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ABSTRACT

ABSTRACT

At present welded components subjected to fatigue loadings are designed and assessed

using curves of stress-range against number of cycles as well as Palmgren-Miner's

summation. These techniques concentrate on the endurance of the component and do

not take into account the variation of the strength of the component during the fatigue

life. Thus present design techniques assume that the strength of the component

remains equal to the static strength throughout the fatigue life, and the variation in

strength is independent of fatigue loading until the component fails at the end of the

fatigue life. Present assessment techniques give the life of a component that has been

expended as a portion of the total life and do not give any idea of the strength or crack

length of the component.

A fundamental procedure of design and assessment has been developed in this thesis

which takes into account the variation of the residual strength during the fatigue life of

the component. A simple and easy method using linear curves has been determined to

find the reduction in strength from fracture mechanics. Hence a hand method of

assessment and design has been developed which can easily be used by practising

engineers. Using the new technique the residual strength, the crack length and the

remaining life of a component can be found. Furthermore, the procedure can be used

to design components based on the residual strength variation and hence is more

accurate and versatile compared to present methods where design is based on

endurance.
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ch.1

Chapter I
Introduction

1.1 Introduction

Structures in use today such as bridges, buildings, cranes, pipelines and of|shore

platforms are subjected to repeated loadings continuously. Components which form part

of such structures are subjected to repeated stresses when in service. Such components,

which are subjected to repeated application of stresses, often fail at a strength much below

their original static strength (Gurney, 1979). This type of failure due to repeated

application of stresses, is termed as fatigue failure. Fatigue analysis is generally carried to

find out when a component will fail so that failure during service can be prevented.

Structural components are often fabricated using rivets, bolts or welds. Welded

components are generally weaker under fatigue compared to unwelded components

(Maddox, 1991). Such components deteriorate rapidly under fatigue and have shorter

lives compared to unwelded components (BS 5400, 1980). Ever since welds have been
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used in structural constnrction, failure of welds during service have often occurred

throughout history. Recent failures include the fracturing of nne-T2 tankers and seven

liberty ships during the Second World war (Rolfe and Barsom, L977). In 1962, the Kings

bridge in Melbourne failed, while in 1967 the Point pleasant bridge in the U.S.A. failed

withaloss of 46 lives (Rolfe andBarsom, L977). Fatigue analysis of welds, therefore, is

extremely important so that their deterioration in strength and endurances can be

monitored, and failure during the service life of welded components can be prevented'

Fatigue analysis of components involve assessment and design. Present Civil

Engineering techniques concentrate on the endurance while assessing or designing a

component. Components are presently assessed using Miner's cumulative damage law

(Miner, lg45) which gives the fatigue life expended compared to the total life. Miner's

law is based on a empirical approach and gives a rather vague idea of the condition of the

structure. In this thesis a new technique of fatigue assessment is proposed which not only

concentrates on the endurance but takes into account the variation of strength during the

fatigue life. Using the variation of strength during the fatigue life one can assess a

component more accurately as well get much more information about the condition of the

component. Thus one can predict the residual strength, the remaining life and crack length

of a component at any intermediate period of the life of the component.

Presently in Civil Engineering practise, the design of welded components involves

a calculation to find the static strength of a component and another calculation to find the

2



Ch. LIntroduction

endurance ofa component. These designs are carried out separately and any dependence

of strength on endurance is neglected. It is assumed that the strength of a component

does not change during the fatigue life and remains equal to the static strength (Oehlers,

lgg¿). The variation of strength with endurance as followed by present methods can be

represented in a graphical form by the curve ACF as shown in Fig.l ' I '

A particular type of welded component is the welded stud shear connector. This is

a welded protrusion on the flange of a steel section required to connect the steel portion of

a composite beam to the concrete section. Experimental research carried out with this

connector (Oehlers, 1990) showed that its residual strength varied along a straight line as

shown by Fig.1.2 below.

Residual
strength

Number of cycles

Fig.1.1 Residual strength variation of structural components

CB
A

E

F
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¡ Experimental results

Residual
strength
iin kN 40

20

0.5 1.0 1.5

Number of cyclic loads (X100 )

2.0

Fig.l.2 Residual strength variation of stud shear connectors (Oehlers, 1990)

Thus even though at present we use the residual variation of strength in Fig. 1.1 to

design structural components at least in the case of stud shear connector, which is a

particular type of welded component, the actual variation is different. This raises the

question whether the residual strength variation of other welded components follow the

variation ACF shown in Fig.l.l. It is quite likely that the component may follow any

other variation such as ABEF in Fig. 1.1. If the actual variation of the residual strength of

a component is known, then components can be designed based on this actual variation in

strength and such design will be more accurate compared to present methods.

80

60

T
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L.2 Scope of thesis

In Chapter 2 of the thesis the concepts and information used in the rest of the

thesis is discussed. In Chapter 3 of the thesis a theoretical approach for determining the

variation of residual strength with number of cycles has been determined for constant

amplitude loading. The technique developed is based on fracture mechanics principles.

The relation between residual strength and number of cycles may be linear as in the case of

stud shear connectors shown in Fig. 1.2 or may be nonlinear as in the case of the curve

ABEF showninFig.l.l.

While Chapter 3 of the thesis deals with constant stress ranges, components in

service are generally subjected to variable stress ranges. It has been shown in Chapter 4

that when a component is subjected to variable stress ranges, the reduction of strength due

to any number of stress ranges can easily be determined if the constant amplitude residual

strength variation is linear and in such a case, the reduction in strength does not depend on

the sequence in which stress ranges are applied. However when the residual strength

variation due to a constant stress range is nonlinear, the reduction in strength due to

number of stress ranges depends on the sequence in which loads are applied.

In Chapters 3 and 4 the basic techniques required to determine the strength of

components have been developed. In the Chapters 5 to 8 this technique is developed for

welded components in particular. A procedure of determining the constant amplitude

5
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residual strength variation of welded components is discussed in Chapter 5. However tn

order to determine the residual strength variation of a given component during the fatigue

life the initial crack length of a component must be known. This initial crack has been

determined in Chapter 6 of this thesis from standard curves of stress range against number

of cycles to failure or SÀ{ curves.

In Chapter 7, a procedure of assessing welded components using linear residual

strength curves is developed. In Chapter 8, a procedure of designing welded components

using linear residual strength curves is discussed. In Chapter 9, a component is assessed

and designed in order to illustrate the procedures developed in Chapters 7 and 8. Finally

in Chapter l0 the conclusions and recommendations for future work is discussed.

1.3 Aim of research

The primary aim of this research is to develop a fundamentally new fatigue design

and assessment procedure for practising engineers. The new analysis procedure takes the

present standard practise, ofcurves ofstress range against number ofcycles, that is based

on endurance design, one step further as it allows for the variation in residual strength as

well as endurance. Hence the new procedure can be used to predict the variation in crack

size, strength and inspection periods as well as endurances. Basic fracture mechanics and

fatigue procedures has been deliberately used in this thesis to illustrate the development of

this fundamentally new procedure. Hence the examples given are purely there to illustrate

6
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the new technique. However the new fatigue procedure can be used to represent the

results of advanced fatigue and fracture mechanics when required.

7



Ch 2.Literature review

Chapter 2
Literature review

2.1 lntroduction

Fatigue analysis and design of structures came with the advent of the industrial

age. The industrial age brought in the use of structural components. Such components

when subjected to repeated loading failed due to fatigue. Failure of axles, wheels or rails

of railway coaches occurred frequently in the middle of the last century. In 1842, there

was a railway accident in Versailles, France which resulted in the loss of 80 lives. This

accident led authorities to engage in the first ever detailed study of metal fatigue. Soon

studies on fatigue were being carried all out over Europe. Thus laboratory experiments

were designed to study how long a component can be used without the danger of them

failing by fatigue (Suresh, 1992).

The first systematic fatigue experiments were carried out by August Wohler in the

period 1852 to 1870 for the German railway industry (Klesnil and Lukas 1980). Wohler's

8
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work led to the characterisation of fatigue behaviour in terms of curves of stress range

against number of cycles to failure. These curves were called S/1.{ curves. S/NI curves

have been the mainstay of fatigue design for nearly a hundred and fifty years now and are

still used for design. A lot of experiments have been done with different materials and

different loading conditions to establish SA{ relationships to be used in design, The effect

of other factors such as mean stress, stress concentration and environment surface finish

on SÀ{ curves have also been documented.

Even though SN curves are hugely successful in design they are however of

purely empirical nature without any understanding of the total fatigue process. In the

middle of this century there was an attempt to understand the whole fatigue process and

the various stages it undergoes when subjected to repeated loading. The whole fatigue

process has been divided by Klesnil and Lukas (1980) into the following three broad

stages based on irreversible changes caused by cyclic loading:

D Fatigue hardening or softening:- This is the first stage in the fatigue process and

involves rearrangement of the substructure of the whole material.

ii) Crack initiation:-This involves initiation of a crack from any point within the structure

of a component.

iiD Crack propagation:-The crack that has initiated propagates with the application of

fatigue loading leading to failure.

The reason for the failure of a component subjected to fatigue loading is the

formation and propagation of a crack until the strength of the component becomes less

than the maximum load applied. In order to be able to predict such failures, studies have

9
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been carried out to find out how cracks would propagate and also what strength a cracked

structure would have after it has propagated a distance. Such studies have been

collectively grouped under fracture mechanics. Fracture mechanics is primarily used to

analyse structures with known defects in them and to find out their strength and life.

The residual strength method of design and assessment proposed in this research

involves both fracture mechanics and SÆ.{ curves. The procedure developed is based on

monitoring the progress of an initial crack. \{hen a component is subjected to external

loads it creates stresses within the structure of the component. Repeated application of

such stresses causes the initial crack of the component to propagate. The propagation of

the initial crack finally leads to failure of the component. In Section2.2, the external loads

acting on the structure is discussed. Section 2.3 deals with the internal stresses in the

structure caused due to the application of external loads. Section 2.4 explains the

formation of an initial crack in the structure while Section 2.5 discusses the propagation of

this crack. This crack propagates until the component fails and such failure is explained in

detail in Section 2.6. The fatigue life at which such failure occurs is discussed in Section

2.7. The variation of residual strength during the fatigue life is explained in Section 2.8.

The residual strength approach to fatigue design and assessment is compared to other

methods in Sections 2.9 and2.I0.

2.2 Stresses applied to a component

The fatigue process starts with the application of an external loads to a component.

Components used in engineering service are subjected to such repeated loads

continuously. The external loads induces internal stresses within the component to cause

progression of a crack and hence variation in residual strength. Apart from the internal
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stresses induced in the component due to external loads welded components are also

subjected to built-in stresses which already exist within the component.

2.2.1 Stresses in a Welded Component

The built-in stresses that exists in a welded component before application of

external loads are called residual stresses. Residual stresses are introduced in welded

components during the process of welding. When welding is carried out, the part of the

component that is close to the heat source becomes hotter than the material away from the

heat source. The welded component goes through a heating and cooling cycle during

which the natural expansion and contraction of material close to the heat source is

restrained by the cooler portion of the welded component away from the heat source.

This causes the welded component to have internal stresses. Thus even when they are not

loaded, welded components generally contain in-built residual stresses. However in the

absence of any external force acting, these stresses, which are both of a tensile and

compressive nature, are distributed in such a way that the whole body is in equilibrium

(Fig.2.l). The magnitude of such stresses are near the yield point of the material, or..

(Maddox 1991).
Weld

Tension

A

Gompression

Fig,2.1 Residual stresses in a welded component. Stress distribution shown along Section

AB. (Maddox, 1991)
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Fig 2.2a shows the variation of stresses in a welded component when subjected to

external loads. The residual stresses in the region which is under tension are at yield point.

Thus further application of loading increases the strain in this region but the stresses

remains at the yield point of the material. However when the stress range applied Ao is

removed the stresses in this zone bccomcs oys -Lc (Fig.2.2a). Thus if the stress range Ao

is repeatedly applied the stress in the portion of the material having tensile residual stress

will vary from o* to or. -Ao. If instead of a tensile stress a compressive stress of -Ao' is

applied it will cause the stress to vary between oy. and or, -Ao as in the case of a tensile

stress (Fig.2.2b). Thus it can be concluded that irespective of what magnitude of external

stresses are applied, the tensile portion of the component will always be stressed near the

yield stress of the material. Also since cracks do not propagate in the region having

compressive residual stress (Maddox 1991) it is the portion under tensile stress where the

cracks will propagate leading to the failure of the component. Hence to find the number

of cycles to failure for welds the effect of the mean of the range of stress applied is not

considered to be important. Present codes for designing welds in bridges such as BS 5400

(1980) and EUROCODE (1992) do not take the effect of the mean stress into account.

The fatigue analysis and design method developed in this thesis also considers the

endurance to be independent of the mean stress.

2.3 Stresses in a cracked component

When external loads are applied to a component that does not contain a crack, the

internal stresses can be determined using solid mechanics. However when external loads

are applied to a component with an existing crackthe stresses around the crack is obtained

using fracture mechanics principles. The magnitude and distribution of stresses around a

crack and its variation with thickness is discussed in this Section. Repeated application of

external loads will cause the propagation of a crack and the reduction of the residual
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strength. However if the applied stresses are high enough so that a component cannot

withstand the stress applied, the component will fail.

oy.

ov

Stress

-q'S

lnitial residual stress system

On application of stress range
Ao

On release of Ao

Distance from
weld centre

(a)

- 

Initial residual stress system

\/

oy"

oo"-Âo'

Stress

-ov

0n application of stress range

-Ao

Distance from
weld centre

(b)

Fig.2.2 Variation of stresses in a weld due to application of stress ranges

(Maddox, 1991)
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2.3.1 Stress âround a Crack

A component with a crack can be stressed by external loads in three different

modes. They are called the opening mode, the tearing mode and the sliding mode as

shown inFig.2.3. The opening mode is the most common type of mode in which the

component is stressed, in most service conditions. It is the only mode considered in this

thesis and all further discussions in this Chapter and in the rest of the thesis will consider

the component to be stressed in this mode.

Fig2.3 Different modes of applying load

When a load acts on a cracked structure in the opening mode, fracture mechanics

uses concepts of equilibrium, compatibility along with boundary conditions to relate the

distribution of stress around the crack to the external load acting. The stress in a given

plane around a crack for an elastic body of any general shape and size (Fig.2.Ð subjected

to external stress was given by Paris and Sih (1965) as

mode 1

opening mode
mode 2
sliding mode

mode 3

tearing mode

<:\

o, =hfr@)

I4

(2 1)
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where oij are the stresses acting on a material element of dimensions dx and dy at a

distance r from the crack tip and aI an angle 0 from the crack plane and fì¡ is a function of

0. The factor K1 in the above equation is called the stress intensity factor and gives the

magnitude of stress around the crack while the function fi¡ gives the distribution of stress.

Since the function î.¡ is constant for the opening mode of stressing shown inFig.2.3, it can

be seen from Eqn.2 I that any two cracked components which have the same stress

intensity factor will have the same distribution of stress.

oy

dy

external

stress

Fig.2.4 Stress around a crack

Equation 2.1 gives an elastic solution and as the value of r becomes small the

stress tends to infinity at the crack tip. This does not occur in practice, as the region

around the crack tip where the stress calculated according to Eqn.2.1 is more than the

Y

dx

Ox
Txy

r
e

X
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yield stress turns plastic. The area of the plastic zone caî be found by replacing olj in the

above equation by the yield stress, or.. Thus the length of the plastic zone rp along the

plane 0 : 0 can be calculated from Eqn.2.l as

(2 2)

If the angle of the plane is varied from 0 : 0 the length of the plastic zone changes.

However a simplification can be made by considering the plastic zone to be circular in

shape (Fig 2.5) with rO as the radius (McClintock and Irwin 1965).

Crack

Fig.2.5 Circular plastic zone in front of crack tip (Broek, 1974)

oy

oys

r
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Thus when a cracked component is subjected to external loads, it would develop a small

plastic zone in front of the crack while the rest of the component will be elastically

stressed.

2.3.2 Variation of stress and strain with thickness

The above discussion was concerned with stress in the given direction only. When

a solid component is subjected to tensile stresses in a given direction it causes strain in that

direction @ig.2.6), Such longitudinal strain will also cause a transverse strain along the

thickness so that there is a tendency to make the component thinner The transverse strain

is obtained by multiplying the longitudinal strain by the Poisson's ratio. Thus for steel with

a Poisson's ratio of 0.33 the transverse deformation is one third of the longitudinal strain

for an elastic case. However for the plastic case transverse deformation is about half of

the longitudinal deformation and hence much grealer than the elastic case.

Initial shape

Stress

Final shape

Fig.2.6 Deformation in the transverse direction
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Thus when a cracked component is loaded, the plastic zone which forms around

the crack, as explained in section 2.3.1, deforms more severely to the rest of the

component (Fig.2.7). If the component is thick, then the large volume of material around

the plastic zone will exert a stress in the transverse direction on the plastic zone and

prevent it from contracting when it is subjected to loads. In such a case the component

does not undergo any strain in the transverse direction and as such is said to be in plane

strain or to have strain in only one plane. When the material is thinner, the volume of

material surrounding the plastic zone is not large. Therefore it cannot exert a transverse

stress on the plastic zoîe aîd as such cannot prevent it from contracting rather freely. In

such cases there is a strain in the transverse direction but since the material contracts freely

there is no stress. The stress therefore is only along the plane on which the component is

subjected to external loads and hence the component under such conditions is referred to

be under plane stress.

A component under plane strain will have zero strain in the transverse direction.

Therefore, if the stress acting on such a component is o* and o, in the x, y direction

(Fig.2.7) and the stress induced in the transverse direction zis otthen equating the strains

in the transverse direction we get for plane strain

Ê =o'-ro'-ro'=O-Z E E E
(2 3)

where u is the Poisson's ratio and E is the Young's modulus. Thus the stress in the z

direction can be written as

o, = u(o,¡or) (2.4)
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lastic zone

o
X Crack

Plastic zone
X

Fig.2.7 Direction of stresses acting on a component

Consider two cracked components of different thicknesses that are in plane strain.

Let these two components be subjected to the same stresses ox and ot. If the stress

intensity factor of these two components are the same then the magnitude and distribution

of stress will be the same along the xy plane. The stresses o* and of being the same the

stress o" in the transverse direction (Eqn.2.4) will also be the same. Hence for

components in plain strain having the same stress intensity factor, the magnitude and

distribution of stresses will be identical when the external stresses are equal.

This similarity between magnitude and direction of stresses is true only for

components in plain strain. For components that are not in plain strain, even if the stress

intensity in a given plane is the same, the stress in the transverse direction depends on the

thickness of the component Thus two components having the same stress intensity factor

will not have the same magnitude and distribution of stress if they are of different

thicknesses.

z

v

o
v
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The method of fatigue design and assessment developed in this thesis considers the

component to be under plain strain, Thus if two components in plain strain have the same

stress intensity factor, when subjected to the same stresses these components will have

identical magnitudes and distribution of stress and are therefore expected to behave

identically under fatigue loading.

2.3.3 Stress Intensity Factor for Components

As explained in Section 2.3.2 components in plain strain and having the same

stress intensity will behave identically under fatigue loads. Hence fatigue behaviour of

components is determined in terms of its stress intensity. Stress intensity is used to find

the strength at failure in Section 2.3.4 and used to determine the propagation of a crack in

Section 2.5. Here the stress intensity of welded components is discussed first for a simple

idealised component and then for real welded component.

2.3.3.1Stress intensity factor for a simple idealised component

The stress intensity solution of a welded component is derived from other solutions

of more simpler components. The most simplest component whose stress intensity was

first derived is an infinitely wide plate with a centre crack 2a subjected to a remote stress o

(Fig.2.8). The results which were obtained by Irwin (1962) can be understood using

simple dimensional analysis on Eqn.2.1. The left hand side of Eqn.2.l has the dimensions

of stress. In the right hand side the function of angle e, (e) is dimensionless while

K I ^lzlb in the equation must have the dimensions of stress. Substituting the only stress

available which is the remote stress applied and the only length available which is the crack

length'2a'we have

20
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(2 s)

Remote stress o

111 11

,r,l, ,f

Fig2.SRemote stresses applied to a centrally cracked infinitely wide plate

Calculations (Broek 1974) have shown that the value of B in the case of an infinite plate is

JfI. Hence the above equation becomes

K = oJfIa (2.6)

2.3.3.2 Stress intensity factor for welds

Equation 2.6 gives the classical solution for an elementary structure. This

fundamental solution needs to be modified for more practical structures and this is carried

out by introducing a magnification factor M in Eqn.2.6 (Skorupa , et al 1987) to give

K = MoJfIa (2 7)
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Closed form analytical solutions for the stress intensity factor K exist for only a

few idealised geometries such as a plate subjected to uniform tensile stresses with a centre

crack or an infinite solid subjected to uniform tension with a circular crack (Sneddon,

1946). Practical components such as welds geometries cannot be idealised and applied

stress patterns are not always uniform. Solutions for the stress intensity factor K are

determined for such components using numerical or analytical methods. Numerical

solutions for K are available in the form of finite elements and boundary element methods.

The finite element solutions are more commonly used. Even though finite element

solutions are more accurate than analytical solutions, computations of stress intensity

using finite element is quite laborious when used for fatigue purposes. This is because as

the crack advances and the crack length changes, stress intensity computations has to be

done separately for each different crack length. The less accurate anal¡ical solutions are

therefore generally used to determine the values of K.

The accuracy of analytical solutions for K of welds in a structural member was

tested by Skorupa, Braam and Prij (1987). Several analytical solutions by Smith and

Miller (1977), Albrecht and Yamada (1977), Jergeus (1978), Karlsson and Backlund

(1978), and Schijve (1981) were compared with more accurate finite element solutions for

a cruciform welded joint (Fig.2.9). It was found that the solution by Albrecht and

Yamada provided the best results with the highest discrepancies less than l0o/o. Albrecht

and Yamadà gave the value of M as

M: FE F5 Fry Fç (2 8)

where Fp, Fg, F1ry and Fç are known as correction factors. FB is a correction factor for

an elliptical crack front (Fig.2.9) since in welds the cracks are elliptical in shape (Gurney

1979). Fg is a correction factor to account for the fact that the crack is no longer a
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central crack (Fig.2.9) but starts at a free surface. F1ry is a correction factor that is

introduced to deal with a component having a finite width and F6 is a correction factor

accounting for the geometry of the welded component. The procedures for determining

these correction factors are explained here.

External stress applied

Thickness t

Crack length a

Fig.2.9 Crack formation in a stiffener weld

The correction factor F6 was determined by Albrecht and Yamada using earlier

work obtained by Tada, Paris and Irwin (1973). Tada, Paris and Irwin developed a closed

formed solution for the stress intensity factor of a centrally cracked component of infinite

width subjected to two equal pairs of splitting forces (Fig 2.10). These equal pairs of

splitting forces are the forces acting on an uncracked body at the position where the crack

is expected to form.

Fig.2.l0 Central crack subjected to equal pairs of splitting forces
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(2.e)

(2 10)

where 2b is the distance between the splitting forces, and 2a is the length of the centre

crack. Eqn.2.9 is for a single pair of splitting forces which can be extended for more

splitting forces. Thus if there were other equal pairs of splitting forces (Pt,PZ and P3 in

Fig.2.11) acting on the component, the stress intensity factor for different forces can be

superimposed to give the resulting solution for stress intensity factor as

a ,2P, a ,2P, a-ffi;f,--mæ7
at - brt

P
P

3
3

a^

Fig.2.1 I Central crack subjected to three equal pairs of splitting forces

where 2by 2b2, and 2b3 are the distances between the forces P I, P2, and P3. Tada et al's

solution can further be extended to determine the stress intensity for a distribution of

2 b

2 b
1

3
P

1
P

2
P

2

P
1

2b
2
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stresses ob acting along the line where the crack is expected to form. These stresses can

be represented as forces per infinitesimal length db (Fig.2.12) and the value of K can be

given as a integral

-n 

a-

K = ,ITI";l ob
db (2.1r)

(2 12)

2
-b2a

The distribution of stresses ob can be determined from a finite element analysis of

the geometrical configuration for which the K solution is being found. If the continuous

stress formation as in Fig.2.12 is divided into discrete sections as shown inFig.2.13 then

the solution for a pair of discrete stresses is a summation given by

K=^mzi%f- il u¡=t a,\
ur"rinLu- ur.rin4'l

Fig.2.12 Continuous distribution of stresses acting on a cracked component

where ør, is the stress applied over the element between b¡ to b¡a1 and o^ is the mean

stress acting over the crack length 'a' divided into n elements (Fig.2, 13),

/
/ \ ,\/\
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F^ = Z, o u,( ur"rinl- -urrrinLl" fIã o^\ a a)
(2.r3)

Albrecht and Yamada suggested the use of Eqn. 2,13 to find the geometric correction

factor of a component

obi

b i*t

Fi9.2,13 Discrete distribution of stresses acting on a cracked component (Albrecht and

Yamada, 1977)

Apart from deriving the value of F6, Albrecht and Yamada used standard work by

other researchers for the other three correction factors (Eqns. 2.14,2.T7 and 2.18). The

elliptical crack front correction, FB was developed from an expression for a stress field

around an ellipsoidal cavity (Green and Sneddon 1950). Irwin (1962) used this

information to derive a stress intensity factor solution for an embedded elliptical crack

(Fi9.2.14) as given below. The value of K varies along the crack front and at a point

depends on the angle B as shown inFig.2.15. Irwin's solution is given as

1

(,i,' O *{"o,' Þ)''^ oJnoK
Ek
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where

Ek (2.rs)

and a and c are the lengths of the minor and major semi axis. The integration is carried

out for elements with angles dB. The value of K is largest when p=I. Substituting,2
p=+ in Eqn.2.l5 gives'2

TJp f,*'òf"no

IK oú7a (2.t6)
Ek

The value of E¡ varies from fI l2 for a circular crack (a/c:l) to 1 for a crack with

alç). In practise the value of alc would vary as the crack progresses however for

simplification an average value of 0.67 has been used by Albrecht and Yamada in their

calculations to find FB.

Fi9.2.14 An embedded elliptical crack

¿d
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Value of K

obtained for this
point

dp

Dimensions of a

semi-elliptical crack

Fig.Z.l5 Dimensions of a semi-elliptical crack

The next correction factor F1ry accounts for the finite dimensions of the specimen.

Several solutions exist for this finite correction factor, Fyg. Feddersen (1967) developed a

solution based on an empirical approach. Brown and Srawly (1967) andlater Isida (1970)

developed numerical solutions. Irwin (1958) developed a solution based on an analytic

technique. Albrecht and Yamada chose lrwin's solution in their work arguing that the

lower values given by lrwin's solution are suitable for edge cracks which commonly occurs

in most components. The solution is given as

c

1,=
2t fIa_tan_
fIa 2t

(2.r7)

where 'a' is the length of the edge crack (Fig.2.9) and't' is thickness of the component in

the direction of the propagation of the crack (Fig.2.9).

The last correction factor Fg is for the edge crack in a welded component. Since

an edge crack opens at the surface where there are no stresses, these edges would undergo

a larger displacement compared to a central crack. This large displacement results in a
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higher value of K. The increase found out by Paris and Shih (1965) is about 12%. Thus

the correction for a edge crack is given as

Fr: 1.12. (2 18)

6,4 A

Crack

l-w

2

Magnification
and

Correction
Factors

1

9.3

6,4 mm

^,
->< M

F¡

0 0,2 0,4 0.8 1

Centre
line

Crack length/Thickness

(a)

2.0

1.0

Toe

(b)

Fig.2.l6 a) Figure showing variation of magnification factor with crack length for a

stiffener weld. (Albrecht and Yamada, 1977)

2 l6b) Figure showing variation of stress concentration along Section A-A (Albrecht and

Yamada, 1977)
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4.0

3.0 69 cm
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Magnifi
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M 20

1.0

0

M -=-\

0 0.2 0.4 0,6 0.8 1.0

alt

Fig.2.17 Figure showing variation of magnification factor with crack length for a cover

plate

Albrecht and Yamada applied their proposed solution for the magnification factor M

(F,qn.2.7) to a part-through crack in a stiffener weld, a cover plate and a weld containing a

spherical pore. The stiffener assessed consists of a 9.53 mm thick plate to which 6.4 mm

stiffeners are attached on either side with 6.4 mm fillet welds (Fig.2.I6). Figure 2.16(a)

shows the correction factors obtained. The elliptical correction factor was based on a

constant aspect (alc) ratio of 0.67. This value of alc had earlier been obtained by a study

of 42 part through cracks of stiffeners of various sizes (Irwin et al 1968). It can be seen

from Fig.2 .l6a that the value of M is nearly constant between crack length to thickness

ratio a/t of 0.2 to 0.6. The value of M is high when the crack length is small due to the

geometric correction factor Fc. Also M again becomes high when the crack length is large

due to the effect of finite width Fw. The cover plate assessed by Albrecht and Yamada is
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40 cm long, 9.5 mm by 12 mm in cross section with a flange plate 69 cm long and 9.5 mm

by 16.5 mm in cross section. Fi9.2.17 shows the variation of the magnification factor,

The variation is similar to that of a stiffener weld. The elliptical correction factor was

taken as 0.67 as in the case of a stiffener weld. Fig.2.18 shows the variation in

magnification factor for a component containing a spherical pore which are formed in the

weld due to gases being trapped during welding (Hirt and Fisher 1973). The variation is

again similar to that of a stiffener weld and a cover plate.

4.0

3.0

Magnification
factor, M

2.0

1.0

0 0.2 0.8

alt

Fig.2.18 Variation of magnification factor for a weld with spherical porosity

It must be noted that among the four factors which comprise M in Eqn.2.8 the

factors due to thickness, elliptical crack front and edge crack do not change for most

welded components where the cracks start from the surface. However, the geometry

correction factor will vary from weld to weld since it depends on the variation of stress

concentration of the part of the welded component where the crack is assumed to grow.

M

04 0.6
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The variation of stress of the stiffener weld is shown inFig.2.l6 b. For most components,

the stresses on the surface are the highest and gradually decrease inwards. As long as the

stress concentration continues in this pattern, Albrecht and Yamada's solution for the

geometry correction factor and hence the M value will have a similar variation toFig.2.l6.

Albrecht and Yamada's solution has been used in this thesis to find the stress

intensity of a welded component. The results provided by Albrecht and Yamada's solution

are lower than finite element results for very small crack lengths (Crack length/Thickness,

a/t<0.02) while for longer cracks the values are higher (Skorupa, Braam and Prij,1987).

The overall fatigue life predictions using Albrecht and Yamada's solution are somewhat

conservative and hence can be considered to be safe.

2.3.4 FractureToughness

The stress intensity factor determined for welded components (Eqn.2.7) depends

onthe external stress applied. Thus if the external stress applied to a component with an

existing crack is increased, the stress intensity factor will also increase and ultimately this

leads to the unstable propagation of the crack and hence the failure of a component. The

stress intensity factor at which the component fails is called the fracture toughness or the

critical stress intensity factor. The fracture toughness or critical stress intensity is a

property of the material of the component.

Thus for a component in service it needs to be made sure that the service loads

applied induce a stress intensity factor which is less than fracture toughness and the

component does not fail.
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2.4 Crack initiation

Service loads that are not high enough to fail a component can still cause damage

to the component. The application of service loads to a component induces areas of

elastic and plastic deformation. If a component contains no in-built stresses, when the

applied loading during a load cycle are removed the zone of the component stressed

elastically reverts back to its original condition. However the plastic zone remains in its

deformed condition. Further application of other cycles of load causes repeated strain

within the plastic zone. Gradual accumulation of permanent strain causes a crack to

initiate in the structure (Klesnil and Lukas 1980).

At a micro level, cracks initiate in a portion of the structure where permanent

strain will occur first. Permanent strain depends on the stress and is therefore likely to

occur in the portion of the component with the highest stress concentration. This region is

normally the surface of the loaded component. Even though the surface looks smooth

under the naked eye it is actually quite uneven when studied under a microscope. The

grooves and projections on the surface causes the stresses at the surface to be higher than

the interior. Also, research (Argon 1972) has shown that an inclusion or precipitate will

cause higher stresses on the surface compared to the interior.

Cracks will initiate in a component only when the stresses are quite high. As

discussed in Section 2.2.1, welds have high tensile residual stresses. Also welds are

subjected to severe stress concentration at regions like the weld toe and defects like

undercuts. Welds therefore have relatively short or no crack initiation lives (Maddox

1991). Researchers often consider welded components to have no initiation life and a

crack length of 0.25mm is often considered to be the initial crack (Skorupa 1992,

Lawrence and Mattos , 1978) for welded components.
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The fatigue design and assessment procedure developed in this thesis assumes a

crack to initiate from the surface and neglects the crack initiation life. In this thesis a

method for calculating the initial crack length of components for experimental data has

been determined. However, where the initial crack lengh is not known a crack length of

0.25mm has been used for analysis.

2.5 Crack propagation laws

The crack initiation life of a component is followed by crack propagation life of the

component which is the next phase it undergoes during its fatigue life. In order to predict

the propagation of a given crack with the application of fatigue loading, crack propagation

laws have been derived. The crack propagation laws can be used to determine the crack

length at any intermediate period of the fatigue life and from the crack length the residual

strength can be calculated. This section describes the theories of crack propagation, the

material properties for propagation of cracks through steel and the rates of crack

propagation through welded components.

It has earlier been discussed in Section 2.3.1 how the application of fatigue loading

causes a stress field to develop around the crack in a component. It was shown that in an

elastic case the stress intensity factor is an important parameter which describes the whole

stress field. This is particularly true when the plastic zone at the crack tip is small

compared to the rest of the component. It was shown by Paris, Gomez and Anderson

(1961) that if two different cracks have the same stress intensity and hence the same stress

variation in front of the crack tip they behave in the same manner and show equal rates of

growth. Hence a relation between the rate of growth daldN and the range in stress

intensity AK was developed as follows
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(2.te)

where a is the crack length, N is the number of cycles, daldN is the rate of crack growth

where ÅK is the variation in stress intensity factor for the range of cyclic load applied. C

and m are material properties.

