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ABSTRACT I

ABSTRACT

The effects of various influential weld geometry parameters, residual stresses and the

combined axial and bending loadings on the fatigue behaviour of butt-welded steel

joints are srudied by developing a mathematical model to predict the fatigue S-N

curves and fatigue notch factor. This model is broadly based on the principles of

Dimensional Analysis, Linear Elastic Fracture Mechanics (LEFM) and Finite Element

Analysis (FEA) approaches, Weight Function Technique and Superposition Principles.

A dimensional analysis for the prediction of fatigue behaviour of butt joints is carried

out by considering the effects of all the important parameters including: weld

geometry, welding process, residual stresses and cyclic loading condition- In the

present model, only the most influential parameters of weld geometry (tip radius at the

undercut, weld toe radius, flank angle and plate thickness), residual stresses at the

weld toe and the combined loading ratio (the ratio between the bending and axial

loads) are considered.

The fatigue strength and the fatigue life of butt welded joints are found to be strongly

influenced by the weld geometry parameters i.e the tip radius at the undercut, weld toe

radius, flank angle, plate thickness as well as the misalignments but less strongly

influenced by the edge preparation angle. The effect of the flank angle and the weld

toe radius is more pronounced than that of the plate thickness. Furthermore, the

fatigue test data of welded specimens of different thicknesses are influenced by the

combined effect of all the weld geometry parameters, not solely by the effect of the
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ABSTRACT

plate thickness as suggested by the data available in the literature. It has also been

found that the fatigue strength of butt welded joints can be improved by reducing the

flank angle, increasing the weld toe radius, eliminating the effect of undercut at the

weld toe by post-weld grinding or using specific welding techniques which improve

weld geometry profile. The flank angle needs to be reduced to less than 20' for a

noticeable improvement.

The effect of the induced surface compressive residual stresses on the welded joints for

the improvement of the fatigue life is successfully simulated. The study suggests that

these processes are effective only in the early stage of crack propagation and up to a

crack length corresponding to the depth of the compressive residual stress field. Once

the crack has propagated beyond that length, the induced compressive residual stresses

have an insignifîcant effect on the fatigue life. Furthermore, using a relatively low

levels of the induced compressive residual stresses would result in an improvement of

the same order as those obtained by thermal stress-relieving treatments (e.g.

annealing).

Good agreements are found among the predicted fatigue S-N curves, predicted fatigue

notch factors, the author's fatigue test results and the experimental data from the

literature. Furthermore, the present study provides the basic understanding of the

combined effect of weld geometry, residual stresses and the combined loadings on the

fatigue behaviour of butt-joints. It also explains the phenomenon of large scatter band

associated with fatigue test results and suggests a new procedure for performing and

evaluating the fatigue tests which can ensure a reduced scatter band.
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GLOSSARY OF SYMBOLS

VARIABLES AND PARAMETERS

ü,

a

a

B, po

,m

- distortion angle in radians (Fig.2.2); also coefficient of thermal

expansion of the base material

- crack length (edge crack; semi-elliptical surface crack);

also half-length of central through-thickness crack

- Peterson's material constant (Eq. 3.40)

- material constants in Buch's and Switek's model (Eq. 3.al).

- final crack length

- crack initiation length

- proportional constants (Eqs. 3.26 &3.27)

- regression coefficients for stress distribution function for

k=l to 8 (Eq. 3.39)

- half-width of cracked plate

- half-length of major elliptical surface crack

- material constants in Paris' equation (F,q.2.9)

- material constants in Paris' equation at points A and B of crack

front respectively

- effective depth of surface treatments

- range of stress intensity factor (ÀK =K-.* - K-¡o)

â¡

Ít¡

4,, A,'

Íl¡

b

c

C

Cr, Cs

d"ff

AK
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e

E

0

F

ÂKA"tr - range of effective stress intensity factor at point A (Fig. 3.2)

ÂKB"rr - range of effective stress intensity factor at point B (Fig. 3.2)

ÂKrr - range of effective stress intensity factor

ÂK,t - fatigue crack growth threshold

AS, S - the range of remotely applied nominal stress

- axial misalignment (Fig. 2.2)

- Modulus of elasticity of the material

- plate-edge preparation angle for transverse butt welded joint

- stress intensity boundary correction factor

- transformation functions

- parametric angle of the ellipse

G(c,y) - Kanazawa's weight function for through-thickness central crack

in a finite plate (Appendix C)

- weld bead height (reinforcement height); half-length of cracked

plate; material constant (Eq. 3.a1)

k - proportional constant (Eq. 3.23)

ktt,Rl,, kto,*, - proportional constants due to the combined effect of residual

stress and loading conditions (Eqs. 5.6 & 5.7).

kt-c, k'.nc - proportional constants due to the combined effect of (r) and (0)

(Eqs. 5.4 &.5.s)

- stress intensity factor due to axial loading

- applied stress intensity factor

- stress intensity factor due to bending load

f(nr)

0"

h

Ka

K"no

K¡
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k-, ka

K"o

IÇ¿

Kcff

K¡

k¡

Kr

K-io

K".

Kr"

K.",,c.

K".,s

Kt

K."t

- stress intensity factor for central through-thickness crack in

a finite plate

- stress intensity factor for edge crack in a finite plate

- effective stress intensity factor (K"rr = K"pp * Kr", )

- fatigue notch factor

- exponential constants in Eq. G.2Ð (for i=l to n)

- stress intensity factor (mode-I)

- proportional constants in mathematical model equations for

the prediction of fatigue behaviour of butt-welded joints

(Eqs. 3.3s & 3.36).

- maximum stress intensity factor

- proportional constants representing the effects of weld

geometries (Eqs. 3.37 & 3.38).

- minimum stress intensity factor

- residual stress intensity factor

- stress intensity factor for surface crack in finite plate

- stress intensity factor at point A for semielliptical surface

k.c, kec

crack in flat plate (Fig. 3.2)

- stress intensity factor at front surface point B for semi-elliptical

surface crack in flat plate (Fig. 3.2)

- theoretical elastic stress concentration factor

K,,"(x), K,,o(x) - local stress concentration at distance (x) from the weld toe due

to axial and bending load respectively (K,,"(x) = S*,"(x) / SA &

K,,o(x) = S*,t(x) / S¡ )
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K,."rt

K*""o

K cd

K*"",,{

K sc,B

I

m(a,x)

flll, lr12

L

?t

- the effective stress concentration factor (Eq. 5.3)

- stress intensity factor of welded plate for a central through-

thickness crack

- stress intensity factor of welded plate for an edge crack

- stress intensity factor at point A for a semi-elliptical surface

crack in welded plate (Fig. 3.2)

- stress intensity factor at front surface point B for a semi-

elliptical surface crack in welded plate (Fig. 3.2)

- weld length (Fig.2.1); also half length dimensions of the

specimens (Fie.2.2)

- length dimension of the specimens (Fig.2.2)

- a constant subject to the end boundary condition

(1,= 3 for hxed ends and l,=6 for pinned ends)

- regression constants due to traditional S-N equation (Eq. 3.30)

- Bueckner's weight function for an edge crack in a finite strip

(Appendix C)

- coefficients due to Bueckner's weight function (Appendix C)

- the effective stress intensity magnification factor induced by

weld geometry, residual stress and loading conditions in

(x)-direction at the deepest point A (Fig. 3.2)

- stress intensity magnification factor produced by weld profile

geometry and residual stress in (x) direction at the deepest point

A (Fie. 3.2)

Am

MA
I,eff

Mo*,,
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Mt*,,,,

MB

Mk,.

kr

- the effective stress intensity magnification factor induced by

weld geometry, residual stress and loading conditions in (y)-

direction at the surface crack front point B (Fig. 3.2)

- stress intensity magnification factor produced by weld profile

geometry and residual stress in through plate width direction at

the surface crack front point B (Fig. 3.2)

- stress intensity magnification factor produced by weld profile

geometry (Mr,= Y/Y.)

- stress intensity magnification factor induced by weld profile

geometry in axial loading

- stress intensity magnification factor induced by weld profile

geometry in bending load

- effective stress intensity magnification factor induced by weld

profile geometry, residual stresses in combined loadings (axial

and bending)

- stress intensity magnification factor induced by weld prohle

geometry and residual stress

- the values of regression constants (Eq. (3.30)) corresponding to

fatigue curves of flush-ground butt-joints in residual stress-free

axially loaded condition (rno=3, Ao=f (t/b))

- size exponent in modified Gurney's equation expressing the

effect of plate thickness (Eq. 2.3)

- fatigue crack initiation life

- fatigue crack propagation life

Mr

Mk,b

Mk,"ff

Mk,r

ño,Ao

N¡

n

NP
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Íla

TEi

a

e

Npr"d, N"*p

Nr

p(x)

p

r

Slogs

s(x)

- Predicted and experimental values of fatigue life of butt-welded

joints respectively

- total number of cycles to failure

- local stress at the distance (x) from the weld toe surface

along the potential crack line ( p(x) = K,,"(x) in case of pure

axial loading and p(x) = K,,o(x) for pure bending load )

- dependent dimensionless product in dimensional analysis

- independent dimensionless products (for i=1 to n)

- heat input level per unit of weld length

- weld bead flank angle

- shape factor due to elliptical surface crack (Eq. 3.15)

- the radius of the notch root (Eq. 3.40)

- weld toe radius of butt-welded joint

- tip radius of undercut

- cyclic stress ratio R (R=S-io/S,",)

- ratio between the ranges of bending and axial nominal stress

(Ro" = Ss/ Sl)

- standard deviation of the fatigue test results in terms of log N

- standard deviation of the fatigue test results in terms of log S

- remotely applied stress (S = P I Ztb) for pure axial load and

S = 3M / (Ut2) for bending load, where P is applied tensile load

and M is applied bending moment

- stress distribution along potential crack line in x-direction

- stress distribution along potential crack line in y-direction

Q"""

r

R

Ro"

StogN

S

s(y)
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s-

Sa

Ss

so

Soo

S-"*

S."*, pr"d

S-io

Smin, prcd

so

S,

Sr"'

- the range of axial nominal stress

- the range of bending nominal stress

- fatigue limit (fatigue strength at 2'106 cycles)

- fatigue strength of parent material (or fatigue strength of flush-

ground welded plate)

- mean applied stress

- maximum nominal applied cyclic stress

- upper boundary of the predicted scatter band of S-N curves

- minimum nominal applied cyclic stress

- lower boundary of the predicted scatter band of S-N curves

- fatigue strength of welded joint for a reference plate thickness;

fatigue strength of welded joint due to repeated loading (R=0). S

- fatigue strength of butt-welded joint in term of stress range

- maximum residual stress at weld toe surface

- peak of self-balanced compressive residual stress at the

opposite side of the treated surface

- peak compressive residual stress along through-thickness^ maxJt"

direction

^ max
ùrt - peak tensile residual stress along through-thickness direction

so - ultimate tensile stress

S*(x), S*(y) - the range of the local stress along the potential crack line of a

butt-joint in directions (x) and (y) respectively

S*,.(x),S*,"(y) - the local stress components subjected to the axial load in (x)

and (y) direction respectively (Fig. 3.2)
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sy

S,u,o(x), S*,0(y)

S*,,(x), S*,,(y)

t, to

U, I

YO'â

Yo,b

- the local stress components subjected to the bending load in (x)

and (y) direction respectively (Fig. 3.2)

- residual stresses in (x) and (y) direction respectively (Fig. 3.2)

- yield stress

- plate thickness and reference plate thickness respectively

- welding voltage and welding current respectively

- welding travel speed

- weld bead width

- width of the cracked body

- through thickness distance from weld toe

- stress intensity geometry-configuration correction factor

- through plate width distance from centre of plate;

also a roof-topping distance due to angular distortion (Fi9.2.2)

- stress intensity geometry-correction factor subjected to crack

geometry and loading configuration in flat plate

- stress intensity geometry-configuration correction factor in

axial loading for flat plate

- stress intensity geometry-configuration correction factor in

bending for flat plate

v

w

rw

x

Y

v

Y
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Chapter I. INTRODUCTION I

Chapter I

INTRODUCTION

1.1 Introduction

Most of the steel structures in engineering practice today are fabricated by welding.

These welded steel structures are often subiected to dynamic loads ranging from cyclic

fluctuation to completely random loads due to service conditions such as pressure

changes, temperature fluctuations, vibrations, waves and wind forces etc. Welded

structures such as bridges, cranes, ships, ground vehicles, aircraft, pipelines, offshore

structures and pressure vessels are mostly affected by fatigue loading. In general,

fatigue behaviour of these welded structures is complicated by many factors intrinsic

to the nature of welded joints. Normally crack-like defects such as slag inclusions, gas

pores, lack of penetration at weld root or undercut at weld toes may be introduced in

welded joints. Stress concentrations usually arise at locations of crack-like defects and

at weld toes due to unpredictable variation in the profile of weld geometry. The

practical factors such as the type and geometry of welded joints, the welding process

used and the way in which filler metal is deposited at the welded joints may also affect

the fatigue behaviour of the welded structures. Residual stresses which arise in the

welded joints, as a consequence of incompatible thermal strains caused by heating and

cooling cycles during the welding process, also affect the fatigue behaviour of welded

Fatígue Modelling of Buu Welded Slructures, Ph.D thesis by NinhT. Nguyen, 1996



Chnpte r I. INTRODU CTI O N

structures. Tensile residual stresses of yield magnitude may exist in welded structures

and could detrimentally affect their fatigue behaviour (Maddox, 1991). All these

factors have a negative effect on the fatigue behaviour of welded structures.

Therefore, fatigue information of welded structures under dynamic loading is desirable

to reduce the probability of premature progressive fatigue cracking. This problem has

attracted a considerable number of research studies during the past two decades and as

a result, several national standards for fatigue design of welded structures have been

developed.

The predicted fatigue life of welded structures is dependent on the quality of the

fatigue information incorporated into the fatigue design codes which represents the

nature of the fatigue problem. Despite vigorous adherence to governing the rules of

fatigue design, welded structures continue to fail as the present codes have many

inadequacies due to a lack of knowledge in the specific areas. In some situations the

present fatigue design rules are too conservative (Gurney, 1991) resulting in

enormous cost increases for some welded structures. Therefore, more research studies

are needed on the fatigue behaviour of welded structures in order to improve the

present codes for fatigue design, testing and evaluation. In addition, increased use of

welded steel structures in dynamic loading conditions will furthermore accentuate the

need for a thorough investigation of the problem related to fatigue of welded

structures.

Considerable research has been conducted on various aspects of the fatigue of welded

joints and structures e.g. the crack initiation in welded joints (Mattos and Lawrence

2
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Chapter l. INTRODUCTION

1977; Bellow, Wahab and Faulkner 1986; Solberg 1990) and the fatigue crack

propagation in various types of welded joints (Maddox 1970; Lawrence et al. 1973;

Kim and Tsai et al. 1989; Tsai and Kim et al. 1991); the influence of weld shape

geometry relating to fatigue properties (Martins Ferreira and Moura Branco 1989);

weld defects assessment and notch severity (Harrison I972; Maddox I974; Haagensen

1988); the effect of residual stresses and post-weld thermal or mechanical surface

trearments (Ohta et al. 1981; Mateffy et al, 1984; Bellow, Wahab and Faulkner 1984,

1986; Miki and Mori et al. 1986); the sensitivity of parent materials and welding

processes to fatigue cracking (Coopers et al. 1986; Gurney 1969; Maddox 1981)); the

effecr of plate thickness or size effect (Stig Berge 1985; Yee and Burns et al. 1988;

Haagensen 1990; Ohta and Toshio Mawari et al. 1990) and the effect of environment

(Vosikovsky et al. 1980).

The fatigue assessment of welded structures must take into account the combined

effect of all the influencing parameters wherever possible. The combined effect of

these parameters on the fatigue behaviour of welded joints and welded structure can be

so complex that the fatigue problem appears to be insoluble. The solution of this

problem is one of the most challenging in engineering practice, if improvements are to

be made in the fatigue performance of welded joints and welded structures.

The initiation period of a fatigue crack is generally considered to be negligible in the

case of welded joints in the as-welded condition containing high tensile residual

stresses, and inevitably welding defects (Lieurade, 1993). Given the low significance of

the steel microstructure on the crack growth rate (Maddox 1972; Braid et al 1981),

3

Fatigue Modelling of Buu Welded Structures, PltD thesis by Ninh T. Nguyen, 1996



Clnpter I. INTRODU CTI O N

the fatigue behaviour of such welded joints and structures are subject to crack

propagation only. It suggests that studies to improve fatigue performance of welded

joints and structures should focus on those parameters that allow for significant

increases in the crack initiation life or which retard the first stages of crack growth.

Published research studies have shown the following two methods offer promising

results:

. Diminishing the stress concentrations in the areas subject to the greatest applied

forces, such as geometry of weld toes and weld defects.

o Changing the residual stress field either by thermal stress relieving or by

compressive residual stresses induced by mechanical surface treatments. This

reduces residual tensile stresses in the crack initiation areas during early stages of

crack propagation.

Todate, there is no complete study which has considered the combined and interacting

effects of all the relevant important parameters. The present research is an attempt to

find a reasonable answer to this fundamental problem.

1.2 Specific Objectives

This study aims to provide fatigue information on the combined effect of various

influential parameters on the fatigue behaviour of butt welded joints. A mathematical

model is developed to predict the combined effect of the most influential parameters

on the fatigue life and strength of butt welded joints in structural steel under the

combined cyclic pulsating tensile loading (i.e. zero stress ratio, R=0) and bending.

4
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These paprameters are considered to be the weld geometry (i.e. tip radius of undercut,

weld toe radius, flank angle and plate thickness), residual stresses and the combined

loading ratio (the ratio between the bending and axial loads Ro.). The model is

developed based on the concepts of Dimensional Analysis, Linear Elastic Fracture

Mechanics, Finite Element Analysis and Superposition Principles. A single-V

transverse butt welded joint was selected in this study for the fatigue modelling.

Specific objectives of the present study are outlined as follows:

5

1 To investigate the effect of various weld geometry parameters on the stress

intensity factor and subsequently its influence on the fatigue life, fatigue

strength and fatigue notch factor of butt welded joints in the combined axial

and bending load condition.

To study the effect of residual stresses in butt welded joints in terms of fatigue

strength and fatigue life improvement by post-weld mechanical and thermal

treatments.

To develop a mathematical model which includes the most important

parameters of weld geometry, residual stresses and the combined loading

ratio,s to predict the fatigue life, fatigue strength and fatigue notch factor of

butt welded joints in structural steels under the combined ionstant amplitude

pulsating tensile loading and bending.

To verify the model developed in this study by comparing the predicted

results with those obtained from the fatigue tests and with the data available

from the literature.

2.

3.

4.
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5 To propose a new procedure to evaluate the fatigue behaviour of welded joints

with a reduced scatter band and to provide some useful recommendations.

1.3 Scope of the Thesis

In Chaptet 2, a thorough review of the classical papers and recently published research

works on the fatigue aspect of welded joints was reported. The effects of various

important parameters on fatigue behaviour of welded joints and the application of the

Linear Elastic Fracture Mechanics (LEFM) on the fatigue evaluation of welded joints

are discussed.

A theoretical analysis of the fatigue of butt welded joints including the dimensional

analysis of the transverse single-V butt welded joint, the concepts of mathematical

modelling and detailed numerical procedures are discussed in Chapter 3. The design

and fabrication of test specimens and the fatigue testing procedure are reported in

Chapter 4.

The numerical and experimental results obtained from this study are discussed in

Chapter 5. In this chapter, the numerical results predicted by the model are also

compared with the fatigue test results and the experimental data available in the

literature.

Important conclusions inferred from numerical findings and fatigue test results are

included in Chapter 6. A new procedure for fatigue testing and evaluation of welded
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joints is proposed in Chapter 7 together with the recommendations for methods of

improving fatigue performance and further research study.

Refereed journal and conference publications originated from thís work are lísted in

Appendix A. The investigated ranges of weld geometry parameters, residual stresses

and the combined loading ratios used for the numerical modelling are given in

Appendix B. The coefficients of the curve-fitted function for the local stress

distributions through the thickness of the welded joint due to the variation of weld

geometry parameters are also given in Appendix B. The Kanazawa's and Bueckner's

weight functions and the equations for the residual stress distribution in as-welded and

surface treated conditions are discussed in Appendix B. The computer programs for

the calculation of fatigue life of butt joints and for monitoring the fatigue tests with the

MTS-testing system are listed in the Appendix C. Fatigue test results in terms of S-N

curves and fatigue notch factors are shown in Appendix D. The values of the butt weld

geometry profiles for various sets of fatigue test specimens are also indicated in

Appendix D. A derivation of the equation for the fatigue notch factor from the basic

S-N model equation is discussed in Appendix E. The strain-gauge method used to

measure the effective residual stresses at the weld toes of fatigue test specimens are

described in Appendix F. Finally, the tensile test stress-strain diagrams for various sets

of test specimens are shown in Appendix G.

7
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Chapter 2

LITERATURE REVIBW

2.I Introduction

Fatigue performance of welded structures is a more complicated phenomenon than

that of the parent material due to the existence of non-homogenous metallurgical

zones created during the welding process. These are considered to be the main

sources affecting the fatigue behaviour of welded joints. In order to review important

published works on the fatigue of welded joints, it is necessary to consider the effects

of various factors on the fatigue behaviour of welded joints separately. In the

following sections, the effects of plate thickness, weld geometry, stress

concentrations, parameters relevant to welding technique, post-weld residual stresses

in the as-welded condition, mechanically induced surface residual stresses and the

effect of mean applied stresses are discussed. The concepts of fracture mechanics

applied to the fatigue life assessment of welded joints are also discussed. Finally, some

important conclusions from the literature review are drawn and reported. All these

factors will be considered in this study to determine the most important variables

which should be included in the proposed model.
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2.2E,ffeú of Weld Geometry Parameters

It is reported by many researchers (Mattos and Lawrence 1977, Gurney 1979, and

others) that weld geometry such as plate thickness (t), weld toe radius (r), flank angle

(0), weld bead reinforcement height (h), plate edge preparation angle (Q) of butt

welded joints as shown in Fig. 2.1 play an important role in the fatigue behaviour of

welded joints.

180
o

+

Figure 2.1 Geometry parameters of butt welded joints

Gurney (1981) analysed the data obtained from the United Kingdom Offshore Steel

Research Project (UK OSRP) and the European Coal and Steel Community (ECSC)

test programs in terms of the effect of various parameters on the fatigue strength of

welded joints. These included plate thickness, weld shape parameters, cumulative

damage, the effect of residual stresses and the effect of the environment. Based on the

available experimental data and by using regression analysis Gurney suggested an

I

s

I
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empirical formula representing the effect of plate thickness on the fatigue strength of

welded joints as follows:

S.tl/a = constant

l0

where S - fatigue strength of welded joint

t - plate thickness of the welded plate.

This proved to be a satisfactory relationship when applied to tubular welded joints of

offshore structures (Gurney, 1981). If t" and So are the reference plate thickness and

the reference fatigue strength, respectively, then this formula can be rewritten

(Gurney, 1981) in a more convenient form as:

S = So.(tJt)r/a (2.2)

This relationship was confirmed and later extended by Haagensen (1988) in terms of

the effect of thickness of T-welded joints and the effect of notch caused by weld toe

radii. Fatigue crack initiation was estimated by using a localised stress-strain method

while the crack growth rate was evaluated by using fracture mechanics. From his

results, Gurney's formula was proposed as:

S = S..(tJt)"

(2.r)

(2.3)

where n - the size exponent related to stress concentration factor
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Haagensen's prediction model and experimental results showed that the size exponent

(n) decreased with a decreased value of the stress concentration factor (SCF). The

improvement obtained by reducing the SCF resulted in a reduced effect of thickness

when compared with as-welded joints. It was concluded that the size effect on the

fatigue life of T-welded joints was significantly affected by SCF.

Another study describing the effect of plate thickness on the fatigue strength of

transverse fillet welds in axial loading condition was conducted by Berge (1985). The

study was based on a fracture mechanics model which assumed a geometric similarity

of weldments regardless of their plate thickness for plates in the range of 12.5 to 80

mm thick. He stated that for proportional scale load-carrying welded joints the effect

of thickness was found to follow a power law with a decrease in fatigue strength of

40 Vo when the plate thickness was increased from 12.5 mm to 80 mm. Although the

result of Berge's study is consistent with the study reported by Gurney (1981), both

assumed that the geometry of the weldments was similar regardless of the plate

thickness. The conclusions drawn from both Gurney's and Berge's studies are only

valid if the assumption about similarity of specimen geometry is correct. In fact, this

assumption is acceptable only for a highly automatic welding process which produces

welded joints with a uniform weld profile geometry. For manual arc welding or

submerged arc welding, geometry parameters vary significantly even for the same

thickness of parent material. It suggests that Gurney's and Berge's studies are

conservative by ignoring the effect of weld profile geometry. Furthermore, no

satisfactory explanations of the nature of the effect of plate thickness were attempted.
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Ohta (1990) endeavoured to explain the effect of plate thickness by introducing a new

method of fatigue testing. Transverse butt welded specimens made from 9 mm and 40

mm thick plates were tested by maintaining a maximum cyclic loading stress

equivalent to the yield stress of the base material under repeated tensile loading (R =

0). He found that fatigue strength of 40 mm thick specimens was lower than that of 9

mm thick specimens if standard fatigue testing procedures were followed. However,

the effect of thickness disappeared when the maximum load was maintained at the

yield stress during the test and the fatigue strength of 9 mm and 40 mm thick plate

were found to be equivalent. He explained that the effect of thickness appeared in the

zero stress ratio condition (R=0) was due to the result of residual stresses at the weld

toes. This effect disappeared when the maximum loading stress reached the yield

stress level since at this level of applied stress, a saturated state of the fatigue notch

factor was reached in the region of high stress concentration at the weld toes. As a

result, despite the difference of stress concentration factors at the weld toes for

different thicknesses, fatigue strength of the welded joints remained the same.

Aside from the effect of plate thickness, the effect of other weld geometry parameters

such as weld toe radius (radius of curvature at weld toe) on tþe fatigue strength of a

welded joint has been studied by Ferreira and Branco (1989). Their experimental and

theoretical study was carried out on transverse non-load-carrying fillet welded joints

for various plate thicknesses in tensile and bending loading. They reported that the

fatigue strength increased with increased weld toe radius. They noted that the effect

was insignificant for small thicknesses (4 and 6 mm) and tended to increase for a

larger thickness (12 and 20 mm) and there was a reduction in fatigue strength of 50 Vo

when the plate thickness was increased from 6 to 100 mm. However, they suggested
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that a fîllet radius with a sufficiently high ratio of radius to thickness should not

produce a reduction in fatigue strength with an increase in thickness. Although not

offering a clear theoretical explanation, they concluded that the radius of curvature at

the weld toe was a very important parameter for fatigue life and it should be taken

into account in any fatigue life assessment.

Hentchel et al (1990) investigated the effect of weld toe geometry on the fatigue

behaviour of butt joints in structural steels. Their results showed that the fatigue

behaviour of butt welds in small samples of construction steel St 38, H52 and H75

was influenced by the weld and toe groove geometries. Fatigue behaviour of these

joints was improved as the stress concentration factor decreased. They also found that

the geometry of the weld toes can be controlled by the welding parameters, the type

of welds, the choice of filler materials and the post-weld groove-reducing treatments.

Castiglioni and Gianola (L992) carried out a parametric FEA study of the weld toe

joint geometry in full penetration longitudinal attachments. They proposed a,

mathematical model for the stress intensity factor for this type of joint which included

geometrical parameters such as stiffener length and thickness, hase plate thickness and

weld toe flank contact angle. They found that the fatigue strength of longitudinal

attachments was influenced considerably by the length of the stiffeners, the thickness

of base plate and the weld toe flank angle. They also found that the thickness of the

stiffener and the width of the main plate had an insignificant effect on fatigue

behaviour of the joints.
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Cole et al. (1992) investigated the effect of thickness on the fatigue life of welded

joints in air and in sea water with cathodic protection. They carried out both

theoretical and experimental investigations of the effect of plate thickness, whilst

varying toe radius, flank angle and welding process parameters. They found that the

effect of thickness was more significant than that suggested by Gurney's Formula

(Eq. 2.2). The values of the size exponent (n) obtained by curve-fitting the

experimental data to Eq. (2.3) for the in-air and in-sea water conditions were 0.39 and

0.38, respectively. The 50 mm thick joints showed a reduction in the fatigue life of

40 Vo compared with that of thinner joints made from 32 mm plates. It was concluded

that the effect of thickness appeared to be the resulting effect of

geometricaVmechanical properties rather than material properties.

A recent experimental study by Huther et al (1995) emphasised the importance of the

weld quality including weld geometry such as toe radius, flank angle, weld width and

height in the assessment of fatigue behaviour of welded joints. These parameters were

investigated with respect to welding process, filler materials and welding position.

Fatigue tests were carried out on T-joints made from 10 mm thick E'460 TM steel

plates. Two welding positions (flat and vertical upwards).. and several types of

electrodes were used. They found that for a particular cross section, there was no

apparent correlation between the measured values of flank angle and toe radius.

However, for a large number of cross sections from the same welded plate, a

correlation was found between the mean values of these two geometric parameters.

The endurance limit increased as the flank angle decreased or toe radius increased.

This behaviour reflected the effect of stress concentration factor (K,) on the endurance

limit i.e as K, increased the endurance limit decreased. However, an attempt to use
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local stress range (K,.S) instead of nominal stress range (S) to determine the S-N

curve did not reduce the scatter of the fatigue test results. They concluded that the

endurance limit of welded joints can be increased by 50 7o by controlling the weld

quality which includes local geometry parameters.

2.3 EfÍect of Weld Imperfections

Deviations from the ideal weld bead shape often occurs in welded joints. These

imperfections can considerably reduce the fatigue performance of welded joints and

structures. A large amount of research dealing with the subject of crack-like

imperfections has been published. The International Institute of Welding (IIW) has

developed a classification of weld imperfections in the following categories:

(a) Three-dimensional internal imperfections (e.g. pores, slag inclusions),

(b) Two- dimensional flat internal imperfections (e.g. cracks, fusion defects),

(c) Imperfections of the structural part geometry (e.g. angular contraction, axial

misalignment),

(d) Imperfections of weld geometry (e.g. weld bead reinforqement, weld toe

undercut).

The present study is concerned with sound welded joints and hence internal weld

imperfections were not considered.- Therefore, only the effect of the above categories

(c) and (d) i.e weld imperfections in the form of misalignment and angular distortion

and weld toe undercut are reviewed and discussed below
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2.3.1 Misalignment and angular distortion

The effect of misalignment is to increase the stress experienced by the joint

under loading as a result of the introduction of local secondary bending

stresses. This reduces the fatigue strength of the joint (Gurney 1979, Maddox

1991). Therefore, misalignment does not introduce an alternative site for

fatigue crack initiation but rather enhances the severity of existing stress

concentrations, notably at the weld toe surface; i.e., angular distortion and axial

misalignment produce additional bending in tensile-stressed or compression-stressed

plates. The effect of misalignment on fatigue strength is detrimental only if it

represents a discontinuity to the applied loading path, i.e., if bending is the

only type of loading then misalignment does not have any effect on fatigue

strength of the joint (Maddox 1985, Petershagen 1990).

A study of the effect of misalignment on butt welded joint in a residual stress-free

condition has been carried out by lvfaddox (1985). In this study, he pointed out that

the misalignment of a butt joint can be classified into two types: eccentricity and

angular distortion, as illustrated for the butt joint in Figure 2.2. The forces transmitted

by the misaligned butt joints in axial loading can be divided into axial and bending

stress conrponent, a.s follorvs:

s = s A + s B = .s ¡ (1 + R ba ¡ Q'a)

where Sr and Su âro the nominal axial and bending stre.ss range, respectively
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This eqtration can be rervritten in the form of stress concentration factor (K,) for axial

misalignme.nt and for angular misalignlnent re.spectively as follows (Berge and Myhre,

1977):

K¡=I +?v(e/t)(I/L) (2.s)

Kr= I + 0.25Lu(Ut) (2.6)

where ¡, - a constant subject to the end boundary condition

(1,= 3 for fixed ends and l,=6 for pinned ends).

e - axial misalignment (Fig.2.2)

ü - distortion angle in radians (Fig.2.2)

L, I - length and half-length dimensions of the specimens,

respectively (Fig. 2.2)

The formula of Kt for angular misaligned joints can also be expressed in terms of roof-

topping distance (y) (Fig. 2.2.) as follows (Petershagen and Zwick,1982) :

K¡=I+ìv(y/t) (2.7)

Using Eqs. (2.4) to (2.7) the effects of various types and levels'of misalignment can be

related to the induced bending stress and nominal axial stress which are used for

fatigue analysis.
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Axial misaligm ent:

Angular misaligment:

e

t

I
L

t

Iv
L

Figure 2.2. Typical misalignments in butt welded joint

2.3.2 Weld toe undercut

An undercut at the weld toe is a defect which at'fects the fhtigue behaviour of welded

joints. It is clescribed by Jubb (1981) as an irregular groove caused by the welding

process, situatecl along the toe. of a weld in the parent metal or in the weld metal

already deposited during a previous run. According to Jubb, the undercut may be

divided into three types: (1) wide and curved, (2) narrow and very narrow (crack-

Iike) and (3) shalkrw and narrow (micro-flarv rvith depth up to about 0.25 mm)

(Fie. 2.3).

Type 1 undercut is the most common tbrm of undercut, occurring during automatic

welding of long single run fillet welds in the horizontal / vertical position with high

level of heat input. This type of undercut oflen found in Manual Metal Arc Welding

.-.-€À:: .ì.-g.s.-._.
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(MMAW) due to a lack of sufficient weld metal being deposited at the weld toes.

Wherr the groove at weld toe is almost tìlled by the solidifying weld metal, the type 2

unclercut occurs. Type 3 undercut is considered to be present at the toe of majority of

welds irrespective of the presence of type I undercut. This type of undercut is thought

to be caused by metallurgical inclusions at the weld toes and by the lack of ductility in

the heat-affected-zone (H^Z) adjacent to the toes (Petershagen, 1990). Type I

un<Jercut has been chosen for modelling since it is the most common form of undercut

in welded joints. Types 2 and 3 are less common and have not been included in the

present study.

Type 1 : curved

Type 2: crack-l¡ke

0.25 mm
Type 3: mícro-flaw

Figure 2.3 
^ 

classification of undercuts at the weld toe of butt-welded joints

An earlier study of the effect of the undercut on the fatigue strength of fillet welds

was carried out by Petershagen (1980). His fatigue test results showed that the

r

Fatigue Modelling of Butl Welded Structures, Ph.D thesis by NinhT. Nguyen, 1996



chopter 2. UTERATURE REVIEW 20

number of fatigue cycles for a given probability of survival decreases as the depth of

undercut increases. Good correlation was found between the experimental and the

prediction by established fracture mechanics techniques. Further, he reported that the

fatigue limit of welded joints containing an undercut of 0.8-1.1 mm was approximately

10 7o lower than joints with no undercut.

2.3.3 Stress concentrations

Stress concentration factor is defined as the ratio of the local stress to the nominal

stress. Any discontinuity in a stressed member introduces a stress concentration where

localised stress is higher than the remotely applied nominal stress. Under a cyclic

loading condition the material in this region is repeatedly stressed and as a result the

fatigue damage occurs in the form of fatigue cracks. For a welded joint a stress

concentration is unavoidable due to the geometry of the joint and its specific features

such aS weld metal inclusions, fusion line, HAZ, lack of penetration etc. Normally

high local stress concentration occurs in welded joints at the weld toes and undercuts

which causes an abrupt convex profile of the welded joint. Small crack-like flaws

being introduced into the weld metal at the weld toe regio¡s during the welding

process may also act as stress concentrators. All these factors will reduce the crack

initiation life as well as accelerate the fatigue crack growth and hence reduce the total

fatigue life (sum of crack initiation and propagation cycles) of the welded joints.

A lack of penetration at the weld root may cause more severe local stress

concentration than the defects at the weld toe. Under these conditions, the zone at the

weld root may be a potential site for fatigue crack initiation and propagation.
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Itoh (1987) investigated the initiation and propagation of butt welded joints with the

assumption that fatigue cracks are normally initiated at weld toes. He claimed that

weld toe configuration with high stress concentrations significantly affects the crack

initiation life of welded joints. In the early stages of fatigue crack growth, a shallow

crack of 0.5 -1 mm grows rapidly in the high stress concentration field at the weld toe.

Beyond that the rate of crack propagation was not affected by the weld toe geometry.

He suggested that the fatigue life of butt welded joints can be satisfactorily estimated

assuming that a small fatigue crack of 0.5 mm to 1 mm already exists at the weld toes

and the total fatigue life is virtually the same as crack propagation life which can be

calculated by using an appropriate crack propagation law.

A study of the effect of stress concentration on fatigue behaviour of notched members

was carried out by Peterson (1959). He suggested that the fatigue notch factor (K¡)

of any notched member (defined as the ratio of fatigue strength of un-notched member

to that of a notched member) is strongly influenced by theoretical stress concentration

factor (K¡) and can be expressed in terms of (K,) and notch root radius (p) as:

Kr=1+(K,-I)t(l+a'lp) (2.8)

where a - material constant (a'= (1.087x 105.Su-2 ) mm for

steel; Su is the ultimate strength in MPa

This formula can be used to investigate the fatigue notch factor of a welded joint in

terms of stress concentration factor at the weld toes and the weld toe notch root

radius.
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2.4 Effect of Residual Stresses and Stress Ratio

Residual stress is defined as the remaining stress in the welded joints when the

external load is withdrawn. The existence of residual stresses in welded structures

results from an uneven strain distribution of various regions of the joints during

welding process. As a result, the pattern of the applied stress during the loading cycles

can be significantly influenced, particularly, when the tensile residual stresses are of

the order of the yield stress of the base metal exists at the toes (Maddox, 1991).

Under these circumstances there is a high risk of damage of welded structures during

dynamic loading. In order to improve the fatigue life of the welded structures various

thermaUmechanical treatments are commonly used to change the tensile residual stress

field. However, these treatments impose time delay and cost increases and may alter

the mechanical and metallurgical properties of the joints. Therefore, many of the

welded joints and structures are often left untreated and they referred them in the as-

welded condition.

Residual stresses in welded joints are divided into several types depending on the

dimensions of the joints. First order residual stresses cause macroscopic strains in the

joints. Second and third order residual stresses are those that cause micro-strains in

the grains and crystals respectively. Residual stress of the first order play a major role

in fatigue behaviour of the welded joints whilst the second and the third order stresses

play a part in the stability of residual stresses under cyclic loading (Lieurade, 1988). A

typicat welding residual stress distribution in longitudinal and transverse directions of

butt welded joints is shown in Fig. 2.4 (Maddox, 1991).
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(o) (b)

(o) Longitudinol residuot stress
(b) Trqnsverse nesiduol stness

Figure 2.4 Typical distributions of welding residual stresses in butt-welded joints

(Maddox, 1991)

The majority of the previous studies have concentrated on the effect of the first order

residual stresses. Some of these are reviewed here together with the effect of the

stress ratro.

Gurney et al. (1973) have compared a number of fatigue test results carried out at

three levels of stress ratio, i.e. alternating stress (R = - 1), repeated stress (R = 0) or

pulsating tensile stresses (R = 0.5). He reported that wheh compared with tests

conducted at a repeated stress level (S.), the fatigue limit under conditions of

alternating stress S-r (S-t = 1.235 S.) and a pulsating tensile stress So.s

(So.s = 0.815 So) were altered by factors of 1.2 and 0.8 respectively.

A study by Elber (197 4) has noted the effect of compressive residual stresses

introduced by shot peening on the crack-growth properties of the material. He

assumed a simple pattern of compressive residual stresses to simulate the effect of
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shot-peening and used the principle of superposition to calculate the range of the

effective stress intensity factor (SIF). He suggested that the range of effective SIF

could be used in Paris' equation (Paris and Erdogan, 1963) rather than range of stress

intensity factors. He reported that the results of the effect of shot-peening also

revealed the effect of applied stress level. He concluded that the compressive residual

stress near the surface caused shallow cracks to grow more slowly than observed for

cases without residual stresses. He also found that tensile residual stresses below the

shot-peened layer caused deeper cracks to grow more rapidly then observed for cases

without residual stress.

Miki, Nishino and Hirabayashi (1982) used fracture mechanics concepts to investigate

fatigue crack propagation in single bevel-groove welded joints. They observed that

effect of residual stress on the rate of fatigue crack growth was significant in the

region of low stress intensity range. They reported that in longitudinal welds with

inadequate penetration there was a reduction in the fatigue strength due to residual

tensile stress.

