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Foreword

Publishing information

This British Standard is published by BSI Standards Limited, under licence from
The British Standards Institution, and came into effect on 31 March 2014. It was
prepared by Technical Committee WEE/37, Acceptance levels for flaws in welds.
A list of organizations represented on this committee can be obtained on
request to its secretary.

Supersession

BS 7608:2014+A1:2015 supersedes BS 7608:2014, which is withdrawn.

Information about this document

Guidance on general fatigue design philosophy is given in Annex A, which also
contains a brief description of the method of using this British Standard. A more
general method for assessing welded joints using the hot-spot stress, only
included previously for assessing tubular joints, is also included.

The relevant application standard or specification for the particular product
being assessed specifies the following:

a) the loading to be assumed for design purposes, including its magnitude and
frequency;

b) the required life of the structure;
¢) the environmental conditions;
d) the required nominal probability of failure.

BS 7608:2014 was a full revision of the standard, and introduced the following
principal changes [1]:

e Introduction of the hot-spot stress method with guidance on finite element
stress analysis (FEA).

e New correction for both plate thickness and applied bending with
allowance for welded joint proportions.

e Additional weld details; some have been reclassified.

e Weld quality requirements based on fitness for purpose.

e Revised sea water corrosion fatigue data.

e New rules for bolts.

e Design data to resist shear fatigue failure.

e Guidance on stress calculation for combined loading.

e Revised cumulative damage rules.

e  Comprehensive guidance on use of weld toe improvement methods.

e New guidance on acceptance fatigue testing and statistical analysis of
results.

European standards containing fatigue rules for steel structures and pressure

vessels have been published since the 1993 edition of this British Standard. It is
therefore not applicable to product areas covered by them. It is applicable to a
wide range of other steel product areas that do not have specific fatigue rules.

Text introduced or altered by Amendment No. 1 is indicated in the text by
tags (. Minor editorial changes are not tagged. The principal changes are
to Table 4 to Table 10, Clause 14, Clause 16, Table 18, new Table 21, Annex C
and Annex F.
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Use of this document

As a guide, this British Standard takes the form of guidance and
recommendations. It should not be quoted as if it were a specification or a code
of practice and claims of compliance cannot be made to it.

Presentational conventions

The guidance in this standard is presented in roman (i.e. upright) type. Any
recommendations are expressed in sentences in which the principal auxiliary
verb is “should”.

Commentary, explanation and general informative material is presented in
smaller italic type, and does not constitute a normative element.
Contractual and legal considerations

This publication does not purport to include all the necessary provisions of a
contract. Users are responsible for its correct application.

Compliance with a British Standard cannot confer immunity from legal
obligations.
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1 Scope

1.1  General

This British Standard gives methods for assessing the fatigue life of parts of steel
products that are subject to repeated fluctuations of stress. It is applicable to all
areas of industrial application that are not covered by other British Standards
containing fatigue assessment rules.

NOTE Some British Standards have specific product acceptance tests for fatigue life,
but do not have assessment rules. In such cases the guidance in this British Standard
might be applicable for product development purposes.

1.2 Applications not covered
This British Standard is not applicable to the following application areas;
a) lighting columns (see BS EN 40);
b) concrete building and civil engineering structures (see BS EN 1992);
¢) steel building and civil engineering structures [see BS EN 1993 (all parts)];

d) composite steel and concrete building and civil engineering structures [see
BS EN 1994 (all parts)];

e) unfired pressure vessels (see BS EN 13445); and
f) fixed offshore structures (see BS EN ISO 19902).

1.3 Materials
This British Standard covers:
a) wrought steel material products;
b) welds in fully machined areas of steel casting;
c) ferritic alloy and low alloy steels;
d) austenitic and duplex stainless steels;
e) unprotected weathering steels; and
f) threaded fasteners.

It is applicable to yield strengths in the range 200 N/mm? to 960 N/mm? and
ultimate tensile strengths in the range 360 to 1 200 N/mm?2 for material
thicknesses 3 mm and greater.

This British Standard is not applicable to the following:
1) proprietary fasteners;

2) steel castings;

3) cold drawn products;

4) wire ropes; and

5) steel for reinforcement in concrete.

1.4 Manufacturing processes

This British Standard is applicable to machined products with the following
exceptions:

a) rough sawn surfaces;

b) surfaces requiring high quality surface finish (e.g. lapping, polishing, honing,
fine grinding); and
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¢) machined details with sharp corners (e.g. key ways, un-radiused shoulders).
The following manufacturing processes are also covered:

1) cold formed wrought products;

2) weld toe improvement methods;

3) arc welded joints, with the exclusion of joints between rectangular and
square hollow sections;

4) in-line butt welds made by power beam [A) or &1 friction welding;

5) tensioned and un-tensioned bolted joints and hot-driven riveted lap joints
loaded in shear; and

6) thermal cutting.

This British Standard is not applicable to the following manufacturing processes:
i) resistance welding processes and brazing;

ii) contact joints under pressure where fretting occurs;

iii) adhesively bonded joints;

iv) shearing and punching; and

v) surface hardening.

1.5 Environment

The fatigue design data in this British Standard are applicable to internal and
external air environments. They are applicable to structural steel products
exposed to sea water.

They are not applicable to unprotected stainless or weathering steel products in
sea water or aggressive corroding environments (e.g. chloride, sulphide, strong
acid or alkali).

The data are applicable to products operating at temperatures below the creep
range of the steel.

This British Standard is not applicable to products operating in the creep regime.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this
document and are indispensable for its application. For dated references, only
the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments) applies.

