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SUMMARY

This thesis examines theoretically and experimentally the behaviour of a temporary end
plate connection for an aluminium space frame structure, subjected to static loading
conditions.

Theoretical weld failure criterions are derived from basic fundementals for both tensile
and shear fillet welds. Direct account of weld penetration is taken by incorporating it into
a more exact proposed weld model. Theoretical relationships between weld penetration
and weld failure loads, failure planes and failure lengths are derived. Also, the variation

in strength between tensile and shear fillet welds is shown to be dependant upon the
extent of weld penetration achieved.

The proposed tensile weld failure theory is extended to predict the theoretical failure of
the welds in the end plate space frame connection. A finite element analysis is conducted
to verify the assumptions made for this theory.

Experimental hardness and tensile tests are conducted to substantiate the extent and
severity of the heat affected zone in aluminium alloy 6082-T6. Simple transverse and
longitudinal fillet welded specimens of the same alloy, are tested to failure. These results
together with those of other authors are compared to the theoretical predictions made by
the proposed weld failure theories and by those made using Kamtekar's and Kato and

Morita's failure equations, the B-formula and BS 8118.

Experimental tests are also conducted on the temporary space frame connection. The
maximum stresses and displacements recorded are checked against results obtained from
a finite element analysis of the connection. Failure predictions made by the proposed
extended weld failure theory, are compared against the experimental results.
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CHAPTER 1 INTRODUCTION

1.1 Space frame structures.

A space frame structure may be defined as the repetative connection of a number of pre-
fabricated, three dimensional frames - usually of a standard shape and size - to
overcome any applied loads. The complcted structure may be a simple two framed

connection or a more complex one involving several thousand frames shown in plate

1.1.

Such structures offer a greater degree of freedom at the design, fabrication and
construction stages, than the conventional beam and column type construction. More
intricate, larger and greater spanning structures can be attempted which would
otherwise not be possible. Further, the completed structures are aesthetically appealing

and much more readily accepted by environmentalists and planners.

The whole space frame concept of constructing structures is a highly economical one
with respect to material, labour and time savings. Individual units can be mass

produced in the workshop, easily transported and readily constructed on site, even by

an unskilled labour force.

Further advantages can be exploited by the use of aluminium alloys for the space frame
material. These alloys are more suited for space frame structures than their counterpart

steels. Aluminium alloy structures offer added economy in terms of lightness in weight
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but high in strength properties, require smaller and, or simpler foundations, easier to
machine, fabricate, transport, construct and most importantly are cheaper to

maintain(1),

Recent years have witnessed the proliferation in the construction of space frame
structures - especially those using aluminium alloys. This can be attributed to the
following factors;
i) The ever increasing demand for more economic and efficient structures,
ii) The ease of accessibility of the designer to computers and associated software
packages,
iii) The advancement of welding technology, especially in the field of aluminium,
iv) A greater number of todays designers are better informed on aluminium for

structural uses and in welding technology.

1.1.1  Temporary space frame structures.

The confidence and knowledge acquired in the design and construction of space framed
structures, has lured the more astute designers to exploit the field in temporary
structures. Today, gigantic temporary aluminium space frame structures are
constructed, dismantled and re-constructed, repetatively by specialist firms to perform
various structural tasks. The added advantage of such a system is that only a nominal

financial outlay is required.

An example of such temporary structures was the construction of a 20 metre high
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'scorpion’ shaped structure for a pop concert by Light and Sound International(2),

which was later dismantled and re-used for another different construction project.

Another typical example is the construction of a 27 metre span semi-circular arch in
Aberdeen (1), It provides a temporary weather tight working area for the construction
of accommodation units. The arch can be rolled away to enable a crane to lift the units

away.

Such complex space frame structures are built up from a number of smaller pre-
fabricated tubular (aluminium alloy) frames - usually of a standard shape and size. Any
configuration can be achieved by the repetative connection of these frames.

Depending upon the size and shape of the overall space structure, there can be several
joints connecting one frame to another. These connections have to be simple, quick and
easy to connect and dismantle, and yet be able to transfer forces from one frame to

another.

1.2 Structural connections in aluminium.

There are basically two main types of connections (excluding riveting) available to the

designer of metal structures - either welded or bolted connections.

Welded connections achieve a more efficient and cost effective joint. They are
extremely strong relative to their size. The type of joint obtained is one which is rigid,

but more importantly it is permenant. With regards to aluminium connections, welding

)



softens zones immediately adjacent to the weld metal, which exhibit a significant loss of

strength. The extent and severity of this loss has to be accounted for in design

(3,4,5,6,7,8).

Bolted connections offer the advantage that they can be easily and rapidly fastened to
achieve the required assembly on site - even by unskilled labour, Unlike welding, no
meticulous cleaning and preperation procedures are required, and the only tool required
is a hand wrench tool. This allows the fixer to reach greater heights more easily and
conveni'enlly. However, the main advantage of bolted connections is that they need not

be permenant.

Structural connections used in space frames have been directed towards individual
members. These have been restricted to two main group types - either the permenant
welded K, L, M or N type joints for tubular frames, or the patented Triodetic tubular
type systems which are based upon a bolted only type of connector system.

The temporary space frame connection put forward by this thesis is directed towards
the repetative connection of aluminium space frames, plate 1.2. The connection uses
both the methods - welding and bolting. Trapezoidal shaped end plates, with a circular

hole for the insertion of a bolt are welded to the tubular arms of the space frame.
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13 Weld failure criteria.

The design of welded connections is dependant upon the assumptions made during the

theoretical analysis. The fewer these assumptions, the more real the theoretical analysis.

The assumptions made in the current British Codes of Practice CP 118(8), BS 5950(%)
(replacing BS 449) and also by almost all other weld failure theories proposed by
numerous authors, remains the same as those first proposed by Bibber(10) in 1930.
The main assumption then was that welds always failed at the throat section.
Experimental results conducted by independent authors, have since shown this to be
incorrect and over cautious. Tensile fillet welds have been found to fail close to the

weld leg length lying in the direction of the applied load. Whereas shear fillet welds

have been found to fail at or near the weld throat.

Almost all theoretical weld failure criteria take the weld throat as the critical section. The

reason generally given is that it leads to a simple design rule which can predict loads

fairly accurately.

A recent theory published by Kamtekar(11) shows that tensile weld failure loads are
very sensitive to the slightest variation in their cross-sectional area. Also experimental
research by Kato and Morita(12) in 1974 showed that weld failure loads are governed
by the extent of weld penetration achieved. Thus, by reference to these two authors
works it would indicate that tensile weld failure loads too should be very sensitive to

any changes in the extent of penetration achieved. However, many failure theories and
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codes of practice fail to emphasize the importance of the extent of penetration upon
weld failures. It is usually relegated to being a secondary issue. However when it is
accounted for, it is normally suggested that the assumed throat failure plane be extended
proportiﬁnately to indirectly account for the penetration achieved. No attempt is made to
directly incorporate it into their weld model or failure analysis.

Further, all weld failure theories have been developed based on or for steel fillet welds.
Little or no attention is given to aluminium alloy fillet welds. It is generally expected
that aluminium fillet welds would fail similarly to steel fillet welds. However, due to
the more pronounced regions of HAZ present in aluminium welded connections, and
the various series of aluminium alloys and filler metals, care is required in applying any
weld failure theory. Weld failure theories based upon experimental constants like the -

formula would require new experimental constants to be derived.

The design of aluminium welded connections requires the designer to be familiar with
the various series of aluminium alloys, and their possible combinations with the

different filler metals. An understanding of the HAZ due to welding is a necessity, if

failure is required in the weld metal only.
14 Aluminium alloy designation.

Recent international agreement adopted a four figure alloy designation system, based
upon the American system. This standardisation identifies the aluminium alloys by
groups, depending upon the major alloying element. An example of the four digit

designation system being 1100 or 6082. The first digit identifies the alloy series as
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shown in Table 1(13),

For the series 1XXX, the last two digits specify the purity of the aluminium. For
example, 1050 indicates 99.5% pure aluminium. For the series 2XXX through to
8XXX, the last two digits identify the specific alloy. The second digit indicates any

modifications made to the original alloy. Examples are given in Table 1.

Aluminium elloys grouped by masjor slloying elements.
Group designation Example

Aluminium - 99.0095 minimum and greater 1XXX 1100
Major alloying elements

Copper 2XXX 2219
Manganese © 3XXX 3003
Silicon 4XXX 4043
Megnesium 5XXX 5086
Magnesium and silicon 6XXX 6082
Zinc 7XXX 7005
Other elements 8XXX

Unused series 9XXX

Table 1.1  Aluminium alloy designation system(13),

1.4.1  Temper designations.

Four basic tempers exist for aluminium alloys. These are indicated by one of the letters
'F, 'O', 'H', and 'T". The letter may be followed by a digit to idcniify the type of

treatment and hardness of the alloy - examples being 5082-H32 or 6082-T6.

'F' - indicates the as fabricated condition.
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'O’ - designates the annealed state or softest temper.
'H' - is applicable to strain hardened alloys.
'T" - is designated to an alloy product, thermally treated to enhance hardness and

other properties.

A full list of the various types of temper designations available for aluminium can be

found in most aluminium data text books.
1.5 Aluminium alloys for structural applications.

Aluminium alloys can be categorised into two groups; either non-heat treatable or heat

treatable.

The strength of non-heaf treatable alloys is derived from cold working. The strength of
the Heat Affected Zone (HAZ) in these alloys is reduced to that of the annealed strength
of the alloy, irrespective of the alloys original condition. Alloys of the 1XXX, 3XXX,

4XXX, and 5XXX series fall into this category.

Heat treatable alloys derive their strength from a controlled, two stage heat treatment
process. Firstly the alloy is solution heat treated. This stage involves heating the alloy
uniformly, to below its eutectic melting temperature (in the 900F to 1000F range).
Secondly, controlled quenching from the solution treating temperature is carried out -
rapidly enough to avoid overageing. Alloys of the 2XXX. 6XXX and 7XXX series are

classified into this category.
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The aluminium alloys suitable to be used for structural applications are those of the

series SXXX, 6XXX and 7XXX.
1.5.1  The5XXX series - Aluminium Magnesium Alloys.

Alloys of the SXXX series are non-heat treatable and their strength is acquired by cold
working. As with other non-heat treatable alloys, their strength in the HAZ is taken to
be equal to the annealed strength of the parent metal - irrespective of the original temper

condition. The chief alloying element is magnesium. A relatively high strength is

achieved with good weldability.

These alloys are widely used for heavy industrial applications, examples being cranes,
ship super-structures, pressure and cyrogenic vessels, and transport applications (13),
The most commonly used form is as plate and sheet metal. Because of the significant
amount of magnesium content in these alloys, it makes it relatively difficult to produce
complex structural sections. Thus, in practise it is not uncommon to employ these
alloys for the plate work requirements of a structure, together with extruded structural
sections from the 6XXX or 7XXX series alloys.

The 6XXX and 7XXX series alloys are heat treatable. Their strength is acquired by a

controlled heat treatment process.
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1.5.2  The 6XXX series - Aluminium Magnesium Silicon Alloys.

The alloys in this series contain magnesium and silicon, which results in the formation
of magnesium silicide. It is this which makes these alloys heat treatable and is

responsible for the strength exhibited by these alloys.

Their good workability accounts for the wide range of complex and thin section shapes
available on the market. Also, their good weldability and high strength favours their use

for a wide range of structural applications.

1.5.3 The 7XXX series - Aluminium Zinc Magnesium Alloys.

The major alloying element is zinc, up to 8% followed by a smaller percentage of

magnesium.

These alloys exhibit high strength and extra hardness. They too suffer from HAZ
strength reduction, when welded. But unlike other alloys from the other series, this
loss of strength is recovered by a natural ageing process to full parent metal strength.
Thus, the loss of strength is not permenant, but the time taken to reach full parent metal

strength is about four to eight weeks. For design purposes, this loss in strength is taken

to be permenant.

Like the 6XXX series alloys, these alloys also possess good workability which

accounts for the wide selection of structural sections available.
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Recent research within this group of alloys has seen the development of a new range of
alloys - principally the 7019 alloy. These new alloys are of higher strength which can
be easily welded and still maintain high mechanical properties. Robertson and Dwight
(3:4) indicate that for a given weld the HAZ extends further in 7019 (plate) than it does
in 6082 (plate), but the degree of softening is less severe.

Their suitability for trade and trailer components, cryogenic applications, military
vehicles and structural applications are being investigated at present. Insufficient service
experience is restricting tileir use for a wider range of applications. Nevertheless, as
stated in a paper (13), given at the Aluminium Welding Seminars in America, these

newer alloys may gradually take their place as highly weldable alloys in the near future.

1.6 Aluminium alloy selection.

Although a variety of aluminium alloys exist, the choice of an alloy is usually restricted
to a few, when considering the engineering requirements. There are four main factors
to be considered (13) ;

i) Strength,

i) Workability,

iii) Corrosion resistance,

iv) Weldability.
No alloy exists which can offer the highest degree of all the four mentioned factors.

Thus, the designer must base his choice upon the final required properties.
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1.7 Filler metal selection.

For a given alloy the ultimate strength of a weld is governed by the choice of filler metal
(11,12,13,14,15), The aim of the filler metal chosen should be to provide adequate
weld strength and minimise crack susceptibility. More importantly, the selection of the

correct filler alloy greatly influences the service life of an aluminium weldment.

The weld deposit formed is an alloy of the filler and parent metal mixture. The
properties of the welded joint are dependant upon those of the alloy, which themselves
are governed by the degree of dilution achieved between parent and filler metals. The
degree of dilution itself being influenced by the edge preperation, edge spacing and
welding techniques used. Thus a straight edge butt preperation achieves a greater

dilution effect than a single-vee butt preperation.

1.8 The metal inert gas (MIG) welding process.

The Metal Inert Gas (MIG) welding process operates on a direct current, electrode
positive (DCEP) polarity, It is based upon the Tungsten Inert Gas (TIG) welding
process, maintaining the inert gas shielding concept. The MIG electrical equipment
consists of a direct current power supply, a filler wire feeder, an electrical circuit for

starting and stopping the flow of inert gas, coolant, welding current and the filler wire

electrode, figures 1.1 and 1.2 (16,17,18),

The greatest advantages of this process stem from the use of extremely high welding
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current densities. This is only possible because the filler wire, which acts as the current
carrying electrode is consumable. The current not being limited to the melting

temperature of the electrode, as in the TIG process.

1.8.1  Advantage of MIG welding.

The use of high current densities coupled with a very efficient heat transfer, results in
achieving the following advantages;
i) Higher welding speeds (approximately twice those of TIG (19) ) achieve faster
chilling of the weld area, minimising weld distortions and the extent of HAZ (3,4),
Furthermore, faster welding speeds give MIG a lower cost per metre of finished
weld, making it possible for aluminium to compete favourably against steel and
other metals in many applications.
ii) Lower welding costs.
iii) Deeper penetrated welds are achieved, making this process good for fillet welds
and minimising edge preperation.
iv) No flux required. This eliminates the costly process of flux removal and the
possibility of postweld corrosion due to flux residue.
vi) Easily portable and readily adaptable to machine welding.
vii) It is ideally suited for welding in any position. This is important where

assemblies or sub-assemblies cannot be positioned for welding.
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1.8.2 Disadvantages of MIG welding.

i) The major disadvantage of MIG welding is that with equipment which pushes the
filler wire through, 2.4mm sheet is the thinnest which can be manually welded.
equipment which pulls the filler through can weld 1.3mm sheet as the thinnest.

ii) Because it is not possible to weld without depositing filler metal, the MIG
process is not suited for autogenous welding.

iii) MIG equipment is more complicated and requires greater attention to maintain
than TIG equipment.

iv) When welding heavy material cold weld starts may be produced. This is because
a build up of filler material occurs at the beginning of the weld with little or no

penetration into the parent material.

19 The tungsten inert gas (TIG) welding process.

This process known as the TIG (tungsten inert gas) welding process, was developed in
the early 1940's. The process is based upon a non-consumable electrode generating an
arc between itself and the work piece. The weld metal, electrode and filler wire if used,
are shielded from oxidation by an inert gas, as shown in figure 1.3. The non-
consumable electrode is tungsten - either pure or treated. The shielding inert gas used is

argon, but helium or mixtures of helium and argon can be used to achieve better weld

penetration.
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1.9.1  Advantages of TIG welding.

In short, TIG welding is highly suited for welding thin sections of metal. The thinnest
being 0.5mm and the thickest being up to 25mm, but from practical aspects the thickest
recommended is 10mm (19), This advantage stems from the fact that the heat input in

TIG welding can be controlled with great ease.

Also, this process is autogenous, that is filler metal does not have to be added to
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complete a weld. This is important in joints where an upturned flange is to be melted or
where fusing of tightly butted edges is required. Welded joints achieved of this type are

very smooth and require no cleaning or grinding.
1.9.2  Disadvantages of TIG welding.

The main disadvantage of the TIG process is that welding speeds are low and the total
heat input to the joint is high. Welding speeds are half those possible with MIG and

even less for materials thicker than 10mm (19), Consequently greater heat affected

zones are present. Other disadvantages are;

i) The efficiency of the weld arc is low and thus takes longer to bring the weld area

up to welding temperature. This causes the surrounding metal to expand and distort

when heated (19),

ii) Some transfer of molten tungsten from the electrode to the weld can occur,

causing weld contamination (18),

iii) Execution of improper welding techniques can lead to exposure of the filler rod

to air, which would also lead to weld contamination.
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CHAPTER 2 LITERATURE REVIEW

The literature review conducted by the author is sub-divided into three main categories;

i) Heat affected zones in aluminium alloys,
ii) The weld metal profile and,

iii) Weld failure criteria.

2.1 Heat affected zones in aluminium alloys.

2.1.1 Background.

The very nature of the process of welding subjects the part of the structure being joined
to extremely severe temperatures. This results in metallurgical changes to take place in-
regions immediately adjacent to the weld metal, and are referred to as the Heat Affected:

Zones (HAZ).

The severity of the temperature varies from the molten metal temperature at the weld
pool to room temperature at the outer edge of the HAZ (the parent metal originally being

at room temperature) as shown in figure 2.1, by Pascoe (20)
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Figure 2.1 Typical heating and cooling curves for points in the HAZ of a weld(20),

The heat affected zone in aluminium alloys exhibits a significant loss in strength
compared to that of the pz;rent metal. The extent and severity of this HAZ has to be
accounted for in design. However, a very little and scarce amount of research has been
available to the designer. It has thus normaliy been approximatcd by the ba;i'c-modcl
shown in figure 2.2, based upon a well known ‘one inch ;'ulc' which originated from
the USA, as reported by Robertson and Dwight ®). 1t is assumed tﬁat irhmcdiately
adjacent to the weld metal, there is a uniform softened zone, followed by a sudden
jump to full parent metal strength. In practice the true variation of the softened zone

from the weld metal is shown by the hardness traverses highlighted in figure 2.3



Extent of assumed

Figure 2.2 ,Extent of HAZ pattern assumed in design.

The loss of strength can be regained in non-heat treatable alloys by work hardening and
in heat treatable alloys by solution heat treating and ageing. Although this would be a
most desirable measure to take for a welded assczﬁbly. it i.s.-fou.nd :to be .unwénbﬁﬁcﬁl
and impractical, as underlined at an Aluminium Welding Seminar (21), because of the
following factors;

--the costs involved in heat treating,
--the size of the fumaéc required ahd, |

--the resultant distortion which occurs pnmanly due to the raj:id cold water quénch in

solution heat treating.
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Figure 2.3 A typical hardness traverse for 6082 and 7019 aluminium
alloys(3:4),

Recent research conducted by Robertson and Dwight (3.4 on the severity and extent of
HAZ softening at welds, made by the mechanised Metal Inert Gas (MIG) process in

6082 and 7019 alloys, has drawn attention to the following two important points;

i) For multi-pass welds and successive welds laid in close proximity, the extent and

severity of the loss of strength in the heat affected zone (HAZ) is dependant upon
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the thermal control exercised. They recommend that the metal should be allowed to

cool fully between the laying of ' successive weld passes.

ii) A weld laid in close proximity to a free edge leads to a greater amount of
softening compared to one laid on a wider plate. This also applies to welds laid on

members whose total cross- sectional area is small.

From experimental results Robertson and Dwight have developed equations to calculate
thé extent and severity of the HAZ in aluminium alloys 6082 and 7019 plates - for both
thick and thin plate types. The plates are classified as thick or thin depending upon

whether the 215 or 3D Rosenthal(22) heat flow model is applicable figures 2.4a and

2.4b.

= o
14
-l

Figure 24a Rosenthal's Thin 2D heat ﬂbw model.
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Figure 24b Rosenthal's Thick 3D heat flow model.

The severity of the HAZ is investigated employing Rosenthal's heat conduction

equations, which enable temperature - time variations to be calculated for a moving

point heat source.

Two possible cases are considered;

a) 2D or 'thin' case - where the point source moves along a thin sheet of infinite

area,

b) 3D or 'thick’ case - where the point source moves along the surface of a semi-

infinite continuum.

b ¢ |

The extent of the HAZ investigated by Robertson and Dwight is based on a model

originally defined by Kelsey(23) and shown in figure 2.5.
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Figure2.5 A simplified three zone pattern of HAZ strength variation for aluminium.
The three distinct zones defined by this model are;
Zone A - where the metal is assumed to be uniformly weakened.
Zone B - where there is a linear variation in properties from the HAZ to full parent

metal value.

Zone C - full parent metal strength.
2.1.2 The extent of the HAZ for thin plates.

With reference to the model shown in figure 2.4a, Robertson and Dwight(3'4) prbgoéé

thai for dcsign puxpdses, the extent of the HAZ, r, can be calculated by;

r=Xa+Xp " Equation 2.1
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where X and Xp are defined on the model , X4 being the distance from the centre
line of the weld to the outer edge of Zone A. and Xg being the distance from the centre

line of weld to the outer edge of Zone B.

From hardness surveys on single pass bead on plate and butt welded specimen,
Robertson and Dwight found a linear relationship to exist for X5 and Xp to the weld
deposit area A, and plate thickness d, by equations 2.2 and 2.3;

XA = Kp (Ay/d) Equation 2.2

XB

Kp (Ay,/d) ' Equation 2.3

where for 6082 alloy Kp =30, Kp = 6.6,

and for 7019 alloy Kp=58, Kg =80.

Thus defining the extent of the HAZ from equation 2.1 as; -
foralloy 6082 r =4.8 (A,/d) Equation 2.4

foralloy 7019 r =6.9 (A/d) Equation 2.5

Robertson and Dwight state that these equations 2.4 and 2.5 can also be used to
estimate the extent of the HAZ for fillet welds, provided account is taken of the number
of heat paths available at the time of laying any weld.

For a single fillet comner weld, the value of r is as given by equations 2.4 and 2.5.

For a 'T" fillet joint, figure 2.6, assuming thermal control is exercised, the value of r is
taken to be two-thirds that given by equations 2.4 and 2.5, depending upon whether

three or four heat paths are available at the time of laying any weld.
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For these estimations no account is taken of the member thicknesses. Also, the extent

of the HAZ in two different thickness members is assumed to be equal to that of equal

thickness members.
(a) e (b)
r r
=
J— R——

\
N
\

Figure 2.6 Extent of HAZ for fillet welded joints(3;4)..(a) Single fillet

corner weld, (b) 'T' fillet weld, (c) Cruciform joint.

2.1.2.1 Extent of the HAZ r for thick plates.

Thick plates are those where Rosenthal's 3D heat flow model is applicable. According
to Robertson and Dwight, this 'thick' treatment may be applied to multi-pass welded

plates in thicknesses exceeding about 25mm:.

The extent of the HAZ, r, is calculated from Rosenthal's 3D heat flow model which
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relates the peak temperature attained during welding Tp. at a now radial distance from
the centre line of the weld, given by equation 2.6;
96,

2
X

Tp- To= Equation 2.6

Robertson and Dwight assume an initial temperature Tg = 20°C and then propose

constants K o and Kg for equations 2.2 and 2.3 be taken as follows;

forally 6082 =~ Kp=17, Kg=26

and for alloy 7019 Kp=24, Kg=2.6
Then by taking A, = 40mm2, which according to Robertson and Dwight is a practical
area for the liargcst weld deposit, values of X 5 ram:l Xp are calculated. The extent, r ,is

then selected to make the assumed HAZ area equal to the area of Zone A plus half that

of Zone B, given by equation 2.7.
r={ 0.5(Xx2 + Xg2) } 2 Equation 2.7

where r is now a radial distance.
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2.1.3 Multi-pass welds.