Equation 2.19, however, does not represent adequately the rate of crack growth

for the entire fatigue life of a component (Ewalds and Wanhill 1984). A curve showing

the variation of daldN against log AK for the entire fatigue life is given inFig.2.19, It can

be seen lhatF,qn.2.l9 gives the relation for only a portion of the life where the curve is

linear (region 2). The curve is non linear and the rate of crack growth is slower at the

start (region l) and higher at the end of the fatigue life (region 3). In region 3 where the

component is towards the end of its fatigue life there is an acceleration in crack growth

which is exponential with number of cycles. This region therefore occupies aî

insignificant part of the fatigue life of the component and therefore is often ignored

(Maddox 1991).
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Fig.2.1 9 Variation of rate of crack growth with log of stress intensity
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Equation 2.19 also does not account for such parameters as thickness,

environment and frequency of application of stress, the ratio of minimum applied stress to

the maximum applied stress, the critical stress intensity factor or temperature which are

known to affect the rate of crack propagation (Broek 1974). There are more accurate

crack propagation equations which take some of these factors into account. Thus Elber's

(1971) and Schijve's (1979) relation takes account of the ratio of stress while Erdogan's

(1967) relation takes account of the critical stress intensity. Foreman et al's (1967)

relation takes account of both the ratio of stress and the critical stress intensity factor.

The relation is given as

da CAK'
(2.20)dN (l - rR)K" - LK

where R in the ratio of minimum to maximum stress, K" is the fracture toughness and n is

a constant. Foreman's equation has been found to provide a better prediction of crack

propagation in region 3 compared to Paris' equation (Ewalds and Wanhill 1984).

The rate of propagation of a crack is also affected by the variation in amplitude of

loading. None of the above equations takes this variation into account. In the case of

variable amplitude loading this rate depends both on the loads applied and the sequence in

which they are applied (Meguid 1991). The rate of propagation is drastically affected if a

overload is applied. An overload causes the rate of crack growth to decrease and the rate

remains low for an extended period of time (Larsen and Annis 1980). The rate of crack

propagation for variable amplitude loading has been proposed by Larson and Nicholas

(1985) based on crack propagation data and by Wheeler (1972) based on stresses in front

of the crack tip.
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Among the various crack propagation equations discussed above, Paris's equation

is the earliest and the simplest proposed crack propagation law and hence still the most

frequently used (Burn eI al 1987). The other equations are more complex in nature and

require the use of a number of material properties. Such material properties are not well

documented and are difücult to obtain. On the other hand the material properties required

by Paris' equation are readily available, Hence Paris' equation has been adopted

throughout the thesis.

2.5.1 Material Values for Paris' Crack Propagation Law

The material properties for Paris' equation have been found after extensive

experimental research on steel and aluminium. The material properties for propagation of

crack in steel was investigated extensively by Barsom (Barsom l97l and Barsom et al

l97l). Commonly used steels were broadly divided into three classes, ie. Martensitic,

Ferrite-pearlite and Austenitic. It was found that for Martenistic steel (Fig.2.20) or high

strength steel with a yield strength of more than 552 N/mm2, Paris' Eqn. can be written as

#=2xro-to(LK)"' (2.2r)
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Fig.2.20 Crack growth in martensitic steel (Barsom et al l97I)
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thus constants C and m being 2 x I 0-10 aîd 2.25 . The Ferrite-pearlite (Fig.2.2I) type of

steel includes all types of steel between the range of yield strength of 200 to 552 N/mm2.

Most steel used in structural work falls in this category. The relation between rate of

crack growth and the stress intensity was found to be

3500
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intensity
range in o,.

OI¿rn N/mm

F
¡ ¡f

¡ f ¡ Theoretical

2.5x10

#=1.5 
x lo-1r (LK)"'

f
line
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results

-6 -52.5x10 2.5x10

Crack growth rate in cm/cycle

350

210
1x10

Big.2.2I Crack growth in Ferrite-pearlite steel (Barsom et al I97l)

da

dN
=2.3 xl0-"(AK)' (2 22)

The Austenitic type of steel (Fig.2.22) comprises of stainless steel and has a yield strength

between 200 to 350 N/mm2. The relation between the rate of crack growth and stress

intensity range was found as

(2.23)
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Fig.2.22 Crack growth in Austenitic steel (Barsom et al I97l)

Equations 2.21 to 2.23 gives the rates of crack growth through pure steel.

However the process of welding steel involves heating, and a weld metal with different

material properties compared to the material properties of the steel being welded is used

when such heating is carried out. The material properties of welded steel therefore varies

along the component.

2.5.2 Crack Propagation in \üelded Components

The fatigue growth rate of welded steel members has also been investigated by

various researchers (Bucci eI al 1973 and Clark 1970). Welds have three regions with

different material properties namely the parent metal which is the steel being welded, the

weld metal which is used in fusion and the heat affected zone which separates the parent
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metal and weld metal zones (Fi9.2.23). Experiments have shown that cracks propagate

faster through the parent metal compared to the weld metal or the heat affected zone.

Thus the material properties of the parent metal can safely be used to provide a

conservative estimate of the rate of crack propagation through a weld. Hence the material

properties relating to crack propagation of steel members described in Section 2.5.1 has

been used in this thesis for developing a fatigue anaþsis method of welded component.

weld metal
heat affected
z0ne parent metal

Fi9.2.23 Regions of a welded component

2.6 Failure

The crack length of a component being known, the residual strength of the

component can be determined. Failure will occur if the residual strength of a component

is exceeded. Such failure occurs among all engineering structures such as tanks, pressure

vessels, ships, bridges, airplanes etc. The different modes by which components can fail is

discussed.
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2.6.1 Cases of Fatigue Failure

A large number of well known cases of failure of components due to fatigue has

been documented (Barsom and Rolfe 1977). Examples include the failure of several

welded bridges before the second world war. There were several fatigue failures of ships

during the second world war. These included at least nine tankers and seven liberty ships

which completely fractured into two. These fractures are known to occur due to failure of

welds at low temperatures. Such failure of welded components at low temperatures are

quite common. Many of the ships which did not fail were severely damaged. After the

waÍ, at least two new cargo ships is reported to have broken into two due to brittle

fracture of welds. In 1962 the Kings Bridge in Melbourne failed by brittle fracture at the

temperature of 40 F. In 1967 the Point Pleasant Bridge at Point Pleasant, West Virginia

failed with the loss of 46 lives.

2.6.2 Modes of Failure

Failure of welded components can occur by different modes. Thus components

can fail due to buckling, large elastic deformation or jamming,large plastic deformation or

deforming under tensile loads followed by reduction in cross sectional area leading to

failure and unstable crack propagation or fast propagation of a crack (Knott 1974). The

two main modes of failure for welded components (Cox 1987) are unstable crack

propagation failure and plastic deformation failure. These two modes have been

considered in this thesis. Failure will occur due to the mode which gives a lesser value of

strength.
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2.6.2.1 Unstable crack propagation failure

The criteria for failure of a component due to unstable crack propagation have

been determined both from a energy and stress point of view. According to Grifüth

(1921) unstable crack propagation will occur when the energy released due to the

propagation of a crack is more than the energy required or absorbed to form the crack. In

such a case the energy available is always more than the energy required by the crack to

propagate. Hence the crack will keep on propagating till the component fails.

As discussed in Section 2.3.4 unstable crack propagation will also occur when the

stress intensity factor of a component reaches a material property termed as the fracture

toughness. The fracture toughness is also referred to as the critical stress intensity factor

and is denoted as K1ç. Substituting K16 into F,qn.2.7 gives the stress at which crack

propagation failure occurs as

K," = Mo r$Ia (2 24)

where o¡is the stress at which failure occurs

2.6.2.2 Variation of fracture toughness

It was discussed in Section 2.3.4 that the fracture toughness varies primarily with

thickness, loading rate and temperature and to a lesser extent with crack sharpness,

orientation, homogeneity of the material etc. Since the strength of the component due to

unstable crack propagation depends on the fracture toughness, the residual strength will

also depend on these factors. The variation of these major factors has therefore been

discussed here in detail.
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2.6.2.2.1 Thickness

The fracture toughness of a component varies with thickness in a similar manner to

the stress intensity (Pellini 1973). A curve of the variation of fracture toughness with

thickness shows that the fracture toughness is high for thin plates and reduces as the plate

gets thicker (Fig.2.2Ð. When the plate is thick enough for the component to be under

plain strain or a triaxial state of stress, the toughness acquires a constant value. Further

increase in thickness does not cause the toughness to change since the component remains

under plain strain or triaxial state of stress. The plane strain fracture toughness of A 36

steel corresponding to a strain rate of l0 strains/s is 1400 N/mm3/2 which has been used

throughout the thesis. The fracture toughness under such strain rate has been chosen

since this represents the worst case scenario. The value of fracture toughness available for

4340 steel is 1470 N/mm3/2 which has been used in this thesis.

Plain strain
fracture toughness

Fracture
toughness

Thickness in log scale

Fig.2.24 Typical variation of fracture toughness with thickness (Barsom 1978)
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2.6.2.2.2 Temperature and Loading rate

It has been found that the fracture toughness of structural steels increases with

increasing temperature and decreasing loading rate. The fracture toughness of bridge

steels were determined by Roberts et.al (1974) and Barsom and Rolfe (1971). Figs. 2.25,

2.26 and 2.27 show the variation of fracture toughness with temperature and loading rate

for 436, A572 and 517F steels. There are three types of loading rates that are shown in

the figures 2.25 to 2.27. The rates gives the increase in strain a component will undergo

per second. There is a marked increase in the fracture toughness of a component with the

rate of loading. Investigation has been carried out to find the loading rate of bridges and it

has been found that their loading rates are greater than one second and would cause a

maximum strain rate of 16-l ,.r-llnarsom lg75). This corresponds to the intermediate

rate of loading in the Figs 2.25 to 2.27. The use of the fracture toughness of components

. SIov strain rate load ito-5/r". )

o Internediate straln rate toad l1O-3 /sec j

Fracture
touqhness

in N/mm 3/2

2800

2450

2100

1? 50

1400

1050

'700

350

¡ Strain ¡ate of 10 /sec

-400 -300 -200 -100 0 100

Temperature, F --------------->

Fi9.2.25 Variation of plain strain fracture toughness with temperature and loading rate for

436 steel (Roberts et al1974)
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corresponding to the dynamic rates can be considered to be conservative since they would

give lower values of strength. The lowest temperatures to which bridge steels are

subjected is around -65 C (Rolfe and Barsom 1977) which could be used to give a

conservative estimate of the strength of the component.
. slow strain rate load (1õ5 /sec ¡

o Internediate strain rate toad (tì3 /sec )

r strain rate 10 /sec
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Fi9.2.26 Variation of plain strain fracture toughness with temperature and loading rate for

A572 steel (Roberts et al 1974)
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Fig.2.27 Variation of plain strain fracture toughness with temperature and loading rate for

5l7F steel (Roberts et al 1974)
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2.6.3 Plastic Deformation Failure

Welded components can also fail by plastic deformation instead of unstable crack

propagation failure. Thus a component subjected to tensile loads will first yield so that it

enters the plastic stage. If the load is increased then this will cause the component to

deform and fail. The most common example of plastic deformation failure of a component

is the tensile test.

This test is performed to find the material strength of a component and involves

subjecting a standard cylindrical specimen to a uniaxial stress. A diagram of a load verses

deflection curve is shown in Fig.2.28. In Fig,2.28, the yield point the deformation is

elastic and the deformation beyond the yield point is permanent and is termed as plastic.

As the material plastically deforms the maximum load the component can undertake is

reached. Due to the straining of the component the cross section of the component is

much smaller than the initial cross section at this stage, If the load is kept on increasing a

weak section of the material thins out further till the material fails.

d point

maximum load

on specimen
,l

Deflection

Fi9.2.28 Idealised load deflection curve

failure

Load
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If the load verses deflection diagram is divided by the initial cross section area of

the specimen, a stress strain diagram can be obtained which is similar to the load verses

deflection diagram.

The effect of an external load is to increase the length of the component and hence

decrease the cross sectional area. This decrease in the cross sectional area remains

uniform throughout the length of the component till the maximum load the component can

undertake is reached. Any further application of load causes the weakest cross section to

reduce in diameter considerably. Thus when failure occurs the cross section area of the

component is considerably less thanthe initial cross section of the component. If the real

cross sectionalareaat each point of the tensile test is noted than the load at each point of

the load deflection curve will give the true stress strain variation of the component.

The ultimate tensile strength of a component is obtained by dividing the maximum

load a structure can undertake in Fi9.2.28 by the initial cross section of the component.

The ultimate tensile strength is often used in design. The ultimate tensile strength of A 36

steel and 4340 steel are 412 N/mm2 and 1450 N/mm2 respectively which has been used in

this thesis. It has to be noted however that when failure of the tensile specimen occurs the

cross section of the component is much smaller than the initial cross section due to plastic

deformation and hence the true strength of the material is higher than the ultimate tensile

strength.

2.6.3.1Tensile strength of a grooved specimen

Consider a component which apart from being cylindrical in shape also contains a

groove (Fig.2.29). Let the cross sectional area of the component along the grooved

portion be A. Such a component will be weakest along the cross section containing the
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groove. If the component is subjected to uniaxial stress the component will fail along the

section containing the groove. When a grooved specimen is subjected to tensile stress

reduction in the cross sectional area of the grooved specimen is prevented to a large extent

by the larger cross sections Djust below and above the groove.

Cross

sectional
area D

Cylinder

Grooved
specrmen

Cross sectional
area A

Fig.2.29 Deformation of grooved and non-grooved specimen

Hence when a grooved specimen fails the cross section area of a grooved specimen

does not change appreciably. If instead a cylinderwiththe same cross section area A as a

grooved specimen is failed, at the time of failure its cross section aÍea will be considerably

reduced. Since the true fracture strength is the same in both cases but the area at the point

of failure is larger in the case of a grooved specimen the strength of the component will be

larger.
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2.6.3.2 Determining the strength

The strength of a notched specimen is given either by the net-section method or by

dislocation theory.

The net section method:-

The strength of a notched component according to this method is given by this

method by multiplying the remaining cross sectional area at the groove by the ultimate

tensile strength (Fig.2.29). It is to be noted that if a cylindrical specimen of the same cross

sectional area is taken and the cross sectional area is multiplied by the ultimate tensile

strength it will give the true strength of the component (Fi9.2.29). However the cross

sectional area at failure for the cylindrical component is smaller than the cross sectional for

the grooved component. Hence while multiplying the remaining cross sectional area by

the ultimate tensile strength gives the true strength for the cylindrical component it will

give a lower value of strength of a grooved specimen.

Dislocation theory:-

According to the dislocation theory plastic deformation failure occurs due to slip

between layers of atoms, Thus atomic layers slip past one another for the component to

fail. This slip between layers is caused by the shear stress acting between planes. For a

component under uniaxial stress it is known that the maximum shear stress will occur

along a plane at 45 degree to the vertical and horizontal. Also for a grooved component

failure will occur through the cross section at the tip of a groove. Hence the slip planes

has been given as shown inFig.2.30. For the stress pattern shown it can also be seen that

the shear stress along the 45 degree plane is halfthe uniaxial stress. Ifthe shear stress at

failure is k, then the uniaxial external stress is 2k.
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Therefore the failure load P-o can be given by multiplying the cross section at the

root of the crack tip by the uniaxial stress (McClintock 1961) as follows

P=
^mp ,o( 1 (2.2s)

(2.26)

where k is the shear stress at which failure occurs, a is the crack length and 't' is

stress

Failure
planes

gr00ve

Fig,2 30 Grooved specimen under stress

the thickness. According to Tresca's theory when a component under uniaxial stress fails

the shear strength of a component k, is equal to half its tensile strength f,/2. Thus the load

carrying capacity of the cracked specimen can be given according to Tresca's theory as

P.o = .fu I

where {o is the tensile strength of the material. It can be noted that the above equation is

the same at the equation provided by the net section theory. However according to Von-
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Mises theory failure will occur when the shear strength of the component is equal to IIJT

of the tensile strength. The load carrying capacity is therefore given as

(2.27)

Von-Mises theory thus gives a strength that is higher than the strength given by net-

section theory

It is to be noted that plastic deformation strength of a component increases with

temperature (Hertzberg, 1983) and the effect of rate of loading on the plastic deformation

strength is not known. It is assumed in this thesis for simplicity purposes that temperature

and rate of loading of the component does not have any effect on the plastic deformation

strength.

2.7 Fatigue life

Failure of a component subjected to fatigue loads signals the end of the fatigue life

of a component. The fatigue life of a component is important for design purposes since

we need to know how long a component can be used in service. Experimental tests are

conducted to find out the endurance of components subjected to constant amplitude

ranges. Thus curves of stress range verses number of cycles are formed to find the

endurance of components. Such curves can be used to give the endurance of a component

when it is subjected to a constant stress range. When a component is subjected to variable

amplitude loading cumulative damage laws such as Miner's law is used to find the life.

Miner's law can also be used to find the damage caused to a component. A particular

technique of finding the damage caused to a component in a bridge is also discussed.

, =r*('-î)
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2.7.1 S-N Curves

The fatigue life of a component subjected to a given constant range of stress is

obtained from S-N curves. The S-N curve was first used for design by Wohler between

the period 1852 and 1870 for the German railway industry. These curves are still used by

major codes in order to determine the fatigue life of components. In order to determine a

relationship for a particular type of load between nominal stress Íange and number of

cycles to failure a series of individual specimens were tested in the laboratory. The results

obtained were generally scattered and used to produce the traditional S-N curve (Fig.

2.3r).

Stress
range

Number of cycles

Fig.2.31 Typical S-N curve

When logarithmic scales were used the results fell in a straight line (Fig.2.32). If

the slope of the linear curve of log of the stress range and log of the number of cycles is

denoted as m' and the intercept as C' , then the relation between log N",, the log of the
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number of cycles at which failure occurs and Log Ao, the log of the stress range applied

can be given as

log N"n + m'log L,o = C' (2 28)

If we remove the log scale from both sides in the above 8qn.2.28 we get the equation

NnnxLot'=C' (2.2e)

The slope of the logarithmic curve inEig.2.32, m' is found to be constant for a given

class of component. Even though the value of m' remains the same for a given

component the value of C' will vary depending on the probability of failure for which the

component is drawn and also on the thickness of the component The value of C' is

given for 50o/o failure of a compo nent 22 mm thick by the constant K" in Table 2 | If the

probability of failure is different from 50o/o then the value of C' is given for a component

22 mmthick by multiplying the constant K" by Ad where constant A is given by Table 2.7

and constant d is given by Table 2.2. For components whose thickness is different from

Zhmmit has been found that the value of C' for a thickness t is given 
^ (?0 

" 
,irn.,

the value of C' of a 22 mm plate. The value of C'for all probabilty of failure and

thicknesses can therefore be given u, f "n'(?)ott . Eqn2.21 cantherefore be written as

Nn, X L,o^' = Ko x Ld ^(?"t (2 30)

It is to be noted that N",, in the above equation represents the number of cycles to failure

of a component at maximum load applied which is also the endurance of the component.
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2.7.2 Cumulative Damage Law

The stress range verses life (SA{) curves predict the fatigue life of a component

only when it is subjected to a single stress range. However in practise a given component

will be subjected to a large number of stress ranges. We therefore need to find the

cumulative damage caused to a component when subjected to a large number of stress

ranges. There are about 15 different methods of finding the cumulative damage to which a

component is subjected. The simplest one is Miner's law which is used by most codes. In

dProbability of failure

0s0%

0.53t%

1.0l6Yo

2.02.3o/o

3.00.I4Yo
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1945 Mner suggested that progress with methods of fatigue analysis has been slow

because there was no method of handling any but the simplest problem where the

component was subjected to a single stress range.

Stress
range

(Log scale)

Number of cycles
tLog)

Fig.2.32 S-N curve in Log-Log scale

Miner formulated aî expression that gives the cumulative damage thal a

component undergoes when subjected to a number of stress ranges. The expression was

formulated based on the work to which a component has been subjected when under

repeated loading. According to Miner the work done is proportional to the number of

cycles when the component was subjected to a given stress raîge.

Let us consider that a component is subjected to a given stress range Aor for

which the endurance, the number of cycles to failure, is Er and the work done after

c'

neof0pe
m

S
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application of Nr number of cycles is wr. For another stress range Aoz, let the endurance

be Ez and the work done after application of Nz number of cycles is wz. Then since the

work done is proportional to the number of cycles applied

wz Nz

WE2
(2.3r)

where W is the work required to cause failure.

If we consider the component to fail after application of n different stress ranges

then

since

wt +w2 +w3+...*w n = w (2 32)

then dividing F,qn.2.32 by V/ we get

lt *Ya +Y3-+...+w, = rWWWW (2.33)

then substituting from Eqn.2.31 we get

lt*!t+lL+...+ 4 
= 1

Et E2 E3 En
(2.34)

or

t(N, _,Lç
i=l Di

I (2.3s)
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Consider a component which has not failed but has been subjected to X stress

ranges. The work done to the component is wt+wz+...+wx. If W is the total work

required to cause failure then the damage A to the component can be given as

(w, +wz*...+w,)lW:A (2.36)

Substituting 8qn.2.31 we get

¡t/, ¡/. ¡/_'r-IL_Lr'J_Â-

Et E2 E,
(2 37)

or

Ni
(2 38)I A

i='l E
I

2.7.3 Damage using a Load Model

Since there are a large number of stress ranges acting on a component, finding

damage by considering each stress range one by one, can be extremely cumbersome. An

easy solution needs to be determined where each individual stress range acting on the

design point need not be considered one by one.

A model has been developed for finding the fatigue damage of a component in a

bridge by categorising stresses acting on the design point in a bridge (Johnson, 1994 and

Oehlers, 1992). The stresses which cause fatigue damage at the design point in a bridge is

due to the loads acting when a vehicle traverses the bridge. Let us consider that the

stresses acting at the design point due to the passage of a known weight 'O' is found out.

If a vehicle with a weight wu times that of a vehicle with known weight 'O' crosses the
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bridge the magnitude of stresses acting at the design point will be wu times that caused by

the weight 'O' assuming that vehicles having varying axle configurations will cause the

same stress at the design point as long its weight remains the same. Thus if we know the

stresses acting at the design point due to the passage of a standard vehicle of known

weight we can find the stresses acting at the design point due to all other vehicles whose

weight we know as a ratio of the standard fatigue vehicle.

As the stresses acting at the design point due to the passage of a standard fatigue

vehicle is known the damage can be calculated for a standard fatigue vehicle. Given the

ratio of weight of any vehicle compared to a standard fatigue vehicle the stress caused by

this vehicle and hence the damage caused by this vehicle can be found. The procedure

developed finds the fatigue damage due to a single vehicle termed as a standard fatigue

vehicle (SFV) Knowing the weights of other vehicles and their number of applications,

the fatigue damage of these vehicles can be calculated from the damage calculated due to

a standard fatigue vehicle.

As can be seen from Eqn.2.30 the number of cycles to failure depends on the

inverse of the stress range to the power m' . FÍomBqn.2.37 the damage also depends on

the number of cycles of stress range applied. Oehlers (1992) determined a damage term F

for a standard fatigue vehicle traversing the bridge as

t =f(*r(nÒî') (2.3e)

where N is the frequency of occurrence of a stress range Ào at the design point when a

SFV crosses the bridge (Table.2.3). A particular range is denoted as k and the design

point is considered to be subjected to 'z' types of ranges. A component in a bridge will be
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subjected to different vehicles both lighter and heavier compared to the standard fatigue

vehicle. The average damage caused by these vehicles as a proportion of the damage

caused by a standard fatigue vehicle has been given by the parameter L as (Johnson 1957)

r =i@,w;') (2.40)
¡=l

Table 2.3 Force

N (Ao)m
4

N Ao m

N

z-l N m

Z N
p =lvçt^o).

Table 2.4 Load
BWm

4

Blwr'
Bzw2^

i-r Bi-twi-t-
Biwi'

I=t ¡ = )nW-

where W gives the ratio of weights of different vehicles with respect to the weight of a

SFV and B gives the probability of occurrence of a vehicle with a weight ratio W (Table

2.4). Aparticular type of vehicle is denoted by x and the design point is considered to be

subjected to 'i' different weights of vehicles. Thus the damage caused by the traversal of

(kLevel )
I
1

2

(x)Level
I
I

2

Frequency (N)
(3)

Range (Ao)
(2)

N1aor
N2Loc.

Nz-rLoz.-t
NzLor,

Probability (B)
(3)

Weight (W)
(2)

B1W1

B2W2

Bi-lW-r
B¡W¡
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T standard fatigue vehicles through the bridge is given as TF. The damage caused by T

traversals of a spectrum of vehicles is given as TFL.

The load model proposed by Johnson and Oeilers is the simplest available. A

more complicated load model proposed by Moses (1990) considers the effect of ten

different random variables such as impact of loads, multiple presence of vehicles etc. The

load model proposed by Oehlers and Johnson has been used in the thesis because of its

simplicity. This load model has been linked to the residual strength curve as discussed in

Section 2.9.3.

2.8 Residual strength

In the section above, either the endurance of a component was determined or the

fatigue damage was calculated which gave the proportion of the fatigue life expended.

These methods of fatigue analysis do not give the variation of strength of a component

during its fatigue life. A discussion is carried out of the various efforts made by

researchers to find the variation of residual strength of different components. They

include experimental derivation of the residual strength of welded stud shear connectors

(Oehlers 1990), thin centre cracked panels (Feddersen l97l) and incomplete penetration

butt welds (Cox 1987).

2.8.1 Failure Envelope for Stud Shear Connectors

Stud shear connectors are welded steel protrusions on the steel flange of a

composite beam of steel and concrete. Stud shear connectors are therefore a particulat
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type of welded connection. The failure envelope of stud shear connectors, was obtained

experimentally by Oehlers (1990). The results as shown inFig.2.33 were obtained for

constant amplitude loading. Three different series of tests termed as the S, F and M series

were conducted on identical specimens. In all the fatigue tests a constant range of cyclic

loads of 0.25 P. were applied. The specimens in series S were tested to determine the

static strength P. of the stud shear connectors. In series F, cyclic loads were continually

applied until the stud shear connector failed, the peak of the stress range was varied but

the magnitude of the range was kept constant. In series M, blocks of cyclic loads were

applied following which the component was failed. It was found that the residual strength

envelope of the three series of tests can be given in the form of a straight line.

2.8.1.1 Asymptotic endurance

Stud shear connectors subjected to fatigue loading will fail when its strength is

equal to the maximum load applied. However if it is assumed that the component does

not fail at the given load it will continue to lose strength due to crack propagation until its

strength reduces to zero. This point (N¡) has been shown in the Fig 2.33 by extrapolating

the linear curve until it touches the abscissae. The point has been termed the asymptotic

endurance (Oehlers 1990) since it a theoretical endurance that can never be achieved in

practise as the component will always fall at the peak of the load range applied. However

the asymptotic endurance has been found to be extremely useful since a linear failure

envelope can be defined in terms of the static strength and the asymptotic endurance

(Oehlers 1990).

The asymptotic endurance for stud shear connectors was found for different stress

ranges by Oehlers in 1990. Hence a relation between the stress ranges and the asymptotic

endurances was determined.

6I



Ch 2.Literature review

Experimental results

" Series S

o Series ['

o Series M

I specimens I'5 and F6

Mean line

40

Res idual
sLrenqth
of identicaÌ
stud shear
conn"ctor.2o
in kN

0.5 1.0 1,5

Nunber of cyclic lo¿ds (X106 )

Fig.2.33 Experimentally obtained residual strength variation of stud shear connectors

(Oehlers, 1990)

2.8.2 Feddersen's EnveloPe

Feddersen (lg7l) found the variation of residual strength against crack length for

tension panels containing central cracks. He carried out experimental tests on centrally

cracked panels and analysed the data. When such data was plotted with residual strength

on the Y-aús and crack length on the X-axis it was found that the data behaved in a linear

fashion both when the crack lengfh was small or large and formed a saddle shaped central

portion.(Fi9.2.34).
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Fig.2.34 Comparison of experimental results with theoretical model (Feddersen, 1971) for

a 0.15 mm thick, 30 cm wide,2074-T6 alloy sheet at -195 C.

Feddersen tried to match experimental results obtained with a theoretical model. If

the centre cracked tension panel failed by unstable crack propagation then the strength of

the centre cracked panel would be given by Eqn.2.6 assuming the panel is of infinite width.

Residual
stress

Unstable crack
propagation curve

Crack length

Fig.2.35 Variation of residual strength with crack length of a component failing by

unstable crack propagation
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If the panel failed according toEqn.2.6 then the relation between strength of a component

and crack length when plotted would be given by Fig.2.35. It is to be noted that the shape

of the residual strength curve against crack length is in the form of a saddle in Fig'2'35. It

was earlier discussed that the experimental results for intermediate cracklengths are in the

form of a saddle. Thus a theoretical model which assumes that the component fails by

unstable crack propagation matches experimental results for components having

intermediate crack lengths. In order to develop a theoretical model which matches the

experimental results at all crack lengths, Feddersen dropped tangents to the unstable crack

propagation curve as shown in Fig. 2.36. The tangents were dropped from the point

where the component has maximum strength and the crack length is zero and from the

point where the crack length is maximum and the strength is zero. This two tangents

along with the portion AB of the unstable crack propagation curve in Fig.236 gives a

theoretical curve which matches the experimental data obtained by Feddersen. This is

shown by Fig.2.34 where the experimental results are found to be close to the theoretical

model. Apart from developing a model which closely matches the experimental results

Feddersen also tried to analyse the reasons for the linear behavior of the experimental

Tangent to unstable

crack propagation curve

Unstable crack
propagation curve

Residual
strength

Tangent to unstable

crack propagation curve

Grack length

Fig.2.36 Determining the residual strength variation of tension cracked panels theoretically

A

B
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data when the crack lengths are large or small. According to Feddersen the linear

behavior shown by components at small crack lengths is due to plasticity while the linear

behaviour shown by the component atlarge crack lengths is due to finite width effects.

2"8"3 Coxus Envelope

Cox (1987) similarþ performed experiments on the incomplete penetration of butt

welded joints (Fig.2.37). Thus components having different crack lengths were taken and

their residual strengths determined by failing the components. Some of the cracks used in

his tests were obtained by applying fatigue loads. A comparison of theoretical results with

experimental ones showed that all components failed due to plastic deformation failure.

Cox argues that often components are checked to make sure that they do not fail by

unstable crack propagation but are rarely checked for plastic deformation failure.

However as shown by his experiments welded components are quite likely to fail by plastic

deformation. Cox provided a theoretical model which closely matches the experimental

data. The model considers that when the crack length is small the presence of cracks can

be neglected and the residual strength can be given by the plastic deformation strength of

the weakest section of the base metal. However when the crack lengths arelarge a section

through the weld metal can be used to determine the plastic deformation strength of the

component and the presence of a crack needs to be considered. In this thesis the unstable

crack propagation strength and plastic deformation strength of welded components have

been compared to find the failure criteria.
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Fig.2.37 Figure showing residual strength variation of incomplete joint penetration butt

weld (Cox, 1987)

2.9 Design Procedure

The stresses in a cracked structure, the initiation and propagation of a crack, their

endurance and residual strength are all used to design welded components. The design

procedures used at present can be broadly divided into the S-N curve method, the fracture

mechanics method and the residual strength method. A basic knowledge of S-N curves,

fracture mechanics and residual strength has been provided in earlier section. Here design

approaches based on these methods have been described briefly.
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2.9.1 S-N Curve Design

Design, using S-N curves is based on a two pronged approach. First a static

design is done which gives the strength of the component before the application of fatigue

loads. Next a fatigue design is carried out to give the fatigue life of the component, which

is the information on the end of the fatigue life (Oehlers 1992). It is assumed that the

strength of the component does not change during the fatigue life and remains equal to the

original static strength until the component suddenly fails at the end of the fatigue life.

Hence the failure envelope used for design using S-N curves is rectangular in shape as

shown in Fig.2.38.

Static strength
Sudden

failure

Residual
strength

Number of cYcles

Fig.2.38 Present design techniques using S-N curve (oehlers, 1990)

Standard codes such as the British standard BS 5400, Eurocode 3 and the

AASHTO code uses S-N curves to design for fatigue (Fig.2,39). For the purpose of

fatigue assessment the codes classify all constructional detail into several classes. The

British code classifies all components into 9 groups S, B, C, D, E, B, F2, G & W (Table

Z,l). The group most resistant to fatigue is S, while W is the group weakest under

fatigue. For each group a S-N relation is given (Eqn.2.30) which can be used to find the

fatigue life of the component provided we know the stress fange applied.
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Thus in order to design a component the class of the component is first chosen.

Next, the fatigue life of the component is found from SA{ curves. In case of components

subjected to a number of stress ranges Palmgren-Miners sunìmation is used (Eqn.2,38).

2.9.2 Use of Fracture Mechanics for Design

Design of components at present is nearly always carried out using S/l'{ curves.

However components can also be designed using fracture mechanics as has been

suggested by researchers (Zhao Halder and Breen 1994). Techniques of designing

components using fracture mechanics concentrate on the endurance limit of the

component as in the case of S-N curves (Fuchs and Stephens 1980, Skorupa, 1992).

Hence static design is still carried out independently of the fatigue design.

The total fatigue life of a component is divided into two parts, crack initiation and

crack propagation. There are three general theories by which the fatigue life of

components are predicted using fracture mechanics (Fuchs and Stephens 1980, Skorupa

1992). If the crack initiation life of the component is considered to form the larger part of

the fatigue life, then fatigue life predictions are solely based on the crack initiation life. If

the crack propagation life of the component is considered to occupy most of the fatigue

life then fatigue life predictions are solely based on the crack propagation life. If the crack

initiation and propagation life are both considered to form a important part of the fatigue

life then fatigue life predictions take both into account. Since crack propagation forms

most of the life of welds (Maddox 1991) the crack propagation life is widely used for the

fatigue life prediction of a weld. In order to make a prediction
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Fig.239 S-N curves used for design: (a) Mean lines (50% probability of failure); (b) Lines

for 2.3Yo probability of failure (Maddox, 1991)

about the fatigue life of the weld using fracture mechanics the initial crack length of the

component must be known. The value of the initial crack lengths has been often taken as

0.25 mm for fbtigue life calculations by researchers (Section 2.4). The size and shape of

acceptable initial flaws in welded components documented by BS PD 6493 (1991) have
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been determined using SÆ.{ curves. It has been suggested by Yazdartt and Albrecht (1987)

and Fisher et al (1970) that the initial crack length can be determined from S/1.{ curves. A

discussion on the calculation of the initial crack to be used for design has been carried out

in this thesis.

