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ABSTRACT

The accurate prediction of stress concentration factors (SCF) at
weld toes is recognised as one of the most important factors in the
design, against fatigue failure, of welded tubular joints in of fshore
structures. The objectives of this work are 1) to study the influence
of some important tubular joint and weld profile geometric parameters
on the elastic SCFs at weld toes, 1i) compare these values with strains
which could be measured by strain gauges, and 1ii) to determine plastic-
elastlc strain distributions after local ylelding has occurred in the
weld,

Using 3-d frozen-stress, photoelastic techniques elastic SCFs were
determined in non-overlapped corner K joints in balanced axial loading
and in X joints in axial loading. For typical tube parameters, results
have been obtained for different brace angles, brace spacings, weld
slze, weld angle and weld toe radii in the crown and saddle planes
at the brace and chord wall ends of the weld. They have been presented
as the product of a shell SCF Ks and a notch SCF K.

Ks' which was measured at the weld toe, depends on position in the
brace intersection, brace angle, brace spacing and weld sige. Kn depends
on weld toe radius, weld angle and weld size.

Large scale 2-d photoelastic and finite element models were used to
study the influence of weld profile "qualities" on Ks and Kn' Weld shapes
conforming with minimum profiling requirements are called "uncontrolled".
Improved weld shapes with concave profiles are called "controlled". The
reductions in SCFs, due to the different profiles, depend on position

(crown or saddle) when the results are presented for identical weld

geometry.



Plastic-elastic and residual plastic strains were obtained in 2-d
steel weldments using reflection photoelasticity and moire interferometry
experimental techniques. A molre interferometer, using Helium-Neon
laser light and high sensitivity diffraction gratings was designed and
built for this purpose. Strains were measured in the range 20ue to 2%.
Strain concentration factors of between 13 and 17 were determined in
models in which the corresponding elastic values were 3.6 and 4.6

respectively.
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vi

NOMENCLATURE

A, Definitions

Brace: The (usually) smaller diameter members which terminate at a
tubular joint,

Chord: The larger diameter member which does not terminate at a tubular
Joint,

Controlled Weld Profiles An improved profile in which additional weld

beads are deposited to add a definite size fillet at the chord weld
toe of an uncontrolled profile.

Extrapolated Hot-Spot Stresss The value of the stress obtained by

linear extrapolation to the weld toe of the stress distribution
immediately beyond the notch zone.

Gap Separation: The meridional and/or circumferential distance at the

chord surface between outside brace wall intersection points.

Hot-Spot Stresss The maximum extrapolated stress found in a welded joint.

Nodes Tubular intersectlion comprising a chord and one or several
brace(s).
Nominal Stress (or Strain)s The mean axial stress (or strain) in a

loaded brace measured remote from the tubular joint.

Non-Overlapped Joint; Tubular joints in which the only connections

are between braces and the chord, i.e. each brace is separate from
every other hrace,

Notch Zones The distance to the commencement of the linear stress
distribution measured from the weld toe, both along the surfaces
and through the thickness of a joint.

Offsets The distance along the chord axis between the intersection of
co-planar brace axes with the chord axis.

Simple Joints Any Jjunction within a tubular joint or node comprising

a brace wall, chord wall and weld fillet.



vii

Stress (or Strain) Concentration Factor: The maximum elastic stress (or

strain) in a simple joint divided by the nominal stress (or strain)
in the brace in which the stress (or strain) concentration is found.

Stress (or Strain) Indexs The measured stress (or strain) at any point

divided by the nominal stress (or strain) in the brace in tension

in a tubular joint.

Uncontrolled Weld Profiles A profile conforming to the minimum profiling

requirements of an appropriate code of practice.
Weld Fillet: The material joining a brace stub to the chord tube.
Weld Toes The intersection of the weld fillet with the outer tube

walls,

B, Notation

L,0,4,T,t,g,8',¢,0,0,¢,P tubular joint dimensions, and loading defined

in Mg, 3.1
w,h,H,r,ri,G,a,v weld profile dimensions defined in Fig. 3.7
a moire fringe spacing
e error
°.a standard error
f frequency of virtual reference grating (moire)
a distance to point load in 2-d loading system
defined in Fig. 3.6.
n | fringe order in reflection photoelasticity
u,v components of displacements parallel to x and
y axis respectively (moire)
z stress zone
A moire fringe gradient
cross sectlonal area
c, C' controlled weld profile,material constant

and shear lag coefficient in reflection photo-

elasticity



nom

Young's modulus

material fringe value ; frequency of model 3’“*““3
o

/Ohom

6/5

nom

stress indices

H

strain indices
stress concentration factors, defined in Fig.
1.3

fringe order (moire and transmission photo-
elasticity)

nominal fringe order in a loaded brace

load

distance from a weld toe

uncontrolled weld profile

angle of incident light in moire reference grating
2L/D

angle of diffracted light in moire model grating
d/D

shear strain

D/2T

mean maximum shear strain in a brace wall
deflection

direct strain

&/D

ratio of cartesian to principal stresses

ratio of SCFs in controlled and uncontrolled
weld toes

angles of rotation defined in Fig. 4.5.
wavelength of light,direction of point load

in 2-d loading system defined in Fig. 3.6

Poisson's ratio



ix

o] stress
é maximum stress
g , € mean axlal stress or strain in a brace loaded

in tension

mean axial stress or straln in each brace

T shear stress
t/T
A increment
L inclination of o, to a plane of symmetry

1

C. Suffices

b brace c chord

¢] outside brace and chord i inside brace, chord or
s shell fillet

g geometric n notch

m meridional; model t weld toe

2 linear (a stress zone) h hoop

Xy, ¥, Z cartesian values 1, 2, 3 principal values

HS hot-spot L photoelastic layer

D. Superscripts

r residual (strain)

e elastic (strain)

aux auxiliary\(in moire work)

m using meridional strains only

P plastic reversal (strain)



E. Abbreviations

API American Petroleum Institute
AWS American Welding Soclety

BSI British Standards Institution
FE Finite Elements

MFV Material Fringe Value

SCF Stress Concentration Factor

SNCF Straln Concentration Factor



CHAPTER 1

INTRODUCTION

1.1 General Assessment of the Use of Welded Tubular Joints in

Offshore Structures

The type of tubular members studied in this work are circular
hollow sections. Although the tubes themselves have an efficient
distribution of material, the joining of several tubes (of equal or
different sizes) to form simple comnnections disrupts the uniform load
raths enjoyed in the tubes and a potential failure site is created at
every intersection.

The use of tubular joints in structures, including offshore oil
and gas drilling rigs, is well documented. Over 1,000 tubular
structures have been fabricated for use in offshore work since 1947; a
year roughly coincidental with the rapid development of welding processes
and of special machines to profile the ends of the tubes. In fixed
offshore drilling platforms, welded tubular joints are used to form
the comnections in a tubular space frame, known as the jacket. Typically,
a jacket may contain between 40 and 80 such joints, Each joint comprises
one uninterrupted through tube, called the chord, and several smaller
tubes, called braces, which terminate at, and are joined to the chord.
See Fig. 1.1,

Following a number of failures of these joints in the 1950's and
1960's, extensive large scale testing and experimental model analysis
was carried out because the behaviour of the joints is difficult to
predict analytically. The tests showed that although the joints
satisfied static and ultimate strength requirements, e.g. adequate

shear thickness, premature failure occurred at the welded intersection



under fatigue loading. The WOhler or S-N curve which relates cycles at
failure and the maximum stress in a member was found to be applicable to
the fatigue failure of complex tubular joints. Because of the sensitivity
of this mode of failure, a 10% under-prediction in maximum stress could
result in a 30% over-prediction in fatigue life. It is now well estab-
lished that the most influential factors governing fatigue life are
as followss
1) loading
11) tubular. joint geometry
111) weld quality and profile
iv) material
v) environment
This work deals with the effects of items ii) and ii1) on the
magnitudes and locations of maximum stresses in certain types of tubular
joints, The effects on fatigue of loading modes were studled by
McDonald et al (e.g. 1); of material by Cotton (2); and of the environment,

e.g. corrosion, by Wylde et al (e.g. 3).

1.2 Definitions of Stresses in Tubular Joints

The chord and braces forming a tubular joint can be considered as
a number of members which act like beams. The loads in each of these
'beams’ are calculated by conventional structural analysis, assuming
rigid joints. The most important load is the axial force, but out-of-
plane and in-plane bending are also significant; the shears and torsion
of a member about its axis are usually unimportant. With particular
joint dimensions (D, T, d, t, ©, defined in Fig.1.1), lengths of members
and their positions, nominal membrane stresses in each brace of the
joint can be calculated assuming no distortion of the members and linear

stress distribution across each member, These stresses are here referred



to as nominal stresses, Som’ With these assumptions

S om = f(D, T, d, t, 0, loads for each brace)

However, because the chord is a thin-walled tube, the loads in the
braces ovalise the chord and consequently distort the braces. These
distortions cause bending of walls of the tubes. See Fig. 1.2. The
gradients along the axes of the tubes of the assoclated wall bending
moments vary so slowly in the vicinity of the junctions of the tube walls
that they are considered to be linear. See Fig. 1.3. A shell stress

concentration factor KS to quantify this shell bending 1s defined as

K = linearly extrapolated surface stress at weld toe
s 'beam' stress, o

nom

Linear extrapolation is implicit in finite element calculations using
shell type finite elements (Kuang (4)) and explicit in the use of strain
gauge measurements from acrylic (Wordsworth (5)) and steel (Irvine (6))
models.

With the definition of S om incorporating the effects of tube sige

and inclination, it was assumed that, primarily,

K, = f(brace spacing g, dihedral angle ¢)

However, the above ignores the real shape of the joint. The
presence of a brace (and the associated weld) causes additional stress
concentrations in the chord due to the increases of wall thickness which
change the stiffness of the chord wall AND due to the discontinuity of
the outside surface of the chord. A notch stress concentration factor

Kn to take account of these local effects is defined as

A

g _ maximum stress in fillet

n X, 0 om ~ ‘surface stress linearly extrapolated to toe

These values occur at different positions because the maximum surface



stress does not occur at the weld toe but at a small distance in the weld
toe fillet arc (see Fig. 1.3). Because it deals with the additional stress

concentrating effects, it was assumed that, primarily,

K, = f(weld toe shape rc/T, a, and weld size H/T)

for the chord end of the weld and

Ky = f(rb/t,ab and h/t)

for the brace end.

1.3 Design Against Fatigue Failure by Reductions in SCFs

Often, when a welded tubular -joint fails under fatigue loading, the
fatigue crack initiation site is at the toe of the weld. This 1is not
only the location of surface discontinuities such as flaws, crack like
defects and undercuttings, but 1s also the position of stress concen-
trations. The problem is thus two-fold and two avenues of investigation
are required;

1) a global analysis of tubular joints that ignores the shape
and sige of the weld, known as the "extrapolation or hot-spot
method", and

11) the determination of local stresses (on a microscopic scale

relative to 1) in the weld toe fillets, known as "effect of

weld profile".

1.3.1 Bxtrapolation, or Hot-Spot Methods

Surface strain measurements in steel tubular joints are usually
obtained from electric resistance strain gauges attached to the outer
surface of the tubes. The stresses computed from the strains are used
to predict hot-spot SCFs. Because the latter occurs in the weld toe

fillet, it is necessary to extrapolate the stresses from two (or more)



points as shown in Fig. 1.4, It is therefore evident from the definition
of Ks glven above, that, if gauges are located in the region where surface
stresses decay linearly with distance, hot-spot and shell SCFs are
synonymous terms.

The hot-spot method is widely adopted because it places the SCFs
from many different tubular joint geometries on a common basis. The
shell SCFs obtained from continuous stress distributions in this work
assist in the interpretation of hot-spot SCF and examine the errors

therein,

1.3.2 Effect of Weld Profile

Welded joints that conform to the requirement of a welding code
are known as prequalified. Some of the prequalified details for complete
Jjoint penetration fillet welds in tubular joints are the subject of
possible amendments to API (7) and AWS (8) welding codes. To support
these proposals, fracture mechanics solutions are sought for a compre-
hensive range of tubular joint geometries and for fillet welds with
various profile "qualities". See Fig. 1.5 . One of the guidelines
Previously implemented to eliminate local stress concentrations where
crack-like defects occur at the weld toe is that a weld should blend
smoothly with the parent chord wall. These are idealised requirements
in which stress distributions are expected to be similar to those near
butt welds, where for thick sections the AWS welding code controls weld
angle and the radius to prevent drastic reductions in fatigue strength,
known as the "size effect”.

This is not possible with fillet welded tubular connections because
of the large number of geometric configurations. Different degrees of
profile control at different posltions 1in the tubular joint are necessary
to maintain fatigue strength. The 1980 edition of the API code intro-

duced particular items of guidance with regard to profile control. A



finished weld was designated "profiled" (Fig. 1.5d) or "non-profiled”
(Fig. 1.5a); the profiled weld merging smoothly with the parent plate
and the non-profiled weld requiring no specific profile treatment.

The significant difference between the S-N fatigue life curves appropri-
ate to each type of weld obviously placed importance on the definition
of profile control. To eliminate these ambiguities in this work, weld
profiles were designated "controlled" and "uncontrolled" in which the

features of each were quite distinct,

1.4 The Relevance of Plastic-Elastic Strains

It has been observed (9, 10) that during the first load cycle in
fatigue tests on tubular joints, local yielding occurs at hot-spot
positions near to weld toes. Strains exceeding yield values have been
measured by small gauges placed as near to the weld toe as possible;
typically 1.5 mm from the toe. However, it is unlikely that actual
plastic-elastic strains have been measured at "real" weld toes. Attempts
to model the plastic-elastic behaviour of 3-d joints using finite element
methods must consider the mechanical properties of the different mater-
ials at the toe of a weld. These are weld metal, heat affected zones
and parent plate.

Because plasticity precedes cracking, the behaviour of these joints
during the crack initiation period is important. The relevance of
plastic-elastic and residual plastic strains (in the important positions
in a tubular joint) is é:)strain amplitude, i.e. the difference in
these values for typical loadings. These have been measured in this
work in real steel joints which represent the important positions in a

tubular joint.



1.5 Objectives of This Work

The objectives of this work are:

i) to study the influence of brace inclination, brace spacing,
weld size, weld angle and fillet radius on the elastic shell
and notch SCF at the brace and chord ends of the saddle and
crown, at the heel and toe positions of usual shapes of
Joints used in offshore structures,

11) to determine elastic surface strain and stress distributions
near the welds of multibrace tubular joints and to relate
elastic hot-spot stresses to strains which could be measured
by strain gauges.

111) to determine elastic, plastic-elastic and residual plastic
strain distritutions near to weld toes of real steel weld-

ments manufactured to offshore specifications.

1.6 Methods of Analysis

Four experimental and one numerical methods of analysis were used
to study elastic stresses and plastic-elastic strains in the vicinity
of weld toes, Because of the large number of tubular joint and weld
Profile geometries used in an offshore structure, a sub-structuring
approach was adopted. Small (approximately 1/6 to 1/8) scale three-
dimensional (3-d) photoelastic models were first used to determine
3-d stress fields for different tube configurations. These results
were used to design half- to full scale 2-d photoelastic, finite element
and steel models,

The design of these models is described in Chapter 3. All models
were designed in accordance with appropriate codes of practice with

regard to shape and loading.

The experimental techniques given in Chapter 4 describe manufacture



of the models and testing apparatus, and measurement of stress and/or
strain., In Chapter 5 the link between experimental output data and
useful stress and/or strain information is made in the analysis of
readings.

Chapter 6 gives the results of the work. Elastic stress results
are separate from plastic-elastic strain results. For both, distributions
of surface and through-thickness stresses and strains show the behaviour
of particular models, Maximum values in fillets and linearly extra-
polated values at weld toes are noted and the influence of the various
geometric parameters on the stress or strain concentration factors
follow.

All results are quoted for the intended geometric parameters and
perfect loading conditions. The analysis of errors given in Chapter 7
describes the accumulation of error in the magnitudes of SCFs and SNCFs
due to dimensional deviation, alignment and magnitude of loads, measure-
ment of stress or strain and interpretation of results.

In the discussion in Chapter 8, the suitability of the methods of
analysis is reviewed. The behaviour of welded tubular joints on global
and local scales is discussed. The implications of the results of this
work on the prediction of hot-spot peak fillet stresses are highlighted.
Comparisons are made with the results from other work which was given in
the literature survey in Chapter 2.

The important conclusions and relevance of this work in the context
of an overall offshore structures research programme are summarised in

Chapter 9,



e Maximum stress at any
position depending on
loading and geometry
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Fig. 1.1 Definition of a Tubular K Joint and Hot-Spot Positions
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Fig. 1.2 Definition of Weld Profile and Stresses in a Simple Joint
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! stress distribution
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Fig. 1.3 Definitions of Stress, Shell and Notch Concentration Factors

Fig. 1.4 Hot-Spot Extrapolation Methods from Strain Gauge Readings or
Continuous Stress Distributions
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Fig.1.5d Improved Weld Profiles

Fig. 1.5 Weld Profile Improvement Methods
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

During the last twenty years extensive research has been carried out
on the fatigue performance of welded tubular joints. Individual investi-
gations, in addition to the larger co-operative programmes, have recognised
fatigue as one of the most important factors in the design of offshore
structures. Some of the results of these investigations have since
been transcribed into recommendations for the design, manufacture and
inspection of welded tubular joints to prevent fatigue failure. 1In
general this has relied on a family of S-N curves; plots of maximum stress
range against the number of load cycles to failure, that have been
developed for a wide range of typical weld features. Because S-N curves
are extremely sensitive to variations in stress range, it is important
to obtain accurate and reliable values for maximum stresses in tubular
joints,

A large amount of data now exists on the subject of surface stresses
near the intersections of tubular members. This is a complex three-
dimensional problem. Mathematical solutions have, in general, failed to
predict maximum values and generate stress distributions for the most
simple of connections. Investigations have therefore used experimental
and numerical methods of stress (or strain) analysis,

The experimental techniques used were 1) static strain gauge tests
on small scale acrylic models, i1) static and fatigue strain gauge tests
on (real) welded, scaled or full-size steel joints, and 1ii) photoelastic

techniques. All three methods are being used today.
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The numerical techniques used were i) analytical and ii) finite
element modelling. The development of computers, in the mid 1970's, which
were sufficiently powerful to analyse three-dimensional tubular joints
using finite elements eliminated further attempts to produce satisfactory
analytical models,

Investigations have, in the maln, obtained tube wall surface stresses
on idealised tube-to-tube connections with no weld, or have measured
strains at positions which do not record the effect of welds, However,
recent work has dealt exclusively in determining the localised stresses,
known as notch stresses, that occur near to the toes of welds, Attempts
have also been made to study the spread of plasticity from weld toes
using steel models and finite element representations of steel joints,

The literature review deals with these subjects in the following
sectionss

2.2 Tubular joint stress distributions and geometric (or shell) SCFs,
2.3 Effect of weld profile on (elastic) stresses at weld toes, and

2.4 Plastic-elastic effects in tubular joints.

2.2 Tubular Joint Stresses and Shell SCFs

2.2.1 Review of Codes of Practice

BS 6235 s 1982 (11) states that fatigue lives of a tubular joint
must be adequate both on the chord and brace sides of a weld. A long
term distritution of peak stress range at every location on a joint is
required to estimate probable fatigue 1life. The code requires that
local peak stresses should be those which are as near as possible to
the connection without being influenced by the weld profile, This
stress which is referred to as 'hot-spot stress' should be determined
by accepted practices; including finite element analysis, parametric

equations or experimental evidence,
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DoEn Guidance Notes (12) define the hot-spot stress used in experi-
mental stress analysis of tubular joints as the greatest value around
the brace/chord intersection of the extrapolation to the weld toe of
the geometric stress distributlon near the weld toe. This implies that
the stresses used to describe fatigue behaviour should incorporate the
effects of overall and local tube geometry, i.e. shell stresses, but
omit the concentrating effects of weld geometry.

API RP2A (7 ) considers local stresses at tubular connections in
terms of geometric SCFs because the microscale notch effects near weld
toes are reflected in the appropriate choice of S-N curve, The curves
should be nominated with regard to the severity of the notch effects in
terms of weld profile qualities. The hot-spot strain should be measured
by gauges adjacent and perpendicular to the run of the weld. The code
also notes that where empirical equations, e.g. (4 ), derived by finite
element methods are used, differences between mid-plane intersections
and actual hot-spot locations must be taken into account, along with
stiffening effects of the actual weld geometry.

AWS D1,1-84 ( 8 ) states that the adequacy of simple T, Y and K
tubular connections in fatigue should be determined by testing an
accurately scaled model or by theoretical analysis (e.g. finite element
methods). In defining hot-spot stress or strain range the code states
that this is on the outside surface of intersecting members at the toe
of the weld joining them - measured after shakedown in model or prototype

connection or calculated with best avallable theory.

2.2.2 Surface Stress and Straln Distributions Near Weld Toes

Bouwkamp, University of California

Bouwkamp published a series of papers (e.g. 13,14 ) on different
approaches towards a solution for stress distributions and the behaviour

of tubular connections. Much of the future work carried out by other
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investigators takes its direction from his "state-of-the-art" synopsis
published in 1966 (13). Brittle lacquer, photoelastic, strain gauge and
full scale static loading techniques were used on tubular joints
incorporating gusset plates, stiffening rings, grouted columns and local
wall thickening. Fig. 2.l1a shows the principal stresses in a thick
walled unreinforced K joint (y = 11.5, t = 0.33). The writer has
reproduced this in Fig. 2.1b in terms of the mean axial stress in the
diagonal brace. Bouwkamp expressed surprise at finding the maximum
stress at the crown toe (¢ = 1450) of the inclined hrace, -rather than

at the saddle in the same brace. This was attributed to the interaction
between the two btraces which stiffened the crown and encourages load
transfer to these positions. Perhaps Bouwkamp had unwittingly chosen
the optimum gap at which brace interaction causes greater stresses at the
crown than do chord wall deformations at the saddle. The gap parameter
was g/D = 0.11.

In a later paper (14) Bouwkamp studied the influence of weld defects
on surface stress using full size tubular K joints with, and without
complete weld penetration, Because of the configuration of a typical
Jacket structure and the local stiffening effect of the chord by all
braces, unloaded brace stubs were introduced in another plane to the one
containing the loaded braces. The joints were instrumented using cross
gauges in crown planes and rosettes in the saddle planes on all tube walls.
Single gauges measured nominal brace strains remote from the intersections.

The results are important in the interpretation of results in welded
tubular joints in which weld defects are not detected or ignored. The
chord wall strains for the non-defective and defective joints were
virtually identical; defective joint strains were only 2% to 7% greater.
Hence load transfer through the chord was unaffected by the weld defect.

The brace wall strains for the defective joints were 4% to 11% greater
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at the saddle positions, and 15% to 30% greater at the crown positions
than comparative strains in correctly constructed and repaired jolnts,

Gulatl et al, Brown and Root, Inc,

Gulati et al (15) expanded the use of parametric equations
developed for single plane K and KT joints to applications involving
multibrace, multiplane joints subjected to combined loading. It was
suggested that connection interactions consist of 1) stiffening effects
on’' the ovalisation of the chord tube between adjacent hraces, and
11) interaction of stress fields when two (or more) traces are loaded,

Additional stiffness caused by adding co-planar hrace(s) was found
to decrease SCFs at saddle positions and increase SCFs in the crown
plane between the braces. This was attributed to the extra load carrying
capacity of the chord wall in this region. Little emphasis was placed
on the gap parameter,.g/D which is shown by Wordsworth (5 ) to be
significant in the crown plane. The interaction of elastic stress
fields for combined loading was shown to.be by direct superposition
providing the geometry of the node, and the positions and number of
braces were not varied,

Fessler, Little and Shellard, University of Nottingham, U.K.

Fessler, Little and Shellard (16, 17) and Little (18) used three-
dimensional, frozen stress photoelastic techniques to determine prinoipal
surface stresses along tube walls and in large radii fillets. The details
of this experimental technique are given in Section 4.2.1., Models were
single plane K and KT type joints (see Fig. 2.2a) with and without
overlap, in balanced axial loading., Stresses obtained in the crown and
saddle planes are shown in Fig. 2.2b., Although the outside wall weld
fillets were smooth circular arcs of radius r = 0.5t and the internal
fillets had a smaller radius Ty Z 0,1t, maximum stress concentrations

were found in the outer surface fillets at an angular position of 10° to

25° from the chord weld toe.
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Stress distributions appropriate to the saddle junction of a 900
brace show regions of linearity from 0.35T to 1.50T from chord weld toes,
and from 0.36t to 2,35t from brace weld toes, Shell SCFs obtained by
linear extrapolation to the crotch of the joint (called Xj in ref. 16)
and maximum SCFs in the fillet (called If) are summarised in Table 2.1.
The results are for different crown and saddle positions and give notch
factors If/xj for fillets of equal radius which occur at different positlons

on a single tubular joint.

The subject of local surface stress gradients has been investigated
elsewhere,

Ohtake et al. Sumitomo Metal Industries Ltd., Japan

From static and fatigue tests on high-strength steel (oy s 800 N/hmz)
K joints, Ohtake et al ({75 showed chord wall surface (hoop and meridional)
stress distributions in the saddle plane near to a @ = 90o brace. Results
for two joints, which differed only in chord wall thickness (y = 11.6
and 16), showed that the distance to the first point of contraflecture
in the choxd wall,. measured in the hoop direction from the chord weld
toe, was virtually independent of y; the angular distances being 130
and 15° of an arc. Because the chord shell SCFs were approximately
pProportional to v, outside wall surface stress gradients, expressed in
terms of chord wall thickness T, were found to be independent of T.
These are important findings in a plane of symmetry because weld toe SCFs
are strongly influenced by stress gradients.,

Wylde. Welding Institute, Cambridge U.K.

Tests carried out on welded tubular K and KT joints of chord
dimensions D = 457 mm and T = 16 mm were reported by Wylde (10). The
joints, with and without overlap, were tested under balanced axial load
or out-of-plane bending. Some of the joints, e.g. a non-overlapped K,

were comprehensively strain gauged to determine complete stress distributions
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in the braces and chord as shown in Fig. 2.3. Principal stress vectors
are shown for (a) the start of a fatigue test (b) after 5 x 1P cycles
and (c) 9 x 106 cycles; the latter corresponding to a point just prior
to through thickness cracking of the chord wall at the saddle near
brace-A (@ = 900). Although the stress at the original hot-spot reduced
to a low level, the stresses in the remainder of the joint were found to be
similar to those at the start of the test. This suggests that if improve-
ments were made to the weld profile only in the region of the original
hot-spot, fatigue 1ife would be greatly increased,

Chord wall surface strain distributions in the crown plane between
the braces showed the effects of btrace proximity on weld toe strain
(or stress) concentrations. Brace interaction resulted in the extra-
polated strain at the weld toe of the (lesser loaded) 90° brace being
virtually zero. The strain at the weld toe of the inclined brace was
increased due to the large bending gradients in the gap region. Hence,
for joint optimisation a critical value of g/D or g/T may exist in which
the hot-spot for a K joint in balanced axial load transfers from the

saddle to the crown toe position,

2.2,3 Through-thickness Stress Distributions near Weld Toes

Fessler and Marston, University of Nottingham,U.K.

Fessler and Marston (20, 21) developed and used an automatic micro-
polariscope to study through-thickness chord wall stresses in 3-d
photoelastic models of tubular K-joints., Slices cut from frogen stress
models were examined in a modified optical microscope in which the minimum
intensity of light was measured by a photomultiplier. The positioning
of the point under observation and fringe readings were automated to
enable stress separation using Frocht's shear different method (22).

Marston studled jolnts 1in the crown and saddle planes with three

different weld shapes. These are shown, with the tubular joint
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configuration, in Fig. 2.4. A total of six Araldite models were made
using the precision-casting technique, developed by Fessler and Perla (23)
and Little (18). The correct weld profiles were formed on identical
pairs of models. Bach brace was loaded separately in axial tension.

The results were presented in terms of direct cartesian (hoop,
meridional and radial) and shear stress indices, i.e. multiples of % nom
in the 90° brace, for a large number of chord sections in the crown and
saddle (90° trace only) planes. An example is given in Fig. 2.5.

The plots show that hoop and meridional stress linearity exists in all
directions to a point near to the outside wall surface in the vicinity of
either a fillet, or the intersection of a brace wall. The distance from
the outside wall or fillet surface to this point was called notch gone,
Marston quantified the stresses within the notch zone as a through-
thickness notch factor. This is the difference between the maximum
surface stress and the stress extrapolated to the same surface from the
linear distribution., These are given in Table 2.2 for the different
weld shapes, positions and brace loading.

The results show that the extent of notch stress is greater at saddle

positions where the chord walls are predominantly in bending.

2.2.4 Existing Parametric Formulae for SCFs

There are several alternative equations available for the prediction
of hot spot SCFs at different positions in tubular joints. In these
equations SCFs are given in terms of the geometric parameters relevant to
the particular tubular configuration, e.g. T, Y, K, N or X, and loading,

for which they were developed. The equations are of the usual form

SCF = C . Ya . Tb . uc . Cd . f1(8) L] Sine fz(g) e s a o0 (2.1)

where C, &, b, ¢, d, € = constants

£ f algebraic functions

172
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y» Ty 0y Gy B geometric parameters

a] inclination of brace to chord tube

Wordsworth and Smedley. Lloyds Register of Shipping, London

The technique of using strain gauges to obtain stress distributions
along the surfaces of small scale acrylic models of tubular joints was
used by Wordsworth and Smedley (24) and Wordsworth (5 ). Parametric
equations were developed to predict the SCFs at different positions in
T, Y and X type joints (24) and in K and KT type joints (5 ) for all
btrace loading modes, Some of these formulae are summarised in Table 2.3,
They are given for the chord side of the intersection at crown and saddle
positions.

The basic concept of this work was that a K or KT joint may be
likened to a T or Y joint on to which additional braces are added. If
other co-planar braces were loaded, chord deformations resulting from
these may extend to the original brace and superimpose, by adding or
subtracting (depending on the sense of load), stresses at the intersections.

SCFs were effectively shell SCFs measured at the 'crotch'; the
intersection of the outside hrace and chord wall surfaces. Notch stresses
near the crotch were ignored. Most of the tests on K and KT joints were
done on models without fillets at the crotch. In ref. (5 ) Wordsworth
refers to an earlier paper which shows that "the introduction of a fillet
transposes the stress distribution, by a distance of about half the fillet
leg length, away from the crotch". This recognises the effect stress
gradients have on weld toe SCFs. A weld leg length correction factor
(1 + x/T)'%, where x is weld leg length, was proposed. This is
multiplied by the SCFs obtained from the equations in Table 2.3. This
factor was derived mainly from tests on T joints with model fillets.

Tests carried out on K joints indicated that the correction factor was

"of the right order for this type of joint" although it varied for
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different loading modes because of different surface stress gradients.

Kuang et al. Exxon Production Research Co., Houston

Kuang et al presented several papers (e.g. & , 25) in which a large
number of tubular T, Y, K and KT joints were analysed by finite element
methods using flat facet-shell elements. The joints were divided into
'basic regions' and four levels of mesh refinement were used to reflect
the regional variations in surface stress gradients. The analytical
hot-spot, where SCFs were measured, was at the intersection line of the
mid-surface of the trace and chord. This imposed the complication of
qualifying all results for SCFs with the position where they were
measured, as Kuang demonstrated in Fig. 2.6a. Fig. 2.6b shows that
stresses measured on the outside chord and brace walls are sensitive
to this position if the distance from the intersection is less than
0.5 inch.