The extent and severity of the HAZ for multi-pass welds, have normally been calculated
as for single pass welds. However, Robertson and Dwight recommend that where
thermal control is excercised, the extent of the HAZ should be approximated by
drawing a tangent at a perpendicular distance, x:. from the prepared surface. Each weld

pass having its own "zone of influence" of radius r.

2.1.4 Extent of the HAZ when no thermal control is exercised.

If no thermal control is exercised on laying a weld, then Robertson and Dwight,
recommend the values of Xj, Xpg, and r, should be modified. They suggest
multiplying them by an appropriate factor F, depending upon whether a thick or thin
plate is being considered. The increase of the parent metal temperature (due to no
thermal control), would increase the size of the HAZ. The factor F is recommended so

as a more ‘real’ value of the HAZ may be obtained.

Ty,-20
For thin plates; ~ Factor F = -"— Equation 2.8
p 0

12 5
For thick plates; Factor F= [ ('[‘p -20)/ ('I‘p - To)] Equation 2.9
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2.1.5 Severity of softening in the HAZ.

Robertson and Dwight also investigated into the severity of softening of the HAZ in

6082 and 7019 alloys. They suggest severity be éxprcssed as a softening factor S,

which is defined by the ratio;
_ HAZ strength :
S = Parent metal stren gth Equation 2.10

They also recommend this ratio S, be related to the tensile properties rather than be

based upon a hardness ratio between the HAZ and parent metal. Typical values of S are

found to be
S =0.50 for 6082 alloy and,

S =0.75 for 7019 alloy.

2.20 The weld metal profile.

The weld metal profile is defined by the weld penetration and weld width, as seen in

figure 2.7.
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Figure 2.7 (a) Fillet weld profile, (b) Butt weld profile.

Weld penetration (p) can be defined as the extent of weld metal present below the joined
parent metal surface, measured on the torch angle plane. The weld width (w) is the
geometrical plan distance of the weld metal. Both weld penetration and width are

primarily a function of the rate of energy input to the workpiece.'

From the literature survey conducted, the author found a very scarce amount of
literature available on extent of weld penetration or weld widths. The only relevant
literature cited was that of Smith(24), who refers to data produced by himself and
Newman(25) which substantiates the value of penetration 'p' beyond the root.
Although this work is based upon steel welds layed using CO, welding techniques, the
author suggests these results would be equally relevant to any other welding technique
and material used. Smith and Newman found that for a fillet joint (for 12.5mm plate)
welded by the CO, welding process at standard conditions of;

Curent = 350Amps,

-55-



Arc voltage = 33Volts,
Welding speed = 625mm/min.,
Electrode extension = 22mm and,

Diameter of wire = 1.56mm,

The weld leg lengths are primarily dependant upon the chosen welding speed and arc
voltage. The arc voltage is reported to be easily fixed and controlled. The most
important parameter to affect weld leg length values was found to be the welding speed.
Smith and Newman noted that decreases in welding speeds gave an increase in leg
length and penetration values. They established a relationship between penetration (p)
and leg length () to be;

p = 0.3, for speeds of 250 to 750mm/min. It is recommended by Smith that for
design purposes fillet weld leg length values, should be taken as ;

1.3 times the nominal leg length value (®) and the throat dimension as ; 0.7(1.3®) =
0.91®. It is also suggested that a 25 percent reduction be made for fully automatic

spray type welding conditions and a 15 percent reduction for semi-automatic welding.

The variables which dictate weld penetration and width are;
a) arc voltage V,
b) current A5,
c) welding speed v,
d) torch angle,
e) electrode extension,

f) initial workpiece temperature T,
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g) thermal diffusivity of the workpiece metal and,

h) the workpiece's end profile.

The relationship of these important variables to penetration are shown by Smith(25) in

figures 2.8a to 2.8f for bead on 25mm thick mild steel plate.

The most important relationship is that shown by figure 2.8b, where penetration is seen
to be more sharply affected by welding current values than the arc voltage values figure

2.8a.

Increased wcldingﬁ speeds reduce penetration as seen in figure 2.8c. This largely due to
the reduction of the rate of energy input, resulting in the faifure to achieve a greater

depth of melting of the workpiece, otherwise known as penetration.

Further, parameters effecting welding current are also capable of effecting penetration.
This is highlighted by figure 2.8f, where ﬁ loss of penetration is observed as the
electrode extension increases - which itself is related to current. A point made by Smith
is that if an over-size contact tube is used, it would permit thc Cl;ﬂcnt pick up point to
move up inside the bore of the tube, which would be an 'effective’ extension of the
~ electrode. Also any wire feed ﬂucmaﬁons while depositing long lengths of weld would

also affect penetration values.

The welding torch angle is recommended to be held at 10 to 20 degrees to the vertical,

by Smith. The importance of this is illustrated by him in figure 2.8d. Any torch angle
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variation to the extremes of 40 degrees from the vertical has little effect on penetration,

with maximum obtained in the vertical position.

BS4870, Parts 1 and 2(26:27) stipulates a limit on the maximum extent of penetration -
known as excess penetration - to be h < 3mm, where h is the height of the excess

penetration.

23.0 Weld failure criteria.

The first theoretical weld analysis was carried out by Bibber(10) in 1930. This was

based on a simple lap, steel transverse fillet welded connection, shown in figure 2.9.

Zi : ; : —>F
P A

Figure2.9  Bibber's transverse lap joint.

Bibber was interested in dcfcmxining where the critical section of the connection lay.- He
assumed a uniform stress distribution acts on the weld, and took no account of the load
eccentricity inherent to his connection and the fillet welds. Further, welds in tension
were assumed to have the same strength as welds in compression.

Bibber reported the weld throat as being the critical section for welds of equal leg

Ie;lgthé. Fui-thcr; failure would occur due to only tensile stresses on the throat. The
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failure plane for such welds has since been shown to vary(15'28'29'30).' Bibber's
further analysis on fillet welds with unequal weld leg lengths, showed that the critical
plane could change from the throat to either the parallel or transverse weld leg length of

the fillet, depending upon the ratio of the leg lengths.

An analysis of the weld profile was also conducted by Bibber. This revealed that a
concave shaped weld profile reduced the strength of the weld and ensured the weld
throat, as the critical section. A convex weld profile showed an increase in weld

strength, to a point at which the weld leg length became the critical section.

Later in the same year, Schuster(31) conducted a similar weld analysis to Bibber's.
Although in his analysis, Schuster highlighted the signifance of the fillet weld root in
relation to weld penetration and stress concentrations, he could not offer an alternative

method of solution to Bibbers. However, his suggested approach is a more refined

solution than Bibbers.

Schuster assumed that a uniform load acted along the critical plane, which he stipulated
need not be the throat. The uniformity assumption was justified with the suggestion that
the stress distribution would become more or less uniform when the weld became

plastic just prior to failure.

The load eccentricity inherent to the connection and fillet weld was neglected.
However, the fillet weld was assumed to be subjected to both tensile and shear

stresses. The finding based on these assumptions was that failure occured at an angle of
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41.5 degrees from the horizontal leg length along the direction of the applied load.
Schuster suggested that because this was close to the throat, the critical plane could be

taken to be the throat.

Tn 1932, Freeman(32) conducted tests on full si_zc welded specimen. Longitudinal, side
and transverse fillet welds were tested under both tensile and compressive loads. These
tests involved varying the weld lengths, thicknesses and plate widths, to establish a
relationship to the weld strength. However, due to insufficient results no firm
conclusions were made. Only a confusing relationship was indicated by Freeman. This

was that a reduction in strength of the weld occured as the fillet length increased.

Later in 1934, Jensen(33) proposed improved experimental techniqucs in preparing
fillet welded connections. This important contribution - which was later adopted by
most authors - involved having run-on and run-off plates, for all test specimen. This
ensured good consistency in the welds tested and the results obtained. Jensen also
developed a new type of test specimen, which made it possible to vary the forces

applied to the legs of the weld. Up till now only lap welds had been investigated.

Jensen also investigated into the location of the failure plane, and compared his findings
with Bibber's(9) and Schuster's(31), Jensen criticised the assumption that the throat of
the weld should be taken as the critical section, as suggested by the aforesaid authors.
Jensen proposed that consideration should be given to the angle of the resultant load on
the throat or any other plane. He also found that because these methods were simplistic,

they underestimated the weld strength by approximately 37 percent, when using the
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ultimate shear strength of the weld instead of safe working stresses.

Jensen went on to further Schuster's(31) work, by combihing both the tensile and
shear stresses acting on the critical plane, using the principal stress theory. However,
for this he assumed that the weld in a type A specimen, figure 2.10, would be
predominantly in shear and that of type B, figwe 2,10, would be predominantly in
tension. The couples from eccentricity of forces, were assumed to either cancel each
other in type B connection or be insignificant in type A connection.

Jensen predicted the ultimate strength of the welds with varying ratios of the forces
applied to the weld leg lengths, using the maximum shear stress criterion. The value of
the ultimate shear .stre.ngth was obtained from control tests. Even though Jensen

suggested ihat weld type B was prcdominamlg} in tension, he applied the maximum

shear stress criterion to predict failure.

AN D
T l

TYPE A TYPE B

Figure 2.10 Force equilibrium diagrams for welds types A and B.

Jensen conducted a comparison of the actual failure planes with the planes of maximum
shear stress and maximum principal stress. This comparison was presented pictorially

and actual failure plane angles were not quoted.
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For the type A welds, Jensen found a good correlation existed between the actual and
predicted weld strength. Also, a resonably close result was seen to exist between the
actual failure plane and the maximum shear stress plane. Further, these planes were

shown to be approximately at the throat.

For type B welds, Jensen found a poor comparison between the actual and predicted
weld strength for low values of Ffoy. Also the maximum principal stress plane bore

little relationship to the actual failure planes, which were well away from the throat.

Jensen has clearly shown that the failure plane is not at the throat of the weld and fails
to use this finding for his results. Further, he has also shown that welds of type A and

B do not behave in the same way. Type B were found to be approximately 40 percent

stronger than type A welds.

Schreiner(34) in 1935, conducted experimental tests on longitudinal fillet welds of
lapped specimen, under pure bending and under bending and shear. These showed that
when there was no plate bearing, the neutral axis passed through the centroid of the

weld. Also, the failure stress distribution was rectangular and not triangular.

In 1936, Icnnings(35) was the first to show an interest in residual stresses. He
recommended rigid joints be eliminated as much as possible in order to prevent the
_development of excessive residual stresses. Jennings also assumes the failure plane for
fillet welds to lie at the throat of the weld. An important acknowledgement was made by
Jennings with regards to load eccentricities. He felt that the moment due to load
eccentricities contributed significantly to weld failure and that account should be taken
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in any strength predictions. Jennings suggested the bending moment is of magnitude

Fh/4, giving a rectangular distribution at failure.

In 1938, Jensen and CriSpcn(?’G) investigated the stress distribution along the weld of a
simple longitudinal welded connection with plate bearing, under combined bending and
shear. Jensen and Crispen also investigated tl;e contemporary theories of Shedd(37)
and Schreiner(34), Shedd's theory was directed towards repetitive loadings producing

elastic rather than plastic stresses.

In 1945, Norris(38) established thé stress distribution in ﬁllct welds by photoelastic
methods. However his attempts to solve the problem of the theory of elasticity were
unsuccessful. Norris rcportéd the stress distribution along the weld leg lengths AB and
BC of the welded connection, in figure 2.11(a). The approximate graph of his results is

shown in figure 2.1"1(b). |

It was not until 1951 that KocnigsbergerGg) presented his idea for a limit state design
for welded connections. He proposed determining working loads for welded
connections by first establishing the weld stresses in the plastic state, just prior to
failure and then applying a load factor. Koenigsberger assumed the weld as being in a
fully plastic state immediately prior to failure. This was a similar suggestion to
Schreiner's(30),

Koenigsberger's was directed towards the analysis of brackets subjected to torsion and

shear.
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Figure 2.11 (a) Transverse fillet weld specimen tested by Norris.

(b) Stress distribution on weld leg lengths as reported by Norris (38),

Vrccdcnburgh(40) analysed all contemporary limiting stress theories'in 1954. He
compared them with his own results and others and found none of them compatible. He
went on to propose an empirical solution based upon his experimental limit shape

curve.,

In 1959, Archer et al(41) investigated experimentally, the combined effects of shear
force and bending moment on fillet welds. These tests were conducted on column
bracket type specimen. They found the failure angle of the welds was always below 45

degrees and that this angle decreased with an increase in eccentricity. An empirical



maximum shear stress criterion was proposed;

Maximum shear stress = 0.5.[(0.76,2+412) |2 Equation 2.11

where O}, = normal stress due to bending at extreme fibre,

and T = shear stress due to vertical shear load.

Comission XV of the International Institution of Welding (IIW) (42) jn 1964,
published their member countries views on welded connections. An approved formula
was presented, to analyse welded connections subjected to static loads. This was based
upon Van der Eb's approved criterion at the ISO/TC44 meeting in Helsinki in 1961.
The criterion proposed was;

Oc = 0,2 +1.8(T,2+ T Equation 2.12

where G is the critical stress and G,,T, and T 11 are the normal and shear stresses acting
on the throat section. Stresses were assumed to be uniformly distributed. Failure was

assumed to occur at the weld throat.

Higgins and Preece(28) published their findings in 1968, for one hundred and sixty-
eight lapped fillet specimen. These included both longitudinal and transverse fillet
welds, with various weld size, base metal and electrodes used. All welds were
machined in length to account for run on and run off welding effects. No machining of

the weld profile was made.



Higgins and Preece detected no change in the weld metal strength when combined with
incompatible base metals. Further, they observed that for longitudinal fillet welds the
failure plane was generally at an angle less than 45 degrees to the plane of the weld leg
length. For transverse fillet welds the failure plane was even closer to the plane of the
weld leg length. The weld leg length from which the failure angles were observed, was
the one lying parallel to the applied load. Higgins and Preece went on to establish safe
working stresses for the throat of the weld. No differentiation is made between

transverse and longitudinal fillet welds.

In 1971 Clark(43) reviewed the various criteria - used at home and abroad - estimating
the strength of fillet welded connections. He commented that generally, relatively high
load factors were being used against failure. All rules led to safe designs for welds,
although the proposed factors of safety varied. Clark went on to propose his own
design method for brackets subjected to a torsional moment and shear force. This

method of analysis was similar to that of Kocnisbergcr's(39).

Douwen and Wittenven(*4) in 1966, presented a criterion based upon the results of six
hundred and twenty tests. These were conducted at the Steven Laboratories of the Delft
Technological University. The criterion incorporated a factor, [3 , into the Von Mises

equation, shown in equation 2.13;

O, = B ‘\’012 + 3(1.'12+1:H2), S 04 - Equation 2.13

O, is the equivalent or comparative stress.

"



G}, T1 and Tyy are the normal and shear stresses on the throat section.

B is an experimentally derived constant. It is calculated by comparing the ultimate

strength of fillet welds to the ultimate strength of the corresponding weld metal.

O is the design stress.

This criterion was recommended for guideline use by the Comission XV of the
International Institute of Welding, in 1975. It was later adopted by the International

Standards Organisation (ISO).

In 1973 Kato and Morita(®9) conducted experimental tests to investigate the strength of
fillet welded joints. These results were later published by the International Institute of
Welding.
From their tests, Kato and Morita concluded that the factors which Iinflupcnccd the
ultimate strength of fillet welded joints were;

a) the tensile strength of the weld metal,

b) the extent of weld penetration achieved,

c) the dimensions of the fillet weld and,

d) the deformation capacity of the fillet weld.

They went on to suggest that weld penetration could be indirectly accounted into weld
failure theories. They proposed that 'effective’ throat lengths could and should be used,
rather than the actual throat lengths. These ‘effective’ lengths are proposed to be
calculated using equation 2.14;

a' = a + pA2 Equation 2.14
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where a' = effective throat length,
a = actual throat length,

p = extent of horizontal weld penetration as seen in figure 2.12.

B':L+ a
V2
A' = Ta'l,

Figure2.12  Kato and Morita's suggested weld model.

By this suggested approach the effective throat is ‘pushed' up from the horizontal leg
length and is always at a distance of p/N2 from the throat length xy, shown in figure

2.12.

In 1974, Kato and Morita (12) published their approximate theory, to predict the failure
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of transverse and longitudinal fillet welds. It was based upon the theory of elasticity,
assuming that;
a) stresses on the face of a weld are uniformiy distributed,
b) the pattern of elastic stress distribution rcr'naix;ls the same until failure of the
weld occurs and, -
¢) failure occurs when the maximum shear :strcss ".:max = O'TIN3. where o

is the ultimate tensile strength of the weld metal.

Kato and Morita's theory predicts the maximum strength of equal leg length transverse
fillet welds to occur when 6 = 22.50, where 0 is the angle of failure measured from the
horizontal leg length, parallel to the direction of the applied load. The maximum

strength of transverse fillet welds is given by equation 2.15;

_(1-m4).0, o.L,
sin7/8 . V6

TTm

. 1.46.0,. 0. L, o
giving TT mex = .q 6 qulatlon 2.15

For longitudinal fillet welds, Kato and Morita's theory predicts the weld throat as the
failure plane. The maximum strength of the longitudinal fillet welds is given by

equation 2.16;

TL,,;,,=—“—\,6— | Equation 2.16



Kato and Morita's theory represented a landmark for all previous weld failure theories.
For the first time a theory analytically predicted not only the failure load, but also where
the actual failure plane occurred. Different failure planes were predicted for transverse
and longitudinal fillet welds. The weld throat was shown not to be the failure plane for
transverse fillet welds and that it actually lay at 22.50 from the horizontal leg length.
For longitudinal fillet welds, the throat was predicted as the failure plane. Such
distinction had never previously been theoretically substantiated, although it had been

observed and acknowledged by numerous authors(10:28,43,44) i the past.

Kato and Morita were also the first to indirectly account for weld penetration in their |
failure theory. This was achieved by their suggestion that effective throat values be
used instead of actual throat lengths. These lengths were calculated from equation 2.14,

and shown in figure 2.12.

Kato and Morita compared their proposed theory with experimental data obtained from
simple fillet welded connections in 1973(29), by themselves. Their theory showed
good agreement with the experimental failure loads. However, Kato and Morita neither

recorded nor compared their experimental failure planes to their theoretical predictions.

In May 1982, Soetens(9:6,14,30) conducted experimental tests on simple tensile and
shear fillet welded aluminium connections. The principal objective of Soetens
experimental tests was to determine the suitability of the B-formula for aluminium
welded connections. Thus, although Soeten's work was quite intense in its own right it
was directed towards determining the B-values for fillet welds of varying combinations
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of aluminium alloys and filler metals.
For the welded connections, it appears Soetens did not plane down the weld profiles to
achieve a given, exact weld leg length value. Further, no thermal control was exercised

when laying the welds.

Soetens measured the failure planes and thcif an.glcs of inclination to the weld leg length
lying in the direction to the applied load. However only average readings for five
specimens are given, and no result given for individual specimens. From these average
readings it is seen by Soetens that for the tensile fillet welds the failure plane lay
between the horizontal leg length and the weld throat, but never at the weld throat. For

the longitudinal fillet weld he found the failure planes to be close to the welds throat.

Because the B-formula is based upon the over simplified assumption that weld failure
~ occurs at the weld throat, Soetens has attempted to use approximate, weld failure plane
lengths. He found that an effective throat length (aeg;) plus the weld penetration value
(p), gave well estimated lengths of the actual experimental failure plane. This

relationship was proposed by equation 2.17, and accompanied by figure 2.13.

Failure plane = p + aeff, Equation 2.17
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Figure 2.13 Soetens suggested weld model.

It is assumed by Soetens that penetration is always measured at 450 to the horizontal leg
lengths.By this suggested estimation Soetens is indicating that weld failure initiates

from the tip of the horizontal weld penetration, which lies on the seperation plane.

Soetens went on to establish the B-factor values based on these approximated failure

planes, for different aluminium alloys and weld metal combinations.

A new method for the analysis of fillet welds was suggested by Kamtekar(11) in June
1982. It predicts strength formulae for fillet welds subjected to all different loading
conditions. The method - specifically developed for steel welded connections - ensures
that the force systems on the weld are in equilibrium. A force system of direct and shear

forces, and moments acting on the faces of a weld is replaced by another 'equivalent’
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force system, figure 2.14.

In this equivalent system the moments are considered to be a result of direct and,or

shear forces, applied in such a way so as to ensure equilibrium of the weld.

(2) (b)

Figure 2.14 Kamtekar's equivalent force weld models (a) tensile fillet

welds, (b) shear fillet welds.

Itis as;sumcd by Kamtekar that ;
a) the strength of the weld subjected to this equivalent force system is equal to the
strength under the actual force system,
b) because no moments are acting in the equivalent force system, the stresses on the
faces of the weld are taken to be uniform,
c) the weld metal will obey the Von Mises yield criterion,
d) the failure of the welds would be expected along the plane of maximum shear

stress.
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This proposed method of analysis can be commended in preference to those put
forward by Kato and Morita (12), Soetens (14), and Higgs (15) on the following
grounds;
i) Any load couples inherent due to the eccentricity of applied loads on welded
connections, are taken account of by replacing them with an equivalent force

system, figure 2.14.

ii) Unlike the other proposed failure criterions, no specific plane is assumed to be
the critical plane. Failure of the welds is taken to be aloﬁg the plane of maximum

shear stress. The location of this plane is found from the calculated direction of the

principal plane,

iii) Accountability of 'locked in' longitudinal residual stresses in the weld, can also
be taken into the analysis. Kamtekar shows that ;

(a) for transversely loaded fillet welds, the presence of residual stress increases the
strength by about 15 percent and,

(b)for longitudinally loaded fillet welds the strength is not affected by any residual

stress present.

iv) The method of approach is applicable to any type of weld.

For steel welds, the residual stress is taken to be equal in magnitude to the yield stress

of the weld metal. However, it must be pointed out that for welded aluminium alloys,
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the values of residual stresses are lower than those in corresponding steel sections and
that the maximum values do not exceed 0.6 times the 0.2 percent proof stress of the
parent metal value - unaffected by welding heat (45,46,47)

Kamtekar acknowledges and states that the validity of such a fundemental method, for
the analysis of fillet welds can only be verified by comparing theoretical failure loads
with those obtained experimentally. He has not carried out any experimental tests
himself, but has used experimental test results from work carried out by Kato and

Morita (12) and by Freeman(32) to verify this theory.

Generally Kamtekar finds his theoretical predictions are lower than the experimental
results, in most cases within 15 percent. He finds there is better agreement between
theory and experimental results for tension fillet welds than for shear fillet welds, but

no explanations are given for this.

The author draws the reader's attention to the fact that when Kamtekar compares his
theoretical predictions to experimental results form Kato and Morita's test programme,
he uses the effective throat values which incoroporate weld penetration. This is
incorrect, since his weld failure theory is based upon normal and not ‘effective’ leg
length values. Further Kamtekars proposed method of weld failure analysis takes no
account of weld penetration in émy way. By using the ‘effective’ leg length values, the

predicted failure loads suggest a closer prediction to the experimental values.

The theoretical equations developed for simple tensile and shear welded connections by

Kamtekar, show that tension fillet welds are 42 percent stronger than shear fillet welds,
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of the same leg length and length. This is in close agreement with findings of Kato and
Morita(12) of a figure of 46 percent for steel fillet welds and also with those of Soetens

(6) findings of 50 percent for aluminium welds.

The most interesting conclusion arrived at by Kamtekar, is when he applies his theory
to investigate the strength of fillet welds with unequal leg lengths. It is found that the
failure load of tension fillet welds is very markedly governed by the weld cross-section
shape, whereas for shear fillets such sensitivity does not exist.

