.
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Figure.29. Cruciform joints under bending mode separated by stressed plate thickness.
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Aslinear regression was performed for each data set following curves resulted. Refer to
Figures.30 and 31.
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Figure.30. Thickness effect in cruciform joints under tensile mode.

Other global or local geometry is not taken into account. Cruciform joints still, generaly,
exhibit decrease in fatigue strength as stressed plate thickness increases.
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Figure.31. Thickness effect in cruciform joints under bending mode.
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Moving into establishing the relationship between thickness of stressed plate and fatigue
strength at 2X10° cycles. Tensile mode is considered first. Refer to Figure.32.
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Figure.32. Relationship between thickness and fatigue strength at 2x10° cycles for
cruciform joint under tensile mode.

More consistent relationship was seen under bending mode. Refer to Figure.33.
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Figure.33. Relationship between thickness and fatigue strength at 2x10° cycles for
cruciform joint under bending mode.
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Tensile mode relationship is quite scattered, however, decreasing relationship is
observable under bending mode. Reference thickness under tensile and bending mode was
chosen as 2mm. Fatigue strength at 2 X10° cycles was cal culated based on 2mm regression
line withm = -3.
Based on linear relationship assumption between variables, multivariable regression was
applied to the collected data. Following equation considering two variables, stress range and
plate thickness, was obtained.

logN =-1.6337+0gs - 0.049517 Xogt +9.16535 (48)

If bending mode was considered as a third variable result was

logN =-1.4140ogs - 0.1¥ogt +0.165¥0gr +8.765 (49)

where r = S = Sf thus under puretension r = 0 and pure bending r =1. All
S mem Sben

structural

collected data are either under pure tension or pure bending. Figure.34 shows multivariable

regression results for all cruciform joint data.
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Figure.34. Multivariable regression performed for cruciform joint under tensile and
bending mode.

Bending mode results exhibit better fatigue strength than tensile mode as would be
expected. In addition, fatigue strength tends to decrease as the thickness increases under

bending mode. Under tensile mode, generally, same observation can be made — fatigue
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strength decreases as thickness increases. However, effect of thickness under bending
mode is more clear than under tensile mode. Also, bending specimens have slightly

steeper slope as compared to tensile specimen.

10.1.3 Longitudinal attachment

Longitudinal stiffener on flat plate was studied lastly. Least amount of data was available
for this type of joint. Datais broken down in terms of stressed plate thickness and loading
mode, tensile mode and bending mode. Regression analysis with resulting slope and
forced slope were fitted to the data set. Raw tensile data points and regression lines are
shown in Figure.35 and 36, tensile and bending modes, respectively.
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Figure.35. Longitudinal attachment under tensile mode. Data is broken down in terms of
stressed plate thickness. Regression based on data and forced slope of m=-3.
Regression slope of 2.6 was close to generally accepted slope of m = 3. One of factors
that contributed to this was alack of data. As more data is added data point clouds form
on S-N curve. Tight cloud in certain region of the curve can alter regression slope
significantly as was seen the case of butt joint data.
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Figure.36. Longitudinal attachment under bending mode and regression and forced based
slopes.

Wide scatter was observed in tensile data. Power law fit provided best fit as follows with r?
equal to 0.13.

o162

2t O
S -osaext? (50)

S ref tref ﬂ

Scatter was quite large under bending mode. General trend based on collected datais not
obvious, however, |east-squares regression was applied. Best correlation resulted from linear

fit. Linear equation was as follows with r? equal to 0.41.

S et 0
—_ =-0.0095156 —*+1.033 (51)

Sref ref @

Tensile mode relationship was established as shown in Figure.37.
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Figure.37. Relationship between plate thickness and fatigue strength at 2>10° cycles for
longitudinal attachment under tensile mode.

Actually, by visual inspection collected data for longitudinal attachment suggests that fatigue
strength would increase with increasing plate thickness. Based on results from this literature
search, relationship between thickness and fatigue strength in longitudinal attachment under
bending should be treated as a rough estimate. Clearly, more data points are needed to draw

further conclusions. Bending mode relationship was established as in Figure.38.
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Figure.38. Relationship between plate thickness and fatigue strength at 2>10° cycles for
longitudinal attachment under bending mode.
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Regression analysis for longitudina attachment taking into account stress range and plate

thickness resulted following relationship

logN = -2.564logs +0.577logt +10.452 (52)

Limited data was available in bending mode, however, relationship was established as follows

logN = -2.692logs +0.4939logt - 0.2073logr +10.821 (53

Scatter, especially in bending mode was large. Based on multivariable regression, fatigue
strength decreases as plate thickness decreases. Based on data collection same holds for tensile
loading. Thinnest plate showed lowest fatigue strength. It is important to keep in mind that the
attachment length, width and height have not been considered among other variables. These
geometry changes have effect on fatigue strength.

Another regression analysis has been performed to individual thickesses represented in
Figure.39. Slope was forced to be m=-3.
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Figure.39. Thickness effect under tensile mode for longitudinal attachment.

In general, fatigue strength tended to decrease as stressed plate thickness decreased based
on collected data. Again, only main plate thickness has been considered under tensile
mode. Other factorsin longitudinal attachment have an effect in fatigue strength. In the
light of this, regression was performed on limited data under bending mode. Refer to

Figure.40.
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Figure.40. Thickness effect under bending mode for longitudinal attachment with m =-3.

It may be that under bending mode fatigue strength in longitudinal attachment would
decrease with increasing plate thickness. Clearly, only few test results have been analyzed
and local/global geometry is different from tensile results as aresult it is questionable
whether this might be the case. Fatigue testing would be required.

To the task of interest, multivariable regression was performed considering plate

thickness and loading mode. Refer to Figure.41 for tensile mode specimens.
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Figure.41. Multivariable regression results considering two variables. Longitudinal
attachment under tensile mode.



In general, multivariable regression equation for longitudinal attachment based on
collected data predicts that fatigue strength would decrease with decreasing thickness.
In the light of earlier relationship between fatigue strength and stressed plate thickness
under bending mode, multivariable regression was performed. Refer to Figure.42 for

bending mode relationship.

2,9

2,7

log N =-2.692*log S + 0.4939*og t - 0.2073*log r + 10.821
STRESS RANGE, THICKNESS, LOADING MODE

2,5
38mm_b

160mm_b

N
w
|

70mm_b

log S (MPa)

20mm_b

2,1

19

1,7

3,3 3,8 4,3 4,8 53 58 6,3 6,8 7,3 7,8
log N (CYCLES)

Figure.42. Multivariable regression performed for longitudinal attachment based on
collected data under bending mode.
Under bending mode fatigue strength tends to decrease as plate thickness decreases. Only

four plate thicknesses are considered here due to limited amount of data.