The results of the analyses were used to produce some parametric
SCF equations given in Table 2.3. The applicabllity and accuracy of
these equations was verified by comparison with the empirical ;quations
obtained by other investigators, namely Reber, Beale and Toprac, and
Visser. These references are given in (4 ). Evaluation of these
equations revealed disagreement as to the significance of the various
geometric parameters. Kuang presented his data in a form which he
considered to be appealing to most designers; algebraic or trigonometric
functions of the dimensionless ratio of physical tube dimensions.

Glbstein, DnV, Norway

Gibstein (26) used 3-d thin shell finite elements to derive similar
parametric equations as Kuang for tubular T joints. These are also given
in Table 2.3. The results showed the influence of the individual
parameters o, v, T and B on principal stress around brace/chord inter-

sections.
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Efthymiou and Durkin. Koninklijke/Shell Exploration, Netherlands

A comprehensive study leading to parametric equations for SCFs in T
and Y, and gap/overlap K tubular joints was reported by Efthymiou and
Durkin (27). They used a finite element programme 'PMB SHELL' that was
developed specifically to model welded tubular joints using 3-d curved
elements. The development and compliance to tubular joint stress analysis
of these elements was reported by Liaw et al (28) in 1976. Efthymiou
nodelled flat fillet weld profiles around entire brace-to-chord (or
brace-to-brace, for overlap) intersections. Although SCFs were obtained
by the extrapolated "hot-spot" method, the results reflected the con-
tribution made to joint stiffness by the weld fillet., Some of the
parametric equations are listed in Table 2.3.

Efthymiou noted that differences in SCFs predicted by the equations
of other investigations were due to different end conditions and effective
span to chord diameter (o« = 2L/D) ratios. The stresses at weld toes were
found to be smaller for short chord lengths because the natural decay
of stress, associated with chord ovalisation, was interrupted. For
chord slenderness ratios in the range 8 ¢ y < 16, effective span did not
influence SCFs when o > about 10, Crown values were not affected by this.

Gap and overlap K and N joints were extensively studied; about 100
combinations of loading and geometry. The effect of the brace gap in
the crown plane was found to be significant at the chord weld toe for
g/D < 0.25 and ¥ = 16, For other values of v, the SCF v g/D curves
were asymptotic elsewhere, suggesting that the parameter g/T characterises
this effect. Brace SCFs were not significantly affected showing that
stresses due to chord wall bending were dissipated through the large

mass of the 'weld'.
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Pan et al. Exxon Production Research Co,

Pan et al (29) suggested that the gap parameter was a measure of
additional strengthening between co-planar braces and found that above g/D
values of approximately 0.2, statlc failure load was independent of the
gap. Here was further evidence of the correlation between static strength
and stresses at intersections of tubular joints. This 1s also supported
by Marshall and Graff (30).

Buitrago et al. Exxon Production Research Co.

The parametric equations developed by Buitrago et al (31) were for
Y and non-overlapped K joints. The computer program used in the finite
elemnt program was TKJOINT; the same program used by Kuang. However an
alternative approach was adopted for this work in which influence factors
A were given in terms of joint geometry and load case at potential hot-
spot locations. The locations were crown toe and saddle positions at
the brace and chord ends of welds. The combined hot-spot SCF 1s obtalned

by super-position of stresses induced by each brace load as followss

m m
SCF = L 2 A0, veeer (2.2)
1i=1 j=1
°ij = nominal stress in brace "i" under load "j"
Xij = influence factor for each brace and load case
m = number of loaded braces
n = number of load cases considered

The influence factors for X joints in axial loading are given in

Table 2.3.

2.2.4,1 Comparison of Empirical Equations for Each Geometric Parameter

The varliation in SCF values predicted by the parametric equations
developed by Wordsworth, Kuang, Efthymiou and Buitrago for v, 8, 1, & and

© are shown in Fig. 2.7. The values were obtained for a K joint 1n
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balanced axial loading at the chord end of the weld at the saddle position
near the brace of greatest inclination. The results were determined

for the geometric parameters ¥, B and 1t used in this work for corner

K joints, i.e,y = 12,5 and B = t = 0,5, Other convenient values were

£ =0.1and @ = 450.

2.2.5 Unified Approach to Hot-Spot Stress Determination

Back, Wardenier and Kurobanei. Delft University, Netherlards &

Kumamoto University, Japani.

The large number of data and parametric equations derived made it
apparent that there was a need for a common approach to stress related
fatigue analysis. Back, Wardenier and Kurobane (32) reviewed the various
(mainly European) techniques for fatigue analysis; in particular the
"hot-spot" strain (or stress) range method. Several methods were being
used to determine the strain-life behaviour of tubular joints. These were
distinguished by either i) nominal or ii) hot-spot stress methods. In
(1) the stress concentration is indirectly considered by classification
of the joint using different S-N curves, or by taking into account
geometrical parameters and multiplying the stress level in S-N curves
by a certaln factor. Kurobane noted that in Japan, direct relationships
between static and fatigue strengths are assumed to depend on the same
geometrical parameters. (Marshall and Graff (30) support this concept
and show how the geometrical parameters which influence static strength
joint efficlency may be utilised in finite element analyses to develop
design equations for the fatigue life of complex tubular joints.)

In (i1) Back states that the hot-spot strain (or stress) must be
clearly defined before results presented in S-N plots can be discussed.
Because the influence of the weld toe is difficult to determine and its
effect on maximum stress changes along the run of the weld, the extra-

polated hot-spot stress method was developed. The method relies on
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linear extrapolation to the weld toe of stresses measured at prescribed
distances from it. See also Fig. 1.4.

Irvine, UKAEA, Risley, U.K.

These distances were given by Irvine (6 ) as shown in Fig. 2.8.
They represent the extent of linear surface stress decay with distance
from the intersection of two tubes, or, in the presence of a weld, from
its toe. Brace wall bending stresses decay fairly linearly in an axial
direction for distances of 0.8 /T%, and are negligible at about 5rt.
The distance parameter /rt is a function of the characteristic length
for a cylinder in bending. Notch stresses, which arise because of the
abrupt change in geometry at a weld, were found to extend for a distance
of 0.2/rt from the weld toe. Because weld dimensions on a tubular
joint (to AWS standards) are related to brace wall thickness, the slige
of the notch gone should scale with increasing size of joint.

Gurney ( 33) found no correlation with brace radius and suggested
a distance of about 0.4T instead of 0.2 Vrt. The extent of the linear
stress regions in Fig. 2.8 were agreed by the European Community of
Steel and Coal (ECSC) Technical Working Party on Tubular Joint Testing.
The expressions were empirical.

Irvine (34) reviewed the stress analysis methods used in the U.K.
Offshore Steels Research Project (UKOSRP). These were strain gauge tests
on full-size steel and small scale acrylic models, finite element analyses
of these joints, and photoelastic studies of models with welds as
featured on steel models. A tubular T-joint was used to study the
differences in techniques. The outside surface stress distritutions
obtained from the four methods are shown in Fig. 2.9 for a saddle
position. The closest agreement in results is between the steel and
photoelastic tests because both were modelled with real weldments.

The absence of welds in the acrylic models, and lack of physical thick-
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ness (not stiffness) in the thin shell finite elements, were responsible
for the differences in stress distributions and SCFs at the most
critical positions.

Irvine also clarified a difficulty that occurs at certain locations,
particularly at the saddle of inclined braces, where the stress perpend-
icular to the run of a weld is not a maximum principal stress. Rosette
gauges should be used to detect this and the value quoted as hot-spot

stress is the extrapolated maximum principal stress.

2.3 Stresses at Weld Toes

2.3.1 Weld Toe Notch Factors

Gibstein, DnV, Norway

The stress-fatigue behaviour of tubular joints with welds of
irregular and undefined geometry was studied by Gibstein (35). Strain
distributions wereused to characterise different positions around the
trace-to-chord intersection of T and Y joints as either ‘'notch free'
or 'notch effective'.

At certain locations, i.e. most btrace and some chord ends of welds,
linearity extended to within 1.6 mm of the weld toe., Extrapolated
weld toe values were obviously 'notch free'. 1In welds that did not
blend smoothly with tube walls a rapid, non-linear increase in strain
commeneing at about 4 mm from the weld toe was measured. This distance
was independent of wall thickness, position (i.e. chord or brace) and
loading. The severity of the notch effect varied between different
models and along the same weld front, Its numerical definitlon is
shown in Fig. 2.10 as the ratio between the stress at a weld toe
divided by the stress at the same position which corresponds to a 'notch
free' condition. Notch numbers at chord weld toes were 1.24 to 1.36

for fillet welds of varied but unspecified geometry.
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Dover and Connolly. University College London

Dover and Connolly (36) reported on a fracture mechanics approach
to the fatigue behaviour of welded tubular T, Y and K joints. The
results of strains measured in the near weld region on outside chord
walls in full-size steel (grade 50D) joints were combined with crack
growth data to provide experimental verification of theoretical and
numerical fatigue models.

The results of stress analysis gave weld toe SCFs in excess of
extrapolated geometric SCFs (KG) by a value K, called the weld SCF.
It was anticipated Kw would show large variations, around the tubular
intersection, due to changes in weld geometry. The results given in
the paper did not confirm this. A possible explanation was that some
gauges were positioned too far from the weld toe to measure the full
notch effect., The authors concluded that if Kw could be determined,
it may be possible to model early fatigue crack growth.

Atzorl and Pappalettere. Bari Unliversity, Italy

Several papers have been published by Atzori and Pappalettere et al
(37, 38, 39, 40) on the evaluation of peak and weld toe SCFs and surface
stress gradients very close to weld toes using finite element methods
and strain gauged X and T plate speclimens,

The most recent work by Papalettere (39) derived surface stress
distributions in cruciform specimens in which the variable parameters
were weld toe radii, in the range 0.08 ¢ r/t € 0.316, and lack of
penetration (LOP) 0%, 50% and 100% of the specimen wall thickness.
Shapes, dimensions and loading are shown in Fig. 2.1la. Strains were
measured using gauge chalns with ten measuring grids 0.51 mm or 0.79 mm
long. In some instances, gauges Were attached in the arc of the toe

fillet. Finite element models were studied with identical geometries.

The stress distributions shown in Fig. 2.11b are for full penetration
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joints with two different weld toe radii. The variation in the maximum

stress indices K = with r/t is shown in Fig. 2.11c. The

d1oca1/°nom

results fit the emplrical expression

K = A(x/T)® een. (2.3)

Values for A and b are given in Table 2.4,

Atzori and Pappalettere (40) used finite elements with a very fine
mesh in the weld toe region (Fig, 2.12a) to determine the magnitudes
and positions of SCFs, and surface stress distributions in fillet welded
T-plate joints. In the models, weld toe radii (r = 1 mm), weld angle
(bﬁo) and weld leg length (h = 1.5t) were constant. The range of
wall thicknesses was t = 2 to 100 mm. Typical surface stress distributions
are shown in Fig. 2.12b, The variation of peak (in the toe fillet)
and weld toe SCF with r/T is summarised in Fig. 2.12c for different
loading. The exponential increase in K with decreasing r/t may be
(in part) due to the angular position ¢ of the maximum stress in the
fillet. The value of ¢ increased from (approx.) 10° to 25° for r/t = 0.5
to 0.01,

Lawrence et al., University of Illindis

Similar, concurrent work to that of Pappalettere was carried out by
Lawrence et al (41) on five different butt and fillet welded joints shown
in Fig. 2.13a, Surface and through-thickness stress distributions were
obtained using finlite element methods. A very fine mesh was used to
model circular arcs at weld toes.

Lawrence found that the position of maximum stress was confined to
a very small region approximately 0.16r (r = weld toe radius = 0.76 mm),
The angular position of the stress concentratlions, measured around the
fillet from the toe, was 15o for a 450 weld angle. The variation in

K with t/r shown in Fig. 2.13b is a power function
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K=1+ m(t/r)o'5 ceees (2.4)

in which the constant a represents the macrogeometry and loading conditlon
of the weldment, Some of the values for a given for axial and bending
tests are summarised in Table 2.5.

For the butt welded specimen loaded in tension, the coefficient «

A
increases with weld angle @ according to the approximate expression

s, = 0.3 s1n?+9 o veene (2.5)

2.3.2 Local Stress Gradients at Weld Toes

Marston (21) showed that in tubular joints, chord wall through-
thickness stresses were sufficiently linear to be resolved into
axial and bending components.

Burdekin et al., UMIST, U,X.

Burdekin et al (42) explored this theme in a stress and fracture
mechanics analysis of fatigue crack propogation in tubular T joints.
Using finite element techniques, crown and saddle intersections were
modelled with 'single' or 'double' size, wedge shaped weld profiles.
The results, reproduced in Table 2.6, show considerable reductions in
SCF at the saddle where surface stress gradients are known to be large.
Reductions, in the order of 10%, were recorded at the crown where
stress gradients are smaller. The severity of surface stress gradients
are probably associated with the relative magnitudes of bending and
axial stresses near to weld toes. Fig. 2.14 shows the effect of 8
and T on the degree of bending. The proportion of bending was greater
at the saddle than at the crown, and greater for small values of B at
the crown. The influence of t is contained within a ¥i# scatterband.

SCFs were compared with those derived from the parametric equations

of Efthymiou (27) and Wordsworth (5 ). The results compared favourably
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with Efthymiou's equations at the crown, but over estimated at the saddle.
However, results were equal when the weld leg length h = 0,3t. The
implications of these results suggest that SCFs should be qualified

with the actual weld profiles used, particularly weld size at saddle

positions.

2.3.3 Weld Shape and Toe Profile Investigations

Marshall, Shell, Houston, Texas

Several investigators have studied the effects of weld profile on
the fatigue performance of tubular joints. Recommendations for methods
to improve U,S, field practice were given by Marshall (43). Although
different S-N curves, e.g. API X-1 and X-2, were used in anticipation
of different weld profiles, attempts to enforce profile control brought
mixed results. The self-shielded FCAW process gave large beads in the
vertical and overhead positions. This led to an unacceptable amount of
weld toe grinding in order to satisfy the requirements of the so-called
"dime-test" and to remove crack like defects, flaws and undercut at
the positions of maximum stress. These criteria are summarised in

Fig. 2.15.

Marshall (3 ) suggested an alternative approach to practical weld
profile control called "profile design". These are shown in Fig, 2.16
for the different positions in the trace to chord connection. The
intensions are clear; flat profiles are first laid down using a high
deposition rate process followed by a definite sigze fillet at the
chord weld toe. The new fillet has to 1) be large enough to transfer
the position of peak SCF to a lower stress field, ii) be made using
electrodes with good wetting characteristics to provide generous toe
radii, 111) 1imit the weld toe angle to (apprax.) 45°, and iv) be hot

enough to avoid the formation of hard heat affected zones,.
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Back and Vaessen, Delft University, Netherlands.

One of the parameters responsible for the control of stress concen-
trations at weld toes 1s the weld finishing. This was studied by
Back and Vaessen (44) on full-size, steel tubular T joints. The weld
finishing techniques used were toe grinding and improved profiles. The
"ordinary" and "improved" profiles are shown in Fig, 2.17a. Chord wall
surface strain index distributions are shown in Fig. 2.17 for the two
profiles. Extrapolated weld toe SNCFs are greater in the ordinary
profile because strain gradients are larger and the SNCF 1s measured
nearer to the brace wall, The small reduction in surface strain
gradilents for the improved profile was attributed to the stiffening effect
of the larger weld, a smoother toe profile and/or normal scatter in
strain gauge results. The writers concluded that the main reduction
in strain concentration factors for improved weld profiles were due

to shifting of the weld toe into a lower stress field.

2.4 Plastic-Elastic Investigations in Tubular and Welded Joints

There appears to be a paucity of information on the plastic-elastic
behaviour of welded tubular joints, particularly experimental work. The
post ylelded behaviour of these joints has been largely ignored by
investigators and generally accepted as a localised problem in which
the effects have been intrinsically absorbed in the design rules
against fatigue failures.

Despite the apparent absence of an experimental method which can
measure plastic strains at weld toes, a few investigators have attempted

to quantify the effects of plasticity on tubular joint performance.
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2.4.1 Effect of Tensile Overstrain at Weld Toes

Bouwkamp and Mukhopadhyay. University of California

The development of local strains, near weld toes, which exceed
yield strain cause residual plastic strains. Bouwkamp ( 9) found
tensile overstraln of welded tubular T-joints reduced fatigue life by
an order of magnitude when maximum straln €nax Was 4 times yleld strain
€y Tests were carried out on ASTM grade A36 steel (= grade 50D) in
which the ratio of the strain amplitude € mm/ey was varied from 0.6
to 4,0, Strains were measured in regions assumed to contain residual
welding stress and near to stress concentrations. The results for the
first loading cycle showed a non-linear load-strain relationship and
substantial residual plastic strain. SNCFs for different geometries
were 4.1 and 6.0. Subsequent load responses were elastic with SNCFs =
1.7 and 2,3 respectively. The initial residual state of stress and
subsequent development of large strains (during the first load cycle)
prior to essentlally an elastic behaviour was found to be common to

welded tubular joints.

2.4,2 Plastic-Elastic Strain Distributions

Yoshida et al, University of Tokyo

The elastic and plastic-elastic behaviour of a tubular T-joint
was studied by Yoshida et al (45) using shell and solid analysis finiie
element programs. The tubular joint was sub-divided into two regions.
For detalled behaviour near the intersection of the tubes, a 3-d elasto-
plastic deformation solid analysis was used. The elements were layered
through the thickness to represent progressive plastirication. An
iterative, incremental method based on the changing stiffness of the
joint was adopted to satisfy equllibrium during each load or displace-

ment step. Elsewhere, flat plate elements were used. The composite
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mesh is shown in Fig. 2.18a,

Tube material (oy = 383 N/mmz) and full penetration fillet welds
(oy = 501 N/mmz) of convex, flat and concave profile were assumed to be
perfectly plastic solids. The concave and convex weld profiles were
circular arcs of 20 mm radius. Surface strain distributions in the
saddle plane given in Fig. 2.18b show the effects of weld profile and

weld leg length. At P = 14t, € om 175ue, SNCFs in the order of 9.5

o
to 12.5 were measured. Decrease in weld toe strains in convex and concave
Profiles was 11%. The flat to concave profile reduction in strain was
. Yoshida found no effect on SNCF due to profile at the crown.

The extent of plasticity, based on 0 = 56 N/mm2 = 0.145 Uyo
is shown in Fig. 2,18c. The depth of the plastic region in the chord
wall is about 0.35 T from the outside surface and 0.5t in the brace wall.
The slze of the plastic gzone is fairly large for this loading considering
that typical working values of o = 140 to 200 N/m?. Plasticity
appears to be spreading more rapidly in the (weaker) parent plate
than in the weld. This suggests that material properties at weld toes
are as important as geometry after the onset of yielding.

Tleyun and Shuiyun, Shanghal Jiao Tong University

Tieyun (46) formulated plastic-elastic finite element techniques
to study the spread of plasticity in tubular T and Y joints. The
accuracy of the program was checked against strain gauge measurements
made on full size, low carbon steel, tubular Y joints of identical
geometry, loaded in axial compression. Hot-spot stress-strain curves
were in good agreement up to 0.8% strain. Load contours, representing
the edges of plastic gones for the experimental and numerical methods,
are shown in Flg. 2.,19a., The results showed plasticity developing first
in the chord wall at the saddle position and, progressed more rapidly
around the intersection line of the tubes than in a circumferential

direction.
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Elastic and plastic strains were also computed by finite element

methods along the intersection of brace amd chord tubes.

distributions are shown in Fig. 2.19b,

Table 2.1

Chord wall strain

Summary of Extrapolated Shell (xj) and Peak Fillet;{lf) SCFs for

K and KT Non-Overlapped Joints (16)

T SCFs1
Jun;ﬁion of 2;022322 Angles Chord values Brace values
* Jjoint

0 ¢ | X I, If/Xj Xs I, If/xj
1 K Crown | 45° 45° | 0.50 0.99 1.98| 0.8 1,77 2.21
KT | heel 0.9 0.93 1.90! 0.50 1.99 3.98
6 KT -1,51 -1,60 1,06] -0.28 -1.57 5.61
2 K Crown | 45° 135° | 1.20 3.75 3.13| 2.38 3.75 1.57
KT toe 2,20 4,00 1.8} 2.60 4.00 1.53
5 KT -3.75 4,91 1.,31| -3.58 -4.91 1.37
3 K cromm |90° 90° [-2.90 -4.50 1.55| -3.50 -4.50 1.29
KT -1,10 -2.75 2.50| -2.20 -2.75 1.25

4 K N/A -1.68 - N/A -1.68 -
KT -1.60 -3.15 1.97| -2.70 -3.15 1.17
v K saddle |90° 120° [-2.70 -4.75 1.76]| -3.20 -4.75 1.48

{

1. All values expressed in terms of mean axial stress in brace in tension

N/A = values not available,
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Table 2.2

Estimates of Through-Thickness Chord Wall Notch Factors and Extents (21)

a) © = 90° Brace loaded

Position Brace Weld Notch Extent
o ¢ Profilel Factor of Notch
In Effect?
Crown . S 2.1 0.13T
(remote from 90 90° R 1.1 0.15T
other brace) o 0.9 0.07T
Croun ) S 1,2 0.15T
(near to 90 90° 1.5 0.13T
other brace) c 0.6 0.07T
. 40 40 R 0.5 0.17T
Town & & c 0.6 0.11T
Saddle 90°  120° ° >+ 0.281
2.6 0.20T
b) 6 = 45° Brace loaded
. 40 135° c 2.8 0.19T
rown 5 45° ¢ 1.1 0.19T
Saddle 90° 120° c 1.0 0.137T
Notes

1, S = Sharp; R = Radius; C = Chamfer welds defined in Fig. 2.4,
2. Distance from outside surfaces to commencement of maximum linear

through-thickness stress.
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Table 2.4

Constants of the Empirical Expression for SCFs obtained

by Pappalettere (39)

Loading L.0.P. A b
0% 1.23 -0.305
Axial 50% 1.42 -0.318
10% 1 . 9 1 —0 . 31“‘
0% 1.03 | -0.281
Bending 50% 1.04 | -0.282
100% 1.0 | -0.295

L.0.P, = ladk of penetration

A and b defined in equation 2.3.

Table 2.5

Elastic Notch Stress Concentration Coefficientszfor Different Weldments (41)

Joint ref, Description1 Geometry Axial Bending
in Fig. 2.13a (Fig. 2.13a) o, g
T-joint, FPFW, =
A Fi:jced ends 0 = 45° 0.35 0.19
B X-joint, PPFW 0 = 45° 2¢/t = 0 0.35 0.19
" 2c/t = 0.5 | 0.38 "
" 2¢/t = 0.75| 0.41 "
" zc/t =1 0.45 "
D Double V groove 0 = 10° 0.13 -
butt weld 0 = 15° 0.18 _
0= 30° 0.23 -
0 = 45° 0.27 0.165
0 = 60° 0.31 -

Notes
1, FPFW, full penetration fillet weld
PPFW, partial " " "

2. o defined in equation 2.4,



Table 2.6

Comparison of parametric equation values for radial SCF with those

from F.E. studies with'single and double welds (42)

Parametric SCF

Single Weld SCF

Double Weld SCF

B T Crown Saddle Crown Saddle Crown Saddle
0.56 1.0 9.18 8.35 4.3 9.06 L.1 3.8
0.56 0.64 6.35 3.42 2,92 3.25 2.42 1.35
0.35 0.8 4,81 7.93 3.23 8.55 3.14 6.48
0.35 0.64 3.84 5.08 2.51 5.75 2.31 L.o7
0.63 0.8 5.15 8.06 2,69 7.84 2.69 3.37
0.63 0.64 L.24 5.16 2.24 4,61 2.12 1.94
0.63 1.0 6.60 8.07 3.61 8.45 3.43 3.90
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CHAPTER

ANALYSIS OF PROBLEM AND MQDEL DESIGN

3.1 General Considerations

The large number of geometric configurations and loading modes in
the tubular steel jacket of an offshore structure is minimised by basing
the investigation on the weld and assessing shapes and loading modes
according to their effects on the stresses at, and near the weld toes.
The curvature of any tube in an offshore structure is very much smaller
than the curvature of the most generously dressed (radiused) weld.
Therefore the curvature of the 'run' of the weld is unimportant and the
diameter-to-thickness ratios D/T and d/t have 1little influence on the
stress distribution near the weld toe. It therefore seems reasonable to
assume that the effects of the shape parameters D/T and d/D, d/t and @
for every brace in the joint are included in the nominal brace stress
chom and that brace proximity g and dihedral angle ¢ control the shell
SCFs K_. The length of plain chord surface g' (see Fig. 3.1) is a more
realistic parameter than g, the distance between the (extended) tube
surfaces, because the latter defines a distance between positions inside
two welds. Stress concentratlion factors are usually measured at weld
toes at the end of the plain chord surface.

Because the curvature of the weld toe predominates, the greatest
stresses are fillet stresses usually in the plane perpendicular to the
fillet surface. Cross sections of the tubular joint, perpendicular to the
run of the weld, may be considered as "simple joints" consisting of two
tube walls and a small weld fillet. The shape of the tube walls forming
a simple joilnt is therefore defined by the chord plate thickness T, the

brace plate thickness t and the local dihedral angle between them ¢ .
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Stress distributions are also known to be affected by the proximity
of other fillets and the extent of the weld fillet from the intersection
of the outer tube surfaces, These effects have to be established.

The effect of the weld on maximum stresses at hot-spot locations is
to interrupt and modify the outside wall surface stress distributlion near
to weld toes. Stress gradients are usually large at hot-spots and
because peak stresses are nearly always found at the weld toe, weld size
is an important parameter. Weld shape is also known to influence the
maximum stress because of the localised notch effects near to weld toes, (6).

The influential parameters involved in the stress distributlons
near to weld toes are therefores

i) brace proximity, i.e. the real gap between weld toes where
maximum stresses are found,
11) brace inclination, i.e. the local dihedral angle between
the outside chord and brace walls,
111) weld size, i,e. the distance to the weld toe from the inter-
section of outside chord and brace walls, and
iv) weld toe profile, i.,e, the shape of the weld fillet where
it merges with the outer tube walls.

Three dimensional (3-d), frogen stress photoelastic models were used
to determine surface stress distributions and obtain shell SCFs, The
effects of brace proximity and brace inclination were investigated using
non-overlapped corner K joints, shown in Fig. 3.1 and 3.2, The effects
of weld size and (to a limited extent) brace inclination were investigated
using X joints, shown in Fig. 3.3. The outer and inner surface stresses
obtained from these models were used to establish equivalent two-
dimensional (2-d) systems 1n the planes of symmetry of 3-d models. These
simple joints were represented using large scale, flat models with

accurate weld profiles,
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2-d models were used to investigate the effects of weld toe profile
and weld size on peak and notch SCFs. Photoelastic and finite element
methods were used to study elastic stresses, Steel weldments were manu-

factured to study plastic-elastic effects.

3.2 Design of 3-d Photoelastic Models

3.2.1 Geometric Parameters and Dimensions

There are two types of 3-d models; multibrace corner-K (called CK)
joints and X joints., In each, the geometric parameters that were selected
for the investigation were varied over a realistic and experimentally
convenient range of values. These are given later. In all 3-d models
the chord diameter D = 200 mm,

The parameters which were shown in the previous section to be less
important on the stresses near weld toes were constant. These were
v+ B tand a. The values assigned to these were as follows.

a) y¢= D/2T = 12.5. Data given in (47) show that the most frequently
used values of y in offshore jacket installations are in the range

10< ¥ %X 20, The lower practical 1limit of ¥ is 10 at which plate cannot
be cold rolled to a greater curvature. A value of 12,5 was therefore
chosen as being typical and similar to previous photoelastic work on
welded tubular X joints (16, 20).

b) 8 =4d/D = 0.5. This is shown (47) to be most frequent in the range
o474 B « 0,6, Inspection of well known parametric formulae (e.g. 5 )
show SCFs for single plane K joints to be maximum when B = 0.5. This
value was also used previously (16, 20).

¢) tv=1t/T=0.5 This 1s shown (47) to be most frequent in the range
0.5¢ T <0.9. There is general agreement ( 4, 5 , 27) that choxd

SCFs increase (almost) linearly with t and that maximum SCFs are found

at the chord end of welds (where fatigue cracks commonly occur) when
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1 >0.4 (5). A value of 0.5 was also used previously (16, 20).

d) o« =2L/D. In the corner K models the chord was made as long as
possible but for the physical restrictions in the loading tank which
limited @« to 10. Analysis of a cylinder subjected to a radial line load
(48) showed bending deformation to be small beyond 0.63D from the point
of load application. The distance from the end of the model to the
nearest brace wall was 1,58D. (Efthymiou (27) has shown that for the
geometry used in this work, chord wall SCFs at the saddle position in

a T joint are not affected by chord length when o > (about) 11.)

For the X node, the length of the chord was restricted to the
width of the tank because the braces had to be located in line with the
length of the tank. The maximum value of o was 6.6, This caused
concern because it is known that the length of an open ended tube affects
the diametrical deformation and shell bending stresses at mid-length.

The length to radius ratio a = L/R of chords in offshore structures is
much greater than can be modelled. It was therefore necessary to
determine the length of chord that would exhibit, at the middle,
deformation characteristics similar to an infinitely long tube of
identical geometric parameters and brace configuration to the photoelastic
model.

Roark and Young (49) suggest that a tube, when subjected to diametrical
point loading at mid-length, is effectively infinite when L/R exceeds 18,
Deformation decays in an exponential sinusoidal manner and there exists
points of contraflecture along the tube. Experiments were carried out to
find these points and to determine whether a shorter tube (L/R < 18) would
exhibit similar deformatlon characteristics to the long tube when cut in
the vicinity of these paints. A model was assembled using centrifugally
spun Araldite tubes manufactured for the tubular joint flexibility work

by Mockford (50). The tube parameters and angles associated with
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flexibility are 6, w, v, B and e/D. The nearest avallable parameters to
the photoelastic model in this work were y = 12,35 and 8 = 0.53., Two
braces were glued onto the chord to give 6 = 900, w = 180° and e/D = 0.
The maximum length of chord available was 6.7D or 14R. Although this was
less than the ratio quoted by Roark, the loading conditions (with respect
to deformation in the plane of symmetry) were less onerous. The model was
mounted in an Instron testing machine with the brace axes vertical., It
was loaded in axial compression through ball bearings centred on brace
caps. Dial gauges (with 0.001 mm graduations) measured horigontal dia-
metrical deformation at selected points along the length of the tube.
This was repeated for other lengths of chord.

Typical brace load v chord deformation curves are given in Fig. 3.4
for a = 14 to show elastic linearity and hysteresis. In calculating
the stiffness term 6/P (mm per N) the mean of at least three loading
cycles was taken. Non-dimensional values 6ER/P were calculated. The
data is presented in Fig. 3.5 for different lengths of chord. A value
for Young's Modulus of the chord of 3260 N/mm2 was determined by Mockford.
In this figure, horizontal dotted lines indicate the normalised value
of &R/P at selected positions along the chord for a = 14, Their
intersections with each stiffness curve represent a length of chord L°
in which diametrical deformation is equal to that of a chord of length
14R. These results show that deformations measured up to 2.67R from
mid-span were the same as for a long chord in the range 5.90 < LO/R < 6,05,
The length of the chord in the photoelastlic models was therefore chosen
as 6.0R. It was assumed that the hoop and radial stiffnesses of the thin

segmental air traps used in stress freezing the models were negligible,
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3.2.2 Corner K Models

3.2.2.1 Variable Parameters and Loading

The models used to study brace inclination and proximity were non-
overlapped corner K nodes having four different brace to chord inclinations
in each model and three different brace gap separations in three different
models. These are prefixed "CK".