The maximum load a tension fillet weld can carry is found - from optimisation of the
failure load equations developed - to be when 6 = 300, where 8 is as shown in figure
2.15. Further when o > 13, the failure load F decreases as o increases. Kamtekar
underlines this very important finding by quoting a numerical example, which shall be

used here to re-iterate how important small variations in the leg lengths are with respect

to the failure of tension fillet welds.

posmsssmm—emooe- 3
= :
o F i
=

v{|—F !

1
preeeees B R :
‘%, ' F l : :

' o F ! TanB = &t =
d

Figure 2.15 Cross - sectional view of unequal leg length weld.
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The failure load F for a tension fillet weld with unequal leg lengths figure 2.15, is

found by Kamtekar to be;

20, LV2Aa .
F=e— Equation 2.18

'J3(1+a2)

where G, = ultimate weld strength,
L = length of weld,

A = weld cross-sectional area, and Ol=v/k

Now to illustrate the point numerically, take Lo =80mm,v=k=6mm, 0(=1, 2A

= 36mm?, and take G, = 600 N/mm?2,

Substitute these values into equation 2.18 and the failure load arrived at is F = 166.20

KN.

Now, also known is that the maximum load of the weld is when Ot = 13, Substituting

this for the same value of 2A = 36mm?2, we find Fy,,5 = 189.50 KN.

However, now if the vertical leg is reduced by 10 percent, i.e.to 5.40mm, then the
horizontal leg must be 6.67mm in order to maintain the same weld cross-sectional area.
This gives O = 0.81 and from equation 2.18, the failure load is found to be Fygq, =

180.70 KN, which is closer to the maximum load the weld can carry.

The point of concern is when the dimensions of the weld leg lengths are reversed. Then
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o = 1.235 resulting in a failure load Fjpq, = 146.40 KN, which is significantly less

than the specified load capacity for the weld.

It must be cmph#sised that a 10 percent variation in reality can on average represent
anything from 0.4mm to 1.0mm. Thus, depending upon the size of weld laid, the
percentage of variation in either the vertical or horizontal leg length would lead to a

significantly over or under designed weldment.

The author's onlf criticism of Kamtekar's theory is that the actual weld profile 'model'
used to predict the failure loads and planes for transverse and longitudinal welds,
figures 2.14a and 2.14b, falls short of actual experimental findings. No account of
weld penetration is taken in any way whatsoever. Consequently the results achieved by
Kamtekar Iwhen using his mc“thod are oniy resonable when compared with the

experimental findings of Kato and Morita and Freeman.

For tension fillet welds, according to Kamtekar's weld model (where no penetration is
considered), the planes of maximum shear stress always coincide with the leg length
faces ab and bc of the weld model, figure 2.4a. Failure is expected on any one of these

planes. This contradicts experimental findings by numerous authors (6,12,15,31,33,

41,28),

However, Kamtekar acknowledges this and refers to the observations published by
Higgs and Preece(28), which were;
a) the failure plane for transverse fillet welds lies close to the plane of the weld leg

length parallel to the applied load.
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b) the failure of longitudinal fillet welds is at or less than 45 degrees to the plane of
the weld leg length parallel to the applied load.

Kamtekar recommends that for his tensile failure theory only the horizontal weld leg

length should be considered as the location of the failure plane.This leg length being

parallel to the direction of the applied load.

For shear fillet welds Kamtekar predicts only one plane of maximum shear stress,
namely the throat of the weld. This is in close agreement with experimental
observations and of the same as the prediction made by Kato and Morita(12:29) for

shear fillet welds.

Kamtekar also aclcnr;wlcdges that d;c failure load predictions. made for shear fillet weld
usiné his proposed theory, are not as close as those made for tensile .ﬁllet welds. He
tries to explain this anomaly on the fact that his equivalent force system is an
approximate analysis of | the actual force system. The author feels this is not where the
anomaly arises from. It lies in the basic shape assumed for the weld profile model. No
account of any weld penetration is taken by the model. It is widely acknowledged by
Kato and Morita(12,29), Sx_nith(24*25), and Soetens(3:6,14) that the 'cxtcnt of
penetration greatly influences the ultimate strength of fillet welds. Therefore any weld
model used to predict failure loads and planes, must incorporate or account for the

extent of penetration present.

The method of approach to analyse fillet welds presented by Kamtekar is applicable to
any type of weld. Kamtekar has theoretically demonstrated this in a later paper (48),
where he has applied his theoretical approach to welds in beam to column connections,
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where shearing forces are zipplicd outside the weld planes.

The British Code of Practice for Aluminum Structures CP118(8) assumes failure
occurs at the weld throat. The design of fillet welds is based upon the permissable
stresses design concept. The permissable Ioaq on a fillet welded joint has to be the
lower of the value obtained from either equation 2.19 or 2.20 given below;

Permissable load =pgy.le.te Equation 2.19

or Permissable load = pypz.1e.1.1. @ - Equation 2.20

A draft Code of Practice BS8118(7) for the Design of Aluminium Structures is at
present out for comment. This code is based upon the limit state design concept .
However, the design of all fillet welds is still based upon the assumption that failure
will occur at the weld throat. The permissable stresses recommended in CP118 are
replaced by design stresses based upon the minimum expected shear strength for the
combined parent and filler metal combination. A partial material factor ¥, for the weld
metal is taken to be 1.3 and different coefficients, K, are proposed for side, end and all
other types of fillet welds. The factored resistance of fillet welds, for both tensile and

shear, is given by equation 2.21;

Per=fgr.le. 8- K/ Y Equation 2.21

where K = 0.9 for side fillets,
= 1.4 for end fillets,

= 1.0 for all other fillet welds.

-81-



Because failure of the welded connection is required to occur in the weld only, it is
expected that Pgg be checked to ensure it is not greater than the factored resistance

Pyg, for the HAZ in the parent metal. The value of Pyg is found from equation 2.22;
Pyr={f3. W.L . 1.1g/0.7} ¥y, Equation 2.22

‘where f4 = design stress for parent metal,
W = reduction factor for HAZ properties. For 6000 series W = 0.5 and for 7000

series W =0.75.

Y, = partial material factor for parent metal (= 1.3)
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CHAPTER3 A PROPOSED WELD FAILURE THEORY.
3.1 Introduction.

Although weld penetration is a compulsory requirement for all structural weldments, no
failure theory or weld model takes direct account of it. Kato and Morita (29) and
Soetens(6:14) established that weld penetration has a direct effect upon weld failure
loads. They suggested that the failure plane, assurﬁed to be the weld throat by both

these authors, should be modified to indirectly account for weld penetration.

A conclusion arrived by Kamtekar (11), from his weld failure analysis shows that great
sensitivity is exhibited by tension fillet welds for small variations in their cross sectional
areas. This has convinced the author that weld penetrations too, should show a similar

marked difference upon weld failure loads.

In this chapter the author proposes a modified weld model which incorporates the
extent of penetration inherent to all structural welds. The author develops a theoretical
approach to analyse this model based on a simple and fundemental approach. A similar
approach was considered by Kamtekar (11) on a simple weld model, with no account

of penetration.

Theoretical relationships between penetration and weld failure loads and failure planes

are derived for tensile and shear fillet welds.
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3.2 The proposed weld model.

The proposed weld model shown in figure 3.1, is based upon the actual weld profile

present in a fillet welded connection, figure 3.2.

The following assumptions are made;

i) Failure initiates from point a, shown in figure 3.2. This point is the tip of the
horizontal penetration and always lies on the seperation plane of connected plates.
ii) Although face ab on the weld profile is curved figure 3.2, it can be well
approximated by a straight line shown as ab in figure 3.1.

iii) The value of the horizontal penetration p, shown by length da in figures 3.1 and
3.2, can be well approximated by resolving the root penetration about an angle of
450,

iv) The weld face ac on the model figure 3.1 is taken to be a straight line along the
seperation plane and not curved as in the actual weld profile figure 3.2.

v) Failure will not occur in any part of the weld deposit below ac, seen in figure

3.2,
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Figure 3.1 The proposed weld model for analysing tensile and shear fillet welds.
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Figure 3.2 The actual fillet weld profile in a welded connection.
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3.3 Assumptions for the derivation of a failure criterion for tensile and shear fillet

welds.

The assumptions made for the proposed weld failure criterions are;

i) Any moments acting on the weld can be replaced by a pair of eccentric forces
acting on the weld leg lengths.

ii) Stresses acting on the weld are uniformly distributed.

iii) Only the longitudinal residual stress R, inherent in the weld metal, is significant.
Residual stresses in all other directions are taken to be negligible.

iv) Failure occurs in the weld metal, described by the weld model in figure 3.1.

v) The Von Mises failure criterion applies to the weld. The yield stress of the weld
metal in this criterion can be replaced by the ultimate weld tensile stress as shown
by Kamtekar (11) and indicated by Mendelson (49),

vi) Failure in the weld metal always occurs along the plane of maximum shear

stress.
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3.4 Notation used for stresses.

Figure 3.3  Notation used for stresses acting on three perpendicular

planes.

The notation used to describe stresses is as that indicated in figure 3.3. The stresses

shown are acting on the faces of the cube and taken to be acting positively. On face

ABCD the normal positive stress is O, and the positive shearing stresses are T, and

¥X

Tyz . On face ACFG the normal positive stress is G, and the positive shearing stresses

y'

are T,., and T, . Finally on face CDEF the positive normal and shearing stresses are

y

Gz’Tn’sz . The stresses on all the other opposite faces are positive when applied in

an opposite direction.
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3.5  The proposed failure theory for tensile fillet welds.

2F &

2F&—| L,

'IT’

w

Figure 34 A simple tensile fillet welded connection.

= oF

Consider geometry of the weld abdc in the above tensile connection and shown below

in figure 3.5, for projected horizontal weld penetration value of p®. The value of p is

suggested by Smith(24:25) to be equal to 0.3 times the weld leg length, giving a

designed leg length value of 1.3(.

45

45

m

d

b
L L
A

l,
2

1 )

—

Figure 3.5 Geometry of tensile fillet weld abed.
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PLATE A
WELD METAL
;
LBy ( h-w)
Fh
2
- "
) . F
e Y T i
T
Fé— <
LOAD TRANSFER PLATEB
{ ps—
4
\-—-_._...-—-'"'/ '5' (T * 2 h)

Figure3.6 Equilibrium of forces on a single tensile weld.

The dotted line in the load transfer plate B, is the penetration of weld existing below the

surface of the plate B. This zone of penetration is ignored as stated in section 3.2.

From figure 3.6 it is clear that the applied force system on the weld needs a balancing
moment F()/2, applied in an anticlockwise manner to maintain equilibrium. Further,
this balancing moment F/2, can be replaced by a force system, without affecting the
equilibrium of the weld. This can be achieved by applying a tensile force F at the centre

of the sloping leg length and a shearing force F on the horizontal design leg length, as

shown in figure 3.7.
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Figure 3.7 The equivalent force system.

The normal and shear stresses due to the above forces, acting on the weld would be as

shown in figure 3.8 below.

y ( a br'l d
N
.
w(1+P)L,
—r __
w(1+P)Lyy

Figure 3.8 The normal and shear stresses on weld abed.
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Figure 3.7 The equivalent force system.

The normal and shear stresses due to the above forces, acting on the weld would be as

shown in figure 3.8 below.

y ( a br'l d
A |
. S
w(1+D)L,,
.
W(1+P)L,,

Figure 3.8 The normal and shear stresses on weld abed.
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For a unit length of weld, the stresses acting on theweld abcd are;

O, =R where R is equal to the longitudinal residual stress in the weld metal.
O, = F/W(1+p).Lg,

=0/(1+p) where O =F/®OL,
Tyz = F/0(14p).L, = G/(1+p)
sz = F/0(1+p).L, = 6/(1+p)

Tox = Txz = Tyx = Txy =0

_ F(sin 6 + cos 6)

d mLQ‘V 1+p«2 “

= o(1+p)
(1+p)

and cosO =

1
V 1+p2 V 1+p2

since sin@ =

4 :I
% (g +0g) Rcos(-28)

Figure 3.9 Mohr's Circle of stresses for weld model.
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From Mohr's Circle in figure 3.9

O3 =0.5¢( Uy+0’z.)+RCDS (ax-0)

Ocq=0.5( oy + 0,.) + R cosa cos26 + R sina sin26
=0.5( oy +0,.)+ 0.5 ( o~ cy.) cos20 + 0.5 ( O, - cy.) tanot sin20
=0.5( Gy +0,)+05(0,- Gy.) cos20 + tyz.sin20

= cycosze + ozsinze +21,,5in0 cos®
p’ 1 P
=0 +0 +21
y yz 2
(1+p3)  (1+p) (1+p)

therefore;

2
-
SUD) B yg L 4y P

(1+p)  T(1+ph  (1+pH  C(1+pH

2
o,p =q(1+p)-cz-21yzp

6 _2poc
+p) (1+p)

2—
Gyp —U(l+p)-(1

oyp’= rrapy [(1+P)™ 1-2p]

Substitute these values of stresses into the general stress equation 3.1(50)
L(og-p) + M Tyy + M Ty =0

LTy + m (Ox-p) + m Ty =0 Equation 3.1

“<00=



LTy, + M Ty, +n(0,-p) =0

yz
andalso; 22+ m2+m2=1 Equation 3.2
to give;
(R-p) 0 0 )
0 (Gy-p) -G, m — 0 Equation3.3
0 -0y (cl.?,) m

Hence from the determinant of the matrix we can obtain the values of the three principal
stresses.
[a1= {®-p)O1-pXO1 -} - { 01.- 07 (R-p)} =0
R-p)[(0].p)2 - 012]1=0
solving for p gives; p1=R,p2=0,p3=201=20/(1 +p).

Substituting these values of p1, po, and p3 into the Von Mises failure criterion;
B1- ?2)2 +(p2- 9'3)2 +(p3 - 9.1)2= 2‘3“2 Equation 3.4
R-02+(0-20)2+(20; -R)2=20,2
R2+4012+4072-46;R+R2=20,2

2R2-406;R+86;2-20,2=0

4612-20/R+R2-06,2=0

Solve for G

oy = (2R +V[4R2-16R 2-0,2)]}/8
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o1 ={ 2R £+/[160,2-12R 2]} /8 Equation 3.5

Differentiating equation 3.5 with respect to R, to find the maximum value of Oy

2
0.5 [(160,- 12R%)12(-24R)]
8

50,
dR’

2
=5

& 16G2-12R2=36R?

Substitute back into equation 3.5, to give;

. 2 2
2(cu/\!3)ﬂ/ 160,- 12(c /3)

Taking +ve value of O, to give;

but also
6=l = u
'(1+p) 3
o,(1+p) F
73 oL,
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_ wL,o,(1+p)

& T

The load applied to the transverse weld specimen is 2F.

. 2= 2wL,0,(1 +p)
3

In order to establish the location of the failure planes, values of the directional cosines

of the normals to the principal planes can be derived from equation 3.3, to give;

LR -p)=0 Equation 3.6
m (01 p)-m G =0 Equation 3.7
-01m + m (0] -P.)=0 Equation 3.8

Substituting values of p1=R,p2=0,p3=201=0/(1+p) in turn into equations

3.6, 3.7 and 3.8.

Therefore for p1=R;
Fromequation3.6: L (R-R)=0 ---(i)
Fromequation3.7: /m (07 -R)-m 01=0

m=m[(0])(C1-R)]  -—-(ii)
From equation 3.8: -01m +m (01-R)=0 ----(iii)
substitute (iii) into (ii) to give; mn (-1 .R-R2)=0

S om=0

back substitute n. = 0 into equation (g) to give /m. =0
Also from equation 3.2 £ 24 m24+4m2=1 L=0
Therefore the directional cosines of the normal to the plane on which pq =R is the

principal stress are;
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1m 0 90

s b— b —

SHADED CROSS - SECTION
ISPRINCIP AL PLANE

Figure 3.10 Principal plane when p; = R.
Forpy =0 -

Fromequation3.6: &L (R-0)=0
=0
Fromequation3.7: /m (67-0)-m 01=0
m=m
Fromequation 3.8: -0y1/m + mnG1=0"
*. again /m =m
and from equation 3.2: rm2=1
mm =12 and alsom = 142

Thus, the direction cosines of the normal to the plane on which py = 0 is the principal
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stress are;

) 0 90°
o 0
m. | = /2| = |4
- 3
principal plane 2
nommalto __p
principal plane
\45|:|
” 8 »l 45"(« d

Figure 3.11 Principal plane when pj =0
This gives the sloping face of the weld ab, as the principal plane. This is as would be

expected from a visual inspection.

For p3=20/(1+p)

From equation3.6: £ (R-206/(1+p))=0
o L=0

From equation 3.7:  /m. (6/(1 +p)-20/(1 +p))-m ©/(1+p)=0
SoMe=-m

From equation 3.8: - 0/(1+p)m + mn (06/(1+p)-20/(1+p))=0

S again /m = -m
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and from equation 3.2 m2+m2=1
soomo= 182
and also, m =- 1/\2

Therefore, the direction cosines of the normal to the plane on which p3= 20/(1 + p) is

the principal stress are;
L 0 90°
— L. — 0
mo| — 75 — 45
m o 0
72 135
£ [ 1 = =

The location of the principal plahé is shown in figure 3.12.

4
™
principal plane ¢
7 a 459
< d
y 45°
normal 3
principal plane

Figure 3.12 Principal plane when p3 =2 6/ (1 + p)

The rupture of the weld abdc will occur along the plane of maximum shear stress, as
discussed in the assumptions made in section 3.2. Further the plane of maximum shear

stress is always inclined at 450 to the planes of principal stresses (Mohr's Circle).
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Therefore when pq =R, the plane of maximum shear stress is inclined at 450 to the
weld cross section, which is the principal plane shown in figure 3.10.
When pg = 0, the plane of maximum shear stress is the horizontal leg length ad,

shown in figure 3.11.

When p3 = 1.539Gy, the plane of maximum shear stress, inclined at an angle of 450 to
the principal plane is the horizontal weld leg length. This is shown as length ad in
figure 3.13. Failure of the weld metal would be expected along this most critical plane

of maximum shear stress.

r4
™
principal plane
c
i
maximum shear plane 2
= failure plane .
i
:
Q
y< : [ =g
o o
1 g 1

Figure 3.13 Predicted failure plane for a weld taking account of any penetration value.

Although the weld model proposed in figure 3.1 gives increasing weld failure loads as
penetration values increase, it always predicts the horizontal weld leg length as the
failure plane. This is contrary to experimental results obtained by the author and to

those of numerous other authors (12, 15, 28, 32),
However, by inspecting the proposed weld mobel abdc in figure 3.1, it is evident that

the vertical weld leg length @, is not equal to the horizontal weld leg length (@ + wp). It
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is therefore proposed that this weld model abdc in figure 3.1 be idealised as an unequal
leg length weld abde - figure 3.14, whose cross-sectional area is equal to that of the

weld model abdc.

T ol (D)

Figure 3.14 The tensile weld abdc idealised to an equivalent area weld model abde.

Analysis of the weld model abde.
e s
w
r 2
a 5 d -
L L
a w 1 wp

Figure 3.15 The idealised unequal weld leg length weld abde.

The forces acting on weld abde for a unit weld length are as those shown in figure 3.6.

The equivalent balanced force system acting on the weld are is shown below in figure

3.16;
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> @ ———pN

. _F —f=

1+p w

2

—F =

@w

2

y&—ag 5 —e

e
|t e—

N+

P
L

L
T w(1+p)

w(1 +p)'I

Figure 3.16 Equivalent balanced force system acting on weld ade.

The normal and shear stresses due to the above forces is shown in figure 3.17 below;

~(1+p)uul..,’_,,
—) F
WLy
y&—ag °d
B
(1+p)wLy,
P S
(1+p)wLy,

Figure 3.17 Stresses acting on weld ade.

For a unit length of weld, the stresses acting on the weld ade are;
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O, =R whereRis cquai to the Idngitudinal residual stress in the weld metal.
Gy =F/0.Lg,

G, = F/o(1+p) 2Ly,
=0 M14p)2

Tyz == F/0(14p).Ly = - Gy, /(1+p)

Tyy =~ F/@(14p).Ly =- Gy /(1+p)

T=T

= Txz= Tyx = Txy =0

Substitute these values of stresses into the general stress equation 3.1 to give;

(R-p) 0 0 )
- -G = 0 Equation3.9
R AL S () m
0 Sy (S|
(1+p) (1+Dp)? ¢

From the determinant of the above matrix, we can obtain the three principle

stresses;

[A] = { R - p)Oy - pITOy 1 (14p)21 - )} = {-0y (14p) - O (14+p)(R - )} =0
R-p) (@ 2-0yp - [0y/(14p)21 ) ) =0

solving for p gives; p1=R,pp=0,p3= Oy [1+1/(14p)2]

Substituting these values of pq, o, and p3 into the Von Mises failure criterion;

(p1-p2?+ (o - p9?+ (s - p1)?=20,2 Equation 3.4
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R=-0)2+(0- Oy [1+1/(14p)21)2 + (O [1 + 1/(14+p) 2] - R) 2 =202
expanding to give;
oy 211 +1/(1+p) 21 2- Oy [1+1/(1+p) 2] R+ R 2.6,2)=0

Solve for Gy

oy =( 11 + 1+p AR £V [[1 + 1/(1+p) 21 2R 2- 411 + 1(1+p) 21 2R2 - 6,2] }/
2[1+1/(1+p) 2] 2

Differentiating with respect to R, to find the maximum value of Oy givesR = GuN 3
Substituting this back to find Oy in terms of G, gives;

Oy =20, /V3[1 + 1/(1+p) 2] 2

also 0'), =F/0.L,

Equating to find F;

2c,0L,

—

) ﬁ(1+—1—5—)

(1+p")

e 40, 0L,

Y3 (14%)
(1+p")

The values of the directional cosines of the normals to the principal planes can be found

as before to give;
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When pg=R;

The directional cosines of the normal to the plane on which p1 = R is the principal

stress are;
_o, i B 1 i _o°_
m | —| 0| = [9°
m 0 90°

This gives the weld cross - section abdc as the principal plane shown in figure 3.18;

f

SHADED CROSS - SECTION
IS PRINCIP AL PLANE

Figure 3.18 Principal plane when .y = R.
For py =0

The direction cosines of the normal to the plane on which py = 0 is the principal stress

are;
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Mmool = | J1+y2 = | 4° vhere y = L

(1+p)

This can be shown to give the sloping face of the weld ac, as the principal plane for all

values of penetration p. This is as would be expected from a visual inspection.

For p.3=0'y(1+[ll(1+p)])

Therefore, the direction cosines of the normal to the plane on which p3 = G, [1+

1/(1+p)2 1 is the principal stress are;

L 9 90°

.
m = lJdi+¥e | = 4s° where Y = (llTp)
M - "'"'L 0

NErT 135

The location of the principal plane is shown in figure 3.19, as the normal to the weld

sloping face ae.
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@ —)pN

Principal plane -
Failure plane w
45° ,
yt—a 4 -~
L
a W+p

Figure 3.19 Predicted failure plane for weld with any amount of penetration p.