10.2 CASE STUDY |

All shell models were subjected to tensile mode. Nominal stress was 10 MPa given as
shell edge load. Hot-spot stress was obtained through linear and quadratic surface
extrapolation. In al four shell models stress concentration factors were found to be
greater than 2. Materia constants C and m were obtained as follows. Linear regression
was performed to the actual test data for 6mm and 2mm specimens. Value of m was found
by regression analysis and was used in calculation for material constant C. Fatigue
strengths at 210° cycles were established from test program. Table.6 lists material

constants and corresponding fatigue strengths.
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Table.6. Materia constants for 6mm and 2mm loaded plates.

m C FAT @ 2%0°
6mm 2.98 5.53e+11 75
2mm 3.35 3.82e+12 67

Stress concentration factors were calculated based on linear and quadratic surface

extrapolation. Through thickness integration was applied in solid models. Refer to

Tables.7 through 11 for the results.
Table.7. 6mm shell model results without welds

ELEMENT TYPE | 0.4t t Hot-spot SCF
S8R 18.81 14.65 21.6 2.16
R 16.11 14.06 17.48 1.74
4 20.16 15.55 23.25 2.32

0.4t 0.9t 1.4t Hot-spot | SCF
S8R 18.85 15.11 13.69 2351 2.35
R 16.17 14.3 13.2 18.22 1.82
4 20.3 16.02 13.87 25.26 2.52
Table.8. 2mm shell model results without welds
ELEMENT TYPE | 0.4t t Hot-spot SCF
S8R 25.6 19.37 29.77 2.98
R 20.86 17.65 23.01 2.3
A 27.04 19.05 32.39 3.24

0.4t 0.9t 1.4t Hot-spot | SCF
S8R 23.74 20.2 17.88 27.45 2.75
R 17.65 16.52 15.32 18.5 1.85
A 23.99 21.27 18.36 26.03 2.6
Table.9. 6mm shell model with inclined welds modeled
ELEMENT TYPE | 0.4t t Hot-spot SCF
S8R 20.81 16.97 23.38 2.34
SR 20 16.43 22.39 2.24
A 20.87 16.79 23.6 2.36
Table.10. 2mm shell model with inclined welds modeled
ELEMENT TYPE | 0.4t t Hot-spot SCF
S8R 26.87 23.89 28.87 2.88
R 26.25 22.71 28.62 2.86
A 26.94 23.33 29.36 2.93
Table.11. Solid modeling results for 6mm and 2mm plates
ELEMENT 6mm | 0.4t t Hot-spot THICKNESS
C3D8 15.61 14.32 16.47 18.45
C3D8R 15.25 14.15 15.99 18.12
C3D8l 16.01 14.37 17.11 17.08
C3D20R 15.18 14.19 15.84 21.55
C3D20 14.86 14.1 15.37 21.8
2mm
C3D8 19.14 17.7 20.1 23.2
C3D8R 18.77 17.65 19.52 22.09
C3D8l 19.38 17.66 20.53 24.7
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Considering tensile mode, result from 8-node reduced integration element, S8R, in shell

model was chosen for fatigue life calculation. In solid model 20-node reduced integration

element was chosen, because two el ements were modeled in thickness direction.

Tables.12 and 13 lists the test results and fatigue life estimates by surface extrapolation.

Table.12. Test results from Gurney for 6mm longitudinal non-load carrying fillet welds under

tensile modefor R =0.

GURNEY SHELL MODEL — NO WELDS SOLID MODEL

MPa CYCLES | LIN. (CYCLES)| QUAD.(CYCLES) | LIN. (CYCLES | THICK (CYCLES

180 131000 10 600 8 200 29 000 10 300

140 274 000 22 400 17 400 61 400 21800

110 388 000 46 000 35 700 126 000 44700

100 494 000 119 000 92 400 325 600 115 600

FOUR POINT BENDING - - LIN. (CYCLES | THICK (CYCLES
180 - - 8 700 6 700
140 - - 18 300 14 100

Table.13. Test results from Gurney for 2mm longitudinal non-load carrying fillet welds under

tensile modefor R =0.

GURNEY SHELL MODEL — NO WELDS SOLID MODEL
MPa| CYCLES | LIN. (CYCLES)| QUAD.(CYCLES) | LIN. (CYCLES | THICK (CYCLES
180 | 102 000 2700 3600 12 600 4500
160 | 184 000 6 300 8 300 29 300 10 600
140 | 276 000 19 700 25 700 90 400 32700
120 | 352 000 41500 54 300 191 000 69 100
FOUR POINT BENDING - - LIN. (CYCLES | THICK (CYCLES
180 - - 1900 1600
140 - - 4300 3800

10.2 CASE STUDY Il

In shell model 8-node reduced integration element was used for fatigue life estimation. In the

solid model 20-node reduced integration element was used. Material constant C and slopem

were taken from UKOSRP as mentioned earlier. Only pure tensile modes were considered,

however, some bending was present due to secondary bending caused by the attachment.

Table.14. Unsymmetrical shell model under tensile mode with coarse and fine mesh.

ELEMENT TYPE | 0.4t (coarse/ fine) MPa | t (coarse/ fine) MPa S s ( fine) MPa
BR 10.5/10.52 10.15/10.15 10.77

A 11.24/10.85 10.24/10.18 11.3

AR 10.42 / 10.46 10.14/10.13 10.68
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Table.15. Unsymmetrical solid model under tensile mode with coarse and fine mesh.

ELEMENT TYPE | 0.4t (coarse/ fine) | t (coarse/ fine) | S . ( fine) Through thickness
C3DS8 12,55/ 11.49/ 13.26 13.37

C3DSR 11.91/ 11.28/ 12.33 12.65

C3DS8| 13.18/ 13.24 11.89/11.6 14.34 14/14.1

C3D20R 12.99/ 13.05 11.58/11.63 | 14 14.28 / same
C3D20 13.23/13.21 11.56/11.6 14.29 14.35/ same

Nominal stresswas 10 MPain al cases and thus stress concentration factors were computed
for selected elements used in fatigue life calculation.
Table.16. Fatigue life comparison.