Co-planar brace angles of @y = 90° and 6, = 135° in Plane I, amd
e, = 60° and 6, = 150° in Plane II (see Fig. 3.2) cover the range of 6.
The braces were at least 2.3d long. It was also convenient and economical
to make each model with four braces with four different inclinations @
on one chord in a corner K configuration with equal spacing g in the
axial and circumferential directions. This determines w, the angle
between planes I and II. Separate models were used to vary the brace
spacing. For models CKi, CKIR and 2 it is the minimum allowed by API
recommendations ( 7) for a typical 48 inch diameter chord in a horigontal
frame, which is g = 2 inches, In models CK3 ana L, g is the approximate
distance at which the opposing forces in the balanced axial loading system
were expected to optimise interactive chord wall bending. (This data was
obtained from the 3-d analysis of Little (16)). In model CK5 the circum-
ferential brace gap separation was given by the two co-planar brace axes
being orthogonal, i.e. w = 900.

As shown in the development of the chord surface in Fig. 3.2, braces
have been arranged to minimise the inevitable "saddle offset" to make it
unimportant. Because the proximity effect is likely to be affected by
the load in the brace wall which is near to the weld being studied,
unloaded as well as loaded braces were included. The unloaded braces
were introduced in another meridional plane making a corner K configuration
as shown in Plate 3.1, and schematically in Fig. 3.1,

The selected loading mode was balanced axial loading of two co-planar
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braces. The loads and reactions for each model are given in Fig., 3.6a.
This figure shows that part of the chord, adjacent to the braces in
compression, carrles the reactions to the load components parallel to
the chord axis., The (small) transverse chord end reactions resulting
from brace axis offset e in the plane of loading are also given in
Fig. 3.6a.
The reasons for using balanced axial loadings were that Fessler
and Edwards (51) showed that in single plane K models of cast steel
nodes.(with tapered collars and fully blended radii) in balanced axial
loading, stress concentrations exist at all locations in the brace-chord
intersection. This permitted a full investigation of stresses in crown
and saddle positions., For out-of-plane and/or in-plane bending, stresses
were found to be negligible at crown and/or saddle positions respectively.
Dimensions amd loading details of the 3-d cornmer K models are
summarised in Table 3.1.

3.2.2.2 Weld Profile

The fillet weld shape is based on API recommendations for a stress-
relieved, full-penetration, single-sided weld, as shown in Fig. 3.7a,

The maximum recommended projection onto chord surfaces (from internal root)
was 1.75t, and a leg length h was controlled by a weld preparation angle

of ¢/2. The weld toe radii represented by the external radiil r depend
mainly on the type and sise of electrode used. The root gap G in Fig.

3.7a 1s represented by the internal radius Ty in Fig. 3.7b to proportionate
scale,

Consideration was also given to the intended materials; reasonable
weld angles and weld leg lengths were chosen so that the effects of small
changes in profile could be observed photoelastically. The outer and
inner fillet toe radil were derived from structural steel weldments of

25 mm thick to 50 mm thick plates with ¢ = 90o and 120o using approved
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of fshore weld procedures. Their outer toe radius varied accidentally
in the range 0.015 < r/t < 0.140, the mean being about r/t = 0.06. In
the 3-d photoelastic model the intended range was 0.05 ¢ r/t ¢ 0.20.
The intended internal radius was 0.05 < ri/t %« 0.1. The weld profile
used in the 3-d CK models is shown in Fig., 3.70.

Design dimensions and geometry for each of the joints in the planes
defined in Fig. 3.2 are given in Table 3.2, The actual values for

each model are given in Section 4, Tables 4.1 to 4.6.

3.2.3 X Models

3.2.3.1 Varlable Parameters and Loading

The models used to study weld profile effects with brace inclination
were X nodes having two diametrically opposite braces of equal inclination
and diameter. X nodes were used because they are uncomplicated by the
proximity of other braces and bending of the chord does not have to be
considered.

For the first X node, a brace angle 6 = 90o was chosen because this
angle gives the greatest stresses and this configuration has two planes
of symmetry. Brace-to-chard wall thickness ratios t = t/T = 0.5 and 0.3
were selected for the braces, leading to realistic d/t ratios of 25.0
and 41.7. A diameter ratio B = 0.5 gives a dihedral angle ¢ = 120° at
the saddle. A brace angle € = 60° allows direct comparison of crown toe.

and saddle positions for the same dihedral angle of ¢ = 120°. A value of

o = 60° was therefore selected for the second 3-d configuration with

1)

8= 1=0.5. The 3-d X models are shown in Fig. 3.3.

All braces were made 3.8d long to ensure a uniform load distribution
around the circumference of the brace. Irvine (6 ) suggests that bending
stresses in the trace become negligible at 54 from the intersection.

This length of trace was not possible to model. Using finite element

methods Wong et al (52) have shown 3.8d to be sufficient to ensure a
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uniform axial load distribtution in a brace. X nodes were loaded in axial
tension. The ends of the chord were free to ovalise as shown in Fig. 3.6b

and Plate 3.2.

3.2.3.2 Weld Profile

Two sizes of weld were used:

1) "Uncontrolled" (prefix U), flat fillet profiles, having steep weld
angles and small toe radii, conforming to the minimum API requirement for
weld projection onto the outer chord wall of 0.25t. See Fig. 3.7c.

11) "Controlled" (prefix C), improved profile, with specific butter

and capping bead control at the chord end of the weld. Figs, 3.7d and

e show the controlled profiles for obtuse and acute joints, respectively.

The two weld profiles were formed in the models in the positions shown
in Fig. 3.3. Different weld profiles were formed on the same braces in
the X90 model because this model has two planes of symmetry, and on
different braces on the x60° node because this model has only one plane
of symmetry which occurs at the crown.

The local dihedral angle changes continuously between the crown and
saddle position. The weld profiles given in Fig. 3.7c, d and e were
formed at these positions far the distance of 20 mm either side of a
plane of symmetry, with gradual transitlons between these regions of
constant profile. The intended ranges for the outer and inner toe radii
were the same as the comer K nodes specified in Section 3.2.2.2.

Design dimensions and geometry for the models are given in Table 3.3.

The actual values are given in Section 4, Tables 4.7 and 4.8.

3.3 Design of 2-d Photoelastic and Finite Element Models

3.3.1 General Design Concepts

The effects of weld profile, weld size and the local dihedral angle

between brace and chord walls were studied using full size and approximately
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half size, two-dimensional photoelastic and finite element models. The
cross-section of every part of any single-brace tubular joint can be
represented by a T or Y junction of two straight walls. The lengths of
these walls depend on the stress distribution which is to be copied in
these simple models and must be sufficient to ensure that the strips
represent the essential features of the tube joints. Useful data may
be obtained if the 3-d surface stress distributions can be reproduced
in 2-d arrangements, It was assumed that the fillet stresses are caused
by tension and bending of the chord and brace walls,
The correct equivalent 2-d loading was obtalned from 3-d results
in a non-overlapped K joint (16) and X90 node (from this work). Three
values of ¢ = 90°, 120° and 135°, the inclination of the brace wall to
the chord wall, were chosen to determine equivalent tensions and bending
moments acting on the hrace and chord strips of a 2-d model. For each
of these, the positions and values of stress indices at the inner and
outer surfaces in 3-d models were recorded. The means and semi-differences
of opposite values were plotted and the best values of mean tension and
"cantilever" bending determined from them., The positlons of zero bending
moment defined the distance a;, a, and aq in Fig, 3.6c. Pyy Py P3
are the resultants of the mean tensions and transverse forces causing
bending. Angle A defines the inclination of force P to the axis of each
wall. The positions and directions of the loads are given in Table 3.4.
The stress field in a homogenous joint near weld toes may be described
in terms of weld and joint geometry and loading conditions. The individual
geometric parameters interact. For an isolated junction (large g/T) the
stress distritution at the weld depends on the local dihedral angle ¢,
weld leg lengths H/T and h/t, local weld toe angles « and @, and weld
toe radius ratios rc/T and rb/t. The basis for the design of the two-

dimensional models involved the separation of these geometric weld
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parameters. The most important position is at, or near to the usual
crack initiation site at the chord weld toe. To generate the maximum
useful data at this position, changes in parameters were made primarily
at the chord toe; the brace leg parameters being dependent on these. All
2-d models used in this work originate from the planes of symmetry of small
scale (D = 132 mm and 200 mm) 3-d models analysed by Little (16) or the
author, The 3-d models used weres
1) K node; comprising 0 = 45° and 6 = 90° co-planar braces in balanced
axial loading (16).
11) X90 node; comprising 0 = 90° braces loaded in axial tension and as
shown in Fig. 3.3
In the design of weld shapes, API (7 ) and AWS (8 ) welding codes
define the shape of the cross-section of a weld in terms of the brace wall
thickness t. Fig. 3.7f shows the shape of a fully radiused weld used
in previous 3-d stress analysis (16) in which r = 0,5t and r, = 0.1t.
This weld profile was used in this work to determine the equivalent 2-d4
loading system by close agreement of 3-d and 2-d surface stresses in the
tube walls and fillet,
Weld profiles shown in Figs. 3.7b, ¢ and 4 were also used in 2-d

models. The schedule for the models was as followss

Parent 3-d 3-d Model Details Weld types and profile
Model Position e ¢
K Crown 90° 90° Fully blended

Uncontrolled fillet
Controlled fillet

K Crown L5 135

120

Fully blended

K&X Saddle 90 Fully blended

Uncontrolled fillet, with
and without toe grinding

Controlled fillet
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The reason for selecting the 2-d models listed above was to examine
the effect of weld profile on some of the most extreme global conditions
that exist in typical tubular joints, i.e. X node (axially loaded) and
single plane K node (balanced axial loading). SCFs in X nodes may exceed

15 whereas in balanced K nodes SCFs are typically 3 to 4.

3.3.2 2-d Photoelastic Models

The models used to study the "uncontrolled" and "controlled" profiles
were made as large as possible (to fit in the confines of a polariscope)
and to allow considerable reductions in both brace and chord wall thicknesses,
Initially the brace wall thickness was t = 40 mm and the chord wall thick-
ness was T = 80 mm, To study the sige effect of scaling down (or up)
of individual member wall thicknesses, the models were modified in the

following sequence

N EEEXE RS

hence T = 0,50, 0.40, 0.45, 0.50, 0.39, 0.50, 0.40

The weld profiles were geometrically scaled up from the intended,
not actual, welds used on the 3-d X nodes. (Differences are unavoidable
in 3-d models because of their size). These were very accurate profiles.
For each model given in the above schedule, identical palrs were manu-
factured differing only in the profile at the chord end of the weld;
giving either the "uncontrolled" or "controlled" profile. Weld toe
radii r were the same for all these models; initially r = 0.8 mm when
T = 80 mm, Weld angles o, and weld leg lengths H were constant for each
profile type. Thus, a range of values for r/T and H/T were achieved by
reducing the wall thickness T.

Some models were used to study only one of the weld toe parameters.
Brace and chord wall thicknesses were constant; either T = 80 mm, 50 mm

or 30 mm depending on the parameter being studied. 1In all these models,
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T =0.5. A range of values for the weld profile parameters r/T, @ and
H/T was achleved by modifying the weld fillet,
The dimensions and shape parameters of these models are given in

Table 3.5 and shown in Fig. 3.8a to e.

3.3.3 2-d Photoelastic Models with Weld Toe Grinding

It is known that a significant improvement in fatlgue strength is
obtained if weld defects are completely removed by toe grinding (33).
Considerable changes in weld toe profile are obviously made because
grinding must penetrate into the plate surface. A series of 2-d photo-
elastic models with different depths of penetration were designed to
study the effect on the SCF and, because of the inevitable reduction in
chord wall thickness, the stresses near to the edge of the ground profile.

Models in the saddle planes of K and X nodes with uncontrolled weld
profiles were chosen for analysis. The radius of grinding was obtalned
from profiles given by Back (44) measuring (approx.) 4 mm for a 32 mm chord
wall. A convenient value of r/T = 0.1 was therefore used. The minimum
and maximum depths of penetration were in accordance with the require-
ments of the DoEn Guidance Notes (12). The direction of grinding was
such that the centre of the grinding tool moved on a line perpendicular
to the chord wall at the intersection of the original weld toe. The
dimensions and shape parameters of the models are given in Tahle 3.6

and shown in Fig. 3.8f.

3.3.4 2-d Finite Element Models

Finite element models were designed to study surface and through-
thickness stresses for a range of uncontrolled weld shapes for the
crown position of a @ = ¢ = 90o joint only. 3-d photoelastic work showed
that large differences in weld slige have virtually no effect on the

stiffness of the joint. Hence, the same 2-d finite element arrangement
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was used to model fillet and fully blended welds in the range 0.05 ¢« H/T ¢
0.50. Weld toe radii to chord wall thickness ratios were studied in the
range 0.02 ¢ r/T % 0.25, and weld angle a_ was varied from 24° to 83°,
The design of the mesh is described in Experimental Techniques,
Section 4.2,3, The geometric parameters for all F.E, models are given

in Table 3.7 and shown in Fig. 3.8¢c to e,

The models were loaded by the equivalent three-point loading system
shown in Fig. 3.6c. The positions and directions of the equivalent
loads are given in Table 3.4. The positions (expressed in terms of
wall thickness) and directions of the loads were kept constant for the
range of values for t, T anmd ¢ studied. This was justified by the small
differences in the positions of the loads at the saddle of the X90

node for T = 0.5 and t = 0,35 obtained from 3-d analysis.

3.4. Design of 2-d Steel Models

3.4.1 General Considerations

The changes, from elastic to plastic-elastic conditions, that take
place near to weld toes during yielding were studied. The onset of
local yielding, which is known to take place near to weld toes at the
positions of the maximum strain concentration factor (SNCF), or hot-
spot, affects the magnitude of the SNCF. These are usually obtained by
linear extrapolation of strains measured by remote gauges. Should the
gauge nearest the weld toe measure plastic strains, results would be
spurious and difficult to interpret.

Local yielding in the weld toe region also affects the position of
the maximum strain. This has to be established to assess the importance
of the mechanical properties of the different materials in this region.
The degree of strain hardening and re-distribution of stress at very

large plastic strain levels may also affect crack initiation life.
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The strains (and stresses) in the region of plasticity depend on
i) weld toe profile, including flaws, cracks, undercut etc.
ii) local loading conditions, eg predominent wall bending
iii) the extent of heat affected zones (HAZ)
iv) mechanical properties of HAZ, parent plate and weld material

Items i) and ii) are the subject of the elastic stress analysis.
The investigation into the plastic-elastic behaviour of tubular joints
was based on items i) to iv). The effects of these parameters on the
strains near to weld toes which exceed the elastic 1limit were studied
using real weldments. 2-d steel models were made from the weldments and

tested in the as-welded and stress relieved conditions.

3.4.2 Geometric Parameters and Dimensions

The design of the steel models aimed to generate maximum data using
only two Joint shapes, the 'crown' and 'saddle' positions of a® = 90
brace-to-chord connection. To enable direct comparison with elastic
values, the Jjoints were geometrically similar to the 2-d Araldite
models, i.e. t/T = 0.5: d/D = 0.5: D/T = d/t = ®. Flat steel plates,
welded at 90° and 120° to each other, were used as shown in Fig. 3.9. A
typical chord wall thickness of T = 50 mm was chosen. The lengths of
the weldments were 250 mm. Because of the practical difficulties in
achieving intended weld sizes, only the actual dimensions and geometric
parameters of the weldments are given. See Table 4.14. The models cut
from the weldments were 10 mm thick for use with reflection
photoelasticity methods, and 4 mm thick for use with moire
interferometry methods. The experimental techniques appropriate to

these methods are described in Chapter 4.

3.4.3 Design of Welds

The weldments were designed to API and AWS recommendations with
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regard to weld preparation angle, root gap preparation and distance, and
weld projection onto the chord wall. To determine the contribution to
strength of the weld material, two grades of electrode were specified;
grade ES51 having a yield strength comparable to the parent (grade 50D)
plate and grade E43, a common product. Different weld toe geometries
could be produced by using 2.5 mm and 4 mm diameter electrodes on each
of the two types of Jjoints. However, because toe radii wvary
accidentally over a large range, it was decided to combine electrode
grade and rod diameter; 4 mm ES51 electrode for models 90/A and 120/A;
and 2.5 mm EU43 electrode for the final passes of models 90/B and 120/B.
These weld profiles were designated "uncontrolled" because no speclal
profiling or post weld dressing was carried out.

Models 120/C were modifications of models 120/A using the same
grade and diameter electrode. These weld profiles were designated
"ocontrolled" because a definite size filler was added at the chord weld
toe of an uncontrolled profile, The weld toe radii were specified
intentionally large and weld angles small. These profiles are
occasionally referred to by other investigators as "improved". The
controlled profile was designed in accordance with the recommendations
made by Marshall (43 ) for modifications to the AWS standard weld

profile.

3.4.Y4 Steel Model Loading

The models were loaded using the same three point loading designed

for the 2-d photoelastic models; the positions and directions of loads

are previously given. The load capacity of the system was determined by

the nominal maximum stress of 300 N/mm®*, i.e. about 0.85 yield stress,

in the brace wall. The load capacity was thus 30 kN for the 4 mm thick

models used with the moire interferometry method of strain analysis.

50 ton Denison tensile testing machine was used for the 10 mm thick

models used in the reflection photoelasticity work.
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Table 3.4
Position and Direction of Equivalent Loads for 2-d Models

72

Parent 3-d Model Details Position1 Direction1
3-d
Model | Position | © g T a,/t  a,/T a3/T AgoA, A 3
X90 sadadle | 90° 120° | 0.5 | 3.80 2.40 1.62 | 10° 22° 4°
" " " " 0.35 | 3.92 2.51 1.36 | 9° 20° &2°
K Saddle | 90° 120° | 0.5 | 3.70 2.40 1.75 | w° 32°  66°
K Crown 90° 120° | 0.5 | 3.60 1.70 1.77 | 10° 65°  76°
K " 135° 135° | 0.5 |3.42 1.30 3.72 | 8° 45° 160°
Note 1t Refer to Fig. 3.6c.
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Table 3.5a
Two-Dimensional Photoelastic Models

Shape Parameters and Stress Concentration Factors at Chord and Brace Weld Fillets

Joint and Weld Paralet.ersz Streas Concentration Fact.or'a3
Chord Fillet Brace Fillet
¢ °c HIT h/t r/T Value Poan. Value Poan
80C Knoc Koc ro Keob Knob Kob 0ob
90° | N.A Nl N jozs | 2.0 2,12 .35 502 2.60 1.67 4,35 uog
120° " . " " 2.68 1.68 4.50 0 | 2.50 1.80 4.0 267
135° " " " " 2.10 1.81 3.80 20 1.85 2.05 3.80 25
90° | 60° |0.375 1.25 | 0.025 | 1.85 2.86 5.30 232 2.25 2.04 4.60 uz:
" “ " “ 0.05 1.70 2.56 4.35 260 1 2.15 1.95 4.20 1
" " " 0.10 170 2.44  w.1s 26° | 2.10  1.83  3.85 ne
" " " " 0.185 | 1.60 2.3 3.75 2"2 2.15  1.46  3.15 2]
" “ " " 0.25 1.65 2.30 3.80 26° | 2.20 1.43 3.5 12
[+
90° | us® 10.375 0.75 [0.025 | 1.88 2.76 .20 310 | 2.63 1.93 5.07 24
" " " " 0.05 .85 2.37  4.39 26° 2.60 2.03 S.27 23o
" " " . 0.10 | 2.00 2.05 4.10 237 |2.76 1.53 k.21 212
“ “ " " 0.135 | 2.05 1.81 3.71 37, | 272 155 w22 18
" " " U 0.185 | 1.90 1.92 3.65 260 | 2.8 1.77 u.k0 190,
" ] " " 0.25 | 1.88 1.87 3.5 160 12,357 1.52 3.57 W
" “ " ] 0.335 | 1.90 1.68 3.20 18° | 2.37 1.38  3.28 16
o
90° | us® |o0.485 o0.97 | 0.05 | 1.67 2.43 405 230 | 2.80 2.03 4.88 307
" " 0.395 0.79 ) 1.90 2.42 460 237 | 2.57 2.03 S.21 20
" ] 0.315 0.63 " 2.15 2.38 5.03 260 | 2.80 1.90 5.31 23,
" " 0.200 0.40 " 2.0 2,26 S5.44 22° 3.05 1.90 S5.10 29°
" " 0.12% 0.25 " 2.50 1.80 4.50 0o 2.50 1.84 4.60 20°
" ] 0.100 0.20 " 2.2 2.10 5.30 27 3.20 1.75 5.62 17
° ° ° 5 . 14°
90 65 0.375 1.49 | 0.05 1.60 3.46 5.55 21° No result 3.7 o
" 55° " 1.30 ] .70 3.22 5.48 300 [ 2.30 1.97 A.53 137
" u4s° " 0.75 " .74 2,88 5.05 26’ | 2.58 2.00 5.18 26
Y 35° " 0.56 " 1.7 2.3 4.0 252 | 2,70 1.91  5.16 307
. 25° “ om0 | " 1.90 2.02 3.84 19° | 3.00 1.83 5.50 31
120° | 30° |0.175 0.35 [0.05 | 2.65 1.8 4.20 15° | 2.25 1.67 3.75  24°
120° | 37° [0.3715 1.25 [ 0.025 | 2.13 2.12  u.s2 302 2.00 1.67 3.3 122
" " " " 0.05 | 2.17 1.98 4.30 247 | 2.05 1.55 3.18 15,
" ] " " 0.10 | 2.15 2.07 4.45 240 | 2.08 1.56 3.25 17,
" " " " 0.185 | 2.4 1.82  &.47 33, | 2.10 1.60 3.36 12;
" " ] " 0.25 | 2.25 1.61 3.63 310 | 2,10 1.62 340 1,
" " " " 0.335 | 2.07 1.56 3.27 23° | 2.1 1.31  2.96 12
135° | 224° {0.230 o0.46 | 0.05 | 2.00 1.70 3.40 o° | 2.05 1.66 3.0 22°
Notes:- 1) Model dimensions t = 15am
2) Joint parameters D/T = d/t = g/t » =
t/T = 0.5
r,/t = 0.1
b (+]
8yt 180" - ¢ - qc
3) All stress concentration factors are positive
4) N.A. = not applicable; because fully blended profile
5) Linear extrapolation not possible
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Table 3.5b Two-Dimensional Photoelastic Models

Shape Parameters and Stress Concentration Factors at Chord Weld Fillet

a) Crown Position of Single Plane K90/45 Joint: ¢ = O:
Joint SCFS 4
Parameters Weld Profile Parameters Value Pos
1 2 3
T T Quality HIT h/t rI/T a; Ky K, K ®
mm deg deg
50 0.5 0.1875 00 0.01 70° | 2.50 S5.30 13.30 37°
" 0.4 " 25 " « | 2.00 4.80 9.62 35°
7.1 0.45 0.211 " 0.011 « | 2.15 4.65 10.04 28°
64 0.5 | Uncontrolled | 0.234 " 0.0125 “ 2.20 5.30 11.55 30°
" 0.45 " 1. " " 2.10  5.10 10.70 32°
“ 0.39 " 1. " " 1.86 4.40 8.08 322
50 0.5 0.300 " 0.016 " 2.10 4.65 9.78 35,
" 0.4 " 2.00 " " 1.70 4.40 7.45 33
80 0.5 0.25 1.00  0.10 70° | 2.30 2.94 .77 | 30
" " 0.232 " 0.075 " 2.35 3.06 7.21 347
" " Uncontrolled| 0.215 " 0.05 " 2.30 3.60 8.365 32o
" " 0.197 " 0.025% " 2.30 3.96 9.12 330
" " 0.187% " 0.01 " 2.50 5.30 13.30 37 -
50 0.5 0.25 1.20 0.05 70° | 2.22 3.87 8.60 322
" " Uncontrolled " 0.80 " 60° | 2.25 3.45 7.75 | 29;
" 0.50 " 45° | 2.20 2.95 6.50 | 21’
0.33 " 30° | 2.30 2.15  4.95 | 13
80 0.5 0.343  1.00 0.01 44° { 2.03 4.00 B.15 zuz
" 0.4 " 1.2% " " 1.65 3.30 5.40 2h°
71.1  0.4S 0.386 n 0.011 " 1.80 3.90 7.00 20
64 0.5 Controlled 0.429 " 0.012% " 1.90 4,60 8.68 22°
" 0.39 " 1.60 " " 1.60 4.20 6.72 25
55.5 0.45 0.494 " 0.014 " 1.65 4.35 7.18 22
50 0.5 0.55 " 0.016 " 1.55 4.60 7.15 22
] 0.4 " 2.00 " " 1.35  4.45 6.02 20
Notes
1) €= t/T 2) rys 1.5mm and ry = 0.8mm 3) “b = 90o -G except for controlled
weld cb z 20° 4) Measurement of ¢ = t3° 5) Subsurface measurement at O0.1mm from

edge of fillet.
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Table 3.5¢c Two-Dimensional Photoelastic Models

Shape Parameters and Stress Concentration Factors at Chord Weld Fillet

b) Saddle Position of Single Plane K90/45 Joint;

8 = 90°% ¢ = 120

(o]

Joint SCFS
Parameters Weld Profile Parameters Value Pos
1 2 3
T T Quality H/T h/t r/l uc Ks Kn K [
mm deg deg
80 0.5 0.1875 1.00 0.0 45° 2.90 3.88 11.25% 21°
" 0.4 " 25 " " 2_25 3_50 7‘86 232
71.1 0.45 0.211 0.01 " 2.50 3.8 9.52 20o
64 0.5 Uncontrolled | 0.234 " 0.0125 " 2.65 3.74 9.90 2“0
" 0.39 " 1.60 " " 2.1  3.50 7.95 22o
50 0.5 0.300 " 0.016 " 2.70  3.15% 8.48 19o
" 0.4 " 2.00 " " 2.1 2.93 6.30 20
80 0.5 0.225 1.00 0.10 us® | 2.58 2.38  6.05 | 2u®
" " 0.215 " 0.075 " 2.65 2.62 6.96 ZUO
" " Uncontrolled| 0.20 " 0.05 " 2.70 2.77 7.48 210
" " 0.19 " 0.025 " 2.70  2.99 8.07 22o .
" " 0.1875 " 0.01 " 2.90 3.88 11.25 21
80 0.5 0.36 1.00 0.01 22° | 2.70 2.2 5.97 122
" 0.4 " 1.25 " " 2.20 2.00 4,42 ”o
T1.7 0.45 0.40 0.01 " 2.35 2.3%5 5.17 10o
64 0.5 Controlled 0.45 " 0.0125 " 2.40 2.40 5.77 10o
" 0.39 " 1.60 " . 2.10 2.20 4.62 130
50 0.5 0.576 " 0.016 " 2.35 2.35 4.60 0/
" 0.4 " 2.00 " " 2.10 1.87 3.92 10
Notes
1) T = t/T 15° &) Measurement of ¢ = +3°

2) ry s 1.5mm and ry = 0.8em 3)°b =
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Table 3.5d Two-Dimensional Photoelastic Models

Shape Parameters and Stress Concentration Factors at Chord Weld Fillet

(o}

g__) Saddle P_osxuon o_{'_ _)(_CQ Jolnt_; 2] 90, = 120
Jotnt SCFS y
Parameters Weld Profile Parameters Value Pos
1 iy 3
T t Quality H/T h/t ri/l °c Ks Kn K ?
mm deg deg
80 0.5 0.1875 1.00 0.0 4s® [ 8.35 3.58 29.9 24°
" 0.4 " .25 “ " 6.80 3.05 20.8 25°
71.1 0.45 0.211 " 0.011 " 7.25 3.15 22.9 27°
64 0.5 | Uncontrolled | 0.234 " 0.0125 « 18.15 3.20 26.1 23°
" 0.39 " 1.60 " « | 6.40 3.19 20.4 25°
50 0.5 0.300 " 0.016 " 7.90 2.70 2%.3 22°
" 0.4 " 2.00 " n | 6.30 2.62 16.5 22°
80 0.5 0.225 1.00  0.10 ws® | .30 1.93 16.0 zug
" " 0.215 " 0.075 v 1 8.33 2.13 7.8 24
" " Uncontrolled] 0.20 " 0.05 " 8.40 2.22 18.6 272
" " 0.19 “ 0.025 " 8.43 2.78 23.4 24
" n 0.1875 " 0.01 n 8.35 3.60 29.9 24°
SO 0.5 Uncontrolled| 0.30 1.00 0.016 45° | 7.90 2.70 21.3 222
" to s " " " 37g° 7.83  2.38 18.6 22°
4 Controlled " 3° 1 7.85  1.84 1k 1,
" . " 223°[ 7.90 1.65 13.0 9
50 0.5 Controlled | 0.576 1.00 o0.016 22° | 7. 1.75  12.2 12‘;
" - " " " 10° [ 7.00 1.33 9.4 y
80 0.5 0.36 1.00 0.01 22° | 1.15 2.35 18.30| 127
" 0.4 " 1.25 " " 6.20 2.15 13.48 127
711 0.85 0.40 " 0.011 " 6.90 2.10 14.35 19
68 0.5 Controlled 0.45 " 0.012% " 7.20 2.20 15.85 130
" 0.39 " 1.60 " " 5.70 2.15 12.25 100
s0 0.5 0.576 " 0.016 " 7.00 1.75 12.15 127
" 0.4 - n 2.00 " " 5.65 1.69 9.58 12
!ot.es
1)t = ¢/T 2)r, =1.5m and r, = O.8mm 3oy = 15° 4) Measurement of @ =t3°

5) Gradual profiie improvement .
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Table iié Two-Dimensional Photoelastic Models with Weld Toe Grinding

Shape Parameters' and Stress Concentration Factors at Chord Weld Fillet

a) Saddle Position of X90 Joint € = 907, ¢ = 120

Weld Profile Parametebsz SCF
Value Pos'n3

Quality H/T r/T p/T Ks Kn K ?
Uncontrolled | 0.2256 0.10 0 8.2 1.96 16.12 22°

" " 0.0625 " 2.01 16.47 "
Unc. ground " " 0.012% " 2.07 16.95 "o
.toe " " 0.025% " 2.13 17.50 23o

" " 0.05 " 2.27 18.62 26

b) Saddle Position of Single-plane K90/45 Joint: @ = 90°. P = 120°
Uncontrolled | 0.225 0.10 0 2.6 2.35  6.12 183

" " 0.00625 " 2.47 6.42 20
Unc. ground " " 0.0125 " 2.54 6.60 "o
toe " " 0.025 " 2.59 6.75 23o

" " 0.05 " 2.82 7.33 24
Notes

1. Al1 T = 80mm and ¢t = 0.5

. :‘40 = ° = 1. = 0.
2 a, 5, ay 157, ry 1.5mm and Y 0.8mm

3. Measuremegt of ¢ t3°
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Table 3.7 Two-Dimensional Finite ¥lement Models

Shape Parameters and Stress Concentration Factors at Chord Weld Fillet

1
Crown Position 91 Single Plane K90/45 Joint: ¢ = 9 - QOO

Weld Profile Parameters SCFs

y Notch

Value Pos'n Zone

3

Quality HIT h/t r T o, Ky K, K 9 z
0.183  0.47 0.05 54 ] 2.8 3.72 8.12 | 24° 0.24T
" 0.56 " 60° | 2.15 4.01 8.63 | 271° 0.25T
0.92 " 72° | 2.20 4.30 9.u45 | 29° 0.30T
1.33 " 78° | 2.15  4.59  9.86 36° 0.34T
0.250 0.28 0.05 2421 2.10 2.26 4.75 12° 0.22T
" 0.39 " 36° | 2.10 2.86 6.06 | 20° 0.26T
" 0.46 " w2° | 2.05 3.10 6.36 | 21° 0.24T
" 0.54 " 48° | 2.05 3.25 6.67 24° 0.25T
Uncontrolled " 0.65 " s4% | 2,10 3.66 7.70 | 23° 0.25T
(r/T constant)| ™ 0.80 " 60° | 2.07 3.90 8.10 | 26° 0.25T
. 1.00 " 66° | 2.05 4.08 8.36 28° 0.27T
J 1.33 " 72° | 2.05 4.30 - 8.80 | 30° 0.30T
0.383 0.40 0.05 24° | 1,95 2.20 4.27 14° 0.23T
" 0.58 " 36° | 1.94 2.80 s5.42 18° 0.25T
) 1.00 " s4° | 1.95 3.59 .00 | 23° 0.23T
" 1.33 " 60° | 1.95 3.80 7.40 | 25° 0.28T
6.500 0.75  0.05 36° | 1.85 2.74 4.80 18° 0.227
" 1.33 " 5¢° | 1.85 3.49  6.45 | 23° 0.25T
0.250 1.33 0.02 69° | 2.10 6.00 12.60 { 30° 0.35T
" " 0.033 72° | 2.10 5.28 11.09 | 30° 0.35T
" ] 0.05 72°| 2.05 u.30 8.82 | 30° 0.30T
Uncontrolled ] " o.10 7% | 2.07 3.38 7.00 33° 0.29T
(r/T varied) . n 0.20 83° | 2.05 2.65 5.43 | u0° 0.27T

0.26 0.54 0.02 48°| 2.10 4.33 9.10 | 20° 0.347T
0.033 n | 2.10 3.70 711 | 21° 0.327
" " 0.05 " 2.07 3.20 6.63 24° 0.25T

2
2

" " 0.10 s50°| 2.07 2.68 5.55 | 28° 0.237

0.05 0.025 0.05 9° | 2.30 4.35 10.00 szg 0.31T

Fully blended | 0.10 0.05  0.10 " | 2.23 3.3 6.98 | 450 0.28T
(r/T varied) | 0.20 0.10  0.20 " | 2.3 2.25 4.80 | 39 0.25T
0.25 0.125 0.2% " 2.07 2.05 4.25 39 0.25T

Notes
1. t=t/T= 0.9 2. rilT = 0.05 and rb/t = 0.10,
3. @, = 90° - @ . except fully blended o = 90°. 4. Range of ¢ t5°
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Plate 3.1 3-d CK Type Photoelastic Model (Pre-load condition)

pPlate 3.2

3-d X Type Photoelastic
Model (Post-load con-
dition)
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1 Introduction

4.1.1 Choice of Stress Analysis Techniques

In three-dimensional (3-4d) frozen stress photoelasticity,
continuous stress distributions at the intersections of complicated
tubular Jjoints are readily analysable. Stress concentrations at the
toes of realistic fillet weld shapes can be determined using homogenous,
stress-free castings. In this work, as exact weld profiles were
required, precision castings of 3-d photoelastic models were produced
using re-usable patterns, moulds and cores. The models were made in a
single casting operation.

