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My -FACTOR EQUATIONS AND

CRACK GROWTH SIMULATIONS FOR FATIGUE
OF FILLET-WELDED T-JOINTS

Timo Nykanen
Department of Mechanical Engineering
Lappeenranta University of Technology
P.O. Box 20, SF-53851 Lappeenranta, Finland

ABSTRACT

An eight degrees of freedom (d.o.f.) free evolution model with the
same growth constant, C, of Paris law in all directions, and a two
degrees of freedom model, was used to study the fatigue crack growth at
the surface of a plate and from the toe of a transverse non-load-carrying
fillet weld in a T-joint. Both cantilever bending and remote tension
loading cases were included. It was found that the accuracy of the
two degrees of freedom crack model is sufficient for practical purposes.
The correlation between the two models is best when in the two d.of.
model C.=0.9™ C, in a plain plate case and C.=(0.85...0.90)™ C, in
the fillet welded sharp weld toe case (¢ = 0.0 mm). C, is the coefficient
for growth in the maximum depth direction, C,. is the coefficient for
growth at the surface intersection position, and m is the exponent
in Paris law. The correlation is even better when the multiplier is
about 0.95™ and when the crack depth to base plate thickness ratio
is #> 0.15. On the basis of few free evolution calculations no simple
correction multiplier can be recommended, when 9>0.0 mm. However,
an engineering accuracy may still be achieved using the same growth
constant, C, in both directions. The correction multiplier in C accounts
for the difference between the different crack front shapes of the models.
In both cases the crack front shape was modelled as a broken line. In
the two degrees of freedom model the straight sided crack tip elements
were tangential to the direction of an elliptical crack front, the crack
was then approximately elliptical.

With a planar crack model the effect of estimated inclination on the
stress intensity factor K; was quite slight, only about 4%, and was
consequentially omitted.

Based on the 3-D finite element analysis of welded T-joint parametric
equations for the stress concentration magnification factors, My, and
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My, were derived for a single surface crack at the toe of a transverse
non-load-carrying fillet weld, both in tension with no bending restraints,
and in the cantilever bending loading case. The effects of seven variables
on the My, and Mj. values were included. The variables were as
follows: the crack depth a, the crack aspect ratio %, where c is the
crack length, the attachment plate thickness t, the base plate thickness
T, the leg length w, the weld toe angle 3 and the weld toe radius ¢.
It was assumed that there was no weld penetration. It is expected that
the accuracy of the parametric My, solution is within +£10% in the
range studied. The My.-factor is more susceptiple to the calculation
errors and is less accurate. It is estimated, that My.-factors are
underestimated by approximately 10-20% as compared to the elliptical
crack solution due to the simplified crack shape. The parameter ranges
are: 0.2< 2 <1.0 when 15°<3 <70°; 0.08< * <1.0 when 3 =70°;
0.001< 2 <03, 0.25< % <1.0,05< % <1.0, 0.0< £ <0.25 when
15°<g3 < 70°.

The geometric thickness effect was studied from the fracture
mechanics viewpoint. The experimental crack aspect ratio curve for
coalescencing cracks proposed by Engesvik and Moan was utilised in
geometric thickness effect calculations. It was noticed that the fatigue
strength is highly dependent on weld toe radius g, weld toe angle 3
and initial crack depth a;. The lowest fatigue strength was achieved
surprisingly with ¢ ~0.5 mm in tension and g ~0.1 mm in bending.
The difference, in comparison with the sharp weld toe case was small in
bending, but very clear in tension. The free evolution calculations with
a single crack model did not support this anomaly. The discrepancy is
thought to be due to the forced non-equilibrium ¢-ratio development.
The crack is too long during the crack growth, when the 2 -ratio curve
proposed by Engesvik and Moan is used in connection with a single
crack model. The exponent in the geometric thickness correction factor
equation varies in a wide range with g, 8 and a;. For a 45° fillet
weld the calculated exponent value in the 'worst’ case was 0.197 in
tension, and 0.251 in the bending loading case. Some comparisons with
experimental results were also carried out, and the correlation appears
to be fairly good.

Keywords: Crack growth, Fillet weld, Stress concentration
magnification factor, Free evolution, Stress intensity factor, Thickness
effect, T-joint.
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T (—L)™
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CHAPTER 1
INTRODUCTION

1.1 General

In welded steel structures the welding process introduces inherent crack-
like flaws at the weld toe along the fusion line. These defects lie in a highly
stressed region of the joint. Under static loading, local stress concentrations
are of minor importance if the possibility of brittle fracture is eliminated
due to the redistribution of stresses by local yielding. In the case of
fatigue loading, the stress concentrations play a dominant role and reduce
the design stresses to a fraction of those which are allowed in the static
loading case. Weld defects in areas of local stress concentration provide
a perfect environment for fatigue crack growth. Due to these pre-existing
flaws, the initiation stage of fatigue failure is often almost non-existent
and these flaws can be conservatively regarded as initiated cracks [1].
The weld toe failure is most typical failure in normal quality welds.
Experiments show that the number of cycles required to initiate a crack
large enough to be detected, and treated by linear fracture mechanics as
a ’large crack’, corresponds to around 10-40% of the total life (2. In
consequence, the major part of the fatigue life is occupied by the propagation
phase of crack growth. ‘

1.1.1 Fatigue desing methods

Several methods are employed for designing welded structures against
fatigue failure (Fig. 1.1). The classical Wohler curves, where fatigue data
is presented as a plot of stress vs. number of cycles to failure, is widely
employed in the various structural steel design codes. In these design rules,
which are based on a large amount of experimental data, the welded joints
are categorised into the various classes of permitted stress range. Thus the
stress concentration effect is directly included in these curves and the designer
needs only to place joints into the right classes. The hot-spot stress or strain
method [1] has been used often to predict the fatigue life of offshore welded
structures and welded tubular joints in general. The hot-spot stress is a
combination of the nominal and geometric stresses at the position of the

weld root or weld toe, not including the notch stresses caused by the weld.
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In this instance only one Wohler curve is needed for cyclic life prediction
for all structures welded by similar methods. In order to calculate hot-spot
stress ranges we need to know the stress concentration factor for the joint.
Unfortunately, only a very limited amount of data is available. The fatigue
crack initiation life of welded joints is quite successfully estimated by the
local stress-strain approach 2]. The method is conventionally used for low-
cycle fatigue calculations. The fracture mechanics approach predicts the
propagation life of a crack from a pre-existing defect and takes into account

the crack shape and size amongst other factors.

1.1.2 Linear elastic fracture mechanics approach

Linear elastic fracture mechanics (LEFM) combined with the Paris-
Erdogan relation (1], which gives the crack growth rate ($%) as a function
of the stress intensity factor (SIF) range, AK, provides a powerful tool for
the analysis of the fitness of flawed structures. The Paris equation for crack

growth rate is:
48 = C(AK)™. (1)

The values of C and m are not strictly material constants, since they vary
with stress condition and environment. For structural steels m usually lies in
the range 2.4 to 3.6, the value m=3.0 being one that is frequently assumed
for design purposes for ferrite-pearlite steels, including the analysis of welded

joints. The corresponding mean value of C is found to be approximately equal

to 1.832.1071% —L- Lngx;.i for steels in air under pulsating tension loading

cycle

(R ~ 0), and under plane strain conditions [1]. The stress intensity factor
range, AK, is the difference between the maximum SIF and the minimum
SIF during a load cycle. Equation (1) is valid provided that the maximum
applied stress intensity factor value does not approach the material fracture
toughness, and that the range lies above a minimum threshold level AK;y . It
should be noted that typical fatigue growth data, in which the rate of fatigue
crack extension is plotted against the range of stress intensity factor on a log-
log basis, generally take the form of sigmoidal curves with an approximately
linear central region. Therefore the equation (1) is strictly speaking only
valid within a certain range of AK.



1.1.2.1 Notch effect
In order to perform a fatigue analysis, the stress intensity factor for a

crack at the toe of the weld must be known. Unfortunately, a notch (weld)
will alter the linear membrane and/or shell bending stress distributions in
through thickness direction and thus the usual stress intensity factor solutions
for pure bending and tension [19] are no longer valid. The local nonlinear
stress peak caused by the notch can be taken into account in three different
ways:

(1) The stress intensity factors are calculated directly from the stress analysis
results of the cracked structure [25,26].

(2) Using the weight function approach [9,24,25], when the stress
distribution of an uncracked structure in the crack plane is required.

(3) The membrane and shell bending stress distributions are magnified with
the My -functions [1,40]. For reference, surface crack solution in a plain
plate My is equal to one.

The determination of the stress distribution for the complex three-
dimensional crack problem requires the application of numerical stress
analysis methods such as finite element method [23] or boundary element
method [24]. The laborious task of modelling the crack at the toe of the
weld can be avoided using weight function method (9, 24,25] , if appropriate
weight functions are available. The stress intensity factor under any load
at every point along the crack front can be calculated by simple surface
integrals. Unfortunately, very limited number of weight functions exist and
they tend to be more or less approximate. Semi-elliptical crack shape is
usually assumed and local SIF-variation along the crack front is difficult to
solve. In integration numerical problems are expected, particularly in 3-D
cases, because of the crack tip singularity. Additional correction factors are
also needed [24].

Following a review by Pang [13], many My solutions have been generated
for a crack at the toe of a fillet weld, but mainly by two-dimensional stress
analysis. Thus the joint is modelled as an edge-cracked plate with the same
profile as the welded joint. Very few My solutions are reported for surface

cracks at fillet weld toes based on complex three-dimensional stress analyses.
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In these reports no general analytical My -equations are developed due to the
limited amount of data. The magnification function My can be determined
directly from the 3-D finite element results without any additional correction
factors. When the My -function is known for certain loading condition, the
procedure is easy to use in practice.

The SIF calculations based on the 2-D stress analyses do not take into
account the stress peak caused by the weld in the correct way. First, the
peak stress will cause the crack shape to be non-elliptical and different from
the surface crack shape in a plain plate, secondly, the shielding effect caused
by the finite width of the crack will lead to the lower SIF-value at the deepest
point of the crack, than we received on the basis of a 2-D stress analyses.

When we know the My -functions at the maximum depth and at
the surface intersection position, we can predict the single crack shape
development during crack growth. The development of the crack aspect ratio,
4, is an important factor in fracture mechanics analysis when fatigue life is
to be calculated. A large part of the fatigue life may be spent in the region
4<0.1 (low AK) and the crack growth rate, $&  is strongly dependent

upon the crack aspect ratio as well as on maximum depth.

1.1.2.2 Initial crack size
Fatigue crack growth analysis in welded structures is very complex,

especially for short cracks (a<1 -2 mm), because of the random initiation,
simultaneos growth and subsequent coalescence of multiple cracks. It is
generally recognized that there is a lower limit crack size below which LEFM
analyses cannot be applied. This limit is affected by factors such as grain
size, crack closure and notch plastic zone size. The maximum plastic zone
size at weld toes is estimated to be about 0.3 mm which is also an upper
bound for the first coalescence stage. Consequentially, 0.3 mm is considered
to be a good estimate of the initial crack depth, a;, for the LEFM analysis of
fatigue crack propagation in T-plate joints [3,4] . In spite of this, satisfactory
fatigue life estimates with LEFM have been reported [5] by using an initial
crack depth a; as small as 0.05 mm, when the Paris relation and the effective
stress intensity factor, AK.g, concept have been applied.

After Shin and Smith {6] LEFM would be applicable for cracks larger

than the uncracked notch cyclic plastic zone size. Qutside this region crack
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tip plasticity dominates the notch plasticity during growth predicted in terms
of AK.g. In most investigations the initial crack depth is assumed to be
from 0.1 mm to 0.15 mm (7, 8], 0.15 mm being typical of the average values
which have been found experimentally [1]. It should be noted that the initial

crack depth may have a very significant effect on cyclic life.