Maddox (1982) tested non-load-carrying fillet welded joints in as-welded and stress-

relieved state at various stress ratios (R = --, -1,0,0.5,0.67)...Four different types of

steels: mild steel, carbon-manganese steel and two high strength low-alloyed quenched

and tempered steels with yield strengths varying from 332 to 727 MPa were used in

the tests. The experimental results obtained from as-welded joints showed that the

effect of stress ratio was inconsistent except under zero-compression loading

(R = --), which usually lie near the upper limits of scatter. The test results obtained

for stress-relieved joints also showed no consistent influence of positive stress ratio

(R>0).However, his results for R = -1 were generally higher than those obtained in
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tension. He suggested that the fatigue life under alternating loading (R=-1) may be

expected to be up to l0 times greater than that under pulsating tensile loading

condition (R = 0.67). Further for as-welded joints containing high tensile residual

stresses, the applied stress ratio (R) had little influence on the fatigue strength. In

spite of the scatter of the test results, the yield point of the base metal had no

influence on the fatigue behaviour of welded joints.

Mateffy, Mikan and Abel (1984) studied the effect of stress relieving on fatigue life of

fillet welded cruciform joints and they stated that the benefits of the effect of stress

relieving on fatigue life were dependent on the applied stress range. This effect was

not found to be beneficial at high levels of applied stress. At very high applied stress

levels the stress relieving may even be detrimental to the fatigue performance of

welded joints. This may be associated with strain ageing effect which reduces the total

ductility of these joints. They also reported that the effect of residual stress on the

fatigue behaviour of welded joints is less significant than that of stress concentration

factors which are always of a high magnitude at the weld toes.

Toyooka et al. (1985) carried out fatigue tests under pulsating tensile loading on

stress induced specimens manufactured from carbon steel weldments. Thei¡

experimental results showed that the level of tensile residual stress had no pronounced

effect on the fatigue strength of as-welded and post-weld heat treated specimens. This

may be explained by the reduction in tensile residual stress during first few loading

cycles. The reduction in fatigue strength in the as-welded specimens was due to

embrittlement resulting from thermo-plastic straining during welding. Post-weld heat

treatments improved the ductility and hence the fatigue strength of the welded
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specimens. The effect of residual stress on the fatigue behaviour of welded joints

claimed by Toyooka et al. (1985) seems to conflict with other authors. However, the

effect of embrittlement in the (HAZ) to cause a reduction in the mechanical properties

of welded joints is widely accepted (Gurney, 1979; Maddox, 1991).

Reynold (1985) in his review of papers from "Corrosive Fatigue Program 1983-1985"

mentioned that the reduction of the level of residual stresses by post-weld heat

treatment (PWHT) resulted in an improvement in fatigue life of up to 30 Vo. The

increase in fatigue life was observed during early stage of crack growth. In some cases

the post-weld heat treatment reduced the residual stresses from a level close to the

yield stress of the base material to a level of half of the yield stress.

Reynold reported that the effect of PWHT could be more signihcant on larger joints

where tensile residual stress may reach the level of yield stress over a large volume.

He noted that an increased effect of compressive residual stress at the weld toe can be

expected from shot-peening. Furthermore, an improvement in fatigue strength of

welded joints can be expected from other treatments such as grinding or hammer

peening in the early stages of the crack growth

Bellow, Wahab and Faulkner (1986) developed a model to predict fatigue life of

welded steel structures. Their model simulated the effect of residual stresses on crack

initiation and crack propagation life. Residual stress field in as-welded butt joints and

in the joints treated by various surface treatments such as glass and steel shot peening,

hammer peening, tensile pre-loading and stress peening were measured and used for

numerical modelling. It was concluded that surface treatments which induced
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compressive residual stresses could improve the fatigue strength of welded joints by

as much as 83 7o.

Ohta et al. (1986) developed a new procedure using small-scale test specimens to

carry out the fatigue test which simulate high tensile residual stress of the yield stress

in real welded structures whilst maintaining the maximum applied stress equal to the

yield stress of the base metal. It was reported that this high level of tensile residual

stresses can be simulated by using this new procedure proposed by the above authors.

They noted that the test results with S,'", = S, are comparable with those of the

specimens with high tensile residual stresses and with the S-N curve proposed by

Gurney et al. (1973).

Wohlfart (1986) investigated the effect of welding residual stresses on the fatigue

strength of butt welded joints in high strength structural steels. Tungsten Inert Gas

(TIG) and TIG dressed joints were used. He reported that after approximately 1x103

cycles the magnitude of the residual stresses were reduced considerably. The effect of

the welding tensile residual stresses with a reduced magnitude was less significant

than that of notches at the weld toes. He also claimed that TIG dressing, TIG welding

and pulsed arc TIG welding followed by shot peening proved to be an effective

measure to improve the fatigue strength of butt welded joints. These welding

techniques produced extremely flat weld seam profiles whilst the shot peening

produced beneficial compressive residual stresses at the weld toe surfaces.

Maddox and V/ebber (1987) welded transverse stiffeners to plates to create test

specimens with high stress concentrations; to some of these specimens "hot spots"
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heating was applied to the ends of the stiffeners which on cooling resulted in high

tensile residual stresses. They noted that the fatigue strength of the specimens with

high tensile residual stresses when tested at stress ratio of R=0 was comparable with

that of the other specimens with lower residual stress tested at a high stress ratio

(R>0). From this study, they concluded that the stress range of the loading cycle must

be considered even if the loading cycle has a compressive component. However, when

the level of residual stress reached the yield stress of base metal, stress range was

limited only by the yield stress and was independent of the stress ratio.

Lieurade (1988) carried out a comprehensive literature survey on the effect of

residual stresses and stress ratios from a number of research work available in the

literature. He noted that the effects of stress ratio and residual stresses on fatigue of

welded joints as reported in the literature were often contradictory. After analysing

the effect of various interacting parameters he concluded the following:

(Ð The stress ratio had a significant effect on the fatigue behaviour of small size

welded joints (t < 20 mm). However, the fatigue test results showed no such

effect on large size or thicker welded joints.

(iÐ The propagation of cracks was highly influenced by the stress ratio and the

levels of residual stresses.

(iiÐ The improvement in the fatigue behaviour of welded joints may result from

thermal stress-relieving in the case of ft = - 1. However, this effect was not

certain in the case of large welded structures.

(iv) The effect of a number of influential parameters on fatigue cracking,

particularly the effect of stress ratio and residual stress could be eliminated by
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taking into account the "crack closure phenomenon" and expressing the test

results in terms of the range of effective stress intensity.

(v) The fatigue behaviour of welded joints could be improved by either lengthening

the crack initiation stage or delaying the first stages of crack propagation.

Nakamura, Nishijma and Ohta (1988) carried out fatigue tests using the new

procedure to simulate high levels of residual stresses in welded joints as proposed

earlier by Ohta et al. (1986). It was found that the actual cyclic stress range

experienced at the weldment varied downwards from the yield stress regardless of the

actual applied cyclic stress. They reported that the high tensile residual stress present

in slit-welded specimens was a key factor in reducing the fatigue strength of welded

joints. Their test results of slit-welded specimens coincided with those specimens

tested by the new procedure. They claimed that the fatigue strength of the large

welded structures carrying high tensile residual stresses was dependent on the stress

range and independent of the stress ratio.

Marsuoka et. al. (1993) studied the effect of residual stress on the fatigue strength of

non-load carrying fillet welds. They found that the plate width of a specimen had a

significant effect on the longitudinal residual stresses but an insignificant effect on the

transverse residual stresses. They also reported that the transverse residual stresses

decreased as the welding heat input increased during fabrication. As a results, for the

same level of the heat input, the plate width had no effect on the fatigue strength.

However, for the same plate thickness the fatigue strength significantly increased as

the heat input increased.
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In the following section, the effect of various post-weld treatments on the fatigue

behaviour of welded joints are reviewed for improving the fatigue performance of the

joints which are based on the modification of the weld geometries or residual stresses.

2.5 Fatigue Improvement by Post-weld Treatments

The fatigue strength of welded joints is mainly affected by the notch effect of the weld

toe geometry where the stress concentration reaches the highest level. This means that

the fatigue strength of welded joints can be significantly improved by reducing the

effect of stress raisers at the weld toes. Several commonly used methods of surface

treatments are briefly listed as follows:

a Reducing the weld reinforcement by machining it to the level of the parent plate

Grinding or peening the surface of the weld toe to increase the weld toe radius

Increasing the weld reinforcement by adding an additional weld bead at the welda

toes using a coated electrode or by TlG-dressing. With these methods the weld toe

radius and flank angle can also be improved

Introducing compressive residual stresses at the surface of .the weld toes by work

hardening the surface layers (stress peening, shot peening etc.)

Optimising the welding parameters and filler metal to simultaneously increase the

weld toe radius and decrease the flank angle.

Some of the important research studies concerning the above aspects are reviewed

here.
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2.5.1 Effect of post-weld heat treatments (PWHT)

Post-weld heat-treatment (PWHT) is a commonly used techniques to change the

residual stress field and improve the fatigue performance of welded joints. For

structural steels, stress-relieving heat-treatment consists of holding the weldment at a

temperature between 500'C to 600' C for approximately one hour for every 25 mm of

the plate thickness followed by cooling at 10' C / hr (IIWilS Doc. 1090-90).

Maddox (1982) found that after such a treatment at 580' C to 620" C magnitude of

the tensile residual stresses in mild steel was of the order of 60 MPa.

A study by Haibach (1978) on the fatigue behaviour of the V-joints prepared from 10

mm and 50 mm thick plates showed that PWHT had an insignificant effect on the

fatigue behaviour of the joints under cyclic tensile bending loads (R = 0). However, its

effect became more noticeable when the joints were subjected to alternating bending

loads (R = - 1). In the latter case, the fatigue limit was increased by 50 7o due to

PWHT of specimens with tensile residual stresses. However, he noted that if the

residual stresses were compressive, the PWHT decreased the fatigue strength of the

joints.

A study by Berge and Eide (1982) revealed that the magnitude of residual stresses

after PWHT at 580' C did not exceed one tenth of the yield stress of the parent

material. In their study, they also considered the combined effect of residual stress and

stress ratio on the welds in structural steel with longitudinal stiffeners. They reported

that as a result of high tensile residual stress in the weld joints, results from specimens

in as-welded condition were comparable for the two levels of stress ratios (R = 0 and
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f{ = -1). However, the fatigue test results for these joints in both the stress-relieved

and as-welded condition were the same. This suggests that the effect of heat treatment

was not significant. However, they noted that in the stress-relieved condition the

fatigue strength obtained for R = -1 was greater than that for R = 0.

Lieurade et al. (1993) studied the effect of several techniques which improved the

fatigue strength of fillet welded joints (cruciform and T-joint) made from an HSLA

steel (AFNOR E690 steel). Five types of fillet welded joints were subjected to various

loading conditions. Each type of joint was tested under the following four conditions:

as-welded, PWHT, TlG-dressing and shot peening. Results of their study showed that

under pulsating tensile loading condition (R = 0.1) a PWHT did not have any

significant effect on the fatigue performance of the joints. They suggested that the

application of these techniques was effective only when there was no risk of a crack

being initiated at the root of the welded joints. Further they reported that shot peening

lead to 95 Vo improvement in the fatigue limit whilst the application of TlG-dressing

at the weld toes resulted in 65 7o improvement. They claimed that the scatter of the

fatigue limits was of the order of 50 Vo and was dependent on the welding

procedures, types of loading (tensile or bending) and the site of the initiation of the

crack (at the weld toes or at the root of the joint). They suggested that in order to

assess the effect of shot peening on the fatigue strength, the residual stresses induced

by shot peening could be algebraically added to the mean stress of the loading cycle.

An explanation for the behaviour of PWHT in the improvement of the fatigue strength

of the welded joints was given by Bignonnet (1983). He suggested that only the

tensile portion of the loading cycle can cause damage to welded joints and structures.
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He postulated that when a welded joint with residual stresses is subjected to a zero-

to-tensile loading (R = 0), then the effective stress range (Âo"rr) remains unchanged

but the mean stress moves to a higher position i.e the effective stress ratio (R"¡)

changed. On the other hand, if R = -1, the effective stress range (Ào"m) depends on the

level of residual stresses. In the as-welded condition, the tensile residual stresses are

sufficiently high to move the stress cycles into the pulsating tensile condition (R"rr )

0), the effective stress range (Âo"rr) will be equivalent to the nominal stress range

(Âo"rr = Âooo-). However, in the PV/HT condition, residual stress is relatively small or

zero, the effective stress range will vary between half of the nominal stress range and

the nominal stress range i.e 0.5 Âõoo- S Àoorr S Âooo.. As a result, fatigue life of the

welded joints increased correspondingly. In the surface treated condition, the effective

stress range became smaller as a result of the induced compressive residual stresses

for both the loading cases (R = 0 and R - -1). The mean stress moved towards a lower

position and only the tensile part of the loading cycles were expected to cause damage

to the joints.

2.5.2 Initial overloading and mechanÍcal surface treatments

Techniques to improve fatigue lives such as initial overloading, hammering and shot

peening are based on the change of the portion of tensile residual stresses by inducing

compressive stresses. The compressive residual stresses in the vicinity of the notch is

produced by initial overloading of the specimens so that the localised stress is raised

beyond the yield stress of the material and followed by the removal of the load. This

mechanism can also be applied for a welded joint if the weld toes are considered as a

severe notch. Hammering or shot peening applied to the weld toes introduces the
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compressive residual stresses beyond the surface to a depth of 0.6 mm (Bignonnet,

1937). During shot peening, the surface of the joint is peened with projected balls.

This process depends on a number of factors including the size and type of the shot.

Bignonnet also reported that the force of the impact should be at least 0.75 times the

yield stress of the material surface to be treated to achieve cold-working depth of a

few tenths of a millimetre.

Masumoto et al (1984) investigated the effect of prestrain and hammer peening on the

fatigue of mild steel welded joints. They reported that the fatigue limits of prestrained

butt welded joints increased by 13 Vo to 25 7o as the prestrain volume increased by

0.15 7o to 4 7o. It was found that the increase in tensile prestrain volume was

accompanied by an increase in the hardness at the weld toes. They noted that the

distribution of residual stress at the weld surface was influenced by tensile prestraining

and the residual stress changed from tensile to compressive when the welded joints

were prestrained in tension by more than 1 7o. They further claimed that the fatigue

strength improvement resulting from tensile prestraining was also due to an increase in

the hardness of the weld toes. It was concluded that optimum hammer peening

condition for improving the fatigue strength of the welded joints was found to be

using a hammer tip with a 5 mm radius, hammering at an angle of 40o, 392 kPa

percussion air pressure, 400 mm/min travelling speed with a 50 7o rising rate. They

also attributed the fatigue strength improvement to the change in the shape of the

weld profile as a result of the deformation produced by peening.

Maddox (1985) reviewed the results of several other investigators to examine the

effect of peening on fatigue strength of welded joints. He reported that a more
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significant improvement could be achieved by peening than by either grinding or

remelting of the weld toes. Furthermore, the peening techniques were cheaper and

often easier to apply. The limitations of both methods i.e shot peening and hammer

peening were that they only significantly improved the fatigue strength in the high-

cycle fatigue regime (> 105 cycles), and when the loadings corresponded to low

positive or negative value of the stress ratio. He noted that high-strength materials

were more suitable for peening since higher compressive residual stresses could be

introduced in these materials. He reported that the optimum conditions for hammer

peening mild steel fillet welds were those which resulted in a depth of penetration of

0.6 mm. He recommended that for effective shot peening the depth of deformation had

to be controlled and the treated area must be visually inspected. He also suggested

that the Almen strip intensity presently used for quality control of shot peening, may

not be adequate and additional work would be required to establish a new quality

criterion to determine the peening conditions which will give rise to the optimum

benefits.

Bellow, Wahab and Faulkner (1986) studied the effect of various surface treatments

on fatigue strength of butt welded joints. The surface compressive residual stress field

induced by various surface treatments such as single and multiple hammer peening,

glass and steel shot peening and stress peening were measured by the "Thomas

Method-B" X-ray diffraction technique and used for calculation of fatigue strength of

butt welded joints. Their experimental results showed the following levels of

compressive surface residual stress were induced by various surface treatments i.e.

-62 MPa by glass shot peening, -110 MPa by steel shot peening, -152 MPa by single

point hammer peening, -172 MPa by multiple point hammer peening or by stress
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peening. From fatigue test results for different surface treatments they found that the

fatigue strength of butt welded joints could be improved by up to 50 7o after tensile

pre-loading, 59 Vo after glass shot peening, 73 7o after steel shot peening,T4 Vo after

single point hammer peening, 83 Vo after multiple point hammer peening or stress

peening.

Robakowski and Czuchryj (1990) studied the effect of overloading in the "St3W" steel

welded joints. They found that the fatigue strength of the joints could be increased by

overloading from 5 to 12 7o depending on the type of the joints and the associated

stress concentration factor and overloading levels. They explained that the plastic

deformation which occurred at the bottom of the notch was due to overloading. This

resulted in a change in the internal residual stress field which produced a substantial

increase in fatigue strength of overloaded joints.

Thieuleux (1994) compared the effect of various post-weld finishing treatments

techniques with shot peening of welded joints. He reported that when compared with

the stress-relieving and static overloading, shot peening was the most cost effective

method for increasing the service life of welded joints. He fouqd that a combination of

stress-relieving and shot peening could produce an even better improvement in fatigue

performance of welded joints.

2.5.3 Modifying the weld toe geometry by TIG dressing or grinding

Zaczek (1984) used the TIG dressing process to improve the fatigue strength of butt

welded joints in low alloy high strength steel with a yield stress of 385 MPa. He
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designed a welding torch which remelted both weld toes simultaneously during a

single welding pass. It was found that by using this technique the weld profile was

improved and the weld toe radii were increased by 46 7o. As a result, the fatigue

strength of the joints was increased when compared with joints prepared using

standard industrial procedures.

Gregor (1989) studied the fatigue behaviour of TIG remelted butt and fillet welded

joints. He reported that a large transition toe radius of more than 5 mm could be

achieved by using TIG remelting. As a result, the stress concentration factor of these

joints was reduced by as much as 50 Vo with the corresponding increase in the fatigue

strength. However, he claimed that the degree of fatigue strength improvement that

could be achieved by TIG remelting was dependent on the geometry of the original

welds. He also noted that the TIG remelting method was only effective for sound

joints and it was proven to be ineffective for joints which showed a lack of

penetration. In the latter case, the crack initiation site shifted from the regions of the

weld toes to the regions of showing the lack of penetration.

Dattoma (1990) surveyed the literature to investigate the effect of several post-weld

improvement techniques i.e TIG remelting, plasma remelting, hammering, stress-

relieving, weld toe machining, local grinding and the use of special electrodes on the

scatter band of fatigue data. He reported that the techniques based on remelting were

more effective and could produce improvements in the fatigue limit of approximately

90 7o, whilst the use of a special electrode was less effective and produced

improvements of approximately 24 Vo. He concluded that hammering, stress-relieving
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and weld toe machining can produce the improvements of 52 7o, 34 Vo and 32.5 7o

respectively.

Pyle & Pitrun (1990) suggested methods to improve fatigue life of welded joints in

which fatigue cracks have been initiated. They noted that if the fatigue crack had not

grown too far and it was associated with a stress raiser, then it is possible to remove

the initial fatigue damage by remelting or alternatively by grinding.

2. 6 E,ffect of other Relevant Parameters on Fatigue of Welded Joints

The fatigue of welded joints is complicated by many factors dependent on the welding

technique used. The welding process parameters i.e current (I), voltage (U) and

welding speed (v) play important roles in determining the quality of the welded joints.

Surface or internal defects may be introduced due to a lack of operator skill and by

the use of unsuitable electrodes or by an inappropriate edge-cutting preparation. All

of these factors affect the weld quality and hence the fatigue strength of welded joints.

Research relating to the influence of some of these variables on the fatigue of welded

joints is reviewed below.

2.6.1 Influence of the yield stress of the parent metal and the type of electrode

Solumsmoen (1969) investigated the relationship between the properties of the base

metal and the type of electrodes on the fatigue strength of welded joints. Fatigue tests

were carried out on butt-joints welded with low hydrogen iron powder electrodes and

basic electrodes. The specimens were fabricated from two types of structural steel
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plate, NV-27 and NV-40, with yield stresses of 272 MPa and 400 MPa respectively.

He found that the fatigue behaviour of butt welded joints was unaffected by the yield

stress of the parent material or the type of electrode.

Based on a statistical analysis of published data Gurney and Maddox (L972) proposed

a revision to the fatigue design rules contained in the British Standard (BS 153). They

suggested that for structural steels with the yield stress in the range of 232 MPa to

850 MPa, the fatigue strength under high cycle fatigue was independent of the static

strength of the parent material.

On the basis of these two studies the effects of the yield stress of the parent material

and electrode type were not considered in the present work.

2.6.2 Influence of welding processes

Elliot (1984) compared the fatigue strength of transverse butt welded joints fabricated

by Electron Beam V/elding (EBW) and by the other welding methods. His

experimental results showed that the fatigue strength of EBW joints was superior to

Submerged Arc V/elded (SAW) joints but comparable with Gas Shielded Arc V/elded

(GSAW) joints. He explained that this behaviour was due to the variations in the

geometry of welded joints fabricated by different welding methods. It suggested that a

parametric study of the effect of weld geometry resulted from different welding

processes can alternatively represent the effect of the welding process considered.

Fatigue Modelling of Butt Welded Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Chapter 2. UTERATURE REVIEW N

Guda, Pathak et al. (1988) studied the effect of several welding techniques i.e Manual

Meral Arc (MMA) welding and Metal Inert Gas (MIG) welding on the fatigue strength

of welded joints subjected to cyclic tensile bending. It was reported that the fatigue

strength of MMA welds was higher than that of MIG welds in un-notched specimens,

however, this trend was quite reversed if a notch was present. They attributed this

behaviour to the higher surface hardness of the MIG weld metal.

2.7 Fracture Mechanics Application in the Fatigue Assessment of Welded Joints

Fatigue failures occur in service components, despite the vast increase in knowledge

of the failure mechanism which has taken place during the past several decades. The

fatigue behaviour of welded joints and structures is related to the presence of defects

such as undercuts at the weld toes, porosity in the weld metal, non-metallic inclusions

in the weld metal and a lack of penetration at the weld root etc. A considerable

number of research studies have shown that the fatigue crack initiation phase can be

reduced by the presence of these defects and the fatigue life of welded joints is

determined by the rate of crack propagation. Therefore, the fatigue life of these

welded components and structures can be calculated using a suitable fracture

mechanics based crack propagation law to predict the number of fatigue cycles

necessary to propagate an initial crack to failure (Maddox, 1991). The fracture

mechanics based calculations require a knowledge of the stress spectrum applied and

the crack propagation properties of the material. The most widely accepted crack

growth law is Paris' equation (Paris and Erdogan, 1963) in which the crack growth

rate is expressed in terms of the range of the stress intensity factor as:
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da / dNn = C. (ÂK)' (2.e)

where a - half the crack length

Ne - number of cycles needed to propagate the fatigue crack

C, m - materialconstants

^K 
- range of the stress intensity factor (^K = K."' - K-¡o

where K-", , K.¡o ÍIre the maximum and minimum

values of the stress intensity factor respectively.)

Although Paris' equation adequately describes the fatigue crack growth in the mid-

range rate from 10-6 mm/cycle to 10-3 mm/cycle, it underestimates and overestimates

crack growth at higher and lower rate respectively. Subsequently, a number of

limitations of this simplistic approach have been recognised. These include:

o { threshold condition, corresponding to stress intensity threshold range (ÂK,¡) is

observed, below which a fatigue crack will not grow.

o Cracks may become non-propagating after growing for some time.

o Overloads may cause retardation of the subsequent crack growth rate.

. High local stress concentrations may lead to local plasticity and the LEFM

approach may no longer be valid.

o Environmental effects (e.g. humidity, temperature, corrosive conditions etc.) can

markedly affect the conditions for crack initiation and the rate of crack growth.

o The cyclic stress ratio or mean stress can significantly affect the rate of crack

growth.
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Short cracks less than a few grains diameter in length or longer cracks containing a

more extensive plastic zone do not follow LEFM.

Crack closure phenomenon, firstly reported by Elber (1970), leads to a reduction

in the effective range of the stress intensity factor and hence fatigue crack growth

deviates significantly from Eq. (2.9).

Microstructural effects which are considered to be relatively unimportant in fatigue

crack growth predictions can become very significant for short cracks under

threshold conditions.

a

o

Fracture mechanics have been used to investigate the fatigue behaviour of welded

joints in numerous studies. Only some of the most important investigations relevant to

the present study are reviewed here.

2.7.I EfÍect of various factors on fatigue crack growth rate

(a) Crack growth rates in various zones of welded ioints

The majority of the published work concentrates on specimens with a machined notch

situated in the HAZ and the crack propagation direction is through the thickness of

the welded plate. Early research (Kobayashi et al, 1980) reported that for a given level

of stress intensity range (ÂK) crack growth rate in theHAZ was lower than that in the

base metal but the difference between these crack growth rates diminished as (ÀK)

increased. They attributed this behaviour to the difference in the mechanical properties

of the HAZ and the base metal i.e it was due to the divergence of the fatigue cracks

deviated from the harder phase of HAZ towards the softer base metal.
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Maddox (1970) studied the fatigue crack growth rates in the weld metal and the HAZ

of welded joints. He reported that crack growth rate in HAZ was similar to or less

than that of the weld metal. A similar conclusion about crack propagation properties

of the HAZ was reported by Ohta et al. (1982). They found that the crack propagation

properties of the HAZ were inferior to those of the base metal with a threshold stress

intensity factor about one quarter of that of the base metal. This behaviour was

explained by the effect of tensile residual stresses in the regions around the crack tip.

Results of a study by Dowse et al. (1971) showed that the crack propagation rates in

weld metal for mild steel did not differ signifîcantly from those in the base metal. This

conclusion was confirmed later by Sandifer and Bowie (1978). Additionally, they

found that the crack propagation rate in the weld metal of the MIG welded joints in

A 537 M steel were comparable with those in the HAZ.

Another study on crack propagation in welded joints in several structural steels by

Scierski (1985) suggested a similar rate of crack growth in the HAZ and the weld

metal deposited by basic electrodes. The rate was independent of the mechanical

properties of the parent metal and the electrode used.

(b) Effect of residual stress and stress ratios on fatigue crack growth rate

It is well known that the tensile residual stresses perpendicular to the crack surfaces

cause an acceleration in the crack growth rate while compressive residual stresses

cause the decrease in the crack growth rate (Maddox, 1991).
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Considerable work has been carried out on the effect of stress ratio on the fatigue

crack growth rate. In general, an increase in the cyclic stress ratio (R) causes a

significant increase in the crack growth rate. However, under alternating cyclic

loading (R = -1), the crack growth rate tends to be less than the rate under pulsating

tensile loading condition (R>0).

Research studies (Pisarski 1976,1977; Lieurade, 1982) have shown that the applied

cyclic stress ratio (R) has an important effect at the low level of stress intensity range

(ÂK) and as the stress ratio is increased, the differences in the crack growth rates

obtained for the HAZ and the base metal disappear.

(c) Effect of yíeld stress of the base metal on the crack growth rate

The yield stress of the base metal was reported to have some effect on fatigue crack

growth (Gurney, I979). He observed a relationship between the material constants of

Paris's equation (namely C & m). He noted that "m" slightly increased and "C"

decreased as the yield stress of the base metal increased. He also found that "C" and

"m" were exponentially related as C = A,/B-, where A, B are constants. It was

concluded that this relationship was valid for the weld metal, '.the HAZ and the base

metal for welded specimens with thickness less than 20 mm.

A study by Ohta (1986) showed that under repeated tensile loading (R=0) the crack

growth retes of welded joints made from steel with yield stresses in the range of 300

MPa to 550 MPa were comparable. However, an earlier study by Lieurade et al.

(1982) suggested that the crack growth rates under the same loading condition

(R = 0) decreased as the yield stress of the base metal increased from 280 MPa to

Fatigue Modelling of Butt WekÌed Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Chopter 2. UTERATURE REVIEW 45

515 MPa. They explained this behaviour of the base metal in terms of the increase of

compressive residual stresses within the as-welded test specimens as a result of the

increased yield strength of the base metal. They suggested that for a given plate

thickness and comparable welding conditions, an increase in yield strength of the base

metal lead to higher tensile residual stresses. These were the major reasons for the

differences in the crack growth rates of the base metal and the HAZ for 20 mm and

40 mm thick plates. They also claimed that the effect of thickness was a result of the

higher welding residual stresses in the thicker plate.

(d) Effect of the loadíng frequency on crack growth rate

A study by Schmidt and Paris (1973) showed that when tested in air the speed of

cyclic loading had an insignificant effect on fatigue crack growth in mild steel over a

large frequency range (4 Hz to 100 Hz). They noted that at higher frequencies, crack

tip heating tended to occur resulting in residual stress relaxation and softening of the

material.

Nihei et al. (1982) studied the effect of frequency, plate thickness and types of testing

machine on the fatigue of SM50B butt welded joints. They rep.orted that difference in

plate thickness had a marked effect whilst other factor such as specimen width, test

frequency and testing machine had an insignificant effect on fatigue of welded joints.

They suggested that the effect of plate thickness on the fatigue behaviour of welded

joints was due to differences in the weld toe stress concentration factors of joints

made of different plate thicknesses (9, 20 and 40 mm).
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(e) Effect of microstructures on fatigue crack growth rate

In a welded joint fatigue cracks usually propagate through relatively complex

microstructures associated with the diluted weld metal, HAZ and the base metal.

However, these microstructures rarely have a significant influence on the fatigue

strength of the joint. The rate of crack growth is insensitive to the microstructures

except in exceptional circumstances where there is a change in the fracture

characteristic such that the normal fatigue process (striation formation) is

accompanied by static mode of fracture (e.g cleavage) (Maddox, 1991).

Early research workers assumed that microstructures of the weld metal and the HAZ

may have a crucial role in reducing the fatigue strength of welded joints. However,

later research (Maddox 1972, Braid et. al. 1981) has shown that the microstructures

of the weld metal and the HAZ have an insignificant effect. These researches noted

that the major reason for the decrease in the fatigue strength was due to the presence

of severe stress concentrations induced by joint geometries or weld defects.

In the study by Maddox (1972), he found that the microstructure of the HAZ only had

an effect on the fatigue behaviour when the crack growth mode was transgranular.

However, he noted that the crack growth rate increased significantly if there were

areas of intergranular fracture.

Braid et. al. (1981) carried out the crack growth test on specimens with simulated

HAZ microstructure in high strength steel HY80. Their results confirmed the

insignificant effect of morphology, inclusion levels and HAZ grain size. They did

however find that the crack growth threshold increased as the grain size decreased.

Fatigue Modelling of Butt Welded Structures, Ph.D tlrcsis by Ninh T. Nguyen, 1996



chapter 2. UTERATTIRE REVIEW 47

(f) Effect of various welding processes on fatigue crack growth rate

Knight (1979) used the relationship proposed by Maddox (1974) to investigate the

fatigue strength of submerged arc butt welds (SAW). He found that there was no

signihcant difference between the fatigue strength of butt joints manufactured by

SAW and by other welding processes.

Ohta et. al. (1982) investigated the threshold and mid-range fatigue crack growth rate

in butt-joints made from 20 mm thick HT80 steel plates. Two series of specimens

were fabricated by Gas Metal Arc Welding (GMAW) and by (SA'W). They found that

for both processes the fatigue strength of welded joints was inferior to that of the

parent metal but the different welding processes had no significant effect on the crack

propagation properties of the welded joints.

(g) Effect of the plostic zone at the crack tip and the crack closure phenomenon

The crack closure phenomenon was first reported by Elber (1970). He reported that

when a fatigue crack propagates in a region subject to elastic stress, it leaves in its

wake a plastic zone which induces a field of compressive residual stresses. This field

of compressive stress at the crack tip leads to a partial closing of the crack during part

of the loading cycle. He suggested that the stress intensity factor, a major driving

force during crack propagation, was effective only when the crack tip was completely

open. This means that the effective range of stress intensity factor should be evaluated

from the opening stress intensity factor (K"n) (corresponding to the condition when

crack tip was completely open) to the maximum stress intensity factor (K."*) i.e.

ÂK"rr = Ko'u* - l(op. He further reported that by applying this concept, the results for

the crack growth rates with various stress ratio (R) are comparable with that obtained
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for the base metal. Using this concept, it was found that the crack growth curves

(da/dN vs. ÂK) for various stress ratios tend to converge, and (ÀKrr) tends to be

equivalent to (ÂK).

From the studies reviewed in this section, it can be concluded that fatigue crack

growth law depends on the loading condition, i.e stress ratio and the residual stresses

induced by the plastic deformation at the crack tips. However, it is possible to obtain

a single curve for the crack growth subject to various stress ratios and residual stress

conditions by using the concept of crack closure.

2.7.2 Fracture mechanics approaches for fatigue evaluation of welded joints

(a) Approaches adopted for the use of crack growth laws

At present, the LEFM based calculation procedure is widely accepted for the

evaluation of fatigue behaviour of welded joints. In general, Paris' law (Eq. (2.9)) is

used subject to the following conditions for the stress ratio (R) and stress intensity

factor range (ÂK):

(Ð If K.io > 0 then ÂK = K'"* - K¡¡¡¡ âDd R = K.¡o/ K."'

(iÐ If K".io < 0 then ÂK = K."" and R = 0

It is worth noting that Paris' law (Eq. 2.9) only represents the linear portion of the log

(daldN) versus log (ÅK) curve. At the lower values of the stress intensity range there

is a threshold value (ÁK),r for which cracks grow more slowly than that predicted by

Paris' law. However, approaching final fracture, the crack growth rate accelerates as
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the maximum value of the stress intensity factor tends to approach towards the value

of the fracture toughness of the material (K.", + Krc). This means that the conditions

for fatigue crack growth until failure can be presented as:

ÄKtn (^K<Krc (2. r0)

where K," - fracture toughness of the material in mode I.

Forman et. al. (1967) postulated the following crack growth law incorporating the

condition when the maximum stress intensity factor (K,,-) approached the fracture

toughness of the material (Kr"):

da c .(^K )' (2.rr)
dN (1 - R).Ktc LK

Forman's equation (Eq. 2.11) predicted the crack growth behaviour of an aluminium

alloy successfully. However, when applied to mild steel (Branco et a1.,t976) and alloy

steel (Maddox et al., 1978) it over-predicted the crack growth at high (ÀK) as these

material are less sensitive to stress ratio.

The work of Elber (1970, l97l) showed that crack closure commonly occurred and

hence the effective range of stress intensity factor (ÂKrr) should be adopted. This was

equivalent to the stress intensity range due to the part of the loading cycle during

which the fatigue crack was completely open. He suggested that for plane stress

conditions, the Paris' law had to be modifïed to the following form:

da / dN = C'. (ÅK,o) '' (2.12)
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where C', ffi' - material constants

ÂK"rr - the effective range of stress intensity factor

(ÂK"rr=K."r-K.p)

(op - the opening stress intensity factor when the

crack is fully open.

The effective range of the stress intensity factor can also be expressed in terms of the

range of stress intensity factor as follows:

ÂK"r¡ = U. ÂK (2.r3)

where U is the effective stress range factor and is defined in terms of

the maximum stress (S."*), minimum stress (S,io) and crack

opening stress (S,n) as: U = (S.", - S"p)/(S."* - S-io).

Research by Lal et al. (1979, 1980) had shown that U was dependent on the cyclic

stress ratio (R), the ratio of applied stress to yield stress (S/Sy) and on the cyclic

strain hardening exponent (n).

Underwood et al. (1977) studied the effect of idealised residual stress distributions in

both notched and cracked specimens. He suggested that when residual stresses are

present the following approaches should be adopted for determining the effective

range of the stress intensity factor:

(i) ÀK"r¡ - ÂKopp + 2K, for notched specimens
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(ii) ÂK"r¡ = ÂK"nn + K, for cracked specimens

Nelson (1982) had successfully applied the superposition approach for residual

stresses in welded joints. He suggested that under this condition, the residual stress

intensity factor (K,) should be calculated and added to the K-", & K.¡o and the

following condition should be adopted:

(i) If K-¡o * K, ) 0 then ÂKorr= K."" - Krio and R= (K.io+ K,)/(K-""*K')

(ii) If K'¡n f K,( 0 then ÂK.rr= K.", + K, and R = 0

Similar methods have been successfully used by several other authors (Parker 1982;

and Glinka, 1986)

Bignonnet et. al. (1984) suggested another approach to include both residual stress

intensity factor (K,) and the crack opening intensity factor (Kon) which remains

unchanged for any given material as:

(i) If K'io * K, ( Kon then ÂK"rr = K.", + K, - Kop

(ii) If K-¡n * K, ) Kon then ÂK"rr = K."* - K,o¡o

(b) Application of fracture nrcchanics based approaches

Gurney and Maddox (1972) used fracture mechanics to study the fatigue strength of

welded joints. They suggested that the fatigue strength at 2x106 cycles was reduced by

a factor of approximately 8I.5 7o when the type of loading switched from pulsating

tensile to half tensile loading. Further, the slope of the S-N curves predicted for the

lower classes of welded joints i.e D to G (British Standard: BS 5400) is consistent

with fatigue crack propagation data. They suggested that the whole fatigue life of
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welded joints consists only of crack propagation from a pre-existing small crack-like

defect; and the slope of the S-N curve could be considered to be equivalent to the

material parameter (m) in the Paris' equation (Paris and Edorgan, 1963).

Lawrence (L973) developed a crack propagation model for perfectly symmetrical

double-V butt-welds. He used finite element analysis to calculate the stress field along

the plane of the crack for varying weld bead geometries (angles 0 and S). Paris'

equation and Emery's solution for the stress intensity factor of an edge crack in a

semi-infinite body subject to non-uniform arbitrary system of internal stress (Emery et

al, 1968) were used in the calculation. He found that the different weld geometries

influenced the crack propagation life by as much as a factor of three but the material

properties and initial crack size had a much larger effect. He found good agreement

between his predicted and fatigue test results for A 36 and A 44L steel weldments. He

suggested that for these materials, the crack initiation period was relatively short and

could be ignored in calculations based on fracture mechanics. One of the difficulties of

his model was that it required an adjustment for the initial crack length in order to fit

the theoretical and experimental curves.

Glinka (1979) used the superposition principle to predict the effect of residual stresses

on the fatigue behaviour of welded joints assuming that the residual stresses did not

diminish under cyclic loading. He argued that even though this assumption over-

estimated the effect of residual stress, it was reasonable from a practical point of view

and gave satisfactory results. He used Kanazawa's weight function (Kanazawa et al.,

l96l) to calculate the residual stress intensity factor (K,) and Forman's crack growth

equation (Eq.(2.11) (Forman et. al., 1967) to predict the fatigue life. He claimed that
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the effect of residual stresses was dependent on the levels of applied load. He

concluded that higher level of the applied load produced a less significant effect on the

residual stresses since a higher degree of residual stress relaxation occurred.

Bokalrud (1979) carried out a finite element analysis on the effect of internal defects

in butt welds. He compared the number of cycles during crack propagation of joints

pre-cracked with 0.1 mm crack at the weld toe or at the root. He reported that the

critical crack size for a weld root defect was a function of the plate thickness and

flank angle. Under this size, the weld root crack had insignificant effect during fatigue

loading as an active crack was initiated at the weld toe.

Maddox (1988) proposed an extensive revision to the fatigue clause: BSI PD 6493

(British Standard BS 5400) based on the fracture mechanics method and the fatigue

crack growth data available in the literature. Several recommendations for fatigue

assessment of welded joints and structures were:

The magnitude of tensile residual stresses in welded structures is of the order of

25 7o of the yield stress of the parent material

A sharp undercut at the weld toes deeper than 1.0 mm shquld be considered as a

planar flaw and assessed using a fracture mechanics approach

The Paris' equation is recommended for calculation of fatigue life of welded joints

particularly when the initial crack size is relatively large. Values of material

constants in Paris' equation m=3 and C= 3x10-lt were recommended for crack

growth in ferritic steels with a yield stress up to 600 MPa (in air).