The technique of precision casting epoxy resin models of
multibraced tubular joints for photoelastic analysis was developed by
Fessler and Pefla (23), Whitehead (53), Little (18, 53) and Edwards
(54).

The detailed analysis of the stresses in tube walls very near to
welds that are in a plane of symmetry, may be considered as a two-
dimensional problem. In a simple, single plane joint in which the brace
inclination is 90°, strains parallel to the run of the weld are known to
be small (10). Providing the stress distributions and constraints in a
3-d stress field are satisfied, 2-d models may be used to represent 3-d
intersections 1in these planes. Hence, full size, flat models were
accurately machined from precast sheets of an epoxy resin. The stresses
in the tiny weld toe fillets were analysed in considerable detail. Room
temperature photoelastic techniques were chosen because of the
conventional nature of the work.

A finite element representation of some of the 2-d geometries was

modelled using standard elements of the PAFEC 75 package.



The experimental techniques used to study plastic-elastic behaviour
near weld toes were selected to satisfy the individual requirements of
the models to be analysed. The models were full-size steel weldments
cut into 2-d specimens.

Due to 1ts recent application in the determination of plastic
strains in keyed connections by Eissa (55), reflection photoelasticity
was adopted. The technique had 1limited success because of the
impracticalities involved in profiling random weld shapes and the very
large strain gradients near weld toes.

To overcome these problems and also to determine residual plastic
strain concentrations immediately after yielding, moire interferometry
was introduced. This optical method of whole field strain analysis was
developed by Post (56) and was shown to be particularly suitable in the

resolution of large strain gradients and slip planes in inhomogenous

materials.

4,1.2 Choice of Materials

All photoelastic models were manufactured using Araldite. This
material has a successful history for the frozen-stress photoelastic
analysis of complex 3-d models. The material has a very low Young's
modulus and 1limited optical sensitivity at the stress-freezing
temperature. Although the strains need to be greater than in a steel
model only small loads and lightweight loading frames are required. The
material is chemically and physically stable under load. Standard
product literature is available (57).

Araldite was also used for room temperature transmission and
reflection photoelasticity. In the former accurate profiles can be
formed with negligible machining stresses. Precast sheets of Araldite

are relatively inexpensive to make and several (usually up to 8)
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different models were produced from the same piece of material.

Steel models were manufactured using offshore node quality plate
and welding electrodes. Flat mild steel plates to BS 4360 grade 50D
were Jjoined using mild steel electrodes to BS 639, grades E43 and ESft.
These materials, which are in common use in the fabrication of offshore
structures, were selected because their fatigue strength properties are

documented elsewhere (eg 2, 32).

4.2 Experimental and Numerical Methods

4.2.1 3-d Frozen Stress Photoelasticity

Frozen-stress photoelastic models were used to study the behaviour
of, and obtain 3-d stress fields near to the intersection of complex
tubular joints. The frozen-stress technique enables post-loaded
deformations and elastic stresses to be determined in accurate,
realistic, small scale models. In this method, models manufactured from
certain epoxy resins (such as Araldite) are loaded at a high temperature
at which changes in material properties take place. When the model 1is
cooled to room temperature, the displacements experienced at the high
temperature are ‘'frozen' in the material. The model is said to be
tgtress-frozen'.

This brief description of the process outlines the essential
features of the technique which is well documented by Stanley (58),
Durelli (59) and Heywood (60) etc.

A model in the stress-frozen condition can be sliced without
relieving the stresses or deformations. When analysed in polarised
light, the material exhibits birefringence in which dark band or
'‘fringes' are seen. The fringes represent the loci of points of equal
maximum shear stress in the plane of the slice. This aspect of the
theory of photoelasticity is described in greater detail in Section

5.1.1.
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Frozen stress models are most conveniently calibrated for their
material properties by a separate, simple test strip cast from the same

mixture as the model.

4,2.2 2-d Photoelasticity

Two-dimensional photelastic models were used to examine stresses
near to very small fillets in the conventional photoelastic manner. In
this method, models were machined from materials (such as Araldite)
which exhibit temporary birefringence when stressed. They were loaded
in the plane of the model and analysed in a polariscope at room
temperature. Fringe patterns represent contours of equal maximum shear
stress in the plane of the model. A basic concept of 2-d
photoelasticity is that the stresses in the plane of the model are not
affected by the strains, perpendicular to the plane of the model, caused
by the Poisson effect (60). The model is effectively in a plane stress
condition.

Models are wusually loaded by linkage mechanisms and/or freely
hanging weights which introduce initial stresses due to self weight.
These need not be measured because stresses can be obtained from

differences in fringe orders due to two or more different loads.

4.2.3 Finite Element Methods

4.2.3.1 Finite Element Package

The PAFEC 75 package (61) was used also for the analysis of some
two-dimensional models. The program defines nodal positions, element
types and topology of the elements, material properties, displacement
constraints and loads. The work was limited to using 2-d eight-noded
isoparametric quadrilateral and six-noded isoparametric triangular
elements for plane stress conditions to represent the crown plane of a

90o brace in a single plane K-type tubular joint.
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The PAFEC output gives displacements, cartesian stresses and the
directions and magnitudes of principal stresses at each node. At nodes
common to two or more adjacent elements the average stress, computed
from the stresses at the said node in each element, is given. The
sensitivity of the mesh can be estimated by comparing the stresses at
nodes common to adjacent elements. These should be equal. The
sensitivity of the mesh, which was taken as the average stress divided
by the maximum semi-difference between the (two or more) individual

stresses, was also used to assess the errors in the output data in

Chapter 7.

4.,2.3.2 Finite Element Mesh Generation

The basis for the design of the finite element model to be used for
weld shape variation was that the mesh gave acceptable element
geometries for all chord and brace weld leg lengths, toe radii and toe
angles studied. As shown in Fig. 4.1, a very fine mesh was used in the
following regions of interest: (a) outside chord wall surface, within
one wall thickness from the weld toe, (b) outside chord weld toe fillet,
{(¢c) weld toe (hypotenuse) near to (b), and (d) chord wall through
thickness, radial to (b).

The model was first divided into four basic regions A, B, C and D,
as shown in Fig. 4.1, The weld was contained exclusively in region D.
The dividing lines for the regions were drawn perpendicular to the edges
of the walls at the weld toes; outside fillet chord and brace weld toes
for A and B, and inside fillet chord weld toe for C. Hence, changes in
weld profile affected only the size, not the arrangement of the elements
in these regions.

In the important areas of region D, ie around the weld toe fillets,

a fine mesh was constructed radial to the circular arc of the fillets
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for one-third of the wall thickness. Transition blocks were used to
reduce the density of the elements in a manner appropriate to the
gradients of surface and through thickness stresses obtained from other
work (16, 20).

The mesh shown in Fig. 4.1 was Mark 3. Modifications to Mark 1
were to 1increase the number of elements along the outer chord wall
(region A) within 0.25T of the weld toe. This was because the gradients
of surface stress in this region were greater than predicted from
photoelastic results. Modifications to Mark 2 were to rationalise the

mesh in mid-region D for the large changes in weld size.

4,2.4 Reflection Techniques

4,2.4.1 Introduction

It was initially intended to study plastic-elastic surface strains
in the steel models by reflection photoelasticity, a method commonly
referred to #s the ‘photoelastic-coating technique' (62). The
alternative names each describe, in part, the essential features of this
technique.

The surfaces of the specimen, or model, that are the subject of the
plastic strain analysis are polished to optical flatness. A thin layer
(less than 1 mm thick) of a photoelastic material is bonded to the
surface of the model. The edges of the layer, or photoelastic coating,
are profiled identical to the edges of the model. When the model 1is
loaded the strains in the model surface are equal to those in the layer.
The strains in the layer are measured photoelastically. They remain
elastic up to about 8% strain. Polarised light, emitted and collected
by a special type of polariscope, passes twice through the photoelastic
coating having been reflected from the model's polished surface. The
polariscope 1is called a Vee-type reflection polariscope because of the

‘vee' formed by the incident and reflected beams of light.
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This brief description of the experimental technique outlines the
essential features and explains why it was thought a suitable method of
measuring plastic strains at weld toes in flat 2-d welded models. The

technique is described in detail by Fessler and Eissa (63).

4,2.4.2 Photoelastic Coating

The positions of the photoelastic coatings are shown in Fig. 4.2,
The material used was Araldite CT200 with 30 per cent by weight of
hardener HT901. Pieces 25 x 25mm in size were ground to the finished
thickness of 0.5mm. This thickness was calculated for the large plastic
strains anticipated 1in weld toe regions to restrict the number of
fringes to about 3 or 4, The procedures adopted by Eissa (63) for
preparing the models for their photoelastic coatings and bonding of the
layer were used in this work. The method of machining the layer to the
exact model profile used in (63) could not be adopted here because of
the irregular edge produced by the random deposition of weld metal as
illustrated in Fig. 4.3. It was not possible to align an end milling
cutter with the true edge of the model.

As a result of the concave and convex weld beads (with surface
irregularities upto 1.5mm in the thickness of the model) profiling was
carried out by hand using small flat, half round and triangular files.
It was not possible to accurately profile the layer in the weld region.
The weld toe radii in the layers were governed by the diameter of the
circular file which was nearest to the true model radius. It was for
these, and other reasons given in Chapter 8, that the measurement of
strains at weld toes using the photoelastic-coatings methods was

abandoned after only two models had been prepared and studied.

4.2.4.3 The Polariscope and Mounting

The reflection polariscope used in this work was designed and built
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by Fessler and Eissa (55, 63). The details of the optical and
polarising elements are given in reference (63). The polariscope,
together with a new compact 120w sodium light source, was located inside
a new air-cooled housing, as shown in Fig. 4.4. A bearing block was
used to secure the polariscope with its optical axis horizontal to the
housing unit. (The polarising elements would thus be parallel with the
surface of the model.) The assembly was mounted on two travelling
'‘Myford' slides; one vertical allowing 100mm moéﬁent, and one horizontal
allowing 140mm movement. A swivel bearing between the Myford slides
allowed the apparatus to be moved out of position when installing a
model in the loading rig.

The apparatus was small enough to be supported on the structural
framework of a Denison testing machine. When in position, the quarter
wave plate at the front of the polariscope was 20 to 25mm away from the
photoelastic coating and parallel to the plane of the model. The centre
of the field of view was located in the region of greatest interest for

the two different model geometries shown in Fig. 3.9.

4,2.5 Moire Interferometry

4.2.5.1 Introduction

In the analysis of the elastic and plastic-elastic behaviour of
welded 2-d steel Joints, strains were determined from displacement
fields by moire interferometry. This optical method of whole field
strain analysis was developed by Post (56, 64). The experimental
arrangement used in this work provides only in-plane displacements.
These relate directly to normal and shear strains in a 2-d field.
Because a detajiled description of this method is given by Post (56), the
following outlines the important features of the technique with

quotations from this reference.



95

'Moire interferometry combines the concepts and techniques of
geometrical moire and optical interferometry.' Patterns of
interference, known as moire fringes, are produced by the relative
movement of a real grating, attached to a specimen, and a virtual
reference grating that is established by two coherent beams of 1light.
The fringes are contour maps of points of equal in-plane displacement
components in the surface of the specimen or model.

The sensitivity of displacements using this method is commonly in
the order of tenths of a micron (0.416um is typical) per fringe. With
high resolution photographic equipment and materials, strains from 20ue

to 3% are resolvable and repeatable (65).

4.2.5.2 The Optical System

The essential elements of a moire interferometer are shown in Fig.
4,5a. A highly reflective, phase-type diffraction grating is firmly
attached to, and in the plane of, a 2-d steel model. (This process will
be described later.) The frequency of the grating is large, eg 1200
lines per mm. When the model is loaded, the grating deforms and moves
with the surface of the model.

'Two beams of coherent light illuminate the specimen grating
obliquely from angles +a and -a. Various optical arrangements can be
used to produce incident beams, but in each case the two beams are
divided from common beam, they travel different paths, and they meet
again at the specimen. Two coherent beams emerge from the specimen
grating with warped wavefronts; they coexist in space and generate
optical interference.' The directions of the emerging beams are
prescribed by the diffraction equations given in Section 5.3.1.

'Numerous different optical schemes can be contrived to form the
virtual reference grating. Any means that brings coherent beams

equivalent to A and B in Fig. 4.5a onto the specimen grating would
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suffice.’ The optical arrangement used in this work is illustrated in
Fig. U4.5b and Plate U4.1. This is a two-beam system in which two beams
of light are incident on the model grating. In Fig. 4.5a, the plane of
the virtual grating produced by the two beams is parallel to the 1lines
on the model grating that are parallel to the y axis. Only the
components of u displacements perpendicular to those lines are measured,
ie parallel to the x axis. To obtain v displacements parallel to the y
axis, the axes are effectively transposed by rotating the model through
90°. The model grating is a cross grating with two mutually
perpendicular sets of lines.

In a two beam system, 'half the incident beam impinges directly on
the specimen surface while the other half impinges indirectly in a
symmetrical direction after reflection from a plane mirror. The entire
optical system is shown schematically in Fig 4.5b including a lens that
performs dual functions as a decollimating lens and an objective 1lens:
it collects all the 1light that emerges essentially normal to the
specimen surface and it focuses the specimen surface onto the film plane
of the camera. A parabolic mirror is shown as a means to form the
collimated beam, but a collimating lens is a feasible alternative. For
static analyses, the required 1laser power depends primarily on the
diffraction efficiency of the specimen grating, the magnification of the
image, and the sensitivity of the film used to photograph the fringe
pattern. Laser powers from 0.5 to 200 mW have been used successfully.'

The 1light source used was a 25mW Helium-Neon laser, of 632.8nm
wavelength, manufactured by 'NEC' (type GLG 5700). Nominal beam
diameter is 1.2 mm. The laser was powered by a 160 VA supply, also
manufactured by 'NEC' (type GLS 5702). The spatial filter comprised a
X20 objective lens and a 25 um diameter pin hole. The 100 mm diameter

parabolic mirror had a focal length of 864 mm. The 80 mm diameter
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decollimating lens, manufactured by 'Leitz', had a focal length of 300
mm. All mirrors were 'laboratory' quality, ie the surface is accurate
to A/4. The camera was a 'MPP' micro-technical camera with a remotely
operated mechanical shutter (1 to 1/400 sec.), variable aperture (f = 22
to U4) and ground glass viewing screen for focussing purposes. A
'Calumet' roll film holder was inserted in the plane of the viewing
screen. The film used was 'Kodak' Technical Pan black and white
negative film 6415, size TP120. This gave a maximum size of negative 70
x 60 mm. The film was developed and printed onto 'Ilford' Ilfospeed 3
paper using 'Ilford' HQ Universal developer.

The apparatus was mounted on a 2 x 1 m optical table which
comprised an ordinary timber table supported on four air springs for
acoustic isolation, and a 10 mm thick steel plate. The latter was used
as the optical surface and was levelled by adjusting the pressure in the
air springs. Tﬁo soft mattresses were sandwiched between the plate and

table for additional acoustic isolation.

4.2.5.3 Optical Adjustments

All optical components were fully adjustable for out-of-plane
rotations ¢ and w (see Fig. U4.5a for nomenclature) by means of finely
threaded adjustment screws. The most important parameters to control
are the angles of incidence, ta, at the surface of the model. Post
explains how this angle was precisely adjusﬂ? with the model in an
undeformed condition. Referring to Fig. 4.5b, 'adjust the plane mirror
while observing an aperture plate in plane A. Two bright dots will
appear in plane A and they should be merged into one by adjusting the
plane mirror; this adjusts the mirror perpendicular to the specimen.
Attach a white card to aperture plate B and observe two bright dots on

the card. They are from the two beams that form the interference
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pattern. These dots should be merged by adjusting the angle of
incidence o and the parallelism of lines in the specimen grating and
virtual reference grating. Angle a can be adjusted by rotation or
translation of the parabolic mirror. Parallelism can be adjusted by in-
plane rotation of the specimen or by rotation of the plane mirror about
an axis perpendicular to the specimen.'

After removing the white card at B, moire fringes were observed in
the camera screen. Fine adjustment of the plane mirror adjacent to.the
model was necessary to obtain the 'null' field required for the exact
optical configuration.

The fringe pattern emerging from the specimen is not unique -~ the
pattern changes with the position at which it is observed. Thus, the
fringe pattern must be recorded in a plane, parallel to the plane of the
model, where the fringes are first reunited. In two beam
interferometry, the beams reunite as they emerge from the model grating
and should be recorded at the surface of the model grating. This 1s
obviously impossible. Instead it is recorded by means of a camera.

'A camera reproduces in the image (or film) plane the phase
relationships of the light that crosses the object (i.e. model) plane'.
Light 1is collected by the decollimating lens and brought into focus by
fine adjustment of the lens to position the camera's screen in the
conjugate plane. This was achieved by bringing into focus small crosses
that were scribed on the surface of the model grating using a razor
edge. The size of the image can be varied by adjusting the object and
image distances providing the lens law is upheld. A magnification
factor of about 1.2 was used to obtain an image size 60 x 48 mm. The
object and image distances used were approximately 550 mm and 660 mm,
respectively. Fine focussing was achieved optically by observing the

fringe pattern in the ground glass screen. When the image is recording
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large model deformations, the wavefronts emitted from the specimen are
extremely warped i.e. the object distance is finite and the limits on
focussing distances are small. If the image is out of focus, fringes
appear to merge with each other and dark bands are seen. These were
eliminated by fine adjustment of the camera screen - distances of less

than 5 mm were required to achieve this.

4.2.5.4 Auxiliary Specimen Grating

Moire fringes represent contours of displacements. These
displacements are the sum of local deformations, that are to be
measured, and rigid body rotations and translations, that must be
eliminated. It was impossible to avoid in-plane and out-of-plane rigid
body movement when applying external loads to the model. It was
necessary to establish a secondary, or auxiliary specimen grating which
would remain unstressed, undeformed and coincident with the model
throughout the .loading cycle. This was achieved by attaching a small
reflective cross-grating (20 x 10 mm) to a bracket which was fixed to
the rear of the model by a small bolt and wing nut. The arrangement is
shown in Fig. 4.6 and Plate 4.2.

Mutual alignment with the model grating was established by in-plane
rotation of the bracket by two adjustment screws tightened against the
underside of the model. Out-of-plane alignment was achieved by
machining the contact faces of the model and bracket. With the wing nut
tightened and the adjustment screws released, the auxiliary grating
experiences 1identical rigid body rotations and translations as the
model. It can be used for alignment purposes for both the u and v
displacement fields because the x and y lines on the model and
auxil iary gratings are mutually perpendicular. 'This identity of
angles is the true requirement, rather than making the angles (between

the x and y lines) exactly 90°.* The position of the auxiliary grating,
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relative to the model grating, is shown in Fig. 4.7.

'In practice, the specimen would be loaded and its orientation
adjusted to null the fringes in the auxiliary specimen grating. This
can be done either by fine adjustment of the angular orientation of the
specimen grating or by adjustment of the virtual reference grating.
After recording the fringe pattern, the specimen is rotated 90° and fine
adjustments are made again to null the fringes in the auxiliary specimen

grating.'

4.2.5.5 Carrier Patterns

The main purpose in using an auxiliary grating was to establish the
unloaded orientation of the model and to eliminate in-plane and out-of-
plane rigid body rotations. Providing the fringe pattern in the
auxiliary grating remained unchanged during loading, these conditions
would be satisfied. However, it was difficult to establish a consistent
null field in the auxiliary grating during 1loading because of the
sensitivity of the optical apparatus. The corresponding null field in
the model was also difficult to analyse because fringe spacings were
large. Thus a fringe pattern of small, uniform fringe spacing was
introduced in the auxiliary and model gratings. This 1is <ca11ed a
carrier pattern. 'The number of fringes in the no-load or initial
pattern can be made as large as desired by adjusting the apparatus'. If
the plane mirror adjacent to the specimen is rotated about the vertical
axis (y in Fig, U.5a), a carrier pattern of extension is introduced.
Uniformly spaced fringes parallel to the model grating lines are added
to the initial field. Similarly, if the mirror is rotated about the
horizontal axis perpendicular to the plane of the model (z in Fig 4.5a)
a carrier pattern of rotation, characterised by uniformly spaced fringes

perpendicular to the model grating lines, is introduced and added to the
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initial field.

In this work, carrier patterns of extension were used. The
frequency of the fringes in the carrier pattern was approximately 1
fringe per mm in the u field (Nx fringes) and 1.5 f/mm in the v field
(Ny fringes). These values were established by counting the number of
fringes in the auxiliary grating (of known size) at each load increment.
The true values could be measured from enlargements of the negatives.

The procedure for establishing the correct carrier patterns in the
auxiliary grating was as follows. Out-of-plane rotation (w in Fig 4.5a)
was corrected by rotation of the mirror about the =z axis. In-plane
rotation (O in Fig. 4.5a) was corrected by adjusting the appropriate
micrometer barrel until an arbié&ry carrier pattern of extension was
observed. The correct carrier pattern was established by rotating the

mirror about the y axis.

4,2.5.6 Grating Mould Preparation

The moulds that were used for producing model and auxiliary
gratings were manufactured and supplied by Post. These were crossed-
line phase type gratings, generated optically on a high resolution
photographic plate. 'Phase type gratings have furrowed or corrugated
surfaces with either symmetrical or unsymmetrical furrow profiles.' The
technique to produce an undulating surface profile was recently
established (64). 'It is the undulation that transforms the surface of
the photographic plate into a phase-type diffraction grating.' The
frequency of the grating used in this work was 1200 lines per mm. 'The
final step in producing the mold is to apply an ultrathin reflective
coating of aluminium, or gold overcoated with aluminium, by evaporation
(high-vacuum deposition).'

5

Vacuum deposition was carried out at a pressure of 10" ° atmospheres

(atm) wusing pure 99.999% aluminium wire. A piece of wire, 0.5 mm
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diameter x 150 mm long, was cut and rolled into a small bundle using
tweezers (to avoid transferring grease to the wire from the fingers).
The wire was placed in a tungsten basket (manufactured by Nordiko Ltd.,
type NB901) 1located in a vacuum chamber. The basket was connected
across a 50 amp, 240 volt DC electrical supply.

The virgin mould was cut into 50 x 33 mm pieces and prepared for
evaporation by washing in Kodak Photoflow 1:200 solution and allowed to
drip dry. This was to reduce the adhesion between the mould and its
coating during transfer to the model. The mould was secured in a
(clean) aluminium bracket and the assembly was placed in the vacuum
chamber about 200 mm away and directly above the basket. A thickness
monitoring crystal was placed on a level with, and 50 mm away from the
centre of the mould. A shield was inserted between the bracket and
the mould and monitoring crystal. The arrangement is shown
diagramatically in Fig. 4.8.

when the pressure in the chamber reached about 2 x ‘IO-6 atm, a
current of between 30 and 33 amps heated the basket to the required
boiling point of aluminium at this pressure. During this period,
impurities such as grease etc. would evaporate and reduce the pressure

to about 10™°

atm. When the aluminium began to evaporate, a deposition
could be seen on the glass chamber. The current was immediately reduced
to 28 to 30 amps to control the rate of evaporation. The shield was
removed; exposing the mould and film thickness monitoring crystal to the
vapour. The rate of deposition during coating was monitored by the film
thickness display unit and controlled by regulating the electrical
current. A deposition rate of 15 to 20 ' per second was used. The
thickness of the layer was 700 % 25 R (7T x 10-5mm). (In a private

communication, Post recommended a thickness of A/10 = 680 ﬂ.) This

exercise was timed to avoid using the thickness monitor for which a new,
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expensive and disposable crystal is required with every 20,000 R
deposited. Thus, an evaporation period of 40 seconds and an electrical
current of about 30 amps were used for future work. Using these
empirical parameters, film thicknesses of 650 R to 750 8 were obtained
as measured by Talysurf.

The thickness and rate of deposition of the layer were controlled
by an 'Edwards' FTM4 Thickness Monitor Unit. Its design and uses are
documented (66). For this work, input parameters for aluminium and
vacuum chamber geometry were:

Density = 2.70
Acoustic Impedence = 8.17

Tooling Factor = 135%

4.2.5.7 Specimen Grating Replication

Fig. 4.9 dillustrates how the reflective grating was replicated on
the surface of the model. (Auxiliary gratings were not replicated.) 'A
pool of liquid adhesive is poured on the specimen and squeezed into a
thin film by pressing against the mold. Epoxy adhesives are suitable.
After polymerization, the photographic plate is pried off - only a small
prying force 1s required - leaving a reflective diffraction grating
bonded to the surface of the specimen. The weakest interface in the
system occurs between the gelatin of the photographic plate and the
evaporated aluminium or gold, which accounts for the transfer of the
reflective film to the specimen. The result is a reflective, high-
frequency phase-~type diffraction grating formed on the specimen. Its
thickness 1is about 0.025mm.' The resin used in this work was 'Stycast
1266' (manufactured by Emerson and Cummings). This is a low viscosity
two-part adhesive. The mould was clamped to the model using a single

spring clamp. The force was distributed over the area of the mould by
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Araldite spreaders. Liquid resin flashing was wiped from all external
edges of the mould and model using a piece of clean cartridge paper.
After a minimum curing time of 24 hours, the mould was easily pried off
with finger and thumb. The resulting grating is shown in Plate U4.3.
The positions of the grating on the models are shown in Fig. 4.7.

The thickness of the resin layers were measured by Talysurf. They
were all in the range 32 to 43 um (0.032 to 0.043 mm). The surface
profile shown 1in Fig. U4.10 was obtained by Talysurf. The depth of
undulations varied from 250 to 1400 R; the mean depth was approximately

610 %.

4.3 Model Manufacture

4.3.1 Three-Dimensional Photoelastic Model Manufacture

The manufacturing technique developed by Fessler and Perla (23) and
Little (18) of precision casting Araldite models using re-usable moulds
and cores was adopted for this experimental work. The technique is well
documented in (18). Only the points particular to these models will be
mentioned. The models were manufactured of Araldite CT200 with 30 per
cent by weight of hardener HT901. The model consisted of a cast node
(of one chord tube and four or two brace stubs for corner K and X nodes
respectively) spigoted and glued to two chord and two brace extension
tubes. The node casting was manufactured from re-usable patterns, dams,
moulds and cores; each designed to permit the intended range of
dimensions.

The pattern was used to form the inside surface of the mould. The
pattern was assembled using Araldite cylinders; one thick walled
cylinder for the chord and several solid cylinders for the braces. One
pattern was made for each different geometrical configuration of model.
Pattern No.1 was used for the mould for the corner K nodes ref. CK1,

CK1R and CK2, pattern No.2 for CK3 and CK4, pattern No.3 for CK5,
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pattern No.4 for X node ref. X90 and pattern No.5 for X60.

One mould was manufactured from each pattern. The moulds and brace
cores were made of slate-resin. The moulds for the corner K nodes were
cast in four separate segments; split along the chord axis in the (two)
crown planes of the braces, and mid-way between them. The moulds for
the X nodes were cast in two halves; split along the chord axis in the
(single) crown plane of the braces. The chord core was a thick walled
aluminium cylinder.

The "weld" fillets were formed on the pattern using plaster of
Paris. 1Initially the intended design parameter for the outer fillet toe
radius was a single value of r/t = 0.20. In practice, a single value at
every fillet proved impossible to achieve. For the first corner K
model, reference CK1, toe radii were scraped from the mould using a
range of ad-hoc forming tools of various dihedral angles. The resulting
radii were laréer than desired and it was difficult to extract useful
weld toe data. This model was remade as reference CK1R. The fillets
for this model and the following one, reference CK2, were successfully
formed on the model itself using a 2mm diameter file. However the small
amount of undercut present (at three joints only) prevented this tedious
operation from becoming a standard method. Subsequent profiles (for
corner K models CK3, CK4 and CK5, and X models X90 and X60) were
produced by allowing the surface tension of the liquid mould material to
form toe radii at the sharp corners of the pattern. When the 1liquid
resin of the model solidified against the inner surfaces of the mould,
final toe radii were produced. It was found that although toe radius
increases with the included angle forming the fillet, the results
achieved are the smallest practical values. Fig. U4.11 shows the
achieved weld toe radii at chord and brace ends of the weld fillet.