1.1.2.3 Single crack model

The "exact” fracture mechanics approach allows the stress intensity factor
equation to take into account the interaction effects of multiple cracks, crack
growth direction, the effects of mismatch between the planes of neighbouring
cracks, and possibly the effects of the weld toe waviness and the warping of
the crack front, in addition to the normal global geometrical effects. To
obtain such an equation would take a lot of time and is very costly, so
far no results have been reported. Consequentially, we must be content
with a so-called single-crack model. Because of random coalescence of
cracks at the weld toe, the frequently used single-crack model must be
supported with complementary experimental data, such as the crack aspect
ratio versus crack depth dependence during crack growth [9,10]. It has
also been recognized that short cracks show higher propagation rates than
longer cracks experiencing the same nominal crack driving force, and that
the propagation rate of short cracks is affected by the stress ratio, R, and
the stress concentration factor, K [11]. For the short cracks, i.e. cracks
which grow within the notch plastic zone outside the LEFM validity limits,
the simple Paris relation is no longer applicable. Two small scale yielding
conditions must be satisfied for LEFM to apply: firstly, the crack must
be beyond the notch (weld toe) plastic zone; and secondly the cracks own
cyclic plasticity must be confined with respect to the crack length or depth.
According to Verreman [12] the second condition, which is closely connected
to the maximum nominal stress, is more restrictive than the first one. In any
case this study is concerned with the single-crack fracture mechanics model

with elastic stress conditions applying.

At present there are a number of programmes such as ZENCRACK (14]
and FRANSYS [15,16] which could be used to analyse full 3-D fatigue crack
growth of arbitrary 3-D crack fronts under mixed mode loading. The former
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is fully automatic and uses cracked superelements; the latter is a collection of
programmes which are used interactively and the analysis is performed using
either the finite element or boundary element method. Both programmes are
well suited for the analysis of single problems. However, for the parametric
study they are not well suited as such; some additional programmes for the

mesh generation phase may still be needed.

1.2 Purpose and scope of investigation

The first task of this study is to produce general analytical parametric
equations for the calculaticn of the stress concentration magnification factors
at the maximum depth (My,), and the surface intersection position (M),
for a surface crack at the toe of the transverse non-load-carrying fillet weld
in a T-joint, both in remote tension and cantilever bending.

With the aid of these equations it should be possible to predict the
propagation life of a joint with a fracture mechanics method.

It is also possible to verify the correlation of existing experimental design
methods such as joint classification with the fracture mechanics approach.
The joint type examined with nominal 45° fillet welds is placed in class F
of the nine classes suggested by Gurney [1]. In class F the Wohler curve
is expressed as InN = 28.177 — 0.5027d — 3In(Ac), where d represents the
number of standard deviations (S.D.) below the mean. The calculated stress
ranges, Ao, (the whole range is effective in the as-welded condition [1])
which result in failure after 2-10% cycles using the mean (d=0), 1 standard
deviation below the mean (d=1), and 2 standard deviations below the mean
(d=2), are 95 MPa, 80 MPa and 68 MPa, respectively. In terms of probability
of failure the curve for 2 standard deviations below the mean is equivalent to
the 97.7% survival limit. Gurney’s proposal for joint classification forms the
basis for many national fatigue design rules. In the Finnish fatigue standard
for steel structures [17] the joint type studied is placed in the class which
corresponds to the adjacent upper class E in Gurney’s proposal. In class E
the fatigue stress range is 80 MPa at 2-10% cycles for 2 standard deviations
below the mean. There are twenty-nine different joint classes in the Finnish

standard. In Gurney’s proposal no account is taken of the influence of plate
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thickness in any of the joints. Some new experimental results suggest that
these rules may be unconservative when applied to joints in thick plates, and
so they should be used with caution.

In this context we shall also study the geometric thickness effect from
the fracture mechanics viewpoint. The experimental crack aspect ratio curve
for cracks at the toe of the non-load carrying cruciform joint proposed by
Engesvik and Moan {10] will be utilised. The curve is based on the results
derived from the manual welded test specimens, which were stress relieved
and loaded axially with constant amplitude loading ( R ~ 0). Although this
2 -ratio curve is not strictly suitable for the present case, it was the only
one available, which provides the 2 -ratio for small cracks. On the basis of
experimental observations, the shape of a small growing crack in the case
studied tends to be more or less semi-circular as predicted by the Engesvik’s
2 -ratio curve, rather than very flat. It is expected that reasonable accuracy
can be achieved using this 2 -ratio curve, for welds in the as-welded state,
too. The thickness effect has been studied previously by Gurney [8] and
Dijkstra [18] among others.

It must be born in mind that although the fatigue strength of real
structures cannot be determined solely by theoretical means, theoretical
studies can provide valuable information about the general behaviour of
various joints.

Since in reality the growing crack may not have a semi-elliptical shape, the
two-degrees-of-freedom (d.o.f.) model, in which the stress intensity factors
are associated with two directions, a and ¢, may not reproduce the crack
growth with sufficient accuracy. A multi d.o.f. model is needed, that is a free
evolution model which allows the free crack front shape development.

This study attempts to shed further light on the question of how well
the two d.o.f. model can describe the crack shape development at the toe
of the fillet weld. The purpose is to find out the My, -solution for the two
d.o.f. model, which will predict the 2 -development during the crack growth
as good as the multi d.o.f. model does. That is, the exact M, -solution for a
semi-elliptical crack is not looked for, but the properly weighted M. -solution
for a crack, which grows maintaining its "real” non-elliptical equilibrium

shape.
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In a T-joint containing transverse non-load-carrying fillet welds it is
common practice to assume that the crack grows normal to the surface of the
base plate at the toe of the weld, and that mode I loading exists where crack
surfaces move directly apart from each other. In reality the crack plane is
inclined near the surface and the crack front is warped. This warping effect
should also be taken into consideration. Further, it is assumed that the initial
cracks are located at the fusion line, a point where the parent plate surface

meets the rounded weld surface.

CHAPTER 2
DEFINITION OF 3-D My -FACTORS

2.1 General

The stress concentration magnification factors, at the maximum depth
and surface intersection positions of a crack at a fillet weld toe, are defined

by the following equations:

My, = %‘:‘ (2)
Mkc = I?(‘:" (3)

where Ky, and K,. are the mode-I stress intensity factors for a weld
toe surface crack at the maximum depth and surface intersection positions,
respectively. K, and K. are the corresponding stress intensity factors
for a semi-elliptical surface crack in a plain plate. In this work the stress
intensity factor solutions derived by Newman and Raju [19] are used for
K. and K., (see Appendix A). These solutions for tension and bending
in a plain plate case have been applied by many investigators in crack
growth studies [20,21,22], and satisfactory correlation between pfedicted

and experimental crack growth results have been observed.
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2.2 Stress intensity factor for a semi-elliptical
surface crack in a plain plate

The Newman and Raju stress intensity factor solution is generally given

as follows:
Ki= (oo + H,o ) ()} Fu(2,2,8.4), (4)

where o, is the remote tension stress and oy, is the remote bending stress.
The functions H, , Q and F, are definedin Appendix A. The stress intensity
factors, Ka and K., are derived from equation (4) by setting the parametric
angle of the ellipse (Fig. 2.1) ¢ = 90° for K. at the maximum crack depth
position, and ¢ = 0° for K. at the surface intersection position in tension

and in bending, respectively.

CHAPTER 3
STRESS INTENSITY FACTOR EVALUATION

3.1 A review of some stress intensity factor calculation

methods

In the following Chapter some popular methods for evaluating the stress
intensity factor are reviewed. Detailed criticism and analysis of these methods
is beyond the scope of this work.

There are basically two methods which can be employed for stress
analysis which are required for stress intensity factor calculations in three-
dimensional problems: the finite element method [23] and the boundary
element method [24]. In practice, there are many ways to extract stress
intensity factors from stress analysis results [25,26].

One popular method involves the use of singular isoparametric elements
in the finite element analysis of a cracked body, in conjunction with a
stress (or force) based extrapolation procedure for extracting the K-factors, as

proposed by Raju and Newman (27]. A collapsed quarterpoint isoparametric

element (28] with singular :}; strain-behaviour is also widely used. Stress
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intensity factors are derived on the basis of the classical solution of
Westergaard functions for a 2-D crack, or of the general three dimensional
functions [26] where stresses and displacements are solved as a function of
the stress intensity factors, and as a function of the radial distance r to the
crack tip. By substitution of nodal displacements or stresses calculated by
the finite element method in the above-mentioned equations, a functional
dependence between K and r may be found in the vicinity of the crack tip.
Extrapolation of the results to r = ( gives the stress intensity factor solutions.

In the stress (or force) based methods no assumptions regarding the stress

state need to be made.
In the hybrid element method, the general asymptotic solutions for the

displacements, and corresponding singular stresses near the crack front,
are included in the hybrid crack elements which are placed around the
crack tip. The stress intensity factors K;, Kp and Kyp can then be
determined directly along an arbitrarily-shaped crack front from a finite
element solution [26]. K;, Ky and Kypy are the stress intensity factors
of the three crack deformation modes. In opening (mode I) the crack surface
is displaced normal to the crack plane; in sliding (mode II) the crack surface
is displaced in the crack plane normal to the crack front and; in tearing
(mode III) the crack surface is displaced in the crack plane and parallel to

the crack front.
Another approach to the calculation of stress intensity factors along the

crack front is the virtual crack extension method. The variation in the
potential energy due to the virtual increment in crack length is evaluated in

one crack tip node at a time. Based on an appropriate plane stress or plane
strain assumption, the energy release rate, G, derived is then converted to

the stress intensity factors via equations:

G= 1--‘}-3“:(1{12 +K§) + 1K},  for the state of plane strain (5)
and
G = 3(K{ + Kjj) + 12Ky for the state of plane stress. (6)

As with any energy release method, mode separation is cumbersome.
Formulations of the virtual crack extension method include the stiffness
derivative method developed by Parks and Hellen [25], and DeLorenzi's
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formulation [29]. In addition the three dimensional virtual crack-closure
technique [30] belongs to the energy methods.

In the above mentioned methods the major drawbacks are the need for
the crack to be modelled and the requirement of singular elements, except in
the hybrid element method where the singularities are included in the crack

elements.
From the various special methods, the Schwartz-Neumann alternating

technique must be mentioned ([31,26]. This technique, when used in
conjunction with the finite-element or boundary-element method for solving
stresses in an uncracked solid, is shown to be the most efficient method by far,
for analyzing surface flaws of a mathematical shape .

Some other methods and formulation techniques are presented in

references [25,26,32] .

3.2 Virtual crack extension method for the calculation
of stress intensity factors

In this work the virtual crack extension method (VCE) formulated by
DeLorenzi [29] has been used for the Kj calculations. This method was
chosen partly because only one finite element analysis is needed to calculate
the displacements at the crack tip area, and because the absolute magnitude

of the virtual crack increment does not affect the results. In addition this
method has been successfully employed in a previous investigation [50]. The

displacements calculated by the finite element method are used as input to
the VCE-post-processing programme [50] to derive the K;-variation along
the crack front. The energy release rate, G, was calculated as an average
value of the energy release rates obtained through two different node shifts.
The first node shift contains only the crack tip node. The second node
shift includes the crack tip node and the next radial nodes adjacent to the
crack tip [29,50]. All shifted nodes are in the same plane perpendicular
to the crack front. The post-processing programme allowed only these two
node shifts. The effect of choice of the integration path was negligible as
in [29]. It is true that only two integration paths were used and the use
of several paths would be desirable. On the other hand, it is known on the

basis of previous experience [29,50,57] and on the basis of testing results
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(Chapter 4.2) that it is not the proper regular crack tip mesh, but the mesh
connecting the crack tip mesh with the mesh far from the crack which will
cause problems. The numerical integrations were performed using the 3-by-
3-by-3 Gauss rule. Although the VCE approach is computationally efficient
and extremely accurate, its major weakness is that an assumption of plane
stress or plane strain needs to be made in order to relate the energy release
rate, G, to the stress intensity factors. It is important to note however, that
the calculated energy release rate does not require the assumption of plane
stress or plane strain. The need arises when the energy release rate is related
to the stress intensity factors. The method is currently only applicable to
mode-I problems [33]. The realisation that one can use fewer elements in
connection with energy methods, as compared with many other methods, in
order to get accurate results in calculating K -values, was also an important

reason for the choice of method.
The strain energy release rate, G, at a certain node is derived from the

following equation presented by DeLorenzi [29]:

Sua
G = tJ{(dﬁT‘&f - W51k> 94xy —fi%AXj} dv - t!t;%Ax_ids

8x;
1,5,k=1,2,3, (M
where

A. = increase in cracked area generated by the virtual

crack extension

V = volume

S = surface of the cracked body
oy = stress tensor

u; = displacement vector

W = strain energy density

fi = body force vector

t; = surface traction vector

8; = Kronecker’s delta

xj = global coordinate vector

Ax; = a mapping function which maps the body containing the
crack into a body with slightly increased crack length.
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Only the first two terms are needed in this study. For a mode I crack the
relation between the stress intensity factor, Ky, and the energy release rate,
G, is known to be:

G = %’:2': (8)

where

E* = E for plane stress

E* = G'-EFi for plane strain
E = Young’s modulus

v = Poisson’s ratio.

