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ABSTRACT

There is a great interest in the strength of fillet welds
because the welding operation accounts for about 30% of the labor
cost in planning and constructing ship hulls. One way to reduce
welding cost is to reduce the required weld size. Background
information is obtained by reviewing the major experimental and
theoretical work in the areas of static strength, fatigue strength,
and shear strength of fillet welds.

In order to appreciate the conditions in the real world, design
considerations, fabrication considerations, and corrosion considera-
tions are discussed. Typical joints from existing U.S. Navy ships
are employed to obtain detalled geometry and local loading infor-
mation to be used as input for a computer model which was developed
at Massachusetts Institute of Technology which uses the finite element
method for determining the static strength for fillet welds. In one

particular joint a reduction of 30% in the required weld size is
Justified,



A future system for analyzing fillet weld stronsth is proposed
and explained by the use of an example,

The economics of intermittent and continuous welds are
examined, and the economic impact that a reduction in the required
fillet weld size would have on ship construction cost 1s estimated.
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I INTRODUCTION

Presently there is great interest in the strength of fillet
welds. ﬁoat of this interest stems from the fact that welding
cost is a very important variable in the total construction cost
of a ship's hull, The welding and assembly of ship hulls require
approximately the same number of manhouwrs, and these two functlions
combined amount to about 60% of the total manhours for the comple-
tion of the hull structure.’ This indicstes that the welding
operation accounts for about 30% of the labor cost in planning
and constructing ship hulls., If we look at the total linear
measure of the welded joints employed in ship construction, we
£ind that approximately 75% of these welds are fillet welds.’

Since one way to reduce welding cost is to reduce the required
weld size, the big question becomes "Are current welding specifi-
cations too conservative?" In order to answer this question, we
must explore the strength of fillet welds. Many of the welding
specifications were developed many years ago, and the history of
their development is not clear. Some resemble the specifications
that were used when rivets were used to join structural members
in ships.

To provide background information, this work will attempt to
present the major experimental and theoretical work in the field
of fillet weld strength. The main areas that will be discussed
are static strength, fatigue strength, and shear strength of
fillet welds.

Then we wlll move from the theoretical environment to the real



world and discuss the design considerations and fabrication
considerations that will help to bridge the gap between the ideal
theoretical model and the joint, as welded, that can be found in
every location on a ship,

Before discussing the current welding specifications for
the construction, we will look into the future and develop a
system for analyzing fillet weld strength that is capable of
taking into account all of the factors which affect the strength
of fillet welds.

At this point, it might be beneficlal to look at Figure 1.1,
which nhouav how all of the different aspects concerning the
strength of fillet welds are related to one another,

We will take a brief look at the current welding specifications
for the construction of ships as used by the United States Navy
for non-combatant type ships and compare these specifications to
the requirements of other organizations that are interested in
the construction and safety of ships. The U.,S. Navy specifications
are neither the most conservative nor the most liberal requirements.

In order to evaluate these specifications, we will examine
some typical fillet welded joints that are found on non-combatants.,
Two ship types were chosen to stuly; These were a destroyer
tender (AD-37 class) and an oiler (AO-143 class).

The typioal Jjoints were taken from the midship section of
these ships because the principle bending stress reaches a
maximum in this area. Once the joints are selected, the loading
of the structural members of the joint will be determined by
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structural analysis, Having obtained the loading of these members,
we can then analyze the strength of the fillet welded joints by
employing a computer program based on the finite element approach.
From this we can determine the size of weld that is required for
statlic strength considerations. Another aspect that we will
examine is the corrosion margin that should be included in the
requirements.

By following the diagram shown in Figure 1.1, we can then
compare the resulting required weld size to the current specifi-
cations, and then we can answer the question, "Are current welding
specifications too conservative?”

One of the reasons that people are concerned whether the
specifications are too conumtive- is the eccnomics of ship
building. In order to determine the most economic method of
joining low shear carrying stiffeners to bulkheads or decks, we
will examine the cases where current welding rules permit the use
of intermittent fillet welds. The welding methods that will be
compared are continuous manual arc welding, manual intermittent
welding, and automatic continuous welding. The two approaches
that will be used in this study are an experimental approach and
an industrial data approach,

To probe the economics of welding in the construction of
ships further, we will loock at a rough first cut answer to the
question, "How much can we save if the welding requirements can
be reduced?”