The rupture of the weld ade will occur along the plane of maximum shear stress, as
discussed in the assumptions made in section 3.2. Further the plane of maximum shear

stress is always inclined at 450 to the planes of principal stresses (Mohr's Circle).
The critical plane of maximum shear stress occurs when p3= 1.5396y. This is shown

in figure 3.19, as the plane inclined at an angle to the weld horizontal leg length. The

location of this failure plane can be shown to be;

Failure plane =450 - Tan-! (1/1+p)
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Leg |Horizontl|Tensile failure | Tensile failure| Failure | Lengthof
Length [penetration| load Fy losd 2F, Dlane failure
w P $° plane
(mm) |(mm) (KN) (KN) (mm)
w 0 0.5774 UTL | 1.155 UTL 0 w
0.lw 0.6322 UTL | 1.264 UTL 2.726 1.046 w
w 0.2w |0.6815 UTL | 1.363 UTL 5.194 1.087 w
W 03w |0.7254 UTL |1.451 UTL | 7.431 1.121 w
04w |0.7646 UTL | 1.529 UTL | 9.462 1.151 w
05w 0.7994 UTL | 1.599 UTL 11.31 1177w
w 0.6w |0.8304 UTL | 1.661 UTL 13.00 1.199 w
UTL = Ultimate Tensile Load oy.w.Ly
z
/z\ N
c . ¢
: failure plane
| Leg l
| Length
]
i a
1 ya ¢
y&3 : 4 * DA ) d
4l’ 1|, ¥
LegLength © 'penetration )

Table3.1 Calculated values of tensile weld failure loads and failure planes as weld

penetration (p) changes.
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failure plane
=lengthdg

i it e

4
y{2,73° m— ]
. W 2
# P 0-1“’
Penetration p = 0.1w
4 z
i ™

failure plane :
= length dg :
l :
. |
9.48° [
= b d
I w ,0.30
A7 1 4
Penetration p = 0.2w Penetration p = 0.3w
z A
™ P
¢ -
.74.
failure plane
failure plane i =lengthdg |
=lengthdg i w !
g ! ¢ |
i e
Q ! H
yé, 9.46 b 1 L yé, 11.31 1; a
y w p 04w 4 5 w - 05w L
4 1 4 1 1 1
Penetration p = 0.4 w Penetration p = 0.5w

Figure 3.20 Predicted failure planes as weld penetration increases for tensile fillet

welds.
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It is worth highlighting the approximate nature of the present weld model and weld
failure theories. Of all the existing weld failure theories, only two authors attempted to
predict the location of the weld failure plane. These are the weld failure thc;orics
proposed by Kato and Morita(11), and that by Kamtekar(10), Many of the other
authors (10,35,42,44) theories and the present codes of practice BS 5950 and CP 118,

have merely assumed the weld throat as the failure plane for convenience.
3.5.1 Conclusions from the proposed tensile failure weld theory.

1) Weld failure loads and failure planes can be predicted using the proposed weld
model, incroporating weld penetration.

2) Weld failure loads increase as weld penetration values increase.

3) Location of the weld failure plane changes as weld penetration changes.

4) The length of the weld failure plane increases as weld penetration increases.

5) There is a unique failure plane for a given weld penetration value.

- 109 -



3.6 Proposed failure theory for shear fillet welds.

Considering the simple longitudinal fillet welded specimen shown in figure 3.21 below;

.‘55<_7

¢—TLoading plate A | Loading plat A
PV i i 1
4F i b ———c-Losd transferplae BZ—/N S __ 2
S /, —————— e, pS 0
/’ Y i d --1_, ----- 4F
‘/’ ‘/,
’ ’
i Ae—
Load transfer plate B /
Plate B
N2
Weld 1 \Weld 2
Loading plate A
warsN P wei 4
/]\ Sectional view A- A
Plate B

Figure 321 A simple shear fillet welded connection.

Weld
penetration
p=03w

X / Leg length @

Figure 3.22 Gceometry of shear weld abedef.
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The geometry of weld abcd, for a projected weld penetration value of 0.3® is;

Length bf = 1.044@
Angle bfg = 73.300
Angle fbg = 16.700

The forces acting on one weld abcdef, shown in figure 3.21 and below in figure 3.23;

Figure 3.23 Shear forces acting on weld abcedef.

From statics, equal and opposite shearing forces F, act on faces bcef and efad, as

shown in figure 3.23.

The sloping weld leg length beef is also subjected to a moment F/2(® - h), due to the
eccentricity of the applied force F on the loading plate A and the force F on the sloping

weld leg length beef. This moment F/2( - h) acts parallel to the y axis and is shown

below in figure 3.24.
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Figure 3.24. Moment F/2( - h) acting parallel to weld y - axis.
The sloping leg length beef is also subjected to a moment F()/2, due to the eccentricity
of the two shearing forces F, acting on the sloping leg length beef and the horizontal leg

length adfe. This moment is applied in the z axis direction, as shown below in figure

3.25.

Fw

2y | g

Figure 3.25 Moment FO/2 acting in the Z axis
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Finally, a moment Fh/2 also exists on the horizontal weld leg length adfe. This moment
is due to the force F and moment F/2(( - h) acting on the sloped leg length beef, This

moment Fh/2 acts parallel to the y axis direction as shown in the figure 3.26, below.

Figure 3.26 Moment Fh/2 acting parallel to weld y - axis.
Thus the total force system acting on the longitudinal fillet weld abcdef is as shown
below in figure 3.27.

E_“l. N
%(w—h) g W)

Figure 3.27 The total force system acting on the longitudinal shear fillet weld abedef .
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From figure 3.27, it is clear that the balancing moment needed in the y-axis,can be
reduced to only F/2. Further this balancing moment can be replaced by a force system
such that the equilibrium of the weld force system is not affected. This can be achieved
by applying a shearing force F(D/(ZL(D); vertically downwards on the weld end face
abf, which is balanced by a complementary shearing force F®/(2L,) applied on face

dec, as shown in figure 3.28, below.

Fw

-_2_(5 c

Figure 3.28 The balanced force system for moment Fw/2 acting

parallel to the weld y - axis.

Finally, also the moment F()/2 acting in the z-axis direction can be replaced by a force
system such that the overall equilibrium of the weld is not altered. This is achieved by
applying a horizontal shearing force F®/(2L,) on the weld end face abf which is
balanced by a complementary shear force F®/(2L ) on weld face dec, as shown in

figure 3.29 below.

- 114



Figure 3.29  The replaced force system for moment FW®/2 acting in

the z-axis.

Thus the total final force system is as shown below in figure 3.30, where the moments

have been replaced by force systems, while retaining the weld in equilibrium.

Figure 3.30 The total forces only acting on the longitudinal shear weld abcdef.
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Strength of the longitudinal shear fillet weld.

The stresses acting on the weld faces shown below in figure 3.31 are obtained from the

force diagram shown in figure 3.30.

1 30.)1..0)

FBolg \
1 }
/ g~ [3olg 3me \
13wLm

a

X

Figure3.31 Stresses acting on longitudinal shear fillet weld abcdef.

Using the sign convention shown in section 3.4, the stresses Oy, Oy, 0z T

Toxs Ty T zy’ 'ryz can be listed as follows;

Tyx = F/1.30L,
T, = -F/1.30L,
Ty =F/130Lg,

Tyq = -F/1300Lg,

Tyz =0,
Tyy =0
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Let T =F/1.30Ly,, then;

Ox =R, 6,=0, 0,=0,
Tyx =71,

"tzx=-1.'1.

Txy =T1»

Txz = "T1»

Tyz=0,

’L‘zy=0.

The value of the principal stresses can now be obtained for the above stresses, by using
Southwell's(30) described method of solution, given by the equations 3.1 and 3.2.

Substituting these stress values into equation 3.1;

(R-p) Ty -T1 [}
T1 _P, 0 M. = 0
_1:1 0 _P. T

The solution for the above equation is found from the determinant which is of the same
form given on page 93.
Thus the three principal stresses are found to be;

By =0, pp =05R-U), p3=05R+U)

where U= ‘\I(R2 +87T 12).

Substituting these three principal stresses {1, {¥7, and {3 into the Von Mises
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equation, given by equation 3.4 to give;

R? + 3(R?2+87,2) = 40,2

2
o,-R
rearranging to give; = 3
However, T, is maximum whenR =0
Gu
* T
but also T,= F/130L,,
- i ' = _..?B. = - F :
N V6 1.3wL,
. 130, w.L,
-.w e ﬁ

=0.53070 ,.0.L,

The failure load of the simple longitudinal fillet welded connection is 4F;

4F = 2.1230,.0.L,

The directional cosines (dcs) £, /m, m of the normals to the principal planes are

obtained from equations 3.1 and 3.2, to give the following results;

When fu; =0 (L, m, m) = (0,142, 1N2)
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= (90°,45°,45°)
This gives the weld sloping face abdc as the principal plane, see figure 3.32 below.
This is as expected, since the exposed weld face is always a principal plane.

2
AN

O

Figure 3.32  Principal plane for when principal stress p=0.

Similarly when p 5 =0.5 R+U) = V27T,

then(L,m,m) = (IN2,12,-172)

)

(450, 1200, 600)

Finally when p.3=05(R-U) =- V271,
then(L,m ,m)=(IN2,-1/2,1/2)
= (450, 600,1200)

and the position of the principal planes can be found.

From the results because f 9 >p 1 > p 3, the plane of maximum shear stress will be
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inclined at 450 to the planes on which p 2 and p 3 are the principal stresses (Mohr's
Circle). For this case, the plane of maximum shear stress is found to lie at 450 to the

horizontal leg length adfe, as shown in figure 3.33. Failure would be expected along

this plane.

2

N c

e d sy
Failure Plane ‘( /

AR
45
X

Figure3.33 Predicted failure plane for longitudinal shear fillet weld.

If welds of equal leg lengths, but with varying projected penetration values are
considered, Table 3.2, it is found that different failure load values and planes are
obtained. As the projected penetration increases, the predicted failure loads also
increase. However, the angle of the failure plane from the horizontal does not vary at all
- always remaining at 450 -, but the length of the plane does increase Table 3.2. This
ﬁnding is Iunlikc that established earlier for tensile fillet welds, where it was shown that

the slightest variation in penetration greatly effects the failure plane.

In comparison to Kato and Morita's(12) and Kamtekar's(11) theories, this result for the
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failure angle is exactly the same. They too predict the failure angle for shear fillet welds
to be at 450 from the horizontal leg length. This result of theirs corresponds to one
where penetration is zero. The author has also shown this to be the case. Further the
author has shown that the length of the failure plane increases as penetration increases,

which in turn increases the failure load of the shear fillet weld, Table 3.2.

Leg |Horizonml| Shear failure | Shesr failure | Failwre Tan™! ¢ 9f Lengthof

Length |penetration| load Fg load 4Fg plane failure

w ) $0 plane

(mm) |(mm) (KN) (KN) (mm)
W 0 0.4082 UTL | 1.6328 UTL | 45 1 0.7071 w
w 0.lw |0.4490 UTL|1.7963 UTL | 45 1 0.7778 w
@ 0.2w [0.4899 UTL [1.9596 UTL | 45 1 0.8485w
w 03w |0.5307 UTL|2.1229 UTL| 45 1 0.9192w
@ 0.4dw |0.5715 UTL |2.2860 UTL | 45 1 0.9899 w
w 05w |0.6124 UTL|2.4495 UTL| 45 1 1.0607 w
g 0.6w | 0.6532 UTL |2.6128 UTL | 45 1 1.1314w

UTS = Ultimate Tensile Load oyw.Ly,

2
’,z\ N

c

¢ L

I i . I

! failure plane |

| Leg ! |

| Length @ |

]

! |

] a
| ya ¢ 1
L, ,Il, ¥

A
Leg Length w PeItetraﬁon P

Table 3.2 Calculated values of shear weld failure loads and failure planes as weld

penetration (p) changes.
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3.6.1 Conclusions from proposed shear fillet weld theory .

1) Shear failure loads and failure planes can be predicted for a given amount of
weld penetration.

2) Weld failure loads increase as penetration values increase.

3) The angle of the failure plane is always at 450 to the horizontal leg length, despite
the increase in penetration.

4) The length of the weld failure plane increases as weld penetration increases.
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CHAPTER 4 FAILURE ANALYSIS OF THE TEMPORARY END
PLATE CONNECTION.

4.1 Introduction.

The temporary connection shown in figure 4.1, is to be analysed by the same approach
applied to -thc tensile and shear fillet welded connections, i.e. to replace the acting forces
by an 'equivalent' system of equilibrium forces. For this connection it is not simply a
matter of replacing an eccentric force F, but also to replace an applied moment MF,
(shown as My and My in figure 4.1) arising from the nature of the applied load, acting

out of the -plane.

The additional assumptions to those made in Chapter 3, section 3.3, for this analysis
are,
i) The total failure load is equal to the summation of the load on a number of
smaller width plates, acting as beams with a central point loading, figures 4.2 and
4.3,
ii) The applied end moments and forces on the welds from the plate strips are equal
to those for a fully fixed end condition, and act uniformly along the length of the
weld.
iii).The point loading can be replaced by an equivalent uniform line load acting
along the length ab, figure 4.4,

iv) Failure is expected to occur in the welds only.
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A FREE EDGE

X F
B
N
My y B C
WELD A

FREE EDGE

Figure 4.1  Actual loading of temporary end plate connection .

Fx
_ .
i
+F3
1
/i TFZ
X humber of T 7 X number of
|

beam elements beam elements

> g

1§ %

Figure4.2 Trapezium plate sub-divided into x number of beam elements.
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Figure4.3 Summation of beam elements to give actual trapezium plate shape.

4

E%";ﬁ?&ﬁ“‘ FREE EDGE

s\‘

\ %

N

LN

K

K

K
Ny ¢C

/"l
FREE EDGE

Figured44 Assumed equivalent loading of temporary end plate connection.
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4.2 Failure analysis of end welds.

For the general case of a point load 2F consider forces acting on the welds A and B at

any typical cross section X-X through the end plate, as shown in figure 4.5.

Figure4.5 Forces on fillet welds in the temporary end plate welded connection.

For a fixed end condition we have;
Mx =K'A.2F.L,
My =K'B.2F.Lp
Fx=2F(1-rp)

Fy=2F.rb
where K'A=a(1-a)2

Kp=2a2(1l-a)

rp=a2(3-2a)
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Forces on weld abcd;

2F(1-n
a b )
. ; DK'A 2FLp
0 :
2l b L \d
c
| @ 1P}
1 (I
Figured4.6 Actual forces acting on weld abed.
satisfying vertical equilibrium;

4 2Fry
i DK:AZFLP
b L \g
C
l o where r‘a=l-rb
2Fr;
L °
1 w+p w+p |
2 2

Figure4.7 Vertically balanced weld abed.

The applied moment K'A2FLy, can be replaced by a pair of eccentric forces, to induce a

moment of this magnitude on the weld. The eccentricity between these forces is taken to

equal ay2, such that;
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5 S —

e= -%’- F. % = KA2FLp  .... Equationd.1

._,L._.’Fx

These forces are applied on the weld such that a force Fy shears along the horizontal leg
length and the balancing force Fx acts as a compressive force on the sloping weld leg

length ad, as shown in figure 4.8.

ENELEEL

Figure4.8 Vertically and horizontally balanced weld abed.

Thus, so far the applied moment has been replaced by a horizontal shear force Fy, and
satisfied equilibrium horizontally and vertically. ' SN SRR

The final stage is to satisfy the net out of balance moment. Therefore, taking moments at

d, figure 4.8.

w
Mg=Fyo + 2F . 1, (2 - B

M= (Fy#2F.1,)
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This moment My needs to be replaced by a pair of eccentric forces, such that the
resulting couple is equal to this moment. From inspection of the forces present on the
weld model in figure 4.8, it is clear that the desired moment M can be achieved in two

different ways.

The first method requires eccentric forces equal to (Fx + 2F.r3) to act in the y -

direction, at a distance of /2 apart, as shown below;

——> (K +2F.x,)

-0
=2

(Fg + 2F.xy) ¢—>—

This pélir of eccentric forces produces a couple equal to the momer;t Mg. Itis applied to
the weld metal profile, shown in figure 4.8, such that the force (Fx + 2F.ry) shears
along the horizontal leg length bd on which an opposing shcaf for.t:c Fx Ialready exists.
The other balancing force acts as a tensile force on the sloping leg length ad on which a
compressive force Fy ﬁlready exists, figure 4.8. This results in the tota-l force ﬁystcm
being represented by figure 4.9, which shows the weld metal is now in tension under

tensile forces 2F.r; only.
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Figure49  Balanced forces on weld abed, due to application of forces

(Fx + 2F.rg) in y-direction.

The second method of achieving the moment M, requires the eccentric forces of
magnitude (Fx + 2F.rp), to act in the z - direction, on the weld metal profile figure 4.8.
In this case a force (Fx + 2F.ry) would act compressively on the horizontal weld leg
length, where a tensile force 2F.r, already exists. Similarly, a compressive force (Fy +
2F.1y) acts on the sloping weld leg length, where a tensile force 2F.ry also already
exists.This results in the total replaced force system being represented by figure 4.10

The weld metal is now under compressive forces Fy only.
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el el

Figure 4.10 A second balanced force distribution diagram for weld abcd, due to the

application of eccentric forces (Fx + 2F.ry) in the z-axis direction.

Thus, two different force systems acting on the weld abcd have been produced, for a

single loading case - a shear force Fx =2F (1 - ) and a moment My = K'A.2F.Lp .

The first force system is one where the weld is totally in tension, due to only tensile

forces 2F.r, acting , as shown in figure 4.9.

The second force system is where the weld is under totally compressive forces only, of

magnitude Fy. This is shown in figure 4.10.

The failure load for the first force system (tensile) acting on the weld figure 4.9,
corresponds to the failure for a fillet weld in tension. The theory for tensile fillet welds
with equal leg lengths and a given penetration, derived in Chapter 3 can be used to

predict failure of the weld.
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Therefore, from Chapter 3 section 3.5, the failure equation for a fillet weld in tension is
given as;

F = §.0,0.L
where § is the constant depending upon the extent of weld penetration achieved. §.can
be obtained from either the theoretical dcrivatit?n in chapter 3 or from a general graph

obtained from table 3.1, which is given in the discussion chapter 7, figure 7.2.

For the weld case at hand, the applied tensile force F=Fy and Fx =2F.ry

Therefore 2Fr,; = £.0,.0.L
£.C,.0.L )
Rearranging to give F= u2r = Equation 4.2
a

Thus the failure of the weld in tension is predicted by equation 4.2, However, the total

failure load for the temporary end plate connection is 4F;

2E.G.. 0. Ly
FTUTAL= g uI' e Equation 4.3
a

The failure load for the second force system (compressive) acting on the weld, figure
4.10, corresponds to the failure of a fillet weld in compression. It can be shown that this
failure load is the same as that.for a fillet weld in tension, i.e.weld failure loads predicted
by this method are the same for either tensile or compressive force conditions.Thus, for
this compressive force system, the predicted failure equation is that given in chapter 3
by;

F = g.cu.ﬁ).Lm
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However, for this case F relates to Fy,

but Fx.0 = K'A4F.L; from equation 4.1.
K,.4.F.L
this gives F,=—2 4
®
K,.4.F.L
therefore; ? =§.0, 0L,
©
2

_§.0,.0.L,

F Equation 4.4

this gives; 4.K,.L,

Equation 4.4 is the failure of the weld corresponding to the force system shown in
figure 4.10. The total failure load Frota] is equal to 4F ;
2
£.0,,0.L,

FroraL = ; Equation 4.5
K,.L,

Thus, it is found that two different failure loads exist for the one loading case figure 4.5,
for a weld with equal leg lengths and any given penetration value, p. This would
suggest that there actually exists two different conditions for the weld to fail. The first
equation 4.3, would correspond to when the weld is under predominantly tensile forces,
i.e. when the tensile force Fx = 2P(1 - rp) is larger than the moment My =K'A.2P.Lp.
The second failure equation 4.5 corresponds to when the weld is under predominantly
compressive forces, i.e. when the moment My = K'A.2P.Ly is larger than the tensile

force Fx = 2P(1 - p).

For the end plate connection with the loading situation as shown in figure 4.5', it would

be expected that equation 4.5, would define the failure of the connection. This is
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because the point of application of the load, at a distance of 0.5Lp, would result in a

much larger value of the moment My than of force Fy.

This can be verified by equating equations 4.3 and 4.5 as follows;
Equation 4.3 can be re-written for a value of r3 = 0.5 , where the load is applied at
0.5Lp, as;

FTotal = 4.§.0‘u.m.Lm | Equation 4.6
Equation 4.5 can also be rewritten for the same value of ry = 0.5 which results in K'a=
0.125 to give;

2 '
8.8, 0,01y

FTUTAL = L Equation 4.7

P

Therefore, equating equations 4.6 and 4.7 gives;
rry 2 o
.E.0.0.L,
{1.5‘,.0“.(0.1,&,= E

P
L, = 20

This result shows that for equation 4.3 to give a lower load of failure than that predicted

by equation 4.5, 200 > LporLy < 2m.Neither of these conditions are ever possible

for the temporary, end plate connection.Thus at all times Lp > 20 and failure is

predicted by equation 4.5 only.

A check of the method of applying the forces to the weld can also be made by finding
the failure load if a = 0. This gives a failure load value, equal to that for a tensile fillet
weld. This is correct since My is also equal to zero, and thus only a tensile force acts on

the welds.
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If the location of the point of application of the load is varied, i.e. betweena=0and a=

1, then it would be expected that failure would occur at the lower of thc two loads

predicted by equations 4.3 and 4.5.

For a symmetrically loaded connection, that is when a = 0.5, as in the case for the
connection under investigation, forces induced on the weld efgh will be the same as
those experienced by weld abcd. However, should the penetration value, p, of the weld
efgh be different to that of abcd, then the overall failure load would also be
affected. Throughout this failure theory, it is assumed that pcﬁctration values for welds
abed and efgh are the same. This may not be the case in practise, since the numerous
parameters affecting penetration (discussed in chapter 2), may varg.f from weld to weld.
In this case an average penetration value may be used for predicting the failure load from

the equations derived above.

4.3 Application of Kamtekar's weld model to predict failure of the welds of the

end plate connection .

Kamtekar's weld model is basically a case when penetration is equal to zero in the
author's weld model, figures 4.5 and 4.6. For this case i.e. zero penetration, the end

plate welded connection failure load can be shown to be;

2
C,. 0 .Ly, .
FTUI'AL = qu.latIOl'l 4.8

V3K, Ly
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4.4 Application of the derived weld failure theory for the end plate connection.

The end plate weld failure theory has been developed on the assumption that the applied
end moments and forces on the welds, are cqual.to those for a fully fixed end beam. It is
thus expected that the final failure load for the welds would be calculated as the
summation of the failure loads for an x number of beam elements, making up the
trapezoidal shaped plate figures 4.2 and 4.3. The x number chosen would depend upon
the degree of accuracy required. Without this procedure becoming tedious, it is found

good convergence of results is achieved if the plate is sub-divided into six beam

elements. A good approximation is achieved by a sub-division into three beam elements.
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CHAPTER 5  EXPERIMENTATION METHODS AND RESULTS.

5.1 Introduction
In this chapter the procedures adopted to fabricate and test all specimen, in this
research programme are set out. All experimental results are given, but the discussions and

full analysis is deferred to chapter 7.

Tensile tests were carried out to BS18; part 1, to establish the parent metal, heat affected
zone (HAZ) and weld metal material properties. Hardness surveys using the Vickers

Hardness test to BS 427; part 1, are conducted to establish the pattern and extent of
softening present, due to welding. The results of these tests are given in sections 5.2.2 and

appendix A.

Twenty - six tensile and shear fillet welded connections were produced from the parent

plate material (6082 - T6 aluminium) and tested to failure, under a uniaxial tensile load.

Fifteen cruciform shaped fillet welded connections shown in figure 5.10, were also
fabricated from the parent plate. These specimen were tested to failure, under equal biaxial

loads.

For all test fillet welds, meticulous care and attention was taken to record the extent of weld
penetration achieved, using a universal measuring machine. The angle of the failure plane
of the welds was measured on a shadow graph recorder. These results are given in the

experimental failure load tables in section 5.2.4, for each type of specimen tested.
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Thirty temporary end plate (welded) aluminium space frame connections were produced
from extruded tubular section and rolled plate aluminium 6082 - T6 and tested to failure.
Rossette strain gauge arrangements were used to find the stress distribution along the
welded edges of the end plate connections. Load deflection readings were also taken. These

results are given in section 5.2.5.4.2 and appendix B.

5.2 Specimens.

5.2.1 Material.

All specimens are of the aluminium alloy 6082 - T6, obtained in the rolled plate and
extruded tubular form of 13mm thickness. The composition of the 6082 - T6 alloy is

shown in table 5.1.

METAL %
Silicon 0.7 -13
Iron <05
Copper <0.1
Manganese 04-10
Magnesium 0.6 -1.2
Chromium <0.25
Zinc <0.20
Titanium <0.10
Zirconium <0.05

Aluminium Remainder

Table 5.1 Composition of 6082 alloy.
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The filler metal wire used for all welding was 4043A (NG21). This choice of combination
of the parent metal and filler wire is as recommended by CP118, BS 2901; Part 4 and

extensively used in industry .

All materials and specimen were stored in a clean, dry standard laboratory, away from any

heat or high temperature environment.