BS 3643-2, ISO metric screw threads — Part 2: Specification for selected limits of
size

BS 3692, ISO metric precision hexagon bolts, screws and nuts — Specification
BS 4190, /SO metric black hexagon bolts, screws and nuts — Specification

BS 4395 (all parts), Specification for high strength friction grip bolts and
associated nuts and washers for structural engineering

BS 7910, Guide to methods for assessing the acceptability of flaws in metallic
structures

BS EN 1011-1, Welding — Recommendations for welding of metallic materials -
Part 1: General guidance for arc welding

BS EN 1011-2, Welding — Recommendations for welding of metallic materials —
Part 2: Arc welding of ferritic steels
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BS EN 1011-3, Welding — Recommendations for welding of metallic materials —
Part 3: Arc welding of stainless steels

BS EN 10163 (all parts), Delivery requirements for surface condition of hot-rolled
steel plates, wide flats and sections

BS EN 1993-1-8, Eurocode 3 — Design of steel structures — Design of joint

BS EN ISO 3506, Mechanical properties of corrosion-resistant stainless steel
fasteners — Bolts, screws

BS EN ISO 4014, Hexagon head bolts — Product grades A and B
BS EN ISO 4017, Hexagon head screws — Product grades A and B
BS EN ISO 4762, Hexagon socket head cap screws

BS EN ISO 9013, Thermal cutting — Classification of thermal cuts — Geometrical
product specification and quality tolerance

BS ISO 12108, Metallic materials — Fatigue testing — Fatigue crack growth
method

3 Terms and definitions

For the purposes of this British Standard, the following terms and definitions
apply.

3.1 cycle counting method
method of counting the numbers of stress cycles of different magnitudes which
occur in a service stress history

NOTE The loads applied to the structure, considered in sequence, generate a
particular stress history at each detail of interest. This stress history can be broken
down into equivalent stress ranges by the operation of cycle counting.

3.2 detail class
rating given to a particular structural detail to indicate which of the fatigue
strength (S-N) curves should be used in the fatigue assessment

NOTE 1 Also known as joint class.

NOTE 2 The class is denoted by one of the following letters: A, B, C, D, E, F, F2, G,
G2, S,, S, TJ, W1 or X. The categorization takes into account the stress being used in
the assessment (e.g. nominal, hot-spot or shear stress), the local stress concentration
at the detail, the size and shape of the maximum acceptable discontinuity, the stress
direction, metallurgical effects, residual stresses and a post-weld improvement
method.

3.3 design life
period within which there is a defined nominal probability that failure by
fatigue cracking is unlikely to occur

NOTE This can be longer or shorter than the service life (see Annex A).
3.4 design spectrum
tabulation of the number of occurrences of all the stress ranges, S, of different

magnitudes produced by the load spectrum in the design life of the structure or
component, to be used in the fatigue assessment

NOTE 1 Also known as stress spectrum.

NOTE 2 Different components of a product can have different design spectra.
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3.5 fatigue
damage of a structural part by the initiation and gradual propagation of a crack
or cracks caused by repeated applications of stress
3.6 fatigue failure
achievement of a through-section fatigue crack or a sufficiently large fatigue
crack to cause static failure or excessive deformation
NOTE See Annex A.
3.7 fatigue life, N
number of stress cycles that produce a given probability of fatigue failure
3.8 fatigue loading
loading on a structure which is liable to cause fatigue cracking
NOTE It can be composed of several different types and magnitudes of loading
events (see Clause 7).
3.9 fatigue strength
constant amplitude stress range, S,, causing failure in a specified number of
cycles (N)
3.10 hot-spot stress, S,
structural stress at a weld toe or weld end
3.11 initial non-propagating stress range, S_.
constant amplitude stress range below which (in the absence of any previous
loading) a crack is assumed not to propagate
NOTE 1 Also known as constant amplitude fatigue limit, CAFL.
NOTE 2 Its magnitude depends on the structural detail being assessed. For parts in
air or adequately protected against corrosion, it is assumed to be the stress range
corresponding to a life of 107 cycles on the design S-N curve for all detail classes
except S, and S, , for which it corresponds to 108 cycles. For unprotected joints in a
corrosive environment it should be assumed that S, = 0 for all classes.
3.12 load spectrum
tabulation showing the relative number of occurrences of all the loading events
of different types and magnitudes expected to be experienced by the structure
in its design life
3.13 loading event
defined loading sequence on the structure
NOTE 1 This can be characterized by its relative frequency of occurrence as well as
its magnitude and geometrical arrangement.
NOTE 2 For example, in the case of handling equipment this could involve the
lifting, movement and depositing of a load. For design purposes each loading event
is assumed to repeat a given number of times in the design life of the structure.
3.14 Miner's summation
linear cumulative damage summation based on the rule devised by Palmgren
and Miner
3.15 nominal stress
structural stress that would exist in the absence of the structural discontinuity
being considered
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NOTE Nominal stress is a reference stress that can be calculated using elementary
theory of structures. It excludes the effects of structural discontinuities (e.g. welds,
openings, thickness changes) and secondary bending due to a local weld detail.

3.16 5-N curve
quantitative relationship between the fatigue strength S and the number of
cycles N corresponding to a specific probability of failure for a detail, derived
from test data

3.16.1 basic S-N curve
S-N curve, for the required probability of failure, for a detail of basic thickness
(see 16.3.2) operating in air without the application of any fatigue strength
improvement method apart from those given in Table 3 to Table 10

3.16.2 design S-N curve
S-N curve adopted for design purposes for the detail being assessed

NOTE It is derived from the relevant basic S-N curve modified, if necessary, to allow
for the influence of material thickness, bending, environment, fatigue strength
improvement techniques (additional to those given in Table 3 to Table 10), stress
relief (see 16.3.6) or workmanship (see Clause 14).

3.16.3 standard basic S-N curve
basic S-N curve for 97.7% probability of survival [two standard deviations of
logN below the mean (d = 2)] assuming that the test data are represented by a
normal distribution of log life

3.17 service life
period in which a structure or component is required to perform safely with an
acceptable probability (see A.2) that it is unlikely to require repair or withdrawal
from service as a result of fatigue cracking

3.18 slope transition point
point on the S-N curve beyond which it is extrapolated at a shallower slope for
use in cumulative damage calculations of fatigue under variable amplitude
loading

3.19 stress cycle
pattern of variation of stress at a point defined by the cycle counting method
and consisting of a change in stress between defined minimum (trough) and
maximum (peak) values and back again

NOTE 1 Also known as cycle of stress.
NOTE 2 One loading event can produce one or more stress cycles at any particular
point.
3.20 stress range S,
algebraic difference between the two extremes (reversals) of a stress cycle
NOTE 1 Also known as range of stress.
NOTE 2 See 15.2 for parent metal.
NOTE 3 See 15.3 for weld metal.
3.21 structural stress
surface value of the linearly distributed stress across the section thickness arising

from applied loads (forces, moments, pressure, etc.) and the corresponding
reaction forces on the particular structural part
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NOTE The linear stress distribution includes the effects of gross structural
discontinuities (e.g. presence of an attachment, aperture, change of cross-section,
misalignment, intersection of members) and distortion-induced bending moments.
However, it excludes the notch effects of local structural discontinuities (e.g. weld
toe, weld end) which give rise to non-linear stress distributions across the section

thickness.