It is much too early in the study to give a precise answer,
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but the indication is there that potentlal savings are waiting to
be discovered,

And finally, we will review the conclusions of this work and
look at possible areas of future work in the study of strength of
fillet welds.
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II EXPERIMENTAL AND THEORETICAL WORK CONCERNING STATIC STRENGTH

In this section, we will review some of the experimental
and theoretical work that has been done in the area of static
strength of fillet welds. In order to study the effect of the
direction of applied load on the strength of fillet welds, Butler
and Kulak? ran some experimental tests and analyzed their data
theoretically.

Their tests were conducted using 23 coupons with 1/4 inch
fillet welds. They divided these coupons into four groups. The
first group consisted of five coupons with the weld axis being
parallel to the direction of the applied load. Groups two, three,
anlfowmudeupof;ixcoupmmhuiththeniduiabeing
inclined at angles of 30, 60, and 90 degrees respectively to the
direction of the applied load. The material used in the fabri-
cation of coupons was CSA G40.12 which has a speciflied yleld
stress of 44 ksi and a minimum tensile strength of 62 ksi.

AWS B 60XX electrodes were used for welding the coupons. In
order to assure weld fallure before rupture of the plate portions
of the coupons, the cross sectional area of the connected parts
was designed sufficlently large. Since uniform quality was
desired throughout the various coupons, all welding was accom-
plished by the same operator using electrodes from the same lot.
In addition, the start and finish of all welds were sawed free.

A schematic representation of the test coupons is presented
in Figure 2.1.

During the tests, weld deformation was measured using two
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0.001 inch dial gauges fastened to each specimen. An electro-
mechanical testing machine with a capacity of 440,000 1lb., was
used to load the coupons in tension. Reading increments were
5 kip in the lower ranges and 2.5 kip as the response became
inelastic. Readings were taken until the ultimate load was
reached. Gauges were removed before loading was continued until
fallure.

Butler and Kulak’ chose to analyze their experimental data
employing a load-deformation response for mechanical fasteners

of the following form:

A
-HA
R=R,, (1L-e¢ )

(2.1)
Where:
R = fastener load at any given deformation
nult = ultimate load attainable by fastener
A = shearing, bending, and bearing deformation
of fastener and local bearing deformation
of the connected plates
U, A = regression coefficients
& = base of natural logarithms
For welded joints, in contrast to a mechanical joint such as
a high strength bolt, one has to take into account the direction
of the applied load. Trial-and-error curve-fitting was used to
obtain the following expressions for the variables in equation

(2.1).

0 + 0
Rae ™ o'.'92£+"o.08639 (2.2)

A = 0225 (0 + 5047 (2.3)
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d =75 o0+ 01148

A = 0.4 o001460

(2.4)
(2.5)
WVhere:

® = the angle between the direction of the applied
load and the longitudinal axis of the weld.

A word of caution is justified. These expressions were
developed specifically for 1/4 inch fillet welds made using E 60XX
electrodes; and, therefore, care should be used before applying
these to other size welds or welds using different electrodes.

Equation (2.2) is plotted in Figure 2.2, and equation (2.3)
is plotted in Figure 2.3. Table 2-1 compares test results and
predicted values for the ultimate load and the maximum deformation.
The calculated ultimate loads are within 2% of the mean test data
for all groups except the 60 degree group which is within about 9%.

Substituting equations (2.2) - (2.5) into equation (2.1)
ylelds results which are plotted in Figure 2.4. Butler and Kulak
stated that agreement between the thecretical and actual load
deformation responses is excellent for the two extreme cases
(6 = gero and 90 degrees) and adequate for the two intermediate
angles of 30 and 60 degrees.

The strength of the fillet welds tested increased approxi-
mately 44% as the angle of the load changed from zero degrees
(longitudinal weld) to 90 degrees (transverse weld); however,
there was a substantial decrease in deformation capacity as the

strength increased.
This study produced the following conclusions:’
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The strength and ductility of fillet welds loaded in
shear are markedly dependent upon the orientation of
the weld with respect to the line of action of the load.
Welds placed parallel to the direction of the load have
the lowest strength and the highest ductility.,

Fillet welds loaded in shear do not exhibit any well-
defined yield point,

The load-deformation response of fillet welds cannot
be generally represented as elastic or elastic-
perfectly plastic, Mathematical expressions have
been presented for all values of weld inclination
to the direction of the applied load."