With these equations the Kj-variation along the front of the crack can be
evaluated.

3.3 Finite-element analysis

The displacements which were needed for the calculation of the
energy release rate, G, were derived using the finite element programme
MSC/NASTRAN [34]. Modelling was performed with 20-noded isopara-
metric elements and 15-noded wedge shaped isoparametric elements at the

crack tip. Quarter point elements (QPE) were used to produce a &; -singular

stress and strain field, which is characteristic of linear elastic fracture
mechanics, r is the radial distance to the crack front. Koers [28] has proved
that by collapsing one face of the 20-noded isoparametric brick element,
moving the adjacent mid-side nodes to quarter point positions, and tying

the crack front nodes together, the required &; - singularity along a curvi-

linear crack front is achieved, Fig. 3.1. The strain singularity near the point
of intersection of the crack front with the free surface is not yet completely
clarified [26]. The collapsed brick elements have the advantage that a coarse
mesh can be used around the crack tip compared with conventional elements.
Multiple layers of singular transition elements (35] were used to improve the
accuracy of the stress intensity factor values calculated when small QPE'’s

are employed.
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CHAPTER 4
FINITE ELEMENT MODELLING AND TESTING
4.1 General

Since a T-joint must be modelled by using different crack aspect ratios
and joint dimension ratios, a programme (with over 11000 statements) was
made which automatically creates a finite element model with dimensions,
loadings and restraints defined by the user. Modelling was performed with
20-noded isoparametric elements, and 15-noded isoparametric quarter point
elements located at the crack tip, and singular transition element layers [35] .

The finite element mesh was refined near the free surface to take into
account the front surface effect and the stress concentration effect caused by

the weld. The refinement was also required to avoid poorly-shaped elements
in regions of large stress gradient. Poorly-shaped elements would cause a
precipitous "drop-off”’ in the stress intensity factor distribution, near the
region where the crack meets the free surface. Poorly-shaped elements do
not have any influence on the results if they occur in regions of small stress
gradient, but in regions of large stress gradient they tend to make the model
too stiff, and hence give lower stress intensity factors [36]. Since the element
aspect ratios near the crack tip distant from the surface were high for practical
reasons, it was to be expected that better results could be achieved and it
was easier to make the free evolution calculations, if straight sided elements

in the direction of the crack front were used. Thus in the finite element
mode] the crack front consisted of straight line segments tangential to the

crack front.
A double symmetric model was first created for testing purposes. When

satisfactory results were achieved the half model was checked. The welds
and the attachment plate were then added to the half model (Fig. 4.5). The

crack was modelled into the weld toe and it was assumed that there was
no weld penetration. Thus the gap between the roots of the welds was as

long as the attachment plate thickness. These decisions were made because
a similar T-joint with transverse non-load-carrying fillet welds has also been
investigated photoelastically [1]. It is found that when the attachment plate
thickness, t, is smaller than the base plate thickness, T, and when there is

no weld penetration, the stress concentration factor is much bigger at the
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weld toe than at the weld root. In addition the stress concentration factor
at the weld toe is seen to be virtually independent of the depth of the weld

penetration when the attachment is comparatively thin, but does depend on

it to some extent when the attachment is thicker. The stress concentration
appears to be larger when there is some lack of penetration. On the basis of

experiments, it is also to be expected that the fatigue cracks in this type of

Joint initiate and propagate at the weld toe [1].

4.2 Testing and results

4.2.1 Singularity effect

It has been shown that Poisson’s ratio v, and the ratio of quarter point
element (QPE) length along the crack surface (normal to the crack front) to
crack depth, If- ; have an effect on the stress intensity factor values [37].
This is due to the fact, that only two terms of Williams’ asymptotic series
expansion for the crack tip displacement field [25] are modelled by a QPE
in its own displacement field. If too small crack tip elements are used, the
crack tip stress and strain field will be dominated by the element layers
surrounding the crack tip elements and the singularity effect may disappear.
The solution may no longer converge to the correct stress intensity factor
value. In addition, the singular-dominated zone existing around the crack
tip varies for different crack configurations and meshes, and so adjustments
are required. The QPE’s should be uniformly distributed around tvhe crack
tip and of the same size, such that they enclose approximately a circle of a
certain radius surrounding the crack tip. The singular transition elements are
included to improve accuracy if too small QPE’s are used [35]. Fortunately,
VCE-method does not require extremely accurate solutions for strains and
stresses near the crack tip, since we may choose the integration path remote
from the crack tip and hence, the solution does not depend acutely on the
solution accuracy near the crack tip. For certainty, SIF was calculated as

an average value of the two integration paths. Poisson’s ratio v = 0.3 was
chosen and it was found that the optimum value of the -I‘;‘ -ratio for this

mesh construction ranged from 0.0125 to 0.0275, values which were about
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3-6 times smaller than the optimum Lf- -values derived by Manu [37]. After
Atluri [26] the size of the singular element ( L, , Fig. 3.1) should be roughly
10™% to 1073 times the crack length for sufficient accuracy. The number
of element layers over the ligament (subregions S; in Fig. 4.5) and the size

and the number of refined elements in the direction of the crack front were
also changed. The proper number of subregions was found to be at least two

or three for small cracks. The effect of the other mesh parameters was quite
small and only minor improvement is obtained with a finer mesh, except
very near to, or at, the free surface (Figs. 4.2-4.3). This will be shown’
and discussed later. It is thought, that the solution is converging and an
engineering accuracy is obtainable with this mesh construction. The mesh
generation parameters were chosen such that in the surface cracked case the
difference between calculated stress intensity factor values and the values
derived from the solution presented by Newman and Raju [19] was within
+5 percent, when % ranged from 0.001 to 0.3 and 2 ranged from 0.2 to 1.0.
The same accuracy was obtained both in tension and in bending, see Fig. 4.4.
This tuning confirms that the mesh near the crack tip remains acceptable and
in error tolerance during the automatic free evolution calculation. Because
the mesh was tailored only for this T~joinf study, no automatic accuracy or
convergence control was included. The mesh generation programme does not
allow an endless refinement of the mesh because the elements may become
too distorted. If much better accuracy is required, an entirely new mesh
refinement procedure for the subregions $; (Fig. 4.5) has to be performed.
The most difficult task is to find proper mesh construction to connect the
crack tip elements with the surrounding remote elements, using as few
elements as possible in order to get a model of reasonable size. Now when
supercomputers are available, there should be no problems. Generally, the
accuracy may be improved using a finite element refinement with increase of
polynomial order of element shape functions (p-refinement) or with a simple
element subdivision (h-refinement) [56].

It should be noted that the reference solution was not exact, however it
is the most widely referenced and evidently the most reliable surface crack
solution at present. Many other surface-flaw stress intensity factor solutions

are referred to and presented by Carter [20]. There is a lot of scatter among
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the published results. The solution by Newman and Raju was developed by
fitting equations to the stress intensity factors produced by three-dimensional
finite element analysis, and the nodal-force method. The equations were
generally within +5% of the finite element results [19]. The results in this

work are compared to these curve fitted values.

4.2.2 Discretization effect
The differences between the calculated stress intensity factor values and

those derived from the Newman-Raju solution are partly traced to the
modelling, since in the present study the crack front modelled was not exactly
elliptical due to the tangential line segments used. The effect of discretization
or geometric error arising from the fact that the crack tip mesh does not
exactly fit the elliptical crack front is estimated next. Only a few cases, where
the most severe distortion is expected, are analyzed with a more fine mesh.
The results, derived using clements with straight edges (line segment model)
and the results, derived using curved quadratic isoparametric elements along
the crack front with properly placed side nodes such that the parabolic edge of
the element joins to the elliptical crack front as exactly as possible (elliptical
model), are presented in Figs. 4.2-4.3. The effect of mesh refinement in the

direction of the crack front is also shown. The difference between solutions
is small, except near the free surface, where the solutions differ. In most

distorted cases the line segment model seems to lead to about 10-20% smaller
My -values at the surface as the ’exact’ elliptical model. The difference is
bigger for longer cracks. The small oscillation (Fig. 4.3) in My -values is due
to the fact that the straight element edge of tangential line segment model
will straighten the elliptical crack front, which will cause the My -factor to
be a little higher at the middle of an element. When refining the mesh this
oscillation decreases. However, the line segment model may be more realistic
on the basis of experimental observations. A real crack, in general, intersects
the free surface at an angle and not normal to it.

What is now essential is that it is not the exact K. -value at the surface,
but the properly weighted K, -value, which gives us a sufficiently accurate
# _ratio development. We may think that when the free evolution calculation

gives the same 2 -ratio development as the two d.o.f. model, the properly

weighted K, -value is provided.
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4.2.3 Finite width effect
The finite width effect was omitted. In all models analysed the half

width of the plates was at least four times the crack surface length c. When
% = 0.3, the expected effect is about 1%. For shorter cracks the effect is
much smaller because the half width of the plate is greater than four times

the crack surface length.

4.2.4 Discussion
The SIF-value at the surface should drop-off because of a boundary-layer

effect. Raju and Newman analyzed surface and corner cracks at holes and
showed that the stress intensity factor value drops off when a surface crack
meets a hole or notch boundary. The drop-off begins when ¢ ~ 2° to 3°.
To show this drop-off would require a very fine mesh near the free surface,
which it was not possible to use in the research of this work. We may ask, is
the drop-off a real physical phenomenon, or is it only a result of an additional
shape constraint caused by the 'wrong’ elliptical crack shape? However, the
"mean” stress intensity factor near the free surface is the most important and
if we think that SIF drops when ¢ ~ 3°, the coarse segment model results
at the surface almost coincide with the elliptical results near the free surface,
and the error is possibly less than 10-20%. For physical reasons, there should
be no abrupt changes in SIF-values when the crack grows maintaining its
equilibrium shape. The results corresponding to this stabilized shape are
expected to be the most accurate, and as a matter of fact the only values
needed in many cases. Unfortunately, the equilibrium shape is not known
in advance. Is the hypothetical elliptical crack model better than the line
segment model? After experimental observations, the real surface crack is
not elliptical because of the non-linear stress distribution and because of
the high stress peak at the surface. It is assumed, that if we define the crack
shape in the line segment model for different aspect ratios always in the same
way, we can correctly get the relative effects of different joint parameters on
the My -values. Neither model gives us the real SIF at or near the free
surface because of the assumed crack shape. Later in this work, the proper
approximate correction multiplier is sought on the basis of free evolution

calculations, which should correct the SIF-results at the surface to correspond
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to the 'right’ theoretical freely evolved crack shape. In practice, additional
tuning is needed, because a simplified crack growth model is used. The crack
closure effect, the different growth mechanism, the stress state effect on the
crack growth constants, the residual stress relaxation effect near the surface
and so on, should be taken into consideration in an accurate crack growth

simulation.