MADDOX / MPa MADDOX/ CYCLES SHELL MODEL SOLID MODEL
150 266 350 350 000 148 000

100 787 880 1179000 499 000

50 8014 700 9430000 3947 000

10.3 CASE STUDY Il

No significant difference was observed from two different modeling approaches. Predicted
structural hot-spot stress was the same using contact approach versus simplified modeling
approach. Elements used were 20-node reduced integration hexagona elements. Refer to
Table.17 for the fatigue life estimates.

Table.17. Contact model from UKOSRP project for longitudinal attachment under bending
mode.

UKOSRP UKOSRP PREDICTED
LINEAR QUADRATIC $E:-\;3?<UNGEF£S
280 207 300 105 600 93300 | 60800
200 482 000 289 700 256000 | 167 000
140 1426 400 1426 000 746 600 | 486 800

105 CASE STUDY IV

Quadratic plane strain elements with reduced integration (CPE8R) were primarily used in
all fatigue life prediction methods. All three surface extrapolation methods failed in this
study. First extrapolation point was located in the region of lower principal stress, thus
causing problem with extrapolation. As aresult, hot-spot stress was lower than nominal
stress. No fatigue lives were calculated as they would be meaningless. Element size did
not have effect for extrapolation methods. Element type had effect on results.
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Linear incompatible mode elements (CPE4I) gave comparable results with quadratic
elements. Aslong as element distortion was not present, these linear elements gave good
results. Advantage would come more evident in larger models. No difference was noticed
in small models. Incompatible mode element has enhanced formulation for deformation
gradient. This enhancement to deformation gradient isinternal to the element, it is not
associated with nodes on element edges.[2] Refer to Tables.18 and 19 for fatigue life
estimates based on structural stress through thickness integration at the weld toe.
Appendix 3 contains surface extrapol ation results.

Table.18. Through thickness integration results at weld toe for 38mm plate, 14mm leg

snom (MPa) | shs/ N(cycles) m=357 | shs/ N(cycles) m=2.7 | UKOSRP (cycles)
200 203.1/159 400 204.1/253 700 171 520
120 121.8 /989 100 122.4 / 1 009 000 833 000
90 91.35/2 762 400 91.8/2 193 800 2 326 700

Table.19. Through thickness integration results at weld toe for 25mm plate, 10mm leg

snom (MPa) | shs/ N (cycles)y m=357 | shs/ N (cycless m=2.7 | UKOSRP (cycles)
230 233.6/96 700 234.55/ 174 300 127 300
160 162.5 / 353 400 163.2 / 464 000 712 400
100 101.6/ 1 889 700 102 / 1 650 500 2 915 400

Full penetration welds were considered as a sengitivity study. In the light of failure,
fatigue lives based on nominal stress of 200 M Pa were computed for 38mm fillet welded
joint as 268 000 cycles. For 25mm fillet welded plate at nominal stress of 230 MParesult
was 183 500 cycles. Material constant C and slope were taken from UKOSRP program
and are mentioned earlier.

Through thickness integration to obtain structural stress at the weld toe was done to
38mm plate with 14mm leg length and 25mm plate with 10mm leg length. Stress
concentration factor and thickness penalty were ignored in this method as these effects are
included in the procedure. Load was adjusted such that nominal bending stress
corresponded testing conditions. Nominal stresses are from UKOSRP tests.

In fracture mechanics approach simple plate with edge crack was analyzed first.
Analytical solution for stress intensity factor was calculated from the following
relationship.[10]

K, =Fs+p =1.12X00MPa+/p *4mm = 397MPa+ym

Both crack tip modeling techniques gave same results, K, = 412.1MPa+/mm . Difference
to analytical solution was about 3.5 %.
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Next, crack modeling was extended a step further into cruciform joint. Crack tipsin
cruciform joint were modeled using 8-node quadratic elements without collapsed
elements. This was done because solutions from Mode 1 fracture in simple plate were
same under both crack tip modeling techniques. Cruciform joint, atleast during initial
stages exhibits Mode 1 failure. Fracture mechanics analysis gave comparable results with
actual testing data. Refer to Table.20 for method and predicted fatigue life. Appendix 1
and 2 contains simple plate mesh and load/non-load carrying cruciform joint under four

point bending.
Table.20. Fracture mechanics results compared to testing results from UKOSRP.
EXPERIMENTAL, UKOSRP LEFM / PREDICTED
RANGE (MPa) LIFE (cycles) RANGE (MPa) LIFE (cycles)
200 171 520 200 416 500
120 833 000 120 1117 400
90 2 326 700 90 2 760 000

Effective notch approach was applied to 38mm thick plate with 14mm weld leg length
with full penetration welds. Element type was 8-node reduced integration shell element.
Principal stress at the notch was 279.8 MPawith 100 MPa nomina stress. In this case
nominal stress was equal to bending stress. Mesh was refined at the notch location such
that element size was 0.13mm by using same element type. Principal stress was cal culated
as 276.6 MPa. Elastic stress concentration factor therefore was computed as 2.76 with
Imm radius. Quite severely conservative results with 200 MPa nominal stress predicted
fatigue life of 5 100 cycles versus 171 000 cycles.

Element type was modified to plane strain condition. Fully integrated 8-node plane strain
element with same mesh predicted 282.7 MPawhich will result even more conservative

fatigue life estimation.

11 MULTIVARIABLE REGRESSION AGAINST CASE STUDIES

Multivariable regression did not predict thickness effect in butt joints. Coefficient in thickness
was small enough not to predict any difference even if thickness of the plate changed from
2mm to 50mm. Multivariable regression equation predicts only 300 000 cycles differencein
fatigue life going from 2mm plate to 50mm plate.

Two derived equations based on collected data have been compared to Gurney’ s experiments
on thin longitudinal attachments. Attachments were loaded in tension. Equations derived were
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(54) where stress range and stressed plate thickness were considered and (55) where loading
mode was added.

logN =-2.56440gs +0.5774ogt +10.452 (54
logN =-2.692X40gs +0.493940gt - 0.2073x4ogr +10.821 (55)

Equation (55) presents a problem if tensile mode is considered. It was established earlier that r
was zero for tensile mode. Observation to (55) reveals that log r tends to negative infinity for r
= 0. Therefore, equation (55) would be valid only for bending mode. However, legimate
guestion might be whether tensile tests are truly tensile loaded. As a sensitivity study r in (55)
was made small (0.25/0.025) and estimated fatigue life computed. Results for 6mm and 2mm
specimens are shown in Tables.21 through 24.