Another study related to this one was done by Kato and

m

Morita,

who studied the strength of transverse fillet welded

joints theoretically by employing an approximate solution based

on the theory of elasticity and supplemented this by an elastic-

plastic strain hardening analysis performed numerically using the

finite element technique. The approximate solution is based upon

L

the following assumptlons:

1.

2.

3.

b,

The direct stress (q) on the tensile face of the weld 1s
uniformly distributed.

The pattern of the elastic stress distribution remains
unchanged until the treaking of the weld.

Breaking will occur when the shear stress at a point of
the fillet weld reaches

Cpax™ T3

Where:
a-%-ﬂmbensilasmngthofthowld.mm
The fillet weld has legs of equal sise.

The model used for this study is shown in Figure 2.5.

The maximum strength of a transverse fillet weld was found

to be:



RRARRRERRRNRRR

27




Ty pax = (1= W/4) (sin™ n/8) A, Gy/f5

The oblique plane RP in the above figure which is normal
to the coordinate line @ = 1/8 is considered to be the fracture
plane,

For the longitudinal fillet weld, the critical section would
be the throat RQ. And the maximum strength of a longitudinal
fillet weld with the same size and length is:

Tl max Au q.t-./ﬁ

Therefore we obtain

Ttm

= 1.46 T, max

This indicates that transverse fillet welds are 4% stronger
than longitudinal fillet weids of the same size and length,

Since assumptions as stated above are not precise, the
researchers applied a numerical analysis employing the finite
element method to extend the study to the elastic-plastic strain
hardening range. Incremental strain theory is the baslis of this
analysis, and the material is assumed to be isotropic and ductile
and obey the von Mises yleld condition with the Prandtl-Reuss
loading function. The results from this analysis and experimental
test results agree with the result from the elastic approximate
solution in spite of its theoretical shortcomings.

Another study concerning the strength of fillet welds was
done by Nishida, Tanaka, and Tanaka.’ These investigators ran
tests on what is called a "SUMI FRAME V." When a V shape is used
as a flange in a modified I beam, the resulting angle between the

two members becomes 1350. This result exceeds the value prescribed
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in the design standards for steel structures by the Architectural
Institute of Japan., However, the V-shape steel has advantages

in dynamics because of its excellent sectional abilities for Y
axis, In using these members to build up colums or beams, one
can minimige the welding straln because of the provision of a
V-shaped projection. The general form of these V-shaped steel
members is shown in Figure 2.6.

Experiments were performed to determine whether the fillet
weld used in the build-up members of V-shape steel causes any
degradation of the joint. Examples of the test specimens are
shown in Figures 2.7 and 2.8.

The researchers pointed out that the test involving the
front fillet welded with strap plates results in various influences
due to friction between the base metal and the strap plates; thus,
the test results were inconclusive., Tests for the front fillet
welded joint was performed by the cross type joint, which 1s
considered by some to be inferior to strapped joints in strength.

The weld sizes were chosen in such a way to equalige the
sum of the theoretical throat depth to a nominal thickness of
base plate. The welding procedures that were employed included
manual arc welding, automatic submerged arc welding, and one-side
and both-sides fillet welding.

Nishida, et al, reached the following conclmionm5

1. The shear test for sm-o fillet weld and the tenslle
test for front fillet weld showed that the strength
of the welded part was always above the allowable
shear stress of the base metal. (This value was

obtained by multiplying the allowable tenslile unit
stress of the base metal by 1//3)
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FIGURE 2,7. SHEAR TEST PIECE OF SIDE FILLET WELD

T

FIGURE 2.8, TENSILE TEST PIECE OF FRONT FILLET WELD



2. The experiments proved that, when the V-shape steels
(produced by their factory) are connected by fillet
welds, the resulting members are completely satis-
factory for the welding methods investigated.
These same investigators continued experiments for cases
where angles between the welded materials are wider in order to
collect data on the overall strength of deformed fillet welds.
The three welding methods were manual arc welding, 002 semi-
automatic welding, and automatic submerged arc welding. Weld
penetration depth P (in mm) was correlated to the intersecting
angle © (in degrees). It was found that weld penetration depth
increased proportionally to an increase in the intersection angle
until a constant value was reached. The following relations were
obtained for different welding conditions.”
1. Manual Arc Welding
at 45° < 9 < 120° P = 0.0423 0 - 3.67
at @ > 120° P = 1.40