2.9.3 Residual Strength as a Design approach

Design procedures using S-N curves and fracture mechanics as used at present do

not consider any variation in the residual strength of a component. The strength of the

component is considered to remain constant at the static strength and reduce suddenly at

the end of the fatigue life (Oehlers, 1992). However, if the actual variation of the residual

strength of a component with number of cycles is known, both the remaining strength and

remaining life of the component can be determined at any period of the fatigue life. The

use of residual strength curves for design has been suggested by Oehlers (1992) and

Sedlacek (1990). Oehlers (1992) has proposed a general residual strength ofthree stages

for a component subjected to a constant stress range (Fig.2.aq. The component does not

change strength during the first stage, reduces linearly in strength during the second stage

and fails catastrophically during the third stage. The general residual strength variation

has been linked by Oehlers (1992) to the load model for a bridge earlier described in

Section 2.7 .3. For a component in a bridge following

70



Ch 2.Literature review

First stage

Second

stage

Residual
strength

Third

stage

Number of cycles

Fig.2.40 General residual strength variation (Oehlers, 1992)

the proposed general residual strength curve a relation has been established between the

number of vehicles traversing the bridge and its residual strength. Thus if a component in

a bridge follows Oehlers general residual strength curve then the component could be

designed knowing the vehicles traversing the bridge.

2.9.3.1Design approach used for stud shear connectors

The residual strength approach of fatigue analysis has been used to design stud

shear connectors (Oehlers 1994). As earlier mentioned the variation of residual strength

with life for stud shear connectors is linear for a given stress range. Thus stud shear

connectors can be considered to be a special case of the general residual strength curve.

The linear variation in strength of a stud shear connector could be expressed in terms of

the static strength P, and asymptotic endurance N¡(Fig'2.41) as
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(2.41)

Residual
strength

Ns Nf
Number of cycles

Fig.2.4I Schematic diagram showing variation of residual strength

where Pn' is the strength of the component after application ofN" number of cycles

Equation 2.41 can be used for design by considering P. as the strength of the

component required to resist the maximum overload at the end of the fatigue life. The

variation of the asymptotic endurance with different constant amplitude stress ranges has

beenfoundby Oehlers (1990) as described in Section2.8.1.1. Thus giventhe stress range

for which the component needs to be designed the asymptotic endurance N¡ can be

determined. Hence considering the component is designed for N number of cycles the

strength required at the beginning of the fatigue life or the static strength P. can be

calculated.

P
s

Pm
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The method of design and assessment of a stud shear connector explained for a

single stress range above was extended (Oehlers 1995) to develop a method of design and

assessment for the load model discussed in Section 2.7.3. Hence if the number of vehicles

that will pass through the bridge during its fatigue life can be predicted design of a stud

shear connector based on its residual strength variation can be carried out. A design

method has been developed in the thesis for welded components using the above principle

of designing stud shear connectors.

2.10 Assessment

Welded components are designed for a given life and strength. In order to find the

condition of the component at any intermediate period of its life the component must be

assessed. Assessment of components are carried out by using Miner's law, by inspection

for cracks or using residual strength curves. The most preliminary form of assessment is

carried out using Miner's law which give only the portion of the fatigue life used.

Assessment using residual strength curves give the strength and life of a component

expended. The most thorough form of assessment involves inspection of cracks. In this

method on-site checks are carried out to detect cracks and advanced fracture mechanics

techniques are carried out to find their remaining life.

Most of the infrastructure around the world is getting old and need to be repaired.

Bridges are a typical example. Most of the bridges in use today were built after the

second world war and have past alarge portion of their fatigue lives. There are 578,000

bridges in the U.S.A. of which 40o/o require repair. Furthermore about 11,000 bridges are

being added to this list each year (Zhao, Halder and Breen, 1994). The total cost of

repairing bridges in the U.S.A. is estimated to cost 92 billion dollars (Ahlskog, 1990). In
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order to repair these bridges they need to be assessed first. Assessment therefore has

assumed an important role today.

z.rcJ Assessment using Miner's Law

This form of assessment is used by standard codes such as the BS 5400. Thus if

the stress ranges acling on a component are known, their corresponding endurance can be

found from Miner's law. If we know the number of cycles of these stress range applied,

the fatigue damage can be found from Palmgren-Miners's summation. This has been

discussed in Section 2.7.2. The fatigue damage term AinEqn.2.38 gives the portion of

the fatigue life being used. This form of assessment thus gives a preliminary idea of the

condition of the structure.

2.10.2 Assessment using Residual Strength Curves

If the variation of residual strength with number of cycles applied to a component

is known, the residual strength and life of the component can be derived after application

of any given number of cycles. Furthermore assessment procedures can be provided for

any given load model.

2.10.2.1 Assessment for stud shear connectors

Equation 2.4O,that is used for designing stud shear connector in Section 2.9.3, can

be interpreted in the following way in order to assess components (Oehlers 1994); Hence

if the static strength Ps and the asymptotic endurance N¡ is known, the strength of the

component P. after application of N number of cycles can be determined. This

procedure, of determining the variation in strength of a stud shear connector, has been
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linked to the load model in Sectioî 2.7.2. Thus if the number of vehicles that has

traversed the bridge is known at any time the reduction in strength can be determined.

The method of assessing stud shear connectors by using residual strength curves has been

included in the assessment version of BS 5400 (1980). The method of assessing welded

components developed in the thesis uses the same principles as that of a stud shear

connector

2.10.3 Assessment by InsPection

A common form of assessment is to carry out inspection for cracks. Inspection

manuals are provided by organisations such as the American Association of State Highway

Ofücials describing the methods and devices used for inspection (Maintenance manual

AASHTO, 1983). Therefore using diflerent inspection methods cracks in a component

are found. Such inspections are carried out after fixed time interval which is often about

two years. Apart from looking for cracks the stresses acting on the structure are also

found out. If the crack length of a component is known and the stresses acting on a

component is known then the remaining life of a component can be determined using

fracture mechanics (Rolfe and Barsom 1977). Assessment codes such as the BS PD 6493

(1991) provides the material properties and equations to be used for complex loadings so

that it is possible to predict the remaining life of components'

present research on assessment using inspection are based on improving the

existing methods. Therefore research concentrates either on the methods or devices used

for inspection (Fisher et al 1990), the methods and devices to find the stresses in the

structure (Yamada, 1990) and accurate prediction of crack propagation of components

(Dikstra et al 1990). Experimental research is carried out to find the rate at which crack
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propagates (Skallerud et al 1990 and Knesl et al 1990) through different components and

theoretical laws are proposed to match the experimental data (Castiglioni, 1990)'

Assessment using inspection gives an advanced idea of the condition of the

structure but requires on-site ohecks and fracture mechanics calculations. On the other

hand the residual strength technique is a much simpler theoretical technique. Using the

residual strength approach the residual strength of a component can be determined at any

period of its life. From the residual strength determined the crack length is calculated at

any intermediate period of its life. Knowing the crack length the remaining life can be

calculated. Though the residual strength approach does not give as good an idea of the

condition of a structure as the inspection method it still gives a much better understanding

of the condition of the structure compared to the S/l'{ curve method. Also the residual

strength approach can be used to complement inspection ie. the results of the residual

strength analysis can be used to find out when inspection needs to be carried out.

2.11 Conclusions

The literature review discusses the stages in the fatigue life of a welded component

and various methods of designing and assessing it. The material properties and existing

laws used in the thesis and the reasons for using them are discussed. Thus in this thesis

the approach adopted assumes that a welded component contains an initial crack;

components analysed are considered to be in a condition of plane strain, Paris' crack

propagation law is used and the types of failure considered is crack propagation failure

and plastic deformation failure.

A residual strength approach for fatigue design and analysis has earlier been

developed for stud shear connectors by Oehlers. The residual strength variation was
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found to be linear and hence the residual strength variation could be given in terms of the

static strength and asymptotic endurance of components. Thus the stud shear connector

was assessed and designed using its residual strength variation. Assessment of stud shear

connectors using residual strength curve has been adapted by the assessment version of

the BS 5400. The residual strength variation has been adopted for a bridge load model so

that the variation in strength of the component can be given in terms of vehicle traversals.

The method of design and assessment of stud shear connectors has been developed

using the residual strength technique. Stud shear connectors as earlier discussed are a

particular type of welded component. In this thesis the technique has been expanded to

cover all welded components. While for stud shear connectors the residual strength was

found from experimental research, here the residual strength variation has been determined

using basic fracture mechanics and S/|{ curve analysis. Since the technique presented in

this thesis covers all welded components it can be considered to be a general technique of

designing and assessing welded components.

Welded components in common practise is designed using SA{ curves. The SA{

curve technique as discussed earlier considers that the strength of the component remains

equal to the static strength till the component fails. The residual strength approach of

designing component developed in this thesis bases the design on the actual variation of

residual strength and therefore is more accurate than the SAtr curve technique.

The residual strength technique of assessing welded components is simpler

compared to the inspection method but is complicated compared to the SA{ curve method.

The SA{ curve method gives the fatigue life of a component expended while the residual

strength technique gives the residual strength at any intermediate period of the fatigue life

of a component, the crack length and the remaining life. Not only it gives more
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information about the condition of a component compared to the S/l'{ curve method but

also is more accurate. It can be used to complement the inspection method since it can be

used to predict when inspection needs to be carried out.
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Chapter 3
Residual strength of fundamental
components

3.1 Introduction

When fatigue loading is applied to a component containing a crack it causes the

crack to increase in size (Section 2.5). The application of fatigue loading also causes the

residual strength of a component to change and the remaining life to decrease (Section

2.8). The change in both the residual strength and the remaining life of a component is

related to the growth of the crack. For a given component the larger the crack size, the

residual strength is lower and the remaining life is smaller.

Hence the fundamental effect of fatigue loading is the growth of a crack. It is only

because fatigue loading causes the crack size to increase that there are secondary effects,

such as the change in residual strength and remaining life. The first step in a fatigue

analysis therefore must be to find the growth of a crack during the fatigue life. If the

crack size is known aT any intermediate stage then the residual strength and remaining life

can be calculated.
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The remaining life of a component depends on the residual strength because the

residual life of a component is the number of cycles required for the residual strength of a

component to become equal to the maximum load applied when the component fails.

Therefore a curve showing the variation of the residual strength with number of cycles can

be used to find the remaining life of the component. In conclusion, the fundamental effect

of fatigue loading can be considered to be the growth of a crack. The growth of a crack

leads to the variation in residual strength while the reduction in strength is responsible for

the change in the remaining life.

Even though crack growth is the fundamental aspect of fatigue loading, a designer

will not be directly interested in the crack length of a component at any intermediate stage.

When a component is designed or analysed, one really wants to understand the

performance of the component from the point of view of external loads that are applied.

Therefore, the designer wants to know what residual strength the component has at any

period so that one can specify what maximum load the component can withstand before it

fails and also how long the component will last. A residual strength curve is extremely

helpful to the designer in this respect. It provides the maximum strength and the

maximum life the component can endure before it fails. It thus gives us the maximum load

that can be applied and the maximum number of loads that can be applied for a given

overload.

The variation of residual strength of a component with fatigue loading has been

determined here using fracture mechanics. In this chapter the variation of residual

strength has been found for a component subjected to constant amplitude loading and

failing by unstable crack propagation failure. The residual strength has been found for an

infinitely wide plate with a centre crack (Section 2.3.3.I). Then the residual strength
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variation has been determined for an idealised component having a constant value of the

magnification factor M in Eqn.2 .7 that does not change with a variation in crack length

(Section 2.3.3.2).

3.2 Residual Strength from Fracture Mechanics

In the literature review (Section 2.3),it was discussed how fracture mechanics can

be used to derive the internal stresses in a cracked component subjected to external

loading. Thus the stress intensþ factor of a component gives the magnitude of stresses in

a component. As the external applied stresses increase the stress intensity increases. The

component fails when the stress intensity attains a certain value termed as the critical

stress intensity factor (Section 2.6.2.I). If the stresses are not high enough to fail a

component but are applied repeatedly ie. the component is subjected to fatigue loading, it

will cause a crack in a component to propagate (Section 2.5). The rate of such

propagation is given by Paris' law (Eqn.2.l9).

The theoretical approach for constructing a residual strength curve for unstable

crack propagation is based on two fundamental fracture mechanics concepts: the critical

stress intensity factor and the rate of crack propagation. The critical stress intensity factor

gives the unstable crack propagation crack strength, at which failure occurs for a cracked

component with a known crack length. Paris' law gives a relationship between crack

length and number of cycles. Therefore, using these two relationships, one between

residual strength and crack length and other between crack length and number of cycles, a

relationship between residual strength and number of cycles can be found.
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The relation here is first determined for a infinitely wide plate with a centre crack.

The relation is then generalised for idealised components having a constant value of the

magnification factor M.

3.3 Residual Strength for Infinite Plate

The stress intensity factor relation for an infinitely wide plate with a centre crack

(Fig.2.8) to which a remote stress o is applied is given by F,qn.2.6. Such a component will

fail when the stress intensity factor is equal to the fracture toughness of the component.

Hence at failure the stress intensity factor relation for an infinitely wide plate with a centre

crack is given by

Kt" = o r$Ia (3 1)

where Krc is the critical stress intensity factor at plane strain and or is the remote stress

applied at which a an infinitely wide plate with a through crack length of '2a' fatls. Since

the critical stress intensity factor is a material property, Eqn.3.1 gives a relation between

residual strength and crack length of a component. Thus if we know the crack length of a

component from Eqn.3.I we can calculate the residual strength.

Consider a component with an initial crack lenglh 2ai. The unstable crack

propagation failure strength of the component can be found for this crack length. Thus if

the value ai is substituted for 'a' in Eqn.3.1, the value of or obtained is the residual

strength of the component of a crack length 2ai. This value is denoted âs oi in Fig,3.1. If

the component is subjected to constant amplitude loading this causes the crack length of

the component to increase and the residual strength of the plate to decrease (Fig.3.1). The

plate will finally fail when the strength of the component is equal to the maximum load
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being applied, which in this case is the peak of the stress range applied. If the peak is øo

we can calculate the corresponding crack length at failure. Thus if the value of peak stress

o, is substituted for or in Eqn.3.1 we can determine the crack length 'a' at which the

component fails. This value is denoted as ar in Fig.3.1. Hence the corresponding crack

lengths at the initial and final stages being known, one is able to calculate the fatigue life

from Paris' law (8qn.2.19), which is given as

2^f

Grack length
2a

2a
l-

Residual

strength

Number 0f cycles
(0' o. )

o¡ç
lN-O)' x'x

N

N x

Asymptotic endurance

Number of cycles

Fig.3.1 Determining the residual strength variation
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q
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where C and m are material constants and 
^K 

is the range of the stress intensity factor.

AK depends upon the stress range being applied during fatigue loading and the crack

length. Eqn.3 ,2 can be written in an integral form to give the number of cycles {

required for a crack length 2aito propagate to a final crack length2a¡.

¡/t

2or

J
dn

(3 3)

(3.4)

2o¡ c( K)^

where ¡/, ir the fatigue life. Thus since the residual strengths af 2ai (ie. o¡) and2a¡(ie.

oo) and the fatigue life are known we can plot the initial and final points in the residual

strength curve (Fig.3.l). In order to plot any intermediate point, let us consider the plate

when it has a crack length 2a*. The residual strength ox can be obtained from Eqn.3.1.

The number of cycles required for an initial crack 2aito propagate to a crack length 2a*is

given by

¡r,
2o,

J
2at

da

c(LK)',

By varying the value of 2a*the entire residual strength curve as shown in Fig.3.1 can be

drawn.

3.3.1. Residual Strength Equation for a Fundamental Component

The general method of constructing a residual strength curve of a component

failing by unstable crack propagation, just discussed, has been used here to formulate a

mathematical equation for an infinitely wide plate with a centre crack.
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The value of the range of stress intensity factor is given by

AK = A,oJfIa (3 s)

where Ao is the constant stress raîge being applied. Substituting AK in Eqn.3.5 into

Eqn.3.4 and integrating one can obtain

(3 6)

Now in Eqn.3.1 consider the particular value of the crack length'a' at which

the component fails to be'a,'. Let the particular value of the failure strength orat which

the component fails be o" . Substituting these values in Eqn.3.1 one can get

"[a. 
=

which when substituted in Eqn.3.6 gives

rr T l?o,)' '^'' -(ro,)' ^'')1Y'=c(Lo)\rrYl r--tz )

(ffi,^'' -('o,)

K,"
o,JlI

l-ml2

l-ml2 (3 7)

since m, C, the stress range Ao, the critical stress intensity K," and the initial crack

length ai are all constants in this case the relation between o" and l/, can be written as
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(3 8)

(3.8a)

2K?"\
n)

1-m/2

c(Ao)'(rt)''' (*tz-r)

discontinuous when m: 2, the relation between the number of cycles of loading and the

residual strength is linear when m:3, quadratic when m: 4 and cubic when m : 5.

Fig.3.2 shows the variation of residual strength with number of cycles for a infinitely wide

plate with a centre crack having different values of m.

,s- (3.8b)

Linear curve
Cubic
CUNE

m=5

0uadralic
CUryE

Residual
strength

load

Number of cycles

Fig.3.2 Variation of the shape of the residual strength curve of a fundamental component
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3.3.2 Residual Strength of Structural Steel

Equation 3.8 derived in Section 3.3.1 has been used to determine the residual

strength variation for structural steel. Common classes of steel are austenitic (stainless

steel), ferrite-pearlite and martensitic steel. The value of m for austenitic steels is 3.25, for

ferrite-pearlite 3 and 2.25 for martensitic steels (Section 2.5.1). The ferrite-pearlite group

includes steel in the range of yield stress between 205 and,550 N/mm2. The martensitic

group includes steel with yield stress more than 480 N/mm2. Hence structural steel would

belong to the ferrite pearlite group. The value of m for structural steel is 3 and the

relation between residual strength and number of cycles is linear as discussed in Section

3.3. l

A relation between residual strength and number of cycles for structural steel can

be obtained by substituting the value of m:3 into Eqn.3.8 and is given as

N,=-Go*tH (3 e)

where the constants G and H are

(3 ea)

(3 eb)
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where ai is the initial crack length. Equation 3.9 canbe rewritten with residual strength as

the dependent variable as follows:

(3.10)

Now in Eqn.3.1 consider the particular value of the crack length 'a' at which the

component fails to be'ai'. Let the particular value of the failure strengfh at which the

component fails be 'o;'. Substituting these values in Eqn.3.1 we get

K

Jr"'
= o¡

where oi is considered to be the initial unstable crack propagation strength for a

component with crack lengfh2ai.

Substituting the above obtained value of oi in Eqn'3.10 we get

', --t,[þc<o'l'L,"] .ffi

,. - -nL[þc<rc>'r,")*o,

rc

(3 11)

Therefore the intercept of the residual strengfh curve with the Y-axis depends on o¡

which in turn depends on K," and a¡ The slope of the residual strength depends on K,"

and the stress range Ao.

The residual strength equation derived is applicable within the limits of the fatigue

life of the component. The fatigue life when m:3 is given by Eqn.3.12 using Paris'

Equation (Eqn.2.19)
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(3.r2)
2o¡

c(LK)'

Substituting Eqn.3.5 we have

Nf (3 13)

Thus the fatigue life depends on the initial crack length, the stress range and the final crack

length. The final crack length can be given using Eqn.3.1 as

K2rc
A" = 

-:-' o o"fI
(3 t4)

where oo is the peak stress applied. As can be seen from Eqn.3 .I4 the final crack length

therefore depends on the critical stress intensity factor and the peak stress.

3-3.2.l Derivation of asymptotic endurance for structurar steel

The discussion in Section 3.3.2 shows that the residual strength equation for

structural steel given by Eqn.3.10 is not affected by avariation in the peak stress when the

stress range is constant. However, the fatigue life as given by Eqn.3.13 is affected by the

peak stress since the final crack length depends on the peak stress (Eqn.3 . I a). The effect

of varying the peak stress with a stress range kept constant is shown in Fig.3 3. It shows

that the residual strength curve with a higher peak stress opr occupies the portion pB of

the residual strength curve compared with the portion PC for the smaller peak stress ooz .

Hence whatever the peak stress, as long as the stress range remains constant the residual
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strength curve occupies a portion of the envelope P-N¡ that initiates from P, (0, oi). P is

the initial unstable crack propagation strength and N¡ (N¡0) is the asymptotic endurance

(Section 2.8.1.1).

Present methods of fatigue design consider endurance to be independent of the

peak stress and a constant for a given stress raîge (Eqn.2.30). For a fundamental

component of structural steel \t can be shown from Eqn.3 . 13 and Eqn. 3 ,14 that if the peak

stress is varied the endurance of a component will also vary. However, the asymptotic

endurance is independent of any variation of the peak stress. Therefore, in contrast to

present techniques which use the endurance for fatigue design, the asymptotic endurance

has been used in this thesis to develop a fatigue methodology which is independent of the

peak stress. The asymptotic endurance N¡ is an imaginary value, it has been termed so

because it can be approached but never be achieved. It can be visualised as the endurance

if the fatigue crack in the element propagated throughout the whole cross section without

fracture. However in practise, fracture will occur when the strength of the uncracked

region reduces to the peak of the cyclic load.

P
( 0,oi )

Residual strength
equation when
the value of m=3
in Paris' equationResidual

strength oo
Ao

I
op Ao

Nf,o)

N.

Number of cycles

Fig.3.3 Determining the asymptotic endurance

B
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The asymptotic endurance can be calculated mathematically from the residual

strength equation, (Eqn.3.9) by substituting o* = 0

(3.1 s)

(3 16)

Thus the asymptotic endurance depends on the inverse ofthe cube ofthe stress range and

directly on the initial unstable crack propagation strength'

3.4 Residual strength variation of an idealised component

The stress intensity factor relation for an infinitely wide plate with a centre crack

can be adapted for other geometries by introducing a magnification factor, M Therefore

the range of stress intensity when the range of stress acting is Ao is given as

L,K = A^oM$Ia (3 17)

and the equation for failure is given as

Substituting a¡=E from Eqn.3.1, where oi is the initial failure strength of the

,lro,

component corresponding to the initial crack length a¡, gives

N.= {2o' 
rÀø)-3r cllKrc' '

K," = o\rf$Ia
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Substituting Eqn.3.17 in Paris' Equation (F;qn.2.l9) and integrating one can obtain

N,
da

(3 le)
A,oMc(

=J
A1

m

For welded components the value of M changes with a change in crack length. If
the value of M remains constant and does not vary with 'a' such a component will be

called an idealised component. An infinitely wide plate can be considered to be a special

case of an idealised component with the value of M equal to 1. The generalised residual

strength variation for an idealised component having a constant value of M can be

obtained from Eqn.3.l9 in a similar manner to the infinitely wide plate. Substituting

Eqn.3.17 in Eqn.3.19 gives

z :l m/2

ff,=-s,i+l tA.,
\o,/ (3.20)

(3.20a)

(3 20b)

where S1 and A1 are the following constants

cM^(Lo)'il',''(*12-r)

ml2t-

A1

s,=
gtr4 n¡1nrz (l,o)' (m I 2 - r)

For structural steel substituting the value of m:3 in the above equation gives

N, -Gl ox TH,
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(3.zra)2
Gr=

and

ÍI CMz(Lo)'K,"

Hr= (3.2rb)

c(M^.J-n)'Ja,

Equation 3.2I shows that when M is constant the relation between residual

strength and number of cycles for an idealised component of structural steel is a linear one.

Substituting the residual strength o* in Eqn.3 .27 as zero the asymptotic endurance is given

as

2 (3 22)Nl'=
cM'(LoJrr)' ,þ,

It should be noted here that if the value of M is not constant as in the case of areal

component of structural steel and varies with 'a' the residual strength variation will not be

linear. The non-linear residual strength of welded components for which the value of M

varies with the crack length 'a' is determined later on in Chapter 5. These non-linear

curves has been approximated into linear portions in Chapters 7 and 8 with constant

values of M to provide an easy and simple method of assessment and design.

2
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3.5 Conclusion

It has been discussed in this chapter that the most fundamental aspect of fatigue

loading is the propagation of a crack in a component. However, from the point of view of

a designer a curve of residual strength verses number of cycles is helpful. The basic

principles of determining the residual strength variation for a component subjected to

constant amplitude loading has been established here. The residual strength curve has

been determined for an idealised component having a constant value of the magnification

factor M failing by unstable crack propagation. It is found that the residual strength

relation is linear for structural steel.

However the value of M is not constant for most real components of structural

steel such as welded components and the residual strength variation of a component

would be nonJinear in shape. These linear and non-linear relations are for a constant

stress range. The reduction in strength of a component when subjected to a series of

stress ranges is found for both cases ofa linear and a nonJinear curve in the next chapter.
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Chapter 4
Determining the reduction in strength

4.1 Introduction

It has earlier been discussed in the literature review (Section 2.5) that when

variable amplitude loading is applied to a component, the propagation of a crack depends

on the loads applied and also on the sequence in which they are applied. As an example,

an overload applied to a component decreases the rate of crack propagation. In general

any change in the amplitude of the stresses and the sequence in which they are applied

causes a variation in the rate of propagation of a crack as given by Wheeler and by Larsen

and Ncholas (Section 2.5).

The fundamental effect of fatigue loading is the propagation of a crack which

causes a change in the residual strength as discussed in Section 3.1. Thus the residual

strength variation with number of cycles will also depend on the variable loads applied and

also on the sequence in which they are applied.
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As components in service will be subjected to a large number of variations in the

cyclie stresses it would be very difficult, cumbersome and impractical, to find the residual

strength curve by taking account of each change in cyclic stresses applied. Furthermore a

cycle by cycle account of the stress history is difficult to obtain and load spectrums

generally provide only the stress ranges and their frequency acting on a component

(Section 2.7.3). Therefore if the method of finding the reduction in strength due to fatigue

takes account of the sequence of loading then for a given load spectrum one can determine

alarge number of possible sequences and for the large number of possible sequences one

can obtain alarge number of solutions.

A practical method of finding the residual strength variation is required where one

does not need to know or to calculate for each change in stress range acting on a

component. Hence it would be necessary for the solution to be independent of the

sequence of loading so that for a given load spectrum we will get a single result.

In the previous chapter, it was shown that residual strength curves would be linear

and nonJinear. For example, the residual strength variation for idealised components of

structural steel when subjected to a constant stress range is linear as shown in Section 3.4

whereas for other praclical components the variation under constant stress range is non-

linear. An investigation is carried out to determine the reduction in strength of

components by applying blocks of cycles to components that have either a linear or a non-

linear residual strength variation under constant amplitude loading. The first stage in the

investigation process involves determining the reduction in strength when components are

subjected to blocks with equal number of cycles and equal magnitude of stress ranges

termed as equal blocks. The next step in the investigation process involves determining

the reduction in strength when components are subjected to blocks, where stress range
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within a block remains the same but the magnitude and number of stresses vary from one

block to another.

4.2 Reduction in strength due to equal blocks

A linear and a nonJinear residual strength variation is shown in Figs.4.l and 4.2.

Consider the case where two blocks having the same number of cycles (N) and equal

magnitude of stresses are applied to components whose residual strength variation is given

by Figs.4. I and 4.2. Figure 4. I shows that in the case of a linear curve the reduction in

strength ÂP for the two blocks I and 2 are the same. Thus when the curve is linear, a

given block of stress ranges would cause the same reduction in strength irrespective

(points A and B in Fig.4.1) of when the block is applied. However the reduction in

strength caused by the application of a block of cycles on a component

AP

B Failure envelope

AP

Ps

Residual
strength

Ao

Block 1

N
cycles

N

cycles

Block 2

Number of cycles

Fig.4.l Linear residual strength curves

\
Asymptotic
endurance N f
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showing a non-linear residual strength variation depends on whether the block is applied

early or late in the fatigue life, ie. the period of application (F\g.4.2). The reduction in

strength for the second block ÂPr depends on the residual strength at the start ofthe block

which in turn depends on the reduction in strength caused by the first block AP". Hence,

the reduction in strength for a block of cycles for a non-linear curve depends on the

previous blocks of cycles applied.

It can therefore be seen from the previous paragraph that for a component with a

linear variation of residual strength, the reduction in strength is independent of previous

blocks and hence does not depend on the sequence of the application of loads. The

reduction in strength is the same for equal blocks whenever they are applied within the

fatigue life. If the reduction in strength ÀP is known for one block it can simply be

determined for any number of equal blocks by simply multiplying ÂP by the number of

blocks. The reduction in strength for components showing linear residual strength

variation are therefore quite easy to find. However for a non-linear curve, the reduction in

strength for any one block depends on the previous blocks applied. Hence for non-linear

curves the reduction would depend on the sequence of the block and therefore must be

found individually for each block.

4.3 Reduction in strength due to unequal blocks

The investigation on linear and non-linear residual strength variation curves is

carried further by applying two blocks of cycles with different magnitudes of stress range

and different number of cycles. The first block consists ofNl cycles of the constant stress

range Ao1 and the second block consists ofN2 cycles of stress range Lo2.
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Fig.4.2 Non-linear residual strength curve

4.3.1 Non-Linear

The structural component investigated first is considered to have a non-linear

residual strength variation, of the form Y:gX2+F, where Y is the dependant variable

showing the variation in residual strength and X the independent variable showing the

variation in number of cycles. The initial crack length of the component is considered to

be a¡ and the initial strength considered to be Pr. The residual strength variation EJ in

Fig.4.3 gives the variation of residual strength when a component is subjected to a stress

range Ao1 while the residual strength variation EK in Fig.4.3 gives the variation of
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residual strength when the component is subjected to a stress range Lo2. The asymptotic

endurance for the curve EJ is taken as (NÐt and for the curve EK as (NÐ2.

crack length a,

Ao crack length a

(
À

P
S

2 X

Residual
strength

(pr)

(Pr) 
z

r = --Ju- X2 + P,
(N ¡)',

(Pr) 
t

N1

K

(Nr r) (Nr)z

N2

(4 1)

N'
1

Number of cycles (N)

Fig.4.3 Reduction in strength of a component showing non-linear variation

Substituting the boundary conditions of the curve EJ, Y:0, X:(NÐl, and X:0,

Y=Ps in the Eqn,Y:gX2+F, the values of g and F are obtained as g:-P/(Nr)2r and F:P. to

obtain the residual strength equation as

Ao
1

crack gth

^P1

en ax
N2

H

J
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Ch4.Determining the reduction in strength

Similarly, the equation of the curve EK can be obtained by substituting the condi

Y:0, X:(N¡)2 and X:0, Y:P, and is given as

I

Y=-e#jx'+P, (4.2)

(4 4)

Let the first block of fatigue loading applied be of N1 cycles with a stress range

Âol. Let the initial crack propagate due to the application of this block to the crack

length a* and let the residual strength altha| crack length is denoted by (Pdt. As the

stress range is Aor, the reduction in strength of the component can be derived using the

curve EJ in Fig.4.3. Substituting X=N1 and Y:(Pr)t in Eqn.4,1 one can obtain

P" - (P.), N?

P" (Nf)? (4.3)

Denoting the reduction in strength Pr-(P6)1 by ÀP1, Eqn.4.3 can be written as

LP, Ni
P" (N f)?

where the relationship between the parameters inBqn.4.4 is shown in Fig.4.3. Hence after

the application of the first block of loading ofNl cycles of stress raîge Ao1 the component

has lost AP1 of its strength and the condition of the component is represented by the point

F in Fig.4.3.

Let us assume that the component now is subjected to a second block of fatigue

loading consisting of N2 cycles at a stress range Lo2. The reduction in strength due to

this stress range is given using the envelope EK in Big.4,3 Fig.4.3 shows that the point H
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Ch4.Determining the reduction in strength

in the curve EK corresponds to the same residual strength (Pm)t as the point F in curve

EJ and as the residual strength is the same the crack length must be the same at a* . Thus

the application of the stress range Ào2 will now cause the strength to reduce along the

curve EK starting from the point H. The number of cycles corresponding to the point H in

curve EK is denoted as N'1. Substituting the coordinates of the point H which are (P-)1

and N'1 in Eqn.4.2 gives

(P\.=- P" Ni'+P\_mlr 
(N¡)z r j

(p,), = -ffiWt+ N,)2 + P,

Let us assume that after the application of the block of loading of N2 cycles, the

component reaches position I in Fig.4.3 lhat corresponds to the residual strength of

(P*)Z Substituting the coordinates of I which are (P.)2 and (¡¡¡ +Nz) in Eqn.4.2 gives

(4 s)

(4.6)

(4.7)

(4 8)

P
J

(N ìi

Denoting in Eqn.4.7 the reduction in strength (Pm)t-(Pm)2 as LP2, F,qn.4.7 can be

written as

LP, Nl -zN'rN,

Subtracting Eqn.4.6 from Eqn.4.5 gives the reduction in strengfh (P''')1-@m)2 as

(p.), - (P,), _ N: -zN N,

P, (N ):
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Ch4.Determining the reduction in strength

It can be seen from Fig.4.3 that N'1 in Eqn.4.8 is the number of cycles of a single

stress ran1e Lozthat is required by a component with an initial crack length a¡ to increase

in size to a crack length a* at which crack size the residual strength is (P-)1. Application

of the first block of the stress range Ao1 of N1 cycles also causes the initial crack length a¡

to increase in size to a crack length a" as shown in Fig.4.3. The value of the number of

cycles N1 is obtained using Eqn.3.4 as

da
N,

c(no,uJ-na)'

and the value of the number of cycles l/i is obtained from Eqn.3.4 as

a,

=J
ai

Ni=
aÍ

J
ai c(t^o,tvtJtta)'

dø

(4 e)

(4 lo)

(4 11)

In both cases the crack length propagates from a¡ to a*. However the stress range

applied in the case of N'1 is Ao2 while Ao1 is the stress range in the case of N1. The

values of the magnification factor M and the constant m in Paris' equation is the same for

both cases. Dividing the value of N'1 in Eqn.4.10 by the value of Nr inF,qn.4.9 we get

¡¿ =l4gl xr/,' \aor) '

Substituting N'1 in Eqn/.l1 into Eqn.4.8 gives
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Ch4.Determining the reduction in strength

ao-, I
-Lo, 

)
N:

3

- ./- N2
AP, (4.r2)
Ps

(N r):

It can be seen from Eqn.4.IZ lhat the reduction of strength APz due the stress

range Lo2 depends not only on the N2 cycles applied but also on the N1 cycles applied

earlier. Hence for the quadratic residual strength curve, when a number of blocks of

different stress raîge are applied, the reduction in strength for a given block depends on

the stress ranges and number of applications ofthe previous blocks.