52.2 Specimen preperation.

As pointed out at an aluminium welding seminar (51), high quality welds must be achieved
the first time, in structural applications. This is because not only is repair welding
expensive, but it also reduces the load carrying capacity of the joint. Furthermore, weld
integrity does not only depend upon the cleaning procedures and welding techniques
adopted, but also to a very large extent upon the welder proficiency. CP118 and BS 8118
stipulate that all structural welding must be carried out by an approved welder, whose

capability of consistency must be demonstrated at regular intervals.

Throughout this experimental work, set welding procedures to BS 3571; part 1, BS 4870;

part 2, and approval tests to BS 3451, have been adhered to by the author.

All plate and tubular specimen were liquid cooled, saw cut in order to eliminate any residual
temperature effects which could be induced on the specimen. All edge preperations were

cold planed and based upon recommendations made by BS 5371; part 1, CP 118, BS

8118, and BS 5135.
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To achieve the high quality and consistent welds, the following set procedures were
adopted. These are based upon recommendations made by Robertson and Dwight (3.4),
Soetens (5,6,14), BS 3571, BS 3451, BS 4870; part 2, CP118 , the Aluminium
Foundation seminars (13,16,21,51)  and on the personal correspondence with British

Oxygen U K. Limited and Light and Sound International (2),

i) Welder proficiency was examined to the satisfaction of the author. Dummy
replicas of the specimen were prepared just before the experimental specimens
preperarion.First a visual inspection for quality, apperance, size, consistency,
contamination and cracks was made. Then cross sectional cuttings were made,
generally restricted to three, to inspect the achieved weld profile for root
" penetration, contamination, voids and any weld inconsistency.- o
ii) Cleaning of all fusion facés, by the removal of the oxide layer was executed
" in a set sequence. Degreasing first, then scratch brushing and then degreasing
again.Scratch brushing was by a power driven, corrosion resisting, stainless
steel brush. Care was taken to keep it clean and dry. The interval between
cleaning and welding was kept as short as possible and did not exceed six
~ hours.
iif) All multi - pass specimen with more than one weld run were allowed to
fully cool to room temperature between successive weld runs.
" iv) Run on and run off plate strips were machined off the final specimen.
v) Backing plates of the same alloy 6082 - T6, were used throughout.
vi) Any tacking required was minimised by the use of clamps, but where

" needed, it was both widely spaced and small in size.
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5.2.3 Butt - welded specimen.

These specimen were used to determine the patterns of hardness and material
properties in the weld, HAZ, and the parent metal. The size of the butt specimen and the
location of the coupons is shown in figure 5.1. Two passes of weld were laid, with full

cooling being allowed after each pass.
5.2.3.1 Strength coupons.

Two sets of parent metal (aluminium alloy 6082 - T6) coupons were tested for
their material properties. The first set of twelve, denoted by the MP prefix and shown in

figure 5.2, were saw cut from a large, as delivered parent metal sheet. The second set of
twenty five specimens, denoted by the P prefix, were saw cut from the single 'V' butt

welded specimen in a parallel direction to the weld , figures 5.1 and 5.3.

Thirty heat affected zone metal coupons, denoted by the H prefix and eighteen :vcld metal
(4043A) coupons, denoted by the W prefix, were also tested for their material properties.
These too were saw cut out, in a parallel direction to the weld laid, from the single 'V' butt
welded speci‘rnen shown in figu.rc 5.3. A further fifteen trlal"l.;verse weld metal specimen
were tested in the transverse direction, obtained from a special butt welded specimen

described later on below..

All coupons were waisted and prepared to BS 18; part 1, by milling and saw cutting at low

speeds to reduce any heating effects on the specimens.
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Figure5.2 A typical parent metal coupon taken from main parent metal sheet.

Figure 5.1 Extrapolation of weld, HAZ and parent metal coupons.
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Figure 5.3 Typical longitudinal tensile parent,weld and HAZ coupons taken from

'V' butt welded specimen.

All tests were preformed on an Avery Dennison digital tensile testing machine. For the MP

type coupons, a S0mm extensometer was attached to the gauge length to record extension.

A loading rate of 0.5KN/min., was applied. For all other coupon specimen, strain was
measured using electrical resistance strain gauges adhered on either side of their gauge
lengths. Readings were recorded by a digital scanning strain recorder. The loading rate

applied to these coupons was 0.1KN/min.The test results are given in Tables 5.2 to 5.6.

The discussions are deferred to chapter 7.

- 143 -



Since the weld size for a 'V' shaped butt weld is narrow, a transverse coupon cannot be
extracted from a welded specimen. A plain faced butt welded specimen was introduced to
obtain a transverse weld specimen, figure 5.4. This specimen was obtained from two
seperate plates. Each was welded on to a backing plate shown in figure 5.5a. The two
halfves were then clamped and held together in a jig, and welded by a run on weld pass,
seen in figure 5.5b. Eight consecutive weld passes were laid up to thé plate surfaces.The
e ghth pass was the final capping pass. Full cooling of the specimen was allowed after each
weld pass at every stage, to room temperature. Backing plates were machined off and
transverse weld test specimens were t;zkpn, as shown in fi gure 5.5¢. The test results of

these specimens are given in table 5.6.

137 7 — %

24 : 19| |Weld| (19 24
[ ~
_ |:20 |
J{ 40 |
A
320

Figure 5.4 Transverse weld coupon specimen.

~ 144



weld pass
number 3

saw cut

test specimens

once backing

plates and excess
weld is machined off

total number
of passes =8

Figure 5.5 Preperation of transverse weld coupon test specimen.
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Specimen | 0.295 Proof | Young's Ultimate
number * | stress O 5 Modulusz E | Tensile
Nimm 2 KN/mm %Temn;? Oy

MP1 312.04 72.000 354.37
MP2 296.50 86.522 340.58
MP3 304.11 63.821 343.57
MP4 296.56 63.371 343.43
MPS 300.68 66.316 344.38
MP6 303.80 73.333 347.88
MP7 302.17 80.000 346.28
MP8 300.08 80.930 346.68
MP9 286.50 70.986 323.92
MP10 294.47 80.125 347.45
MP11 300.95 72.320 340.25
MP12 298.55 70.560 344.40
MEAN [299.70%6.18[73.357+7.24343.60%7.23

Table 5.2 Tensile properties of parent aluminium alloy 6082-T6 taken from delivered plate.
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Specimen | 0.295 Proof | Young's Ultimate
number ‘| swess o, ModulusZE ‘é‘;r:i]zm
Nimm 2 KNimm N!mn;z Oy
P1 299.93 69.278 349.93
P2 292.99 68.737 342.99
P3 297.61 61.021 347.61
P4 296.07 75.842 346.07
PS5 296.00 69.342 330.60
P6 290.30 70.213 349.31
P7 304.29 75.477 351.32
P8 298.22 68.345 345.60
P9 288.35 69.399 346.60 -
P10 302.10 74.456 345.39
P11 296.31 63.220 347.30
P12 299.10 74.450 339.33
P13 299.20 - 70.103 - 328.31 -
P14 290.30 76.321 326.31
P15 300.00 69.311 - 354.30
P16 296.31" 70.326 338.71
P17 295.10 73.333 345.07
P18 299.30 69.350 343.37
P19 296.27 74.216 349.89
P20 298.70 68.725 350.01
P21 299.31 68.931 341.10
P22 298.70 70.336 350.11
P23 301.01 69.736 348.38
P24 296.32 70.310 349.79
P25 298.30 70.010 345.60
MEAN [297.20 + 3.7 |70.431+3.56 |344.52%7.13

Table5.3 Tensile properties of parent metal aluminium alloy 6082-T6 coupons.
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Specimen | 0.295 Proof | Young's Ulimate
number - | stess g, 2 | Modulus E | Tensile
Nimm2 | KNimm2 | Streneth oy
Ni!mm 2

Hi1 162.37 62.970 202.37
H2 154.20 70.052 194.20
H3 142.68 69.863 182.68
H4 153.89 66.865 193.89
HS 155.40 66.963 195.31
H6 160.31 69.376 200.31
H? 154.32 71.326 187.91
H8 159.80 66.533 189.35
H9 159.32 62.451 200.10
H10 145.31 66.371 195.31
Hi1 160.37 69.750 191.42
H12 155.31 69.377 196.33
H13 152.73 66.660 196.00
Hi4 149.95 63.101 | 187.37
H15 157.38 | 66.909 195.76
H16 155.90 " 68.125 190.38
H17 155.55 £ 70.070 198.79
H18 153.21 62.970 191.50
Hi9 150.05 69.100 | 185.33
H20 159.35 66.961 192.33
H21 157.35 65.100 195.89
H22 151.71 66.709 201.77
H23 151.01 66.801 199.97
H24 155.70 69.777 191.30 .
H25 157.10 70.202 205.01
H26 149.30 66.783 199.50
H27 159.34 63.341 206.03
H28 147.71 69.950 221.30
H29 149.39 66.715 215.13
H30 155.77 65.615 190.23

MEAN _[154.26+4.64 [67.226+2.52 | 196.43%8.21

Table 5.4 Tensile properties of heat affected zone coupons in aluminium 6082-Té6.
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Specimen | 0.298 Proof | Young's Ultimate
number ‘| stress 05, | Modulus E | Tensile
Nimm2 KNimm?2 ;Sqt}emn;gt Oy
Wi 97.21 66.832 198.92
W2 82.81 66.263 199.36
w3 106.40 66.992 186.21
W4 127.99 64.058 188.99
WS 152.31 66.832 193.07
Wé 101.32 69.713 185.30
W7 88.30 64.321 195.47
W8 110.22 71,718 197.94
W9 90.13 | 58.118 195.75
w10 113.35 64.776 189.35
Wil | 122.80 69.517 201.75
wiz2 129.91 63.450 185.79
w13 88.31 64.313 194.22
w14 99.55 64.909 193.19
W15 107.71 66.732 190.79
W16 144.57 60.120 190.12
W17 103.35 67.223 187.01
W18 105.07 64.313 201.75
MEAN [109.52%19.38] 65.567+3.24 |193.05+5.44

Table 5.5 Tensile properties of weld metal 4043A, longitudinal coupons from

aluminium alloy 6082-T6, two pass single 'V' butt welded specimen.
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Specimen | 0.2% Proof | Young's Ultimate
number - | swess G, Modulusz E 'ggsﬂem
N/mm 2 KNimm = mn;z Oy
WT1 119.87 68.507 189.58
WT2 120.93 65.228 196.75
WT3 126.19 61.858 188.97
WT4 132.63 67.530 190.00
WTS 126.19 60.740 201.37
WT6 | 106.35 66.321 | 186.63
WT7 115.32 63.941 199.32
WT8 122.31 65.410 190.44
WTS 119.39 64.340 188.03
WT 10 120.54 66.333 190.32
MEAN 120+7.01 |65.021+2.40]192.14+5.08

Table 5.6 Tensile properties of weld metal 4043A loaded in transverse direction.

5.2.4 Hardness traverse.

Hardness traverses were carried out one month after welding across the top surface of the

butt welded specimen as seen in figure 5.6. The Vickers Hardness testing machine was
used with a SKg indentation load. Spacing of the readings were at Smm centres from the

weld centre line, and increased to 10mm centres in the parent metal zones.

The equations 5.1 and 5.2 préposcﬁ by Robertson and Dwight for the extent of the start of
the HAZ, distance X A and the end of the HAZ, distance Xg from the weld centre line were

used to evaluate the theoretical distances X A and Xpg to be expected for the author's butt

welded specimen.
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XA =Ka (Ay/d) Equation 5.1

XB=KB (Aw/d) Equation 5.2

where KA =3 and Kg = 6.6 for 6082 - T6 aluminium alloy.
Ay, = deposited weld area and recommended by Robertson and Dwight to be related by
- equation 5.3;

Ay =0.0437(Q/v) Equation 5.3
d = plate thickness.
For the author's butt weld specimen shown in figure 5.6, XA and Xpg are calculated for
both the weld passes 1 and 2 seperately.

For weld pass 1;

Q _ Voltsx Ampsx 1M

V ~  Speed of torch

Taking 1 = 0.65 as from Robertson and Dwight's findings and also as recommended by
Gray and Spencer (52), From Table 5.7, the speed for pass 1 = (260/33.10 ) mm/sec. =

7.855mm/sec.

28 x 260 x 0.65
7.855

S .
v

=602.42 J/mm
Ay = 26.326 mm?2

Thus XA = 6.075mm and Xg = 13.365mm.
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For weld pass 2;

weld torch speed = 4.286mm/sec.

28 x 260 x 0.65

Q.
V™ 4286

=1104.01 J/mm
Ay, = 48.245mm?2

Therefore XA = 11.134mm and Xg = 24.494mm.
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Figure 5.6 Location of hardness traverses for butt welded specimen.
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Figure 5.7 Typical hardness traverse along line 1 of butt welded specimen.
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Volts | Amps | Gas |Time of |LengthjRun Notks
V) | @ flow |weld run|(mm) |Number
¥Ym3 |(sec)
Full
. 28 260 25 36.10 | 285 1 cooling

allowed
after each

28 260 25 66.49 | 285 2 pass laid

Table 5.7 Welding data for butt welded specimen.
5.2.5 Fillet welded speci men.

All test fillet welds have been machined down to achieve 8mm equal leg lengths. This was
carried out for the following reasons;
i) Failure is required to occur in the welds. By reducing the size of the test fillet
welds, failure is assured to occur in these welds only.
ii) The exact size of the test weld profile is known.
iii) A uniform weld cross section is achieved.
iv) The 8mm size of weld leg length, would allow accurate measufcments to be
made of the weld profile, failure plane, and weld penetration. The effect of
inaccuracy in measurement of smaller leg length would be more significant and

a larger leg length would require large loads.
5.2.5.1 The transverse fillet welded specimen.

These specimens were prepared from plates of 200mm in width. The plates were clamped
in a jig and welded in a sequence such that any distortion would be minimised. The final

transverse weld profiles were made up by three passes of welds. Full cooling to room
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temperature was allowed between each pass. Strips of 25mm widths were removed from
each end to allow for weld run on and run off effects. The test weld profiles were machined
down to give 8mm equal leg lengths. The size of the transverse test specimen is given in
figure 5.8 and the location of failure planes and weld penetration in figure 5.9. Demec
spots were used to measure the shear distortion on six of the test pieces, as shown in

figures 5.9 and 5.10.

For all specimen, readings were taken of the failure load, the extent of weld penetration

achieved, the failure angle of the rupture plane and the test weld length. These are recorded

in table 5.8.
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Figure 58 Transverse fillet welded test specimen.
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Figure 5.9 Test welds of the transverse fillet welded specimen.
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: Measured : :
e e | weld lngth | Dorzonl | ptiee | faihe iond | ooyt
@ (mm) | Lw(mm) [ PTEIRUOR | length | Fyo (kM) | go
p (mm)

Al 8.00 25.04 1.20 0.150 58.80 15.5
A2 8.00 25.10 1.65 0.206 56.56 15.0
A3 8.01 25.10 1.95 0.243 59.38 20.5
Ad 7.99 25.11 2.01 0.252 61.20 21.0
AS 8.00 25.00 1.98 0.248 59.24 16.5
Ab 8.00 25.00 2.00 0.250 60.91 17.0
A7 8.01 25.01 1.90 0.237 58.22 15.5
A8 8.05 25.00 1.99 0.247 60.09 19.0
A9 8.00 25.02 2.60 0.325 62.30 21.5
A10 8.00 25.00 2.00 0.250 58.63 19.5
All 8.00 24.98 2.10 0.263 59.25 19.0
Al2 8.02 25.01 1.94 0.242 59.30 21.0
Al3 7.99 25.00 1.99 0.249 59.90 20.5

MEAN | 59.52%1.44 |18.58%2.37

Table 5.8 Experimental results for transverse fillet welds.
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Figure 5.10 Demec gauge measurements and calculations for transverse fillet specimen.

From the above diagram;
2wl a2
_ S1+3S53-S3
COSG—W
and S4 = Sysina

S3 is assumed to be constant,

S4 is the displacement of welds in the direction of applied load F.
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Load

(KN) | SP-Al | SP. A2 SP. A3 SP. A4 SP. AS SP. A6
0 0 0 0 0 0 0
1.64 0 0 0.017 0.0149 -0.010 0.0153
2.5 0.0308 0.0068 “ 0.0412 0.0244 -0.0024 0.0287
5.0 0.0354 0.0233 0.0473 0.0309 -0.0058 0.0375
7.52 | 0.0441 | 0.0398 0.0548 0.0406 0.0071 0.0516
10.02 | 0.0590 0.0523 0.0688 0.0531 0.0016 0.0575
12.52 | 0.0725 0.0842 0.0830 0.0635 0.0445 0.0895
15.04 | 0.0834 0.0996 0.1009 0.0744 0.0411 0.1060
17.52 | 0.1040 -| 0.0879 0.1085 0.0865 - 0.0714- 0.1210
20.02 | 0.1073 | 0.1007 0.1800 0.1105 0.0769 0.1536
22.54 | 0.1255 | 0.1262 0.1431 0.1154 0.0760 0.1693
25.00 | 0.13%4 0.1476 0.1614 0.1305 0.0877 0.1832
2¢.52 0.1503 0.1698 0.1730 0.1475 0.0916 0.1853
30.02 | 0.1670 0.2091 0.1887 | 0.1671 0.1102 | 0.2204
32.52 | 0.1930 0.2546 0.2184 0.2436 0.1269 0.2450
35.24 | 0.2211 0.2816 0.2465 0.2211 0.1528 0.2663
37.52 0.2468 0.3197 0.2664 0.2406 0.1809 0.2982
40.06 0.2692 0.3617 0.2888 0.2730 0.2047 0.3270
42.55 | 0.3123 | 0.399% 0.3267 0.3137 0.2174 0.3557
45.06 | 0.3398 0.4705 0.3618 0.3616 0.2579 0.4051
47.50 | 0.4030 0.5330 0.4180 0.4212 0.3305 0.4558
50.06 | 0.4700 0.6381 0.4928 0.4994 0.3644 0.5032
52.54 | 0.5703 0.7685 0.5690 0.6146 0.4439 0.5750
55.12 | - 10220 | - 0.8777 0.5464 | 0.6759
57.60 : - » s 0.7342 0.8366
k| 5880 | 5656 59.38 | 61.20 59.24 | 60.91

Table 5.9 Extension of transverse welds along the applied load.
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Figure 5.11 Load vs shear distortion graphs for transverse fillet welds.
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5.25.2 The longitudinal fillet welded specimen.

These specimens, unlike the transverse fillet welded specimen were prepared individually.
The size of specimen is shown in figure 5.12. The width of the load transfer plate was kept
equal to the plate thickness of 13mm. The width of the loading plates A and B, figure 5.12,
was kept to three times this width. This enabled welds of approximately 13mm to be layed
_ in three passes, with full cooling allowed to room temperature after each pass. All specimen
were held in a jig fixture and welds were layed in an alternate opposing sequence to

minimise any distortion.

As shown in figure 5.12, test welds at one end of the specimen were machined down to
achieve the required 8mm leg lengths. The reasons for this have been outlined in section
5.2.4. However, an additional case exists here for machining the test welds. The load
transferring plates are small in length and cross section. The extent of the heat affected zone
generated from welding, would affect the full thickness of these load transfer plates,
extending beyond the length of weld laid.The strength of such plates would be expected to
be close to that of the weld metal. This could affect the failure from occuring in the welds

only.

To allow for run on and run off effects, the test weld lengths were machined down in
length, 20mm from either ends. This resulted in a reduction of the length of the loading

plate A and of the load transferring plates, at one end of the specimen, figure 5.12.

Side welds were laid on loading plate B, to ensure failure occurred in the test welds at

loading plate A only.
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Demec spots were used on six specimens, to measure the shear distortion occurring in the

longitudinal fillet welds. These readings can be found in table 5.10.

The location of the readings of the angle of failure plane, extent of penetration and of the
weld profile are shown in figure 5.13. These readings and those of the failure load are

recorded in table 5.11.
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Figure 5.13 Test welds of the longitudinal fillet weld specimen.
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Load

kN) | SP.st [ sp.s2 | sp.s3 | sp.s4 |sp.ss |sp.ss
0 0 0 0 0 0 0
168 | 0.0025 | 00051 | 00051 | 00127 | -0.0012 | 0.0026
252 | 00025 | 000% | 00076 | o0.0152 | 0.0064 | 0.007
504 | 00178 | 00127 | 00228 | 00381 | 0.0292 | 0.0178
756 | 0.0559 | 00229 | 00306 | 00533 | 0.0610 | 0.0229
10.04 | 0.0660 | 00356 | 0.0457 | 0.914 | 0.0800 | 0.0356
12.56 | 0.0914 | 00813 | 0.0914 | 0.1333 | 00673 | 0.0483
15.04 | 0.1092 | 00762 | 0.0787 | 0.1333 | 0.0877 | 0.0823
1750 | 0.1270 | 0.0864 | 0.0787 | 0.1244 | 0.1054 | 0.0823
20.00 | 0.1549 | 00915 | 00952 | 0.448 | 0.0953 | 0.0940
2254 | 0.1575 | 0.1067 | 0.1168 | 0.1730 | 0.1334 | o0.1245
2508 | 0.1880 | 0.1194 | 0.1295 | o0.2000 | 0.1613 | 0.1448
2752 | 02134 | 01473 | 0.549 | 02387 | 01715 | 0.1956
3002 | 0.2515 | 01575 | 01879 | 02972 | 0.1918 | 0.2007
3252 | 03226 | 02032 | 02413 | 03429 | 02375 | 02337
3504 | 03429 |-02667 | 02845 | 03809 | 0.2934 | 0.2845
3752 | 0.3%2 | 03408 | 0.3581 | o0.4165 | 0.3645 | 0.3584
40.00 | 0.4826 | 0.4268 | 04318 | 05029 | 0.4560 | 0.4623
4250 | 06172 | o583 | 05613 | o0sse2 | 0596 | 0.5665
502 | - 0.7112 | 07112 0.7125 | 0.8154

haigeny| 4410 | 46.95 4530 | 4564 | 4750 | 47.54

Table 5.10 Extension of longitudinal fillet welds in direction of applied load.
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Figure 5.14 Load vs shear distortion for longitudinal fillet welds.
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1

‘Meeasured

Specimen|Measured | Measured Ayl Rt}ﬁo Experiment | Measured
number |leg length | weld length : p:leg | failure load | failure angle
@ (mm) | Ly (mm) [ PeMeWRUOR | length | Fyo (KN) | go

p (mm)
st | 8.00 15.00 1.25 0.156 44.10 51.0
s2 8.01 15.00 1.31 0.164 46.95 48.0
s3 8.01 15.00 1.20 0.150 | 45.30 50.5
4 8.00 15.02 125 | o0.156 | . 45.64 51.5
S5 8.10 15.04 1.23 0.152 47.50 55.0
S6 8.00 | ' 15.04 1.35 0.169 47.54 525
Y/ 8.02 | 15.03 1.95 0.243 50.35 51.0
s8 8.00 15.00 1.99 0.249 47.92 58.0
S9 8.01 15.01 1.78 0.222 46.65 50.5
s10 | 8.00 15.00 2.01 0.251 48.64 50.5
s11 8.00 15.03 1.95 0.243 50.42 55.0
si2 | 8.01 15.00 1.98 0.247 | 48.10 53.0
s13 | 8.00 15.00 2.00 0.250 47.93 58.0
MEAN | 47.45%1.82 | 50.78 %1.98

Table 5.11 Experimental results for longitudinal fillet welded specimens.
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52.53 The cruciform shaped specimen.

Fifteen cruciform shaped specimen were single pass welded using cruciform shaped
spacers. These were clamped together in a jig and full cooling allowed after each weld pass
laid. Each individual specimen was obtained by saw cutting and machining away the
cruciform spacers. The weld profile was then machined to equal leg lengths of 8mm. The
weld length and the plate was machined down from 13mm to the dimensions shown in

table 5.12.The dimensions of a typical test piece are shown in figure 5.15.