2. (‘.02 Semi-automatic Arc Welding
at 45° < @ < 90° P = 0.0849 0 - 5.43
at @ > 90° P = 1,97

3. Automatic Submerged Arc Welding
at 45° < 0 < 90° P = 0,0577 0 - 2.36
at @ > 90° P =26

Tt was found, however, that at an intersecting angle of 30°
an extremely large reduction of weld penetration occurs in all of
the above methods.

The test pleces used to determine weld strength at various

intersecting angles can be viewed in Figure 2.9.






3

The investigators compared the strength of welds at various
angles to the standard 90° angle which is widely used. A plot of
the angle of intersection and the breaking stress extent ratio is
shown for both the theoretical throat depth and for actual throat
depth in Figures 2,10 and 2,11.

The strength of welds at angles of greater than 120° will be
completely satisfactoary if the workmanship is of good quality.

Ductility was also checked and the experimenters concluded
that the welded specimens for & > 120° had sufficlent ductility.

Nishida, et al, also performed tests on test pleces that
are shown in Figure 2.12.

They also worked out some formulas based upon maximum principal
stress theory, maximum shear stress theory, and shear strain energy
theory. The following assumptions were made |5

1. Breaking takes place on one plane which passes
along the root.

2. Stress in breaking times is distributed uniformly
on the breaking section.

3. The shape of the deformed fillet weld is as shown
in Figure 2.13.

¥hen the acting force P is decomposed to normal force N and
shear force T on the breaking section of the fillet weld, we have
N=psinr
and
T=cosr

and the overall section area of breaking sectlon is

slm(%—r)
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FIGURE 2.10
RELATION BETWEEN INTERSECTING ANGLE
AND THE UNIT BREAKING STRESS
(THEORETICAL THROAT DEPTH)
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FIGURE 2,13, SHAPE OF DEFORMED WELD



Therefore, the normal unit stress on the breaking section is

P sin [*]
g = 2 -arlcoa(z-r)ainr

a.lsec(-g--r)

Where:
[*] = intersecting angle
r = breaking angle
UL = normal stress to breaking section
a7/ = parallel shear stress to breaking section
a = throat depth
1 = welding length
The unit shearing stress on the breaking section is

Pcosr P 8
g7, = = =—=—cos (5~-r)cosr
// al-m(%-r) .3 %

Using the maximum principal stress theory that assumes that
breaking takes place when the amount of work spent to attain
deformation reaches a definite value, the maximum stress in the

throat section is

P 1
‘1-20-'1

cos(-g--Z)[cosr-l-Jl-l-jccs’ ]

Where:
T tensile strength of welded metal

r = has to be obtained from the following trans-
cendental function

sin(%-r) Jcosrsinr-J1+3cos T+ cosr

e

cos(%-r) 1+3coazr+ l+3cos r e+ sinr

Using the maximum shear stress theory which assumes that the



breaking takes place on a section in which the shear stress becomes
maximum, the maximum unit stress per unit throat sectional area is

g . 1
al T' cos(%-r)coar

Where:

’Z"' = ghearing strength of welded metal

And

@ n
r=gp-3" (n--l.O)
And using the shear strain energy theory which assumes that

the breaking takes place when the amount of work spent to attain
the deformation reaches a definite value T the maximum unit

stress in the throat section is

P 1

— x

a1 T J&-{-Zcoszr-cou(%-r)
Where:

Ta™ is put equal to o the tensile strength of
the welded metal.