4.3.2. Linear Curve

An investigation similar to the case of the components that showed nonJinear

residual strengthvariations in Section 4.3.1 has been caried out forthe idealised welds in

Section 3.4 that has a linear residual strength variation. Consider an idealised component

with an initial crack length a¡ and an initial strength P. that is subjected to two different

stress ranges Ao'1 and Lo2. Fig.4.4 shows the residual strength variations if the

component was subjected to only a single stress runge Ao'1 or to only a single stress range

Ao2 of fatigue loadings throughout their lives. The curve AX gives the variation of the

residual strength for the stress range Ao1 while the curve AZ gives the variation for the

stress range Lo2. Let the corresponding asymptotic endurances be (NÐ: and (N¡)4.

The equation of alinear curve can be given by Y:mX+C where Y is the residual

strength and X the number of cycles. Substituting the boundary points Y: 0, X: (NÐ¡

and X: 0, Y: P, the linear residual strength variation of the curve AX is given by the

equation

¡/t
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while the equation of the curve AZ canbe obtained by substituting Y:0' X:(N¡)4 as

Ch4.Determining the reduction in strength

(4.13)

(4 ls)

(4 16)

(4.r4)

Let the first block of fatigue loading that is applied be N3 cycles aI arange Ào1 so

that the strength of the component reduces by ÀP3 as shown inFig.4.4. Substituting P--

P.=ÀP3 and X:N3 into Eqn'4.13 gives

AP.. À¡,

P, (1/¡):

After losing AP: of its strength due to the application of the first block of loading

the condition of the component is represented by the point B in Fig.4.4. The component

at this stage is subjected to a second block of fatigue loading consisting ofN4 cycles at the

stress range Lo2. The reduction in strength due to the second block of loading can be

calculated using the residual strength curve AZ. Figure 4.4 shows that the point D in the

curve AZ corresponds to the same residual strength and hence crack length as the point B

in AX. Thus application of the stress range Ao2 causes the strength to reduce along AZ

starting from the point D. Hence if the reduction in strength due to the application of

stress raîgeAo2 is given as ÅP4, then substituting AP4 and N4 in Eqn.4.15 gives

LP4 N4

P, (N¡)+

Adding Eqns.4.15 and 4.16 gives
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P" P" (ff¡)a (N¡)+

Ch4.Determining the reduction in strength

(4.17)

Z

(Nr)¡ (N 
r)+

Equation 4.17 shows that the reduction in strength for a given stress range is solely

dependant on the number of cycles of the stress range applied and the corresponding

asymptotic endurance. Therefore, the reduction in strength for a linear residual strength

variation is independent of the sequence of loading.

The investigation in the Sections 4.1 and 4.2 on the reduction in strength with

linear and non-linear residual strength variations was carried out with blocks of cyclic

loads.

Ps

^P 3

Residual
strength

(PJ

P
4

2

N

tL_ _\J
'-N /l

3 4

Number of cycles (N)

Fig.4.4 Reduction in strength of a component showing a linear variation
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Ch4.Determining the reduction in strength

In Section 4.2 results were obtained for equal blocks with equal stress ranges while in

Section 4.3 results were obtained for unequal blocks with the magnitude of stress ranges

varying from one block to another. The smallest block in both cases could consist of a

single cycle. The investigation of equal blocks therefore is applicable to individual cycles

with unequal stress ranges. Hence for components with a nonJinear residual strength

variation, the damage caused by a cycle depends on the previous history of stresses

applied. Therefore in order to calculate the reduction in strength due to the cycles applied

in the end, the reduction in strength due to the cycles applied earlier must be calculated,

thus making the procedure increasingly complex. Furthermore if the order of the

application of the cycles were altered, this would mean that the residual strength variation

would alter considerably and would have to be recalculated, since the reduction in strength

due to each cycle would depend on all the previous cycles applied' However for idealised

components with linear curves, the change in strength for a given stress range does not

depend on the previously applied stress range. The damage due to a stress range is

discrete and independent of other load applications. Therefore the total reduction in

unstable crack propagation strength is a summation of the reduction in unstable crack

propagation strength for each individual stress fange. Any change in the order of

application of stress rangedoes not alter the total reduction in unstable crack propagation

strength.

4.4. Fundamental equations of a linearised system

Since linear residual strength curves have been shown to be much easier to deal

with in Section 4.3, anassessment procedure is developed in chapter 7 thaf is based on

linear curves. The basic equations for assessing a single linear residual strength variation

are determined here.
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Ch4.Determining the reduction in strength

The reduction in strength for a component showing a linear residual strength

variation is independent of the sequences in which different cycles are applied. Therefore

these cycles can be rearranged into a number of sequences for easy calculation' For

example if there are X different stresses acting on a component, these stresses can be

grouped in X blocks. The reduction in strength due to two different blocks of loading is

given by ¡,qn.4.l7. A general damage accumulation equation is formed by extending

Eqn.4.17 to accommodate X blocks of ranges. If the reduction in strength due to stress

ranges Âo1 applied for N1 cycles is AP1, stress ranges Ao2 applied for N2 cycles is AP2,

stress ranges Äo3 applied for N3 cycles is AP3 etc' then the total damage for X stress

ranges is given by

AP AP"
l,Lt

P, P,

(4.18)

(4 le)

or

îo¿ _s_L
i=1

i=l

P,

Equation 4.19 gives the reduction in total strength of a component by summing up

the reduction caused by each stress range. However in actual practice a weld in a bridge

will be subjected to an extremely large number of stress ranges and to calculate the

reduction in strength of the component for each individual stress range can be

cumbersome. An efficient method is to calculate an equivalent single stress range which

will cause the same reduction in strength as all the stress ranges put together. Equation

4.19 canbe written in terms of the stress ranges applied by substituting the value of the

asymptotic endurance (Nfi from F,qn.3.22 and rearranging to give

108



Ch4.Determining the reduction in strength

i o¿ __ 
P,1M'Y''' Ja, I Lr, (¡o.,),

,=I L i=l

(4.20)

where P5, C, M and ai are constants for the given component. Hence the reduction in

strength for a given component depends on the summation of the number of cycles times

the cube of the stress raîge. This reduction in strength can also be written in terms of a

single equivalent stress range Ao. as

P,CM,fi,,,,{Ç
tAP' = (¡o")'),n'r,
l=x

i=1 i=l

(4 2r)
2

Equating Eqns. 4.20 and 4.21 gives Ao. as

Ï¡r,(¡o,)'
(Lo 

")t -
i=l

Nn

(4.22)

where N" is equal to the summation I¡f, , the total number of cycles applied' The

i=l

equivalent stress raîge ao. can now be used to find the residual strength variation of the

welded component having a linear residual strength variation. For a linear residual

strength curve as shown in Fig.4.1, the residual strength P- after the application of Ns

number of cycles can be given in terms of the static strength P, and the asymptotic

enduranse N¡for the equivalent stress range Ao" as follows

(4 23)

109



Ch4.Determining the reduction in strength

Equation 4.23 canbe modified to give a simple equation to find the increase in

crack length" For example substituting P- for o¡in Eqn'3'1 will give the size of the crack

rrl¡ Similarly substituting P, in place of o¡ will give the initial crack ai. Therefore

F;qn.4.23 can be written as

-Nu
(4.24)

Nr

where ai is the initial crack length (corresponding to strength Ps), M, the magnification

factor at the crack length ai and a. is the intermediate crack length (corresponding to the

strength Pm), M- the magnification factor at crack length a1¡, after application of N"

cycles. If we know that the residual strength variation of a component is linear' F;qn'4'24

gives a simple way of calculating the crack length rather then use crack propagation

equattons.

4.5 Conclusions

The reduction in strength of components showing alinear or a nonlinear residual

strength variation under a single stress raîgewas discussed in this chapter' It was shown

that when the residual strength curve is non-linear, the reduction in strength depends on

the previous stress ranges to which a component has been subjected' The reduction in

strength, therefore, must be calculated by considering each cycle in the sequence of stress

ranges. This makes the calculation for the reduction in strength difücult and cumbersome'

particularly for the case when the component is subjected to a large variety of stresses'

Also cycle by cycle account of the stress history of the component is often not available'

Load spectrums that are generally available only provide the number and frequency of

stresses aclingon a component rather than a cycle by cycle stress history' Since these
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Ch4.Determining the reduction in strength

stresses can be arrangedin alatgenumber of sequences a lafge number of solutions can be

obtained for the case ofa nonJinear curve'

However when the residual strength curve is linear, the reduction in strength for a

individual stress range does not depend on the previous stress ranges applied' The

reduction in strength for each individual stress range can therefore be found out

separately. The total reduction therefore is a summation of the reductions due to each

individual stress range. Any change in the sequence in which stress ranges are applied

does not alter the total reduction in strength'

Thepracticalprocedureofassessmentanddesignhasbeendevelopedinthisthesis

that is based on linear residual strength curves. The residual strength variation of welded

components is developed in chapter 5. These curves are nonJinear and hence have been

linearised to provide a simple hand assessment method in Chapter 7 and design method in

chapter 8 for which we do not need to know or calculate for each cycle of stress' Thus

load spectrums which only give the stress ranges and frequency can now be used for

accurate assessment and design of components'
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Ch.5 Residual strength ofwelded components subjected to constant amplitude loading

Chapter 5

Residual strength of welded components
subjected to constant amplitude loading

5.1 Introduction

In Chapter 3 the residual strength variation was determined for an infinitely wide

plate with a centre crack and an idealised component failing by unstable crack

propagation. It was discussed that when a component containing a crack is subjected to

fatigue loading, the primary effect of such loading is the propagation of a crack. Crack

propagation laws were used to find the crack length of a component during the fatigue

life. The crack length of a component being known, the residual strength variation was

determined. The residual strength variation was obtained in Chapter 3 as a closed form

solution (Section 3.4) for idealised components in which the magnification factor M is

constant. The mode of failure considered was unstable crack propagation.

In this chapter, a procedure for determining the residual strength variation of a

welded component when subjected to constant amplitude cyclic loading is discussed and

the reduction in strength due to variable loads will be discussed later in Chapter 7. The
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Ch.S Residual strength of welded components subjected to constant amplitude loading

method developed considers welds to have an initial crack as discussed in Section2.4 and

hence the entire life is spent on crack propagation. An assumed value of the initial crack

length is used in this chapter which will propagate with the application of fatigue loading

as given by the crack propagation laws in Section 2.5.L The crack length of a component

being known the residual strength can be determined.

For the idealised components in Chapter 3, the value of M is constant and

therefore the residual strength variation can be given as a closed form solution. However

for real welded components, the value of the magnification factor M will vary with the

crack length as shown by Figs. 2.16,2.17 and 2 18 Therefore it is necessary to determine

the residual strength of welded components by numerical integration where small

increments in crack lengths are considered within which the value of M is taken as

constant.

In Chapter 3, the mode of failure considered was unstable crack propagation

failure. However as discussed in the literature review (Section 2.6.2), welded components

can fail either by unstable crack propagation failure or by plastic deformation failure. The

residual strength variation has, therefore, been determined in this chapter for both unstable

crack propagation failure and plastic deformation failure, and factors affecting these

curves have been discussed. In order to determine the actual constant amplitude residual

strength envelope, the unstable crack propagation envelope and the plastic deformation

envelope have been superimposed and the lower bound of these two envelopes gives the

strength of the component. The variation of the actual constant amplitude residual

strength curve with the material of the component, the loads applied, the rate of

application of loads and with the temperature is also discussed.
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5.2 Determining the Residual Strength Curve

In order to determine the residual strength variation of an idealised component in

Chapter 3, the variation of crack lengths was first found using crack propagation

equations (Eqn.3.19). The residual strength of a component was then determined from

the known variations of the crack lengths. A closed form solution of the variation of

residual strength with number of cycles could then be obtained in Eqn 3.20, unlike welded

components the magnification factor M did not depend on the variation of the crack length

'a'. However, in the case of real welded components the variation of M with the crack

length 'a' is quite complicated as shown by Eqn.2.8. Therefore, a closed form solution

does not exist for the integral formed by substituting M as a function of 'a' in Eqn.3. 19 and

hence a method of numerical integration has to be adopted. In the numerical analysis, the

number of cycles is determined for small increments in crack length and within each

increment the values of M is assumed to be constant. It is worth noting that this technique

is a method of approximating the nonJinear curve into small linear portions, a technique

earlier discussed in Section 3.4, and developed further in Chapter 7.

The number of cycles Nin required by a component to propagate through a crack

increment can be derived from Paris' equation (Section 2.5). In Chapter 3 it was shown

that by integrating Paris equation we can get Eqn. 3.19 which gave the number of cycles

required for a crack to propagate from a initial crack length ai to any intermediate crack

length a*. Here, the number of cycles required by a crack to propagate through an

increment, from an intermediate crack a* to a crack length âx+r is given by

da (5 l)
ot+I

J
q,

N,, =
C(M*-(,*r)LoJn¡'

rt4
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where ax and ax+l are the orack lengths at the start and end of the increment and

Mx_(x*t) is the average value of M for the increment and any range Ao is the constant

amplitude stress range applied. If we consider a component with an initial crack length a¡

(Fig.5.1) then the crack length after the first increment will be a1:a¡*Aa where Aa is the

increment of crack length considered. The crack length after the second increment will be

a2:ai-r2¡,a and so on. The number of cycles N1 required by the crack to propagate

through the first increment can be determined by substituting a*:a¡ and a¡+1:a1 in

Eqn.5. I . The number of cycles N2 required for the crack to propagate through the second

increment is obtained similarly by substituting a*:a1 aîd ax+l:a2. The strength of the

component is found after each increment in crack length using Eqns.2.24,2.26 and 2'27.

The strength of the component at cracklength a1 is given by the point A in Fig.5.1 and the

strength of the component at crack lengths a1 and a2 are shown as points B and C. The

procedure can be repeated to determine the number of cycles required by cracks to

propagate through increments are calculated till the crack propagates through the

thickness 't' of the component. At this stage the strength of the component is zero as

shown by the point D in Fig.5.1. All the strengths obtained due to the different crack

lengths are joined by straight lines to get the residual strength variation as shown in

Fig.5.1.

In the example considered in this chapter, the components are considered to have

an initial crack length of 0.25 mm and subjected to a stress range of 20 Nimm2. The stress

range applied is however not important for assessment purposes since residual strength

curves for this stress raîge can be non-dimensionalised as shown in the next section and a

non-dimensionalised curve can be used to determine the residual strength variation for any

other stress range.
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length

Crack length
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Fig.5.l Determining the residual strength of welded components

5.3 Non-dimensionalisedresidualstrengthcurve

The equations used to determine the residual strength curve are Eqn.5.1, which

gives the number of cycles required by a crack to propagate through an increment and

Eqns. 2.24, 2.26 and 2.27 which gives the unstable crack propagation and plastic

deformation strength of a component at a given crack length. It can be seen from Eqns.

2.24, 2.26 and 2.27 that the strength of a component depends on the crack size.

Furthermore, it can be seen from Eqn,5.1 that the number of cycles required by a crack to

propagate by an increment depends on the cube of the stress range. Hence if a different

stress range is applied to the same component, the ordinates of the residual strength curve

a

/

t

D
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Ch.5 Residual strength ofwelded components subjected to constant amplitude loading

such as those in Fig.5.1 will be unchanged. As the number of cycles required by the crack

to propagate through each increment depends on the cube of the stress range then the

total number of cycles required by an initial crack to propagate through the thickness of

the component will depend on the inverse of the cube of the stress raîge. Hence the

asymptotic endurance (Section 2.8.I.1) will also depend on the inverse of the cube of the

stress fange.

The variation of the residual strength curve with stress range was discussed in the

previous paragraph. The discussion is carried further by non-dimensionsalising the

residual strength curve shown in Fig.5.1, In order to determine the ordinates of a non-

dimensional residual strength curve, Eqn.5.1 can be written below in the following form

N,,
D (s.2)

(^"-)'

where

C(*1,_r,.rrJrt)
(s 3)

The value of D is independent of the stress range applied and for a given component

depends only on the initial and final crack length of an increment. If we denote the value

of D as D1 for the first increment, D2for the second increment and so on, then the value

ofD required for a crack to propagate from the initial crack length a¡ to the crack length

al caîbe given as D1, and for the initial crack length to propagate to a2 as D1+D2 and so

on. Thus if n increments are required by the initial crack to propagate through the plate

thickness, then the value of D required can be given as D1+D2+..+Dn.

daD= I
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These values of D can be substituted in Eqn.5.2 to give the number of cycles

required by the initial crack to propagate through various increments. Thus the number of

cycles required by the initial crack to propagate to the crack length al caîbe given as

N (5 4)

A,O)

Fig. 5,2Non-dimensional residual strength curve

and the number of cycles required by the initial.crack to propagate to the crack \engfh a2

can be given as

D1

(
3

Crack length

a i Crack length

1.0 / a1
K

Crack length

a2
I

Residual
strength /
Maximum

Crack length

t

Nr/Nt 1.0

(N1+N Ð/N r

Number of cycles/Asymptotic endurance
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¡r/ + (s 5)

while the number of cycles required by the initial crack to propagate through the thickness

of the component can be given as

Nz
Dr+D,

^o)
(

(s 6)

where ñ is the asymptotic endurance. If the residual strength curve due to the stress

range Âo in Fig.5.1 is non-dimensionalised as in Fig.5.2, then the abscissae corresponding

to crack length âr cârl be derived from Eqns. 5 .4 and 5,5 as

N' Dl (s 7)
Nr Dr+Dr+..+Dn

Similarly the abscissae corresponding to the crack length aZ can be derived from Eqns.5.5

and 5.6 as

4+Nr-
Nr

(s 8)
D, + Dri..Dn

and so on.

The values of NrA{r and (Nr+Nz)/l{r in Eqns.5.7 and 5.8 depends only on the

values of D and since values of D is independent of the stress ratrge, the values in the

abscissae of a non-dimensional residual strength curve is independent of its stress range.

The ordinates of a residual strength curves are given by Eqns. 2.24,2.26 and 2.27 which

does not depend on the stress ranges. The ordinates has been non-dimensionalised in

+
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Fig.5.2 by dividing the values of residual strength on the Y-axis by the maximum residual

strength. The non-dimensionalised residual strength curve has been used to develop a

design procedure in ChaPter 8.

5.4 Unstable crack propagation envelope

The method of determining the general residual strength variation of a component

that is described in Section 5.2,has been used here to specifically determine the residual

strength variation of a component for unstable crack propagation failure. The component

is considered to have an initial crack length of 0.25 mm. Increments of 0.25 mm are then

taken and the number of cycles required by a crack to propagate through each increment is

calculated using Eqn.5 . I . Then the strength of the component at the start and end of each

increment is found out using 8qns.2.24,2.26 and 2.27 to determine the residual strength

variation. This is carried out till the crack reaches the thickness of the component.

The variation of the crack length with number of cycles and the variation of

residual strength with number of cycles is found for a stiffener weld and cover plate of A

36 steel and 4340 steel. A 36 steel is a steel of the ferrite-pearlite type and has a tensile

strength of 412 N/mm2, a fracture toughness of 1400 ¡7rn-312 (Section 2.6.2.2.1) the

value of the constant m inParis'Equation (2.1g) of 3 and a value of C:2.3 xl0-13 (Section

2.5.1). The 4340 steel falls in the martensitic class and has a tensile strength of 1450

N/mm2 and a fracture toughness of 1470 N/mm3/2 (Section 2.6.2.2.1), a value of mof 2.25

and a value of C of 2 x 10-10 (Section 2.5.1). The dimensions of the stiffener weld and a

cover plate and the corresponding values ofM used has been provided by Albrecht and

Yamada (Fig.2.l6 and2.l7). Figures 5.3a gives the variation of crack length of a stiffener

weld with number of cycles while Fig.5.3b gives the variation of residual strength with

number of cycles for a stiffener weld. Figure 5.4 gives the residual strength variation of a
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oover plate of A 36 steel. Figure 5.5 gives the residual strength variation of a stiffener

weld for 4340 steel. It is to be noted that the value of the residual strength of a

component in Figs.5.3 to 5.5 are based on unstable crack propagation. The residual

strength also depends on the plastic deformation strength, and it is lower of these two

strengths ie. the unstable crack propagation strength and the plastic deformation strenglh,

which is the actual strength of the component.
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Factors affecting the Unstable Crack Propagation Envelope

The failure envelope due to unstable crack propagation is obtained by using Eqns

5.1 and 2.24. ]Hence the residual strength variation would depend on the parameters given

by these equations which are the stress range Ào, the magnification factor M' the fracture

toughness K1ç and the constants m and c. The effect of the stress raîge ao on the

residual strength curve has already been discussed in Section 5'3' The effect of the

magnification factor M and fracture toughness will be discussed later in Section 5'4'1'1

ard 5.4.1.2.

5.4.1.1 variation of the unstable crack propagation curve with the constants m and

The value of m and c will vary only if the type of steel is martensitic instead of

ferrite_pearlite. Fig 5.3 shows the residuar strength variation of the stiffener weld of

ferrite_pearlite steel (A_36) while Fig 5.5 shows the residual strength variation of the same

stiflener weld composed of martensitic steel (4340 steel)' It can be seen that the

asymptoticenduranceofacomponentofmartensiticsteelismuchsmallercomparedtothe

asymptotic endurance of a component of ferrite pearlite steel' Since the value of C of a

component of martensitic steel is much larger compared to that of ferrite pearlite steel'

there is a corresponding variation in the value of the asymptotic endurance'

C.
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Ch.5 Residual strength ofwelded components subjected to constant amplitude loading

5.4.l.2Variation of the unstable crack propagation curve with the magnification

factor M

The magnification factor M of a oomponent has been given by (Eqn.2.8) Albrecht

and Yamada by the equation

M = FrFrF"Fo (s s)

It was discussed in the literature review (Section 2.3.3.2) that the factors FW,FS

and FB, i.e. the width correction factor, the surface correction factor and the elliptical

crack front correction factor only depend on the crack length 'a' as shown by Fig.2.I6a

and is unchanged when there is any variation in the shape or type of component. The only

remaining factor is the geometry correction factor Fç.

The geometry correction factor is given by the Eqn.2.l3. As can be seen from the

equation, the correction factor depends on the variation of stress o6¡. This is the stress

acting along the uncracked portion of the component where the crack is expected to form.

This distribution of stress would depend on the geometry of the component. Hence for

different geometries, the distribution of stress along the section where the crack is

expected to form varies causing a change in the geometry correction factor which causes

the magnification factor M to change which in turn causes the residual strength to vary.

Fig 2.16b gives the variation of stress concentration acting on a section A-A of the

stiffener weld and Fig. 2.16a gives the corresponding values of M for the stress

distribution along A-4.

In order to investigate the variation of the geometry correction factor Fc, with the

variation of stresses acting on the section A-A of a stiffener weld, several different stress
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ch.S Residual strength ofwelded components subiected to constant amplitude loading

distributions have been applied. The variation in stress concentration for different stress

distributions along the thickness of the component is shown in Fig'5'6 Series I does not

consider any stress concentration at all while Series 2 and 3 consider higher stress

concentration at the edges. A change in stress distributions causes the geometry

oorrection factor to change which results in a corresponding variation in the value of M

and hence in the residual strength variation'

5.6 Stress concentration

Fig.5.7 Variation of geometry correction factor
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Ch.5 Residual strength of welded components subjected to constant amplitude loading

Figure 5.7 shows the values of the geometry correction factor for the three series

considered. It can be seen that when there is no stress concentration (Series l) along the

section where the crack is expected to form then the value of F6 remains at 0.91. It can

also be seen that a higher stress concentration near the surface of the component (Series 2

and 3) causes F6 to be higher in the initial stages of crack growth while there is no

significant change for the remaining period of the fatigue life. When the values of Fg are

high the corresponding values of M will also be high since the other correction factors do

not change for a given shape or type of component. Equation 2.24 shows that large

values of M will cause the residual strength due to unstable crack propagation to be lower

in the initial part of the fatigue life. Equation 3.19 shows that the crack will propagate

faster during the initial stages of the fatigue life when the value of M is high'

5.4.1.3 Variation of the unstable crack propagation curve with fracture toughness

The strength of a component due to unstable crack propagation depends on its

fracture toughness as shown by 8qn.2.24. It was earlier discussed in the literature review

(Section 2.6.2.2.1 and Section 2.6.2.2.2) that fracture toughness varies with thickness,

temperature and rate of loading. Hence the residual strength due to unstable crack

propagation will also depend on the thickness, temperature and rate of loading which are

discussed here in detail.

5.4.1.3.1 Variation of unstoble crack propagation curve with plate thickness

As discussed in Section 2.6.2.2.1 of the literature review, the fracture toughness of

a component reduces as the component becomes thicker. A smaller value of fracture

toughness in 8qn.2.24 causes the residual strength to reduce. Hence the thicker the
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component the lower the value of fracture toughness and the corresponding residual

strength. ds the thickness of the component increases a value of the thickness is reached

for which the fracture toughness called the plane strain fracture toughness is the lowest

value of fracture toughness for any thickness. The plane strain fracture toughness when

used in 8qn.2.24 gives the lowest value of the unstable crack propagation strength of a

component. For calculation purposes, the plane strain fracture toughness which is readily

available, has been considered throughout the thesis and any variation of fracture

toughness with thickness has not been taken into account. Hence the analysis procedure

followed here will accurately analyse thick plates while the analysis will be conservative

for thin plates.

5.4.1.3.2 Variation of unstable propagation curve with temperqture

The fracture toughness of a component decreases with a fall in temperature as

discussed in Section 2.6.2.2.2. Figures 2.25, 2.26 and 2.21 show the variation of the

fracture toughness of A 3 6, A572 and 5 1 7 F steel with temperature. The values of the

fracture toughness of A 36 steel as given inFig.2.25 have been used to determine the

variation of residual strength of a stiffener weld with temperature in Fig.5.8. It can be

seen that the strength of the component at -184o C is almost half its strength at 16'C.

Thus a reduction in temperature causes a considerable change in the unstable crack

propagation strength of a component. The effect of this change in temperature on the

actual residual strength curve will be discussed later in Section 5.6.1.2.

5.4.1.3.3 variation of unstable crack propagation cutye with rate of loading

The fracture toughness of a component decreases with an increase in rate of

loading as discussed in Section 2.6.2.2.2. Figs.2.25, 2.26 and 2.27 give the variation of
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Ch.5 Residual strength ofwelded components subjected to constant amplitude loading

fracture toughness of A 36, A 572 and 517 F steel with rate of loading. The residual

strength variation of a stiffener weld of A 36 steel with rate of loading is shown in
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Fig.5.8 Temperature effect on unstable crack propagation envelope of a stiffener weld of

A 36 steel

Fig.5.9. It can be seen that the strength of a component decreases by almost one third

with an increase in strain rate from l0-5/s to a strain rate 10/s. Hence there is a

considerable variation in the unstable crack propagation strength of a component with a

change in the rate of loading. The effect of this change in rate of loading on the actual

residual strength curve has been discussed later in Section 5.6.1.2.
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5.5 Plastic deformation failure

As discussed in the literature review, that even though fracture mechanics theory

gives the unstable crack propagation strength of a component, failure of such a component

will often occur by plastic deformation (Section 2.6.3). For example, Feddersen (Section

2.8.2) tested centrally cracked thin sheet panels and found that components with small

crack lengths failed due to plasticity while components with intermediate crack lengths fail

by unstable crack propagation. Furthermore, Cox (Section 2.s.3) conducted experiments

with incomplete penetration butt welds and found that components of all crack sizes failed

by plastic deformation. He derived a theoretical model for predicting the plastic

deformation strength against crack length which agreed well with the experimental data.

The model used the weakest section of the base metal to determine the residual strength

\
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Ch.5 Residual strength ofwetded components subiected to constant amplitude loading

for components with smaller crack lengths (Fig.2.37). At this stage the crack length was

considered to be small and any reduction in strength due to the presence of a crack length

was neglected. For larger crack lengths the model used the material properties of the weld

metal to determine the residual strength. The reduction in strength of the component due

to presence of the crack was taken into account at this stage.

The model proposed by Cox to determine the plastic deformation strength of a

component uses the material properties of both the weld metal and the base metal. The

material properties of the weld metal of the component is not commonly known and hence

the plastic deformation strengths have been determined in the thesis using the properties of

the base metal inqqns.2.26 or 2.27. Thus either 8qn.2.26, which gives the strength of the

component according to Von-Mises criteria, or F,qn.2.27, wlttch gives the residual

strength according to Tresca's criteria have been used throughout the fatigue life. The

method proposed is simple as the plastic deformation strength can be given as a single

equation throughout the fatigue life, instead of using different equations for smaller and

larger crack lengths as proposed by Cox. The proposed method is conservative for

smaller crack lengths as compared to Cox's model as it takes into account the reduction in

strength of a component due to the presence of a crack right from the start of the fatigue

life which Cox's model does not. For larger crack lengths the method used is again

conservative compared to Cox's model as it takes into account the material properties of

the base metal which has a lower tensile strength than the weld metal considered in Cox's

model. Hence, the method used here gives more conservative values compared to Cox's

model and therefore can be considered to be safe'

The proposed method for determining the plastic deformation strength of a

component has been used to determine the residual strength envelope in a similar manner

to that of a unstable crack propagation curve earlier described in Section 5.4. Thus the
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residual strength curve is determined by numerical integration in which small increments of

crack length are considered. The number of cycles required by a crack to propagate

through an increment is given by Eqn.5.1. The plastic deformation strength of a

component is found at the start and end of each increment and is given by F,qns'2'26 and

2.27. The number of cycles required by cracks to propagate between increments and the

strengths at the start and end of each increment being known the residual strength

variation due to plastic deformation has been determined The plastic deformation strength

ofastiffenerweldandacoverplateofA36steelisshowninFigs.S'l0and5'11' Fig'5'12

shows the plastic deformation failure envelope for a stiffener weld of 4340 steel.
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5.5.1 Factors affecting the Plastic Deformation Envelope

The factors which affect the plastic deformation envelope of a component can be

obtained from the equations used to determine the envelope' The envelope is determined

by using Eqn.5.1 which gives the number of cycles and Eqns.2 .26 and2'27 which gives

0 00E+00
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material properties C and m and the tensile strength {o. The variation of residual strength

with stress raîge was discussed in Section 5.2' The values of M vary with the crack

length (Fig.2,76,2.17 and 2.18) and when these values are high the number of cycles

required by the component to propagate between increments obtained using Eqn'5'1 is

low while when these values of M are low the number of cycles required by cracks to

propagate between increments arelarge. The change in the plastic deformation curve due

to variation in the material properties C and m can be found by comparing Fig'5 10 which

gives the plastic deformation variation of a curve of ferrite-pearlite steel with Frg.5.72

which shows the plastic deformation variation of a curve of martensitic steel. It can easily

be seen that components of martensitic steel have a shorter life compared to components

of ferrite pearlite steel, A variation in the tensile strength of the component causes the

plastic deformation strength to change. A component with a high tensile strength will also

have a high plastic deformation strength'

The residual strength of a component failing by plastic deformation increases with

a decrease in temperature. The variation of the plastic deformation strength with rate of

loading is not known (Section 2.6.3.2). Here it has been assumed that the plastic

deformation strength of a component does not change with a change in temperature and

rate of loading.

5.6 Residual strength envelope

In Sections 5.4 a.¡1d 5.5, the methods of determining the residual strength variation

for two different modes of failure, namely unstable crack propagation and plastic

deformation were discussed. A component at any period of its fatigue life will fail by the

mode which gives the lesser value of strength. In order to determine the mode by which
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the component fails at a given period of the fatigue life, the residual strengths due to these

two modes must be compared. The lower bound of these two curves gives the mode by

which a component fails'

Since the residual strength variation of a component depends on the comparative

residual strengths of the unstable crack propagation curve and the plastic deformation

curves, residual strength curves in general can be classified into three groups that are

based on a comparison of the two modes. The first group includes residual strength

curves whose plastic deformation strength is lower than the unstable crack propagation

strength and controls failure throughout the fatigue life. The second group would include

residual strength curves whose unstable crack propagation failure strength is lower than

the plastic deformation strength and controls failure throughout the fatigue life. The third

group includes residual strength curves with a mixed mode of failure through both plastic

deformation and unstable crack propagation at different portions of the fatigue life.

The residual strength envelope for a stiffener weld and a cover plate earlier

described in Section 5.4, has been determined here by superimposing the residual strength

curve due to unstable crack propagation (Section 5.4) and the residual strength due to

plastic deformation (Section 5.5). Hence superimposing Fig.5'3 with Fig.5.10 we get the

residual strength envelope of a stiffener weld of 436 steel as in Fig.5.13. As can be seen

from Fig.5.l3, the plastic deformation envelope gives the lower value of strength for a

stiffener weld of A 36 steel and therefore controls failure. Similarly superimposing Fig.5.4

with Fig.5.ll, we get the residual strength envelope in Fig.5.14 of a cover plate of 436

steel which again is controlled by plastic deformation failure. The residual strength

variation for a stiffener weld and a cover plate of A 36 steel therefore belongs to the first

group of residual strength curves described in the earlier patagraph'
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The residual strength envelope of a stiffener weld of 4340 steel is given in Fig.S. 15

which is obtained by superimposing Fig.5.5 with Fig.5.12. As can be seen from Fig.5.l5

residual strength of such a component is controlled by unstable crack propagation for the

major part of the fatigue. As the residual strength curve of a stiffener weld of 4340 steel is

also partly controlled by plastic deformation such a residual strength curve belongs to the

third group which includes components having a mixed mode of failure.
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Fig.5.13 Residual strength envelope for stiffener weld of 436 steel

5.6.1 Factors affecting the Residual Strength Envelope

The residual strength envelope depends on all the factors that affect the plastic

deformation envelope and the unstable crack propagation envelope. These factors have

earlier been discussed in Section 5.4.I and Section 5.5.1. They can be broadly divided

into three categories. The first category includes factors relating to the stresses applied to
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the component, the second category includes factors relating to the material properties of

the component while the third category includes other factors such as temperature and

\
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rate of loading. The effect of the stress Íaîge,which corresponds to the first category, has

earlier been discussed in Section 5.3. The effect of the factors corresponding to the

second and third category is discussed here'

5.6.1.1 Variation of residual strength curve with material properties

It can be seen from Eqns. 5.1, 2.24' 2.26 and 2.27, whtch were used to determine

the residual strengfh envelopes that the residual strength depends on four material

properties: C, fl, the tensile strength {o and the fracture toughness Kr' A variation in C

and m changes only the rate of crack propagation which affects the total life of the

structure as discussed in section 5.4.r.r and Section 5.5.r. The fracture toughness and

the tensile strength of a component on the other hand are related to the strength of the

component. A component of a given crack length would fail by plastic deformation or by

unstable crack propagation failure depending upon the comparative values of the tensile

strength and the fracture toughness. If the value of the fracture toughness is high and

tensile strength is low the component is likely to fail by plastic deformation as in the case

of Fig.5.13 and 5.14 a¡dbelongs to the first case described in Section 5.6' While if the

tensile strength is high and the fracture toughness is low the component is likely to fail by

unstable crack propagation and belongs to the second case described in Section 5'6'

5.6.l.2Variation of residual strength curve due to temperature and rate of loading

It has been discussed in Section 2.6.2.2.2 that the temperature and rate of loading

aflect the fracture toughness of a component. Variation in the fracture toughness causes

the residual strength due to unstable crack propagation to change. The variation of

residual strength due to unstable crack propagation with temperature and rate of loading

was discussed in Section 5.6. A change in temperature and loading rate also affects the
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actual residual strength envelope. A discussion on the variation of residual strength with

temperature and rate of loading is carried out here considering the three groups of residual

strength curves described in Section 5.6.