Each specimen was tested to failure by applying an equal biaxial load. Readings were taken
of the failure load, angle of weld failure plane and the extent of penetration , for each

specimen. These results are tabulated in table 5.12.
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Measured

et |, o | P | BT | e,
© (mm) | Lw(mm) | PERETRUOR | length | Fyp (KN) | go
P (mm)

Cl 8.00 10.04 2.31 0.289 23.48 18.0
C2 8.00 10.43 2.02 0.253 25.76 21.5
C3 8.01 10.72 2.20 0.275 27.56 155
c4 8.00 10.12 1.93 0.241 24.31 13.0
cs 8.00 10.10 2.01 0.251 25.51 19.0
-C6 8.03 10.44 2.11 0.263 25.25 21.0
c? 8.01 10.00 2.25 0.281 27.92 20.0
Cc8 8.00 10.00 1.96 0.245 22.15 15.0
c9 8.00 10.00 2.02 0.253 23.11 15.5
C10 8.00 10.01 1.99 0.249 25.70 16.0
C11 8.00 10.50 2.05 0.256 26.25 22.0
c12 8.00 10.30 2.00 . 0.250 25.91 19.0
C13 8.00 10.40 2.29 0.286 27.35 19.5
Cl14 8.00 10.20 1.90 0.238 22.31 17.5
C15 8.00 10.00 1.93 0.241 23.50 20.5

MEAN |25.071*t1.86| 18.2+2.70

Table 5.12 Experimental results for cruciform shaped biaxial, (equal) loaded specimen.
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5254 Thetemporary space frame end plate connection.

The typical type of space frame where the temporary end plate connection is used, is shown

in figure 5.16.
A A
f' + = ‘l T
. -\ emporary
Q end plate
8 connections
with connecting
l, L * J ‘dbols.
A SIDE ELEVATION A
o s
o
\D “~
f X
PLAN YIEW
o N
/ \ 4 No. End NOTES |
plate temporary 1. All members are tubular aluminium
connections
welded 1 6082-T6 extruded sections.
\ / tubular frame 2. All welds 1o end plates are MIG welds.
('} 'f-) 3. All rubular connections are TIG welded.

VIEW A-A
Figure 5.16 General arrangement of a space frame with temporary end plate connections.

To experimentally test the end plate connection, a symmetrical shaped test specimen of the
type shown in figure 5.17, was developed and designed. The shape and loading
arrangement applied on this test piece ensures that it simulates the actual end plate
connection in the space frame, as closely as is practically possible. This overcomes the

need to use large size frames and loading arrangements.
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Figure 5.17 A symmetrical shaped experimental end plate connection simulating the actual

temporary end plate in a space frame.

The test specimen, shown in figure 5.17, incorporates a pair of identical end plate
connections. This enables the two end plates to be simultaneously tested, on the one
specimen. Both end plates are of the same size as would be used in the space frames. They
are symmetrically located and welded on to horizontal tubular arms. Their position on these
tubes is also identical as would be on a space frame, i.e. they are welded into the corners of

two tubular arms.

The horizontal tubes are close welded around a vertical tubular length. Gusstee plates are

welded from this member to the tubular arms, figure 5.17.

Both end plates have been designed to be loaded equally in a tensile manner, by a pair of

HSFG bolts. This loading arrangement is discussed in section 5.2.5.4.2,

Failure of the end plate connection is expected to occur in the welds only, at all times. For
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this condition, the end plates have been designed using the yield line method of analysis.
From this analysis it is found that for the plates to fail, their thickness must be 1.3mm. The
plate thickness used for the test specimen is 13mm. This is more than adequate to ensure
failure does not occur in the plate. However other factors prevailed in the choice of this
thick a plate. These are ;

i). A sufficient size of weld may be deposited, as discussed earlier in section

5.2.5:

ii). The cktent and severity of the HAZ is reduced significantly, as reco'mmcndcd

by Robertson and Dwight(3:4),

The tubular sections used for the specimen were of 13mm thickness an‘d 50mm
diameter.This choice was governed by the following factors;
i) To ensure collapse'of the tubular walls does not occur during welding.
ii) The extent and severity of the HAZ be minimised.
iii) No displaécment or torsion occurs alon g any of the tubular arm lengths.
iv) Failure does not occur in the tubular welded joints or the tubes themselves.
v) Welds laid between the end plates and tubes are of a sufficient size. More
importantly the size of leg lengths achieved must be equal. It is known that the
slightest variation in the size of tensile weld leg lengths, greatly effects the failure

load(1D),

For the test specimen the diameter of tube chosen will affect the size of the horizontal weld
leg length. A plate welded onto a small diameter tube will result in a radial horizontal leg
length. To achieve a straight leg length, a larger diameter tube is requii'éd, as shown in

figure 5.18.
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A check at the design stage on the effect of loading on the tubes, revealed over stressing in
them. This indicated failure would occur in the _welds connecting the tubes and not in the
welds between the end plates and tubes.Gusslet _plates were designed to overcome this
overstressing in the tubes.They were welded between the vertical and horizontal tubular

lengths, as shown in figure 5.17.

> >

h“ -~ Plate ﬂ:{m hE" Plate PJ__I“’ .

]
Small
dismeter tube-’ : @

Large
diameter tube —»

¢

tﬂ..._ -

Figure 5.18 Effect of tube size on weld leg length.

5.2.5.4.1 Preperation of the test specimen.

The preperation of these specimens was divided into three stages;
i) Welding of tubular sections,
ii) Welding of gusset plates,

iii) Welding of end plates.

i) Welding of tubular sections.

The ends of four tubular lengths were prepared to close fit perpendicularly around a main

vertical tube. Each tube was individually cleaned and tacked on to the vertical member.
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Each tubular arm of the final tacked stage was clamped in a specially adapted jig. Welds
were layed by the TIG process around each tube's circumference. Cooling of welds to
room temperature was allowed after each tube had been welded on. Full clamping was in

operation throughout the welding and cooling processes, to minimise any distortion.
ii) Welding of gusset plates.

Gusset platc§ were first tacked and then single pass MIG welded, between the horizontal
and vertical tubular members. Full cooling of welds to room temperature was only allowed

once a set of opposite welds had been laid.

iii) Welding of end plates.

The end plates were finally welded on to the tubular arms. Welds were laid by the manual
MIG welding process. Special care and attcnﬁo;l was taken to ac;licvc symmetry of these
plates, when welded on. Any unsymmetrical positioning of the plates would result in
uneven loading conditions to occur. For all specimens, the distance between the centres of
the holes in the end plates was kept constant.

To minimise the extent and severity of heat affected zonés, tacking was restricted to the
extreme edge tips of the plate lengths. These were both small and narrow in size.

Three weld passes made up the final weld profile on each side of the plates, as shown in

figure 5.19.
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End plate
connection

------

+— .
connection

3 Weld passes laid
between end plate
and tubular arm

——

Sectional View A-A

Figure 5.19 View of end plate connections and gusset plates welded onto tubular arms.

The final size of the weld leg lengths laid were equal to the end plate thickness. Full cooling
of the welds was allowed after each pass laid. The welding sequence was that welds were
laid on opposite sides, to minimise distortion in the plates. Any distortion occuring in the

tubes, at this stage would restricted by the gussetts in place. The only significant distortion

-177 -



that could take place, was that in the 'springing up' of the end plate edges. This was

overcome by the weld tacks in place.

No run on and run off plates were used, because of the geometry of the specimen.
To ensure failure occurred in the welds only, the weld profiles were machined down to

8mm equal leg lengths. The reasons for this are given in section 5.2.5.

Rectangular rossette strain gauges were attached to the end connection plates (A and B) of
six test specimens F1 to F6, as to the manufacturers specifications. The arrangement is
shown in figure 5.20. Due to the symmetrical nature of the test specimen, rosettes were not

located at all points on end plate B as on plate A.

A further four strain gauges were attached on the gusset plate below end plate A. These

gauges are used to monitor any torsion or bending effects occuring along the tubular arms.

Dimensions of each final prepared test specimen were taken as to those shown in figure

5.21 and are given in tables 5.13 and 5.14.
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Figure 5.20  Rossette strain gauge layout for specimen type F

-179 -



- 180 -

T ﬂ T
S i ' :
/ i i i
1
i H “ H
H g E ' = N
] i | 1
! +Hees ! u_/
(=¥ - ' B
(3] “ “ 1 B
1 B
= 1 ! 1 5 n
o 1 -
< o8 i | ' B
1 ! B =
1 i | B r_
=
1 i = had
¥ ' ) 1
L - P IE N\ |
1 ] 4
] = _ | A GE IO
g——— — O, T ] i D et S S S g S
D
NRERRRARRRNNSEERRARNNERNREERNN unf\ e CRUERAREEEERERRRASENSA
il P =25 04" P
llllllllll .lJ— n A - e - — - —
3 — Yo' | “ MTFI T,
e Nl o e ] ]
o (= (N I 15
“ = ] I &
= : = -
1 H 1 =
' E \ i 1=
- (" ) [ = m
i @
<| |+ B S =
] - [] 1 H
NS L [ =
1 =
= R i =
| B = ] 1
[ E = ! )=
1 - H o 1= Ll =
m - 1 H =
= [ ' | P —
] 1 1 H
| ; _ i
1
i ! ) !
i 1
1

Figure 5.21 Experimental test specimen type F



=)
5.

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

P
\<K4<:s=—-mﬂ.n~uorsg—-w--::-nuon-na-s-g
N’

13.01
62.00
289.00
160.00
160.00
62.01
289.02
160.00
160.00
60.00
60.00
60.00
60.00
85.00
85.00
8.00
410.00
411.00
180.00
180.00
13.01
8-10
22.00
24.00
S0.50

13.00
62.00
288.00
160.01
160.00
62.00
289.00
160.00
160.00
60.00
60.00
60.00
60.00
86.00
85.00
8.00
411.00
411.00

180.00

180.00
13.00

8-10
22.00
24.00
50.51

13.01
62.00
289.10
160.00
160.00
62.00
289.00
160.00
160.00
60.00
60.00
60.00
60.00
85.00
85.50
8.00
410.00
410.00
180.00
180.00
13.03
8-10
22.00
24.01
50.50

13.00
62.01
290.30
160.00
160.00
62.00
290.01
160.10
160.00
60.00
60.00
60.00
60.00
85.00

85.00
8.00

412.00
410.00

180.00

180.00
13.01

8-10
22.00
24.00
50.49

13.00
62.00
289.10
160.01
160.00
62.00
289.00
160.00
160.00
60.00
60.00
60.00
60.00
86.50

86.00
8.00

411.00
410.00
180.00

180.00
13.00

8-10
22.00
24.00
50.50

13.02
63.01
289.00
160.00
160.00
62.00
289.00
160.00
160.00
60.00
60.00
60.00
60.00
85.00

85.00
8.00

411.00
410.00
180.00

180.00
13.01

8-10
22.00
24.00
50.45

13.00
62.00
290.01
160.00
160.00
62.01
289.00
160.00
160.00
60.00
60.00
60.00
60.00
85.50

85.00
8.00

410.00
411.00
180.00

180.00
13.02

8-10
22.00
24.00
50.50

13.01
62.00
290.00
160.01
160.00
62.03
289.00
160.00
160.00
60.00
60.00
60.00
60.00
85.50

86.00
8.00

410.00
410.00
180.00

180.00
13.01

8-10
22.00
24.00
50.51

13.00
62.01
289.10
160.00
160.00
62.00
289.00
160.00
160.00
60.00
60.00
60.00
60.00

88.00

87.00
8.00

410.00
410.00
180.00

180.00
13.00

8-10
22.00
24.00
50.48

13.01
62.00
289.00
160.05
160.00
62.00
289.00
159.50
160.00
60.00
60.00
60.00
60.00
85.00

85.00
8.00

412.00
413.00
180.00

180.00
13.00

8-10
22.00
24.00
50.50

Table 5.13

Dimension measurements for test specimens F1 to F10.
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Dim.

F11 | F12 | F13 | F14 | FI5
(mm)

13.00 (13.00 |[13.00 [13.00 |13.00
62.00 |62.00 |62.00 [62.01 |62.01
290.50|289.00 |289.00289.00|289.00
160.00}160.00|160.00|160.00160.00
160.00{160.00160.00{160.00|160.00
62.10 |62.00 {62.00 |62.00 |62.00
289.00|298.10|290.10289.00|290.00
160.00|159.60|159.6 [160.00/160.00
160.00(160.00 |160.00]160.00{160.00
60.00 |[60.00 |60.00 |60.00 |60.00
60.00 {60.00 [60.00 |60.00 |60.00
60.00 |60.00 |60.00 |60.00 |60.00
60.00 |60.00 |60.00 |60.00 |60.00

85.00 |86.00 [85.00 |85.00 |85.00

85.50 |86.00 |85.00 |[85.00 |85.00
8.00 |8.00 |(8.00 |8.00 |8.00

410.00{410.00 |411.00(410.00|410.00
410.00]411.00 |410.00(410.00|411.00
180.00{180.00 |180.00|180.00{180.00
180.00|180.00 (180.00|180.00{180.00
13.01 [13.01 |13.02 |13.01 |13.00
8-10 |8-10 |8-10 (8-10 {8-10
22.00 |22.00 |22.00 |22.00 |{22.00
24.00 |24.00 |24.00 |24.00 [24.00
50.50 |[50.50 |50.49 [50.50 |50.50

‘dxqqﬁﬁuﬂ.ﬂuo:sgv-;n‘u--::rn-nnn.no-p

Table 5.14 Dimension measurements for test specimens F11 to F15,
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52.5.4.2 Testing procedure for the end plate test connection.

These end plate test specimen were tested to failure on an Avery Dennison testing machine.
The loading arrangement is shown in plates 5.1 and 5.2. Two 22mm diameter HSFG bolts
are inserted through the end plates and bolted onto a mild steel loading beam. The loading
beam - designed using the simple elastic theory - was connected into the stationary jaws of
the testing machine. Application of loads on the plates was achieved by inserting a solid
mild steel rod through the test specimen's vartical tube. This rod was gripped by the jaws
of the moving head, of the Dennison machine. Using this loading arrangement it is

expected that a symmetrical vertical loading of the plates is achieved.

The deflections of each end plate were measured using dial gauges for the six specimens F1
to F6. The arrangement and location of these gauges are shown in figure 5.22 and table
5.16. Dials 11 and 12 were positioned on the bolt which passes through plate A, and on the
vertical loading rod respectively.These readings were necessary to record any extensions
occurring in either the bolt and, or the rod. These could then be accounted for in the end
plate deflections. All dial readings were taken at each load increament until failure of the
specimen occurred. In most cases the readings recorded were at or very slightly below the
failure load. The deflections recorded for specimen F1 are given in table 5.15 and those for

specimens F2 to F6 in appendix C.

Strains from the rossette gauges were recorded using an automatic digital, thirty channel
recorder. Strain gauges on the gusset plate were recorded on a manual strain recorder. All

readings were taken at each load increament, until failure of the specimen occurred.
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Plate 5.1 Testing arrangement of end plate test specimen type F.,
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Plate 5.2 Failure of end plate test specimen type F.
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However, where stresses were high, strain gauges failed before the specimen. Due to the
vast amount of data obtained, only a typical set of readings, - those for specimen F1 are

given - in appendix C.

Load| PG| DG | DG | DG DG | DG | DG | DG | DG | DG| DG | DG

(KN)
10| o|lo|lo|o]|oflo |o |o|o]|o [o0foO

2.6 |-0.53]-0.42|-0.15|-0.21|-0.22|0.12 |0.11 |-0.01|-0.09}-0.03|-0.21|-0.09
5.0 |-1.06|-0.87-0.10/-0.50(-0.55]0.24 |0.15 |-0.06|-0.28/-0.21 |-0.50|-0.38
7.6 |-1.45|-1.25|-0.49|-0.78 |-0.840.20 |0.15 |-0.08|-0.46|-0.49 |-0.76|-0.65
10.0|-1.76|-1.51]-0.86|-1.01 |-1.06 {0.11 [0.16 |-0.10|-0.60/-0.65 |-0.97|-0.84
12.6|-1.99-1.70|-1.15|-1.23|-1.25| 0 |0.15 |-0.13|-0.74|-0.80 |-1.15|-0.99
17.6|-2.34|-1.90|-1.60|-1.75 |-1.65|-0.30|0.06 |-0.31|-1.02[-1.10{-1.47-1.21
22.6|-2.64|-2.40|-1.88|-1.86 |-1.84|-0.51|0.02 |-0.51|-1.28-1.36 |-1.77|-1.39
27.6|-2.93|-2.15|-2.17|-2.13|-2.11 |-0.72|-0.02|-0.72|-1.51 [-1.60 (-2.06 | -1.55
30.0|-3.07|-2.19|-2.32|-2.26 |-2.23|-0.82|-0.04|-0.83 |-1.64|-1.71 |-2.20|-1.63
35.0|-3.38|-2.27|-2.60|-2.53|-2.51 |-1.04|-0.06 | -1.06 |-1.90|-1.97 |-2.49(-1.79
40.0(-3.69|-2.30|-2.86 -2.77 |-2.75 |-1.26 |-0.08 | -1.28-2.16 [-2.22 |-2.77|-1.94
45.0|-4.00|-2.31|-3.13-3.05|-3.04|-1.45|-0.08|-1.54|-2.44-2.47 -3.07 | -2.09
50.0|-4.35-2.33|-3.43/-3.35|-3.33|-1.69]|-0.08|-1.82(-2.75|-2.76 |-3.42|-2.25
55.0-4.69|-2.50|-3.71|-3.64|-3.62|-1.91|-0.05|-2.08|-3.02(-3.02 |-3.73| -2.40
60.0(-5.04|-2.50|-4.01|-3.94|-3.93|-2.15| 0 [-2.35[-3.33}-3.29|-4.07|-2.54
65.0|-5.41|-2.47|-4.34|-4.26 |-4.25|-2.43(0.06 |-2.65|-3.67-3.61 |-4.44|-2.66
70.0|-5.81|-2.42|-4.69|-4.63 |-4.60 |-2.74|0.15 |-3.00/-4.02-3.95 |-4.86|-2.78
72.6|-6.04|-2.35|-4.90|-4.85 |-4.80 |-2.91|0.21 |-3.20|-4.22|-4.14-5.11|-2.84
75.0|-6.30|-2.25|-5.12|-5.07|-5.01 |-3.11|0.30 |-3.39|-4.45[-4.35 [-5.35|-2.89
77.6|-6.62|-2.05|-5.29|-5.34|-5.28 |-3.38|0.40 |-3.65-4.72[-4.60 |-5.67|-2.92
80.0(-6.99]-1.78|-5.72|-5.67|-5.58 |-3.64]0.54 |-3.93|-5.05-4.93 |-6.10|-2.98
82.6|-7.50|-1.35|-6.14|-6.09|-5.95|-4.06{0.76 |-5.34|-5.48|-5.36 |-6.57|-3.00
85.0|-8.08|-0.67|-6.67|-6.63 |-6.45 |-4.50(1.03 |-5.81|-6.00/-5.86 [-7.24|-3.01
87.6|-9.00/0.23 |-7.50(-7.43|-7.18|-5.33|1.59 |-6.55(-6.81|-6.67 |-8.26|-3.01
90.0(-9.900.96 |-8.34|-8.27[-7.95|-6.05|2.18 |-7.21|-8.55|-7.46 |-8.27|-3.04

Table 5,15  Dial gauge readings for test specimen F1
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Figure 5.22 Location of dial gauges on test specimens type F
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Spec

F1 F2 F3 F4 FS F6

Dim.
(mm)

a 6 15 8 10 3
b 4 10 12 10 5
c 5 9 12 3 11
d 145 140 150 147 150 145
e 5 8 12 8 .7 8
f 7 6 10 11 10 8
g 5 3 10 3 5 7
h 3 5 5 6 6 13
i 8 10 12 12 5 5
J 8 7 10 3 7 8
k 145 145 148 150 150 150
L 5 5 12 3 8 9
m 6 5 8 8 6 7
n 3 3 8 5 10 5
P 10 7 10 10 9 10
q 80 80 85 80 80 80
4 5 5 5 5 5 5
s 145 145 145 145 145 145
t 8 9 10 10 9 10
u 80 83 80 80 80 80
v 5 5 5 5 5 5
v 5 5 5 5 5 5
x 10 10 10 10 9 10

Table 5.16 Measured readings of location of dial gauges and strain gauges for

specimens type F.
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5.3 Measurement of weld failure planes.

All weld failure planes were measured on a shadow graph recorder. This gives the peak
values at various points along the weld length. All other variations of the failure plane along
the weld length get covered by this method of measurement. The recorded weld failure
plaﬁc is thus the apparent failure plane which is greater than that which would occur ata
specific point. The shadow graph results thus represent the failure envelope along the weld
length. It was observed from seperate measurements using a universal measuring machine
that the extent of horizontal weld penetration varied by up to 1.5mm along the weld
lengths. Therefore it would be expected that the failure angle readings recorded are only the

apparent failure planes and slightly greater than the actual failure condition.
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CHAPTER 6 FINITE ELEMENT ANALYSIS OF END PLATE.

6.1 Introduction.

In this chapter a finite element (F.E.) numerical analysis is carried out on the trapezium
shaped plate connection Type F. This type of analysis was chosen after having
exhausted the various literature published on plate deflection equations. It was found
that no general deflection equation existed which could be applied to the trapezium plate.
This is attributed to the fact that complex boundary conditions exist for the trapezium

plate - two opposite edges fixed while the other two are free edges, figure 4.1.

It is acknowledged by Timoshenko(33) and Lowe(54), that although at first it might
appear free edges in plates are relatively simple to deal with, they are in fact the most
difficult boundary condition to be confronted. Two reasons are given, the first being the
inadequacy of the plate theory to satisfy all the three force variables - a bending moment,
twisting moment and shear force - at the free edge, which would be zero. The second
reason is the complexity of the manulipulation of imposed boundary conditions which

are to be expressed as the second and third derivatives of the displacement function.

It was therefore proposed to analyse the plate numerically by the Finite Element Method
(F.E.M), which was available as a computer package - PAFEC Finite Element - on the
VAX-B Cluster main frame system. Interactive graphic analysis was achieved by an
accompanying software called PIGS - Pafec Interactive Graphics System.

The aim of analysing the trapezium plate numerically is to establish the validity of the
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assumption of a fixed end condition existing along the welded edges of the trapezium
plate. Also it is expected the results would help confirm that correct experimental testing

procedure were adopted.

6.2 The finite element method.

The finite element method (FEM) is a powerful computer based technique which can be
used to accurately analyse the behaviour of a continuum structure, subjected to any
complex loads and boundary conditions. This method is basically an extension of the
matrix methods of solution for skeletal structures. As designers and analysts from
various disciplines have gained easier access to computers and computer software, the

FEM has gained wide spread recognition and become an indespensable tool.

The FEM proceeds to analyse the behaviour of a continuum by artificially dividing it into
a finite number of elements, generally known as a mesh. Individual elements are
connected together at nodal points ﬁs shown in figure 6.1. An assumed approximate
function, usually of polynomial form, is chosen to represent the displacement of an
element. Contunity of each element is satisfied at the nodal points only, but in most
cases the chosen function is such that it is also satisfied along the common boundaries.
The matrix method of analysis is then formulated (usually by the stiffness displacement
method) to analyse each element and in turn the whole continuum. The repetative nature
of the FEM makes it particularly suited for computer implementation. Thus, complex or
multi-storey framed buildings can be readily analysed, which would otherwise have not

been possible or too intensive to attempt.
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Typical rectangular
Typical finite element
p nodal \‘
point
Typical triangular
finite element
(a) (b)

Figure 6.1 Typical finite element idealisations of continua.

(a) Dam wall, (b) Folded plate(ss).

To achieve good results from the FEM, the user should grasp some knowledge and
experience on the element types available and have an approximate view of the likely

stress distributions expected.
6.3 Finite elements.