A new relationship for the fatigue crack gro\ryth threshold representing 97.9 7o

probability of survival for ferritic and austenitic steels was recommended:

o

a
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ÂK¡¡ = 170 -214xR [N.mm-3/21 for 0 < R < 0.5

ÂK,5 = 63 Nmm-3/2 for R > 0.5

Gurney (1991) investigated the effects of joint geometry on non-load-carrying fillet

welded joints using LEFM calculations. A series of fatigue tests were conducted for a

range of weld joint geometries with differing thicknesses of stressed members and

attachment lengths. In his calculations, he assumed an initial weld toe defect of

0.15 mm and 0.5 times plate thickness as a criterion for final failure. Four loading

cases were considered covering axial loading and bend loading. Two crack models i.e

straight fronted edge crack and semi-elliptical surface crack were used. He claimed

that the fatigue strength of non-load-carrying fillet welds was dependent on both

thickness of the stressed member and the attachment length. Under these conditions,

the fatigue strength of a given thickness decreased with increasing attachment length

until a certain value. Further increases in attachment length produced no further

reduction in the fatigue strength. Also the fatigue strength in bending was consistently

higher than axial loading although the fatigue strength was still affected by both the

plate thickness and the attachment length. He concluded that the results of these

fracture mechanics calculations were very sensitive both to the assumed values of the

material constants in Paris's equation and the form of the initial weld toe defects.

Janosch et al. (1991) used LEFM and finite element analysis to investigate the effect

of lack of penetration in fillet welded joints in E-364 steel under cyclic tensile and

bending loads. They used Paris's crack growth law and Sih's strain energy failure

criterion (Sih, 1980) to model the crack paths for the single and multiple failure

modes which exist at the weld toes and the weld root. They reported that the

Fatigue Modelling of Butt Welded Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Chapter 2. UTERATURE REVIEW 55

propagation phase of short cracks (0.05 mm to 1.0 mm) could account for 30 Vo to

90 7o of the fatigue life of fillet welded joints. The geometrical parameters of fillet

welded joints and the evolution of the shape of the crack front were considered in this

model. However, the effects of residual stresses and combined loadings were not

taken into consideration.

Hentschel (1992) demonstrated that fracture mechanics can be successfully used to

model the fatigue behaviour of fillet welded joints in box girder using crack

propagation calculations. Using suitable input data for the initial crack size, crack

geometry, loading components, residual stress condition and crack propagation

properties of the material he predicted the results which lay within the experimental

scatter band.

Hobbacher (1992) reviewed the International Institute of Welding (IIW) codes for

fatigue design of welded joints. The recommendations in the IIIV codes were based on

the assumption that the amplitude of the stress in a welded joint and the number of

loading cycles have the most pronounced effect on the fatigue strength of weldments

and that a welded joint could be considered as a design notch or a manufacturing

defect. The codes do not include the effect of stress ratio as they were formulated for

large steel welded structures with residual stresses of magnitude of the yield stress.

Under these circumstances the fatigue strength is generally independent of the stress

ratio of the applied stresses.

In addition, he reported that the codes stated that the fatigue strengths of a large

range of materials with yield strengths up to 700 MPa were not dependent on the
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static strength of the base metal. The codes recommend the use of Paris's law (with

m=3 and C=3x10'r3) for evaluating the fatigue strength of 28 types of welded joints

and considers the concepts of the stress intensity threshold (ÀK,o = 190 - L44 R and

(ÂK,o) > 62).

Maddox (1993) reviewed fatigue assessment methods for welded joints and structures

including fatigue design rules, fracture mechanics calculations and sources of error in

their application. He pointed out that apart from the weld toe geometry due to

irregular shapes of the weld bead, welding flaws acted as pre-existing cracks and

could in effect eliminate the fatigue crack initiation period. He reported that ferritic

steels are insensitive to the fatigue behaviour of welded joints, since the crack growth

dominates the fatigue life and the crack growth rate is not influenced by material

properties. However, he noted that the fatigue crack initiation can be strongly

influenced by material properties. Therefore, the adoption of a high-strength steel for

extending fatigue life is not a practical solution. He concluded that if reasonable

assumptions for input parameters i.e a¡, a¡ and C, m in Paris's equation are made, the

satisfactory results for fatigue assessment of welded joints can be achieved using

fracture mechanics based calculations. Furthermore, this ,would allow for the

conclusion of more detailed information about the weld geometry parameters.
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o

2.8 Conclusions from the Literature Review

The following conclusions can be drawn from the above literature review:

Considerable research has been conducted on various individual parameters of

fatigue of welded joints. However, none has considered the combined effect of

these parameters on the fatigue of butt welded joints in structural steels.

It has been found that the fatigue strength of a welded joint decreases as the plate

thickness increases because the effect of plate thickness is greatly affected by the

stress concentration factors. The effect of weld geometry parameters i.e weld toe

radius, flank angle and plate-edge preparation angle (Fig.2.1) have been ignored

during the experimental investigations on the effect of plate thickness.

The weld toe radius significantly affects the fatigue strength of a welded joint. The

fatigue strength of a welded joint increases as the weld toe radius increases.

Small cracks in the early stages of fatigue crack propagation grow rapidly in the

high stress concentration field at the weld toes. The propagation phase of the short

cracks of the order of 0.05 mm to 1.0 mm may account for 30 to 90 Vo of the

fatigue life. If a crack has propagated beyond 1.0 mm, its.propagation rate is not

affected by the stress concentrations at the weld toes.

Tensile residual stresses in welded joints are detrimental but compressive residual

stresses are beneficial for the fatigue behaviour of the welded joints. The influence

of low magnitude residual stresses is less significant than that of the notches at the

weld toes.

The TIG (GTAW) dressing, TIG welding (GTAW), pulsed arc TIG welding

(pulsed GTAV/) subsequently followed by shot peening are considered to be

a

o

a

a

o
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effective measures for improving the fatigue strength of butt welded joints. GTAW

techniques produce a flat weld seam profile while shot peening produces beneficial

compressive residual stresses.

o Fatigue behaviour of welded joints in structural steels is not affected by the yield

stress of the parent material or the type of electrode. Hence, the fatigue strength of

a welded joint is acceptable for the joints in structural steels with the yield strength

in the range of 232 MPa to 850 MPa.

o In air, the cyclic loading frequency has an insignificant effect on the fatigue crack

growth rate in mild steel. The specimen width and the type of the testing machine

has an insignificant effect on the fatigue strength of butt welded joints.

o The fatigue strength of welded joints are affected by the welding method probably

due to the variations in the resultant weld geometry.

o The microstructures of the weld metal and the HAZ have little effect on fatigue of

welded joints. The major reason for the decrease in the fatigue strength of welded

joints is the presence of severe stress raisers induced by joint geometries or weld

defects.

o Welding processes have little effect on the crack propagation of welded joints.

Crack propagation rates in the weld metal for mild steels do not differ significantly

from those in the base metal. The crack propagation rates in weld metal produced

by GTAW or basic electrodes is comparable with that of theHAZ.

o Due to the existence of crack-like defects at the weld toes, the fatigue crack

initiation phase becomes less significant and the majority of the fatigue life of the

welded components is associated with crack propagation. The fatigue life of these

welded components and structures can be satisfactorily predicted by using a

suitable crack propagation law.
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Fracture mechanics approaches can be effectively used to assess the fatigue life ofa

a

a

welded joints. A sharp undercut at weld toes with a length greater than 1 mm

should be considered as a planar flaw.

Using the local stress range instead of nominal stress range for plotting the S-N

curve failed to reduce the scatter of the fatigue test results.

Weld imperfections i.e undercut at the weld toes, axial misalignment or angular

distortions are detrimental to the fatigue strength of welded joints. However, if

bending is the only type of loading, the misalignments have no effect on the fatigue

strength of the joints.

There is no consistent influence of the stress ratio except for as-welded joints

under zero-compression loading (R = --). Test results for stress-relieved joints

also showed no consistent influence of positive stress ratio (b0). However,

results for R = -1 were generally higher than those for cyclic tensile loading

o The crack growth law depends on the cyclic stress ratio (R) and on the residual

stresses induced in the test specimens, particularly at the crack tips. It is possible

to obtain a single crack growth curve for various stress ratios and residual stress

conditions by using the concept of crack opening and closure.

The following Chapter analyses the theoretical bases for the concepts used in the

modelling of fatigue behaviour of butt-joints subjected to various parameters.

Throughout this analysis due regard has been given to the important conclusions

drawn from this literature survey.
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Chapter 3

THEORETICAL ANALYSIS

In this Chapter, the Linear Elastic Fracture Mechanics and Dimensional Analysis

concepts are reviewed and used for modelling of the fatigue behaviour of butt-welded

joints. Numerical procedures to obtain fatigue life and strength of a butt welded joint

subjected to various important parameters are discussed.

3.1 Concepts of Linear Elastic Fracture Mechanics (LEFM)

3.1.1 Introduction

The development of fracture mechanics in the past few decades has provided

convenient methods for the analysis of fatigue crack growth. Linear elastic fracture

mechanics is a powerful tool for the assessment of flaws and cracks found in service

and for the investigations of the fatigue of welded joints and structures containing

inherent crack-like flaws at the weld toes or roots (Gurney, 1979; Maddox, 1991).

In fracture mechanics, the growth of fatigue cracks may be due to three physical

modes of loading. Mode-I is the opening mode in which a crack failure is caused by

the pure tensile loading stress and the direction of crack growth is perpendicular to
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the applied stress. Mode-II is the shearing or sliding mode in which the crack

advances in the direction parallel to the shear stress. Mode-III is the tearing or anti-

plane mode. In the present study, only Mode-I is considered for the theoretical

analysis and modelling as it is the dominant failure mode in most service conditions

(Broek, 1986). The three basic Modes of fatigue cracks are illustrated in Fig. 3.1

MIDT I M[Dt II ]'IIDT III

Figure 3.1 Basic Modes of cracks defined in fracture mechanics (Broeck, 1986)

The rate of crack growth under cyclic loading can be expressed in terms of the range

of stress intensity factor (ÂK) through Paris's power law (Paris and Erdogan, 1963),

as wrinen in Eq. (2.9). If the range of the stress intensity factor (ÀK) of a cracked

body is known, fatigue crack propagation life Nn can be calculated by integrating

Eq. (2.9) between the initial crack length (a¡) and the final crack length at failure (a¡)

as follows:

al
Np= I ¿otc(LK)^

at

The stress intensity factor in mode-I loading has the following form:

(3.1)
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K = Y.S.{(æa) (3.2)

where S - remotely applied nominal stress

Y - dimensionless geometry-configuration factor which is a

function of crack size, specimen geometry and loading condition

i.e Y = f(a/W, loading mode); W - the width of the cracked body

The stress intensity factor for welded joints in Mode-I can be expressed as follows

(Maddox, 1991):

K = Mr. Yo. S. { (na) (3.3)

where Yo - stress intensity geometry-configuration factor for

a finite cracked flat plate or flush-ground welds

M¡. - stress intensity magnification factor induced by weld

profile geometries (Mr = Y lY.) and also dependent of

crack lengths (M', = f (a)).

Several numerical methods are available for the calculation of'elastic stress intensity

factor at the crack tip in a finite plate with a particular crack geometry and subjected

to certain loading conditions (Parker, 1981). Various solutions for the stress intensity

factor can be found in the literature or in handbooks (Sih, 1973; Tada et al. 1973)

However, these solutions are limited to certain crack geometries (size & shape), type

of specimens and loading conditions.

Fatigue Modelling of Butt Welded Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Chnpter 3. TIIEORETICAL ANALYSß 63

Using Eq. (3.a) the stress intensity factor for a cracked welded plate can be evaluated

if the solution for Mr is known. Some 2D-solutions for cracks at the weld toes of

fillet and butt welds are available (Gurney and Johnston, 1979; Smith and Hurworth,

1984). These solutions were obtained by modelling welded joints of various weld

profiles with edge-cracks at the weld toes. Recommendations were made in the

proposal for revision of BSI PD 6493 (Maddox, 1988) for the use of the 2D-M¡ in the

assessment of fatigue of welded joints. However, in practice, weld toe flaws and

fatigue cracks usually adopt a semi-elliptical shape (Maddox, 1991; Pang 1993) i.e

using 2D-Mr in fatigue-fracture mechanics calculations and leads to conservative

predictions. Therefore, this method is recognised as an interim approach when three

dimensional (3D) solutions for Mr for actual semi-elliptical surface cracks at the weld

toes become available (Pang, 1993)

Most of the available solutions for the stress intensity factors of cracked plates either

are empirical or approximate solutions. They are not suitable for the advanced

modelling of the fatigue of welded joints subjected to a number of parameters e.g weld

joint geometries, residual stresses and loading conditions. Therefore, in the present

work, an approach for the calculation of the stress intensity factor for a semi-elliptical

weld toe surface crack which takes into account the weld geometry, residual stresses

and loading conditions was developed using the weight function technique and the

superposition principle. More specific details about the weight function technique are

discussed in the next section.
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3.1.2 Calculation of the stress intensity factor for semi-elliptical surface cracks in

butt welded joints

The behaviour of fatigue cracks at the weld toes can be satisfactory simulated by a

semi-elliptical crack model, and this crack model has been adopted in the present

study. Figure 3.2 describes the geometry of a weld toe semi-elliptical surface crack

initiated at the centre of a butt welded plate under constant amplitude axial loading

(where "c" and "a" are half of the major and minor axes of the ellipse respectively, "x"

and "y" are the through-thickness and along the plate width directions, "b" and "h"

are half the width and length of the welded plate, "r' " is the tip radius at the

undercut, "t" is the plate thickness, "r" is the weld toe radius , "0" is the flank angle,

"0o" is parametric angle of the ellipse, "0" is the edge preparation angle and "S" is the

nominal axial loading).

B
b, a

ænD

SS

r

a r'

S S

Figure 3.2 A semi-elliptical weld toe surface crack model in a butt welded joint
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A new method for calculation of the stress intensity factor for a semi-elliptical surface

crack in butt joints was developed in this study and is described here. However, before

deriving this new method, the weight function technique used for the calculation of

the stress intensity factor for edge and central through-thickness cracks in butt-joints

is described

(a) WeíSht function techníque for calculation of stress intensity factor

Bueckner (1970) demonstrated that a particular function, termed the "Bueckner

weight function", is a property of a given crack geometry and is independent of the

loading condition. This weight function may be used in the derivation of the stress

intensity factor solution provided that the details of the crack line loading are

available. The stress intensity factor solutions can be obtained using the following

general expression (Parker, 198 l):

Kt=lpþ).m(a,x)dx (3.4)
a

where p(x) - the stress distribution along x-axis in an uncracked body

m(a,x) - the weight function

a - the crack length

Using this technique the solutions for stress intensity factors under arbitrary loading

condition can be found provided p(x) and m(a,x) are known. An illustration of the

weight function technique used for calculation of an edge crack in a butt joint is

shown in Fig. 3.3. Various crack models in a finite plate and butt joints are shown in

Fig. 3.4.
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Figure 3.3 The weight function technique used for the calculation of stress intensity

factor for an edge crack in a butt welded joint.

In the present study, Bueckner's weight function for an edge crack in a finite plate

(Bueckner, 1970) and Kanazawa's weight function for a central through-thickness

crack (Kanazawa et al, 1961) were used to obtain the solutions for stress intensity

factor subject to the corresponding crack geometry as:

r¿=zllXx).n{a,x).ù

K, + <e>
I

K cen = z. f" Sf yl. G( c, y). dy

(3.5)

(3.6)

where K.¿

K".o

- the stress intensity factor for an edge crack (Fig. 3.a)

- the stress intensity factor for a central through- thickness

crack (Fig. 3.a)

- crack length for the edge crack (Fig. 3.4).
^

P(x)

<1>

x

P(><)

<a>

q

x
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c - half crack length for the central through-thickness crack

(Fie. 3.4).

S(x), S(y) - the local stress distributions along potential crack

directions (x) and (y) (Fig. 3.a).

m(a,x), G(c,y) - Bueckner's and Kanazawa's weight functions

(Appendix B)

S

.r*
2h 2h

T
t

S

t

SS
(i) (ii )

(o) tdge cnock model

S

SS

SS(t) (ii )

(b) Centrol through-thickness cr^ock nodel
S

?c
q

lÐ
c

t

S(t)
(c) Semi-ettipt¡cot surfoce crock model

Figure 3.4 Various crack models for a butt welded joint (i) and a finite flat plate (ii)

As S(x) and S(y) are the local stress distributions along potential crack line directions

(x) and (y) (Fig. 3.4), each of them should be a resultant stress of the (i) residual
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stresses and (ii) the local stresses that are induced by the weld geometry and external

loading condition in the corresponding direction. Consequently, based on the

superposition principle the following relationships which accounted for weld

geometries, residual stresses and combined loading conditions (axial and bending)

were derived for butt joints as:

S*(x) = S*,"(x) + S*,¡(x) + S*,,(x) (3.7)

S*(y) = S*,"(y) + S*,0(y) + S*,,(y) (3.8)

where S*(x), S*(y) - the range of the local stress along the potential crack

line in directions (x) and (y), respectively

S*,"(x), S",o(x) - the stress components due to the axial load and the

bending load in the (x)-direction, respectively

S*,"(y), S*,'(y) - the stress components due to the axial load and the

bending load in the (y)-direcrion, respectively

S,u,,(x), S*,,(y) - the stress components due to residual stresses in the

(x) and (y)-directions, respectively

Since it is assumed that the butt weld profiles along the (y)-direction are unchanged,

the local stress distributions at the surface due to weld geometries and loading

conditions in this direction are also unchanged (Fig. 3.4). Hence, the following

relationships can be derived:

S*,"(y) = S*,"(x=Q) = const

S*,'(y) = S*,0(x=0) = const
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Consequently, the equations (3.8) and (3.9) can be rewritten in terms of the stress

concentration factors K,,"(x) and K,,¡(x) as follows:

S*(x) = Sn (K,,"(x) + K,,u(x). Ro. + S*,,(x) / Sn ) (3.e)

S*(y) = So (K,,"(0) + K,,o(O). Ro" + S",.(y) / S" ) (3.10)

(3.1 1)

where K,,.(x), K,,o(x) - the local stress concentration at a distance (x)

from the weld toe due to axial and bending loads

(K,,"(x) = S*,"(x) / S,r and K,,o(x) = S*,u(x) / Sr )

Sa - axial nominal stress range

SB - bending nominal stress range

- ratio between bending and axial nominal stress

ranges (Ro" = SB/ SA)

From the above, the stress intensity factors for a crack in a butt-joint as a function of

weld geometries, residual stresses and the combined loading conditions (axial and

bending) can be calculated using Eqs (3.5) to (3.10). Hence, Eqs (3.5) and (3.6) can

be rewritten in the following form:

Kia = 2. Ii S *(r).m(a, x). dx

Ro.

Klrn = 2.["" s *(y). G(c, y). dy

K*.¿ - stress intensity factor for an edge crack in a finite

welded plate (Fig. 3.4a)

(3.12)

where
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K*""o - stress intensity factor for a central through-thickness

crack in a finite welded plate (Fig. 3.4b)

(b) A new approach for calculation of stress intensity factor of a semi-ellíptical

surface crack in butt joints

It was shown in the previous section that Eqs (3.11) and (3.12) provide the solutions

for edge cracks and central through-thickness cracks which allow for residual stress,

weld geometries and loading conditions. However, the solution for a semi-elliptical

surface crack under similar condition can not be obtained using the same technique

since no weight function for semi-elliptical surface cracks is available. Therefore, a

new approach has been developed in this study to tackle this problem.

This new approach is based on the known solutions of stress intensity factors and

assumes that there is a "similarity effect" between the stress intensity values of a

notched and an un-notched bodies due to various crack shapes. Therefore, the ratios

of stress intensity values for notched and un-notched bodies are the same for surface

cracks, edge cracks or central through-thickness cracks (Fig. 3.a). This assumption

has been recognised by other researchers (Niu and Glinka 1989r Foth et. al. 1986).

If a welded joint is considered as a notched body due to the stress concentration being

raised by the weld profile geometry when the following equations can be derived:

K*r",n/K.",r = K*.¿/Ko = MA.,"r,

K*,",s/Kr",s = K*""o/K.o= MB.,"r,

(3. r3)

(3.14)
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where K*.",r - stress intensity factor at point A for a semi-elliptical

surface crack in a welded plate (Fig. 3.4c)

K*,",s - stress intensity factor at the surface front (point B) for a semi-

elliptical surface crack in welded plate (Fig. 3.4c)

K,",r - stress intensity factor at point A for a semi-elliptical

surface crack in a flat plate (Fig. 3.4c)

K.",n - stress intensity factor at the surface front (point B) for a semi-

elliptical surface crack in a flat plate (Fig. 3.4c)

MA.,.r, - the effective stress intensity magnification factor induced by

weld geometry, residual stress and loading conditions in the

through-thickness (x -direction) at the deepest point A.

Mt.",, - the effective stress intensity magnification factor induced by

weld geometry, residual stress and loading conditions in the

plate width (y-direction) at the surface crack front point B.

From Eqs. (3.14) and (3.15) the stress intensity factors for a semi-elliptical weld toe

surface crack (Fig. 3.4c) at the deepest point of the crack front (point A), and at the

intersection of the crack front with plate surface (point B) can be calculated if the

stress intensity solutions for a semi-elliptical surface crack in a finite flat plate and the

values of MA¡,"¡¡ and MBr."rr are known.

An empirical solution for the stress intensity factor of a semi-elliptical surface crack in

the centre of a finite plate (Figure 3.4c) in Mode-I loading is provided by Newman

and Raju (1981). This was derived from a systematic curve-fitting from their 3-D

hnite element results. The Newman-Raju's solution has been successfully applied by
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many investigators in fatigue crack growth studies and satisfactorily correlates the

predicted and experimental results for crack growth observed by Pang (1993).

Therefore, this solution was used in the present study to obtain the solutions for the

semi-elliptical surface cracks at the weld toes of butt-joints.

The Newman-Raju's solution for the stress intensity factor of a semi-elliptical surface

crack at the centre of a finite plate as described in Fig. 3.4c, in Mode-I loading can be

expressed as:

K". = S. {( na./Q""" ). F( a/t, alc, clb, þ") (3.15)

where K", - stress intensity factor of a surface crack in a finite plate

Q*"" - shape factor for an elliptical surface crack

(Q*""= I + 1.464 (ulc)t'ut for alc < 1.0 )

F - stress intensity boundary correction factor

alt - ratio of crack depth to plate thickness

alc - aspect ratio of an elliptical surface crack

clb - ratio of crack length at the surface to plate width

0. - parametric angle of the ellipse

Using Eqs (3.5) to (3.15) the solution for the stress intensity factors for the semi-

elliptical surface cracks at the weld toes of welded joints at the deepest point of crack

front (point A) and at the intersection of the crack front with the plate surface (point

B) (Fig. 3.2) taken into account of the effect of weld geometry, residual stresses and

the combined loading conditions can be obtained.
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3.1.3 Application of LEFM for modelling of the fatigue behaviour of butt joints

In the present study, a semi-elliptical surface crack with an aspect ratio of alc = 0.2

(Fig. 3.2) is assumed to be located at the weld toe as a result of weld toe undercut of

the order of 0.15 mm (a¡ = 0.15 mm). This assumption was based on the results of

studies carried out by Harrison (1974) and Maddox (1991) on fatigue cracks in

welded ferritic steel joints. These cracks propagated from flaws which ranged in depth

from 0.05 to 0.5 mm, with an average of 0.15 mm. As a result, the fatigue life of the

welded joints was considered as number of cycles needed for the already initiated

semi-elliptical surface crack to propagate through the thickness of the welded plate.

Stress intensity factors due to residual stress distributions in welded joints under

particular conditions (i.e as-welded or post-weld treated conditions) can be calculated

using Bueckner's weight function technique. In the present study, various levels of the

residual stress field induced by different post-weld surface treatments such as single or

multiple hammer peening, glass or steel shot peening and stress peening and the as-

welded conditions were considered. These were based on the results of previous

studies on the effect of residual stress (Bellow, Wahab and Faulkner 1986, Maddox

1991 and others). The superposition principle was applied to calculate the effective

stress intensity factor as a result of both the applied stress intensity factor and the

residual stress intensity factor at a potential crack line as follows (Elber, 1974):

Kerf=K"nn+Kro,

K"rr - effective stress intensity factor

(3. l6)

where
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Kapp - applied stress intensity factor depending on the weld

geometries and loading conditions

K,"" - residual stress intensity factor

The effect of combined loadings induced by weld imperfections, such as misalignment

or angular distortion, was considered in the present study by adopting the

relationships for the induced stress concentrations as previously reported (i.e Eqs.

(2.4) to (2.7)). Consequently, Eq. (3.16) can be rewritten as follows:

Kcff=Kn+Ks*Kr", (3.17)

where Kr - stress intensity factor due to axial loading

- stress intensity factor due to bending

- residual stress intensity factor

weld geometry, residual stresses and combined loadings can be calculated as:

K¡

K,,,

Using Eqs. (3.3) and (3.17), the effective stress intensity factor resulting from the

= Yo,o . M n,rff. ^tA . Jr* (3.18)

where

K"lÍ

M r,"fi = (M r,o.+.M k,a.Røo + M x,, fl

Yo," - stress intensity geometry-configuration correction factor in

axial loading for a flat plate

and
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Yo,b - stress intensity geometry-configuration correction factor in

bending for a flat plate

Mk,"ff - effective stress intensity magnification factor induced by weld

profile geometry and residual stresses in combined loadings

Mk," - stress intensity magnification factor induced by the weld profile

geometry in axial loading

Mk,b - stress intensity magnification factor induced by the weld profile

geometry in bending

Mk,, - stress intensity magnification factor induced by the weld profile

geometry and residual stress

Sr - maximum residual stress at the weld toe surface

In the present work, the range of stress intensity in Paris' equation is replaced by the

range of effective stress intensity factor (^IÇ6) which includes the effect of all the

influencing parameters on fatigue crack growth rate i.e the rate of fatigue crack

growth can be described in Paris's equation as:

da / dNo = C. (ÂK"rr)' (3.1e)

If the solution for the stress intensity factor Km is known the fatigue life and fatigue

strength of the welded joint resulting from weld joint geometry, residual stresses and

combined loading conditions can be evaluated using Eq.(3.18) and (3.19). For the

semi-elliptical surface crack model, the rates of crack-growth at both crack front
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directions (x and y in Fig.3.2) were calculated assuming that Eq. (3.19) is valid

independently at points A and B at the crack front. It can be rewritten as:

da / dNo = Cr. (AKA.rr)-

dc / dNn = Cn. (ÂK8.,,)'

(3.20)

(3.2t)

where lrc - half length of the minor and major axes of a semi-

elliptical surface crack at the weld toe (Fig. 3.2)

Co, Cr - material constants in Paris's equation at points A and B

of the crack front (C¡ = 0.9' Cn as suggested by

Newman & Raju (1981)).
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Figure 3.5 Patterns of residual stress fields in butt welded joints
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In the present study, during the investigation of the effect of residual stresses, the

weld geometry of a butt welded joint is used and assumed that the geometry of the

joint is unchanged along the plate width (e.9., r = I mm, 0 = 30", t = 6.35 mm).

Residual stresses present in the as-welded condition and surface treated condition

along (x) and (y) directions were assumed to follow the patterns shown in Figure 3.5

(Gurney 1979, Wahab 1984, Maddox 1991, Lee & Feng 1992).

In the as-welded condition, the pattern of the through thickness residual tensile stress

is shown in Fig. 3.5a. The magnitude of the peak compressive residual stress S,"'"' is

assumed to be equivalent to the maximum tensile residual stress and is located at the

middle of the plate thickness. This assumption was based on the typical pattern of

experimental residual stress distributions in butt joints as reported by Maddox

(Maddox 1991) and Lee & Feng (Lee & Feng 1992).

It is well known that the tensile residual stresses in as-welded specimens result from

the different levels of heat input during welding process. Theoretically, these tensile

residual stresses in welded plates are dependent on the variation of the welding

parameters (U, I and v) and can be calculated using heat transfer equations and finite

element analysis. However, the calculation of these tensile residual stresses is beyond

the scope of the present study.

In the present work, various levels of tensile residual stresses were assumed to be as

reported in the literature (Maddox 1991; Lee & Feng 1992, and others). Several levels

of maximum tensile residual stresses in as-welded plate were considered in the range

from 0.1-1.0 times the yield stress.
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In the post-weld surface treated condition, various levels of compressive residual

stress (S,) in butt welded joints induced by post-weld surface treatments were

considered on the basis of the available experimental data (Wahab, 1984). The residual

stress distribution through the plate thickness after various post-weld surface

treatments was assumed to follow two linear paths. These paths range from the peak

compressive residual stresses at the treated surfaces to the peak tensile residual stress

at a certain depth, then from this point it falls back to the compressive stress region

corresponded to the other untreated surface (Fig. 3.5b). The magnitude of the peak

tensile residual stress is half of that of the peak compressive residual stress. This

conservative assumption was based on the distributions of the induced compressive

residual stresses through the plate thickness reported in several experimental studies

(Kim and Diesburg 1982, Nelson L982, Wahab 1984). Using the above assumption,

the peak of the self-balanced compressive residual stress at the opposite side of the

treated surface can be evaluated as:

S'," = S, .(t-3.d",,) I (2.t'3.d",,) (3.22)

where S,"* - the peak of the self-balanced comþressive residual stress

at the opposite side of the treated surface (Fig. 3.5)

derr - effective depth of the surface treatment due to

compressive residual stress field (Fig. 3.5)

t - plate thickness of the welded joint

The equations describing the residual stress distribution in as-welded and post-weld

surface treated condition assumed in the present study are given in Appendix B.
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With the above assumptions the stress intensity magnification factors MA¡,"¡¡ and

Mtn,"r, due to the combined effect of weld geometry, residual stresses and loading

conditions were obtained from which the values of ÂKAo¡¡ and AKB"r¡ were calculated.

By integrating Eqs. (3.21) and (3.22) simultaneously the fatigue life and fatigue

strength of as-welded and surface treated butt joint, subjected to various levels of

residual stress were evaluated. The material constant used in Paris' equation were

assumed to be m=3 and Cn = 3x10-13 mm/cycle as recommended in BSI PD 6493

(1991) and the IIW design code (1992) for a wide range of structural steels. The

failure criteria was chosen as the instant when the range of the effective stress

intensity factor exceeded the fracture toughness of the material (ÂK"u > K,"), or the

depth of the semi-elliptical surface crack in the through thickness direction reached

half the plate thickness (a¡ = 0.5r ) (whichevet occurred first). A computer program

was written to facilitate the numerical procedures discussed above and the Simpson's

rule was used for the calculation of the integrals in Eqs. (3.21) and (3.22) as given in

Appendix C.

As there are many parameters involved in modelling of the fatigue behaviour of butt

welded joints, suitable analytical techniques are required to confine the number of

variables in order to obtain the appropriate predictive model. The proven concept of

dimensional analysis is used for this purpose. To the best of the author's knowledge,

this is the first time that the concepts of dimensional analysis have been used to model

the fatigue behaviour of welded joints and structures.
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3.2 Concept of the Dimensional Analysis Technique

Dimensional analysis has been widely used as an effective and powerful tool for the

analysis of physical problems involving large numbers of variables. Although its

application can be found in other engineering disciplines there is no established

application of dimensional analysis in welding engineering. In the present study,

dimensional analysis has been successfully used to model the fatigue behaviour of butt

welded joints due to the combined effect of a large number of variables. A review of

the basic concept of dimensional analysis follows.

3.2.1 Basic theoretical concept of dimensional analysis

According to the Buckingham Pi-Theorem (Langhaar, 1967) any physical system can

be expressed by a dimensionally homogeneous equation of the following form:

TE d = k.nf '.nf '...Tcf ' (3.23)

where 'na,'nL , T12,...., ÍEa - the terms for a complete set of

dimensionless products

- dependent dimensionless product

ftt , Tt2,..., ffo - independent dimensionless products

- proportional constant

kr , kz , ..., ko - constants depending on the values

of the respective dimensionless terms.

lla

k
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The method used for determining the component equations (Langhaar, 1967) in

Eq. (3.23) is described below.

Data obtained from a set of treatments in which only one fi-term is varied, sâ! ?r¡,

while all other fi-terms are held constant can be used to find a component equation of

the following form:

n d = A ¡.ß Èt (3.24)

where ki - constants corresponding to various rr¡-terms

Ai - new proportional constants resulting from the treatments

mentioned above

Equation (3.23) can be rewritten in the following form using the transformation

equations:

n¿ = kflnt).fln2)...flnn) (3.2s)

where f(ni) (for l= 1,2,..,n) - the transformation functions

Consequently, Eq. (3.24) can be rewritten as:

T.d= A¡.Í(n¡) (3.26)

From Eq. (3.26) the transformation function f(r¡) can be found by plotting the values

of n¿ vs n¡ for each set of data. The explicit form of this transformation function can

be obtained by using a standard curve fitting procedure. If the dimensionless product
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r¡ depends on other dimensionless products e.g. on E¡ âDd ßr, then, in this case, it is

impossible to hold the products æ¡ and n¡ constant while varying Íi and Eq. (3.25)

becomes:

æ¿= ,ql .flnfl.flnù.fln¡) (3.27)

where A¡ - new proportional constant

If f(æ¡) and f(æ¡) are known, the transformation function f(ær) can then be determined

by plotting values of [n¿ I f(rc¡)lf(æx)] vs ¡ri. This means that dimensionless products n¡

and æ¡ can be determined before n¡. Subsequently, all the transformation functions

corresponding to Eq. (3.25) can be determined by using the concept of component

equations. Finally, the proportional coefficient (k) can be obtained by the least-

squares method for all the sets of the data fitted to Eq. (3.25).

In the following section, a dimensional analysis for the prediction of fatigue strength

and fatigue life of butt welded joints was carried out and the details of this analysis

are discussed below

3.2.2 Dimensional analysis applied in the modelling of the fatigue behaviour of

butt-welded joints

AIl the relevant parameters which may significantly influence the fatigue behaviour of

butt welded joints must be defined in order to hnd a complete set of dimensionless

products. In this study, the fatigue strength of butt welded joints "S" is considered as
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a dependent variable subject to the notch effect resulted from weld joint geometry,

residual stress and loading conditions. The fatigue strength of flush-ground butt joints

"So" is considered as an initial condition for the fatigue strength of butt joints and free

of any possible notch effect. The value of "So" is assumed to be equivalent to the

fatigue strength of the base metal subject to the same residual stress state and loading

conditions (Maddox, 1991).

The independent variables are divided into four main groups: (a) weld geometry

parameters, (b) welding parameters, (c) residual stresses and (d) cyclic loadings. In

the present study, a single-V butt welded joint was chosen for the fatigue modelling as

its shape is also representative of the double-V and K-butt joints. Also it is used in a

wide range of industrial applications e.g pipe lines, pressure vessels and ship

construction. The independent parameters are defined as follows:

(a) WeId geometry parameters

These include the thickness of the welded plate (t), length of the weld (2b), weld bead

height or height of weld reinforcement (h), weld bead width (w), undercut tip radius

at the weld toe or the depth of undercut (r'), weld toe radius''(r), flank angle (0) and

the joint edge preparation angle (Q) (Fie.2.l)

(b) Welding parameters

As stated in Chapter 2 only some of the welding parameters strongly influence the

fatigue strength of butt welded joints in structural steels. The static strength of the

parent material and the type of electrode used in metal arc welding have little effect

on the high-cycle fatigue strength (Gurney 1979; Ohta 1986). Among the welding
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parameters: current (I), voltage (U) and welding travel speed (v) are the most

important parameters that influence the mechanical and microstructural properties of

welded joints. These parameters determine the heat input during welding process (e.g.

heat input per unit of length for a single pass welded jo.int: Q = U. I / v) and as a

result, influence the level of induced residual stresses. The effect of welding

parameters (U, I and v) on the fatigue strength of butt welded joints can be

represented by a single parameter Q - the heat input.

(c) Post-weld resídual stresses at the weld toe

Many studies dealing with the effect of residual stress in welded structures have

shown that the fatigue strength of welded structures can be improved by reducing the

effect of tensile residual stress in as-welded components by post-weld heat treatments

(Haibach 1978, Berge & Eide 1982, Lieurade 1993) or mechanical surface treatments

which induce compressive residual stresses at the surface (Masumoto et al 1984;

Bellow, Wahab & Faulkner 1984; Thieuleux 1994). However, in practice the majority

of welded steel structures are not suitable for heat treatment and are usually put into

service in the as-welded condition. In some cases, mechanical surface treatments are

used to improve the fatigue performance of welded joints.

In the present study, the effect of residual stresses was investigated in terms of the

magnitude of residual stress at the weld toe surface (S,). The value of (S,) may

represent either the as-welded tensile residual stress or the induced compressive

residual stresses. In the surface treated condition, (S,) is considered to be an

independent variable regardless of the level of heat input "Q". However, in the
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as-welded condition, (S,) is reported to be dependent on heat input (Matsuoka et al

1e93).

(d) Cyclic loading parameters

Early studies (Gurney 1979, Maddox 1991) showed that cyclic loading parameters

such as mean stress (S"') and stress ratio (R) significantly influence the fatigue test

results. However, loading frequency and type of fatigue testing machines has an

insignificant effect (Schmidt & Paris 1973, Nihei et al, 1982). As mean stress and the

stress ratio are interrelated (S. = 0.5S(1+R)/(1-R) ) only one of them (R) is

considered as an independent variable in the present work.

The ratio of nominal bending loads to nominal axial load (R6"), which represents the

combined loading condition (axial and bending) due to misalignment and distortion, is

considered to be important and is chosen to be an independent variable. The fatigue

strength of a welded joint depends on the number of loading cycles (N), therefore, this

parameter is also included in the modelling as an independent variable.

A list of all the relevant variables for the dimensional analysis used in the prediction of

the fatigue strength of a butt welded joint is given in Table 3.1. A set of 14

dimensionless products are found from all of these variables and these are shown in

Table 3.2.

According to the Buckingham Pi-theorem, dimensionless products can be arranged in

the following form:
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S/S" - f (r'lt, r/t,0, Q, t/b, h-/w, w/t, S,/Sy, Sy/So, Q/(Sy.t2), R, Ru., N) (3.28)

Two ratios (w/t) and (h/w) are related to the edge preparation angle (S) and the flank

angle (0) ((i.e wlt = 2 tan (Q/2) and h/w = 0.5tan (el2), (Lawrence L973)), hence they

can be omitted from Eq. (3.28)

The term (Sy/S") representing the effect of yield stress of the base metal may also be

omitted from Eq. (3.28) due to its insignificant effect on the high-cycle fatigue life

(Gurney I979, Ohta 1986). Therefore, only eleven æ-terms need to be considered in

the present model and Eq. (3.28) becomes

s/s" - f (r'lt,rlt,0, Q, t/b, s,/sy, Q/(sy.t2), R, R5", N) (3.2e)

It is well established for the fatigue S-N curves (BSI PD 6493, 1991) that the slope of

the S-N curves is related to the material constant "m" in Paris' equation (Maddox,

1991) such that:

Sm.N=A (3.30)

where A&m - areproportionalconstants
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Table 3.1 List of Variables used for Dimensional Analysis in terms of Fatigue

Behaviour of Butt Welded Joints (* where M = rlâss, L = length, T = time)

No Variables Symbol Dimension*

1

2

3

Dependent:

Fatigue strength of butt welded joints

Proportional constant "m" (Eq. 3.30)

Proportional constant "4" (Eq. 3.30)

S

m

A

ML-lT'1

1

2

3

4

5

6

7

8

9

10

11

T2

l3

t4

l5

Independent:

Tip radius at the weld toe undercut

Weld toe radius

Length of the welded joint

TVeld reinforcement height

Weld bead width

Thickness of welded plates

Flank angle

Edge preparation angle

Fatigue strength of the base metal

Yield stress of the base metal

Heat input per unit length of weld per weld pass

Residual stress at the weld toe surface

Cyclic stress ratio

Fatigue life or number of loading cycles

Ratio between applied bending and axial stresses

rt

r

2b

h

w

t

e

0

'So

sy

a

S,

R

N

Ro"

L

L

L

L

L

L

ML'I T'I

ML'' T'I

MLT-2

ML-r T-r
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Table 3.2 Set of Dimensionless Products describing various Parameters used for

Modelling the Fatigue Behaviour of Butt Welded Joints

No ¡r-terms Description

1

2

3

Dependent :

'ÍE¿t=S/S.

Tl¿2=m/mo

7[¿3=A/4.