These values are plotted against the dihedral weld angle, 1800 -a (see
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Fig. 3.7) as this appears to be the most influential variable, assuming
the plaster of Paris fillets are consistently sharp. The post-loaded
dimensions and geometric parameters of the models are given in Tables

4.1 to 4.8.

4.3.2 Two-Dimensional Photoelastic Model Manufacture

The models were manufactured from 3 mm thick, precast sheets of
Araldite CT200 with 30 per cent by weight of hardener HT901. A
calibration strip equal in size to the brace wall was cut from the same
pre-cast sheet as each model. The models were profiled using side-
milling cutters. The models were rough milled to approximate dimensions
using a coolant (such as mineral o0il) to prevent thermal edge stress.
A final surface cut, between 0.05 and 0.1 mm deep, was made using a
cutter of the exact diameter to form weld toe radii. The final cut was
made without the coolant. Dowel holes were accurately positioned,
drilled and reamed.

The size of the models was chosen as the smallest likely to model
the fillets sufficiently accurately. Different models had brace width t
= between 15 and 40 mm and chord width T = between 30 and 80 mm, which
allowed the whole region of interest to the viewed in the polariscope at
the same time. The thickness (ie 3 mm) was the smallest to ensure

lateral stability of the models.

4,3.3 Two-Dimensional Steel Models Fabrication

4,3.3.1 As-welded Models

The test specimens, shown in Fig. 3.9, were fabricated by British
Steel Corporation (BSC). Swinden Laboratories, Rotherham using offshore
node quality flat steel plate in accordance with BS U4360-grade 50D. The
chemical composition and mechanical properties of samples taken from the

50 mm thick chord wall plate were supplied by BSC, Scottish Shelton and
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East Moors Group, Glasgow, and from the 25 mm thick brace wall plate by
BSC, Scunthorpe Division. These are given in Table 4.9. The brace
walls were chamfered to provide a minimum included angle equal to half
the external dihedral angle of the joint. A root gap of between 1.5 and
3.0 mm was permitted during setting up. The plates were joined by a
single sided, full penetration weld made by the manual metal arc process
using electrodes to BS639 - Parts 1 and 4. These were designated
'uncontrolled' profiles as shown in Fig. 3.7Tc. Specimens described in
Section 3.4.3. as type A were welded using 4 mm diameter, grade ES1
electrodes and as type B using 4 mm diameter, grade EU3 electrodes for
butter passes and 2.5 mm diameter, grade E43 electrodes for capping
passes. A preheat temperture of 100°C was used. The build-up sequence
of these welds is shown in Fig. 4.12.

The 250 mm long specimens were individually welded using run-off/on
tabs and were ﬁot post weld heat treated. No grinding or dressing of
the weld profile was carried out. The profile at the toe of the welds
were intended to conform to the requirements of profile tests such as
the AWS "dime" or disc test. The weld toe profile parameters given in
Table 4.14 show where this was achieved. Typical weld toe profiles
(traced from X32 magnification shadow graphs) are shown in Fig. 4.13.

These models were used to represent real steel joints, welded in a
manner representative of offshore practice, with "uncontrolled" weld
profiles, ie no post weld treatment or improvements were made.

One of the Type A steel joints with the higher strength weld, i.e.
grade E51, was later selected for study with an improved or "controlled"
weld profile, as shown in Figs. 3.7d and 3.9. A 75 mm long piece was
cut from the original weldment. The additional welding required to
produce the controlled profile at the chord weld toe was carried out at

The Welding Institute, Cambridge. Specimens described in Section 3.4.3.
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as type C were completed using 4 mm diameter grade ES51 electrodes
(identical specification as type A). The build-up sequence and typical
weld toe profiles are shown in Figs. 4.12 and 4.13, respectively. A
preheat temperature of 100°¢C and an interpass temperature of 120°C  were
used. The profile at the toe of the weld satisfied the requirements of
the disc test without post-weld dressing.

The weldments were cut my mechanical means into slices, fly cut on
both sides and ground on one face. Reamed holes were formed at the
correct positions of loading in preparation for the intended
photoelastic coating and moire interferometry strain analysis
techniques. The final thickness of the models were 10 mm for
photelastic coating methods and 4 mm for moire methods.

The following schedule summarises the models manufactured.

Dihedral angle Weld Profile Weld Grade
90° Uncontrolled E51
" " E43
120° " ES1
" " E43
" Controlled E51

4.3.3.2 Post-Weld Heat Treated Models

To assess the effect of residual welding stresses in the weldments
and determine the changes in mechanical properties, one of each of the 4
mm thick models in the above schedule were stress relieved. The models
were placed in an electrically heated furnace and subjected to the
following thermal cycle:

(i) heated to 620°C at approximately 100°C per hour
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(i1) held at 620°C for 12 minutes
(i1i) controlled cooling from 620° to 400° at 80°C per hour

(iv) air cooled to room temperature

Reamed holes were formed at the correct loading positions after the

models were heat treated.



110

4.4 Dimensional Accuracy and Material Properties

4 4.1 3-d Photoelastic Models

The dimensional accuracy of the models were checked before loading.
Only the diameters, out-of-roundness, straightness and inclinations of
the tubes were measured at this stage. Other dimensions, e.g. wall
thicknesses and weld sizes, were obtained from slices cut from the

models after loading.

The model was set up on a surface table with the chord horizontalf
A dial test indicator was traversed along the chord at eight equal
circumferential positions. Measurements were made at five locations
along the length of the chord. The diameter of the chord was also
measured at these positions. The shape of the chord tube was calculated
from these measurements. Fig. 4.14 shows a cross section of the chord
in the plane of the loaded braces for one of the models. The angular
inclinations of the braces to the chord tube were measured by vernier
protractqr. The deviation from the intended values were negligible.

The above measurements were taken to enable load induced deformations
to be calculated from the post-loaded models.

The weld toe profile parameters, toe radii and local weld angle,
were obtained by measuring the outline of slices, cut from the models after
loading, on a shadow graph of 32 times magnification.

The important design dimensiong and angles of the models, the
applicablé tolerances and the post loaded dimensions are listed in
Table 4.10. The tolerances were those specified for previous work for
the U.K. Offshore Steels Research Project (UKOSRP I), except that weld
fillet tolerances were based on the API recommendations for complete
Joint penetration.

To determine the material properties, Young's modulus and material
fringe value of the stress-frozen model, test strips were cut from a small

block cast from the same mixture as the model. The strips were 5 mm
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wide, 2.5 mm thick, 150 mm long and were loaded in uniaxial tension
with a load of 0.6 1b. The strips were subject to the same thermal
cycles as the model.

The frozen stress material properties of each model are given in

Table 4.11.

4.4.2 2-d Photoelastic Models

The dimensional and angular accuracy of the 2-d photoelastic
models were determined using micrometer and vernier protractor
respectively. Dimensional checks were made on brace and chord wall widths,
weld or fillet size, ie. distance to weld to€ from intersection of
outer wall surfaces, and loading positions. The thickness of the
model was not checked because for a given load, variation in thickﬁess
is compensated by a change in stress, and in a 2-d photoelastic analysis,
fringe order is proportional to the product of the stress and material
thickness. Weld toe radii were measured using radius gauges on an
enlarged (X32) shadow graph of the model. The values are presented in
Table 4.12.

In general the models were very accurate; dimensional deviations less
than 1.5% of design values. The largest deviations were due to removing
material from the outside chord and brace walls to avoid undercut at
weld toes.

The material fringe values of the three different sheets of Araldite
used to make the models were determined using tensile test strips
loaded in uniaxial tension. The results of this exercise, which show
that the material is perfectly linearly elastic in the test range, are

given in Fig. 4.15.

4. 4,3 2-d Steel Models

The models were measured prior to loading for the following physical

characteristics and mechanical properties;
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i) Dimensional accuracy, weld profile, HAZ regions
ii) Yield strength, ultimate tensile strength, hardness

iii) Surface roughness

4.4_ 3.1 Physical Characteristics

Model wall thicknesses were measured by micrometer and the brace-
to-chord wall inclination was measured by vernier protractor. The
values are given in Table 4.13. The weld toe profile parameters, ie
radius and angle, were obtained from enlarged (32 times) shadow view-
graphs of the weld toe region. The profiles were replicated using
Plaster-of-Paris moulding compound and were machined to a thickness
of<T:9.1 mm for measurement. Using this technique, the profile at
thfee different positions through the thickness of the model, ie each
face and mid-thickness, could be viewed. Three models from each type of
weldment were selected for measurement. The results are given in Table 4.14.

The extent of the heat affectea zones were determined to assist in
the interpretation of strain measurements in these regions. To reveal
the HAZ boundaries the models were polished and etched in the areas of
interest. Mechanical polishing was carried out by hand using 6 #m (for
15 minutes) and 3 ym (for 10 minutes) "Metadi" diamond compound. The
surfaces were cleaned using a proprietory trichloroethane solvent eg.
"Inhibisol" and etched using 'Nitral'; 5% nitric acid in ethyl alcohol.

The boundaries between the HAZ and weld material (WM), the HAZ and
base metal (BM) were measured by travélling micrometer. They are shown

in Fig. 4.16 at a position selected at random from each type of weldment.
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4.4.3.2. Mechanical Properties

The yield strength, ultimate tensile strength and reduction in area
of the constituent materials of the weldments were obtained using a
Houndsfield tensile testing machine. The results are for as-welded models
only. Small cylindrical test pieces were accurately machined from weld-
ments type A and B only (Type C are the same as type A). Test pieces
were taken from the following places;

i) brace and chord wall base metal

ii) weld material

iii) heat affected zones adjacent to brace and chord walls

iv) chord wall base metal very near to heat affected zones.

Two test pieces were cut from each of six locations from each of
two weldments making a total of 24. The positions, size and shape of
the test pieces are shown in Fig. 4.17 . Load-extension curves were
plotted manually as the test progressed. The end of the test was at
fracture. Fig.4.18 shows the load-extension curves for all positions
from weldment type A. Note that total elongation values include the
load-extension characteristics of the machine, shown as line OA on
Fig. 4.18. Percentage reduction in area was measured on a reduction gauge.

The yield and ultimate tensile strengths and percentage reduction
in area are given in Table 4.15. The results are compared to BSC
Certificate and other published values. Fig 4.19 shows the variation

in yield and tensile strengths across the weldments.

Hardness traverses were carried out across the BM-HAZ-WM boundaries,
of weldments type A and B, in the as-welded and post-weld heat treated
conditions. The Vickers Pyramid Hardness test was used. The width
across the corners of the indentation was measured optically and its
value converted to the hardness number, HV. The results are shown in

Figs. 4 oo and y pq1 for weldments type B and A. respectively.
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4.4.3.3. Surface Roughness

Surface roughness was measured using "Talysurf 4" mechanical surface
measurement equipment. Roughness traverses (max. 10 mm in length) were
carried out along the outer wall and weld edges, and across tne ground
faces of the models. The madels were levelled on the plinth of the
apparatus and the profiling stylus allowed to travel freely on the
surfaces. The results are shown in Fig. 4.22.

Results for the ground faces of the models are presented for later

comparison with post-yield conditions.

4.5 Loading
4.5.1 3-d Model Loading

The loading rig used for loading the corner K models is shown in
Fig. 4.23a and Plate 4.4. Many of its features are determined by the

physical characteristics of the stress-freezing process.

1. Very low Young's Modulus. The loads required are small enough
to be applied by freely hanging weights but deflections of the model
due to its own weight may be significant. Two-thirds of the self-
weight of the model is eliminated by immersion in a dense oil, the
remainder by air pockets in the tubes. The latter are the reason for
the chord axis being horizontal. Imposed loads due to the self weight
of the loading mechanism are nullified by adjustable counterweights.
Correct loading is achieved by accurate measurement of the mechanism
about the fulerum point, i.e. rose bearing.

2. Large coefficient of expansion. The model must be allowed to

expand freely as its position relative to the loading frame changes.

This is made easier by the ball-pivoted bellcrank levers, whose use
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leads to the axes of the loaded braces being horizontal. It is also

the reason for the apparently complex chord supports. Overall expansion
of the chord is accommodated by hanging the model off two pairs of steel
links. One pair is braced, the other free to rotate and thus move
horizontally in the direction of the chord axis.

3. Limited optical sensitivity of Araldite, the best available
material. The model strains usually have to be greater than the elastic
strains in the metal prototype. The chord distortions may therefore
cause significant changes of ©, the inclination of the braces. To
minimise parasitic bending moments, the points of application of the
brace forces are arranged as near to the chord wall as possible. This
was achieved using Araldite loading cups glued to the ends of the loaded
braces.

The stress-freezing technique employed for the photoelastic
analysis of-any plane within a model is well documented (see gection
4.2.1). The models CK1, CKIR and CK3 were loaded in é balanced axial
tension (135°brace) and compression (90° brace). Models CK2, CK4 and
CK5 were loaded in balanced axial tension (150O brace) and compression
(60° brace). The equilibrium of forces for all corner K models is
illustrated in Fig. 3.6a. In each model there are small transverse
chord end reactions resulting from the different offset of brace axes
in the plane of the loaded braces. The components of forces parallel
to the chord axis are reacted by the
single axial chord end reaction. This tensile reaction, situated at
the end of the chord nearest to the brace loaded in compression
minimises longitudinal adjustment of the loading rig during the thermal
cycle. The ends of the chord extension tubes were free to ovalise.

The loading rig used for loading the X models is shown in Fig.
4.23b. The apparatus was designed and built by Buchan et al (52)

to satisfy the features appropriate to photoelastic models of this type.
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These are :-

1. Only one load is required. This is small enough to be applied by
freely hanging weights to one of the braces. Other considerations are
as given for the corner K model loading rig.

2. The ends of the chord are not supported and free to ovalise.

The magnitudes of the loads used in the braces loaded in tension
in all 3-d models is given in Table 4.11. The intended mean axial
strain in these braces was 0.50%. The differences in actual measured
strains were due to inevitable variations in material properties and
tube dimensions. These differences do not affect SCF results because
all stresses in the model were normalised with respect to the actual
mean axial stress in the brace; not the calculated value based on 0.5%

strain. The equilibrium of forces in the X models is shown in Fig. 3.6.

4.5.2. 2-d Photoelastic Model Loading

The empirical determination of the equivalent 2-d loading system
obtained from previous (18) and present 3-d photoelastic results
was given in Section 3.3.1. In these models single point loads,
which are equivalent to the membrane. and shear forces in the tube
walls sectioned at the first point of contraflecture, are applied to
the chord and brace walls. The magnitudes, positions and directions
of the point loads are given in Table 3.4 for the three different
2-d model geometries studied.

The correct loading of the models shown in Fig. 3.6 is produced

by a measured force P, if the hinged links, which carry the reactions

1
P2 and P3, are in the intended positions. The nominal stress in the
brace wall is defined as dﬁom = P1/cross sectional area of calibration
strip.

The models in which the chord wall thickness T = 30 mm were loaded

as shown in Fig. 4.24a The models were mounted in the rig together with
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a calibration strip located in the direction of the inclined tensile
force applied to the brace wall. A simple turnbuckle was used to
apply incremental loads to the system; load was transferred to models
through pairs of matched mild steel links and 6 mm diameter dowels.

The models in which the chord wall thickness T = 50 to 80 mm were
too large to be loaded in the above manner. These models were calibrated

separately by freely hanging weights as shown in Fig. 4.24b. The models

- were mounted in the loading frame and incremental loads were applied,

through matched links and dowels, to the brace wall. Because the
calibration strips were subjected to the same incremental load magnitudes,
fringe order readings in the models corresponded to nominal fringe orders
in the calibration strip. |

Loads were applied to the models in increments of 3 kg in the range
3 to 12 kg. This corresponds to a typical increase in fringe order in

the brace wall of 0.072 fringes, for t = 40 mm and MFV = 10.15 (mean

value) N/mm fringe per 3 kg load.

e

4.5.3 Finite Element Model Loading

The forces acting on the finite element model were determined in
the same manner as 2-d photoelastic models; axial forces causing membrane
stresses, and shear forces causing bending and shear stresses. Axial
loads were applied to the model uniformly across each wall at structural
nodes. Shear forces were applied at the correct distances along each
wall, also at structural nodes. Restraints were specific at two nodes
to prohibit spatial movement in the plane of the model. All loads
and restraints are shown in Fig. 4.1. The magnitudes of the loads
produced a mean axial stress in the brace wall of unity. All stresses

in the model were therefore stress indices.

4.5.4 Steel Model Loading

The steel models were loaded using the equivalent 2-d system
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developed for the 2-d Araldite work, as described in gection 4.5.2.

A loading rig was designed and built for each different experimental
technique wused. These were reflection photoelasticity and moire inter-
ferometry. Each rig was designed to accommodate the different loading
geometries of the three models to be studied.

The loading rig used for reflection photoelasticity was designed
to be used within the confines of a 50 ton Denison testing machine.

Tge models were 10 mm thick.

The loading rig foruse with the moire interferometer was mounted
on the optical table and was therefore a relatively light and economical
apparatus. Because the models were thin (4 mm), its capacity was small
(3 ton).

Because the design concepts for the two loading rigs were obViously

different, they are described separately.

4.5.4,1 Loading Rig for Reflection Photoelasticity Methods

A loading rig was deéigned and built to be used between the jaws
of a hydraulically controlled 50 ton Den ison tensile testing machine.
The rig is illustrated in Fig. 4.25,

The rig was designed to enable the region of interest
to be viewed through a vee-type reflection polariscope which was mounted,
independently from the rig, on the outside of the testing machine.

Forces were applied to the model through a mechanism comprising
pairs of matched links, 3 inch diameter hardened steel dowels, a spreader

beam and solid cylindrical blocks clamped in the jaws of the machine.

The rig was designed to accommodate two different models and three different
loading geometries for loads of up to (approximately) 30 tons.

The resulting framework was manufactured from grade 43 mild steel
flat bar, round bar and rolled universal channel. Hardened steel drill

bushes were used to locate dowel holes and reinforce the lugs near the
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erds of the links, and in the webs of the channels.

With the model removed from the assembly, the loading rig was
effectively in two parts; each part permanently attached to the machine
through the solid cylinders clamped in its jaws. To re-assemble the
model in the rig, the distance between the top and bottom jaws was
reduced to allow the dowels to be located through the model with ample

tolerance.

4.5.4.2 Loading Rig for Moire Interferometry Methods

The essential features of the loading rig are shown in Fig.4.26
and Plate 4.5. The frame was sufficiently light to be man-handled into
two mutually perpendicular positions whilst the model was loaded. The
frame was rigid in bending and torsion for loads of up to 3 tonnes
acting at one of several different locations. The rig was mounted off
an eccentrically located rose bearing and suspended from a remote
support frame by a stiff spring. For optical alignment, the rig was
supported by three fine adjustment screws; micrometer barrels were used.
The rig was also designed to accommodate two different models and three
different lcading geometries.

The resulting rectangular frame was manufactured from grade En24 steel
plate and En3 rolled 'Tee', bolted at its corners and aligned for out-of-
plane deviations using steel horseshoe shims. The holes to receive
loading pins were accurately located and reamed. Attachments to react
against the adjustment.screwswere bolted to the frame.

The models were loaded through pairs of matched links made from
L inch thick ground rectangular steel bar. Loading pins were 3/8 inch
diameter hardened steel dowels. Tensile load was applied to the links
(attached to the brace wall) by a turnbuckle, located on the outside of
the frame, through a 3% inch diameter threaded bar. A 3 tonne capacity

load cell, connected to a digital readout balancing box, measured the
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load. A thrust bearing was introduced between the coupling and load
cell to reduce friction;l forces. Direction of loading was accomplished
by passing the threaded bar through a hole in a machined block at the
correct inclination.

Initial loads of between 0.2 and 0.5 kN were used to establish
an artificial datum. Loads were then applied in increments
of approximately 5 kN priorto yielding in the chord weld toe fillet.
The corresponding incremental increase in strain in the brace wall was
0.02% strain. After yielding, load increases were governed by the

spread of plasticity in the model. !

4.6 Measurement

4.6.1 3-d Photoelastic Models

The important measurements were post-load deformations, actual weld

profiles and fringe order readings.

4.6.1.1 Post Load Deformations

The model was set up on the surface table and measurements taken in
the same manner and at the same positions as jin Section 4.4.1. -Load induced
deformations of the chord were calculated. They are shown in Fig. 4.14
in the plane of loaded braces of some of the models. The results are
compared to the deformations measured by Little (18), normalised with
respect to chord diameter and Young's modulus which were both different.
The displacements predicted from Mockfords parametric flexibility
equations ( 67) are also shown in Fig. 4.14.

The post-load measurements were also used to detect evidence of

unbalanced, inadequate or spurious brace loading before the model was

destroyed by slicing.
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4.6.1.2. Slicing, Sub-slicing and Photoelastic Measurement

Slices were cut from the model in the chain-dotted planes defined
in Fig 4.27 for the 3-d CK and X models. The slices
were 2.50 + 0.15 mm thick. The procedure is previously documented
(18). Each slice was measured by micfometer; variations in thickness
being allowed for in the calculation of unit fringe order. Variation in
the thickness of an individual slice was usually within + 0.03 mm;
occasionally this would exceed + 0.05 mm near the ends of the slices
remote from the important weld regions.

The slices were placed in a drying oven at 70o C for a minimum of
72 hours and stored in a dessicator containing silica-gel prior to being
analysed.

For photoelastic measurement, the slices were mounted in a diffused
light transmission polariscope and examined in normal-incidence polarised
light. Fringe feadings were made in monochromatic, circularly polarised
light, using Tardy compensation to determine fractional fringe orders.

A travelling microscope was used to enlarge the image and define the
positions of measurements. Small scratches were made, perpendicular to
the edge, on the slices (generally) about 5 mm from the weld toe. The
centre of the scratch was used as datum and the positions of measurements
were made relative to this. The position of the weld toe was established
relative to the datum by viewing an enlarged (x32) shadow of the weld

toe region.

The procedures for determining the magnitudes of stresses in the
plane of the slice, and the magnitudes and directions of principal
stresses which were not necessarily in the plane of the slice, were as
follows.

Where a principal plane is known to be in the plane of the slice

there exists at each point along the free boundary surface principal

stresses o,, parallel to the plane of the slice and o,, perpendicular
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to 61. The edges of the model are free from external shear and normal
stress. To determine 61, the measured fringe order at each edge point
was divided by the thickness of the slice to obtain unit fringe order N
= 61/material fringe value (MFV is previously defined). The nominal
fringe order Nnom in the brace loaded in axial tension was determined

from brace walls fringe order readings (Section %.1.4). The nominal stress

o = N .MFV.
nom nom

Further subslicing of the main slice was necessary to obtain
surface principal stresses where their directions were not known from
symmetry as shown in Fig. 4.28:'. The "through-thickness" subslices were
cut 1.00+0.05 mm thick perpendicular to the chord wall. The "surface"
subslice was cut along the outer edge of the weld having a minimum
thickness of 0.05 + 0.03 mm. The main slice was sandwiched between
fillets of 'quigk-set' Araldite so that the subslices would not be lost
whilst cutting. All subslices were orientated, labelled and dried prior
to photoelastic measurement.

In the general case where a slice is cut out of a stress-frozen
photoelastic ‘model which does not contain a plane of symmetry, the principal
stresses in the free surface of the model cannot be determined by the
usual (normal incidence of light) photoelastic examination alone. This
single measurement at any point in the edge of the slice (i.e. the
surface of the model) only g ives the secondary principal stress in the
plane of the slice. The magnitudes of the true principal stresses o,
and Gé in the surface and the inclination & of g, to the plane of the
slice can only be determined from three measurements. Because oblique
ingidence is not suitable for the large stress gradients 861/6x and
661/az (see Fig. 4.28) subslices have to be cut from the main slice and
further measurements obtained from them. The surface slice (see Fig.
4.283 taken along the outer edge of the model when viewed in normal

incidence (view on 'A') provides the direction & of the greater
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principal stress relative to the plane of the slice. This is
called the isoclinic angle at the surface. The through-fhickness subslice
gives (oy - cx) and (o 2 - ox) when viewed along lines of sight Y and 2
respectively. As the stress perpendicular to the surface ox = 63 = 0,
with value of & from the surface subslice, 61 and ﬂb are defined by equations

(5.3) and (5.4) in Section 5.1.3.

Where chord wall principal stress distributions were required, surface
subslices were cut at the saddle positions of inclined braces. The
thickness of the surface subslice is important. In consideration of the
through-thickness stress gradients Gozﬁx and 6oy/6x, a subslice-~to-chord
wall thickness ratio of 0.05 was accepted. Chord wall surface subslices
were 0.40 + 0.02 mm thick cut parallel to the outer chord wall where it
meets with the weld toe. The surface slice when viewed on line of sight

x (Fig. 4.28b) provides ¢ and (01 -0 _). With the value of the hoop

2

stress Gy obtained from the slice in the circumferential plane, ¢ 1 and

02 are defined by equations (5.5) and (5.6) in Section 5.1.3.

4.6.2 Photoelastic Measurement of 2-d Models

The models were loaded, positioned in a diffused light transmission
polariscope and examined in normal 1nc;dence polarised light. The edges
of the models are boundaries free from external shear and normal stress.
This is a plane stress analysis. There exists at each point along the
free boundary a principal stress parallel to the edge of the model. The
fringe order at each edge point N = o x model thickness/MFV. Similarly
the fringe order in the calibration strip Nnom = dnom x calibration strip
thickness/MFV. The material fringe value is a constant for each precast
sheet. Model and calibration strip were measured by micrometer for use

in calculating stress indices. After linearity had been established,

zero errors were eliminated by using differences of stresses due to two

loads only.
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4.6.3 Finite Element Output

The PAFEC output gives the following data of use in the analysis

of the models;

i) global cartesian co—ordina£es _

ii) components of displacements

iii) magnitudes of principal stresses

iv) directions of principal stresses relative to global model axes
and local element orientation

v) maximum shear stress and

vi) cartesian direct and shear stresses.

This data is given for every node belonging to every element. A
further refinement of items iii), iv) and v) is made by the stress
averaging routine. The principal stresses and directions at nodes,
which are common to two or more adjacent elements, are presented as
the average of the individual values at that node.

In this Hbrk, principal stresses were extracted from the PAFEC
output in the following regions.

i) along the edges of the outside chord and brace walls and weld
fillet

ii) through the thickness of the chord wall on a line perpendicular
to the position of the maximum surface stress, and

i11) as ii) but perpendicular to _the chord weld toe.
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4.6.4 Measurement of Strains in Steel Models using Reflection Techniques

In the measurement of strains using ‘reflection techniques, calibra-
tion of the photoelastic layer material is necessary to convert the
elastic strains recorded in the layer to the true elastic or plastic
model strains. The values obtained by Eissa (63) for the material
" properties of the layer, i.e. Young's modulus, Poisson's ratio and MFV,
were used in the early stages of this work. This was because the photo-
elastic materials were similar. However, it was intended that once the
experimental method was established, the true properties of the material
used in this work would be obtaiﬂed.

It was shown (63) that if the profiles of the layer and model were
identical, then maximuwm shear strains in the layerY 1 and modelY m
were equal. They were also proportional to fringe order n per unit

thickness of the layer t Using Araldite CT200 with hardener HT901

L
for the photoelastic coating:

:7 s -
Yy =Y, = 0.0020 /e

The thickness of the layer was 0.5 + 0.02 mm, but in any one model
this did not vary by more than 0.01 mm. A layer thickness correction

coefficient (determined by Eissa (63)) of 1.10, which was appropriate
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to this thickness, was used.

Fringe orders were measured at the edges of the models at different
load magnitudes. Maximum shear strains computed from the fringe orders
are expressed in terms of the nominalishqar strain in the brace wall

which was calculated from the loading. These are shear strain indices.

4.6.5 Strains in Steel Models using Moire Methods

Fringe orders Nxare enumerated in Fig.4.29 . 1In this example,
fringes are ofu displacements in the x plane of the model. Where moire
methods are used in the determination of strains and relative displacements
between two points in the model, the location of the zero-order fringe is
arbitrary. This is because rigid body translations’and rotations are unimport-
ant if relative displacements are required. 1In Fig.4.29, a location in
the weld region was chosen as the zero-displacement datum. Fringe count
was made positive along the surface of the chord wall moving away from
the weld toe. The centre of the dark fringe through the datum point was
assigned zero order.

In assigning fringe order, Post (56) explains that the rules of
topography of continuous surfaces govern the order of fringes. Adjacent
fringes differ by plus or minus one fringe order, except in zones of
local maxima or minima where adjacent fringes may have equal fringe orders.
Local maxima and minima are usually distinguished by closed loops or'saddle-
shaped contours. Fringes of unequal orders cannot intersect. To be correct,
the fringe order at any point must be unique, independent of the path of
the fringe count used to reach the point.

In moire strain analysis, fringe order gradients are measured because
derivations of displacements are required to calculate strains. Because
each moire fringe, of order N, represents the loci of points of equal in-

plane displacement u, it is shown (56) that
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where f is the frequency of the reference grating.

If the incremental displacement Au between two points & x
apart is depicted in the fringe pattern by a small change in fringe
order AN, then

Au = AN

L
f
The strain €, is the derivative of displacement &u /B x. Hence, in the
limit, fringe gradient 3 NA x is obtained.

ONBx = f ¢

X

The fringe gradient, measured in a prescribed direction, is equal to
the frequency of the reference gra ting and the strain in that direction.
It is usual for orthogonal axes, x and y, parallel and perpendicular
to the lines of the master grating to be used for analysis;u and v
displacement fields are the components of in-plane displacements in the
x and y planes, respectively. Normal and shear strains are obtained

from the Nx and N fringe patterns as follows:

y
Au 1 8 Nx
€ z — - — € 4AY_ 1 oNy
x AX f ax Yy Ay f a y
Y _Au _av_ 1 aNx _ 3Ny,
Xy Ay A X f ay 3 x

These strains may be determined from point-by-point measurement
of the fringe gradients aNx/ax, aNx/ay, 8 NyBby and aNy h x obtained

from Nx and Ny fringe patterns of u and v displacement fields.