Table.21. Multivariable prediction for 6mm thickness. Three variable equation under tensile
mode. r = 0.25/ 0.025

Gurney / MPa Gurney / Cycles MVR /log N MVR/N
180 131 000 5.26/5.47 181500/ 292 500
140 274 000 555/5.76 | 357 000/ 575 500
110 388 000 5.83/6.04 |683500/1 101500
100 494 000 595/6.15 |883400/ 1 424 000

Table.22. Multivariable prediction for 6mm thickness. Two variable equation under tensile
mode.

Gurney / MPa Gurney / Cycles MVR /log N MVR/N
180 131 000 5.12 131 400
140 274 000 5.40 250 200
110 388 000 5.67 464 400
100 494 000 5.77 593 000

Table.23. Multivariable regression prediction for 2mm thickness. Three variable equation
under tensile mode. r = 0.25/ 0.025

Gurney / MPa Gurney / Cycles MVR /log N MVR/N
180 102 000 5.02/5.23 |105500/ 170 000
140 184 000 5.32/5.52 |207 500/ 334 500
110 276 000 56/5.81 397 200 / 640 000
100 352 000 5.71/5.92 |513500/ 827 500

Table.24. Multivariable regression prediction for 2mm thickness. Two variable equation under
tensile mode.

Gurney / MPa Gurney / Cycles MVR /log N MVR/N
180 102 000 4.84 69 700
140 184 000 5.12 132 700
110 276 000 5.39 246 400
100 352 000 55 314 500
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Gurney found that decreasing stressed plate thickness lead to decrease in fatigue life in the case
of longitudinal attachments for other geometry being constant. This could have been due more
rapid crack propagation through the plate, possibly influenced by the double stress gradient
present in longitudinal attachment. Swedish standard, BK S takes into account “thinness effect”
for plates thinner than 25mm.

,.0.0763

S _a50

s i (56)

2

where S= S for t 3 25mm. S refersto fatigue strength of thejoint and S is the fatigue
strength after correction. For 6mm plate S =1.115xS,; and for 2mm plate S =1.212xS ,

however, fatigue strength tends to decrease with decreasing plate thickness in longitudinal
attachment. As aresult, validity of Swedish standard may not apply to longitudina attachment.
Collected data contained symmetrical and unsymmetrical longitudinal attachments.
Unsymmetrical attachments would exhibit higher fatigue strength than symmetrical
attachments due secondary bending stress occurring in the weld toe region which would induce
compressive stress component at the weld toe. As aresult, stress peak would be lower than in
symmetrical joint. Maddox’s unsymmetric longitudinal attachment was investigated with
multivariable regression results. Refer to Table.25 for preliminary results.

Table.25. Multivariable prediction for 12.7mm thickness. Two variable equation is used.

Maddox / MPa Maddox / Cycle MVR /log N MVR/N
150 266 350 5.51 323 000
100 787 880 5.96 914 000
50 8 014 700 6.73 5 404 000

Case study from UKOSRP project was 38mm stressed plate thickness subjected to four point
bending. Application of multivariable prediction would not take into account thickness
correction based on 11W or BS 7608 recommendations. This is because derived equations are
based on regression analysis from collected data. Refer to Table.26 for bending results.

Table.26. Longitudinal attachment under four point bending from UKOSRP. Predicted fatigue

life is based on three variable equation.

UKOSRP UKOSRP MVR/log N MVR /N
MPa Cycles
280 207 300 5.01 103 100
200 482 000 541 255 200
140 1426 400 5.82 666 600
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Cruciform joints from UKOSRP project were subjected to four point bending. Two stressed
plate thicknesses were considered, 25mm and 38mm.

logN =-1.633740gs - 0.049517¥ogt +9.16535 (57)
logN =-1.4140ogs - 0.1¥ogt +0.16540gr +8.765 (58)

Table.27. Cruciform joints under four point bending (UKOSRP), 38mm plate thickness with
three variables.

UKOSRP, MPa UKOSRP, Cycles MVR/log N MVR/N
200 171 520 5.68 477000
120 833 000 5.99 980 000
90 2 326 000 5.17 1 470 600

Table.28. Cruciform joints under four point bending (UKOSRP), 25mm plate thickness with

three variables.

UKOSRP UKOSRP MVR /log N MVR/N
MPa Cycles
230 127 300 5.57 375 600
160 712 400 5.80 626 600
100 2915 400 6.08 1215 600

Two variable equation and three variable equation were also applied to tensile mode. Equation
is applied to load-carrying cruciform joint under tensile mode. Joint has full penetration welds.
Failure location is at the weld toe. Weld leg length is 12 mm. Tests were conducted in air under

varying mean stress. The effect of mean stress is not taken into account.

Table.29. Cruciform joints under tensile mode (UKOSRP), 25mm plate thickness with three

variables.

UKOSRP UKOSRP MVR /log N MVR/N
MPa Cycles
280 98 100 5.72 523 000
160 393 000 6.06 1 151 600
100 2 349 600 6.35 2234200
Table.30. Cruciform joints under tensile mode (UKOSRP) 25mm plate thickness with two
variables.
UKOSRP UKOSRP MVR /log N MVR/N
MPa Cycles
280 98 100 524 172 300
160 393 000 5.63 429 800
100 2 349 600 5.97 926 400
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12 DISCUSSION
12.1 Multivariable regression

One obvious drawback of multivariable regression performed hereisthat linear relationship is
assumed between different variables. This may not be the case as seen earlier. For example,
relationship between fatigue strength and thickness in butt joints loaded in tension based on
collected data may not be linear, rather exponential.

Derived equations that approximate fatigue behavior in certain details do not take into account,
for example, welding process, amount of residual stress at the joint, joint environment, testing
frequency and mean stress. One thing in common to al failuresin testsis aweld toe failure.

As multivariable regression was performed to all three details, following observations were
made. In all tested cases, multivariable regression caused clockwise rotation of fatigue
estimation curve as compared to data regression curve based on one thickness. Point of
intersection of multivariable regression curve and data regression curve lies around log N =
~4.8 to ~5.7, 65 000 to 500 000 cycles, respectively. In general, this was the case in most tested
joints and thickneses. Therefore at these cycles multivariable regression line predicts higher
fatigue life than regression line based on data and predicted fatigue strength at 2 000 000 cycles
would be lower. Refer to Figure.43 for sample from longitudinal attachment database.