Normalised fatigue strength of butt welded joint

Normalised "m" constant (Eq. 3.30)

Normalised '(4" constant (Eq. 3.30)

1

,,

3

4

5

6

7

8

9

10

11

12

l3

Independent:

'ÍEt=Í'lt

ßz=r lt

7I¡=0

Í¿=Q

Tts=tlb

?Ie=h/w

rh =w lt

ßs=Sy/So

æs=S,/Sy

TEto=Q/1Sr.t2¡

Ílt=R

7It2 = Rr"

?tt¡ = N

Ratio of undercut tip radius to plate thickness

Ratio of weld toe radius to plate thickness

Flank angle of welded joint geometry

Edge preparation angle for single-V butt weld

Ratio of plate thickness to half the weld length

Ratio of weld reinforcement height to bead width

Aspect ratio of butt weld cross section

Normalised yield stress of the base metal

Normalised residual stress at the weld toe surface

Normalised heat input level used during welding

Cyclic stress ratio

Ratio between applied nominal bending and axial

stresses

Number of loading cycles
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From Eqs. (3.29) and (3.30) it can be seen that "m" and "4" are the functions of the

weld geometry, residual stresses, heat input and loading conditions. Therefore, the

functions for "A" and "m" can be expressed in the following form:

m/ mo = fm (r'lr,rlt,0, Q, t/b, S,/Sy, R¡", R, Q/(Sy.t2) )

A / Ao = fn (r 'lÍ, Ílt,0, Q, t/b, S,/Sr, Ru", R, Q/(Sy.t2) )

(3.31)

(3.32)

where ffio = 3 and Ao = f (t/b) are the values of "m" and "4" in

Eq. (3.30) for residual stress-free flush-ground butt joints

under axial loading

Using dimensional analysis and transformation functions as described in section 3.2.I,

Eqs. (3.31) and (3.32) can be rewritten as follows:

rn/mo= k^.f*(r'lr).f.(r/t).f*(e).fm(0).fm(t/b).fm(sr/sy).fmßb").fm(R).fm(Q/(sy.t2))

(3.33)

#Ao- ka.fa (r'lr).f¡ (r/t).fn (0).fn (Q).fe (t/b).fA(Sr/Sr).fa(R,").fAß).fA(Q/(Sy.t2))

(3.34)

Once Eqs. (3.33) and (3.34) have been determined, the fatigue behaviour of butt joints

subject to combined effect of all the important parameters can be evaluated by

substituting values of "m" and "4" into Eq. (3.30).
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3.2.3 Description of the dimensionless products obtained for fatigue modelling of

butt-welded joints

A brief discussion on the individual dimensionless products and the methodology to

obtain various transformation equations corresponding to Eqs. (3.29), (3.33) and

(3.34) is described as follows:

(a) Dependent dímensionless products

The fìrst dependent æd-terms (æor = S/S.) represents the normalised fatiguea

a

a

how various parameters affect the slope of the S-N curve.

(b) Independent dim.ensíonless products

The first independent fi-term (ær = r' I t) represents the effect of the undercut at

strength of butt welded joints. This term is the inverse of the fatigue notch factor

or fatigue strength reduction factor (Kr = S. /S). This means that any model which

is developed for S/S" can be used to predict the fatigue notch factor of butt welded

joints.

The second and the third dependent fi-terms (nz = m / mo and r¡ = A I A,) describe

the weld toes. This parameter is one of the most important geometrical parameters

and it is reported to have a significant role in determining the notch severity

(Jubb, 1981 and Petershagen, 1990). As the variation in (r') does not affect any

other E-terms, this ær-term can be investigated by plottinS ß¿ vs. ?t1 to find the

corresponding transformation function f(nr).
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The second independent ß-term (nz = r / t) represents the effect of weld toe radius.a

This determines the local stress concentrations at the weld toes and is the key

parameter influencing the fatigue behaviour of welded joints. The value of this

term can be changed either by varying the weld toe radius (r) or the plate thickness

(t). As the variation of (r/t) affects the [r-term, the corresponding transformation

function f(æz) is obtained by plotting n¿lf(n) vs. ß2

a The third independent tr-term (n¡ = 0) describes the effect of the shape of the weld

reinforcement (weld bead) on the fatigue behaviour. As the variation of the flank

angle (0) is independent of the other r-terms the transformation function f(æz) is

obtained by plotting the values of æ¿ vs. æ¡

a The fourth independent æ-term (no = 0) represents the effect of the edge

preparatioir angle in a single-V butt joint on its fatigue behaviour. The variation of

this angle results in the variation of other weld geometry parameters such as weld

toe radius (r) and flank angle (0). Therefore, the transformation function f(æa) is

found by plotting the values of [r¿ I f(nù I f(n.ù] vS. 7r¿. However, this parameter

(Q) was omitted in the later stages of the present modelling because its effect on

the fatigue of butt joints was shown to be insignificant.

The fifth independent Í-term (æs = t I b ) describes the effect on the fatigue

behaviour of the plate thickness (t) for constant weld length or the effect of weld

length (2b) for constant plate thickness. The corresponding transformation

a
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function f(æs) is obtained by plotting [r¿ I f(r) I f(ßù] vs. 7ts since ær and rz

terms are dependent on the thickness term (t/b).

a The sixth independent r-term (æo = h / w) also represents the effect of weld

reinforcement shape. This Í-term is related to the flank angle (0) (Lawrence,

1973) and hence it was not taken into account in the present model.

The seventh independent æ-term (æz = w I t) represents the aspect ratio of the butta

o

o

joint cross section but was also omitted in the present model as it is similar to that

of the edge preparation angle (0) (Lawrence 1973).

The eighth independent Í-term (æs = Sy / S.) represents the effect of the yield

stress of the base metal. However, this term is also omitted in this model as it was

reported to have an insignificant effect (Maddox, 1991; and other)

The ninth independent [-term (ns = S' / S.) represents the effect of residual stress.

The value of S, in as-welded condition is closely related to the heat input level Q.

However, when post-weld thermal or mechanical surface treatments are applied, S,

becomes independent of the heat input Q. Some of the weld joint geometry

parameters (e.g.r', r and 0) are also affected by the post-weld mechanical

treatments. Therefore, the corresponding transformation function f(rz) is found by

plorting the values of [n¿ / (f(rr) I f(nù. f(æ¡)] vs. ße.
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The tenth independent æ-terrn (æ,0 = Q / (Sy.t2)) represents the effect of welding

process parameters. If the welded joints are fabricated from plates of the same

thicknesses using a structural steel (Sy = constant), then the ttro-term depends only

on the heat input Q. The value of Q can then be varied by varying one of the

welding parameters (U, I or v). However, the variation in the heat input Q also

affects the other weld geometry parameters such as undercut tip radius (r'), weld

toe radius (r), flank angle (0) and the levels of the as-welded residual stresses at

the weld toe (S,). Therefore, the transformation function f(æro) can be found

experimentally by plotting the values of [n¿ / (f(ær).f(t2).f(tt3).f(trs). f(Íe))] vs. ?tro

As the level of the as-welded residual stresses at the weld toe (S,) depends on the heat

input levels Q, either the æp-term or the î16-term may be omitted from Eqs. (3.29),

(3.33) and (3.34). In the present study, fie-term was selected as the preferred variable

for the numerical modelling and nro-term was omitted.

a The eleventh independent î-term (7rrr = R) represents the effect of the cyclic stress

ratio. The cyclic stress ratio (n11-term) is independent of the other previously

mentioned fi-terms. Therefore, the transformation function f(rrr) is obtained by

plotting values of n¿ vs. the variation of the æ11-term.

The twelfth independent [-term (¡rrz = Ro") represents the effect of the combined

loading conditions. This term, to some extent, also represents the effect of the

induced bending stresses resulting from misalignment and angular distortions in

actual welded joints. As it does not depend on the other previously mentioned æ-

a
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terms, then the corresponding transformation function f(rrz) is obtained by

plotting values of n¿ vs. Írz-term.

V/ith the above consideration, the equations (3.33) and (3.34) can be rewritten as:

rn / mo= k^. frn (r '/r). for(r/t). for(0). fm(t/b). fo'(Sr/Sy). f¡¡(Ro"). f",(R) (3.35)

A / Ao- k¡,. fn (r '/r). fa (r/t). f¡, (e). fA (t/b). fA(Sr/Sy). f4(Ro"). fnß) (3.36)

Based on Eqs. (3.35) and (3.36) and the dimensional analysis carried out in the

previous sections numerical concepts for the present model of the fatigue behaviour of

butt welded joint are developed and described in detail in the following section.

3.3 Numerical Modelling Concepts

3.3.1 Methods to obtain various groups of transformation functions

In the present study, an attempt has been made to reduce the number of experiments

to minimise expense and time without loosing sight of the main objectives. In Eqs.

(3.35) and (3.36), the first five transformation functions represent the effect of weld

geometry on the fatigue strength of welded joints. These functions can be obtained by

numerical methods if it is assumed that the residual stresses are either zero or remain

unchanged, and the combined loading ratio (R6") and the cyclic stress ratio (R) are

kept constant.
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In practice, residual stresses in machined and small sized welded test specimens are

negligible as a result of stress relieving resulted from machining. If cyclic stress ratio

(R) is held constant during the fatigue tests (e.g R = 0), only the effect of weld

geometry parameters are significant. The corresponding equations for the prediction

of the fatigue behaviour can be rewritten in the following form:

rr / mo= k*6. f-(r'lt). fm(r/t). f-(e). fm(t/b) (3.37)

A / Ao- knc. fn (r '/t). f4 (r/t). fn (0). fA (t/b) (3.38)

where ko'c, knc - proportional constants representing the effects of

weld joint geometry

A procedure to calculate the fatigue strength (S) and fatigue life (N) of a butt welded

joint due to the variations of weld geometry were developed using LEFM and Finite

Element methods. From these values of (S) and (N) using Eq. (3.30) the

corresponding values of "m" and "4" can be found. Once the value of "m" and "4"

are known the various transformation functions representing weld geometry

parameters in Eqs. (3.37) & (3.38) can be obtained.

Further, in the actual welded joints, fatigue cracks are usually initiated at the weld

toes, the region of high stress concentration, and propagate through the plate

thickness during the fatigue life of the joints (Gurney 1,979, Maddox 1991). It is

generally assumed in LEFM that a semi-elliptical surface crack is initiated at the

center of the welded plate along the weld toes (Fig. 3.2). The modified Paris' equation

Fatigue Modelling of Butt Welded Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Chapter 3. T'II E O RETI CAL AN ALY S ß 96

(Eq. 3.19) was used to evaluate the fatigue behaviour of butt joints due to variations

of all the weld geometty parameters concerned.

The second group of important parameters for modelling the fatigue behaviour related

to post-weld residual stresses and are represented by the transformation functions

f.(S,/Sy) & f¡(S,/Sy) in Eqs. (3.35) & (3.36). These functions can be obtained by

assuming that a residual stress field pattern corresponding to a surface treated or

as-welded condition is unchanged for a particular weld geometry. In the present study,

residual stress distributions were not experimentally measured but determined from

several available experimental studies (Wahab 1984, Maddox 1991, and other). Under

a certain loading condition and for a particular weld geometry, the influence of

residual stresses on the stress intensity factors is evaluated using the semi-elliptical

surface crack model as described above. The superposition principle is applied for

residual stress and local stress fields along the potential crack line. Subsequently, the

effect of residual stresses on the fatigue strength of the welded joints can be

evaluated-

A third group of parameters for the prediction of fatigue strength and fatigue life of

butt-welded joints considers the combined loading conditions represented by the

transformation functions f-(Ru") & fA(Rb") in Eqs. (3.35) & (3.36). The effect of (Ro")

can be evaluated if the level of residual stresses, weld geometry and the stress ratio (R

= 0) are held constant whilst varying the value of (R6").

The remaining transformation functions (f.(R), fi(R) ) in Eqs. (3.35) and (3.36)

related to the cyclic stress ratio can be found experimentally from fatigue test results
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or by using an appropriate crack growth law which incorporates the effect of stress

ratro

Using these procedures, the experimental and calculated fatigue data are then curve-

fitted using a curve-fitting software (TABLECURVE, v.3.03, 1991) to find the

corresponding transformations functions in equations (3.35) and (3.36). The

proportional coefficients (k, and k¡ ) are then found by the standard least squares

method. More details about the numerical methods used in the present model are

described in the following section.

3.3.2 Numerical methods

The numerical methods used to calculate the fatigue life of butt welded joints for

various levels of the stress range, under repeated tensile loading (R=0) and subject to

various weld geometries, residual stresses and combined loading conditions are

described as follows:

Step # 1. The stress distributions along the potential crack line of various uncracked

butt weld profiles under pure axial and pure bending loads are calculated using a finite

element package ANSYS 5.0 (Ansys User's Manual, L992). Several sets of weld

profiles were chosen on the basis of the dimensional analysis discussed previously.

These are shown in Table B.l (Appendix B). A typical finite element mesh used for

the finite element analysis was generated for each butt weld profile as shown in

Fig. 3.6.
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Step # 2. A curve-fitting technique was used to find the following representative

mathematical expression for the stress distributions along the potential crack line as:

S(x)/S -p(x)=(a1 *Ír¡.xrâ5. x2*&7.x3)/(1+ î2.xta4.x2 + a6.x3ras.x4) (3.39)

where p(x) - the local stress at a distance (x) from the weld toe surface

along the potential crack line where p(x) = K.,"(x) for pure

axial loading or p(x) = K,,o(x) for pure bending load.

S - the remote membrane stress where if P is the applied tensile

load and M is the applied bending moment then S = P I (2tb)

for pure axial loading or S = 3M / (bt2) for pure bending load.

âr - regression constants (for k = 1 to 8)

Step # 3. The range of the effective stress intensity factors corresponding to each

level of the stress range, crack geometry, residual stresses and loading conditions was

calculated using Eqs. (3.5) to (3.15) as described in section 3.1.2.

Step # 4. The fatigue life and the fatigue strength of butt joints was calculated using

the modified Paris' equation (Eqs. (3.20) and (3.21)).

Step # 5. After calculating the fatigue life and fatigue strength of butt welded joints

subjected to variations of weld geometry parameters, residual stresses and the

combined loadings, the corresponding transformation functions in Eq. (3.35) and

(3.36) were found using standard curve fitting techniques
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Figure 3.6 Typical finite element meshes generated for a butt-weld profile

All the aforementioned modelling procedures for the prediction of fatigue life and

strength of butt joints are summarised in a flow-chart as shown in Fig. 3.7.

¿

I
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Figure 3.7 General structure for the modelling of the fatigue behaviour of butt-joints.
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3.4 Calculation of the Fatigue Notch Factor

In order to assess the influence of the stress concentrations on the fatigue strength it

is usually needed to compare the S-N curves of un-notched and notched specimens.

The magnitude of the reduction in fatigue strength resulting from the stress

concentration factor (K,) is expressed in terms of the fatigue notch factor (K). The

fatigue notch factor (KÐ is defined as the ratio of the fatigue strengths of un-notched

specimens to notched specimens, obtained under the same test conditions and at the

same number of loading cycles.

In general, a material is regarded as more sensitive to a "fatigue notch" if the value of

Kr is larger for a given value of K,. Therefore, to understand the "fatigue notch

sensitivity" of welded joints, the value of K¡ for various weld geometry parameters,

residual stress and the combined loading conditions are calculated in the present

study.

Amongst the equations in the literature for the calculation of the fatigue notch factor

(KÐ of the notched body the following equation (Peterson, 1959) is one of the most

widely used:

Kr=1+(K,-1)/(1 +a'lp)

p

(3.40)

- the notch root radius

- experimentally determined material parameter

- theoretical elastic stress concentration factor

a

Kr

where
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Another equation for (Kr) (Buch, 1988) is :

Kr = K, l0 - 2.1h / (p + p")l / B

where B & h are material constants which are dependent on materials and

the type of loading but independent of the notch radius and specimen

size e.g B - 1.1, h =0.25 mm for rolled sheet specimens under

pulsaring tension and po = 6.3 h / (3-B).

It should be noted that both of the above equations do not take into account the

variations in the relevant weld geometry, residual stresses and the loading conditions

but only the notch root radius (p) and (K,) and are therefore, not suitable for

achieving the objectives of the present work. Hence, a new equation for (K) which

included all of the above factors were developed in this study

The fatigue notch factor (KÐ is the inverse of the value of the dependent

dimensionless product (S/S.) i.e (Kr = S" / S); therefore, the equations already

developed for the dimensionless products listed in Table 3.2 can be used.

Alternatively, the following equation for fatigue notch factor can be easily derived

from Eq. (3.30):

11

(3.41)

(3.42)
A

KÍ =(
N

¡u m

Í

A detailed derivation of this equation is given in Appendix E.
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In the present study, the fatigue notch factors due to weld geometry, residual stresses

and loading conditions are calculated using Eq. (3.42), (3.35) and (3.36) and are

compared with that predicted by Peterson's and Buch's equations i.e Eqs. (3.40) &

(3.41).

In the following Chapter, a fatigue testing program was carried out to validate the

numerical modelling of the fatigue behaviour of butt-welded joints.
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Chapter 4

FATIGUE TESTS

4.1. Introduction

The reliability of the present model can be verified using experimental data available in

the literature (NRIM 1983, Wahab 1984). A fatigue testing program of butt welded

specimens was carried out to validate the numerical results and was designed to meet

the following objectives:

(i) To verify the effects of weld geometry on the fatigue behaviour of butt welded

joints as predicted by the present model.

(ii) To obtain fatigue data to verify the predicted fatigue S-N curves and fatigue

notch factor (K¡) due to the variations in the weld geometry, residual stresses

and combined loading conditions.

Details of the experimental program are described in the following sections

4.2 Test Specimens and Materials

The welded specimens used for fatigue tests were fabricated from structural steel plate

grade 250 (AS 3678) (grade 436, ASTM 4568M-88). Small scale specimens were
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designed for constant amplitude axial loading fatigue tests according to ASTM

Standard 8466-82 (ASTM, 1990). The test specimens were machined from the 12 mm

thick welded plates which had been fabricated using Submerged Arc Welding (SAW)

and Metal Inert Gas (MIG) welding from steel plates with heat input levels ranging

from 1.0 kJ/mm to 4.0 kJ/mm to ensure the different shapes of the weld profiles. The

direction of welding was perpendicular to the rolling direction of the parent material.

The welding parameters used during fabrication of the welded plates are listed in

Table 4.1.

Figure 4.1 Dimensions of the fatigue test specimens (all dimensions are in mm)

All welded plates were X-rayed for possible weld defects and only sound portions of

the plates were used for specimen fabrication. The dimensions of the small scale

fatigue specimens are shown in Fig. 4.1.

:.o
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Table 4.1. V/elding parameters and specifications used for the fabrication of

welded plates.

Measurements of the local weld geometry parameters (i.e the tip radius at the

undercut (r'), the weld toe radius (r) and the flank angle (0)) were carried out on

macrographs of the rectilinear weld bead cross-sections taken for each set of

specimens. The weld toe radius and flank angle were measured using the method of

Set
No

Weld
Pass

No.

Cur
-rent

I
(A)

Volt
-age

U
(v)

Speed
v

(mm/
min)

Heat
Input

Q'
(kJ/mm)

Aver.
Heat
Input,

a
kJ/mm

Elect
-rode
Dia-
(mm)

Elect
-rode
Type

Flux
or

Gas

Gas

Flow
(t/

min)

Weld.
Pro-
cess

#4

I
2

3

4
5

6

190
258
240
240
242
246

23.5

28
27
27
27
26

225

312
492
476
455
526

1.19

1.39
0.79
0.82
0.86
0.73

0.96 t.2
YI

COR
3XP

COz 15 MIG

#5a.

1

2

3

4
5

503
449
495
498
497

30.3
30.2
30.2
30.0
30.1

452
450
450
452
451

2.02
2.0t
1.99
1.98
1.99

2.0 3.2
EMl
2K-
61

780
YH
10

N/A SAW

#6.
1

2

3

490
475
490

32
32

31.5

300
310
297

3.14
2.94
3.t2

3.07 3.2
EMI
2K-
L61

780
YH
10

N/A sAw

#7 1

2
450
458

32.0
31.8

213
215

4.06
4.06

4.06 3.2 EMl
2K-
L61

780
YH
10

N/A sAw
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least radius (IIWIIS Doc. XIII-1090'90). Circles of different diameters drawn on

transparent paper are superimposed on the macrographs of the weld toes at 5x

magnification. The smallest circle fitting into the weld toe defines the value of the

weld toe radius (r) and then the flank angle (0) is defined at the point at which the

circle becomes tangential to the weld toe. This method proved to be accurate and

reproducible. An illustration of this method is shown in Figure 4.2. If an undercut is

present at the weld toe, the undercut tip radius (r') is also measured on the

macrograph and is defined as being the depth of the undercut.

\eO

Figure 4.2 An illustration of the method of the least radius for the measurement of

the weld toe radius and the flank angle (IIWIIS Doc. XIII-1090-90).

In the present study, the measurements of weld toe radii and flank angles were carried

out on the weld toes on both sides of the weld bead cross section, For each weld cross

section, the smaller value of the two measured weld toe radii and the higher value of

q
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the two measured flank angles were considered to be representative for that section.

This assumption was adopted on the basis that smaller weld toe radii and higher flank

angles are more detrimental to the fatigue behaviour of butt welded joints. For each

set of test specimens, the average of the measured values of weld geometry

parameters (0, r and r') obtained for all the cross sections were considered to be

representative for that set. The values for the weld geometry parameters obtained for

various sets of test specimens are shown in detail in Table 4.2 and Table D.3

(Appendix D). The chemical composition and mechanical properties of the base metal

used in the fabrication of various sets of welded specimens are given in Tables 4.3 and

4.4.

Table 4.2. Specimen joint geometry and treatments used for fatigue tests

Set
No.

rt
(mm)

r
(mm)

0
(dee)

0
(dee)

t
(mm)

2b
(mm)

Stress
ratio,

R

No.
of
spec.

Noæs

#0. 0 æ 0 t2 20 0.1 8 Flat unwelded
plate

#7. as

weld.
2.r 22.3 60 l2 20 0.1 8 Low profile

(sAw)

# 5a. as

weld
1.4 33.9 60 t2 20 0.1 11 Medium profile

(sAw)

#6. Íts

weld
1.1 37.4 60 12 20 0.1 9 High prohle

(sAw)

#4. 0 4.75 28.5 60 t2 20 0.1 9 Medium profile
with ground

weld toes
(Mrc)
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Table 4.3 Chemical composition of the base metal (steel grade 250-AS 367S) (Vo wt)

c Mn Si P S

0.08 1.47 0.19 0.01 0.005

Table 4.4 Mechanical properties of the base metal (steet grade 250-AS 3678)

4. 3 Test Procedures

4.3.I Fatigue test setup

A dynamic computer-controlled servo-hydraulic universal MTS-testing machine with a

maximum capacity of 250 kN was used for both static and fatigue testing. This system

is able to digitally record all the dynamic test conditions, i.e., loading, displacement,

strains, frequency and number of fatigue cycles onto a computer hard disk. A range of

frequencies from l0 to 20 Hz were used for fatigue tests. The particular frequency

was dependent on the magnitude of the applied loads and all the fatigue tests were

carried out under constant stress ratio R=0.1. A load cell of 125 kN was used for all

S, (MPa) S" (MPa) Elongation (7o) Reduction of area (Vo)

287 457 38.5 62 Vo
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the fatigue tests. An X-Y plotter was also connected to the computer for necessary

graphical output during the fatigue test (e.g oil temperature vs. time).

Two tensile tests were conducted on test specimens taken randomly from each set to

determine the static properties of the specimens for that set. The remaining specimens

in each set were used for load-controlled constant amplitude fatigue tests at several

loading levels. Strain gauges were bonded to the weld toes of some specimens from

each set to determine the level of the bending stresses induced by misalignments.

These strain gauges were also used to detect the crack initiation period and their

analogue outputs were connected to external channels of the MTS-machine via a

dynamic strain-gauge amplifier (KYOWA, DPM-6CT Modet CO-50CT). The strain

gauges were calibrated by running a calibration program during the fust-loading cycle

(C.3, Appendix C)

All the fatigue tests were run using Test-Star Software R. 2.04 with a program

written and adapted for each load level (Appendix C). TestStar allows for the

adjustment of the load levels while the test is in progress. The program monitored the

output levels of load and displacement and the machine switched off automatically if

the specimen failed or the preset limits were reached. Sinusoidal wave form was

selected for the load input control and it was also monitored through the TestStar

computer program. The overall view of the fatigue test setup and the instrumentation

is shown in Fig. 4.3. A welded specimen with the strain gauges bonded at the toes of

the weld is shown in Fig. 4.4
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Figure 4.3 Fatigue test setup and instrumentation for butt welded specimens:

(1) MTs-testing machine, (2) ND acquisition system, (3) KYOWA strain amplifier,

(4) PC, (5) Specimen, (6) X-Y plotter

Figure 4.4 Test specimens with strain gauges bonded at the weld toes
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The input load level was controlled by the computer which was pre-programmed to

give a constant-load amplitude. Normally, four stress levels were used for each set of

specimens. Replications at some stress ranges were conducted depending on the

availability of welded specimens for each set. Eight to eleven specimens were used

from each set to get the fatigue data needed for the construction of the S-N curve.

The failure criteria were chosen as the final rupture of the specimens or when the

number of loading cycles exceeded two millions. However, if a specimen had not

broken after two millions cycles, the test was stopped and a higher level of load was

applied to break the specimen. After the test, the equivalent fatigue life was calculated

using Miner's cumulative damage rules as recommended in BSI PD 6493 (1991). The

description of the fatigue testing procedure is discussed in the following section.

4.3.2 Data collection during fatigue tests

In the present study, the dynamic local strains at the weld toes during each fatigue test

were recorded in order to detect the crack initiation period. The peak values of the

applied load and the corresponding ram displacements, elapsed time and number of the

loading cycles were also recorded for later assessment. The rate of data collection of

the response of the strain gauges during fatigue tests was a trigger of 10 data points

for every 5000 cycles. This provided sufhcient information nèeded for the crack

initiation period to be detected. The output data file which contained the elapsed time,

load range, number of cycles, frequency, peak ram displacements and the peak output

voltages of the strain gauges were recorded by TestStar and stored on the hard disk.

A total number of 45 test specimens were used in five sets of fatigue tests as follows:
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28 welded specimens representing three typical weld bead profiles: low, medium

113

o

and high i.e Set # 7, # 5a, # 6 respectively (Tab. a.2).

a 9 specimens with ground weld toes (undercut-free) (Set # 4)

8 specimens of flat parent material (Set # 0)

Cyclic strains experienced at the weld toes during fatigue tests were recorded using

strain gauges bonded to within 0.5 mm of weld toes. The gauges showed an increase

in the micro-strain reading when a crack initiated at the weld toe. Further growth of

the crack resulted in an increase in the strain reading until the crack extended beneath

the gauges. After that, the strain gauge reading began to decrease as the material

below the gauge could not be strained further. In the present study, crack initiation

was defined as the number of cycles needed to produce a t 5 Vo change in the strain

gauge reading. This small change was found to correspond to the presence of a crack

(approximately 0.25 mm) initiated at the weld toe (Mattos and Lawrence, 1977).

The following test procedures were adopted during the fatigue tests:

1. Local weld geometry parameters represented for each set of welded specimens were

measured directly from the macrographs using the method of the least radius (IIWIIS

Doc. XIII-1090-90) and this data was recorded for latter assessment (Table D.3,

Appendix D).

2. Monotonic tensile tests were used to determine the static properties of the parent

material (set # 0) and the welded specimens (Set # 4, 5a, 6,7).Two specimens were

randomly selected from each set and used for tensile tests. The average value of these
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two tests was taken as the test result. These values were used as a reference for

selecting the loading levels for the fatigue tests.

3. Load-controlled constant amplitude fatigue tests were conducted for each set of the

specimens at various levels of applied stress and at a constant stress ratio (R=0.1).

The S-N curves were plotted from which the endurance limit S" (in air) was

determined. This was considered to be the applied stress range which would produce

failure at 2xI06loading cycles (AS 4100-1990).

4. Depending on the number of specimens in each set, repetitions of the fatigue tests

were carried out for each stress level. Those specimens which did not fail after 2x106

cycles were tested again at a higher stress level to produce failure. The equivalent

fatigue data was obtained using Miner's rule of cumulative damage as recommended in

BSr PD 6493 (t99t).

4.4 Test Evaluation

Generally, a series of standard specimens were tested and the data used for plotting

the S-N curve on log-log scales. The endurance limit was difficult to determine

exactly because of the scatter in the fatigue data due to the variations in the specimen

geometries, residual stresses, loading and test conditions (e.g in-air or in-sea water).

In design practice, the fatigue strength is considered to be the stress range

corresponding to a particular number of cycles. In the high-cycle fatigue regime, this

is of the order of 105 to 107 cycles. The British Standard (BSI PD 6493,1991) and the

Australian Standard AS-4100-1990 (1990) specify the fatigue endurance limit at 2xI06
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cycles while European Standards use 107 cycles. In the present study, the fatigue

endurance limit was assumed to be at 2x106 cycles.

A mathematical model for the S-N curve is expressed in Eq. (3.30). Since fatigue test

data were plotted on log-log scales and represented by straight lines obtained using

regression analysis (i.e. log N = log A - m log S), the following procedures were

adopted to evaluate the fatigue test results :

1. Fatigue data obtained from each set of specimens were taken for plotting the mean

S-N curve on a log-log graph. The coefficients "m" and "4" of Eq. (3.30) were

obtained by regression analysis using Excel 5.0. The standard deviations for log(N)

and log(S) were calculated for each set of specimens and are reported in Table D.1

(Appendix D).

2. Fatigue strengths for each set of specimens were interpolated from the

corresponding mean of the S-N curves at 5x10s, 2*10u and 107 cycles. These are

reported in Table D.2 (Appendix D). These values were latter used for the calculation

of the fatigue notch factor at various levels of the fatigue life.

3. Predicted values of the fatigue strength, fatigue life and fatigue notch factor of butt

welded joints using equations developed for the model in the present study were

plotted against the test results to verify the validity of the model.

In the following Chapter, the numerical and experimental results obtained from this

work are reported.
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Chapær 5

RESULTS AND DISCUSSION

Firstly, the effect of the most important weld geometry parameters on the stress

concentrations and the stress intensity factor at the weld toes under axial and bending

load conditions are discussed. Subsequently, an explanation for the effect of weld

geometry on the fatigue behaviour of butt joints is reported. This includes the effect

of weld geometry parameters on the fatigue life, fatigue strength and fatigue notch

factors of the joints.

The effects of residual stresses on the fatigue behaviour of butt joints in the as-welded

and post-weld surface treated conditions are discussed in relation to weld geometry

parameters. The effect of the combined axial and bending loading is discussed in terms

of the various levels of the bending stress induced by misalignments of butt joints. At

the end of this Chapter, the combined effect of several important weld geometry

parameters, residual stresses and the combined loading ratio (R6") on the fatigue

strength and fatigue notch factor of butt welded joints are also discussed.

Subsequently, the numerical results are compared with the fatigue test results obtained

during the present study and from the literature.
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5.1 Effect of Butt Weld Geometry on Stress Concentration Factor

Stress distributions along the potential crack line, which originates at the weld toe

and propagates through the thickness of the welded plate, were calculated for various

butt weld profiles (Table B.1, Appendix B), under axial and bending loads. A

2D-finite element mesh with a condensed region at the weld toe zone was generated

for each butt weld profile (Fig. 3.6). Stress distributions were calculated for all the

chosen weld profiles (Table 8.1, Appendix B) using a finite element package, ANSYS

5.0 (Ansys User's Manual, L992). The corresponding normalised stress distributions

through the thickness of the welded plates under axial and bending load conditions

(Kt,, and K1,5) were obtained and shown in Figures 5.1 to 5.5.

Figure 5.la showed the effect of the tip radius at the undercut of the weld toe (r') on

the stress concentration factor along the potential crack line in pure axial loading

(K,,.) condition (subscript "a" refers to axial loading and other weld geometry

parameters are constant: r = 1 mm, 0 = 30o, 0 = 60o and t = 12 mm). This figure

shows that the presence of an undercut at the weld toe increases the values of (K,,")

significantly from a typical value of 3 for a weld geometry without undercut (Maddox,

1991) to the value between 4.3 and 5.7 for levels of (r') ranging from 0.35 mm to

0.05 mm. However, the stress concentration factors gradually decrease as the depth

from the weld toe increases. Therefore, the stress concentration factor is signifîcantly

affected by the presence of an undercut at the weld toes at a distance approximately 5

Vo of the plate thickness from the weld toes.
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Figure 5.1 Effect of the tip radius at the undercut (r') on the stress concentration

factor in butt welded joints along the potential crack line (constant parameters:

r = 1 mm, 0 = 30", 0 = 60' and t = 12 mm).
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Figure 5.lb showed the effect of (r') on the stress concentration factor along the

potential crack line in pure bending (K,,0) (subscript "b" refers to bending loading and

other weld geometry parameters are constant: r = 1 mm, 0 = 30o, 0 = 60' and

t = 12 mm). The effect of (r') on (K,,u) is similar to that in pure axial loading except

the values of K,u at the weld toe surface are increased up to 6.1 for r' = 0.05 mm and

4.3 for r'=0.35 mm. The values of the stress concentration factor also gradually

decreased as the distance from the weld toe increased. The increase of (K,u) due to

the presence of an undercut was only found up to a distance of 5 7o of the plate

thickness, beyond that no significant increase of (K,,u) was found.

Figure 5.2a showed the effect of the weld toe radius (r) on the stress concentration

factor (K,") under pure axial loading condition (other geometrical parameters are

unchanged: r' = 0, 0 = 30", 0 = 60" and t = 12 mm). It shows that the weld toe radius

significantly affected the values of the stress concentration factor along the potential

crack line, particularly in the vicinity of the weld toes. The stress concentration factor

at the weld toe increased sharply with a small decrease in weld toe radius. The value

of the stress concentration factor at the weld toe (K,,") was increased by 70 Vo (ftom

I.27 to 2.16) as the weld toe radius decreases from 5.0 mm to.0.0 mm. However, the

values of the stress concentration factors due to variations in the weld toe radü

gradually decreased as the distance from the weld toe increased. Therefore, the stress

concentration factor was significantly affected by the weld toe radius within a depth of

3.5 Vo of the plate thickness (0.035t) from the weld toe. Beyond this depth, variations

in the weld toe radius had an insignificant effect on the stress concentration factor.
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Figure 5.2b showed the values of the stress concentration factor (K,;u) due to the

variations in the weld toe radius (r) under pure bending (other geometrical parameters

are constant: r'= 0,0 = 30",0 = 60" and t = 12 mm). The effect of the weld toe radius

on the stress concentration factor under pure bending was similar to that under pure

axial loading. The values of (K,,r) at the weld toe surface were increased by 69 7o

(from 1.37 to 2.32) due to a decrease in the weld toe radius (r) from 5.0 mm to 0.0

mm. However, as the distance from the weld toe increased the values of the stress

concentration factor gradually decreased. Beyond a distance of 3.5 7o of the plate

thickness (0.35t), no noticeable effect of the weld toe radius on the stress

concentration factor was found.

Figure 5.3a showed the values of the stress concentration factor (K,") resulting from

the variations in the weld flank angle (0) under pure axial loading (other weld

geometry parameters are constant: r' = 0 mm, r = 1 mm, 0 = 60' and t = 12 mm). The

stress concentration factor through the plate thickness increased as the weld flank

angle increased from 5o to 60'. The stress concentration factor at the weld toe

increased by 66 Vo (from I.24 to 2.06) with an increase in the flank angle from 5o to

60'. However, when compared with the flush-ground welded. plate or flat plate of

parent metal the stress concentration at the weld toe increased by up to 106 7o as the

flank angle increased from 0o to 60' (0' refers to the flush-ground welded plate or the

flat plate of the base metal). Fig. 5.3a also showed that as the distance from the weld

toe increases the stress concentration factor gradually decreased. Suggesting, that the

effect of the flank angle on the stress concentration factor was only significant for the

depths up to 6.5 7o of the plate thickness (0.065t) from the weld toe surface.
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Figure 5.3b showed the values of the stress concentration factor (K,,u) due to the

variations in the weld flank angle (0) under pure bending (other weld geometry

parameters are constant: r'= 0, r = 1mm,0 = 60" and t = 12 mm). The stress

concentration factor at the weld toe increased by 82 Vo (from 1.25 to 2.28) as the

flank angle increased from 5o to 60'. However, if the flush-ground weld is considered,

the stress concentration factor increases by up to 128 7o ãs the flank angle increased

from 0 to 60'. Figure 5.3b also showed that as the distance from the weld toe

increased the stress concentration factor gradually decreased. The effect of the flank

angle on the stress concentration factor was significant only for depths up to 7.5 Vo of

the plate thickness (0.075t). Beyond that depth, the variations in the flank angle had a

small effect on the stress concentration factor of butt joints.

Figure 5.4a showed the values of the stress concentration factor (K,,") for the

variations in the plate thickness (t) under pure axial loading (other weld geometry

parameters areconstant: r'=0, r= 1mm,0 =30'and Q - 60"). Thevalues of the

stress concentration factor at the weld toe surface increased by 96 7o (from 1.61 to

3.16) as the plate thickness increased from 6.3 to 100 mm. This behaviour of the

stress concentration factor due the plate thicknesses offers an explanation for the well

known effect of plate thickness reducing the fatigue strength of welded joints

(Gurney, 1979; Ohta et al., 1990; Maddox, 1991; and others).

Figure 5.4 showed that the values of the stress concentration factor gradually

decreased as the depth from the weld toe surface increased. However, the effect of the

plate thickness on stress concentration factor through the thickness of the welded
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plate was insignificant when the distance from the weld toes increased beyond the

2.5 7o of the plate thickness (0.025t). Hence the plate thickness may only influence

the fatigue behaviour of butt joints during the crack initiation period and in the early

stages of crack propagation.

Figure 5.4b showed the values of the stress concentration function (K,,s) for variations

in the plate thickness (t) under pure bending (other weld geometry parameters are

constant: r' = 0, r = 1 mm, 0 = 30o and Q - 60"). The stress concentration factors at

the weld toe surface increased by l14 Vo (from 1.70 to 3.64) as the thickness of the

welded plate increased from 6.3 to 100 mm. This behaviour of the plate thickness

under bending was similar to that under pure axial loading but slightly stronger.

Fig. 5.4b also showed that the stress concentration factor gradually decreased as the

distance from the weld toe surface increased. The effect of the plate thickness on the

stress concentration factor became insignificant when the distance from the weld toes

increased further beyond 3.5 Vo of the plate thickness (0.035t).

Figure 5.5a showed the values of the stress concentration function (Kt,e) subject to

the variations in the edge preparation angle (0) under pure axial loading (other weld

geometry parameters are constant: r' = 0, r = 1 mm, 0 = 30o and t = 12 mm). The

values of the stress concentration factor at the weld toe increased by 10 7o (from 1.58

to I.74) as the preparation angle (Q) increased from 45'to 90". The effect of (Q) on

the stress concentration factor was less signif,rcant than that of the other weld

geometry parameters (i.e r', r, t or 0). The values of the stress concentration factor

again gradually decreased as the depth from the weld toe surface increases. However,
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the effect of (0) on the stress concentration factor was insignificant when the depth

from the weld toes increased beyond 2.5 7o of the plate thickness (0.025t).

Figure 5.5b showed the values of stress concentration function (K,s) subject to the

variations in the angle (Q) under pure bending load (other weld geometry parameters

are constant: r' = 0, r = I mm, 0 = 30' and t - 12 mm). There was a little difference

between the values of the stress concentration factor despite the variations in the edge

preparation angle from 45o to 90o. Therefore, the edge preparation angle had

insignificant effect on the stress concentration factor along the potential crack line

under pure bending.

5.2 Effect of Butt-Weld Geometry on the Stress Intensity Factor (K)

In this section, the effect of the butt-weld geometry on the stress intensity factor is

discussed in terms of the geometry-configuration factor (Y) (Eq. 3.2) and stress

intensity magnification factor (M.) (Eq. 3.3). Subsequently, the effect of the butt-weld

geometry on the stress intensity factor (K) is discussed at the end of this section.