4 Symbols and units

Unless otherwise indicated, for the purposes of this British Standard, the
following symbols and units apply.

A Net area of cross section (in mm?)

a Weld throat thickness (in mm)

b Exponent in correction term for thickness and bending

C, Parameter defining the mean line S-N relationship

(@ Parameter defining the S,-N relationship for two standard
deviations of log N below the mean line

C, Parameter defining the S,-N relationship for d standard deviations
of log N from the mean line

D n
Miner’s summation EN

d Number of standard deviations of log N from the mean S -N curve

E; Reference elastic modulus at temperatures T < 150 °C
(in N/mm?)

E; Elastic modulus at temperature T (in N/mm?)

e Axial misalignment (eccentricity or centre-line mismatch) (in mm)

F Fatigue test factor

g Gap between welds in intermittently welded joint (in mm)

h Weld length (in mm)

K, Bolt stiffness (in N/mm)

K. Summation of clamped components stiffness (in N/mm)

K, Stress concentration factor under fatigue loading

k,, Stress magnification factor due to misalignment

k., Correction factor for plate thickness and bending

L Overall attachment length, including welds (see Figure 1) (in mm)

/ Attachment length parallel to direction of loading considered (in
mm)

M, M Applied bending moments (in N-mm)

m Inverse slope of log S,-log N curve (i.e. 5,™-N = constant)

N,. N, ... Number of cycles to failure under constant amplitude loading with
stress ranges S,,, S,, . . ., etc., corresponding to n,, n, etc. (in cycles)

oc Constant amplitude endurance corresponding to S, (in cycles)
ov Endurance at slope transition point, S, on S-N curve (in cycles)
n Number of fatigue test results
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n,n,...

P, P, Py, P,
P

r

R

(%)
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Number of cycles of damaging stress ranges S,,, S,, . . ., etc. in a
design spectrum

Applied axial forces (in N)
Applied force range (in N)

Stress ratio (ratio of minimum to maximum algebraic value of
applied stress) or chord radius in mm (see Annex G)

Radius (in mm)

Fatigue strength of the structural detail under consideration,
including any required thickness correction (in N/mm?2)

Fatigue strength obtained from the basic S,-N curve (in N/mm?)
Hot-spot stress (in N/mm?)
Hot-spot stress range (in N/mm?2)

Constant amplitude initial non-propagating stress range (in air S_ =
S, at N = 107 cycles for all design classes except S, and S, when it
coincides with N = 108 cycles) (in N/mm?)

NOTE Also known as constant amplitude fatigue limit (CAFL).
Stress range at slope transition point (in N/mm?2)

Stress range in any one cycle (in N/mm?)

Individual stress ranges (S,) in a design spectrum (in N/mm?)
Resultant stress range on weld throat (in N/mm?)

Standard deviation of log N

Plate width or thickness of longitudinal attachment (in mm)
Applied torque (in N.mm)

Plate thickness of the member under consideration (in mm)
Thickness relevant to the basic S,-N curve for the detail (in mm)
Cover plate thickness (in mm)

Effective plate thickness (in mm)

Combined size of effective weld throats (in mm

Section modulus (in mm?3)

Direct stresses acting in the x- and y-directions (in N/mm?)
Applied bending stress range (in N/mm?)

Applied membrane stress range (in N/mm?)

Direct stress range on weld throat (in N/mm?2)

Engineering shear stress range on weld throat (in N/mm?2)
Nominal tensile yield strength (in N/mm?)

Shear stress (in N/mm?)

Shear stress range (in N/mm?2)

Transverse shear stress range on weld throat (in N/mm?)
Longitudinal shear stress range on weld throat (in N/mm?)

Degree of bending (As,/(As,, + Ac,)
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Figure 1  Definition of length L for use in thickness-bending correction

[ﬁ

-ty

5 Fatigue assessment procedure

A stressed element can contain a number of potential fatigue crack initiation
sites. All of these should be checked (see 12.1). The regions subjected to the
highest stress fluctuations and/or containing the severest stress concentrations
should normally be given the highest priority. The design procedure in this
British Standard involves calculation of the fatigue damage accumulation during
the design life or comparison of the maximum applied stress range with the
relevant constant amplitude fatigue limit. It is primarily intended for use in
“safe life” design (see A.3.1). It might also be suitable for “damage-tolerant”
design (see A.3.2).

The steps that should be followed are:
a) establish the required design life of the product (see Clause 6);

b) establish a conservative estimate of the loading expected in the life of the
product (see Clause 7);

¢) estimate the resulting stress history at the detail under consideration (see
Clause 15);

d) reduce the stress history to an equivalent number of cycles n, of different
stress ranges Sri using a cycle counting technique (see 15.9);

e) classify the detail in accordance with Table 1 to Table 10;
f) use this classification to define the basic design S,-N curve (see 16.2);

g) calculate the resulting fatigue life on the basis of comparison of the
maximum applied stress range and the relevant CAFL (see 16.6) or a
cumulative damage calculation (see 16.7);

h) if all applied stress ranges are below the relevant CAFL (see 16.6), the detail
can be assumed to have a life exceeding the specified design life in a) (see
Clause 6);

i) if some of the applied stress ranges exceed the relevant CAFL and that the
life calculated using the full design stress spectrum and the cumulative
damage method (see 16.7) exceeds the specified design life in a), the
requirement for safe life design is met; and

j) if the procedure in i) results in a calculated life less than the specified design
life in a), the requirement for safe life design is not met. The following
measures should be taken:

1) adjust the detail design so that a higher S,-N curve can be used;

2) if 1) is not adequate, increase the cross-section at the potential
fatigue crack initiation site to reduce the stress ranges.
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3) if measures 1) and 2) result in severe economic consequences, use of
a damage-tolerant approach involving periodic in-service
non-destructive testing (NDT) for the detection of fatigue cracking
may be employed to ensure that the overall probability of failure
without warning during the design life is no less than that assumed
for safe life design. For further guidance see A.3.2.