The finest finite element model, which was used to resolve the M -factors
for a T-joint in Tables 1 and 2, consisted of 928 elements and 3881 nodes
with about 11200 degrees-of-freedom. It took about 40 min CPU-time to
solve this problem with a VAX 8550 computer. The I-DEAS-programme of
the SDRC [38] was used to monitor the model, to check the element warping

and distortion, and to confirm that no gaps were present in the model.

CHAPTER 5
THE INCLINATION EFFECT
5.1 Planar crack model

An attempt was made to estimate the inclination effect. Since the
automatic finite element mesh creator programme did not permit free
warping of the crack plane, this effect was estimated with a planar crack
model.

Various crack plane inclination angles a, (a is the angle between the
crack plane and the normal to the base plate surface), were used to calculate
the mode I stress intensity factors K4s and K,.. The deviation angle, «,
was varied but the crack dimensions were kept constant (Fig. 5.1). From the
results presented in Figs. 5.1-5.2 it can be seen that at the maximum depth
position the stress intensity factor was greatest when a = 0, whereas at the
surface intersection position the maximum stress intensity factor value was
obtained when the inclination angle, a, was about 12-18 degrees, depending
on the loading case and the crack depth. Therefore it appears that near the
surface the crack front will be inclined and the crack plane will be warped.

The effect was also studied in different way, namely by keeping the crack
normal to the surface and calculating the inclination direction at which the
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stress intensity factor was greatest. Opposite results to those obtained above
were then derived, see Fig. 5.3, which are supported by the principal stress
direction results derived from the joint without the crack, Fig. 5.4. According

to the latter results the crack deviation is smallest at the surface. This is
due to the fact that at the surface no shear stress is present. Below the weld

toe shear stresses are present and they rotate the principal stress direction
compared with the nominal applied stress direction, and so the crack plane
also rotates below the surface. An average angle of a = 13° with large scatter
was measured by Frank [39] for an edge crack. The conclusion is, that in
order to get accurate and reliable results concerning this effect, a warped
crack model should be used with separate K;- and Ky - values.

The estimated inclination effect on the stress intensity factor was quite
small, only about 4%. A similar size correction, approximately 5%, was
reported by Verreman {12]. Since the correction would be small, the

inclination effect was omitsed in the present analysis.

CHAPTER 8
CRACK GROWTH SIMULATION
WITH A FREE EVOLUTION MODEL
8.1 The Paris law

It was assumed that the Paris relationship (eqn. (1)) between the crack
growthrate and the stress intensity factor range applies at any point along the

crack front. From Paris law it follows that, for local crack growth increment:

Al(¢) = C[AK(¢)[AN, (9)

where AN is the number of constant amplitude load cycles during the
crack growth increment. In a particular case when the crack-closure effect is

omitted (and Kpin = 0) the cyclic stress intensity factor AK can be written
as:
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and then

Al(¢) = C[K(¢)]"AN . (11)

The crack tip plasticity correction term [40] is small for low nominal

elastic cyclic stresses, and is ignored.

6.2 Calculation procedure

Since the crack front consisted of straight line segments the growth
direction in the adjoining line segments was indefinite. Therefore the crack
growth was handled as follows. First the stress intensity factor was calculated
in the middle of each line segment and then, at the same points, the growth
increments Al; for the ith step were calculated by using equation (11). The
growth increments were then handled as vectors normal to the line segments.
At each intersection point of the line segments the growth increment was
calculated as the mean of the increment vectors of the adjoining line segments.
At the surface, the increment was calculated on the basis of the stress
intensity factor value at the surface, with the growth direction along the
surface. The increment vectors at the intersection points of the line segments
then define the new propagated crack front (Fig. 6.1). As the crack grows
deeper, the line segments and thus the elements around the crack front near
the surface become longer. This was prevented by refining line segments, and
thus the whole finite element mesh near the surface, if needed. A fine mesh
near the surface is required principally because of the stress concentration
caused by the weld.

The discrete line evolution model should not result in any geometrical
constraints to the propagation of the crack front. In the method described
above, this is true only in the limiting case of a curved crack front when the
number of line segments approaches infinity. A finite number of line segments
increases the constraint as the direction of two intersecting line segments
deviates from parallel. However, no constraint problems were noticed with
the six line segments used in the calculations. The effect of these constraints is
to cause the crack grbwth increment to be underestimated in the constrained

region, and this may distort the whole calculation.
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The number of load cycles AN during the ith growth increment was

determined by using the following condition:

Alip—ak .
|A1i+x+Al;l < P (12)

The equation is based on Fig. 6.2 and it should guarantee that the growth
increments are small enough. p* was chosen to be about 0.6 in the free
evolution calculations. In the cyclic life calculations smaller p* -values are
needed, at least for small & and 2-ratios. The proper p*-value was
" dependent on the crack aspect ratio and on the crack size. If the crack
growth increments used are too large, the crack front may oscillate during

growth.

6.3 Results

8.3.1 Embedded crack
The free evolution single crack model with eight d.o.f. was first tested

in the case of an embedded crack in an infinite body subjected to remote
tension stress. The Paris law exponent m was chosen to be 3, which is the
most frequently used value for welded steel structures. The free evolution
results are shown in Figs. 6.3-6.5, where they are compared with the results
derived using Irwin’s exact solution (25] for an elliptical crack in an infinite
solid subjected to uniform tension. From the results it can be concluded

that the free evolution model works rather well because the free evolution
crack aspect ratio curves almost coincide the Irwin’s curves. The initial crack

shape in the free evolution calculations was nearly elliptical or circular. The
free evolved shape of the crack front is also shown in Figs. 6.3-6.5. The very
small differences between the curves are due to the line segment model of
the crack front. The crack dimensions a and ¢ in the free evolving model

correspond to those used for an elliptical crack.

8.3.2 Surface crack
The surface crack case was then studied. The results are presented in

Figs. 6.6 - 6.14. The free evolution results were compared first with results

obtained using Newman’s solution [19] for a surface crack. In all free
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evolution calculations the same growth constant, C, of Paris law in all
directions, was used. The following two cases using Newman’s solution were
calculated in order to make comparisons. First, it was assumed that Paris
constant C was the same in both directions a and c. Secondly, the correction
for C proposed by Newman was used. Newman proposed that different crack-
growth coefficients C should be used at the maximum depth (a) and at the
surface intersection position (c), on the basis of experimental observations
and because of the stress state changes near the surface [41]. In particular,

the coefficient C. was assumed to be:
. =0.92C, | (13)

where C, is the coefficient for growth in the maximum depth direction, and
C. is the coefficient for growth at the surface intersection position. The use
of equation (13) is equal to the 10% reduction in the stress intensity factor

value at the surface.
The effect of stress state change was also studied with the free evolution

model. The effect was found to be very limited. It has also been shown
by Liao (31] that the plane-stress conditions at the surface do not produce
a significant effect far away from the free surface. In particular, the stress
intensity factor was reduced as a result of the free-surface constraint only for
8 = 0° to ~ 3°, where # is the angular position of a point on the crack
front; see Fig. 2.1.

The empirical results derived by Newman, Nishioka, Corn (reported by
Newman in ref. [41]) and McFadyen (42], and the empirical relationship
for predicting the crack shape change in tension, bending and combined
tension/ bending proposed by lida (presented in ref. [43] ), are shown in
Figs. 6.6 - 6.14. The relationships proposed by Ilida are as follows:

2= (A"=B"2)1- (2" for 2«1 (14)
2. A D

= e TBE for 231 (13)
where

A* =092+0.03-Ry
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B* =01+08 Ry

Ro = mmsiiien

Aoy = membrane stress range
Aoy, = bending stress range

n =28.

Constants e and { are obtained by substituting the initial values of a and ¢
into the equations.

In all cases studied the free evolution results appear to be in quite good
agreement with the corrected (eqn. (13)) Newman and Raju solution. In
some cases the freely evolved growth patterns are in even better agreement
with the experimental results than those predicted by the corrected model
of Newman. Different results, as compared to the Newman’s uncorrected
results, were to be expected, because the free evolved crack shape was far
from elliptical (as a real crack) near the surface. For example, Fig. 6.13
shows that the crack grows slower at the surface than just below it, this is
also observed in experiments. Newman’s correction seems to take, at least
partly, the shape difference into account. The growth constant C is also in
reality different at the surface because of different stress state. The larger
plastic zone size and different growth mechanism at the surface increases
crack growth resistance and thus reduces the growth rate at the surface. In
all predictions the initial crack shape was elliptical, the elliptical crack front
being modelled with straight sided elements tangential to the crack front. It

can be concluded that the free evolution model works well for surface cracks
subjected to both tension and bending.

6.3.3 Surface crack at the weld toe
Finally the case of a crack situated at the toe of a transverse non-load-

carrying fillet weld (¢ = 0.0 mm) was studied. From Figs. 6.15-6.16,
it can be seen that the results derived using the two degrees of freedom
straight line segment crack model (eqn. (16)) with Newman’s correction
(eqn. (13)) almost coincide with those derived using the free evolution
model. The correlation is even better when the multiplier in equation (13)

is approx. 0.95® when 2>0.15.
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CHAPTER 7
M, -FACTOR EQUATIONS

7.1 Variables and finite-element analysis results
for surface cracks

The effects of seven variables on the stress intensity factors were studied.
The variables were as follows: the crack depth a, the crack aspect ratio 2,
the attachment plate thickness t, the base plate thickness T, the leg length w,
the weld toe angle S and the weld toe radius ¢ (Fig. 4.5). These variables
were expressed as the terms 302, 0%, -{: , % and 3. It was assumed that
there was no weld penetration, see Chapter 4.1.

A large number of 3-D finite-element models were generated for various

combinationsof %, 2, ¥, %, £ and S in the ranges:

0.001< 2 <0.3

02 <2<1.0 when 8=15° and 3 = 45°
0.08 <2<1.0 when 8=7170°

0.25 < % < 1.0

05 <%<10

00 <#£<0.25

15° <3< 170°

In each case the base plate was loaded in tension or in cantilever bending.
The stress concentration magnification factors My, and My, were derived
using 3-D stress analysis, and are presented in Tables 1 and 2. The range
of 2 was chosen such that the results would be valid for a wide range of
thickness T. In practice the radius o isindependent of the plate thickness T.
Smaller aspect ratios ( 2 ) were not studied because it was thought that, due

to coalescence, such cracks could be treated as edge cracks.

7.2 Curve fitting

In order to obtain a functional relationship between the variables, a

linear multiple regression analysis was performed. Nonlinearity was avoided
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by using simple logarithmic and exponential transformations, in order to
convert a nonlinear problem into one that could be handled by simple linear
regression analysis. Higher-order effects and interactions were included by
introducing new variables in addition to the basic variables &, g, ¢, %
and % . This was achieved by multiplying the variables together. The eight
curves, one for each % -ratio in both bending and in tension loading, were
fitted to the data points. Initially, this resulted in about thirty variables in
each model, from which the most significant ones were selected for the final
model. This regression analysis was performed with the aid of a standard
IMSL library subroutine [44], which finds the best subset regressions for a
regression problem. It was noticed that about ten to twenty variables were
required to obtain sufficient accuracy. The accuracy was further improved
slighty by proper weighting. Curve fitting was successful only with five basic
variables. The sixth variable £ was included by using a natural cubic spline
interpolation [45] with logarithmic variables. Since My was finite when
# = 0.0, a new variable x = In(1 +100%) was introduced for % . With this
new variable the shape of the curves appears to be quite good. However, the
correct slope for curves of very small # -value cannot be guaranteed. Dﬁe to
the fact that there are polynomial terms in the regression equation it could
be possible that the model will oscillate between the data points.. However,
no oscillation was observed and the curves behaved very smoothly.