5.2.1 Effect of butt-weld geometry on the geometry-configuration factor (Y)

Figures 5.6 to 5.10 showed the effect of various butt weld geometry parameters (r', r,

0, t and 0 ) on stress intensity factor (K) in terms of the geometry-configuration factor

(Ð (Eq. (3.3)). These figures show that the values of geometry-configuration factor

(Ð are significantly influenced by the combined effects of butt weld geometry

parameters. However, this behaviour of (Ð due to the variations in the geometrical
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parameters is noticeable only for the crack lengths up to approximately 15 Vo of. ¡he

plate thickness (a = 0.15t). Furthermore, each of the weld geometry parameter had a

different effect on the factor (Y) depending on the particular loading conditions

(Fig. 5.6 to 5.10)

Figure 5.6a showed the effect of the tip radius at the undercut on the stress intensity

geometry-configuration factor under pure axial loading (f"). This figure shows that

the values of (f") are strongly influenced by the variations in the tip radius at the

undercut (r'). The values of (y") at the surface were increased significantly from 1.12

for a flat plate to up to 4 or 5 due to the presence of the weld toe undercut. At an

early stage of crack growth corresponding to a crack length up to 20 7o of the plate

thickness (0.2t), the values of (f") increased as (r') increased from 0.05 mm to 0.35

mm. However, beyond that crack length (0.2t), there was an insignificant effect of the

(r') on the values of (f") i.e the values of (f") due to variations in the (r') were of the

same order as those of a flat plate. A similar trend of the effect of the tip radius at the

undercut on the stress intensity geometry-configuration factor (Yo) under bending load

is shown in Fig. 5.6b. The values of (fr) at the surface increased significantly from

L.I2 for a flat plate up to 4 or 5 when an undercut was present. At an early stage of

crack growth corresponding to a crack length of 20 Vo of. the plate thickness (0.2t),

the values of (K) increase as (r') increases from 0.05 mm to 0.35 mm. Beyond that

crack length, the effect of the tip radius at the undercut on the values of (Y¡) was

insignificant. It is worth noting that for crack lengths of more than 0.2 times plate

thickness (Fig. 5.6b) the values of (h) are lower than those of (f") for the same crack

length (Fig. 5.6a). This behaviour of the geometry-configuration factor suggests that

it is associated with the effect of the loading conditions
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Figure 5.7a showed the effect of the weld toe radius on the stress intensity geometry-

configuration factor under pure axial loading. The values of (Y") are strongly

influenced by the variations in the weld toe radius. The values of (Y") at the surface

increased significantly from 1.12 for aflat plate to between 1.5 and 2.5 subject to the

variations in the weld toe radius (r) from 0.5 mm to 5 mm. At an early stage of the

crack growth corresponding to a crack length of 15 7o of. the plate thickness (0.15t),

the values of (f") decreased as (r) increased from 0.5 mm to 5 mm. However,

beyond that crack length (0.15t), there was little difference between the values of (Y.)

due to the variations in the weld toe radius.

Fig. 5.7b showed a similar effect of the weld toe radius on the stress intensity

geometry-configuration factor under pure bending. The values of (fr) at the weld toe

surface increased significantly from l.l2 for a flat plate to between 1.5 and 2.5 subject

to the variations in (r). At the early stage of crack growth due to a crack length of

15 Vo of the plate thickness(O.15t), the values of (y') decreased as (r) increased from

0.5 mm to 5 mm. Beyond that crack length the effect of the weld toe radius on the

values of (yr) was insignificant. Furthermore, the values of (K) due to the crack

lengths greater than (0.15t) (Fig.5.7b) were lower than those of (f") (Fig. 5.7a). This

behaviour of the geometry-configuration factor suggests it was due to the effect of

loading conditions.

Figure 5.8a showed the effect of the flank angle (0) on the stress intensity geometry-

configuration factor under pure axial loading. The values of (Y") were significantly

influenced by variations in the flank angle. The values of (Y") at the weld toe surface

increased significantly from Ll2 for a flat plate to between 1.4 to 2.3 due to the
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variations in the flank angle from 5o to 60'. At the early stage of the crack growth

corresponding to a crack length of l5 7o of the plate thickness (0.15t), the values of

(Y") increased as (0) increased from 5o to 60', However, beyond that crack length

(0.15t), there was some difference between the values of (Y") due to variations in the

flank angle.

Fig. 5.8b showed the similar effect of the flank angle on the stress intensity geometry-

configuration factor under bending load. The values of (fr) at the weld toe surface

increased significantly from 1.12 for aflat plate to between 1.4 and 2.5 for variations

in the flank angle (0) from 5o to 60'. At the early stage of the crack growth

corresponding to a crack length of 20 7o of the plate thickness (0.2t), the values of

(Ío) increased as the flank angle increased from 5o to 60". Beyond that crack length,

the flank angle had a little effect on the values of (fr). In addition, the values of (fr)

for crack lengths of more than (0.2t) (Fig. 5.8b) were lower than those of (Y") (Fig.

5.8a) for the same crack length. Again, it suggested that this behavíour of the factor

(Y) for crack lengths of more than (0,2t) was associated with the loading conditions.

Figure 5.9a showed the effect of the plate thickness (t) on the stress intensity

geometry-configuration factor under axial loading. The values of (Y.) are significantly

influenced by the variations in the plate thickness from 6.3 mm to 100 mm. The values

of (f") at the weld toe surface increased from 1.12 for a flat plate to between 1.8 and

2.8 for variations in the plate thickness from 6.3 mm to 100 mm. At the early stage of

the crack growth corresponding to a crack length of up to 5 Vo of the plate thickness

(0.05t), the values of (f") increased as the plate thickness (t) increased. However,

after the crack had propagated beyond that length (0.05t), there was an insignificant
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effect of the plate thickness on the values of (f"). Furthermore, for the crack lengths

of up to 15 7o of the plate thickness (0.151) the values of (Y") due to variations in the

plate thickness are higher than those for a flat plate. However, beyond that length

(0.15t), the values of (Y") for variations in the plate thickness and for a flat plate

were the same. Hence, the behaviour of the factor (Y) corresponding to a crack length

of more than (0.15t) was associated with the axial loading condition.

Fig. 5.9b showed the similar effect of the plate thickness on the stress intensity

geometry-configuration factor under bending and under axial loading. The values of

(Yo) at the weld toe surface increased from I.l2 for a flat plate to between 1.8 and 3

due to the variations in the plate thickness from 6.3 mm to 100 mm. At the early

stage of the crack growth corresponding to a crack length of 15 7o of. the plate

thickness (0.15t), the values of (y') increased as the plate thickness increased from

6.3 mm to 100 mm. However, beyond that crack length, there was a little effect of the

plate thickness on the values of (Yo). Fig. 5.9b also shows that the values of (fu) due

to crack lengths of more than (0.15t) (Fig. 5.9b) were lower than those of (Y") (Fig.

5.9a). This means that the behaviour of the factor (If corresponding to a crack length

of more than (0.15t) was due to the type of loading.

Figure 5.10a showed the effect of the edge preparation angle (0) on the stress

intensity geometry-configuration factor under axial loading. It shows that the values

of (f") slightly increased as the values of angle increased from 45" to 90o. This

behaviour suggested that the effect of the edge preparation angle on the stress

intensity geometry-configuration factor was less significant than that of the other weld
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geometry parameters previously discussed (r', r, 0 and t). Fig. 5.10a also showed that

the effect of the edge preparation angle was only significant for crack lengths of up to

15 7o of the plate thickness (0.15t). However, beyond that length, there was an

insignificant difference between the values of (Y") due to the variations in the edge

preparation angle and all these values were of the same order as those for a flat plate.

This means that there was no effect of weld geometry on the (Y") when a crack had

propagated beyond the length of (0.15t). The effect of the edge preparation angle on

the factor (I) under bending (Fig. 5.10b) was similar to that under axial loading (Fig.

5.10a). However, the values of (f") corresponding to crack lengths beyond (0.15t)

(Fig. 5.10a) were higher than the those of (Yo) (Fig. 5.10b). This behaviour of the

geometry-configuration factors due to the crack lengths beyond (0.15t) was also

attributed to the type of loading. It is worth noting here that, all of the important weld

geometry parameters only affected the stress intensity geometry-configuration factor

of a cracked butt-joint at small crack lengths of the order of 15 to 20 Vo of the plate

thickness (0.15t and 0.2t). This means that the effect of the weld geometry parameters

only influenced the fatigue behaviour of butt welded joints at an early stage of the

crack propagation.

5.2.2 Effect of weld geometry on the stress intensity magnification factor (M.)

Figure 5.1la showed the effect of the tip radius at the undercut (r') on the stress

intensity magnification facto r (M^r,") under axial loading. This figure shows that the

values of (MAr,") were strongly influenced by variations in (r'). The values of (M4.,") at

the weld toe surface increased significantly from 1.0 for a flat plate to between 3.5

and 4 when an undercut at the weld toe was present. At the early stage of the crack
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growth (corresponding to a crack length less than l0 Vo of the plate thickness) the

values of (MA¡,A) increased as the (r') increased from 0.05 mm to 0.35 mm. However,

beyond that crack length (0.1t), there was an insignificant difference between the

values of (MA.,o) for variations in the tip radius at the undercut and for a flat plate.

A similar behaviour of the (r') on the stress intensity magnification factor (Mn",r)

under bending is shown in Fig. 5.1lb. The values of (MAr,¡) at the surface increased

significantly from 1.0 for a flat plate to between 3.7 and 4.5 for variations in the weld

toe undercut. At an early stage of the crack growth (i.e. for a crack length less than

l0 Vo of the plate thickness) the values of (MA.,r¡ increased as (r') increased from 0.05

mm to 0.35 mm. Furthermore, beyond that crack length (0.1t), there was a little effect

of the tip radius at the undercut on the values of (MA.,r).

Figure 5.12a showed the effect of the weld toe radius (r) on the stress intensity

magnification factor (Mor.o) under axial loading. The values of (MA.,n) were strongly

influenced by variations in the weld toe radius. The values of (M4.,¡) at the weld toe

surface were increased significantly from 1.0 for a flat plate to between t.2 and 2.0

for variations of the weld toe radius. At an early stage of the crack growth, for a

crack length less than L0 Vo of the plate thickness (0.1t), the values of (MA.,o)

decreased as (r) increased from 0.0 mm to 5.0 mm. However, beyond that crack

length, there was an insignifîcant difference between the values of (MA.,n) for the

variations of the weld toe radius.
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A similar behaviour of the effect of the weld toe radius on the stress intensity

magnifîcation factor (Mo",r) under bending is shown in Fig. 5.12b. The values of

(Mo",r) at the surface increased signifîcantlyfrom 1.0 for a flat plate to between 1.2 to

2.2 due to the presence of the weld toe undercut. At an early stage of the crack

growth (i.e. for a crack length of less than 10 7o of. the plate thickness) the values of

(M^",") increased as the (r) increased from 0.0 mm to 5.0 mm. However, beyond that

crack length (0.1t), there was an insignificant effect of the weld toe radius on the

values of (M4.,").

Figure 5.13a showed the effect of the flank angle (e) on the stress intensity

magnification factor (M^r,o) under axial loading. The values of (MA.,o) were strongly

influenced by the variations in the flank angle. The values of (MAk,r) at the weld toe

surface increased significantly from 1.0 for a flat plate or for flush-ground weld

(0 = 0') to between 1.2 and 2.0 for variations of the flank angle from 5o to 60o. At the

early stage of the crack growth corresponding to a crack length less than L5 Vo of. the

plate thickness (0.15t), the values of (MA.,o) increased as (0) increased from 5o to 60'.

However, beyond that crack length, there was an insignificant effect of the flank angle

on the values of (M4.,^). Therefore, the flatter the weld bead. profile the smaller the

stress intensity factor. Consequently, this will result in increased fatigue life.

Figure 5.13b showed the effect of the flank angle (0) on the stress intensity

magnification factor (MA.,r) under bending. The values of (M4.,.) were strongly

influenced by the variations of the flank angle. The values of (MA.,r) at the weld toe

surface were increased significantly from 1.0 for a flat plate to between L.2 and 2.2

for variations of the flank angle (0) from 5" to 60o. At the early stage of the crack
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growth (corresponding to a crack length less than L5 7o of plate thickness) the values

of (MA.,r) increased as the (0) increased from 5o to 60". However, beyond that crack

length (0.15t), the flank angle had an insignificant effect on the values of (MA.,r).

Figure 5.I4a showed the effect of the plate thickness on the stress intensity

magnification factor (Mo",) under axial loading. The values of (MAr,^) were strongly

influenced by the variations in the plate thickness. The values of (MA*,o) at the weld

toe surface increased significantly from 1.0 for a flat plate to between 1.5 and 2.5 for

the variations of the plate thickness from 6.3 to 100 mm. At the early stage of the

crack growth (corresponding to a crack length less than 5 Vo of. the plate thickness)

the values of (MAr,o) increased as (t) increased from 6.3 mm to 100 mm. However,

beyond that crack length (0.05t), there was an insignificant effect of the plate

thickness on the values of (M4.,"). Figure 5.14b showed that the effect of the plate

thickness on the stress intensity magnifïcation factor (Mo",t) under bending was similar

to that under axial loading (Fig. 5.14a). The values of (M4.,¡) shown in Fig. 5.14b

were strongly influenced by the variations of the plate thickness. The values of (MA.,r)

at the weld toe surface increased significantly from 1.0 for a flat plate to between 1.5

and 2.6 for variations of the plate thickness from 6.3 mm to 100 mm. At the early

stages of the crack growth (corresponding to crack lengths less than 5 7o of the plate

thickness) the values of (MA*,r¡ increased as the (t) increased from 6.3 mm to 100 mm.

Beyond that crack length (0.05t), there was an insignificant effect of the plate

thickness on the values of (MA.,r).

The effect of the plate thickness shown in Figs 5.14a and 5.14b suggested that the

thicker welded plate produces the higher values of (Mr) and therefore the fatigue life
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of a thick welded plate would be less than that of a thin one. This conclusion was

consistent with the size effect of plate thickness on fatigue strength of welded joints

as reported by other researchers (Gurney L979, Yee et al 1988, Ohta et al 1990,

Maddox 1991). However, the effect of plate thickness is shown to be significant for

very small crack lengths (less than 0.05 and 0.1 times the plate thickness) under axial

and bending loads. This suggests that for a welded joint with defects at the weld toes

of 0.5 mm, there would be no effect of thickness for welded plates of less than 10 mm

thick. In this case, other weld geometry parameters such as tip radius at the undercut,

weld toe radius and flank angle are significant factors which determine the effect of

weld geometry on the fatigue behaviour of welded joints.

Figure 5.15a showed the effect of the edge preparation angle (0) on the stress

intensity magnification factor (Mn",,) under axial loading. The values of (MAr,") are

slightly influenced by variations in the edge preparation angle. The values of (M4.,") at

the weld toe surface slightly increased from 1.0 for a flat plate to between 1.5 to I.7

for variations of the edge preparation angle (Q) from 45o to 90". At the early stage of

the crack growth (corresponding to a crack length less than 5 7o of the plate

thickness) the values of (MA*,") increased as (O) increased from 45' to 90o. However,

beyond that crack length (0.05t), the edge preparation angle had an insignificant effect

on the values of (M4.,").

A similar the effect of the edge preparation angle on the stress intensity magnification

factor under bending is shown in Fig.5.15b. There is an insignificant difference

between the values of (MA.,r) for the variations in the angle (Q). However, the values

of (MA.,o) for the crack lengths less than (0.lt) subject to variations in angle (Q) are
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higher than that for a flat plate. This behaviour was due to the co-influence effect of

the edge preparation angle and all the other butt weld geometry parameters (r, 0 & t).

The effect of the edge preparation angle shown in Figs. 5.15a and 5.15b suggests that

the fatigue performance of butt welded joints can be improved by decreasing the value

of the edge preparation angle (Q). However, this method is often impractical since the

value of the angle (0) is dependent on the design requirements and welding techniques

involved.

5.2.3 A mathematical model for (Mr)

A curve-fitting technique has been used to find the most suitable mathematical

expression to represent the calculated values of (Mù in terms of the normalised crack

length (a/t). The resulting mathematical model is as follows:

My - At * Az. exp (a/t) + At .1n2 1a/t¡ + At l{ (Ut) (5.1)

where àrt - crack length and plate thickness respectively

- constants depending on the weld geometry parameters:

where Ai = K¡. f¡ (r/t) . fr (e) . ft (t/b) . fr (0)

and K¡ and fi (...) are as described below:

K¡ - proportional constants (i = 1 to 4) as given in Table B.3

(Appendix B).

ft(...) - transformation functions of the concerned dimensionless

product (i = 1 to 4) as given in Table 8.3 (Appendix B).

Ai
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5.2.4 Effect of weld geometry on the stress intensity factor of butt joints

As has been discussed in the previous section, the effect of butt weld geometry on the

stress intensity geometry-configuration factor (Y) and magnification factor (M¡) under

both loading conditions (axial and bending) are very similar except that their degree of

influence is slightly different. Therefore, in the following sections, only the results

obtained for the pure axial loading condition are reported.

Effect of undercut at the weld toe

Figure 5.16a showed the effect of the tip radius at the undercut (r') on the stress

intensity factor K*,",A calculated for the constant stress range S = 80 MPa (other weld

geometry parameters are kept constant: r = 2 mm, 0 = 30o, 0 = 60o and t=12 mm). It

shows that the values of K**,¡ are slightly increased as the value of (r ') increased

from 0.05 mm to 0.5 mm. This effect of (r ') on K**,n cân be used to explain the

detrimental effect of the weld toe undercut on fatigue behaviour of welded joints.

However, when a crack propagates beyond the length of 0.3 times the plate thickness

(0.3t) the value of K**",r decreased as the value of (r ') increased. This means that the

effect of the weld toe undercut diminishes after that length; and the tip radius of

undercut acts as the weld toe radius.

Figure 5.16b showed the effect of (r') on the stress intensity factor K*,",s calculated

for the constant stress range S = 80 MPa (other weld geometry parameters are kept

constant: t =2 mm,0 = 30o, Q = 60'and t=12 mm).At the early stages of the crack

growth (c/b < 0.05), the values of the stress intensity factor K*,",¡ increased as the tip
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radius at the undercut decreases. This effect of (r') is similar to that of the weld toe

radius as shown later in Fig.5.17b. However, beyond that crack length (c/b >0.05) the

values of the stress intensity factor K*,",8 decreased as the tip radius at the undercut

decreased. It suggests that the fatigue behaviour of butt joints can be improved by

eliminating the undercuts at the weld toes.

Effect of the weld toe radius

Figure 5.I7a showed the effect of the weld toe radius (r) on the stress intensity factor

K*"",A calculated for the constant stress range S = 80 MPa (other weld geometry

parameters are kept constant: r' = 0, 0 = 30o, 0 = 60" and t = 12 mm). It shows that

the values of K*,",n decreased as the weld toe radius (r) increased. There is a.

significant difference between the values of K*..,¡ due to the variations in the weld toe

radii from 0.3 mm to 2.0 mm. However, there is a less significant difference between

the values of K*,,.¡ due to the variations in the weld toe radii from 2.0 mm to 2.5 mm.

Figure 5.17b showed the effect of the weld toe radius (r) on the stress intensity factor

K*.",8 calculated for the constant stress range S = 80 MPa (other weld geometry

parameters were kept constant: r' - 0, 0 = 30o, 0 = 60o and t = 12 mm). It shows that

the values of K*,.,¡ decreased as the weld toe radius increased. It suggests that the

fatigue behaviour of butt joints can be improved by increasing the weld toe radü .

Effect of the flank angle

Figure 5.18a showed the effect of the flank angle (0) on the stress intensity factor

K*"",.r calculated for the constant stress range S = 80 MPa (other weld geometry
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parameters are kept constant: r' = 0, r = I mm, 0 = 60o and t = 12 mm). It shows that

the values of K*,,.¡ decreased as the flank angle decreased. There \ilas a significant

difference between the values of K*..,¡ due to the variations in the flank angles from

20" to 0". However, there was a small difference between the values of K*,",¡

corresponding to the values of flank angle from 20o to 60o.

Figure 5.18b showed the effect of the flank angle (0) on the stress intensity factor

K*,.,8 calculated for the constant stress range S = 80 MPa (other weld geometry

parameters are kept constant: r I = 0, r = 1 mm, 0 = 60o and t = 12 mm). It showed

that the values of K*,",s decreased as the flank angle decreased from 60" to 0o.

Fig. 5.18b also showed that there was a small difference between values of K**,e was

observed due to the variations in the flank angle from 20o to 60".

Effect of the plate thickness

Figure 5.19a showed the effect of the plate thickness (t) on the stress intensity factor

K*.",A calculated for the constant stress range S = 80 MPa (other weld geometry

parameters arekeptconstant: r'=0, r= 1mm,0 =30'and$ = 60"). It shows that

the values of K*,.,¡ increased as the plate thickness increased. Based on this behaviour

of the K*"",A , the known effect of the plate thickness in reducing the fatigue life of

weld joints (which are reported in the literature (Gurney 1979, Ohta et al. 1990,

Maddox 1991)) can be well-explained.

Figure 5.19b showed the effect of the plate thickness (t) on the stress intensity factor

K**,g calculated for constant stress range S = 80 MPa (other weld geometry
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parameters were kept constant: r' = 0, r = I mm, 0 = 30" and $ = 60o ). Fig. 5.19b

shows that the values of the K*,",8 increased as the plate thickness increased. This

behaviour of the K*..,¡ was similar to that of the K**,A except that the effect of the

plate thickness on the K**,n was far more significant.

Effect of the edge preporation angle

Figure 5.20a showed the effect of the edge preparation angle (Q) on the stress

intensity factor K*"",A calculated for the constant stress range S = 80 MPa (other weld

geometry parameters were kept constant: r' - 0, r = I mm, t = 12mm and 0 = 30"). It

shows that the values of the K*,",n slightty increase as the edge preparation angle

increases from 45' to 90". However, this effect of the angle (Q) was more significant in

the later stages of the crack propagation when the crack had propagated beyond the

40 Vo of the plate thickness (a/t > 0.4).

Figure 5.20b showed the effect of the edge preparation angle (Q) on the stress

intensity factor K*,.,8 calculated for constant stress range S = 80 MPa (other weld

geometry parameters are kept constant: r' - 0, r = 1 mm, t = 12 mm and 0 = 30").

This figure also shows that the values of the K*,.,8 slightly'increased as the edge

preparation angle increased from 45o to 90'. It was obserüed that the effect of the

angle (0) on the K*,.,s became more distinguishable after the crack has propagated

beyond the crack length of 20 Vo of the width of welded plate (c/b >0.2).
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Effect of the initial crack shape aspect ratio

The effect of the initial crack shape aspect ratio (a/c). (Fig. 3.2) on the fatigue

behaviour of a butt welded joint was investigated by keeping all the relevant butt-weld

geometry parameters constant and varying the values of (a/c)".

Figure 5.21a showed the effect of the ratio (a/c)o on the stress intensity factor K**,A

calculated for constant stress range S = 80 MPa (other weld geometry parameters are

kept constant: r'= 0.15 mm, r =2 mm,0 = 30o,0 = 60o and t = 12 mm). It shows

that the values of K*.",n decreased as the ratio (a/c)o increased from 0.1 to 1.0.

However, this trend tended to be significant during the early stages of the crack

growth (alt < 0.1) only.

Figure 5.2Ib showed the effect of the ratio (a/c)o on the stress intensity factor K**.s

calculated for constant stress range S = 80 MPa (other weld geometry parameters are

kept constant: r'= 0.15 mm, r --2 mm,0 = 30o,0 = 60o and t = 12 mm). It showed

that the values of the K*,",8 increased as the ratio (a/c)o increased from 0.1 to 1.0. This

behaviour of the K*.",8 was observed only during the early stages of the crack growth

(c/b <0.15), beyond that limit there was an insignificant effect of the ratios (a/c)"on

the values of K*r",s. However, some fluctuations of the values of K**,¡ were found

during the early stages of the crack growth (c/b <0.1).
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5.3 Effect of Weld Geometry on the Fatigue Behaviour of Butt Joints

In this section, the effect of various weld geometry parameters on the fatigue

behaviour of butt-welded joints in terms of the evolution of crack shape, crack growth

a-N curve and fatigue S-N curve are discussed.

5.3.1 Effect of weld geometry on the crack shape evolution

Effect of the undercut at the weld toe

Figure 5.22 showed the effect of the tip radius at the weld toe undercut (r') on the

crack aspect ratio (a/c). It shows that the semi-elliptical surface crack with a higher

value of (r') when propagated in a butt-welded joint tended to develop the crack shape

with a higher value of (a/c) i.e approaching towards the semi-circle shape. At the early

stage of the crack growth (alt < 0.1), the semi-elliptical surface crack tended to reach

the shape with a higher value of (a/c) during crack propagation life i.e close to the

shape of the semi-circular crack. However, the ratio of (a/c) decreased as the crack

propagated further.

Effect of the weld toe radius

Figure 5.23 shows the effect of weld toe radius on the crack shape aspect ratio (a/c).

It shows that a semi-elliptical surface crack with a larger weld toe radius when

propagates in butt welded joints tended to develop a crack shape with the higher value

of (a/c) during crack propagation life. At the early stage of the crack growth

(alt < 0.1), surface crack tended to reach the semi-elliptical shape with a higher value
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of (a/c) i.e approaching towards the shape of the semi-circular crack. However, the

ratios (a/c) tend to decrease as the crack propagates further.

Effect of the flank angle

Figure 5.24 showed the effect of the flank angle on the crack shape aspect ratio (a/c).

It shows that semi-elliptical surface cracks with smaller flank angle when propagated

in butt-welded joints, tended to develop the semi-elliptical crack shape with a higher

value of (a/c) during crack propagation life. At the early stage of the crack growth

(alt < 0.1), the surface crack tended to reach the semi-elliptical shape with a higher

value of (a/c) i.e close to the shape of the semi-circular crack. However, for the base

plate or the flush-ground welded plate (with 0 = 0), the initial semi-elliptical crack

became semi-circular after a few cycles. The ratio (alc) decreased as the crack

propagated further.
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Effect of the plate thickness

Figure 5.25 showed the effect of the plate thickness on the ratio (alc). It shows that

semi-elliptical surface cracks with a certain initial crack shape ((a/c). = const)

propagate through butt-welded joints made from thin plate tend to develop a semi-

elliptical crack shape with a higher value of (a/c). During the early stage of the crack

growth (alt< 0.1), the surface crack tends to approach towards a crack shape with a

higher value of (a/c) i.e close to the shape of the semi-circular crack. However, the

ratio of (a/c) decreases as the crack propagates further.
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Effect of the edge preparation angle

Figure 5.26 showed the effect of the edge preparation angle on the ratio (a/c). It

shows that semi-elliptical surface cracks with a lower value of the angle (Q) propagate

through butt welded joints tend to develop the semi-elliptical crack shape with higher
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value of (a/c) during crack propagation life. At the early stage of the crack growth

(alt < 0.1), the surface crack tends to reach the crack shape with a higher value of

(alc) i.e close to the shape of the semi-circular crack. However, as the crack

propagates further the ratio (a/c) decreases.
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Effect of the ínitial crack shape aspect ratio

Figure 5.27 showed the effect of the initial crack aspect ratio (a/c). on the evolution

of the crack shape during crack propagation. It shows that semi-elliptical surface

cracks with various values of (a/c)" tend to develop the crack shape similar to the

shape that developed by the initial semi-circular surface crack during the crack

propagation life. However, this effect of the initial crack shape ratio was significant

only during the early stages of the crack propagation (a/t < 0.1). Some fluctuations of

the value of (a/c) were observed in this figure. Further, the values of (a/c) due to
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various values of (a/c). follow the same curve as expected from the initial semi-

circular surface crack.
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5.3.2 Effect of weld geometry on the fatigue crack growth curve (a vs. N) and on

the S-N curve

Effect of the undercut at the weld toe

Figure 5.28a showed the effect of the tip radius at the undercut at the weld toe (r') on

fatigue crack propagation life. It is obvious that the fatigue crack propagation life

increased as the value of (r') decreased. It means that the fatigue life of the

butt-welded joints can be improved by decreasing the value of (r') or by eliminating

the undercut at weld toe by grinding or some other post-weld surface finishing
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technique. Under the constant applied stress range (e.g. S=80 MPa), the

improvement of the crack propagation life due to the decrease of (r') from 0.5 mm to

0.05 mm was of the order of 1.7x106 cycles while that due to variation of (r), (0), (t)

and (Q) was 4.5x106, 14x106, 3x106 and 1x106 cycles respectively. This means that the

degree of the influence of the tip radius at the undercut on the fatigue behaviour of

butt-welded joints was less than that of (r), (0) and (t) but stronger than that of (0).

Figure 5.28b showed the effect of (r') on the S-N curve. It showed that the S-N curve

tended to move from the left to the right as the value of (r') decreased. It means that

the fatigue strength and fatigue life of butt-welded joints could be improved by either

partly or totally removing the weld toe undercut. This figure also shows that the

fatigue strength of a butt-joint at 2xI06 cycles (fatigue limit) was increased by 12 7o as

the tip radius at the undercut decreased from 0.5 mm to 0.05 mm.

Effect of the weld toe radius

In Fig. 5.29a it is shown how the fatigue crack propagation life increased as the value

of the weld toe radius (r) increased. This means that the fatigue life of butt-welded

joints can be improved by increasing the value of the weld toe'iadius (e.g. by grinding

or other post-weld surface hnishing technique). This conclusion was consistent with

the results claimed by several other researchers (Lawrence et al 1973, Gurney 1979,

Maddox 1991). This fìgure also showed that the improvement of the crack

propagation life was due to an increase of (r) from 0.3 mm to 2.5 mm was of the order

of 4.5x106 cycles for constant axially applied stress range (S=80 MPa).
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Figure 5.29b showed the effect of the weld toe radius on the S-N curve. It showed

that the S-N curve tended to move from the left to the right as the value of the weld

toe radius increased. As a result, fatigue strength and fatigue life of butt welded joints

can be improved correspondingly. This figure also showed that the fatigue strength of

butt-joint at 2x106 cycles was increased by 34 Vo as the weld toe radius increased from

0.3 mm to 2.5 mm.

Effect of the flank øngle

Figure 5.30a showed the effect of the flank angle (0) on the fatigue crack propagation

life. It is obvious that the fatigue crack propagation life increased as the value of (0)

decreased. This means that the fatigue life of the butt-welded joint can be improved by

decreasing the value of the flank angle (e.g. by grinding or other post-weld surface

finishing technique). This conclusion is consistent with those of other researchers

(Lawrence et al 1973, Gurney 1979, Maddox 1991). For a constant nominal applied

stress range (S=80 MPa), the improvement of the fatigue crack propagation life due to

the decrease of (0) from 60' to 0" is of the order of 14x106 cycles while that due to

the variation of (r) is of 4.5x106 cycles (Fig. 5.29a). It means that the degree of

influence of flank angle on fatigue crack propagation life is more signiflrcant than that

of the weld toe radius.

Figure 5.30b showed the effect of the flank angle on the S-N curve. It showed that the

S-N curve tended to move from the left to the right as the value of flank angle

decreased. As a result, the fatigue strength and fatigue life of butt welded joints can

be improved by modifying the weld profile with smaller flank angle i.e smoother weld
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bead. The flush-ground welded plate will have the highest fatigue strength and this is

reported to be equivalent to the fatigue strength of the parent plate (Maddox, 1991).

This figure also shows that the fatigue strength of butt-joints at 2x106 cycles was

increased by 2l Vo as the flank angle decreased from 60o to 5o. However, the fatigue

strength of the butt-joint would be increased by up to 54 7o as the flank angle

decreases further up to the level of the base plate (0=0").

Effect of the plate thíckness

Figure 5.31a showed the effect of the plate thickness (t) on the fatigue crack

propagation life. It is obvious that the fatigue crack propagation life decreased as the

value of (t) increased. This conclusion was consistent with the experimental results

obtained by several other researchers (Gurney 1979, Berge 1985, Yee et al 1988, Ohta

et al 1990, Maddox 1991). The improvement of the fatigue crack propagation life due

to the decrease of (t) from 32 mm to 9 mm was of the order of 3x106 cycles under the

constant axially applied stress range (S=80 MPa) while the improvement of the fatigue

life due to the variations of (r) and (0) were of the order of 4.5x106 and 14x106

respectively. This means that the degree of influence of the plate thickness was less

significant than that of both weld toe radius and flank angle. :

Figure 5.3lb shows that the fatigue life is significantly increased as the plate thickness

decreased from 32 mm to 9 mm. However, the improvement of the fatigue life due to

the decreased of the plate thickness from 20 mm to 9 mm was insignifîcant. It means

that for the lower range of the plate thicknesses (less than 20 mm), the effect of plate

thickness was ignorable. It is also clear from this figure that thicker plate tended
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to move the S-N curve from the right to the left. This means that the fatigue life and

fatigue strength of welded joints decreased with the increased value of the plate

thickness. This figure also showed that the fatigue strength of a butt joint at 2x106

cycles was decreased by up to 2L Vo as the plate thickness increased from 9 mm to

32 mm.

Effect of the edge preparation angle

Figure 5.32a showed the effect of the edge preparation angle (Q) on the fatigue crack

propagation life. It is obvious from this figure that the crack propagation life

increased as the value of (0) decreased from 90" to 45'. The improvement of the

fatigue crack propagation life due to the decrease of angle (Q) from 45' to 90o was of

the order of 1x106 cycles for a constant axially applied stress range (S=80 MPa) while

the improvement of the fatigue life due to variation of (r), (0) and (t) were of 4.5x106,

14x106 and 3x106 cycles respectively. This means that the degree of the influence of

the edge preparation angle was less significant than that of the other weld geometry

parameters i.e weld toe radius, flank angle and plate thickness.

Figure 5.32b showed the effect of the edge preparation angle (0) on the S-N curve. It

shows that the S-N curve slightly moved from the left to the right as the value of

angle (Q) decreased. However, a slight improvement of the fatigue strength and

fatigue life of butt-welded joints due to the variation of angle (Q) was considered to be

insignihcant (S-N curves almost overlap). This figure also showed that the fatigue

strength of butt-joints at 2x106 cycles was increased by 7 7o as the angle ($) deceased
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from 90o to 45". This improvement was ignorable considering a large scatter of the

fatigue data occurs in the testing practice.

Effect of the initial crack shape aspect ratio

Figure 5.33a showed the effect of the initial crack shape aspect ratio (a/c)o on the

fatigue crack propagation life. It is obvious from this figure that the crack propagation

life increased as the value of (a/c), increased. This means that an initiated fatigue

crack with lower initial crack shape aspect ratio tended to be more detrimental to the

fatigue life of butt-joints than that with higher initial crack shape aspect ratio. This

suggested that a semi-circular shape of a surface crack was less harmful than the other

shapes of the surface crack like a semi-elliptical or edge crack.

Figure 5.33b showed the effect of the initial crack shape aspect ratio (a/c)o on the S-N

curve. It showed that the S-N curve tended to move from the left to the right as the

value of (a/c). increased from 0.1 to 1.0. This figure also showed that there was an

insignificant difference between the effect of (a/c). on S-N curve for a large range of

the initial crack shape aspect ratio from 0.2 to 1.0. Therefore, it suggested that when

using a semi-elliptical crack propagation model to evaluate the fatigue behaviour of

butt-welded joints, an initial crack with aspect ratio of 0.2 could be adopted.
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5.4 Effect of the Residual Stresses on the Fatigue Behaviour of Butt-Joints

In the present study, the effect of the post-weld residual stresses on the fatigue

behaviour of butt-welded joints is investigated for three cases: (i) the post-weld

surface treated condition, (ii) the as-welded condition and (iii) the stress-relieved

condition.

It has been mentioned earlier that the post-weld surface residual stresses have not

been measured but are assumed on the basis of experimental data (Wahab, 1984,

Maddox 1991 and others). In the post-weld surface treated condition, several levels of

the induced compressive residual stresses at the weld toe surface are assumed to

simulate the post-weld surface treated conditions e.g single or multiple point hammer

peening (S,= -152 MPa and -I72MPa), glass or steel shot peening (S,= -62 MPa and

-110 MPa) and stress peening (5,=-172 MPa) (V/ahab, 1984). In the as-welded

condition, for simulation of the state of residual stress of the actual welded

structures, several levels of the tensile residual stresses at the weld toes were

assumed. These levels ranged from a fraction of the yield stress of the base metal up

to its yield stress (S,- 300 MPa) (Maddox 1991). In the stress-relieved condition, the

magnitude of the tensile residual stresses was assumed to be zero (S, = 0, refers to the

"perfectly stress-relieved" state) or as low as S, = 14 MPa (Wahab, 1984). An

idealised pattern of the residual stress fields in the as-welded and post-weld treated

conditions is shown in Figure 3.5 (Chapter 3). The values of the effective depth of the

surface treatments d"rr (shown in Fig. 3.5) were assumed to be 0.2 mm and 0.43 mm

for glass and steel shot peening; 0.76 mm and 0.69 mm for single-point and

multiple-point hammer peening and 0.7 mm for stress peening (Wahab, 1984).
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For the as-welded condition, the magnitude of the peak compressive residual stresses

(S,"'"*) was assumed to be equivalent to the maximum tensile residual stress at the

weld toe surface and located at the middle of the plate thickness (S,.'"' = S,). The

distribution of the surface residual stresses along the plate width (y-direction) was

assumed to be constant for each type of surface treatment. In the as-welded condition

it follows a cosine pattern with the peak tensile residual stress located in the middle of

the welded plate (Fig. 3.5, Chapter 3). The explicit form of the equations used to

describe the residual stress distributions for the as-welded and the surface-treated

conditions are given in Appendix B.

Effect of the residual stresses on the stress íntensity factor

Figures 5.34a and 5.34b show the variation of the stress intensity magnification

factors Mo*,, and MB¡,, due to the combined effect of the weld geometry and residual

stresses calculated for an assumed butt-weld geometry (r' = 0 mm, r = I mm, 0 = 30",

t = 6.35 mm) respectively. Figure 5.34a shows that the compressive residual stresses

reduce the value of the stress intensity magnification factor MA*,, at the early stage of

the crack growth while tensile residual stresses tend to increase it. However, the

effect of the lower level of the compressive residual stresses of,the order of -62 MPa

on MA¡,, is similar to that of the residual stresses in the stress-relieved condition (S,=0

and S,=14 MPa).
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Figure 5.34b shows the effect of the residual stresses on the stress intensity

magnifÏcation factor Mt*,, across the width of the welded plate. The values of MBr,,

for each surface treatment are constant resulting from the same level of compressive

residual stresses introduced at the plate surface. However, the values of MB¡,¡ ârs

reduced compared with that in "perfectly stress-relieved" condition (S, = 0) due to the

particular level of the induced compressive residual stresses. In the as-welded

condition, due to the presence of the tensile residual stress, the values of MBt,, are

increased in the early stages of the crack growth compared with that in "perfectly"

stress-relieved condition (S' = 0) but decreased after the crack reaches the length of

0.06 times the width of the welded plate (c/b = 0.06).

Figure 5.35(a) and (b) show the values of the stress intensity factors K*,.,.r and K*,",s

for the applied stress of S = 150 MPa. Figure 5.35a shows that when compared with

the "perfectly" stress-relieved condition, the stress intensity factor K*,",,r was

increased with tensile residual stresses and decreased with compressive residual

stresses in the early stages of the crack growth. As a result, the compressive residual

stresses improve the fatigue life of butt-welded joint while tensile residual stresses

reduce it. This conclusion is consistent with the results reported by many authors

(Toyooka et al 1985, Bellow et al 1986, Cooper et al 1986, Desvignes et al 1986,

Heeschen et al 1986, etc.). However, after the crack length increased to 0.45 times

the plate thickness (0.45t), the stress intensity value K*,",n begins to decrease as the

level of the tensile residual stress increases. This behaviour is due to the portion of the

compressive residual stress through the plate thickness which balances the tensile

residual stresses at the weld toe surface. However, beyond the crack length of (0.45t)
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the compressive residual stresses continue to decrease the value of K*.",^ compared

with that in the stress-relieved state. It means that the fatigue crack growth during the

early stage (crack length less than 0.45 times plate thickness) dominate the major part

of the fatigue life.

Figure 5.35a also showed that there was a little difference between the effects of low

levels of tensile residual stresses corresponding to the stress-relieved state (S,=0 and

S,=L4 MPa) and low levels of compressive residual stresses of the order of -62 MPa.

This means that the effect of low levels of compressive residual stresses (e.g less than

-62 MPa) and the effect of stress-relieving processes (e.g. annealing) on the fatigue

behaviour of butt welded joints were almost equivalent.