6 Design life

The design life of a product is usually pre-determined by factors such as market
expectations, planned service life or obsolescence, contract or warranty
requirements and uncontrollable deterioration by mechanisms other than
fatigue, such as wear and tear or corrosion. Where a design life has not already
been specified for a product in which fatigue is a potential failure mode, it
should be selected on the basis of the period of service over which the
probability of failure by fatigue is required to be low. This is achieved in design
by the use of lower-bound fatigue strength data (see Clause 16) and
upper-bound loading data (see Clause 7).

7 Fatigue loading

When assessing fatigue performance a realistic estimate of the fatigue loading is
crucial to the calculation of life, and all types of cyclic loading should be taken
into account. Cyclic loading from different sources might be significant at
different phases of the life of a structure, e.g. manufacture, transport, storage,
installation service, and can involve different loading modes and frequencies.

Uncertainties exist in assessing both the stresses resulting from applied loads and
the response of a particular joint, which control fatigue performance. The basis
of the fatigue analysis should be the use of an upper bound estimate of these
stresses, recording the uncertainties involved, combined with S-N curves derived
from experimental data. In this way, uncertainties associated with the life of a
particular joint, e.g. size, weld detail, local environment, can be separated from
those associated with applied stress.

Uncertainties can also exist in the number of applications of the load expected
to occur during the product’s design life. The design load spectrum should be
selected on the basis that it is an upper bound estimate of the accumulated
service conditions, including both loading and number of cycles, over the full
design life of the product. The adoption of mean plus two standard deviations
data for applied loads levels or an upper bound estimate based on knowledge
of the actual or predicted loading environment and applied numbers of cycles,
when used with the design (i.e. mean minus two standard deviations of log N)
5,-N data in Clause 16, usually results in an acceptably low probability of failure
during the design life, commensurate with safe-life design principles.

Because of the sensitivity of calculated life to the accuracy of estimates of stress,
stress ranges should not be underestimated. Account should be taken of all
likely operational and environmental loads arising from the foreseeable usage
of the product during that period. Use of this approach compensates for the use
of design S-N curves that correspond to a finite probability of failure and means
that load factors are not required.

The following are some important sources of cyclic loading that should be taken
into account, any or all of which can be relevant in particular applications:

a) fluctuating loads;
b) acceleration forces in moving structures;

¢) pressure changes;
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d) temperature fluctuations;
e) mechanical vibrations; and

f) environmental loading (wind, currents and waves, especially when vortex
shedding is induced, e.g. on slender members).

It is particularly important to assess dynamic magnification effects where loading
frequencies are close to one of the natural frequencies of the component or
structure. In some instances the loading to be assumed for fatigue design
purposes is specified in the design specification. Where such information is not
available, assumptions as to the loading to be expected in service should be
made, and it might be useful to obtain data from existing products subjected to
similar effects. In particular, in assessing an existing product, it might be possible
to compile a design spectrum from strain readings or loading records obtained
from continuous monitoring.

In all cases, the objective is to define the spectrum in terms of the numbers of
cycles of each of the individual stress ranges expected in the life of the product.
If it is required to convert the spectrum into a series of constant amplitude
blocks, the resulting simplified spectrum should be equivalent in terms of
fatigue damage to the actual spectrum. To achieve this, a sufficient number of
intervals of stress should be selected to avoid discretion errors due to insufficient
resolution in the stress spectrum.

8 Environmental considerations

The fatigue assessment should take into account the environmental conditions
that the product is exposed to during all phases of its anticipated service life.
For example, products designed to operate in seawater might be constructed
and transported in an air environment, installed and commissioned in a freely
corroding marine environment, and operated in seawater with cathodic
protection. This British Standard provides S-N curves for three environmental
conditions and the most appropriate curve should be used for each segment of
the anticipated service life. Periods of free corrosion should be avoided, for
example during temporary storage of products awaiting installation in seawater
or following commissioning hydro-tests of pressurized components, as this can
cause pitting and an associated reduction in the expected fatigue life.

It might be necessary to take the operating temperature into account (see
16.3.3). The fatigue strength of steel products in air varies with temperature, in
accordance with the corresponding change in elastic modulus. Therefore it is
improved at subzero temperatures. However, in the case of ferritic steels, as the
fracture toughness is reduced, it is possible that overall fatigue life would be
reduced if the product suffers premature failure by brittle fracture from a small
fatigue crack. Consequently, no allowance should be made for the beneficial
effect of sub-zero temperature on fatigue strength but, where such operation is
expected, for consistency with the fatigue design data provided in this British
Standard, the steel used should be capable of tolerating the presence of
through-section fatigue cracking at the minimum anticipated temperature. This
is achieved with steels that have minimum low temperature impact properties
specified in the material standard and are operated at or above the stated
temperature.

There are no particular recommendations for austenitic stainless steels operating
at low temperature, as they are not susceptible to brittle fracture. For elevated
temperatures, no effect is assumed for temperatures up to 150 °C, but at
temperatures higher than this fatigue strength decreases in line with the
decrease in elastic modulus for temperatures below the creep range of the steel
concerned. No guidance is provided for combined creep and fatigue.
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9 Factors on fatigue life

The reliability of a product’s fatigue life is dependent on the following factors:
a) selection of a safe level of fatigue loading (see Clause 7);

b) correct calculation of stress ranges (see Clause 15);

c) correct detail classification (see Clause 12);

d) application of appropriate controls during manufacture (see Clause 14);

e) in some cases, fatigue testing might be appropriate (see Annex E).