The standard deviation between the values obtained by curve fitting and
the data points was better than 2.9% in bending and 2.5% in tension. The

greatest difference in curve fitting was 5-7% in both tension and bending.

7.3 Parametric My, - and M, -factor equations

As a result of the curve fitting procedure the following equation is
proposed for the calculation of the stress concentration magnification factors
at the maximum depth (My,) and surface intersection positions (My.) of

the crack front in both remote tension and in cantilever bending:

My, = AeB(%)C(A)D(%)E ' (16)

<
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where

C =co+c1ln(2) + eafln(2))? + 3 [ln(2))* (17)
and

F=ik-4). 1e)

The multiplier A and the exponents B,cy,¢;, ¢a,¢c3,D and E are defined
below for bending and tension loading cases when £ =00, £ =0.01,
£ = 0.05 and £ =0.25.

Bending multipliers for (Mh)%ﬂ.o :

A = 1.031 (19a)
B = -0.011 (1 -0.697 %)3 (19b)
co = —0.03 - 0.00474 {1+ 0.0223 (In(2)]* - 0.0667 (In(%)*}8 (19¢)
¢ = 0.000222 8 —3.76 - 10~%{1 + 0.0513 [In(2)}*}8° (19d)
¢ = 0.0 (19e)
c3 = 0.0 (19f)
D = 0.062 (19g)
E = -0.000916 8%(%)°. (19h)

Bending multipliers for ( Mkc)%ﬂ_o :

A =0.8751 (20a)
B = 0.0 (20b)
co = —0.00276 1n(8) - 0.00891 {1 +0.0594 [In(2)}* - 0.0174 In(%)
 —0.0962 [In(Z)}8 + 5.28 - 10-54? (20¢)
¢1 =5.11-107%{1.50 [In(%)]* - [In(2)*}8 (20d)
c; = —2.83.10"%3 (20e)
cs = 0.0 (20f)
D = 0.0439 (20g)
E = —0.0563 In(%). (20h)
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Bending multipliers for (Myas)£=0.01:
A =1.003
B = -0.0169 (1 —0.960 %)3

co = —0.0419 — 0.00814 {1+ 0.0576 [In(2)]* — 0.0282 [In(¥)*}8
¢, = —0.000319 8 —3.0-10~%{1 +0.0196 [In(2)]*}3°

Cy = 0.0
C3 = 0.0
D = 0.047

E = -0.000871 §3(&)%.

Bending multipliers for (Muic)g=0.01:
A =1.1354
B=0.0

co = —1.711 (£)* = 0.00433 {1 - 0.149 [In()}*}3 + 3.925 - 10747

¢ = —2.388 (£)* +0.00269 In(*) +6.821- 1074 [In(%)]”
-3.1636 - 10~ 32

c; =0.0

c3 =0.0

D = 0.4794 (&) - 0.00504 [# - 0.248 In(2)]8 — 1.005-107°4%In(?)

E = -0.0589 In(%).

Bending multipliers for (Ma)g=0.05

A =1.018

B = -0.0179 (1 —0.957 %)3 .
co = —0.04563 — 0.0091 {1 +0.01 [In(*)]* —0.0213 [In(F)]*}8
c; = —0.000663 8 — 1.568 -10%{1 + 0.0846 [In(*)]*}5°

c; =0.0

¢c3 =0.0

D = 0.0606

E = —0.000857 5%(2)%.

(21a
(21b

—~—  —

(21c

(21d
(21e
(21f
(21g
(21h

~—

— e

—~—  ~—

(22a)
(22b)
(22¢)

(22d
(22e
(22f
(22g
(22h

— e

~—  —

(23a)
(23b)
(23¢)
(23d
(23e
(23f
(23¢
(23h

— e T e
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Bending multipliers for (Mic)g=o.05:
A =1.3937
B = -4413 &

(24a)
(24b)

co = 0.0345 — 0.0266 In(2) - 11.176 (&) - 0.00265 (1 +0.19 In(%)|3

(
~2.491-10~%(In(%) - 1.891 In(%)|8?
¢y = —1.586 (%)% = 0.00216 [In(*)}* - 0.000659 (In(2)}°

-2.366 - 10~¢ 32
c2 = 0.000321 In(2)
Cy = 0.0

D =0.8244 (%)" +0.00189 Bln(%) - 1.86-10754%In(2)
E=00.

Bending multipliers for (Mh)%go_n :

A =1.035

B = -0.00752 (1 —0.0931 )3

co = —0.0353 — 0.00469 {1 +0.0147 [In(2)]* - 0.0331 [In(%)]*}8
¢; = —0.000428 3 —6.924-107°{1 + 0.0889 {In(2)]*}3°

¢, = 0.0

c; =0.0

D = 0.0584

E = -0.000835 B*(2).

Bending multipliers for (Mkc)%go,zs :

A =0.8414

B =0.0

co = —0.0812 - 0.0021 [In(#)]° - 0.0013 (1 + 1.715 In(%)
~0.973 In(F)|8 +5.179-10~%[In(%) - 0.604 In(%)]5?

¢; = —0.00881 ~ 0.00457 [In(%)]* - 0.00191 [In(2)}®
~1.467-107%3?

c2 = 0.000142 In(2)

(24¢)

(26d)
(26e)
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C3 = 0.0
D = 0.4985 (%)
E = —0.0409 In(%).

Tension multipliers for (Mua)£=0.0:

A =0.970
B =-0.01133 (1 -1.352 })3

co = —0.0428 — 0.00354 {1 +0.0179 (In(*))* - 0.0364 (In(%)*}4
c1 = 0.000336 B —4.75-107%{1 +0.0182 (In(2)]*}5°

Cyp = 0.0
Cy = 0.0
D = 0.06283

= —0.000433 3*(%)°.

Tension multipliers for (Mkc)%ﬂ.o :

A =0.7305

B =2.414-10"%%47

co = —0.01577 {1+ 0.03077 (In(2)}* +0.024 In(%)
~0.02487 {In(%)]*}8 + 0.0002623 [1 +0.0632 In(%)]5

~1.305-10~¢3°

¢y = —0.0004692 {1+ 0.105 (In(2)]*}3 + 1.69 -107°3?
~1.103-10"73°

cz =0.0

c3 = 0.0

D = 0.032

E =0.00175 8 — 0.000449 5%(%)°.

Tension multipliers for (Mu)g=0.01:

A =1.035
B = -0.0194 (1 - 1.0731%)3

(26f)

(26g)
(26h)

(28c¢)

(28d)
(28e)
(28f)
(28g)
(28h)

(29a)
(29b)
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co = —0.0543 — 0.00658 {1 +0.0528 [In(2)]* - 0.033 [In(%))*}8

-4.278-10"74°
¢; = —0.0001929 3 - 6.85-10"%33
¢ = 0.0
¢z = 0.0
D = 0.0514

E = —0.000814 §2(%)3.

Tension multipliers for (Myc)g=0.01:

A = 0.5508

B =0.0085 3+ 0.0829 (1 -0.039 8+ 0.000351 3%)&73

co = —0.2776 — 0.000545 {[In())* —0.288 (In(%)]*}8
+4.83-107°4%In(¥) — 9.39-107%3°

c; = —0.00223 {1 - 0.0649 In(2) +0.0303 [In(2)]*}3
+6.565-10-53% -~ 5.311-10~7 33

c; = 1.661-10*F1n(%)

¢c3 =0.0

D = 0.0405

E = 0.00272 8 — 0.000543 5*(2)°.

Tension multipliers for (Mka)-%=o.os :
A = 0.6682
B = -0.0116 8 + 0.0923 (1 - 0.0255 8 + 0.00020 ﬂz)‘%ﬁ

co = —0.2912 + 0.000155 3[ln(F)]* — 0.00417 [In(2)}?

~7.952.10"%32
¢; = —0.00226 (1 —0.0269 3 + 0.000248 £%)3
c2 = 0.0
c3 = 0.0
D = 0.0679

E = -0.000674 §%(2)°.
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Tension multipliers for (Mkc)£=0.05°

A = 3.0655

B = —0.697 (%) +0.0285 B[(}) +0.02 In(%)] - 0.5 nj

co = —0.02144 [In(2)]* - 0.4363 (&) —0.0105 {1 —0.09 In(2)
—0.00963 (In(2)]°}8 + 2.83 - 107342

¢1 = —0.00253 [In(#)]* — 0.0006953 {1 +0.1704 [In(2)]*}3

c2 = —2.605 - 10734 1n(2)

c; = —1.987-107%[1 — 0.759 In(2)]31n(*#)

D = 0.1088 — 0.1525 (&) +0.0186 lnj

E = 0.000954 5.

Tension multipliers for (Mh).’%z‘).zs :

A = 0.6851

B = —0.00353 8 +0.0785 [1 —0.032 3 + 0.000271 £%|(%)3

co = —0.2421 — 0.00494 [In(2)}* +0.000163 B{(ln(%)]’ — 0.212 B}
¢; = —0.0021 B[1 - 0.0262 S + 0.000221 3?]

Cy = 0.0
Cy = 0.0
D =0.0711

= —0.000623 £*(2)%.

Tension multipliers for (Mkc)-%zﬁ.ZS :

A =2.399

B = -0.2134 (1 -0.104 8)(#) - 0.446 Inf

co = —0.009094 {1 — 0.05755 In(2) - 0.007679 [In(2)}*}4
+2.667-107°4% — 0.2521(%})

¢; = ~0.001152 {[In(2)}* +0.5796 5}

¢z = ~=7.723-107541n(%)

c3 = —9.341-107%4In(2)
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D =0.1714 (%) +0.01361 Ing (34g)
E = 0.0008 3. (34h)

For different £ -values the stress concentration magnification factors at the
maximum depth (My,) and surface intersection positions (My.) of the

crack front, can be derived from the following expressions based on spline

presentation in both remote tension and cantilever bending loading cases.

For 0.00 < £ <0.01:

In[Mya,o(%)] = g1 — 1.443 x(g1 — g2) + 0.24 h;x(x? — 0.48), (35)

for 0.01 < £ < 0.05:

In[Mya o(£)] = 1.631 g; — 0.631 g3 + 0.91 (g5 — g2)x
+(0.272 - 0.152 x)(x? - 3.584 x + 2.003)h;
—(0.105 —0.152 x)(x* — 1.386 x — 0.726)h;, (36)

and for 0.05 < £ <0.25:

In[Mya (%)) =2.222 g3 —1.222 g4 — 0.682 (g3 — g4)x

+(0.37 - 0.1137 x)(x® —6.516 x + 8.465)h, , (37)
where

x = In(1 + 100£) (38)

= In[(Mya,c) {: 0.0] (39a)

= ln{(Mh,c)-‘--.-o o1 (39b)

= Ln[(Mh,c)-% =0.0s! (39¢)

g4 = In[(Mua o) % 0.25. (39d)

hy, = +2.585 g; — 4.566 gy +2.242 g3 — 0.262 g4 (40a)

hy = —0.554 gy + 2.042 gy — 2.342 g; + 0.854 g,. (40b)
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The equations are considered to be valid when 0.001 < # <
15° <3 < 70°,00 < £ <025,02 < ¢ <10,02 < F <10

<

(10 < % < 30)and 025 < & < 1.0. When J exceeds 70° then

the extended range 0.08 < 2 < 1.0 is valid. The My -factor results are
corresponding to the plane stress state values.

Some typical My, - and My -factor results derived by using equation (16)
are presented in Figs. 7.6-7.14. The £ -ratio and weld toe angle 3 have a

strong influence on the My, -values when %<0.1, whereas M, -values are
heavily influenced in the whole range investigated. The effect of % -ratio

appears to be slight.