T = has to be obtained from the following
transcendental function

gsin 2 r

] . aln e T
tan(z-r) 2+cos2r

And using the theory proposed by I.I.W. 15 committee which
has no relation to the other btreaking theories, but, in which

g = /qiz + 1.8 U"//z
And the unit stress per unit throat sectional area at the time

of breaking is

P 1
——-U- .
.l ¢ cos (g-r)Jl-bO.B couzr
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These investigators found that in the case of a deformed
front fillet weld, the maximum principle stress theory is the
most applicable theory. They also calculated the theoretical
throat depth required to assure the same strength as a standard
manual arc weld with 5 mm diameter welding rod, an intersecting
angle of 90° and a theoretical throat depth of 5 mm (7.1 mm sigze).
This relation is presented in Figure 2,14,

Nishida, Tanaka, and Tanaka drew the following conclusions
from their H‘Orkls

1. The depth of weld penetration varles proporticnately
with the intersecting angle until a constant value is
reached, However, a 30° intersecting angle ylelded a
weld with extreme deficiency of weld penetration for
every welding method.

2. The weld strength of an intersecting angle of 30° was
utreulg low; however, the weld strength of angles
above 45° was good.

3. Ductility tended to increase with an increasing inter-
secting angle; however, rigidity was scarcely influenced
by a change in intersecting angle and remained almost
constant.

4, In deformed fillet welds, the mean strength per unit
throat sectional area increased as weld penetration
increased; however, when the weld penetration reached
a definite value, the mean strength became constant.

Now that we have looked at some of the results of work that

has been done in the area of static strength of filllet welds,
we will look at another area that deserves some serious considera-

tion; that is the area of fatigue,
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III EXPERIMENTAL AND THEORETICAL WORK
CONCERNING FATIGUE STRENGTH

In this section, we will review some of the results of work
that has been done in the area of fatigue strength of fillet
welds. In one such study, Macfarlane and Ha.rriaon6 performed
experiments using test specimens as shown in Figure 3.1,

In the fabrication of these test pleces, all the welds were
made using the downhand position, and the welding start and stop
positions were removed by machining.

The specimens were tested using a pulsating axial loading in
which the lower limit was zero. And the criterion of fallure was
the complete rupture of the test piece whether the failure occurred
through the fillet weld or the base plate,

It is generally known that the fatigue strength of welded
connections is independent of the tensile strength of the material
employed in the connection. The investigators noted that when
a weld failure occurred, the crack propagated from the weld root
at right angles to the main plate untlil the final stages of
propagation when the crack turned through 45° and proceeded
through the weld throat. Therefore, in this study, the weld
stresses were based on the leg size and not on the throat size
which is usually the case in qtatic strength investigations.
Because 1t 1s very difficult to measure the weld sise accurately,
nominal weld sizes were used. This was estimated to introduce
less than a 10% error, It became apparent that the ratio of
weld size to the main plate thickness (2W/T) is the deciding
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factor as to where the fallure will occur. If this value is low,
the failure will propagate from the root of the weld; and, if
the value is high, the failure will propagate from the toe of
the weld, The optimum values of 2W/T were found to be 1.5 for
the cover type joints and 2.0 for the T-type Jjoints.

Also, there is a relationship between joint geometry and
failure location, This is denonstrated by the fact that the cover
plate type joints had 88% of their failures in the weld; whereas,
in the T-type joints, all of the fallures occurred in the weld.

In another study, Solunsmoen7 investigated the fatigue
strength of specimens with holes, butt welds, and fillet welds.
Included in the study were both mild and high tensile strength
structural steels. The tests were performed in Det norske Veritas
Laboratory. The test plece employed for fatigue tests of fillet
welds is shown in Figure 3.2,

It was fo‘umi that for fillet welded joints, both mild steel
and high strength steel can be represented by the same S/N curve,
Also the fatigue strength of double fillet welds does not increase
significantly using basic iron powder electrodes instead of ordinary
basic electrodes. For more detalled data, the reader is referred
to reference 7.

Since fatigue strength 1s a major factor in fillet welds,
and it 1s difficult to alter the design to either avoid fillet
welds or place fillet welds in areas of low stress, there is much
interest in methods that may improve the fatigue strength of joints.

The Welding Institute Research hbu:ntariua conducted some experi-
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ments to determine the effect of peening and grinding on the
fatigue strength of fillet welded joints. The test pleces had
non-load-carrying attachments fillet welded either parallel to
or transverse to the direction of the applied stress. These
specimens were fabricated in such a manner that the direction of
stressing was parallel to the rolling direction of the material,
Anlplootthotutpioca.ambeminnmelj.

To study the effect of peening, the samples were peened with
a pneumatic hammer fitted with a solid tool having a rounded end
of approximately 1/2 inch diameter. This hammer was moved along
the toe of the weld at a speed of approximately 18 inches per
minute, Usually three runs of peening were required on each
specimen to ensure that the whole length of the weld toe was
subjected to the peening treatment.