The fatigue design data provided in this British Standard are in the form of
mean S-N curves and the corresponding standard deviations of log N to enable
different probabilities of survival to be adopted. The standard basic S-N curves
(see 16.2) represent 97.7% probability of survival, as they are based on the mean
minus at least two standard deviations of logN curves for relevant experimental
data. Their use therefore indicates a finite probability of failure (up to 2.3%) for
the calculated life. In some circumstances, for example in a failure investigation
of a part that has experienced fatigue cracking in service, it might be more
appropriate to assume a higher probability of failure and make use of an S-N
curve less than two standard deviations of log N below the mean. Conversely, it
might be appropriate to use S-N curves based on the mean minus more than
two standard deviations of log N for components with inadequate structural
redundancy or difficult access for inspection. In selecting the number of
standard deviations to be used to define the design S-N curve, account should
be taken of the accessibility of the joint and the proposed degree of
manufacture and in-service inspections, as well as the consequences of failure.
As a crack grows in one part of a structure, the load might be shed to other
members and lead to further fatigue cracks in those members.

10 Features influencing fatigue behaviour

For both welded and bolted steel products the fatigue life is normally governed
by the fatigue behaviour of the joints, including both main and secondary joints
[2, 3]. Even fabrication or handling aids, such as welded brackets or lifting lugs,
that remain in the completed product could provide sites for fatigue cracking
and should therefore be assessed. Optimum fatigue behaviour is obtained when
the product is detailed and constructed such that stress concentrations are kept
to a minimum and, where possible, the elements are able to deform in their
intended ways without introducing secondary deformations and stresses due to
local restraints. Stresses can also be reduced by increasing the thickness of
parent metal or the weld throat, depending on the potential failure mode. In
the case of the former, allowance might need to be made for the fact that
fatigue strength tends to decrease with increasing plate thickness for some types
of joint when assessing the resulting benefit (see 16.3.2).

Optimum joint performance is achieved by avoiding joint eccentricity and
misalignment, welds at free edges, and by other controls over the quality of the
joints.
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In the specific case of pipe-to-pipe joints made from seamless pipe, the
accumulation of maximum allowable manufacturing tolerances for thickness,
ovality and diameter leads to a large potential for girth weld misalignment and
associated penalty on fatigue life. Apart from the resulting introduction of
secondary bending stresses, such misalignment can also intensify the stress
concentration due to the geometry of the weld root bead in welds made from
one side. It is therefore advantageous to record the actual range of tolerances
achieved for each batch of pipe supplied and use this information to calculate
the maximum potential misalignment. Performance is also adversely affected by
concentrations of stress at holes, openings and re-entrant corners. Guidance in
these aspects is given in Table 1 to Table 10, Annex B, Annex C and Annex G.

The magnitude and nature of stresses that cause propagation of a crack and
therefore reduce the number of stress repetitions to cause failure are affected
by the presence of residual stress, inherent flaws in welds and adjacent parent
metal, surface flaws and any other stress raisers interfering with the flow of
stress. These are taken into account in the classifications given in Table 1 to
Table 10.

11 Fracture mechanics

In some situations the normal fatigue assessment procedures might be
inappropriate, but fracture mechanics methods might be helpful. Guidance on
the use of fracture mechanics is given in Annex D.

12 Classification of details

12.1  General

For the purposes of fatigue design, joints are divided into several classes, each
with a corresponding design S-N curve (see 16.2). This classification depends
upon the following:

a) the type of stress being used to assess the detail (nominal or hot-spot
stress);

b) the geometrical arrangement and proportions of the detail;
¢) the direction of the fluctuating stress relative to the detail;

NOTE Any reference to transverse or longitudinal welds, welded joints or
welded attachments refers to their orientation with respect to the direction of
stressing.

d) the location of possible fatigue crack initiation at the detail; and
e) the methods of manufacture and inspection.

In any product or component that is liable to be subjected to repeated
applications of stress, every welded joint, including non-structural attachments,
lifting lugs and temporary fabrication aids left in place, or other forms of stress
concentration, such as a bolt hole or cut edge, is potentially a source of fatigue
cracking. Each part of every constructional detail should be assessed individually
and should, where possible, be placed in its relevant joint class in accordance
with Table 1 to Table 10. Where this is not possible, the detail should be
classified in accordance with Clause 13.

In bolted or riveted joints, fatigue cracks normally initiate from the bolt or rivet
hole or, in the case of friction-grip bolted joints, in the plate by fretting or in
the bolt itself. In plate with cut edges or welded details fatigue cracks can
potentially initiate in the following places:

1) from any point on the plate edge or plate surface;
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2) in the parent metal of either part joined adjacent to;
i) the end of the weld;
ii) a weld toe;
iii) a change of direction of the weld;
3) in the weld metal starting from;
i) the weld root;
ii) the weld surface;
iii) an internal flaw.

In the case of members or elements connected at their ends by fillet welds or
partial penetration butt welds, crack initiation can occur in the parent metal or
in the weld throat. Both possibilities should be assessed by taking into account
the appropriate classification and stress range. Similarly, fatigue crack initiation
can occur from a weld toe on either the outside or inside of a full-penetration
girth weld between pipes or tubes. The most critical location depends on the
relevant classification and stress range, both of which can differ between the
outside and inside. For other details, the classifications given in Table 1 to Table
10 cover crack initiation at the location indicated. Notes on the potential modes
of failure for each detail are given in Annex B.

12.2 Classification of details
Table 1 to Table 10 correspond to the following basic types of details:
e plain material (Table 1);
e bolted or riveted connections (Table 2);
e continuous longitudinal butt welds and welded attachments (Table 3);
e other welded attachments (Table 4);
e transverse butt welds in plates (Table 5);
e transverse butt welds in sections, tubes and pipes (Table 6);
e |oad-carrying fillet and T-butt joints (Table 7);
e slotted connections and penetrations through stressed members (Table 8);
e details relating to tubular members (Table 9); and
e branch connections to vessels (Table 10).