7.4 Comparison of M, -results and applications

My, - and My, -factor results in remote tension (eqn. (16)) are compared
in Fig. 7.15 with Gurney’s [1] 2-D My -results, using various crack shape
assumptions. The 2-D Mj -values reported by Smith [46] are considerably
greater than My, -values calculated in this work (Fig. 7.16-7.18). The same
trend can be seen in Fig. 7.5 in which the calculated My, - and My, -factor
results are compared with the results derived by Smith and Hurworth (2-D),
and by Bell (3-D), in remote tension and in three-point bending. Smith’s
My -values were calculated for a butt-welded T-joint, and so the comparison
is not strictly valid. In general the 2-D My -values generally lie about 10-20%
higher than the 3-D My, -values. The same comparison using Ferreira’s (47|
results in Figs. 7.25-7.26 also shows this trend, particularly in the case
of tension loading. Figs. 7.19 and 7.20 show My, - and My, -factor and
stress intensity factor results, in remote tension and in cantilever bending,
respectively, compared with free evolution results. The My, -factors are
almost the same size, but M, -factors differ noticeably. This would also
explain the correction multiplier 0.9™ (Chapter 6).

Several theoretical equilibrium crack shape (basic shape) curves are
presented in Figs. 7.21-7.24 with C. = C, and with C. = 0.9™C,. The

effect of the weld toe angle, 3, and % -ratio on the equilibrium 2 -ratio is



- 35 -

quite dramatic, both in tension and in bending. The smallest equilibrium
2 . ratio calculated is about 0.35 when 8 = 70° and 2 =100. Itis
interesting to note that for small # -ratios the equilibrium crack shape is in
some cases almost semi-circular when # is greater than about 0.005-0.01.
The semi-circular shape of small cracks is also observed in experiments [48]
(See Fig. 7.15).

The effect of the initial crack aspect ratio, g-i‘ , on the cyclic life is studied
next. From Fig. 7.27 we see that the lower the stress concentration effect
the bigger the effect of the initial o on the cyclic life. The crack aspect
ratio is allowed to develop freely towards the equilibrium shape of the crack
front with C. = 0.9™C, . Therefore, in addition to the initial crack depth,
the initial crack aspect ratio should be taken into consideration in cyclic life
predictions.

On the basis of Figs. 7.28-7.29 we may conclude that the two d.o.f. model
(eqn. (16)) with C. = (0.85...0.90)™C, predicts the % -ratio development
with a reasonable accuracy as compared to the results derived using the
multi d.o.f. model. When ¢>0.0 mm, no simple correction multiplier can
be recommended. From Fig. 7.29 it can be seen that, if we use the same
growth constant, C, in both directions, the cyclic life predicted with the two
modes do not differ more than 20%, when ¢<2.5 mm.

On the basis of the results presented in Fig. 7.29 we may see that,
when the weld toe radius ¢ = 2.5 mm, the near-elliptical two d.o.f. model
underestimates the K. -values. The difference is probably less than in the
severe sharp weld toe case, Figs. 4.2-4.3. When p decreases, the crack shape
differs more and more from the near-elliptical shape and the K. -value
decreases as a result of this shape difference and K,. will be overestimated,
Figs. 7.19-7.20 and Fig. 7.28. In order to get an even better weighting for
the case presented in Fig. 7.29, the correction multipliers should be about
0.85™, 0.95™, 1.00™ and 1.12™, when the weld toe radius is 0.0 mm,
0.1 mm, 0.5 mm and 2.5 mm, respectively.

The calculations made with the two d.o.f. model ( ¢ = 0.5 mm), allowing

the crack aspect ratio 2 to develop freely (C. = C,), are compared with

experimental results in Fig. 8.18 the accuracy is quite good.
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CHAPTER 8
THE THICKNESS EFFECT

8.1 General

It is known that increasing the size of a joint will cause a decrease in
fatigue strength. There are several explanations for this so-called size effect
or thickness effect. One reason is the statistical effect, which is due to the
higher probability of finding a location at the weld toe, where all factors, like
stresses, geometry, defects and material properties are combined so that they
cause the greatest reduction in fatigue strength. It is also explained that the
thickness effect is related to the welding technology and residual stresses.

8.2 The geometric thickness effect

The geometric thickness effect is due to the fact that if the initial crack
depth, a;, and weld toe radius, g, are held constant, then My, will be
greater in a thick plate than in a thin plate if the joints are geometrically
similar, and the crack will experience a higher stress in a thicker plate at a
particular nominal stress level [48]. The absolute value of the crack depth a
is also greater in a thicker plate when the growing crack has passed the stress
peak caused by the weld. As a result of this, the fatigue strength is lower for
the thicker part. This so-called geometric thickness effect acts independently
of any other effects of plate thickness and is studied in this work.

8.3 Fracture mechanics model

8.3.1 Basic assumptions

The geometric thickness effect was analyzed using fracture mechanics
approach. The experimental crack aspect ratio curve proposed by Engesvik
and Moan [10] is used for the growing crack. This relationship for the
aspect ratio, 2, is presented in Fig. 7.15. It was originally derived from
specimens in which attachments were welded centrally on both sides of the

plate and the specimens were loaded axially. In this work this equation is
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used both in tension and also in bending because no better information is
currently available. In reality, smaller £ -ratios are expected in bending.
When the crack aspect ratio # < 0.2 (outside the range studied) the aspect
ratio is fixed to the value 0.2 in My, -calculations on the basis of Fig. 7.6,
from which we see that when # becomes smaller the 2 -ratio effect on M -
values is small. When £>0.3 the My -values are kept constant and are set
equal to the values derived when & = 0.3 (See Figs. 7.3-7.4 and 7.6-7.14).
The final crack depth as is assumed to be attained when K,, is equal to
the value Kt = 0.24/Eay, /? [49]. Kr is the stress intensity range
value corresponding to onset of acceleration in the fatigue crack growth rate
after the Paris law region under zero-to-tension loading. oy, is the yield
strength (0.2 % offset). After Rolfe [49] the available data indicates that
the value of K1 can be predicted more accurately by using a flow stress, oy,
rather than oy, , where o; is the average of the yield and tensile strengths.
oys = 400 MPa is used for calculations and so Kt = 1800 Nmm -3 . The
greatest possible as used is equal to the base plate thickness T. The final
crack depth assumptions are not very critical because of the fact that most

of the cyclic life is spent in the early stages of crack growth (Fig. 8.30).

Due to the presence of high stress gradients the integration of the Paris law
using the simple trapezium rule requires a fine discretization of the through-
thickness distance. This is achieved with a logarithmic function presented
in [7]. The depth of the crack at the jth increment is given by:

a = 10bs(e)+lm2 SRRt (41)

With this refinement in the integration steps sufficient a.ccui'acy is achieved
with a total of 1500 increments. AN was calculated based on the a-value at

the end of each increment.

Based on the above assumptions and equation (16), a simple fatigue crack

growth simulation programme for constant amplitude loading was made.

2 Units must be: N, mm.
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Typical output is presented in Fig. 8.31. The thickness effect calculations
were carried out with this programme. The integration scheme has been
changed later such that AN will be calculated based on the a-value at the
middle of each increment and so much smaller number of integration steps

are needed.

8.3.2 Results and comparisons

The effects of different parameters on the fracture mechanics based
Wahler curves are presented in Figs. 8.1-8.9. From the figures the thickness
effect can be seen: the larger T the smaller the fatigue strength. The
predicted curves are mean curves and so the direct comparison to the mean -2
standard deviation curves is not possible. The actual comparison is made
later in Chapter 8.3.3.

Design recommendations based on empirical observations take the
thickness effect into account through a thickness correction factor equation

which takes the general form:

Se = Seo )", (42)

where S, is the fatigue strength at a reference thickness T,, and S, is
the fatigue strength at a thickness T, both for N = 2.10° cycles. The
exponent 0.25 is based on mean values of fatigue strength derived from
fatigue tests using a variety of geometries, in which the exponent ranges from
0.08 to 0.45 [7]. In the Finnish fatigue standard for steel structures [53] the
reference thickness T, = 25 mm in equation (42). In this work the geometric

thickness correction in bending takes the form:

0.2544

S, = 80 - [48]- 10 mm <T < 100 mm (43)
and
S, =80 (%" 10mm <T< 100 mm (44)

in the case of loading in tension. The results are normalised using a value of
49 mm for bending and 72 mm in tension. The exponents are derived by curve

fitting for the case in which % =10, ¥ =1.0, 3=45°, ¢ =0.0 mm and
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aj = 0.1 mm. The greatest difference in curve fitting was -1.0% in tension
and -0.4% in bending.

The exponent 0.2544 (eqn. (43)) is quite close to the mean value of 0.25,
and is a little higher than the values reported by Dijkstra [18] for butt
welded T-joints with thicknesses of 16, 25, 40 and 70 mm (8 = 60° and
p = 0.0 mm). In his study the theoretical values ranged from 0.168 to
0.191. Dijkstra’s results were based on limited 3-D analysis and on the use
of a reduction factor to correct the 2-D My, -values for a 3-D geometry.

In Gurney’s study (2-D) (8] the exponent based on fracture mechanics
was 0.165 when T < 20 mm, and 0.210 when T > 20 mm for joints
with semi-elliptical toe cracks under axial loading with attachments centrally
located on each surface. The values were 0.192 when T < 25 mm and 0.220
when T > 25 mm for semi-elliptical cracks in bending (a; = 0.15 mm
and "Ir‘ = 3). For continuous toe cracks approx. 50-25% smaller fatigue
strengths were reported (T =10 mm - 100 mm respectively) than for an initial

semi-circular defect.
From Figs. 8.6-8.9 it can be seen that S, is strongly dependent on weld

toe radius g, weld toe angle 3 and initial crack depth a;. The ¥ -ratio
effect is small, and the effect of 7{: is considered to be very small, and is not
included due to the results of Fig. 7.8.

On the basis of the results derived in this work the geometric thickness

effect can be expressed generally as:

Sy = pTHpm, : (452)
where
pr =6+ 6T +6InB+ 6T Ing + £5(1n g)° (45b)
pz = s +§7ln B (45c¢)

for T in millimetres, 3 in degrees and S, in MPa. The coefficients p and

§1 — &7 for various a;, £ and ¢ are presented in Table 3 and Table 4 when

=10 and % =1.0.
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If the variation of g, is plotted as a function of T with various a;, ¢
and § it can be seen that u; varies within a wide range (Figs. 8.19-8.22).

Comparisons have been made between predicted and experimental fatigue
strengths in Figs. 8.10-8.17. The larger the base plate thickness, the larger is
the effect of weld toe angle, 3, on the fatigue strength, both in tension and
in bending. The effect of weld toe radius, g, appears to be larger in the case
of tension. In the case when a; = 0.4 mm (Fig. 8.13) a significantly lower
fatigue strength is derived when ¢ = 1.5 mm than for the case ¢ = 0.0 mm
(Fig. 8.11)7 This result was to be expected in the light of the 2-D stress
intensity factor results reported by Niu and Glinka (9] (See also Fig. 8.32).
After Niu and Glinka the weld toe radius effect on My, is greatest for low
cracks and is negligible for cracks of the relative depth #>0.05. When %
is small enough, My, increases with a decrease in ;% . At a certain value of
% , which depends on 2 and the joint parameters, the situation is reversed.
Thus for deeper cracks My, is higher for larger £ -ratios and the My, -
& -curves for different #% -ratios intersect. Since the initial crack depth a;
is quite large in practice, and most of the growth in the depth direction is
spent in a region where My, increases with larger # -ratios, it is possible
that a larger weld toe radius may result in a shorter life. However, the free
evolution calculations did not support this discrepancy, as can be seen in
Figs. 7.28-7.29. Unfortunately, the Engesvik’s aspect ratio curve is a mean
curve, which does not follow the local weld parameters o and 8 as it should.
The Engesvik’s aspect ratio curve gives a little too high 2 -values for small
cracks, which leads to this anomaly. A real crack can not grow the wrong
way as it was forced to by using Engesvik’s curve.