4.6.6. Accuracy of Measurements

The accuracy of the photoelastic fringe order measurements, finite

element output and moire fringe gradients is assessed in the analysis

of errors given in Section 7.
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Table 4,10
Dimensional and Angular Accuracy of 3-d Models

UNIT | NOMINAL  TOLERANCE | GREATEST  LEAST
DEVIATION DEVIATION
Chord !
Mean diameter, D mm 200.0 * 0.80 . 0.75 . 0.02
- 0.54 - 0.04
Out of roundness (" - 1.2% 1.45 0.15
Wall thickness T mm 8.0 + 0.45 « 0.35 0
- - 0.70
D/T ratio - 25 + 1.6 « 1.96 0.02
- 1.18 0
Brace !
Mean Diameter, d mm 100.0 . 0. 40 + 0.27 + 0.03
- - 0.32
Out of roundness - - 0.65 0.45 0.03
Wall thickness, t (] 4.0 + 0.22 « 0.29 (4]
- 0.80
d/t ratio - 2% + 1.6 « 2.80 0
- 1.62
Brace/chord angle @! deg - 0.25 0.25 0.10
2
Weld Fillet
Chord wall leg length; H sin ¢ (] 2.8 + 0.2 - 0.78 + 0
- 1.3% - 0.06
Brace wall leg length; h sin ¢ (] 4.0 + 2.0 + 1.08 + 0.04
-~ 1.68
Chord weld toe angle a deg - + 8 12 0
¢ -13 -3
Brace weld toe angle ‘b deg - +13 +21 ]
- 8 =15

1) UKOSRP tolerance

2) APl recommended tolerance
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Brace wall

Table &.14

|
I
|

Actual Dimensions and Geometry

2-d Steel Models:

Chord wall

Notes
1.

2. Not measured,

Average values,
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Table 4.15

Mechanical Properties of Steel Models obtained from
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Houndsfield Test Specimens1

Weld- Material Cross- Yield Ultimate | Reduction
ment Designation sectlional | Stress Tensile in
Type and area Stress Area
Location mm2 N/mmz %
BM Chord wall 8.042 314 472 61
8.068 324 478 62
BM Chord wall 8.068 343 506 60
near HAZ 8.042 314 484 63
Type BM Brace wall 8.143 352 501 64
8.093 344 500 62
A HAZ Adjacent chord 8.093 392 531 67
8.093 m 527 58
HAZ Adjacent brace 8.068 475 567 7
_ 8.118 502 565 35
WM Weld E51 8.194 479 581 25
8.245 U557 577 k5
BEM Chord wall 8.143 296 L78 59
. 8.093 296 L6y 64
BM Chord wall 8.143 302 478 62
near HAZ 8.143 325 k82 62
Type | BM Brace wall 8.093 367 503 64
8.143 363 523 68
B HAZ AdJjacent choxd 8.100 385 519 60
8.140 390 522 60
HAZ Adjacent brace 8.114 450 546 42
8.093 775} 540 33
WM Weld E43 8.093 435 508 75
8.118 435 522 72
BSC Certificate and other published data3
BM Chord wall | - 364 529 N/A
BM Brace wall - 381 515 "
WM Weld E51 - 430-460  520-550 "
WM Weld EA43 - 390-430  480-510 "

Notes
1., Mean gauge length = 11,45 mm

2. Calculated from mean specimen diameter, obtained from 4 measurements
taken at 450 circumferential intervals,

3. ESAB Welding Consumables Product Literature.
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Fig. 4.1 Finite Element Mesh Used in 2-d Models
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Glass Chamber

P Platform
Readout
Fig. 4.8 Vacuum
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Fig. 4.9 Mould Preparation and Replication Sequence
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Fig., 4.10 Surface Profile of Model Grating
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Chord wall

Fig. 4.12 Weld Build-Up Sequence

‘Uncontrolled’

profiles
Chord wall

0 imm

Scale

‘Controlled’ profiles

Fig. 4.13 Tracings of Weld Profiles in Steel Models
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Fig. 4.14 Dimensional Accuracy and Load Induced Deformations in
CK Model Chord Tube
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MATERIAL
Chord wall
Chord near HAZ
Brace wall
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HAZ
Weld material
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Fig. 4.17 Locations, Size and Shape of

Tensile Test Specimens
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EXTENSION (mm) EXTENSION EXTENSION

Flg. 4.18 ‘'Houndsfield' Tensile Test Results
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Fig. 4.19 Variation of Ultimate Tensile and Yield Stress
in Steel Models
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Model Ret. 90/8

% Weld grade L3
—0 4s welded

—emm@ Stress relieved

Besition giong line B-8
Fig. 4.20 Vickers Hardness Test Results - Ref. 90/B

Model Ref. 120/A

Weid grode ESt
——0 As weided o}
—- =@ Stress relieved !

BM (Brace)

Fig. 4.21 Vickers Hardness Test Results - Ref. 120/A
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Adjustable Restraint Block
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a) Models with T = 30 mm

Fig. 4.24 Loading Arrangement for 2-d Photoelastic Models
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[ —Weights and hanger

b) Models with T = 50 to 80 mm
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Fig. 4.25 Steel Model Loading Rig for Use in Reflection Techniques
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Fig. 4.26 Steel Model Loading Rig Used in Moire Work
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Fig. 4.27 Definitions of Planes and Junctions for Analysis
in 3-d Photoelastic Models
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Surface subslice

Through-thickness : Q Isoclinic angle

subslices . //

View on 'A'

Fig. 4.28a 3-d Model Subslicing Diagram

Line of sight x
perpendicular to
surface

Local Cartesian Stresses

ox radial w.r.t. chord

o, hoop w.r.t. chord

oz meridional w.r.t. chord

Principal Stresses

> >
/// 01 02 03

— (0., is perpendicular to
surface)

3

Line of sight Y
tangential to surface

and normal to slice
Line of sight z
tangential to surface

Fig.4.28b Surface Stresses on a Loaded 3-d Model
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N

Regions of Interest

Weld
/ Chord Wall

Brace

Fig. 4.29 Fringe Order Numbering in u Displacement Field



Plate 4.1 Optical Arrangement of Moire Interferometer (also showing

a model in loading rig)

Plate 4.2 Rear View of Model Showing Auxiliary Specimen Grating Bracket



Plate 4.3 Reflective Moire Grating Attached to Model in Region of Interest.
(Smears in surface of grating do not inhibit clarity of moire
fringes.)

Plate 4.5 Detail of Steel Model Mounted in Loading Rig
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Plate 4.4 Loading Arrangement of 3-d CK Type Photoelastic Model
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CHAPTER

ANALYSIS OF READINGS

5.1 Determination of Stresses by Photoelasticity

5.1.1 Theory of Photoelasticity

The physical principles and optical theory of photoelasticity are
well established. Because the theory of photoelasticity 1s extenslively
documented in standard text books (e.g. 62, 68) only the main points
relevant to this work will be mentioned.

Many transparent materials, such as Celluloid, Bakeline and certain
Epoxy Resins, become optically anisotropic or “"birefringent" when stressed.
The refractive indices of birefringent materials are different in the
planes of the principal stresses and are proportional to the magnitudee
of these stresses. On entering the material plane-polarised light (of
wavelength A) is divided into two components in the planes of these
stresses. Because of different refractive indices in these planes, the
components of light travel at different velocities and emerge with a
phase difference relative to each other. The phase difference is m,
where n is an integral or fractional number, and is proportional to
the difference in the magnitudes of the principal stresses (o) -o o) and
the thickness of the material t through which the light travels. The
basic equation of photoelasticity, known as the "Stress-Optic Law"

can be written as
n = Ct(ﬁ.-oz) ceee. (5.1)

where C is the stress-optic coefficient.
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When the material is viewed in a normal transmission polariscope,
under certain conditions 1light emerging from the analyser is extinguished
depending on the value of nA and the directions of the principal stresses.
Dark bands, which are either isochromatic or isoclinic fringes are
viewed. The isochromatic fringes represent the loci of points where
n is an integer. The value of n, called the fringe order, is usually

expressed in terms of the material fringe value (MFV) F = A\/C as follows

n = (o4 - o,)t/F ceeee (5.2)

The value of f can be determined is a uniaxial tensile calibration
test in which o, = 0. Thus F = nd/t,

The isoclinic fringes represent the loci of points on the specimen
where the directions of principal stresses are parallel and perpendicular
to the plane of polarisation. With preferred orientation of the polariscope,

the inclinations ¢ of principal stresses are given.

5.1.2 Positions of Photoelastic Fringe Order Readings in the Models

To obtain the magnitudes and positions of & in the models and
determine the gradients of stress near to and far from these maxima,
continuous surface stress distributions are required. Stresses were
measured on the outer and inner wall and fillet surfaces. Stress dis-
tritutions were plotted from stress indices which were calculated frﬁm
fringe order readings in the models. The directions of principal
stresses acting in the surface of the models were measured directly
from the models.

Fringe order readings were taken in the edges of all 3-d models in
the planes defined by the chain-dotted lines in Fig. 4.27. Planes I and
II are meridional planes (with respect to the chord) and stresses acting

parallel to these planes are called "meridional stresses". Planes III to
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VI are hoop planes and stresses in these planes are called "hoop stresses".
Outside wall surface stresses in a hoop plane are shown in Fig. 4.28
with local co-ordinate nomenclature. Figure 4.28 represents a slice of
material cut from a frozen-stress photoelastic model.
Fringe order readings were taken and stresses were calculated in
the following positions in all 3-d and 2-4 modelss-
1) In the planes defined in Fig. 4.27, i.e. line of sight Y in
Fig. 4.28b. These are meridional stresses at the "crown"
positions (which are known by symmetry to be principal planes
if the effect of the braces in the other plane is neglected)
and cartesian hoop stresses at the "saddle" positions (which
are not principal planes for inclined braces).
Readings were also taken in the following positions énly in the 3-4
corner K modelss
11) In the direction perpendicular to (i), i.e. line of sight 2
in Fig. 4.28b. These are cartesian hoop stresses at the
"cxown" positions and meridional stresses at the "saddle"
positions. They were taken along the outside chord wall approach
to the chord weld toes only.
111) In the 1line of sight X in Fig. 4.28b at the saddle positions
in the chord wall only. These readings provide the inclinations
¢ of oy to the hoop plane.
Photoelastic readings average through-thickness stresses. Gradients
of stress in the direction of sight must therefore be considered. At
the chord weld toe in Fig. 4.28b the value of ay is true because the
variation of stress parallel to the run of the weld is negligible. However
in the plane perpendicular to the run of the weld the gradient of o is
required to enable extrapolation to the weld toe. This is because the

thickness of the subslice (approx. 0.13T) cannot be neglected. The
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selected points for extrapolation purposes in the chord weres
- at the chord weld toe
- commencement of linear oy distribution
- 0.2 /rt (location of strain gauge given by Irvine (6 ))
- between 0.2 /Tt and the following position

- 5% arc at the saddle or 0.4 uJRTrt at the crown (as Irvine (6 ))

5.1.3 Determination of Principal Stresses and Strains

In the 3-d models, photoelastic readings in the meridional and hoop
planes gave ¢  and o directly. The radial stress o, 1s assumed to be
gero. Readings taken normal to the edges in the plane of the slice
gave ¢ . The magnitudes of the maximum and minimum principal surface

stresses o, and o, are obtained from Oy, o, and ¢ as follows:

01=.% [oy-.- az-g-u] essee (5-3)

cos 29

oz’-'% [ay'!' az-fy*-—oz] ceeee (5.4)

cos 29

Where principal stress distributions involving a number of photoelastic
readings are required, it was more convenient to view the outside chord
wall surface slice in the radial line of sight X in Fig. 4.28b, Principal
stresses may be obtained from (01 - 02), ¢ (surface slice data) and

o, (hoop slice data) as followss-

(o) - &)
S =0+ —1702-(1-008 20) veees (5.5)

o, o - (9 -9,) veees (5.6)

The hoop and meridional surface strains ey and €, are obtained from

the cartesian hoop and meridional stresses Oy and Uz by Hooke's Law as
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; %(Oy - va,) ceees (5.7)

o = (g vq) ceeen (5.8)

Similarly the maximum and minimum principal surface strains £y and

€, are obtained from % ard o, as
€ = 1 (o - VO ) (5 9)
1 E 1 2 e 0 00 L[]
e, = = (o, - vo ) (5.10)
2 E 2 1 L3R BN N BN ) L[]
where E = Young's modulus (see Table 4,11)

v = DPolisson's ratio = 0.5 for stress-frogen Araldite.
In the 2-d models, all surface readings taken at the edges of the
walls and fillets are principal stresses o and strains €y because 2-d

models represent principal planes in 3-d models.

5.1.4 Normalised Stress and Strain Indices

A1l stresses (and strains) are presented as stress (or strain) indices.
A stress index I is defined as the ratlo of the stress at any palnt in
the model ¢ to the greatest mean axial stress in the braces % om® A
strain index J is similarly defined as € /enom.

In the 3-d4 CK models two co-planar hraces were loaded in balanced
axial tension and compression. To achieve a balanced loading condition,
ie., brace loads perpendicular to the chord are equal, the btrace with the
smallest inclination to the chord (180 - 9,) < 6, (see Fig. 3.1) carries
the greatest load, Because the cross-sectional area of the braces are
equal, this brace is subject to the greatest mean axial stress. Hence,

O op 15 in the 6, = 135° and @, = 150° traces for models loaded in planes
I and II (see Fig. 3.6), respectively. These braces were loaded in tension

for convenience. Positive indices represent tensile, and negative indices
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compressive stresses (or strains). The mean axial stresses in the
compression braces 91 = 90o and 01 = 60° are equal to “% om X sin Gz/sin 91.

The actual magnitudes of % om in the braces are not important, the
relative magnitudes between two co-planar loaded braces are. These were
obtained by taking longitudinal fringe order readings, usually at 45°
intervals, in the braces at a distance of at least 1.2d from the brace/
chord intersection at the crown heel. The results are shown in Fig.
5.1 in which unit fringe order (fringe order/slice thickness) is plotted
agalnst circumferential position. The mean value of Nnom is proportional
to g n (Nnom = chom/MFv) because MFV is assumed to be constant in each
model casting. Stresses in the model were therefore always normalised
with respect to the true nominal brace stress, irrespective of its
intended magnitude. The relative magnitudes of the actual and intended
nominal brace stresses are given in Table 5.1

In the 3-d X models, the braces were loaded in diametrically opposite
axial tension. In the X90 model, brace wall thickness was varied giving
1= 0.5 in one brace, andt = 0,35, 0.30 and 0.25 in the other btrace.
For the latter, %hom VaTried around the circumference of the btrace; 1ts
magnitude (inversely proportional to T) was calculated from the loading
and the cross-sectional area at each position in the brace based on the
local btrace wall thickness. In the X60 model, t and 0 op WeTre constant.

In the 2-d models representing a single plane 90°/45° K joint
(analysed by Little (16)), stress indices were based ong, - in the 45°
brace. This was taken as compressive so that outside wall surface
stresses in the joints at the 90° trace (analysed in this work) were
tensile, This enabled tensile loads to be applied to the models,

In the 2-d models representing the X90 saddle position, I was based
on O . in the 90° braces. Because the wall thickness ratio T was varied,

no
‘Lom was initially used for T = 0.5 and subsequently modified for other
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values of 1, 1.e. I (for t# 0.5) = O/Gnom ( 0.5A4).

For all models (referring to Fig. 4.28b) hoop and meridional stress
indices are I, = oy/bnom and I = Ozﬁjnom' respectively. Principal
stress indices are 11'2 = 01,2/bnom'

To determine strain indices J = e/, the nominal axial strain
in a trace e = = °nom/E' However because E and y are assumed to .be

constant in a model, hoop and meridional strain indices may be determined

from Ih and Im as follows

Jh = In - va e ee e (5.11)

(=]
n

n I, - I, . ceees (5.12)

5.1.5 Graphical Presentation of Stress and Strain Distributions

Surface stress and strain indices obtained from 3-d models were
plotted, along the outside and inside tube walls and weld fillets, in the
planes defined in Fig. 4.27. Fig. 5.2 is an example of meridional outside
surface stress distributions in the meridional, or crown plane in some
of the CK models. The Figure is used to illustrate the features of this
method of presentation.

Ordinates of stress indices were plotted perpendicular to the profile
of each part of the intersection on scaled drawings of the junction.
Surface stresses in tube walls were positioned as multiples of wall
thickness Sc/T or S,/t. Fillet stresses were positioned in terms of the
angular position ® in the weld toe fillet arc. The origins of S and ¢
were at weld toes. Smooth curves were drawn through the ordinates and
the resulting distribtutions were used to define surface stress or strain
gradients, regions of linearity and non-linearity, and the magnitudes and
positions of 5.

The most convenient manner of presenting surface stress indices

obtained from the 2-d models was to project the weld toe fillet profile
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(including toe grinding) on a line continuous with the outside tube
walls, and plot all values perpendicular to this line. This was to enable
the effects of different weld siges and.shapes to be shown. Wall stresses
Wwere positioned in terms of S c/T or Sb/t. and fillet stresses were positioned
on the abscissa at S, = r_ sin ¢ c/T or r, sin qi.t/t. The resulting dis-
tributions defined linear and non-linear gradients at weld toes, commence-
ment of linear stress regions, weld toe stresses, and the positions and
nagnitudes of .

Through-thickness stress indices were obtained in the chord wall using

2-d finite element models. The variation of I, with distance on the

1
inward path which a fatigue crack may take is shown schematically in

Fig. 5.3a. The position of I, max in the outside weld toe fillet was

1
chosen as the origin 0. Ordinates of 11 were drmawn perpendicular to

a line OA which was drawn radial to the weld toe fillet arc. Stresses
Were always maximum along this radial line for a distance of approximately
0.1T in the interior of the model. Although the locus of I, max was
slightly convex towards the weld toe (OB on Fig. 5.3a) it was convenient
to continue the distribution along line OA due to the polar arrangement
of the finite element mesh in this region. The distributions were used

to identify the different regions, represented schematically on Fig.

5.3b, characterised by either an exponential or linear gradient of Iia

5,2 Determination of Elastic and Plastic-Elastic Strains using

Reflection Photoelasticity

5.2.1 Theory of Reflection Photoelasticity

Reflection photoelasticity differs from normal transmission photo-
elasticity in that the strains in a birefringent coating are induced, by
the action of in-plane,surface shear, from another specimen which is

usually made from an opague material. A photoelastlic coating is bonded



169

to the model. The surface of the model 1s polished to reflect polarised
light. Light passes (twice) through the coating, or layer, having been
reflected on the mirrored surface of the model, and the usual optical
principles of photoelasticity apply. Strains are measured as principal
strain differences €y = €y and are proportional to the fringe order in
the layer. The theory is documented by Dally (62). The relevant stress-
strain and strain-optic relationships applicable to surface strains
measured in this work are as follows.

In a uniaxial tensile test, principal strain difference in the

photoelastic layer (subscript L) is

e -, = %{(oi - v.3) - (o, - vLoi)}

- 01(1 +V
B

where ELand\v are Young's modulus and Paisson's ratio of the layer.

L)
because 02 =0

The strain-optic relationship is therefore

(1+v)
81_52 = %. _..EL_I.‘ seeae (5-13)

where n = fringe oxder, tL = thickness of material, and f = MFV.
If the layer is correctly bonded to a model and the edge profiles
are identical, maximum shear strains in the model Y, are equal to those

in the layer g, At the interface

(1+v)

= = of L veees (5.14)

W SV T TE

because the light path is ZtL.

Thus, v = Cn/tL (where C is a material constant) only if the layer
is infinitely thin because only the strains in the surface of the layer,
which is directly bonded to the model, are equal to the strains in the

model. In regions where the stress-strain relationship is non-linear
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and different at every position in the model, the (averaged) photoelastic
measurements give strains in the layer that are less than those in the
model. The effect is known as shear lag and was measured by Eissa (55)
for different thickness of layers., Thus Ym = Ccc' n/tL where C' is the
shear lag correction factor for the actual value of tL at each position

in the model.

5.2,2 Determination of Maximum Surface Shear Strain Indices

Equation 5.14 was used to convert fringe order readings to maximum
shear strains Yp+ These were divided by the mean shear strain in the
brace v, . to glve shear strain indices J . Because of the restrictions

in the loading apparatus, it was not possible to measure v___ photo-

nom

elastically. Thus, Ynom was calculated from loading P, cross-sectional

area A of the brace wall, E and v as followss
Toow = P(L+ v)/AE ceens (5.15)

Thus J = Yh/Y ceees (5.16)

nom

5.2.3 Distributions of Elastic and Plastic-Elastic Shear Strains

Ordinates of elastic, plastic-elastic, and residual shear strains
and strain indices were plotted perpendicularly to enlarged tracings
of model profiles near weld toes. In the weld region, a straight base
line was drawn tangentially to the weld toe fillet arc because of the
irregular weld profile,

The resulting elastic distributions showed the usual features in
the near weld toe region - surface strain gradients, and the magnitudes
and positions of maximum values. Plastic-elastic distributions showed

changes in surface gradients, maximum values and the spread of plasticity.
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5.3 Displacements and Strains using Molre Interferometry

5.3.1 Theory of Moire Interferometry

Mcire interferometry combines the optlical properties of diffraction
and interference of coherent, monochromatic light. See Fig. 5.4a.
Diffraction is achieved when incident light is diffracted by a highly
reflective, furrowed grating. Interference is achieved by the super-
position of two such diffracted beams of light. Their wavefronts, being
either plane or warped, coexist in space and combine to form bands (or
fringes) of constructive and destructive interference. The orientation
and spacing of the fringes depends on the directions of the beams emerg-
ing from the diffraction grating. The directions B of these beams are
prescribed by diffraction equations in terms of the angle of incidence
®, the wavelength A of light, and the frequency of the grating F, i.e.
the number of furrows per unit length. It is usual for a and A to be
constant and for F to be known prior to analysis.

If the grating is bonded to a model, deformations and rotations
in the model cause changes in the frequency of the grating and the angle 8B
of diffracted light. This:causes changes in fringe spacing and inclin-
ation (relative to a predetermined set of cartesian axes) which are
measured to determine the deformations and rotations,

The theory is documented by Post (56)., The important relationships
used in this work to measure in-plane displacements are as follows.

A diffraction grating splits a béam of light into several beams
which emerged in preferred directions - B-i' BO’ B+1 « « « etc, as shown
in Fig. 5.4b. In moire interferometry, reflective gratings are used in
which the incident and diffracted beams of light are on the same side
of the grating surface. The following 3-d4 diffraction equations define

the components of the directions of diffracted beams;
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sin a cos ¢ + mAF ceees (5.16)

sin Bmx

sin smy sin o sin ¢ ceees (5.17)

where m 1s the diffraction order
and B, By. a and ¢ are defined in Fig. 5.4c.
If the angle of in-plane rotation ¢ in the grating is small, the

two dimensional grating equations are

sin 8__ sin « + mF ceees (5.18)

smy = 0 ceese (5.19)

In the two-dimensional arrangement illustrated in Fig. 5.4a, two
beams of light A and B are incident on the model grating at symmetrical
angles ¥ a, A special condition exists when light from the two beams
emerging in the +1 and -1 order of the model grating are parallel to
each other and perpendicular to the plane of the grating. Here 8*1 =0

and.s_l = 0 in emerging beams A' and B' respectively.

Hence, for m = +1 order, sin (-a) = -AF, and ceses (5.20a)

form = -1 order, sin a = AF ceess (5.20D)

This defines the angle of incidence a necessary to establish the
condition where two diffracted beams are coincident and their angle of
intersection is zero. If the model is subjected to a unifarm tensile
strain (say €, Perpendicular to the direction of the furrows of the

grating) the frequency of the model grating (see Fig. 5.4c) decreases to

Fo= 1+ ¢
X

Light from the first order of beam A emerges from the deformed grating at

angle 8., given by equatlons (5.18) and (5.20a) as follows
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XFex
sin &1 = -AF +AF' = T+ €
X
B+1 = —AFEX s s ee (5.213)

Light from the -1 order of beam B emerges at

B, = AFe_ ceves (5.210)

The two beams propogate in space with an angular separation 281
as shown in Fig. 5.4d. Walls of constructive and destructive interference
are formed in space. A screen (or photographic plate) inserted in the
plane B - B cuts these walls of interference and records light and
dark bands appropriate to regions of constructive and destructive inter-
ference. The equation of interferemce defines the relationship between
the distance, a, between the fringes (on section B - B), A and 8. From

the outlined triangle in Fig. 5.4d

sin B = r/2 veeee (5.22)

a

The frequency of the fringes in the x direction, i.e. inverse of the

spacing, is
A, = 25 (5.23)
x X o s e .

Hence, from equation (5.21)

>N

A =

< . A\Fe, = 2Fe_ ’ ceees (5.24)

Thus, moire fringe gradient Ax is equal to twice the model grating
frequency F and the strain ex' A relationship also exists between the
frequency f of the virtual grating and angle of incidence . Uslng the
nomenclature in Fig. 5.4d with « = 8 and f = A, the equation of interference
is

sin ¢« = 2F ceees (5.25)
because sin o = AF (equation 5.20)
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Thus, the fundamental relationship between moire fringe gradient A and

the strailn € in a prescribed direction is

Aij = feij ceees (5.26)

where 1 is the orilentation of the virtual ard model gratings,
and J is the component of strain parallel (i = j) and perpendicular

(1 # j) to the direction of 1.

5.3.2 Positions of Fringe Gradient Measurements

Molre fringes represent contours of equal displacement and fringe
gradients are proportional to strain, To deduce fringe gradients, a
consistent sign convention was adopted in counting the fringes as shown
in Fig. 4.29. A point in the weld region, 0 in Fig. 4.29, was arbitrarily
chosen as datum. The dark fringe passing through this point was assigned
gero order. This position, in the weld region, was chosen as datum because
observatlions of fringe patterns at different load magnitudes.showed minimal
deformation in this region. Fringes were assigned increasing order,
abiding by the rules given in Section 4.6.5, in the positive x direction.

Fringe gradients were measured, in two orthogonal directions parallel
and perpendicular to the model gratings, on the lines defined in Fig. 5.5
as followss-

i) A-A'. The most important strains occur near to the weld toe
in the outside surface of the choxd wall. Principal strains
measured in the edge of the model were used to determine surface
strain gradients. Measurements were continued along the HAZ/
weld metal boundary to determine the effects of the stronger
HAZ,

ii) B-B', C-C' and D-D'. Sub-surface lines were drawn parallel to
the outside surface of the chord wall at varlous depths,

Convenient values for y/T = 0.04, 0.08 and 0.16. Measurements
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made on these lines showed the positions of maximum plastic-
elastic strains at different depths in the chord.

111) E-E'. The positions of the maxima found in (11) above gave
the directions and positions of through-thickness lines of

analysis in the chord wall.

5.3.3 Determination of Strains from Moire Fringe Patterns

Field fringe patterns Nx and Ny in the models represent the compon-
ents of in-plane displacements in the x and y directions, respectively.
Examples of these, obtained from one of the models, are given in Appendix
2. Derivatives of displacements are required to calculate strains., From

equation 5.26

However field fringe patterns, as used in this work, included carrier
patterns of extension., These are patterns of uniformly spaced fringes
that modify fringe gradients A and Ayy (in separate x and y planes)
by a constant amount. The artificial strains introduced in the models

were measured in the auxiliary grating. These are given by

aux
e - VI (mzx/mc)a‘“x
aux _ aux

where subscript aux refers to measurements made in the auxiliary grating.
Because these strains were subtracted from field strains to give true
model strains, the value of e?X yas arbitrary. The method of dealing
with auxiliary fringe gradients is illustrated in Fig. 5.6. Two different
carrier patterns of extension, i.e. pure rotation of the plane mirror

parallel with the lines of the virtual reference grating, were added to
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"~ the same field fringe pattern. Fig. 5.6 shows the net result on model
strains was independent of the magnitude of fringe gradients in the
carrier pattern,

Using graphical methods, point by point measurement of fringe
gradients were made by plotting fringe order against distance x or y,
along the lines of interest. Nx fringe patterns gave the direct stralns
e = 1/£ .ANx/Ax, and a component of the shear strain ey 1/f .ANXA ¥y.
Ny fringe patterns gave direct strain Sy " 1/f AN y/Ay and the other
component of the shear strain €x 1/£ AN y/Ax. Total shear strain
Y. =€+ € , The procedure is illustrated in Fig. 5.7.

Xy Xy yx
Strain Indices

Direct and shear strains are presented in terms of strain indices,
i.e. multiples of the mean axial direct strain in the local btrace wall,
enom' Because enom could not be obtained using moire methods, it was
determined from the load P, cross sectional area A, and E; i.e.
=3 =
nom P/AE, Strains were measured at several values of € on'

Elastic and plastic-elastic strain indices were obtained by dividing
the incremental increase in strain Ae by the increase in nominal brace

A =
strain8e ; J = &¢c/Ac nom"

5.3.4 Sign Convention for Strains

A consistent sign convention was adopted for the strains € ' € xy'

Sy and &x’ and for the addition 1”: Cxy + €yx’ Referring to Fig. 4.29,

Nx fringes were assigned increasing order in the +x direction, The sign
convention for the strains is as follows

increase in Nx fringe order in +x direction = tension

€
+ve xx

+ve € ditto in +y direction = clockwise rotation

Ny fringes were also assigned increasing order in the +x direction,

The stralns appropriate to Ny fringe patterns are
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increase in Ny fringe order in +y direction = tension

1]

+ve €
yY

+ve €
YX

ditto in +x direction = anti-clockwise rotation.

€y was shown to be consistent with the elastic strains in the
surface of the chord wall where eyy = (approximately) -Ve « because
o, = 0. eyx was shown to be consistent with the loading conditions. The
change in the direction of rotation in eyx relative to Exy for the same
fringe assignment is because of the change in the orientation of the
model grating by 90°.

The sign convention for Yx'y is given by the addition of the component
shear strains exy and ?yx' Positive values of 1§y represents closing
shear strain (negative values representing opening shear strain) in the
corner of the element at the cartesian origin (see Fig. 5.7). 1In the
calculation for Ty? rigid body rotations are eliminated because they
introduce extranecus fringe gradients AN /Ay and ANy/Ax of equal magnitude

and opposite sign.

5.3.5 Distributlons of Elastic and Plastic-Elastic Strains and
Strain Indices

To show the variations in model and weld geometry, and the effects
of post-weld heat treatment, distributions of surface, sub-surface and
through-thickness strains were drawn. Surface values (line A-A' in Fig.
5.5) were presented in terms of

1) elastic principal strain indices Jg = ei/enom. Iy = ez/enom
11) plastic-elastic ditto
111) inclinations ¢ of J; to axis of chord wall

iv) plastic-elastic principal strains €41€ ,

v) residual principal strains €7 , e,
vi) principal strains during unloading e, - e{ , and

vii) principal elastic response stralns ei calculated for the

same unloading cycle in vi)
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The through-thickness results (line E-E') were presented in terms of
1) 1i) and iii) only.

Because of the large amount of computational time in obtalning
principal strains, sub-surface results (lines B-B', C-C' and D-D') were
restricted to maximum cartesian strain indices, i.e. J_, = exx/enom'

All values were plotted against fractions of the chord wall thickness,
i.e. x/T in the surface and sub-surface directions and y/T in the
through-thickness direction. All origins were at chord weld toes.

Because the magnitudes of plastic-elastic strains are dependent
on load (elastic values are not) the results are qualified in terms of the
yield strain in the brace, ey' obtained in uniaxial tensile tests using

E = 205 kN/mmz. The mean axial strain in the brace, € » Was expressed

nom
as a fraction of ey.