13mm LONG.ATTACH./TENSILE: COMPARISON OF DATA REGRESSION AND MULTIVARIABLE
REGRESSION

2,9

2,7

2,5

ilog N = -2.564*log S + 0.577*log t + 10.452
1 13mm DATA|

2,3

.0

*

log S

13mm
MULTIVARI
ABLE

19

N

3,5 4 4,5 5 55 6 6,5 7 7,5

log N

Figure.43. Comparison of multivariable regression to 13mm thickness regression in
longitudinal attachment joint.



Based on derived equations in multivariable regression, it would seem logical to draw the
following conclusion as far as fatigue life of joint is concerned. Of the variables considered,
butt joints might be most sensitive to stress range then loading mode followed by thickness.
Same relationships are observed in cruciform joints. However, longitudinal joints would appear
to be most sensitive to stress range and main plate thickness followed by loading mode.

Stress range used in multivariable regression equations is nominal stress. If hot-spot stressis
calculated from FE-model, nominal value needs to be multiplied by a relevant stress
concentration factor. Based on results, it is necessary to collect more data under bending mode
in all threejoint types. Collected data needs to be broken down more, for example, weld leg
length in cruciform and longitudinal attachments could be chosen as a variable.

Derived equations have been applied to some test results to see how well does equation
describe the data or if at al.

All tensile results considering stress range and thickness fell ailmost on single line based on
derived equation. This suggests that multivariable regression equation describes poorly
thickness effect in butt joints under tensile loading. Earlier, relationship between fatigue
strength and thickness had been established to follow exponential model. Another variable,
bending mode, was added into the equation.

As an example from tensile case, 16mm thick butt joint tested at 220 MPa under tensile loading
in tests gave fatigue life of 93 300 cycles. Now, applying equation multivariable equation gives
estimated fatigue life of 324 000 cycles. Single result does not provide much information about
overall fit, so coefficient of determination was calculated based on al 16mm tensile butt data.
Asaresult, r* was equal to 0.28. Relationship is poor.

As an example for bending loading, 10mm butt joint was considered and coefficient of
determination was computed. The result r? was 0.11.

Similar procedure was done to cruciform joints. All tensile results fell close to single line with
only dlight variation. Bending curves were above tensile curves, however, bending curves seem
converge to tensile curves at longer lives, over 2 000 000 cycles.

Scatter under tensile loading in longitudinal attachment was more than for butt joint or
cruciform joint. Significant scatter was observed under bending mode. Under both, tension and
bending, fatigue strength decreased as plate thickness decreased. Overall, correlation of
multivariable curve in longitudinal attachment was better than in butt or cruciform joints.

Main controlling geometrical parametersin butt joint are plate thickness, weld cap width,

weld toe angle and amount of penetration. Few of the collected test data reported weld
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cap width and weld toe angle. Amount of penetration was reported but at the moment it
was ignored. Thus, only plate thickness was considered. Other non-geometrical
parameters such as stress ratio, welding process and residual stress were ignored. In order
to improve the fit in multivariable regression percent fit has to increase and residual
standard deviation decrease. Residual standard deviation was calculated as the difference
between predicted fatigue life based on linear model and test result. Residuals were
graphed against stress range and thickness. If thickness has a strong relationship to fatigue
strength in butt joint, then residual versus variable graph should show this correlation as
better percent fit and decrease in residual standard deviation. Model based on linear
regression was expressed as

log N = -1.4807 logs +8.896 (59)
and residual as
Residual =10g N - 10N gicted (60)
For the first case, residua was the difference in fatigue life based on one independent variable
equation. In the second case, residual was based on two independent variable equation, stress
range and thickness.
logN =-1.4878logDs - 0.03317logt +8.929  (61)

Figure.44 shows residuals as each variable is added in buitt joint. [26]

log N = -1.4807*log 6 + 8.896

# Stress
. ° m Thickness

Residual

0 0.5 1 1.5 2 2.5 3 35
Variable

Figure.44. Residual correlation to each variable in butt joint.
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Visual inspection of Figure.44 shows that residual standard deviation is increased as a

result of adding a plate thickness into multivariable regression. Results are shown in

Table.31.

Table.31. Percent fit and residual standard deviation for the buitt joint.

EQUATIONS Percent Fit | RSD | TEST VALUE
logN = -1.4807logs +8.896 28.3 % 0.49 2.08
logN = -1.4878logs - 0.03317logt +8.929 28.3% 0.493 0.103
logN = - 1.480910gs - 0.0701logt +0.331logr +8.976 | 28.4% | 0.492 0.147

In the case of longitudinal attachment percent fit increased as thickness of the stressed

plate was entered into the equation, but residual standard deviation increased as well. In

order to introduce better fit RSD needs to decrease. Refer to Figure.45 for residuals as

each variable is added.
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Figure.45. Longitudina attachment residual correlation to each variable.

logN = -2.447logs +10.882 (62)

Table.32. Percent fit RSD for longitudinal attachment.

Equation Percent Fit | RSD | TEST VALUE
logN =-2.447logs +10.882 51 % 0.43 17.9
logN = -2.564logs +0.577logt +10.452 56 % 0.41 5.91
logN =-2.692logs +0.4939logt - 0.2073logr +10.821 50 % 0.54 -
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So called t statistic was calculated for the set of data which was based on 95% confidence
interval. This means that true value lies within + 1.96 times the standard deviation away
from the mean value. 5% significance level was calculated as 1.965, this shows that
thickness is significant and should be included in the model. Decrease in percent fit was
observed when loading mode was included. Therefore, no test value was computed.
Linear model is valid between thickness and fatigue strength as well as loading mode and
fatigue strength. Clear relationship was established earlier for the thickness based on two
variable equation. Fatigue strength tends to decrease with decreasing plate thickness. This
trend was seen as decrease in residual standard deviation and increase in percent fit.
Residual standard deviation was calculated as follows

2
(logN, - c- alogs, - a,logt....

1 n- (m+1) (53

Qo

RD =14

where log N, isthetest result and c, a,,a, are the solved coefficients. Here nisthe

number of entries and mis the number of independent variables. Percent fit was
calculated as follows

PercentFit = 2 _sz (64)

where § and S are defined earlier.

Most encouraging results from multivariable regression were for longitudinal attachment.
Fatigue life prediction has discrepancy but general trend from derived equation follows
along with test results. Derived model predicts decrease in fatigue life as stressed plate
thickness is decreased. Gurney [6] made same observation from his tests. Severe
approximation is caused by ignoring other local and global geometry of the joint. This
issue is clear downfall for fatigue life estimates. Refer to Figure.46 for multivariable
prediction. Lowest plate thickness shows lowest fatigue strength.
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MULTIVARIABLE REGRESSION / LONGITUDINAL ATTACHMENT + 4 BENDING CASES ARE
INCLUDED
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Figure.46. Multivariable regression for longitudinal attachment under tensile mode.