Different shapes aﬁd farni]ies; of elements exist - from the simple line, one dimensional
elements to more complex and sophis‘ticatcd twenty noded i§oparamctric three
dimensional elements. However the choice is normally restricted to a few fypes,
depending upon ﬁxc nature of‘ | ﬁnalysis Glmc elasticity, plate flexure or shell problems),
degree of accuracy required and thé computer working capacity. The most common

types of elements used are the rectangular and triangular shaped ones, figure 6.2.
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(b)

@

Figure 62 Typical finite element idealisations (a) triangular elements

(b) rectangular elements(55),

Each shape of element is described by an individual displacement function and each
family by a general function. It is found by numerous authors (55,56,57) that certain
shapes of elements achieve better results than others. This is principally due to the
accuracy of the assumed displacement function chosen. It is because of this that
rectangular shaped elements are preferred to triangular elements. Nevertheless, good
results can be achieved by increasing the number of elements in the zone of interest.
Also, due to the approximate nature of the displacement functions used, a sufficient
number of elements are needed to achieve an acceptable representation of the overall
continuum. The term ‘sufficient’ varies to the particular problem under consideration.
The accuracy of results increases wilh. the number of elements taken, but this requires
increased computer capacities and processing times which lead to greater financial outlay ~
reqirements. As a general rule, meshes are recommended by Rocky(53), Pafec(56) and

Zienkiewicz(57) to be more finely graded where sharp changes of stresses are expected
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i.e. near openings or points of loading as shown by figure 6.3.

Point load

ZAN

o

Figure 6.3 Typical example of a graded mesh(55),
6.4 Finite element computer software.
6.4.1 Program for automatic finite element calculations - PAFEC.

Although designers may resort to write their own finite element (FE) computer
programmes, it is easier, faster and more accurate to use the comprehensive FE
computer packages available today. One such FE package used extensively in industry is
PAFEC. PAFEC is the acronym for Program for Automatic Finite Element Calculations.
It is a large scale, general purpose 2D or 3D, linear and non-linear, FE analysis system.
A comprehensive element library and systems capabilities exist. Typical examples of

element types available are shown in figure 6.4.

The procedures required to operate PAFEC are quite straight forward. The user inputs
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data via a data file in a prescribed modular form. The file is then run to process the
displacements, stresses or other chosen analysis. All decisions in the formulation of the
FE analysis are left to the user. Thus, it is important the user has some knowledge of the

finite elements available and the results he wishes to obtain.

6.4.2 Pafec Interactive Graphics System - PIGS.

All results and data from the PAFEC runs can be interactivated on the Pafec Interactive
Graphics System, known as PIGS. This is an extremely powerful aid for the user of
finite elements. It enables him to produce graphical representations of the input or output
data interactively. Thus, any wrong data or choice of analysis can be ironed out without

having to supply new data and re-run the program.
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Figure 6.4 Typical types of finite elements available in PAFEC library(56),

- 196-



The primary facilities on the PIGS software can be itemised as follows;
i) Finite element model generation,
ii) Mesh modification,
iif) Interactive loads and restraint placement,
iv) PAFEC file editing,
v) Full colour and shading,
vi) Stress vector and contour display,
vii) Automatic generation of high quality hard copy,
viii) Automatic PAFEC data file generation,

ix) Graph production.

Typical examples of the type of outputs which can be achieved from PIGS can be seen

in figures 6.7 to 6.15.

6.5 Finite element analysis of the trapezium shaped end plate.

A PAFEC input data file is created to submit for FE analysis of the trapezium shaped
plate. A typical data file is seen in figure 6.5, Nine system modules are chosen to fully
analyse the plate for stresses and displacements. These modules can be itemised as

follows;

i) Control,
ii) Nodes,

iii) Pafblocks,
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TITLE TRAPEZIUM PLATE PROBLEM
CONTROL

PIGS STRESS FILE

CONTROL.END

NODES

NODE.NUMBER,X,Y

1,0.045,0

2,0,0.045

3,0.205,0

4,0,0.205

5,0.0598,0.0598

PAFBLOCKS

TYPE=1

ELEMENT.TYPE=44210
BLOCK.NUMBER,N1,N2,TOPOLOGY
1,1,2,1324

MESH

REFERENCE,SPACING.LIST

1,60

2,60

PLATES.AND.SHELLS
PLATE.NUMBER,MATERIAL.NUMBER,THICKNESS,RAD1
1,5,0.013,0

LOADS
CASE.OF.LOAD,NODE.NUMBER,DIRECTION.OF.LOAD,VALUE.OF.LOAD
1,5,3,-25000

RESTRAINTS
NODE.NUMBER,PLANE,DIRECTION
2,10

1,2,0

STRESS.ELEMENT

START,FINISH

1,5000

END.OF.DATA

Figure 6.5 Typical PAFEC data input file
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iv) Mesh,
v) Plates and shells,
vi) Loads,
v) Restraints,
vi) Stress.
The CONTROL module is used as an aid to guide the process through the various paths

within the PAFEC system.

The NODES module is where co-ordinate values of nodes are inserted, to define the

problem.

Automatic generation of the mesh is achieved by the use of PAFBLOCKS and MESH
modules. The pafblock facility is used to reduce the magnitude of data preperation
required to create a mesh. A sufficient number of nodes are required to define the layout
and shape of each pafblock. These are then divided into a number of elements by
referring to the mesh module. The advantage tc be gained from the use of these two

modules is when re-analysis of a problem is required, with different mesh densities.

The PLATES and SHELLS module relates to the properties and thickness of the
material. The properties are pre-programmed into the PAFEC software, for different
materials but may be overwritten by the user. However all thicknesses of plate have to
be given. The ratio of plate thickness, h , to length of plate L, is shown by pafes in

figure 6.6. Ratios of h:L below 0.4 are classed as thin elements, between 0.15 and 0.6
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as thick elements and finally those between 0.25 and 0.8 as 3D elements.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
L ! | ! ! | | 1

(o =

v

44210 & other thin elements

3-D elements

ey

Figure 6.6 Ratios of plate thickness, h to length of plate L.

For the LOADS module, the case, location, direction and value of loads are givenin a

prescribed manner.

Any restraints to be applied are selected in the RESTRAINT module. These can be
applied at individual nodes or alternatively as planes of restraint. The normal six degrees

of freedom may be applied in any combinations.

The STRESS ELEMENTS module stresses the chosen nuh’:ber of elements to be

stressed.

For the analysis carried out, a single two dimensional pafblock (TYPE 1 to Pafec
specifications) is used to define the whole plate. The mesh density is initially chosen to
be of 400 finite elements i.e a 20 x 20 mesh configuration, as seen in figure 6.7. This is

varied to a mesh 35 x 35 dense and then to a 40 x 40 dense mesh, figures 6.8 and 6.9.
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FIGURE 6.7 A 20 x 20 DENSE FINITE ELEMENT MESH OF END PLATE CONNECTION
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FIGURE 6.8 A 35 x 35 DENSE FINITE ELEMENT MESH OF THE END PLATE CONNECTION
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A 40 x 40 DENSE FINITE ELEMENT MESH OF THE END PLATE CONNECTION

FIGURE 6.9



The increase in mesh densities is required in order that convergence of stresses and
displacements to actual values may occur. The FE analysis method is based upon an
approximate deflection equation, which would generally give results closer to the actual
deflections than to actual stresses. This can be explained by two factors; first because
stress is a derivative function of the deflection, and deflection itself being approximated
by a polynomial, the convergence of stress to exact values would require more dense
meshes. Secondly, any slight variation of the deflected shape in experiments, would
change the stresses from the expected values. It is because of this that re-runs with
varying mesh densities have been carried out. This can be seen in the trapezium plate
problem analysed. For a fixed load of 25KN as mesh densities increase - figures 6.10 to
6.12, the convergence of stresses to experimental stress is observed. Full convergence
is not exactly obtained which is explained by the second mentioned fact earlier above.
However, deflected values rapidly converge to the exact values, for a lowly dense mesh,
figures 6.13 to 6.15.

The loading actually applied in practice to the trapezium plate is replaced by an
equivalent point load, for this analysis. This is to help simplify the FE mesh generation
of the plate. Also, because the main interest of the analysis lies in the results along the
welded edges of the plate and not at the point of load application. It is expected that
stress distribution along or near to these welded edges would not be affected by this

simplification.

The element type used from the PAFEC library is the 44210 element, which is an eight
noded facet shell element, figure 6.16. This element type is expected to behave as a flat
thin shell which can carry bending and membrane loads. Reasonable distortions are

permitted from the basic square shape, provided flatness is preserved. Each node of the
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FIGURE 6.13 MAXIMUM DEFLECTION OF THE END PLATE CONNECTION USING A 20 x 20 DENSE FE MESH
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element has five degrees of freedom (Ux,Uy,Uz,(b x'¢' y) when used as a plate element.

The stressing output gives values at each node and at the centre of each element.

Figure 6.16 Element type 44210 used for finite element analysis.

All degrees of freedom have been restrained by planes acting along the welded edges of

the trapezium plate. It is expected this is a true representation of the experimental case.

6.6 Results from finite element analysis.

Results obtained from PAFEC are only true within the elastic limit zone, because
PAFEC is a linear elastic based FE analysis package. The comparisons to be made later
in chapter 7 of this thesis, between the experimental results and those obtained from
PAFEC are thus confined to the elastic zone. From this FE analysis it is only expected to
verify the assumption that a fixed end type of condition prevails along the end plate
connection's welded edges. Further, the results would also confirm that correct

experimental testing procedures were adopted.

Due to the vast amount of data output from the PAFEC analysis, only typical deflections

and stress output results are given in Appendix C, for the first one hundred nodes.
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The maximum deflections as load increases, obtained from PAFEC are given in table
6.1 and plotted in figure 6.17. The comparison between stresses from the PAFEC
output and the experimental values is to be restricted to the one load case only. This
restriction is necessary because of the limitation of the analysis to the elastic zone only.
Comparisons at higher loads are not possible due to non - linear effects prevailing. At
lower loads effects due to the initial application of load disproportionately distorts
comparisons made between PAFEC and experimental readings. The comparison is
therefore proposed to be made for the SOKN experimental load value. This load case lies

in the elastic limit and is chosen from the load deflection readings of the end plates.

The PIGS stress outputs at the SOKN experimental load case are given in figures 6.10 to
6.12, for the varying mesh densities of 20 x 20, 35 x 35 and 40 x 40 respectively. The
maximum deflection, PIGS outputs obtained are also shown for the same mesh

densities, in figures 6.13 to 6.15
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Lowt | Meximum
(mm)
0 0
10 0.075
20 0.150
30 0.225
40 0.300
50 0.375
60 0.450
70 0.525
80 0.600
90 0.672

Table 6.1 PAFEC results for maximum deflection of end plate as load increases.
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Figure 6.17 PAFEC results of load vs deflection
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Figure 6.18 PAFEC output of stresses at points A, B and C on fixed edges

of end plate, with mesh densities increasing.
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6.7 Replacement of point load by an equivalent line load.

The assumption made in the extend weld failure theory in Chapter 4, that a point load
can be replaced by an equivalent uniform line load is also justified using the finite
element method.It was assumed that the end plate be segmented into six beam elements
and the applied point load also be replaced by a uniform equivalent line load. An
experimental equivalent uniform distributed load of SOKN is applied at six nodal points
along the width ab of the end plate, (as seen in figure 4.4) in the finite element analysis.
The analysis is varied for mesh densities of 20 x 20, 35 x 35 and 40 x 40. PIGS stress

output results for these varying mesh densities are shown in figures 6.19 to 6.21.

In this section of the finite element analysis only the state of the stress distribution along
the welded (fixed) edges of the end plate is being investigated into. It is expected that by
replacing the point load with the equivalent uniformly distributed line load, the stresses

should not alter by any significant value along the assumed fixed plate edges.
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FIGURE 6.20 MAXIMUM STRESSES OF THE END PLATE CONNECTION FOR A UNIFORM LINE LOAD
USING A 35 x 35 DENSE FE MESH
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CHAPTER 7 DISCUSSION OF RESULTS.

7.1 Tensile coupons.

The results from the tensile coupons Tables 5.2 to 5.4 are used to obtain figure 7.1
which shows that the ratio of the ultimate tensile strength of HAZ to parent metal (6082-
T6) is 0.57, and for the proof stress a ratio of 0.52. These compare favourably with data
published by Soetens (6), and that of Pirner (3), and Mazzolani (47), whose ratios for
the ultimate tensile strengths are 0.63, 0.60 and 0.66 respectively and the proof stress in

the region of 0.50.

The ratio of the ultimate tensile strength of the weld metal 4043A (NG21) to the parent
metal 6082-T6 is found to be 0.56 which is in the region to that obtained for the HAZ to
parent metal. However, the ratio of weld metal to parent metal proof stress is 0.37,
which is lower than that for the HAZ to parent metal ratio of 0.52. These values also
compare favourably with those obtained by Soetens (6) - a ratio of 0.60 for the UTS of

weld to parent metal and 0.35 for the proof stress of weld to parent metal.

The ultimate tensile strength of the HAZ and weld metal are of a comparable value - the
ratio of UTS of HAZ to weld metal found to be 1.02 - implying failure should occur in
the weld material for a uniform cross section. The weld metal is also found to have a
significantly lower proof stress than the HAZ - a ratio of the weld to HAZ of 1.41,
which from a serviceability limit or permissible stresses design point would mean failure
occuring in the weld metal.

An important finding by Soetens (5:6) and also later confirmed by Robertson and
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Figure 7.1 Typical stress - strain curves for coupons from 6082-T6 aluminium alloy
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Dwight (3,4) is that the UTS for HAZ's is dependant upon plate thickness. The
relationships found and discussed above are based solely upon tests from plate of 13mm
thickness. However the weld and parent metal UTS values are independent of the plate

thickness.

The proof and ultimate stresses published in CP118 Table 1, and BS 8118 Table 2.2
(Part 1), for plate section aluminium alloy 6082 - T6 are; 6 5 = 240 N/mm? and o, =
295 N/mm?2, Both these values are lower than those obtained by the author, Robertson
and Dwight and Soetens. No ultimate or proof stress values are given in CP118 or BS
8118 for the HAZ or weld metals. Only permissible and design stresses are given by

them respectively.

7.2 Hardness traverse.

With regards to the code of practice CP118, extensive classification and guidance is not
given for HAZ's in aluminium. The code only requires aluminium other than in the
annealed condition to be designed on the assumption that a reduced strength zone (RSZ)
extends over a distance of 25mm (1") in all directions from the centre line of a butt weld
and from the root of a fillet weld. However, the work conducted by Robertson and
Dwight on HAZ's in aluminium alloys has been recognised by the Committe for the
Draft British Standard BS 8118 - Code of Practice for the Design of Aluminium
Structures - and have fully incorporated it into the Draft Code of Practice. The work
conducted by the author is compared with the findings and suggestions made by

Robertson and Dwight.
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7.2.1 Extent of the HAZ.

From the hardness traverses carried out by the author, it is observed that a distinct
softened zone exists immediately adjacent to the weld metal. This is the Heat Affected
Zone (HAZ), as discussed in chapter 2. The start of this HAZ, referred to by Robertson
and Dwight (3:4) as the distance XA, is found in these tests to average approximately
15mm either side of the weld centre line. The extent of the HAZ, Xg is also found from
these tests to average approximately 30mm on either side of the weld centre line, seen in

figure 5.7 and Appendix A.

These results compare favourably with Robertson and Dwights own experimental
findings for XA and Xp, to average 25 and 12mm respectively, for a similar butt
welded specimen of 6082-T6 type alloy. The slightly smaller values for XA and Xp
obtained by Robertson and Dwight can be attributed to the fact that their welded
specimens were prepared by the mechanical MIG process, whereas the authors were by

the manual MIG process.
7.2.2 Severity of the HAZ.

It was also observed from the hardness traverse tests that the softest part is
generally the weld metal, although softer spots were observed at random points in the
HAZ, figure 5.7 and Appendix A. This is mainly due to the random nature of dwelling

of the flame torch, during the manual MIG welding process.

A relationship between the UTS and hardness values is derived from the readings
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plotted in figure 7.2. Defining the material zones as Robertson and Dwight have - soft
material existing at a distance less than XA and non-soft material existing at a distance
greater than XA, where XA is the distance shown in figure 2.5, Chapter 2. The
following relationships are found to exist;

for non-soft material G, = 2.90.H Equation (7.1)

for soft material G, =265.H Equation (7.2)
However a better fit line is observed to exist for both the soft and non-soft materials,
seen in figure 7.1, and given by equation--;

C, = 280.H Equation (7.3)

Compared to Robertson and Dwight's derived relationships, given by equations 7.4 and
7.5 below, a close agreement for the non-soft material is observed, but not the soft
material.

non-soft material o, = 2.84 .H Equation (7.4)

soft material c, = 317.H Equation (7.5)
This difference can be partly explained by the fact that Robertson and Dwight's
specimens were welded using combined filler metals 5556 (NG61) and 5356 , whereas
the author has used filler metal 4043A (NG21) throughout. The findings by Soetens
(5:6) on the UTS of filler metals 5356 and 4043A indicate filler metal to be
approximately 12 percent stronger than filler metal 4043A, when used with alloy 6082-
T6. The other factor is that Robertson and Dwight's derived equations are based upon
data for both the alloys 6082 and 7019. It is known from their own findings and from
Soetens, that UTS values differ for parent, HAZ and weld metals between the two
alloys and therefore so do their hardness values. Thus a better relationship would be

obtained between UTS and hardness values, if based upon individual alloy and filler

metal combinations, than on a mixture of alloys and filler metals. The author’s derived
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Figure 7.2 Relationship between ultimate strength and hardness for 6082-T6

.225.



relationship for UTS to hardness values are based upon a single alloy / filler metal

combination.

7.3 Tensile fillet welds.

For tensile fillet welds, the theoretical relationships derived between weld
penetration p , and failure load F are shown in table 3.1, chapter 3. These are plotted in
graphical form in figures 7.3 to 7.6. In figure 7.3 it is seen that as penetration values
increase the weld failure load also increases. The relationship is linear for all values of
weld penetration.

The code of practice BS 4870, stipulates that the maximum extent of horizontal weld
penetration p, for fillet welds be limited to p < 3mm, regardless the size of weld laid.
Generally this requirement is readily complied with as indicated by Smith and Newman
(24,25), They found that under normal standard welding conditions, the average
horizontal weld penetration achieved is equal to 0.3 times the weld leg length value. If
one considers the avcragc maximum weld size laid by a single pass to be 10mm, then
the limit of p < 3mm is not violated. Therefore the linear relationship shown in figure
7.3, between load and penetration up to 0.3 times the weld leg length penetration value,
suggests a zone up till where acceptable penetration values are achieved. Beyond this
value, excessive penetration effects begin to dominate the failure load and penetration
relationship.

The graph in figure 7.3 can be used to read off the expected failure load for any tensile
fillet weld with a known penetration value or vice versa. Alternatively the general failure
equations presented in chapter 3 can be used.

The other important relationship arrived at in chapter 3, for tensile fillet welds is that for

the failure plane. It is shown that by achieving weld penetration the weld model is
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effectively an unequal leg length weld. The weld failure plane is shown to be dependant
upon the extent of penetration achieved. If the extent of penetration is known then the
location of the failure plane can be predicted or vice versa, using the equation derived in

chapter 3. The relationship is shown graphically in figure 7.4.

The effect of penetration upon the length of the weld failure plane is also shown in
figure 7.5. As penetration values increase, then the length of the failure plane also
increases. This is as would be expected, since it is found that the weld failure load also
increases as discussed earlier. The relationship between the length of failure plane and

failure load is shown in figure 7.6.

7.3.1 Comparison of tensile weld failure theories.

Comparisons are made between the author's proposed tensile weld failure theory
and those of Kamtekar's (11), Kato and Morita's (12) and the B-formula(14). For
aluminium fillet welded specimens comparisons are also made with the predictions

obtained using BS 8118.

The first comparison is made using experimental results obtained by the author on
tensile aluminium welded specimens. The experimental results for these tests are given
in chapter 5, table 5.6. The predicted results are tabulated in tables 7.1 and the

comparisons in table 7.2, of this chapter.

The predicted results using the authors proposed theory and that of Kato and Morita's,
give results closest to the experimental results. These are to within ten and four percent
respectively, of the experimental values. Kamtekar's theory predicts the failure load to

within 34 percent, the 3-formula to within 69 percent and BS 8118 to 24 percent.
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Figure 7.3 Graph of penetration (p) vs tensile fillet weld failure load.
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Horizontal weld penetration (p) in terms of weld leg length.
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Horizontal weld penetration in terms of weld leg length.

0.7

0.6

0.4
03
/
0.2
0.1 /
0.0 :r/
0.95 1.00 1.05 1.10 1.15 1.20 1.25

Length of failure plane.

Figure 7.5 Graph of penetration (p) vs length of failure plane for tensile fillet welds.
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Figure 7.6 Graph of length of failure plane vs tensile failure load.
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The other predictions compared are those concerning the weld failure plane angles.
From the experimental results on tensile welds - tables 5.8 and 5.12, it is seen that the
failure plane angles do change as penetration values alter. With regards to this point,
only the author's theory predicts that the location of weld failure planes should change
for any changes in weld penetration, as shown in table 7.1 and figures 7.4 and 7.5.
Kamtekar's theory predicts two locations of the failure plane - either the vertical (90%) or
the horizontal (09) weld leg length.This is only true when there is zero penetration. But
it is accepted that fusion must occur beyond the prepared end faces, for all structural
welds and therefore penetration must exist at all times. Kato and Morita's theory also
predicts a constant failure plane. In this case it is predicted to lie at 22.50, measured up
from the weld horizontal leg length lying in the direction of applied load. With regards to
the B-formula, this does not predict a failure plane but is based upon the assumption that

the throat of the weld is always the failure plane in a weld.

In table 7.2, the author's, Kamtekar's, Kato and Morita's predicted and the B-formula
and BS 8118 assumed failure planes are compared. It is seen that the author's theory
under predicts the location of the failure plane. All the other theories compared, over
predict the location of the failure plane. In Kamtekar's only a comparison with the
vertical predicted failure plane is conducted.This is because the other failure plane is
predicted at 00, and division by zero is infinite. When the vertical predicted failure plane
1is compared, it is found to be an overprediction of the experimental value by 84 percent.
Kato and Morita's theory overpredicts by 34 percent and both the B-formula and BS

8118 by 66 percent
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A second comparison between the author's proposed theory and Kamtekar's, Kato and
Morita's theories and the 3-formula, is made using the test results of Higgs (1), These
results were obtained by Higgs on tensile lap welded steel specimen and the results are
shown in table 7.3. Unfortunately, Higgs has not recorded the extent of penetration
achieved in these specimen, but the failure angles and failure loads were recorded. For
these tests, the author has assumed a constant value of penetration p = 0.3.Leg Length
(W) to exist for all welds. This value is chosen to represent an average value achieved

for standard welding conditions, as found and suggested by Smith (24,25),

Higg's | Measured | Measured | Test Measured
specimen | leg length | weld failure | failure
number length load angle
 (mm) |Lg (mm) | Fy (KN) | ¢
T1 4.0 32.00 108 15.50
T3 4.0 32.50 110 14.50
T7 4.0 33.70 99 17.25
T9 4.0 33.50 106 18.50
T11 4.0 33.50 108 | 22.25
T13 4.0 35.00 82 31.00
T14 4.0 17.30 51 17.50
T15 4.0 14.00 a7 19.00
Ti6 40 | 1420 51 22.50

Table7.3 Higgs(15) experimental transverse fillet welded specimen results.
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The comparison shows that the nearest prediction of the failure load is obtained by Kato
and Morita's theory. This is very closely followed by the author's own theoretical
prediction. Kato and Morita's theory slightly over predicts the experimental failure load
by three percent, while the author's slightly under predicts by four percent. However,
these results must be viewed in light of the average penetration assumed for all
specimens. In practise a constant penetration value is not going to exist throughout.
Further, the assumed penetration value is based upon average welding conditions. No
information is given by Higgs as to whether he achieved these conditions.

Also found is that Kamtekar's theory underestimates the failure load by 31 percent and
the B-formula by 27 percent. The point to note here is that neither of these methods
takes penetration into consideration. This would explain why such a marked difference
exists between these predicted failure loads and those predicted using the author's or

Kato and Morita's theories.

With regards to predicting the location of the failure plane, the results obtained using the
author's proposed theory, are based upon the initial assumed extent of penetration 0.3.
Since the actual values are not available, these results can only be taken as indicatively to

those predicted by the other theories.