The fatigue strength curves for weld toe angle 8 = 15° in tension as
compared to the other curves in Figs. 8.11-8.13 do not behave as one would
expect. The My -values in Table 1 indicate also that the fatigue strength
should be higher when the weld toe angle decreases. The main reason for this
unexpected behaviour is in the curve fitting which should be more accurate.
On the other hand, when the stress concentration effect is small, the relative

effect of different joint parameters on My -values may be less than the error
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tolerance in calculated My -factors, which will lead to problems in curve
fitting.

For o = 0.0 mm Engesvik’s empirical aspect ratio equation [10] may
not correspond to the theoretical results shown in Figs. 7.21-7.24, in which
much longer initial fatigue cracks are predicted. However, the maximum
difference in predicted life is approx. 5% on the basis of Fig. 7.27. The
fatigue strength should be affected even less. For the case of ¢ = 0.0 mm
the initial crack aspect ratio may not be very critical for fi*>0.2 . Therefore,
the use of Engesvik’s equation for ¢ = 0.0 mm also appears to be acceptable
theoretically, and the results for ¢ = 0.0 mm and >0.0 mm are comparable.

The correlation between the experimental and predicted geometric
thickness effects shown in Fig. 8.14 is not very good for thin specimens.
This may be partly explained by the smaller residual stresses in a thin
specimen which would result in a smaller AK,g ard higher fatigue strength.
Small specimens may be more susceptible to the shape distortion (angular
misalignment), which will increase secondary bending stresses and reduce
fatigue strength. too. In Gurney’s report [8] the fatigue strength of a stress-
relieved specimen was about 20% higher than the fatigue strength of an as-
welded specimen. In addition, the use of the actual value for m (~3.0-23.6)
instead of m = 3 in the Paris crack growth law would give steeper slopes,
higher fatigue strengths, and perhaps better correlations.

It appears that by suitable choice of local weld parameters the predicted
and experimental results may coincide. Since local weld parameters such as
2, 3 and weld toe angle may in practice vary randomly it may be impossible
to predict the exact fatigue strength by fracture mechanics means, but the
'worst’ possible case can be considered in planning appropriate design rules.

As mentioned above there appears to be a certain p-value which gives
the lowest fatigue strength for particular 8 and a;, when Engesvik’s aspect
ratio curve is used. On the basis of results presented in Figs. 8.23-8.25 the
following critical combinations can be obtained (a; = 0.1 mm): g ~ 0.5 mm
when 3 =15°, 45° and 70° in tension, and ¢ ~ 0.1 mm when 8 = 15°,

45° and 70° in bending.
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Equation (45) can now be written for the 'worst’ case as:

— 0.293+40.006T9In T~0.190In 3-0.00124In T In $+0.0151(In 8)?
S, =52.-T

'ﬂl.QT-O.ZTIInB (46)

in the case of remote tension loading and

S, = 208.1 - T°-0516+0.02011n T~0.0839In 5-0.00587 In T-In 5+0.,00225(ln 3)?
r — .

-ﬂ’0'159+0'0414hﬁ (47)

in the case of cantilever bending. These equations may be further simplified
without loosing accuracy; for = 15°, 45° and 70° with the same

representation as Gurney ‘8] the following results are obtained:

(Se)gmroo = 82.9 - (] (48a)
(St)pmqse = 100.3 - [£] "7 (48b)
(Se)pmise = 109.9 - [Z]770%7 (48c)
for tension with no bending restraints, and

(Se)paree = 90.4 - (X727 (49a)
(Se)pmse = 94.5 - [£] 7% (49b)
(Se)pmise = 115.4 - [Z] 1 (49c¢)

for the case of cantilever bending.

It is interesting to note that the values 100.3 MPa and 94.5 MPa in
equations (48b) and (49b) are quite close to the class F mean fatigue strength
(95 MPa) at 2-10° cycles. It should be remembered that the class F Wahler
curve is based on fatigue results derived from specimens where thicknesses
mainly ranged from 10 mm to 30 mm. The exponents in equations (48b) and
(49b) are nearly the same as those in equations (44) and (43) in which the

effect of weld toe radius was not included.
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The comparison between predicted and experimental (8] variation of
fatigue strength using the ’'worst’ case equations (48) and (49) is shown
in Fig. 8.26. In the bend loading case results from as-welded experimental
(manual welds) (% = 0.13-3.5) are well within the lower limit predicted by
the 45° geometric thickness correction equation (49b). In the axial loading
case (% = 0.13-10.0) the correlation is not so good but almost all results are
within the lower limit predicted by the 70° geometric thickness correction
equation (48a), except the results with L = 250 mm when the IT'.‘ -ratio is
very high. The ’worst’ case equations in this work were derived for the case
11‘, =3.0 (¥ =1.0 and % =1.0) but according to Gurney (8] there should
be no IT‘ -effect when JT‘. 2> 1.76 in bending and !'I': > 2.5 in tension.

The comparison between Gurney’s 2-D [8] theoretical variation and the
present variation of fatigue strength with base plate thickness is presented
in Fig. 8.27. The fatigue strengths predicted by Gurney ( a; = 0.15 mm) are
higher (~ 24 — 37%) in the bending case and lower (~ 13%) in the axial

loading case.

8.3.3 Comparison with class E and class F fatigue strengths
Gurney (1] placed the joint type studied into class F, where the
Wohler curve is expressed as InN = 28.177 — 0.5027d — 31n(Ac), where d
indicates the number of standard deviations below the mean. The calculated
stress ranges Ao to cause failure after 2.10% cycles using mean (d=0),
mean -1 standard deviation (d=1) and mean -2 standard deviation (d=2)
are 95 MPa, 80 MPa and 68 MPa respectively. In the Finnish fatigue
standard for steel structures [17] this joint type is placed in the class
corresponding to the adjacent upper class E in Gurney’s proposal, for which
the fatigue stress range is 80 MPa at 2-10° cycles with mean -2 standard
deviations. In Gurney’s proposal no account is taken of the influence of plate
thickness in any of the joints. The class E and class F fatigue strength,
using the thickness effect correction of the Finnish fatigue standard [53]
are compared with the present variation of fatigue strength with base
plate thickness in Figs. 8.28-8.29. In this comparison the crack growth

constants m=3 and C=1.7-10"1% —l_. m%’i, typical mean values for

cycle
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offshore steels [54], are used. The characteristic value of C is known to

be Cy =2.2..5.4-107%% —i- mg‘:—s corresponding to the 97.7% survival

cycle

limit. The value of Cy =5.4.10"13 -C-;}cn . mgx:_’ is recommended for use

only in very poor quality welds (55]. The predicted fatigue strengths, when
poor quality welds are included, are in close agreement with class F fatigue
strengths. When the poor quality welds are exluded, the predicted results
are a little higher than class E fatigue strengths. In the Finnish fatigue
standard for steel structures, the joint type studied is placed in the class
which corresponds to the class E in Gurney’s proposal.

The predicted fatigue strengths are quite low because the use of Paris
law will lead to very conservative estimates, if part of the crack growth
propagation occurs in the threshold region, where crack growth rate is slower
(except for very small cracks). The crack aspect ratio curve proposed by
Engesvik and Moan [10] does not take into account the joint parameters
and may be quite conservative at least for manual welds, because an early
coalescene of all cracks is assumed when a > 3 mm. If a bigger weld
toe radius, as is common in practice is used in calculations, higher fatigue
strengths are derived particularly in case of thinner plates. The initiation

period is not accounted for.

CHAPTER 9
DISCUSSION AND CONCLUSIONS

The following conclusions are drawn on the basis of calculations made in
this study for a T-joint with transverse non-load-carrying fillet welds.

The effect of crack inclination on stress intensity factor is estimated to be
about 4%. The effect is omitted in further calculations.

The crack aspect ratio, %, versus depth ratio # -curves, which were
derived using the eight d.o.f. free evolution model with the same growth
constant, C, of Paris law in all directions, in a sharp weld toe case (g =

0.0 mm), and those based on the two d.o.f. crack model, where the elliptical
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crack shape was modelled with the straight sided elements tangential to the
elliptical crack front, almost coincide, when C. = (0.85...0.90)™C, in two
d.o.f. model. The correlation is even better when the multiplier is approx.
0.95" when £>0.15. When ¢>0.0 mm, no simple correction multiplier can
be recommended. However, the cyclic life calculated with the two models
differs by less than 20% in the few cases studied ( o< 2.5 mm), when the
same growth constant, C, is used in both directions in the two d.o.f. model.
Consequently, sufficient engineering accuracy can be achieved with the two

d.o.f. model.
Based on the 3-D finite element analysis of welded T-joints, parametric

equations are derived (eqs. (16-40)) for the stress concentration magnification
factors, My, and My, , for single surface cracks at the toes of transverse fillet
welds in tension with no bending restraints, and in cantilever bend loading.
Since the agreement with the Newman and Raju solution [19] for the test
case of a surface crack wes within +£5%, and the greatest error resulting
from curve fitting was about 5%, it is expected that the accuracy of the
My, solution obtained here is within +10% over the whole range studied.
My, solution is less accurate and is estimated to be about 10-20% below the
correct value. The parameter ranges are: 0.2 < 2 < 1.0 when 15°<3 < 70°;
008 < ¢ < 1.0 when 8 = 70°; 0.001 < % <03, 025 < % < 1.0,
05< % <10, 00< £ <0.25 when 15°<8 < 70°.

For small # -ratios the predicted =quilibrium crack shape is in some cases
nearly semi-circular when # is greater than approx. 0.005-0.01. However,
the equilibrium crack shape depends on the severity of stress concentration.

By using Engesvik’s empirical crack aspect ratio equation [10] it was
noticed that the fatigue life is highly dependent on weld toe radius p, weld
toe angle 3 and initial crack depth a; at a certain thickness T. The shortest
fatigue life was achieved when p ~ 0.5 mm in tension and g ~ 0.] mm
in bending. The difference in comparison with the sharp weld toe case was
small in bending but very clear in tension. The free evolution calculations
did not support this discrepancy. The exponent in the geometric thickness
correction factor equation varies with 9, 8 and 2; within a wide range. For
15°, 45° and 70° fillet welds the calculated exponent values in the 'worst’
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case were 0.087, 0.197 and 0.231 in tension and 0.130, 0.251 and 0.297 in
bending, respectively.

In bending, experimental (manual welds) as-welded results are well within
the lower limit predicted by the 45° geometric thickness correction equation.
In axial loading the correlation is not so good but almost all the results are
within the lower limit predicted by the 70° geometric thickness correction
equation, except the results witk a high % -ratio.

The accuracy of the calculated stress intensity factor results is difficult to
verify because there are no exact analytical solutions available, and because
30 few attempts have been made to obtain SIF results based on 3-D stress
analysis. Even for a surface crack in a plain plate the reported results are
rather scattered. The reference solution presented by Newman for the plain
plate case is regarded as one of the most reliable so far. When the crack is
situated in a region of high stress gradient and close to the surface intersection
point, the stress changes rapidly. In addition, since discretization must be
performed in order to obtain a solution, the SIF derived at a point on the
crack front represents one type of mean value in the element region, and
so the SIF-value may be affected by the element size around the crack tip.
Some calculations were made with a finer mesh, but no noticeable change in
SIF-values were observed compared with the values derived using the final
model, except near the free surface where it is estimated that SIF-values were
underestimated about 10-20% in the most severe cases. However, for practical
reasons the smallest element size close to the surface was set proportional to
the crack depth, and not kept constant, which may be a possible error source
with deeper cracks. In addition, the general mesh layout could be better. It
has been necessary to use some very long elements in order to form a model
of appropriate size to avoid very long solution times. These long elements are
placed far from highly stressed regions whenever possible. The simple line
segment model used to describe the crack front shape causes a small error.
For this kind of joint type the crack plane warping effect is small, but if more
exact results are required this effect should also be taken into consideration.