Thinness effect prediction using multivariable regression. Coefficient in thickness is about
twice as in standards. Result should be treated with care.

logN =-2.564logs +0.577logt +10.452 (65)

Effect of loading mode was considered as follows. Same behavior was observed under

bending. As plate thickness decreased fatigue strength tended to decrease.

logN = -2.692logs +0.4939logt - 0.2073logr +10.821 (66)

Coefficient in thickness is about same asin (65), however, difference is large enough to
cause variation in fatigue life estimates. Cruciform joint has not been separated by load or
non-load carrying joint. Refer to Table.33 for percent fit and residuals.

Table.33. Percent fit and RSD for cruciform joints.

Equation Percent Fit RSD TEST VALUE
logN =-1.824logs +9.673 39.4 % 0.464 27.8
logN = -1.6337logs +0.0495logt +9.165 39.5 % 0.463 0.99
logN =-1.41logs +0.1logt - 0.165logr +8.765 41.4% 0.457 6.2
logN = - 1.6944logs +0.16127logr +9.231 41.6 % 0.455 6.69
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Figure.47. Residual correlation to each variable for cruciform joint.
Percent fit has increased as thickness and loading mode have been added. Residual
standard deviation in turn has decreased. This means that parameters have significant
effect and are favourable in the use multivariable regression. Changes in percent fit and
RSD are not large, but trend is seen as positive.

Test value was computed as follows

(Increase_ % fit)(dof )

67
100- (new_ % fit) (67)

TestValue = \/

12.2 Casestudy |

Fatigue life predictions for thin longitudinal attachment were rather conservative. Stress
concentration factors for 6mm and 2mm plates were al over two. Comment is based on the
following element selection. Shell modeling was made with 8-node reduced integration
elements. Modeling was also made with linear elements, however, 8-node element was chosen.
Linear elements might give reasonable results as pure bending for symmetric attachment is
modelled. On the other hand, mesh density would have to be greater. Solid modeling was
made with 20-node reduced integration elements rather than 8-node linear elements for the
same reasons. Even under tensile mode element selection has an effect on stress distribution in
the vicinity of the attachment end. Refer to Figures.44 through 49 for principa stress

distributions for different element types. Transverse principal stress distribution for

60



symmetrical longitudinal attachment under tensile and bending mode are shown in Figures.48
and 49. Solid elements are used for modeling.
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Figure.48. Solid symmetric 6mm longitudinal attachment under tensile mode.
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Figure.49. Solid symmetric 6mm longitudinal attachment under bending mode.

Tensile mode causes more abrupt stress peak at the attachment end than bending mode.
Stress peak, however, is higher under bending mode than under tensile mode. In bending
principal stress rises more gradually to the peak value. Incompatible linear mode elements
CPES8I behave better than linear elements under bending mode. Because longitudinal
attachment exhibits double stress gradient, effect of element selection to principal stress
distribution approaching the weld toe was investigated. Refer to Figures.50 and 51 for the
effect of element selection.
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Figure.50. Solid symmetric 6mm longitudinal attachment under tensile mode. Principal
stress distribution approaching weld toe.
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Figure.51. Solid symmetric 6mm longitudinal attachment under bending mode. Principal
stress distribution approaching the weld toe.
As seen in Figures.50 and 51, principal stress distribution is more gradual and severe
under bending mode than under tensile mode. Stress paths are taken on the surface from
tensile side. Comparison is made with 20-node fully integrated solid elements. These

elements should work fine under tensile and bending modes. One reason for higher
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principal stress peak along the surface of the joint for bending case was lesser stiffness on
the tensile side of the joint. Under pure bending both attachment end welds contribute to
the stiffness of the joint. Asjoint is subjected to pure bending, mainly one attachment end
weld is supporting the bending stress on the tensile side, as aresult weld toe region on the
tensile side is seeing more strain. No membrane stress is present as end is fixed on
“frictionless’ roller. These thoughts hold true for linear elastic material.

Principal stress distributions based on different elements were studied in 2mm symmetric
longitudinal attachment. Figure.48 illustrates quite sudden stress rise from nominal value
and the importance of boundary conditions. Small disturbances are seen in the vicinity of
stress peaks. These are caused by wrong location of one of the boundary conditions.
Transverse rigid body mode was fixed at one corner of the joint rather in the center of the
joint. Fixed corner caused unsymmetric loading to the joint which disturbed the peak

principal stress. However, overall trend is still seen.
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Figure.52. Symmetric 2mm longitudinal attachment under tensile mode. Transverse
principal stress distribution to the weld toe.
Principal stress distribution for the 2mm plate shows same behaviour as for 6mm plate.
Peak stressis higher in 2mm plate as compared to 6mm plate. Interestingly, despite of this
Gurney concluded that 2mm showed higher fatigue strength than 6mm plates. Clearly,
uncertaincies exist and more data would have to analyzed. On the other hand, material
model islinear elastic. Local plasticity islikely at the attachment end due to high stress
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concentration factor and applied stress ranges. As aresult, linear model over estimates
stress results which causes conservative fatigue life estimation. Refer to Figure.53 for
2mm stress paths.
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Figure.53. Symmetric 2mm longitudinal attachment under tensile mode. Principal stress

distribution approaching the weld toe.

12.3 Casestudy Il

Maddox’ s unsymmetrical longitudinal attachment was studied. Principal stress
distributions are plotted for both sides of the attachment. Principal stress distribution
transverse to the weld toe for unsymmetrical longitudinal attachment are shownin
Figure.54. Plot contains shell and solid element results.
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First, shell model has been modeled without inclined elements representing welds. On the
attachment side shell element predicts lower peak stress at the weld toe than solid
element. In addition, shell element predicts decrease of principa stress below its nominal
value approaching the weld toe transverse to the loading direction. Lower peak stressin
shell element is due to linear stress distribution in shell element. Thus, non-linear portion
of the principal stress close to the weld toe cannot be represented by shell element. Dip
below the nominal value close to the weld toe is due to the same reason. Shell element is
unable to pick up the non-linear portion of the stress transverse from the weld toe.