Two types of local machining were also studied. The first
consisted of grinding only at the weld toe. This grinding was
carried out to ensure that the grinding marks were parallel to
the direction of the stress, The second type of machining
involved machining the whole weld to yleld a concave profile and
a smooth blend of the weld into the plate surface. The goal of
this treatment was to obtain the maximum possible increase in
strength that could result from machining.

During the testing, all specimens were axlally loaded with
one of the following stress cycles. Either the test plece was
loaded with a pulsating tension with a lower limit of zeroc or

an alternating load with the minimum and maximum stresses equal
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in magnitude but opposite in slgn. The criterion of fallure was
the complete rupture of the test plece.

Some of the samples were fabricated with welds around the
ends of the gussets while others were left with the ends unwelded.
‘It was found that the fatigue strength of these two types of
samples were the same for the non-load-carrying longitudinal
fillet welds. The fatigue strength of samples was found to
increase for both the peening treatment and local machining.

The increase in strength grew larger as the life increased for
the case of peening; whereas for the local maching operation,

the increase was about the same for the whole range examined.

The test results showing the effects of grinding and peening

for mild steel specimens with longitudinal and transverse gussets
are shown in Figures 3.4 and 3.5 respectively.

In the tests employing pulsating tension, it was found that
peening increased the fatigue strength by about 758, while with
both pulsating tension and alternate loading, the full local
grinding operation increased the fatigue strength by about 50%
in all cases except that of mild steel specimens with transverse
fillet welds which ylelded nearly 100% improvement over the as-
welded condition, Even though this is less increase than that
obtained from peening, the difference in the slope of the S/N
curves for peened and ground specimens accounts for the fact that
grinding was found to be more effective than peening for tests
in which the number of cycles were less than about 50,000. Full
grinding of the test pieces with longitudinal fillet welds
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normally falled as a result of initiation at the root of the weld.
In the case of light grinding at the weld toe, the improvement
was found very variable, This is assumed to be related to the
fact that it 1s very difficult to control the degree of grinding.
This technique is considered to be unreliable and is, therefore,
not recommended., It 1s interesting to note that in tests per-
formed on samples with transverse gussets, it was found, if the
samples were fully ground and also peened, fatigue strengths as
high as the parent material could be obtained (Figure 3.5).

Several years ago, Maddox® analyzed fatigue cracks in fillet
welds. While the results of this work are not of direct concern
to our present problem, a brief description of his work is useful
in pointing out a direction for future work in the fleld of fatigue
strength of fillet welds. This investigator collected various
proposed solutions that appeared in the literature and adapted
them, where possible, to the particular case of a semi-elliptical
surface crack at the toe of a fillet weld. This is the mode of
failure in most of the lower fatigue strength welded joints. It .
was found that the two features of this problem which received
little attention were the shallow crack shapes (low a/2c values)
which are relevant to fatigue cracks in most welded joints and
the external stress concentration due to the shape of the weld.
Figure 3.6 demonstrates what is meant by the semi-elliptical
surface crack.

The general form of the solution is

K = o (m a)¥?2
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- free surface at the mouth of the crack. It
depends on the crack depth to width ratio a/2c
and the positlion around the crack front as de-
fined by f.

M, = a correction factor to allow for the presence

of a free surface ahead of the crack which depends

on the crack depth to plate thickness ratio a/B

and the crack front shape a/2c (sometimes referred

to as the back-surface correction).

M_ = a correction factor to allow for the crack tip

P plasticity and depends on the size of the crack
tip plastic zone,

§, = the complete elliptic integral defined as
/2 a2 2 1/2
2o [1-(1-:5)5111 g1/ ag

For detalls of each of these correction factors as well as
solutions for special cases which have been used to approximate
the general solution, the reader is referred to reference 9,

It is interesting to look at the variation of the total
correction term (Hant)/io with crack depth (a/B) for particular
a/2 . values. As demonstrated by Figure 3.7, because we see that
for fatigue cracks in which a/2c > 0.3, we can use, for practical
purposes, the following expression for K at any crack depth.

K =g (m ‘)1/2





































































































































































































































































































































































































































