The first group includes components whose plastic deformation strength is lower

than the unstable crack propagation strength. If the temperature of a component

belonging to this group is decreased or the rate of loading is increased then the fracture

toughness will decrease. A decrease in the fracture toughness will cause the residual

strength of the unstable crack propagation curve to decrease and at a certain stage the

unstable crack propagation envelope will touch the plastic deformation envelope and

failure will no longer be entirely controlled by plastic deformation as shown in Fig.5.16a.

However, until this stage is reached, the failure envelope strengths will be not affected

with a change in temperature and rate of loading. If the fracture toughness decreases

further it will cause the unstable crack propagatìon envelope to occupy alatge portion of

the fatigue life and eventually may end up occupying the entire fatigue life.

The second group includes components whose unstable crack propagation

envelope gives the lower value of strength and controls failure. A decrease in temperature

or increase in the rate of loading will cause the residual strength envelope in Fig'5.16b to

reduce further

The third group includes components whose unstable crack propagation envelope

controls part of the fatigue envelope. A decrease in temperature or increasing in the rate

of loading for such envelope will cause alarger portion of the fatigue life to be occupied

by unstable crack propagation (Fig.5.16c). A further decrease may cause the entire

residual strength curve to be controlled by unstable crack propagation'
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Fig.5.l6c Variation of residual strength curve of third group with change in

temperature and rate of loading

The variation of residual strength with temperature and with rate of loading is of

extreme practical significance as it causes the strength of a component to change. For

components included in the first group, tf a change in temperature or rate of loading

causes a portion of the unstable crack propagation curve to go below the plastic

deformation curve as shown in Fig.5.l6a then for a component at the stage AB of its

fatigue life, the strength decreases and the component is able to sustain a lesser maximum

load. An example is shown in Fig.5 . I 8. It can be seen that at a temperature of -45" C and

a strain rate of 20 strains/s the unstable crack propagation curve of a stiffener weld of A

517 F steel falls below the plastic deformation curve. In the case of components

belonging to the second group, a change in temperature and rate of loading will cause the

unstable propagation envelope to reduce (Fig.5.16b) so that the component is able to

sustain a reduced maximum load for the entire period of the fatigue life. In the case of

components belonging to the third group shown in Fig.5.l6c a decrease in the unstable
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crack propagation failure will cause alarger portion of the fatigue life to be controlled by

unstable crack propagation failure and the strength of the portion controlled by unstable

crack propagation will reduce (BC in Fig 5' l6b)

Thus for components subjected to fatigue loading the strength of the component

during the fatigue life may reduce with lower temperature and higher rate of loading'

However often the maximum loads that can be applied to a component are calculâted

based on its strength at room temperature. If one keeps on applying these loads to the

component at significantly lower temperatures and higher rates of loading than the actual

strength of the component will have reduced compared to its strength at room

temperature, and the component might fail'

Failure of welded components at low temperatures and high rates of loading

especially in ships (section 2.6.1) is well documented. It is suggested that such failure

occurs as the loads that were applied to such a component were based on its strength at

room temperature, but the actual strength of a component at low temperature and high

rates of loading is much lower. The above procedure, which determines the strength of a

welded component at a given temperature and loading rate at' any period of the fatigue life

can be used to predict the strength of a component and prevent such failure'

The lowest temperatures ever recorded is around -65" C while the maximum strain

rate for bridges is around tO-3/s (Section 2.6.2.2.2). Figure 5.17 and Fig.5.18 show the

residual strength variation of a stiffener weld of A 36 steel and A5I7 F steel at a

temperature of -73" C and a strain rate of lo-l/s. The curves can therefore be considered

as the most conservative. It can also be seen from Fig.5.17 that the plastic deformation

strength of a stiffener weld of A 36 steel will give lesser values of strength compared to

the unstable crack propagation curve even under the most conservative conditions. Hence
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ch.5 Residual strength of welded components subiected to constant amplitude loading

a stiffener weld of A 36 steel is a type of component whose plastic deformation envelope

will always control failure. Figure 5.15 shows that the residual strength variation of a

stiffener weld of 4340 steel is controlled entirely by unstable crack propagation failure'

The design of a stiflener weld oî 4340 steel in a bridge, therefore can be carried out based

on the variation of its strength with temperature and rate of loading' Its most conservative

strengths in summer and winter can be determined and loading allowed on the bridge

duringSummerandwintercanbebasedonthesestrengths.
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5.6.1.3 Crack lengths at which mode changes

Among the three groups of residual strength curves discussed in Section 5.6 there

is no change in the mode of failure during the fatigue life for the first and second group

since failure is controlled by one mode. However as the third group includes curves with

a mixed mode of failure, there will be a change in the mode of failure at an intermediate

stage of the fatigue life for components corresponding to this curve. The residual strength

curve due to unstable crack propagation and due to plastic deformation when

superimposed will show the change in the mode of failure of the component (Fig 5.16c).

The crack length at which the mode changes can be determined by equating the failure

equation for both modes. Thus Eqn.2 .24 canbe equated with Eqn.2.26 and 2.27 to give

the crack lengths at which the mode changes.

5.7 Conclusions

A procedure of developing the residual strength variation of welded components

under constant amplitude loading has been discussed in this chapter. The method involved

determining the residual strength variation due to unstable crack propagation and due to

plastic deformation using numerical integration. These curves were superimposed and the

lower bound gave the mode of failure and actual residual strength of a component. The

residual strength is also found to depend on such material properties as the tensile strength

and the fracture toughness of the component. It was also found that the residual strength

variation of welded components can decrease sharply with low temperatures and with high

rates of loading.
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Components in practise afe subjected to variable amplitude loading' The constant

amplitude curves developed here has been used to find the reduction in strength of

components subjected to variable amplitude loading in Chapter 7 and to design

components subjected to variable loading in chapter 8. The procedure developed involves

linearising the unstable crack propagation curve to find the unstable crack propagation

strength and crack lenSh of a component subjected to variable loads' The plastic

deformation strenglh is found from the crack length and is compared with the unstable

crack propagation strength, the lower value giving the residual strength of a component'

A discussion on how the factors such as materials, temperature and rate of loading will

affect the residual strength of a component subjected to variable amplitude loading is

carried out in Section 7.5.2
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Chapter 6
Adapting SN curves for determining the
initial crack length

6.1 Introduction

In the previous chapter, the procedure for determining the residual strength

variation of welded components using fracture mechanics was discussed. Examples of the

variations of residual strength were shown for components with an assumed initial crack

length of 0.25 mm. However, the variation of the residual strength of a component during

the fatigue life can only be determined if one knows the actual initial crack length of the

component. Such data on the initial crack lengths of components is not available at

present. However, a large amount of data is readily available on the fatigue life of

components. SÆ.{ curves are based on such data and have been used to determine the

initial crack lengths of components.

Once these initial crack lengths are determined, they can be used to find the

residual strength variation of components for constant amplitude loading as was earlier

described in Chapter 5. These residual strength curves have been linearised and adapted
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for variable amplitude loading to assess and design components as described in Chapters 7

and I. A method of design and assessment has, therefore, been developed that uses SA{

curves to define both the start and end of the fatigue life and uses fracture mechanics to

define the condition of a component within these boundaries.

The procedure that has been developed can also be seen as an advancement over

present methods of design that solely use SÀ{ curves. As procedures using SÀ{ curves

give only the start and end of fatigue lives, they are ineffective in determining the

condition of a structure during the fatigue life. Thus a technique of design that combines

S/1.{ curves, which gives the limits of the fatigue life, with fracture mechanics, which

provide the analysis within the fatigue life, is more effective than present methods. It

integrates fracture mechanics with SA{ curves so that they complement each other and

makes the best possible use of the current information to develop a fatigue design and

analysis procedure.

In this chapter, it will be shown how SA{ curves can be used to determine the

initial crack lengths of components. The procedure developed here is applicable only for

components of structural (ferrite-pearlite) steel for which the value of m in Paris' equation

is 3. The initial crack lengths have been determined by a analytical and a graphrcal method

from the fatigue life obtained from S/1.[ curves with various probabilities of failure. It has

been shown here how the technique easily copes with these various probabilities of failure

by converting them into initial crack sizes. Also since the fatigue life depends on the

thickness of a component (Section 2.7.1), the variation of the initial crack length with

thickness for different components is discussed.
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6"2 Fatigue life from codes

The fatigue life of components can generally be obtained from codes as discussed

in Section 2.7.1. The British code (BS 5400, 1980) categorises the components into nine

groups. The number of cycles a component of a given group can endure when subjected

to a constant stress Íange, is given by an SÆ.{ curve for that particular group by the

formula

N",(Lo)^' = *,O'(?) (6 1)

as given byEqn.2.30, where N"n is the number of cycles, Ao is the stress range applied, t is

the thickness and Ks, rn' and A are constants for a given group and d depends upon the

probability of failure for which the fatigue life is being calculated. The constants are given

in Table 2.1 and the probability factor corresponding to different probabilities of failure in

Table 2.2. Thus for a given component the code gives different fatigue lives

corresponding to different probabilities of failure. Using Eqn.6 1, Table 2.I and Table 2 2

(Section 2.7.1), the fatigue lives of structural components can be determined for different

probabilities of failure. The code also gives different fatigue lives for different plate

thicknesses and this is accounted for by the plate thickness corection factor (?)"t i^

Eqn.6.1.

6.3 Determining the initiat crack length

SÆ'{ curves give the number of cycles a component can sustain before it fails.

According to crack propagation theory (Eqn.3.l9), these cause the initial crack length to

propagate to a final crack length at which the component fails by any given mode. Here it
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has been assumed that this final crack length is equal to the thickness of the component.

In other words it is being assumed that the fatigue life given by the codes is equal to the

number of cycles required by an initial crack to propagate through the thickness of the

component or the asymptotic endurance (Section 2.8.1,1). In practice, the component will

lail at a crack length smaller than the thickness of the component. However as shown by

Fig.2.19 a crack propagates extremely fast as it nears the end of the fatigue life and this

assumption should cause only a marginal error. Also it can be seen from Eqn.3.19 that for

a given component subjected to a fixed loading if the fatigue life is constant then for a

larger final crack length the initial crack obtained will be larger. A larger initial crack in a

component would result in smaller value of residual strengths (F,qns.2.24, 2.26 and 2.27)

thus making the analysis safer and conservative.

The procedure for calculating the initial crack length as discussed above has been

formulated mathematically in Section 6.3.1. A graphical method of determining the initial

crack length has also been developed in Section 6.3.2.

6.3.1 AnalyticalProcedure

An anal¡ical procedure for determining the initial crack lengths for components of

ferrite-pearlite steel has been developed here for a component whose initial crack length

has been denoted by ai The endurance of such a component can be given using crack

propagation theory as

m=t-l .r I
1v(Âø)' = 2 cMr;;frrl

11
,l% ,t',-,

(6.2)
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where am and a^+1 gives an incremental increase in crack length, Mm..(m+l) is the average

value of M for a increment and t gives the thickness of the component. The standard

endurance obtained from SA{ curves is given by Eqn.6.l. For the classes D, E, F, Fl, G
and W (Table 2.I) the value of m' is 3 and the endurance is given as

N,,(L,o)3 = X,t^(?)

+ +l =K.\^,,(?)"',la, ,la.*, )

From Eqns.6 2 and 6 3 we get

(6 3)

(6.4)

Equation 6.4 canbe used to determine the initial crack length of the component belonging

to the group D, E, F, Fl, G and w. For other groups of components B, c and S, the

value of m is different from 3. Equating Eqns.6.1 and Eqn.6.2 arelationfor the groups B,

C and S where the initial crack length depends upon the stress range can be obtained. The

initial crack length is a property of the component and hence cannot depend on the stress

range. Hence, using this method we cannot determine the initial crack length for

components belonging to the groups B, C, and S. The underlying reason for this inability

is the presence of a large crack initiation period for these components which is not

considered in the analysis, Eqn.6.1 being derived solely from crack propagation theories.

6.3.2 Graphical Method

The initial crack length of a component can also be determined using a graphical

method. The procedure for calculating the initial crack length is shown in Fig.6 l, First a

very small crack of length a. is assumed to exist in the structure and the unstable crack
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propagation variation is determined for any given stress range as was earlier discussed in

Section 5.4. The fatigue life of the component N.n that can be obtained from standard

codes for the same stress range is then measured backwards from the asymptotic

endurance N¡to find the point L on the X-axis. The corresponding residual strength P at

endurance L gives the initial crack propagation strength of the component andEqn.2.24

can be used to calculate the initial crack length, ai.

The graphical procedure also readily gives the portion of the unstable propagation

variation to be used for assessment and design. Hence, in Fig.6.I the portion given by the

SA{ endurance N.n can be used for assessment and design.

Strength associated

with crack length

âs

lnitialcrack
ai

Residual
strength

dual strength
variation

N N f

Number of cycles

Fig.6.1 Determining the initial crack from codes

L en
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6.4 Variation of initial crack

It was discussed in Section 6.2that for a given class of components the code gives

different fatigue lives for different probabilities of failure and different thicknesses. The

fatigue life of a component being known, Paris' law has been used in Section 6 3 to find

the initial crack length. If a constant stress range is being applied to a component and the

fatigue life of components changes then the initial crack length also changes.

It should be noted that although here the initial crack length is being back

calculated from the fatigue life, actually it is the initial crack length which is the real

parameter as it is the value of the initial crack length that determines the fatigue life. It is

only because the initial crack length varies that we get components with different fatigue

lives. This is illustrated by using an example of a component with a small initial crack a1

that is subjected to constant amplitude loading. The residual strength variation of this

component is assumed to be parabolic as shown in Fi9.6.2. The fatigue life of this

component is given as F1. As the crack propagates it attains a crack size of a2, a3 and a4

at different stages of its fatigue life. When the crack size of this component is a2, the

remaining life is F2, when the crack size is a3 the remaining life is F3 and when the crack

size is a4the remaining life is F4. However if the component instead of having an initial

crack length a1 had an initial crack length a2, then its endurance would have been F2, or lf

a component instead of having an initial crack length a1 had an initial crack length a3 then

its endurance would have been F3 and if the initial crack length was a4 then its endurance

would have been F4. Thus Fig.6.2 not only gives the residual strength variation of

components having an initial crack length a1 but can be used to give the residual strength

variation of components with initial crack lengths a2, a3, and a4 or any component with an
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initial crack length greater than a1. This concept has later been used for designing

components in ChaPter 8.

Variation of initial crack length with different probability of failure6.4.1

The example described in Section 6,4 has been used in this section to explain the

variation of the initial crack length with different probabilities of failure. In Fig.6.3, the

curves for the different components with initial crack lengths ab aZ, a3 and a4 have been

shown individually. The curves I to 4 form a space or band in Fig.6.3. Each of these

curves is part of the curve inEig.6.2. If the probabilities of failure of curves 4 and I are

the minimum and maximum, then these curves gives the extreme limits for all residual

Residual
strength

4

Number of cycles

Fig.6.2Residual strength variation of a component with a small crack

ã1 à2 â3 4
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Fig.6.3 Residual strength variations for components with different initial crack lengths
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Thus for a given probability of failure the corresponding fatigue life, the initial crack

length and the residual strength curve (which will lie between curves 1 and 4) can be

given. Hence S/N data from codes can be used not only to determine the initial crack

lengths and their variations but also the variations of their residual strengths corresponding

to different probabilities of failure.

The variation of the residual strengths for unstable crack propagation failure has

been found lor a 22 mm stiffener weld of A-36 steel and is shown in Fig.6.4. The

component was subjected to a constant stress range of 40 N/mm2 and the probabilities of

failure considered were 16, 31 and 50 %. Il can be seen that the curves are similar in

shape and form a space or band within which there is a probability between l6 to 50 o/o for

the stiffener weld to fail. The initial cracks for these stiffener welds were calculated as

0.611 mm for a probability of 0.l4o/o at a standard deviation of 3, 0.278 mm for a 2,3%o

characteristic probability of failure at a standard deviation of 2, 0.05 mm with a probability

of 160/o and a standard deviation of l, 0.025 mm with a probability of 3 lo/o and a standard

deviation of 0.5, and 0.014mm for a component with a mean probability of 50 %. Thus it

can be seen that the initial crack length of a component having a probability of failure of

0.14% is about 50 times the initial crack length determined for a probability of failure of

50%. This would mean that the corresponding variation of residual strength will be quite

substantial.

6.4.2 Variation of Initial Crack Length with Thickness

The endurance of a component given by the codes depends on the thickness of

components as shown by Eqn.6.1. It can be seen from Eqn.6 .4 that the initial crack length

will vary with the thickness of the component. Hence for a constant value of M the left
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hand side of Eqn.6.4 can be regarded as a single increment with a- as the initial crack

length ai and apr| as the thickness t. Substituting these values and rearranging

Eqn.6.4 the initial crack length aicanbe given as

z

1
al

2tozs 1

x¡^cu'n'''ç2ry +7' (6 5)
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Fig.6.5 Variation of initial crack length with thickness for an idealised weld

The variation of initial crack length has been determined for an idealised

component of mild steel in Fig.6.5 for a characteristic value of the fatigue life. It has been
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assumed that the component belongs to the category D of the British code, BS 5400,

1980" The variation of the initial crack length of a cover plate and a stiffener weld with

thickness has been shown in Figs.6.6 and 6.7. The cover plate was categorised as

belonging to the category G while a stiffener is categorised as belonging to the category

D. The initial crack lengths have been found for the mean value of fatigue life for the

cover plate and the characteristic value of fatigue life for a cover plate. The thicknesses

chosen
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Fig.6.6 Variation of initial crack length with thickness for a stiffener weld
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Fig.6.8 Variation of initial crack length with thickness in log scale

were 6, I0,22, 44 and 88 mm for the cover plate and 6, 10, 22,44, 66 and 88 mm for the

stiffener weld. As the cover plate is weak under fatigue (G being the second weakest

category), the initial crack lengths determined are quite large. The large initial crack

lengths can also be attributed to the fact that the method adopted in the analysis discussed

in Section 6.3 is conservative. In the cases of the idealised weld and the cover plate, the

figures show that the initial crack length increases with thickness while in the case of the

stiffener weld the initial crack length decreases with thickness.

An investigation was carried out to see if the variation of the initial crack length

with thickness for these components could be given by a simple method. A logJog curve

was determined for all three components in Fig.6.8 and it can be seen that the variation of
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the initial crack lengths is linear for a idealised weld and a stiffener weld. In the case of a

cover plate the curve was found to be bi linear with a change in direction at a thickness of

44mm. Thus a simple relationship between the initial crack length and the thickness of a

component can be developed for these three components using log-log curves. Such a

simple relationship will make the task of designing or assessing a welded component much

easier as will be shown in Chapter 9.

6.5 Conclusions

In order to determine the actual residual strength variation of a component during

its fatigue life, its initial crack length must be known. Data on such initial crack lengths

are not commonly available but a large amount of data is available on the fatigue life of

components in the form of S/Ì.tr curves. In this chapter, S/1.{ curves are adapted to

determine the initial crack lengths for components of ferrite-pearlite steel. The variation

of the initial crack length with a change in probability of failure and the thickness of the

component was discussed. It was shown that for an idealised component and a stiffener

weld, the variation of the initial crack length with thickness is linear on a log-log curve

while for cover plates it is bi-linear.
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Chapter 7
Assessment of welded components

7.1 Introduction

In the previous chapter, a procedure for determining the initial crack lengths of

components was described. With the application of fatigue loading, this initial crack

propagates causing a reduction in strength. In Chapter 3, it was shown how the reduction

in strength can be determined using basic fracture mechanics, for components subjected to

constant amplitude loading and the residual strength variation was obtained for

fundamental components. In Chapter 4, a general procedure was derived from constant

amplitude residual strength curves for determining the reduction in strength of

components that are subjected to variable amplitude loading. In Chapter 5, the constant

amplitude residual strength variation of welded components was determined. In this

chapter, the reduction in strength of real welded components is determined when they are

subjected to variable loading, The constant amplitude residual strength curves of welded

components have been determined based on a procedure developed in Chapter 5 and using

the initial crack length in Chapter 6 with the procedure for determining the reduction in
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strength under variable amplitude loading developed in Chapter 4, the reduction in

strength of real welded components is determined.

Welded components are often used in structures where they are regularly subjected

to variable loads, such as in bridges. It was discussed in Section 2.I0 that most of the

structures that were built after the second world war and have past alarge portion of their

fatigue lives. Such structures, therefore, urgently require assessment and repair. In the

U.S.A,, it is estimated that about 40Yo of the 578,000 bridges are to be repaired at aLotal

cost of 92 billion dollars (Section 2.10). About 1 1,000 bridges are being added to this list

each year (Section 2.10). When these bridges are assessed, welded components would

form an important part of the assessment procedure being one of the weakest components

under fatigue (Section 2.7). Welds have low fatigue life and fatigue strength and are

susceptible to failure (Section 2.7). Failure of bridges such as King's bridge in Melbourne

and the Point Pleasant bridge in the U.S.A. (Section 2.6.I) have occured due to welds

failing under fatigue loading. Hence the procedure of assessing welded components that is

developed in this chapter is of practical importance for the safe operation of bridges and

other structures.

Presently welded components, as discussed in Section 2.10, are assessed by using

Palmgren-Miners's model (Section 2.7 .2) or by carrying out on-site checks. Codes such as

BS 5400 (Section 2.7.I) uses Palmgren-Miner's linear damage model to carry out a

preliminary assessment of a component subjected to fatigue damage loading while codes

such as the BS PD 6493 (2.10.3) help on-site checks by giving guidelines on acceptable

crack lengths and by giving methods for calculating the propagation of cracks to find the

remaining life. Palmgren-Miner's method for determining the damage caused to a

component is a empirical method. It gives the damage caused to the structure as a

proportion of the total damage required to cause failure, and is of not much help when
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making a decision as to whether to carry out on-site checks or not. In this chapter, a

theoretical method of assessment is described that is more advanced than Palmgren-

Miner's. It is founded on basic mechanics principles and gives the condition of the

structure at any intermediate period of its fatigue life in terms of strength, crack length and

remaining life. It is also helpful for on-site checks as it can give estimations of the

intervals after which checks should be carried out and also what crack lengths one should

expect. It is a method that leads to on-site checking thus making the process of

theoretical and on-site assessments a continuous procedure.

A discussion is first carried out here on the Palmgren-Miner's method showing its

limitations. Facts that must be kept in mind while deciding on a new method of

assessment are pointed out and basic procedures thal are adapted to develop a new

method are discussed. Next, it is shown how a welded component can be assessed, first

using a general method which is then adapted for assessment of welds in bridges. Finally,

it is shown how the method can be extended to help inspection.

7.2 Present methods of assessment

A preliminary assessment of the condition of welded components is generally

carried out by using Palmgren-Miner's summation. This is a procedure used by most

codes to find the fatigue damage. A more rigorous investigation can be carried out by

inspecting a component for cracks and using crack propagation laws to determine the

remaining life. Inspection manuals are available which provides techniques used for

inspection (Section 2.10.3). The assessment of components using empirically based

Miner's solution can be considered to be very simplistic in contrast to on-site inspection of

a component that may be considered to be the most rigorous and fool-proof method of

assessment. These two methods are often considered as separate or discrete methods of
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assessments that are not related to each other. A method of assessment that is more

advanced in comparison to Palmgren-Miner's and which has a mechanistic basis has been

developed in this chapter. The procedure also helps to decide inspection methods, so that

the process of assessment is a continuous one as the theoretical assessment leads to a on-

site check. In this section, Miner's summation has been analysed form a residual point of

view and its limitations are pointed out in order to provide an improved method of

assessment later.

Miners summation is given by the equation (Section 2.7.2)

M ¡/"
I'Lt

E1 Ez
+N'=A

Ex

(7 r)

where N1 is the number of cycles of a particular applied stress range Ao1 and E1 is the

endurance of the component when subjected to the constant stress range Ào1. Similarly,

N2 is the number of cycles of a particular stress range La2 and E2 is the endurance of the

component corresponding to the constant stress range Ao2 and so on. The term N1Æ1 in

the previous equation is referred to as the damage caused to the component by the stress

rùîge Ao1, while the term NZIEZ is the damage caused by the stress range Lo2. There

are x such damage terms for the x magnitudes of stress ranges in Eqn.7.1. The total

damage is the summation of the damages caused by each magnitude of stress ranges and is

given by the term'4. The parameter'A' is considered to give the fatigue life that has been

expended as a proportion of the total fatigue life. Also according to Miner's law the total

fatigue life is reached when the value of A in Eqn,7.1 equals unity.

Miner's law gives the total damage as a summation of the damage caused by

individual stress ranges. It was earlier discussed in Chapter 4 (Section 4.3.2) that the
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reduction in strength due to individual stress ranges can only be summed up if the residual

strength variation is linear. This provides the clue that the residual strength variation of a

component that obeys Miner's solution must be linear. In fact it is possible to develop the

residual strength model of a component that obeys Miner's law completely. The salient

features of such a model as shown in Fig.7.1 are the linear variation of the residual

strength and failure at a constant maximum strength as discussed in the following

paragraphs.

Let us consider a component that obeys Mner's law and this is subjected to a

constant stress raîge Ao1 throughout the fatigue life. Let the corresponding variation of

residual strength be along AB as shown in Fig.7.1 with the component failing at an

endurance E1 when the strength reduces to P-u*. Similarly for the constant stress ranges

Lo2, Lo3..Ao¡, the corresponding residual strength variations are along AC, AD etc, and

the corresponding endurance areB2, E3.,.E* etc.

If the component represented byFigJ.1 is subjected to a series of stress ranges,

ie. N1 number of cycles of Ao1 so that the strength reduces by AP1, N2 number of cycles

of Lo2 so that the strength reduces by AP, and so on, then after the application of 'x'

stress ranges the reduction in strength will be given by the following equation that was

derived from Fig.7,1 as

M Àt ¡\/-
----j- t ----!-t r----I- ;
E1 E2 E*

AP, + +. +AP, _ LP

P" - P^o, P" - P^u*
(7.2)

where P- is the initial static strength and AP is the total reduction in strength. The total

reduction ÀP will be given by the summation of the reductions due to all the stress ranges

aPrfaPz*aP3*...*4P".
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The left hand side of F;qn.1.2 is the same as the L.H.S of Eqn.7.1. The right hand

side of Eqn.7 2is given in terms of a reduction in strength, but can be written in terms of

endurance if we consider the reduction to be caused by a single stress raîge. For example

let us consider that instead of 'x' different stress ranges in Fig.7.1 if the component was

subjected to only the stress range Ao¡ and the reduction AP occurs after Ni number of

cycles. Hence the ratio AP/Ps-Pmax inBqnJ .2 can be obtained from curve AF in Fig.7.1

as N¡Æ¡. Thus Eqn.7.2 can be written as

¡'/. Àt
l,Zt

Et Ez

À1 4
t-

E, Ei
(7.3)

where NlEi is a ratio which gives the portion of the fatigue life compared to the total

fatigue life as given by Miner's solution.

Miner's solution not only gives the ratio of damage caused but predicts that failure

will occur when this ratio is equal to unity. Let us next consider failure of the component

discussed above whose residual strength variation is given by Fig.7.1. Such failure will

occur when the strength of the component reduces to P.u*. If such failure occurs after

the application of y stress ranges (Fig,1.l), then by carrying out the summation for y stress

ranges we can write Eqn.7.2 as

Nr ,N2, ,N, _ LP _P"-Po...-r- - - --ìax -1
Er E2 Ey P, - P^u* P, - P^u*

(7.4)

which is the same as Miner's prediction. Hence the above model which considers the

residual strength variation to be linear and the component to fail at a maximum strength

obeys Miner's law completely. However as discussed in chapter 5, the residual strength
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variation of components will generally be nonlinear. Even if components have a linear

variation (example stud shear connectors, Section 2.8.1) they will generally fatl at different

maximum strengths. A solution for such components was given by Eqn.4.19 in Chapter 4

using the asymptotic endurance. Miner's damage law can be considered to be a particular

case of Eqn. 4.I9 when the component fails at a constant maximum strength.

7.3 Proposing a new method of assessment

It was discussed in the Section 2.7.2 that present standard methods of assessing

components have an empirical basis, are an oversimplification of the actual condition of

the structure, and does not provide much information about when inspection can be

carried out. Therefore, there is much scope to improve on existing

Residual
strength

PS A

APr

LPz

Lg
ac.

Aox
AP Ao

I
AP¡

^P
AP

Âov

x

P
max

v

Numbe¡ of cycles

Fig.7.1 Residual strength model obeying Miner's law
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methods. However, improvement needs to be made in such a manner that the procedure

though more sophisticated as compared to present procedures, still remains a hand method

which can be used by practising engineers with comfort. The procedure, therefore, must

use cornmonly available information and should not require complex calculations.

The method of assessment developed in this thesis is based on the residual strength

that is obtained from basic fracture mechanics as discussed in Section3.2. In Section 5.4

and 5.5, residual strength curves were determined for welded components and it was

found that their variations were generally non-linear. However as earlier discussed in

Chapter 4, Section 4.3 in order to find the reduction in strength of a component whose

residual strength does not vary linearly, information is needed on the sequence in which

loads are applied and calculations need to be carried out considering each cycle. A cycle

by cycle account of loads applied is not generally available and a calculation which

involves each cycle is too cumbersome and difücult to carry out by hand.

Thus on one hand we have determined in Chapter 5 the constant amplitude

residual strength variation of welded components which are generally non-linear, while on

the other hand we need to use a linear solution for providing a practical method for

assessing components. How do we solve this apparent paradox? The answer is given by

the fact that the residual strength variation for idealised components that has a constant

value of M and which fails by unstable crack propagation is linear for structural steel

(Section 3.3.2). Also it is to be noted that M for real components is nearly constant for a

major portion of the fatigue life as shown in Fig.2.l6, 2,17 and 2.18 and hence the

corresponding residual strength curve due to unstable crack propagation is also linear for

this portion.
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A procedure of assessment is, therefore, developed where the unstable crack

propagation curve determined for real components is approximated into linear portions

symbolising an idealised component This linearised curve is then been used to determine

the damage and variation in crack length. The variation in crack length, once determined,

is then used to determine the plastic deformation strength.

7.4 Discussion on linearisation

The singularly important concept proposed in Section 7.3 is the linearisation of the

residual strength curve. A discussion on the concept of linearisation is carried out here

using Fig.7.2 which shows that the residual strength variation AD, due to constant

amplitude loading of a welded component failing by unstable crack propagation can be

approximated by the three linear portions, AB, BC and CD.

7.4.1. Determining the reduction in Strength

The reduction in strength of a component due to a number of stress ranges can be

determined using the constant amplitude residual strength curve ABCD inFig.7.2. Let us

consider the component when its crack length is between crack sizes a1 and a2 and hence

its residual strength lies between A and B. Let the component when subjected to Nr

cycles of stress range Ao1 undergo a reduction in strength of APr, when subjected to Nz

cycles of stress ranges Âo2 undergo a reduction in strength of APz and when subjected to

N¡ cycles of stress range Ao3 undergo a reduction in strength of ÂP3. If N1 cycles of the

stress range Aor, followed by N2 cycles of the stress range Aoz and N¡ cycles of the stress

range Âo¡ is applied to the component then the strength of the component will reduce

along AE, EF and FG in Fig.7.3.
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If the order in which stress ranges applied are reversed so that N: cycles of Âo: is

applied first followed by N2 cycles of Aoz and Nr cycles of Âo1 , then the reduction in

strengfh will vary along AH, HK and KG in Fig.7.3 and the final reduction in strength will

be the same as in the previous case. However if the non-linear curve between A and B

was used to give the reduction in strength, then the reduction would depend on the

sequence.

The residual strength variation of a component when subjected to a number of

stress ranges is independent of the sequence of loading only when the residual strength

curve is linear and varies along either AB, BC or CD. However while the curves AB, BC

and CD are linear curves the curve ABC is not linear. Therefore for a component whose

strength reduces along ABC when subjected to a given stress Íange, the residual strength

variation, when subjected to a number of stress ranges will not be independent of sequence

of loading. Hence, the reduction in strength when the crack propagates from ar to w in

Fig.1 .2 as the residual strength reduces from A to B must be dealt separately to when the

crack propagates between az and az and the residual strength reduces from B to C.

A Crack size
a1

Linearised curve

Crack sizeK \.
d

Residual
st¡ength

Non-linear
cufve

Number of cycles

Fig.7.2 A linearised residual strength curve
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7.4.2 Using an Effective Stress Range

Figure 7.3 shows the residual strength variation of a component that is subjected

to the stress ranges Âo1, Ao2 and Ao3 when the component follows the linear curve AB

inFigJ.2 that was derived for constant amplitude loading. The actual residual strength

variation therefore is nonJinear when subjected to different stress ranges. In actual

practise since there will be a large number of cycles acting, it will be easier to find the

reduction in strength if these different stresses can be replaced by a single stress range.