On the bottom side, principal stress dips below its nominal value at the weld toe in solid
model. In the shell model, high principal stress pesk is observed rising directly from the
nominal value. Dip at the weld toe in principal stressin solid model is due to secondary
bending stress introduced by single sided attachment. Secondary bending stress introduces
compressive stress on the attachment side at the weld toe region. Stiffness caused by
single sided attachment does reach on the other side of the stressed plate, however, stress
peak caused by the attachment end is not seen on the bottom side. Strain on the flat side of
the stressed plate is reduced due to stiffening effect. Thisis seen as dip in nominal stress.
Thisis partly dueto linear elastic material as well, although stress values are below yield
strength anyway.

High peak at the bottom side in shell model is due to linear stress distribution across shell
element, bottom surface loaded in tension and reduced stiffness caused by the attachment.
Attachment in shell model does not provide as much stiffness as in solid model, especially
because welds are not modeled. This reduces the attachment stiffness, therefore adding
onto stress peak in linear elastic material. These thoughts in mind, it would seem
reasonable to see high peak in principal stress on the flat side of the attachment. Figure.55
illustrates the difference in principal stress distribution between shell model and solid
model as approaching the weld toe.
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Principal stress distributions were studied for tested unsymmetrical longitudinal
attachment by Maddox as well as symmetrical one. Main purpose was to see the effect of

single sided attachment into stress distributions in the vicinity of the weld toe. Refer to

Figures.56 through 58.
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Figure.58. Transverse principal stress distribution for symmetric longitudinal
attachment.
Symmetric attachment exhibits higher peak stress at the weld toe. Thisis due to secondary
bending stress occurring in unsymmetrical attachment. Unsymmetric attachment causes
secondary bending moment at the weld toe which is compressive. As aresult, lower stress
peak would be expected.
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12.4 Case study Il

Contact model in this case study did not provide any different results than compared to
simplified modelling. All predicted fatigue lives were conservative. Linear surface
extrapolation provided best estimate to test result as compared to quadratic extrapolation
method or through thickness integration. Only solid modelling was performed due to issue of
double stress gradient which is present in longitudinal attachment.

125 Casestudy IV

Cruciform joint under consideration was subjected to pure bending. This results a constant
bending stress in between the loading points. Under pure bending this bending stress dips
below its nominal value (far away from weld toe) at about half plate thickness away from
weld toe before rising from its nominal value due to discontinuity at the weld toe. This
may be caused by the stiffening effect of welds and attachment plate in the middle of the
joint, thus causing decrease in strain in front of the weld toe. As aresult, all three surface
extrapolation methods failed under 2D-modeling procedures under plane stress and plane
strain conditions.

Difference between nominal stress and extrapolated hot spot stress was not large,
nevertheless, stress concentration factor was below 1. Linear fully integrated plane stress
elements overestimated stress. Plane stress assumption in 140mm wide specimen may not
give valid results as out-of-plane normal stress component is present. Linear reduced
integration elements gave lower principal stress as compared to quadratic elements. They
are unable to curve under bending loading and due to one integration point have limited
load carrying capacity. On the surface, stress at the node is aresult from two integration
points. This causes conservative fatigue life approximation.

Nominal stress approach gave non-conservative results. Issue with nominal approach here
isthat it does not account for stress raising effects caused by welds and attachment. Thus,
non-conservative results could be expected.

Through thickness integration at the weld toe gave more encouraging results. As a
comparison, full penetration welds were considered as well. In all casesfillet welds
exhibited dlightly larger structural stress at the weld toe than full penetration welds.
Fatigue life prediction for fillet welded joints was higher at high stress ranges. This may
be due to the m values obtained from UKOSRP testing program. Values were based on
various testing conditions. Full penetration welds gave higher fatigue lives at lower stress
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ranges. Decrease in plate thickness caused increase in fatigue life. Fatigue lives at lower
stress ranges tended to be conservative. Therefore, slopes based on regression from tests
describe data well at mid and high cycle range.

Fracture mechanics analysis gave comparabl e results, however, limited geometries were
analyzed and one should threat the results accordingly. Numerical integration was based
on best coefficient of determination of nine least-squares regression analyses. Exponential
model provided best fit in all cases. By visual inspection it is clear that exponential fit
describes data poorly, even though coefficient of determination is best. Exponential fit
underestimates crack growth and crack length relationship at small crack lengths,
however, more significant error results from a= 0.5mm to a= 7mm. In this region
exponential model overestimates the data. Logarithmic model dips on negative side at
about a= 11mm. As aresult integration can be performed up to this point only. Power
model underestimates data in the region a= 0.5mm to a= 7mm. Logarithmic model has
same problem as exponential model. Table.31 lists fatigue lives predicted by four models
and test result. Sectioned result is also shown

Table.34. Fatigue lives using four models comparison to UKOSRP.

UKOSRP Power Exponential Logarithmic Sectioned

833 000 480 000 1117 400 1 266 700 266 000

By visual inspection it would seem reasonable that fracture mechanics solution is most
accurate to actual test result. More accurate curve fitting technique is required. Data
points could be broken down into sets of 2 or 3 along with curve fitting. Then, numerical
integration could be performed by section basis for more accurate result. Same behavior
was true for all three loading cases.

Failure criteriain test specimens was half thickness of plate, ~20mm. This causes
approximation into the analysis. However, thisis not significant as crack propagation rate
increases as a function of crack length. Based on exponential model, for example, to grow
acrack quarter way through the plate thickness consumes 80% of fatigue life. Along with
results, one would not expect large difference in fatigue life when comparing fillet welds
to full penetration welds under pure bending. Relatively little load is carried close to the
neutral axis under pure bending. Thus, gap in fillet welded joint is fairly harmlessin
bending.[1]
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Four point bending does not really cause pure Mode 1 except perhaps at early stages of

crack growth. However, Mode 1 and Mode 2 are not additive to produce K, . [14] Only

Mode 1 was considered in this study. Refer to Figure.59 for curvefits.
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Figure.59. Basis for numerical integration for cruciform joint under four point bending.