Figure 5.35b shows the effect of residual stresses on stress intensity factor K*,",¡ is

similar to its effect on K*,.,¡ i.e. its value is increased by tensile residual stresses and

decreased by compressive residual stresses. However, after a transition point at the

crack length of 0.08 times plate width (0.08b), the effect of residual stress on K*,",s

has a new feature. The values of K*,.,¡ begin to increase by the induced compressive

residual stresses and decrease by tensile residual stresses compared with that in

"perfectly stress-relieved" condition. This is due to the change of the sign of the

residual stresses at the transition point i.e from compressive to tensile in surface

treated condition and from tensile to compressive in as-welded condition.
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Effect of resídual stresses on the evolution of crack shape aspect ratio

Figure 5.36 shows the effect of residual stresses on the evolution of crack shape

aspect ratio (a/c). It shows that at the early stage of the crack growth (a < 0.25t), the

values of crack shape aspect ratio (a/c) increased as the level of the tensile residual

stresses increased or level of the compressive residual stresses decreased. However,

beyond that length, the values of (a/c) increased as the level of the compressive

residual stresses increased. This means that after a fatigue crack has propagated

beyond the 25 Vo of the plate thickness, the behaviour of the crack shape evolution in

the induced compressive residual stresses condition is similar to that in the tensile

residual stresses condition. The sign of the surface residual stresses at the weld toes

influenced the crack shape aspect ratios during the early stage of the crack growth

only. A high level of tensile residual stresses at the weld toes tended to develop a

crack with a higher aspect ratio of the crack shape whilst a high level of compressive

residual stresses tends to develop a crack with a lower crack shape aspect ratio.

Effect of resídual stresses on the S-N curve

Figure 5.37 shows the fatigue S-N curves in terms of the effect of residual stresses in

butt-welded joints. It is obvious from this figure that the fatigue strength is improved

by compressive residual stresses whilst it was reduced by tensile residual stresses. The

effect of the residual stress-relieved process and that of the low level of compressive

residual stresses (e.g less than -62 MPa) was shown in the same scatter band.
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5.5 Effect of the Combined Axial and Bending Load Conditions

The effect of the combíned loadíngs on the rtr¿rr intensity factor

Figures 5.38a and 5.38b show the effect of the combined loading condition in terms of

the ratio Ro" (Ro" = So/ S") on the stress intensity factor of a butt-joint with a semi-

elliptical surface crack. A constant weld geometry profile subjected to the axially

loaded stress range S" = 150 MPa in the "perfectly stress-relieved" condition was

assumed for the calculation (r' = 0, r = I mm, 0 = 30", 0 = 60o, t =L2mm, S, = 0 and

R=0).

Figure 5.38a shows that the values of K*,.,¡ increased as the ratio R¡" increased from

0 to 1.5 (Ru" = 0 represents the pure axial loading case). This behaviour of the stress

intensity factor at the deepest point (A) (Fig. 3.2) with respect to the combined

loading condition resulted in a decrease in the fatigue life and fatigue strength of

butt-joints (as shown latter in Fig. 5.40). A similar behaviour of the stress intensity

factor is also observed at the point (B) (Fig. 3.2) as shown in Fig. 5.38b. It shows rhat

the values of K*,".s increased as the ratio R¡" increased from 0 to 1.5. This means that

a higher magnitude of the nominal bending stress in a combined loading case results in

a higher value of the stress intensity factor which determines the fatigue behaviour of

the joints under consideration.

The effect of combined loading ratio on the evolution of the crack shape

Figure 5.39 shows the evolution of the crack shape aspect ratio under combined

loading conditions. This figure shows that the combined loading ratio (R6") has a little
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influence on the evolution of the crack shape. There is an insignificant difference

between the values of (a/c) for changes in (Ro") from 0 to 1.5 suggesting that the

evolution of the crack shape in the combined loading case is similar to that expected

under pure axial loading
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Figure 5.39 Effect of the combined loading ratio (R5") on the crack shape aspect ratio

The effect of the combined loading ratio on the S-N curve

Figure 5.40 shows the effect of the combined loading ratio (R5") on the fatigue S-N

curve. It shows that the S-N curve tends to move from the tight to the left as the

values of (R6") increased from 0 to 1.5. Showing that the fatigue strength and fatigue

life of butt joints decreased as the values of (R¡,) increased. This behaviour of the S-N

curve under combined loading gives a clear explanation for the effect of misalignments

(axial and angular) in butt joints. The misalignment induced bending stresses are

combined with the nominal axial stresses in the actual loading condition. There are

some useful relationships that can be used to relate the levels of axial or angular
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misalignments with the (Ru") as described in Eqs. (2.5) to (2.7) (Berge and Myhre,

1977; Petershagen and Zwick, 1982). Using these equations, the effect of the

misalignment on fatigue behaviour of butt-joints can be considered to be equivalent to

that under combined loading conditions.
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Figure 5.40 Effect of the combined loading ratio (R6") on the S-N curve

5.6 The Combined Effect of Undercut, Misalignment and Residual Stresses

The effect of undercut on the fatigue behaviour of butt joínts

The effect of the tip radius at the undercut at the weld toe (r') on the ^9-1V curves of

the aligned and misaligned joints (e/t = 0.1) is shown in Figure 5.41a and 5.41b.

Figure 5.41a shows that the ^S-Ncurves tend to move from the left to the right side as

the values of (r') decrease (other parameters are unchanged: r=l mm, 0=30o, 0=60o,

t=12 mm, R = 0, Ro" = 0 and Sr = 0). It suggests that the fatigue strength and fatigue

10

s$s$
5l-ta+

$-
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life of butt-welded joints can be improved by either partly or totally removing the

weld toe undercut. It is shown from Fig. 5.4la that the fatigue limit of a welded joint

with undercut is decreased by 58 7o (from 120 MPa to 50 MPa) compared with that of

undercut-free joint and by up to 75 Vo (from 200 MPa to 50 MPa) compared with that

of flush-ground welded plate or parent material. The fatigue limit of the undercut-free

joint is decreased by only 40 7o (from 200 MPa to 120 MPa) when compared with

flush-ground welded plate or parent material. The fatigue limit of the undercut joint

can be improved by up to 140 Vo (from 50 MPa to 120 MPa) and 300 7o (from 50 MPa

to 200 MPa) by eliminating the undercut at the weld toe or by flush-grinding the weld

bead to the level of the parent plate respectively.

Figure 5.4lb shows that the effects of tip radius of the undercut (r') on the S-N curve

of the misaligned joint(e/t = 0.1) and ^S-Ncurve of the aligned joint are similar (other

parameters are kept unchanged: r=1 ñD, 0=300, 0=600, È12 hß, and Sr-0).

However, the fatigue limits of the undercut misaligned joint, misaligned joint without

an undercut and flush-ground misaligned joint move towards a lower position.

Fig. 5.41b also shows that the fatigue limit of an undercut misaligned joint was

decreased by 56 7o (from 90 MPa to 40 MPa) and by 73 Vo (frorn 150 MPa to 40 MPa)

compared with that of the misaligned joint without an undercut and flush-ground joint

respectively. Furthermore, the fatigue limit of the misaligned joint without an undercut

is decreased by only 40 lo (from 150 MPa to 90 MPa) compared with that of the

flush-ground joint
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Figure 5.41 Effect of tlre tip radius of the weld toe undercut on S-N curves of the

aligned and misaligned joint (constant parameters: r = 1 mm, 0 = 30o, 0 = 60o,

t=12mm,R=0andSr=0)
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It is also obvious from Figs. 5.41a and 5.41b that the undercut is one of the most

significant weld geometric parameters to influence the fatigue behaviour of butt-joints

and the effect of the tip radius at the undercut is governed by the other weld

geometric parameters.

The effect of misalignm.ent on fatigue behat,iour ol t)utt ioinîs

Figure 5.42a shows that for an undercut-free welded joint in a "perfectly stress-

relieved" condition the fatigue strength and fatigue life of butt joints are decreased

with the increasing levels of misalignments (increasing values of e/t or y). It shows

that the S-N curves of the misaligned joints move to the left side of the graph. And

that the fatigue limit of the misaligned joints decreased by up to 17 Vo (ftom 120 MPa

to 100 MPa) and by 58 7o (from L20 MPa to 50 MPa) subject to levels of

misalignment from 5 7o and 50 Vo of the plate thickness (e/t from 0.05 to 0.5)

respectively when compared with that of the aligned joints. This also means that the

fatigue limits of the misaligned joint can be improved by from 20 Vo ¡.o I40 7o due to

the elimination of misalignments from 5 Vo to 50 Vo respectively. Figure 5.42b also

shows that when an undercut is present in the "perfectly stress-relieved" condition,

the fatigue strength and fatigue life of butt-joints decreased with increasing levels of

misalignment (increasing value of e/t or )). However, the reduction in the fatigue limit

of the undercut joint (r' = 0.25 mm) ranged from l0 Vo to 60 7o subject to the levels

of misalignment from 5 Vo to 50 7o rcspectively. This suggests that the fatigue limits of

the undercut misaligned joint can be improved by from lL Vo to 150 Vo due to the

elimination of misalignments from 5 7o to 50 Vo respectively.
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Figure 5.42 Effect of the misalignment on the S-N curves of the undercut-free and

undercut butt-joints (constant parameters: r = 1 mm, 0 = 30", 0 = 60", t = 12 mm,

R=0andS,=Q).
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The combined effect of the undercut, misalignment and residual stresses on the

fatigue behaviour of but- joints

Figures 5.43a and 5.43b show the effect of residual stresses on the ^Í-N curves of the

misaligned undercut-free and misaligned unclercut joints. It is obvious from these

hgures that the fatigue life was improved by the compressive residual stresses whilst

recluced by the tensile resiclual stresses. This conclusion is consistent with the results

reported by many other authors as already reported in section 5.4 of this Chapter.

Figure 5.43a shows the effect of residual stresses on the ^S-^ff curves of undercut-free

misaligned joint. It shows that under the condition of high tensile residual stresses the

effect of misalignment on the ^S-N curves becomes more severe. The effect of residual

tensile stresses on .S-N curves of aligned and misaligned joint are similar in a way such

that it significantly reduced the fatigue life of the joints. On the contrast, the effect of

compressive residual stresses showed a similar trend for the misaligned and aligned

joints but the fatigue life of the joints was improved.

Furthermore, fatigue limits of the treated misaligned and aligned joints (S, = - 172

MPa) were improved by 78 Vo (from 90 MPa to 160 MPa) and by 75 7o (from 120

MPa to 210 MPa) when compared with that under stress-relieved condition (S, = 0)

respectively. Figure 5.43a also shows that the fatigue limit of the misaligned and

aligned joint subjected to high tensile residual stresses of the yield stress magnitude

(S, = 300 MPa) could be considerably improved by relieving the tensile residual

stresses alone. Under this condition, the fatigue limits of the misaligned and
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aligned joints are improved by up to 300 Vo (from 30 MPa to 90 MPa) and by 400 7o

(from 30 MPa to 120 MPa) respectively. However, when a surface treatment is

applied (with S, = -l72MPa), the improvement of the fatigue limits of the misaligned

and aligned joints can be expected by up to 433 Vo (from 30 MPa to 160 MPa) and by

600 Vo (from 30 MPa to 210 MPa) respectively.

Figure 5.43b shows that when an undercut of 0.25 mm is present at the weld toe

(r' = 0.25 mm), the improvement of the fatigue limit by surface treatment (5, = - I72

MPa) of the misaligned and aligned joint significantly decreased by 38 Vo (from 160

MPa to 100 MPa) and by 48 7o (from 210 MPa to 110 MPa) respectively. Using a

surface treatment alone the fatigue limit of the undercut misaligned and aligned joint

can be increased by up to 150 Vo (from 40 MPa to 100 MPa) and by 120 7o (from 50

MPa to 110 MPa) when compared with that of under stress-relieved condition (S, = Q)

respectively. If the undercut at the weld toes is eliminated after the surface treatments,

the fatigue limits of the misaligned and aligned joints can be expected to be improved

by up to 300 7o (from 40 MPa to 160 MPa) and by 320 Vo (from 50 MPa to 210 MPa)

respectively. The fatigue limit of the undercut misaligned and aligned joint (r' = 0.25

mm) subjected to high tensile residual stresses of the yield stress magnitude (S, = 399

MPa) can be considerably improved by relieving the tensile residual stresses alone. As

a result, the fatigue limits of the misaligned and aligned joints improve by up to I00 qo

(from 20 MPa to 40 MPa) and by 150 Vo (from 20 MPa to 50 MPa). When the

undercut is eliminated, the improvement of the misaligned and aligned joint can be up

to 700 Vo (from 20 MPa to 160 MPa) and by 950 7o (from 20 MPa to 210 MPa).
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Figure 5.44 shows the effect of the undercut and misalignment on ,S-N curves of a

butt-joint under the condition of tensile residual stresses. It is obvious from this figure

that the effect of an undercut of 0.25 mm in a high tensile residual stress condition

(S, = 300 MPa) on fatigue curve (S-N curve) was more significant than that of the

axial misalignment of 5 7o of plate thickness. However, the effect of undercut of 0.25

mm in the aligned joint under perfectly stress-relieved condition (S, = 0 MPa) is

similar to the effect of undercut-free misaligned joint of 5 Vo of plate thickness.

However, the fatigue limit of the undercut-free misaligned joint is higher than that of

the aligned undercut joint. This figure also shows that under a high tensile residual

stress of the magnitude of the yield stress (S, = 300 MPa), fatigue limits of the

undercut-free and undercut aligned joint were decreased by 75 Vo (from 120 MPa to

30 MPa) and 60 Vo (from 50 MPa to 20 MPa) when compared with that under

perfectly stress-relieved condition respectively. Furthermore, if an axial misalignment

(elt= 0.05) is present, fatigue limits of the undercut-free and undercut joint (r' =0.25

mm) are decreased by 67 Vo (from 90 MPa to 30 MPa) and by 50 Vo (from 40 MPa to

20 MPa) when compared with that of under perfectly stress-relieved condition

respectively. It means that the sole effect of high tensile residual stress is less

significant when undercut or misalignment is present in the joints.

Figure 5.45 shows the effect of an undercut and misalignment on the S-N curves of

butt-joints subjected to the compressive residual stresses that were induced by surface

treatment (S, = - 172 MPa). It is obvious from this fîgure that the fatigue strength and

fatigue life of butt joints were improved by the induced compressive residual stress.

However, the level of the improvement depended on the particular level of undercut

and misalignments. Fig. 5.45 shows that the effect of undercut of the 0.25 mm on the
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S-N curve was more significant than that of the misalignment of the order of 5 7o of.

plate thickness under surface treated condition (S, = - I72 MPa). It also shows that

due to the induced compressive residual stresses (S, = - I72 MPa), the fatigue limits of

the aligned undercut-free and undercut joint (r' = 0.25 mm) were improved by 75 Vo

(from 120 MPa to 210 MPa) and by L20 7o (from 50 MPa to 110 MPa) respectively.

However, if an axial misalignment (e/t = 0.05) is present, the improvements of fatigue

limits in undercut-free and undercut joint (r' = 0.25 mm) were increased by 78 7o

(from 90 MPa to 160 MPa) and by 150 Vo (from 40 MPa to 100 MPa) respectively.

This suggests that the surface treatment is more effective for the improvement of the

fatigue behaviour of undercut and misaligned joints than that of aligned joints without

an undercut.

From the above discussion it can be emphasised that with high induced compressive

residual stresses, the individual effect of undercut is more significant than that of the

misalignment. The influence of the undercut can be explained by the effect of the

threshold range of stress intensity factor (^K,n) and stress concentrations. Under high

compressive residual stresses at the weld toe surface, the applied stress range which is

needed for a crack to overcome the threshold value (^K6) to propagate further, is

increased. As a result, high stress concentrations which are accompanied by an

undercut at the weld toes would play the more signifîcant role than the secondary

bending stresses induced by the misalignment.

Figure 5.45 also shows that the improvement of the fatigue limit of surface treated

joints can be increased by eliminating the undercut at the weld toes. For the aligned

undercut joint, the improvement obtained by the same level of surface treatment
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(S,=-l72MPa) canbe increased by up to 320Vo (from 50MPa to 2l0MPa) if

the undercut is eliminated but only by 120 Vo of improvement (from 50 MPa to 110

MPa) if the undercut is present. For the misaligned joint (e/t = 0.1 ot y = 0.6 mm), the

improvement obtained by the same level of surface treatment (S' = -I72MPa) can be

increased by up to 300 Vo (ftom 40 MPa to 160 MPa) if the undercut is eliminated but

only by 150 7o (from 40 MPa to 100 MPa) when the undercut is present.
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5.7 
^ 

Mathematical Model to Predict S-N Curve and Fatigue Notch Factor (Kr)

Table 5.1 shows the transformation functions f, (...), fi (...) and proportional

constants k. and kr for various dimensionless products taking into account the weld

geometry parameters (r', r, 0 and t), normalised residual stresses (S,/Sy) and combined

loading ratios (Ru") as described in Eqs. (3.35) and (3.36). The value of A. is given in

Table 5.1 as a function of the normalised plate thickness. The values of the constants

"m" and "4" in Eq. (3.30) can be calculated by substituting these transformation

functions and suitable constants (k. and kn) into Eqs. (3.35) and (3.36). The S-N

curves which take into account variations in the butt-weld geometry parameters,

residual stresses and the combined loading conditions can then be plotted using

Eq. (3.30). The fatigue notch factor (K) for a certain fatigue life corresponding to the

various weld geometry parameters, residual stresses and the combined loading

condition can also be easily calculated from Eqs. (3.35), (3.36) and (3.42).

The valid ranges of the dimensionless products of the relevant parameters for the

transformation functions as shown in Table 5.1 are: (r'lt) from 0.0 to 0.029, (r/t) from

0.0 to 0.417, flank angle (0) from 0" to 60", plate thickness (t/b) from 0.126 ro 1.0,

(S/Sr) from -0.573 to 1.0 and Ru. from 0.0 to 1.5.

Furthermore, in order to evaluate the effect of the theoretical stress concentration

factor (K,) on the fatigue notch factor (K) a mathematical model for (K,) as a function

of the weld geometry parameters (r', r, 0 and t) was found using a dimensional

analysis technique as shown in the following Eq. (5.2).
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Table 5.1 Transformation functions f," (...), f,c (...) and proportional constants k. and

kn for various dimensionless products of weld geometry parameters, residual stresses

and combined loading ratio as described in Eqs. (3.35) and (3.36).

No. Transformation Functions kn&k. t2

I

)

3

4

5

6

f.(r'lt) = 1.0202 + 0.2077 (r' lt)0'3r72

f' (r/t) = 0.9994 + 0.0239 exp(-rl0.1035t)

fD (e) = (0.9996 + 0.00870)/(1 + 0.00820)

f.(t/b) =-4.8892 - 6.1809(t/b) - 3.8325(t/b)2's+ 5.8762 exp(r/b)

f.(RuJ = 0.9015 +0.0816 exp(R6" I 2.0745)

f.(S, /Sy) = 208.5398 + I 13.9884(5, /Sy)2 - 101.4969 exp(S, /Sy) -

- 105.6686 exp(-S,/Sr) for S, <

0

f.(S,/Sy) = 0.0037 +0.1642(5,/Sr)2 +1.0036 exp(-S,/Sy) for S, > 0

k,= 0.9929

0.9992

0.9982

0.9996

0.9921

0.9960

0.9957

0.9989

I

2

3

4

5

6

f¡ (r'lt) = 1.1665 + 605.t324(r',l1¡ I's - ?l,59.4361(r'lt)z - 7.5657(r'lt)o's

f¡ (r/r) = 0.8167 + 10.6842(rlt)''t - 12.1409(rtt)3 + 0.2053(rtt'¡3

f¡, (0) = 0.9911 - 0.0850 + 0.01920r'r - 0.00t202

fA (r/b) = [0.8123 - 1.1884(r/b) + 0.6013(r/b)'z ]/tl - 2.2647(ttb) +

+ 1.8548(r/b)2 I

f,c, (Ru") = 0.3666 + 1.3564 exp(-R¡"/0.3313)

fA(S,/Sy) = [0.5508 + 2.3203(S,/S) + 4.8020(5,/Sy) 2] /[ I +

+ 3.6984(5,/Sr) + 3.4123(5,/Sy) 2l for S, < 0

fA(S, /Sy) = [0.553773 - 2.285794(5, /Sy) +3.523719(S, /Sy) 2 -

- 1.594448(S,/Sy)'l l[ t - 50.2t7416(5,/Sy) + 1123.602(5,/Sy) 2-

- 4877 .0156(5, /Sy) 3 + 8142.0423(5, /Sy) 1l for S. > 0

k,r= 1.1051

0.9999

0.9972

0.9924

0.9985

0.9995

0.9999

0.9999

A, = [4.7776 + 18.4503(t/b¡ r'sraz 
] r 10r2 (forb=50mm) 0.9981
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K, = 0.9992 .f",(r'lt). f., (r/t). f., (0). fk, (t/b) (s.2)

(s.3)

where f., (r'lt), f., (r/t), f., (0) and f¡, (t/b) are the corresponding

transformation functions for the mathematical model of (K, )

(Table 8.4, Appendix B)

Equation (5.2) is valid if the weld geometry parameters are within the range indicated

earlier and if the values of the flank angle (0) and the tip radius at the undercut (r')

are not simultaneously equal to zero (0 = 0 and r' = 0). In the latter case, the value of

K, is independent of (r) and (t) since it is always equal to one (K, = 1)

However for residual stresses and combined loadings, the effective stress

concentration factor K,,"¡¡ is used and is defined as follows:

K,,.rr= K, (l+Ro.) + S, / S"

where s" - the corresponding fatigue strength at a fatigue life of

2^106 cycles (known as the fatigue limit).
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5.7.1 The co-influence effect of weld geometry parameters on the fatigue notch

factor of butt joints

(a) Effect of various weld geometry parameters on the scatter band of (K¡ ) and (K, )

Figures 5.46 to 5.49 show the effect of various weld geometries on the stress

concentration factor and the fatigue notch factor of butt joints which have been

predicted using Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3)). These figures show the

maximum and minimum boundaries of the scatter bands of (K) and (K,) due to the

variations in the weld geometry parameters (r', r, 0 and t) under two types of

boundary conditions which were considered to be representative of the butt joints and

are described as follows:

(Ð A misaligned as-welded butt-joint (S, = 30 MPa, Ro" = 0.15)

(iÐ A perfectly stress-relieved aligned butt-joint (S, = 0, Ru. = 0).

These figures indicate that the scatter band of the fatigue notch factors of butt-joints

(K¡) increased as the values of (r'), (0) or (t) increased and decreased as the weld toe

radius (r) increased. The influence of these weld geometry parameters on the scatter

band of (K¡) are closely reflected in the behaviour of (K,).

Figure 5.46 shows the scatter band of (K) at 2*106 cycles and that of (Kt), generated

from Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3) for as-welded and stress-relieved

conditions for butt welded joints with the normalised tip radius of undercut (r'lt)

varying from 0.0 to 0.029 and the other weld geometry parameters (r, 0, t) maintained

within the valid range.
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For the as-welded condition, Fig. 5.46 shows that as (r'lt) varies from 0.0 to 0.029

the maximum boundary of (K¡) increases by 4l Vo (from 3.62 to 5.10) and the

minimum boundary of (KÐ increases by 48 Vo (from 1.10 to 1.63). However, over the

whole range of the scatter band of (K¡), the value of (KÐ can be increased by up to

364 Vo when the effect of (r') is combined with the effects of other parameters (r), (0)

and (t) whilst (r'lt) remains within the same valid range of 0.0 to 0.029. This

conclusion was obtained by comparing the minimum and the maximum points of the

respective scatter band. This also means that the combined effect of the tip radius at

the undercut (r') and other weld geometry parameters (r, 0 and t) in the as-welded

condition can reduce the fatigue limit (S") of butt joints by up to 79 Vo (conesponding

to an increase in (Kr) from 1.10 to 5.10).
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Figure 5.46 Effect of the tip radius of undercut (r') on the scatter bands of (K¡) and

(Kt) in the as-welded and stress-relieved conditions.
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In the perfectly stress relieved condition, Fig. 5.46 shows that as (r'lt) varies from 0

to 0.029 the maximum and minimum boundary of (K) increases by 42 Vo (from 2.94 to

4.16) and by 30 Vo (from 1.0 to 1.30) respectively. However, regarding the whole

range of (KÐ scatter band, the value of (K) can be increased by up to 316 7o due to

the combined effect of (r') with (r), (0) and (t) whilst (r'lt) varying in the same valid

range from 0.0 to 0.029. This suggests that the combined effect of the tip radius of

undercut and other weld geometry parameters (r, 0 and t) in perfectly stress relieved

condition can reduce the fatigue limit (S.) of butt joints by up to 76 Vo (cotesponding

to an increase in (Kr ) from 1.0 to 4.16)

The behaviour of the scatter band of (K¡) described above is reflected in the behaviour

of scatter band of (K¡) when the effect of (r') is combined with the effect of other

geometry parameters (r, 0 and t). However, the values of (K) are only a small fraction

of the stress concentration factor (Kr / Kt from 0.41 to 0.94).

From Fig. 5.46 it is seen that there is a turning point in the behaviour of the stress

concentration factor (Kt) due to the tip radius at the undercut (r'lt). Before that point

(r'lt < 0.005) the values of K¡ rapidly increase as (r'lt) incrbases. But, beyond the

turning point (r'lt > 0.005) the values of (Kt) decrease as (r'lt) increases. As the tip

radius at the undercut of the weld toe increases, it becomes identical to the weld toe

radius (r), and hence its effect on K, is similar to that of weld toe radius (r) as shown

latter in Fig. 5.47. Figure 5.46 also shows that the scatter band of (Kr) and (K,) move

downwards as a result of the residual stress-relieving.
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Figure 5.47 shows the scatter band of (KÐ ât N¡ = 2x106 cycles and the scatter band of

(K1) calculated for butt welded joints with a weld toe radius (r/t) varying from 0.0 to

0.417 whilst other weld geometry parameters (r', 0, t) are maintained within the range

valid for Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3) in the as-welded and stress-

relieved conditions.
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Figure 5.47 Effect of the weld toe radius (r) on the scatter band of (KÐ and (Kt) in

the as-welded and stress relieved conditions

In the as-welded condition, it can be seen from Fig. 5.47 that as (r/t) varies from 0 to

0.417 the maximum boundary of (K¡) was decreased by 20 Vo (from 5.09 to 4.06) and

minimum boundary of (K) was decreased by 24 Vo (from 1.31 to 1.0). However, for

the whole range of (K) scatter band, the value of (KÐ can be decreased by up to 80 Vo

when the effect of (r) is combined with the other parameters (r'), (0) and (t) whilst

(r/t) maintained within the same valid range of 0.0 to 0.477 . This conclusion was also

obtained by comparing the maximum and the minimum points in the respective scatter

band. This also means that the combined effect of the weld toe radius and other weld
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geometry parameters (r', 0 and t) in the as-welded condition can improve the fatigue

limit (S.) of butt-joints by up to 409 Vo (corresponding to a decrease in (K¡ ) from

5.09 to 1.0).

In the "perfectly" stress relieved condition, Fig. 5.47 shows that as (r/t) varies from

0.0 to 0.417 the maximum boundary of (K¡) are decreased by 20 Vo (from 4.15 to

3.34) and the minimum boundary of (KÐ are decreased by 4 7o (from 1.04 to 1.0). But

for the whole range of the scatter band of (Kr), the value of (KÐ can be decreased by

up to 8l Vo when the effect of (r) is combined with other weld geometry parameters

(r', 0 and t) whilst (r/t) remains in the same valid range of 0.0 to 0.4I7. This suggests

that the combined effect of the weld toe radius and other weld geometry parameters

(r', 0 and t) in the as-welded condition, can improve the fatigue limit (S.) of butt-

joints by up to 315 7o (corresponding to a decrease in (K¡ ) from 4.15 to 1.0).

It can be noticed from Fig. 5.47 that the values of (Kr) is closely influenced by the

behaviour of (Kt) values when the effect of (r) is combined with other geometry

parameters (r', 0 and t). However, the slopes of the (K) vs. (r/t) curves are steeper

than those of the (K¡) vs. (r/t) curves. Again the values of the fatigue notch factor are

only a small fraction of the stress concentration factor (Kr / K, from 0.57 to 0.95).

Figure 5.48 shows the variation in (K) at Nr = 2x106 cycles and the values of (K,)

calculated for butt-welded joints with the flank angle (0) varied between 5o to 60o

whilst other weld geometry parameters (r', r and t) are held within a range valid for
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Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3) in the as-welded and stress-relieved

conditions.

For the as-welded condition, it can be seen from Fig. 5.48 that as (0) varies from 0o to

60" the maximum boundary of (KÐ increased by 34 Vo (from 3.80 to 5.10) and the

minimum boundary of (K) are increased by 43 7o (from 1.09 to 1.56). However, for

the whole range of the scatter band of (K¡), the value of (K) can be increased by up to

368 Vo when the effect of (0) is combined with (r'), (r) and (t) whilst (0) maintained

in the same valid range of 0o to 60o. This conclusion was also obtained by comparing

the minimum and the maximum points in the respective scatter band. This means that

the combined effect of the flank angle and other weld geometry parameters (r', r and

t) in the as-welded condition can reduce the fatigue limit (S.) of butt-joints by up to

79 Vo (corresponding to an increase in (K) from 1.09 to 5.10).
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as-welded and stress-relieved conditions
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For the "perfectly" stress relieved condition, this figure shows that as (0) varied from

0o to 60" the maximum boundary of (K1) increased by 32 Vo (from 3.15 to 4.16) and

the minimum boundary of (K¡) increased by 2t 7o (from 1.0 to l.2l). However, for the

whole range of the scatter band of (Kr), the value of (K) can be increased by up to

316 Vo when the effect of (0) is combined with other geometry parameters (r', r and t)

whilst (0) remained in the same range from 0o to 60o. It also means that the combined

effect of the flank angle (0) with other geometry parameters (r', r and t) in the

perfectly stress-relieved condition can reduce the fatigue limit (S") of butt joints by up

to76 7o (corresponding to an increase in (Kr) from 1.0 to 4.16).

It is also noticeable from Fig. 5.48 that the behaviour of (Kr) scatter band is closely

reflected in the behaviour of (K,) scatter band due to combining the effect of (0) with

the effects of the other geometry parameters (r', r and t). However, the slopes of the

(K¡) vs. (r/t) curves are steeper than those of the (K¡) vs. (r/t) curves. Again the

absolute values of the fatigue notch factor are only a small fraction of the stress

concentration factor (Kr / K, from 0.57 to 0.95).

Figure 5.49 shows the scatter band of (K) at Nr = 2x106 cycles''and the scatter band of

(K¡) calculated for butt-welded joints when the normalised plate thickness (t/b) was

varied from 0.126 to 1.0 whilst other parameters (r', r and 0) are held within the range

valid for Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3) in the as-welded and stress-

relieved conditions.
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Figure 5.49 Effect of the plate thickness (t/b) on the scatter band of (Kr) and (K1) in

the as-welded and stress-relieved conditions.

For the as-welded condition, Fig. 5.49 shows that as (t/b) varied from 0.126 to 1.0 the

maximum boundary of (K) increased by 96 7o (ftom 2.60 to 5.10) and the minimum

boundary of (K) increased by 86 Vo (from 1.10 to 2.04). But, for the whole range of

(K) scatter band, the value of (K) can be increased by up to 364 Vo wher. the effect of

(t) is combined with (r'), (r) and (0) whilst (t/b) are held in the same valid range of

0.126 to 1.0. This conclusion was also obtained by comparing the minimum and the

maximum points in the respective scatter band. This means that the combined effect of

the plate thickness with other weld geometry parameters (r', r and 0) in the as-welded

condition can reduce the fatigue limit (S.) of butt-joints by up to 78 Vo (corresponding

to an increase in (Kr ) value from 1.1 to 5.10).

For perfectly stress relieved condition, this figure shows that as (t/b) varies from

0.126 to 1.0 the maximum boundary of (K) increased by 83 Vo (from 2.08 to 3.81)
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whilst the minimum boundary of (K¡) remained unchanged (Kr =l). However, for the

whole range of the (K) scatter band, the value of (K) can be increased by up to

281 7o when the effect of (t) is combined with (r'), (r) and (0) whilst (t/b) varied in

the same valid range of 0.126 to 1.0. It also means that the combined effect of plate

thickness with other weld geometry parameters (r', r and 0) in the perfectly stress-

relieved condition can reduce the fatigue limit (S.) of butt-joints by up to 74 Vo

(corresponding to an increase in (K¡) value from I to 3.81). This figure also shows

that thicker the welded plate larger the scatter band of (K) is expected

Fig. 5.49 shows that the behaviour of (K) scatter band is closely influenced by the

behaviour of (KJ scatter band in terms of the combined effect of (t) with other

geometry parameters (r', r and 0). However, the slopes of the (K) vs. (t/b) curves are

steeper than those of the (K¡) vs. (t/b) curves. Again the absolute values of the fatigue

notch factor are only a small fraction of the stress concentration factor (Kr / Kt from

0.37 to 1.0) in the stress-relieved condition.

(b) Co-influence effect of the weld toe radius and the flank angle on (K,) and (K¡)

In reality, the values of the plate thickness (t) and plate.edge angle (0) for a

butt-welded joint are usually selected by design. As the transformation functions

corresponding to these geometrical parameters do not change, Eqs. (3.49) and (3.40)

can be rewritten in a more simplified form as a function of three independent variables

(r', r and 0). Furthermore, if the weld toe is ground off or TlG-remelting (GTAW-

remelting) to eliminate the possibility of the undercuts at the weld toes, then Eqs.

(3.39) and (3.40) become the functions of two independent variables (r and 0). For
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example when a single-V butt-welded joint is fabricated from l2 mm thick plate with

an edge preparation angle of Q = 60o, at a given residual stress level and loading

condition (S,/Sy = const. and Ru" = const. ) Eqs. (3.35) and (3.36) become:

m / mo = k',o .f,( r/t ). f,(0)

A / A = k'^o .fo( r/t ). f^(0)

(s.4)

(5.5)

where f,( r/t ), f,(e), fo( r/t ) and f¡(0) are transformation functions, and

k',oo , k*oo - proportional constants

Using Eqs. (5.2) to (5.5) and (3.42) the combined effect of the weld toe radius and

flank angle on the stress concentration factor (K) and the fatigue notch factor (KÐ at

2xI06 cycles have been investigated in the following two representative cases:

(Ð An aligned butt-joint in a perfectly stress-relieved condition without an

undercut (S. = 0, Ro" = 0 and r' = 0)

(ii) A misaligned butt-joint in the as-welded condition with an undercut

(S' /Sy = 0.1, Ro" = 0.15 and r' = 0.05 mm)

(i) An aligned butt-joint in a perfectly stress-relieved conditíon without an undercut

Figure 5.50 shows the co-influence effect of the weld toe radius and flank angle on the

stress concentration factor of the aligned butt-joints in the stress-relieved condition (r'

= 0, t = 12 mm, S, = 0 and R6" = 0). This figure shows that the stress concentration of

butt-joints increased significantly due to the combined influence of the weld toe radius
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Figure 5.50 Co-influence effect of (r) and the flank angle (e) on the stress

concentration factor of aligned butt-joints in the stress-relieved condition (r'=0).
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and the flank angle. It shows that the values of (K,) increased as (0) increased from 0o

to 60" or (r/t) decreased from 0.417 to 0.0. Also the values of (K,) can be increased

by up to 240 7o from 1.0 (corresponding to 0 = 0o and (r/t) = 0.4t7) to 2.4

(corresponding to 0 = 60' and (r/t) = 0). This behaviour of (K,) due to variations in (r)

and (0) determines the behaviour of (Kr) as shown in Fig.5.51.

Figure 5.51 shows the combined effect of the weld toe radius and flank angle on the

(Kr/K,) ratio which represents the fatigue notch sensitivity of the aligned butt-joints in

the stress-relieved condition (r' = 0, t = 12 mm, S, = 0 and Ro" = 0). It shows that the

values of the (Kt/K,) ratio decreased as the flank angle (0) increased (from 0" to 60' )

or the values of (r/t) decreased (from 0.4I7 to 0.0). Further, it shows that the values

of (Kr) is only a small fraction of the value of (K,) for any given weld toe radius and

flank angle.

(ii) A misaligned butt-joint in the as-welded condition wíth an undercut

Figure 5.52 shows the co-influence effect of the weld toe radius and flank angle on the

stress concentration factor of a misaligned butt-joints in the as':welded condition with

an undercut (r'= 0.05 mm, t = 12 mm, S, = 30 MPa, Ro" = 0.15). This figure shows

that the values of the effective stress concentration factor (K,,.Ð increased

significantly when an undercut, residual stresses and misalignment are all present.

However, the behaviour of (K,,.u) subjected to variations in the flank angle and weld

toe radius were similar to that of the aligned joints in the stress-relieved condition
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Figure 5.52 Co-influence effect of (r) and (0) on the stress concentration factor of a

misaligned butt-joint in the as-welded condition (r' = 0.05 mm).
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Figure 5.53 The co-influence effect of (r) and (0) on the (Kr/ K,,.rr) for an as-welded

misaligned butt-joints (constant parameters: r' = 0.05 mm, t = 12 mm, S, = 30 MPa,

Ro. = 0.15).
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without an undercut as shown in Fig. 5.50. Furthermore, the values of (Kr,"rr) increased

as the flank angle increased or the weld toe radius decreased.

Figure 5.53 shows the co-influence effect of the weld toe radius and flank angle on (K¡

/ K,,"rr) of the misaligned butt joints in the as-welded condition (r' = 0.05 Dr,

t= 12 mm, S, = 30 MPa, Ro. = 0.15). It shows that the values of (Kr/ K,,"r) decreased

as the flank angle (0) increased (from 0o to 60o ) or (r/t) decreased (from 0.4L7 to 0).

It can also be seen from this figure that the behaviour of (Kr/ K,,",r) due to variations

in (0) and (r/t) is similar to that of (K¡ / K,) for the aligned butt-joint in the stress-

relieved condition without an undercut (Fig. 5. 5l). Also, the value of (K) was only a

small fraction of the (K.,.u) for a given weld toe radius and flank angle. The magnitude

of the ratio (Kr/K,,"r,) was much smaller in this case than for the aligned butt-joint in

the stress-relieved condition without an undercut (Fig. 5. 51).

5.7.2 The effect of residual stresses and combined loadings on the fatigue notch

factor of butt-joints

In this section, the effect of residual stresses and the combined loading ratio (R¡, ) on

the variations of the fatigue notch factor (K¡ ) of butt-welded joints are discussed

simultaneously with that on the scatter band of the effective stress concentration

factor (K,,"fi).
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(a) Effect of resídual stress and the ratio (Rs,) on the values of (K,,,¡¡ ) and (K¡ )

Figure 5.54 shows the effect of the combined loading ratio (Ru") on the values of (Kr)

& (K,,"rr) which have been calculated for butt welded joints in the as-welded and

stress-relieved conditions using Eqs. (3.35), (3.36), (3.42) and (5.2) & (5.3). For

these calculations, the combined loading ratio (R¡") was varied between from 0.0 to

1.5 and the other weld geometry parameters were maintained within the valid ranges.

This range of (Ru") was selected on the basis of the acceptable levels of the

misalignment for butt-joints Class D-Ql and Class D-Q7 (BSI PD 6493, 1991)

respectively.

In the as-welded condition, it can be seen from Fig. 5.54 that as (Ru") increases from 0

to 1.5 the maximum boundary of (K¡) are increased by IL0 Vo (from 4.49 to 9.44) and

the minimum boundary of (Kr) are increased by 136 7o (ftom 1.0 to 2.36). However,

for the whole range of the scatter band of (K¡), the value of (Kr) can be increased by

up to 844 7o (from 1.0 to 9.44) when the effect of (Ro, ) is combined with the other

geometry parameters (r', r, t and 0) whilst (R¡") remains in the same valid range of 0.0

to 1.5. This conclusion was obtained by comparing the minimum and the maximum

points in the respective ranges

This also means that the combined effect of the combined loading ratio (R¡") with

other weld geometry parameters (r', r, t and 0) in the as-welded condition can reduce

the fatigue limit (S") of butt-joints by up to 89 7o (corresponding to an increase in (K)

value from 1.0 to 9.44).
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Figure 5.54 Effect of (Ru") when combined with the other weld geometry parameters

on the values of (Kt,"rr) & (KÐ for the as-welded and stress relieved conditions.