This problem has been solved in Chapter 4 (Section 4.4) where an effective stress range

that cause the same reduction in strength as all the different magnitudes of stress ranges

put together has been derived. Thus while AEFG in Fig.7.3 gives the real variation of the

strength of a component subjected to stress ranges Lo¡ Lo2 and Ao3 respectively, AG

gives the variation if the component was subjected to an effective stress raîge. The

effective stress range has been used here in the analysis procedure.

LgA

Residual
strength

F

tl

N1 NZ N3

Number of cycles

Fig.7.3 Reduction in strength due to varying stress ranges
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7.4.3 Length of Linear Curves

The constant amplitude residual strength curve can be linearised into short or long

linear curves for assessment. Variation in the length of these curves would cause the

results of assessment to vary. The use of shorter linear curves means more accurate

approximation of the non-linear curve. However, in order to analyse a component using

shorter linear portions, the stresses that are applied within these short portions must be

known. For example, if it is considered that the entire fatigue life of a component can be

divided into linear segments each of five years duration, then the stresses during each

segment of the five year terms must be known. Thus, while using shorter linear linear

curyes would mean more accurate assessment it would also mean that more information

regarding the stresses applied to the component must be available. On the other hand use

of long linear curves means less information would be required about the sequence of

stresses acting on the component. Longer linear curves also means fewer number of them

so that the assessment procedure is simpler. As the aim is to develop an easy hand method

of assessment, the component has been linearised into long linear curves but exactly the

same procedure would be applied to shorter linear simulations.

7.5 Assessing welded components

Most commonly, information regarding stresses acting on a component and their

corresponding frequencies are available as load spectrums (Section 2.7.3). The

procedures of assessment adopted here involves determining the non-linear residual

strength envelope for constant amplitude loading. Even though stress ranges of any

magnitude could be used the constant amplitude residual strength curve has been

determined for a unit stress range. The non-linear residual strength curve due to unit
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stress range is then linearised into as few linear curves as possible. It is assumed that the

loads acting on the component are uniformly distributed throughout the fatigue life so that

the pattern of loading and hence the effective stress range is the same for each linear

portion. The idealised linear variation of the residual strength depends on the shape of the

constant amplitude non-linear variation which in turn depends only on the component and

not on the loads applied and not on the range of the constant amplitude from which it was

derived (Section 5.3).

Within a linear portion of a linearised curve, the sequence in which stress ranges

are applied are not important and the assessment procedure is simple. The procedure can

further be simplified by considering the linearised portion eg. AB inFig.7.4, to be a part of

the linear residual strength variation of an idealised weld such as AE. Thus, if the non-

linear curve is linearised into three linear portions AB, BC and CD inFig.1.4, then these

three linear portions can be considered to be part of the résidual strength variation of the

three different idealised welds that are represented by the failure envelopes AE, HK and

GD. The properties of these idealised welds, such as its initial strength and magnification

factor needs to be determined for use in assessment procedure.

The initial crack length ai in Fig.7.4 is determined for a component using SA{

curves as discussed in Chapter 6. The non-linear curve for a unit stress range has been

determined in the same manner as in Chapter 5 by taking small increments in crack length

and numerically integrating. A unit stress range of 1 N/mm2 is used. The number of

linear portions into which the non-linear curve is broken depends on the shape of the

residual strength curve. In the example of a cover plate, the M-curve is shown inFig,2.17

and can be separated into three distinct regions. The value of M decreases in the first

region, remains constant in the second region and increases in the third region. A typical

residual strength curve for the cover plate would also have three distinct regions based on
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these distinct regions of the M curve as shown inFig.1.4. Mr in Fig.7.4 gives a constant

value of M which will cause the same reduction in strength as the entire first region, M2

gives a constant value of M which will cause the same reduction in strength as the entire

second region and M¡ gives a constant value of M which will cause the same reduction in

strength as the entire third region. The crack lengths a1 and a2atwlnch the shape of the

residual strength curve changes shape are the same crack lengths at which the M curve in

Fig.2.17 changes shape. The three different portions of the residual strength curve in

Fig.7.4 have been linearised as AB, BC and CD. These three different residual strength

curves are considered to be a part of the residual strength variations of three different

idealised welds. Here the properties of the three idealised welds are determined which are

then used for assessment.
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Fig.7.4 Determining properties of idealised welds
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Consider the linear portion AB in Fig.7.4. The initial crack length of the

component a1 being known the intial crack propagation strength P. of the component can

be determined using F;qn.2.24. The number of cycles required by the crack to propagate

from A to B can be given by the non-linear curve for a unit stress range. If the reduction

in strength between A and B is divided by the number of cycles between A and B we can

get the slope S of the linear portion AB. The slope of an idealised component of ferrite-

pearlite steel with a constant value of M and having alinear variation has been determined

in Section 3.4. The slope is given by the equation C = Zf n(to)'CM' K," (Eqn.3.2\a)

for a component subjected to a given stress range Âo. For a unit stress range substituting

Ao :l N/mm2 the above equation becomes G = 2lII CM2 Krc. If we equate the slope G

with the slope S a constant value of M for the linear portion AB, denoted as M1 inFig,7,4

can be calculated. The value of the initial strength P, at A, and the magnification factor

M1 are the properties of the first idealised weld whose residual strength variation due to

unit stress faîge is given by AE of which the linear portion AB forms apart.

The magnification factor M2 for the portion BC in Fig.7 .4 is calculated in a similar

manner to that for AB. If the line BC is extended backwards and forwards, the point

where it crosses the Y-axis gives the initial strength P,1 of of the idealised component and

the point where it crosses the x-axis gives the asymptotic endurance N¡ for an unit stress

range. The slope of the component is given by .9 = P,1 f N ¡t which is then equated to the

slope G calculated for a stress range of I N/mm2 to detet.ine M2. The value of the

initial strength Pr1 and the magnification factor M2 are the properties of the second

idealised weld whose residual strength variation due to a unit stress range is given by HK

of which the linear portion BC forms a parl.

The magnification factor M3 for the third portion CD is found in a similar manner

to the portions AB and BC. The initial strength Pr2 is found in a similar manner to Pr1.
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The values of the initial strength Pr2 and the magnification factor M3 are the properties of

the third idealised weld whose residual strength variation due to a unit stress range is

given by GD of which the linear portion CD forms aparl'

The initial strength P. and the magnification factor M calculated for each of the

three idealised welds can now be used in an assessment procedure. The linear curves

AlEl, HtKt and G1D1 in Fig.7.5 give the residual strength variations of the three

idealised components for any given stress range. For any of the idealised welds, if the

asymptotic endurance N¡ for any given stress range is known and as the residual strength

is linear, the strength p- at any number of cycles N. at which the assessment is carried

out, will be given by the 8qn.4.23 in Section 4'4 which is

Nn (7 s)
¡rf

where P, is the initial strength.

The welded component will generally be subjected to a number of magnitudes of

stress range rather than a single stress rùîge. However as discussed in Section 7.4.3, a

single effective stress range can be determined which will give the same reduction in

strength as the large variety of ranges of stress acting. Hence, the effective stress range is

used here for assessing welds which have been subjected to a large number of stresses

defined by a load pattern. Substituting the value of the asymptotic endurance in Eqn.7.5,

given by F,qn3.22, in terms of the effective stress range Ao" we get

_P. _ N"(Lo ")'CMzflKrc
P, 2P"

1
(7.6)
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The fatigue material properties K1ç and C being known, we can calculate the strength P.

of the component after the application of N. number of cycles for a single idealised weld.

Flence the governing equation for each of the linear variation inFig.T .4 can be determined

from Eqn.7.6 by substituting the appropriate values of P, and M.
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Fig.7.5 Assessment using a linearised curve

The residual strengths P1 and P2inEigJ.5 which separate the linear portions and

which corresponds to the crack lengths a1 and a2, give information on which of the

idealised welds governs the analysis. Thus if the strength of the component is between P,

and P1 the initial crack length and magnification factor of the first idealised weld governs

the analysis and the curve followed is 41E1. However if the strength of the component is

(Pr) 
r

P1

Pz
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between P1 and P2the initial crack length and magnification factor of the second idealised

weld governs the analysis and the curye followed is H1K1 while if the strength is between

P2 and zero the initial crack length and the magnification factor of the third idealised weld

needs to be used and the curve followed is G1D1.

Thus the process of assessing a component that has been subjected to N. number

of cycles needs to begin with the first idealised weld. If the strength Pttr calculated is

greater than P1 then this gives the corect value of Pr, If the strength P. of the

component calculated is less than P1 then we need to calculate the strength using the

properties of the second idealised weld. If the strength calculated using the properties of

the second idealised weld is greater thanP2 then this gives the correct value of P.. If the

strength is less thanP2 then the properties of the third idealised welds needs to be used to

calculate the strength P-.

7.5.1 Determining Crack Length and Plastic Deformation Strength

In Eqn.7.6, the remaining strength P. can be written in terms of its crack length as

P^ = K," lM*JfIc, by using the stress intensity equation (8qn.2.2\. Substituting this

equation into Eqn.7.6 gives the variation of crack length for an idealised weld

1
K

M P ^ÎIa-ø rv m

(7 7)

where M. is the magnification factor corresponding to the crack length am. Ps and M are

the initial strength and magnification factor of the idealised weld and the fracture

toughness K1ç being known, the crack length am can be determined after application of

N" number of cycles.
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The plastic deformation strength based on Von-mises criteria, P-O of a component

having a crack length a- is given byEqn.2.27 which is written in the following form

P*p =z¡, tJl(t-a.lt) (7 8)

where t is the thickness of a component and {o the tensile strength of the material.

Alternately, when it is based on Tresca's criteria, the plastic deformation strength is given

byBqn.2.26 as

P.p = Í,,(l- a, I t) (7.e)

Substituting a. in Eqn.7.8 into Eqn.7.7 gives

K
I (7 10)

M

according to Von-mises criteria,

and substituting Eqn.7.9 inF,qn.7.7 gives

I
K," N

"(
A,o

")
t cMtrK,"

P"m

(7 11)

u^r,ln(t- 
ur)

2P"
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according to Tresca's criteria.

Equations 7.10 and 7.lI canbe used to determine the plastic deformation strength

Prrr' of an idealised weld with an initial strength Pr, magnification factor M and a fracture

toughness K16 after application of N" number of cycles.

7.5.2 Factors affecting the Residual Strength

At any period of the fatigue life when the number of applications N. is known, the

unstable-crack-propagation strength of a component can be determined using Eqn.7.6 and

the plastic deformation strength of the component can also be determined from either

Eqn.1 .10 and 7.I L The lower of these strengths gives the mode of failure and the actual

residual strength of the component. This fact was discussed in detail for a component

subjected to constant amplitude loading in Chapter 5. Here it has been discussed for a

component subjected to variable amplitude loading.

The unstable-crack-propagation strength of the component can be obtained using

the linearised constant amplitude residual strength variation (Section 7.4.1) for a

component subjected to variable amplitude loading. This constant amplitude curve was

developed using the stress intensity equation (8qn.2.2\ which depends on the fracture

toughness. Hence, the unstable crack propagation strength depends on the fracture

toughness. In contrast, the plastic deformation strength in Section 7 .5.1 was obtained

from the crack length which was determined from the linearised unstable crack

propagation curve. Furthermore, the plastic deformation strength depends on the tensile

strength of the component (Section 2.6.3). Thus the residual strength of a component,

that is subjected to variable loading, depends on either the fracture toughness when failure
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occurs by unstable crack propagation or depends on the tensile strength when failure

occurs by plastic deformation. Hence as in the case of a component subjected to constant

amplitude loading as discussed in Section 5.6.1.1, a component subjected to variable

amplitude loading will fail by either unstable crack propagation when the fracture

toughness is low or by plastic deformation when the tensile strength is low. The strength

of the component may be given by plastic deformation and unstable crack propagation for

different periods of the fatigue life.

It was discussed in Section 2.6.2.2 that the fracture toughness of the component

depends on the temperature and rate of loading. A decrease in temperature or a increase

in the rate of loading causes the fracture toughness to decrease which causes the unstable

crack propagation strength to decrease for a component subjected to variable loading.

Hence, if the failure of a component is controlled by unstable crack propagation, the

strength will decrease as earlier discussed in the case of a component subjected to constant

amplitude loading in Chapter 5. Therefore, when assessment is being carried out, the

fracture toughness corresponding to the given temperature and rate of loading needs to be

used for assessment.

7.6 Assessment of welds in bridges

The method of assessment described in Section 7.5 can be used to predict the

condition of components of structural steel that are subjected to fatigue loading. Welded

components used in bridges are subjected continuously to repeated loads and the

technique described in Section 7.5 can be extremely helpful for assessing welds in bridges.

It was earlier described in the literature review (Section 2.7.3) thal a load model has been

developed that can be used to calculate the fatigue damage to components in bridges. In
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this section, the load model has been combined with the assessment procedure discussed in

Section 7.5 to give a easy procedure for evaluating the condition of welds in bridges.

7.6.1 A Load Model

The model involves categorising all fatigue vehicles on a bridge in terms of a

vehicle of fixed axle configuration and weight that is referred to as a standard fatigue

vehicle SFV earlier described in Section 2.7,3. The fatigue vehicles are categorised as a

proportion of the weight of the SFV and their frequency of occurrence is determined. The

parameter L was defined as

L w:')(a.u
¡=1

(7,12)

(7.r3)

(t 14)

where B gives the probability of occurrence of a vehicle, W times the weight of a SFV, a

particular type of vehicle is denoted by x and there are j different weights of vehicles.

Furthermore the stresses and their frequency at the design point when a SFV crosses the

bridge are used to derive the parameter F defined as

, =7(*r@òî')
k=1

where N is the frequency of occurrence of the range Ao when a SFV crosses the bridge.

A particular range is denoted as k and there are z types ofranges. Ifthe total number of

applications of fatigue vehicles is given by the variable T then

x=j k=z

TFL = r> B.W:' l w r(t o¡;
x=1 k=l
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¡=1 ¡=1 k=l k=l

Eqn.7.l4 canbe rearranged to give the equation

Ch.7 Assessment of welded components

(7 1s)

(7 17)

RearrangingBqn.T .l 5 gives

(7 16)

As T is the total number of applications of load, that is the total number of fatigue

vehicles, and Bx is the probability of occurrence of a vehicle of proportional weight of

type x, TB* gives the number of applications of vehicles of weight x. When a SFV

crosses the bridge, the bridge is subjected to z different ranges of stress (^o)0. Therefore

when a vehicle of weight W* times the SFV crosses the bridge, the stress acting on the

bridge will be W* times that due to a SFV, that is W*(Ao)¡ The stress range W*(Ao)ç

occurs N¡ times, with a single passing of the vehicle. As TB* is the total number of times

this vehicle crosses the bridge, TB"N¡ is the total frequency of the stress range W*(Ao)¡

Hence

x= Ì,k=z

k-z x=i Y- i k=z

TFL =Z<r Ñr(a)' ,)(w,(a^o\'' r)
k=l ¡=l ¡=l k=l

TFL = z(N.B)(W,(Lo))''

where TB*N¡ is the number of cycles coresponding to stress raîge W*(Ao)¡. With a

passing of one vehicle there are a total number of z different types of stress ranges and

since there are j diflerent types of vehicles, the total number of stress ranges acting will be

jz.Eqn.1.l7 canbe written as
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(7. 18)

i=1

(7 le)

t=Jz

TFL =lN,1A,o,¡ñ
i=l

where the number of cycles TB*4. in Eqn.7.17 for a specific range is denoted as N¡ in

Eqn.7.l8 and stress raîge W*Rk in Eqn.7.17 is written as 
^oi 

in Eqn.7.18. Therefore,

TFL in Eqn.1.l8 is the summation of the number of cycles multiplied by m' times all the

stress ranges acting. The value of m' is equal to 3 for all components belonging to the

classes W, G, F2,F, E and D (Table 2.1) which is the same as tn:=:,^u",of mjor ferrite-

pearlite steel. The summation )ì/,(¡o,)'' can be written us )lf,(lø,)' for these
i=1

classes of steel

t=Jz

It was shown in Chapter 4 (8qn.4.22) Ihat the summation lN,(Ào,)' can be
i=l

written in terms of the equivalent stress raîge as l/,(Ao,)' where ),ltl is equal to N"'

TFL = N"(L,o")'

The term FL in the above equation remains constant to a given load spectrum and T gives

the number of vehicle applications.

7.6.2 Assessment Procedure

The assessment procedure for welded components in bridges can be considered to

be an adaptation of the general assessment procedures discussed in Section 7.5. The

general principles involve determining the residual strength envelope for a unit stress

t82



Ch. 7 Assessment of welded components

raîge. The residual strength envelope is then linearised and the initial strength and

magnification factor determined for each linear curve. In Section 7.5 it was shown that if

the effective stress range is known the residual strength P- can be obtained after N.

number of cycles using the Eqn.7.6

Substituting TFL for N,(Ao,)' *hete m is equal to 3 in Eqn.7 .6 one can obtain

/ o \rFL=['-?Jffi; (7.20)

Equation 7.20 can be used to determine the reduction in strength of a component

with the application of vehicle traversals for a given idealised weld. If the weld in Section

7.5 is considered, whose residual strength variation due to unit stress raîge was given by

AD in Fig.7.4, then Eqn.7 .20 can be used in a similar manner to Eqn.7.6 to give the

variation in the strength of the component. In Eqn.7 .20 the stress ranges acting do not

need to be known and the reduction in strength can be found out only from the number of

vehicle applications. Thus, the initial strength and magnification factor of the first

idealised weld in F\g.1 .5 is used inBqn.T .20 to give the reduction in strength for a known

number of vehicle traversals and this applies until the strength reduces to P1. When the

strength is between P1 and P2the properties of the second idealised weld is used to give

the reduction in strength, while the properties of the third idealised weld needs to be used

when the strength reduces below P2 .
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7.6.3 Determining the Crack Length and Plastic I)eformation Strength

In Eqns.7.20, the stress Pn' can be written in terms of crack lengths by substituting

p.=K,"f M_JW fromthestressintensityequation (8qn.2.2\. Substitutingthestress

intensity equations into Eqn.7.20 gives the variation of crack length

K,"
1- (7.2r)

M^P, m

where M. is the magnification factor corresponding to a-. Thus the properties P, and M

of the idealised weld and the fracture toughness K. being known the crack length am can

be determined after application of T number of vehicle traversals.

The plastic deformation strength, P,nO of a component having a crack length a.

was given by 8qn.7.8, according to Von-mises criteria, and Eqn.7.9 according to Tresca's

criteria. Substituting Eqn.7.8 in Eqn.7.21 gives

TFL = 1-
2P" (7 22)

CM,IIKrc
K

JiP^t
1

2f,

which gives the plastic deformation strength according to Von-mises criteria, and

substituting Eqn.7.9 in7.22 gives

P"M^
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(7.23)

.P"M

which gives the plastic deformation strength according to Tresca's criteria'

Eqn.1 .22 and 7 .23 can be used to determine the plastic deformation strength P-o of

an idealised weld with an initial unstable-crack-propagation-strength Ps, a magnification

factor M and a fracture toughness K1ç after application of T number of vehicle traversals,

7.6.4 Assessment using Multiple Load Patterns

The assessment procedure developed in Section 7.5 for the general case and in

Section 7.6.2 for bridges is only applicable to a single load spectrum with constant values

of F and L (Section.7.6.I). However the values of F and L (Section 7.6.I) may not be

constant throughout the life of the component. Thus if extra loads pass through the

bridge, if the loads passing through the bridge is restricted or if the bridge is damaged or

repaired the value of the constants F and L will change. The total reduction in strength is

then found out by calculating the reduction for each portion of the fatigue life having

constant values of F and L and then adding them up.

In this paragraph we have shown how the constants F and L can change with a

change in the loads passing through the bridge and a change in the condition of the bridge.

The corresponding variation of residual strength is also discussed. Assume that for the

loads acting on the component, the values of F and L is given by Tables 7.I and 7.2.

Consider the case where the component is normally subjected to the load levels (1) to (5)
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in Table 7.1, The corresponding value of L is given as La. Fig.1 .6 give the variation of

residual strength of a component with number of vehicle traversals. Consider that the

loads acting on such a component is suddenly reduced when the strength of the

component is given by point B in Fig.7.6 after being subjected to Tu traversals' This is

done by removing the weight

Table 7.1 Table used to determine the value of L

Weight Category Weight ratio W Probability B BWm

1 W1 B1 Brwrm

2 W2 B2 Bzwzm

J rw3 B3 B3w:*

4 W4 B4 B¿W¿M

5 W5 B5 Bsw5-

6 W6 B6 Bowom

L'=Z
t=l
i=5

L, =Z
i=2
i=6

Lr=Z
t=l

wiB,

B,W,'

w,'Bi
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Ps

c
Residual

strenglh

F

TaFaLa TrF¿Lr TzFalz TlFrLa TsEzLa

T, Nunber of vehicle traversals

Fig.T.1Residual strength variation of an idealised weld subjected to multiple load patterns.

category (l) of the weight categories (1) to (5) in Table 7.1 so that the constant L in the

load model will change to L1 and is given as a summation of the \ryeight categories (2) to

(5). Thus since the loads acting have been reduced the residual strength of the component

reduces more gradually. Consider that the component is subjected to this load pattern for

Tr traversals and its residual strength variation is given by BC in Fig.7.6. Next consider

the case where the loads acting on the bridge increases for the next Tz traversals due to

the addition of category (l) which was previously removed and also of load category (6)

Then L will increas e to L2being given as a summation of weight categories ( 1) to (6) and

this would result in a sharper decline in residual strength. This is shown by the portion CD

in Fig.7.6. If instead of the loads being changed if the stress acting on a component

changes due to repair or strengthening of the bridge then this would cause the constant F

in Table 7.2 to change. Thus, if there is some damage to the bridge, then this would

increase the stresses on a given component acting on the bridge. If the series of stress

ranges (Ao)¡ to (Ao), given in Table 7.2 represent the stresses after damage and are

grealer than the series of stress ranges (Ao)r to (Ao)s, the stresses before damage, then F1

187



Ch. 7 Assessment of welded components

will be higher than F" causing the residual strength to decrease more sharply' Assume that

the bridge stays in this stage for T3 cycles and its strength reduces from D to E Next if

the bridge is repaired then this may reduce the stresses acting on the bridge and hence

reduce the value of F to Fz. If the series of stress ranges (Ào)" to (Ao)" gives the stresses

after repair and are lower than the series (Ao)r to (Ao)s, it will cause the residual strength

to decrease more gradually. If it is assumed that the bridge is in this state for Ta cycles

then its strength reduces from E to F as shown \nFig'7 '6'

Table 7.2 Table used to determine the value of F

N,(Ao),'

I ¡r, (¡o),'

F

4

F,

(^o)N,
i=5

\-
,/-t

sL

Range of stress Range after Range after Frequency (N) N(Áo)m N(Ao)m after

damage

N(Ào)m after

N m
(Ao)r (Ào)i (Âo)" Nr Nr(Ào)rm Nr(Âo);m

(Ao)r (Âo);; (Àoh Nr Nr(Âo)rm Nr(Âo);;m N

N m
(Ào)r (Äo)iii (Âo)" Nr Nr(Âo)rm Nr(Ào)ii;m

(Ao)', m N

N N m N Ào m
(Ao)5 (Äo).'
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The previous paragraph illustrates how the load pattern acting on a component can change

and how the strength of the bridge reduces from A to E after the bridge has been

subjected to these different load patterns.

The reduction in strength of an idealised component subjected to multiple load

patterns illustrated earlier using an example can be derived mathematically using Eqn.7 '20

which can be written as

cMzfIKrc (7.24)P,-P.=
2

p.-p. in the above equation gives the reduction in strength of a component after being

subjected to T traversals of the load pattern FL. Denoting the reduction in strength as AP

the above equation can be written as

LP = TFL
cMzfrKrc (1.2s)

2

Consider a component subjected to 'x' different load patterns. Let the load pattern

(TFL)I cause a reduction in strength ÂPr of the component, a load pattern (TFLÞ cause a

reduction in strength Apz of the component and so on. Then the total reduction in

strength can be given bY

Ap, + Lpr+., .+ LP, =l(rnÐ, + (TFL) r+. . .+(rFL),\ry:P (7.26)

or
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i=l

(7.27)

If P, is the initial strength and P,ox is the strength of the structure after being subjected to

load patterns \(fft), then Eqn.1 '27 can be written as

i=l

Ch.7 Assessment ofwelded components

(7 28)

rc= qrrr),qy
i=l

t=Í

i=x CMzflKrcP,-P,*:IQFL),-
i=l

1=Í

The term ,x' in the above equation can be any number aîd >(fFL), and Pn'x are the
i=1

variables. Equation 7.28 shows that the relation between the variables ZQfl' and P.,
i=1

is a linear one for a given idealised weld. Therefore for the component whose residual

strength variation due to unit stress raîge was linearised into straight portions inFigJ.4,

each portion being considered a parl of a idealised weld, the variation of ).(ffz), md
i=l

P,,o for each idealised weld is shown inFig'7 '7 '

Fig.1.7 can be used to assess component subjected to multiple load spectrums. As

in the case of single load spectrum when assessing a component subjected to multiple load

spectrums each linear portion must be dealt differently. Thus considering the component

whose residual strength was given by AD inEig.T .4 the values of the initial crack length

and magnification factor of the first idealised weld inFig.1.7 needs to be used inBqn.7.28

till the strength reduces to P 1 while the values of the second idealised weld needs to be

used till the strength reduces toP2and the value of the third idealised weld needs to be

used when the strength reduces below P2.
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The unstable crack propagation strength of a component being known, the crack

length can be determined usingEqn.2.24. The crack length being known the Von-mises

plastic deformation strength can be determined using Eqn.7.8 and the plastic deformation

strength can be determined using Eqn.7.9. If the maximum unstable crack propagation

strength at which the component fails is known the remaining life of the component as

illustrated by an Example in Section 9.3.2 of Chapter 9 can be found.

7.7 Inspection

It has earlier been discussed that assessment procedures that ate used at present to

find the condition of structural components include a preliminary theoretical assessment

using Miner's law and a more rigorous practical assessment which includes periodic site

checks. Miner's law and site inspection are generally regarded as separate processes for

assessing the structure.

(P' s2

Residual
strength

Dtmx rs

(P )
s1

Pt

Crack length
a1

Third idealised weld
idealsed weld

idealised weld

Crack length
a2

2

;;;"t:t

Fig.1 .TVariation of residual strength witnf(fnt),
i=l

P
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In this section, it is shown how the theoretical procedure of assessing a component

using residual strength can be used to determine inspection periods, thus making the

process of assessment a continuous process. The procedures discussed here have been

developed specifically for welds in bridges, though the general principles can be applied to

welded components in other structures subjected to fatigue loading.

Inspection of welds in bridges is generally carried out at a fixed time interval, for

example two years. During this time interval the damage caused to a bridge may be small

or large. When undertaking the inspection we have little prior idea of the condition by

which the component would have deteriorated. The component could deteriorate below

one's expectation. If such inspection had been carried out earlier, such deterioration of

the component would have been prevented. On the other hand there may be no

deterioration of the component and inspection may be waste of time and effort.

It is suggested that it is more reasonable to carry out inspection based on a

theoretical knowledge of damage which the component is expected to undergo during the

fatigue life. Using fracture mechanics the reduction in strength a component has

undergone during the fatigue life has been determined. Inspection can be based on this

prior knowledge of the condition of the component and can be carried out each time some

constant amount of damage, for example 5 o/o of the total strength has been theoretically

determined.

Assume that the component whose unstable-crack-propagation-residual-strength-

variation is given byFigJ.4, is subjected to a single stress spectrum. One can determine

the inspection periods for this component based on the linearised unstable crack
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propagation curve. Inspection is carried out each time there is a reduction of 5 o/o of the

initial strength of the component.

trf p, is the initial strength of the component, then the number of vehicle

applications Tr after which the first inspection is to be carried out can be determined by

substituting P.-0.05 P. for P. ie. 0.95 P. for P. inBqn.T .20 (Fig'7'8)'

r, (7.2e)

Inspection periods are constant for a given idealised weld and inspection is to be carried

out after each Tr vehicle traversals till the strength reduces to Pr

The number of vehicle traversals T,1 (Fig.7.8) required by a component to reduce

from the initial strength P. to the strength Pr cân be calculated by substituting Pr for P- in

8qn.7.20.

P,l 2P"

Ð cætK-FL=['-T,r (7 30)

After being subjected to Tn1 cycles, the component follows the residual strength variation

of the second idealised weld. If P.r is the initial strength of the second idealised weld, then

by substituting P.1-0.05 P. for P- in 8qn.7.20 gives T2 the number of vehicle traversals

after which inspection is to be carried out as

P"r - o.o5P" 2P" (7 3r)T2 1-
P"l cMzflKrcFL
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Inspections are to be carried out at an interval of T2 vehicle traversals till the

strength reduces to Pz. The number of vehicle traversals Tn1*Tn2 required by a component

to reduce from the initial strength P, to the strength P2 canbe calculated by substituting P2

for P- inE,qn.1.20.

(7.32)

o
's2

Residual
strength

First idealised weld

Second idealised weld

". Third idealised weld

h I
Tn1 Tn2

Numbs of cycles

Fig. 7. 8 Determining inspection periods

After being subjected to T,,r+ Tn2 cycles, the component follows the residual strength

variation of the third idealised weld (Fig.7.8). If P,2 is the initial strength of the third

idealised weld, then by substituting P.z-0.05P, for P-, in Eqn.7 .20 gives T3 as

P
s

P
s

I
\

I

l-

_-|

I

I
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(7.33)
T3

P,z cMzlrKrcFL

Inspection is to be carried out after each T¡ vehicle traversals till the component fails'

7"8 Conclusions

In this chapter, it has been shown how the research presented in the earlier

chapters can be used to provide an assessment technique for welded components' The

chapter, therefore, integrates all the techniques and procedures developed in the earlier

chapters to bring the research to a stage where it is directly applicable'

Existing techniques of assessing welded components such as Miner's law or site

inspection have been discussed. Miner's law gives the damage caused to a structure as a

proportion of the total damage to cause failure. It gives a rather vague idea of the

condition of the structure and does not give the strength, crack length or remaining life of

the component. The information obtained after assessing a component using Miner's law

cannot be directly used to find out whether site checks need to be carried out or not.

The technique of assessment developed here can be considered to be an improved

method of assessment as it is based on mechanics principles, uses information that is

commonly available, simulates the actual condition of the structure more closely and gives

a definite idea of the strength, crack length and remaining life of the structure. As the

method is founded on basic mechanics, it can be used to predict inspection periods thus

making the assessment procedure a continuous one where theoretical assessment leads to

on-site check. Also, information from on-site checks can be fed back to make the

theoretical assessment more accurate.
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Chapter 8
Design of welded components

8.1 Introduction

In the previous chapter, the residual strength curve was used to assess

welded components that are aheady in service. In this chapter, residual strength

curves are used to design new components. The procedure for determining the

constant amplitude residual strength variation for fundamental components was

discussed in Chapter 3 and the procedure for welded components in Chapter 5. The

method for determining the reduction in strength under variable amplitude loading was

discussed in Chapter 4, the technique for calculating the initial crack length in Chapter

6 and the concept of linearisation was discussed in Chapter 7. All of these techniques

have been used in this chapter to develop a new design procedure.

Present standard methods of design of welded components (Section 2.9.1)

involve a static design for strength and a fatigue design for endurance. These designs

are done separately so that the strenglh of the component is considered independent of

fatigue loading. The method therefore ignores any dependence of strength on fatigue.

It is thus implicitly assumed that the strength of a component does not alter during the
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fatigue life and falls rapidly at the end of the fatigue life. The residual strength

variation that is followed by present standard methods of design is shown in a

schematic form in Fig.2.3S and can be considered to be a simplistic assumption of the

actual variation. As the variation shown in Fig.2.38 does not assume any reduction in

strength of a component during fatigue loading, it cannot be used to determine the

maximum overload the structure can withstand at any period of its fatigue life.

In Chapters 3 and 5, it was shown that by the application of fracture

mechanics the actual variation of the residual strength of a component can be found. A

design procedure based on the variation of the residual strength will be more accurate

compared to present methods as it simulates the actual condition of a structure more

closely. In contrast to present methods, this residual strength variation approach can

be used to determine the strength of the component and hence the maximum overload

that can be applied to the component at any intermediate period of its fatigue life.

The general concepts used for designing structural components are

described here. As in the case of the assessment procedure described earlier in the last

chapter, the technique of designing developed in this chapter is based on the variation

of residual strength due to unstable crack propagation. The technique is used to design

idealised components failing by unstable crack propagation. This is followed by a

design procedure that is developed for real welded components.

8.2 General design technique

A component subjected to fatigue loads needs to be designed in such a

manner that its strength at any intermediate period of its life is greater than the

maximum overload applied; this will prevent failure of the component during its fatigue

life. Hence we will design a component to determine the least set of dimensions which
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will enable the component to both withstand the maximum overload at the end of the

fatigue life and operate safely during its design period.

It is assumed here that the shape of the component which is to be designed

is already known, that is the different dimensions of the geometry of the component are

known as a proportion of each other. Design is carried out to find the thickness of the

section of the component which is expected to develop a crack and fail. The design

thickness is calculated in such a manner as to ensure that the strength of the

component at the end of the fatigue life is equal to the maximum overload applied.

Once this thickness is known, the dimensions of rest of the geometry can be

determined.

A design procedure has been developed here, first for idealised

components and then for real components. The thickness has been determined for

idealised structural components for failure by unstable crack propagation; a single

linear residual strength variation has been used and hence a solution can be derived

from a single iteration. For real welded components which may fail either by plastic

deformation or by unstable crack propagation, the thickness has been determined using

an iterative procedure.

8.2.3 Design of Idealised Components

In Chapter 7, the following equation (Eqn.7.6) was used to assess the

performance of idealised welds that failed by unstable crack propagation failure and

which showed a linear variation of residual strength

l-P. =N(Lo 'K,"flM'C
P" ¿\ el 

2P,
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where p, is the initial strength (in terms of stress), P- is the strength of the structure (in

terms of stress) after application of N number of cycles of the stress range Ao", Klc and

C are the material properties and M is the constant value of the magnification factor of

an idealised comPonent.