Table 5.1

Nominal Fringe Order Magnitudes in lLoaded Braces in 3-d CK Models

3 | I meton e | e recpreasion veas | 40 ™ tnon(e)/Maon(+)
M;::T “non(t) % Ynon(c) &+ 3:;E:i 3:§t§2 Difference
f/mm % £/mm % %
Ck1 0.252 4.0 0.351 3.5 0.718 0.707 +1.5
CK2 0.188 b.4 0.329 2.9 0.571 0.577 -1.0
CK3 0.262 4.3 0.372 2.8 0.704 0,707 -0.4
CK4 0.211 11,5 0.359 5.1 0.588 0.577 +1.9

s.d, = standard deviation as percentage of N oom’
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Fig. 5.1 Variation in Nominal Brace Fringe Order in Some CK Models
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Fig. 5.4 Optical Principals of Diffraction and Two Beam Interference
of Light used in Moire Interferometry
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CHAPTER 6

RESULTS

6.1 Presentation of Results

In this Chapter, elastic and plastic-elastic results are dealt with
separately. Elastic values, obtalned from 3-d and 2-d4 photoelastic and
2-d finite element models, are presented as distributions of meridional,
hoop and principal stress indices. Some strains, calculated from these
stresses are shown in the important positions., Only outside chord wall
principal stresses are given because, for the tube geometries used in
this work, they are more important in fatigue life calculations than
brace wall principal stresses. The inclinations ¢ of maximum principal
stress to hoop planes are also given. In general principal stresses
have ohly been determined for positions which are not 15 planes of
symmetry, e.g. saddle positions near to inclined braces. Elsewhere,
principal stresses were assumed to be in local planes of symmetry, 1i.e.
all crown positions and saddle positions near a 90° trace.

Plastic-elastic values, measured in 2-d steel models using photoelastic
coatings fringe. orders or moire fringe patterns, are presented as dis-
tritutions of cartesian (relative to the chord wall) or principal strain
indices, actual strains and residual strains, Photoelastic coatings
were used to measure outside wall and weld surface strains near to brace
and chord weld toes. Moire methods were used to determine surface and
through-thickness strains near to the chord weld toes only.

In all distributions the following features are readily identified:
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i) repeatability of readings,
11) regions of stress (or strain) linearity near to weld toes,
1i1) lines of extrapolation in the determination of shell SCFs
and SNCFs,
iv) uncertainties associated with iii),
v) positions of maximum values in weld toe fillets,
vi) effects of changes in tube configuration and weld profile
on maximum values.

Because stress distributions are important in the determination
and interpretationof SCFs, the results are presented in the followings
6.2 Elastic stress and strain distributions
6.3 Elastic stress and strain concentration factors
6.4 Stress gones
6.5 Plastic-elastic strain distributions
6.6 Plastic-elastic strain concentration factors
6.7 Extent of plastic regions

6.8 Effect of out-of-plane strains on in-plane strains

6.2 Elastic Stress and Strain Distributions

6.2.1 Meridional and Hoop Surface Stresses
Meridional and hoop stresses, defined in Fig. 4,28b, are the stressas

that would be calculated from strains measured by cross gauges bonded
to the outside surfaces of the tube wé.lls and weld fillet in the planes
defined by the chain dotted lines in Fig. 4.27.

Fig. 5.2 shows examples of meridional surface stress distributions
in 3-d corner-K models near loaded braces for three different brace
spacings, g'. The figure 1s used to show the important features of
stress distributions between two (oppositely loaded) brace walls, and

compare the stresses in this region with those at remote positions (shown
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dotted in Fig. 5.2 ). It gives an impression of the extent of the notch
effects because the stress indices are plotted perpendicular to the
profile on scale drawings of the junctions., Surface stress distributions
for all the joints in the CK models in the planes defined in Fig. 4.27
are presented in Figs. 6.1 to 6.16.

Stresses in the braces and in the weld are independent of brace
spacing g'/T but in the chord the stresses are strongly influenced by
the proximity of the adjacent btrace. In the crown planes (Figs. 6.1 to
6.8), the adjacent braces were loaded in balanced axial tension or com-
pression. Stresses obtained at unloaded braces (e.g. in Fig. 6.1,
Junction 1 was unloaded in models CK2, 4 and 5) are also shown., Although
these stresses are typically small (I ¢t 1.25) and opposite in sense
(except in Fig. 6.2), they must be considered in multi-planar loading.

In the saddle planes (Figs. 6.9 to 6.16) the adjacent traces were
unloaded. However, because of close proximity to loaded btraces, stresses
obtalned at unloaded braces may be significant (see Figs. 6.10, 6.11 and
6.15) and must be considered in multi-planar loading.

Internal trace wall and fillet stresses are not significantly
affected by brace proximity. At no positions on the models are these
stresses maximum. The differences in stresses at the fillets are
attributed to the differences in the weld toe radii given in Tables
4,1 to 4.8.

The chord wall surface stresses for the 3-d X-joints are given in
Figs. 6.17.to 6.22, The important parameters in these models were weld
size and shape, brace inclination 6 and wall thickness ratio . The
results provide the gradients and extent of the regions of stress lin-
earity and show the effect on the chord weld toe SCF of uncontrolled and
controlled weld profiles (see Fig. 3.7). Comparative results are by

Wordsworth (5) and Dijkstra (69).
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These Figures show that outside chord wall stresses are only
significantly influenced by the shape of the weld for distances of
between 1T and 2T from the toe of the (smaller) uncontrolled weld., It
appears therefore that weld profile has little effect on linear stress
gradients, However, because the stresses in the linear region are
extrapolated to, and measured at the weld toe, the magnitude of the
extrapolated stress 1s dependent on leg length. Inside chord wall
stresses are presented to show the effects, if any, of weld profile on
the maximum through thickness chord wall stresses,

Figs. 6.23 to 6.25 show detalled surface stress distributions in,
and near the welds for uncontrolled and controlled profiles in the 3-d
X60 model. Values obtained for the different weld profiles are plotted
on the same diagram to show the true effects of the weld improvements.
In the crown plane, (Figs. 6.23 and 6.24) where the linear stress
gradients in the chord wall are small, the reductions in maximum
stresses G are small, The controlled profile moves the position of 5
away from the intersection of the outside wall surfaces, a distance of
approximately 2/3 of the increase in weld leg length. Inside hrace wall
stresses are greater in the X60 model than in all CK models because of
the larger brace wall bending moments caused by chord tube ovalising.

At the saddle position in Fig. 6.25 (note the change of scale of
stress index) the benefits of the controlled weld profile are clearly
seen. Because of the large linear stress gradients in the chord wall,
the controlled weld profile transposes the hoop stress distribution a
distance nearly equal to the increase in weld leg length, shifting the
position of G into a lower stress field. The reduction in & in the chord
fillet is about 40%. Brace wall and internal fillet stresses are not

affected by weld profile.
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Figs. 6.26 to 6.28 show distributions of brace and chord wall
stress indices obtained from 2-d photoelastic models. These models
represent the crown and saddle positions of a 3-d single-plane, tubular
K-joint used by Fessler and Little (16). All stress indices are multiples
of the mean axial brace stress in the parent 3-d model; not the mean
axial stress in the brace of the 2-d representation. The 2-d results
show good agreement with 3-d results in the crown (¢ = 90°) and saddle
(¢= 120°) positions of the ® = 90° btrace. They are within the range
of experimental error quoted by Little (18) in the following regionss-
(a) fully blended fillets and weld toes, and (b) in the chord and trace
walls for distances of 0.75T and 1.2t from their respective weld toes.
The 2-d results at the crown ¢= 135° position of the 6 = 45° were in
good agreement in the fillets but in poor agreement elsewhere, The
close agreement between 2-d and 3-d values enabled further 2-d photo-
elastic models to be analysed in which changes in weld sige and profile
were made., Examples of these are given in Figs. 6.29 to 6.31.

In Fig. 6.29 the results from a 2-d model, in which five changes
in weld profile were made at the brace and chord weld toe fillets, are
given. The results are for the crown (¢ = 90°) position, i.e. same
tube geometry as in Fig. 6.26. The distributions show the effect of
weld toe radili on tube wall weld fillet stresses. Weld leg length and
weld angle were constant. The single curves for inside wall and fillet
stresses are the mean of five simila.f distributions.

Figs. 6.30 and 6.31 give examples of hoop stress distributions
obtained at the saddle (¢ = 120°) position in a X90 joint. Fig. 6.30
shows the stresses obtained for weld profiles simllar to those used in
3-d work. Because chord wall stresses are 1in good agreement with
3-d4 values given in Fig. 6.17, Fig, 6.30 could be superimposed onto
Fig. 6.17 to complete the distribution curves.

Fig. 6.31 gives examples of stress distributions obtained for the
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saddle position in a X90 joint for models with two different depths of
weld toe grinding; p/T = 0.0125 and 0.05. The original weld profile
with p/T = 0 (dotted line) is uncontrolled. The results show that

weld toe grinding disturbs wall stresses for a distance of approximately
0.3T from the original weld toe, and & increases with increasing depth
of grinding.

Figs. 6.32 and 6.33 show examples of 2-d finite element meridional
stress distribtutions obtained at the crown ( ¢ = 90°) position of the
Q= 90° brace in a single-plane K joint for an uncontrolled weld profile.
In each Figure, the (four different) weld leg lengths are the same; in
Fig. 6.32 weld angle (Ob) is constant and hence brace weld leg length
decreases with decreasing chord weld leg length; in Fig. 6.33 the
brace leg length 1s constant and hence weld angle increases with
decreasing chord weld leg length. Chord wall stresses are almost inde-
pendent of weld sige and shape, i.e. T3 variation. Weld toe stresses
are also within I4% in similar models. Hence, differences in stresses
occur only in the weld toe fillet where G are greater for larger weld
angles,

The verification of the 2-d F.E. model is given in the outside
fillet surface stress distribtutions shown in Fig. 6.34. The model used
to compare 3-d and 2-d photoelastic results with 2-4 F.E. results was
geometrically identical to the crown (¢ = 90°) position in a K joint
(16). The weld profile was fully blended with r/T = 0,25, The 2-d F.E.
distribution curve shows agreement, i.e. to within 8%, with 3-d photo-
elastic values, Stress gradients very close, 1.,e, less than 0.15T, to
weld toes are greater in the finite element model than in photoelastic

tests,
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6.2.2 Magnitudes and Directions of Principal Surface Stresses

The magnitudes <ﬁ amd<32 and directions § of the principal surface
stresses are defined in Fig. 4.28a. They are the maximum and minimum
stresses that would be calculated from strains measured by gauge rosettes
bonded to the outside surfaces of the chord wall in the saddle planes
defined in Fig. 4.27, The results are for 3-d CK models only.

1 and I2 in the chord
at saddle positions are shown in Figs. 6.35 to 6.38 for @ = 90°, 60°,

The magnitudes of principal stress indices I

135° and 150° respectively, i.e. in descending acuteness, The inclination
Qof I, to the hoop plane are shown in Fig. 6.39 and 6.40 for ¢ = 135°
and 150° btraces. The values of § for 6 = 90° and 60° are small, less
than 9° and 18° respectively, and are not significant in the inter-
pretation of principal stress distributions. Each figure shows curves
for the results obtained at the saddle toe position, see Fig. 3.1, for
the gap paramster in the range 0.57 ¢ g'/T % 6.0. At the saddle heel
position (remote from other btraces) the trace gap g' is the distance
around the circumference of the chord to a weld toe., This varied in
different madeéls from g'/T = 45 to 51, The average value of g'/T = 48
used in Figs. 6.35 to 6.40 is used to denote the similar, averaged
results obtalned from different models.

Separate diagrams are used for 11 and I, for clarity and to show

2
the important variationsg
1) all maximum values of I, océur at the weld toes but some
I2 curves, particularly for 6 = 135° and 150° braces, show
maxima between 0.1T and 0.25T from the weld toe.
11) the smaller principal stresses are significant,
111) for @ = 90° and 60° braces, I,~ %—Ii suggesting that
a) the smaller principal strains are small and b) even allow-

ing for a possible reduction in I2 in steel components due to
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a lower value of Poisson's ratio (v = 0.5 in frozen-stress,
photoelastic material), the smaller principal stresses should
not be ignored.

An important feature of the distributions of ¢ given in Figs. 6,39
and 6,40 is the inclination of the brace nearest to the junction under
consideration in the same saddle plane. This is particular to the
chosen geometry in which the 6 = 90° and 60° traces and the 6 = 135°
and @ = 150o braces are in close proximity to each other. For
g'/T 4 6, 9, is orlentated towards the axis of the nearest adjacent
brace, 1.e. ©® - 190° - @] . At the remote side for g'/T = 48 the
oy is in the hoop direction within 2 to 3 chord wall thicknesses from

the chord weld toe.

6.2.3 Relationship Between Cartesian Surface Stresses and Strains

Figs. 6.41 to 6.43 show meridional and hoop, stress and strain
index distributions in the outside, interbrace chard walls in the crown
planes I and IT and the saddle plane III (see Fig. 4.27) of the CK
models. The stress curves are drawn through ordinates of photoelastic
measurements obtained from slices and sub-slices. Because the positions
of meridional and hoop stress photoelastic readings were not always
coincident, strains were determined from stresses obtained from the
stress curves. The generalised form of Hooke's Law was used with
Poisson's ratio = 0.5,

These distributions uncover a number of interesting points which
were not apparent in the individual meridional or hoop stress distribtu-
tions. At the chord weld toe of the ¢ = 90° brace (point B in Fig.
6.41), hoop and meridional stresses are similar in magnitude for

g'/T = 3 because of the balanced axial loading configuration. Thus

hoop strains are greater than meridional strains, a point that may be
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overlooked in the instrumentation of this region using line gauges.
Similar results are found near the ¢ = 120° brace (Fig. 6.42) for
g'/T = 5.7. Elsewhere, if hoop strains were ignored, predicted merid-
ional stresses would be greater than those measured. In the saddle

plane in (Fig. 6.43) the smaller strains are not significant.

6.2.4 Axial and Bending Stress Components

In the CK models, outside and inside wall surface stresses were
resolved into membrane (or axial) and bending stresses. Figs. 6.4l
to 6.46 show axial and bending stress distributions in crown planes I
and II and saddle plane III. The positions and values of stress indices
at the outer and inner, chord and trace wall surfaces were recorded.
The means and semi-difference of opposite values gave axial and bending
stress components. By isolating the wall bending stress which is
induced by chord ovalisation, these diagrams show that & is strongly
influenced by wall bending.

In Section 6.2.1 1t was noted that chord stresses are strongly
influenced by the proximity g of adjacent btraces. Figs. 6.44 to 6.46
show that, because axial stresses are independent of g, outside surface
stress distributions are almost entirely dependent on wall bending in
the real weld toe-to-toe gap. It is apparent that the ratio g'/T is an
important parameter in the evaluation of stresses in the gap region of

K type tubular Joints,

6.2.5 Principal Through-Thickness Stresses

Principal stresses, measured in the chord wall of a 2-d model
representing the crown (¢ = 90°) position of a single plane K-joint,
were obtained using F.E,M. The line chosen to study the effect of

weld profile on the elastic stress fields near to the positions of 6 is

denoted by OA in Fig. 5.3a.
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Figs. 6.47 and 6.48 show the through-thickness I, distributions for
uncontrolled weld profiles on OA. In each Figure chord weld leg length
was constant; in Fig. 6.47 chord weld angle was varied; in Fig. 6.48
weld toe radius was varied. The distributions show two distinect regions,
represented schematically on Fig. 5.3b as:

i) Exponential region. The extent of this region is called the
through-thickness notch zone, Zy.

11) Linear region. At depths in the approximate range 0.07 <

y/T < 0.17, principal stresses decay linearly with distance.
Fessler and Marston (20) used 3-d photoelastic models to show a linear
decrease 1n both meridional and hoop through-thickness chord stresses
in the crown plane of a k90°/45° tubular joint. As shown in Table 2.2,
the distances'to the commencement of the linear region were in the range
0.07 ¢ y/T € 0.28 from the weld toe,

The stress curves in the linear regions were extended to the edge
of the fillet, 1.e. y = 0, and the value of the ordinate drawn to inter-
sect this line is called the through-thickness geometric stress index
IS' The ratio of Ii/Ig is called the through-thickness notch index I.
For the uncontrolled weld profile parameters studied, In was found to
decay exponentially with through-thickness distance., Figs. 6.49 and 6.50
show distritutions of In for the respective 11 distributions given in
Figs. 6.47 and 6.48. Values for I are plotted in the range 0.001 % y/T
4 zy. The trends in the variations of I are more consistent in Fig.
6.49, in which the weld toe radius r was constant, than in Fig. 6.50
where r was varied.

The results approximate to the empirical expression

I, = C + m log (v/T) veees (6.1)

where m is the slopes of straight lines typically drawn in the range
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0.005T < y/T < 0.05T. The lower 1limit of this range of exponential
stress decay represents a depth of material (0.4 mm) of about the same
size as sharp slag intrusion found in welds (70). Because of flaws,
through-thickness stresses within 0.4 mm (0.005T) of the edge of the
fillet are not useful in practice.

The geometric through-thickness stress index is given by:

Ig = Kg + q(y/T) veres (6.2)

The experimental values for.C and m (eq. 6.1) and for K, and q (eq. 6.2)
are given in Table 6.1. When a, = 0, a linear through-thickness distri-
bution is assumed in which the outer and inner chord wall stresses are
obtained from surface shell stresses.

The inclinations @ of I, to OA are given in Figs. 6.46 and 6.47.
The curves show that in the exponential region, i.e. y/T ¢ 0.07, the
direction of 11 is tangential to the edge of the fillet to within

*10°, 1.e. OA approximates to the loci of Ty (nax)*

6.3 Elastic Stress Concentration Factors

6.3.1 Definitions of Stress Concentration Factors, SCFs

In the introduction to this work several different SCFs were
identified in the nature of the surface stress distritutions near to
weld toes. The surface stress distribution given in Section 6.2 shows
that stress concentrations in tubular connections arise near weld toes
from two basic causes; the structural response between two (or more)
tubes (shell stress) and the local severity of weld toe geometry (notch
stress). The stresses in the fillet are the product of these two
stresses, They are divided by the mean axlal stress in thelr own
loaded brace o' . to determine i) maximum SCF and 1i) weld toe SCF,

The maximum value of the surface stress index at every position in
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a tubular joint is called the stress concentration factor, K. Because
of the geometry of the welds used in this work more than one stiress con-
centration is found in every joint; these are near to weld toes at each
end of the external face of the fillet weld. The SCFs at the chord and
brace wall ends of the weld are given by Kc and K’b respectively. The
maximum stress usually occurs at a small angular distance in the weld
toe fillet arc. This position is given by ¢ measured from the weld

toe (see Fig. 1.3). The value of the stress index at ¢ = 0° is called

the weld toe SCF, Kt'

The maximum stress in the internal fillet is
given by K, .

Notch stresses occur in tube walls for small distances from weld
toes. The linear, or near-linear, stress distributions in the walls
beyond the extent of notch stresses is extrapolated to the weld toe
to give a shell SCF, X_ (see Fig. 1.3). Because shell stresses are
traditionally measured at weld toes, notch SCFs, K, are given by K/Kso
where K is the local SCF in the same fillet at which K, was measured .,

Principal SCFs are qualified by additional subscripts 1 or 2.

6.3.2 Determination of SCFs

In the 3-d corner K models different braces were subjected to
different load magnitudes because of balanced axial loading. (Stress
indices are based on the mean axial stress in the brace in tension.)
To determine K and Ks for each brace in the CK models, the measured
stresses were divided by the nominal stress in "their own" brace,

o' . Referring to the loading in Fig. 3.6, stress indices have been

nom
multiplied by the following to obtain maximum and shell SCFss-
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Loaded Plane Brace Angle StreigFIndex
6, = 90° -1.41 =-sin 90%/sin 135°
I
0, = 135° +1,00
6, = 60° -1,73 =-sin 60°/sin 150°
11
6, = 150° +1.00

Notch concentration factors Kn are quotients of K and KS and always
positive.

It is also necessary to make all the chords free of beam stresses
particular to the chosen loading configuration. Referring to Fig. 3.6,
the chord adjacent to the 135° and 150° braces carries no load whereas
the chord adjacent to the 90° and 60° traces carries the reactions to
the load components parallel to the chord axis. The mean stress due to

these components is

O om - (a/D)(t/T)(cos 0, sin @, - cos 92)°n°m ceess (6.3)

For loading in Plane I, otnam/,nom = 0.18. For loading in Plane
I1, O an/nog = 0:28. This value was subtracted from the surface
stresses in appropriate parts of the chords before calculating meridional
K, values for the crown positions at the 90° and 60° braces. The (smaller)
meridional stresses were also modified by this value at the saddle posi-
tions of the 90° and 60° braces.

In the 3-d X models, the braces were equally loaded and the chord
end reactions were gero. In the 2-d models stress indices are presented
in terms of the mean axial stress in the brace of the parent 3-d model,
There were no chord end reactions in these models. SCFs are therefore
equal to the value of the appropriate stress indices in 3-d X models and

2-d models.
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Tables 6,2 and 6.3, 3.5 and 3.6 , and 3.7 glve the magnitudes X
and the positions ¢ of all SCFs obtained from 3-d photoelastic, 2-d
photoelastic and 2-d F.E. models respectively. For all results saddle
positions are separated from the crown because the loads differ,
Although the braces are in tension and the chord is primarily in bending,
brace and chord values are presented together because of their geometric
proximity. In the 3-d CK models it is important to distinguish results
for the 'toe' position, near to an adjacent trace, from 'heel' results,

remote from other btraces, as shown in Fig. 3.1.

6.3.3 Maximum SCFs, K

Maximum fillet stresses depend on weld toe and tubtular joint geometry.
In the 3-d models, weld toe radii were (unavoidably) accidentally variable,
and weld angles and leg lengths were difficult to control. Results for K
are tabulated because it is not useful to present figures showing the
variation of K with any of the tubular or weld toe geometrical parameters.
In the 2-d work the tubular parameters g', © and ¢ and type of
parent 3-d model (K or X) were common to each set of models in which
weld toe parameters or weld profile were varied. Fig. 6.51 shows the
comtined effects of v and weld profile where, for two welds of different
but constant sisze and shape, chord and brace wall thicknesses were
progressively reduced as given in Section 3.3.2 . The predominant
variable parameter was leg length to thickness, H/T. The results are
normalised in terms of the brace to chord wall thickness ratio t. The
justification for dividing by the brace/chord wall thickness ratio is
that because chord wall deformations are related to brace load, rather
than brace nominal stress, shell SCFs should be roughly proportional
to 1. Wordsworth's (5) parametric equations appear to be based on this

assumption,
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For the saddle positions the results fall into two distinct scatter
bands; the uncontrolled profile in which Gc = 450, and the controlled
profile in which o, = 22°, Because the weld toe radius parameter was in
the same, relatively small range, 0,01 % rc/T %< 0,016 for both profiles,
it is assumed that this has only a secondary effect on the SCF. At the
crown position, the reduction in SCF is limited at larger values of H/T
by smaller stress gradients (away from the weld) in this plane of a K
Jjoint.

The variation of peak SCF with weld toe radius is shown in Fig. 6.52
to be dependent on position on a node, i.e, crown or saddle, and in Fig.
6.53 to be dependent on weld angle for a specified position on a node.
In both figures K, which decreases with increasing r c/T and decreasing

@, can be generalised to an empirical expression
K = A(rc/r)j ceees (6.8)

Values for the constant A and exponent j are given in Table 6.4,

In Fig. 6.52 the results from models in which H/T was varied (open
symbols) do not fit the family of curves for constant leg length (filled
in symbols). The sige effect of weld leg length is clearly demonstrated,

although there are insufficient results to be quantitative.

6.3.4 Shell SCF K

These linear extrapolation results are presented in Figs. 6.54 to 6.61
to show the effect of variation of position (crown and saddle), dihedral
angle ¢, brace proximity g'/T and weld size H/T on K.

The crown toe shell SCFs at the chord weld toe, presented in Fig.
6.54a, all increase with brace spacing. If they were divided by sin2¢,
to use the perpendicular footprint stress as datum, the ¢ = 150° values

would be greater than the ¢ = 135° ones, i.e. the curves would be in the
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same sequence as the values. The low values for ¢ = 90o and ¢ = 120° in
close proximity (small g'/T) are associated with the opposite directions
of loading of adjacent braces and the magnitude of their mean stresses
being smaller than in their neighbours (to achieve 'balanced' loading).
At the remote crown heel of the 6 = ¢ = 90° brace, brace proximity is at
least the distance to the end of the model, approximately 40T. The crown
toe shell SCFs at the brace weld toe, shown in Fig. 6.54b, appear to
vary little with brace spacing but are significantly higher than the heel
values in Fig. 6.55 for the same btraces.

In Fig. 6.55, K, has been plotted against sin2¢ to show that X__,
1s independent of trace inclinations 6 (0 is the supplement of the dihedral
angle ¢ at the crown of these joints) if the nominal stress is changed
from the mean stress in the brace to the component perpemdicular to the
chord axis stress in the ‘foot print' of the trace on the chord. This
change of nominal stress recognises that the chord is primarily in bending
and has been found to satisfactorily co-relate flexibility measurements
of a very wide range of tubular joints (67). The variation of K, with
¢ has been identified as the sum of two separate effects; chord wall
bending carry over and maldistribution of trace wall loading. The latter
is due to the increased stiffness of the btrace wall at the heel for small
angles of ¢. The saddle values should be considered separately from the
crown because the loadings differ. The results from two previous frogen-
stress photoelastic tests (16, 21) are in good agreement with the chord
results.

Chord shell stress concentration factors Ksc at the crown toe positions
for different g'/T are compared with the heel values in Fig. 6.56; heel
values are part of Fig. 6.55. The relationship between the toe values
and 6 is more complicated and also appears to be related to g'/T. In

Fig. 6.56, the maldistribution of load between the heel and toe positions
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is represented by A for g'/T = 3 and B for g'/T = 0.5.

Fig. 6.57 shows the variation of hoop shell SCFs with g'/T and 6,
As shown in Fig. 6.57a, the saddle toe shell SCFs at the chord weld toe
for 6 = 90° brace differ considerably from those for inclined traces.
At the saddle of the 6 = 90° brace, close proximity (i.e. g'/T = 0.45 to
0.71) of an unloaded brace stub has considerable effect on interbrace
wall bending amd hence the value of Ksc‘ A maximum is observed in the
region of g'/T = 1.,0. The increased stiffness of inclined btraces near
to each other is seen in the low values of Ksc when g'/T < 1. Fig. 6.57b
shows that the stresses at the brace weld toe are similar to those at
the chord, suggesting that chord ovalisation induces comparable bending
stress i1nto the brace. This is not a feature of joint flexitility in
the crown planes. Fig. 6.58 shows principal shell SCFs for the same
positions and btrace inclinmations as in Fig. 6.57. The differences
between K_ and K_, are easily ldentified from these figures, but the
reasons for the differences are complex. At the saddle toe position,
between two braces in close proximity, the direction of the principal
planes are influenced by the inclinations of i) the brace under con-
sideration and 11) the unloaded brace stub. For values of ¢ (see Fig.
4,28a) exceeding about 25°. shear stresses in the hoop plane become
significant as would be expected from the line of action of loads in an
inclined brace. Hence, far 6 = 150° and g'/T = 0.57, K, = +0.92 and
K_ = 0 because ¢ = (approx.) 49°. |

Figs. 6.59 to 6.61 show the variations in K, with weld leg length
H/T for different tubular joints (K or X), loading, position (crown or
saddle) and brace wall angle y, The results are expressed in terms of
t, for the same reason as given in Section 6.3.3 for maximum SCFs. Ks
is therefore normalised with respect to the chord wall thickness T; not

the brace wall thickness t.
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The variation of Ks with weld leg length can be deduced from the
relevant surface stress distribution curves. For example, the gradients
of linear stress in the 3-d X models (Figs. 6.17 to 6.22) are small in
the crown planes ard large in the saddle planes. Gradlents also increase
with increasing 0. Larger welds, l.e. increase H/T. transpose stress
distributlons away from the intersections of the joints and, because
notch stresses appear to be almost insensitive to changes in weld sige,
the effect manifests itself entirely in the value of Ks, as shown in
Fig. 6.59.

The 2-d photoelastic and F.E. results in Fig. 6.60 show an increase
in Ks with decreasing leg length for the crown position in a single-
plane K joint. For triangular fillet weld shapes (i.e. excluding fully
blended profiles) F.E. and photoelastic results are in good agreement
in the range 0.25 < H/T % 0.5. The results from models with fully
blended profiles (square symbols) suggest that the absence of the tri-
angular fillet changes the cross-sectional properties of the chord wall
at the weld toe, and hence the value of Ks. The chain dotted 1line in
Fig. 6.60 is a plot of stress indices obtained from a model having a
sharp intersection between chord and brace wall, i.e. no weld fillet,
If K8 were independent of the size of weld, all values of Ks would lie
on this line.

The values faor Ks fit the following empirical relationships:-
Kk, = (5.7 - 4.6 H/T) veees (6.53)
for photoelastic models in the range 0.187 %« H/T < 0.55, and
K, = (4.7 - 2.0 H/T) ceees (6.5D)

for F.E. models (with fillet welds) in the range 0.183 < H/T % 0.50.

Fig. 6.61 shows the results for Ks obtained in the same 2-d photo-
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elastic models used to determine K values in Fig. 6.51. The single
scatter bands across the range of results in Fig. 6.61 show the independ-

ence of KS from o and T, The results fit the following empirical relation-

shipss~
K, = 7(18.2 - 7.8 H/T) at the saddle X node position (6.6a)
K, = t(6.0 -2.0H/T) at the saddle K node position (6.6b)

for photoelastic models in the range 0.187 ¢ H/T ¢ 0.55.
The components of Ks' in the 3-d CK models, due to axial and bending

stresses are given in Table 6.5 where Ks(a) and Ks( ) refer to the extra-

b
polated axial and bending stresses respectively. The values have been

corrected for "beam" stresses (eq. 6.3) and normalised with respect to
Jd .

nom

6 .3 05 NOtCh SCFS. K_

11

The maximum fillet surface stresses occur at an angular position ¢ 4in

the fillet measured from the weld toe. The variation of ¢ with the weld
angle a is shown in Fig. 6.62. 1In general ¢ = #a.

The results from 2-d photoelastic and F.E. models suggest that the
angular position ¢ of 6 influences the value of K ne -4 photoelastic
analysis shows that chord wall stresses increase with distance from the
point of contraflecture (e.g. see Fig. 6.17). These stresses continue
to increase to a position approximately halfway around the fillet. The
2-d results in Figs. 6.32 and 6.33 show weld angle influences notch
stresses exclusively in the weld fillet, i.e, frome¢ = 0° toyp = % % -
distance r sin 4o

Fig. 6.63 shows the relationship between K and sin %ac for the crown
position in a single plane K joint only. The results are for a constant

weld toe radius and fit the following empirical expression
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]
1}

1+ v sin(0.5a) ceeee (6.7)

where v = 5,0 for photoelastic models
and v = 5.6 to 5.8 for finite element models; the weld leg length
being responsible for the small variation.

The weld leg length has practically no influence on Kn when r/T is
constant. However, when r/T is varied and & is a particular value, weld
leg length is surprisingly significant as shown on Fig. 6.64,

In Fig. 6.65 K 1s plotted against r/T for 1) fillet welds with
different e and 11) fully blended profiles. Because the leg length
in a fully blended profile varies with radius (H/T = r/T), the results
for Kn do not follow the same trends as for the fillet welds.

Fig. 6.66 shows the variations in K with position (saddle or crown)
and weld angle a. The notch effect is thought to be influenced by
stress gradients near to weld toes. Because stress gradients are generally
greater at saddle than at crown positions, values for Kn are treated
separately at these locations.

The results in Fig. 6.66a are for the saddle toe and heel positions
(see Fig. 3.1) in the 3-d CK models, The scatter in the results is an
indication that other geometric parameters, to those identified in the
Figure, influence Kn. The curves are drawn for results in three different
weld angle groups.