In the "perfectly" stress relieved condition, Fig. 5.54 shows that as (R6") increased

from 0 to 1.5, the maximum boundary of (K) were increased by 103 Vo (from 4.16 to

8.46) and the minimum boundary of (KÐ were increased by 109 Vo (from 1.0 to 2.09).

However, for the whole range of (K) values, the value of (Kr) can be increased by up

to746 Vo when the effect of (Ro.) is combined with the effects of other weld geometry

parameters (r', r , t and 0) whilst (R¡") maintained in the same valid range of 0.0 to

1.5. This also means that the combined effect of (Ru") with other weld geometry

parameters (r', r, t and 0) in the perfectly stress-relieved condition can reduce the

fatigue limit (S") of butt-joints by up to 88 Vo (corresponding to an increase in (K)

value from 1.0 to 8.46).

Figure 5.54 also shows that the behaviour of (K¡) is closely influenced by the

behaviour of (K,,"rr) due to the combined effect of (Ro") with other geometry

parameters (r', r, t and 0). However, the slopes of the (K,,"rr) vs. (R¡") curves are
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steeper than those of the (K¡) vs. (R¡") curves. Furthermore, the values of (K1,o¡¡) are

only a small fraction of the stress concentration factor (Kr / Kt from 0.49 to 0.87 in

the as-welded condition and from 0.47 to 1.0 in the stress-relieved condition).

Figure 5.55 shows the combined effect of the residual stresses (S,/Sy) on the values of

(K¡) and (K,,"r¡) calculated for the aligned and misaligned butt-joints (Ro.= 0 and

Ro"= 0.15 respectively) whilst other weld geometry parameters were varied within the

range valid for Eqs. (3.35), (3.36), (3.42), (5.2) and (5.3).

For the misaligned butt-joints, Fig. 5.55 shows that as (S, / Sr) varied from -0.57 to

1.0 the maximum boundary of (K) were increased by 676 7o (from 2.70 to 20.94) and

the minimum boundary of (K¡) were increased by 921 Vo (from 0.53 to 5.41). This

suggests that for a particular residual stress condition the fatigue notch factor of the

misaligned butt-joints can be decreased up to 81 Vo (from 2.70 to 0.53 for

S,/ Sy= -0.57) and74 Vo (from20.94 to 5.41 for S,/ Sr= 1.0) by modifying the weld

geometry parameters (r', r, t and 0) alone. Thus improves the fatigue limit (S") up to

409 7o and by 287 Vo respectively.

However, for the whole range of the (K¡), the value of (KÐ can be decreased up to

98 Vo (from 20.94 to 0.53) by using post-weld surface treatments as well as modifying

geometry parameters (r', r, t and 0) of the joints. This conclusion was obtained by

comparing the minimum and the maximum values of (K).
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aligned and misaligned butt-joints.

For the aligned butt-joints, Fig.5.55 shows that as (S,/ Sr) varies from -0.57 to 1.0,

the maximum boundary of (K) were increased by 608 Vo (from 2.44 to 17.28) and the

minimum boundary of (KÐ were increased by 809 Vo (ftom 0.47 to 4.27). For the

particular residual stress condition the fatigue notch factor of aligned butt joints can

be decreased by up to 8I Vo (from 2.44 to 0.47 for S, / Sy = -0.57) and 75 7o (ftom

17.28to 4.27 for S,/ Sr= 1.0) bymodifying the weld geometry.parameters (r', r, t and

0) alone. Thus improves the fatigue limit (S.) up to 4L9 7o and by 305 7o respectively.

However, for the whole range of (K) values, (K¡) may be decreased by 97 7o (from

I7.28 to 0.47) using post-weld surface treatments as well as modifying the geometry

parameters (r', r, t and 0). This conclusion was reached after comparing the minimum

and the maximum values of (KÐ.
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Figure 5.55 shows that the behaviour of (K) is closely influenced by the variation of

(K,,"m) when subjected to the combined effect of (S, / Sr) and other geometry

parameters (r', r, t and 0) for both aligned and misaligned joints. However, the slopes

of the (K,,,rr) vs. (S, / Sr) curves are steeper than those of the (K) vs. (S, / Sy) curves.

The values of the fatigue notch factor are only a fraction of the stress concentration

factor (K¡ / K, from 0.41 to 0.90 for the misaligned butt-joints and from 0.43 to 1.0

for the aligned butt-joints).

(b) Combined effect of the resídual stress and combined axial and bending loadings

on (K,,¡¡ ) and (K¡ )

The effect of residual stresses and the combined loading conditions were investigated

in the present study in terms of the two parameters (S,) and (R¡"). The effect of each

of these two parameters was investigated whilst holding the other weld geometry

parameters (r', r, 0 and t) unchanged. Transformation functions were evaluated for

(S,) and (Ro") corresponding to Eqs. (3.35) and (3.36) were obtained (Table 5.1).

Equations (3.35) and (3.36) could then be rewritten in the foltowing form:

m / mo = k*,,n1 .f. (S, /sy). f. (Rb")

A / A" = k'o,*" .fA (S,/Sy). fo (Ro")

(5.6)

(5.7)

where f,(S,/Sy), f,(Ro"), fA(S,/Sy), f^(Ro") are the transformation

functions for (m) and (A) due to residual stresses and the

combined axial and bending loadings;

k n,nu and k'o,*¡ are proportional constants due to residual stresses

and the combined axial and bending loadings.
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Using Eqs. (5.2), (5.3), (5.6), (5.7) and (3.42) the combined effect of residual stresses

(S,) and combined loadings (Ro") on (K,,.n) and on (K) at 2x106 cycles were

investigated for the following two representative cases of a butt joint with the same

weld geometry:

(i) The 12 mm thick butt-joint without an undercut at the weld toe

(r' = 0, r = 1 mm, 0 = 30" and t = 12 mm)

(iÐ The 12 mm thick butt-joint with an undercut at the weld toe

(r' = 0.05 mm, r = I mm, 0 = 30o and t = 12 mm)

(i) The 12 mm thíck butt-joint without an undercut at the weld toe (r'=0.0 mm)

Figure 5. 56 shows the effect of the residual stress (S,/Sy) and the combined loading

ratio(R6")on(K,,.¡¡)oftheundercut-freebutt-joints(r'=0,r=1mm,0=30o,t=L2

mm). It shows that for a particular residual stress condition (S,/Sy = const.) the values

of (K,,"u) increased as the ratio (Ro,) increased. Furthermore, the values of (K,,"o)

increased much more rapidly at the higher levels of tensile residual stresses but more

slowly at the lower level of tensile residual stresses or higher level of compressive

residual stresses.

Figure 5. 56 also shows that the effect of the residual stresses and the combined

loading ratio can increase the value of (K,,.¡¡) up to 35.8. However, the effect of

compressive residual stresses in the aligned joints (Ro" = 0) can decrease the value of

(K,,"u) up to 1.3. It means that the effect of tensile residual stresses and the combined

loading ratio results in a more detrimental stress distribution while the presence of

compressive residual stresses in the aligned joints results in a less harmful stress
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distribution in the welded joints. This also reflects the effect on the fatigue notch

factor (K¡) of the welded joints as shown in Fig. 5.57.

Figure 5. 57 shows the effect of residual stress (S,/Sy) and (Ru") on the (K,) at 2,106

cycles of the undercut-free butt welded joints (r' = 0, r = 1 mm, 0 = 30o, t = 12mm) .

The behaviour of (Kr) when subject to the effect of (S,/Sr) and (Ru") was similar to

that of (K,,"u). Figure 5.57 also shows that for a particular residual stress

condition (S,/Sy = const.) the values of (Kr) increased as the ratio (Ru") increased.
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Figure 5.56 The effect of residual stresses and the combined loading ratio on (K,,"¡¡) of

the undercut-free butt-joints (constant parameters: r' = 0, r = 1 mm, e = 30o,

t=12mm)

However, the increase in (K¡) occurred much more rapidly at the higher levels of

tensile residual stresses than at the lower levels of tensile residual stresses or higher

levels of compressive residual stresses. Furthermore, the effect of residual stresses and
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the combined loading ratio can increase the value of (Kr) up to 20.8. The effect of

compressive residual stresses in the aligned joints (R¡" = 0) can decrease the value of

(K¡) beyond the value of 1.0 (which represents the fatigue behaviour of the un-notched

plate) to 0.64. This suggests that the fatigue limit"(S.) can be decreased by as much

as 95 7o due to the co-influence effect of tensile residual stresses and the combined

loading ratio, but it can be increased by up to 56 Vo compared to the fatigue limit of

the flat (unwelded) plate. This also suggests that the effect of tensile residual stresses

and the combined loading ratio is detrimental to the fatigue behaviour of welded joints

but the presence of compressive residual stresses in aligned joints is beneficial to the

fatigue behaviour of the joints.
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Figure 5.57 The effect of the residual stress and combined loading ratio on (K) of the

undercut-free butt-joints (constant parameters: r' = 0, r = I mm, 0 = 30o, t = 12 mm).

(ii) The 12 mm thick butt-joínt with an undercut at the weld toe (r'=0.05 mm)

Figure 5. 58 shows the effect of the residual stress (S,/Sy) and the combined loading

ratio (R5") on (K,,"u) of the undercut butt-joints (r' = 0.05 mm, r = I mm, 0 = 30o,
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t = 12 mm). It shows that the behaviour of (K,,.u) when subject to the effect of (S/Sr)

and (R¡") was similar to that of the undercut-free joints except that the magnitude of

(K,,"u) was much higher due to presence of the undercut.

Figure 5.58 also shows that for a particular residual stress condition (S/Sy = const.)

the values of (K,,"¡) increased as the ratio (R6") increased. Furthermore, the values of

(K,,"u) increased much more rapidly at higher levels of tensile residual stresses but

more slowly at lower levels of tensile residual stresses or higher levels of compressive

residual stresses. However, the effect of residual stresses and the combined loading

ratio on the undercut butt-joints can increase the values of (K,,"n) up to 55.1

The effect of compressive residual stresses in the aligned welded joints with an

undercut (Ro" = 0, r' = 0.05 mm) can decrease the value of (K,,.u) up to 4.95. This

means that the effect of tensile residual stresses and the combined loading ratio result

in a more detrimental stress distribution whilst the effect of the compressive residual

stresses in the aligned joints resulted in a more beneficial stress distribution in welded

joints. This is also reflected in the effect of residual stresses and the combined loading

ratio on (K¡) of the undercut welded joints as shown in Fig. 5.59.

Figure 5. 59 shows the effect of residual stress (S,/Sy) and the combined loading

ratio(Ro") on (K¡) at 21106 cycles of the undercut butt-joints (r' = 0.05 mm, r = 1 mm,

0 = 30o, t = 12 mm). It shows that the behaviour of (Kr) of the undercut joints when

subject to the effect of (S,/Sr) and (R5") is similar to that of the undercut-free joints

except that the magnitude of (K) of the undercut joints is much higher than that of

undercut-free joints. Furthermore, for a particular residual stress condition (S,/S, =
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const.) the values of (Kr) increased as the ratio (R¡.) increased. However, the values

of (Kr) increased much more rapidly at the higher tensile residual stresses and more

slowly at lower tensile residual stresses or higher compressive residual stresses.

Figure 5.59 also shows that the effect of residual stresses and the combined loading

ratio can increase the value of (Kr) for the undercut joints to 27.2. The effect of

compressive residual stresses on the aligned joints (Ro" = 0) decreased the value of

(K¡) beyond 1.0 to 0.85. Thus, the fatigue limit (S.) of the undercut joints can be

decreased by as much as 96 Vo due to the effect of tensile residual stresses and the

combined loading ratio but it can also be increased by 18 Vo comprled to the fatigue

limit of the flat unwelded plate (S").

By comparing these results with those made from Fig. 5.57 for the undercut-free

joints, it can be concluded that the presence of an undercut can signifîcantly increases

the harmful effect of tensile residual stresses and combined loading ratio and reduce

the effectiveness of the beneficial compressive residual stresses.
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5.8 Verification of the Model

In this section, the model developed in this study is verified in terms of the fatigue

notch factor, the effect of residual stresses, undercut and misalignments; and the

fatigue S-N curves.

5.8.1 Verification of the fatigue notch factor

The above mathematical model has been verified by comparing the predicted values of

the fatigue notch factor (Kr) with the author's fatigue test results and fatigue test data

published by the National Research Institute for Metal in Tokyo-Japan (NRIM Fatigue

Data Sheet, 1983). The values of (Kr) predicted by other models used for calculations

of (Kr) (Peterson 1959, Buch & Switek 1988) are also plotted on the same graphs for

comparison.

Figure 5.60 shows the values of the fatigue notch factor (K¡) predicted by the author's

model, the author's fatigue test results and available fatigue data (NRIM Fatigue Data

Sheet, 1983). The (K) values predicted by Peterson's and Buch-Switek's equations

(Eqs. (3.40) and (3.41)) which accounted for the effect of the weld toe radius (r) and

stress concentration factor (K1) are also shown in Fig. 5.60.

The range of the scatter band of (K¡) corresponding to the lower and upper boundaries

for the weld geometry parameters, welding residual stress and loading condition is

shown in Fig. 5.60. The aligned, undercut-free, butt-joints in perfectly stress-relieved

condition were selected for the lower boundary condition (r' = 0, Ro, = 0, S, = 0). In
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this case, only three weld geometry parameters namely weld toe radius (r), flank angle

(0) and plate thickness (t) were varied. However, for the upper boundary condition

three parameters i.e (r', Ru" ând S,) were selected so as to simulate the conditions in

the test specimens. Consequently, the value of (r') was selected at r' = 0.05 mm

since it was representative of values of (r') seen on the majority of the weld prof,rle

micro-graphs. The representative values for (Ro") and (S,) were estimated at Ru" = 0.15

and S, /Sy- 0.1 based on the experimental results obtained from strain gauge outputs

during fatigue tests.

Figure 5.60 A comparison of the values of (K) predicted by theoretical models with

the experimental data (NRIM, Fatigue Data Sheet, 1983) as the function of the weld
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Figure 5.60 shows that the values of (K) predicted by the present model covers the

majority of the available experimental data except for a few data points due to a small

weld toe radius (r < 1.7 mm). This mismatch may be due to the magnitude of the

undercut at the weld toes of specimens which produced these data points, were higher

than that assumed for the upper boundary of the scatter band of (Kr) (r' > 0.05 mm).

It also shows that the predicted values of the lower boundary of (KÐ when the weld

toe radius was more than 2.5 mm (r > 2.5 mm) were in good agreement with that

predicted by Peterson's model. However, if the weld toe radius was less than 2.5 mm,

the values of (KÐ predicted by Peterson's model were much higher than the lower

boundary of the (Kr) predicted by the author's model. Furthermore, in this case the

values of (K) predicted by Peterson's model fall into a large scatter values of the

available experimental data. This suggests that Peterson's model failed to predict the

values of (K) of a welded joint with a relatively small weld toe radii (e.g. r < 2.5 mm)

as it was based only on the theoretical stress concentration factor (K,) and the notch

root radius (p) (Eq. (3.40)). Figure 5.60 also shows that Buch-Switek's model

underestimated the values calculated from experimental data. Furthermore, the fatigue

notch factor of butt-joints tended to decrease as the weld toe radius increased.

Figures 5.61 shows the values of the fatigue notch factor (Kr) predicted by the

author's model, the author's fatigue test results and available fatigue data (NRIM

Fatigue Data Sheet, 1983) with respect to variations in the flank angle (0). The values

of (KÐ predicted by Peterson's and Buch-Switek's equations (Eqs. (3.40) and (3.41)

respectively) for variations in (0) are also shown. It shows that the values of (KÐ

predicted by the present model includes most of the available experimental data.

Further, the values of (K) tended to increase as the value of the flank angle increased.
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The values of (KÐ predicted by Peterson's model again fall into a large scatter band of

the available experimental data i.e. Peterson's model fails to predict the experimental

data. In contrast the values of (KÐ predicted by Buch-Switek's model again

underestimate the experimental data.
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Figure 5.62 A comparison between the values of (Kr) predicted by theoretical models

with the experimental data (NRIM, Fatigue Data Sheet, 1983) as a function of (K,).

Figures 5.62 shows the values of the fatigue notch factor'(K¡) predicted by the

author's model, the author's fatigue test results and the available fatigue data (NRIM

Fatigue Data Sheet, 1983) with respect to the variation in the stress concentration

factor (Kt). The values of (Kr) predicted by Peterson's and Buch-Switek's equations

(Eqs. (3.40) and (3.41)) subjected to variations in the stress concentration factor (K,)

are also shown. The variations of (K¡) predicted by the present model includes most of

the available experimental data. The values of (Kr) tended to increase as the value of
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(K,) increased. Furthermore, the values of (K) predicted by Peterson's model again

fall into a large scattet band of the experimental data and thus highlights the weakness

of that model.

Figure 5.62 also shows that the values of (KÐ predicted by Buch-Switek's model

again underestimate the experimental values for the stress concentration factor of less

than 2.5 (K, < 2.5). However, for the higher stress concentration factor (K, > 2.5)

there is a better agreement between the experimental values of (KÐ and the Buch-

Switek's model.

5.8.2 Verification of the effect of residual stresses

Figure 5.63 shows the effect of residual stresses on the predicted fatigue life

compared with the available experimental data (lVahab, 1984). It shows that the ratios

between the experimental and predicted fatigue life are between 0.5 to 2.5. This

difference between the calculated fatigue life and the experimental data is reasonable

since the standard deviation (SD) of the experimental data in terms of log(N) is of the

order of 0.201 (Wahab, 1984). This means that at the 95 7o confidence limits of

log(N) i.e (log(N) + 2SD), the fatigue life is in the range of 0.4N to 2.52N. This

indicates that the prediction of the fatigue life by the present model is acceptable as

the predicted life falls within the typical scatter band of fatigue life that occurs in

fatigue testing practices.
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Figure 5.63 A comparison of the effect of residual stresses on the fatigue life data as

predicted by the present model and the available data (V/ahab, 1984).

Furthermore, Fig. 5.63 also shows that the difference between the experimental and

predicted fatigue lives tended to increase as the value of the induced compressive

residual stresses increases. This suggests that the higher micro-hardness of the treated

surfaces (Wahab, 1984) should have an accompanying beneficial effect on the fatigue

life of butt welded joints. This conclusion is consistent with the results of a study on

the effect of hardness on the improvement of fatigue life (Heeschen and Wohlfahrt,

1986). However, this phenomenon needs more investigation before specific

conclusions can be drawn.

5.8.3 Verification of the effect of undercut and misalignment

Figure 5.64 shows a comparison between the predicted S-N cnrves with respect to the

effect of undercut and misalignment, the author's fatigue test results and some of the
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experimental rJata available in the literature (lida and Iino 1977, Wylde 1979). The

combined effect of undercut and misalignment on the S-N curves of "perfectly stress-

relieved" joint (S, = 0) are also shown in this figure. From this tigure, the effect of an

undercut of 0.?5 mm i.s found to be more significant than that of the misalignment of 5

Vo of the plate thickness.

1000

(ú
È

(r)

o
o)c
(ú

U'
U'o
Ø

100

FlolCqleGllgr@

- 

Urìérod_f æ (, = g, ¡Í9.¡
- - - -ell=0,05,r'=0o\4hdlgn)

-' -' -UrÉrcr¡f (' =025 mm'Allgn)
. eI = 0O5,r' = 025 mm o¡llsdlgn)

A EpDolo(Wy'é:P79)(Allgr@
t) EltrDolo(VvVé:PTgXMlsdlgn)

X E)gDoto(lcb&llno:P7Ð(Allgn€O

+ Elp'Ddo(llò6dlrp:197Ð(Mlsdlgn,)

r Aulhor's EpDdo(Sett 0,All9)
O Aulhq's E)p Doto(SEtt 4,Allgn)

O Ar¡llpr's Ep Dolo$elf Soó,7;Allgn,)

10
4 6 7 I

1 0 1 0
5

1 0 1 0 10

Fatigue life, N (cycles)

c;'o 
"-

6
¡rt

E

).X

!i-

Figure 5.64 Etfect of tlre undercut and mi.salignment on tlìe S-N curves of butt-joints

in perfectly stress-relieved condition (r = I mm, 0 = 30u, 0 = 60o, t = 12 mrn, R = 0).
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Figure 5.64 also shows that the author's fatigue test data is in reasonable agreement

with the calculated results. The expelimental data from sets #5a, 6 and 7 which

represent the undercut-tiee aligned butt-joints with various weld geometries, have

fallen within the predicted S-N curves for undercut-free aligned joints and the flat

unwelded plate. I-lowever, the predicted results for the flat plate underestimated the

experimental data (set # 0). Furthermore, the experimental tatigue data of butt-joints

with ground weld toes (set # 4) was comparable rvith that of the flat unwelded

specimens. This suggests that grinding of the weld toes can be used as an effective

method of improving the fatigue performance of butt-welded joints.

Figure 5.64 shows that the experimental data of other researchers (Iida and Iino 1977,

Wylde 1979) agrees well with the calculated results, except for the data for misaligned

joints by Wylde (I979) which fall into the range of a misaligned undercut joint (e/t =

0.05, r' = 0.25 mm). It is suggested that an axial misalignment of 5 Vo of the plate

thickness and an undercut at the weld toes of 2 Vo of the plate thickness can be used

to represent the lower limit of the scatter band of the .l-N curves for the actual butt-

welded joints.

5.8.4 Yerification of the predicted S-N curves

Figure 5.65.(a) shows a comparison between the predicted S-N curves and the

author's fatigue test results. From this figure, in spite of the relatively large scatter in

the test results, the fatigue data predicted by the present model is in reasonable

agreement with the experimental results. However, at the lower stress levels the
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Fatigue test data vs. predicted data
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Figure 5.65 A comparison of the S-N curves predicted by the present model and the

author's fatigue test results.
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predicted S-N curves underestimate the experimental data. This may be due to the fact

that a portion of the fatigue life corresponding to crack initiation has been ignored and

this portion could be quite significant at the lower stress levels.

Figure 5.65.(b) shows a proposed new representation of the fatigue S-N curves in

terms of (S.Kr) vs. (N) using a log-log scale. The values of (K) for each set of

fatigue data were calculated by using Eqs. (3.35), (3.36) and (3.42). Also the 95 Vo

confidence limits of the predicted (S.Kr) vs. (N) curves are plotted in Fig. 5.65 using

the value of the standard deviation specified for S-N design class B in BS 5400.

From Fig. 5.65.(b), it can be seen that the scatter band of the fatigue data is

significantly reduced when the fatigue data is modifîed by the fatigue notch factor

(KÐ. Furthermore, the majority of the fatigue test results fall within the 95 Vo

confidence limit lines. Hence, it is concluded that the present model can satisfactorily

predict the fatigue behaviour of butt-joints due to the variations in weld geometry,

residual stresses and combined loading conditions (axial and bending).

Figure 5.66. shows the scatter bands of S-N curves due to the ,variations in butt-weld

geometry. The author's fatigue test results are compared with the available

experimental data from the literature (NRIM 1983, V[ahab 1984). Several S-N curves

representing design classes D, F, F2 and W (BS 5400) are also constructed for

comparison. In this figure, the majority of the experimental fatigue data falls between

the upper boundary of the predicted S-N curves (S.",-p,.¿) and the S-N curve for design

class D (BS 5400). However, the upper boundary of the predicted S-N curve which

corresponds to the lower applied stress range underestimate the fatigue data. This may
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be due to some portion of the fatigue crack initiation life corresponding to the lower

applied stress range being ignored in the present model.
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Figure 5.66 A comparison between the scatter band of the predicted S-N curves due

to the variations of butt-weld geometry parameters & the available experimental data.

Figure 5.66 also shows that the predicted scatter band of S-N curves due to

variations in the weld geometry parameters is in good agreement with the S-N curves

covered by design classes from (D) to (W) (BS 5400). The design classes (F) and (Fz)

which are commonly used for the design of butt welded joints with high stress

concentrations fall in the middle of the predicted scatter band of the S-N curves. This

suggests that for safe design, class (W) should be used for fatigue design of butt

welded joints instead of class (F) or (Fz).

In the next Chapter, a summary of the important conclusions resulting from the

present work is reported.
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Chapter 6

CONCLUSIONS

The model developed in this study is capable of predicting the complex fatigue

behaviour of butt-welded joints in structural steel due to variations in the weld

geometry parameters, residual stresses and combined axial and bending loading

conditions. From this study, the following conclusions can be drawn:

1. Butt weld geometry parameters such as the undercut tip radius (r'), the weld toe

radius (r), the flank angle (0), and the plate thickness (t) are the most significant

geometrical parameters that influence the stress concentration factor at the weld

toe surface. The values of the stress concentration factor (K1) may be increased up

to six (i.e. Kt= 6) as the values of the tip radius at the undercut or weld toe radius

decrease and the values of the flank angle or the plate thickness increase. The

effect of the edge preparation angle on the stress concentration factor at the weld

toe surface is less significant than the other geometry parameters mentioned above.

2. The values of the stress intensity factor at the crack tip of butt-welded joints

increase with decreasing values of the tip radius at the undercut (r') or the weld

toe radius (r) but with the increasing values of the flank angle (0) or the plate
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thickness (t). The effect of the flank angle on the stress intensity factor is stronger

than that of the weld toe radius or the plate thickness.

3. The effect of the tip radius at the undercut, weld toe radius, flank angle and the

plate thickness ((r'), (r), (0) and (t) ) only influence the fatigue behaviour of the

welded joint during the early stages of crack propagation as their effect on the

stress concentration factor is only significant for small crack lengths up to 0.15

times the plate thickness (0.15t). Beyond this crack length, no significant effect

due to weld geometry parameters was observed.

4. The flank angle influenced the stress intensity factor for crack lengths up to 0.15

times the plate thickness whilst the weld toe radius and the plate thickness

influenced the stress intensity factor for the crack lengths up to 0.05 the plate

thickness and 0.025 times the plate thickness, respectively. The effect of the tip

radius at the undercut on the stress intensity factor was more influential than the

other weld geometry parameters.

5. A mathematical model for the butt weld geometry magnification factor (Mr) has

been developed and can be used for the calculation of the stress intensity factor in

fatigue assessment of butt welded joints.

6. The fatigue strength of the butt-welded joint was strongly influenced by the weld

geometry parameters such as the tip radius at the undercut (r'), the weld toe radius

(r), the weld flank angle (0) and the plate thickness (t) but only slightly influenced

by the edge preparation angle (Q). The fatigue strength of butt-welded joints
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increased between 9 Vo and 24 Vo as the weld toe radius increases from 0.3 mm to

2.5 mm or the flank angle decreased from 60o to 0o. The fatigue strength decreases

between lI Vo and 7 Vo as the plate thickness increases from 9 mm to 32 mm or

the edge preparation angle (Q) increased from 45'to 90o.

7. The effect of the flank angle on the fatigue strength was found to be greater than

that of either the weld toe radius or the plate thickness. The conclusion drawn by

the previous researchers using only the experimental fatigue data suggested that

the plate thickness was the sole geometry parameter on the fatigue strength was

found to be inappropriate. It has been shown in the present work that the fatigue

strength of butt-welded joints is affected by all of the geometry parameters (t, r', r,

0 and Q).

8. The combined effect of all the weld geometry parameters (r', r, 0, 0 and t) on the

fatigue notch factor of butt welded joints is more influential than the effect of each

individual geometry parameter alone

9. Compressive residual stresses induced on the surface of welded joints by various

surface treatments such as single and multiple point hammer peening, steel and

glass shot peening, stress peening (loaded and peened) or tensile pre-loading

improve the fatigue life and the fatigue strength of welded joints. The improvement

is only due to the early stage of crack propagation and up to a crack length

corresponding to the depth of the compressive residual stress field induced by

surface treatments. After that crack length, the induced compressive residual

stresses have a small effect on crack propagation.
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10. Low levels of compressive residual stresses (e.g less than -62 MPa) induced by

surface treatments, improve the fatigue life and the fatigue strength to the same

degree as post-weld stress relieving by thermal treatments (e.g. post-weld

annealing).

11. The theoreticalmodeldeveloped confirms that the fatigue life and fatigue strength

of butt-welded joints can be improved by modifying the weld geometry parameters

as follows:

(Ð Decreasing the tip radius at the undercut of the weld toes or eliminating

the weld toe undercut completely can improve the performance of the

joints.

(ii) Increasing the weld toe radius

(iii) Reducing the flank angle. The more significant improvement occurs

when the flank angle is decreased below 20'. The best case is to flush-

grind the weld bead (weld reinforcement) to the level of the base plate.

(iv) Reducing the plate thickness

(v) Reducing the edge preparation angle

12. An explanation has been given for the well known plate thickness effect which

decreases the fatigue life and the fatigue strength of welded joints. However, for

the lower range of the plate thicknesses (less than 10 mm) this effect was found to

be insignificant.
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13. The initial crack shape aspect-ratio plays an important role in the fatigue crack

propagation life. The initial semi-circular surface crack is less harmful than the

semi-elliptical or the edge crack. However, there is an insignif,rcant effect for a

large range of initial crack shape aspect ratios ranging from 0.2 to 1.0. This

suggests that for the fatigue assessment of butt-welded joint using LEFM, an initial

crack aspect ratio of 0.2 is appropriate.

14. The reduction of the fatigue strength of welded joints with a weld toe undercut is

almost twice of that of the joints without an undercut rvhen compared with tlush-

ground welded plate. The fatigue limit of the aligned butt-joints can be improved

by up to 140 7o by the elimination of the unclercut at the weld toes alone.

15. The combined axial and bending load condition resulted from axial misalignments

during fabrication can decrease the fatigue limit of butt-joints by between 17 7o

and 58 9o due to the variations in the misalignment level from 5 Vc to 50 Vo (elt

from 0.05 to 0.5) respectively. The t'atigue limits of the undercut-free misaligned

joints can be improved by between 2Q Vo and 140 Vo by eliminating misalignments

by 5 7a to 50 Vo respectively.

l6.The pre.sence of an undercut at the weld toes can significantly increase the

detrimental effect of the tensile resiclual stress and combined loadings and reduces

the effectiveness of the beneficial compressive residual stresses.

17. The presence of undercuts at the welcl toes afte.r surface treatments can decrease

the effectiveness of the surface treatment by up to 48 7o. IT the undercut is
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eliminated after the surface treatments, the improvement in the fatigue limits of

stress-relieved misaligned ancl aligned joints can be expected by up to 300 Vo and

320 Vo respectively.

18. Surface Treatments which induce compressive residual stresses are more effective

for the welcled structures with high levels of tensile residual stresses of the

magnitude of the yield stress. The fatigue ümit of the treated joints can be

improved by as much a.s 700 7o and 950 Vo compared to the as-welded misaligned

and aligned joints respectively.

19. Under the influe.nce of a high tensile residual stress held, the slope of the ,Í-N

curve is not constant ancl the effect of the misalignment becomes more significant

than that of the undercut. I-Iowever, rvhen the magnitude of the tensile residual

stress is re.duced or changes to a compressive tìeld, the effect of an undercut plays

a dominant role.

20. The presence of a misalignrnent of 5 Vo of the plate thickness and an undercut of

2 7a of the plate thickness are fairly represùntative for the,lolver boundary of the

actual S-N curves of butt-joints.

21. The values of the fatigue notch factor predicted by the present model are generally

in good agreement with the author's fatigue test results and available fatigue data.

However, the fatigue notch factors predicted by Peterson's and Buch-Switek's

models do not provide as good an agreement with all the available experimental

data.
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22. The present rnodel is capable of predicting fatigue curves affected by the four

most important weld geometry parameters (r', r, 0 and t), normalised residual

stresses (S,/Sy) and the combined loading ratio (R6").

23. The predicted S-N curves resulting from the variations in the weld geometry

paraneter.s. r'esidual stresses and the combined loading conditions is in good

agreement with S-N curves covered by the S-N design curve classes D to W (BS

5400). The S-N design cur\¡es for classes F and Fz which are commonly used for

the design of butt-welded joints with high stress concentrations fall in the middle

of the predicted scatter band of S-N curves. This suggests that for safe design,

class W should be used for fatigue design of butt-welded joints rather than class F.

24. An explanation for the effectiveness of the post-we1d treatments (e.g grinding of

weld toe and surface treatments), which are commonly used in practice to improve

the fatigue performance of welcled structures, has been proposed. It provides an

opportunity tbr recommendations to be made for the nore e.fficient use of post-

weld treatments for particular cases.

General Comments:

The numerical approach developed in this study can be used satisfactorily to predict

the overall effect of butt-weld geometry parameters, residual stresses and the

combined loading conditions. It makes it possible to explain the combined effect of all

the weld geometry parameters including an undercut at the weld toe, misalignment and

residual stresses. This approach is relatively simple and practical for the "fitness-for-

purpose" assessment of fatigue of welded joints and welded structures. The results
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obtained from this study not only give a clear explanation for the practical methods

commonly used to improve fatigue performance of welded joints and welded

structures but also gives an insight into the fundamental basis of the fatigue

enhancement methods that can be developed in the future. This study also suggests an

initiative for the establishment of a new standard procedure for the evaluation of the

fatigue test,
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Chapter 7

RECOMMENDATIONS

7.1 fntroduction

The present work focuses on the effect of various influential parameters on the fatigue

crack propagation life of butt-welded joints. The fatigue crack propagation life

dominates the total life of welded joints with high stress concentrations at the weld

toes. This assumption was based on the fact that the portion of fatigue crack initiation

in welded joints with high stress concentrations can be ignored due to the existence of

crack-like defects already embedded in the welded joints in the form of slag or other

non-metallic inclusions at the weld toes. However, this assumption is conservative

because the welded joints are not always defective and even if sharp notches exist at

the weld toes, a certain period of crack initiation is required before a fatigue crack

starts to propagate (Jack and Price, 1970). This explains why the model developed in

this study which considers only the period of crack propagation underestimates the

experimental fatigue data at the lower levels of the applied stress range or in the high

cycle fatigue regime (Chapter 5).

Mattos and Lawrence (t977) reported that for a certain range of stresses, the fatigue

crack initiation life of butt-welded joints could be as much as 40 7o and as little as

20 Vo of the total fatigue life. This is likely to be more significant especially for the
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high cycle fatigue regime where the crack initiation portion may dominate the total

fatigue life. Therefore, in order to improve the predicability and reliability of the

present model, an additional component which estimates the fatigue crack initiation

life of welded joints needs to be included in future work.

There is an established procedure for using low-cycle fatigue concept to estimate the

fatigue crack initiation life of notched members (Lawrence, 1977).It is assumed that a

smooth specimen under appropriate control can be used to simulate the stress-strain

behaviour of the metal at the notch root. The fatigue crack initiation life of the smooth

specimen will then be the same as that of the notched member. Topper and Morrow

(1970) pointed out that the requirements for the estimation of fatigue crack initiation

life of notched members are as follows:

(Ð A fracture mechanics analysis to determine the stress-strain behaviour at a

critical location

(iÐ Knowledge of the cyclic stress-strain properties of the material at the notch

root

(iiÐ Knowledge of the fatigue properties of the material for use in the evaluation of

the cumulative damage procedure

(iv) A cumulative fatigue damage summation method to accurately predict crack

initiation life of a notched member for any arbitrary stress-strain sequence on

a reversal by reversal basis.
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7.2 Recommendations for Future Work and for fndustrial Practices

7.2.1 Recommendations for future work

In the present work, a semi-elliptical surface crack propagation model has been used

to investigate the combined effect of the various weld geometry parameters (such as

the tip radius at the undercut (r'), the weld toe radius (r), the flank angle (0), the plate

thickness (t) and the edge preparation angle (Q), residual stresses and combined axial

and bending Ioading conditions on the fatigue behaviour of butt welded joints. The

weight function method and the superposition principle have been used in this study.

A good understanding of the nature of the combined effect of weld geometry, residual

stresses and loading conditions on the fatigue of butt welds was established. However,

an improvement in the present model is desirable and could be obtained by focusing on

the methods which effectively include crack initiation into the model.

Improving the present model by including the period of fatigue crack initiation in the

numerical modelling would make it possible to predict more precisely the effect of

weld geometry, residual stresses and the combined loading conditions on the fatigue

behaviour of the butt-joints. In particular, when the effects of the weld geometry are

significant during the early stages of the crack growth (corresponded to the crack

length of 15 Vo of the plate thickness) then adopting the semi-elliptical crack

propagation model incorporating the crack initiation part of the fatigue life would be

even more appropriate.

Fatigue Modelling of Butt Welded Structures, Ph.D thesis by Ninh T. Nguyen, 1996



Clnpter 7. RECOMM ENDATIONS 250

The present model could also be improved if a better crack growth law could be

developed which incorporated the effect of the crack opening and closure during

loading. This phenomenon was first reported by Elber (1970, L97l) and investigated

by several other researchers (Lal et al., L979,1980). However, no research has yet

been carried out on the effect of crack closure in welded joints with complex

geometry and high post-weld tensile residual stresses.

Another aspect for the future work is to look into the effect of the hardness on the

fatigue behaviour of butt-joints. Also the heat input levels due to the welding process

parameters (voltage, current and speed) and the relation between these parameters and

the weld geometry should be investigated. An attempt to experimentally investigate

heat input levels due to the welding process parameters \ilas carried out in this work

by using four different levels of heat input to obtain various weld bead geometries

(sets # 4, # 5, # 6 and #7,Table 4.1). The fatigue limits obtained for these sets of

test specimens (sets # 4 to # 7) were plotted against the levels of the heat input.

However, the results obtained were not conclusive due to the scatter of the fatigue

data corresponding to small changes in the heat input levels. Furthermore, the

differences in the number of weld passes used to fabricate the test specimens may have

caused the fluctuation in the effect of the heat input. Therefore these results are not

reported in this work.

A better result would have been obtained if a larger range of heat inputs were chosen

and the number of weld passes during fabrication of each set of the test specimens was

unchanged.
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7.2.2 Recommendations for the industrial practices

The outcome of the present study suggests that the fatigue performance of butt

welded structures can be significantly improved by using one of the following

measures:

o

a

Eliminating the undercut at the weld toes completely (e.g grinding, weld toe

melting, TIG dressing)

Modifying the weld geometry cross-section profile to get flatter welds with smaller

flank angles and larger radii at the weld toes.

Care should be taken during the welding process to minimise misalignment and

angular distortion in welded joints and structures.

Use of post-weld treatments (thermal or mechanical) to reduce the harmful effect

of tensile residual stresses in welded structures wherever possible.

7.3 A Proposed New Standard for Fatigue Testing Procedures

Using the mathematical model developed in this study (Eqs. (3.35), (3.36) and (3.42))

the fatigue notch factor (K) for butt-welded joints subject to the variations in the

weld geometry parameters (r', r, 0 and t), residual stresses (S,) and the combined

loading conditions (R¡.) can be satisfactorily predicted. When this value of (Kr) is used

in the new form of the fatigue S-N curve (i.e. by plotting (S.K) against (N) instead of

(S) vs. (N)), the scatter band of the experimental fatigue data is significantly reduced

(Fig. 5.65). This encouraging result suggests that a new proposal may be adopted for

the standard evaluation procedures used in fatigue testing practice and described as

follows:
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l. V/eld geometry parameters such as the tip radius at the undercut (r'), the weld toe

radius (r), the flank angle (0) and the plate thickness (t) of each fatigue test

specimen needs to be measured before the test using the standard procedures

described in IIWIIS Doc. XIII-1090-90 (1990).

2. The axial and angular misalignments are measured using standard procedure

mentioned above (i.e. IIWIIS Doc. XIII-1090-90 (1990) and the corresponding

combined loading ratios (R6") are calculated based on the misalignment induced

bending stresses.

3. The post-weld surface residual stress at the weld toe (S,) is measured by using

micro-strain gauges bonded to the weld toes of the test specimen. The effective

residual stress (welding residual stress and bending stress) at the weld toe is

obtained during the first cycle by increasing the load from zero to the level of the

applied stress (using a calibration program, Appendix C). A procedure to evaluate

the effective residual stress using a strain gauge method is described in

Appendix F.

4. The fatigue notch factor (K¡) of each test specimen is calculated using the

measured values from the test specimen and the theoretical model (Eqs. (3.35),

(3.36) and (3.42)).

5. The fatigue test should be carried out following the standard fatigue testing

procedure described in IIWÆIS Doc. XIII-1090-90 (1990) and the values of the

stress range (S) and the number of cycles to failure (N) are to be recorded.
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6. The fatigue curves are to be plotted in terms of (S.K) against (N) on a log-log

scale and the regression lines obtained by curve-fitting all the data points as well as

the 95 7o confidence limits are to be determined.