Detail classifications are given for assessments based on applied nominal stresses
and, where appropriate, hot-spot stresses. Where relevant, the need to apply a
correction for thickness and bending (see 16.3.2) and the applicability of a weld
toe improvement technique (see 16.3.5) are included. Each classified detail is
illustrated and given a type number. Table 1 to Table 10 also give associated
criteria and diagrams that illustrate the geometrical features and potential crack
locations for the direction of loading shown which determine the class of each
detail. They should be used to assist with initial selection of the appropriate
type number.

A detail should only be designated a particular classification if it conforms to all
criteria in Table 1 to Table 10 appropriate to its type number or if a suitable
classification can be justified on the basis of relevant published fatigue data or
the results of specific fatigue tests in accordance with Annex E. Class A is
generally inappropriate for structural work and therefore no design data are
provided. The practical difficulty of achieving the special inspection standards
relevant to classes B and C might limit the feasibility of adopting these
classifications in structural work.
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13 Unclassified details

13.1 General

Details that are not expressly classified should be treated as class G2, or class W1
for load-carrying weld metal, unless a higher classification can be justified either
by reference to published experimental work or by carrying out special tests.
Such tests should be sufficiently extensive to allow the basic or design S-N curve
to be determined in the manner used for the standard classes (see Annex E).

13.2 Post-welding treatments

Where the classification of Table 4 to Table 10 does not give adequate fatigue
resistance, the performance of weld details may be improved by post-welding
treatments, as detailed in 16.3.5 and Annex F. The detail types that are suitable
for application of the techniques described in Annex F are indicated in Table 4
to Table 10. When improved fatigue performance is required, and the proposed
improvement method is not covered by Annex F, or the improvement stipulated
therein is insufficient, the detail should be classified by testing (see 13.1).

14 Workmanship and Inspection

141 General

The classifications for structural details in Table 1 to Table 10 refer to specific
modes of fatigue failure. However, the details concerned can contain features
that could provide alternative sites for fatigue crack initiation or increase the
severity of those covered by the classification scheme, in both cases possibly
resulting in lower fatigue performance. Therefore, in fatigue-loaded steel
products there should be adequate control and inspection of manufacturing
quality, together with acceptance limits related specifically to fatigue resistance.
Where the classification of a detail is dependent on particular manufacturing or
inspection requirements, the necessary standards of workmanship and inspection
should be indicated on the relevant drawings.

In practice, the overall quality requirements for a product are determined by a
number of performance requirements, depending on its application. These
might or might not be sufficient to cover the quality requirements needed for
fatigue performance.

Typical performance requirements other than fatigue can include one or more
of the following:

a) static strength (resistance to fatigue or buckling);
b) resistance to deformation or deflection;

¢) energy absorption (ductility);

d) geometrical precision (dimensional tolerances);
e) clearance to moving parts;

f) fit-up to adjacent parts;

g) resistance to corrosion;

h) lack of obstruction to fluid flow;

i) aesthetic appearance; and

i) hygiene (elimination of crevices).

Some of the recommendations in the sub-clause can impose very high
requirements for specific aspects of quality.
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The existing product specification requirements should therefore be adequate
for fatigue performance purposes. If not, then the non-conforming aspects
should be enhanced.

It should not be assumed that the quality requirements needed for fatigue
performance alone adequately cover those required for other performance
requirements. In some cases they might not.

Quality aspects which are detrimental to fatigue performance are described
in 14.2.

Guidance on quality levels needed to ensure that the various detail classes are
achieved is given in 14.3.

14.2 Quality aspects detrimental to fatigue

14.2.1 General

The presence of unspecified notches in a new product can have the same effect
on the remaining fatigue life as a fatigue crack of the same size. Such notches
can therefore significantly shorten the fatigue life of the product, by eliminating
the period of early crack growth.

The most severe notches are those that exhibit the following characteristics:
a) planar with a sharp tip;

b) orientated normal to the direction of fluctuating stress;

c¢) located at or close to a surface; and

d) located at or close to one of the classified initiation sites.

Other quality aspects which can adversely affect fatigue life are those which
result in an increase in cyclic stress at one of the classified initiation sites. These
are usually caused by unspecified variations in product geometry.

The most common types of quality aspects important to fatigue are listed in
14.2.2 to 14.2.4.

Some quality restrictions are given in Table 1 to Table 10. Guidance on others is
given in 14.3.

14.2.2 Parent materials

Particular material quality aspects that should be controlled for fatigue purposes
are:

a) surface imperfections (rolling flaws and their repairs, corrosion pitting,
accidental damage such as arc strike and weld spatter);

b) internal laminations and inclusions;

¢) incorrect geometry (e.g. deviations in shape, flatness or thickness at the
limits of tolerances, see Note).

d) cracks due to inadequate removal of hydrogen (e.g. heat treatment or
plating processes, bolts of Grade 10.9 and above).

e) liquid metal assisted cracking (LMAC) in heavy galvanized products.

NOTE Design stresses calculated using nominal thickness are applicable to plates
manufactured to the thickness tolerance requirements of BS EN 10051 and
BS EN 10029:2010 Classes A, B and C.

14.2.3 Bolted joints
Particular quality aspects that should be controlled for fatigue purposes are:

a) correct alignment of holes (in un-tensioned lap joints in particular);
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b) correct fit-up between faying surfaces prior to tightening (most important
with pre-tensioned tensile joints);

¢) correct bolt tightening procedure and sequence; and, in cases where a
torque measure method is applied;

d) correct friction coefficients in threads and under washer faces and the
correct lubrication required by the torque tightening specification.

14.2.4 Welded joints
Particular quality aspects that should be controlled for fatigue purposes are:
a) cracks (usually a sign of serious material or process problems);
b) lack of fusion or penetration (surface and embedded);
¢) undercut at weld toes (transverse to stress direction);
d) volumetric flaws (e.g. porosity, slag);
e) excess weld cap or root profiles;
f) loss of weld throat (butt and fillet welds); and
g) linear or angular misalignment in cruciform or in-line butt welds.

No unauthorized attachments, introduced as fabrication aids or later in service,
should be welded to the product in regions where such attachments would
reduce the classification assumed for design. Unless allowance is made for them
at the design stage, they should be removed and the area ground out and
checked by NDT to ensure that no unacceptable flaws remain.