Eqn.8.l can be written in terms of shear flow and plate thickness 't'. Since

stress:shear flowithickness, writing Eqn.8.1 in terms of the shear flow and rearranging

results in

K rcfIM'c N(LQ")' _ Q" - Q,
2ttt

K,"|JM'C N( Q) =Q",-Q.zttt

(8 2)

where Aee, Qs and Q,,' are shear flows. Qs is the shear flow strength of the structure

at the start of the fatigue loading and Q6 is the shear flow strength of the structure

after the application of fatigue loading'

Let us denote the initial design strength of the structure required to resist

both fatigue loads during the design life and the maximum design overload at the end

of the fatigue life as Q"¡ and the strength of the structure required to resist the

maximum overload at the end of the design life as Q,, Substituting Qs and Q''' in

Eqn.8.2 as Qof and Qo, Eqn.8.2 can be written in the following form for design

purposes

(8 3)

where Q"r - Q" gives the loss in strength of the component due to fatigue loading

during the design life
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A component will be designed for given values of Qo and AQ. The value

of the initial strength Qs¡and the value of thickness t are unknowns. Eqn.8.3 gives a

relation between Qo¡ and t. Another relation between Qs¡ and t can be found by using

the stress intensity relation (F;qn.2.zl in the following form

K," M

where a¡ is the initial crack length, Krc is the critical stress intensity factor and M the

constant value of the magnification factor. A relation between ai and t has earlier been

given by Eqn.6.5 in Section 6.4.3. Substituting Eqn.6.5 into Eqn.8.4 results in

Q"r

t Jø (8 4)

O^,.,lfl
Kr" = M=a-

I (8 5)
1

K,LdcM3frt't (22)o'

1
+ ,"'

which gives a relation between Q"r and t. Thus Eqn.8 .3 and 8.5 gives two relations

between the two unknowns the initial strength Q6f and the thickness t. These

equations can be used to determine the design thickness t of the component.

8.2.4 Procedure of Welded Components

The method of designing welded components that is described in this chapter,

is based on the variation of residual strength. In Chapter 5, the residual strength

variation was determined for welded components by taking increments in crack length

till the crack propagated through the thickness of the component. Therefore, in order

to determine the residual strength variation of a component, as described in Chapter 5,

the thickness of the component must be known. However, here we are designing the

component and hence the thickness is unknown. Therefore it would appear that z
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paradoxical situation exists; in order to design a component for its thickness the

residual strength of the component is required to be known, however the residual

strength cannot be found if the thickness is not known. The problem is solved here by

first studying the variation of the residual strength curve of a component with

thickness. Components having the same initial-crack-length/thickness are investigated

and it is shown that such components have residual strength variations similar in shape.

It is also shown thaf a normalised curve can adequately represent all thicknesses and

this concept has been used for designing welded components.

8.2.4.1 Residual strength variation and thickness

An investigation is carried out in this section to find a relation between the

thickness and residual strength of components whose initial crack lengths are

proportional to their plate thickness. Let us denote the proportion of the initial crack

ai to the thickness t as x, that is ailt: x. The following discussion is carried out by

considering two different components one of which is k times the thickness of another.

Let us denote the thickness of these components as Y and kY. Thus the initial crack

length of the component of thickness Y is xY and the initial crack length of a

component of thickness kY is xkY. The number of cycles required for a crack to

propagate from an initial crack length aito a thickness t for a component of structural

steel is given by Paris' equation as

dø (8 s)
c(utoJ-na)'

Eqn.8.5 must be integrated numerically as the value of M varies with the crack

length of a welded component (Fig.2.16, 2.17 and 2.18). Let the numerical integration

be carried out by taking 'n' equal increments in each thickness. These n equal

N=i
ql
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increments causes the crack to propagate from the initial crack length through to the

thickness of the component. Integrating Eqn.8.5 gives

*=å'l+GË"J].1+(hË.)]..1+(#--',)]'-'

where a1 is the crack length after the crack propagates through the first increment, a2

is the crack length after the crack propagates through the second increment, etc. The

average value of M has been denoted as M1 for the first increment,M2 for the second

increment and so on. For the situation where the increments are equal, their size can

be determined by dividing the difference between the initial crack length (xY or kxY)

and the thickness (Y and kY) by the total number of increments 'n'. Thus the size of

the increment of crack for a component of thickness Y is given as G in the following

equation

G
Y -xY

n

Furthermore for an thickness kY, the increment denoted by Gt is given as

(8 7)

G, =kY 
-*kY 

= ¡6
n

(8 8)

Let us denote the parameter xY/G as ' I '. Therefore the initial crack length xY

for a component of thickness Y is iG, and the initial crack length xkY for the

component of thickness kY is ikG. Thus for the component of thickness Y, the initial

crack length can be given as iG, the crack length after the first increment can be given

as (i+l)G, the crack length after the second increment (i+2)G etc as shown in Fig.8.1.

For a component of thickness kY, the initial crack length can be given as ikG, the
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crack length after the first increment as (i+l)kc, the crack length after the second

inerement as (i+2)kc, etc as also shown in Fig. 8. I .

Substituting into Eqn.8.6 the values of the crack lengths in terms of G for a

component of thickness Y gives

*,=ã,f[-[+ÈJ.ù 1
(8 e)

(i + t)c

where \ is the number of cycles required for the initial crack to propagate through the

thickness, Y. The magnification factor of a component is constant for a given crack

length by thickness ratio as can be seen from Figs.2.16, 2.17 and 2.18. The crack

lengtlythickness ratio of a component of thickness Y at the start and end of the first

increment is given by iG/Y and (i+l)G/Y, at the start and end of the second increment

by (i+l)GAr and (i+2)GlY and so on as can be seen from Fig.8,1. Also it

Crack iength Crack lenqth
riGl

Residual strength curve

for conponent of lhickness kY

llc crack lengbh
| (i+2ìGl

/

ResiduaL

strength
(unstable

crack

propagation)

Residual strength curve

for conponent of thickness Y

Crack lengih

N
v

Nunber of Cycles

Fig.S.1 Variation of residual strength with thickness

/
ikGr C¡ack
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' (i+2)kG,
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can be seen from Fig.S.l that the crack lengfh/thickness ratio of a component of

thickness kY at the start and end of the first increment is iG/Y and (i+l)G/Y' at the

start and end of the second increment is (i+l)G/Y and (i+Z)GlY and so on' Thus the

crack length/thickness ratio at the start and end of each increment is the same for both

thicknesses. The crack length/thickness ratio at the start and end of increments being

the same, the values of M is the same at the start and end of each increment for both

thicknesses. The values of M being the same at the start and end of each increment'

the average value of M is the same for each increment for both thicknesses' Therefore

the number of cycles Nry required for the initial crack to propagate through the

thickness kY can be given as

I I
2

NÞ --
c(to)'Jn (u,)'

(8.10)

comparing Eqn.8.9 to Eqn.8.10, it can be seen that the number of cycles

required for each increment of crack in the case of the component of thickness kY is

tlJk times that for the component of thickness Y' As this is true for all the 'n'

increments Ny I Nw = Jk .

It is to be noted that the crack length for the component of thickness kY is k

times the crack length of the component of thickness Y for the same increment stage'

For a component failing by unstable crack propagation the residual strenglh is given by

the stress intensity equation o = K," I M.,ltIa (Flqn.2.24). Thus if the crack length of

a component is k times the crack length of another component, the residual strength

will reduce bV Jk. Furthermore, for a component failing by plastic deformation failure

the strength is given by P*=2k(l-alt)(Eqn'2'25); as the tunction (a/w) is the

same for both thicknesses for any given crack increment, the plastic deformation

(i +z)c
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strength of both the components are the same. Hence it can be seen that for

components of different thicknesses, the ordinates and abscissae of the residual

strength curve for a given thickness can be represented as a multiple of the residual

strength curve of other thicknesses as shown in Fig.8.1. The residual strength curves

for cover plates of different thicknesses are plotted in Fig.8.2. An initial crack length

of thickness of 0.15 is assumed. As shown in Fig.8.2 the residual strength curves of

the three thicknesses are similar in shape and the ordinate and abscissae can be

considered to be a multiple of each other.

unstoble crock propogqtion foilure

1.20E+03

1.00E+03

* ' - 22 mm thick component

--' - 44 mm thlck comPonent

l0 mm lhick comPonent
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Fig.8.2 Residual strength of components with the same initial crack length/thickness

ratio

A single normalised curve with the residual-strength/maximum-strength as the

ordinate and the number-oÊcycles/asymptotic endurance as the abscissae would

therefore adequately represent all thicknesses. It has earlier been discussed in Chapter

5 thãt this curve will also represent all stress ranges as altering the stress range does
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Ch.8 Design of welded comPonents

not alter the shape of the residual strength curve. In conclusion, it is very important to

note that this single normalised curve represents the residual strength variations for all

components having a given initial-crack-length/thickness-ratio and for all stress ranges.

8.2.4.2lnformation from a normalised residual strength curve

Assume that the normalised residual strength curve in Fig.8.3 has been

determined for a component with, ailt ratio ofj. The point A, therefore, corresponds

to the crack length/thickness ratio j. With the application of fatigue loading, the initial

crack propagates and the crack length increases in size. Thus the crack-

length/thickness ratio increases while residual strength decreases along AC until the

crack extends through the full thickness. Consider a portion BC of this curve. If the

crack length/thickness ratio at B is given as k, then BC gives the shape of the residual

strength variation of a component having a initial-crack-length/thickness ratio k. In a

similar manner the initial crack length/thickness ratio of any component is known with

the same geometry, the corresponding point having the same crack len$h/thickness

ratio in AC ean be found. The residual strength variation from this point to C gives the

shape of the residual strength variation of the component. Thus the curve AC gives

the shape of the residual strength variation for a component of any thickness with a

initial crack length/thickness ratio grealer than j. It can be seen that the curve is

independent of the thickness of the component and has been shown in Section 8.4.1 it

is also independent of the stress raîge applied to the component. Hence the

normalised failure envelope depends only on the geometry and the material properties

of the component.

206



Ch.8 Design of welded comqonents

8.2.4.3 Design technique

The concept of a normalised curve discussed in the earlier section has been

used for design in this section. The normalised curve can be used to determine

whether a component of a given thickness can sustain the maximum overload at the

end of the fatigue life. An iterative design procedure is carried out using different

thicknesses to determine the thickness which is able to withstand the maximum

overload.

a¡/t :¡
ift :k

A

Normalised
residual
strength

C
Normalised number of cYcles

Fig.8.3 A normalised residual strength cuwe

The curve used for design is developed in Section 8.2'4'3.I. In Section

g.2.4.3.z,it is shown how this curve can be used to determine the reduction in strength

that acomponent has undergone when subjected to fatigue loads' Finally, in Section

8.2.4.3.3, an iterative design procedure is developed, where different thicknesses are

tried out before the design thickness is determined'

B

X
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Ch.8 Design of welded components

5.2"4.3.1 Design Curve

In order to design components, it is first necessary to develop the curves shown

in Figs.8.4a and 8.4b from which the design curves are developed. The curves in Figs.

8.4a and 8.4b are determined for a component of thickness tr for which the initial crack

length âi cân be determined using the procedure developed in Section 6.3 of Chapter 6.

For a component of thickness tu and initial crack length ai, the crack length

grows with the number of cycles of stress as shown in Fig.8.4a which is developed for

a unit stress raîge. As the crack grows, the residual strength reduces and the variation

of the residual strength with number of cycles for a unit stress range is shown in

Fig.8.4b.

The residual strength curve in Fig.8.4b is next linearised according to the

procedure earlier discussed in Sections 7.4 and 7.5 of Chapter 7. The linearisation

depends on the variation of the magnfication factor M. Figures such as 2.16,217 and

2.18 show the variation of M with crack length/thickness has atypical shape. Such

typical variation of crackJength/thickness (a/t) with the magnification factor M is

shown in Fig. 8,5 (a). The crack lengths ar and u at which the variation of

magnification factor with crack length changes shape can be used to separate the

variation of crack length verses number of cycles (Fig,8.5 (b)) and the variation of

residual strength against number of cycles (Fig.8.5 (c)) into three different regions. In

Fig.8.5 (d) these three regions are linearised as shown.

208



Ch.8 Design of welded components

Fig. 8.4b shows the residual strengths Pr at point K and Pz at point F

corresponding to crack lengths a1aîd az. The residual strengths at points A, K, F and

C are joined by straight lines. The slope of each of the linear portions, AK, KF and FC

is derived by the procedure discussed in Section 7.5 and each of these three straight

portions is considered to be a parl of the residual strength variation of an idealised

component as also discussed in Section 7.5. The values of the constant magnification

factors Mr, Mz and M¡ for each of the three idealised components of which these linear

curves form a part, can be determined from the equation G --2lfICMzKr" where G

is the slope, M is the constant value of the magnification factor and Krc is the critical

stress intensity factor. This completes the linearisation procedure of the residual

strength curve as shown in Fig.8.4b.

The two figures 8.4a and 8.4b are placed deliberately, one below the other so

that for a given crack-length/thickness value of adltb in curve 8.4a, one can find the

corresponding value of the point D in curve 8.4b. Hence the curve DC in 8.4 (b) gives

the residual strength variation of a component of thickness tr and crack length a¿. It

has been shown in Section 8.2.4.2 that all components that have the same initial-crack-

length/thickness ratio will have the same shape of residual strength curve. Hence

whatever the thickness of the component, the curve DC gives the general shape of the

residual strength variation of any component that has an initial crack
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Magnification factor M,'

Magnif¡cation factor M
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d b

(a)
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Number of cycles
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Magnification factor M
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(b) Number of cycles

Fig.8.4a and Fig 8.4b showing variation of crack length and residual strength

lengh/thickness ratio aalta. Therefore, even though Fig.8.4 was drawn for a

component of a particular thickness, it can be used to give the shape of the residual

strength variation of any component having an initial-crackJength/thickness ratio

grealer than ailí. This fact has been used to develop the design curve in Fig.8.6.

In contrast to Fig.8.4a which gives the variation in the crack-length to thickness

ratio for a particular component of thickness t6, the values of alt in Fig.8.6a do not

pertainto any particular thickness. Also since only the shape of the curve is of interest

here and not the actual dimensions (in contrast to 8.4b which gives the

P2

)
Crack=---=-,--z
length
a2

KCrack
length
a1
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(b)

(c)
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Strength

(d)

Nunber
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cycJ.es

Fig.8.5 Procedure of linearising a curve

linearised residual variation of a component of thickness tu) Fig.8.6b gives the

normalised non-dimensional residual strength variation. Thus in Fig.8.6b the residual

strength on the Y-axis is divided by the maximum strength and the number of cycles on

the Y-axis by the asymptotic endurance.

Thus for a component with a given value of initial-crack-length/thickness m in

Fig.8.6a, the corresponding point B on the normalised residual strength curve on

Fig.S.6b can be obtained, the portion BD giving the normalised residual strength

variation of the component.
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nification factor M
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Fig.8.6a (top) and Fig.8.6b (bottom) showing variation of crack length and normalised

residual strength.

5.2.4.3.2 Reduction in strengthfor a given thickness

Consider Fig.8.7 as the design curve pertaining to the component to be

designed. The figure shows the corresponding normalised and linearised curve for any

crack lengtr/thickness ratio greater than any value 'h'. The strength ratios Pr/P, and

PzlP", where Pr and Pz ãre the strengths at which the residual strength curve is

linearised and P. the static strength, the magnification factors M that define the

B
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Fig.8.7 Figure showing curve to be used for design

linearised portion of the curves are given in the above figure. A procedure for

determining the reduction in strength of a component of a given thickness tu is

described in this section. The initial uack length 'a"' corresponding to the given

thickness tu is first derived from SA{ curves as discussed in Chapter 6 (Section 6.3)

For the initial-crack-length/thickness value auhu, the corresponding point B in the

residual strength curve is determined from Fig.8.7. BD then provides the normalised

residual strength variation of the component.

The residual strength at B in Fig.8.7b which will be denoted by R¡ can be

derived from F;qn.2.7, o = K, lM .,fiIq where IÇc is the critical stress intensity

B c

E
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f,aetor and M is the corresponding magnification factor. It is to be noted that the value

of the magnification factor for the portions BC, CE and ED has been calculated, as

discussed in Section 8.2.4.3.1. The value of R6 being known, the value of the initial

strength P, of a component of crack length/thickness 'h' can be found from Fig.8.7.

As the values of P, and from Fig.8.7 the values of Pr/P, and PzlP, are now known the

values of Pr and Pz cànbe determined. Thus the strengths corresponding to B,C and E

are known.

For design purposes, the effective stress Íange and the number of cycles to be

applied during the fatigue life is known. In order to find the strength P. of the given

component after the application of an effective stress range Ao"r and number of cycles

Nr, the analysis is started with the F,qnJ.6 which was developed for an idealised weld.

After substituting the values of I\, the initial strength of a component of crack

length/thickness a"/1", for P., Ào", and Nr for N" and Mr for the magnification factor M,

a value of residual strength P^ is obtained. If this value is less than Pr then the linear

portion CE to find P- is tried. To do this, first the number of cycles of stress range

Ao'" required by the component so that its strength reduces from B to C is calculated

by substituting n* for P, and Pr for P. in Eqn.7.6. If this number is Nsc, then Pr, Nr-

Nsc, M2 and Âo" is substituted into Eqn.7.6 to find P,". If this value is less than P2,

then the linear portion ED to find P- is tried. To do this, the number of cycles of stress

range Âou required for the strength to reduce from C to E is calculated by substituting

Pr for P. and Pz for P. in Eqn.7 .6. If this number of cycles is Nç8, then P2, Nr-Nec-

NcB, Ms and Ao'" are substituted in Eqn. 7.6 to find P.
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It is to be noted here that P^ is the unstable crack propagation strength ofthe

component. The plastic deformation strength corresponding to the unstable crack

propagation strength is calculated using 8qn.7.10., the lower of the two strengths

calculated giving the actual strength of the component.

Crack lenqth

t
aält2

a.l +| '1

Number 0f cycles

1,0

Residual
strengthl
Maximum
strength

Number of cycles /Asymptotic endurance

Fig.S.8 Iterative procedure of carrying out design

8.2.4.3.3 lteration procedure to find design plate thickrtess

Assume that the design curve of a component of given shape is known. In

order to start designing for thickness, t1 in Fig.8.8 is chosen arbitrarily. The

corresponding initial crack length ar is determined from SÀ{ curves. For this given

a¡lh rat\o in Fig.8.8, the corresponding point X in the normalised curve in Fig.8 8 is

P

X

Y

E
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determined" The curve XD gives the shape of the residual strength variation for a

component of initial crack length/thickness ratio a/tr, This residual strength curve is

used to find the unstable crack propagation strength of a component at the end of the

fatigue life, which is shown as 'P¡' in Fig.8.8, using Eqn,7.6. The unstable crack

propagation strength of the component being known the plastic deformation strength

can be found using Eqn.7.10. The lower of the two values gives the residual strength

of the component, Pu. If the maximum overload the component need to rqsist at the

end of the fatigue life is known in terms of shear flow Qo, a new estimate of the plate

thickness tz crî be determined by dividing this shear force Qo by the residual strength

'P"'. The initial crack length âii corrêsponding to the component of thickness tz is

obtained from SA{ curves, The whole procedure described previously is repeated in

Fig.8.8: for the given a¡;ltz ratio the corresponding point 'Y' in the normalised residual

strength curve in Fig.8.8 is determined; the curve YD now gives the shape of the

unstable crack propagation residual strength variation of a component of initial crack

length/thickness ratio ai¡ltz; the reduction at the end of the fatigue life in the unstable

crack propagation residual strength due to the application of fatigue loads 'Pii' is

determined; the unstable crack propagation strength of the component is then

compared with the plastic deformation strength given by Eqn.7.l0 to determine the

residual strength P5; another new estimate of the thickness t: cân be determined by

dividing this shear force Qo by the stress P6. Iterations are carried out in this manner

till successive iterations yield similar thickness ie. Tn-Tn-r:O where n is the number of

rteratron.
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8.6 Conclusions

Present methods of design of components include a fatigue design for strength

and a static design for endurance. These designs are carried out separately, and any

variation of strength with fatigue loading is neglected. Therefore design is carried out

according to the curve shown in Fig. 2.38. These curves aÍe an approximation of the

actual variation of the residual strength with the number of cycles. The residual

strength variation of a component due to constant amplitude loading has been obtained

from fracture mechanics as shown in Chapter 5. It was discussed in Chapter 5 that

such curves can be linearised to obtain the change of the residual strength of a

component with variable amplitude loading. In this chapter, it has been shown that a

normalised constant amplitude residual strength curve drawn for a component of initial

crack length/thickness ratio 'k' can adequately represent the residual strength variation

of all components having a crack length/thickness ratio greater than k and for all stress

ranges. Such a normalised residual strength curve has been linearised to allow for

variable stress ranges and used for design. Design is carried out using an iterative

process where the thickness of the component which can withstand the maximum

overload applied to the component at the end of the fatigue life is determined The

design procedure developed is accurate compared to present methods since design is

based on the actual variation of strength and the design procedure can be used by

practising engineers with ease.
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Chapter 9
Application of residual strength
approach for fatigue analysis

9.I Introduction

In Chapters 3 to 8 it has been shown how the residual strength variation of a

component can be determined and used for assessment and design. In Chapter 7, the

procedure of assessing components is discussed. Thus the initial crack length is

determined and the unstable-crack-propagation residual-strength-variation for constant

amplitude loading is determined. The residual strength variation is then linearised and

the linear portions are considered to be the residual strength variations of idealised

welds. The magnification factors and initial strengths of these idealised welds are

determined in order to provide assessment equations from which the condition of a

component at any intermediate period of its fatigue life can be determined.

In order to design a component a normalised residual strength curve is used as

described in Chapter 8. This curve can then be used to determine the residual strength

variation of a curve of any plate thickness for any sequence and combination of stress

range. Design is carried out using an iterative method where first the thickness of a
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Ch 9. Application of residual strength approach for fatigue analysis

component is estimated, then the corresponding initial crack length is determined, and

as the initial crack length/thickness ratio is now known, the residual strength variation

can be determined from the normalised curve. Using the residual strength curve, it is

determined whether the initial estimate of thickness chosen can adequately withstand

the maximum overload at the end of the fatigue life. Iterations are carried until an

adequate thickness is determined.

The procedures of assessment and design developed in Chapters 3 to 8 are

based on S/1.{ curves, plastic deformation theory and fracture mechanics. The methods

developed are illustrated in this chapter using practical components in order to obtain

realistic results. It will be shown that the theory provides much more information than

existing techniques and can be used by practising engineers with ease.

In this chapter, a stiffener weld is assessed to determine its residual strength,

remaining life and crack length under fatigue loading. The assessment procedure has

been specifically adapted for assessing stiffener welds in bridges. Inspection periods

are then determined for the component and finally it is shown how the stiffener weld

can be designed.

9.2 Assessment example

The stiffener weld shown inFig.2.9 has been assessed here. It is assumed that

the component has a thickness of 22mm along the section the crack develops inFig.2.9

and that the component is composed of A-36 steel that has a fracture toughness of

1401 N/mm2. A-36 steel belongs to the ferrite-pearlite category which has a value of

m : 3 and avalue of C : 2.3xl0'r3. Assessment is first carried out for a given load

pattern and using presently available techniques. Assessment is then carried out using

the residual strength technique discussed in Section 7.5 and a comparison is made
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between the methods. Finally, it is shown how the technique developed in Section 7.5

can be used to determine the condition of stiffener welds in bridges.

g.2.1 present Methods of Assessment (see Appendix 4.1.1.a for calculations)

Consider the stiffener weld described in Section 9.2 to be subjected to the

forces given in Table 9.1. The component is assessed by standard codes using the

palmgren-Miner's solution. According to Palmgren Miner, the damage caused to a

component due to the application of a number of stress ranges is given by the

accumulated damage law

M ¡/" N-',t t.,2 1...+Z= A
Er E2 En

(e 1)

where Nr, Nz, .. N" are the number of cycles of stress raî1e Ao1, Ao2 and Ao. applied,

while ¡,t, p,z, .. E" is the endurance of the component corresponding to the stress

ranges Aor, Aoz and Aon and A is the damage caused.

Table 9.1 Stresses with and endurance

(1) (2) 4 (5 )

Stress raîge

in N/mm2

30 20 15 10 75

Number of

application

in million

28.2 37.5 28.2 37.5 18.6

Endurance

in millions

56.3 189.9 450 1518 3600
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The endurance corresponding to the stress ranges 30, 20,15, 10 arLd 7 '5 N/mm2 is

obtained fromthe codes (Eqn.2.2S) as 56.3 million, 189.9 million,450 million, 1518

million and 3600 million respectively as shown in Table 9.1. These endurances are

substituted âs E1, Ez,..F,nin Eqn.9.1. The number of applications in the second row of

Table 9.1 can be substituted in Eqn.9.1 to get the value of A as 0.79.

According to Miner's law the component would fail when the value of A is 1.

Thus it can be said that according to present design techniques, the stiflener weld is

near failure.

9.2.2 Assessment using Residual Strength Technique (see Appendix 4.1.1.b for

calculations)

In this section, a component has been assessed using the residual strength

technique discussed in Section 7.5. The first step in the assessment procedure involves

determining the initial crack. A technique of determining the initial crack length of

components from SA{ curves has earlier been discussed in Section 6.3 of Chapter 6. In

Section 6.4.3, it is shown how the crack length of different components varies with

their thickness. Figure 6.6 shows the variation of the initial crack length with thickness

for a stiffener weld. For a component of thickness22mm, the initial crack length is

given as 0.28 mm.

The initial crack lengfh of the component now being known, the next step is the

determination of a non-linear unstable crack propagation residual strength curve for a

unit stress range by taking increments in crack length and numerically integrating. The

residual strength curve is shown in Fig.9.1 where the initial strength of the component

due to unstable crack propagation is 890 N/mm2 and the asymptotic endurance of the

component is 15.28+12
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The residual strength variation is now linearised. The number of regions into

which the residual strength curve is linearised depends on the shape of the curve

showing the variation of the magnification factor against crack length/thickness.

Figure 2.l6agives the variation of the magnification factor of the component against

crack lengtffihickness for a stiffener weld. The value of M decreases in the first

region, varies slowly in the second region and increases in the third region' These

three regions are separated by crackJengtlr/thickness values of 0.17 and 0.56.
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Fig.9.l Residual strength variation of stiffener weld

For a 22mmthick plate, the corresponding cracks sizes that separate the three regions

are 3.64 mm and 12.2 mm. The corresponding unstable-crack-propagation residual-

strength is determined from Eqn21 as 434 N/mm2 and 247 N/mm2. Thus the residual

strength curve can be linearised between the portions of the initial strength of 890

N/mm2, the intermediate strengths of 434 N/mm2 and247 N/mm2 and the final strength

of zero. The three linear portions are shown in Fig.9. 1'
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Each linear portion of the linearised residual strength curve is considered to be

a part of the residual strength variations of an idealised weld. Hence the residual

strength curve of the real component in Fig.9'1 can be represented by the linear

residual strengths of idealised components as shown inFig'9'2' The magnification

factor of each of the idealised welds can be determined from their individual slopes G

0.00E+00 5.00E+1.l 1.00E+12 1.56¡+12

Number of cYcles

2.00E+12 2.50E+12

Fig9.2. Residual strength variation of idealised components

in Fig.9.l using G=2/II(Ao,)'CMzKrc (Eqn.3.21a) which for a unit stress range

becomes G=2lfICMzKrc. Thus the magnification factor Mr of the first idealised

weld is calculated as 0.99, the value of M2 of the second idealised weld as 0.86, while

the value of M¡ for the third idealised weld is 2.33. Apart from determining the

magnification factor of each idealised weld, it is also necessary for analysis purposes to

know the initial strength of each of the three idealised welds. These initial strengths
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are derived from Fig.9.1 as 890 N/mm2 for the first weld, 777 NlÑ for the second

weld and 4176 N/mm2 for the third idealised weld'

The initial strengths and magnification factors having now been determined, the

component can now be assessed for any load pattern. The component has been

assessed here for the forces given in Table 9.1. The total number of cycles of loading

in Table g.l is 150 million and the effective stress raîge has been calculated using

8qn.4.22 as 20 N/mm2.

The assessment is started by substituting the properties of the first idealised

weld into F,qn.1.6. Thus substituting P. as 890 N/mm2 and M as 0'99, we can calculate

p^as 299 N/mm2 As the value of 299 N/mm2 is less than the value of 434 N/mm2,

(corresponding to the point B inEig9.2 which separates the linear portion AB and Bc

in Fig.9.2), the reduction in strength is now calculated using the properties of the

second idealised weld. Thus substituting P"as 777 N/mm2, M as 0.86, the value of P^

is calculate d as 332 N/mm2 As this value is greater than 247 N/mm2, it gives the

correct value of residual strength'

Having now determined the unstable crack propagation strength, the crack

length of the component is determined from Eqn.].7, However, it is to be noted that

M. in Eqn.71 depends on the crack length a- and both are unknowns at this stage.

Therefore, Eqn.7.7 can only be used to give the parameter M^,,1Ç and not the

individual value of the crack lengths. In order to find the crack length, the values of

M. and a^/t obtained from Fig.2.l6a are reorganised to determine the curve of
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M^E verses a-lt shown in Fig.9.3. For this analysi s, F,qn.1 .7 gives the value of

M,Ja^ and for this value of M.{Ç, Fig. 9.3 gives a/t and hence for a thickness of

22 mmthe crack size is calculated as 7.33 mm. The crack lengfh of the component

now being known, the Von-mises plastic deformation strength is calculated using

Eqn.7.g as3l7 N/mm2 and the Tresca plastic deformation strength is calculated using

Eqn.7.9 as275 N/mm2.

Having analysed the component according to present assessment techniques

based on palmgren-Miner's accumulated damage law and according to the residual

strength assessment approach, a comparison can be made of both the methods'

palmgren-Miner gives a vague idea of the condition of the structure in the form of a

ratio which considers the component to be very close to failure. The residual strength
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approach to fatigue design gives us the unstable crack propagation strength' the crack

tength and the plastic deformation strength of the component'

9.2.3 Assessment Example for Bridges (see Appendix.A.l.2 for calculations)

The residual strength technique of assessing components has been specifically

adapted for bridges as discussed in Section 7.6 of chapter 7. The stiffener weld

assessed in section g.2.2is analysed here. Table 9.2 gives the stress ranges ao and

frequencies N to which a component is subjected when a single standard vehicle passes

along the bridge. The constant F in Eqn.2.39 is calculated from these stress ranges and

frequencies as described in Section2.7.3. Table 9.3 gives the weight ratio W and

probability of occurrence B of vehicles of different weights, as described in Section

2.7.3 fromwhich the constant L inqqn.2.40 can be derived' In this section, the

condition of a component in a bridge that has been subjected to 100 million cycles' is

repaired or subjected to load restrictions then the condition of the component can still

be determined for the comPonent.

The assessment procedure of the component having been subjected to 100

million applications is started by using the properties of the first idealised weld

developed in Section g.2.2. After being subjected to 100 million vehicle traversals, the

strength is calculated from Eqn.7.2o as 3g4 N/mm2. As this value is less than 434

Nimm2 that corresponds to the point B \nEig9.2, the residual strength is calculated as

395 N/mm2 using the properties of the second idealised weld. The value of M,,[Ç ts

derived from Eqn.7.21 from which the value of the crack length is calculated from

Fig.9.3 as 5.33 mm. The corresponding plastic deformation strength according to

Von-mises is calculated using 8qn.7.22 as 361 Nimm2 and the strength according to

Tresca is calculated using 8qn.7.23 as312N/mm2
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Table 9.2 Stress

3.75 x 104

The technique developed here for assessing components in bridges is capable of

extreme flexibility. This is illustrated here by showing how the technique can cater for

different conditions. The component considered has akeady been subjected to 100

million traversals, where the loads and force spectrums was given by Table 9'2 and

Table 9.3 Load

N(Ao)3

(4)

Stress raîge in MPa

(2)

Number of

applications

Level

(1)

0.8 x 104120I

2 1.35 x 104415

1.6 x 104t610J

Probability of

occurrence (B)

BW3

(4)

Weight ratio (W)

(2)

Level

(1)

0.00550.000026.5I

0 01250.000105.02

0 08000.010002.0J

4

5

0.13990 139881,0

0 03130.250000.5

0.00480.600000.26

22',1
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g.3 . tr-et us assume that some repair work is carried out at this stage so that the

stresses acting on the stiffener weld are reduced by l0%. The value of F in Table 9.2

then changes from 3.75 x 10a to 3.75 x(0.9)t x 10a or 2.73 xI}a. It is assumed that

the loads and stresses acting on the component do not change for the next 20 million

vehicle traversals. Next in order to increase the life of the bridge the vehicles passing

through the bridge for the next 10 million vehicle traversals it \¡/ill be assumed thaL a

weight restriction prevents the heaviest vehicle given by level 1\nTable 9.2 from

entering the bridge and hence causes the value of L to change to 0.21.

The residual strength variation of the component in the bridge, after it has been

subjected to these different variations of loading, is derived from Eqn.7.22 as 313

N/mm2 The residual strength being known the corresponding crack length is

calculated using Eqn.2.24 and Fig.9.3 as 8.54 mm while the corresponding plastic

deformation strength due to Von-mises is calculated from F;qn.2.26 as 291N/mm2 and

the strength due to Tresca from Eqn.2 .27 is calculated as 252Nlmm2,

The remaining life of the component is determined by following the unstable-

crack-propagation strength curye. The unstable crack propagation strength, after it

has been subjected to these different variations of loading, is controlled by the second

idealised weld and is calculated as 313 N/mm2 as discussed in the previous paragraph.