Using this new standard procedure for fatigue testing and evaluation of the butt-

welded joints, the scatter band of the fatigue tests can be significantly controlled and

reduced. Thus the number of test specimens required for the fatigue test can be also

reduced. As a result, enormous savings in machine testing time as well as a reduction

in the cost involved for materials and specimen fabrication can be expected.
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7. Nguyen, T. Ninh ; Wahab, M. A and D. J. Oehlers, "An advanced study of the

geometrical parameters and residual stresses on fatigue strength of welded joints",
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Appendix B

List of Equations and Tables of Variables used in Numerical Modelling

B.L Bueckner's and Kanazawa's Weight Functions

(a) Bueckner's weight lunction ( Bueckner. I970)

The expression for Bueckner's weight function is written in the following form:

m(x, a) = [2n(a-x)] 
-o't. 

[ 1 +m¡ (a- x)/a +m2 ( (a- x) t a)2'l (8.1)

where ^ - crack length for an edge crack

W - the width of the cracked body

rnl , mz - functions of the ratio of crack length to strip width

(a/w) and are given for 0 < a/W S 0.5.

where lrr = Ar + Br (a/W)t + C, (a/W)u

Irz = Az + Bz (a/W)2 + Cz(a/W)6

and Ar = 0.6147, 81 = t7.1844, Ct = 8.7822

Az = 0.2502, Bz = 3.2899, Cz = 7 0.0444

(b) Kanaz.awa's weight lunctìon (Kanazawa. I96I I

The expression for Kanazawa's weight function is written in the following form:

G(c,y)= { 2.sin [æ(c+ y) I w]l w/ sin(2æclw)/sin [æ(c-y)/w] ] 
0'5 (8.2)

c, w - half crack length and plate width respectively

y - distance from plate center line

where
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8.2 The equations for residual stresses in butt welded joint in as-

welded and post-weld surface treated conditions:

(a) For as-welded condítíon (Fig. 3.5o)

S,(x)-S,(1 -4xlt) if 0<x<0.5t (8.3)

S,(x)-S,(4xlt-3) if 0.5tcx (t (8.4)

S,(y) = S,cos(2æylt) (B.s)

(b) For surface-treated condítion (FiS. 3.5b)

S,(x)-S,(x/d.u-l) if 0< x<1.5d.r (8.6)

S,(x) - S,{[(t -2.25 d",,)x + 0.5(t -2.25 d,òzfl(r -1.5 d"rr)2 -1] if 1.5d"ns x s r (B.7)

S,(y) = s, (8.8)

where S,(x), S,(y) - residual stress in (x) and (y) direction

respectively

d"ff - effective depth of surface treatment (due to

compressive residual stress field)

- plate thickness of the welded jointt
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Table B.I Parameters in Varíous Sets of Treatments used for Numerical

Modellíng ín the present study

Set
No.

rt
mm

r
mm

0
Deg

0
Deg

t
mm

2b
mm

s,
MPa

Rr.

I

0.05

0.15

0.25

0.35

I 30 60 t2 50 0 0

2 0

0
0.5
1.0
1.5
2.0
3.5

5.0

30 60 t2 50 0 0

3 0 1

5

l0
l5
20
30
40
60

60 t2 50 0 0

4 0 I 30

45
60
70
80
90

t2 50 0 0

5 0 I 30 60

6.3

9
t2
16

t9
25
32

50

100

50 0 0

6 0 I 30 60 t2 50

0,
30,60,90,

120,150,
300

-62
- 110
- 152
- t72

0

7 0 I 30 60 t2 50 0

0.15

0.3

0.6,0.9

1.2,1.5
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Table 8.2(a) Regression coeffícíents at oÍ the local stress distribution due

to variatíons oÍ butt-weld geometry parameters in pure axíal loading

condition (Eq. (3.39))

Set
No.

rt
mm

r
mrn

e
dee

t
mm

0
dee

â¡ îz ît u â5 rì6 ît tu

I
0.05
0.15
o.25
0.35

I 30 l2 60
4.708'l
4.736/-
4.1305
3.9450

48.5558
29.4958
t6.?5t7
I l.8809

43.4740
23.6836
13.0298
8.8282

-11.63(X
-10.5568
-2.4996
-o.7245

-10.6413
-8.4505
-t.6230
-0.0876

t.7232
1.0938
0.09,14
-0.0857

1.5603
o.7953
0.0215
-o.1263

-0.0135
-0.0149
-0.0019
-0.00ü

2 0

0
0.5
1.0
1.5
2.0
2.5
3.5
5.0

30 t2 60

2.0/78
t.8942
t;t376
t.6t69
1.5533
1.4450
1.z.86

4.8714
5.2780
4.0/94
2.954t
2.53z.
2.1830
1.0657

3.ó828
4.t773
3.1314
2.2520
Lt974
1.7101
o.5't63

0.3061
-0.0149
0.2086
0.1514
0.1378
0.0320
-0.oo55

o.4362
0.1075
0.3098
o.2278
o.2u5
0.0827
-0.1392

0 0 0

3 0 I

0
5
10
15
20
30
40
60

t2 60

1.m00
1.1962
1.3075
1.4528
1.5805
t.7376
1.7803
r.9398

0
4.2584
3.0805
3.68?6
3.8639
4.0/.94
3.3806
3.6t43

0
4.0/,42
2.7588
3.1693
3.2æ7
f .1394
2.4677
2.5476

0
o.to27
o.1237
0.r399
0.1478
0.2086
0.1831
o.3173

0
o.1256
0.r582
0.1963
o.2199
0.3098
0.2831
0.3339

0 0 0

4 0 I 30

6.3
9
t2
l6
20
25
32
50
100

60

t.552t
1.6630
t.7376
l.8802
1.9471
L9955
2.t527
2.2867
2.4863

4.8670
4.O776
4.0494
3.5524
3.3575
2.6909
2.65t7
2.0568
1.3002

3.6887
3.0887
301 314
2.7'194
2.644t
2.tt87
2.ttzt
r.6556
1.0586

o.4952
o.3032
0.2086
o.tt24
0.0854
0.0528
0.0350
0.0153
0.0039

0.7386
0.4466
0.3098
0.1759
0.1328
0.0830
0.05?3
0.0260
o.ffi72

0 0 0

5 0 I 30 t2

45
60
70
80
90

t.7L'13
t.7376
1.7805
1.7959
t.7207

4.8750
4.M94
3.?016
f.u27
2.4854

3.9651
3.r314
2.8024
2.1954
Lt4t7

o.2732
0.2086
o.t128
0.r999
o.t7t4

0.3744
0.3098
o.2709
0.2918
o.25t4

0 0 0
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Table 8.2(b) Regression coefficients at oÍ the local stress dístribution due

to variations of butt-weld geometry parameters in pure bendíng load

conditíon (Eq. (3.39))

Set

No.
rt

mm
r

mm
0

deg

t
mrn

0
dee

àt îz î3 u â5 u lt As

1

0.05
0.15
o.25
0.35

I 30 t2 60
5.0/75
4.8274
4.ts'r6
3.9459

52.t354
26.5856
15.0466
11.0888

51.6857
20.9864
I 1.1 804
7.O1',t1

8.5174
-3.5859
-1.8398
-l.7ll2

-5.1 846
-7.1301
-3.7337
-2.6665

-0.3655
-0.0380
-0.0210
0.01l8

-0.7191
o.5759
0.2840
o.2262

0.0118
0.mo9
0.0010
-0.0(m

2 0

0
0.5
1.0
1.5
2.O
3.5
5.0

30 12 60

2.2tO2
1.8599
1.8709
t.7220
1.6488
1.3977
t.3367

5.t292
3.420/
4.0800
3.006¿
2.5241
o.4774
1.0657

3.6266
2.4097
2.9242
2.O756
1.6894
-0.0179
o.5763

-0.0169
0.0063
-0.0106
-0.0078
-0.0079
-0.0093
-0.0054

-0.7053
-o.47tt
-0.5669
-o.4143
-0.3448
-0.0401
-o.t392

0 0 0

3 0 I

0
5
10
t5
20
30
40
60

12 60

1.0000
LZt17
1.3400
1.5189
l.6559
1.8709
r.9658
2.r596

0
4.8495
3.4t94
4.0243
3.9637
4.0800
3.5069
3.4670

-0.16667
4.4959
2.9238
3.tt76
3.101I
2.9242
2.2817
2.0160

0
0.0114
o.ouz
0.0030
-0.0006
-0.0106
-o.ol42
-0.0228

0
-0.7950
-o.5379
-o.6147
-0.5859
-0.5686
-o.4623
-o.4290

0 0 o

4 0 I 30

6.3
I
t2
l6
20
25
t2
50
100

60

t.6349
t.7664
1.8709
2,0160
2.1162
2.1930
2.4008
2.6842
2.74!O

4.8913
4.2701
4.0800
3.4674
3.3396
2.6/.93
2.5633
t.9654
t.ot22

3.2945
2.9540
2.9242
2.5182
2.487t
1.9691

t.5552
1.5866
0.7855

-0.0406
-0.0196
-0.01(b
-0.0014
0.0023
0.0037
0.0060
0.0089
0.0015

-1.2688
-0.7820
-0.5669
-0.3664
-0.2863
-0.1830
-0.1414
-o.o747
-0.0r84

0 0 0

5 0 1 30 t2

45
60
70
80
90

1.6230
1.8709
1.8618
1.8288
t.7t78

2.2929
4.0800
3.4079
2.7979
2.3195

1.5966
2.9242
2.2238
1.620s
1.2143

-0.00?9
-0.01(b
-o.1447
-0.0208
-0.0208

-p.3259
-0.5686
-o.4476
-o.3426
-0,2687

0 0 0
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Table 8.3 Transformation functíons derived for M¡-model to calculate A¡

(for í = I to a) @q. 5.1)

låbel

1

Transformation Functions Constants

K

1

fr G/t) = 1.0167 + 0.1045 G/t) - 0.011/(r/t)

fr (0) = 1.0511 - 0.0411 0 + 0.0103 0''5 - 0.00068 e2

fL (Jzb) = 0.9687 + 0.281 L (rt2Ð2 - 0.236r (ttzb)2s

fr (0) = 0.9679 - 34.7435 tþt's

1.246

2

f2 $lt) = 0.2156 - 0.1911 exp(r/t) + 0.0061/ (r/t)

fz(0) = -0.0562 + 0.0347 e - 0.0102eh(e) - 0.00014e2

fr(t|zb) = t.1772 - 0.2441(tl2Ð2 +0.4966 (tt2b)z h(il2b)

fz (Q) = 0.264t - 0.0115 Q + 0.0021 0 ln (0)

t59.433

3

f¡G/t) = 0.0631 - 0.9825 (rtt)2 + 2.3246(rlt)3

f¡(0) = -0.0122 + 0.00690 -0.0014eh(e)

hVzb) = 1.ffi22 + 0.0014 (t(2b)6'2e{ß

f3 (O) = 0.0791 - 1.3664/Q + 5.8753/Q2

329.629

4

f4G/t) = - 0.0241+ 0.0836 ln (r/t) +0.M79 / (r/Ðo's

f4 (0) = 0.0262 - 0.0086 0 + 0.0017 e h (e)

f4@2b) = 2.0232 + 1.0675 (tl2Ð2 - 0.7656exp (t/2b)

f4 (Q) = - 0.0116 - 0.0142 (ln O)' + 0.0236 Qos

238.365
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Table 8.4 Transformationfunctíons derívedfor K¡model (Eq. 5.a)

No. Transformation functions f.,(...) 12 coeff

1

2

3

4

f.,(r'lt) =740.3966 + 2243.4654(r'tt)t't - 739.3992exp(r'It) +

+ 0.3989(r'lt)o's

f',(r/t) = 0.9599 + 1.2047 exp(-r I 0.27 86t)

f.,(0) = (0.5310 +0.0631e)/(1 + 0.0480)

f.,(t/b) = 0.9940 + 0.5537 - 0.0769exp(t/b) + 0.0077 I (tlb)

0.9959

0.9599

0.9910

0.9958
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Appendix C

Computer Programs

C.l Listing of a computer program for calculation of fatigue life of

butt joints subjected to weld geometries, residual stresses and the

combined loading (axial and bending) conditions:

The following program uses the modified Paris's law (Eqs. (3.20) and (3.21)) to

calculate the crack propagation life of butt welded joints subjected to weld

geometries, residual stresses and the combined loading conditions for the constant

amplitude pulsating tensile loading (R=0). The stress distributions in various welded

profiles along the potential crack line are input to the program in the explicit equation

form. The Bueckner's and Kanazawa's weight functions are used with the Newman-

Raju's solution for the semi-elliptical surface crack model to calculate the range of the

effective stress intensity factor due to weld geometry, residual stresses and the

combined loading (axial and bending) conditions. Simpson's rule (1/3) is used for the

calculations of the integrals. Superposition principles are used to combine the effects

of various stress components.

' MAIN PROGRAM TO CALCULATE FATIGUE LIFE OF BUTT-WELDED JOINT

' SUBJECTED TO RESIDUAL STRESSES, SURFACE CRACK GEOMETRY
.WITH UNDERCUT AT WELD TOES IN THE COMBINED LOADINGS BASED

'ON THE WEIGHT FUNCTION TECHNIQUE, NEWMAN-RAIJU'S

' APPROACHES AND SUPERPOSITION PRINCIPLE

N = 40: K= 20: NN = 8: NNN = 6: KIC = 1900: KTH = 63

DIM NP(NN), H0(NN), SRMAX(NN), DS(NN, 2), INTEGR(N + 1), INTEG(4)

DIM Fl (4), F2(4), FX(4), KTMAX(2), D1(2), D2(2), D3(2), D4(2)

DIM D5(2),D6(2), D7(2), D8(2), GIX(2), Gly(2)

A1 = .6L47: Bl = 17.1844:CI=8.7822

A2 = .2502: B2 = 3.2899: C2 = 79.9444
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M=3:C=3.lE-13:B=50
INPUT ''INPUT DATA FILE NAME ?'" FLI$

OPEN FLI$ FOR INPUT AS #1

INPUT ''OUTPUT FILE NAME ?'" FL$

OPEN FL$ FOR OUTPUT AS #2

5 PRINT #2, " A C MKAE MKBE DELTKWAEF DELTKWBEF''
. THE FOLLOWING LOOP CONSIDERS NUMBER OF DATA POINTS IN EACH
. SET OF WELD GEOMETRY PARAMETERS

FOR KKK = 1 TO NNN
. INPUT COEFFICIENTS FOR STRESS DISTRIBUTION FUNCTION DUE TO

' AXIAL LOADING, DI (1) AND BENDING LOAD, DI(2), (I=1 TO 8); PLATE

' THICKNESS (T), CRACK SHAPE ASPECT RATIO (RAC), COMBINED

' LOADING RATrO (RBA), CYCLIC APPLIED STRESS RATrO (R) AND
. MAXIMUM STRESS CONCENTRATION FACTORS DUE TO AXIAL &

'BENDING LOAD: KTMAX(I) & KTMAX(2).

INPUT #1, D1(1), D2(1),D3(1),D4(1),D5(1),D6(1),D7(1), D8(1),KTMAX(1), T,

RAC

INPUT #1, Dt(2),D2(2),D3(2),D4(2),D5(2),D6(2),D7(2),D8(2),KTMAX(2), RBA, R
. THE FOLLOV/ING LOOP CALCULATES THE FATIGUE LIFE FOR VARIOUS
. LEVELS OF THE STRESS RANGE DUE TO WELD GEOMETRY & RESIDUAL
. STRESSES AND COMBINED LOADING CONDITIONS; INTEGRALS ARE

' CALCULATED USING SIMPSON 1/3 RULE; (AI) & (AF) ARE INITIAL &
. FINAL CRACK LENGTH

FORKK=lTONN
AF=.5*T
. INPUT RESIDUAL STRESS DISTRIBUTION FUNCTION WHICH IS DEFINED
. BY THE EFFECTIVE DEPTH OF SURFACE TREATMENTS, HO(KK), AND
. BY MAXIMUM RESIDUAL STRESS AT WELD TOE SURFACE, SRMAX(KK);

' AND VARIOUS LE-VEL-S-OF STRESS RANGE DS (KK,l) DUE TO AXIAL
.LOADING CONDITION

INPUT #1, HO(KK), SRMAX(KK), DS(KK, 1)

10 DC = 0: AI = .125: CI = AI / RAC: CI = CI + DC

DS(KK, l) = DS(KK, l) / (1 - R)

IF DS(KK, l) >= SU GOTO 500
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. CALCULATE STRESS RANGE DUE TO BENDING LOAD DS(KK,2)

DS(KK, 2) = RBA * DS(KK, l)
IF AF > 10 * AI THEN

H=(AF-AI)/N
ELSE PRINT #2, "NEW VALUE OF AF IS NOT VALID, AF = ", AF

GOTO 500

END IF

ODSUM = 0: EVENSUM = 0: NP(KK) = 0: INTEGRAL = 0

FORIII=lTON+1
A=AI+(III-1)*H
GOSUB 50

NEXT III
FORI=2TONSTEP2

ODSUM = ODSUM + INTEGR(I)

NEXT I

FORJ=3TON- 1 STEP2

A=AI+f*H
EVENSUM = EVENSUM + INTEGR(J)

NEXT J

I1 = INTEGR(1)

12=INTEGR(N+1)

NP(KK) = H * (Il + 4 * ODSUM + 2* EVENSUM +12) I 3

PRINT #2, ' OUTPUT CRACK PROPAGATION LIFE, Np(KK) :"

PRINT #2, " H0 SRMAX NP DS(KK,I) RBA R "

PRINT #2, HO(KK), SRMAX(KK), NP(KK), DS(KK, 1), RBA, R

5OO NEXT KK

NEXT KKK

PRINT ''DO YOU WANT TO RERUN THE PROGRAM ?''

INPUT A$: IF A$ = "y" OR A$ = "Y" THEN GOTO 5

CLOSE #2

PRINT '' END OF PROGRAM. BYE ! BYE ! ''

END

Fatigue Modelling of Butt Wekled Structures, Ph.D thesis by Ninh T. Nguyen, 1996



APPENDIX 278

'FOLLOWING SUBPROGRAM CALCULATES THE STRESS INTENSITY
. FACTORS OF A SEMI-ELLIPTICAL SURFACE CRACK INITIATED AT THE
. WELD TOE FOR DEEPEST CRACK TIP AND CRACK FRONT AT THE PLATE
. SURFACE UNDER THE COMBINED AXIAL AND BENDING LOADING

50FORL=lTO4
IFL<=2THEN

HH=A/K
ELSEHH=CI/K
END IF

X = HH / K: GOSUB 100

Fl(L) = FX(L)

ODSUMA = 0: EVENSUMA = 0: FX(L) = 0

FORII=ITOK-1STEP2
X=II*HH
GOSUB 1OO

ODSUMA=ODSUMA+FX(L)

NEXT II
FORJJ=2TOK-2STEP2

X=JJ*HH
GOSUB lOO

EVENSUMA = EVENSUMA + FX(L)

NEXT JJ

IFL<=2THEN

X=A-HH/K:
ELSEX=CI-HH/K
END IF

GOSUB lOO

F2(L) = FX(L)

INTEG(L) = HH'r (Fl(L) + 4 * ODSUMA + 2 * EVENSUMA + Fz(L)) I 3

NEXT L
. CALCULATE THE RANGES OF STRESS INTENSITY FACTOR AT CRACK TIP
. FRONTS (DELTKA & DELTKB) USING NEV/MAN-RAJU'S EQUATION FOR

' SEMI-ELLIPTTCAL SURFACE CRACK WITH CRACK DEPTH (A) AND CRACK

'LENGTH (CI)
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Q = 1 + 1.464* 1A/ CI) ^ 1.65

Mll = 1.13 - .09 * A/ CI

lll22 = -.54 + .89 I (.2+ A / CI)

M33 =.5 - 1 I (.65 + Al CI) + 14 * (1 - Al Ct¡ "24
GA = 1: GB = 1.1 +.35 * (AlT) " 2

FA=1:FB=(A/CI)^.5
FW = (COS((3.14159 * Cr * (A/ T) " .5) I 2 I B))" (-.5)

MM=(Ml1 +llf22 * (A/T)"2 +M33 * (A/T)"4)
DELTKA = DS(KK, 1) * Uttt + FW'þ (3.14159 * AIQ) ".5
DELTKB = DS(KK, 1) * MM * FB * GB * FW * (3.14159 * AIQ) " .5
. CALCULATE THE EFFECTIVE STRESS INTENSITY MAGNIFICATION
. FACTORS MKAE AND MKBE USING "SIMILARITY APPROACH'"

' SUPERPOSITION AND WEIGHT'S FUNCTION TECHNIQUES

MKAE = INTEG(I) / INTEG(2)

MKBE = INTEG(3) / INTEG(4)

DELTKWAEF = MKAE * DELTKA

DELTKWBEF = MKBE * DELTKB
. TEST CONDITION FOR CRACK PROPAGATION THRESHOLD, KTH

IF DELTKWAEF <= KTH OR DELTKWBEF <= KTH THEN

DS(KK, 1) = DS(KK, 1) + 10: GOTO 10

.TEST CONDITION FOR FRACTURE TOUGHNESS OF THE MATERIAL, KIC

ELSEIF DELTKWAEF >= KIC OR DELTKWBEF >= KIC THEN

AF = AF - .05 * T: PRINT #2,'NEW VALUE OF AF - ", AF: GOTO 10

END IF

INTEGR(III) = | I C I DELTKWAEF ^ M

DC = H * (.9 * DELTKWBEF / DELTKWAEF) ^ M

' OUTPUT THE EVOLUTION OF THE CRACK SHAPES: CRACK LENGTH (A) &
. CRACK DEPTH (CI) AND RANGES OF THE EFFECTIVE STRESS INTENSITY
. FACTORS OF WELDED JOINTS DUE TO AXIAL AND BENDING LOADS:
. DELTKWAEF & DELTKWBEF

PRINT #2, A, CI, DELTKWAEF, DELTKWBEF

CI=CI+DC
. TEST WETHER CRACK LENGTH HAS REACHED THE PLATE TVIDTH

IF CI >= B THEN
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AF = AF - .05 * T: PRINT #2, "CI > B, NEW VALUE OF AF = ", AF

GOTO l0

ELSE GOTO 30

END IF

30 RETURN

END

. FOLLOWING SUBPROGRAM CALCULATES INTEGRAL FUNCTION FOR

. STRESS INTENSITY FACTORS USING WEIGHT FUNCTION METHOD

100 IF L <= 2 THEN

GOTO 150

ELSE GOTO 2OO

END IF
. CALCULATE BUECKNER'S WEIGHT FUNCTION, MX

150 MIA = A1 + B1 * (A I T) " 2 + CL * (A/ T) " 6

M2A = A2+ 82 * (A/ T) ^ 2 +C2 * (A/T) ^ 6

PRINT "T, A, CI, DS(KK,l), DS(KK,2),DELTKA, DELTKB, KKK ", T, A, CI,

DS(KK, 1), DS(KK,2), DELTKA, DELTKB, KKK

PRINT ''DELTKWAEF, DELTKWBEF, NP, KKl DELTKV/AEF, DELTKWBEF,

NP(KK), KK
. CALCULATE STRESS DISTRIBUTION FUNCTION ALONG THE POTENTIAL

' CRACK LINE DUE TO AXIAL AND BENDING LOADING: c1X(1) & c1X(2)

GIX(I) = (D1(1) + D3(1) * X + D5(l) * X ^ 2 +D7(t) * X ^ 3) I (l+ D2(1) * X +

D4(1) * X ^ 2 + D6(1) * X ^ 3 + D8(1) * X ^ 4)

GIX(2) = (D1(2) + D3(2) * X + D5(2) * X ^ 2 +D7(2) * X ^ 3) I (l + D2(2) * X +

D4(2) * X ^ 2 +D6(2) * X ^ 3 + D8(2) * X ^ 4)
.CALCULATE RESIDUAL STRESS DISTRIBUTION FUNCTION THROUGH
. THE PLATE THICKNESS (GX2) WHERE HO(KK) =O FOR AS-V/ELDED

' CONDITION & HO(KK) + 0 FOR SURFACE TREATED CONDITION

IFHO(KK)=OTHEN

IFX<=.5*TTHEN
G2X = SRMAX(KK) * (1 _ 3 * X/ T)

ELSE G2X =3 * SRMAX(KK) * X I T - 2 * SRMAX(KK)

END IF
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ELSEIF X <= 1.5 * H0(KK) THEN

G2X= SRMAX(KK) * (X / HO(KK) - 1)

ELSE G2X =SRMAX(KK) * (X -T) | (3 * HO(KK) - 2 * T)

END IF

MX = (1 + MIA * (A- X) / A + M2A * ((A -x) | A) " 2) I (2*3.14159*(A- X)) ".5
. CALCULATE INTEGRAL FUNCTION FOR THE EFFECTIVE STRESS
. INTENSITY FACTOR AT THE DEEPEST CRACK TIP DUE TO AXIAL &
. BENDING LOADS, FIX &,FzX

IF DS(KK, 1) <> 0 THEN

FlX = 2't lGlX(l) + GIX(2) * RgR + c2X.* (1 - R) /DS(KK, 1)) * MX

ELSE FlX = 0

END IF

F2X= 2 * MX

GOTO 300
. CALCULATE RESIDUAL STRESS DISTRIBUTION ALONG THE PLATE
. WIDTH DIRECTION AT THE SURFACE (G2Y) AND RETRIEVE STRESS
. CONCENTRATION AT THE WELD TOE DUE TO AXIAL AND BENDING

' LOADS: G1Y(1) & GIY(2)

200 G1Y(1) = KTMAX(I)

GlY(2) = KTMAX(2)

IFHO(KK)=OTHEN

G2Y =SRMAX(KK) * (1 - 6 * X ^ 2 I T ^ 2)

ELSE G2Y = (-1) * SRMAX(KK)

END IF
.CALCULATE KANAZAV/A'S WEIGHTS FUNCTION, MY '

MY=(SIN(3. I 4 I 59 * (CI+x) I 2lB )/B/SIN(3. 1 4 1 59 *CVB )/SIN(3. I 4 1 59 * (CI-

x)lztB))^.5

PRINT " MX My GIX(I) GIX(2) Gly(l) G1y(2) GzX", MX, My, GIX(l),
GlX(2), GlY(1), GIY(2), G2X
. CALCULATE INTEGRAL FUNCTION FOR THE EFFECTIVE STRESS
. INTENSITY FACTOR AT THE WELD TOE SURFACE ALONG THE PLATE

' WIDTH DUE TO AXIAL & BENDING LOADS: FIY & F2Y

IF DS(KK, l) <> 0 THEN

FlY = 2 + (GlY(l) + GLY(2) * RBA + c2Y * (1 - R) / DS(KK, l)) + MY
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ELSE FlY = 0

END IF

F2Y = 2 * MY

300 FX(l) = FIX: FX(2) = F2X: FX(3) = FIY: FX(4) =F2Y
PRINT "FlX, F2X, FlY, F2Y: ", FlX, F2X, FlY, F2Y

RETURN: END

C.2 Listing of the TestStar R.2.0a (1993) computer program used to

monitor the fatigue tests in MTS-testing system.

Data File Options
File Forma[ = Excel Text File
Log Events = No
Include Procedure Description = No

Recovery Options
Autosave enabled.

At least ever] = 5 (sec)

staftup: step
Sæp Done Trigger 1 = ramptomean

Procedure name
File Specification

cycling: Begin Loop
Counter Name
Total count

ramptomean: Monotonic Command
Start Trigger = Step Start
End Trigger = <none>
Segment Shape = Ramp
Rate = 2 kN/Sec
Axial

Control Mode = Force A SG
Endlevel = 60 kN

NINH1 6OKN

D:\TS 2\TWS)(NINH2. 000

= nocycles

= 250

dataacq: Step
Step Done Trigger I = stroke cycle I
Stroke mon: Data Limit Detector

Start Trigger = Step Start
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End Trigger = <none>
Data Channel = tængth I
LimitValue = 2(mm)
Limit Value is = Absolute
Trigger Options = Either Transition

stroke cycle l: Cyclic Command
Start Trigger = Step Start
End Trigger = <none>
Segment Shape = Haversine
FrequencY = l1gz
Repeat = 20 000 cycles
Amplitude/lvlean Control = On

Axial
Control Mode
Endlevel 1

Endlevel2

Force A SG
60 kN
6kN

Data Trigger: Data Acquisition
Start Trigger = Step Start
End Trigger = record stroke
Mode = Peak/ Valley
Buffer Type = Trigger Only
Master Channel = Force 1

Data Header = Fatigue Test: Pmax = 60 kN, R = 0.1
Sensitivity = 0.5 kN
Buffer Size = 2000

record stroke: Data Acquisition
Start Trigger = Data Trigger
End Trigger =
Mode =
Buffer Type =
Master Channel
Slave Channel 1

Slave Channel2
Slave Channel 3

Data Header
Time Increment
Buffer Size

Last Dacq: Data Acquisition
Start Trigger =
End Trigger =
Mode =
Buffer Type =
Master Channel
Slave Channel I
Slave Channel 2

Slave Channel 3

<none>
Timed
Single

Force 1

Time
I-ength I
Axial Segments
Peak/ Valley
0.002 (Sec)

100

stroke mon
<none>
Timed
Single

Time
I-ength 1

Force I
Axial Segments
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ProgramStop: Program Control
Start Trigger = Last Dacq
End Trigger = <none>
Action = Hydraulic Interlock
Message = No Load o Program Stopped
Send To:

Screen = Yes
LUC DisPlaY = No
Data File = Yes

cycling: End Loop

Shut down: Step
Step Done Trigger 1 = shutdown
rampdown: Monotonic Command

Start Trigger = Step Start
End Trigger = <none>
Segment Shape = Ramp
Rate = 5 kN/sec
Axial

Control Mode = Force A SG
Endlevel = 0 kN

shutdown: Program Control
Start Trigger = rampdown
End Trigger = <none>
Action = Hydraulic Interlock

C.3 Listing of the TestStar R.2.0a (1993) computer pf,ogram used to

calibrate the strain gauges bonded to the test specimens

Data Header
Time Increment
Buffer Size

Final Readings
0.001 (Sec)

2

NINHCAL Default Procedure
D :\TS2\TWS)(NINHCAL.000

Procedure name
File Specification

Data File Options
File Formaf = Excel Text File
Log Events = No
Include Procedure Description = No

Recovery Options
Autosave Disabled.
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load ramp: Step
Step Done Trigger I = ramptozero

data acq: Data Acquisition
Start Trigger =
End Trigger =
Mode =
Buffer TyPe =
Master Channel
Slave Channel 1

Slave Channel2
Slave Channel3
Slave Channel4
Data Header
Time Increment
Buffer Size

hold: Hold Command
Start Trigger =
End Trigger =
Hold Time =
Axial

Control Mode

Step Start
<none>
Timed
Single

ramp_up
<none>
2 (sec)

= Force A SG

Time
Length I
Force I
Volt IP7
VOIt IP8
Calibration of strain gauges
0.1 (Sec)

2000

r¿rmp_up: Monotonic Command
Start Trigger = Step Start
End Trigger = <none>
Segment Shape = Ramp
Rate = 1 kN/sec
Axial

Control Mode = Force A SG
Endlevel = 50 kN

ramp_down: Monotonic Command
Start Trigger
End Trigger = <none>
Segment Shape = Ramp
Rate = 1 kN/sec
Axiat

Control Mode = Force A SG
Endlevel = 0 kN
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C.4 Listing of the TestStar R.2.0a (1993) computer program used to

monitor tensile test in MTS-testing system.

286

Data File Options
File Formaf = Excel Text File
Log Events = No
Include Procedure Description = No

Recovery Options
Autosave Disabled.

Ramp_up (<2 Vo): Step
Step Done Trigger 1 = strainlim
Step Done Trigger 1 = Ramp up
strainlim : Data Limit Detector

Start Trigger = Step Start
End Trigger = <none>
Limir Value = 0.02 ( (none) )
Limit Value is = Absolute
Trigger Options = Greater than Limit Value

Procedure name
File Specification

TENSILE Default Procedure
D :\TS2\TWS)A TENSILE.0OO

Step Start
strainlim
Level Crossing
Single

= Force 1

= Length I
= Strip Tensile Test

= 0.1 (kN)

= 10 000

data acq: Data Acquisition
Start Trigger =
End Trigger =
Mode =
Buffer Type =
Master Channel
Slave Channel I
Data Header
Level Increment
Buffer Size

Ramp up: Monotonic Command
Start Trigger = Step Start
End Trigger = strainlim
Segment Shape = Ramp
Rate = 0.1(mm/sec)
Axial

Control Mode = Length A SG
Endlevel = 50 (mm)

Ramp_up (> 2 Vo): Step
Step Done Trigger 1 = no_load_detect
Sæp Done Trigger 2 = Ramp up

no load detect: Data Limit Detector
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Start Trigger =
End Trigger =
Data Channel =
Limit Value =
Limit Value is =
Trigger options =

data acq: Data Acquisition
Start Trigger =
End Trigger =
Mode =
Buffer TYPe =
Master Channel
Slave Channel 1

Data Header
lævel Increment
Buffer Size

Step Start
<none>
Force I
5 (kN)
Absolute
Either Transition

Step Start
<none>
Timed
Single

Force 1

Length 1

Strip Tensile Test
0.2 (sec)

16 000

Ramp_up: Monotonic Command
Start Trigger = Step Start
End Trigger = <none>
Segment Shape = Ramp
Rate = 0.1 (mm/sec)
Axiat

Control Mode = længth A SG
Endlevel = 50 (mm)
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Appendix D

Test Results

Table D.I Fatigue test results presented ín the regression equation for
S-N curve as: Iog N - Iog A - m .Iog S

Table D.2 Fatigue strength and fatigue notch factor (for three levels of

fatigue Iíves at 5xI0s, 2x106 and Ixl07 cycles) obtaíne.d by fatigue tests

Set
Inroo ITlro¡

Inwer
95 Vo

ITlInoo

Upper

95 Vo

logA.*"
logAr-o

Inwer
95 Vo

logA,oo
Upper

95 Vo

f Sloglt

(STDEÐ

Slogs

(STDEÐ

No.
of
data

#0 7.t72 12.971 2.573 24.982 12.348 37.6t6 0.69 0.255 0.033 8

#4 5.668 8.283 3.052 19.530 t3.203 25.857 0.79 0.209 0.037 9

#5a 5.377 6.763 3.991 18.196 14.965 21.427 0.89 0.t72 0.032 11

#6 4.r74 5.140 3.208 15.249 13.040 r7.457 0.94 0.r4 0.034 9

#7 4.525 7.9r4 1.135 t6.287 8.405 24.t68 0.64 0.248 0.055 8

Set #0 #4 #5a #6 #7

Fatigue strength (S) at 5x105 cycles ç¡aPa) 302.7 275.4 210.9 1 94.1 2t8.7

Fatigue strength (S) at 2x106 cycles (MPa) 253.3 2r5.7 163.0 t39.2 161.0

Fatisue strensth (S) at 1x107 cycles MPa) 206.1 t62.6 120.8 94.6 112.8

Fatigue notch factor (K) at 5x105 cycles 1 1.10 1.44 1.56 1.38

Fatisue notch factor (KJ at 2x106 cycles 1 r.L7 r.55 t.82 t.57

Faticue notch factor (K) at lxl0Tcycles 1 1.27 l.7r 2.18 1.83
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Table D.3 The values of weld geometry profiles for varíous sets of fatigue

test specimens used ín the present study

Set No. of
data

Radius, r (mm)

Side A Side B
f ¡ou

(mm)
f .o¡
(mm)

Ftank angle, 0 (deg)

Side A Side B
e.r,

(dee.)
0r*
(dee.)

#4

1

2

3

4
5

6

7

8

4.8
4.9
4.7
4.9
4.7
4.6
4.7
4.8

7.2
6.9
7.4
8.5

7.2
7.3
8.6
8.0

4.8
4.9
4.7
4.9
4.7
4.6
4.7
4.8

4.75

34
35
22
32
33
20
25
24

20
20
18

19

18

23
t7
t4

34
35
22
32
33
23
25
24

28.5

#5a

1

2

3

4
5

6

7

8

t.2
1.3

t.9
r.8
1.0
1.8

1.2
1.9

1.5

t.4
t.7
1.8

1.3

t.4
1.6

1.6

I
I
1

1

1

1

1

1

.2

.3

.7

.8

.0

.4

.2

.6

1.4

37

38
28
27
26
25

35
36

20
22
30
28
32
35
19

18

37
38
30
28
32
35

35
36

33.9

#6

I
2

3

4
5

6
7

8

2.3
2.6
1.1

1.0
t.2
1.2

1.1

1.0

t.2
1.1

2.5

r.6
2.9
3.1
2.7
2.5

1.2

1.1

1.1

1.0
1.2
r.2
1.1

1.0

1.1

35
36
36
40
42
27
30
33

30
28
25

27
29
35
36
39

35
36
36
40
42
35
36
39

37.4

#7

I
2

3

4
5

6

7

8

2.4
2.5
2.3

2.5
1.5

1.9

2.t
1.8

4.2
4.7
4.8
3.1

2.8

3.5
4.3
4.1

2.4
2.5
2.3
2.5
1.5

1.9
2.r
1.8

2.1

20
l9
20
18

20
25
l9
,r)

25
28
15

t4
t9
24
20
18

25
28
20
l8
20
25
20
22

22.3
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Appendix E

81. The derivation for the fatigue notch factor (K, ) ;

Equation (3.30) can be rewritten for a butt-joints and for a flush-ground welded

joints or flat plate as:

S''N¡=[ (E.1)

s

KT' =

(n"
Í

m Nr-Ao

Ao

A

(8.2)

(8.3)

(E.5)

(E.6)

o

From Eqs. (E.1) and (8.2) :

Equation (E.3) can be rewritten using the definition of fatigue notch factor

(Kr = S" / S) as:

Ao-.g^'*
(E.4)

Substituting (E.1) to (E.4) we get:

K
Ao

A

L.(^ - 
^")m

s!" I s^"

S^-*'

I

A

A

By modifying Eq. (E.5) the final form for K¡ can be obtained as:

)
NÍ

) ^".(

1_1

¡nm
A

NÍ
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Appendix F

Fl. The strain-gauge method to measure the residual stresses at the wetd
toes

The concept of this method is based on the superposition principle and is described

below. The effective stress range applied in a welded joint can be expressed as:

or

S.¡=S^+S"+S,
Serr=S¡*Sr,"¡¡

(F.1)

(F.2)

where Serr

S¡

SB

- effective applied stress range

- nominal applied stress range due to axial loading

- nominal applied stress range due to bending load

or bending stress induced by the possible misalignments

- welding residual stress embedded at the weld toe

of welded joints

- effective residual stress (S,,.n = S¡ + S,)

S,

Sr,er¡

After the specimen was gripped and without the application of the axial stress, the

strain gauges would record the effective residual stress (S,,.rr) i.e the sum of bending

stress induced by any possible axial or angular misalignments and the welding residual

stress.

Since the induced bending stress (Sr) depends only on the level of misalignment and

the gripping force, the effective residual stress (S,,"¡r) would be independent of the

nominal applied stress range (Sn) if no local yielding occurs at the toes. However, if
the effective stress range reaches the level of yield stress magnitude (S"u = Sr) local

yielding occurs at the weld toes and the effective residual stress would remain at the

level of the yield stress (S,, 
"rr = Sr) after the nominal axial load is released. The value

of the effective residual stress can be read directly from the strain gauges bonded at

the weld toes after the first loading cycle.
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A computer program was written for this purpose using TestStar R.2.0a (1993) in

MTS-testing system (C.3, Appendix C). The readings of the strain gauges were

recorded in a computer file and the results are plotted in terms of the axial nominal

stress (S¡) against micro-strain as shown in Fig. F.1.

300

250

200

150

100

50

0

500 1000 1500 2000

Micro-strain

Figure F.l The readings of the strain gauges bonded at the toes of a welded

specimen after first axial loading cycle.

The values of the effective residual stresses (Eq. F.2) calculated from the readings of

strain gauges # I and # 2 in Fig. F.l are 310.4 MPa and 47.6 MPa respectively. It is
obvious from Fig. F.l that the yielding has occurred at the location of strain gauge

# l. The reading of the strain gauge # 2 is decreased slightly as the nominal stress

(Se) increases. This can be explained as a small amount of compressive residual

stresses may be introduced on the surface of the specimen during its fabrication

process.
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Appendix G

G1. Tensile test stress-strain diagrams for various sets of specimens.'

Tensile test: Flat plate # 0.1
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