14.3 Control of quality for fatigue

14.3.1 General

Table 1 to Table 10 provide limited information on manufacturing requirements
for certain type numbers. In general, most of the necessary controls on
fatigue-related quality aspects described in 14.2 are not provided in the tables.
Guidance on control of these quality aspects is given in 14.3.2 to 14.3.4.

The detail classes given in Table 1 to Table 10 denote the highest recommended
S-N curves for each detail type. Any manufacturing recommendations in the
Table 1 to Table 10 assume that the detail is to be stressed up to the limit
allowed by that S-N without a shortfall in fatigue life. In practice there might be
a number of details in a product that are stressed to similar levels, but have
different detail classes. On the assumption that all details have been assessed to
have a satisfactory fatigue life, details with the higher classes are not stressed to
the maximum limit permitted by the classification. For example if a component
has a long wide welded attachment on its surface (detail type 4.5, nominal stress
class G) and there is a transverse double sided butt weld (detail type 5.3, class D)
close by and stressed to the same level then the butt weld cannot be stressed to
its maximum permissible limit (e.g. 90 N/mm? at 2 x 10°) because the class G
detail would be limited to 50 N/mm? at 2 x 10° cycles. Thus, in the case of the
butt weld the required class for this product is G, i.e. 45% lower in stress terms
than the maximum permitted detail class D according to the table. The required
class is therefore a function of the stress spectrum only and is the lowest S-N
curve which just provides an acceptable fatigue life.
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It is therefore possible to select the fatigue quality control requirements for a
particular product on a fitness-for-purpose basis, using the assessment methods
in BS 7910. For products with medium or low cyclic stressing this is likely to
result in significant quality control savings compared to those required for
meeting the maximum permitted class for all the details in the product. The
required class at any location in the product can be readily determined by
repeating the calculation procedures in Clause 15 and Clause 16 for various S-N
curves until the lowest acceptable curve is found for that location. The required
class, as in the case of the detail class in Table 1 to Table 10, depends on the
direction of stress fluctuation and is likely to be different in the two orthogonal
directions.

14.3.2 Parent material

14.3.2.1 Material quality

Where material is to be welded, selection of a suitable carbon equivalent value
(CEV) is important for prevention of cracks.

Where material is to be used for transverse elements in welded cruciform or
T-joints (see element "Y" in Table 7, types 7.1 to 7.4) and there is the risk of
lamellar tearing, the following testing should be carried out:

a) through-thickness deformation (Z) testing; and

b) ultrasonic inspection to ensure that it is free from laminations and inclusion
cluster.

14.3.2.2 Surface condition

The following should be carried out to ensure the surface is in an acceptable
condition.

a) Visual inspection should be carried out to ensure that the surfaces are free
from damage for required classes D and above (corrosion pits, arc strikes
and spatter, mechanical damage).

b) NDT of any areas where temporary welding has been carried out for
required classes F and above (repair of rolling flaws, removed temporary
attachments) should be undertaken to ensure freedom from cracks.

¢) Excessive irregularities (see Type 1.4, Table 1) in thermally cut edges should
be ground smooth for required classes G and above.

d) Cold formed radiused edges should be checked for cracks by NDT where the
class requirement is G or above in the transverse direction and E or above in
the longitudinal direction.

e) Bolts of Grade 10.9 and above which are to be coated or galvanized should
preferably not be subject to acid or electro-deposition processes. If this is
unavoidable, heat treatment to remove hydrogen should be carried out
effectively (otherwise stress corrosion cracking might occur).

14.3.3 Bolted joints

Groups of holes in lap joints, (e.g. detail types 2.6 and 2.7), with bolts carrying

load in bearing should be jig, Computer Numerically Controlled (CNC) or match
drilled to ensure uniform bearing between all bolts in the group. Appropriate

tolerances on diameter, position and alignment of parts should be specified.
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When the fatigue design of a bolted joint is based on bolts being pre-tensioned
to a nominated or minimum value, it should be ensured that the required
pre-tension is achieved. Bolt tightening, (and therefore bolt pre-tension), can be
obtained using torque, angle or bolt-stretch measurements. The bolt pre-loading
method and hence pre-load accuracy should be selected after assessing the
criticality of the joint. For all pre-loading methods, the correct measurements,
torque sequences and torque-checking data should be defined. Calibration tests
should be carried out to confirm that the required pre-tension is achieved.
Established data on similar fasteners may be used if allowance is made for
variation between batches and products. A system of monitoring and recording
should be implemented to ensure that procedures are followed correctly.

Fit-up between parts with flat contact surfaces should be designed to ensure
uniform contact at the initial hand-tight stage prior to final tensioning.

The required bolt pre-load should be obtained by the following procedure.

a) Using a torque control method apply, in a defined sequence, sufficient
torque to bring the components into full face to face contact.

b) Using a torque measurement, bolt or nut part-turn or bolt-stretch method,
that is appropriate for the criticality of the joint, apply the final pre-load.

This procedure does not preclude the use of a final stage of tightening using
other methods.

Where a hollow jack might be used to tension long studs or bolts, tests should
be carried out to measure the pre-load loss, due to the applied dynamic loads.
This should be taken into account when determining the minimum pre-tension
to be used as the basis of design.

14.3.4 Welded joints

Welding is a process where notch-like imperfections and deviations in geometry
are difficult to eliminate entirely, particularly in arc welds. The degree of severity
depends primarily on the level of control of the process, but also on other
factors such as the type of process, the materials, the joint geometry and access.

The size of imperfection that can be tolerated without compromising the
fatigue life based on the details classified in Table 3 to Table 10 becomes smaller
as the required class (defined in 14.3.1) increases and the choice of viable details
becomes more limited. For example, if the required class is C and a transverse
butt weld in a plate is required, only detail type 5.1 is acceptable. This detail
involves removal of all local geometrical stress raisers such as weld toes, welding
access from both sides and a high level of NDT. If the component cross-section is
a more complex shape than a flat plate then the access for welding is reduced
and the likelihood of producing larger imperfections and also not detecting
them by NDT increases significantly. For this reason the maximum detail class for
a butt weld in this case is reduced to F2 (see detail type 6.1), a reduction of four
classes.