The second idealised weld (Fig.9.2) controls the unstable crack propagation strength

until it reduces to 247 N/mm2. Thereafter, the component follows the residual strength

variation of the third idealised weld till the strength reduces to the maximum load

applied at which the component fails. Let I95 N/mm2 be the maximum stress range to

which the component is subjected. The remaining life has been calculated here that this

stress is due to unstable crack propagation failure. The number of vehicle traversals

required for the strength to reduce from a value of 313 N/mm2 to a value of 247

N/mm2 is calculated substituting the properties of the second idealised weld in

Eqn.7 .20 as 23.9 million traversals. The number of vehicle traversals required for the
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strength to reduce rrom247 N/mm2 to 195 N/mm2 is derived from the third idealised

weld and is calculate d as 25.6 million traversals. Therefore the total remaining life

calculated using the variation of the unstable crack propagation strength is 49'5 million

traversals

Inspection periods (see Appendix A'1'3 for calculations)
9.3

A procedure for determining inspection periods for welded components m

bridges based on the unstable crack propagation strength has earlier been discussed in

section 7.7. Inthis section inspection periods will be determined for a stiffener weld in

the bridge being assessed. The component in the bridge is considered to be subjected

to the loading patterns given in Table 9 '2 and 9 '3 '

The inspection periods have been determined here for a constant reduction in

the unstable-crack-propagation strength of 5o/o of the initial strength' As the initial

strength of the component is 890 N/mm2, inspection is carried out each time there is a

reduction of strength of 5o/o of 890 N/mm2 ie. 44.5 N/mm2' Substituting the value of

gg0 N/mm2 for P, in 8qn.7.20 and the value of (890-44 5):845 5 N/mm2 as P^

(8qn.7.29)the first inspection interval is calculated as 8'80 million traversals as shown

in Fig.9.4. This rate of inspection will remain unchanged for the entire period during

which the component follows the residual strength variation of the first idealised weld

ie. till the strength reduces to 434N/mm2 (B in Fig.9'4). Substituting the value of P' as

g90 N/mm2 and P^ as 434Nimm2 (Eqn.7.30) one can determine this period, for which

the rate of inspection is constant , as 90.2 million traversals as shown inFtg'9 '4 '

After this, the inspection period of the component will be determined following

the second idealised weld. The rate of inspection of a component as it follows the

second idealised weld is given by substitutingP":TTT N/mm2 andP^ 777-445:732'5

N/mm2 (Eqn.7.31) as 11.5 million traversals. This value of 11.5 million traversals
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gives the rate of inspection for the entire period during which the component follows

the residual strength variation of the second idealised weld. ie. till the strength reduces

to 247 N/mm2. Substituting the value of P":777 N/mm2 (Fig.9.2) andP^:247 N/mm2

(8qn.7.32) one can determine the period since the component was first installed during

which the component follows the second idealised weld as 139 million traversals

(Fig.e.a).

After this the inspection periods of the components is determined by following

the residual strength variation of the third idealised weld. The rate of inspection of the

component as it follows the third idealised weld is given by substituting P":4176

N/mm2 (Fie.g.2) and P;247-44.5 N/mm2 (Eqn.7.33) in 8qn.7.20 as 1.5 million

traversals. The component needs to be inspected at this rate till it fails.

Thus the assessment procedure developed can adequately predict the condition

of a component in a bridge after a given number of vehicle traversals. It can predict

the crack length, the plastic deformation strength, the unstable crack propagation

strength, and the remaining number of vehicle traversals the component can sustain

before it fails. It not only predicts the condition of the component after being

subjected to a given constant load pattern, but also can predict the condition when

there is a change in the load pattern in the form of stresses applied to the bridge or

change in the pattern ofvehicles traversing the bridge. It can also be used to predict

the intervals in terms of vehicle traversals after which inspection needs to be carried

out.
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9.4 Design example (see Appendix A'1'4 for calculations)

Thesameshapeofstiffenerweldthatwasearlierassessedhasbeendesigned

here for an effective stress range of 20 N/mm2 and 160 million vehicle traversals' The

component is considered to have the same material properties as the one assessed and

is assumed that the component must be able to sustain a maximum shear flow of 5000

N/mm at the end of the fatigue life. Design has been carried out here according to the

procedure described in Section 8.5. The procedure involves determining the design

curve which is then used to find the design thickness using an iterative method'

A design curve of crack-length/thickness against number of cycles of a 22mm

thick component with an initial crack lengfh of 0.28 mm is shown in Fig'9'5' Design is

carried out using an iterative procedure as earlier discussed in Section 8'5 The

iteration is started by considering a 22mmthick plate having an initial crack length of

1,58.801

lì 1 5
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0.28 mm as earlier discussed. For this component the value of P. is determined and

from Fig.9.5 the corresponding values of Pr and P2 aÍè found out. Using the properties

of the first idealised weld inF;qn.7.6, the unstable crack propagation strength of the

component has been deduced as 260 N/mm2 after application of a equivalent stress

range of 20 N/mm'for 160 million cycles. Since this is less than Pr, the strength of the

component is found using the second idealised weld as 302 N/mm2, which being

greater thanPz gives the unstable crack propagation strength of the component. The

corresponding crack length is found using Eqn.7.7 and Fig 9.3 as 8.36 mm. The Von-

mises plastic deformation strength is calculated using Eqn.7.8 as 295 N/mm2 while

Tresca's plastic deformation strength is calculated using Eqn.7 .9 as 255 N/mm2 which

is considered to be the strength of the component.

A second value of the thickness is calculated by dividing the maximum shear

flow overload by the strength of the component. Dividing the shear flow of 5000

N/mm by Tresca's plastic deformation strength of 255 N/mm2gives a thickness of 19.6

mm. For this thickness the corresponding initial crack is determined from Fig.6.6 as

0.31 mm. For this component the value of P. is determined and from Fig.9.5 the

corresponding values of Pr and Pz ara found out. The unstable crack propagation

strength is found to lie between Pr andPz and is determined using the properties of the

second idealised weld as 285 N/mm2. The coresponding crack length is found using

Eqn7.7 and Fig.7.18 as 7.64 mm. The plastic deformation strength due to Von-mises

is found using Eqn.7.8 as 290 N/mm2 and that due to Tresca is found using Eqn.7.9 as

252Nlmm2.
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A third value of the thickness is calculated by dividing the shear flow of 5000

N/mm by a stress of 252N/mm2 to give a thickness of 19.8 mm. For this thickness the

initial crack length is determined from Fig.6.6 as 0.3 mm. For this value of initial crack

length, the strength of the component is found as 289 N/mm2 using the properties of

the second idealised weld in F;qnJ.6. The corresponding crack length is found using

Eqn.1.7 and Fig.9.3 as 7.72 mm, while the Von-mises plastic deformation strength is

290 N/mm2 and the Tresca plastic deformation strength is 252 N/mm2. The thickness

of the component is calculated by dividing the shear flow of 5000 N/mm by the

residual strength 252Nlmt* as 19.8 mm. This is the same value of thickness obtained

from the last iteration and therefore gives the design thickness.

9.5 Conclusions

The assessment and design techniques developed in this thesis for welded

structural components has been illustrated in this chapter. The assessment technique

developed provides much more information on the condition of the component as

compared to present techniques. The design procedure developed can be considered

to be better than present methods as it is based on the actual variation of residual

strength of a component. The assessment and design methods uses material properties

that are commonly available and involves simple calculation that can be carried out

with ease by practising engineers. The method is based on established fracture

mechanics principles and established SÀ{ curves data.
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Chapter 10

Conclusions and Recommendations

10.1 Conclusion

In Civil Engineering practice, components subjected to fatigue loads are designed

and assessed using S/1.{ curves and Palmgren-Miner's summation. S/lt{ curves give only

the fatigue life of the component and Palmgren-Miner's solution give only the ratio of the

fatigue life expended. In this thesis, a procedure for designing and assessing components

based on residual strength has been developed. The technique developed are better than

these existing techniques giving us more information about the condition of the

component and can be used easily by practising engineers.

The basic principles on which the assessment and design technique is founded

include determining the residual strength variation of a component for constant amplitude

loading from fracture mechanics. Also, it is shown that when the constant amplitude

residual strength variation is linear, then the reduction in strength due to a number of

stress ranges can easily be determined and does not depend on the sequence of loads.

However, when the constant amplitude residual strength curve is non-linear, then the
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reduction in strength due to a number of stress ranges depends on the sequence of loads

and cannot be easily determined.

These basic principles once established have been used to develop a assessment

and design technique for welded components based on residual strength. The first step is

to develop the residual strength curve for welded components. Welded components can

fail by unstable crack propagation failure or plastic deformation failure and it is shown

how the residual strength curves can be developed for these two types of failure.

However, in order to develop these residual strength curves the initial crack length of

components need to be known which has been found from SA{ curves. Having

determined the initial crack length of components the residual strength variation of

components can be obtained.

The aim has been to develop a simple technique of assessment which can be easily

used by practising engineers. The technique is therefore based on linear curves which

allows easy determination of the reduction in strength when a component is subjected to

different stress ranges. Since the residual strength curve of welded components are

generally non-linear, the unstable crack propagation curve which can be easily linearised

based on fundamental fracture mechanics principles has been broken into linear segments.

An assessment procedure has been developed based on the linearised unstable crack

propagation curve. However instead of failing by unstable crack propagation a

component can fail due to plastic deformation, in which case the strength of the

component needs to be calculated from plastic deformation failure criteria. This has been

allowed for in the technique determined. A simple hand technique has therefore been

developed, which can be used to give the residual strength, the crack length, the remaining

life of the component at any intermediate stage of the fatigue life. The unstable crack

propagation curve has also been used to determine inspection periods. As in the case of
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the assessment procedure a design procedure is developed based on the unstable crack

propagation curve and allowing for plastic deformation failure. This procedure designs

welded components more efüciently compared to present design techniques since the

actual residual strength variation is followed during design compared to present

techniques which assumes the residual strength variation to be unaltered during the fatigue

life.

The following work is considered original in this research:-

1) Procedure of determining the residual strength curve from fracture mechanics

2) The residual strength curve is linear for a component failing by unstable crack

propagation and having a constant value of the magnification factor M.

3) When the constant amplitude residual strength curve is nonlinear, the reduction in

strength depends on the sequence in which loads are applied while when the residual

strength curve is linear the reduction in strength does not depend on the sequence ofloads

applied. As in practise it is not possible to determine the reduction in strength cycle by

cycle, it is deduced that linear curves must be used to determine the reduction in strength.

4) As a welded component fails by unstable crack propagation failure or plastic

deformation failure, the residual strength due to these two modes needs to be found out,

the lower value giving the residual strength of the component.

5) S/N curves are used to calculate the initial strength of the component.
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6) The unstable crack propagation curve can be linearised using fracture mechanics

principles.

7) The straight portions of a linearised unstable crack propagation curve can be

considered to be a part of the residual strength variation of an idealised weld.

8) Developing a procedure for assessing structural components that is based on the

unstable crack propagation curve.

9) For a component of a given initial-crack-length/thickness ratio, the non-

dimensionalised residual strength variation does not change whatever the thickness or

stress range applied to the component.

10) The non-dimensionalised residual strength of a component of a given shape can be

used to determine the design thickness of a component that is subjected to fatigue loads

and a maximum overload.

I0.2 Recommendation for future work

It is recommended that future work involving this research should aim to

generalise the method as much as possible so that the method can be standardised in

future.

The assessment procedure developed here involves determining the residual

strength variation of a component whose dimensions are already known. The design

procedure is developed for a component whose shape is known or in other words whose

dimensions are known as a ratio of each other. In order to generalise the procedure for a
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given type of weld, for example a stiffener weld, it is worth determining the variation in

residual strength as the shape or ratio of dimensions are changed. If the normalised

residual strength variation does not change significantly with a change in dimensions, then

such shapes of residual strength curve can represent all shapes of a particular type of

component. Hence, a particular component can be assessed and designed using this

residual strength variation.

On the other hand, if the normalised residual strength variation does not change

with a variation in shape then a relation need to be established between changes in shape

and changes in normalised residual strength curve. Thus a family of normalised residual

strength curves can represent all shapes of a given component. Hence a particular

component can be assessed or designed using these residual strength variations.

The relation between residual strength and shape should be investigated for

different components and it should be determined if there is any similarity in the relation

between residual strength and shear for different components. If any similarity is

established, then an attempt can be made to establish a general relationship between the

residual strength and shape of these different components thus generalising the technique

further.
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Appendix.I

Appendix A. 1

4.1.0 Introduction

The calculations corresponding to the examples in Chapter 9 are given in this appendix. In

Section 4.1.1 a stiffener weld of A-36 steel is analysed. The fracture toughness of the

component under fast loading is considered to be 45 MN/m3/2 or 1401 N/mm3/2 A-36 is
considered to be of ferrite-pearlite category which has a value of m:3 and a value of
C:2,3xI0-r3. In Section 4.1.1 a given loading is chosen and assessment is carried out for
a22 mm thick component by presently available techniques and by the residual strength

technique discussed in Section 7.5 of this thesis. In Section A.1.2 of this appendix it is
shown how the same stiffener weld described above can be assessed after being in service

in a bridge according to a procedure discussed in Section 7 .6 of the thesis. In Section

4.1.3 the inspection periods for this component when in service in a bridge is determined

according to a producer discussed in Section 7 .7 . Lastly in Section A.1.4 a stiflener of A-
36 steel is designed to withstand some specified loads.

4.1.1 Assessment example for components

In this section of the appendix a component subjected to the loads given in Table 9 1 is

assessed according to present methods (4.1.1.a) and according to the assessment

technique developed (4. 1. 1.b).

4.1.l.a

Endurance of a component of typeD (BS 5400, 1980) in Table 2.1 subjected to a stress

range of 30 N/mm2 is given by Eqn.2.30 as

K. x Lo "(?)"' 3.99 x l0r2 x 0.617
E1

(^o)' (¡o)'
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hen subjected to a stress range of 20 N/mm2
rance when subjected to a stress range of 15

ce when subjected to a stress range of 10

durance when subjected to a stress range of

According to Miner's law (Eqn.9.1)

Nr Nr,N, _Á
-T-T--]-,..- 

^E\ E2 E3

Therefore for the given example the damage is

28.2 37.5 28.2 37.5 18.6-"'- +
56.3 189.9 450 1518 3 600

Thus according to Miner's law almost four/fifth of the total life of the component has been

expended.

4.1.1.b Assessment using new residual strength technique

The initial crack length of a stiffener of thickness 22 mm is obtained from Fig.6.6 as 0.28

mm. The magnification factor M curve of a stiffener weld is shown rnFig.2.l6. The

crack length/thickness ratios 0.ll and 0.55 separate the M-curve into three regions. For a

component of 22 mm thickness these crack length/thickness ratios corresponds to crack

lengths of 3.64 mm and 12.2 mm. Since the residual strength curves are based on the M-
curve, the residual strengths at crack lengths 3.64 mm and 12.2 mm separate the residual

strength curve into three different portions.

The residual strength at crack length 3.64 mm is given by Eqn.2.30 as

o=-1," =--- r4or 
=434N/mm2MJIIa o.gssJll x3.64

Similarly the residual strength at crack length 12.2 mm is given by F,qn.230 as 247

N/mm2.

The variation of residual strength against number of cycles of the stiffener weld is found

out as described earlier in Section 5.2. Thus the residual strength of a component of initial
crack 0.28 mm is found out using 8qn.2.30. This residual strength corresponds to zero

cycles. Knowing the residual strength and number of cycles corresponding to a crack

length of 0.28 mm a point can be plotted on the residual strengfh against number of cycles

curve. Then an increment of 0.25 mm is considered and the number of cycles required by
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the initial crack of 0.28 mm to propagate to a crack of 0.28+0.25:0.53 mm is determined

using Eqn.2.19. The strength of the component of crack length 0.53 mm is found out

using Eqn.2.30. Knowing the number of cycles and residual strength corresponding to a
crack length of 0.53 Írm a point is plotted on the residual strength against number of
cycles curve. Furtherincrements of 0.25 mm are taken and points corresponding to these

crack lengths are plotted. This process is continued till the length of the crack reaches the

thickness of the component. All the points plotted are joined to give the residual strength

against number of cycles curve. This curve has been shown in Fig.9, l

It has earlier been discussed that the crack lengths 3.64 mm and 12.2 fitm corresponding

to the residual strengths 434 N/mm2 and 247 N/mm2 separate the residual strength curye

into three different regions. As discussed in Section 7.4 these three regions have been

linearised as shown in Fig.9.1 and the linearised curve is used for easy assessment.

The three linear portions forms apart of the residual strength variations of idealised welds.

The magnification factor of these idealised welds is next determined.

Slope G of the residual strength variation of the first idealised weld is given by Fig.9. 1 as

9.26 x tOtl/1SeO-+:+¡.

Equating these two values of G the magnification factor of the first idealised weld is
determined as M:0.986

Slope G of the residual strength variation of the second idealised weld is given by Fig.9.1

as 5.04 x 1011/187.

G is given byÌqn3.2l a as G = 2 I 1ICM' K, :ffi

Gisgiven byEqn.3.2laas G =2l1ICM'K," =*IL M' x2.3 xfI x 1401

G is given by Eqn.3.2la as G = 2 I1ICM'K," : - -- ?\ff!ç M' x23 xfI x 1401

Equating these two values of G the magnification factor of the second idealised weld is
determined as M:0.856.

Slope G of the residual strength variation of the third idealised weld is given by Fig.9.1 as

o.g x lotrl247.

Equating these two values of G the magnification factor of the third idealised weld is
determined asM:2.328.
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By extending the linear portions of the linearised curve in Fig.9.1 so that they touch the
axes, the residual strength variation of the three idealised welds is determined. This has

been shown in Fig.9.2. The initial strengths of the three idealised welds have been

determined from similar triangles as 890 N/mm2, 777 Nhnm2 and 4176 N/mm2.

The residual strength variation shown inFig.9.2 is next used to assess the condition of the

weld after it has been subjected to the loads given in Table 9.1.

It is to be noted that the total number of loads application according to Table 9.1 is 150

million. The effective stress range is calculated using 8qn.4.22 as 20 N/mm2.

The assessment is started by substituting the properties of the first idealised weld into
8qn.7.6.

F,qn.7.6 is given as

r- P^

P,
_ N "(to ")' 

cM'ilK,"
2P"

Substituting the values P.=890 N/mm2, N":150 million, Lo.:20 N/mm2, M:0.986

Eqn.7.6 can be written as

,P^
l-

150 x 106 x (zo)' x2..3 xl0-r3 x (o.lso)' x fI x 1401

890

orP^:299.5 N/mm2

2x890

Since the value of 299.5 N/mm2 is less than 434 N/mm2 the first idealised weld does not
give the strength of the component and the properties of the second idealised weld are

used to give the required residual strength

Substituting the valuesP":777 N/mm2, N":150 million, Lo.:20 N/mm2, M:0 856

Eqn.7.6 can be written as

1
P^ 150x106 x(zo)' x2..3x10-'3 x(0.856)'xlIxl401
777

orP^:332N/mm2

2x777

The value of 332N/mm2 is greater than247 N/mm2 and gives the correct value of residual

strength.
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In order to calculate the crack length we use the stress intensity equation (Eqn'2'24)

which is given as K," = MoJfIa

Substituting Krc:1401 N/mm3/2 and o=332N/mm2 we get

14ol= 332xJn 
" 

MJa

which gives MJfÍa = 2.38

Since the thickness t is 22mm,, 
E:0'51

The correspo crack length for

a component strength for the

component o h is given as

' (--g)
P^p=ft"f,"[t-,

2

-{J
x4l2x

:317 N/mm2

The Tresca plastic deformation strength is calculated using F,qn.7 '9 which is given as

(a\
P,p = Í, "11- 7 )

( ttz\:412 xll- |\ 22)
:274Nlmrr:f.

The Tresca plastic deformation strength o1 274 N/mm2 being the lowest gives the real

strength of the component'

The residual strength approach of assessment as shown in this example gives the crack

length and residua] strenþn of a component in contrast to Miner's method which only

givãs an approximate value of the fatigue life expended'
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A.\.2 Assessment examples for bridges

Inthis Section of the appendixthe same stiffener, 22mm thick of A-36 steel is assessed

when used in a bridge. Initially the component is assessed after 100 million vehicle

traversals. The frequency of stress ranges on the weld if a standard fatigue vehicle passes

through the bridge is given by Table 9.2 and the load pattern is given by Table 9.3.

After application of 100 million cycles the residual strength of the component is calculated

using the properties of the first idealised weld inBqn.7.20 which is given as

Substituting the values F:3.75 x 10a, L:0.274, T:100 x 106, C:2.3 x 10-13, M:0.986,
Krc:1401 N/mm3/2, P.:890 N/mm2 we get

rFL=(r_À__2!-_
\^ P" ) cMzfIKrc

3.75x10a x0.274x10s =lt-Ll 2x-890

\- 89ü z"(osso)' xilxl4o1

3.75xt[a x0.274x108 =lt-l-l 2x-777

\- 777) z" (o.sso)' x ft x l4ol

or P-:384 N/mm2

Since 384 N/mm2 is less than434N/mm2, the next step is to calculate the residual strength

of the component using the properties of the second idealised weld in 8qn.7.20

Substituting the values F:3.75 x l0a, L:0.274, T:100 x 106, C:2.3 x 10-13, M:0.856,
Krc:1401 N/mm3/2, P,:77J N/mm2 F;qn.j .20 can be written as

or P-:395 N/mm2

The value of tør[l is derived from Eqn.2 .24 as being equalto 2

For a component of 22 mmthickness M F
1/7

:0.426

The corresponding value of a/t is determined from Fig.9.3 as 0.24. Hence the crack length

for a 22mm thick component : 0.24 x 22 :5.3 mm, The von-Mises plastic deformation

strength for the component of tensile strength 412 N/mm2 is calculated using Eqn.7.8

which is given as
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P=
^mp h*,."(t-î)

:412 x

,¡ ( s.¡l:-=x4l2xl 1--l
Jz \ 22)

:361 N/mm2.

The Tresca plastic deformation strength is calculated using F,qn.1 .9 which is given as

=.fuxPro

:312 N/mm2

The Tresca plastic deformation strength of 3l2N/mm2 being the lowest gives the strength

of the component. This strength oflhe component has reduced to this value after being

subj ected tå t oo million cycles of the load pattern given by Table 9 '2 and 9 '3 '

Next the condition of the welded component is assessed after the bridge has been repaired

which causes the stress on the bridge tò be reduced by l0% and a load restriction has been

placed on the bridge so that the loads in level I of Table 9.3 is prevented from entering the

fridge. The bridgã is in the repaired condition for the next 20 million traversals following

wrriãt, the weighùestriction is placed on the bridge for the next 10 million traversals'

The strength of the component after being subjected to these load patterns is given by

8qn.7.28 which is given as

i=¡ , CMzfIKrcP,-P*=ZQrt),T
i=1

Since after application of 100 million cycles the strength of the component was given by

the second iàãalised weld, the start to the problem is made with the properties of the

second idealised weld to find the strength. The value of TFL has changed three times in

this problem. For the first 100 million cycles TFL is given as

(ffQ,--3.75x loa x o.2t4xloq

For the next 20 million traversals the stresses on the component is reduced by 10 %. Thus

the value of F given by Table 9.2 changes from 3.75 x 10a to a value of (0'9)3x3'75x

l0a:2.74x104 and TFL is given as
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(ff\, = 2.74 x 10a x 0-274 x20 xlo6

For the next l0 million traversals a weight restriction is placed on the bridge. Thus the

value of L changes îromO.274 to 0.27 and TFL is given as

(rrt), = 2.74 x loa x 0.27 x706

Substituting the values of TFL, P":J77 N/mm2, C:2.3 x 10-13, M:0.856, K rc:1401

N/mm3/2, F;qn.1.28 can be written as

l.O275x 1012 +0.73675x l0r1 + 1.498095 x 10tt] x2.3xl} t' x fI x 1401x (o.SSO)'

777-P*=
2

or P.*:313 N/mm2.

Since 313 N/mm2 lies between 434 N/mm2 and 247 N/mm2 it gives the correct value of

residual strength.

The value of MJã is calculated using F;qn,2.24 as 2.53. Since the component is 22mm

thick the value of M ^E is 0.55.
\t r

From Fig.9.3 we get the value of the crack length as 8.54 mm. The von-Mises plastic

deformaiion strength for the component of tensile strength 4l2NlÑ is calculated using

Eqn.7.8 which is given as

o(ø)
P,p =ft" 1,, [t-;

2

J1

:291 N/mm2

The Tresca plastic deformation strength is calculated using Eqn.7.9 which is given as

I ss+l
x4l2 xll- I\ 22)

:252NlÑ
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The value of 252 N/mm2 being the lowest gives the actual residual strength of the

component.

The problem states that the maximum unstable crack propagation strength the component

can withstand is 195 N/mm2 Thus the remaining life can be found by calculating the

number of vehicle traversals required for the strength to reduce from 313 N/mm2 to 195

N/mm2. The residual strength variation follows the second idealised weld as the strength

reduces from 313 N/mm2 to 247 N/mm2 and the third idealised weld as the strength

reduces îrom247 N/mm2to 195N/mm2

The number of traversals required for the strength to reduce from 313 N/mm2 to 247

N/mm2 is given using the properties of the second idealised weld in 8qn.7.20. Thus if Tr

is the number of traversals we get

2471_
l-

313

r, x0.274 x 10a x 0.27 x2.3 x10-13 x 1401x (O.ssO)' x n
2 x3l3

from which we get

T¡23.9 traversals.

The number of traversals required for the strength to reduce from 247 N/mm2 to 195

N/mm2 is given using the properties of the third idealised weld inBqn.1.20. Thus if Tz is

the number of traversals we get

195 T2 x0.274x 10a x 0.27 x2.3xl013 x 1401 x(z.zza)' xn
I

247 2 x247

from which we get

T2:25.6 traversals

Therefore the remaining life is given as T1+fr:49.5 million traversals.
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A. 1.3 trnspection Periods

Inspection is carried out each time there is a 5o/o reduction of the initial strength ie. each

time there is a 5/100 x89O:44.5 N/mm2 reduction in strength.

Substituting the values of P,:890 N/mm2 and P-:845'5 N/mm2,F:3j5xlo4,L:o'274,
8qn.7.20 can be written as

r x(tlsx loo) x0.274 x2.3 x 10 '3 x fI x 1401x (o.eso)'845 51_
l-

890

or T:8.8 million.

which is the inspection period of the first idealised weld

This rate of inspection will remain unchanged for the entire period during which the

component follows the residual strength variation of the first idealised weld ie. till the

strength reduces to 434 N/mm2. Substituting the values P,:890 N/mm2 and P^:434

N/mm2, F:3.75x100,L:0.274,F,qn.7.20 can be written as

2 x890

7s x 10a) x0.274 x2.3 x10-13 x fI x 1401" (o.etO)'

2 x890

3.7s x 10a) x 0.274 x2.3 xl0-r3 x fI x 1401 
" 

(o,ssO)'

2 x777

434l_
l-

890

r x(t

or T:90.2 traversals.

Substituting the properties of the second idealised weld we get the inspecti^on period of the

second idealised weld. Thus substituting the values of P":777 N/mm2 and P^-732'5

N/mm2, F:3 .75xl0o , L:o .27 4, Eqn.1 .20 can be written as

732.5l_
l-

777

r"(

or T:11.5 million.

The rate of inspection will remain unchanged for the entire period during which the

component follows the residual strength variation of the second idealised weld ie. till the

strengh reduces to 247 N/mm2.

Substituting the values of P":777 N/mm2 and P^:247 N/mm2, F:3'75x100, L:0'274,
Eqn.7 .20 can be written as
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, 247
l-

777 2 x777

r"(3.75x100)x 0.274x2.3xl}-13 x fI x 1401x (o.sso)'

or T:139 million.

The rate of inspection for the third idealised weld is determined by substituting the values

of p 
":417 

6N/mm2 and p^:4 I 3 I . 5 N/mm2, F:3 . 75x I 0 
o, L:0 .27 4 in Eqn.7 .20. Thus

r"(3.75 xlOo) x 0.274 x2.3 x10-13 x lI x 1401 x (z.lZt)', 4131.5
t-

4176 2 x 4176

or T:1.57 million traversals.

,A..1.4 Design of welded components

The design process is started by assuming that the weld is 22 mm thick. The initial crack

is found using Fig.6.6 as 0.28 mm. For a component of initial crack length 0.28 mm the

magnification factor M is given byFig.2.16a as 1.68.

The initial strength of this component is given by 8qn.2.24 as 890 N/mm2. The

corresponding values of Pr and Pz eÍa found using Fig.9 .5 as 434 N/mm2 and 247 N/mm2.

The unstable crack propagation strength of the component after being subjected to 160

million cycles of the stress range of 20 N/mm2 is found using the properties of the first

idealised weld in Eqn.7.6. Thus

I
P^

777

16ox1o6x(zo)
3 

x2.3 x 10-13 x lI x 1401 x (o.eao)'

2x777

or P.:260 N/mm2

Since the value of 260 N/mm2 is less than 434 N/mm2 the first idealised weld does not give

the strength of the component and the properties of the second idealised weld are used to
give the required residual strength. Thus

1
P. 16ox106x(zo)

3 
x2.3 x 10-r3 x (o.sso)' x II x 1401

777

or P.:302 N/mm2

2 x777

The value of 302N/mm2 is greater than247 N/mm2 and gives the correct value of residual

strength.
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In order to calculate the crack length we use the stress intensity equation (F;qn'Z'2a)

which is given as K," = MoJfIa

Substituting Krc:1401 N/mm3/t and o=302N/mm2 we get

1401= 302xJn " 
MJa

which gives Mffi =2.6

Since the thickness r is 22mm, * 
E:0'56'

The corresponding value of a/t is determined from Fig.9.3 as 0.38' The crack length for a

2hmmthick is g.36 mm. The von-Mises pk stic deformation strength for the component

of tensile strength 412 N/mm2 is calculated using Eqn'7'8' Thus

#'''"('-9Dlntp-

2
-ß x412x 1

:295 N/mm2.

The Tresca plastic deformation strength is calculated using Eqn.7.9. Thus

P.o =.fux 1

I s.¡o):412 xll--l\ 22/
:255 N/mm2.

Dividing the shear flow of 5000 N/mm by 255 N/mm2 we get t:19'6 mm' The

cor.espãnding initial crack for a component of thickness 19.6 mm is found using Fig'6'6

as 0.31 mm.

Hence the value of ailt:0.016. The corresponding value of the magnification factor can be

found from Fig.2. 16a as I .63.

The initial strength of the component is found from Eqn.2.24 as 871 N/mm2 The

corresponding values of Pr and Pz arefound from Fig.9 .5 ãs a24 and 241N/mm2' From

Fig.9.i if thelnitial strength of the first idealised weld is 871 N/mm2, the initial strength of
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the second idealised weld is 760 N/mm2 This strength reduces with the application of 160

million cycles of the stress range 20 N/mm2. The rãduction in strength is calculated using

Eqn.7.20. Thus

160x106 x(zo) ' x2..3 x 1o '3 x (o.aso)
t xfIx1401, P^-

760 2x760

or P.:285 N/mm2

The value of 2g5 N/mm2 is greater than24r N/mm2 and gives the correct value of residual

strength.

In order to calculate the crack length the stress intensity equation (F,qn'2'2\ is used which

is given as K," = MoJÍa

Substituting Krc:1401 N/mm3/2 and o=285 N/mm2 we get

1401=28sxJfI xMJã

which gives M$la = 2.77

Since the thickness t"is 22mm,' E 
:0'622'

The of altfrom Fig'9'3 is 0'39 and the of 19'6

mm 7 '64 mm' Thá von-Mises plastic for the

com nglh 4l2N/mm2 is calculated using n as

¡(a\P^p=ft"1,"It-;J' .vr \
2 (. 7641

-- v412xl l--îr¿ ^ (r l%)

:290 N/mm2.

The Tresca plastic deformation strength is calculated using Eqn'7 '9 which is given as

(a\
P^p = Í" "lr- 1)

( to+\:412"[t-T,,6)

:252NlmrÊ.
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Dividing the shear flow of 5000 N/mm by 252 Nlmr# we get F19'8 mm' The

correspãnding initial crack is found using Fig'6'6 as 0'30 mm'

Hence the value of ailt:Q.Q15. The corresponding value of the magnification factor can be

found from Fig.2.16a as 1.65'

from Eqn.2.24 as 875 N/mm2' The

Fig.9.5 as 426 and 243 N/mm2' From

eld is 875 N/mm2, the initial strength of

s strength reduces with the application of 160

The reduction in strength is calculated using

Eqn.7.20. Thus

160x106 x(20)
3 

x2..3 x 1o-13 x (o aso)
t xlIx1401D

, l^ 
-

764 2x764

or P-:289 N/mm2

The value of 2gg N/mm2 is greater than243 N/mm2 and gives the correct value of residual

strength.

In order to calculate the crack length the stress intensity equation (F,qn.z.2\ is used which

is given as K," = MofiIa

Substituting Krc:1401 N/mm3/2 and o=289 N/mm2 we get

14ol = 289 xJn 
" 
MJ;

which gives Mffi =2.74

Since the thickness tis 22mm,, E 
:0'616

The corresponding value of alt rtomFig.9.3 is 0.39 and therefore for a thickness of 19'8

mm the crack length is 7.72 mm. Thé von-Mises plastic deformation strength for the

component of tenslle strength 4lzNlmÑ is calculated using Eqn'7'8' Thus

t(al
P^p = ft" Í, t [t -;J

2

J1
x4l2x
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:290 N/mm2.

The Tresca plastic deformation strength is calculated using Eqn'7'9' Thus

( t.tz\:4tzt[-Tqs)
:252Nlmrt.

Dividing the shear flow of 5000 N/mm by 252 N/mm2 we get t:19'8 mm which is the

design thickness
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Appendix A.2

This appendix gives the variation of crack length against number of cycles for examples in

chapter 5. These include a curve of crack length against number of cycles for a cover

plate tO mm thick which is continuously being subjected to a stress of 0 to 20 N/mm2 and

a curve of crack length against number of cycles for a stiffener weld 10 mm thick which is

being continuously being subjected to a stress amplitude of 0 to 20 N/mm2.

^10
È8
.t
s6
Þ)

ã¿
¡attg-oo

0.00E+00 5.gg¿+07 1.00E+08

Number of cycles

1.508+08

Fig.A.1 Figure showing variation of crack length with number of cycles of a cover

plate of A-36 steel. The variation of residual strength with number of cycles of a cover

plate of A-36 steel is given in Fig.5.4.
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10
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Fig.A,.2 Figure showing variation of crack length against number of cycles of a

stilffener weld of 4340 steel. Íhe variation of residual strength against number of cycles of

a stiffener weld of 4340 steel is shown in Fig'5'5'
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