13 CONCLUSIONS

Coefficients in multivariable regression are solved by setting up sum of the squares of the
residuals, taking partial derivatives with respect to each variable and arranging resulting
equations into matrix form. Coefficients are not predetermined but follow from solving the
matrix. Some significant variables affecting fatigue life of ajoint are stress range, plate
thickness and loading mode. As comparing stress range and plate thickness, stress range may
have much larger effect to fatigue life than plate thickness. Considering multivariable
regression in three welded details and four case studies it would seem reasonable to draw the
following conclusions:

Multivariable regression does not presently work for butt joints which is based 1556 test

results from 50 references. Model predicts difference of 300 000 cyclesin fatigue life going

from 2mm thick plate to 50mm thick plate.
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Multivariable regression predicts general behaviour in cruciform joints as far as fatigue
strength is concerned. Model is built on 1189 test results from 29 references. Fatigue lives
cannot be accurately determined, because other global and local geometry is omitted at this
stage. Model predicts decrease in fatigue strength as stressed plate thickness is increased.
Most encouraging results are seen in longitudinal attachment through multivariable
regression. Model is built on quite limited amount data, 456 test results from 11 references.
Opposite trend in thickness effect is as compared to butt joints or cruciform joints. Fatigue
strength of longitudinal attachment tends to decrease as stressed plate thickness is decreased,
given other geometry of the joint stays constant. Fatigue life estimates are rough as other
important parameters are omitted in multivariable regression, such as plate width,
attachment thickness and length.

Hot-spot method does not appear to work for thin longitudinal attachments. Stress
concentration factors are all over two, some close to three depending on the element. Asa
result, fatigue life estimates are quite conservative. Linear elastic material model most likely
contributes over estimated stresses, at test stress ranges local plasticity at the attachment end
islikely. This would results increase fatigue life estimation.

Surface extrapolation methods failed in cruciform joint under four point bending. Predicted
structural hot-spot stress was below nominal stress. Through thickness integration at the
weld toe gave conservative fatigue life estimate. Both, effective notch method and fracture
mechanics approach gave conservative results.

Contact modelling with attempt to simulate relative sliding in four bending did not differ
from ssimplified approach. Advantage would become significant if large strains would be
present.

Solid model in Maddox’ s experiment gave conservative fatigue life estimates as shell model
gave non-conservative results. Shell model does not accurately take into account double
stress gradient in longitudinal attachment. Welds are omitted which makes a severe

approximation into the analysis.

In determining a fatigue life of a structure, it is advisable to use different methods for fatigue life
estimates. As results are compared, designer can make educated approximations without losing
important details, after all fatigue design is all about details. More important, thorough
understanding of real world structures and how they deform under loads is essential. Moreover,
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understanding how to apply boundary conditions correctly as close to real world as possible and
ever going uncertainty of real loads that structure sees are areas of continuous work.

14 RECOMMENDATIONS

Based on exploratory work carried out to investigate the possibility of applying

multivariable regression analysis into fatigue life estimations of welded joints, no
recommendations should be done at this stage. Even though some encouraging results

were obtained from longitudinal attachment, reference datais quite limited. As aresult,

derived equations should be treated with caution even though they predict general trend

from test results. Thisis, fatigue strength of longitudinal attachment tends to decrease

with decreasing stressed plate thickness. One of the major tests was by Gurney [6] with

6mm and 2mm stressed plate thicknesses.

It would seem reasonable, first to double check all collected data and plot individual test results
to see whether odd test series are included. This comes from the fact that linear regression
performed for butt joints gave m = 1.5 which seems too low. Altogether, over 1 500 test results

were included in the analysis.
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Appendix 3

SURFACE EXTRAPOLATION METHODS - CRUCIFORM JOINT IN FOUR POINT BENDING

FULL PENETRATION FILLET WELDED
t=38mm, leg=14mm t =38mm, leg = 18mm
LINEAR 1 (I\cl)lég.) (MIDa) ELEMENT Hot_Spot LINEAR 1 (I\c/)Is;.) t(MPa) | ELEMENT Hot_Spot
CPESR 103,88 | 103,88 | 15mm 103,88 CPES8R 103,75 | 103,86 1.5mm 103,68
103,77 | 103,87 5mm 103,70 LINEAR 2 0.5t 1.5t
103,68 | 103,87 | 2.5mm 103,55 CPES8R 103,57 | 103,88 1.5mm 103,41
10365 10387 | 15mm 10350 | |QUAZRATHL o4t | oot 14t | ELEMENT
LINEAR 2 CPES8R 103,82 | 103,83 103,88 1.5mm 103,82
CPES8SR 0.5t 1.5t | ELEMENT
103,88 | 103,88 15mm 103,88 LINEAR 1 0.4t t ELEMENT
103,67 | 103,88 5mm 103,57 CPES8 103,66 | 103,86 1.5mm 103,53
103,65 | 103,88 | 2.5mm 103,53 CPS8 103,62 | 103,86 1.5mm 103,46
103,64 | 103,88 | 1.5mm 103,52 CPS8R 103,65 | 103,87 1.5mm 103,51
QUADCRATI LINEAR 1
CPES8SR 0.4t 0.9t 1.4t ELEMENT CPE4R 96,04 95,80 96,20 1.5mm
103,88 | 103,88 | 103,88 15mm 103,88 CPE4 98,67 97,74 99,29 1.5mm
103,77 | 103,85| 103,88 5mm 103,66 CPEA4I 103,76 | 103,86 103,69 1.5mm
103,68 | 103,85| 103,88 2.5mm 103,43 LINEAR 1
103,69 |103,85| 103,88 1.5mm 103,46 CPS4R 96,07 95,80 96,25 1.5mm
LINEAR 1 CPS4 104,41 | 104,29 104,49 1.5mm
CPE4R 97,33 | 97,67 97,10 1.5mm
CPE4 99,50 | 98,76 99,99 1.5mm
CPEA4I 103,71 | 103,87 103,60 1.5mm
CPES8 103,63 | 103,87 | 103,46 1.5mm
LINEAR 1
CPS4R 97,33 | 97,66 97,10 1.5mm
CPS4 104,27 | 104,33 | 104,23 1.5mm
CPS8R 103,68 | 103,88 | 103,54 1.5mm
CPS8 103,63 | 103,87 | 103,48 1.5mm
QUADRATI
C
CPES8 103,72 | 103,85 | 103,88 1.5mm 103,54
CPS8R 103,72 | 103,85| 103,88 1.5mm 103,54
CPS8 103,62 | 103,85| 103,88 1.5mm 103,28
t=25mm, leg=10mm
LINEAR 1 0.4t t Hot-Spot
CPES8R 103,65 | 103,87 | 103,50 1.5mm
QUADRATIC 0.4t 0.9t 1.4t
CPES8R 103,81 | 103,85 | 103,88 1.5mm 103,76
CPES8 103,42 | 103,85 | 103,88 1.5mm 102,79