In contrast, if the required class is only W1 or less, a very wide choice of joints is
available. This includes transverse load-carrying fillet welded joints where the
design allows major areas of the joint to remain unfused with severe notches at
the weld roots (see detail types 7.2 and 7.4). Whilst these cruciform and T-joints
can be stressed in the parent metal to the level of nominal stress class F2 as far
as failure from the toe is concerned, failure from the root through the weld
metal is limited to W1 (detail type 7.8).
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Direction of stress fluctuation with respect to weld axis is a further important
factor. Weld imperfections with more notch-like features (cracks, lack of fusion,
lack of penetration, undercut, slag inclusions) are generally orientated parallel
to the weld axis and are therefore much more severe in terms of fatigue
performance when the stress direction is transverse to the weld axis. Local stress
raisers such as weld toes are similarly more unfavourably orientated with respect
to transverse stresses. This is reflected in the detail classifications where, for
example, a continuously fillet welded T-joint stressed longitudinally is acceptable
for a required class of C (or D if it contains stop-starts, see detail types 3.2 and
3.3 respectively); whereas if stressed transversely through the base of the Tee it
would be restricted typically to nominal stress class E or F (detail type 4.2 or 4.3
respectively, within certain dimensional limits). If stressed transversely through
the stalk of the Tee it would be restricted to W1 with respect to weld throat
stresses.

The control of welding in production is generally achieved by use of the
following measures:

a) relevant documented weld procedures qualified by test;

b) welders appropriately qualified by test for the range of procedures used on
the product;

¢) appropriate welding quality management system;

d) appropriate inspection and testing procedures and acceptance criteria for
the production welds; and

e) good practice for storage and handling of welding consumables to prevent
dampness and contamination.

Where fatigue performance is an important requirement for the product (i.e.
the requirement is class W1 or higher) all these control measures should be
adopted in accordance with BS EN 1011-1, BS EN 1011-2 (for ferritic steels) and
BS EN 1011-3 (for stainless steels).

For small mass-produced initial products it might be practicable to inspect the
quality on a random sampling basis by destructive tests (e.g. sectioning of
welds). Routine performance testing (by loading) is usually impracticable for
verifying fatigue life because of the time it takes. In the majority of cases
verification that the required quality has been achieved in production is by NDT.
If high fatigue classes are required the limitations of the various testing
techniques in detection, characterization and sizing of the various welding
imperfections should be taken into account.

In some instances it might be current practice to use the same acceptance
criteria in production as used for procedure or weld qualification (see

BS EN ISO 15609-1 and BS EN 287-1) or those in BS EN ISO 5817. Such
specifications are based on arbitrary quality criteria and might have aspects that
are not adequate for higher fatigue class requirements. They are also likely to
contain requirements that incur additional cost for lower fatigue class
requirements. For these reasons it is preferable to specify quality requirements
that are based more on fitness-for-purpose principles. Guidance is given

in Table 11 on appropriate limits of those imperfection types which need
to be controlled for fatigue purposes in addition to those specified in Table 3
to Table 10. This guidance is expressed in terms of the “required class”,
described in 14.3.1, so that an economic level of quality can be specified for any
given product.
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Where an existing production weld quality specification exists for the product, it
should be checked to ensure that it covers the types and limiting sizes of
imperfection recommended below for controlling fatigue performance. Where it
does not fully cover the fatigue quality requirements the specification should be
amended accordingly and it should be made clear that if any fatigue
imperfection limit is exceeded in production it is cause for rejection. The scope
of inspection might need to be enhanced in accordance with the
recommendations that follow.

If no production weld quality specification already exists for the product the
specification should be based on the recommendations in this clause, provided
that any other relevant performance requirements (see 14.1) do not require
enhancement above those required for fatigue.

Where the fatigue stressing requirements in a product are moderate, e.g. a
maximum class requirement no higher than F2 anywhere, a general
fitness-for-purpose requirement for the product quality should be based on the
maximum class required, subject to any enhancement for other performance
requirements (see 14.1). If only a small minority of specific welds in the product
experience high fatigue loading and have a higher class requirement than F2, it
might be more economical to identify these by their class requirement so that
extra inspection and higher quality requirements can be targeted to those welds
that are more critical. The welds in question should be indicated on the
drawings with their class requirement as defined in 14.3.1 (not their detail class
as given in Table 3 to Table 10).

Table 12 gives guidance on the fatigue acceptance of volumetric embedded
imperfections to meet Class C or lower (Class B is excluded because no
embedded imperfections are permitted).

Table 13 gives acceptance levels for undercut at transverse weld toes. These
limits might not be small enough for other performance requirements (see 14.1)
and might be larger than in some general quality control specifications.

The welds should not be smaller than the specified size. This applies particularly
to transversely loaded partial penetration butt welds and both the leg length
and throat dimension of transversely loaded fillet welds, where the fatigue life
is significantly reduced by small shortfalls in these dimensions.

With regard to deviations from the nominal geometry, particular attention is
drawn to joint misalignment, as the acceptance levels in many quality
control-based specifications are too large for fatigue-loaded joints. It is usually
necessary to allow for the effect of even nominally acceptable misalignment as a
source of additional stress. This effect can be expressed in terms of the stress
magnification factor, k,, which is used either to increase the estimated applied
stress range or to reduce the fatigue strength obtained from the relevant S-N
curve (see B.5.2.1). Assessment of any misalignment is required for transverse
butt welds as Class D refers to perfectly aligned joints. This is also true for any
assessment of potential weld toe failure using the hot-spot stress, although that
effect could be included in the calculation of the hot-spot stress if the relevant
type and extent of misalignment was included in the finite element model or
the hot-spot stress was obtained by surface stress extrapolation from strains
measured on the actual welded detail concerned. However, linear misalignment
e/t up to 0.05, corresponding to k,,= 1.15, is included in the data behind Classes
F and F2 for cruciform joints. Therefore, on a fitness-for-purpose basis, only
misalignment above this level needs to be considered when assessing cruciform
joints. Table 14 to Table 16 illustrate the effect of misalignment on fatigue
strength for these three situations.
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