Fig. 6.66b shows the combined effects of r and o on Kn' The results
were obtained from two 2-d photoelastic models at the crown (¢ = @ = 90°)
position. Curvea developed from empirical expressions by Pappalettere
(40) and Lawrence (41) are shown with the crown values from this work
because of geometric similarities. Although the results from the other
work were not appropriate to tubular joints, variations in Kn with r/T

show similar trends.
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The results from Figs. 6.64 to 6.66 can be generalised by the

empirical expression

]
|

1+ Bc(rc/T)kc at the chord fillet eeees (6.8a)

X

ky
N 1+ Bb(rb/t) at the brace fillst eees. (6.8b)

Values for B and kcare presented in Table 6.4.

6.3.6 Summary of Principal SCFs at Weld Toes in CK Models

Figs. 6.67 and 6.68 present, in tabular form the magnitudes o, and 0,
and directions & of all chord weld toe principal stresses., The values
include notch stresses. The crown positions are known by symmetry to

be principal planes (if the effect of other non-planar hrace stubs is
neglected) and the isoclinic angle is assumed sero. The meridional

stress 1s therefore the maximum principal stress o The saddle positions

1
of inclined traces are not principal planes. Here oy tends towards the
hoop rather than the meridional chord axis. The dotted lines, which
represent the 'foot-prints' of unloaded btrace stubs, distinguish saddle

toe from saddle heel :positions. The vectors are indicative only of typical
magnitudes and directions of o and Oy. The direction of principal stresses

obtained by Wylde (10) in a single plane K joint are given in Fig. 6.6 7.

6.3.7 Comparison of SCFs with Other Work

In Chapter 2 the development of experimental and numerical stress
analysis techniques for 3-d tubular joints was described. This work
led to the publication of parametric formulae used to predict the
extrapolated shell, or hot-spot, SCF.

Kuang (4), Wordsworth (5) and Efthymiou (27) have published parametric

equations for single-plane K joints in balanced axial loading for Ksc only,
These equations have been evaluated for the shapes used in this work and are
compared with K; values obtained in this work for corner K joints in Fig.

6.69, Strain gauge results published
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by Wylde (10) and Ohtake (19), F.E. results by Clayton (71) and photo-
elastic results by Fessler and Little (16, 17) and Marston (21) for

single-plane K joints of similar shapes are also shown. Fig. 6.69 shows

the difference between corner K and single-plane K joints; the unloaded
brace stub in the corner K configuration being responsible for the
increased SCF at the saddle toe and decreased SCF at the saddle heel.
Marston loaded each hrace (0 = 90° and 1350) separately. Comparative
results for g'/D = 0.09 are obtained by superposition of stresses for
the case of balanced axial loading. The method of analysis and shape

parameters used for the authors' work given in Fig. 6.69 are as followss

Shape Parameters

Source Method p/Tr 4/ /T

This work Photoelasticity 25.0 0.50 0.50
Little (16, 17) v 25.6  0.53 "

Marston (21) " 25.3 " 0.48
Wylde (10) Strain gauge 28.4 " 0.53
Ohtake (19) " 23.3 0.41  0.59
Clayton (71) F.E.M. 24,3 0.5 0.50

Lawrence (41) used finite element analysis of 2-d double V-welded
joints to derive notch SCFs in the form (K_ - 1) « (z/1)™°*5, The
position of 8 1s confined to a very small region near the weld toe. The
angular position ¢ of the stress concehtration in the fillet is 15°
(approx.) from the weld toe. This agrees with the authors: 3-d work
where for geometries of similar weld angle 30°< a < 50°, values of ¢
are in the range 5° to 250. Atgori and Pappalettere (40) also used F.E.M.s
to arrive at the same type of expression for Kn. Applying these resultis
(40, 41) to our shapes and loadings lead to the dotted and chain-dotted

curves shown in Fig. 6.66b,
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6.4 Stress Zones

6,4.1 Definitions of Stress Zones

The schematic surface stress distribution in the tube walls, shown
in Fig. 1.3, are characterised by three regions. These are notch stress
zone, linear stress zone ard non-linear stress gone.

Notch gZones Zn are defined by the distance, measured from weld
toes, to the commencement of the region in which the gradients of stress
vary so slowly that they are considered to be linear. Further from the
weld toe, at a distance Zl » the curvature of the tube causes a non-
linear decay in wall bending moments and hence, outside wall surface

stresses. The linear stress szone exists between these two points,

6.4.2 Notch Zones
Some distances, from the brace and chord weld toes to the point
where the surface stresses vary linearly with positions, were measured

and called g, and g _ respectively. They appear to vary little with

b ne

fillet radius but thelr relationship.to weld angle is shown in Fig. 6.70.
Some of the chord values are seen to extend beyond 0.2 /Tt (which for
this geometry 1s 0.7t and 0.35T - the position which has been proposed
for one .of two strain gauges to be used for linear extrapolation to
determine K (6)). Notch sones for all 3-d models and some 2-d models

are presented in Tables 6.2 and 6.3, and 3.7, respectively.

6.4.3 Linear Stress Zones

In the determination of shell SCFs tangents were drawn to the linear
parts of the surface stress distribution curves and the end positions of
the linear region, Zn and Zz s Were noted. The values obtained from the
I, curves in Figs. 6.35 to 6,38 (in the saddle planes of the 3-d CK model)
are shown in Fig. 6.71. The large range of values for 2 and Z, indicates

the uncertainties involved in measuring these distances.
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Linear stress zones are small; typically 0.75T. The distance to
the end of this zone Zz <0.5g'. Notch zones are typically 0.25T to

0.3T. Both values decrease with trace gap when g'/T < (about) 2.

6.5 Plastic-Elastic Strain Distributions

6.5.1 Surface Strains, Near Weld Toes, Obtained using Reflection

Photoelasticity

Reflection photoelasticity methods of measuring elastlc and plastic-
elastic maximum shear strains were used to analyse two models. Because
of the difficulties associated with this method, results are avallable
for only one of the models. They are presented to show that attempts
were made to measure plasticity at, and near to weld toes. The steel
model chosen for analysis is shown in Fig. 6.72 with the surface strains
near to chord and brace weld toes.

Strains were measured at several increments of load - which is
expressed in terms of v calculated from the load cell output and
cross sectional area of the brace wall., The Figure shows maximum shear
strain contours for one loading and one unloading cycle with the maximum
value of ¥ . = 0.11%. The residual plastic strains measured at (about)
zero load are shown in dotted lines.

Maximum fillet and weld toe stralns were recorded and plotted against
T om in Fig. 6.72 to show the changes in strain during the tests. Neglect-
ing the initial strains due to self weight etc. which were not measured,
strain indices, and hence, strain concentration factors were calculated.

Fig. 6.73 shows distributions of surface shear strain indices for
the chord and brace weld toe regions. Elastic values were calculated
between v = 0.045% and 0.087%, and plastic-elastic values were cal-

culated at Y . = 0,11%, The differences between the tWo curves

m

represents plastic strain indices at Ynom = 0,11%. The curves shown in

Fig. 6.73 are characterised by linear and notch strain distributions
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with the position of maximum strain in the fillet at an angular position

¢ = 20° to u5°. In the weld body strains decreased rapidly to gZero.

6.5.2 Chord Wall Strains Obtained Using Moire Interferometry

Results have been obtained in four different steel models in the

positions referred to in the following schedule of Figure numbers.

Steel Model No. 2 3 4 5
Position | Saddle Saddle Saddle Crown
7 120°  120°  120° 90°
Weld Profilel| v U c U
Weld Grade| E51 E51 E51 E51
Heat Treatment No Yes No No
Positions of Strain
Measurement? Loading Values Figure Nos,
Loaded values Ji J2 6.75 6.76 _ 6.77 6.78
Chord wall Residual and (one) ef 55 6.79 6.80 6.81 6.82
outside surface
1ine A-A' loaded values €4 €,
Change of strain e_Dp
Sub-surface
chord wall
Jines B-B', C-C' Loaded values J 6.87 - - -
and D-D'
Through-thickness
chord wall Loaded values Jq J2 6.88 - - -
line E-E'
w ~ _J
At strain Variation with €y ef 6.89
concentration load
J1 J2 6.90

1. U = uncontrolled H/T =~ 0.40 C = controlled H/T = 0.75
2, See Fig. 5.5

Fig. 6.74 shows, schematically, the maximum strains ¢ in the model
measured at different loads. The loads are expressed in terms of
enom/eyield in the brace wall., Initial values, measured at enom/e:y =

0.02, are given at A, and elastic values at B. The gradlent of AB is the
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elastic strain index J. Strains measured at first observed yield and
at higher values are given at C and D, respectively., Residual strains
are given at F. The reduction DF comprises elastic response DE and
plastic reversal EF.

Cartesian strains were obtained from fringe order measurements
€= du/ax, Sy " ov/ay and Tay = du/ay + ?v/dx. The magnitudes e e,
and e‘; § and directions ¢ of principal loaded and residual strains
were calculated from cartesian values. Strain indices J, j =e, j,{: nom"
where € om is the mean axial strain in the btrace wall, Elastic response
strains €® were calculated from J and Aenom - the reduction in the load.

Plastic reversal strains are given by ¢f = ¢ - &) - ¢°.

6.5.2.1 Surface Strain Indices

Elastic and plastic elastic values of J L J 2 and ¢ are shown in
Figs. 6.75 to 6.78 for measurements made in line A - A* in Fig. 5.5.
The elastic values in Figs. 6.75 and 6.76 (open symbols) may be compared
with the 2-d photoelastic chord wall surface distributions of I, (assume
I, = 0) shown in Fig. 6.27. The agreement in surface values in linear
regions is within $10%. Peak values cannot be compared because weld
toe geometries are different. Notch gones in steel models are generally
smaller, i.e. 0.05T to 0.15T, than in photoelastic models. Plastic-
elastic distributions are given at the onset of first observed ylelding
and for larger strains, 1.e. approaching 2%.

In steel model No. 2 (Fig. 6.75) first yield was observed in the
parent (chord wall) plate near to the weld toe at a position approxi-

mating to the edge of the HAZ ate n/ey = 0.28. The strain in

ield
the model at the position and onset of first yield was 0.34&%. Local

yielding was identified in the moire fringe pattern as a small slip line
(about 2 mm long in which the fringes were closely spaced) which followed

the approximate arc of the HAZ/parent plate boundary.
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Plastic-elastic strain indices are also given for enom'é yield = 0.53.
This corresponds to 0 o= 200 N/mng a typical maximum value used in
jacket design (43). At this loading, a SNCF = 17 occurred at the weld
toe in a model in which the elastic SNCF = 4.6, Plastic strains in the
chord wall were measured for a distance of 4.5 mm (0.09T) from the toe.

The inclinations ¢ of Jyq to A - A' are in the range 20°¢ ¢ <.30° in
the weld, and 0°< ¢ < 15° in the chord wall.

In steel model No. 3 (Fig. 6.76) first yield was observed very close
to the weld toe in the HAZ, Because of the difficulties in locating
the exact position of the weld toe the position where ylelding first
occurred was between 0,2 and 0.7 mm from the toe. At this point in the
test enom/e:y = 0.36; an increase in load at first yield over model No. 2
of 28%. The yleld strain in the model was 0.402%; an increase of 0.056%
strain or 115 N/mm?. This represents the additional yleld stress in
the models attributed to heat treatment. However this is not a reliable
or accurate measure of residual welding stress becauss it was derived
from '‘observed' first yield values in models with slightly different
weld toe geometry.

Plastic-elastic indices are given for enon/hy'= 0.53 for comparison
with the results in model No. 2. The effects of heat-treatment are quite
dramatic. Plastic-elastic strains were measured up to 3.7 mm (0.074T)
from the weld toe. In this region, three peak values of large plastic
strain were measured corresponding to SNCFs = 10.7, 8.9 and 13.0; the
latter occurring at 0.06T from the toe. In between these peaks, strain
indices were only 30% greater than elastic values in the same positions.

The effects of controlled weld profiles are given in the results
for steel model No. &4 in Fig, 6.77. The onset of ylelding was not
observed in this model. It was not apparent that yielding had occurred

until considerable plastic strains were present. Measurements were made
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at loads corresponding to enom/éy = 0.53 (for comparison with Figs. 6.75
and 6.76), 0.63 and 0.73. Ate m/ey = 0,53, maximum plastic-elastic
strains measured in the weld material were approximately twlce those
measured in the chord wall and HAZ. A SNCF = 5.7 was considerably less
than in the uncontrolled weld profiles, The increase in plastic strain
and spread of plasticity at higher loads was fairly uniform, reflecting
perhaps the improved weld toe profile,

The variation in ¢ with loading was less conslstent than in previous
models; elastic values were in the range 4°¢ o < +14°, plastic-elastic
values -8°¢ ¢ < 34°,

The results for the crown, ¢ = 90°. model No. 5 are shown in Fig,
6.78. The elastic values agree with 2-d photoelastic results to within
114. First yleld occurred near to the HAZ/parent plate boundary at
enom/éy'= 0.265. The yleld strain in the model was 0.214% - considerably
lower than in ¢ = 120° models with uncontrolled welds, Three further
load statlons were used to study the changes, in magnitude and position,
of SNCFs. A unique feature in this model was that up to€ lll/e:y = 0,35,
the SNCF at the weld toe increased by only 7. The maximum strain indices
in the HAZ/plate boundary region increased by more than 2256, Maximum
strain indices of between 10 and 11.6 near the weld toe were lower than

in ¢ = 120° models with uncontrolled welds.

6.5.2.2 Plastic-elastic and Residual Plastic Strains

Distributions of principal plastic-elastic and residual plastic
surface strains are shown in Figs. 6.79 to 6.82 for steel models Nos.
2 to 5, respectively., The plastic-elastic strains €1 were measured at

= 0.53 ey, and the residual plastic strains ef were measured at

€
nom i

€nom 0.02 ey' the smallest practical value, The reduction in €

nom
was therefore 950ue. In these Figures, hatched areas represent reductlons

in strains e, - ef due to elastic memory ¢® and plastic reversal P,
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This data is useful in the prediction of maximum plastic strain range
for a particular stress ratio R = (min/max load) + 0.04, i.e. a brace
wall stress range of 7 to 200 N/mmz. The Figures also define the true

extent of plasticity.

6.5.2.3 Elastic and Plastic-Elastic Strain Reductions

The reductions in plastic-elastic strains, due to a reduction of

950 uein €, are shown in Figs., 6.83 to 6.86, The elastic strain

nom
response ei calculated from elastic strain indices J1 and strain range

(se = 950ue ) are also shown, The difference in these quantities,

nom
given by EF in Fig. 6.74, represents the magnitudes of plastic reversal
strains € in the model - shown hatched in Figs. 6.83 to 6.86.

Plastic reversal strains are greatest, up to 0.4%, in the heat
treated model No. 3 at the positlions corresponding to the large plastic
strains in Fig, 6,76. Absolute values are uncertain because they are
computed from 4 measurements, i.e. e® = (e1 - ei) - Jy be - Thus,

the true extent and magnitude of plastic reversal in models Nos. 4

and 5 may be disguised in the (inevitable) errors.

6.5.3 Sub-surface Chord Wall Strains

Sub-surface distributions of elastic and plastic-elastic strain
indices J_ are shown in Fig. 6.87 for depths of 0,04T (= 2 mm),
0.08T and 0.16T from the outside chord wall, These are, respectively,
lines B - B', C - C' and D - D' in Fig. 5.5. The distributions show
the positions of maximum Jxx at three different depths and illustrate
the manner of plastic growth in the models - narrow bands of large
plastic strain between essentlally elastic regions.

Fig. 6.87 also gives the positions of the most useful through-
thickness line of analysis - E - E' in Fig. 5.5. Line E - E' was defined

A
by the positions of Jxx at each depth.
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6.5.4 Through-thickness Chord Wall Principal Strains

Fig. 6.88 shows the position of the line of analysis E - E' in which
principal plastic-elastic strains were maximum. The angular position of
this line was ¢ = 32° = 05/2.

Distributions of elastic and plastic-elastic J and ¢ are shown,

1 J2
It is assumed that line E - E' approximates to the direction of early
fatigue crack growth. The smaller strains are, in general, not signifi-
cant. The direction ¢ of J, (v symbols) is almost perpendicular to

E - E', 1.0, 32° - ¢ is small,

6.6 Plastic-Elastic Straln Concentration Factors, SNCF

6.6.1 Definitions of SNCFs

The plastic-elastic strain indices distributions, shown in Figs.
6.75 to 6.78, are characteristically similar to the elastic stress
distribution curves, It is therefore convenient to define SNCFs in

a manner similar to SCFs. The maximum value of J, is the SNCF. A

1
shell strain concentration factor, SIGFS is obtained by linear extra-

polation of surface strain indices to the weld toe.

6.6.2 Maximum SNCF

Values for SNCF are given in Table 6.6 for each load station
shown in Fig. 6.89., The variations in SNCF with loading are shown in
Fig. 6.90. It is assumed that the models' behaviour is linearly elastic
between a and b, and the onset of ylelding is at b, The curves show
the effects of heat treatment, weld profile, ¢ and loading on SNCFs.

In the models with uncontrolled profiles, the rate of increase in
sNeF (T 1) with load, and the load at which yilelding takes place - between
€ o m/ey = 0,2 to 0.3 - appear to be independent of heat treatment and ¢.
The rate of change in plastic-elastic SNCFs is falrly uniform, as shown

(A ® symbols) and assumed (O ® symbols), in different models.
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6.6.3 Shell SNCFs

Shell SNCFs are obtained from the extrapolation of surface stiralns
outside the plastic zone. The variation of SNCFS with load, given in
Table 6.6, shows the effects of strain redistribution during yielding.
The results show decreases in SNCFg of between 5% and 15% at the onset
of yilelding and further differences, from elastlic values, at higher
loads.

Because shell factors are extrapolations from elastic strains
(albeit modified by plastic behaviour in the model) they were used to
determine elastic shell SCFs Kq, (the value of Kgp = 0). They are
compared, in Table 6.6, with values obtained in 2-d photoelastic models.

The agreement with elastic calculated values is within 19%.

6.7 Extent of Plastic Regions

Regions of plastic deformation were traced from residual moire

fringe patterns at loads correspording to ¢ = 0,02 after

nom/éyield
initial and gross ylelding. It is assumed that the extents of residual
plastic strains are equal in area to the extents of plastic-elastic
strains. Contours of plastic deformation are shown in Figs. 6.91 to
6.94.for steel models Nos. 2 to 5, respectively. They show plasticity
spreading more rapidly in the parent plate than in the weld. In all
models plasticity was partially arrested in the HAZs. As a result,
plastic deformation in the weld exteﬁded for less than 2.5 mm from the

toe.

6.8 The Effect of Out-of-Plane Strains on In-Plane Strains

In moire interferometry, out-of-plane rotations w or undulations
in the surfaces of the models cause extraneous fringe gradients and

apparent strains €' = 1 - cos w. To determine the magnitude of w,
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surface measurements were made, using Talysurf apparatus, on one of the
models in an unloaded condition in which residual plasticity was present.
The surface profiles given in Fig. 6.95 show lateral contractions, in
the order of 20 um (10 um per face), in the regions of plasticity
relative to undeformed regions remote from these areas. In the chord
wall plate (beyond the region of in-plane plastic deformation) relative
lateral contractions, also about 20 ym were measured. The resulting
undulations in the surface of the model were w = 0,15°, The

extraneous strain €' was thus 4 e, Although this is a negligible
quantity, it is important to show that out-of-plane Poisson effects

were considered.



216

Table 6.1 Empirical Constants and Exponents for Geometric and Notch

Through-thickness Stress Distributions

Crown Position of Single plane K90/45 Joint: ¢ = 8 = 90°

Weld Profile Parameters Geometric Stress Notch Stress
H/T r /T a K q c m
c c 3
0.183  0.05 78° +3.60 -15.30 | +0.17 -0.333
" " 54° +3.40 -11.20 +0.25 -0.290
a° +2.18 -4.34 +1.00 0
0.25 0.05 72° +3.45 -14.30 | +0.26 -0.295
" " 54° +3.23 -10.75 +0.32 -0.267
" " 36° +2.85 -5.10 +0.41 -0.222
" " 24° +2.63 -6.80 +0.60 -0.150
" " 0° +2.07 -4.12 +1.00 0
0.50 0.05 54° | +2.83 -9.47 | +0.29  -0.260
" " 36° +2.17 -6.30 +0.38 -0.240
" " 0° +1.85 ~3.43 +1.00 0
0.25 0.02 692 +4,73 -25.8 +0.02  -0.320
" " 720 +4.30 -23.3 +0.16 -0.300
" 0.10 742 +3.45 -13.8 +0.35 -0.282
" 0.20 83 +3.46 -13.5 +0.59  -0.187
0.25 0.02 48° | +4.06  -13.7 +0.22  -0.250
" 0.033 " +3.07 -9.4 +0.40  -0.255
" 0.05 "o +3.05 -9.8 +0.38 =0.242
" 0.10 50 +2.91 -9.6 +0.42 -0.250
Note
for a = 0° K =K
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Note 1: Point of surface contraflexure occurs within fillet
Note 2: Maximum stress index does not occur within fillet
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Inres-Dimensionsl Model Ref. CK2
Stress Concentration Factors - Magnitudes, Positions, and Shel) and Notch Components
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Josne | Brace Local oton m CHORD
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(-] (-]
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o (-]
9 ooo tzoo +2.20 +2.98 1.3 1° 0.3uL | s2.1% +u.07 1.89 13° Jo.237 | s3.11 90° -1.58
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o (-]
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.
Note ': Point of the surface contraflexure occurs within fillet
Note 2: Approximate value
Loaded b 60° ang 150°
Taces * and 150 Table 6,2
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OUTSIDE BRACE FILLETY OUTSIDE CHORD FILLET INTERN INSIDE
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10 135 120 +1.32 +2.00 1.52 10° Jo.35t | «1.20 2.4 2.12 | 20° 0.237 | -1.55 us® -0.78
a 135° 120% | «2.61 <2.96 1. | 0°-15°)0.20¢0 | +2.40 +3.58  1.49 |10%-15° J0.36T | -1.35' ¢o° Y
Note 1: Point of the surface contraflexure occurs within Cillet
Loaded Ddraces - 90° and |3S°
Brace gap € = 3.475T
Three-Dimensional Model Ref CKA
Stress Concentration factors - nitudes, Positions, and Shell and Notch Components
INSIDE
QUTSIDE BRACE FILLEY OUTSIDE CHORD FILLET INTERNAL PILLET CHORD
Brace Local _—
Joint Notch Notch
No. Angle Angle | Value Position Zone Value Position Zone Value Position | Value
8 ¢ ‘IOB ‘ob Knob .b zb Kaoc Koc Knoc .c zc ‘1 'l ‘te
(]
“ 150°  30° | «1.72 +3.06 1.76 22° |o0.38t | «0.50 <1.19 2.38 56° 0.207| +1.65 20° -oao -0.54
sa 150°  150° | «2.63 <+3.17 .18 8° |o0.30t | +2.80 +3.70 1.29 7° 0.187 -1.50‘ 80 #0.71
o
sb 60° 120° | +2.20 +2.91 1.30 [10° - 159 0.36t | «1.61 <2.63 1.63 |10° - 15°| 0.167| «1.58 60 -2.16
o
6 00°  60% | +1.55 +3.03 1.96 ] 15° [o.aat | +1.00 +2.00 2.00 [10° - 15°| 0.23T[ 1,38 22 -1.48
0
8b 60° 120° | <1.68 +2.60 1.55 8° |o.s0t | +2.35 <3.30 10| 18° | o.var| e 90° | .42
L9 60° 120° [ +2.18 ¢3.08 10| 12° Jo.16t | +2.08 +3.46 1.66 | 17° | 0.177| «2.86 %° -1.47
1
1 | 150°  120% | «1.20 e1.68 1,37 10° Jo.29¢ | +1.76 <2.62 1.49 13° 0.097| -1.33' as® - 5s° | -0.73
12 160°  120° | +1.40 +1.88 1.06 s° 0.15t | +1.06 +1.76 1.66 22° 0.25T) =1.03 as® -0.47
Note 1@ Point of surface contraflexure occurs within fillet
Loaded braces s 60° and 150°
Brace gap g = 3.875T
Three-Dimensional Model Ref. CK5
Stress Concentration Factors - and Shell and Notch Components
OUTSIDE BRACE PILLEY OUTSID! INSIOE
€ CHORD FILLET INTERNAL FILLET CHORD
Joint Brace Local Noteh Hoteh
Yo. Angle Angle | Value Position Zone Value Position Zone Value Position | Value
« (4 K
e ¢ (11 od nod .b zb ‘loc Koc “noe .c zc K‘ .i Kte
u 150°  30° | «2.20 3.6 .11 f 16° Jo.63t | «0.67 +1.60 2.0 ] 20° | o.067| 215 1s° -0.43
sa [ 150° 150° | 42.90 +2.95 1.02| 4% - 6| 0 [e2.95 <344 1,17 ¢ [o.t0t| -1.75  110° -0.42
DSt 60° 1200 | +2.32 +3.15 1.36 |10° - 1s°/0.02t | 41,05 42.20 2.09 | 10° | 0.127| e1.58'  as® -2.20
) 609 609 | ¢1.80 +2.60 1.4a| 20° [0.35¢ [ +1.05 See Note 2 - - s1.00  30° =1.32
| eb 60° 120° | «2.35 o355 1sif 15 Joure [ 43003 43713 1.20 | 10° | 0.137| 2.50' 150 -2.49
Lo 00° 120° | 41,20 +1.90 1.56 [ 7° - 12%0.0te | w108 w225 191 | 12° | 0.087| .2.22  95° -1.10
I 1y 150°  120° | 41,05 +1.72 1,64 15°  fo.r6e {152 42,02 1.33 [15° - 20°| 0.05T] -1.30  6s° -0.73
Lu' «p®  120° | «0.90 +0.95 1.06 | $° - 10° o 1,10 +1.92 1.74 10° o.nt| -0.88  %0° -0.40
Note 1: Point of surface contraflexure occurs within fillet
Note 2: No result due to presence of photoelastic inclusion

Loaded braces = 60° and 150°

Brace gap g = 6.50T

Table 6.2 (cont.)
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Table 6.4 2-9 Photoriastic and F.E. Results
Constants of Empirical Equations for K and 5“
Peak SCF K = l\(r‘/T)‘j
Notch SCF Kn R RS B(r'/l')k All H/T - 0.25 except ! where H/T = r/T
Joint Weld Peak SCF Notch SCF
Constants Constants
Position Node Quality o c A R Bc ke
Saddle X Uncontrolled “50 +8.6 -0.27 | +0.36 -0.42
K fillet " +3.4 -0.25 +0.70 -0.30
X Uncontrolled 702 +3.3  -0.30 | «0.82 -0.36
" fillet 72o +3.1 -0.35 | «0.74 -0.50
Crown " . , “80 +2.75 -0.30 | +0.63 -0.42
" Fully blended 90 +2.0 -0.54 | +0.37 -0.75
Table 6.5
Axjal and Bending Stress Component of Shell SCF.
At Chord Weld Toe At Brace Weld Toe
Brace angles Gap Axial Bending Axial Bending
Source | © ¢ Proximity g°*/T K”c(a) Kaoc(b) Total Ksob(a) Kaob(b) Total
0.71 +0.20 +1.00 +1.20 +0.65 +1.00 +1.65
o 45° | Remote 3.00 | +0.25 +0.80 «1.05 | +0.75 +0.85 *1.60
135
+0.85 +1.75 +2.60 +0.90 «2.30 «3.20
Fig. 135° | Near - «1.30 +2.45 «3.75 | «1.05 «1.75 +2.80
6.4
-1.15 +0.10 -1.05 +1.5% «1.35 «2.90
o 90° | Near - -1.10 «1.25 +0.15 | +1.00 +1.25 +2.25
90
+0.40 +1.30 +1.70 | «0.75 *1 .45 +2.20
90° | Remote - +0.40 «1.55 «1.95 | +0.60 «1.65 +2.25
o 0.51 +0.10 «0.5% +0.6% *1.25 *1.15 +2.40
30 Remote 3.00 | -0.10 +0.30 «0.20 | «0.90 +0.8% +1.75
5.70 | +0.10 «0.5% «0.65 [ +1.05 «1.15 +2.20
150°
1 +0.30 +0.70 «1.00 | +0.45 «1.50 «1.95
150° | Near - +1.10 +1.30 «2.40 | +1.40 +1.20 +2.60
Fig. +1.35 +1.50 +2.85 ] +1.35 +1.20 +2.55
6.4
5 -0.10 «0.10 0 +1.35 +1.10 +2.45
120° | Near " -0.45 *2.15 «1.70 | +1.00 +1.25 +2.25
-0.15 +1.65 +1.50 | «0.90 +1.40 «2.30
60°
+0.25% +0.95 +1,20 ] +0.60 «0.90 +1.50
60° | Remote . +0.25 *1.25 «1.50 | +0.060 +1.00 «1.60
- see note 2 - +0.60 «1.20 «1.80
0.64 «0.25% +1.90 «2.15 +0.6% «1.60 +2.25
Remote 3.00 | +0.45 +1.65 +2.10 | +0.65 +1.55 +2.20
o o 6.00 { «0.20 «1.00 +1.20 | +0.45 «0.75 «1.20
60 120
«0.25 +1.00 +1.29 ] +0.40 «1.10 +1.50
Near " +0.60 +1.70 +2.30 «0.60 +1.15 «1.7%
Fig. +0 .45 +2.70 +3.15 | +0.60 «1,70 +2.30
6.46 -
0.64 +0.65 +3.95 +4.60 +1.20 «3.15 +4.35
o o | Merr 3.8 | .0.55 +3.00 +3.55 [ +1.35 +3.15 +4.50
90 120
+0.6% «1.00 «1.65 +0.40 «0.6% *1 .QS
Remote " «0.30 «1.30 +1.60 «0.60 +0.80 «1,40
Notes: 1. Vajlues measured at 0.4y from brace weld toe, 1.e.

2. No readings.

oppusite 1nternal brace fMjlet toe,
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Fig. 6.2 Principal Stresses in CK Models, Junction 2a
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6.3 Principal Stresses in CK Models, Junction 2b
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6.4 Principal Stresses in CK Models, Junction 3
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Fig. 6.5 Principal Stresses in CK Models, Junction 4
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Fig. 6.6 Principal Stresses in CK Models, Junction 5a
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Fig. 6.8 Principal Stresses in CK Models, Junction 6
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Fig. 6.9 Principal Stresses in CK Models, Junction 7
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Fig. 6.10 Principal Stresses in CK Models, Junction 8a
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Fig. 6.11 Hoop Stresses in CK Models, Junction 8b
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Fig. 6.12 Hoop Stresses in CK Models, Junction 9
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Fig. 6.13 Hoop Stresses in CK Models, Junction 10
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Fig. 6.14 Hoop Stresses in CK Models, Junction 1la
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Fig. 6.15 Hoop Stresses in CK Models, Junction 11b
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Fig. 6.16 Hoop Stresses in CK Models, Junction 12
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Fig. 6.41 Meridional and Hoop (Principal) Stress and Strain Distributions
in Crown Plane I in 3-d CK Models
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Fig. 6.45 Axial and Bending Stresses in Crown Plane II in CK Models
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Fig. 6.46 Axial and Beﬂding Stresses in Saddle Plane III in CK Models
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