The curve fitting phase was quite successful for all parameters except for
the weld toe radius o. All attempts which were made to find the correct

<

linearization for p in order to be able to derive one equation for My, and
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Mi. which would contain all parameters, proved fruitless. By using the
spline interpolation function it was possible to obtain a functional dependence
between all the parameters over the entire range studied. Due to the highly
nonlinear effect of o, particularly when o is small, the interpolated Mj -
values may not be very accurate. However, all the curves plotted with
different g -values by using different combinations of the other parameters
behaved very smoothly, and it is thought that the interpolated values may

also be used.
The free evolution calculations showed that the local shape of the crack

front near the surface has only a minor effect on the stress magnification
factor My, , and that the free evolved crack shape tends to be similar to
that observed in experiments, rather than being elliptical. When no shape
constraints are present the stress intensity factor tends to be smaller near the
surface than in an elliptical case. In many practical calculations the My, -
solution has little significance because calculations may have to be based
on growth in the thickness direction, and the empirical crack aspect ratio
results may have to be used to take into consideration the coalescence of
small cracks. Therefore the My, -results are the most important.

The empirical 2 -ratio results of Engesvik and Moan have been adopted
in the geometric thickness effect calculations for manual fillets in the as-
welded condition. The theoretical crack shape calculations also exhibited
approximately semi-circular forms for small fatigue cracks when ¢>0.0 mm.
The single crack model as used for multiple cracks appears to give quite
reasonable results although the delay caused by initiation and coalescence
of fatigue cracks was omitted. It is shown that the exponent used in
the thickness correction factor equation is highly dependent on the local
geometrical weld parameters such as ¢ and 8. In the 'worst’ case the
values in tension and bending are quite near to the experimental mean value

of 0.25.
It may be impossible to predict the exact fatigue life for a particular joint

due to: metallurgical effects, the highly statistical nature of many geometrical
effects such as initial crack dimensions, weld shape and the straightness of
plates, uncertainty in the degree of stress relieving in the as-welded condition
particularly for small thicknesses, and the notch plasticity effect. However,

the 'worst’ possible solution can be used as guidance in planning better design
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rules. When the main factors and the manner in which they affect the fatigue
strength of joints are known, welding processes and designs for more reliable

and economical welded structures can be developed.
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APPENDIX A

MODE-I STRESS INTENSITY FACTOR SOLUTION
FOR A SEMI-ELLIPTICAL SURFACE CRACK

The stress intensity factors for a semi-elliptical surface crack in a finite
plate subjected to remote tension and bending loads presented by Newman

and Raju [11] are given by

1
Ky = (00 + Hyon)(2)ER,(2, 4, £,9) (A1)
for 0 <a<2, £<0.5,and 0° < ¢ < 180°, provided that % satisfies:

<02
<. (A2)

2<1.25(2 +0.6) for 0
F<1 for 0.2

The correction factor F, was chosen to be

Fy = My +M3(8)" + Ms(£) ]gfyle - (A3)
For 2 <1:

M; = 1.13 - 0.092 (A4)
M, = ~0.54 + 52 (A3)
Ms = 0.5~ gzier +14(1 - )™ (AS)
g=1+[0.1+0.352)°](1 - sing)’ (AT)

Py
fs = [(3)*cos?$ + sin?¢]* (A8)
) .

fo = [sec(F /)’ (A9)
Q =1+1.464(%)"* (A10)

The bending multiplier, H,, in equation (Al) has the form

H, = H1 + (Hz - Hl)sinp¢, (All)
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where

p=0.2+§+0'6%
Hy =1-0.342 - 0.11(2)(2)

and

Hy =1+ Gzi(2) + Gaz(2)*.

In the equation for H;,

Ggy = —1.22 - 0.129

G2z = 0.55 - 1.05(2)™"° + 0.47(2)"*.

(A12)
(A13)

(A14)

(A15)
(A16)
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815 elements and 3373 nodex. aT =01, vT=1. wT=|

Figure 4.1 Typical crack tip meshes.

815 clements and 3373 nodes, aT =01, vT=1|. wT=1|
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Figure 5.2 Stress intensity factor values for a crack at the toe of a transverse

non-load-carrying fillet-welded T-joint, as a function of deviation angle a.
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a/T = 0.00396

Figure 5.4 Directions of maximum principal stresses at the toe of a weld
without a crack. Bending, # = 0.0, $ =1.0, £ =1.0 and & =0.001.
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Figure 5.5 Directions of maximum principal stresses at the toe of a weld with
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Figure 6.6 Predicted free evolution crack shape development for a surface
crack subjected to cantilever bending, derived by using various assumptions
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T=28 mm and v =0.3.
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Figure 7.1 Typical meshes and dimension ratios used in calculations.
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Figure 7.2 Typical meshes and dimension ratios used in calculations.
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Figure 7.3 Calculated stress concentration magnification factors at the toe
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Figure 7.6 My, - and M, -factor results in remote tension and in cantilever

bending, derived from equation (16) as a function of % for various

f -ratios.
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Figure 7.7 My, - and My, -factor results in remote tension and in cantilever

bending, derived from equation (16) as a function of £ for various ¥ -ratios,
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Figure 7.8 My, - and My, -factor results in remote tension and in cantilever

bending, derived from equation (16) as a function of & for various % -ratios.
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Figure 7.16 My, - and My, -factor results in remote tension and in cantilever
bending (eqn. (16)), compared with Smith’s [46] 2-D My -results. With the
crack shape equation derived by Berge and Engesvik 48| being used for 2.
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Figure 7.17 My, - and My, -factor results in remote tension (eqn. (16)), com-
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Figure 7.18 My, - and My, -factor results in cantilever bending (eqn. (16))

compared with Smith’s [46] 2-D Mj -results when % =10, 0.333 and 0.2.
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Figure 7.19 My, - and M -factor and stress intensity factor results in remote
tension (eqn. (16)), compared with free evolution results when a free evolved

crack shape is used.
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Figure 7.20 My, -~ and My, -factor and stress intensity factor results in

cantilever bending (eqn. (16)), compared with free evolution results when
a free evolved crack shape is used.
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Figure 7.21 Predicted equilibrium crack shape at the toe of a fillet-welded
T-joint in remote tension as a function of { and :% , when J = 15°, 45°

and 70°. C,=C, and m = 3.
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Figure 7.22 Predicted equilibrium crack shape at the toe of a fillet-welded
T-joint in cantilever bending as a function of % and £, when 3 =15°, 45°

and 70°. C, =C, and m = 3.
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Figure 7.25 My, - and My, -factor results in remote tension (eqn.

(16)),

compared with Ferreira's [47] 2-D My -results, when the crack shape equation

derived by Berge and Engesvik [48] is used for 2,
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Figure 7.27 Effect of £ - and U -ratio on cyclic life in a single crack case when
the crack aspect ratio 2 is allowed to develop freely towards the equilibrium

shape.
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Figure 8.1 Influence of thickness T on fatigue strength for various a;, 3, o,

% and ¥, with toe cracks under tension and bending. 2 after Engesvik

and Moan {10].
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Figure 8.2 Influence of thickness T on fatigue strength for various a;, 3, ¢,

% and F, with toe cracks under tension and bending. % after Engesvik

and Moan (10].
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Figure 8.3 Influence of thickness T on fatigue strength for various a;, 3, o

% and ¥, with toe cracks under tension and bending. 2 after Engesvik

and Moan [10].
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Figure 8.4 Influence of thickness T on fatigue strength for various a;, 3, o,

% and F, with toe cracks under tension and bending. 2 after Engesvik

and Moan :10].
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Figure 8.5 Influence of thickness T on fatigue strength for various a;,, 3, o,
% and ¥, with toe cracks under tension and bending. 3 after Engesvik

and Moan (10].
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Figure 8.6 Influence of thickness T on fatigue strength at 2-10® cycles for
various ¥, %, a; and J with toe cracks under tension and bending. 2

after Engesvik and Moan [10].
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Figure 8.7 Influence of thickness T on fatigue strength at 2. 10® cycles for
various %, %, a and 3 with toe cracks under tension and bending. 2

after Engesvik and Moan [10].



-122 -

TRANSVERSE NON-LOAD-CARRYING FILLET
WELDED T-JOINT UNDER TENSION LOADING

m=3, C=1.832-10"" mm®I/N?

% 3=45%, ¢ = 0.0 mm

: 3

N 4‘ 7%=1.0, %:1.0

8

-

’ i

5 5

« -

K

4 384

é‘ =

L

3

»

‘E a; = (.03 mm

L a; = 0.10 mm
o = 0.13 mm
2. a; = (.20 mm

a, =030 mm
a4 = .40 mm

TRANSVERSE NON-LOAD-CARRYING FILLET
WELDED T-JOINT UNDER BENDING LOADING

m=3, C=1832:-10"" mm5S/N?
3 =45, g=0.0 mm
% =10, =10

Faligue streagih ot 2-10% cycles, N/mm?
o0
1

ad
3
a = 0.05 mm
2] a = 0.10 mm
& » 0.1 mm
a =020 mm
3 Y Y T t - r v e J a = 0.J0 mm
Q @ 0 30 4 S0 SO W e 330 Q0 « = 040 mm

Figure 8.8 Influence of thickness T on fatigue strength at 2.10¢ cycles for
various X, %, a3 and 3 with toe cracks under tension and bending, a

after Engesvik and Moan (10].
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Figure 8.9 Influence of thickness T on fatigue strength at 2-10® cycles for
various %, % , a and J with toe cracks under tension and bending. ¢

after Engesvik and Moan [10].
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Figure 8.14 Predicted and experimental variation of fatigue strength.
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Figure 8.15 Gurney's [8] theoretical variation and present predicted variation
of fatigue strength with base plate thickness. o = 0.1 mm, a; = 0.15 mm,
t=1and F=1.



- 130 -

TRANSVERSE NON-LOAD-CARRYING FILLET
WELDED JOINT UNDER AXIAL LOADING

m=3, C=1832.10"" mm*5/N*
T =13 mm, § =45°, ¢ = 0.0 mm

100

Stess sauge, N/ua?
[]

:
I
|

20

E I

| N : i i
L “‘QJF P
TN |
T
I ! * f \\I { ]
1 [pred. = 0.10
m ! l ll || N\\\M :-o.xs:
Il ! ! ||'| pred. 4 = 0.40 cum |
5.0 1.0 “3.0
Endurames. 10* cycim
=078, ¥ =062 (k=20)

TRANSVERSE NON-LOAD-CARRYING FILLET
WHELDED JOINT UNDER AXIAL LOADING

m=3, C=1832.10"" mm®*%/N?
=01 mm, 3=45°, T=13 mm

e
[
= v \\
g \u
: A
§ l Yy §§N i
& ; N
& 1\§§
\
g \N v exp. 8|
=3 { aa-walded
NN ] [pred. ¢ =15 mm
pred. w00 mum
pred. g« 0.1 mm
.t .0 0.9

Eadurance, 10* cycie

+ =078, ¥ =062 (k=20

Figure 8,16 Predicted and experimental variation of fatigue strength.
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Figure 8.18 Predicted and experimental variation of fatigue strength.
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Figure 8.23 Influence of weld toe radius ¢ and plate thickness T on fatigue
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Constant amplitude loading

Free evolution

Paris: m=3.20 , C=2378E-13 mm/ycle (I/(Nmm %)™
Weld toe angie J= 40.0 degrees. toe radius g= .50 mm,
VT= 100, wTa 1.00 and thickness T= 185 mm.
Young's modulus E = 210000.0 MPa . oy = 421.0 MPa,
Kr=1880.5 Nmm™ and suess range Acgy = 1650 MPa
am *® 1313 mm and ag, = .50 mm. Ao, = 0 MPa
Chrat * 5839 mm and cyyy, = 143 mm. Aoy, = 165 MPa

Half plate width = 50 mm.
Endurance N= 2802700 cycles.
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Figure 8.31 Typical output of the fatigue crack growth simulation programme.
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Figure 8.32 Stress distribution in an uncracked joint on the vertical plane

containing the weld toe.
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TABLE 1 - My, - and My, -values for the case of remote

tension with no bending restraints
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TABLE 2 - My, - and My, -values for the case of cantilever
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