For the assumed constant penetration value of 0.3.Leg Length (®), the author's theory
predicts a constant failure plane, to within seven degrees of the experimental recorded

values. The other theories by Kamtekar, Kato and Morita and the B-formula,
overpredict the location by 88, 12 and 57 percent respectively. However, it must be
noted that since Kamtekar's theory predicts two constant failure planes - the horizontal

(09), or the vertical (900) weld leg length - only the vertical predicted plane can be
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compared in ratio terms. This is because division by zero is infinity. Nevertheless, even
if a difference between the horizontal predicted failure plane and the actual experimental
value is estimated, it is seen that this then underestimates the location of the failure by an

average of 200,

For Higg's test specimens, it might seem that Kato and Morita's constant failure plane
prediction is the best, since it is the closest to the experimental measured values.
However, the author's predictions also lie very close to these experimental results, but
are hampered from predicting even better results due to the unknown actual penetration

values achieved by Higgs.

A third comparison between the author's, Kamtekar's, Kato and Morita's theories and
the B-formula is conducted. In this case the experimental results obtained by Kato and
Morita on steel fillet welded tensile specimens are used. Kato and Morita have taken care
to record the extent of penetration achieved in each welded specimen. Also the weld
profile, length and failure load have been recorded and are reproduced in table 7.6.
However, the angle of the failure plane has not been recorded. Nevertheless, a
comparison is conducted using these results, concentrating on the failure loads

predicted. The predictions are derived in table 7.7 and their comparisons in table 7.8.
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Kaw Measured | Measured |Horz. Ratio |Gy weld | Expt.
etal's leg weld measured | piw failure
specimen | length length penetration load
number | ) mm) L (mm)|p (mm) Nimm? | Fy (KN)
S15B 4.936 40 1.060 0.215 588 206.0
S15R 4.950 40 0.806 0.163 575 153.5
S{10B 10.154 40 0.863 0.085 600 347.0
S11SB 15.302 40 0.792 0.052 595 518.5
S115R 15.104 40 0.297 0.020 SS3 461.5
$120B 19.997 40 1.358 0.068 607 675.0
$430B 29.996 40 0.551 0.018 607 888.0
$140B 40.036 40 1.188 0.030 607 1232.0
S140R 35.228 40 0.226 0.006 557 935.0

Table7.6 Kato and Morita's experimental transverse fillet welded specimen results.
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Kaw

etal's Fy Fu Fu Fy
| By | Tz | R | Tua
S15B 1.129 1.537 1.288 1.508
$45R 1.015 1.168 1.011 1.146
S{10B 1.140 1.233 1.126 1.210
S;15B 1.174 1.233 1.148 1.210
S{15R 1.173 1.196 1.177 1.174
$420B 1.130 1.204 1.109 1.182
$,30B 1.037 1.056 1.006 1.036
S140B 1.066 1.098 1.038 1.077
S{40R 1.026 1.032 0.991 1.013
MEAN 1.098 1.195 1.099 1.173
%n-1 0.063 0.140 0.098 0.146

Table 7.8 Comparison between predicted weld failure loads for Kato and Morita's

transverse weld specimens.

Examining the predicted failure loads, reveals that the author's, Kamtekar's and Kato
and Morita's theories and the B-formula predict the failure load to within approximately
ten, twenty, ten, and eighteen percent, respectively. Generally it is seen that where the
extent of penetration achieved is very small, the predicted results by all theories being
compared are fairly close. However, where penetration values are significant then the

author's and Kato and Morita's theories predict the best failure load results.
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Also, the only significant variation to be expected when weld penetration is significant is
the prediction of the failure plane. Unfortunately, since Kato and Morita have failed to
record the experimental failure plane, a comparison cannot be made with any observed
values. Theoretically, the author's theory predicts a varying failure plane as the
penetration values change. These predictions generally lie close to the horizontal weld
leg length, between 0.170 and 5.549, table 7.7. This prediction would also confirm and
explain the observations made by other authors and especially Higgins and Preece(28),
They observed that for tensile fillet welds of equal leg lengths, the failure plane lies close
to the weld leg length lying in the direction of the applied load. With this in mind, it
would be expected Kamtekar's prediction of 00 i.e. the horizontal leg length, would be
the comparable predicted failure plane. Kato and Morita's theory predicts the failure
plane to be constantly at 22.50 from the horizontal weld leg length, while the B-formula

assumes the weld throat as the failure plane at all times.

A final and fourth comparison is conducted using the experimental results obtained by

Soetens(6,14) on aluminium fillet welded tensile specimens. His results are shown in

table 7.9.
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In this case, although Soetens has measured the weld penetration and failure angles for
his test specimens, only averaged values are given for each chosen filler metal, alloy
combination specimen. No readings are given for individual test specimens. Further, no
readings are given of the size of weld leg lengths achieved - only averaged throat values
are recorded. Also, no indications are given as to whether the weld profiles were
machined down or not. The weld leg lengths given in table 7.9, have been calculated by
the author based upon the average throat values. It would therefore be expected that
using these average values in the failure theories being compared, will lead to
approximate predictions. Thus the results and comparisons made in tables 7.10 and 7.11

are only to be taken as a general indication of the accuracy achievable by each theory.

Bearing the above mentioned in mind, it is seen that all the failure theories predict
comparable failure loads.However, it should be noted that although the B-formula and

BS 8118 predict safe failure loads, they are nevertheless excessively conservative.

Comparing the predicted failure plane angles to Soetens measured values , shown in
tables 7.10 and 7.11, the authors proposed theory underpredicts these measured failure
angles. The same is true of Kato and Morita's constant predicted failure plane angle of
22.50, but to a lesser extent. The inaccuracy of the author's theoretical predictions can
be attributed to the fact that only average values of weld penetration were available, to
predict the failure angles. Also, the failure angles measured by Soetens might require re-
adjustment, if they were not measured from the tip of the horizontal penetration. No
indications are given by Soetens as to from which point he measured the reported failure

angle values.
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Kamtekar'e theory predicts the vertical and horizontal weld leg lengths as the failure
planes. Comparing these to Soetens measured failure angle values, shows the former to
be an over prediction while the latter an under prediction. Basically, neither the vertical

or the horizontal leg lengths coincide with the failure planes measured.

The B-formula and BS 8118's assumed failure plane of the weld throat is also seen to be

an over cautious assumption, when compared to Soetens experimental results.

From the overall comparisons made between the different tensile weld failure theories, it
is found that the author's proposed theory predicts results very close to experimental
findings. This theory not only accurately predicts the failure loads of the welds but also
closely predicts the location of the failure plane. These results are achieved only by
using the author's theory because weld penetration is directly accounted for in the weld

model and failure analysis.

Only Kato and Morita's theory, which indirectly accounts for weld penetration by
modifying the weld throat, predicts failure loads close to the authors. However, due to
its over simplified approach the corresponding weld failure plane prediction remains
crude i.e. failure is expected to always occur along a fixed plane at 22.50 from the

horizontal weld leg length.

Using Kamtekar's theory generally under predicts weld failure loads quite significantly -
at times by up to 33 percent, seen in table 7.2. Further, this theory always predicts two
weld failure planes - the vertical and horizontal leg lengths. Kamtekar acknowledges this

ambiguity by suggesting that the horizontal weld leg length must be taken as the correct
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failure plane since Higgins and Preece's (28) findings and others show the failure plane

to lie close to this leg length.

In Kamtekar's published paper (11) on his theory, he compares his theoretical
predictions to Kato and Morita's experimental test results using their experimental data,
which are shown in table 7.6. For the failure load predictions he uses Kato and Morita's
modified weld leg length values which indirectly account for the extent of weld
penetration achieved.This is seen to be incorrect by the author since Kamtekar's theory
totally ignores weld penetrations at all times. Consequently the predicted results he
compares suggest a closer prediction to experimental values than would be achieved
when using his theory. The author has shown in table 7.7 what Kamtekar's theory
predicts when using the unmodified leg length values in Kato and Morita's experimental

tests. The results indicate under prediction of the weld failure loads by approximately 20

percent.

7.4 Shear fillet welds.

From the author's proposed theory on shear fillet welds, derived in chapter 3, it was
shown that increases in weld penetration, increased the failure loads. This was also

shown in table 3.3 and the derived relationship is given below;

— (1+p oL,

uation 7.6
= Eq

where p = ratio of horizontal penetration to weld leg length.
This equation is plotted in figure 7.7. It is observed that unlike for tensile welds, the

shear failure load is linearly dependant upon the extent of penetration.
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Horizontal weld penetration (p) in terms of weld leg length,
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Figure 7.7 Graph of penetration (p) vs shear weld failure load.
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Horizontal weld penetration (p) in terms of weld leg length.
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Figure 7.8 Graph of horizontal weld penetration (p) vs Tan 0 for shear fillet welds.
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Horizontal weld penetration (p) in terms of weld leg length.
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Figure7.9 Graph of penetration (p) vs length of shear failure plane.
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Figure7.10Graph of length of shear failure plane vs failure load
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In the same table 3.3, the location of the failure plane in shear fillet welds, is seen to
always be at 450 from the horizontal leg length, even though penetration values increase.
This relationship is also shown graphically in figure 7.8. This result indicates that the
failure plane assumptions made by the B-formula and BS 8118 are more realistic for

shear fillet welds than for tensile fillet welds.

These theoretical findings also indicate that shear fillet welds are not as sensitive to
changes in penetration values, as are tensile fillet welds. This result also verifies
Kamtekar's finding, that any small changes in the weld cross sectional area effects
tensile fillet welds more acutely than shear fillet welds. Also from figure 7.7 it is seen
that unlike for tensile fillet welds, excessive weld penetration has no effects upon the
weld failure load. This finding would suggest that excessive weld penetration is a

problem related only to welds in tension.

7.4.1 Comparison of shear weld failure theories.

Theoretical predictions made by the author's, Kamtekar's, Kato and Morita's theories
the B-formula and BS 8118, for the failure of shear fillet welds, are compared. For this,
the experimental results from the author's, Kato and Morita's (12) and Soetens (6,14,)
test programmes are used. No comparisons were possible from Higg's experimental
programme, since no tests were done by him on shear fillet welds.

The first comparison made uses the experimental results obtained by the author. These
results are for aluminium welded shear connections, and are given in table 5.11, chapter
5. The predictions of weld failure loads and planes are given in tables 7.12 and their

comparisons in table 7.13.
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?uthors Fu Fy Fy Fy Fy koK

pec. Pdh e 928 1 § L B

No. F ul Fuz 1-"113 Fu4 F. us

Ss1 1.008 | 1.166 | 1.008 | 1.282 | 1.235 | 0.945
S2 1.065 | 1.240 | 1.065 | 1.363 | 1.305 | 0.884
s3 1.040 | 1.196 | 1.040 | 1.316 | 1.274 | 0.942
S4 1.042 | 1.205 | 1.042 | 1.325 | 1.277 | 0.954
S5 1.074 1.237 | 1.074 | 1.361 1.315 1.027
S6 1.072 | 1.254 | 1.072 | 1.379 | 1.314 | 0.960
s7 1.066 | 1.325 | 1.066 | 1.458 | 1.306 | 0.951
S8 1.014 1.267 | 1.014 | 1.393 | 1.243 | 0.982
S9 1.007 | 1.231 | 1.007 | 1.354 | 1.234 | 1.038
S10 | 1.028 | 1.286 | 1.028 | 1.414 | 1.259 | 0.831
S11 | 1.069 | 1.331 | 1.069 | 1.463 | 1.310 | 0.933
S12 | 1.018 | 1.270 | 1.018 | 1.397 | 1.247 | 0.895
S13 | 1.014 | 1.267 | 1.014 | 1.394 | 1.242 | 0.981
MEAN| 1.040 | 1.252 | 1.040 | 1.377 | 1.274 | 0.950
Cyn-1| 0.027 | 0.048 | 0.027 | 0.052 | 0.032 | 0.053

ook ¢g—¢g—¢g=ﬁ=ﬁ

07 92 03 63 95

weld specimens.
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Table 7.13 Comparison of predicted results for author's experimental longitudinal fillet




In table 7.13, it is seen that the best prediction of the experimental failure load is that
made by the author's and Kato and Morita's theories. In fact both these theories predict
identical failure load values, which are to within 4 percent of the experimental value.
Kamtekar's theory under predicts the failure load to approximately 25 percent, while the

B-formula and BS 8118 by a massive 38 and 27 percent respectively.

All the three theories predict the weld throat as the failure plane. The B-formula and BS
8118 assumes this to be the failure plane. This result is seen to be a slight over

prediction - by 5 percent, to the experimental findings from the author's tests.

Using the experimental results, reproduced in table 7.14, obtained by Kato and Morita
from shear fillet welded steel specimens, the three theories and the B-formula are further

compared. The predicted results are given in table 7.15, and their comparisons in table

7.16.
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Katwo Measured | Measured |Horz. Ratio Gy weld [ Expt.
etal's leg weld messured PIw failure
shear length length penetration load
specimen 2

number | @ (mm) | L (mm)(p (mm) Nimm® | Fy (KN)
S,5B 5.035 15 0.622 0.124 598 107.80
S25R 4.794 15 0.099 0.021 548 79.80
S,7B 7.170 21 1.428 0.199 599 188.50
S,10B 9.914 30 1.584 0.160 600 351.50
S210R 10.253 30 0.622 0.061 543 318.50
S712B 11.483 36 1.217 0.106 595 483.00
S,15B 15.146 45 0.608 0.040 585 841.00
S,20B 20.082 60 1.343 0.067 600 1445.00
S,20R 17.423 60 0.976 0.056 560 1026.00
S,15R 15.160 45 1.047 0.069 548 751.00
S522B 20.450 66 1.272 0.062 600 1584.00

Table 7.14 Kato and Morita's experimental longitudinal fillet welded specimen

results(12),
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Author's

Author's

Kato Kamtekar's|Kato (3 Formula|Failure
etal's predicted | predicted [predicted |etal predicted angles ok
shear failure |[failure [failure predicted | failure 0 .0
specimen | formula |load F . [load F .- [feilure |loadFug ¢y, 2,
number (KN) ™ KKN) load F 4 (KN) ¢° ¢0
(KN) 3’ ¥Yq
S,5B 1.83UTL|82.86 73.75 82.86 [86.77 45
So25R 1.66 UTL|65.68 64.35 65.68 [75.71 45
S,7B 1.95UTL|176.62 | 147.28 |176.62 |173.27 45
So10B  [1.84UTL|337.97 | 291.41 337.97 |342.84 45
S210R  [1.73UTL|289.29 272,75 |289.29 |320.88 45
S;12B  |1.80UTL[444.23 401.66 |444.23 |472.54 45
S,15B  [1.69UTL|677.24 | 651.11 677.24 |766.01 45
S,20B |1.74UTL|1259.53 | 1180.58 1259.53|1388.91 45
S;20R  |1.72UTL 1009.53 | 955.98 |1009.53|1124.68 45
S,15R  |1.74UTL|652.65 610.49 |652.65 |718.22 45
S,22B |1.73UTL|1404.69 | 1322.43 1404.69 | 1555.80 45

UTL = Ultimate Tensile Load = O'uw Lw
**  Railure angles ¢° 1, ¢2, ¢3 , 5 4+ bredicted by Author, Kamtekar,
Kato and Morita and the [3 formula, respectively.

Table7.15 Prediction of failure loads and angles for Kato and Moritas longitudinal test

specimens.
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Katw

TR AR RN
specimen ul uz u3 u4g
number

So5B 1.301 1.462 1.301 1.242
S25R 1.215 1.240 1.215 1.054
S,7B 1.067 1.280 1.067 1.088
S,10B 1.040 1.206 1.040 1.025
S,10R 1.101 1.168 1,101 0.993
S,12B 1.087 1.203 1.087 1.022
S,15B 1.242 1.292 1.242 1.098
S,20B 1.147 1.224 1.147 1.040
S,20R 1.016 1.073 1.016 0.912
S,15R 1.151 1.230 1.151 1.046
S522B 1.128 1.200 1.128 1.018
MEAN 1.136 1.234 1.136 1.049
%n-1 0.088 0.095 | 0.088 | 0.081

Table 7.16 Comparison between predicted failure results for Kato and Morita's

longitudinal fillet welded specimen .
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It is found in table 7.15, that again the author's and Kato and Morita's theories, predict
identical failure load values. These predictions are the closest to actual experimental
values, to within 14 percent. The next best prediction of the failure load, is that obtained

using the B-formula to within 5 percent.

Since Kato and Morita failed to record the weld failure angles, a comparison is not
possible between predicted and measured values. However, the point to note is that all
the theories predict the same plane along which failure should occur. This plane is
located at 450 measured up from the horizontal weld leg length. Although the predicted
angle is the same by all the three theories and the B-formula, the location of the plane
varies according to the author's weld model i.e the author's predicted angle is to be
measured from the tip of the extent of horizontal penetration. This point of measurement
is also followed by Soetens in his experimental measurements and indirectly by Kato
and Morita, although they both fail to emphasis this point. In Kamtekar's case the angle

is measured from the point of intersection of the vertical and horizontal leg lengths.

The final set of experimental data available for comparing predicted failure loads and
failure planes, is that published by Soetens (6,14), His experimental results have been
obtained from shear fillet welded, aluminium test specimens. Unfortunately, as
mentioned in the earlier section on tensile fillet welds, that although Soetens has
measured the failure plane angles and weld penetration values, he only publishes
average values for a given filler metal / alloy combination test specimen. This restricts
the theories from predicting values close to experimental results for individual
specimens. Therefore, in order to make a fair comparison all the other readings have

also been averaged, for each given filler metal / alloy combination. These results are
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given in table 7.17.
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Author's

Soeten's Author's |[Kamtekar's/Kato |3 Formula|BS 8118 |Fajlure
shear predicted | predicted |predicted [etal predicted |predicted [angles **
specimen| fgilure |failure |failure  |predicted [failure [failure | o .o
number | formula |load B, [load Fy, fullure loedFugq |load Fyg|dy. 92,
losd 0,0 ,0
&N) &N kN BNy (&N 0340485
1 2.09UTL| 230.72 | 179.64 |230.72 | 171.07 | 196.63 45
2 2.06UTL| 208.56 | 164.66 | 208.56 | 143.17 | 165.27 45
3 1.93UTL| 227.56 | 191.79 |227.56 | 174.36 | 233.37 45
4 2.21UTL| 182.66 | 134.47 | 182.66 | 122.24 | 169.24 45
5 2.23UTL| 195.90 | 143.48 | 195.90 | 136.65 | 212.87 45

UTL = Ultimate Tensile Load = oywL
** Failure angles ¢ , 93, 63, 03, 0¢ predicted by Author, Kamtekar,
Kato and Morita, the [} formula and B S 8118 respectively.

Table 7.18 Prediction of failure loads and planes for Soeten's longitudinal test

specimens.
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Sownsl Fy | Fu | Fu | Fu | Fu [80_00_90_95 6
No. Fu Fuz2 Fus Fuq Fus ¢? ¢§ ¢§ ¢3 ¢05
1 1.057 1.358 1.057 1.942 | 1.241 0.778

2 0.912 1.155 | 0.912 1.652 | 1.151 0.711

3 1.063 1.261 1.063 1.803 | 1.036 0.733

4 0.978 1.328 | 0.978 1.900 | 1.055 0.822

S 1.004 1.311 1.004 | 1.961 | 0.924 0.911
MEAN]| 1.003 1.295 1.003 | 1.409 | 1.081 0.791

Gpq| 0.062 | 0.089 | 0.062 | 0.052 | 0.120 0.800

Table 7.19 Comparison between predicted results for Soeten's longitudinal welded

specimens.

The theoretical predictions of failure are given in table 7.18, and their comparisons in
table 7.19. It is found, yet again that the author's and Kato and Morita's theories predict
identical failure load values. Further, these predicted values are the closest to the
experimental results, in this case to within 3 percent, as seen in table 7.19. The second
best failure load prediction is that obtained using BS 8118. This predicts the failure load
to within approximately 8 percent. Kamtekar's theory under predicts the experimental
failure load value by 30 percent. Finally, the B-formula is found to grossly under predict

the failure value by 41 percent.

No differences or variations exist between the predicted failure plane values. This is

because all the three theories predict and the B-formula and BS 8118 assumes, the
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failure plane to be at 450 measured from the horizontal weld leg length. However,
comparing the predicted failure plane value to the experimentally measured values by
Soeten's in table 7.19, it is seen that the prediction is an over estimation by
approximately 20 percent. This can be explained by the fact that Soetens measured
failure angle values are averaged values and also the measured values might require re-

adjustment, to account for penetration as discussed in section 5.3.1, chapter 5.

From the overall comparisons between the shear weld failure theories, it is found that
the author's theory predicts identical weld failure loads and failure planes to those
predicted by Kato and Morita's theory. This result is interesting since both theories
analyse the shear weld using different weld models and method of analysis. The
author's theory (derived in chapter 3) directly accounts for penetration in its weld model
and failure analysis, whereas Kato and Morita's theory merely adds on the extent of
penetration to the failure plane length. Using these theories - the author's and Kato and
Morita's, the predicted failure load and plane values are remarkably close to those

obtained experimentally.

Kamtekar's theory, the B-formula and BS 8118 consistently under predict the
experimental failure load, - at times by up to 30, 41 and 27 percent, respectively. Only
the location of the failure plane, which is predicted by Kamtekar's theory and assumed
by the B-formula as being at 450 measured up from the horizontal leg length, is the same
as the author's and Kato and Morita's predictions. This is also in good agreement with

the experimentally recorded values.

Generally by using the author's and Kato and Morita's shear weld failure theories, better
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and closer predictions to the experimental values are obtained, than by using the other

theories compared.

As mentioned earlier in the tensile fillet weld analysis section 7.3.1, Kamtekar has used
effective weld leg length values from Kato and Morita's experimental results, to
compare his theoretical predictions to the experimental values, whereas his theory does
not take penetration into consideration. Consequently, the comparisons published in his
paper(11), predict closer failure load values to the experimental results. The results
using Kamtekar's theory with the normal leg length values are shown in table 7.15.
These have been compared to the other theoretical predictions in table 7.16. The

discussion of these predictions have already been made above.

7.5 Cruciform shaped test specimens.

For the cruciform shaped specimens the welds are constantly in tension. The
experimental recorded results were given in chapter 5, table 5.12. The predicted failure
loads and failure planes are given in table 7.20, using the author's, Kato and Morita's,
and Kamtekar's tensile theories, and also those predicted by the B-formula and BS
8118. The comparison of all these predictions are given in table 7.21.1t is found the
predictions for failure are of the same nature as seen and discussed for the tensile lap
welded specimens in section 7.3.1. Briefly it is that the author's, failure theory predicts
very close failure loads and planes to the experimental values. The next best failure
predictions made are those by Kato and Morita's theory. Kamtekar's theory, the B-
formula and BS 8118 are found to substantially under predict the failure load by 38 and

75 and 27 percent respectively, shown in table 7.21.
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7.6 Comparison of the variation in strength between tensile and shear fillet welds.

The author's theory also shows that variations in the extent of weld penetration,
markedly effects the strength between tensile and shear fillet welds. These strength

variations, for equal leg length welds, are shown in table 7.22.

Leg |Horizontal | Tensile failure | Shear failure b |:Ft' F:s] s
Length [penetration| loed F, losd Fgq Fq Fy g
w P Opw.Lg Opw.Lyy
(mm) | (mm) (KN) (KN)
w 0 0.5774 0.4083 1.4142 41.42
0.lw 0.6322 0.4490 1.4080 40.80
w 0.2w 0.6815 0.4899 1.3911 39.11
w 03w 0.7254 0.5307 1.3668 36.68
0dw 0.7646 0.5715 1.3379 33.79
w OSw 0.7994 0.6124 1.3054 30.54
w 0.6w 0.8304 0.6532 1.2713 27.13

Table 7.22 Variation in strength between tensile and shear fillet welds as penetration

values increase.

It is seen that when no penetration is present, tensile fillet welds are 41.41 percent
stronger than shear fillet welds - both welds being of a comparable size. As penetration
values increase, then the strength of the tensile weld to the shear weld decreases quite
significantly. At a penetration value of 0.6 times the weld leg length, tensile welds are
27 percent stronger than shear fillet welds. The relationship between the extent of

penetration 